molecules

Activation

Edited by
Michal Szostak

Printed Edition of the Special Issue Published in Molecules

=
www.mdpi.com/journal/molecules ,/M\D\Py



Amide Bond Activation






Amide Bond Activation

Special Issue Editor

Michal Szostak

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade



Special Issue Editor
Michal Szostak
Rutgers University
USA

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Molecules
(ISSN 1420-3049) from 2018 to 2019 (available at: https://www.mdpi.com/journal/molecules/
special_issues/amide_bond_activation)

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03921-203-3 (Pbk)
ISBN 978-3-03921-204-0 (PDF)

© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editor . . . . .. ... ... ... ... .. ... .. .
Preface to “Amide Bond Activation” . . .. .. ... ... .. ... ... .. . L L.

Igor V. Komarov, Aleksandr Yu. Ishchenko, Aleksandr Hovtvianitsa, Viacheslav Stepanenko,
Serhii Kharchenko, Andrew D. Bond and Anthony J. Kirby

Fast Amide Bond Cleavage Assisted by a Secondary Amino and a Carboxyl Group—A Model
for yet Unknown Peptidases?

Reprinted from: Molecules 2019, 24, 572, do0i:10.3390/molecules24030572 . . . .. .. ... .. ..

Hengzhao Li, Zemin Lai, Adila Adijiang, Hongye Zhao and Jie An
Selective C-N ¢ Bond Cleavage in Azetidinyl Amides under Transition Metal-Free Conditions
Reprinted from: Molecules 2019, 24, 459, doi:10.3390/molecules24030459 . . . .. ... ... ...

Jyunichi Terasawa, Yu Shibata, Miho Fukui and Ken Tanaka

[2+2+2] Annulation of N-(1-Naphthyl)acetamide with Two Alkynoates via Cleavage of
Adjacent C-H and C-N Bonds Catalyzed by an Electron-Deficient Rhodium(III) Complex
Reprinted from: Molecules 2018, 23, 3325, doi:10.3390/molecules23123325 . . . . . . ... ... ..

Giovanni La Penna and Fabrizio Machetti

Understanding the Exceptional Propertiesof Nitroacetamides in Water: AComputational
Model Including the Solvent

Reprinted from: Molecules 2018, 23, 3308, doi:10.3390/molecules23123308 . . . . . .. ... .. ..

Jonathan Buchspies, Daniel J. Pyle, Huixin He and Michal Szostak
Pd-Catalyzed Suzuki-Miyaura Cross-Coupling of Pentafluorophenyl Esters
Reprinted from: Molecules 2018, 23, 3134, doi:10.3390 /molecules23123134 . . . . . .. ... .. ..

Chong-Lei Ji, Pei-Pei Xie and Xin Hong

Computational Study of Mechanism and Thermodynamics of Ni/IPr-Catalyzed
Amidation of Esters

Reprinted from: Molecules 2018, 23, 2681, doi:10.3390/molecules23102681 . . . . . .. ... .. ..

Sungwoo Hong, Zhenghuan Fang, Hoi-Yun Jung, Jin-Ha Yoon, Soon-Sun Hong and

Han-Joo Maeng

Synthesis of Gemcitabine-Threonine Amide Prodrug Effective on Pancreatic Cancer Cells with
Improved Pharmacokinetic Properties

Reprinted from: Molecules 2018, 23, 2608, doi:10.3390/molecules23102608 . . . . . . . ... .. ..

Balmukund S. Thakkar, John Sigurd M. Svendsen and Richard A. Engh

Density Functional Studies on Secondary Amides: Role of Steric Factors in
Cis/Trans Isomerization

Reprinted from: Molecules 2018, 23, 2455, doi:10.3390/molecules23102455 . . . . . . ... ... ..

Cheng Chen, Yang Miao, Kimmy De Winter, Hua-Jing Wang, Patrick Demeyere, Ye Yuan and
Francis Verpoort

Ruthenium-Based Catalytic Systems Incorporating a Labile Cyclooctadiene Ligand with
N-Heterocyclic Carbene Precursors for the Atom-Economic Alcohol Amidation Using Amines
Reprinted from: Molecules 2018, 23, 2413, doi:10.3390/molecules23102413 . . . . . . . ... .. ..



Weijia Shi and Gang Zou

Palladium-Catalyzed Room Temperature Acylative Cross-Coupling of Activated Amides
with Trialkylboranes

Reprinted from: Molecules 2018, 23, 2412, doi:10.3390/molecules23102412 . . . . . ... .. .. ..

Diego Antonio Ocampo Gutiérrez de Velasco, Aoze Su, Luhan Zhai, Satowa Kinoshita,

Yuko Otani and Tomohiko Ohwada

Unexpected Resistance to Base-Catalyzed Hydrolysis of Nitrogen Pyramidal Amides Based on
the 7-Azabicyclic[2.2.1]heptane Scaffold

Reprinted from: Molecules 2018, 23, 2363, doi:10.3390/molecules23092363 . . . . . . . ... .. ..

Sungsoo Kim, Jungyu Kim, Jieun Kim, Daeun Won, Suk-Kyu Chang, Wansik Cha,
Keunhong Jeong, Sangdoo Ahn and Kyungwon Kwak

Electronic Effect on the Molecular Motion of Aromatic Amides: Combined Studies Using
VT-NMR and Quantum Calculations

Reprinted from: Molecules 2018, 23, 2294, doi:10.3390 /molecules23092294 . . . . . . ... ... ..

Yongjun Bian, Xingyu Qu, Yongqiang Chen, Jun Li and Leng Liu

K55,038-Promoted Aryl Thioamides Synthesis from Aryl Aldehydes Using Thiourea as the
Sulfur Source

Reprinted from: Molecules 2018, 23, 2225, doi:10.3390/molecules23092225 . . . . . .. ... .. ..

Zrinka Raji¢, Maja Beus, Hana Michnova4, Josipa Vlaini¢, Leentje Persoons, Ivan Kosalec,
Josef Jampilek, Dominique Schols, Toma Keser and Branka Zorc

Asymmetric Primaquine and Halogenaniline Fumardiamides as Novel Biologically Active
Michael Acceptors

Reprinted from: Molecules 2018, 23, 1724, doi:10.3390 /molecules23071724 . . . . . . .. .. .. ..

Jagadeesh Kalepu and Lukasz T. Pilarski
Weinreb Amides as Directing Groups for Transition Metal-Catalyzed C-H Functionalizations
Reprinted from: Molecules 2019, 24, 830, doi:10.3390/molecules24050830 . . . .. ... ... ...

Roman Szostak and Michal Szostak
Chemistry of Bridged Lactams: Recent Developments
Reprinted from: Molecules 2019, 24, 274, doi:10.3390/molecules24020274 . . . .. .. ... .. ..

Sandeep R. Vemula, Michael R. Chhoun and Gregory R. Cook
Well-Defined Pre-Catalysts in Amide and Ester Bond Activation
Reprinted from: Molecules 2019, 24, 215, doi:10.3390/molecules24020215 . . . . . .. ... .. ..

Fei Zhao, Pinyi Li, Xiaoyan Liu, Xiuwen Jia, Jiang Wang and Hong Liu
Recent Advances in the Addition of Amide/Sulfonamide Bonds to Alkynes
Reprinted from: Molecules 2019, 24, 164, doi:10.3390/molecules24010164 . . . .. .. ... .. ..

Ervin Kovics, Baldzs Rézsa, Attila Csomos, Imre G. Csizmadia and Zoltan Mucsi
Amide Activation in Ground and Excited States
Reprinted from: Molecules 2018, 23, 2859, doi:10.3390/molecules23112859 . . . . . .. ... .. ..

Stephen A. Glover and Adam A. Rosser
Heteroatom Substitution at Amide Nitrogen—Resonance Reduction and HERON Reactions of

Anomeric Amides
Reprinted from: Molecules 2018, 23, 2834, doi:10.3390/molecules23112834 . . . . . .. ... .. ..

vi



Sriram Mahesh, Kuei-Chien Tang and Monika Raj
Amide Bond Activation of Biological Molecules
Reprinted from: Molecules 2018, 23, 2615, doi:10.3390 /molecules23102615 . . . . . . . ... .. .. 345

Paola Acosta-Guzmadn, Alejandra Mateus-Gémez and Diego Gamba-Sanchez
Direct Transamidation Reactions: Mechanism and Recent Advances

Reprinted from: Molecules 2018, 23, 2382, doi:10.3390/molecules23092382 . . . . . .. ... .. .. 388
Hideto Miyabe

Transition-Metal-Free Activation of Amide Bond by Arynes

Reprinted from: Molecules 2018, 23, 2145, doi:10.3390/molecules23092145 . . . . . .. ... .. .. 405

Jean Le Bras and Jacques Muzart
Recent Uses of N,N-Dimethylformamide and N,N-Dimethylacetamide as Reagents
Reprinted from: Molecules 2018, 23, 1939, doi:10.3390 /molecules23081939 . . . . . . ... ... .. 421

vii






About the Special Issue Editor

Michal Szostak Szostak received his Ph.D. from the University of Kansas with Prof. Jeffrey Aubé
in 2009. After postdoctoral stints at Princeton University with Prof. David MacMillan and at the
University of Manchester with Prof. David Procter, in 2014, he joined the faculty at Rutgers
University. His research group is focused on the development of new synthetic methodology based
on transition metal catalysis, amide bond activation, conformational preferences of amides, transition
metal-mediated free-radical chemistry, C-H activation, and their application to the synthesis of

biologically active molecules. He is the author of over 140 peer-reviewed publications.






Preface to ”"Amide Bond Activation”

The amide bond represents a privileged motif in chemistry. A fascinating feature of the amide
bond is its innate stability, achieved by delocalization of the nitrogen lone pair into the carbonyl
group. In recent years, we have witnessed an explosion of interest in the development of new
chemical transformations of amides that defying the conventional knowledge characterizing the
amide bond as one of the most robust functional groups in synthetic chemistry. An important
trend involves chemoselective activation of the N-C amide bond by metal insertion. This thriving
class of reactions originated from the classic studies of amide bond destabilization and has already
demonstrated the potential to become a widely applicable cross-coupling platform. More generally,
N-C bond activation emphasizes the significance of ubiquitous amide bonds in participating in a
wide range of electrophilic, Lewis acid, radical, and nucleophilic reaction pathways, among other
transformations. These methods deliver valuable disconnections by functional group interconversion
or the functionalization of amides on a fundamental level. Equally relevant are structural and
theoretical studies that provide the basis for chemoselective manipulation of amidic resonance.
This monograph on amide bonds offers a broad survey of the recent advances in activation of amides
and addresses various approaches in the field.

In closing, I would like to thank all the authors who contributed their excellent work to this
monograph. It is beyond any doubt that these interesting articles will inspire future advances in
this field.

Michal Szostak
Special Issue Editor

xi
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Abstract: Unconstrained amides that undergo fast hydrolysis under mild conditions are valuable
sources of information about how amide bonds may be activated in enzymatic transformations.
We report a compound possessing an unconstrained amide bond surrounded by an amino and a
carboxyl group, each mounted in close proximity on a bicyclic scaffold. Fast amide hydrolysis of this
model compound was found to depend on the presence of both the amino and carboxyl functions,
and to involve a proton transfer in the rate-limiting step. Possible mechanisms for the hydrolytic
cleavage and their relevance to peptide bond cleavage catalyzed by natural enzymes are discussed.
Experimental observations suggest that the most probable mechanisms of the model compound
hydrolysis might include a twisted amide intermediate and a rate-determining proton transfer.

Keywords: amide hydrolysis; model compound; intramolecular catalysis; twisted amide; protease; intein

1. Introduction

Hydrolysis of the 1—azatricyclo[3.3.1.13'7]decan—2—one (1), which contains an ultimately twisted
and N-pyramidalized amide bond, was reported to be very fast and accompanied by the formation
of the “dimer” (compound 2) and higher oligomers [1]. The use of a half equivalent of water under
certain conditions led almost exclusively to formation of 2 (Scheme 1). Apparently, the product of
the initial hydrolysis of 1—the amino acid 3—was immediately N-acylated by unreacted 1, which
possesses an extremely electrophilic carbonyl group. In contrast to the twisted and therefore highly
reactive amide 1, the dimer 2 has an essentially unconstrained amide bond: yet we found that it reacted
with excess of water at a comparable rate, also giving the amino acid 3 (Scheme 1) [1]. Such a fast
amide hydrolysis is unusual; therefore, we decided to study the compound 2 in more detail.

1/2 equiv.
HzO excess H,O H2 Q
g THF, RT
70%

Scheme 1. Formation and hydrolysis of amide 2.
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Examples of amides hydrolysable under mild conditions are rare, but not unknown. Apart from 1
and other similar systems featuring highly deformed amide bonds (see the reviews [2-4]), there are
compounds where fast amide bond hydrolysis was suggested to be facilitated by neighboring group
assistance (Figure 1 lists some representative examples, [5-13]).

o) o) o)
OH | OH | OH
NH NHP NH
2 ' COOH
o) o) O COOH
4 5 6
t1/2 =550 min t1/2 =0.6 sec t1/2 =42 sec
(pH 1.8, 24.8 °C [5]) (pPH 3,39 °C [6]) (pH 3.98, 15.5 °C [7])
0
o
| o) o)
Zn?*-OH, COOH N: ) COOH N: )
| 1) COOH H
N
7" NH 8 9
typ = 7.7 min ty2=19 min
7 (pD 7.05, 21.5 °C [9]) (pD 6.9, 21 °C [10])
t1/2 = 48 h
(pH 7, 50 °C [8])
o NO Hooe O NEt
AR O O COOH
10 12
t1/2=3min t1/2=21min t1/2= 12 sec
(pD 7.7, 20 °C [11]) (pD 7, 25 °C [12]) (pH 4, 35 °C [13])

Figure 1. Selected compounds reported to undergo unusually fast amide bond hydrolysis in buffered
water under mild conditions (indicated in brackets). Values of the half-life, calculated using the
measured pseudo-first order rate constants ks are listed for each compound.

Compounds like 1 and 4-12 should not be regarded simply as chemical curiosities. In fact,
most of them were deliberately designed and synthesized to obtain valuable information on the
fundamental properties of the amide bond, and to use this information in unraveling the mechanisms
of biologically relevant processes involving amide formation and cleavage: particularly mechanisms of
protein cleavage catalyzed by proteolytic enzymes. Perhaps most studied in this regard are molecules
mimicking the function of the side-chain carboxyl groups in the active sites of aspartic proteases.
The first systematic studies with such molecules, later named enzyme models [14], were undertaken
back in the 1950s [5,15]. In the following decades many more similar models were discovered.
It was demonstrated that one or two carboxyl groups in close proximity to the amide function (as in
compounds 4-6, 8-10, 12) catalyzed the amide bond hydrolysis with rates comparable to those
of the corresponding enzymatic transformations. Similar work was also published on models of
metalloproteases (exemplified here by compound 7), and serine/cysteine proteases (e.g., compound
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11). Although the validity of the enzyme models and their relevance to the natural enzyme mechanisms
has been extensively criticized and re-examined (see, for example, [10,11,16,17], there is no doubt that
they made important contributions to our understanding of the natural catalytic systems, and will do
so in the future.

Moreover, reactive model amides like compounds 1 and 4-12, together with natural systems,
inspired many chemists to design selective and efficient non-enzymatic transformations of the amide
bond, not limited to hydrolysis. For example, twisting around the N—C bond, as a general concept for
amide bond activation was ingeniously utilized for the diverse and unprecedented functionalization
of amides. Such twisting can be easily achieved either by formation of bridgehead lactams [18],
or even by modifying acyclic amides [19] without resorting to polycyclic scaffolds. Notable are the
metal-catalyzed N—C cross-coupling reactions of the twisted amides, impossible for unconstrained
compounds (see recent reviews on this subject, [2,20-22]. Activation by neighboring groups was also
used for developing selective amide group cleavage [23] and amine group protection strategies [24,25].
There has also been significant progress towards selective biomimetic metal-ion promoted amide
bond cleavage, mimicking metalloproteases and amidohydrolases [23,26-30]. It should be noted,
however, that efficient artificial catalytic (in particular, organocatalytic) amide bond transformations
characteristic of proteases presents a challenge so far unachieved [31].

In view of the above, compound 2 might be regarded as a promising model compound, where
the observed fast amide bond hydrolysis under mild conditions could provide new information about
the intrinsic reactivity of the amide linkage and its possible catalytic cleavage.

One might hypothesize that the observed fast hydrolysis of 2 is facilitated by both carboxyl and
secondary amine groups flanking the amide bond. In this paper, we report experimental evidence for
this hypothesis, and also discuss the hidden potential of this model system in the study of biochemical
transformations and the design of artificial catalytic systems.

2. Results

We first wanted to know if the presence of only one functional group, either the amino group
or the carboxylate in the structural context of the amide 2 is sufficient for the fast hydrolysis of the
amide bond. The literature data (e.g., on 5 [6], 9 [10], as well as on the compound described in [32])
clearly demonstrated that a single carboxyl group, if properly placed, can catalyze very fast amide
bond hydrolysis intramolecularly, presumably through the proton transfer to the amide bond oxygen
and subsequent nucleophilic attack at the N-CO bond carbon [6]. Involvement of the basic nitrogen of
a neighboring pyrimidine substituent in the hydrolytic cleavage of the amide bond has also been well
documented [33].

We synthesized two isostructural analogues of 2, compounds 13 and 14, one lacking the secondary
amino group (bearing the -CH,— fragment instead), and the other possessing no carboxyl group (with
—CH,- in place of -CH(COOH)-).

Compound 13 was prepared via the bicyclic carboxylic acid 20, synthesized by the method first
published in [34] and further refined by us [35]. The acid 20 was converted to the corresponding acid
chloride and coupled under the Schotten-Baumann reaction conditions with amino acid 3 (Scheme 2).

The key intermediate in our synthesis of 14 was the bicyclic amine 25, which was obtained
following the steps described in [36,37] (Scheme 3). N-Cbz-protected amino acid 21 was prepared
from 3 (we observed also formation of the side-product 22 during the protection) and coupled with 25
using a standard peptide coupling protocol. Cleavage of the Cbz-protecting group by hydrogenolysis
afforded compound 14.
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Br E:N@ COOBn
%( 16 @\ H,O-MTBE COOBn
oBh — = o
DIPEA, MeCN C/ r 1h, quant. %

0 reflux, 3h, 70% 0
15 . TsSONHNH, | 2 NaBHiCN, Acc
EtOH, reflux 0.5 h | MeOH. 0°C, 0.5h,
quant. then NaOAc3H,0O

reflux, 3h, quant.

@ . (COCl), @:\OOH 1 atm. H, COOBn

H ~o-IT

o 2.3, Na;COs, Pd/C, THF, 8h H

n © OH H,O/Dioxane, 98% 19
8h, 45% overall

13

Scheme 2. Synthesis of model compound lacking the amino group.

NCbz NCbz
s CbzCl, NaHCO3 COOH
H,O-Dioxane, 3h
66%

21
S|de product)
HBTU
NCbz DIPEA NH
N 6 h, 88% LIA|H4
Et,0, reflux
@) 8 h, 679
H 25 %
26 300-
1 atm. H, 310°
Pd/C, 8 h COONH,4
quant. COONH,
23
NH
N
H 0 14

Scheme 3. Synthesis of model compound lacking the carboxyl group.

The structure of the amide 14 was confirmed by comprehensive analysis of its 2D-NMR spectra.
The key NOESY correlations, which prove the structure of 14 in solution are shown in Figure 2 (see also
the Supporting Information).

Compound 13 gave single crystals suitable for X-ray structure determination, which showed
that the carboxyl group is indeed in close proximity to the amide bond (Figure 3) and might facilitate
hydrolysis: as for example, in the known compound 9 [10]. However, neither 13 nor 14 was hydrolyzed
at a measurable rate under the conditions used in [1] (0.084M in acetonitrile-d3 solution in the presence
of five equivalents of water), in which compound 2 was reported to be hydrolyzed within days.
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We noted only very slow changes in the solutions of 14 in the presence of a large excess of water
(on standing in a CD3CN-D,O mixture, 1:1 v\v at 25 °C): where formation of insoluble, presumably
polymeric material was observed within several weeks. These results are also in agreement with the
reported fact [1] that if the carboxyl group in compound 2 is reduced to CH,OH, the resulting amino
alcohol also withstands hydrolysis even during prolonged treatment with excess water. Therefore,
one might conclude that the amino and carboxyl groups act together to facilitate the hydrolysis of amide 2.

<«——» strong NOE
<« weak NOE

Figure 2. NOE correlations for 7-CH 'H-NMR peak in the 2D-NOESY spectrum of compound 14.

Figure 3. Molecular structure of 13 (ellipsoids are drawn at the 50% probability level).

In order to elucidate possible mechanisms for the intramolecular catalysis of the amide bond
in 2, we decided to obtain this compound as a hydrochloride by a route different from that
shown in Scheme 1 in order to study the rates of its reaction with water in buffers at different
pH. We reasoned that the hydrochloride salt would be more stable than the zwitterionic form of 2
obtained directly from 1, enabling us to purify the compound. The synthetic approach was based on
our observation (above) that treatment of the amino acid 3 with CbzCl gave not only the expected
protected compound 21, but also the dimer 22 as a side-product (Scheme 3, in parentheses). Using
Me3SiCH,CH,OCOCI as protecting reagent and varying the reaction conditions, we obtained the
dimer 27 in a reasonable yield. Most probably, formation of 27 proceeded through the activated
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intermediate 28, which reacted with the starting amino acid (Scheme 4). Alternatively, compound
27 could be formed through the twisted amide 1, formed upon activation of the carboxyl group.
The twisted amide could acylate unreacted 3 (as shown in Scheme 1), and the dimer 2 produced could
then be trapped by the N-protecting reagent. Treatment of 27 with dry HCl in dioxane afforded the
hydrochloride 2-HCIL.

B SiMe3 ]
. SiMes
NH, O Me3SiCH,CH,0COCI )v:o d
o >=o
NaHCOs
H H,O-Dioxane
3 K H 28 _
3
65%

Me3Si
_\_O

Cr
H(,
H dloxane
H 46%
2'HCI

Scheme 4. Alternative synthesis of amide 2 (hydrochloride).

Compound 2-HCl indeed turned out to be quite stable and crystallized from the reaction mixture
after the deprotection of 27 upon addition of diethyl ether. The purity of the obtained 2-HCl was
sufficient to study its hydrolysis in different D,O buffers (acetate, pD 3.81 and 4.85; phosphate, pD
6.68 and 7.95; carbonate, pD 9.45 and 10.68). Progress of the hydrolysis was monitored by 'H-NMR
using unambiguously assigned peaks for the starting compound and its hydrolysis product.

In the acidic acetate buffers (pD 3.81 and 4.85) and in phosphate buffer at pD 6.68, the 2-HCl
hydrolysis product—the amino acid 3—appeared slowly in the 'H- and 3C-NMR spectra while the
starting amide peaks disappeared. A typical "H-NMR data set for the hydrolysis in an acetate buffer is
illustrated in Figure 4. The kinetic parameters obtained for the hydrolysis in the acidic-neutral buffers
are listed in Table 1 (see also the Experimental section and Supporting Information for the details).
As can be seen from the data in Table 1, the pseudo-first order rate constant k,ps of the hydrolytic
amide bond cleavage in 2 gradually increases with the pD values in this pD range, with the maximum
of 1.849 x 10~* min~! (half-life ~62.5 h, 23 °C) in phosphate buffer at pD 6.68.

Table 1. Kinetic parameters for the hydrolysis of 2-HCl in acidic D,O buffers at different pD values, 23 °C.

pD Value Half-life of 2-HCl, min Kops, min—1 Log(kops)
3.81 18,138 3.821 x 107> —4.418
4.85 4668 1.485 x 1074 —3.828
6.68 3748 1.849 x 1074 —3.733
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HH
N;. 0 NH, OH
g H M °
% o H pD 4.85

16191 min
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7150 min
— C-HH
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W i

0 min A \ [\ {\} \/\
C-HH ¥, \Avu__
e .

[ R Tt % E R T e e HMarT e

Figure 4. Representative TH-NMR spectral data set for hydrolysis of 2-HCl in acetate D,O buffer,
pD 4.85,23 °C.

Hydrolysis of 2-HCl in alkaline buffers (phosphate at pD 7.95, carbonate at pD 9.45 and 10.68)
was found to become slower as the pD increased. The kinetic data obtained for this pD range are
shown in Table 2.

Table 2. Kinetic parameters for the hydrolysis of 2-HCl in alkaline D,O buffers at different pD values,

23°C.
pD Value Half-life of 2-HCI, min Kops, min—1 Log(kops)
7.95 18,802 3.686 x 107° —4.433
9.45 91,125 7.605 x 107° —5.119
10.68 126,114 5.496 x 107° —5.260

Interestingly, at pD 9.45 and 10.68 we observed a duplicated set of the 'H- and '>*C-NMR signals
corresponding to the starting amide, suggesting the presence of its two forms in the solutions
(Figures S33-536 in the Supplementary Materials). These two forms were observed immediately
after the compound was dissolved (the equilibrium between the forms established faster than we
could run the 'H-NMR spectrum, ~2 min), and their ratio remained unchanged during the whole
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period of the kinetic measurements (~2 months). However, the ratio between the forms depended
on the pD of the solutions. The form which was dominant at the pD 9.45 had the chemical shifts of
the NMR signals close to those observed for the 2-HCl in acidic buffers; at the pD 10.68, both forms
gave corresponding signals of almost equal intensity; to explain these observations, we suggest the
existence of the structures 2b*~ and 2~ in the alkaline solutions (Figure 5).

-0 a N
N:
H
d N
a @ {\/‘(Oc H
HO O
2

pD 10.68

0\

o

£ 1855 185.0 184.5 184.0 1835 183.0 182.5 182.0 1815 181.0 180.5 180.0 1795

Figure 5. Fragments of '>*C-NMR spectra of compound 2 in different buffers containing peaks of the
carbonyl carbon atoms.

Figure 6 summarizes the kinetic data, showing the pD-rate profile of the amide 2 hydrolysis in
D,O. The profile is bell-shaped, with the rate maximum at around neutral pD at 23 °C.

2 4 6 pD 8 10 12

-3.5

LN
/

Log(k,,s/min-1)
IS
wv

-5

\‘\o

Figure 6. pD-rate profile for the hydrolysis of 2-HCI.
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3. Discussion

The bell-shaped rate profile for the hydrolytic cleavage of the amide 2 confirmed our suggestion
made using the model molecules 13 and 14: that both amino and carboxyl groups are involved in the
hydrolysis. On the basis of our experimental data, one can suggest the equilibria between differently
protonated 2 in different buffers, as schematically illustrated in Figure 7. Evidently, the basic nitrogen
in 2 is protonated and “switched off” from intramolecular assistance of the amide bond hydrolysis
at low pDs (where species 2* dominate). Similarly, deprotonation of the COOH group “switches
off” its involvement in the reaction at high pDs (the equilibria shifting to unreactive 27). There is an
alternative explanation of the pD rate profile—see the discussion of possible hydrolysis mechanisms
below—but in all cases the amino and carboxyl groups should act synergistically.

At the high pDs, another reason for the slowdown of the reaction might be epimerization at the
carbon atom next to the carboxyl group. The racemization could also explain the doubling of the
signals in the solution of 2 in the alkaline buffers. However, we can exclude this possibility: the NMR
signal-doubling is observed almost immediately after dissolving the amide 2 in the buffers, and the
ratio of the species observed in the NMR spectra is dependent on the pD, but not on time. Epimerization
in similar systems is known to proceed much more slowly and under harsher conditions, leading to
almost complete conversion of the endo-COOH epimer to the exo-COOH epimer [35]. Observation of
the two species in the spectra of 2 might be explained by the slow (on the NMR time scale) exchange
between the species 2b*~ and 27 at high pDs (Figure 8). This could be confirmed by the fact that
one of the species (content increasing with pD, so assigned to 27) has the carboxyl group *C-NMR
resonance at lower field then the other species (tentatively assigned to 2b*~, Figure 8), in line with
literature data reporting the downfield shift for the COOH 3C-NMR peak upon deprotonation [38].

Two types of possible mechanisms of the hydrolysis of 2 can be suggested, if both the amino and
carboxyl functions are involved. These mechanisms (which we name N- and O-mechanisms in order
to distinguish them in the following discussion) differ by the roles played by the two functional groups
in intramolecular catalysis. The N-mechanism, realizable either through path a or b (Figure 7) involves
a nucleophilic attack of the basic nitrogen atom on the amide bond carbon while the COOH group acts
as a general acid. It might be concerted (path a) or involve formation of a tetrahedral intermediate
(TIb, path b), but in both cases should result in formation of the twisted amide 1. Although we
did not observe 1 in the reaction mixtures at any pDs by NMR, we know that its hydrolysis will be
extremely fast under the reaction conditions used [1], excluding the accumulation of 1 in observable
concentrations. The O-mechanism (concerted path ¢ or stepwise path d, Figure 7) suggests that the
amino and the carboxyl group swap roles in the first step of the reaction: the deprotonated COOH is
now the nucleophile and the protonated amino group acts as the general acid. This possible mechanism
would involve formation of the anhydride intermediate A (apart from the tetrahedral intermediate TId
in the path d). Degradation of A might again involve the nucleophilic amino group attack at one of the
anhydride carbonyls and formation of the twisted amide 1. In all cases the limiting step is the first; the
following transformations should be fast—explaining why no intermediates were detected by NMR
spectroscopy in the reaction mixtures. In order to prove that the rate limiting step of the hydrolysis
(at least at low pH) involves a proton transfer, we set up two hydrolysis reactions of 2-HCI running in
parallel with all the conditions but one identical: the solvent for one being H,O, for the other, D,0.
NMR monitoring of the reaction rates revealed a well-defined isotope effect: the hydrolysis in H,O
being ca 1.3-1.6 times faster than in D,O. Figure 9 illustrates the faster appearance of the hydrolysis
product in the TH-NMR spectra of the reaction mixtures run in the course of the experiment.
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Figure 7. Possible mechanisms of the hydrolysis of the amide 2.
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Figure 9. Characteristic regions of the 'H-NMR spectra illustrating the hydrolysis rates of 2-HCI in
D,0 (A) and HyO (B). After twelve days of reaction.

The fact that we observed none of the possible intermediates makes it difficult to choose between
paths a-d based only on our experimental data.

If the amine nitrogen is indeed involved as the nucleophilic center in the intramolecular catalysis
of the amide bond cleavage in 2, this raises an intriguing question: why does nature not utilize
nitrogen-based nucleophilic centers in enzymatic hydrolytic cleavage of the amide bond? None of
the currently known peptidases (hydrolases acting on amide bonds in protein backbones [39]) utilize
an N-nucleophilic attack as a part of their catalytic mechanism [40]. Ubiquitous and long-studied
serine and cysteine proteases feature the side-chain -OH or —-SH nucleophilic groups in their active
sites. Similarly, the threonine -OH group is thought to be involved as a nucleophile in relatively
recently discovered threonine proteases [41]. The catalytic mechanisms proposed for both aspartic and
metalloproteases involve nucleophilic attack of a water molecule at the scissile amide bond. Finally,
the rare glutamic proteases were also suggested to utilize a water molecule as the nucleophile [42].
Even if there are as yet undiscovered “XX-peptidases” (XX designating an N-nucleophile in the active
site), they undoubtedly must be rare.

In fact, there are known proteolytic enzymes that cleave peptide bonds with active participation of
a nucleophilic nitrogen atom. These enzymes are not peptidases but rather lyases, as their action does
not include hydrolysis. The N-nucleophile thought to play the key role in the amide bond cleavage
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is the nominally non-nucleophilic amide nitrogen of the asparagine side chain. Named asparagine
peptide lyases, these enzymes were assigned to a “seventh catalytic type of proteolytic enzymes” [43];
many families of this enzyme type are now known. Typical examples are inteins, the protein segments
able to mediate their own scission from larger proteins [44,45]. This process, known as protein
splicing, involves cleavage of the two amide bonds flanking the inteins, producing the intein-removed
proteins built from two remaining N- and C-extein fragments. Most intein-containing proteins have a
conserved asparagine residue at one of the amide-bond cleavage sites. In the key step of the splicing,
the asparagine amide is activated for intramolecular nucleophilic attack at its own peptide bond,
leading to its cleavage. The chain of molecular events, a part of the mechanism proposed for splicing
an intein (SspDnaE) [46] is illustrated in Figure 10.

N H H
" His147 N
A{‘:“ Intein Ara{: B Intein His147
” /
Tyr-1
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N-extgin ~s N
b

/
¥<<:ys 160 H—0
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N
N H His147
/\ H }hlu
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Figure 10. A part of the proposed intein SspDnaE splicing mechanism involving the Asn159
nucleophilic attack (marked with the yellow star) at the nearby amide bond carbonyl. Reprinted
from [46] with permission from Elsevier.

Details of the activation of the Asn side chain amide for the nucleophilic attack are not
completely understood. This could involve its tautomerization with the formation of a more reactive
imidate species [47] or, alternatively, twisting the amide bond, which is known to enhance its
nucleophilicity [48]. Interestingly, a mechanism involving the twisted asparagine amide group
was proposed for oligosaccharyltransferases, the membrane protein complexes which catalyze
asparagine-linked glycosylation [49]. Whatever the mechanism of the amide nucleophile activation, it is
clear that nature avoids strong amine nucleophiles in the active sites of the proteolytic enzymes. They
are present in a latent form (amide group of Asn) and only generated during the catalysis. It cannot
be due to low availability of active N-nucleophiles in proteins. The lysine amino group, for example,
acts as a nucleophile in ribulose 1,5-bisphosphate carboxylase (Rubisco), the most abundant enzyme
on Earth [50]. In the catalytic protein splicing described above, where amide bonds are cleaved,
however, the action of the asparagine-derived active nucleophile results in destruction of the enzyme
itself. One might even question whether the splicing can be considered as an enzymatic process [43].
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The prospect of self-destruction could be one of the reasons why natural proteases evolved without
N-nucleophiles in the active site.

Our model compound 2 demonstrates that one possible way to avoid self-destruction could be
structural constraint holding the intermediate N-acylated species in a twisted conformation, before a
water molecule arrives and completes the hydrolysis cycle. There are no reasons to believe that this is
impossible in natural catalytic systems, therefore, one might also believe that “XX-peptidases” are yet
to be discovered. In any case, in seems worthwhile to design artificial catalytic systems exploiting the
N-nucleophiles in the catalytic processes. Such systems could be inspired by known natural enzymes or
by model molecules as described in this paper. One important step towards this goal has already been
reported by Otaka et al. [51]. They developed a photo-responsive amide cleavage device, mimicking
the intein-mediated protein splicing. According to their approach, photo-triggered liberation of the
secondary amino group on a modified asparagine fragment activates the asparagine amide for the
nucleophilic attack that subsequently cleaves the adjacent peptide bond, as illustrated in Figure 11.
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Figure 11. Photoinduced peptide bond cleavage inspired by natural protein splicing. Reprinted with
permission from [51]. Copyright 2016 American Chemical Society.

4. Materials and Methods

4.1. General

Solvents were purified according to standard procedures [52]. Melting points were measured
on an automated melting point system and are uncorrected. Analytical TLC was performed using
Polychrom SI F254 plates. Column chromatography was performed using silica gel (230-400 mesh) as
the stationary phase. 'H, 13C NMR and all 2D NMR spectra were recorded at 499.9 or 400.4 MHz for
protons and 124.9 or 100.4 MHz for carbon-13. Chemical shifts are reported in ppm downfield from
TMS ('H, 13C) as an internal standard. Mass spectra were recorded either on an Agilent 1100 LC/MSD
SL (Agilent, Santa Clara, CA, USA) instrument by chemical ionization (CI) or on a GCMS instrument
with electron impact ionization (EI). CHN-analysis was done on an Elementar VarioMICRO Cube
analyzer (Elementar, Langenselbold, Germany).

4.2. Synthetic Procedures

3-Endo-bicyclo[3.3.1]nonane-3-carboxylic acid (20). This known compound was prepared starting
from 1-cyclohexenylpyrrolidine (16) and 2-bromomethyl-acrylic acid benzyl ester (15) on a
0.2 mol scale in 69% overall yield following the procedures described in [36] for the analogue,
7-endo-3-(tert-butoxycarbonyl)-3-azabicyclo [3.3.1]nonane-7-carboxylic acid. The "H-NMR spectrum
of the product corresponded to that described in [53]. White crystals, m.p. 126 °C (lit.
126.5-127 °C [52])."H-NMR (8, CDCl3, 500 MHz): 11.78 (broad s, 1H, COOH), 2.48 (h, 6.0 Hz, 1H, 3-H),
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1.9-2.1 (m, 4H), 1.6-1.7 (m, 1H), 1.55 (d, 13.5 Hz, 1H), 1.25-1.45 (m, 7H), 1.09 (d, 13.5 Hz, 1H). 13C-NMR
(5, CD3Cl, 124.9 MHz): 183.27 (COOH), 36.56, 32.50, 28.74, 28.48, 24.43, 15.55. LC/MS (CI, neg. scan):
m/z =167.2; (CI, pos. scan): m/z = 169.2. Anal. Calc. for C1oH160,: C, 71.39; H, 9.59. Found: C, 71.35;
H, 9.55.

3,7'-Endo-3'-(bicyclo[3.3.11non-3-ylcarbonyl)-3'-azabicyclo[3.3.11nonane-7'-carboxylic acid (13). Compound
20 (266 mg, 1.6 mmol) was dissolved in dry dichloromethane (0.5 mL) and mixed with oxallyl chloride
(5 mg, 4 mmol). The mixture was stirred under protection from air moisture for 8 h. Then the volatile
products were removed under vacuum (0.01 mm Hg, 40 °C, 4 h). The residue was dissolved in dioxane
(1 mL) and added dropwise to a solution of the amino acid 3 (prepared as described in [1], 244 mg,
1.44 mmol) and NayCO3 (0,763 g, 7.2 mmol) in water (1 mL) under stirring and cooling by an ice bath.
The mixture was stirred for 8 h at ambient temperature, evaporated on a rotary evaporator, and the
residue (the sodium salt of 13) crystallized from ethanol. The crystallized and air-dried product was
dissolved in a minimum amount of water (approximately 0.4 mL) and the solution was acidified by
conc. HCl to afford 13 as a white crystalline material. It was filtered and dried in vacuum (0.01 mm.
Hg, 40 °C, 4 h). 230 mg, 45% overall yield. Below, the data for the sodium salt of 13 (an analytical
sample) are listed. m.p. 233 °C. TH-NMR (5, D,0, 500 MHz): 4.13 (d, 12.5 Hz, 1H), 3.82 (d, 12.5 Hz,
1H), 3.01 (d, 12.5 Hz, 1H), 2.91 (m, 1H), 2.52 (d, 12.5 Hz, 1H), 2.20 (m, 1H), 1.75-2.35 (m, 8H), 1.55-1.75
(m, 3H), 1.15-1.45 (m, 8H), 0.95—1.10 (m, 3H). *C-NMR (5, D,0, 124.9 MHz): 184.89, 179.73, 52.16,
48.93, 37.80, 32.41, 32.26, 32.18, 28.79, 28.75, 28.26, 28.05, 27.73, 26.35, 25.58, 25.43, 24.39, 24.11, 15.09.
LC/MS (CI, neg. scan): m/z = 318.2; (CI, pos scan): m/z = 320.2. Anal. Calc. for C1gHy9NOs: C, 71.44;
H, 9.15; N, 4.38. Found: C, 71.40; H, 9.13; N, 4.39.

7'-Endo-3'-[(benzyloxy)carbonyl]-3-azabicyclo[3.3.1]nonane-7'-carboxylic acid (21). Amino acid 3 (169 mg, 1
mmol) and NaHCO3 (200 mg, 2.4 mmol) were dissolved in water-dioxane mixture (10 mL, 1:1 v/v). To
this solution was added benzyl carbonochloridate (carbobenzoxychloride, 0.2 mL) dropwise under
stirring. The mixture was stirred for 3 h, and then acidified carefully by 1IN HCl till pH 2. The product
was extracted with MTBE (3 x 50 mL), the combined extracts were dried over Na,SO4 and evaporated.
The product was purified by column chromatography (silica gel, MTBE as an eluent). Analytical
sample was prepared by crystallization from diethyl ether. Yield: 200 mg, 66%. White crystals, m.p.
120 °C. '"H-NMR (8, CDCl3, 500 MHz): 10.02 (br s, 1H, COOH), 7.40-7.70 (m, 5H, arom.), 5.12 (br s,
1H), 4.97 (br s, 1H), 4.03 (br s, 2H), 2.92 (d, 11.5 Hz, 2H), 2.60 (br s, 1H), 2.36 (d, 13.0 Hz, 2H), 1.75-2.00
(m, 4H), 1.64 (d, 11.5 Hz, 1H), 1.54 (d, 11.5 Hz, 1H). 3C-NMR (5, CDCls, 124.9 MHz): 178.67, 156.18,
136.47,128.01, 127.72, 127 47, 66.67, 48.70, 36.96, 30.89, 29.26, 26.21. LC/MS (CI, neg. scan): m/z = 302.3;
LC/MS (CI, pos. scan): m/z = 304.2. Anal. Calc. for C17HNOy: C, 67.31; H, 6.98; N, 4.62. Found: C,
67.36; H, 6.86; N, 4.60. Chromatographic purification of 21 also yielded a side-product assigned to the
structure 22 (6 mg), on the basis of its TH-NMR and MS data.

7,7'-Endo-3'-({3-[(benzyloxy)carbonyl]-3-azabicyclo[3.3.1]non-7-yl jearbonyl)-3'-azabicyclo[3.3.11no
ane-7'-carboxylic acid (22). m.p. 170 °C: TH-NMR (5, (CD3),SO, 500 MHz): 11.63 (s, 1H, COOH),
7.20-7.50 (m, 5h, arom.), 5.03 (s, 2H, CH,Ph), 4.11 (d, 13.0 Hz, 1H), 3.70-3.90 (m, 3H), 2.93 (d, 12.0 Hz,
1H), 2.55-2.75 (m, 3H), 2.32 (m, 2H), 1.35-1.95 (m, 13H), 1.33 (d, 12.0 Hz, 1H), 1.11 (d, 12.0 Hz, 1H),
0.98 (br s, 1H). LC/MS (CI, neg. scan): m/z = 453.4; LC/MS (CIL, pos. scan): m/z = 455.2.

3-azabicyclo[3.3.1]nonane (25), 3-azabicyclo[3.3.1]nonane-2,4 dione 24 (5 g, 32 mmol, prepared as described
in [35]) was dissolved in THF (100 mL) under an argon atmosphere. Lithium aluminum hydride (3.7 g,
98 mmol) was added in portions to the solution, which was then refluxed for 5 h and stirred for an
additional 8 h without heating. The excess of the LiAlH; was quenched carefully with water, the
product was sublimed to afford 25 as a colorless crystalline product, 2.68 g, 67% yield.

All the spectral data were identical to those described in the literature [54]. m.p. 157 °C.
For the use in the next step, the amine was converted to its hydrochloride by dissolving in an
excess of 1IN HCI, evaporation in vacuum, co-evaporation with water (3 x 20 mL) on a rotary
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evaporator, drying in a desiccator over P,Os for 24 h. White crystals (crystallized from isopropanol),
3-azabicyclo[3.3.1]Jnonanehydrochloride (25-HCl): "H-NMR (3, (CD3),SO, 500 MHz): 9.81 (broad s, 1H,
NH), 8.08 (broad s, 1H, NH), 3.14 (d, 13 Hz, 2H), 3.03 (d, 13 Hz, 2H), 1.90-2.10 (m, 3H), 1.40-1.80 (m,
7H). 3C-NMR (5, (CD5),S0, 124.9 MHz): 46.40, 29.80, 28.96, 25.22, 19.36. Anal. Calc. for CgH4CIN: C,
59.43; H, 9.98; N, 8.66. Found: C, 59.40; H, 9.95; N, 8.69.

7-Endo-benzyl  7-(3'-azabicyclo[3.3.1]non-3'-ylcarbonyl)-3-azabicyclo[3.3.1]nonane-3-carboxylate ~ (26).
The Cbz-protected amino acid 21 (95 mg, 0.31 mmol) and DIPEA (81 mg, 0.63 mmol) were dissolved
in acetonitrile (1 mL). (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU, 128 mg, 0.34 mmol) was added to the solution under stirring, and the stirring continued
for 5 min. Then the mixture was combined with a solution of the amine hydrochloride (25-HCl,
prepared as described above, 61 mg, 0.37 mmol) and DIPEA (73 mg, 0.56 mmol) in acetonitrile (1 mL).
The resulting mixture was stirred for 8 h, and then evaporated on a rotary evaporator. The residue was
applied to a chromatographic column (silica gel) and pure 26 was eluted with hexane-ethylacetate 2:1
v/v). Colorless oil, crystallized on standing, 88% yield (112 mg). An analytical sample was prepared by
crystallization from petroleum ether. m.p. 157 °C. TH-NMR (8, (CDCl3, 500 MHz): 7.25-7.45 (m, 5H,
arom.), 5.20 and 5.09 (two d, 2H), 4.57 (m, 1H), 4.02 (d, 12.0 Hz, 1H), 3.95 (d, 12.0 Hz, 1H), 3.88 (d,
12.0 Hz, 1H), 3.29 (d, 12.0 Hz, 1H), 2.75-2.85 (m, 3H), 2.74 (broad s, 1H), 1.80-2.15 (m, 7H), 1.50-1.80 (m,
9H), 1.43 (broad s, 1H), 1.26 (m, 1H). 3C-NMR (5, (CD3),SO, 124.9 MHz): 177.47, 177.09, 136.55, 128.15,
127.56, 127.36, 50.43, 35.75, 32.80, 30.20, 29.51, 29.00, 27.00, 26.21., 26.20, 25.97. LC/MS (CI, pos. scan):
m/z = 411.2. Anal. Calc. for Co5H34N>O3: C, 73.14; H, 8.35; N, 6.82. Found: C, 73.11; H, 8.39; N, 6.80.

7-Endo-3'-(3-azabicyclo[3.3.11non-7-ylcarbonyl)-3'-azabicyclo[3.3.1]nonane (14). The Cbz-protected amide
26 (38 mg, 0.1 mmol) was dissolved in methanol (3 mL). Palladium on charcoal (10%, 60 mg) was
added to the reaction vessel, which was then filled with hydrogen and the mixture was shaken under
1 atm Hj for 8 h. Then the mixture was filtered, evaporated in high vacuum (0.01 mm Hg) without
heating. The crude product 14 easily forms the carbonate upon handling on air, therefore it was mixed
with 5% aqueous NaOH solution (5 mL) and extracted with dichloromethane (3 x 20 mL) under an
argon atmosphere. The combined dichloromethane extracts were evaporated in high vacuum without
heating, the residue was dried in high vacuum for 5 h. Yellowish oil, 27.6 mg (quantitative yield).
'H-NMR (§, CD30D, 500 MHz): 4.55 (d, 15.0 Hz, 1H), 4.08 (d, 15.0 Hz, 1H), 3.36 (d, 15.0 Hz, 1H), 3.03
(m, 1H), 2.85 (d, 15.0 Hz, 1H), 2.69 and 2.61 (two d, 14.5 Hz, 4H), 1.60-2.20 (m, 17H), 1.55 and 1.51 (two
d, 14.5 Hz, 2H), 1.46 (broad s, 1H), 1.38 (d, 14.5 Hz, 1H). For the peaks assignments, see Supporting
Information. '*C-NMR (5, CD;0D, 124.9 MHz): 176.47, 51.81, 51.76, 50.71, 32.61, 31.93, 30.85, 30.36,
28.65, 28.25, 28.08, 26.88, 25.64, 25.59, 20.13. LC/MS (CI, pos. scan): m/z = 277.2.

7,7'-Endo-3"-[(3-([2-(trimethylsilylethoxy]carbonyl }-3-azabicyclo[3.3.11non-7-yl)carbonyl]-3'-azabicyclo[3.3.1]
nonane-7'-carboxylic acid (27). Amino acid 3 (100 mg, 0.59 mmol) was suspended in THF (2 mL) and
triethylamine (120 mg, 1.2 mmol) was added to the suspension under stirring. The mixture was then
cooled to —20 °C and 2-(trimethylsilyl)ethylcarbonochloridate (214 mg, 1.2 mmol) was slowly added
under stirring, keeping the mixture temperature not higher than —10 °C. After the addition, the
mixture was stirred at —10 °C for 15 min and at ambient temperature for 30 min. The mixture was then
again cooled in an ice-water bath, and a suspension of 3 (100 mg, 0.59 mmol) in a triethylamine (60 mg,
0.6 mmol) solution in THF (2 mL) was added to the stirred mixture in one portion. The resulting
mixture was stirred overnight at ambient temperature. The volatile products were removed in vacuum,
the residue was triturated with aqueous citric acid solution (5%). The crude product was extracted
with MTBE (3 x 50 mL), the combined extracts were evaporated and the residue was purified by
reverse-phase HPLC to afford 27 as colorless oil which crystallized on standing. Yield: 178.2 mg, 65%.
m.p. 198 °C. "H-NMR (5, CDCl3, 500 MHz): 9.83 (br. s, 1H), 4.36 (br. s, 1H), 4.13 (br. s, 2H), 3.80-4.05
(br. m, 3H), 3.12 (br. s, 1H), 2.65-2.82 (br. m, 5H), 2.53 (br. s, 1H), 2.24 (br. m, 2H), 1.75-2.15 (br. m,
9H), 1.64 (br. s, 1H), 1.57 (br. s, 2H), 1.21 (br. s, 1H), 0.98 (br. m, 2H), —0.1 (br. m, 9H). 3C-NMR (s,
CDCl3, 124.9 MHz): (all the signals are broadened) 117.72, 117.27, 157.53, 63.64, 50.73, 47.37, 36.83,
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33.33,33.12, 31.31, 30.02, 29.30, 29.05, 28.53, 27.26, 27.07, 26.94, 26.78, 25.81, 25.52, 25.32, -1.47. LC/MS
(CL neg. scan): m/z = 463.2, 454.2, 465.2; (CI, pos. scan): m/z = 466.2, 467.2, 468.2. Anal. Calc. for
Cr4Hy 9N, OsSi: C, 62.03; H, 8.68; N, 6.03. Found: C, 62.08; H, 8.64; N, 6.00.

7,7'-Endo-3'-(3-azabicyclo[3.3.1]non-7-ylcarbonyl)-3'-azabicyclo[3.3.11nonane-7'-carboxylic acid hydrochloride
(2-HCl). Compound 27 (50 mg, 0.11 mmol) was dissolved in a mixture of dry diethyl ether and
dichloromethane (1:1 v/v, 1 mL) and a solution of HCl in dry dioxane (~10%, 0.5 mL) was added.
The mixture was left standing at ambient temperature for 8 h, the formed white crystals of the product
(2-HCl) were filtered, washed thoroughly with dry diethyl ether on the filter, dried in high vacuum
(0.05 mm Hg) for 6 h at 25 °C). Yield: 18 mg (46%). m.p. 198 °C (with decomposition). "H-NMR (5,
D,0, 500 MHz): 4.06 (d, 13.5 Hz, 1H), 3.85 (d, 13.5 Hz, 1H), 3.10-3.33 (m, 3H), 2.90-3.15 (m, 3H), 2.74
(dd, 13.5 and 2.0 Hz, 1H), 2.57 (h, 2.0 Hz, 1H), 1.85-2.20 (overlapped m, 11H), 1.73 (dd, 13.5 and 3.0 Hz,
1H), 1.50-1.70 (m, 4H), 1.34 (q, 3.0 Hz, 1H). 3C-NMR (5, D0, 124.9 MHz): 180.58, 179.33, 50.75, 49.01,
48.32,47.98, 35.51, 29.83, 29.26, 29.10, 28.72, 27.11, 26.36, 26.30, 26.28, 26.09, 23.74, 23.39. Anal. Calc. for
Ci18Hp9CIN,O3: C, 60.58; H, 8.19; N, 7.85. Found: C, 60.54; H, 8.22; N, 7.83.

4.2.1. Kinetic Measurements for Hydrolysis Reaction of Compound 2 in D,O

Hydrolysis was carried out at 23 °C in NMR sample tubes, monitored by 'H-NMR spectra
(recorded by single scans). Six buffer solutions were prepared in D,O: acetate buffers (pD 3.81 and
4.85), phosphate buffers (pD 6.68 and 7.95), and carbonate buffers (pD 9.45 and 10.68); the pD values
were measured at 23 °C immediately before the measurements. The buffer concentrations were 250 mM
in each case, the ionic strengths were adjusted with NaCl to 1 M. The compound 2-HCl was weighed in
an NMR sample tube (5-7 mg), and the measurements started by addition of the corresponding buffer
solution to the compound (in the amount to achieve the compound concentration 25 mM). The content
of the tube was vigorously shaken, starting immediately the recording of the time. The first "H-NMR
spectrum was measured as quickly after the buffer addition as practical (~2 min), then the spectra
were measured at intervals, depending on the reaction progress. The spectra were run as single scans,
in order to avoid integral-value distortions due to relaxation effects. The unambiguously assigned
non-overlapping peaks of the starting compound and its hydrolysis product were carefully integrated.
The complete data sets (Tables S1-5S12) were used to build the kinetic curves and calculate ks and the
half-lives for each compound (see the Supporting Information).

4.2.2. Estimation of the Kinetic Isotope Effect by Comparison of the Hydrolysis Rates of 2-HCI in D,O
and H,O

Two reactions were set up in two NMR sample tubes simultaneously by dissolving 4.2 mg of the
2.HCl in each tube in 0.5 cm® D,0 or H,O. The 'H-NMR spectra of the samples were run at intervals
(as single scans, in order to avoid integral-value distortions due to relaxation effects). For the spectral
measurements in H,O, excitation sculpting technique [55] was used for the water signal suppression.
The unambiguously assigned non-overlapping peaks of the starting compound and its hydrolysis
product were carefully integrated. Representative spectra can be seen in Figures 513 and S14.

4.2.3. X-ray Data for Compound 13

Crystal Data for C19HyNO3; (M = 319.43 g/mol): monoclinic, space group P2;/c (no. 14),
a=694092) A, b = 10.8409(3) A, ¢ = 22.2437(6) A, p = 93.2098(12)°, V = 1671.11(8) A3, Z = 4,
T =180(2) K, p(CuKe) = 0.673 mm!, Dy = 1.270 g/cm?3. The diffraction pattern was indexed as two
domains with 19230 measured reflections (domain 1 only), 19298 reflections (domain 2 only) and 3794
reflections (overlapped) (7.96° < 2 < 133.37°), Rint = 0.0399. 2954 unique reflections were used in all
calculations. The final R1 was 0.0599 (I > 20(I)) and wR2 was 0.1593 (all data).
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CCDC 1884473 contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge via https:/ /www.ccdc.cam.ac.uk/structures (or from the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

Supplementary Materials: The following are available online. Figures S1-536, NMR spectra and chromato-mass
traces for the compounds described in the main text; Tables S1-S12, Figures S37-548, kinetic data on the hydrolysis
of 2-HCl in different buffers; Figures S49 and S50, Representative TH-NMR data set used for estimation of the
kinetic isotope effect on the 2-HCl hydrolysis reaction; Figure S51; The CIF file for compound 13.
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Abstract: Functionalization of amide bond via the cleavage of a non-carbonyl, C-N ¢ bond remains
under-investigated. In this work, a transition-metal-free single-electron transfer reaction has been
developed for the C-N o bond cleavage of N-acylazetidines using the electride derived from sodium
dispersions and 15-crown-5. Of note, less strained cyclic amides and acyclic amides are stable under
the reaction conditions, which features the excellent chemoselectivity of the reaction. This method is
amenable to a range of unhindered and sterically encumbered azetidinyl amides.

Keywords: amides; C-N o bond cleavage; sodium; crown ether

1. Introduction

Amide is among the most ubiquitous functional groups [1]. Although the reductive functionalization
of amides has been studied extensively, the majority of strategies have focused on the amide reductions
via C-O or C-N cleavage, to afford the corresponding amines or alcohols (Scheme 1) [2-11]. Only
a few examples were reported for the amide bond functionalization via the selective activation of the
non-carbonyl, C-N o bond, despite its considerable potential in the synthesis of amide linkage in both
chemistry and biology (Scheme 1) [12,13]. In 2005, Aube and co-workers reported a highly unusual C-N
o bond cleavage in a class of specialized bridged lactams under catalytic hydrogenation conditions [14].
The twisted amide bond is the possible reason for the high activities of the C-N ¢ bonds in those substrates.
Recently, Szostak and co-workers have developed a more general single electron transfer (SET) method
for the reductive cleavage of C-N o bonds in both planar and pyramidalized amides, using TmlI,-ROH
reagent, which forms from a nonclassical lanthanide (II) iodide [15-18]. Given the high price of thulium,
a corresponding SET protocol mediated by cheap electron donor reagents will be more desirable, which is
the subject of this work.

HH C-O cleavage
M R? [H]
RN
R3 o C-N o bond cleavage o
;e H] )
TRIANR R" “NH
S A e
H H
-]
R'" “OH

Scheme 1. Reductive functionalization of amides.

Electrides, in which anions are electrons, are a class of useful single electron-donor reagents.
Solutions of alkali metal in liquid metals [19], first described by Sir Humphry Davy in 1803 [20], are
among the most common electride systems, which have found wide applications in single-electron
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transfer reductions, including the venerable Birch reduction [21-23]. To avoid the hazards that are
associated with the usage of liquid ammonia, new methods for the generation of electride salts using
alkali metal and crown ethers were developed. However, freshly distilled sodium, potassium mirror,
or highly pyrophoric potassium-sodium alloys were required to accelerate the reaction between the
alkali metal and crown ethers [24-27]. Previously, our group developed a more practical protocol for the
synthesis of electride salts, using sodium dispersions and 15-crown-5 [28]. Sodium dispersion in oil is
a bench-stable and commercially available reagent with a high specific surface area [28-32]. The derived
electride has already been successfully applied in a chemoselective ammonia-free Birch reduction [28].
However, the application of such an electride in other SET reactions remains under-investigated.
Herein, we report the first electride-mediated C-N o bond cleavage reaction in pyramidalized azetidinyl
amides (T = 3.3%; xn = 32.5°; 4-TolC(O)-azetidine, Winkler —Dunitz parameters [33]), using a cheap
sodium dispersion/15-crown-5 reagent system under practical conditions.

2. Results and Discussion

Our study began with the optimization of the reaction conditions for the C-N ¢ bond cleavage
process in azetidinyl amides, using 1a as a model substrate. In the previous work, we have
demonstrated that 1a can be converted into the corresponding alcohol via C-N cleavage, using
Na/EtOH [5]. We hypothesized that the absence of the proton donor would suppress the amide
reduction pathway, and lead to the formation of 2a via the C-N o bond cleavage. The initial trial of the
reaction, using 5.0 equiv. of sodium dispersions in Et;O afforded 2a in a moderate yield of 50% with the
recovered starting material, accounting for the majority of the remaining mass balance (entry 1, Table 1).
By-products derived from the amide reduction were not observed. The yield could be significantly
improved by replacing Et,O with tetrahydrofuran (THF), a solvent with higher dielectric constant,
which indicated that the reaction might go through an outer-sphere electron transfer mechanism
(entry 2, Table 1). As electrides are promising electron donors for the outer electron transfer processes,
the feasibility of electride derived from sodium dispersions and 15-crown-5 was investigated. When
5.0 equiv. of Na/15-crown-5 was employed, satisfactory yields of 2a were obtained in both Et,O
and THF (Entries 3 and 4, Table 1). Although Na/15-crown-5/i-PrOH is an effective system for
Birch-type reductions, dearomatization was well-suppressed in the absence of a proton donor, and the
reduction of the phenyl moiety in 1a was not observed under the conditions using Na/15-crown-5
(Entries 3 and 4, Table 1). The reductive C-N o bond cleavage is a two-electron process. However,
shortening the amount of Na/15-crown-5 to 3.0 equiv. resulted in a much lower yield (entries 5 and 6,
Table 1). Also, shortening the reaction time gave decreased yields (Entries 7 and 8, Table 1).

Table 1. Optimization of selective C-N o bond cleavage in azetidinyl amides by Na/15-crown-5 1.

o o}
Na dispersions
Ph/\A N \1 e chopersons, ph/\)L N
1a 15-crown-5 2a H
solvent, 0 °C
Entry Sodium Dispersion ! (Equiv)  15-crown-5 (Equiv) Time Solvent Yield (%) 2

1 5.0 0 20h Et,O 50
2 5.0 0 20h THF 67
3 5.0 5.0 20h Et,O 79
4 5.0 5.0 20h THF 80
5 45 45 20h Et,O 65
6 3.0 3.0 20h Et,O 56
7 5.0 5.0 1.0h THF 71
8 5.0 5.0 10 min THF 47

THEF: tetrahydrofuran. 1 Sodium dispersions in oil, 33.9 wt %, particle size 5-10 um. 2 Determined by TH-NMR.
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Next, the optimized conditions (Entry 4, Table 1) were applied to the selective C-N o bond
cleavage reactions. A broad range of aliphatic and aromatic azetidinyl amides were converted into
the corresponding secondary n-butyl amides at high yields (Figure 1). Both the unhindered (e.g., 1a,
1g, and 1m) and sterically encumbered (1h, 1i, and 1j) azetidinyl amides were viable substrates for
this reaction. Aromatic rings were stable under the reaction conditions. By-products derived from the
Birch-type dearomatization were not detected in any of the tested substrates (1a-1h). Substrate-bearing
functional groups, such as methoxy group (1d) and alkene group (1k), were also readily converted into
the corresponding n-butyl amides without the demethylation of the methoxy group or the reduction
of the alkene group. In contrast, chloride (1f) were fully reduced when 8.0 equiv. of Na/15-crown-5
was used, which suggested that the potential application of this protocol in dehalogenation reactions.
In addition, if the reaction with 1a was quenched by D,O, the corresponding deuterium labeled
product, 3-phenyl-N-(propyl-3-d)propanamide, was detected, albeit in a low deuterium incorporation.
Remarkably, this single electron transfer process is highly selective for azetidinyl amides. Less strained
cyclic amides, such as pyrrolidinyl amide 1o and piperidinyl amide 1p, were very stable under the
reaction conditions. Acyclic tertiary amide 1r and secondary amide 1q also did not undergo the
cleavage reaction. Those observations suggested that the large ring strain in a four-membered ring
of 25.4 kcal/mol (cf. aziridines, 27.5 kcal/mol) [33] is the possible driving force for the C-N o bond
cleavage process in azetidinyl amides.

sodium dispersions
Iih/\)J\ — BOH | ppon

1a 3a, 78% (1)

@]

sodium dispersions
|Jh/\ANW L |JhM[)H

H of
1a 3a, 26% (2)

The key processes in this reaction involve the generation of ketyl-type radicals from a reversible
electron transfer (1—4, Scheme 2) and the sequential C-N o bond cleavage (4—5). The control reactions
(Equations (1) and (2)) demonstrated that (a) in the presence of EtOH, alcohol 3 was formed as the
major product; (b) it was difficult to convert secondary amide 2 to the corresponding alcohol 3 using
Na/EtOH. These observations indicated that, in the presence of the proton donor, amide reduction
via the C-N cleavage (4—6—7—3) was the dominant pathway. In addition, the ring-opening step
(4—5) was relatively slow, so that the n-butyl amides 2 derived from the C-N ¢ bond cleavage were
not detected in the reaction using Na/EtOH (Equation (1)). However, the second electron transfer
(6—7) will be suppressed in the absence of a proton donor, which will alternately lead to the formation
of a C-N o bond cleavage product 2 (4—5—2).
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o)
j’l Na dispersions )L
R N\j 15-crown-5 R ”/\/
1 THF, 0 °C 2
substrate i product and yield? substrate 3 product and yield?
Q : o) 3 o)
' A~ !
N : N ‘
w \j : N N\j : ”/\/
1a 3 2a (80%) 1j : 2j (60%)
3 H !
! N ' H
N | “~ N i
' = ' = ~ N
m : I /\/ﬁo( | /\/if
1b : 2b (95%) 1k 3 2k (94%)
I g A i
N N~ /YN ' \)LN/\/
m | o 0 3 H
1c : 2¢ (75%) 1I } 21 (70%)
o) 3 3
: ] ' o]
N7 ~ NN SN
B! : O/\)LH Ny N
MeO ! MeO 1 H
1d ' 2d (95%)° 1m ! 2m (88%)
0 ~ o 0
| i e |
! ' A~
/@/\)LNQ ! H A N\j : N%H
1e ; 2e (98%) 1n | 2n (83%)
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Figure 1. Selective C-N ¢ bond cleavage in azetidinyl amides by Na/15-crown-5 !. 1 Conditions:
1 (0.50 mmol, 1.0 equiv.), Na dispersions (5.0 equiv.), 15-crown-5 (5.0 equiv.), THF (3.0 mL), 0 °C.
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Scheme 2. Proposed mechanism for the C-N o bond cleavage in azetidinyl amides with Na/15-crown-5.

3. Materials and Methods

3.1. General Information

Glassware was dried in an oven overnight before use. Thin-layer chromatography was carried out
on SIL G/UV254 silica-aluminum plates, and plates were visualized using ultraviolet light (254 nm)
and KMnOj solution. For flash column chromatography, silica gel 60, 35-70 um was used. NMR data
was collected at 300 MHz. Data was manipulated directly from the spectrometer or via a networked
PC with appropriate software. All samples were analyzed in CDCl3. Reference values for the residual
solvent were taken as § = 7.27 (CDCl3) for 'H-NMR; § = 77.1 (CDCl3) for 3C-NMR. Multiplicities for
coupled signals were designated using the following abbreviations: s = singlet, d = doublet, t = triplet,
q = quartet, br = broad signal, and are given in Hz.

All solvents and reagents were used as supplied. Amides were prepared by the standard
method [33]. 2g and 2n are novel compounds, and all the other compounds used in this study
have been described in the literature or are commercially available. 'H and '*C NMR spectra of 2a-2n,
and HRMS of 2g and 2n are provided in the Supplementary Materials.

3.2. Optimization Studies (Table 1)

To a suspension of Na dispersion in oil (33.9 wt %, 1.50-2.50 mmol) in anhydrous solvent (0.5 mL),
15-crown-5 (0-2.50 mmol) was added under Ar at 0 °C and stirred vigorously for 5 min. The solution
turned dark blue rapidly. A solution of substrate (0.500 mmol) in the same solvent (2.0 mL) was
then added at 0 °C. After 10-120 min, the reaction was quenched by a saturated aqueous solution
of NaHCOj3 (2.0 mL), and the reaction mixture was diluted with Et,O (10 mL) and brine (20 mL).
The aqueous layer was extracted with Et;O (2 x 10 mL), and the organic layers were combined,
dried over NaySOy, filtered, and concentrated. Then, the sample was analyzed by TH-NMR (CDCl3,
300 MHz) to obtain the yield, using an internal standard (CHCI,CHCl,) and by comparison with
corresponding samples.

3.3. General Procedure for the C-N Bond Cleavage in Azetidinyl Amides

To a suspension of Na dispersion in oil (33.9 wt %, 2.50—4.00 mmol) in anhydrous THF (0.5 mL),
15-crown-5 (2.50-4.00 mmol) was added under Ar at 0 °C, and stirred vigorously for 5 min. A solution
of the substrate (0.500 mmol) in THF (2.0 mL) was then added at 0 °C. After 2 h, the reaction was
quenched by a saturated aqueous solution of NaHCO3 (2.0 mL) and the reaction mixture was diluted
with Et,O (10 mL) and brine (20 mL). The aqueous layer was extracted with Et,O (2 x 10 mL), and the
organic layers were combined, dried over Na;SOy, filtered and concentrated. The crude product was
purified by flash chromatography (silica, 0-50% hexane/EtOAc).

3-Phenyl-N-propylpropanamide (2a) [34]: white solid (76.5 mg, 80%). 'H-NMR (300 MHz, CDCl3) &
7.32-7.24 (m, 2H), 7.24-7.15 (m, 3H), 5.56 (s, 1H), 3.16 (td, ] = 7.1, 6.9 Hz, 2H), 2.96 (t, ] = 7.7 Hz, 2H),
246 (t, ] = 7.7 Hz, 2H), 1.4 (m, 2H), 0.84 (t, ] = 7.4 Hz, 3H); 3C-NMR (75 MHz, CDCly) § 172.2, 140.9,
128.4,128.3,126.1,41.2,38.4,31.8,22.7,11.3.
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4-Phenyl-N-propylbutanamide (2b): colorless oil (97.5 mg, 95%). TH-NMR (300 MHz, CDCl3) &
7.33-7.23 (m, 2H), 7.23-7.13 (m, 3H), 5.49 (s, 1H), § 3.20 (td, ] = 7.1, 6.5 Hz, 2H), 2.65 (t, ] = 7.5 Hz, 2H),
217 (t, ] = 7.5 Hz, 2H), 1.97 (m, 2H), 1.51 (m, 2H), 0.91 (t, ] = 7.4 Hz, 3H); *C-NMR (75 MHz, CDCl3) §
172.7,141.6,128.6, 128.4, 126. 0, 41.3, 36.0, 35.3, 27.2,23.0, 11.4.

2-Phenyl-N-propylacetamide (2¢) [35]: white solid (66.5 mg, 75%). TH-NMR (300 MHz, CDCl3) &
7.40-7.23 (m, 5H), 5.41 (s, 1H), 3.57 (s, 2H), § 3.17 (td, ] = 7.2, 6.2 Hz, 2H), 1.44 (m, 2H), 0.83 (t, ] = 7.4 Hz,
3H); 3C-NMR (75 MHz, CDCl3) & 171.0, 135.2, 129.5, 129.1, 127.4, 44.0, 41.4, 22.8, 11.3.

3-(4-Methoxyphenyl)-N-propylpropanamide (2d) [34]: white solid (105.1 mg, 95%). "H-NMR (300
MHz, CDCl3) 6 7.11 (d, ] = 8.1 Hz, 2H), 6.82 (d, | = 8.1 Hz, 2H), 5.53 (s, 1H), 3.77 (s, 3H), 3.16 (td,
J =67 x 2 Hz, 2H), 2.90 (t, ] = 7.5 Hz, 2H), 2.42 (t, | = 7.5 Hz, 2H), 1.45 (m, 2H), 0.85 (t, ] = 7.4 Hz, 3H);
I3C-NMR (75 MHz, CDCl3) § 172.2, 158.1, 133.0, 129.3, 114.0, 55.3, 41.2, 38.9, 31.0, 22.9, 11.3.

N-Propyl-3-(p-tolyl)propanamide (2e): white solid (100.6 mg, 98%). TH-NMR (300 MHz, CDCl3) &
7.18-6.99 (m, 4H), 5.72 (s, 1H), 3.16 (td, ] = 6.5, 6.4 Hz, 2H), 2.91 (t, ] = 7.8 Hz, 2H), 2.44 (t, ] = 7.8 Hz,
2H), 2.30 (s, 3H), 1.45 (m, 2H), 0.85 (t, | = 7.4 Hz, 3H); 3C-NMR (75 MHz, CDCl3)  172.2, 137.9, 135.6,
129.1,128.2,41.2,38.6, 31.4, 22.8,21.0, 11.3.

3-Phenyl-N-propylpropanamide (2a) (derived from 1f) [34]: white solid (76.5 mg, 80%).'H-NMR (300
MHz, CDCl3) § 7.32-7.24 (m, 2H), 7.23-7.15 (m, 3H), 5.50 (s, 1H), 3.16 (td, ] = 6.9, 6.5 Hz, 2H), 2.96 (t,
] =7.7 Hz, 2H), 2.46 (t, ] = 7.7 Hz, 2H), 1.44 (m, 2H), 0.84 (t, ] = 7.4 Hz, 3H); 3 C-NMR (75 MHz, CDCl3)
5172.1,141.0, 128.6, 128.4, 126.3, 41.3, 38.6, 31.9, 22.9, 11.3.

4-Cyclohexyl-N-propylbenzamide (2g): white solid (99.4 mg, 81%). TH-NMR (300 MHz, CDCl3) §
7.73-7.66 (m, 2H), 7.26-7.21 (m, 2H), 6.32 (s, 1H), 3.39 (td, ] = 7.4, 6.5 Hz, 2H), 2.53 (m, 1H), 1.94-1.73
(m, 5H), 1.61 (m, 2H), 1.43 — 1.22 (m, 5H), 0.96 (t, ] = 7.4 Hz, 3H); 13C-NMR (75 MHz, CDCls) § 167.6,
151.6,132.4,127.0 (x 2),44.5,41.7,34.3,26.8, 26.1, 23.0, 11.5; HRMS (FTMS-ESI) m /z: [M + 1]* calc for
C16H23NO 246.1852, found 246.1849.

1-Phenyl-N-propylcyclopentane-1-carboxamide (2h): white solid (113.4 mg, 98%). 'H-NMR (300 MHz,
CDCl3) 6 7.38-7.21 (m, 5H), 5.22 (s, 1H), 3.09 (td, | = 7.0, 5.9 Hz, 2H), 2.52-2.41 (m, 2H), 2.06-1.96 (m,
2H), 1.89-1.75 (m, 2H), 1.75-1.60 (m, 2H), 1.36 (m, 2H), 0.75 (t, ] = 7.4 Hz, 3H); *C-NMR (75 MHz,
CDCl3) 6 176.4,144.4,128.6, 126.8 (x 2), 59.3, 41.4, 36.9, 24.0,22.7, 11.1.

(31,51,71)-N-Propyladamantane-1-carboxamide (2i): colorless oil (109.6 mg, 99%). 'H-NMR (300 MHz,
CDCly) § 5.63 (s, 1H), 3.21 (td, ] = 6.7, 6.3 Hz, 2H), 2.08-2.01 (m, 3H), 1.88-1.82 (m, 6H), 1.76-1.68 (m,
6H), 1.51 (m,2H), 0.91 (t, ] = 7.4 Hz, 3H); 3C-NMR (75 MHz, CDCl3) 5 177.7, 41.0, 40.7, 39.4, 36.6, 28.3,
23.0,11.4.

2-(4-Tsobutylphenyl)-N-propylpropanamide (2j): colorless oil (74.2 mg, 60%). 'H-NMR (300 MHz,
CDCl3) § 7.22-7.16 (m, 2H), 7.14-7.08 (m, 2H), 5.41 (s, 1H), 3.53 (q, ] = 7.2 Hz, 1H), 3.14 (td, ] = 7.1,
59Hz,2H),2.45(d, ] =7.2Hz,2H), 1.84 (m, 1H), 1.51 (d, ] = 7.2 Hz, 3H), 1.41 (m, 2H), 0.90 (d, ] = 6.6 Hz,
6H), 0.80 (t, ] = 7.4 Hz, 3H); 3C-NMR (75 MHz, CDCly) § 174.5, 140.7, 138.8, 129.6, 127.4, 46.8, 45.1,
41.3,30.2,22.8,22.4,185,11.2.

N-Propylpent-4-enamide (2k): colorless oil (66.4 mg, 94%). 'H-NMR (300 MHz, CDCl3) § 5.82 (t,
J =87 Hz, 1H), 5.69 (s, 1H), 5.04 (dd, ] = 18.9, 13.6 Hz, 2H), 3.22 (d, ] = 6.8 Hz, 2H), 2.33 (dt, ] = 35.4,
7.5 Hz, 4H), 1.52 (dd, ] = 14.5, 7.3 Hz, 2H), 0.92 (t, ] = 7.2 Hz, 3H); 3C-NMR (75 MHz, CDCl3) § 172.3,
137.2,115.5,41.3 36.0,29.8, 22.9, 11.4.
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N-Propylpropionamide (21) [36]: colorless oil (40.3 mg, 70%). TH-NMR (300 MHz, CDCl3) § 5.44 (s,
1H),3.22 (td, ] = 7.2, 6.5 Hz, 2H), 2.20 (q, ] = 7.6 Hz, 2H), 1.52 (m, 2H), 1.16 (t, ] = 7.6 Hz, 3H), 0.93 (t,
J =7.6 Hz, 3H); '3C-NMR (75 MHz, CDCl3) § 173.7, 41.3,29.9, 23.0, 11.4, 10.0.

N-Propylhexanamide (2m): colorless oil (69.2 mg, 88%). TH-NMR (300 MHz, CDCls) 6§ 5.64 (s, 1H), 3.21
(td, ] =7.2,6.1 Hz, 2H), 2.16 (t, ] = 7.8 Hz, 2H), 1.63 (m, 2H), 1.52 (m, 2H), 1.36-1.26 (m, 4H), 0.96-0.85
(m, 6H); 13C-NMR (75 MHz, CDCl3) § 173.2,41.2, 36.9, 31.5, 25.6, 23.0, 22.5, 14.0, 11.4.

N-Propylstearamide (2n): white solid (135.1 mg, 83%). 'H-NMR (300 MHz, CDCl3) § 5.63 (s, 1H), 3.21
(td, ] = 6.9, 6.5 Hz, 2H), 2.16 (t, | = 7.6 Hz, 2H), 1.62 (m, 2H), 1.52 (m, 2H), 1.37-1.20 (m, 28H), 0.96-0.82
(m, 6H); '3C-NMR (75 MHz, CDClg) & 173.2, 41.2, 37.0, 32.0, 29.8 (x 5), 29.7 (x 3),29.6, 29.4 (x 3),25.9,
23.0,22.7,14.2, 11.4; HRMS (FTMS-ESI) m/z: [M + 1]* calc for Co1HyNO 326.3417, found 326.3408.

4. Conclusions

In summary, a transition metal-free method for the challenging C-N o bond cleavage in azetidinyl
amides has been developed, using sodium dispersions and 15-crown-5. This practical reaction requires
only inexpensive air- and moisture-stable reagents. High yields were obtained across a broad range of
aliphatic and aromatic azetidinyl amides. More importantly, full chemoselectivity over the reductive
C-N o bond cleavage of less strained cyclic amides and acyclic amides was achieved. This work
represents the first application of an electride in the C-N o bond cleavage in pyramidalized amides.
The further application of the electride derived from sodium dispersions and crown ethers in new SET
reactions will be the subject of our future research.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/24/3 /459 /51,
TH and >*C-NMR spectra of 2a-2n, and HRMS of 2g and 2n.
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Abstract: It has been established that an electron-deficient cationic CpE-rhodium(HI) complex
catalyzes the non-oxidative [2+2+2] annulation of N-(1-naphthyl)acetamide with two alkynoates via
cleavage of the adjacent C—-H and C-N bonds to give densely substituted phenanthrenes under mild
conditions (at 40 °C under air). In this reaction, a dearomatized spiro compound was isolated, which
may support the formation of a cationic spiro rhodacycle intermediate in the catalytic cycle. The use
of N-(1-naphthyl)acetamide in place of acetanilide switched the reaction pathway from the oxidative
[2+2+2] annulation-lactamization via C-H/C-H cleavage to the non-oxidative [2+2+2] annulation
via C-H/C-N cleavage. This chemoselectivity switch may arise from stabilization of the carbocation
in the above cationic spiro rhodacycle by the neighboring phenyl and acetylamino groups, resulting
in the nucleophilic C-C bond formation followed by -nitrogen elimination.

Keywords: alkynes; C-H bond cleavage; C-N bond cleavage; cyclopentadienyl complexes;
N-(1-naphthyl)acetamide; rhodium; [2+2+2] annulation

1. Introduction

The transition-metal-catalyzed [2+2+2] annulation of three unsaturated compounds is a useful
method for the synthesis of six-membered carbocycles and heterocycles [1-9]. For example,
the transition-metal-catalyzed [2+2+2] annulation of three alkynes is able to afford densely substituted
benzenes with an atom- and step-economical manner [10-14]. For the synthesis of naphthalene derivatives,
benzynes have been employed as one of the three alkynes but the use of the benzynes suffers from the
redundant precursor synthesis and harsh reaction conditions [15-17]. Alternatively, several examples of
the transition-metal-catalyzed oxidative [2+2+2] annulation via cleavage of adjacent two C—H bonds of
benzenes, in which formally dehydrogenated benzenes are employed as benzyne equivalents, have been
reported [18-22]. As such, our research group reported that an electron-deficient cationic CpE-rhodium(ITI)
complex, derived from 1, catalyzes the oxidative tandem [2+2+2] annulation-lactamization of acetanilide
(2a) with two alkynoates 3 via cleavage of adjacent two C-H bonds at room temperature under air
to give densely substituted banzo[cd]indolones 4a (Scheme 1, top) [23]. In this catalysis, not only
acetanilide (2a) but also ortho-substituted acetanilide 2b was able to react with two alkynoates 3 to give the
corresponding banzo[cd]indolones 4b after treatment with KOH in ethanol (Scheme 1, top) [23]. In this
paper, we have established that the electron-deficient cationic CpF-rhodium(IIT) complex is able to catalyze
the non-oxidative [2+2+2] annulation of N-(1-naphthyl)acetamide (2c) with two alkynoates 3 via cleavage of
the adjacent C-H and C-N bonds, leading to densely substituted phenanthrenes 5, under mild conditions
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(at 40 °C under air) (Scheme 1, middle). Although several examples of the transition-metal-catalyzed
decarboxylative and oxidative [2+2+2] annulation of benzoic acids with two alkynoates via cleavage of the
adjacent C-H and C—C bonds, leading to densely substituted naphthalenes, have been reported [24-27],
only a single example of the non-oxidative [2+2+2] annulation via cleavage of the adjacent C-H and C-N
bonds, in which the acylamino moiety is employed as a traceless directing group, has been reported in the
neutral Cp*-rthodium(III) complex-catalyzed synthesis of tetraarylnaphthalenes from N-acylanilines and
two diarylacetylenes at elevated temperature (110 °C) (Scheme 1, bottom) [28].

previous work

CO,Et
Me 2
Me
Me Rh/ Cl
EtO,C CI

[CPERNCll, (1)

2
10 mol % 1 , §OR
R' 40 mol % AgNT, R R
20 mol % Cu(OAc),*H,0 O
N’H + H
) CH_Cly/acetone (1:1) 0]
Ac CO,R? rt N
2a 3 (3 equiv) under air AC 4
CO,R?
R1 R1 R1
1) same as above O
N’H + ||
) 2) KOH, EtOH 0]
Me Ac CO,R? N
2b 3 (3 equiv) Me N ab

[2+2+2] annulation
via adjacent C-H/C-H cleavage

this work
10 mol % 1 R
R! 40 mol % AgNTf, CO,R?
y I 20 mol % CU(OAC),"Hz0 ‘O
N~ +
‘ Ac CH,Cl,/acetone (1:1) R!
CO,R? 40°C CO,R?
2c 3 (3 equiv) under air
o, i
[2+2+2] annulation up to 3$/° yield
via adjacent C-H/C-N cleavage
R' (CO,R?)

N—co,R2 R

S

Ac 6
(inseparable byproduct)

Zhang's work

Ar (R)
Ar 2.5 mol % [Cp*RhCl,], R (Ar)
Qo | oo oy
P +
N HFIP, 110 °C Ar
COt-Bu R under air R

[2+2+2] annulation
via adjacent C-H/C-N cleavage

Scheme 1. Cationic CpF-rhodium(IIT) complex-catalyzed [2+2+2] annulations of acetanilides 2a/2b
and N-(1-naphthyl)acetamide (2¢) with two alkynoates 3 via cleavage of adjacent C-H/C-H and
C-H/C-N bonds, respectively.
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2. Results

In the course of our study of the cationic CpE-rhodium(IlT) complex-catalyzed oxidative tandem
[2+2+2] annulation-lactamization of acetanilides with two alkynoates, leading to banzo[cd]indolones,
the reaction of 2-methyl acetanilide 2b and ethyl 2-butynoates (3a) was examined. As already shown in
Scheme 1, the expected banzo[cd]indolones 4b were generated after treatment with KOH in ethanol [23].
Surprisingly, the use of N-(1-naphthyl)acetamide (2¢) in place of 2b failed to afford the expected
naphtho[cd]indolone 4ca. Instead, densely substituted phenanthrene 5ca was generated as a major
product along with a mixture of the corresponding regioisomeric [3+2] annulation products 6ca/6ca’
(Scheme 2). In addition to the above products, unidentified oligomerization products derived from 2c
and 3a were generated as by-products.

10 mol % 1
H.n-AC COEt 40 mol % AgNTY,
20 mol % Cu(OAc),*H,0

+
OO ‘ CHyCly/acetone (1:1)
Me rt, 72 h, under air

2c 3a
. CO,Et
3
(8 equiv) Me O M Me Me
EtO,C CO,E Ao, P02 t(Me) O
O \ )
I O T
N
5ca/26% 6ca (6ca’) / 18% (7%) 4ca/ 0%

Scheme 2. Cationic CpF-rhodium(IIl) complex-catalyzed non-oxidative [2+2+2] annulation of
N-(1-naphthyl)acetamide (2c) with two ethyl 2-butynoates (3a).

Then the screening of the reaction conditions and the acyl groups on the nitrogen of
l-aminonaphthalene was conducted as shown in Table 1. Elevating the reaction temperature (40 °C)
slightly increased the yields of 5ca and 6ca/6ca’ (entry 2). Increasing the amount of 3a increased
the yield of 5ca and decreased that of 6ca/6ca’ (entry 3). However, this increase was very small,
therefore, the conditions of entry 2 were selected as the best conditions. With respect to the acyl
groups on the nitrogen of the 1-aminonaphthalene moiety, electron-poor N-(1-naphthyl)amide 2d,
possessing the highly acidic amide proton, was tested in place of 2¢, while no reaction was observed
even at 80 °C (entry 4). Sterically demanding N-(1-naphthyl)amide 2e was also tested with expectation
for acceleration of reductive elimination. Unfortunately, the use of 2e significantly increased the
yield of not the [2+2+2] annulation product 5ea but the [3+2] annulation products 6ea/6ea’ (entry 5).
Finally, the reaction was conducted using the Cp*-rhodium(III) complex instead of the CpE-rhodium(IH)
complex 1, which resulted in significant decrease of the yields of 5ca and 6ca/6ca’ (entry 6).
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Table 1. Optimization of reaction conditions for rhodium (IIl)-catalyzed [2+2+2] annulation of
N-(1-naphthyl)amides 2 with two ethyl 2-butynoates (3a) “.
10 mol % [LRNCI,] Me COLEt (M
Hay R COEt 40 mol % AgNTl, Et0,C R 2Et (Me)
| 20 mol % Cu(OAc),*H,0 2

CO,Et N 3§
+ | O Me (CO,Et)
CHyCly/acetone (1:1) Me
Me under air

2c (R=Ac) 3a 5 6 (6"
2d (R = COCF3) (3 equiv)
2e (R=COtBu)

Yield (%) ?

En iti iv.
try L 2 (R) Conditions 3a (Equiv.) 5 6@
1 Cpt 2¢ (Ac) rt, 72 h 3 5ca/26 6¢ca (6ca’)/18 (7)
2 CpE 2¢ (Ac) 40°C,16h 3 5ca/31  6ca (6ca’)/24 (13)
3 Cpt 2¢ (Ac) 40°C,16 h 10 5ca/33  6ca (6¢ca’)/22 (10)
4¢ Cp®  2d (COCF;) 80°C,16h 3 5da/0 6da (6da’)/0 (0)
5 CpE 2e (COt-Bu) 40°C,16h 3 5ea/0 6ea (6ea’)/55 (3)
6 Cp* 2¢ (Ac) 40°C,16h 3 5ca/13  6ca (6ca’)/3 (<1)

7 [Rhy] (0.020 mmol), AgNTf, (0.080 mmol), Cu(OAc),-H,O (0.040 mmol), 2 (0.200 mmol), 3a (0.60-2.00 mmol),
CH,Cl, (1.0 mL) and acetone (1.0 mL) were used. ? Determined by '"H NMR yield using C¢Meg as an internal
standard. ¢ (CH,Cl), (2.0 mL) was used.

The scope of the present cationic CpF-rhodium(IIl) complex-catalyzed [2+2+2] annulation is
shown in Table 2. As with our previously reported cationic CpE-rhodium(Ill) complex-catalyzed
oxidative tandem [2+2+2] annulation-lactamization of acetanilides with two alkynoates, leading
to banzo[cd]indolones, a wide variety of primary alkyl-substituted alkynoates 3a—e reacted with
N-(1-naphthyl)acetamide (2c) to give the corresponding [2+2+2] annulation products 5ca—ce (entries
1-5). However, phenyl-substituted alkynoate 3f failed to afford the corresponding [2+2+2]
annulation product 5c¢f and gave the corresponding [3+2] annulation product 6cf” in good yield
with perfect regioselectivity (entry 6). This product switch is also the same as our previously reported
tandem [2+2+2] annulation-lactamization of acetanilide (2a) with 3f [23]. Unfortunately, the use
electron-deficient alkynes did not afford the corresponding annulation products at all. For example,
the use of ethyl propiolate afforded a complex mixture of products and no reaction was observed when
using ethyl 2-butynoate. The structure and regiochemistry of the [2+2+2] annulation product 5ce were
unambiguously determined by the X-ray crystallographic analysis as shown in Figure 1.

Table 2. Scope of alkynoates 3 on rhodium(Ill)-catalyzed [2+2+2] annulation with N-(1-naphthyl)acetamide (2c) .

10 mol % 1 R! CO,R? (R!
HanAS  COR? 40 mol % AGNTH, R20,C coRz A%y < KR
A 20 mol % Cu(OAc),*H0 O R (CONRD)
OO CH,Cly/acetone (1:1), 40 °C OO R OO
R! 16 h, under air
2c 3 5 6(6")
(3 equiv)
Yield (%) ®
Entry 3 R! R2
5 6(6")
1 3a Me Et 5ca/33 6ca (6ca’)/22 (10)
2 3b Me Me 5¢b/30 6cb (6bb’)/22 (8)
3 3¢ n-Bu Et 5cc/32 6cc (6¢c’)/37 (7)
4 3d Ph(CHy)3 Me 5c¢d/35 6cd (6¢d’)/38 (5)
5 3e CI(CH,)3 Me 5ce/36 6ce (6ce’)/31 (5)
6 3f Ph Et 5¢£/0 6cf (6cf')/0 (69)

71 (0.020 mmol), AgNTf, (0.080 mmol), Cu(OAc),-H,O (0.040 mmol), 2¢ (0.200 mmol), 3 (0.600 mmol), CH,Cl,
(1.0 mL) and acetone (1.0 mL) were used. ? Determined by 'H NMR yield using CsMeg as an internal standard.
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Figure 1. ORTEP diagram of 5ce with ellipsoids at 50% probability. All hydrogen and disordered atoms
are omitted for clarity.

Importantly, an interesting by-product was generated in the reaction of 2¢ and 3a as shown in
Scheme 3. When using 3 equiv of 3a, a very small amount of dearomatized spiro compound 7ca was
detected in the crude reaction mixture (3% yield). An isolable amount (13% yield) of 7ca was generated
when using an excess amount of 3a.

10 mol % 1
Et 40 mol % AgNTf,

| 20 mol % Cu(OAc)2*H20

N
+ |

CHoClo/acetone (1:1)

Me 40 °C, 16 h, under air

2a an

c oa vie
Et0,C COLE Ac,  CO:Et(Me) A 00 Me
N— c ';1
AN Me NN Me (CO2Et) i N COoEt
A I = W W l\\/]e
3a 5ca 6ca (6ca') 7ca
3 equiv 31% 24% (13%) 3%
10 equiv 33% 22% (10%) 13%

Scheme 3. Formation of dearomatized spiro compound 7ca. The yields were determined by "H NMR
yield using C¢Meg as an internal standard.

Plausible mechanisms for the formation of 5ca, 6ca and 7ca from 2¢ and 3a are shown in
Scheme 4. First, C-H bond cleavage of 2¢ by CpF-rhodium(lIIl) species A affords naphthylrhodium
B. Next, insertion of 3a into B gives alkenylrhodium C. The subsequent insertion of 3a into C
gives dienylrhodium D. The second alkyne insertion may not proceed in the case of sterically
demanding phenyl-substituted alkynoate 3£, thus generating [3+2] annulation product 6cf’ (Table 2,
entry 6). Electrophilic metalation of the electron-rich 1-aminonaphthalene ring produces cationic spiro
rhodacycle E, in which the carbocation is stabilized by the neighboring phenyl and acetylamino
groups. Nucleophilic attack of the dienylrhodium moiety to the electrophilic 1-position of the
l-aminonaphthalene ring gives m-pentadienyl complex F [29]. Importantly, nucleophilic attack of
the dienylrhodium moiety to the 3-position of the 1-aminonaphthalene ring in spiro rhodacycle
E’, leading to m-pentadienyl complex F/, would be unfavorable due to the unstable dearomatized
quinodimethane structures in E’ and F'. 3-Nitrogen elimination [30,31] from intermediate F affords
5ca and the catalytically active rhodium(IIl) species A. However, the copper(ll) co-catalyst was
necessary in order to reoxidize rhodium(I) species generated through the competing oxidative
[3+2] annulation giving 6ca. In this reaction, dearomatized spiro compound 7ca was isolated as a
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by-product. This compound may be generated by reductive elimination and deprotonation from spiro
rhodacycle E. Increasing the amount of 3a may facilitate the reductive elimination, which increased
the yield of 7ca. This result may support the intermediacy of spiro rhodacycle E in the catalytic
cycle. Interestingly, the regioselectivity of both the present CpE-rhodium(Ill)-catalyzed [2+2+2] and
[3+2] annulations of N-(1-naphthyl)acetamide (2c) is opposite to that of our previously reported
CpE-rhodium(IH)-catalyzed [2+2+2] and [3+2] annulations of acetanilides that proceed presumably via
alkenylrhodium G [23], although the reason is not clear at the present stage.

We considered that it is possible to regenerate spiro rhodacycle E by oxidative addition with a
neutral rhodium(I) complex and protonation of 7ca. Therefore, 7ca was treated with acetic acid and an
in situ generated neutral CpF-rhodium(l) complex, prepared by the reaction of 1, AgNTf,, NaOAc, 2a
and 3a. However, no reaction was observed, thus excluding the intermediacy of 7ca in the catalytic
cycle (Scheme 5).

@l 2c

R
) YON(  wH
" Y=NHAcorOAc

A Me
Ao
RhCpE
Cu(OAc) OO ®
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Cu(OAc), CO,Et
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Scheme 4. Plausible mechanisms for formation of 5ca, 6ca and 7ca from 2¢ and 3a.
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EtO,C  Me
Ac—-N

\
Me

. Me
50 mol % 1 7ca (1 equiv)

Me 200 mol % AgNTf, EtO,C CO,Et
©\ 100 mol % NaOAc AcOH (1 equiv)
L [CpERh'} - .
CH,Cly/acetone (1:1)

| 40°C, 16 h Me
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2a (1 equiv) 3a (3 equiv) 5ca /0%

Scheme 5. Reaction of 7ca with an in situ generated CpE-rhodium(III) complex and acetic acid.

3. Materials and Methods

3.1. General Information

Anhydrous acetone (No. 27,072-5) and CH,Cl, (No. 130-02457) were obtained from Aldrich
(St. Louis, MO, USA) and Wako (Osaka, Japan) and used as received. Solvents for the synthesis of
substrates were dried over Molecular Sieves 4A (Wako) prior to use. Anilides 2d [32] and 2e [33] were
prepared according to the literature. Internal alkynes 3d [34] and 3e [35] were prepared according to
the literature. All other reagents were obtained from commercial sources and used as received. 'H and
13C data were collected on a Bruker AVANCE III (Billerica, MA, USA) HD 400 (400 MHz) at ambient
temperature. HRMS data were obtained on a Bruker micro TOF Focus II (Billerica, MA, USA). A single
crystal X-ray diffraction measurement was made on Rigaku XtaLAB mini II diffractometer (Akishima,
Japan) using graphite monochromated Mo-K« radiation. All reactions were carried out in oven-dried
glassware with magnetic stirring.

3.2. General Procedure for the Rhodium-Catalyzed Annulation of N-(1-Naphthyl)amides with Two Alkynoates
(5¢ca, 6ca and 6ca’; Table 1, entry 2)

To a Schlenk tube was added AgNTf, (15.5 mg, 0.040 mmol), [CpERhClz]z 1 (8.5 mg, 0.010 mmol),
Cu(OAc);-HyO (4.0 mg, 0.020 mmol), N-(naphthalen-1-yl)acetamide (2¢, 18.5 mg, 0.100 mmol), ethyl
2-butynoate (3a, 33.6 mg, 0.300 mmol), acetone (0.5 mL) and CH,Cl, (0.5 mL) under air in this order.
The mixture was sealed and stirred at 40 °C under air for 16 hours. The resulting mixture was diluted
with ether, filtered through a silica gel pad and washed with ether. The solvent was removed under
reduced pressure and the residue was purified by a preparative thin layer chromatography (TLC,
hexane/AcOEt = 2:1), to give a mixture of 5ca, 6¢ca and 6ca’. The yields of 5ca (31%), 6¢ca (22%) and
6ca’ (10%) were determined by TH NMR with hexamethylbenzene as an internal standard.

3.3. Product Characterization

Diethyl 1,3-dimethylphenanthrene-2,4-dicarboxylate (5ca). Analytically pure 5ca was isolated from a
mixture of 5ca, 6¢ca and 6ca’ (21.8 mg, 5ca/6ca/6ca’ = 45:41:14) by a gel permeation chromatography
(GPC). The regiochemistry of the title compound was determined by the NOESY experiment as well
as analogy to the TH NMR chemical shifts of 5ce. Colorless solid, 7.2 mg, 0.0205 mmol, 21% isolated
yield, mp 83.8-85.0 °C; TH NMR (CDCl, 400 MHz) 6 8.4 (d, ] = 8.4 Hz, 1H), 7.95 (d, ] = 9.2 Hz, 1H),
7.92-7.87 (m, 1H), 7.79 (d, ] = 9.2 Hz, 1H), 7.63-7.51 (m, 2H), 4.57-7.44 (m, 4H), 2.70 (s, 3H), 2.47 (s, 3H),
1.95 (s, 3H), 1.44 (t, ] = 7.1 Hz, 3H), 1.35 (t, ] = 7.2 Hz, 3H); '3C NMR (CDCls, 100 MHz) § 172.0, 170.0,
134.1,133.0, 132.3, 129.8, 129.6, 129.5, 129.1, 128.7, 127.8, 127.5, 127.0, 126.3, 125.6, 122.4, 61.8, 61.4, 17 4,
17.2,14.3,13.9; HRMS (ESI) calcd for CopH,O4Na [M + Na]* 373.1414, found 373.1410.

Ethyl  1-acetyl-3-methyl-1H-benzo[g]indole-2-carboxylate ~ (6ca) and ethyl  1-acetyl-2-methyl-1H-
benzo[glindole-3-carboxylate (6¢ca’) [36]. An analytically pure mixture of 6ca and 6ca’ was isolated from
a mixture of 5ca, 6ca and 6ca’ (21.8 mg, 5ca/6ca/6ca’ = 45:41:14) by GPC. The regiochemistry of the
title compounds was determined by comparison with the 'H NMR chemical shifts of the literature.
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Colorless solid, 7.6 mg, 0.0257 mmol, 26% isolated yield, 6ca/ 6ca’ = 75:25, mp 86.1-87.2 °C; H
NMR (CDCl3, 400 MHz) § 6ca: 8.17-8.11 (m, 1H), 7.96-7.90 (m, 1H), 7.67 (d, | = 8.7 Hz, 1H), 7.59
(d, ] = 8.7 Hz, 1H), 7.55-7.48 (m, 2H), 4.43 (q, ] = 7.1 Hz, 2H), 2.76 (s, 3H), 2.65 (s, 3H), 2.04 (s, 3H),
145 (t, ] = 7.1 Hz, 3H); 6ca’: 8.28 (d, | = 8.7 Hz, 1H), 7.97 (d, ] = 7.9 Hz, 1H), 7.74 (t, ] = 7.9 Hz, 1H),
7.57-7.44 (m, 3H), 4.50-4.40 (m, 2H), 2.85 (s, 3H), 2.62 (s, 3H), 1.49 (t, ] = 7.1 Hz, 3H); 3C NMR (CDCl;,
100 MHz) 6 177.6, 162.3, 133.5, 129.41, 129.36, 126.3, 126.2, 125.8, 125.2, 124.7, 124.4, 124.0, 123.7, 123.2,
121.8,121.7,121.3, 120.8, 119.0, 61.2, 30.0, 14.3, 10.4; HRMS (ESI) calcd for C;7H;5NONa [M + Na]*
318.1101, found 318.1115.

Dimethyl 1,3-dimethylphenanthrene-2,4-dicarboxylate (5¢b). The yield of 5¢b (30%) was determined by
'H NMR with hexamethylbenzene as an internal standard. Analytically pure 5cb was isolated from a
mixture of 5¢b, 6¢b and 6¢cb’ (19.2 mg, 5¢b/6¢b/6¢b’ = 51:37:12) by GPC. The regiochemistry of the
title compound was determined by analogy to the 'H NMR chemical shifts of 5ce. Colorless solid,
8.8 mg, 0.0273 mmol, 27% isolated yield, mp 62.8-64.5 °C; 'H NMR (CDCl3, 400 MHz); TH NMR
(CDCl3, 400 MHz) 6 8.35 (d, ] = 8.4 Hz, 1H), 7.95 (d, | = 9.1 Hz, 1H), 7.93-7.87 (m, 1H), 7.79 (d, ] = 9.2 Hz,
1H), 7.64-7.53 (m, 2H), 4.00 (s, 3H), 3.9 (s, 3H), 2.68 (s, 3H), 2.44 (s, 3H); 13C NMR (CDCl3, 100 MHz) &
172.4,170.5, 133.9, 133.1, 132.6, 129.83, 129.79, 129.1, 129.0, 128.8, 127.9, 127.7, 127.1, 126.4, 125.3, 122.3,
52.7,52.3 17.5,17.4; HRMS (ESI) calcd for CoH;304Na [M + Na]* 345.1097, found 345.1101.

Methyl  1-acetyl-3-methyl-1H-benzo[glindole-2-carboxylate (6¢b) and methyl 1-acetyl-2-methyl-1H-
benzolglindole-3-carboxylate (6¢cb’). The yields of 6¢cb (22%) and 6cb’ (8%) was determined by H
NMR with hexamethylbenzene as an internal standard. An analytically pure mixture of 6cb and
6cb’ was isolated from a mixture of 5¢b, 6¢b and 6cb’ (19.2 mg, 5¢cb/6¢cb/6cb’ = 51:37:12) by GPC.
The regiochemistry of the title compounds was determined by analogy to the 'H NMR chemical
shifts of 6ca and 6ca’. Colorless solid, 6.0 mg, 0.0213 mmol, 21% isolated yield, 6cb/6cb’ = 75:25,
mp 93.7-95.0 °C; 'H NMR (CDCl3, 400 MHz) 6cb: 6 8.17-8.10 (m, 1H), 7.95-7.89 (m, 1H), 7.66 (d,
] =8.7Hz, 1H),7.59 (d, ] = 8.7 Hz, 1H), 7.57-7.44 (m, 2H), 3.97 (s, 3H), 2.76 (s, 3H), 2.64 (s, 3H); 6¢b’: &
8.26 (d,] = 8.8 Hz, 1H), 7.97 (d, ] = 8.1 Hz, 1H), 7.93-7.87 (m, 1H), 7.79 (d, ] = 9.2 Hz, 1H), 7.64-7.53
(m, 2H), 4.00 (s, 3H), 3.99 (s, 3H), 2.68 (s, 3H), 2.44 (s, 3H); 13C NMR (CDCl;, 100 MHz) 6 171.0, 136.8,
134.9,133.6,130.3, 130.2, 128.7, 128.5, 125.3, 123.4, 118.6, 118.1, 116.3, 27.6, 9.2; HRMS (ESI) calcd for
Cy17H15NONa [M + Na]* 304.0944, found 304.0952.

Diethyl 1,3-dibutylphenanthrene-2,4-dicarboxylate (5cc). The yield of 5cc (32%) was determined by 'H
NMR with hexamethylbenzene as an internal standard. Analytically pure 5cc was isolated from a
mixture of 5cc, 6cc and 6¢c’ (40.0 mg, 5cc/6cc/6¢c” = 42:9:49) by GPC. The regiochemistry of the
title compound was determined by analogy to the 'H NMR chemical shifts of 5ce. Pale yellow oil,
11.7 mg, 0.0269 mmol, 27% isolated yield; "H NMR (CDCls, 400 MHz) & 8.42 (d, ] = 8.6 Hz, 1H), 7.93
(d, ] =9.2 Hz, 1H), 7.90-7.86 (m, 1H), 7.77 (d, ] = 9.1 Hz, 1H), 7.61-7.56 (m, 1H), 7.55-7.50 (m, 1H),
4.51-4.43 (m, 4H), 3.04-2.97 (m, 2H), 2.80-2.68 (m, 2H), 1.78-1.64 (m, 4H), 1.55-1.29 (m, 4H), 1.44 (t,
] =7.1Hz, 3H), 1.34 (t, ] = 7.2 Hz, 3H), 1.02-0.92 (m, 6H); 1*C NMR (CDCl3, 100 MHz) 6 171.9, 170.0,
137.5, 135.0, 133.7, 132.9, 129.4, 129.2, 129.1, 128.5, 128.1, 127.7, 127.0, 126.1, 125.7, 122.3, 61.7, 61.3,
33.9,33.5,32.1,31.3,23.4,23.3,14.2, 13.9, 13.83, 13.79; HRMS (ESI) calcd for CpgH3404Na [M + Na]*
457.2349, found 457.2359.

Ethyl  1-acetyl-3-butyl-1H-benzolglindole-2-carboxylate ~ (6cc) and  ethyl  1-acetyl-2-butyl-1H-
benzolglindole-3-carboxylate (6cc’). The yields of 6cc (37%) and 6cc” (7%) were determined by
"H NMR with hexamethylbenzene as an internal standard. An analytically pure mixture of 6cc
and 6cc’ was isolated from a mixture of 5¢cc, 6¢cc and 6¢c’ (40.0 mg, 5ce/6¢c/6ec” = 42:9:49) by GPC.
The regiochemistry of the title compounds was determined by analogy to the 'H NMR chemical
shifts of 6ca and 6ca’. Colorless solid, 13.2 mg, 0.0391 mmol, 39% isolated yield, 6¢cc/ 6cc’ = 86:14,
mp 61.0-62.4 °C; 'H NMR (CDCls, 400 MHz) § 6cc: 8.16-8.09 (m, 1H), 7.95-7.88 (m, 1H), 7.67 (d,
J=87Hz, 1H),7.58 (d, ] = 8.6 Hz, 1H), 7.56-7.43 (m, 2H), 4.43 (q, ] =7.1 Hz, 2H), 3.11 (t, ] = 7.7 Hz,
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2H), 2.77 (s, 3H), 1.75-1.63 (m, 2H), 1.52-1.40 (m, 2H), 1.44 (t, ] = 7.1 Hz, 3H), 0.97 (t, ] = 7.2 Hz, 3H);
6ec’: 8.30 (d, ] = 8.8 Hz, 1H), 8.00-7.95 (m, 1H), 7.77-7.71 (m, 2H), 7.56-7.43 (m, 2H), 4.50-4.39 (m, 2H),
3.25-3.18 (m, 2H), 1.75-1.63 (m, 2H), 1.52-1.40 (m, 5H), 1.00-0.93 (m, 3H); 3C NMR (CDCl;, 100 MHz)
5177.7,162.2,133.4, 131.0, 129.4, 129.0, 126.3, 125.7, 124.8, 123.4, 123.1, 121.9, 121.6, 119.1, 61.2, 334,
30.0,24.7,22.9, 14.2, 14.0; HRMS (ESI) calcd for Co1HpsNO3Na [M + Na]* 360.1570, found 360.1575.

Dimethyl 1,3-bis(3-phenylpropyl)phenanthrene-2,4-dicarboxylate (5¢d). The yield of 5cd (35%) was
determined by 'H NMR with hexamethylbenzene as an internal standard. Analytically pure 5c¢d
was isolated from a mixture of 5cd, 6cd and 6cd’ (42.3 mg, 5c¢d/6cd/6cd’ = 46:7:47) by GPC.
The regiochemistry of the title compound was determined by analogy to the 'H NMR chemical
shifts of 5ce. Pale yellow solid, 16.4 mg, 0.0294 mmol, 29% isolated yield, mp 91.0-92.6 °C; TH NMR
(CDCl3, 400 MHz) 6 8.30 (d, ] = 8.4 Hz, 1H), 7.89-7.83 (m, 1H), 7.78-7.68 (m, 2H), 7.61-7.44 (m, 2H),
7.36-7.14 (m, 10H), 3.84 (s, 3H), 3.65 (s, 3H), 3.00-2.90 (m, 2H), 2.78 (t, ] = 7.2 Hz, 2H), 2.70 (t, ] = 7.2 Hz,
2H), 2.70-2.62 (m, 2H), 2.10-1.94 (m, 4H); 13C NMR (CDCls, 100 MHz) & 172.2, 170.1, 141.8, 141.6, 137.3,
134.6,133.5, 132.9, 129.3, 129.2, 128.9, 128.7, 128.6, 128.4, 128.3, 128.2, 128.0, 127.1 126.3, 126.0, 125.8,
125.3,122.1, 52.5, 52.0, 36.4, 36.2, 33.2, 32.6, 32.0, 30.9; HRMS (ESI) calcd for C34H3404Na [M + Na]*
553.2349, found 553.2354.

Ethyl  1-acetyl-3-(3-phenylpropyl)-1H-benzolglindole-2-carboxylate  (6¢cd) and  ethyl  1-acetyl-2-
(3-phenylpropyl)-1H-benzo[glindole-3-carboxylate (6cd”). The yields of 6cd (38%) and 6¢cd’ (5%) were
determined by 'HNMR with hexamethylbenzene as an internal standard. An analytically pure mixture
of 6cd and 6¢cd’ was isolated from a mixture of 5¢d, 6¢d and 6cd’ (42.3 mg, 5cd/6¢cd/6¢d’ = 46:7:47) by
GPC. The regiochemistry of the title compounds was determined by analogy to the "H NMR chemical
shifts of 6¢ca and 6ca’. Pale yellow oil, 14.1 mg, 0.0353 mmol, 35% isolated yield, 6cd/6cd’ = 89:11; H
NMR (CDCl3, 400 MHz) ¢ 8.15-8.08 (m, 1H), 7.95-7.87 (m, 1H), 7.61-7.54 (m, 2H), 7.53-7.48 (m, 2H),
7.33-7.26 (m, 2H), 7.25-7.15 (m, 3H), 3.85 (s, 3H), 3.18-3.10 (m, 2H), 2.78-2.72 (m, 2H), 2.76 (s, 3H),
2.07-1.97 (m, 2H); 3C NMR (CDCl3, 100 MHz) § 177.6, 162.6, 142.1, 133.4, 131.1, 129.4, 128.5, 128.3,
126.3,125.84, 125.80, 124.7, 123.3, 123.2, 121.8, 121.6, 119.0, 51.9, 35.9, 32.5, 29.9, 24.5; HRMS (ESI) caled
for C36H3404Na [M + Na]* 408.1570, found 408.1574.

Diethyl 1,3-dibutylphenanthrene-2,4-dicarboxylate (5ce). The yield of 5ce (36%) was determined by 'H
NMR with hexamethylbenzene as an internal standard. Analytically pure 5ce was isolated from a
mixture of 5ce, 6ce and 6ce’ (42.6 mg, 5ce/6ce/6ce’ = 50:7:43) by GPC. The regiochemistry of the title
compound was determined by the X-ray crystallographic analysis as shown in Figure 1. Colorless solid,
13.5 mg, 0.0284 mmol, 28% isolated yield, mp 108.1~109.2 °C; 'H NMR (CDCl,, 400 MHz) ¢ 8.34 (d,
J=8.4Hz, 1H),7.97 (d, ] =9.2 Hz, 1H), 7.93-7.88 (m, 1H), 7.82 (d, ] = 9.2 Hz, 1H), 7.65-7.53 (m, 2H),
4.02 (s, 3H), 3.98 (s, 3H), 3.68 (t, ] = 6.1 Hz, 2H), 3.63 (t, ] = 6.1 Hz, 2H), 3.24-3.16 (m, 2H), 2.93-2.84 (m,
2H), 2.26-2.13 (m, 4H); 3C NMR (CDCl3, 100 MHz) 6 172.0, 170.0, 136.1, 133.9, 133.3, 133.0, 129.6, 129.5,
129.2,128.8, 128.6, 128.4, 127.4, 126.6, 125.3, 121.8, 52.8, 52.5, 45.2, 45.0, 34.4, 33.7, 30.1, 28.9; HRMS (ESI)
caled for CoyHpyClbO4Na [M + Na]* 469.0944, found 469.0948.

Methyl  1-acetyl-3-(3-chloropropyl)-1H-benzolglindole-2-carboxylate ~ (6¢ce) and methyl I-acetyl-2-
(3-chloropropyl)-1H-benzolglindole-3-carboxylate (6ce’). The yields of 6ce (31%) and 6ce’ (5%) were
determined by 'H NMR with hexamethylbenzene as an internal standard. An analytically pure mixture
of 6ce and 6ce’ was isolated from a mixture of 5ce, 6ce and 6ce’ (42.6 mg, 5ce/6ce/ 6ce’ = 50:7:43)
by GPC. The regiochemistry of the title compounds was determined by analogy to the 'H NMR
chemical shifts of 6ce and 6ce’. Colorless oil, 8.6 mg, 0.0240 mmol, 24% isolated yield, 6¢ce/6ce’ = 83:17.
TH NMR (CDCls, 400 MHz) 6ce: 6 8.14-8.07 (m, 1H), 7.96-7.89 (m, 1H), 7.71 (d, | = 8.8 Hz, 1H), 7.60 (d,
] = 8.8 Hz, 1H), 7.58-7.46 (m, 2H), 3.98 (s, 3H), 3.61 (t, ] = 6.3 Hz, 2H), 3.32-3.26 (m, 2H), 2.79 (s, 3H),
2.30-2.13 (m, 2H); 6¢ce’: 5 8.76 (d, ] = 8.8 Hz 1H), 8.00~7.97 (m, 1H), 7.77-7.75 (m, 1H), 7.75-7.73 (m, 1H),
7.58-7.46 (m, 2H), 4.00 (s, 3H), 3.68 (t, ] = 6.6 Hz, 2H), 3.37-3.32 (m, 2H), 2.62 (s, 3H), 2.30-2.13 (m, 2H);
13C NMR (CDCl3, 100 MHz) § 177.5, 162.3, 133.5, 131.1, 129.5, 126.8, 126.5, 126.0, 125.0, 124.6, 123.5,
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123.3,121.7,121.60, 120.8, 118.8, 52.1, 44.7, 33.7, 29.9, 22.1; HRMS (ESI) calcd for C19H130O3NCINa [M +
Na]* 366.0867, found 366.0871.

Ethyl 2-phenyl-1-pivaloyl-1H-benzolglindole-3-carboxylate (6¢f’). The yield of 6cf’ (69%) was determined
by '"H NMR with hexamethylbenzene as an internal standard. Analytically pure 6cf’ was isolated
by repeated preparative TLCs. Pale yellow oil, 21.9 mg, 0.0612 mmol, 61% isolated yield; 'H NMR
(CDCl3, 400 MHz) 6 8.37 (d, ] = 8.8 Hz, 1H), 8.00-7.95 (m, 1H), 7.91-7.86 (m, 1H), 7.78 (d, ] = 8.7 Hz,
1H), 7.55-7.44 (m, 7H), 4.22 (q, ] = 7.1 Hz, 2H), 2.27 (s, 3H), 1.16 (t, ] = 7.1 Hz, 3H), 1.17 (s, 9H); 13C
NMR (CDCl3, 100 MHz) 6 176.0, 164.5, 142.4, 132.0, 131.2, 130.8, 129.43, 129.41, 129.3, 128.0, 126.1, 125.2,
125.0,124.7,121.7,121.3, 120.6, 110.1, 59.9, 29.3, 14.0; HRMS (ESI) calcd for Co3H19NO3Na [M + Na]*
380.1257, found 380.1266.

Ethyl  3-methyl-1-pivaloyl-1H-benzolglindole-2-carboxylate (6ea) and ethyl 2-methyl-1-pivaloyl-1H-
benzo[glindole-3-carboxylate (6ea’). The yields of 6ea (55%) and 6ea’ (3%) were determined by 'H
NMR with hexamethylbenzene as an internal standard. An analytically pure mixture of 6ea and 6ea’
was isolated by repeated preparative TLCs. Colorless solid; 15.5 g, 0.0459 mmol, 46% isolated yield,
6ea. mp 128.4-129.5 °C; 'H NMR (CDCls, 400 MHz) 6 8.24-8.17 (m, 1H), 7.91-7.86 (m, 1H), 7.66 (d,
] =8.7Hz, 1H), 7.56 (d, ] = 8.7 Hz, 1H), 7.52-7.42 (m, 2H), 4.42 (q, ] = 7.1 Hz, 2H), 2.66 (s, 3H), 1.43
(t, ] = 7.1 Hz, 3H), 1.17 (s, 9H); 13C NMR (CDCls, 100 MHz) 6 187.5, 162.9, 133.4, 131.3, 129.1, 125.8,
125.7,125.1, 124.7, 122.9, 122.8, 122.4, 122.3, 119.0, 61.2, 46.8, 28.2, 14.3, 10.4; HRMS (ESI) calcd for
C21H3NO3Na [M + Nal* 360.1570, found 360.1570.

Diethyl (Z)-1'-(acetylimino)-3,5-dimethyl-1' H-spiro[cyclopentane-1,2'-naphthalene]-2,4-diene-2,4-dicarboxylate
(7ca). The yield of 7ca (13%) was determined by 'H NMR with hexamethylbenzene as an internal
standard. Analytically pure 7ca was isolated by repeated preparative TLCs. The structure was
determined by the HSQC and HMBC analyses. Pale yellow oil, 9.7 mg, 0.214 mmol, 11% isolated yield;
'H NMR (CDCls, 400 MHz) & 8.08 (d, | = 8.0 Hz, 1H, H"), 7.48 (td, | = 7.5, 1.3 Hz, 1H, HS), 7.31 (td,
] =7.7,1.3 Hz, 1H, Hf), 7.28-7.22 (m, 1H, H°), 6.79 (d, ] = 9.4 Hz, 1H, HY), 5.05 (d, ] = 9.4 Hz, 1H, H°),
431 (q, ] = 7.1 Hz, 2H, CO,CH,CHj on C2), 4.04 (q, | = 7.1 Hz, 2H, CO,CH,CHj on C*), 2.50 (s, 3H,
CHj3 on C3),2.10 (s, 3H, CH; on C1), 2.01 (s, 3H, NCOCHj), 1.36 (t, ] = 7.1 Hz, 3H, CO,CH,CHj on C?),
0.89 (t, ] = 7.1 Hz, 3H, CO,CH,CHj; on C*); 13C NMR (CDCl3, 100 MHz) & 180.6 (NCOMe), 164.1 (C"),
164.0 (CO,E), 163.0 (CO,EY), 158.7, 154.0 (C°), 136.0 (C/), 135.1, 132.6 (C"), 132.2, 129.9, 129.0 (C°), 127.9
(C8), 127.8 (), 127.5 (C%), 127.1 (C), 67.7 (CP), 60.8 (CO,CH,CH; on C?), 60.1 (CO,CH,CH;3 on C*),
24.5 (NCOCH3), 15.1 (CH3 on C3), 14.2 (CO,CH,CHj3 on C2), 13.9 (CH3 on C1), 13.5 (CO,CH,CH3 on
C*); HRMS (ES]) caled for Co4HpsNOsNa [M + Na]* 430.1625, found 430.1623.

The 'H and '*C-NMR spectra of 5ca-5ce, 6ca-6ce, 6ca’—6cf’ and 7ca, and crystal data and data
collection parameters of 5ce are available in Supplementary Materials.

4. Conclusions

In summary, we have established that an electron-deficient cationic CpF-rhodium(IIl) complex
catalyzes the non-oxidative [2+2+2] annulation of N-(1-naphthyl)acetamide with two alkynoates via
cleavage of the adjacent C-H and C-N bonds to give densely substituted phenanthrenes under mild
conditions (at 40 °C under air). Importantly, a dearomatized spiro compound was isolated in this
reaction, which may support the formation of a spiro rhodacycle intermediate in the catalytic cycle.
The use of N-(1-naphthyl)acetamide in place of acetanilide switched the reaction pathway from the
oxidative tandem [2+2+2] annulation-lactamization involving cleavage of adjacent two C-H bonds
to the non-oxidative [2+2+2] annulation involving cleavage of the adjacent C-H and C-N bonds.
This chemoselectivity switch may arise from stabilization of the carbocation in the above cationic spiro
rhodacycle by the neighboring phenyl and acetylamino groups, resulting in nucleophilic attack of the
dienylrhodium moiety to this carbocation followed by 3-nitrogen elimination.
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Supplementary Materials: The following are available online: 'H and '*C NMR spectra of 5ca-5ce, 6ca-6ce,
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Abstract: Proton transfer in water involving C—H bonds is a challenge and nitro compounds have
been studied for many years as good examples. The effect of substituents on acidity of protons
geminal to the nitro group is exploited here with new pK, measurements and electronic structure
models, the latter including explicit water environment. Substituents with the amide moiety display
an exceptional combination of acidity and solubility in water. In order to find a rationale for the
unexpected pK; changes in the (ZZ’ )NCO- substituents, we measured and modeled the pK, with
Z=7'=H and Z=Z/=methyl. The dominant contribution to the observed pK, can be understood
with advanced computational experiments, where the geminal proton is smoothly moved to the
solvent bath. These models, mostly based on density-functional theory (DFT), include the explicit
solvent (water) and statistical thermal fluctuations. As a first approximation, the change of pK, can
be correlated with the average energy difference between the two tautomeric forms (aci and nitro,
respectively). The contribution of the solvent molecules interacting with the solute to the proton
transfer mechanism is made evident.

Keywords: amides; carbanions; C-H acidity; nitro-aci tautomerism; molecular dynamics;
density-functional theory

1. Introduction

Nitro compounds are useful reagents in synthetic organic chemistry [1]. They are precursors of
dipoles in 1,3-dipolar cycloaddition [2-6], a source of carbon nucleophiles in conjugated additions [7,8]
and nitro aldol (Henry) reaction [9], and a substrate in Nef reaction [10,11]. In all of these reactions,
C-H protons geminal to the nitro group are involved. Because of the presence of the nitro group,
the above C-H protons show a higher degree of acidity (compound 4, Table 1) compared with the
C-H protons of an aliphatic chain. This feature is due to the ability of the nitro group to stabilize the
carbanion in the form of the nitronate anion. The species involved in the nitro compound acidity are
depicted in Figure 1 for primary nitro compounds.
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Figure 1. Schematic picture of species involved in the acid-base equilibria of nitro compounds.

An interesting aspect of nitro compounds is their lower proton extraction rate from Ca than that
expected from the acidity (Figure 1). This aspect is due to the required conformational rearrangement of
the Ca atom (from sp3 to sp?) to delocalize the negative charge of the carbanion to the nitro group [12].
The pK, of nitronic acid, as it can be derived by kinetic experiments [12], is about 3.5. The issue of the
unusual acidity of nitro compounds with labile C-H bonds in a geminal position has been the object of
experimental and modeling studies for a long time [12-14].

During our work on condensation of nitro compounds with alkenes or alkynes, we became
interested in mechanistic aspects of this reaction [6,15,16]. We envisaged that acid-base properties of
the substrates could be involved. The acidity of nitro compounds is enhanced by electron withdrawing
groups such as esters and ketones in geminal position, resembling carboxylic acid in acid strength
(compound 5 vs. compounds 6-8, Table 1) [12]. Intramolecular interactions, including hydrogen bonds,
stabilize to different extents the species involved.

Therefore, in this work, we complete the list of ionization constants for some nitro compounds,
including the nitroacetamides 1-3 (Figure 2), which are the major focus of our study because of the
exceptional combination of acidity and solubility of compound 1.

Table 1. Apparent ionization constants of primary nitro compounds.

P
R NO,

1-8
Compound R PKa? pK, P
1 H,NCO 5.39;5.18 [17] 6.20
2 (CH3)HNCO  5.46 [16] 6.75
3 (CH;),NCO  7.23 5.99
4 H 10.7 [18] 10.2
5 CH,4 8.57 [19] 8.49
6 CH,;CO 5.10 [20] 5.40
7 PhCO 5.19 [21] 5.37
8 CH;0CO 5.70; 5.68 [16]; 5.56 [12]  5.73

@ Data reported in the literature and measured (boldface) in this work; b Data obtained by ACDLabs available
from SciFinder™.,
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Figure 2. Nitroacetamides studied in this work.

Unexpectedly, nitroacetamides 1-3 show significant change in pK; values by replacing N-CH3
methyl groups in 3 with protons (compounds 2 and 1, Table 1). As we show with computational
models, those values cannot be easily explained with stabilization factors on nitronate ions. In addition,
the prediction of pK, using a popular software [22], available from the SciFinder™ database, does not
completely agree with the experimental data (Table 1, last column).

To provide a rationale for the effect of amide derivatives on the acidity of C-H bonds in geminal
position to the nitro group, we present in this work an original model where, in addition to electronic and
steric intramolecular effects, the role of the water solvent is included. Electronic effects are included using
density-functional theory (DFT) with exchange functional described as in the Perdew—Burke-Ernzerhof
(PBE) approximation [23], when dynamical methods are used [24,25], or in the Becke three-parameter
Lee-Yang—Parr (B3LYP) approximation [26], when static (or single point) calculations are performed.
The models, compared to quantum mechanics/molecular mechanics (QM/MM) techniques [27], allow
the study of subtle effects due to charge separation during the addressed reaction [28].

It is found that the solvent exerts an essential effect that opens to a new design strategy for further
enhancing this important type of acidity.

2. Results and Discussion

Following the analysis first reported in Ref. [19], the “apparent” ionization constant K’ is a function
of the ionization constants of the two tautomeric forms, respectively aci and nitro (see Figure 1):

o INTIHO']

[A]+ [N] M

Manipulating the equation above, the apparent K’ constant can be expressed in terms of the

equilibrium constant between the two tautomeric forms K:
F Ky

K mm = @
where Ky is the ionization constant of the nitro form (that is the most stable at room conditions)
and K¢ = [A]/[N]. The low ratio between aci and nitro forms (K; << 1) at room conditions in water
solution prevents the species from showing the larger acidity of the aci form compared to the nitro.
The former is more acidic because the C-H bond is always stronger than the O-H bond. However,
the enhanced chemical properties of rare species present with very low statistical weight in the sample
are evident in the measured apparent ionization constant. The stronger acidity of the low-weight aci
form is evident when the proton exchange between the aci form and the nitro form is frozen or the
kinetics of the aci deprotonation can be separated by measured kinetic data [12]. Hereafter, we indicate
K as K,.

The prediction of pK; for the compounds displayed in Figure 2 is a challenging task also for
empirical methods, the latter still the more accurate [29]. The application of a a popular software [22],
available from the SciFinder™ database, does not agree with the experimental data (see Introduction
above) and our work aims at explaining the disagreement in terms of atomistic models. Theoretical
and computational methods achieved significant advancement, but reliable applications are still
problematic when protons are released by C atoms, rare species are transiently involved and subtle
effects of solvent, especially water, play a role in the thermodynamics of the proton exchange.
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From a microscopic point of view, the contribution of rare acidic forms to the average observed
property, that is potentially dominated by low-acidic forms, can be explained if the reactive form is
trapped within energy barriers. In this case, the conversion from the rare form to the most stable one
is slower than the ionization. The average property, provided by the series of sampled microscopic
states, slowly converges with sampling.

Indeed, this effect can be achieved in practice with computational models where the model is
constrained towards bound states and cannot escape from one chemical configuration to another.
Among these models, the tight-binding method forces the sampling of bound states. In this
approximation, the sampling of rare chemical species can last for a long time even if in theory the
atoms should rapidly change the valence to reach the most stable configuration. Therefore, despite the
many limitations of the tight-binding approximation, it is possible to compare the energy of different
bound states, while free energy changes are affected by huge errors. In this case, the average energy
can be computed in different samples, each mimicking the metastable equilibrium state of the two
different and separated tautomeric forms. Another advantage is the possibility to include explicit water
molecules in the modeled sample. In this work, we used the self-consistent charge density-functional
tight-binding approximation [30] (DFTB, hereafter).

In order to compare the thermodynamic quantities measured by experiments with results of
microscopic models, we make the following assumption in the context of the nitro compounds an
object of this study. The larger the statistical weight of the aci form, the larger the acidity of the sample.
The tight-binding approximation can be then used to describe realistic configurations with significant
statistical weight for each of the two tautomeric forms. Once this goal is achieved, the proton transfer
between the two forms can be described with more detailed computational experiments still including
the contribution of the solvation layer. The latter task is accomplished here by adding an external
empirical potential to a density-functional theory (DFT) approximation of electron density coupled
with molecular dynamics (MD) simulations.

2.1. Tight-Binding Approximation of nitro and aci Forms

In Table 2, the difference in average energy (AE;) at T = 300 K and at the water density of bulk
water (pg = 1 g/cm?) between the two tautomeric forms is reported.

Table 2. Comparison between AGY (T =298 K, P = 1 bar) for ionization of species RCH,NO, soluble

in water.
Compound AGY AE; (DFTB) AE. (DFT) AG?
1 30.75; 29.55 -13 —53.85/—-55.70  35.37
2 31.15 -20 —65.16/—-73.74 3851
3 41.25 —75 —61.54/-66.73 34.17
4 61.04 —-59 —90.62 58.19
5 48.89 —46 —60.32 48.89
6 29.10 —24 —56.44 30.81
7 29.61 —6 —58.53 30.64
8 32.30;32.40; 31.71 —4 —60.14 32.69

Column 2 is derived from pK; in Table 1 (boldface values are obtained in this work). Columns 3-4 (AE;) are
the difference in average energy between nitro and aci tautomers for the same species. Column 3 is computed
in the explicit solvent DFTB model; column 4 is computed in the mean-field solvent DFT model (see Methods
for details). Column 5 are values computed from pK; obtained with SciFinder™ (Table 1). All energy values
are in kJ/mol. DFTB averages are computed at T = 300 K and with water bulk density at T = 300 K and
P = 1Dbar. In these conditions, root-mean square error on DFTB energy is in the range 105-140 kJ /mol.

These data are compared with the measured ionization free energy change and with the same

energy difference computed with an accurate DFT approximation that allows geometry optimization in
an implicit model of the water solvent. The final column is the AGy derived from pK, values predicted
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with an empirical method provided by the SciFinder™ database. According to a comparison between
different prediction methods [29], the ACDLabs [22] method is one of the best performing.

The approximate DFTB model of the electronic structure and the low statistics are not expected to
provide agreement between the measured free energy changes (column 2) and the computed energy
difference between ionized and neutral species (not shown here). However, it can be noticed that the
most acidic species (less positive free energy of ionization, column 2) display the lowest difference
in energy of the aci tautomeric form (column 3). With the exception of 6, the series of substituents
displays the correct order for both AG? and AE,. This rough correlation indicates that the contribution
to the apparent acidity due to substituent R can be ascribed to the increasing statistical weight of the
aci form, the latter characterized by large acidity.

The ACDLabs empirical prediction, though it is excellent for the compounds that are presumably
tabulated (4-8), fails in predicting the high acidity of compound 1 and the decrease of acidity of 3 with
respect to 1.

Intramolecular interactions have only a partial role in determining the average energy difference
between the two tautomeric forms. This is shown by the values of AE; energy difference computed
with the more accurate DFT method (column 4 in Table 2). The values are larger in absolute value
than the corresponding DFTB estimate, even though they follow approximately the same ordering,
with the smallest absolute values corresponding to the most acidic compounds. The range displayed
for the amide derivatives is due to the choice of different structures as initial configurations for the
geometry optimization. For instance, the lowest energy nitro structure corresponds to an open extended
all-trans structure, where there is no interaction between the nitro and the amine group. The aci form
is, compared to this extended structure, at the highest energy. On the other hand, when the nitro
compound forms intramolecular interactions that favor a closed structure, the aci form is at a lower
energy. However, in both cases, the energy difference is larger than when the calculation is performed
with a less accurate model, but includes the solvent layer explicitly. Therefore, the inclusion of explicit
solvent makes the energy landscape flatter than in the case of a polarizable continuum model for
the solvent.

The interplay between intramolecular interactions and interactions with solvent molecules is
shown by simulations in the explicit solvent.

In Figure 3, the time evolution of the N-Ca-CB-Nv dihedral angle is displayed for all the three
simulation stages (nitro, aci and ionized forms) for 1 and 3, performed in the DFTB model. The dihedral
angle displays for both compounds large fluctuations when in the nitro form because of the sp®
configuration of Ca. After the displacement of « H to the nitro O atom (in the aci form) and then into the
bulk water (ionized form), the molecules are sealed into, respectively, E and Z configurations for 1 and
3. Despite the conformational freezing, keeping the aci form in the E configuration, the intramolecular
H-N- - - Hy-On-N hydrogen bond is not observed. Also in the ionized form, the Oy atoms of the nitro
group strongly interact with water molecules in the solvent (see below).

Despite the absence of stable intramolecular hydrogen bonds, there are significant intramolecular
interactions in certain compounds. For instance, there is a high persistence of the intramolecular
interaction between the N-O bond and the amide H atom when R = NH,CO (1). This interaction keeps
the aci form sealed in the E conformation, the latter more hindered to water access than the aci form of
other compounds (see Table 3 and Figure 4 discussed below). The N-O- - - H-N interaction displays an
angle smaller than 135°, thus being not classified as an hydrogen bond, but rather a strong electrostatic
interaction. The proton attached to the nitro group in the aci form when R = NH,CO never interacts
with N and O of the amide group. The latter atom is always anti to the nitro group with respect to Ca-C
bond. As a consequence of this closed aci form, the anion displays always the strong N-O- - - H-N
intramolecular electrostatic interaction, while such interaction is not effective in the other substituents.
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Figure 3. Time evolution of N-Ca-CA-Nv dihedral angle (®) with R = H,NCO (thin line)
and (CH3),NCO (thick line) within BO-MD simulations performed with the density-functional
tight-binding (DFTB) model. Vertical lines separate the simulation of nitro (left), aci (middle) and
ionized (nitronate) forms (right), respectively.

Table 3. Hydrogen bond population (%) for all H-bond donor and acceptor groups in the investigated
compounds (residue R, see Table 1).

Compound R nitro  aci  anion
1 H,NCO 287 235 410
2 (CH3)HNCO 257 258 557
3 (CH;),NCO 170 282 455
6 CH,CO 175 160 426
7 PhCO 139 249 359
8 CH;0CO 170 281 437

Hydrogen bond is counted when the distance X- - - Y (X donor, Y acceptor) is within 0.3 nm and the X-H- - - Y
angle is between 135 and 180°. Percentage is obtained as the sum of occurrence of hydrogen bonds over all the
water molecules in the sample, the two O-H bonds in water (when donor), acceptor atoms or X-H donating
bond of solute, and the conﬁgurations collected at T = 300 K (250 configurations within the simulation time
t = 5 ps), finally divided for the number of configurations. Therefore, percentage can be higher than 100.

These observations indicate that the energy of most of the species reported in Table 2 is also
strongly modulated by interactions with the water environment, in addition to the electrostatic
intramolecular interactions discussed above. The hydrogen bond population of H-bond donor and
acceptor groups is reported in Table 3 and in Figure 4.

In this analysis, all the water molecules (213, 210 only when R = PhCO) in the sample are included.
From Table 3, it can be observed that the « H atom forms a significant amount of hydrogen bonds with
water molecules (Ca-H- - - Ow, with Ow the O atom in water molecules) when Cu is in the nitro form.
As a term of comparison, when R = CHj (5, data not displayed in Table) the probability for Ca-H and
Cp-H hydrogen bonds with water is, respectively, 23 and 22%.

The Ca-H- - - Ow hydrogen bond is lost when the Ca atom is converted into the sp? electronic
configuration (aci and nitronate forms). The highest population Ca-H:--Ow hydrogen bond is
observed for R = NH,CO (1) in the nitro form (81%, see Figure 4).

The probability of any hydrogen bond with water molecules (both donating and accepting
solute hydrogen atoms) reported in Table 3 shows that, for 1 and 2, and when the solute is neutral,
the population of hydrogen bonds has its maximum in the nitro form. The probability is still high when
the proton is moved to the aci form. Finally, when the proton is removed from the solute (the negatively
charged nitronate form), the probability of hydrogen bonds with the solvent increases, mainly because
of the negatively charged nitro group. Looking at the partition of hydrogen bonds (Figure 4), it can
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be noticed that substituents with at least one N-H bond are particularly efficient in keeping water
molecules structured in the first solvation layer around all the regions of the solute, independently of
the tautomeric or protonation form.

I 81 - - y‘
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R " T
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Figure 4. Hydrogen bond population (%) measured as in Table 3 and distributed over atomic groups
in nitro (black, column 1), aci (red, column 2), and nitronate (blue, column 3) species. Lines are in the
same order of Table 3. The - symbol indicates no hydrogen bond. Hydrogen bonds are counted for
atoms: Ca-H (top); CO (left); NO, (right); R’ (bottom).

The water environment around each molecule has different degrees of basicity and, once it
is protonated by the a« H extraction, different degrees of acidity towards the solute molecule.
To approximately measure acid-base properties of this water environment, « H is extracted from
the solute by moving the atom towards the closest water molecule in the solvent bath. In this
condition, the water bath (containing a single H;O" species) is allowed to give back the proton to the
solute. If a short time is provided to the solute, allowing the relaxation of the Ca bond environment,
the water bath gives the proton back to other basic groups because, in the tight-binding approximation,
the relaxed sp? Ca atom can not form a new C—-H bond. Remarkably, in most of the cases, the group
that is able to host the proton provided by the water bath is the nitro group, thus forming the solute in
the aci form. Therefore, this alchemical process mimics a possible pathway for the proton transfer from
position Ca to the nitro O atom, as it is mediated by the water layer around the solute. This simple
experiment allows a first exploitation of the mechanism by which the solute can better manifest itself
as the more acidic aci form. Interestingly, in some cases (R = PhCO), the carbonyl oxygen is able to
form a transient covalent bond with the proton provided by the water layer.

In Table 4, the times required to transfer the proton from the water layer to one of the oxygen
atoms in the solute, producing either the aci or the enolic form, is reported.
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Table 4. Times (7) required to transfer the excess proton in the water layer, due to « H extraction
from Ca, to O atoms either in the nitro group or in the carbonyl group (the latter case indicated with
an asterisk).

R 7 (ps)

0.28 (*)
1.92
>5
0.14 (*)
>5

XIS WN =

Each a H extraction to the water layer is performed from a selected configuration displaying
an approximately zero or 7t dihedral angle for xH’-Ca-N-O and a water molecule with Ow within
0.2 nm from « H. It must be noticed that, when these two conditions are not fulfilled, in most of the
cases, the a proton is rapidly given back to Ca because there is no efficient relaxation mechanism for
the H;O" species formed in the water layer.

The formation of the aci form from the reaction between the protonated water environment and
the negatively charged form of the solute has different lag-times T displayed in Table 4. In some cases
(1 and 7), the proton is finally bound by the carbonyl oxygen, forming the enolic isomer of the given
species. Only in the case of 3, the proton goes always back to Ca because of the strong repulsion
between the solute and the close by hydronium species formed by the « H extraction. Therefore,
these data show that, for 1, 2 and 7, the pathway for proton exchange between C-H bond in the solute
and a O-H bond in the solvation water layer, followed by the exchange with the O-H bond in the
solute, is easily found.

The large chance of formation of enolic forms in the case of 1 and 7 is an indication of the possibility
for enolic form as an intermediate in the slow process of Ca deprotonation. A higher probability for
enolic form increases the rate for proton release in certain compounds, as observed in the literature [12],
because of the sp? pre-organization of Ca. In the DFTB model investigated here, the enolic form
appears, in the more hydrophilic nitro compounds analyzed here, as a second acidic form of the nitro
compound, in addition to the aci form. However, in the DFTB model, the mechanism to obtain the
enolic form is mediated by the water molecule close to the « H atom that is extracted.

2.2. The a H Extraction from the nitro Tautomer and Insertion into the aci Tautomer

The DFT model of the water solution sample circumvents the limitation of the tight-binding
model in oversampling bound states. By using an external force that smoothly extracts one of the «
H atom away from the Ca-H bond at room thermal conditions, it is possible to break the C-H bond,
keeping the possibility of forming alternative explicit H-O bonds in the first solvent layer of the solute.

The analysis of the change in potential energy along with the a H extraction in the two extreme
cases (R = H,NCO and R = (CH;),NCO) is displayed in Figure 5 (see Methods).

The configurations corresponding to some selected points, indicated by letters a-f and A-F,
are displayed in Figures 6 and 7, respectively.

It can be noticed that the compact initial structure of 1, where the electrostatic interaction between
the amino and nitro groups is effective, is rapidly lost during equilibration, and extended configurations
are sampled in the explicit solvent (Figure 6, panel a). During the application of the external force that
drives one of the « H towards the solvent, the more hydrophilic substituent (R = H,NCO, filled circles
in Figure 5) displays the increase in potential energy due to the exchange of the C-H bond with a O-H
bond (Figure 5¢). The potential energy is rapidly decreased (~150 k] /mol), producing configurations
with the proton confined within the solute and a water molecule in the first solvation layer (Figure 6d,
the excess proton is on top-right).
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On the other hand, the more hydrophobic substituent (R = (CH;),NCO, 3, circles in Figure 5)
displays a fast movement of a H to the closest water molecule (2.7 A compared to 2.0 of 1), with a similar
increase in potential energy compared to 1. However, the following relaxation of the charge separation
(Figure 7C) does not allow a significant decrease in potential energy. The excess proton (that is visible
in panel C on top of the carbonyl group) displays a high energy and the movement of the excess
proton away from the first solvation layer does not produce a significant decrease in potential energy
(Figure 7D). The oscillation of potential energy (panels e-f and E-F of Figures 6 and 7, respectively)
does not allow for the hydrophobic substituent (circles in Figure 5) the dissipation of potential energy
that is allowed for the more hydrophilic one (filled circles in the same figure).

For both the substituents, the aci form is produced during the forced N-O neutralization process
(Figures 6 and 7, panels E-F). Nevertheless, the aci form is transient and in rapid exchange with anions
displaying hydrogen bonds between the nitro group and water molecules in the first solvation layer.
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Figure 5. Potential energy with R= H,NCO (filled circles) and (CH;),NCO (circles) along with the
extraction of a H from the bond with Ca atom. Energy is computed for solute within a distance
O(water)-solute atoms of 4 A (see Methods). Energy reference is the lowest energy obtained in the
initial nitro form for each compound. The gap in the x-axis separates nitro (left) from nitronate and
aci (right) species. Arrows in the left panel indicate the configurations displayed in Figures 6 and 7.
The calculation is performed with plane-wave basis-set and PBE exchange functional (left) and localized
Gaussian basis-set with hybrid B3LYP exchange functional (right panel). Points indicated with a—f and
A-F are are displayed in Figures 6 and 7, respectively. See text for details.
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(@) (b)

(0

(e)
Figure 6. Structures of samples with R = H,NCO along with proton extraction (Figure 5). Panels (a—f)
refer, respectively, to points indicated with a—f in Figure 5. C is gray, N is blue, O is red, H is white.
Atomic and bond radii are arbitrary. Some relevant distances are displayed. Explicit bonds are drawn
when atoms are closer than 1.6 A. The VMD [31] program is used for all molecular drawings.

50



Molecules 2018, 23, 3308

(A) (B)

© (D)

(E) (F)

Figure 7. The same as Figure 6 when R = (CH;),NCO. Panels (A-F) refer, respectively, to points
indicated with A-F in Figure 5.

3. Materials and Methods

3.1. Preparation of Nitroacetamides and Determination of Ionization Constants (Apparent pK,)

Nitroacetamide (1) and N,N-dimethylnitroacetamide (3) have been obtained, respectively,
by aminolysis from ethyl nitroacetate [32,33] and methyl nitroacetate [34], following previously
reported procedures.
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Ionization constants of nitro compounds 8, 1, and 3 were determined in water by potentiometric
titration using a glass electrode (method of partial neutralization). The values of pH were determined
with CyberScan510 pH meter produced by Eutech Instruments. Compound 8 was used as reference
acid and its pK, was determined to reproduce published results [12] using our procedure.

The values of pK, were calculated according to the formula:

[HA]
K, =pH+ Log ——— , 3
PRa P + Oog [ A] ( )
where [HA] is the concentration of non-dissociated nitroacetamide and [A] is the concentration of
its salt.

3.1.1. Methyl Nitroacetate (8)

A 0.0100 M (59.5 mg in 50 mL) solution of methyl nitroacetate (8) (41.0 mL) was titrated with
a 0.100 M solution of sodium hydroxyde. Titration data are reported in Table 5.

Table 5. Calculations of the acidity constants of 8 at T = 23 °C (Table 1), according to the results of one
titration. pK, = 5.70 as the arithmetic mean of all 12 values in the set.

NaOH (mL) Log[HAlV[A] pH pK,

0.3 1.10 459 5.69
0.6 0.766 488 5.65
0.9 0.551 512 5.67
1.2 0.383 53  5.68
15 0.239 542 5.66
18 0.106 559 5.70
2.1 —0.0212 572 5.70
24 —0.150 584 5.69
2.7 —0.285 597 5.68
3.0 —0.436 6.16 572
3.3 —0.615 633 571
3.6 —0.857 6.68 5.82

3.1.2. Nitroacetamide (1)

Run 1: a 0.0100 M (103.9 mg in 100 mL) solution of nitroacetamide (1) (48.0 mL) was titrated
with a 0.100 M solution of sodium hydroxyde at T = 23 °C. Run 2: the above 0.0100 M solution of
nitroacetamide (1) (44.0 mL) was titrated with a 0.100 M solution of sodium hydroxyde at T = 21 °C.
Titration data are reported in Table 6.

Table 6. Calculations of the acidity constants of 1 (Table 1), according to the results of two titrations.
pKs; = 5.39 and 5.38 as the arithmetic mean of all eight values in the set Run 1 and Run 2, respectively.

Run 1 Run 2

NaOH(mL) 7 THAVIAI pH pK., Log[HAVIAl pH pK,
05 0.934 436 529 0.892 442 531
10 0580 472 530 0531 477 530
15 0.342 496 530 0.286 5.02 5.31
2.0 0.146 517 532 0.0792 526 5.34
2.5 —0.0362 537 533 —0.119 548 5.36
3.0 —0.222 560 538 —0.331 5.75 542
3.5 —0.430 591 548 —0.590 6.21 5.62
4.0 —0.699 642 572 - - -
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3.1.3. N,N-Dimethylnitroacetamide (3)

Run 1: 2 0.0100 M (66.1 mg in 50 mL) solution of N,N-Dimethylnitroacetamide (3) (43.0 mL) was
titrated with a 0.100 M solution of sodium hydroxyde at T = 25 °C. Run 2: same as Run 1 at T =24 °C.
Titration data are reported in Table 7.

Table 7. Calculations of the acidity constants of 3 (Table 1), according to the results of two titrations.
pKa: = 7.25 and 7.23 as the arithmetic mean of all 8 values in the set Run 1 and of 13 values in set
Run 2, respectively.

Run 1 Run 2
NaOH (mL) Log [HAVIAl pH  pKa NaOH (mL) Log [HAVIAl pH  pKa
0.5 0.881 632 720 03 1.12 6.11 7.23
1.0 0.519 6.74 726 06 0.790 6.47 7.26
15 0.271 699 726 09 0.577 6.69 727
2.0 0.0607 7.2 726 12 0.412 6.86 7.27
2.6 —0.184 741 723 15 0.271 697 7.24
3.0 —0.363 762 726 18 0.143 7.09 723
3.5 —0.641 791 727 21 0.0202 722 724
4.0 -1.12 841 729 24 —0.101 734 724
- - - - 2.7 —0.227 745 7.22
- - - - 3.0 —0.363 7.58 7.22
- - - - 3.3 —0.519 773 721
- - - - 3.6 —0.711 7.9 7.19
- - - - 39 —0.989 8.16 7.17

3.2. Density Functional Tight-Binding (DFTB) Models

The final goal of our models is to investigate the mechanism of the reactions described in Figure 1,
within a density-functional theory (DFT) approximation of electrons in a system composed by the solute
nitro compound and a sample of solvent water molecules. To accomplish this task, we apply in this
work implementations of DFT suited for systems of several hundreds of atoms (see the next subsection
below). Before applying time-consuming DFT models to systems composed of several hundreds of
atoms, we applied, to the same systems, semi-empirical models that are as close as possible to the final
DFT models, in order to minimize effects due to the transition from the semi-empirical to the DFT
models. Therefore, we performed molecular dynamics (MD) simulations in the Born-Oppenheimer
(BO) approximation and at room conditions (BO-MD, hereafter) within a semi-empirical Hamiltonian
describing atomic cores and valence electrons. The Hamiltonian of the system was based on the
self-consistent charge density-functional tight-binding approximation [30] (DFTB), because geometrical
parameters (like distances and angles) of minimal energy conformations are consistent with accurate
DFT calculations for a large set of organic molecules, both isolated and in condensed phases. We used
the DFTB+ code [35] for these simulations. The valence electrons of each atom are represented as s and
p orbitals.

We built the solute nitro compounds according to standard geometrical parameters and we
merged the resulting solute conformation into a snapshot of the sample of water molecules simulated
by MD with the TIP3P interaction potential [36]. This sample is a cubic unit cell with the side of
1.8774 nm containing 216 water molecules, in a configuration extracted by the MD simulated trajectory
in the NVT (constant number of particles, volume, and temperature statistical ensemble with T = 300
K and the fixed density of 0.976 g/cm®. The water molecules with the O atom closer than 1.2 A from
any solute atom were discarded. The number of discarded water molecules was in the range from
6 (R=COPh) to 3 (R = CH3CO). As usual, to minimize finite volume effects, periodic boundary
conditions are imposed to the system.

The energy of the system was minimized via the conjugate gradient algorithm for 20 steps,
in order to reduce the force initially acting on the atoms. Then, the MD simulation in the NVE (constant
number of particles, volume, and energy statistical ensemble was performed for 100 steps, starting with
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velocities extracted from a Gaussian distribution at T = 50 K and with a time-step of 1 fs. During this
stage, the temperature never reached values larger than 50 K, indicating the absence of close contacts
between atoms. The velocity-verlet algorithm was used to integrate the equations of motion [37].
The MD simulation in the NVT statistical ensemble was then performed continuing the trajectory by
using the Nosé-Hoover thermostat [38] at T = 150 K for 1000 steps, followed by 5000 steps (5 ps) at
T =300 K. A unique effective mass corresponding to a coupling constant of 10 THz was used for the
thermostat. The second half of the simulation at T = 300 K (2.5 ps) was used for analysis, sampling
configurations every 20 fs.

To account for temperature oscillations affecting energy values, the total energy H was corrected
for the thermal contribution of nggRT(t) /2, with Ngg = 3Ngt — 6, Nat the number of atoms in
the simulated cell, and T(t) the actual temperature measured in the system at time t. Therefore,
the corrected total energy H' = H — Ny RT(t)/2 was used for computing the average total energy
E = (H’)t of each simulated system.

3.3. Density Functional Theory (DFT) Models

Car—Parrinello molecular dynamics (CP-MD) simulations [24,25] were performed for models
with R = H,N, (CH3)HN and (CHj;),N, starting from the final atomic positions and velocities
obtained with the corresponding DFTB model at T = 300 K. The parallel version of the
Quantum-Espresso package [39], which incorporates Vanderbilt ultra-soft pseudopotentials [40] and
the PBE exchange-correlation functional [23], was used in all CP-MD simulations. Electronic wave
functions were expanded in plane waves up to an energy cutoff of 25 Ry, while a 250 Ry cutoff was
used for the expansion of the augmented charge density in the proximity of the atoms, as required
in the ultra-soft pseudopotential scheme. As in the DFTB calculations, periodic boundary conditions
were applied in the three directions of space. All calculations were performed under spin-restricted
conditions, i.e., with two-electrons effective Kohn—-Sham orbitals. The electronic ground state was first
calculated using 10 steps of conjugate gradient minimization performed on the dynamic variables
representing electrons. Then, the system evolution was followed with CP-MD, using as initial velocities
those obtained with the final DFTB configuration. As in the DFTB BO-MD, we used the velocity-Verlet
algorithm for integrating the equations of motion, with a time step of 0.121 fs. Empirical dispersive
corrections of energy and forces [41,42] were included in the CP-MD simulations to correct for the
overestimate of atomic repulsion by the DFT approximation.

We performed CP-MD simulations in the NVT statistical ensemble, with temperature held fixed by
a Nosé-Hoover thermostat [38]. The systems were equilibrated for 726 fs (6000 time-steps). After this
stage, the simulation was continued in the NPT statistical ensemble. In order to further reduce the
overestimate of repulsive forces, possibly producing an unrealistic empty space between solutes and
solvent water molecules, a short simulation stage at a pressure slightly larger than room conditions
can better settle the water layer around the solute. We performed this step with a short simulation
(6000 time-steps) with the same thermostat used in the NVT ensemble and a barostat at P = 10 bar [43]
with an effective mass of 3/4 M2, M the total mass of the simulation cell. The cell side oscillates
around 1.72 nm in all of the simulations. At the end of this NPT stage, we started manipulating the «
H atoms with external pulling forces (see below), still in the NPT statistical ensemble. At the end of
the H « extraction from Cg, the sample volume was kept fixed (NVT ensemble).

3.4. Pulling «H in DFT Models

We performed pulling experiments in order to explore possible pathways for the mechanism of
Ca-H bond breaking, together with the formation of O-H bonds in the water layer around the solute.
After extraction of « H from the C-H bond, the On-H bond formation (with Oy indicating the O atom
in the nitro group) was forced in order to achieve the aci form of the nitro compound (see Figure 1).
To accomplish this pathway, we first applied an external mechanical force on the atoms involved in the
Ca-H bonds. When the extraction of « H into the water sample was achieved, we applied a similar
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external force to the H atoms in the water sample, potentially binding Oy atoms of the nitro group.
With the first pulling experiment, we obtain the nitronate anion from the nitro compound in the nitro
form; with the second experiment, we obtain the aci form of the nitro compound starting from the
nitronate anion in contact with a protonated sample of water.

As for the first pulling experiment, we defined a collective variable as the Ca coordination number
CN according to the equation below [44]:

CN = ¥i;sij
Si,j = 1 if 71'[]' < 0,
1*(4) 4
Si,j = — % if ri,]' > 0, ( )
()
rij = |ri—r—do,

where the index j runs over the « H (two) atoms of the solute and 7 indicates Ca. The actual value
of CN can be therefore manipulated by defining an external force as the derivative of an external
harmonic potential U, = %(CN — CNy(t))?. By progressively decreasing CNy with the simulation
time t, we allow the smooth release (when the target CNy value becomes lower than the actual value
of CN) of one of the two & H atoms. With this procedure and due to the presence of the explicit water
molecules in the model, the C—H bond is broken and, when available, a new O-H bond is formed
in the water layer around the solute. The parameter dj in Equation (4) was set to 1.1 A, while ¢ was
0.2 A for the first 363 fs and was increased to 0.5 A for the following 363 fs. The parameter k was set to
1255 kcal /mol in all experiments. The value of CNj is moved from 2 to 1 at the rate of 1 CN value in
2000 CP-MD steps. The pulling of « H was performed in 726 fs after the equilibration.

As for the second pulling experiment, the index i runs over the Oy atoms of the nitro group,
while j runs over all the H atoms not bound to the solute. The dy parameter was 1.03 A, the latter the
equilibrium distance for On-Hy measured by DFTB simulations. The CNj parameter was increased
from zero to one, at the same speed and after the same equilibration time of the « H pulling experiment.

3.5. Analysis

We computed a mean-field energy for selected configurations along the pathways sampled with
CN manipulations. This calculation is required to correct the energy for contributions due to the
periodic boundary conditions and to eliminate thermal fluctuations due to the presence of bulk water
around the system of interest (the solute and its hydration layer). From each simulated configuration
in the trajectories, we extracted the solute atoms and the water molecules with O atom within 4 A from
any solute atom. For R = H,NCO, the number of extracted water molecules is in the range 25-36.
For R = (CH;),NCO, the same extraction provides a number of water molecules in the range 28-40
because of the larger size of the solute.

When the « H atom becomes farther than 1.6 A from any solute atom, then « H is not assumed
as part of the solute. Thus, « H becomes part of the solvation layer. When the distance between
# H and any water molecule in the layer becomes larger than 1.4 A, then « H becomes part of the
bulk solvent and its energy is estimated according to experimental solvation energy of the proton
at room conditions [45]. The number of water molecules in the layer changes from one extracted
configuration to another. Therefore, the energy contribution due to the addition or deletion of a
number x of water molecules in the layer is computed according to the estimated energy of isolated
water molecules and the cohesion energy per water molecule in the layer (see below). These quantities
are computed within the same approximations used for the CP-MD trajectories, except as for the
following. In the case of energy calculations, the size of the super-cell was chosen as 2.1 nm, i.e.,
slightly larger than in the CP-MD simulations (1.8774 nm), to achieve better accuracy in total energy.
The wavefunction and density energy cut-off were 30 and 300 Ry, respectively. The Makov—Payne
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correction [46], accounting for the energy contribution of collecting the charge in the given periodic
super-cell, was always included in the reported energies. The water environment, i.e., the bulk water
around each solvated solute, was modeled as a uniform dielectric medium with relative permittivity
of 78.3 (pure water at room conditions). In these calculations, a self-consistent DFT approach based on
plane-waves representation of effective monoelectronic (Kohn-Sham) states was used in place of the
dynamical extended Lagrangian method used in CP-MD simulations. We used the implicit solvation
scheme implemented in the Quantum Espresso code [47]. The energy tolerance for energy change was
0.01 Ry. All the calculations reported in this work are performed with the contribution of plane-waves
with K = 0 in the super-cell lattice described by the periodic boundary conditions used, i.e., in the
I'-point approximation of solid state electron density. Since for water layers the energy minimum
cannot be achieved, we performed 30 relaxation steps in the conditions reported above. This number
of steps has been found as sufficient to relax most of the vibrational stress in the system.

In order to compare the energy of systems composed of different number of atoms, we used the
approximation described below. We first calculated the energy of a single water molecule merged
in the dielectric, E;, using the same computational conditions of the solvated system (see above).
Indicating the different species as in Figure 1, the following equations describe the reaction indicated
in the left portion of Figure 1, but including the water layer:

N[#H,0] — N~ [(n — x)H,0] + H" + xH,0 . 5)

Here, n indicates the water molecules in the solvation layer of the N solute, while n — x the
number of water molecules in the layer when the nitronate anion N~ is formed. The energy change
due to the addition or deletion of x water molecules (x can be a negative number) to the solvation
layer is determined by calculating in one single conformation of R = CONH2 the energy change to
increase the size of the layer from 16 to 30 water molecules. The cohesion energy E. of a single water
molecule to the layer is therefore approximated as:

E. = 1i4 [E(n = 30) — E(n = 16) + 14 Ex] , ©)
with E;, the energy of the isolated water molecule (see above). We computed this value for a single
relaxed configuration of the species R = H2NCO in the nitro form. Within this approximation,
Ec. = —26.0334 k] /mol.

Finally, the value of —1107 kJ/mol was used for the solvation energy of H;O" [45]. No entropic
contribution was taken into account in the calculations reported here, except for the empirical value
used for E(H;0%).

The final configurations obtained with the DFTB simulations in the nitro and aci forms were
optimized in an implicit model for water with more accurate DFT approximations. These calculations
were performed with Gaussian 16 package [48], using the B3LYP [26] hybrid approximation for the
exchange functional and with the 6-31++G(d) basis-set. The PCM method [49] for the implicit water
solvation was used. All geometries were optimized according to default “optimization” criteria
(Gaussian 16 manual [50]).

4. Conclusions

The measurement of apparent ionization constant (pK,) for a series of substituted nitromethanes,
including the amide moiety (compounds 1-3 in Figure 2), shows the strong effect of hydrophobic
and bulky sidechains on the Ca acidity. Models including the water molecules interacting with the
solute allow for comparing the contribution of intramolecular interactions with that of interactions
with structured water layers. This can answer the question about which of these contributions is more
efficient to enhance the acidity of the geminal C-H bond.
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In this work, we address the inclusion of explicit water molecules in modeling thermodynamic
data for this important deprotonation reaction, involving a C—H bond. The reported models, despite
the different approximations in the description of ground-state electron density, allow for listing the
above observations:

1. The experimental pK, values approximately follow the statistical weight of the aci (more acidic)
form as a reactant, with the weight measured by the energy of the aci form with respect to the
low-energy nitro form (Table 2).

2. The extraction of « H from the Ca-H bond does not occur necessarily when the molecule populates
a closed configuration where the ionized form is stabilized by intramolecular hydrogen-bonds.
The work required to extract « H is related to the availability of water molecules near the solute,
rather than on the internal structure of the solute itself.

3. Thehydronium species (H;O") formed in the water solvent is different depending on the nitronate
species. When the solute is more hydrophilic (Z:ZI:H), the presence of a hydronium close to the
solute decreases the potential energy. On the other hand, when the solute is more hydrophobic
(Z:Z/:CH3), a hydronium species close to the solute does not decrease the energy compared to a
hydronium species completely separated by the solute.

These observations indicate that the nature of the R substituent, enhancing the acidity of Ca-H,
should be hydrophilic in order to increase the probability of persistent hydronium species close to
the solute. Intramolecular hydrogen bonds and electrostatic interactions enhancing the population
of closed configurations do not appear as requirements for the proton release by the C-H bond.
The presence of the amide moiety as a substituent in the geminal position to the nitro group greatly
enhances the Ca-H acidity, provided the amide substituent is hydrophilic. The further modification of
the amide moiety will be the subject of further studies.
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Abbreviations

The following abbreviations are used in this manuscript:

DFT density-functional theory

DFTB  density-functional tight-binding

MD molecular dynamics

BO Born-Oppenheimer

B3LYP  Becke three-parameter Lee—Yang—Parr exchange-correlation functional
PBE Perdew-Burke-Ernzerhof exchange-correlation functional

PCM  polarizable continuum model
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Abstract: Although the palladium-catalyzed Suzuki-Miyaura cross-coupling of aryl esters has
received significant attention, there is a lack of methods that utilize cheap and readily accessible
Pd-phosphane catalysts, and can be routinely carried out with high cross-coupling selectivity.
Herein, we report the first general method for the cross-coupling of pentafluorophenyl esters
(pentafluorophenyl = pfp) by selective C-O acyl cleavage. The reaction proceeds efficiently using
Pd(0)/phosphane catalyst systems. The unique characteristics of pentafluorophenyl esters are
reflected in the fully selective cross-coupling vs. phenolic esters. Of broad synthetic interest,
this report establishes pentafluorophenyl esters as new, highly reactive, bench-stable, economical,
ester-based, electrophilic acylative reagents via acyl-metal intermediates. Mechanistic studies strongly
support a unified reactivity scale of acyl electrophiles by C(O)-X (X = N, O) activation. The reactivity
of pfp esters can be correlated with barriers to isomerization around the C(acyl)-O bond.

Keywords: Suzuki-Miyaura; cross-coupling; aryl esters; C-O activation; Pd-catalysis

1. Introduction

The recent emergence of Suzuki-Miyaura cross-coupling of amide and ester electrophiles by
selective C(acyl)-X cleavage represents one of the most promising approaches to functionalization
of the traditionally inert amide and ester bonds in organic synthesis [1-3]. Although a broad range
of amide precursors have been explored [4-8], N.B. benefiting from amide twist [9-13], Pd-catalyzed
cross-coupling of esters has received significantly less attention. The seminal study by Newman in
2017 reported the [Pd(NHC)(cin)Cl]-catalyzed cross-coupling of aryl esters at high temperature [14].
Subsequently, we have reported a general method for the cross-coupling of both esters and amides
at room temperature [15]. Further studies established that various Pd(II)-NHC precatalysts are
significantly more reactive after optimizing conditions [16,17]. Moreover, Hazari demonstrated the
cross-coupling of aryl esters at room temperature conditions using strong bases [18].

This strategy to develop cross-coupling reactions of aryl esters hinges upon ground-state
destabilization of the barrier to rotation around the C(acyl)-O bond [19]. In contrast to amides,
esters feature significant stabilization in the transition state. Given the established capacity of
pentafluorophenyl esters as acyl transfer reagents in nucleophilic addition reactions [20-22], we recently
questioned whether the ground-state-destabilization principle might enable facile cross-coupling of
pentafluorophenyl esters under chemoselective conditions that are inaccessible to the current-state-
of-the-art phenolic esters [1-3]. In this Special Issue on Amide Bond Activation, we report the
successful realization of this approach, and report the first general method for the cross-coupling of
pentafluorophenyl esters by selective C-O acyl cleavage. Notable features of our findings include: (1)
The first Pd-phosphane-catalyzed Suzuki cross-coupling of esters by C-O activation; (2) unprecedented
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selectivity of the cross-coupling; (3) establishment of the reactivity scale in the cross-coupling of
bench-stable acyl electrophiles catalyzed by Pd-phosphanes.

Notably, this study establishes pentafluorophenyl esters as new, highly reactive, bench-stable,
economical, ester-based, electrophilic acylative reagents via acyl-metals [1-3]. Considering the versatile
role of pfp esters in organic synthesis [20-22], we expect that this approach will find wide application
in the development of cross-coupling reactions of bench-stable ester electrophiles by acyl [1] and
decarbonylative pathways [2,7,23,24] (Scheme 1).

A: Previous studies

Ji [M] 1 many
amides R ;“N/R + Y—R R” SR  examples
R C-N activation
o M] o
esters Jf R+ YR o
R 7o) R examples

C-O0 activation

B: This work: the first Suzuki-Miyaura cross-coupling of pfp esters

F
F F o

o Pd catalysis
+ Ar—B(OH
Q@ oy e o
F

® pfp ester = electronically-activated ester

® broad utility in nucleophilic addition
& unexplored in transition-metal-catalysis
W easily-accessible, high stability
& bench-stable, crystalline
m Jow price, selective C-O activation

& general guidelines for amide and ester coupling: barrier to isomerization
Scheme 1. Cross-coupling of amides and esters by C-N and C-O activation.
2. Results

Cross-coupling of pentafluorophenyl benzoate with 4-tolyl boronic acid was selected as our
model system. From the outset we sought to develop a catalytic system based on phosphane ligands,
due to the low price, ready availability and orthogonal selectivity compared to the more o-donating
NHCs. Selected optimization results are presented in Table 1. As expected, the choice of base (entries
1-6), phosphane ligand (entries 7-12), palladium catalyst (entries 13-15), palladium to ligand ratio
(entries 16-18), stoichiometry (entries 19-20) and concentration (entries 21-22) had a major impact
on the cross-coupling efficiency. Finally, we established that the optimum conditions involved using
Pd;(dba)sz (3.0 mol%) as a catalyst, PCysHBF, (12 mol%) as a ligand, and Na,COj3 (4.5 equiv) as a
base in dioxane at 120 °C (entry 20). Importantly, under the optimized conditions cleavage of the
alternative O-C(Ar) bond or nucleophilic addition to the activated pfp group were not observed.
To our knowledge, the reaction represents the first example of a Pd-phosphane-catalyzed Suzuki
cross-coupling of an ester group by selective C-O cleavage [1-3,23,24]. It should be noted that all
reaction components are easy-to-handle bench-stable solids, which represents a significant practical
advantage over related cross-coupling protocols.

With optimized conditions in hand, the scope of the cross-coupling with respect to the
boronic acid component was examined (Figure 1). We were pleased to find the reaction readily
accommodates a range of electronically-diverse boronic acids, including neutral (3a) electron-rich (3b,
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3¢), electron-deficient bearing electrophilic carbonyl (3d), sterically-hindered (3e), as well as fluorinated
boronic acids relevant from the medicinal chemistry standpoint (3f-31).

Table 1. Optimization of the Suzuki-Miyaura cross-coupling of Pfp esters. !

F
F F B(OH), (0]
a cat. [Pd], L
AN () S O
E conditions Me
1

Me 2 3
Entry Catalyst Ligand Base [PAI:L  Yield (%)
1 Pd(OAC)z PCY3HBF4 N32CO3 1:4 52
2 Pd(OAc), PCy3;HBFE, KHCO3 1:4 53
3 Pd(OAc), PCy3;HBFE, NaHCO3 1:4 30
4 Pd(OAc), PCy3;HBE, KyCO3 1:4 12
5 Pd(OAc), PCy3;HBFy K3POy4 1:4 47
6 Pd(OAc), PCy3;HBF, KF 1:4 56
7 Pd(OAC)z PPhCyZ Na2CO3 1:4 60
8 Pd(OAC)Z PthCy N32C03 1:4 5
9 Pd(OAC)Z PPh3 NazCO'_; 1:4 5
10 Pd(OAc), DPPB NayCO3 1:4 13
11 Pd(OAc), Xantphos Nap,CO3 1:4 <5
12 Pd(OAc), Pt-BuzHBF, Nap,CO3 1:4 <5
13 Pd(dba), PCy3;HBE, Nap,CO3 1:4 23
14 PdCl, PCy3;HBFy NayCO3 1:4 25
15 sz(dba)3 PCy3HBF4 Na2C03 1:2 74
162 Pd,(dba); PCy3HBF, Na,CO3 12 85
173 Pdy(dba);  PCys;HBFy Na,CO3 1:1 44
184 Pdy(dba);  PCyzHBF, Na,CO3 2:1 30
19° Pd(OAc), PCy3;HBF, NayCO3 1:4 83
205 Pdy(dba);  PCys;HBFy Na,CO3 1:2 92
21 6 sz(dba)s PCY3HBF4 Na2C03 1:2 75
22 7 sz(dba)3 PCY3HBF4 Na2CO3 1:2 89

1 Conditions: Ester (1.0 equiv), 4-Tol-B(OH); (2.0 equiv), base (2.5 equiv), [Pd] (3 mol%), ligand (12 mol%), solvent
(0.25 M), 120 °C, 15 h. 2 [Pd] (1.5 mol%), ligand (12 mol%), 4-Tol-B(OH), (3.0 equiv), base (4.5 equiv). 3 [Pd]
(3 mol%), ligand (6 mol%), 4-Tol-B(OH), (3.0 equiv), base (4.5 equiv). * [Pd] (3 mol%), ligand (3 mol%), 4-Tol-B(OH),
(3.0 equiv), base (4.5 equiv). 5 4-Tol-B(OH), (3.0 equiv), base (4.5 equiv). ¢ Dioxane (0.10 M). 7 Dioxane (0.50 M).

We next explored the generality of this cross-coupling with respected to the ester electrophile
(Figure 2). Pleasingly, the reaction tolerates electron-deficient substituents (3f’, 3d’, 3j), including
electrophilic carbonyls (3d’, 3j), electron-rich deactivating substituents (3¢’), sterically-hindered (3e’),
as well as aliphatic pfp ester precursors (3k). It is worthwhile to note that the reaction proceeded with
full selectivity for the cross-coupling of a pfp ester in the presence of an aliphatic ester (3j), as expected
from the C-O isomerization and our design (vide infra) [15,19].

Next, to emphasize the synthetic utility of this transformation, we conducted a series of
competition experiments between pfp esters and ester and amide electrophiles previously established
in cross-coupling protocols (Scheme 2) [3-8]. Most importantly, as expected on the basis of C-=O isomerization,
the reaction is fully selective for the cross-coupling in the presence of an activated phenolic ester (Scheme 2A).
A separate experiment using phenyl benzoate under the optimized conditions for the cross-coupling
of pfp esters resulted in a quantitative recovery of PhCO,Ph.
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F
o B(OH)2 by, (dba)s (3 mol%)
f N PCysHBF (12 mol%)
~ F + |Ar2 @ | Arz/
0 X Na,COs, dioxane /\
- 120 °C
(0] (0] (0]
3a: 97% yield 3b: 86% yield 3c: 90% yield
(0] O Me (0]
SA®
3d: 81% yield 3e: 82% yield 3f: 85% yield
i F
0
F F
39g: 94% yield 3h: 78% yield 3i: 68% yield

Figure 1. Boronic acid scope in the Pd-catalyzed cross-coupling of Pfp esters. Conditions: Ester
(1.0 equiv), ArB(OH); (3.0 equiv), NayCOs (4.5 equiv), Pdy(dba); (3 mol%), PCysHBF, (12 mol%),
dioxane (0.25 M), 120 °C, 15 h. See SI for details.

B(OH)z Pd,(dba)s (3 mol%)
PCy3;HBF,4 (12 mol/o
Ar, | @
Ar1| Na,COj3, dioxane
R

120 °C
MeO,C~ ‘ ‘

}o

FsC O

MeO
3f": 85% yield 3d": 85% yield 3j: 95% yield
o] Me O o]
MeO O)b
3c': 88% yield 3e': 90% yield 3k: 79% yield

Figure 2. Ester scope in the Pd-catalyzed cross-coupling of Pfp esters. Conditions: Ester (1.0 equiv),
ArB(OH); (3.0 equiv), NapCOj3 (4.5 equiv), Pd;(dba); (3 mol%), PCy3HBF4 (12 mol%), dioxane (0.25 M),
120 °C, 15 h. See SI for details.
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A: Effect of O- vs. O-activation: pfp vs. Ph
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; 120 °C
N 3b:3a=1:1.3 O O

3a
1h:1j (2.0 equw each)

C: Effect of O- vs. N-activation: pfp vs. N-glutarimide
O

F F
i 00
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1h F
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3b:3a <1:20

o 1k 3a
1h:1k (2.0 equiv each)

Scheme 2. Competition experiments.

Furthermore, the reaction is slightly less selective for the cross-coupling of pfp esters cf. N-Ts
sulfonamides (Scheme 2B; Ts/Ph:pfp = 1.3:1), whereas full selectivity is observed in the cross-coupling
of N-acylglutarimides vs. pfp esters (Scheme 2C; >20:1), as expected on the basis of amide bond
destabilization [6,11]. Overall, the competition experiments demonstrate high chemoselectivity of
the cross-coupling of pfp esters, and permit to establish a unified reactivity scale in cross-coupling of
esters and amides catalyzed by Pd-phosphanes (Scheme 3). It is well-established that cross-coupling of

anilides is performed in the presence of N,N-dialkylamides [12].

To gain insight into the reaction mechanism additional experiments were conducted (not shown).
(1) Competition experiments with differently substituted pfp esters revealed that electron-deficient
arenes are more reactive (4-CF3:4-MeO > 20:1); while (2) differently substituted boronic acids revealed
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a small preference for electron-rich boronic acids (4-MeO:4-CF3 = 1.1:1). Overall, these findings suggest
that Pd insertion may be the rate limiting step in this reaction.

Jr‘;é > RJfN R'>RJ50’pfp>RJ«’éo Ph RJ;N RI>RJ§N Me

Reactivity

Scheme 3. Reactivity scale in C(acyl)-N and C(acyl)-O Suzuki-Miyaura cross-coupling. Note that
thus far only N-Acyl-glutarimides, N-Ts-sulfonamides and O-pfp esters have been shown to react with
Pd-PRj catalytic systems [1-3]. The reactivity of OPh esters, N-Ar amides and N-Me amides is based
on Pd-NHC catalysts [1,15].

Finally, we demonstrated that catalytic systems in the Suzuki-Miyaura cross-coupling of pfp
esters are not limited to the in situ formed Pd(0)-phosphane catalysts. For example, preformed
Pd-phosphane catalysts [25], as well as Pd(II)-NHCs [1], such as Pd(PCy3),Cl, and Pd-PEPPSI-IPr
afford the coupling product in excellent yields (Scheme 4), highlighting the generality and rich synthetic
potential of pentafluorophenyl esters as electrophiles in transition-metal catalysis. Future work will
focus on the expansion of the catalyst portfolio in the cross-coupling of activated esters. With the
availability of various catalyst systems, the pfp reagents should expand the implementation of ester
C-O cross-coupling in organic synthesis [14-18].

A: Cross-coupling using preformed Pd-phosphine

oF B(OH);  pg(pcy,),Cl, o
(3 mol%)
o el QS
F a,COj3, dioxane Me
1a

Me 2b  120°C.15h 3b: 89% yield

B: Cross-coupling using Pd-NHC precatalyst
F

F B(OH); pg-pEPPSIHPF o
o (1 mol%)
‘o gA®
I K,COj3, THF, H,0
1a RT.15h 3b: 92% yield

Me

Cl

Scheme 4. Cross-coupling using preformed Pd-phosphine and Pd(II)-NHC precatalysts.
3. Discussion

In summary, we have reported the Suzuki-Miyaura cross-coupling of pentafluorophenyl esters.
The reaction is notable for the first use of Pd-phosphane catalysis in chemoselective Suzuki-Miyaura
ester coupling by C-O cleavage. Furthermore, this method introduces pfp esters as new, ester-based,
electrophilic reagents for transition-metal catalyzed cross-coupling reactions. Given the broad
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utility of pfp esters in nucleophilic addition reactions, we believe that these reagents will find
wide application in the cross-coupling chemistry. In particular, this study highlights the utility
of ground-state destabilization of acyl electrophiles to achieve chemoselective bond activation. Since
pentafluorophenyl esters are easily prepared, bench-stable solids, and highly reactive, these reagents
should be considered along phenolic esters in the future development of cross-coupling reactions by
acyl [1-3] and decarbonylative pathways [2,7,23,24].

4. Materials and Methods

4.1. General Information

General methods have been published [13].

4.2. General Procedure for Cross-Coupling of Pentafluorophenyl Esters

An oven-dried vial equipped with a stir bar was charged with an ester substrate (neat, 1.0 equiv),
boronic acid (typically, 3.0 equiv), sodium carbonate (typically, 4.5 equiv), Pdy(dba)s (typically, 3 mol%),
and PCy3HBF; (typically, 12 mol%), placed under a positive pressure of argon, and subjected to three
evacuation/backfilling cycles under high vacuum. Dioxane (typically, 0.25 M) was added with vigorous
stirring at room temperature, the reaction mixture was placed in a preheated oil bath at 120 °C, and
stirred for the indicated time at 120 °C. After the indicated time, the reaction mixture was cooled
down to room temperature, diluted with CH,Cl, (10 mL), filtered, and concentrated. The sample was
analyzed by 'H-NMR (CDCl3, 500 MHz) and GC-MS to obtain conversion, selectivity and yield using
internal standard and comparison with authentic samples. Purification by chromatography afforded
the pure product.

4.3. Representative Procedure for Cross-Coupling of Pentafluorophenyl Esters

An oven-dried vial equipped with a stir bar was charged with perfluorophenyl benzoate (neat,
288.2 mg, 1.0 mmol), p-tolylboronic acid (408.0 mg, 3.0 mmol, 3.0 equiv), Na,COs (477.0 mg, 4.5 mmol,
4.5 equiv), Pdy(dba)s (27.5 mg, 0.03 mmol, 3 mol%), and PCy3HBF, (44.2 mg, 0.12 mmol, 12 mol%)
placed under a positive pressure of argon, and subjected to three evacuation/backfilling cycles under
high vacuum. Dioxane (0.25 M) was added with vigorous stirring at room temperature, the reaction
mixture was placed in a preheated oil bath at 120 °C, and stirred for 15 h at 120 °C. After the indicated
time, the reaction mixture was cooled down to room temperature, diluted with CH,Cl, (10 mL),
filtered, and concentrated. A sample was analyzed by "H-NMR (CDCl3, 500 MHz) and GC-MS to
obtain conversion, yield and selectivity using internal standard and comparison with authentic samples.
Purification by chromatography on silica gel (hexanes/ethyl acetate) afforded the title product. Yield
86% (168.5 mg). White solid. Characterization data are included in the section below.

4.4. Characterization Data for Products 3a—3k (Figures 1 and 2)

Benzophenone (3a). White solid. "H-NMR (500 MHz, CDCl3) § 7.83 (d, ] = 8.9 Hz, 4 H), 7.62 (t, ] = 7.4 Hz,
2 H),7.51 (t,] = 7.6 Hz, 4 H). I3C-NMR (125 MHz, CDCl3) § 196.75, 137.61, 132.42, 130.07, 128.28.

Phenyl(p-tolyl)methanone (3b). White solid. 'H-NMR (500 MHz, CDCl3) § 7.81 (d, ] = 7.7 Hz, 2 H), 7.75
(d,] =7.5Hz,2H),7.60 (t, ] =74 Hz, 1 H), 7.50 (t, ] = 7.2 Hz, 2 H), 7.31 (d, ] = 7.7 Hz, 2 H), 2.47 (s, 3 H).
I3C-NMR (125 MHz, CDCl3) § 196.49, 143.22, 137.98, 134.90, 132.14, 130.31, 129.93, 128.97, 128.20, 21.66.

(4-Methoxyphenyl)(phenyl)methanone (3c). White solid. TH-NMR (500 MHz, CDCl3) 5 7.86 (d, ] = 8.0 Hz,
2H),7.78 (d, ] =7.6 Hz, 2 H), 7.59 (t, ] = 7.3 Hz, 1 H), 7.50 (t, ] = 7.4 Hz, 2 H), 6.99 (d, ] = 8.0 Hz, 2 H),
3.92 (s, 3 H). 3C-NMR (125 MHz, CDCl3) § 195.56, 163.23, 138.30, 132.57, 131.89, 130.17, 129.74, 128.19,
113.56, 55.51.

1-(4-Benzoylphenylethan-1-one (3d). White solid. 'H-NMR (500 MHz, CDCl3) 5 8.09 (d, ] = 8.2 Hz, 2 H),
789 (d, ] =8.2Hz, 2 H),7.83 (d, ] = 7.5 Hz, 2 H), 7.65 (t, ] = 7.4 Hz, 1 H), 7.53 (t, ] = 7.7 Hz, 2 H), 2.70
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(s, 3 H). BC-NMR (125 MHz, CDCl3) & 197.52, 195.96, 139.57, 136.92, 133.00, 130.11, 130.05, 128.49,
128.17,26.92.

Phenyl(o-tolyl)methanone (3e). White solid. TH-NMR (500 MHz, CDCl3) 5 7.83 (d, ] = 7.7 Hz, 2 H), 7.60
(d,]=6.9Hz,1H),7.49 (t,] =7.6 Hz, 2 H), 7.42 (t, ] = 7.5 Hz, 1 H), 7.37 =7.30 (m, 2 H), 7.30-7.27 (m,
1H), 2.36 (s, 3 H). 3C-NMR (125 MHz, CDCl3) § 198.64, 138.63, 137.75, 136.75, 133.14, 131.00, 130.24,
130.14, 128.52, 128.46, 125.20, 20.00.

Phenyl(4-(trifluoromethyl)phenyl)methanone (3f). White solid. "H-NMR (500 MHz, CDCl3) § 7.93 (d, ] =
8.0Hz, 2 H),7.84(d, ] =7.7Hz,2H),7.79 (d, ] = 8.0 Hz, 2 H), 7.66 (t, ] = 74 Hz, 1 H), 7.54 (t, ] = 7.6 Hz,
2 H). 13C-NMR (125 MHz, CDCls) § 195.53, 140.74, 136.74, 133.73 (JF = 32.5 Hz), 133.09, 130.14, 130.11,
128.54,125.36 (JF = 7.5 Hz), 123.70 (JF = 273.0 Hz). FE-NMR (471 MHz, CDCl3) § 63.41.

Phenyl(3-(trifluoromethyl)phenyl)methanone (3g). White solid. TH-NMR (500 MHz, CDCl3) 5 8.07 (s, 1 H),
7.98(d,]=7.8Hz, 1H),7.85(d, ] =8.0Hz 1H),7.80 (d,] =7.7 Hz, 2 H), 7.63 (t, ] = 7.6 Hz, 2 H), 7.52 (t,
J =7.6 Hz, 2 H). 3C-NMR (125 MHz, CDCl3)  195.32, 138.45, 136.92, 133.25, 133.14, 131.17 (JF = 32.7
Hz), 130.16, 129.09, 128.97 (JF = 7.5 Hz), 128.71, 126.84 (JF = 8.8 Hz), 123.84 (JF = 272.9 Hz). ’F-NMR
(471 MHz, CDCl3) 5 62.77.

(4-Fluorophenyl)(phenyl)methanone (3h). White solid. 'H-NMR (500 MHz, CDCl3) § 7.90-7.84 (m, 2 H),
779 (d,] =77 Hz, 2 H),7.62 (t, ] = 6.9 Hz, 1 H), 7.51 (t, ] = 7.4 Hz, 2 H), 7.18 (t, ] = 8.2 Hz, 2 H).
13C-NMR (125 MHz, CDCl3) & 195.26, 165.39 (J© = 254.1 Hz), 137.51, 133.81 (JF = 2.5 Hz), 132.67 (JF =
8.8 Hz), 132.47,129.88, 128.36, 115.45 (JF = 21.4 Hz). "?’F-NMR (471 MHz, CDCl3) § 105.98.

(3,5-Difluorophenyl)(phenyl)methanone (3i). White solid. TH-NMR (500 MHz, CDCl3) & 7.35 (dt, ] = 40.7,
18.4 Hz, 4 H), 7.03-6.87 (m, 1 H), 6.40 (d, ] = 41.0 Hz, 2 H), 6.13 (d, ] = 40.9 Hz, 2 H). '*C-NMR (125
MHz, CDCl3) § 193.95, 162.74 (JF = 250.3 Hz), 162.65 (J* = 251.6 Hz), 136.40, 133.16, 129.98, 128.59,
112.96 (JF = 20.1 Hz), 107.73 (JF = 25.8 Hz). ’F-NMR (471 MHz, CDCl3) § 108.15.

Methyl 4-benzoylbenzoate (3j). White solid. "H-NMR (500 MHz, CDCl3) & 8.17 (d, ] = 8.2 Hz, 2 H), 7.87
(d,]=82Hz 2H),7.83(d, ] =7.5Hz, 2 H), 7.64 (t, ] = 7.4 Hz, 1 H), 7.53 (t, ] = 7.6 Hz, 2 H), 3.99 (s,
3 H). 3C-NMR (125 MHz, CDCl3) & 196.03, 166.32, 141.33, 136.96, 133.22, 132.95, 130.11, 129.78, 129.50,
128.47, 52.48.

Cyclohexyl(phenyl)methanone (3k). White solid. 'H-NMR (500 MHz, CDCl3) § 7.98-7.96 (d, ] = 8.2 Hz,
2 H),7.58-7.56 (t,] =7.5Hz, 1 H), 7.50-7.47 (t, ] = 7.7 Hz, 2 H), 3.31-3.27 (t, ] = 11.5 Hz, 1 H), 1.93-1.86
(m, 4 H), 1.78-1.75 (d, ] = 11.7 Hz, 1 H), 1.54-1.49 (t, ] = 13.4 Hz, 2 H), 1.46-1.39 (m, 2 H), 1.34-1.31 (d, ]
=12.5Hz, 1 H). '*C-NMR (125 MHz, CDCl3) § 203.92, 136.38, 132.73, 128.59, 128.27, 45.65, 29.44, 25.98,
25.88.

Supplementary Materials: Experimental procedures and characterization data are available online.
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Abstract: Nickel catalysis has shown remarkable potential in amide C-N bond activation and
functionalization. Particularly for the transformation between ester and amide, nickel catalysis has
realized both the forward (ester to amide) and reverse (amide to ester) reactions, allowing a powerful
approach for the ester and amide synthesis. Based on density functional theory (DFT) calculations,
we explored the mechanism and thermodynamics of Ni/IPr-catalyzed amidation with both aromatic
and aliphatic esters. The reaction follows the general cross-coupling mechanism, involving sequential
oxidative addition, proton transfer, and reductive elimination. The calculations indicated the
reversible nature of amidation, which highlights the importance of reaction thermodynamics in
related reaction designs. To shed light on the control of thermodynamics, we also investigated the
thermodynamic free energy changes of amidation with a series of esters and amides.

Keywords: amide C-N bond activation; nickel catalysis; amidation; DFT study; reaction thermodynamics

1. Introduction

Amide C-N bond activation and functionalization provide a powerful strategy to utilize amide
as a central synthon [1-6]. Despite the remarkable value of this strategy, the development of amide
C-N bond activation has progressed slowly due to the resonance nature of amide and the resulting
difficulty for bond dissociation [7-16]. Recently, Garg and coworkers discovered the outstanding
performance of nickel catalysis for amide C-N bond activation [17], leading to the development of
a series of exciting Ni-catalyzed cross coupling reactions [18-26]. Szostak and coworkers developed
a family of geometrically twisted amides which serves as a powerful synthetic platform [27-39] for
both metal-catalyzed and metal-free transformations. Independent studies from Shi, Zou, Rueping,
Maiti, Stanley, and Molander also contribute significantly to the synthetic advances involving amide
C-N bond activation [40-52].

In addition, amide C-N bond activation stimulated the synthetic developments of amide C-N
bond formation. Szostak and coworkers reported a series of transamidation reactions from twisted
amides, which provides a distinctive approach for amide synthesis [39] (Scheme 1a). Garg, Houk,
and coworkers discovered that Lewis acid plays an important role on the kinetics and thermodynamics
of amidation of ester, which reverses the thermodynamic equilibrium of esterification of amide [53]
(Scheme 1b). Newman and coworkers recently disclosed a Ni/IPr-catalyzed amidation of ester
under Lewis acid-free conditions [54] (Scheme 1¢). This transformation attracts our mechanistic
interests [55-66]; particularly for the Lewis-acid free Ni-mediated C-O bond cleavage and C-N bond
formation. Here we report a computational study on the mechanism of Ni/IPr-catalyzed amidation of
ester and the thermodynamic equilibrium of amidation.

Molecules 2018, 23, 2681; d0i:10.3390 / molecules23102681 71 www.mdpi.com/journal /molecules
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Scheme 1. (a) Transamidation of N-acyl-glutarimides with amines; (b) Ni/SIPr-catalyzed amidation
of ester under Lewis acid conditions; and (c) Ni/IPr-catalyzed amidation of ester under Lewis
acid-free conditions.

2. Results and Discussion

2.1. Reaction Mechanism of Aromatic Ester

Using methyl benzoate and morpholine as the model substrates, we first explored the free energy
changes of Ni/IPr-catalyzed amidation with aromatic ester. The free energy profile is shown in Figure 1,
and the optimized structures of selected species in the catalytic cycle are shown in Figure 2. From the
Ni(IPr)(toluene) complex 1 [67], the initial ligand exchange with substrate is exergonic and leads to
the substrate-coordinated complex 2. Subsequent oxidative addition via TS3 requires a barrier of
20.4 kcal/mol, which generates the acylnickel species 4. 5 then undergoes a facile inner-sphere proton
transfer through TS6, and the dissociation of methanol leads to the LNiH(acyl)(amino) intermediate 8.
From 8, the C-N bond formation occurs via the reductive elimination transition state TS9, and the final
exergonic product liberation produces the amidation product 11 as well as regenerates the catalytically
active species 2. We have confirmed the stability of wavefunctions for all Ni(II) species involved in the
catalytic cycle. We were not able to locate the transition states for the ligand exchange steps (4 to 5, 7 to
8) due to the flat energy surface. A series of constrained optimizations were performed to verify the
flat energy surface of ligand exchange. Details are included in Supplementary Materials (Figure S1).
Based on the DFT-computed free energy changes of the overall catalytic cycle, the on-cycle resting
state is the substrate-coordinated complex 2, and the rate-limiting step is the C-O bond activation step
via TS3 with an overall barrier of 20.4 kcal/mol. Our computations also suggested that the overall
amidation is reversible and almost thermodynamic neutral. The reaction barrier for the reversed
transformation from 11 to 2 is only 20.3 kcal /mol. This corresponds well with the reversible nature of
this amidation transformation, as reported by Newman [54]. It should be pointed out the generated
methanol may leave the reaction system due to its volatility, which serves as an additional driving
force for the amide formation.
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Figure 1. DFT-computed free energy profile of Ni/IPr-catalyzed amidation of aromatic ester.

TS6 7 8 TS9

Figure 2. Optimized structures of selected intermediates and transition states in the catalytic cycle of
Ni/IPr-catalyzed amidation of ester.

2.2. Reaction Mechanism of Aliphatic Ester

We next explored the Ni-catalyzed amidation with aliphatic ester, using methyl 3-phenylpropionate
as the model substrate. The DFT-computed free energy profile is shown in Figure 3, and the optimized
structures of selected species in the catalytic cycle are shown in Figure 4. The reaction mechanism
of aliphatic ester is similar to that of aromatic ester, which involves sequential oxidative addition,
proton transfer, reductive elimination and product liberation. The resting state is toluene-coordinated
complex 1, and the rate-limiting step is the proton transfer step with an overall barrier of 16.9 kcal/mol.
The free energy change of the amidation with methyl 3-phenylpropionate is exergonic by 1.8 kcal/mol.
Comparing the free energy profiles of aromatic and aliphatic esters, the major difference is the resting
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state and overall reaction barrier. Due to the lack of electron-deficient aromatic functionality in
methyl 3-phenylpropionate, the substrate-coordinated complex 12 is 6.1 kcal/mol higher in free energy
comparing with the toluene-coordinated species 1. This leads to the low overall barrier of the amidation
with aliphatic ester.

T AGsg(kcalimol), M0B/6-311+G(d,p)-SDD-SMD(toluene)//B3LYP-D3(BJ)-SMD(toluene)/6-31G(d)-LANL2DZ
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Figure 3. Density functional theory (DFT)-computed free energy profile of Ni/IPr-catalyzed amidation
of aliphatic ester.

TS19

Figure 4. Optimized structures of selected intermediates and transition states in the catalytic cycle of
Ni/IPr-catalyzed amidation of ester.

2.3. Reaction Thermodynamics

Based on the computed free energy profiles of Ni-catalyzed amidation of ester, we noticed that the
major bottleneck for this type of transformation is the control of thermodynamics. The thermodynamic
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equilibrium has to be designed cautiously because the overall transformation does not have a strong
force, unlike many other organic transformations. Therefore, the synthetic efforts could be unfruitful
even the designed amidation or esterification has a surmountable reaction barrier. In order to understand
the controlling factors of the thermodynamic equilibrium of amidation as well as provide a general
thermodynamic guideline for related reaction designs, we computed the free energy changes with a
series of esters and amides. The results are summarized as a heat map in Figure 5. Green represents the
thermodynamic equilibrium that favors the formation of ester, and red indicates the opposite trend.
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Figure 5. DFT-computed thermodynamics of esterification of amides.
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For the explored esters and amides, the alcohol component (derivatization of ester) have limited
effects on the reaction thermodynamics. The effects from the change of primary alcohols are less than
1 kcal/mol for most amides (a to h). Comparing with the primary alcohols, the esters with secondary
alcohols are less stable (i to 1), especially for cyclohexanol. The thermodynamic equilibrium involving
cyclohexanol favors the amide formation the most among all the studied alcohols. This suggest that
the cyclohexanol derived esters can be useful substrates for amide synthesis. Interestingly, the tertiary
alcohol is not the best alcohol for amide formation, potentially due to the steric repulsions in the
corresponding esters.

Unlike the alcohols, the structure of amides has profound effects on the thermodynamic
equilibrium of amidation. Without strong electron-activating groups or geometric twisting, amides are
more stable than the corresponding esters regardless of the effects from alcohol (23 and 24).
This follows the consensus that amide is generally more stable than ester due to the strong resonance
nature. However, the electronically activated amides (28-36) and twisted amides (37-40) are
significantly less stable in terms of thermodynamics. The equilibrium involving these amides all
favor the ester formation, providing significant driving force for amide C-N bond activation and
functionalization. Based on the computed thermodynamics, we found that the N-substitution has
important effect on the thermodynamic stability of amides. This corroborates Szostak’s design of
twisted amides [27-39], and also highlights the importance of amide design for future synthetic
transformations involving amides.

3. Computational Methods

All density functional theory (DFT) calculations were carried out using Gaussianl6 software
package [68]. Geometry optimizations and frequency calculations were conducted using B3LYP [69,70]
functional with Grimme’s D3(BJ) empirical dispersion correction [71], the LANL2DZ [72] basis set
for nickel, and 6-31G(d) basis set for all the other elements. The solvation energy corrections were
also included in the geometry optimizations and frequency calculations. Based on the solution
phase-optimized geometries, single-point energies were calculated with the M06 [73] functional,
the SDD [74,75] basis set for nickel, and 6-311G++(d,p) basis set for all other elements. Solvation
energies were calculated using the SMD solvation model [76] with toluene as the solvent. No frequency
scaling factor was used to calculate Gibbs energy corrections. The 3D diagrams of computed species
were visualized using CYLview [77].

4. Conclusions

In summary, the mechanism and thermodynamics of Ni/IPr-catalyzed amidation of esters
have been explored with DFT calculations. The reaction proceeds via the general cross-coupling
mechanism. Nickel catalyst first cleaves the C-O bond of ester via oxidative addition, and subsequent
proton transfer between LNi(acyl)(OR) species and amine leads to LNi(acyl)(amino) intermediate.
This intermediate undergoes C-N reductive elimination to produce the amidation product. The studied
aromatic and aliphatic esters both have fairly low reaction barriers, 20.4 kcal/mol for methyl benzoate
and 16.9 kcal/mol for methyl 3-phenylpropionate. However, the overall amidation with morpholine is
almost thermodynamic neutral. This suggests that the amidation only has limited thermodynamic
driving force, and the evaporation of methanol could be critical for productivity. Therefore, the key to
reaction success of Ni/NHC-catalyzed amidation of ester is the control of thermodynamic equilibrium.

For the thermodynamic free energy changes of the esterification of amide, the O-substitution of
ester has limited effects, and cyclohexanol derivative is the most stable ester among all the studied
cases. In contrast to the O-substitution of ester, the N-substitution of amide has profound effects on the
thermodynamic stability of amides. Electron-activating groups and geometric twisting can significantly
destabilize amides and provide the desired driving force towards the amide C-N bond activation.
These computations highlight the design of amide for future reaction development involving amide
C-N bond activation.
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Supplementary Materials: Detailed energies and coordinates of computed saddle points are available online.
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Abstract: To investigate the amino acid transporter-based prodrug anticancer strategy further,
several amino acid-conjugated amide gemcitabine prodrugs were synthesized to target amino acid
transporters in pancreatic cancer cells. The structures of the synthesized amino acid-conjugated
prodrugs were confirmed by TH-NMR and LC-MS. The pancreatic cancer cells, AsPC1, BxPC-3,
PANC-1 and MIAPaCa-2, appeared to overexpress the amino acid transporter LAT-1 by conventional
RT-PCR. Among the six amino acid derivatives of gemcitabine, threonine derivative of gemcitabine
(Gem-Thr) was more effective than free gemcitabine in the pancreatic cancer cells, BxPC-3 and
MIAPaCa-2, respectively, in terms of anti-cancer effects. Furthermore, Gem-Thr was metabolically
stable in PBS (pH 7.4), rat plasma and liver microsomal fractions. When Gem-Thr was administered to
rats at 4 mg/kg i.v., Gem-Thr was found to be successfully converted to gemcitabine via amide bond
cleavage. Moreover, the Gem-Thr showed the increased systemic exposure of formed gemcitabine by
1.83-fold, compared to free gemcitabine treatment, due to the significantly decreased total clearance
(0.60 vs. 4.23 mL/min/kg), indicating that the amide prodrug approach improves the metabolic
stability of gemcitabine in vivo. Taken together, the amino acid transporter-targeting gemcitabine
prodrug, Gem-Thr, was found to be effective on pancreatic cancer cells and to offer an efficient
potential means of treating pancreatic cancer with significantly better pharmacokinetic characteristics
than gemcitabine.

Keywords: amino acid transporters; amide bond; gemcitabine prodrug; metabolic stability; pancreatic
cancer cells; pharmacokinetics

1. Introduction

Gemcitabine (2/-2'-difluorodeoxycytidine, dFdC) is a standard anticancer agent that is used
to treat all stages of pancreatic adenocarcinoma [1], and combinations of gemcitabine with other
anti-cancer agents, such as erlotinib [2], nab-paclitaxel [3,4] and others have been applied to pancreatic
cancer patients. Because gemcitabine has serious toxic effects on the gastrointestinal track [5],
and low oral bioavailability (BA), it is administered intravenously [6]. However, gemcitabine is
a metabolically unstable drug and has a half-life of only 9 min in man, probably due to its rapid
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conversion to 2'-2'-difluorodeoxyuridine (dFdU) by cytidine deaminase (CD), which is abundant
in blood and tissues [7]. This poor metabolic stability and poor compliance has created a clinical
need for a gemcitabine prodrug. Several types of prodrugs have been reported, such as valproate
amide [8,9], amino acid ester [10,11], aminoacyl amide derivative [12], and L-carnitine amide (OCTN2
targeting) [13] prodrugs.

To maintain the growth and survival of cancer cells during neoplastic transformation, amino
acid production is massively increased and as a result, several uptake transporters (e.g., amino acid
transporters) are overexpressed. For example, L-type amino acid transporter 1 (LAT-1), a representative
amino acid transporter, is overexpressed in various types of cancer cells [14], and interestingly, LAT-1
expression has been consistently reported to be elevated in patients with pancreatic cancer and in
transplanted Colo357 cells (a pancreatic cancer cell line) [15,16]. Accordingly, LAT-1 has been suggested
to be a versatile target for the development of transporter-based drugs [14].

Our research group have been investigating the merits of strategies based on the amino acid
transporter-based prodrug approach to overcome the multidrug resistance (MDR) triggered by various
efflux transporters like P-glycoprotein (P-gp, MDR1) in cancer cells [17-19]. For example, the addition
of amino acids, such as, L-valine (Val) or tyrosine (Tyr), to lapatinib by amide bond formation
successfully enhanced the anti-cancer effect of lapatinib in human breast cancer cells (MDA-MB-231
and MCF7) and lung cancer cells (A549), without plasma stability issues, which demonstrated the
involvements of amino acid transporters [18]. More recently, the val-modified amide prodrug of
doxorubicin (Dox-Val) improved cellular uptake efficiency in MCF7 cells [19]. However, in a rat
pharmacokinetic study that demonstrated the conversion of Dox-val to Dox by amide bond cleavage
in vivo, the pharmacokinetic properties of the amino acid prodrug examined were limited [19].

Based on the observation that amino acid transporters (e.g., LAT-1) are overexpressed in various
cancer cells for their survival, we speculated that amino acid conjugated prodrug of gemcitabine might
be an effective way to improve gemcitabine uptake by overexpressing amino acid transporters in
pancreatic cancer cells as well as overall physicochemical property. In the present study, we successfully
synthesized a threonine-gemcitabine (Gem-Thr) prodrug and investigated its anti-cancer efficacy in
pancreatic cancer cells and its in vitro/in vivo metabolic stabilities. In addition, we examined LAT-1
(an amino acid transporter) mRNA /protein expressions in pancreatic cancer cells.

2. Results and Discussion

2.1. Synthesis of Gemcitabine Prodrugs with Amino Acids

To confirm the validity of the amino acid transporter-based prodrug approach for gemcitabine,
we prepared a series of amino acid conjugated gemcitabine prodrugs. As summarized in
Figure 1, gemcitabine-amino acid prodrugs 3 were obtained from gemcitabine (1) using a two-step
sequence, that is by amide bond formation between gemcitabine (1) and N-Boc-L-amino acid
employing 1-hydroxy-1H-benzotriazole (HOBt), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and
4-methylmorpholine in DMF/DMSO (3:1), and subsequent Boc deprotection of the resulting compound
2 using hydrochloric acid. In order to avoid potential problems associated with epimerization when
using carbodiimides as coupling reagents, HOBt was used as an additive because it enhances the
reactivities of activated ester intermediates by facilitating amine approach via hydrogen bonding.
To confirm the formation of amide bond, an intermediate of representative compound (Gem-Thr-Boc)
was dissolved in DMSO-dg. In gemcitabine part, the chemical shift of CH(5) in oxopyrimidine core
showed at 6 7.26 (J5 4 = 7.6 Hz) as a doublet by ortho coupling with CH(6) at § 8.27. The characteristic
amide NH peak was detected at § 10.99 as a broad singlet, and Boc group of amino acid was appeared
at ¢ 1.39. The side chain of threonine CHj3 was appeared at § 1.39 having a coupling constant | = 6.3 Hz
and OH group was resonated at ¢ 4.89. In addition, the MS/MS spectrum showed [M + H]* at
m/z 465.2, which confirmed the chemical bond between gemcitabine and N-Boc protected threonine.
The N-Boc of amino acid was deprotected in acidic conditions to afford the final Gem-Thr product that

82



Molecules 2018, 23, 2608

was confirmed by "H NMR in CD30D. The peak of Boc group disappeared and concurrently the side
chain of threonine CH3 was detected as a doublet peak at 6 7.26 (] = 6.4 Hz). Furthermore, CH(5)- and
CH(6)-peaks of oxopyrimidine remained at § 6.11 and 4 7.85 coupled as a doublet (/5 = 7.6).
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Figure 1. Synthetic scheme of the procedure used to synthesize gemcitabine-amino acid prodrugs.
Reagent and conditions were as follows; (i) N-Boc-L-amino acid, 4-methylmorpholine, HOBt, EDCI-HCI,
DMF/DMSO = 3: 1, 55 °C, 17 h; (ii) 4N HCl in dioxane, dry CH,Cly, r.t. 30 min.

2.2. Expression of LAT-1 in Pancreatic Cancer Cell Lines

LAT-1 mRNA and protein levels were detected in the pancreatic cancer cell lines AsPC1, BxPC-3,
PANC-1 and MIAPaCa-2. LAT-1 expression was greatest in BxPC-3 (Figure 2). The following studies on
anti-cancer effects were performed using BxPC-3 and MIAPaCa-2 cells. Therefore, this transcriptional
activation of LAT-1 might expect to facilitate transport capability of amino acid linked gemcitabine.
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Figure 2. mRNA (A) and protein (B) expressions of LAT-1 in various pancreatic cancer cell lines
(AsPC-1, BxPC-3, PANC-1, and MIAPaCa-2). Reverse transcription-PCR and Western blot were
performed using gel electrophoresis after purification of DNA from cancer cells.

2.3. Anticancer Effects of Prodrugs with Amino Acids in Cancer Cells

We evaluated the cytotoxic effects of gemcitabine derivatives on various cancer cell lines including
PDAC (pancreatic ductal adenocarcinoma), and compared results with those of free gemcitabine
(Figure 3). In A549 (lung cancer cells) and MDA-MB-231 (breast cancer cells) neither gemcitabine
nor gemcitabine derivatives had any significant anti-cancer effect versus vehicle treated controls.
However, gemcitabine had significant anti-cancer effects on BxPC-3, MIAPaCa-2 (pancreatic cancer
cells) and B16 (melanoma cells). The anti-cancer effects of Gem-Tyr, Gem-Val, Gem-Met, Gem-Ile and
Gem-Leu were similar to those of gemcitabine in pancreatic cancer cells, whereas Gem-Thr had the
most potent anticancer effect, and this was slightly superior to that of gemcitabine in BxPC-3 cells
(Gem-Thr, 44.7% vs. gemcitabine, 54.1% of cell viability, p = 0.0464), which was found to overexpress
amino acid transporters, including LAT-1 (Figure 3). The introduction of threonine to gemcitabine is
likely to be recognized by the LAT-1, which has an important role to influx the drug into the cancer
cells. However, addition of some amino acid moieties to gemcitabine did not exert the enhanced
cytotoxic effects on the pancreatic cancer cells. Similarly, a valine ester prodrug (Val-SN-38) showed a
comparable cytotoxic effect compared to SN-38, an active metabolite of irinotecan, despite an increased
intracellular accumulation in MCF cells with amino acid transporters being overexpressed [17].
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Figure 3. Growth-inhibitory effects of gemcitabine and of its amino-acid-conjugated derivatives on
BxPC-3, MIAPaCa-2, A549, MDA-MB-231 B16 cells after exposure to 1 uM concentrations for 48 h,
as estimated by MTT assay (mean =+ SD, n = 3). Experiments were performed three times independently.
* p <0.05, compared with free gemcitabine group.

Additionally, consistent with MTT results, either gemcitabine or Gem-Thr induced apoptosis
significantly when we measured cleaved PARP as well as TUNEL positive cells after a 24 h treatment
(Figure 4).

(A) (B)
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Gem-Thr - - + &
Cleaved PARP - e—
B-actin | g w———— Control Gem Gem-Thr

Figure 4. Apoptosis of pancreatic cancer cells by Gemcitabine derivative. After the treatment of
gemcitabine and Gem-Thr to BxPC-3 cells for 24 h, cleaved PARP was detected by western blotting
(A) and TUNEL assay (B) was performed.

2.4. In Vitro Plasma Stability of Gem-Thr

To recognize a substrate by amino acid transporters in cancer cells, the stability of the amide
prodrug with amino acid moiety, Gem-Thr, should be first possessed [18]. Thus, the stability of the
prodrug was investigated in PBS, rat plasma and liver microsomes for up to 8 h (Figure 5). Gem-Thr was
metabolically stable in PBS (pH 7.4), whereas 20% of Gem-Thr was metabolized in rat plasma after 8 h,
indicating Gem-Thr can be metabolized to gemcitabine by enzymes in plasma. Surprisingly, Gem-Thr
was metabolically stable in rat liver microsomal fractions, which contain high levels of cytochrome
P450 (CYP) enzymes, indicating the amide bond between gemcitabine and threonine cannot be readily
broken via phase I metabolism or enzymes expressed in liver microsomes. This concurs with the
results of a previous study on val-lapatinib and tyr-lapatinib, in which amide linkage was found to
result in appropriate metabolic stability in vitro [18]. Our results indicate the amino acid moiety of
Gem-Thr is likely both stable and recognized by the amino acid transporters in cancer cells.
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Figure 5. In vitro metabolic stabilities of Gem-Thr in PBS (A), plasma (B) and a liver microsome fraction
(C) (mean + SD, n = 3).

2.5. Comparison of Systemic Pharmacokinetics with Free Gemcitabine

The pharmacokinetic parameters of Gem-Thr and free gemcitabine after intravenous
administration in rats are summarized in Table 1. Concentrations of Gem-Thr and gemcitabine
and their summed concentrations in plasma were measured and compared to those of animals
administered free gemcitabine (Figure 6). After gemcitabine administration at 4 mg/kg, the oral
systemic exposure (i.e., AUC) and the measure of drug elimination form the body, CL, were found
to be 948.38 + 52.04 pug-min/mL and 4.23 £ 0.23 mL/min/kg, respectively, which concurred with
previously reported values [20]. The volume of distribution at steady state (Vss) and average time
for a drug molecule to reside in the body, MRT, values for gemcitabine were 2483.64 4 867.19 mL/kg
and 582.06 + 177.90 min (Table 1). After administration of Gem-Thr at 4 mg/kg i.v., the conversion
of Gem-Thr to gemcitabine was found to be probably due to amide bond cleavage, with similar
systemic exposure (i.e., AUC) between Gem-Thr and the formed gemcitabine. More importantly,
Gem-Thr increased systemic exposure (i.e., the AUC of gemcitabine) by 1.83-fold versus free
gemcitabine, and this was attributed to a significantly lower total CL value (0.60 vs. 4.23 mL/min/kg)
(Table 1). Furthermore, this suggests the amide prodrug approach improves the metabolic stability of
gemcitabine in vivo. Other pharmacokinetic parameters, such as, Vs and MRT, were also found
to be different for Gem-Thr and gemcitabine (Table 1). For example, MRT of gemcitabine for
Gem-Thr was greater than that for gemcitabine, indicating that formed gemcitabine from Gem-Thr
remains in the systemic circulation longer than free gemcitabine. In a previous study, an amide
prodrug of gemcitabine releasing gemcitabine and valproic acid was found to enhance gemcitabine
stability by blocking its deamination to uridine, and to prolong systemic exposure as compared with
gemcitabine alone [8]. Furthermore, the AUC of sum of Gem-Thr and the gemcitabine (metabolite) was
significantly higher (3.62-fold higher) than gemcitabine alone (Table 1). In our previous study, although
we first demonstrated the successful conversion and systemic circulation of the active metabolite
(doxorubicin) probably occurred due to amide bond cleavage, amide linked doxorubicin/valine failed
to improve pharmacokinetic properties including systemic CL [19]. On the other hand, Gem-Thr
showed enhanced gemcitabine stability in vivo and an increased AUC and decreased CL versus
gemcitabine. This enhanced systemic stability of Gem-Thr is likely to improve gemcitabine uptake by
cancer cells and to target amino acid transporters like LAT-1 transporters.
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Table 1. Comparison of pharmacokinetic parameters of Gem-Thr, formed gemcitabine and sum of
two species after intravenous administration of Gem-Thr at a dose of 4 mg/kg with those of free
gemcitabine alone at a dose of 4 mg/kg in rats (n = 3—4).

Pharmacokinetic Gem-Thr (4 mg/kg) Free Gemcitabine
Parameters Gem-Thr Gemcitabine Sum (4 mg/kg)
AUC (ug-min/mL) 1713.85 + 1082.40 1739.88 + 282.00 * 3437.92 4+ 1180.56 948.38 £+ 52.04
Terminal t; /, (min) 236.18 £+ 50.94 666.83 £ 271.49 537.23 £+ 227.78 532.68 £+ 177.90
CL (mL/min/kg) 2.85 + 1.33 0.60 £ 0.10 * 1.26 +0.39 423 +0.23
Vss (mL/kg) 662.35 + 281.40 545.57 4+ 263.01 * 770.96 + 435.31 2483.64 + 867.19
MRT (min) 237.18 £+ 20.87 907.18 £ 391.68 * 577.36 £+ 212.90 582.06 +177.90

Administration of dose for Gem-thr was 4 mg/kg, which is equivalent to 2.892 mg/kg for gemcitabine. Data
presents as mean =+ standard deviation (SD). * Significantly different from free gemcitabine group (p < 0.05).
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Figure 6. Plasma concentration-time profiles of Gem-Thr (prodrug), formed gemcitabine (metabolite),

the sum of Gem-Thr and formed gemcitabine and free gemcitabine. The intravenous pharmacokinetics
of Gem-Thr was compared to that of free gemcitabine (4 mg/kg, n = 4).

3. Materials and Methods

3.1. Materials

Commercial grade reagents and solvents were used without further purification. Thin layer
chromatography (TLC) was performed using precoated silica gel 60 F?>* plates and visualized using
anisaldehyde solution, heat, and UV light (254 nm). Flash column chromatography was undertaken
on silica gel (400-630 mesh). 'H NMR was recorded at 400 MHz and chemical shifts are quoted in
parts per million (ppm) versus an appropriate solvent peak or 2.50 ppm for DMSO-dg. The following
abbreviations were used to describe peak splitting patterns: br = broad, s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet
of doublets of doublets. Coupling constants, ], are reported in hertz (Hz). HPLC was conducted
using an Agilent HPLC unit equipped with an Agilent Poroshell 120 EC-C18 reverse phase column
(4.6 x 50 mm, 2.7 Micron) and mass spectroscopy was performed using a quadrupole LC/MS unit.

3.2. Synthesis and Characterization of DOX-Val

3.2.1. General Procedure for Preparing Gemcitabine Derivatives

To a solution of gemcitabine (1.0 equiv), 1l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (1.3 equiv), 4-methylmorpholine (1 equiv), and 1-hydroxybenzotriazole (1 equiv)
in DMF/DMSO (5 mL, 3:1) was added dropwise N-Boc protected amino acid (1.1 equiv) at room
temperature in a N atmosphere. The reaction mixture was then stirred in an oil bath at 55 °C for 17 h,
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cooled to room temperature and quenched by adding brine (5 mL). The mixture was then extracted
using ethyl acetate (3 x 10 mL) and the combined organic layer was washed with 20% LiCl solution,
saturated NaHCOj3 aqueous solution, and brine, dried over MgSOy, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (DCM/methanol = 15:1)
to afford the desired product 2. To a solution of the mixture of aforementioned intermediate in
anhydrous DCM (1 mL) was added 4N HCl in dioxane (1 mL). The mixture was then stirred for 12 h
at room temperature, solvent was removed, and the residue was purified by silica gel flash column
chromatography (DCM/methanol = 3:1) to afford the desired product 3.

3.2.2. (5)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-3-methylbutanamide (Gem-Val)

From the reaction of gemcitabine (27 mg, 0.104 mmol), 21 mg (56% for 2 steps) was obtained. H
NMR (400 MHz, Methanol-dy) 4 7.81 (d, ] =7.6 Hz, 1H), 6.21 (t, ] = 7.9 Hz, 1H), 6.04 (d, ] = 7.6 Hz, 1H),
451(d,]=75Hz, 1H),4.25 (td, ] =12.1, 8.3 Hz, 1H), 3.94 (dd, | = 12.7, 2.5 Hz, 1H), 3.88 (dt, ] = 8.4, 2.9
Hz, 1H), 3.78 (dd, ] =12.5, 3.2 Hz, 1H), 2.14 (h, ] = 6.8 Hz, 1H), 1.00 (dd, ] = 6.8, 5.5 Hz, 6H); MS/MS
m/z363.1 (M + 1)*.

3.2.3. (25,3R)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxylmethyl)tetra-
hydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-3-hydroxybutanamide2-(4-((pyridin-3-ylmethyl)
amino)quinazolin-2-yl)phenol (Gem-Thr)

From the reaction of gemcitabine (51 mg, 0.194 mmol), 24 mg (34%) was obtained. TH NMR
(400 MHz, Methanol-dy) 6 7.85 (d, ] = 7.6 Hz, 1H), 6.25-6.16 (m, 1H), 6.11 (d, ] = 7.6 Hz, 1H), 4.67 (d,
] =3.9Hz, 1H), 4.32-4.19 (m, 2H), 3.98-3.92 (m, 1H), 3.89 (dt, ] = 8.4, 2.9 Hz, 1H), 3.79 (dd, ] = 12.6, 3.3
Hz, 1H), 1.21 (d, ] = 6.4 Hz, 3H); MS/MS m/z 365.1 (M + 1)*.

(Gem-Thr-Boc intermediate) "H NMR (400 MHz, DMSO-dg) 5 10.99 (s, 1H), 8.27 (d, ] = 7.6 Hz,
1H),7.26 (d, ] =7.6 Hz, 1H), 6.49 (d, ] = 8.7 Hz, 1H), 6.32 (d, ] = 6.4 Hz, 1H), 6.18 (t, ] = 7.4 Hz, 1H),
5.31(t,] =5.5Hz, 1H), 4.89 (s, 1H), 4.25-4.11 (m, 2H), 4.08-4.00 (m, 1H), 3.89 (dt, ] = 8.5, 3.0 Hz, 1H),
3.85-3.77 (m, 1H), 3.65 (ddd, ] = 12.8, 6.0, 3.2 Hz, 1H), 1.39 (s, 8H), 1.09 (d, ] = 6.3 Hz, 3H); MS/MS m/z
465.1 (M + 1)*.

3.2.4. (5)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-3-(4-hydroxyphenyl)propanamide (Gem-Tyr)

From the reaction of gemcitabine (22 mg, 0.083 mmol), 27 mg (76%) was obtained. 'H NMR (400
MHz, Methanol-dy) § 7.77 (d, ] = 7.6 Hz, 1H), 7.08 (d, | = 8.5 Hz, 2H), 6.68 (d, | = 8.5 Hz, 2H), 6.25-6.13
(m, 1H), 5.93 (d, ] = 7.6 Hz, 1H), 4.23 (td, ] = 12.1, 8.2 Hz, 1H), 3.96-3.90 (m, 1H), 3.87 (dt, ] = 8.4, 2.9
Hz, 1H), 3.77 (dd, ] = 12.6, 3.2 Hz, 1H), 3.09 (dd, ] = 13.9, 6.3 Hz, 1H), 2.88 (dd, ] = 13.8, 8.2 Hz, 1H);
MS/MS m/z427.1 (M + 1)*.

3.2.5. (5)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-oxo0-1,2-dihydropyrimidin-4-yl)-4-(methylthio)butanamide (Gem-Met)

From the reaction of gemcitabine (38 mg, 0.146 mmol), 23 mg (40%) was obtained. TH NMR (400
MHz, Methanol-dy) § 7.83 (d, ] = 7.7 Hz, 1H), 6.34-6.13 (m, 1H), 5.99 (d, ] = 7.6 Hz, 1H), 4.83-4.73 (m,
1H), 4.25 (td, ] = 12.1, 8.2 Hz, 1H), 3.98-3.91 (m, 1H), 3.89 (dt, ] = 8.4, 2.8 Hz, 1H), 3.78 (dd, ] = 12.5,3.2
Hz, 1H), 2.55 (ddd, ] = 8.4, 6.4, 3.7 Hz, 2H), 2.23-2.11 (m, 1H), 2.09 (s, 3H), 2.07-1.89 (m, 1H); MS/MS
m/z395.1 (M + 1)*.

3.2.6.
(25,35)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-3-methylpentanamide (Gem-Ile)

From the reaction of gemcitabine (29 mg, 0.110 mmol), 20 mg (50%) was obtained. TH NMR (400
MHz, Methanol-dy) § 7.81 (d, ] = 7.6 Hz, 1H), 6.28-6.14 (m, 1H), 6.02 (d, ] = 7.6 Hz, 1H), 4.54 (d, ] = 8.1
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Hz, 1H), 4.25 (td, ] = 12.0, 8.2 Hz, 1H), 3.98-3.89 (m, 1H), 3.88 (dt, ] = 8.4, 2.9 Hz, 1H), 3.78 (dd, ] = 12.5,
3.3 Hz, 1H), 1.97-1.83 (m, 1H), 1.58 (ddd, ] = 13.6, 7.6, 3.4 Hz, 1H), 1.32-1.15 (m, 1H), 0.99 (d, ] = 6.8 Hz,
3H), 0.92 (t, ] = 7.4 Hz, 3H); MS/MS m/z 377.2 (M + 1)*.

3.2.7. (5)-2-Amino-N-(1-((2R 4R,5R)-3,3-difluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-4-methylpentanamide (Gem-Leu)

From the reaction of gemcitabine (19 mg, 0.073 mmol), 21 mg (77%) was obtained. "H NMR (400 MHz,
Methanol-d,) § 7.81 (d, ] = 7.6 Hz, 1H), 6.26-6.15 (m, 1H), 5.97 (d, ] = 7.6 Hz, 1H), 4.75-4.68 (m, 1H), 4.25
(td, ] = 12.1, 8.2 Hz, 1H), 3.98-3.91 (m, 1H), 3.88 (dt, ] = 8.3, 2.8 Hz, 1H), 3.78 (dd, ] = 12.5, 3.2 Hz, 1H),
1.77-1.56 (m, 3H), 0.98 (d, ] = 6.1 Hz, 3H), 0.95 (d, ] = 6.1 Hz, 3H); MS/MS m/z 377.2 (M + 1)*.

3.3. Characterization of Gemcitabine Prodrugs with Amino Acid

3.3.1. Cell Culture

Human pancreatic cancer cells (MIAPaCa-2, BxPC-3 and AsPC-1) [21], lung cancer cell lines
(A549) [22], human breast cancer cell lines (MDA-MB-231) [23] and melanoma cell lines (B16) [24]
were purchased from the American Type Culture Collection (Manassas, VA, USA). MIAPaCa-2 and
B16-F10 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin. Aspc-1, BxPC-3
MDA-MB-231 and A549 cells were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640)
medium supplemented with 10% FBS and 1% penicillin/streptomycin. FBS and all other reagents
used for cell culture were purchased from Invitrogen (Carlsbad, CA, USA). Cultures were maintained
at 37 °C in 95% air /5% CO; humidified atmosphere.

3.3.2. Reverse Transcription-PCR

Total LAT-1 RNA was isolated using Trizol reagent and subjected to reverse transcription-PCR
(Promega Corp.). The PCR primers used were LAT1, 5'-CCTCTGGGCCTGTTCTCTTG-3' (forward)
and 5-CTTGAGGCATGTCCACCTCC-3' (reverse). PCR reaction of forward and reverse genes was
performed using the Ex Tag DNA Polymerase Recombinant (TaKaRa, Tokyo, Japan), with final
concentrations of 1X PCR bulffer, 2.5 mM of dNTP mixture, 2.5 mM of MgCl,, 10 pmol of each primer
in a total reaction volume of 25 uL containing 1 uL of cDNA. Individual PCR amplification cycle of
forward or reverse genes was performed with an initial denaturation step at 94 °C for 3 min, followed
by 35 cycles (94 °C for 30 s; 55 °C for 60 s; 72 °C for 60 s), and finally with an elongation step at 72 °C
for 5 min. The DNA products were resolved using gel electrophoresis (1.5% agarose gel).

3.3.3. Western Blot Assays

BxPC-3 cells were washed with DPBS and lysed with RIPA buffer (Biosesang, Seongnam,
Korea) containing 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM
Tris-HCI (pH 7.5), 2 mM EDTA (pH 8.0), and Xpert protease inhibitor and phosphatase inhibitor
Cocktail (GenDEPOT, Barker, TX, USA). Proteins were separated by 8% or 15% SDS-PAGE (sodium
dodecylsulfate-polyacrylamide gel electrophoresis) and transferred to polyvinylidene fluoride (PVDF)
membranes. Protein transfer was confirmed using a Ponceau S staining solution (AMRESCO, Solon,
OH, USA), and the blots were then immunostained with appropriate primary antibodies (1:1000) and
secondary antibodies (1:5000) conjugated to horseradish peroxidase (HRP). Antibody binding was
detected using an enhanced chemiluminescence (ECL) reagent (Bio-Rad, Hercules, CA, USA) using
primary antibodies specific to proteins of interest, and proteins were detected using X-ray film and
enhanced chemiluminescence reagent. Primary antibodies against the following were used: LAT-1,
cleaved PARP (Cell Signaling Technologies, Beverly, MA, USA), GAPDH (Abcam, Cambridge, MA,
USA), and p-actin (Sigma Aldrich, St. Louis, MO, USA). Secondary antibodies were purchased from
Cell signaling technology.
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3.3.4. Cytotoxicity Assay in Pancreatic Cells

Cancer cell viabilities after treatment with gemcitabine or its derivatives were quantified using
MTT assay as described previously [25]. Briefly, cells were seeded onto 96-well plates at 3 x 103 cells
per well and incubated at 37 °C. The cells were treated with each compound at indicated concentrations
for 48 h and then, 20 uL of MTT labeling mixture was added to each well. After incubation for 4 h,
optical densities (OD) were determined using a microplate reader by measuring absorbances at 540 nm.

3.3.5. Terminal Deoxynucleotidyl Transferase-Mediated Nick End Labeling (TUNEL) Assay

TUNEL assay was conducted with the ApopTag® Peroxidase In Situ Apoptosis Detection Kit
(Merck Millipore, Burlington, MA, USA). Briefly, BxPC-3 cells were seeded onto 18-mm cover glasses
in medium and grown to ~70% confluence over 24 h. Cells were then treated with 1 uM of gemcitabine
or Gem-Thr for 24 h, fixed in an ice-cold mixture of acetic acid and ethanol solution, washed with
DPBS, TUNEL stained, mounted, and examined under a light microscope for nuclear fragmentation.

3.4. In Vitro Metabolic Stability of Gem-Thr

The metabolic stability of Gem-Thr was examined in the presence of PBS (pH 7.4), rat plasma,
or liver microsomes as described previously (Maeng et al., 2014). Fresh rat plasma was obtained
from sacrificed SD rats (260-280 g) after centrifuging blood (12,000 g, 15 min). Rat liver microsomes
were obtained from BD Gentest. Gem-Thr (10 uM) was spiked into PBS, blank rat plasma, or liver
microsomes (1 mg protein/mL) and incubated in a shaking water bath at 37 °C for 8 h. Aliquots
(50-puL) were taken after 0, 15, 30, 60, 120, 240, 260, or 480 min of incubation, immediately pretreated
with ice-cold methanolic solution including the internal standard, vortexed for 3 min and centrifuged
(12,000 g, 10 min). Supernatants were stored at —80 °C until required for analysis.

3.5. Systemic Pharmacokinetics Study of Gem-Thr in Rats

This study was performed in male Sprague-Dawley (SD) rats (Orient Bio, Sungnam, Korea),
as described previously [26]. Rats were provided water and food ad libitum and maintained under
a 12:12-h light/dark cycle. On the experimental day, a femoral vein and contralateral artery were
cannulated using an Intramedic™ polyethylene tube (PE-50; Becton Dickinson Diagnostics, Sparks,
MD, USA) under Zoletil induced anesthesia (50 mg/kg intramuscularly; Virbac, Carros, France).
For the intravenous pharmacokinetic study, Gem-Thr or gemcitabine solution were injected into a
femoral vein at 4 mg/kg. Blood (~0.22 mL) was taken from the femoral artery at 0 (blank), 1, 5, 15,
30, 60, 120, 240, 480, 720, or 1440 min. To prevent blood loss, the same volume of normal saline was
injected intravenously at each time point. Plasma was obtained immediately centrifugation and then
stored at —80 °C prior to LC-MS/MS.

The pharmacokinetic parameters of Gem-Thr, gemcitabine, Gem-Thr plus gemcitabine, and free
gemcitabine were calculated by non-compartmental analysis using WinNonlin (Version 3.1; Pharsight,
Mountain View, CA, USA), as described previously (Park et al., 2016).

3.6. Analysis of Gem-Thr and Gemcitabine by LC-MS/MS

To determine concentrations of Gem-Thr and gemcitabine in rat plasma, plasma samples were
deproteinized by adding two volumes of acetonitrile containing internal standard (phenacetin). After
mixing, mixtures were centrifuged at 14,000 x g for 10 min.

Aliquots of supernatants (2-uL) were injected into the LC-MS/MS system, which consisted of an
Agilent HPLC and an Agilent 6490 QQQ mass spectrometer equipped with an ESI+ Agilent Jet Stream
ion source (Agilent Technologies, Santa Clara, CA, USA). The separation of each drug and IS from
endogenous plasma substances was achieved on a Synergi Polar-RP 80A column (150 x 2.0 mm, 4 um;
Phenomenex, Torrance, CA, USA). The mobile phase consisted of 0.1% formic acid and acetonitrile
(20:80, v/v) at a flow rate of 0.2 mL/min. The column and autosampler tray were maintained at 25 and
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4 °C, respectively. Gemcitabine, Gem-Thr, and the IS were quantified by multiple-reaction monitoring
(MRM) in positive electrospray ionization mode. Respective precursor-to-product ion transitions
were as follows: Gemcitabine, 264.1—112.1, Gem-Thr, 387.1—343.2, and IS (phenacetin), 180.2—162.2.
Data acquisition was performed using Mass Hunter software (ver. A.02.00; Agilent Technologies).

3.7. Statistical Analysis

Results are expressed as means =+ standard deviations (SDs). Differences between group means were
analyzed using the two-tailed Student’s f-test. Statistical significance was accepted for p values < 0.05.

4. Conclusions

Various amino acid derivatives of gemcitabine were successfully synthesized by forming amide
bonds. Of the six derivatives of gemcitabine synthesized, Gem-Thr most effectively killed pancreatic
cancer cells, in which LAT-1 was overexpressed. Our in vitro metabolic stability showed Gem-Thr
is stable in PBS, plasma and a liver microsomal fraction, which demonstrated Gem-Thr is stable in
cancer cells overexpressing amino acid transporter. Interestingly, our systemic pharmacokinetic results
suggested that the amide prodrug approach improves the metabolic stability of gemcitabine in our
in vivo model due to reduced decreased metabolic clearance. To the best of our knowledge, this is
the first report on the cytotoxic effects of an amino acid transporter-targeting gemcitabine prodrug,
produced by the introduction of threonine, on pancreatic cancer cells. Although the in vitro anti-cancer
effect of Gem-Thr was only slightly superior to that of free gemcitabine, this improved pharmacokinetic
property of Gem-Thr may have substantial anti-cancer effects in pancreatic cancer.
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Abstract: Cis/trans isomerization of amide bonds is a key step in a wide range of biological and
synthetic processes. Occurring through C-N amide bond rotation, it also coincides with the activation
of amides in enzymatic hydrolysis. In recently described QM studies of cis/trans isomerization
in secondary amides using density functional methods, we highlighted that a peptidic prototype,
such as glycylglycine methyl ester, can suitably represent the isomerization and complexities arising
out of a larger molecular backbone, and can serve as the primary scaffold for model structures with
different substitution patterns in order to assess and compare the steric effect of the substitution
patterns. Here, we describe our theoretical assessment of such steric effects using tert-butyl as
a representative bulky substitution. We analyze the geometries and relative stabilities of both
trans and cis isomers, and effects on the cis/trans isomerization barrier. We also use the additivity
principle to calculate absolute steric effects with a gradual increase in bulk. The study establishes that
bulky substitutions significantly destabilize cis isomers and also increases the isomerization barrier,
thereby synergistically hindering the cis/trans isomerization of secondary amides. These results
provide a basis for the rationalization of kinetic and thermodynamic properties of peptides with
potential applications in synthetic and medicinal chemistry.

Keywords: density functional theory; cis/trans isomerization; secondary amides; dipeptides; steric
effects; tert-butyl; additivity principle

1. Introduction

The chemistry of the amide bond has attracted the interest of chemists with diverse specializations.
Its unique characteristics arise from the delocalization of electrons from nitrogen to the carbonyl group,
which confers a partial double-bond character to the C-N bond and stabilizes a planar geometry with
a relatively high energy rotational barrier that hinders the free rotation, giving rise to cis and trans
isomers [1-3]. The resonance effect also protects the amide moiety against nucleophilic attacks at
the carbonyl carbon (e.g., it is virtually immune to hydrolysis at ambient temperature and pH in
non-enzymatic conditions); hence, it is a common practice to activate amides using Lewis acids for
chemical transformation. However, studies on enzymatic hydrolysis of amides have revealed that
distortion in the amide bond planarity via C-N bond rotation also results in amide bond activation,
increasing susceptibility to nucleophilic attack [4-6]. Cis/trans isomerization is one phenomenon
whereby the amide moiety loses its planarity, as significant geometric and hybridizational changes
occur throughout C-N bond rotation [7]. Therefore, information regarding the stabilities of cis and trans
forms of amides, C-N bond rotation in terms of cis/trans isomerization, and relevant energy barriers can
be useful for understanding the activation by deformation for a variety of amides, especially peptides.

While 3°-amides (e.g., prolyl peptide bonds) have often been observed to undergo cis/trans
isomerization due to small energy differences between cis and trans isomers [8-10], 2°-amides
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also undergo cis/trans isomerization via higher energy states in diverse important phenomena,
such as chemo-mechanical cycling of motor proteins [11], the protein folding [12-14] and catalytic
activity [15] of enzymes (such as cyclophilin A), cascade dissociation of peptide cation radicals
for peptide sequencing [16], and cyclization reactions of peptides (e.g., as in the formation of
piperazine-2,5-diones) [17].

With advances in computational capabilities since the 1990s, theoretical studies on trans and cis
isomers of 2°-amides and their interconversion have revealed diverse phenomena, such as: effects of
pyramidalization of the amide and geometries of transition states [18]; the role of conjugation [19];
simulated solvent effects with molecular dynamics [20]; comparison of theoretically obtained rotational
barrier values with experimental values [21,22]; and the generation of ensembles of transition state
geometries [23]. Recently, we have conducted theoretical studies [7,24] on secondary amides using
density functional methods and molecular dynamics to provide a detailed account of geometry changes
during cis/trans isomerization, as well as the effects of solvent models, using glycylglycine methyl ester
(GGMe, Figure 1) as an example. We described that cis/trans isomerization can occur via either of the two
paths: one via the anti-type transition state, and one via the syn-type transition state (Figure 2). We also
showed that the salient features of the cis/trans isomerization remained consistent when the studies were
extended from N-methylacetamide to the peptidic scaffolds of GGMe, thus serving as a simple peptide
prototype to study conformational flexibilities and complexities relevant to larger molecular backbones.
In the present work, we extend our studies to substituted derivatives of GGMe (Figure 1).

M e GGMe
w: C2-C3-N4-C5 $©: C3-N4-C5-C6
Q¥ N1-C2-C3-N4 ()< N4-C5-C6-07

Substituted GGMe

Figure 1. The structures of glycylglycine methyl ester (left) and the substituted GGMe scaffold (right).
The relevant dihedral angles are defined by reference to the GGMe atom names (left).
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Figure 2. Two paths of cis/trans isomerization via the syn transition state (TSgy,,) and anti transiton
state (TS,,;;), respectively. R and RP represent substitutions attached to the carbonyl carbon and amide
nitrogen, respectively. For simplicity, the rotation is shown only for positive w values between 0° (cis)
and 180° (trans). See [7] for more details.

It has been observed experimentally [25,26] that the steric bulk on both sides of the amide
moiety affects the cis/trans isomerization barrier. This demonstrates the key role of amino-acid
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side-chains in peptides in the rate of isomerization and extent of equilibria between the two
isomers. Corresponding attempts have been made to tailor the flexibility of the rotamers and overall
conformations by introducing constraints, such as intramolecular hydrogen bonding and/or steric
bulk around the amide bonds [27,28]. In addition to targeted flexibility design, the use of unnatural
isomers (especially D-amino acids) and the introduction of N-alkylated chains or functionalities in
peptide chemistry for the generation of novel peptidomimetics [29,30] provide further variation of the
steric bulk around the peptide bond (as well as diversification towards enzymatic activation). Thus,
a systematic theoretical study on the effect of steric bulk on the relative stabilities of trans and cis
isomers and their interconversion via cis/trans isomerization is in order.

The diversity of side chains and substitutions, along with their differing extents of steric effects,
greatly complicates their study. Bigger and bulkier side chains and substitutions introduce more
potential interactions, asymmetry, flexibility, and resonance effects, and hence have prohibitively greater
demands for CPU time for QM studies at higher levels of theory. Hence, a systematic study requires
representative substitution group(s) that can serve to introduce simple “bulk”, devoid of any resonance
or hydrogen-bonding effects. With the A value > 4 [31,32] and v value = 1.2 [33,34], the tert-butyl
group can therefore be an ideal choice for “bulk”. In synthetic chemistry also, it is a common practice to
use tert-butyl groups as bulky substitutions to analyze the effect of steric bulk [35-37].

With this background, we present our theoretical assessment of the impact of stereospecific
patterns of steric bulk on x-carbons and the N-terminal amino group with respect to the geometries of
the trans and cis isomers, their relative stabilities, and effects on the cis/trans isomerization barrier.

2. Results and Discussion

2.1. Model Structures

The GGMe structure was taken as the primary scaffold to introduce bulk at different positions.
As shown in Figure 1, among the available three positions for substitutions, two are x-carbons of
amino acids and are thus chiral centers. In line with the natural amino acids, the default configuration
of substitution at x-carbons was kept as the S-configuration. However, when both chiral centers had
substitutions (i.e., where neither R? nor R® was hydrogen), the R? configuration was kept constant
(5), and both isomers with different configurations (R and S) of R3 were included. Hence, along with
compounds with the natural S-configuration, two compounds with unnatural R-configurations at the
a-carbon were also included. Thus, a total of 10 model structures with different substitution patterns
of tert-butyl groups were generated, as summarized in Table 1 and Figure 3.

Table 1. Model structures and their substitutions.

Compound ? R! R? R3
NO0000
(GGMe) H H H
NO0010 H H S-t-Bu
NO0100 H S-t-Bu H
NO0110 H S-t-Bu  S-t-Bu
NO011'0 H S-t-Bu  R-t-Bu
N1000 t-Bu H H
N1010 t-Bu H S-t-Bu
N1100 t-Bu S-t-Bu H
N1110 t-Bu S-t-Bu  S-t-Bu
N111°0 t-Bu S-t-Bu  R-t-Bu

@ The first, second, and third digits in the name of each compound represent the variants of R!, R?, and R3,
respectively. The fourth digit (0 in all) represents methyl ester and is specified in order to enable comparison to
future variation at this site.
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Figure 3. GGMe and its tert-butyl-substituted derivatives as model dipeptide esters.
2.2. Trans Geometries

In both gas and water phases (Figures 4 and 5), the optimized minimum energy geometries
of trans isomers showed an interesting blend of peptidic features with many of the characteristics
previously observed for GGMe [24]. For example, due to the absence of an amide group at the
C-terminal, Cy-forms (y-foldings) were not observed and the geometries with unsubstituted chiral
carbons showed a preference for the extended planar Cs-form [38]. However, the substitutions at chiral
carbons introduced peptidic folding. A majority of geometries also showed the presence of a hydrogen
bond between the N-terminal amino group and amidic hydrogen [38].

The amide bond planarity is often described quantitatively in terms of the dihedral, w.
The minimum energy geometries showed that the presence of bulky groups on both «-carbons
can cause distortion in the amide bond planarity beyond £5° of ideal perfect planarity (Table 2),
and therefore can be used as an alternate approach towards acyclic twisted amides in combination
with non-covalent bonding strategies.

In order to assess the magnitude of steric factors in terms of energy (*'E), the energy values
calculated based on the additivity principle [31] for tert-butyl-substituted structures (A44E) were
compared with their direct energy estimates for their minimum energy geometries (°P'E). As explained
in Figure 6A, the energy difference between methane and neopentane was taken to represent the
additive energy value of tert-butyl substitution on an sp3-carbon (Ey, ), while the energy difference
between ammonia and fert-butylamine was taken to represent the additive energy value of tert-butyl
substitution on pyramidal sp3-nitrogen of the amino group (Ey,). Both values were calculated for
both gas and water phases (Tables 3 and 4) each. Then, as shown in Figure 6B, the energy value for the
optimized minimum energy geometry of N0000 (GGMe), or °P*Enggo, was taken as the basis for the
calculations of other compounds having tert-butyl substitutions on the x-carbon or amino nitrogen.
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NO0OOt_GP NOO010t_GP NO100t_GP NO110t_GP

i

N1000t_GP N1010t_GP N1100t_GP

N1110t_GP

Figure 4. Optimized minimum energy geometries of substituted GGMe derivatives in the gas phase,
where all geometries are aligned at the amide moiety. The distance between N-terminal amino nitrogen
and amidic hydrogen, in magenta, highlights the presence (or absence when distance > 2.3 A) of the
H-bond between the two atoms. The “t” after the compound name indicates the “trans” isomer.

NOOOOt_WP NOO10t_ WP NO110t_ WP

NO11'0t_WP N1000t_ WP N1010t_WP N1100t_WP

N1110t_WP N111'0t_WP

Figure 5. Optimized minimum energy geometries of substituted GGMe derivatives in the water phase,
where all geometries are aligned at the amide moiety. The distance between N-terminal amino nitrogen
and amidic hydrogen, in magenta, highlights the presence (or absence when distance > 2.3 A) of the
H-bond between the two atoms. The “t” after the compound name indicates the “trans” isomer.
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For each compound, the additive energy value (AY4E) was determined by the addition of

corresponding additive energy values of the tert-butyl group (Ey,), depending on the atom of attachment
(carbon or nitrogen), number of tert-butyl groups, and the phase (gas or water). The steric effect (*'E)
was calculated as the difference between A99E and the energy values for optimized minimum energy
geometries of respective compounds (°P'E) in their respective phase—that is, the gas or water phases

(Tables 5 and 6).

Table 2. Values (in degrees) of different dihedrals for the minimum energy geometries of different
compounds in gas and water phases. The presence of bulky groups on both «-carbons can cause
distortion in the planarity of amide moiety in terms of the w dihedral, as highlighted in grey.

Compound Gas Phase Water Phase
wN w o€ € N w o€ »C
NO0000t 12.8 178.3 175.6 —179.3 15.2 179.2 178.5 —177.4
NO0010t —14.3 177.0 —122.7 141.7 —19.3 178.8 —124.4 142.6
NO100t —22.8 —179.7 —-173.1 178.8 —40.5 —-177.9 66.3 —146.4
NO110t —23.8 169.5 —114.3 141.2 —50.8 171.3 —135.3 152.0
NO011'0t 143 —178.8 123.0 —140.9 134 178.5 127.3 —143.2
N1000t —15.6 —178.0 —-179.1 179.6 12.7 179.5 175.3 —177.3
N1010t -179 176.6 —123.7 141.8 —-12.2 178.7 —127.5 1414
N1100t 140.7 177.5 —175.0 —-179.9 134.6 174.6 —163.7 171.2
N1110t —27.1 172.5 —117.0 140.5 —-32.7 174.2 —123.1 1411
N111°0t 143.0 —169.7 127.2 —1453 148.2 —173.4 136.1 —147.7
The “t” after the compound name indicates the “trans” isomer.
{%cm CH,
{%NHZ NH,
Neopentane \ /
i.e. tert-Butyl Methane i
substituted methane tert-Butylamine Ammonia

minimum energy minimum energy
geometry for each geometry for each

A l Energy of optimized l l Energy of optimized J

: opt, . : opt H
1P P'Emethane | L P, P'EAmmonia |

c- - N _ optp, = op
Et,® = ®PEpp = *P'Erethane Ew" = ®Etpa = °Eammonia

" o )’/\’,H ° }\H o
HzNwNJkO/ H,N N\)ko/ LN ",_\%o/
o o] H o A

B NOOGO 5 N1110: 1 tert-Bu on sp® nitrogen
! : .
L NO100: 1 tert- Btlon sp” carbon + 2 tert-Bu on sp’ carbon
°P'Engooo °P'Enot00 °PEntro
Ad9EN0100 = °P'Enoooo F Ees® A49Ent110 = *'Enoooo + Exp™ + 2°Eq,©
‘ *Enoto0 = *Enot0o 'AddENmoo‘ ‘ *Entrto = ®PEniro = A“Ennro

Figure 6. Using the additivity principle: (A) Calculation of the additive energy values of tert-butyl
substitution (B) Calculation of the magnitude of the steric effect in terms of energy based on GGMe,
explained with examples of N0100 and N1110.
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Table 3. Calculation of tert-Bu additive energy in the gas phase.

Compound OPtE Attachment Point tert-Bu Additive Energy kcal mol~! (Egy,)
NH; —35,508.975 .
tert-Bu-NH, —134,218.106 sp’ nitrogen By = —98,709.131
CHy —25,437.531
tert-Bu-CHj —124,149.665 sp’ carbon Eqp© = —98,712.134
Table 4. Calculation of tert-Bu additive energy in the water phase.
Compound OP'E Attachment Point  fert-Bu Additive Energy Kcal mol~! (Eg,)
NH; —35,514.577 .
tert-Bu-NH, — —134,222.223 sp” nitrogen EyN = —98,707.646
CHy4 —25,436.175
tert-Bu-CH ~ —124,148.137 sp’ carbon B = —98,711.962

Table 5. Calculation of steric energies in the gas phase.

Compound 2 OPtE No. of t-Buon  No. of t-Bu on Addg StE
kcal mol ! sp® Nitrogen sp® Carbon kcal mol ! kcal mol !
NO00Ot —333,806.071 —333,806.071 0
NO010t —432,516.46 1 —432,518.205 1.745
NO0100t —432,515.901 1 —432,518.205 2.304
NO110t —531,225.709 2 —531,230.339 4.63
NO0110t —531,225.494 2 —531,230.339 4.845
N1000t —432,514.375 1 —432,515.202 0.827
N1010t —531,224.575 1 1 —531,227.336 2.761
N1100t —531,222.518 1 1 —531,227.336 4.818
N1110t —629,932.315 1 2 —629,939.47 7.155
N111'0t —629,931.92 1 2 —629,939.47 7.55
2 The “t” after the compound name indicates the “trans” isomer.
Table 6. Calculation of steric energies in the water phase.
Compound 2 Solvation Energy OPLE No. of -Buon  No. of t-Bu on Addg StE
(kcal mol~1) kcal mol 1 sp® nitrogen sp® carbon kcal mol™ kcal mol 1
N ~16.33 —381,811.506 —381,811.506 0
NO0010t —16.85 —480,519.643 1 —480,523.468 3.825
NO100t ~14.86 —480,518.077 1 —480,523.468 5391
NO110t —16.1 —579,224.507 2 —579,235.43 10.923
NO11°0t ~12.66 579205518 2 579,235.43 9.912
N1000t —11.16 —480,518.478 1 —480,519.152 0.674
N1010t ~15.97 ~579,226.192 1 1 —579,231.114 1922
N1100t —13.47 —579,222.324 1 1 —579,231.114 8.79
N1110t —11.49 —677,932.254 1 2 —677,943.076 10.822
N111°0t —11.34 —677,929.486 1 2 —677,943.076 13.59

2 The “t” after the compound name indicates the “trans” isomer.

The trend, as shown in Figure 7, suggests that adding a bulky substitution to an c-carbon results
in a considerable steric effect. The bulky substitution on the N-terminal x-carbon has a slightly larger
impact than that on the C-terminal «-carbon. A bulky substitution on the N-terminal amino nitrogen also

leads to a steric effect that is consistently present across corresponding pairs, becoming stronger with

bulk on «-carbons. This steric effect seen in terms of energies is also reflected in strained geometries,

and is stronger when using the polarizable continuum model (the water phase). The comparison
between different substitution patterns using the additivity principle provides interesting insights about
the importance of the hydrogen bond between the N-terminal amino nitrogen and the amide hydrogen
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for conformational stability. For example, the difference between the stabilities of the minimum energy
conformers of N0010 and N0100 in the gas phase is ~0.5 kcal mol !, but with fert-butyl substitution on
the N-terminal nitrogen (N1010 and N1100), the same stability difference increases to ~2.0 kcal mol 1,
as N1100 lacks the hydrogen bond (Figure 4). Similarly, in the water phase, the minimum energy
geometry of NO11°0 is more stable (by ~1 kcal mol~!) than that of N0110, while N1110 is more stable
(by ~2.7 kcal mol~!) than N111°0. Both of the more stable geometries (N011’0 and N1110) show the
presence of the hydrogen bond, while both less-stable geometries lack it (Figure 5). Additionally, as is
evident from Figure 8, the fert-butyl groups in the less-substituted N0110 and N011’0 can remain apart,
but the same is not possible for the highly substituted geometries of N1110 and N111’0 with their
additional bulk on the N-terminal amino nitrogen, ultimately resulting in the higher energy difference.

Steric effect for trans isomers

16
14
12

| J i‘

NOO0Ot N0010t NO100t NO110t NO11'0t N1000t N1010t N1100t N1110t N111'0t

Steric effect (kcal mol?)

o N B O

M Calculated steric effect (Gas Phase) M Calculated steric effect (Water Phase)

Figure 7. Calculated steric effect for trans-isomers in the gas and water phase, using the additivity
principle. The “t” after the compound name indicates the “trans” isomer.

NO!WOLWP ~ NO11'0t_WP

N1110t_WP N111°'0t_WP
Q «

Figure 8. Comparison of minimum energy geometries of N0110, N011’0, N1110, and N111'0 in the
water phase. The “t” after the compound name indicates the “trans” isomer.

100



Molecules 2018, 23, 2455

2.3. Cis Geometries

In line with the trans isomers, the minimum energy geometries of the cis isomers of the compounds
in both gas and water phases showed a preference for the extended form at unsubstituted a-carbons,
but also showed folding at substituted x-carbons (Figures 9 and 10). With both x-carbons in proximity
of each other in the cis-geometries, the impact of steric bulk was evident from the strained geometries.
For example, compounds N0010, N0110, and N1110 in the gas phase show similar chain-folding,
but the dihedral @ for the C-terminal residue shows dramatic changes, while the tert-butyl groups
on both «-carbons are also forced to come closer (Figure 11). With the tert-butyl group only on the
C-terminal «-carbon, the dihedral ® for N0010 stands at —115°, which narrows sharply to —81° with
the addition of a tert-butyl group at the N-terminal x-carbon, as both tert-butyl groups try to stay apart
(2.82 A) by pushing the amino and ester moieties towards the other side. However, the repulsion due
to another tert-butyl group on the amino nitrogen in N1110 counteracts this and broadens the @ to
—87°, in turn “squeezing” the tert-butyl groups on both a-carbons even closer (2.49 A).

N0000c_GP N0010c_GP N0100c_GP N0110c_GP

NO11'0c_GP N1000c_GP N1010c_GP N1100c_GP

N1110c_GP N1110c_GP

Figure 9. Optimized minimum energy geometries of the cis isomer of the substituted GGMe derivatives in

u

the gas phase; all geometries are aligned at the amide moiety. The “c” after the compound name indicates

the “cis” isomer.
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NO000c_WP NO0O10c_WP NO100c_WP NO0110c_WP

NO11'0c_WP N1000c_WP N1010c_WP N1100c_WP

-

N1110c_WP N111'0c_WP

Figure 10. Optimized minimum energy geometries of the cis isomers of the substituted GGMe
ar

derivatives in the water dielectric phase; all geometries are aligned at the amide moiety. The
after the compound name indicates the “cis” isomer.

N0010c_GP NO110c_GP N1110c_GP

Figure 11. Comparison of cis geometries of N0010, N0110, and N1110 in the gas phase shows increasing
after the compound

u_r
C

strain in the geometries with the successive addition of tert-butyl groups. The
name indicates the “cis” isomer.

2.3.1. The Relative Stabilities of Cis vs. Trans Isomers

Tables 7 and 8 describe the relative energies of the minimum energy cis geometries in gas and water
phases, respectively, along with the corresponding Gibbs free energy change estimates. Interestingly,
the relative energy values of the minimum energy geometries of most cis isomers (compared to the
minimum energy geometries of the trans isomers) were found to be higher in the gas phase than in
the water phase (Figure 12). This may be attributed partially to the fact that the trans isomers in the
water phase already have much higher energy values than the corresponding gas-phase structures,
as revealed in steric-factor calculations using the additivity principle for the trans isomers. Furthermore,
the solvation energy values for most cis isomers are higher (i.e., more negative) than corresponding
trans isomers by 2-3 kcal mol~L. This indicates better stabilization/solvation of the cis isomers than
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the trans isomers in the water phase, which may, in turn, be attributed to the higher dipole moment of
cis isomers compared to trans isomers, as is evident from Figure 13.

Table 7. Dihedral angles (in degree) and relative energies of minimum energy cis isomers in the gas phase.

Compound ? PN w o€ P€ AEPY AG*
NO0000c 179.9 0.1 —-179.9 179.8 4.63 492
NO0010c —176.7 —6.1 —115.2 132.8 5.23 5.14
NO0100c 130.7 —24 —1785 —179.3 5.12 492
NO0110c 130.0 -85 —80.9 1319 6.17 6.07
NO011'0c 131.2 0.0 127.3 —136.5 4.96 5.18
N1000c —162.2 2.1 —177.6 178.5 5.02 5.77
N1010c —158.2 —5.1 —121.5 135.7 5.67 6.11
N1100c 137.5 —6.4 —175.1 —178.3 5.17 5.05
N1110c 138.9 —3.5 —86.9 132.0 7.52 7.71
N111'0c 140.4 6.9 104.4 —143.9 7.52 7.61

2 The “c” after the compound name indicates the “cis” isomer. ® Gas-phase energy relative to the minimum energy
trans geometry, calculated in kcal mol ! at the B3LYP/ 6-311++G(3df,3pd) level. © Gibbs free energy change at
298.15 K relative to minimum energy trans geometry, calculated in kcal mol~! at the B3LYP/6-31++G** level.

Table 8. Dihedral angles (in degree) and relative energies of minimum energy cis-isomers in the water
dielectric phase.

Compound Solvation Energy (kcal mol~1) oN w o€ PC© AEY  AG®
N0000c —19.43 179.5 0.1 —179.6 179.7 2.03 21
N0010c —17.85 —163.8 —0.6 —129.8 1444 297 29
N0100c —16.88 1275 -21 —-1764 —-1774 211 2.3
N0110c —15.67 1282 43 —80.8 143.6 1.38 17
NO011'0c —14.7 130.7 8.3 133.4 —1419 280 24
N1000c —19.86 —1740 07 —167.2 178.3 2.79 29
N1010c —18.63 —159.0 0.0 —128.3 143.1 3.34 3.1
N1100c —14.35 140.1 0.7 113.8 —163.8 392 3.7
N1110c —11.87 1346 —54 —94.3 138.8 7.66 8.1
N1110c —11.76 141.2 9.5 109.1 —1475  4.86 4.94

2 The “c” after the compound name indicates the “cis” isomer. ® Water phase energy relative to the minimum
energy trans geometry, calculated in kcal mol ! at the B3LYP/6-311++G(3df,3pd) level. © Gibbs free energy change
at 298.15 K relative to minimum energy trans geometry, calculated in kcal mol~! at the B3LYP/6-31++G ** level.

Energy of cis isomers relative to trans isomer
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Figure 12. Energies of minimum-energy geometries of cis isomers relative to that of trans-isomers in
the gas phase (blue bars) and the water phase (green bars). The
the “cis” isomer.

u_
C

after the compound name indicates

103



Molecules 2018, 23, 2455

<--Solvation energy -Dipole moment -->
(kcal mol?)

Dipole

KN
o

=
(%

o
S}

'
N
v

NOO10t
N0O010c

moment and solvation energy

Compounds and conformations

N111'0t

N111'0c

Figure 13. Comparison of the dipole moment and solvation energy for trans and cis isomers (denoted
by the “t” and “c” after the compound names, respectively).

2.3.2. The Effect of Bulk on Cis Isomers

Tables 9 and 10 describe the calculation of steric effects on cis-isomers based on the additivity
principle in the gas and water phases respectively, which show a trend similar to that for the
trans-isomers (Figure 14), as discussed in Section 2.2.

Table 9. Steric-factor effect on the cis-isomer based on the additivity principle in the gas phase.

Compound OPtE No. of t-Buon  No. of £-Bu on Addg StE
a kcal mol ! sp® Nitrogen sp® Carbon kcal mol—! kcal mol 1

NO0000c —333,801.441 —333,801.441 0
NO0010c —432,511.233 1 —432,513.575 2.342
NO0100c —432,510.785 1 —432,513.575 2.79
NO0110c —531,219.543 2 —531,225.709 6.166
NO011'0c —531,220.53 2 —531,225.709 5.179
N1000c —432,509.352 1 —432,510.572 1.22
N1010c —531,218.91 1 1 —531,222.706 3.796
N1100c —531,217.348 1 1 —531,222.706 5.358
N1110c —629,924.792 1 2 —629,934.84 10.048
N111"0c —629,924.4 1 2 —629,934.84 10.44

u_n

@ The “c” after the compound name indicates the “cis” isomer.

Table 10. Steric-factor effect on the cis-isomer based on the additivity principle in the water phase.

Compound OPtE No. of t-Buon  No. of t-Bu on Addg S'E
a kcal mol ! sp® Nitrogen sp® Carbon kcal mol ! kcal mol !

NO0000c —333,819.556 —333,819.556 0

NO0010c —432,526.761 1 —432,531.518 4.757
NO0100c —432,526.055 1 —432,531.518 5.463
NO0110c —531,233.207 2 —531,243.48 10.273
NO011"0c —531,232.806 2 —531,243.48 10.674
N1000c —432,525.775 1 —432,527.202 1.427
N1010c —531,232.932 1 1 —531,239.164 6.232
N1100c —531,228.49 1 1 —531,239.164 10.674
N1110c —629,934.673 1 2 —629,951.126 16.453
N111'0c —629,934.711 1 2 —629,951.126 16.415

@ The “c” after the compound name indicates the “cis”
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Steric effect for cis isomers

N0000c NO0010c N0100c NO110c NO11'0c N1000c N1010c N1100c N1110c N111'Oc

= = N
o v o

wv

Steric effect kcal mol?

M Calculated steric effect (Gas Phase) M Calculated steric effect (Water Phase)

Figure 14. Steric effect for cis-isomers in the gas and water phases using the additivity principle.
The “c” after the compound name indicates the “cis” isomer.

2.4. Cis/Trans Isomerization Barrier

The calculation of energy barriers for substituted derivatives of GGMe is a complex task. As we
have previously reported [7], the existence of multiple rotamers makes it difficult to identify every
possible transition state. In the case of GGMe, however, the lack of substitutions on x-carbons still
significantly simplifies the calculation, as the isomerization study along the rotation coordinate w
between 180° and 0° suffices due to the symmetry. This becomes more complex with the introduction
of substitutions and stereospecificity at -carbons, which introduces asymmetry along the rotation
coordinates, such as the w-dihedral, resulting in different energy barriers for rotation along the positive
vs. negative directions of rotation, with the simultaneous existence of multiple rotamers. Therefore,
the number of possible transition-state conformations increases enormously.

In order to simplify this complex problem, it was necessary to use a specific method to enable
comparison among same types of geometries for different compounds. Such a comparison can provide
information about the overall effect of substitution patterns, if not for specific conformers. From the
examples of N-methylacetamide and GGMe [7], it became evident that the energy-barrier geometries
obtained with stepwise RCS would provide a reasonably accurate estimation of transition states and
corresponding energies. Therefore, we decided to find energy-barrier geometries (EBGs) to estimate
energy-barrier values. For compounds without substitutions on the x-carbon, the calculation in one
direction (between 0° and 180°, or between 180° (=—180°) and 360° (=0°)) was sufficient. However,
for other substituted compounds, calculation in both directions was carried out. Correspondingly,
from the trans isomers, syn EBGs were obtained close to w = £60° and from the cis isomers, anti EBGs
were obtained close to w = £120°. Figures 15 and 16 represent the most stable energy barrier geometry
for each compound in the gas phase and water phase, respectively.

Tables 11 and 12 describe energy-barrier values corresponding to syn/anti EBGs in the gas phase
and water phase, respectively. It is evident that the energy-barrier value strongly depends on the
direction of rotation for compounds with substitution on chiral «-carbons, and in such cases, the energy
difference between the same types of energy-barrier geometries in two different directions of rotation
can be significant, from 1 to 6 kcal mol 1.
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NOO00O_Anti-120GP NO010_Anti-120GP N0100_Anti-120GP NO110_Anti-120GP

NO11'0_Anti120GP N1000_Anti120GP N1010_Anti-120GP N1100_Anti-120GP

N1110_Anti-120GP N111'0_Anti120GP

Figure 15. Cis/trans isomerization energy barrier geometries of substituted GGMe derivatives in the
gas phase; all geometries are aligned at the amide moiety.

NO0DO_Anti120WP NOD10_Anti-120WP NO100_Anti-120WP

NO11'0_Syn60WP N1000_Anti120WP N1100_Anti120WP

N1110_Anti;120WP
>

N111'0_Anti120WP

Figure 16. Cis/trans isomerization energy barrier geometries of substituted GGMe derivatives in the
water phase; all geometries are aligned at the amide moiety.
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Table 11. Energy-barrier values corresponding to syn and anti EBGs generated from optimized
minimum energy trans and cis geometries, respectively, in the gas phase.

Anti120GP Anti-120GP Syn60GP Syn-60GP

Compound @ AGP  AE®  aG®  AE®  aGP  AEs  agb (O
N0000 1953 1370 1953 1372 2546 1991 2526 1984 1370
N0010 2422 1834 1934 1193 2522 1786 2799 2023  11.93
N0100 2096 1340 2051 1243 2630 1863 2526 2038 1243
NO110 %64 1872 1976 1234 2398 1763 2818 2210 1234
N011°0 1999 1291 2492 1754 2733 1906 2992 279 1291
N1000 1955 1103 1982 1109  ND¢ ND 2509 1931 1103
N1010 2433 1792 2010 148 2495 1765 2780 2220 1482
N1100 2154 1290 2059 1314 2661 1913 2540 1749 1290
N1110 2608 1727 2015 1117 2829 2062 3439 2817 1117
N111°0 2143 1259 2618 1745 3079 272 2368 1451 1259

2 Gas-phase energy relative to the minimum-energy trans geometry, calculated in kcal mol~! at the
B3LYP/6-311++G(3df,3pd) level. ® Gibbs free energy at 298.15 K relative to the minimum-energy trans geometry,
calculated in kcal mol~! at the B3LYP/6-31++G** level. ¢ ND: Not determined, assumed similar geometry as for the
rotation in the opposite direction due to symmetry.

Assuming the minimum-value energy barrier (G) to be the “real” barrier, it appears that
bulky substitution patterns have no significant effect on the energy barrier values in the gas phase,
as even the most substituted compounds N1110 and N111’0 have energy barriers similar to the
unsubstituted N0000 (GGMe). However, the effect of stereospecific bulky substitution patterns
becomes significant in the water phase, and can show an increase in the energy barrier by up to
4-5 kcal mol~!. Diastereomers N0110 and N011°0 (with S- and R- configuation on the C-terminal
a-carbon) show a difference of ~5 kcal mol~1. A similar difference is seen also in the case of the other
pairs of diastereomers, N1110 and N111°0. Thus, the stereochemistry of substitutions has a profound
effect on the energy-barrier heights and can provide an opportunity to control the flexibility selectively.
Interestingly, a syn EBG was found to be more stable than both anti EBGs in the case of compound
NO011°0 in the water phase.

Table 12. Energy-barrier values corresponding to syn and anti EBGs generated from the optimized
minimum-energy trans and cis geometries, respectively, in the water phase.

Anti120WP Anti-120WP Syn60WP Syn-60WP
Compound AGg
AE? AGP? AE? AG? AE? AGPY AE? AGP?
N0000 19.18 13.82 19.18 13.74 24.29 20.07 ND ¢ ND 13.74
NO0010 25.40 20.48 19.03 13.67 29.42 23.23 24.23 20.47 13.67
N0100 2245 18.28 20.66 16.24 23.31 18.6 26.09 19.91 16.24
NO0110 25.13 21.06 19.32 13.46 22.23 19.06 20.47 16.61 13.46
NO011'0 26.44 20.83 26.55 20.67 23.39 18.55 26.51 21.71 18.55
N1000 22.30 16.89 22.35 16.85 ND ND 23.86 19.40 16.85
N1010 26.60 20.05 19.00 12.72 29.60 23.96 24.29 19.71 12.72
N1100 22.54 14.06 23.71 16.92 26.50 19.28 23.04 16.86 14.06
N1110 29.46 21.96 24.53 19.22 29.24 24.21 30.37 23.98 19.22
N111'0 23.15 14.50 27.71 21.34 26.65 19.74 23.78 17.50 14.50

2 Water-phase energy relative to the minimum-energy trans geometry, calculated in kcal mol~! at the
B3LYP/6-311++G(3df,3pd) level. ® Gibbs free energy at 298.15 K relative to the minimum energy trans geometry,
calculated in kcal mol™ at the B3LYP/6-31++G** level. ¢ ND: Not determined, assumed similar geometry as for the
rotation in the opposite direction due to symmetry.

Opverall, bulky substitutions were found to affect cis/trans isomerization in two ways: by making
the cis isomer more unstable and thereby shifting the equilibrium towards the trans isomer, and by
increasing the reaction barrier height and thereby decreasing the reaction rate. As both effects
discourage trans to cis isomerization, compounds with bulky substitutions are expected to take
longer and/or require higher temperatures for the same effect. Moreover, as trans to cis isomerization
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is an essential step in the cyclization of dipeptides to piperazine-2,5-diones, it is certain that slow
isomerization would also result in decelerated dipeptide cyclization.

3. Methods

3.1. Generation of Structures

The relevant structures were initially generated as 2D trans isomers using Marvin Sketch 15.6.8,
2015, (ChemAxon, Budapest, Hungary), and were imported to the Maestro [39] module of the
Schrodinger suite (Schrodinger, LLC. New York, NY, USA), from which all further studies were
performed. The cis geometries were generated by torsional adjustment of the w dihedral.

3.2. Conformational Search

All trans and cis geometries were subjected to the MacroModel [40] conformational search
algorithm, using the MMFFs force-field. From the conformational search output, the geometries within
a potential energy of up to 21 k] /mol over the minimum energy geometry were kept.

All further studies were performed using the Jaguar [41,42] program of the Schrodinger suite.

3.3. Geometric Optimization

The geometries kept after the conformational search were subjected to geometric optimization
at the B3LYP/6-31++G** level with maximum grid density and the “accurate” accuracy level of SCE.
Frequency calculation studies were carried out to confirm zero imaginary frequencies for an optimized
geometry. For each compound, the most stable geometry (i.e., with the minimum energy) was chosen
for further study. Calculations for the water dielectric continuum (water phase) were performed using
the same parameters and the additional Poisson Boltzmann Finite (PBF) solvent model. The Cartesian
coordinates of the optimized geometries are provided in the supplementary information.

3.4. Relaxed Coordinate Scan (RCS)

The optimized minimum energy cis and trans geometries of all compounds were subjected to
relaxed coordinate scans (RCS), on the w dihedral coordinate at the B3LYP/6-31++G** level with
maximum grid density and the “accurate” accuracy level of SCF. The optimized geometry at each
step was used to generate the starting geometry for the next step. For water-phase calculations,
the Poisson Boltzmann Finite (PBF) solvent model was used. Each RCS was performed in three rounds,
with a 15° step-size for the first round and a 2° step-size (near the rotation barriers) for the second
round. The step-size for the third round (closest to the rotation barrier) was kept at 0.125° and 0.250°
for the gas and water phase calculations, respectively. Except for compounds with only hydrogens
on both chiral a-carbons, the relaxed coordinate scan was performed in both directions (positive and
negative direction, clockwise and anticlockwise). The syn and anti energy-barrier geometries (EBG)
were identified and used as plausible energy-barrier geometries. (Henceforth, EBGs refers to the
energy-barrier geometries obtained from RCS). The Cartesian coordinates of the EBGs are provided in
the supplementary information.

3.5. Single-Point Energy Calculations

Accurate single-point energies were calculated for all optimized and reaction-barrier geometries
at the B3LYP/6-311++G(3df,3pd) level with maximum grid density and the “accurate” accuracy level
of SCF. Vibrational analyses were carried out at the B3LYP/6-31++G** level, and the free energy values
obtained for 298.15 K were used to calculate relative Gibbs free energies. For water phase calculations,
the Poisson Boltzmann Finite (PBF) solvent model was used.
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4. Conclusions

In this work, we conducted a systematic theoretical study of the effects of steric bulk on the
relative stabilities with varied substitution patterns on a peptidic scaffold using density functional
methods. We used model compounds based on the simple glycylglycine methyl ester peptidic scaffold
with patterns of stereospecific substitutions of the fert-butyl group to represent steric bulk. The study
establishes how bulky substitutions significantly destabilize the cis isomers and also increase the
energy barrier for cis/trans isomerization (especially in the water phase). These effects synergistically
discourage the cis/trans isomerization of secondary amides. Therefore, secondary amides with bulky
and more substitutions are much less likely to undergo cis/trans isomerization than the unsubstituted
or less substituted second amides. Because cis/trans isomerization is an important step in the synthesis
of piperazine-2,5-diones via cyclization of dipeptide esters, the rate of reaction for highly substituted
dipeptide esters can be expected to be much slower than those with less substitutions. Moreover,
for medicinal chemistry purposes, such highly substituted peptidomimetics can be expected to possess
a very rigid peptide backbone.
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Abstract: Transition-metal-catalyzed amide-bond formation from alcohols and amines is
an atom-economic and eco-friendly route. Herein, we identified a highly active in situ N-heterocyclic
carbene (NHC)/ruthenium (Ru) catalytic system for this amide synthesis. Various substrates,
including sterically hindered ones, could be directly transformed into the corresponding amides
with the catalyst loading as low as 0.25 mol.%. In this system, we replaced the p-cymene ligand of
the Ru source with a relatively labile cyclooctadiene (cod) ligand so as to more efficiently obtain
the corresponding poly-carbene Ru species. Expectedly, the weaker cod ligand could be more
easily substituted with multiple mono-NHC ligands. Further high-resolution mass spectrometry
(HRMS) analyses revealed that two tetra-carbene complexes were probably generated from the in
situ catalytic system.

Keywords: ruthenium (Ru); N-heterocyclic carbenes (NHCs); homogeneous catalysis; in situ; amide
bonds; synthesis

1. Introduction

Amides are a series of fundamental functional structures in nature and biological systems, as well
as crucial building blocks for organic synthesis [1-6]. As of late, numerous synthetic methods were
reported for the construction of amide bonds. However, they generally suffer from the usage of
various stoichiometric additives and the production of unfavorable equimolar byproducts [7-14].
Therefore, green and eco-friendly strategies are highly required for amide synthesis [15]. Recently,
a methodology employing transition-metal-based catalytic systems for direct amide synthesis from
alcohols and amines was proven to be far more atom-economic and environmentally friendly as the
only byproduct is hydrogen [16-22]. Throughout this research, ruthenium (Ru) was most extensively
studied [23]. Initially, the Murahashi [24] and Milstein [25] groups pioneered Ru-catalyzed amide
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synthesis in intramolecular and intermolecular manners, respectively. Notably, the Milstein catalyst,
a Ru complex bearing a PNN-type pincer ligand, was highly active for this reaction. With a catalyst
loading of 0.1 mol.%, various amides could be synthesized from alcohols and amines [25]. Later,
great progress was achieved by the Milstein [26-28], Madsen [29-31], Williams [32,33], Hong [34-43],
Crabtree [44,45], Albrecht [46], Guan [47,48], Glorius [49], Moller [50,51], Bera [52], Huynh [53],
Viswanathamurthi [54-56], Mashima [57], Verpoort [58,59], and Kundu [60] groups. In particular,
Ru combined with N-heterocyclic carbenes (NHCs) attracted more and more interest due to the
flexible tunability of the electronic and steric properties of NHCs, which may easily access the optimal
structures of the corresponding NHC/Ru complexes [61-63]. Accordingly, a multitude of efficient
NHC/Ru catalytic systems were discovered for this reaction. Furthermore, considering the merits of
the in situ catalytic systems, such as easy operation and convenient investigation of electronically and
sterically distinct NHCs, a number of versatile and potent in situ NHC/Ru catalytic systems recently
emerged. However, satisfactory yields could only be attained by these reported systems if relatively
high Ru loadings of 2.0-5.0 mol.% were employed [29,34,36,37,49]. Therefore, the development of
more efficient in situ NHC/Ru catalytic systems which can accomplish the formation of amide linkage
are urgently required.

In our previous work, the development of various in situ generated (p-cymene)/Ru catalytic
systems, which contain benzimidazole-based NHC precursors bearing different electronic and steric
properties, was accomplished [58]. Further experiments revealed that two mono-NHC/Ru complexes
were observed as major species and two poly-carbene complexes were detected as only minor species
(as depicted in Figure 1a) [59]. Herein, we envisioned that replacing the p-cymene ligand of the Ru
center with a relatively labile cyclooctadiene (cod) ligand could possibly give rise to poly-carbene
complexes as a major species (as shown in Figure 1b). Expectedly, the weaker cod ligand could be
more easily substituted with multiple mono-NHC ligands. Based on this, an efficient in situ NHC/Ru
catalytic system was developed through extensive screening of various conditions. Notably, this system
demonstrated excellent catalytic activity for amide synthesis with the applied catalyst loading as low
as 0.25 mol.%. Various amides, including sterically congested ones, were directly synthesized from
alcohols and amines in moderate to excellent yields. Furthermore, high-resolution mass spectrometry
(HRMS) analyses suggested several Ru species bearing multiple NHC ligands as major species, which
was in accordance with our prospection.

(a) Our previous work:
R ‘ Xz

' "R R F\JU\ major species
> R R N X, | maiersp

Cl—Ru—Cl I@ Xq, X =Cl, |
' i — +

R I Ry NN-R, [Ru]—NHC,

h \ minor species
! i =

(b) This work:
a labile ligand

o . R Ry
L:T,,J base |® = [RU=NHC, | major species?
_Ru, n=3o0r4
c’ ol r NN
3 4

Figure 1. The design strategy of this work.
2. Results and Discussion

The reaction of benzyl alcohol (1a) and benzylamine (2a) was selected as a model reaction for the
optimization of the reaction conditions. Based on our previous work [59], 0.5 mol.% of [RuCly(cod)]n,
2.00 mol.% of an NHC precursor, 3.50 mol.% of NaH, 0.5 h of catalyst generation time, and 16 h
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of reaction time were originally applied (as listed in Table 1). In the beginning, NHC precursors
L1-L6 with different backbone and wingtip substituents were prepared (entries 1-6, Table 1). The first
and foremost, 62% of amide 3a and 15% of imine 4a, were obtained with 18% of 1a remaining if L1
was used (entry 1). Electron-deficient precursor L2 gave rise to lower amide content in the product
distribution, demonstrating its disadvantage for amide formation (entry 2 vs. entry 1). In the case
of an electron-rich NHC precursor (L3), a similar result was obtained compared with L1 (entry 3 vs.
entry 1). Moreover, the substituents on the N-terminus of the NHC precursors were adjusted (entries 1,
4-6). With retaining Me as the substituent for one N-terminus, different groups including Et, nPr,
and iPr were introduced for the other terminus. The result was indicative that Et was the optimized
group for this reaction (entry 4 vs. entries 1, 5, and 6). After establishing the ideal NHC precursor (L4),
we continued the optimization by screening other reaction conditions. It was found that the catalyst
generation time was crucial for the catalysis (entries 4, 7-11); 57% of the amide product could be
detected if every substance was added simultaneously (entry 5). As we elongated the period for the in
situ catalyst generation from 0 h to 2.0 h, the yields of 3a gradually increased (entries 4, 7-10). A further
increment of the time led to a similar yield (entry 11 vs. entry 10). Therefore, the ideal duration for the
catalyst generation was finalized as 2 h. Next, the ratio of [Ru]: L4:NaH was varied (entries 12-17). It is
worth emphasizing that the amount of both L4 and NaH changed so as to ascertain three additional
equivalents of NaH to activate [RuCly(cod)], for all cases. Without L4, no amide was formed (entry
12). As the ratio increased from 1:0:3 to 1:5:8, gradually higher yields of 3a were observed (entries 10,
12-16). However, a higher ratio prompted a reduced yield of 3a (entry 17 vs. entry 16). Thus, the ratio
of 1:5:8 was recognized as the best one (entry 16), and further increasing the reaction time from 16 h to
36 h produced 3a in 93% yield (entry 18).

In order to identify a more active catalytic system, a reduced Ru loading of 0.25 mol.% was
attempted (as listed in Table 2). At the outset, 65% of 3a was afforded if the loading of the
above-optimized catalytic system was directly reduced to 0.25 mol.% (entry 1). In addition, different
bases including potassium bis(trimethylsilyl)amide (KHMDS), KOtBu, and Cs,CO3; were exploited
instead of NaH (entries 2—4). Interestingly, compared with NaH, the milder Cs,COj3 led to an increased
yield of 3a (entry 4 vs. entry 1). It was also noticed that the volume of toluene was crucial for the
reaction (entries 4-8). Either a more concentrated or diluted solution triggered a lower amide/imine
selectivity (entry 5-8 vs. entry 4). Furthermore, the adjustment of the base amounts influenced the
reaction (entries 4, 9-12), and 1.75 mol.% of Cs,CO3 was found to be optimal for the selective amide
formation (entry 10). Therefore, the optimized reaction conditions were identified as 1 (5.00 mmol),
2 (5.50 mmol), [RuCly(cod)], (0.0125 mmol), L4 (0.0625 mmol), Cs,COj3 (0.075 mmol), toluene (1.50 mL),
reflux, and 36 h unless otherwise noted.

With the optimized reaction conditions at hand, the substrate scope and limitations of this strategy
were further investigated (as depicted in Figure 2). For the sterically non-hindered substrates (1a-1e),
the corresponding amides could be obtained in good to excellent yields. If a secondary amine (1f) was
employed, tertiary amide 3f was also given in 80% yield with 0.5 mol.% of [Ru]. Expectedly, lactam
3g was efficiently afforded from amino alcohol 1f in an intramolecular pattern. On the other hand,
the reactions of benzyl alcohol with substituted benzylamines were evaluated. It seemed that these
substituents had no obvious influence on the reactivity, and amides 3h-3k were synthesized in 75-85%
yields. In the case of coupling benzylamine with various benzyl alcohols, a substituent at either the
para or meta position resulted in good yields of amides 31-3n. However, an ortho group gave amide
30 in a moderate yield. Apparently, aromatic amines were less reactive, and aniline (2p) produced
amide 3p in only 25% yield. To our delight, this newly developed catalytic system was not as sensitive
to steric bulks as our previous systems [58,59]. With an Ru loading of 0.5 mol.%, several sterically
hindered substrates could be efficiently transformed into amides 3q-3t.
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Table 1. Optimization of reaction conditions with a catalyst loading of 0.5 mol.% “.

[RuCly(cod)], (0.50 mol%) o
Ph" Y OH + Ph” ONH, L (xmol%), Nart v mol%) Ph)LN/\Ph + P SN Ph
toluene, reflux, n h reflux, 16 h H
1a (1.00 equiv.) 2a (1.10 equiv.) 3a 4a
cl Cl
Oe o Do Qr Op Qe
W e e AN e ey
L1 L2 L3 L4 L5 L6
Entry L N y A Yields (%) ¥
3a 4a Unreacted 1a
1 L1 2.00 3.50 0.5 62 15 18
2 L2 2.00 3.50 0.5 28 30 39
3 L3 2.00 3.50 0.5 63 15 16
4 L4 2.00 3.50 0.5 78 10 8
5 L5 2.00 3.50 0.5 72 12 8
6 L6 2.00 3.50 0.5 28 30 39
7 L4 2.00 3.50 0.0 57 10 31
8 L4 2.00 3.50 1.0 79 6 8
9 L4 2.00 3.50 1.5 81 5 7
10 L4 2.00 3.50 2.0 83 4 5
11 L4 2.00 3.50 2.5 82 4 6
12 L4 0.00 1.50 2.0 0 19 76
13 L4 0.50 2.00 2.0 37 10 51
14 L4 1.00 2.50 2.0 60 11 28
15 L4 1.50 3.00 2.0 75 7 16
16 L4 2.50 4.00 2.0 86 4 9
17 L4 3.00 4.50 2.0 81 6 3
18¢ L4 2.50 4.00 2.0 93 5 0

71a (2.50 mmol), 2a (2.75 mmol), [RuCl,(cod)]n (0.50 mol.%), L (x mol.%), NaH (y mol.%), toluene (1.25 mL), 120 °C,
n h of catalyst generation time, and 16 h of reaction time; * NMR yields (average of two consistent runs) using
1,3,5-trimethoxybenzene as an internal standard; ¢ 36 h of reaction time.

Concerning the in situ catalytic systems, it is crucial to explore the possible structures of the
generated Ru species. As a result, HRMS analyses were performed to clarify this matter (as shown in
Figure 3). In accordance with our speculation, no mono-carbene complexes were detected. Instead, two
poly-carbene Ru species were observed from the spectrum. [Ru]-1 (corresponding to an isotopic peak
at m/z = 812.24209), consistent with an Ru species comprising four-fold NHC ligands, was observed
as a major species. Furthermore, another tetra-carbene Ru species, assigned as [Ru]-2 with the isotopic
peak at m/z =793.26709, was also found as a minor species. Presumably, during exposure to air and /or
the HRMS measurements, the Ru centers in [Ru]-1 and [Ru]-2 were oxidized to +3 and +4, respectively.
Unfortunately, attempts to isolate these tetra-carbene complexes were unsuccessful, probably due to
the complexity of the in situ catalyst generation. Therefore, it was still unclear whether the high activity
of the current catalytic system was attributed to the observed tetra-carbene Ru species or other species.
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[RuCly(cod)], (0.25 mol%)

©
@ (1.25 mol%)
] /N\%N\/ o
L4
R1/\OH + R2/N\RS R1AN'R3
Cs,CO; (1.75 mol%) reflux, 36 h &
1(1.0equiv.) 2(1.1equiv.) toluene (1.50 mL), reflux, 2 h 37
o )Ok o H i
Ph - -Bn
Ph)k”’an PN Ph)Lu/\/ w B BN
3a (86%°) 3b (85%7) 3c (95%°) 3d (80%%?)  3e (81%> ")
o o) o) o
Ph)LN,Bn ph)LN Ph)LN Ph)LN F
‘ N0 H H H
. F !
3 (80%™°) 39 (73%*”)  3h (85%7) 3i (75%°) 3j (83%°)
L d Q* Ej @*
3k (85"/a ) 31 (95%7) 3m (76%°) F 3n (85%7) 3o (45%3)
)L P N S *&r
YL % o A
3p (25%3) 3q (78%%°) 3r (81%2%°) s (85%%°) 3t (75%“)

Figure 2. Amide synthesis from various alcohols and amines; ? isolated yields (averages of two
consistent runs); bin m-xylene at reflux; ¢ 0.5 mol.% of [Ru].

Table 2. Optimization of reaction conditions with a catalyst loading of 0.25 mol.% .

[RuCly(cod)], (0.25 mol%)

l@
1.25 mol%
N\aN®\/ ( ) .
oD
Ph" OH + PR NH, base (xmol%) Ph)kN/\Ph + P SN ph
toluene (y mL), reflux, 2 h reflux, 36 h H
1a (1.00 equiv.) 2a (1.10 equiv.) 3a 4a
~ 0,
Entry Base N y Yields (%)
3a 4a Unreacted 1a
1 NaH 2.00 1.50 65 7 24
2 KHMDS 2.00 1.50 27 11 57
3 KOtBu 2.00 1.50 45 15 32
4 Cs,CO3 2.00 1.50 86 7 5
5 Csp,CO3 2.00 0.50 57 18 22
6 Csp,CO3 2.00 1.00 71 13 12
7 Csp,CO3 2.00 2.00 69 16 13
8 Csp,CO3 2.00 2.50 45 38 15
9 Csp,CO3 1.50 1.50 66 15 12
10 Cs,CO; 1.75 1.50 90 7 2
11 Csp,CO3 2.25 1.50 81 10 8
12 Cs,CO5 2.50 1.50 72 12 15

1a (5.00 mmol), 2a (5.50 mmol), [RuCly(cod)], (0.25 mol.%), L4 (1.25 mol.%), base (x mol.%), toluene (y mL), 120 °C,
2 h of catalyst generation time, and 36 h of reaction time; b NMR yields (average of two consistent runs) using
1,3,5-trimethoxybenzene as an internal standard.
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Figure 3. The high-resolution mass spectrometry (HRMS) analyses for the identification of the possible
Ru species.

3. Experimental

3.1. General Considerations

All reactions were carried out using standard Schlenk techniques or in an argon-filled glove box
unless otherwise mentioned. All the substrates and solvents were obtained from commercial suppliers
and used as received without further purification. "H-NMR spectra were recorded on a Bruker Avance
500 spectrometer (Billerica, MA, USA) in CDCl; or DMSO-ds with TMS as the internal reference, and
I3C-NMR spectra were recorded in CDClz or DMSO-dg on a Bruker Avance 500 (126 MHz) spectrometer.
The following abbreviations were used to designate multiplicities: s = singlet, brs = broad singlet,
d = doublet, t = triplet, dd = doublet of doublets, dq = doublet of quartets, td = triplet of doublets,
ddd = doublet of doublets of doublets, and m = multiplet. Melting points were taken on a Buchi
M-560 melting point apparatus (Flawil, Switzerland) and were uncorrected. HRMS analyses were
done with a Bruker Daltonics microTOF-QII instrument (Billerica, MA, USA). NHC precursors L1-L6
were prepared according to a previous publication [58,59], and all the amide products were identified
by spectral comparison with the literature data [58,59]. "H-NMR, 3 C-NMR data and original spectra
of amides 3a-3t could be found in the Supplementary Materials.

3.2. General Procedure for the Amide Synthesis

Inside an argon-filled glove box, [Ru(cod)Clz], (3.5 mg, 0.0125 mmol), L4 (18.0 mg, 0.0625 mmol),
Cs,CO3 (28.6 mg, 0.0875 mmol), and dry toluene (1.50 mL) were added to an oven-dried 25-mL
Schlenk flask. The tube was taken out of the glove box and heated to reflux under argon for 2 h.
Then, an alcohol (5.00 mmol) and an amine (5.50 mmol) were added, and the mixture was stirred at a
refluxing temperature for 36 h. The procedures for calculating the NMR yields were as follows: when
the reaction was complete, 1,3,5-trimethoxybenzene (0.5 mmol, 84.0 mg) and CHCl;3 (1.0 mL) were
added to the reaction mixture. Afterward, to an NMR tube was added 0.1 mL of the above solution and
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0.4 mL of CDCl3. The NMR yields were obtained based on the exact amount of 1,3,5-trimethoxybenzene.
In order to obtain the isolated yields of the amides, the reaction mixture was cooled down to room
temperature, and the solvent was removed under reduced pressure. Finally, the residue was purified
by silica-gel flash column chromatography to afford the amides.

4. Conclusions

In summary, based on the assumption that the relatively labile cod ligand could be replaced by
multiple NHC ligands to obtain versatile and active catalytic systems, we prepared several NHC
precursors with distinct electronic and steric properties, then combined them with [RuCly(cod)], and
a mild Cs,COj to obtain a series of in situ NHC/Ru catalytic systems. Through extensive screening of
these systems and other conditions, the L4-based NHC/Ru catalytic system exhibited optimal activity
for the dehydrogenative amidation of alcohols and amines. Various amides, especially sterically
hindered ones, could be afforded in an efficient manner. Notably, the applied catalyst loading was as
low as 0.25 mol.%. Further experiments revealed that the higher amount of L4 compared to Ru probably
facilitated the formation of two tetra-carbene species ([Ru]-1 and [Ru]-2), which were observed from
HRMS analyses. However, since the in situ catalytic system was relatively complicated, it is still
uncertain whether these tetra-carbene Ru species or other species were key catalytic intermediates for
this reaction.

Supplementary Materials: Supplementary materials, which contain "H-NMR and '3 C-NMR data, as well as
spectra of amides 3a-3t, are available online.
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Abstract: A highly efficient acylative cross-coupling of trialkylboranes with activated amides has
been effected at room temperature to give the corresponding alkyl ketones in good to excellent
yields by using 1,3-bis(2,6-diisopropyl)phenylimidazolylidene and 3-chloropyridine co-supported
palladium chloride, the PEPPSI catalyst, in the presence of K,COj3 in methyl tert-butyl ether. The scope
and limitations of the protocol were investigated, showing good tolerance of acyl, cyano, and ester
functional groups in the amide counterpart while halo group competed via the classical Suzuki
coupling. The trialkylboranes generated in situ by hydroboration of olefins with BHz or 9-BBN
performed similarly to those separately prepared, making this protocol more practical.

Keywords: acylative cross-coupling; trialkylborane; amide activation; palladium; N-heterocyclic
carbene

1. Introduction

Amides are unique and ubiquitous substructures in natural and artificial organic functional
molecules, because the strong resonance between the carbonyl and amino groups leads to a highly
inert and significantly planar linkage. However, the synthetic utility of amides as an acyl source
had remained underdeveloped until the seminal publications in 2015 independently from Garg [1],
Szostak [2], and ourselves [3], taking advantage of palladium or nickel catalysis for cleavage of
electronically or sterically activated amide C-N bond, and formation of new carbon-carbon or
carbon-oxygen bonds. In the past three years, many efforts have been made to expand the scope of
amide counterparts, developing a variety of activated amides suitable for the acylative cross-coupling,
e.g., N-acyl imides [4-6], N-Boc and N-Ts/Ms amides [7-15], N-acylsaccharins [16-20], and amides of
heteroaromatic compounds [21,22]. Comparably, the carbon-centered nucleophile counterparts are still
rather undeveloped, in particular, with respect to alkyl ones, although alkyl ketones have been widely
found in biologically important molecules and synthetic building blocks for fine chemicals. In fact,
besides the closely related esters [23-25], there are only two reports on the acylative cross-coupling
of amides with alkyl reagents effected by using nickel catalysts. Garg and co-workers reported the
first alkylation of amide derivatives by nickel-catalyzed acylative coupling with alkyl zinc reagents in
2016 [26]. Early this year, Rueping and co-workers described the other nickel-catalyzed cross-coupling
of B-alkyl-9-BBN with amides [27]. After extension of the nucleophile counterparts from arylboronic
acids to cost-effective diarylborinic acids and tetraarylboronates in palladium-catalyzed acylative
cross-coupling of amides [28,29], we are interested in the reactivity of trialkylboranes, which could be
readily prepared from alkyl Grignard reagents or olefins via hydroboration. Herein we report a highly
efficient palladium-catalyzed acylative cross-coupling of activated amides with trialkylboranes at
room temperature by using 1,3-bis(2,6-diisopropyl)phenylimidazolylidene (IPr) and 3-chloropyridine
(3-CIPy) co-supported palladium chloride, the PEPPSI catalyst developed by Organ et al. [30].

Molecules 2018, 23, 2412; d0i:10.3390 / molecules23102412 122 www.mdpi.com/journal /molecules
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2. Results and Discussion

Reaction of 4-methoxy-N-methyl-N-tosylbenzamide (1a) with the commercially available
triethylborane (2a) (BEt3, 1M in THF) was chosen as the model to establish an optimal catalyst
system for the acyl alkylation of activated amides (Scheme 1).

(0]
.Me 5mol% palladium cat.
N BEy 2equiv. K,CO
equiv.
MeO Ts Nppiabiave MeO

0,
1a 2a N, THF, 60°C, 6h 3a

t:
" N B PA(PCys),Clo/2PCys 0% mMez
IFr IFr
=\ Pd(Pr)
PdCl, / IPr-HCI 0
R PR S
Pallad le(IP Palladacycle(IPr
o ior alladacycle(IPr) 27% ycle(IPr)
1Pr PA(IPFCl(3-CIPy) 61%
(PEPPSI)

Scheme 1. Screening of palladium catalyst for acyl alkylation of amides with alkylboranes.

The catalyst system Pd(PCy3),Cl,/PCy;, which we previously established for acylative
cross-coupling of amides with aryl boron compounds, was investigated, at first, in the
presence of K,COj3 as base in THF. Unfortunately, palladium black developed immediately
upon heating and no reaction was detected after 6h at 60 °C, indicating the incompatibility
of the Pd(PCy3),Cl,/PCys system with the high reducing ability of trialkylboranes. We then
turned to the sterically demanding N-heterocyclic carbene (NHC) supported palladium catalysts
pioneered by Nolan group [31], for example, 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride
(IPr-HCl)/palladium chloride (IPr-HCl/PdCly) [32], IPr supported 2-((dimethylamino)methyl)phenyl
palladium chloride (Palladacycle(IPr)) [33], and IPr and 3-chloropyridine co-supported PEPPSI catalyst
(IPr)PdCl,(3-CIPy) [30]. Although the IPr-HC1/PdCl, system also rapidly decomposed to palladium
black and lost activity, the palladacycle/IPr and PEPPSI catalysts provided the desired cross-coupling
product 3a in 27% and 61% yields, respectively, from 1a with 1.0 equiv 2a in the presence of 2 equiv
KyCOs. To test if dialkylboranes could be used in the acyl alkylation with amides, we also carried
out the model reaction by using diethylborinate (Et,B(OMe), 1M in THF) under otherwise identical
conditions (Scheme 2). Surprisingly, the C-O cross-coupling product, methyl 4-methoxybenzoate,
was obtained in 74% yield, while the C-C coupling product 3a was isolated in low (~5%) yield, implying
a much slower transmetalation of alkyl group from boron to palladium than that of alkoxyl group
in dialkylborinates.

o 0 0
-Me 5mol% PEPPSI
@A? BN g0y ove
S equiv. K,CO5
3
MeO™ ™. Ny, THF, 60°C, 6h M€ Meo 2
74% ~5%

Scheme 2. Unexpected acyl C-O cross-coupling of methyl diethylborinate.

To increase the yield of the desired C-C coupling product in the PEPPSI-catalyzed acyl alkylation
of amides, the reaction conditions were optimized with respect to substrate ratio, solvent, base,
and reaction temperature, etc. Bases proved to be crucial since no reaction took place in the absence
of bases or in the presence of organic base, e.g., NEt3 and pyridine (Table 1, entries 2, 8 and 9).
The stronger inorganic bases, Cs;COj3 (25%) and K3POy (33%), gave the lower yields of 3a than that
of K,CO;3, albeit the reaction proceeded faster while the weaker ones, e.g., Na,CO3, NaOAc, and
NaHCOj3, resulted in recovering most of amide substrate 1a (Table 1, entries 3-7). The yield of 3a could
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be increased to 80% with 1.5 equiv BEt3 (Table 1, entry 10). Methyl tert-butyl ether (MTBE) appeared
to be the choice of solvent, giving 3a in 90% yield (Table 1, entry 12). The reaction occurred even at
room temperature and an excellent yield (98%) for 3a was obtained in 24 h (Table 1, entry 14). Given
the advantages of room temperature organic synthesis [34], we reinvestigated the model reaction in
THF or MTBE with K,COj3 or K3POy as the base (Table 1, entries 15-17). The results confirmed the
best performance of the combination of MTBE with K,CO3.

Table 1. PEPPSI-catalyzed acyl alkylation reaction of amide 1a with triethylborane.

o) o)
/@)LN«Me 5mol% PEPPSI /@)\/
) + BEf
MeO Ts 2equiv. Base, Sol, Np, Temp. 1100
1a 2a 3a

Entry  Equiv of 2a Solvent Base P T(°C)  Time(h)  Yield (%) ¢
1 1.1 THF K,CO; 60 5 61
2 1.1 THF / 60 5 NR ¢
3 1.1 THF Cs,CO3 60 5 25
4 1.1 THF K3POy 60 5 33
5 1.1 THF Na,CO3 60 8 15
6 1.1 THF NaHCOj3 60 8 Trace 4
7 1.1 THF NaOAc 60 8 Trace 4
8 1.1 THF EtzN 60 8 NR @
9 1.1 THF Pyridine 60 8 NR ¢
10 1.5 THF K,CO;3 60 5 80
11 1.5 Dioxane K,CO3 60 8 35
12 15 MTBE K,CO; 55 8 90
13 15 MeCN K,CO; 60 8 17
14 15 MTBE K,CO3 rt 24 98
15 15 MTBE K3POy rt 24 84
16 15 THF K,CO3 rt 24 82
17 15 THF K3POy rt 12 40

2 Reaction was run at 0.5 mol scale with respect to 1a; ® 2 equiv base used but no base used in Entry 2;  Isolated
yield; d Amide 1a recovered.

Scope and limitations of the PEPPSI-catalyzed room temperature acylative cross-coupling of
activated amides with trialkylboranes were briefly explored (Table 2). Influence of the amide structure
was investigated at first under the optimized reaction conditions. Similar to tosyl-activated amide 1a,
mesyl (Ms, 1b) analog also reacted efficiently to give 3a in 98% yield, while tert-butyloxycarbonyl (Boc)
activated amide (1c) showed comparably lower reactivity (75%) (Table 2, entries 1 and 2). Reaction
of benzamides bearing an electron-withdrawing group, acyl (1e), cyano (1f), or ester (1g), at the
para-position of the benzene ring gave the corresponding ketones (3b, 3¢, or 3d) in 92%, 70%, or
91% yields, respectively, indicating good functional group compatibility of the PEPPSI-catalyzed
acyl alkylation (Table 2, entries 4-6). When 4-chloro-N-methyl-N-tosylbenzamide (1h) was used as
the substrate, the desired acylative cross-coupling product 1-(4-chlorophenyl)propanone was not
obtained. Instead, double alkylation product 1-(4-ethylphenyl)propanone (3e) was isolated in 47%
yield, which could be increased to 88% yield with 2.5 equiv BEt3 (Table 2, entry 7), similar to our
previous investigation on the palladium-catalyzed acylative Suzuki coupling of arylboronic acids [3].
A small ortho-substituent at the benzene ring appeared to slightly hamper the coupling. In fact,
1-(o-tolyl)propan-1-one (3f) was isolated in 72% yield from N-methyl-N-tosyl-2-methylbenzamide (1i)
(Table 2, entry 8). Alkyl amides (1j and 1k) reacted similarly to give dialkyl ketones 3g and 3h in 95%
and 98% yields, respectively (Table 2, entries 9 and 10).
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Table 2. Scope and limitations of the PEPPSI-catalyzed acyl alkylation reaction of amides with

trialkylboranes .

Entry Amide Borane Product Entry Amide Borane Product®
o) o] o) o]
Ms Ts
- 2
1 /@)L sl BEt; /@)k/ 10 “IBII a w
MeO © 2a  MeO MeO 1K © MeO 3h (98%)
1b 3a (98%)
9 o) o)
_Boc
2 /@A'\“ ) NS B(n-Bu)y
Me a 3a (75%) 1 Me 2b
MeO
1c MeO 1a MeO 3i (97%)
o
Ts o
3 N 2a 3a (99%) B(n-CgH17)3
12 1 7
MeO Ph a 2
1d MeO
o o] A T 3j (99%, 91%°)
Jog SN e g o
I
4 Me 2a Ac 13 1a
Ac te 3b (92%) ~A)B 3j (93%)
0] % + isomer
T 2d
/@)’LN S /@)’K/
5 Me NC /&
NC i 2 3¢ (70%) Ph 7
o o i 9-BBN
Ts 14 1a
/ N Jv B
6 © 1g Me 2a 0 . P + isomer MeO
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2 Reaction was run at 0.5 mol scale with respect to amides with 1.5 equiv trialkylboranes; ® Tsolated yield; ¢ With
2.5 equiv BEt3; d B(1n-CgHj7)3 and branched isomers in situ generated from hydroboration of octene with 1.0 equiv

BHj in THF at room temperature was used.

Tri(n-butyl)borane (2b) reacted with 1a similarly to triethylborane (2a) while no reaction of
tricyclohexylborane was observed, implying the failure of transmetalation of secondary-alkyl group
from boron to palladium. Hydroboration of alkenes represents an alternative route to primary alkyl
boranes. However, the long-chain primary alkyl boranes prepared by hydroboration of alkenes are
generally contaminated by the presence of branched-isomers due to the non-regiospecific addition
of B-H to C-C double bonds [35]. Due to the inertness of the secondary-alkyl group in alkylboranes,
reaction of 1a with tri(octyl)boranes prepared by hydroboration of 1-octene proceeded comparably to
that of tri(n-octyl)borane (2c) from Grignard reagent [36], giving 3j in 91% and 99% yields, respectively
(Table 2, entry 12). Given the fact that only one primary alkyl group of trialkylboranes is useful in
the palladium-catalyzed acylative cross-coupling, it is more practical to use long-chain alkyl boranes
prepared by hydroboration of corresponding olefins by dialkylborane, a more stable B-H source,
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e.g., 9-borabicyclo[3.3.1]nonane (9-BBN). Therefore, we further investigated use of B-octyl-9-BBN
formed in situ from octene as the trialkylborane counterpart and obtained 3j in 93% yield (Table 2,
entry 13). B-Phenyl propiophenones, which show intrinsic deactivation of the lowest and thermally
populated n, m*-triplet excited states in aryl alkyl ketones [37], could be readily obtained in 98%
yield (3k) by the acyl alkylation of amide 1a with B-(2-phenylpropyl)-9-BBN generated in situ from
9-BBN and a-methylstyrene. Alkyl and heterocyclic analogs, e.g., 1-cyclohexyl-3-phenylbutanone (31,
90%) and 3-phenyl-1-(thiophen-2-yl)butanone (3m, 97%) could also be prepared efficiently (Table 2,
entries 14-16).

However, when amide 1a was subjected to the hydroboration solution of n-butyl vinyl ether
with 9-BBN the C-O coupling product (vide supra) butyl 4-methoxybenzoate, instead of the desired
B-butoxy-4-methoxypropiophenone, was obtained in 83% yield, probably due to the facile g-alkoxy
elimination of labile B-(2-butoxyethyl)-9-BBN via intramolecular O-B coordination to B-butoxy-9-BBN
for the subsequent C-O cross-coupling (Scheme 3).

0O

N,Me
|
Bu MeO 1a'® i
9-BBN o BuO, B
o o[ Py [0y o
THF, 1t smol% PEPPSI

MTBE, K,COs, 1t "€ 83%

Scheme 3. Formation of borinate and subsequent acyl C-O cross-coupling.

3. Materials and Methods

3.1. General

Chemicals obtained commercially were used as received. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker DPX-400 spectrometer (Bruker Co., Billerica, MA, USA) using
residue of the deuterated solvent or tetramethylsilane (TMS) as the internal standard (Cambridge
Isotope Lab. Inc., Tewksbury, MA, USA). For copies of 'H and '3C-NMR spectra of the products, please
see Supplementary Materials. All products were isolated by flash chromatography using petroleum
ether (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) (60-90 °C)/ethyl acetate (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) as eluents. Triethylborane (1 M in THEF), tributylborane,
9-BBN (1 M in THF) and BH3 (1 M in THF) were purchased from J&K chemicals (Beijing, China).
Amides [3], PEPPSI catalyst [30], 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (IPr-HCI) [32],
palladacycle (IPr) [33], and tri(n-octyl)borane [36] were prepared according to the procedures reported
previously. Solvents, methyl tert-butyl ether (MTBE), tetrahydrofuran (THF), and dioxane were dried
over sodium while acetonitrile was distilled over CaH, prior to use.

3.2. General Procedure for the PEPPSI-Catalyzed Cross-Coupling of N-Methyl-N-Tosylamides
with Trialkylboranes

A Schlenk tube (20 mL) charged with amide (0.5 mmol), PEPPSI (0.025 mmol, 5 mol%), and K,CO3
(2 equiv) was degassed and then refilled with nitrogen, three times. Then, solvent MTBE (6.0 mL)
was added via syringe followed by 0.75 mL (1.5 equiv) borane solution (1 M in THF), which was
commercially available or was in situ prepared by hydroboration of olefin. The resulted mixture was
stirred for 24 h at room temperature under N; atmosphere. The reaction was quenched with iced water
(6 mL) and extracted with MTBE (2 x 5 mL). The combined MTBE extracts were dried over anhydrous
NaySOy. After filtration, solvents were removed by rotavapor to afford the crude product, which was
purified by flash column chromatography on silica gel using petroleum ether/EtOAc as the eluents.

1-(4-Methoxyphenyl)propanone (3a) [38]: Colorless oil (80.3 mg, 98%). 'H-NMR (400 MHz, CDCl3)
d(ppm): 7.91 (d, ] = 8.8 Hz, 2H, Ar), 6.89 (d, | = 8.8 Hz, 2H, Ar), 3.82 (s, 3H, OMe), 2.91 (q, ] = 7.2 Hz,
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2H, CHy), 1.18 (t, ] = 7.2 Hz, 3H, CH3). '3C-NMR (100 MHz, CDCl3) 5(ppm): 199.34 (C=0), 163.16
(C*Ap), 130.06 (C20 5,), 129.85 (Cl 5y), 113.52 (C35 5,), 55.29 (OMe), 31.26 (CH,), 8.29 (CH3).

1-(4-Acetylphenyl)propanone (3b) [39]: White powder (80.9 mg, 92%), mp 69-71 °C. 'H-NMR (400 MHz,
CDCl3) 5(ppm): 8.00 (s, 4H, Ar), 3.01 (q, ] = 7.2 Hz, 2H, CHy), 2.62 (s, 3H, Ac), 1.21 (t, ] = 7.2 Hz,
3H, CH3). 3C-NMR (100 MHz, CDCl3) §(ppm): 200.13 (C=0), 197.46 (C=0), 139.96 (C'/*,,), 139.90
(CY/4,,), 128.41 (Cay), 128.07 (Cay), 32.15 (CH,), 26.81 (MeCO), 7.97 (CHg).

4-Propionylbenzonitrile (3c) [40]: White powder (55.8 mg, 70%), mp 53-55 °C. 'TH-NMR (400 MHz,
CDCl3) 8(ppm): 7.97 (d, ] = 8.4 Hz, 2H, Ar), 7.69 (d, ] = 8.4 Hz, 2H, Ar), 2.95 (q, ] = 7.2 Hz, 2H, CH}),
1.15 (t, ] = 7.2 Hz, 3H, CH3). '3C-NMR (100 MHz, CDCl3) 5(ppm): 199.16 (C=0), 139.64 (C*4,), 132.33
(Car), 128.23 (Cay), 117.84 (CN/Cl5,), 115.95 (CN/Cl5,), 32.01 (CHy), 7.75 (CH3).

Methyl 4-propionylbenzoate (3d) [41]: White crystalline powder, (87.1 mg, 91%), mp 81-83 °C. 'H-NMR
(400 MHz, CDCl3) 8(ppm): 8.08 (d, ] = 8.4 Hz, 2H, Ar), 7.97 (d, ] = 8.4 Hz, 2H, Ar), 3.92 (s, 3H, OMe),
3.05(q, ] = 7.2 Hz, 2H, CHy), 1.21 (t, ] = 7.2 Hz, 3H, CHz). >*C-NMR (100 MHz, CDCl3) §(ppm): 200.15
(C=0), 166.17 (OC=0), 140.01 (C1/4,), 133.59 (C1/44,), 129.72 (Ca,), 127.78 (Ca,), 52.35 (OMe), 32.10
(CHy), 7.96 (CHg).

1-(4-Ethylphenyl)propanone (3e) [42]: Colorless oil (71.1 mg, 88%, with 2.5 equiv BEt3). "H-NMR (400
MHz, CDCl3) 8(ppm): 7.81 (d, ] = 8.4 Hz, 2H, Ar), 7.19 (d, ] = 8.4 Hz, 2H, Ar), 2.90 (q, ] =7.2 Hz, 2H,
COCH)), 2.61 (q, ] = 7.6 Hz, 2H, ArCH,), 1.17 (t, ] = 7.6 Hz, 3H, COCH,CH3), 1.13 (t, ] = 7.2 Hz, 3H,
Ar CH,CH3). 3C-NMR (100 MHz, CDCl3) §(ppm): 200.51 (C=0), 149.71 (C*4,), 134.59 (Cl4,), 128.14
(Car), 127.97 (Cay), 31.60 (COCH,), 28.85 (ArCH,), 15.16 (ArCH,CHj), 8.27 (COCH,CHj).

1-(o-Tolyl)propanone (3f) [43]: Colorless oil (53.4 mg, 72%). "H-NMR (400 MHz, CDCl3) §(ppm): 7.53
(d, ] =7.6 Hz, 1H), 7.29-7.25 (m, 1H, Ar), 7.16-7.14 (m, 2H, Ar), 2.82 (q, ] = 7.2 Hz, 2H, CH,), 2.41
(s, 3H, ArCHz), 1.11 (t, ] = 7.2 Hz, 3H, CH;). 13C-NMR (100 MHz, CDCl3) 5(ppm): 205.04 (C=0),
138.01 (C1/25,), 137.76 (C1/2 1), 131.81 (Cay), 130.97 (Car), 128.19 (Cay), 125.56 (Cay), 34.64 (CH,), 21.19
(ArCH3), 8.31 (CH3).

1-Phenylpentan-3-one (3g) [44]: Colorless oil (77.1 mg, 95%). 'H-NMR (400 MHz, CDCl3) §(ppm):
7.33-7.29 (m, 2H, Ph), 7.23-7.20 (m, 3H, Ph), 2.93 (t, ] = 7.6 Hz, 2H, PhCH,CH,CO), 2.76 (t, ] = 7.6 Hz, 2H,
PhCH3y), 2.43 (q, ] = 7.2 Hz, 2H,CO CH,CH3), 1.07 (t, ] = 7.2 Hz, 3H, CH3). '*C-NMR (100 MHz, CDCl5)
5(ppm): 210.61 (C=0), 141.10 (Clpp), 128.41 (Ph), 128.24 (Ph), 126.00 (C*pp,), 43.81(PhCH,CH,CO),
36.05 (COCH,CHys), 29.77 (PhCHy), 7.69 (CH3).

1-(4-Methoxyphenyl)pentan-3-one (3h) [45]: Colorless oil (94.3 mg, 98%). TH-NMR (400 MHz, CDCl3)
8(ppm): 7.09 (d, ] = 8.8 Hz, 2H, Ar), 6.81 (d, ] = 8.8 Hz, 2H, Ar), 3.77 (s, 3H, OMe), 2.84 (t, ] = 7.6 Hz, 2H,
PhCH,CH,CO), 2.64 (t, ] = 7.6 Hz, 2H, PhCH,), 2.39 (q, ] = 7.6 Hz, 2H, COCH,CH3), 1.03 (t, ] = 7.6 Hz,
3H, CH3). '3C-NMR (100 MHz, CDCl3) §(ppm): 210.80 (C=0), 157.85 (C*4,), 133.12 (C'4,), 129.16
(Car), 113.79 (Cay), 55.17 (OMe), 44.09 (PhCH,CH,CO), 36.08 (COCH,CH3), 28.93 (PhCH,), 7.68 (CH3).

1-(4-Methoxyphenyl)pentanone (3i) [46]: Colorless oil (93.5 mg, 97%). TH-NMR (400 MHz, CDCl;)
8(ppm): 7.93 (d, ] = 8.8 Hz, 2H, Ar), 6.91 (d, ] = 9.2 Hz, 2H, Ar), 3.85 (s, 3H, OMe), 2.90 (t, ] = 7.6 Hz,
2H, COCHy), 1.73-1.66 (m, 2H, COCH,CH5), 1.44-1.34 (m, 2H, COCH,CH,CH>), 0.94 (t, ] = 7.6 Hz,
3H). 3C-NMR (100 MHz, CDCl3) §(ppm): 199.20 (C=0), 163.23 (C*4,), 130.25 (C204,), 130.11(C' o,),
113.59 (C35 5,), 55.37 (OMe), 37.95 (COCH,), 26.68 (CHy), 22.48 (CH,), 13.90 (CH3).

1-(4-Methoxyphenyl)nonanone (3j) [47]: Colorless oil (123.0 mg, 99%, with tri(n-octyl)borane; 115 mg,
93% with hydroboration of octene with 9-BBN; 113 mg, 91% with hydroboration of octene with BH3.
'H-NMR (400 MHz, CDCl3) 8(ppm): 7.86 (d, ] = 9.2 Hz, 2H, Ar), 6.84 (d, ] = 9.2 Hz, 2H, Ar), 3.78 (s, 3H,
OMe), 2.82 (t, ] = 7.6 Hz, 2H, COCH,), 1.63 (t, ] = 7.6 Hz, 2H, COCH,CH>), 1.29-1.19 (m, 10H, (CH>)s5),
0.80 (t, ] = 7.2Hz, 3H, CH3). 3C-NMR (100 MHz, CDCls) §(ppm): 199.20 (C=0), 163.23 (C*4,), 130.25
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(C20,4,),130.13 (Cla,), 113.60 (C334,), 55.37 (OMe), 38.26 (COCHy,), 31.79 (CH,), 29.41 (CHj), 29.39
(CH,), 29.14 (CH,), 24.59 (CHy), 22.61 (CH,), 14.05 (CH3).

1-(4-Methoxyphenyl)-3-phenylbutanone (3k) [46]: White powder (125.0 mg, 98%), mp 84-86 °C. 'H-NMR
(400 MHz, CDCl3) §(ppm): 7.93 (d, ] = 8.8 Hz, 2H, Ar), 7.34-7.30 (m, 4H, Ph), 7.23-7.19 (m, 1H, Ph),
6.92 (d, ] = 8.8 Hz, 2H, Ar), 3.86 (s, 3H, OMe), 3.55-3.47 (m, 1H, CH), 3.26 (dd, J; = 16.4 Hz, J, = 5.6 Hz,
1H, CHy), 3.14 (dd, J; = 16.0 Hz, ], = 8.4 Hz, 1H, CHy), 1.34 (d, ] = 7.8, 3H, CH3). '*C-NMR (100 MHz,
CDCl3) §(ppm): 197.59 (C=0), 163.31 (C*4;), 146.65 (Clpy), 130.28 (Car/Cpp), 130.21 (Cl4;), 128.43
(Cpp), 126.79 (Cpp), 126.15 (Cpp), 113.61 (C35 4,), 55.37 (OMe), 46.59 (COCHy), 35.67 (CH), 21.79 (CH3).

1-Cyclohexyl-3-phenylbutanone (31): Colorless oil (103.7 mg, 90%). "H-NMR (400 MHz, CDCl3) 5(ppm):
7.33-7.29 (m, 2H, Ph), 7.25-7.19 (m, 3H, Ph), 3.41-3.32 (m, 1H, PhCH), 2.77 (dd, J; =16.8 Hz, ], = 6.4 Hz,
1H,CO CH), 2.69 (dd, J; = 16.4 Hz, ], = 8.0 Hz, 1H, COCHy), 2.29-2.22 (m, 1H, COCH), 1.83-1.65 (m,
5H, Cy), 1.35-1.17 (m, 8H, Cy overlapped with CHg). 13C-NMR (100 MHz, CDCl5) d(ppm): 212.83
(C=0), 146.54 (C'py,), 128.39 (Cpy), 126.75 (Cpp), 126.11 (Cpy), 51.19 (COCH), 49.10 (COCH>), 35.02
(CH), 28.22 (Cy), 28.05 (Cy), 25.78 (Cy), 25.61(Cy), 25.53 (Cy), 21.79 (CHj3). HRMS (ESI) m/z calcd for
Cy6H2,ONa [M + Na]* 253.1568, found 253.1569.

3-Phenyl-1-(thiophen-2-yl)butanone (3m) [48]: Colorless oil (111.5 mg, 97%). 'H-NMR (400 MHz, CDCl3)
d(ppm): 7.70-7.69 (m, 1H, thiophenyl), 7.64-7.63 (m, 1H, thiophenyl), 7.36-7.28 (m, 4H, Ph), 7.25-7.23
(m, 1H, Ph), 7.14-7.12 (m, 1H, thiophenyl), 3.56-3.51 (m, 1H, PhCH), 3.24 (dd, J; = 16.0 Hz, ], = 6.0 Hz,
1H, CH,CO), 3.14 (dd, J; = 15.6 Hz, ], = 8.4 Hz, 1H, CH,CO), 1.38 (d, ] = 6.8 Hz, 3H, CHj). '*C-NMR
(100 MHz, CDCl3) 8(ppm): 191.94 (C=0), 146.18 (Clpp), 144.60 (C? thiophenyl), 133.56 (thiopheny]l),
131.81 (thiophenyl), 128.49(Cpy,), 128.01(thiophenyl), 126.78 (Cpy,), 126.30 (C*py,), 47.78 (COCH,), 35.93
(CH), 21.64 (CH3).

1-Phenylnonanone (3n) [47]: Colorless oil (106.8 mg, 98%). 'H-NMR (400 MHz, CDCl3) §(ppm): 7.97-7.95
(m, 2H, Ph), 7.57-7.53 (m, 1H, Ph), 7.47-7.44 (m, 2H, Ph), 2.96 (t, ] = 7.6 Hz, 2H, COCH,), 1.77-1.69
(m, 2H, COCH,CH,), 1.39-1.25 (m, 10H, (CH,)s), 0.88 (t, ] = 6.8 Hz, 3H, CHs). 3C-NMR (100 MHz,
CDCl3) 8(ppm): 200.62 (C=0), 137.05 Clpy,), 132.83 (C*py,), 128.51 (Cpy,), 128.02 (Cpy), 38.61 (COCHy),
31.81 (CHy), 29.42 (CH,), 29.36 (CHy), 29.15 (CHp), 24.36 (CH,), 22.63 (CHy), 14.08 (CHs).

4. Conclusions

In summary, we have developed a highly efficient acylative cross-coupling of trialkylboranes
with activated amides by using 1,3-bis(2,6-diisopropyl)phenylimidazolylidene and 3-chloropyridine
co-supported palladium chloride, the PEPPSI catalyst, under mild conditions. Bases appeared to
play a key role in the reaction, among which K,COj3 performed best in MTBE at room temperature.
The reaction proceeded to give alkyl ketones in good to excellent yields, tolerating a variety of
functional groups in the amide counterpart. Unlike the high-order arylboron compounds, in which all
the aryl groups react effectively, only one of the three primary alkyl groups in trialkylboranes could be
used as alkyl source for the acyl alkylation. The trialkylboranes generated in situ by hydroboration
of olefins with BH3 or 9-BBN performed comparably to those separately prepared. This protocol
complements ketone synthesis via palladium-catalyzed acylative cross-coupling of amides, providing
a feasible access to both monoalkyl and dialkyl ketones.

Supplementary Materials: The following are available online, Figures S1-528: 'H and *C-NMR of products
3a-3n, Figure 529 HRMS of 31.
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Abstract: Non-planar amides are usually transitional structures, that are involved in amide bond
rotation and inversion of the nitrogen atom, but some ground-minimum non-planar amides
have been reported. Non-planar amides are generally sensitive to water or other nucleophiles,
so that the amide bond is readily cleaved. In this article, we examine the reactivity profile of
the base-catalyzed hydrolysis of 7-azabicyclo[2.2.1]heptane amides, which show pyramidalization
of the amide nitrogen atom, and we compare the kinetics of the base-catalyzed hydrolysis of
the benzamides of 7-azabicyclo[2.2.1]heptane and related monocyclic compounds. Unexpectedly,
non-planar amides based on the 7-azabicyclo[2.2.1]heptane scaffold were found to be resistant to
base-catalyzed hydrolysis. The calculated Gibbs free energies were consistent with this experimental
finding. The contribution of thermal corrections (entropy term, ~TASY) was large; the entropy
term (ASY) took a large negative value, indicating significant order in the transition structure,
which includes solvating water molecules.

Keywords: non planar amide; base-catalyed hydrolysis; water solvation; entropy

1. Introduction

In non-planar amides, distortion of the amide bond can arise from both twisting about the
C-N bond and pyramidalization at the nitrogen atom (Scheme 1) [1,2]. These transformations of
the amide bond are essentially mutually correlated, and the transition states of the amide rotation
involved bond twisting and nitrogen pyramidalization at the same time [3] (see also Reference [4]).
The partial double-bond character of planar amides limits rotation about the C-N bond, and this feature
also contributes to stabilization, due to electron-delocalization. Decrease in spz nitrogen character,
with increase of sp® character, tends to weaken the C-N bond and increase the electrophilicity of the
carbonyl carbon atom [1].
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nitrogen pyramidalization

Scheme 1. Amide transformation processes causing non-planarity: (1) N-C bond twisting (rotation)
and (2) nitrogen pyramidalization. These transformations are interconnected.

Non-planar amides are usually transitional structures that are involved in amide bond rotation
(Scheme 1 (1)) and inversion of the nitrogen atom (Scheme 1 (2)). However, even in ground-minimum
structures, amide distortion can be caused by several different factors, as illustrated in Figure 1A
lactam ring strain of the nitrogen atom at a bridgehead position [5-8]; Figure 1B steric repulsion
between substituents at the carbonyl and nitrogen positions [9]; Figure 1C angle strain at the
nitrogen position [10]; Figure 1D bulkiness of substituents at the nitrogen position [11]; Figure 1E
anomeric effect [12]; Figure 1F 1,3-allylic strain with respect to the pseudo C-N double bond [4,13].
These compounds are examples of ground-minimum non-planar amides. One of the most significant
consequences of losing planarity of amides is an increase in lability: Reduction of the amide resonance
exposes the carbonyl functionality to nucleophilic attack and acyl transfer reaction. In particular,
hydrolysis by water under both acidic and basic conditions, and even under neutral conditions,
is greatly accelerated when planarity is disrupted [5-9].

RHN (l)
A hs Me N 0 N\=
0= A LN C[
N Me o) N
A3 A4

A1 CO,H A2
Ph
D O E F 07

B HsC cH C O.__Ph
Hsci 3S Y ‘ 0 N N H
N ey H —
S = e B
-/ HyC™ =0 OR,
HeC

Figure 1. Some examples of non-planar amides.

The torsional angle () (the mean twisting angle around the C-N bond, see Figure 2) for completely
planar amides is 0.0°. It is clear that the T angle of ground-minimum non-planar amides can adopt
values different from zero. Stable ground-state N,N-disubstituted tertiary amides, such as benzamide
derivatives (1a-1j) can also take non-zero T values (Figure 2), as their calculated structures show
distortions from planarity [14,15]. Some of them (1¢, 11 and 1j) are activated for facile cleavage of the
amide C-N bond in the presence of various catalysts [16-19].
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Figure 2. Distortion angles (1) of ground-state-stable benzoyl amides. ® B3LYP/6-31 + G(d) level of
theory (Reference [14]). b X-ray data (Reference [15]). Calculated dihedral angle 1. T = (wq + wy)/2
(w1 = ZR-N-C-O and w; = ZR-N-C-R’) [14].

Brown proposed a close relationship between nitrogen pyramidalization, C-N bond length and
kinetic reactivity to hydroxy anion attack [7], based on a comparison of the hydrolysis kinetics of
analogous planar (molecule 1k in Figure 3) and non-planar amides (A3 in Figure 3). The base-catalyzed
hydrolysis reaction at 25 °C showed a striking activation by 7 orders of magnitude in passing from the
planar to the non-planar structure (see values in Figure 3).

(@]
LN T
-
(0]

262x102 M1s?  22x10° M's
(NaOH-H,0, 25°C) (NaOH-H,0, 25°C)

Figure 3. Model molecules used by Brown in his comparative kinetics study.

Because of the lability of most non-planar amides in the presence of water [5-9], there have
been few applications of these scaffolds (Figure 1) in molecular design. On the other hand,
while 7-azabicyclo[2.2.1]heptane amides are highly suspicious of chemical stability, due to
nitrogen-pyramidalization [12,13], 7-azabicyclo[2.2.1]heptane amides are of interest, beccause they
can be regarded as conformationally constrained (3-proline mimics. Consequently, several derivatives
have been synthesized, and helical structures of homooligomers of 3-proline mimics derived from
azabicyclo[2.2.1]heptane amide have been reported [20,21]. The helical structures were stable even in
the absence of intramolecular hydrogen bonds [22,23]. By introducing suitable bridgehead substituents,
either all-cis amide or all-trans amide conformations were obtained. Conformational control favoring
the cis-isomer was achieved by introducing substituents at the C-4 bridgehead position (Figure 4(a)).
The cis-amide structure is heat-stable and the helical structure remains intact in a variety of solvents
(water, alcohol, halogenated solvents and cyclohexane) [24]. On the other hand, conformational control
favoring the trans-isomer was achieved by introducing substituents at the C-1 bridgehead position
(Figure 4(b)). The trans-amide structure also proved to be heat-stable and the helical structure remained
intact in both hydrophilic and hydrophobic solvents [25].

134



Molecules 2018, 23, 2363

(@) Boc Boc

Figure 4. (a) Schematic representation of 7-azabicyclo[2.2.1]heptane amide cis-(S)-8mer. (b) Schematic
representation of the trans-(R)-8mer.

In the synthesis of oligomers of 7-azabicyclo[2.2.1]heptane amides (Figure 4) [24,25], acid-catalyzed
deprotection of the Boc group was compatible with the amide linkage (Figure 5). Therefore, we thought
that the bicyclic amide linkage might be stable under acidic conditions and convectional mild
reaction conditions. However, to our knowledge, neither qualitative nor quantitative data about
the base-catalyzed hydrolytic reactivity of this system have been reported.

MeOH,C
Boc—N
!300
Boc  cH,0Me HN CH,OMe N CH,0OMe CH,OMe
% TFA, CHiCly o HO N0 E
°C 2h
N CH,OMe N CH,OMe > CH,OMe
EDCI-HCI
DMAP, CH,Cl,
rt, 48 h
61%
MeO”™ ~O MeO”™ ~O MeO™ ~O

Figure 5. Acidic deprotection procedure in the synthesis of the homooligomers.

Therefore, the aim of the present study is to establish the reactivity profile in the base-catalyzed
hydrolysis of this 7-azabicyclo[2.2.1]heptane amide system, which might serve as a model for the
enzymatic cleavage of peptide bonds. To this end, kinetic studies of the base-catalyzed hydrolysis of
the amide of 7-azabicyclo[2.2.1]heptane benzamides were conducted and the results were compared
with reported data for related monocyclic amide compounds. Theoretical calculations were also carried
out to aid in understanding the unexpectedly low reactivity.

2. Results and Discussion

In order to estimate the strength of amide bonding, we compared the reactivities of planar and
non-planar amides, specifically pyrrolidine amides (3a-e) and 7-azabicyclo[2.2.1]heptane amides (4a—e)
(Figure 6). We also evaluated the effect of introducing substituents on the bridgehead position of the
bicycle (5a—e). We utilized azetidine amides (2a—e) (Figure 6) as reference compounds for non-planar
cyclic amides. In general, we found that the base-catalyzed hydrolysis of the bicyclic amides (4 and 5)
was rather slow. Among aromatic substituents, we focused on a (H), b (Cl) and ¢ (NO,) (Figure 6),
for which the reaction proceeds at acceptable speed, since the reactions in the cases of substituents d
(Me) and e (MeO) are too slow to obtain kinetic data by means of NMR (see below).
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a: X=H; b: X=ClI; c: X=NO,; d X=Me, e: X=MeO

Figure 6. Model molecules used in this study. N-Benzoylazetidines (2a—e) and N-benzoylpyrrolidines
(3a—e) were examined as monocyclic amides. N-Benzoyl-7-azabicyclo[2.2.1]heptanes (4a—e) and
N-benzoyl-1-(methoxymethyl)-7-azabicyclo- [2.2.1]heptanes (5a—c) were examined as bicyclic amides.

2.1. Synthesis

The monocyclic N-benzoylazetidines 2a—e and N-benzoylpyrrolidines 3a—e were synthesized in
a straightforward manner by coupling the corresponding amines with different benzoyl chlorides
(Scheme 2). For the synthesis of the azetidine compounds, the chloride salt of the amine was used
as the starting material, with 3 equivalents of DIPEA (diispropylethylamine). For the synthesis of
pyrrolidine compounds, 1.2 equivalents of DIPEA sufficed. Compounds were obtained in good yields.

0

({CNH + ci DIPEA_ \D m=1, 2a-e
m X CHCly m=2, 3a-e
m=1, 2 0°Ctort

a: X=H; b: X=ClI; c: X=NO,;
d X=Me, e: X=MeO

Scheme 2. Synthesis of monocyclic amides 2 and 3.

In addition to the monocyclic amides, we synthesized unsubstituted (4a—e) and substituted
(5a—e) bicyclic amides. N-Benzoyl-7-azabicyclo[2.2.1]heptanes were synthesized starting from
trans-4-aminocyclohexanol (Scheme 3) [4]. The primary amine was substituted by benzyloxycarbonyl
chloride (ZCl), and the hydroxy group was changed to toluenesulfonate in order to facilitate bicycle
formation. Coupling of benzoyl chloride or para-substituted benzoyl chlorides gave the bicyclic
amides (4a—e).

OH ZCl OH TsCl OTs
O’ aqueous NaOH O’ pyridine O’
—_— —_—
HoN™ 0°C,2h  ZHN™ 0°Ctort ZHN" X
20h
aqueous HBr OTs 1) aqueous NaOH  p,  X-Ph-COCI 0
& acOH _EOH_ CI' N+ Et;N O
E— —_— AN
it “BrHgN* 2) aqueous HCI CH,Cl, N
11h ", 20h oc1sh Ty
a: X=H; b: X=Cl; c: X=NOy; da-e

d X=Me, e: X=MeO

Scheme 3. Synthesis of bridgehead-unsubstituted bicyclic amides 4.
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A different strategy was followed for the bridgehead-substituted bicyclic amides 5a—c
(Scheme 4). The hydroxy group was removed from the previously synthesized monomer scaffold
by Barton-McCombie deoxygenation using AIBN and tris(trimethylsilyl)silane (TTMSS) [26].
After that, the bridgehead ester functionality was first reduced to alcohol and then changed to ether.
After Boc-deprotection, the compounds were coupled with various para-substituted benzoyl chlorides
to afford the bridgehead-substituted bicyclic amides.

Boc Elioc ?00
NaH, CS, N TTMSS N CO,Me NaBH,

1
N co,Me Mel CO.Me AIBN ﬂlﬁ CaCl,
—_— — —_—
L@OH THE L@O\"/S'V'e toluene THF/EtOH
40-50°C o reflux
TTMSS= tris(trimethylsilyl))s(ilane

Boc Boc @
N
L!§OH 1)NaH, THF, 0°c .~ —OMe 1) TFA-CH;Cl, |

- O\
2) Mel, THF, rt 2) X-Ph-COCI N OMe
EtN L‘§
a: X=H; b: X=ClI; c: X=NO, CH,Cl,
0°C, 1.5h 5a-c

Scheme 4. Synthesis of bridgehead-substituted bicyclic amides 5.

2.2. Alkaline Hydrolysis of Planar Amide 3a

In order to assess the chemical reactivities of the non-planar 7-azabicyclo[2.2.1]heptane amides 4
and 5 in alkaline conditions, we first examined the kinetics of the planar amide N-benzoyl pyrrolidine
3a (X=H) in order to optimize the reaction conditions, because the hydrolysis of 3a is expected to be
the slowest among these compounds (2, 3, 4 and 5 in Figure 5).

2.2.1. Optimization of Reaction Conditions

Given that hydrolysis involves working with water as a solvent, it was necessary to confirm the
solubility of the reactants. In order to carry out the reactions, water-miscible co-solvents had to be
chosen. In addition, since alkaline conditions entail high concentrations of hydroxide, some solvents
(such as ketones or acetonitrile) are unsuitable. The list of possible co-solvents was narrowed down to
1,4-dioxane, methanol, THF and DMSO.

The first attempts at hydrolysis were conducted with 0.15 mmol (30 mg) of N-benzoylpyrrolidine
3a, 100 pL of deuterated methanol (as a co-solvent) and 400 pL of a solution of NaOD in D, O (40 w/w %).
The procedure was also done using 100 uL of deuterated 1,4-dioxane(1,4-dioxane-dg). The samples
were heated in a water bath at 37 °C and subjected to TLC. NMR spectra were recorded after 24 and
48 h. However, no hydrolysis product was detected by 'H-NMR, and no new product appeared on
TLC. Thus, the hydrolysis reaction did not proceed at 37 °C. Furthermore, the NaOD solution and the
1,4-dioxane solution separated into two phases.

Next, the concentration of the base was reduced to 0.4 M and that of the reactant to 0.1 M (i.e.,
a 4-fold excess of base over starting material). The total reaction volume was 1 mL (100 uL of co-solvent
and 900 uL of D,0).

Heating at 50 or 70 °C was applied, and the hydrolysis of 3a was monitored by TLC analysis.
The reaction proceeded at 70 °C. The starting material was no longer detectable after 48 h, and a single
spot corresponding to the hydrolysis product (benzoic acid) appeared. However, at 50 °C the starting
amide 3a was still detectable on the TLC plate after 48 h. In order to assess the working range for the
other compounds, a similar test was done at 70 °C for p-nitro derivative 3¢ (no spot of the starting
material was detected after 5 h) and p-methoxy derivative 3e (the starting material was still detected
after 65 h). Moreover, at the higher temperature, the 1,4-dioxane solution remained monophasic.
Therefore, it was decided to work at 70 °C.
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In order to follow the progression of the reaction quantitatively, we recorded NMR spectra of
hydrolysis reaction mixtures of 3a—e every two min at 70 °C. Rate constants were calculated from the
decrease of the integrals of the reactant (Figure 7).
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Figure 7. "TH-NMR monitoring of the hydrolysis of 3a, with NaOH in D,O and 1,4-dioxane-dg at 70 °C.
The intensity of amide peaks decreased (red box) over time, and product signals appeared (blue box).

117

From the TH-NMR integration information we were able to determine the loss of amide over time.
Since working with excess deuteroxide anion guarantees pseudo-first-order kinetics, rate constants
were calculated using the following first-order equation:

d[Amide]

i = —k[Amide]. (1)

The integration of this rate equation gives the following equation:
In[Amide] = —kt + In[Amide] 2)

where [Amide] represents the molar concentration (M) of amide, k represents the reaction constant
(s71), and t represents time (s). A least-squares plot of the natural logarithm of amide concentration
versus time gave a straight line whose slope equals —k. The initial amide concentration corresponds to
the value of the y-intercept.

When either the aromatic protons or the pyrrolidine protons were used as a reference for signal
integration, all five pyrrolidine amides 3a—e showed good correlations between concentration and time,
and first-order reaction rate constants could be determined (Figure S1). The regression coefficients
R? were high for all five compounds 3a-e (Figure S1). The reaction showed Hammett-like behaviour,
that is the hydrolysis proceeded faster when an electron-withdrawing group was present at the para
position of the phenyl ring, and slower when an electron-donating group was present.
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Based on these results, we next examined, the hydrolysis of the bicyclic compounds under
the same conditions. In order to hydrolyze compounds 4a and 4b it was necessary to increase the
proportion of 1,4-dioxane from 10% to 20%. The reaction proceeded smoothly, and the disappearance
of the reactants was successfully monitored by NMR. Unfortunately, the bicyclic compounds were not
sufficiently soluble under these conditions. Hence, we decided to increase the proportion of co-solvent.
The reaction volume was also scaled down from 1 mL to 500 pL. Solvent conditions were modified
on the basis of an examination of the hydrolysis of the p-NO,-substituted pyrrolidine benzamide 3¢
(Table 1).

Table 1. Effect of variations of co-solvent proportions on the hydrolysis rate of 3c.

1,4-Dioxane-dg/D,0 (v/v%) 3c NaOD Temperature  —k,p; (1)
25/75 0.05 mmol 0.5 mmol 70 °C 3.0 x 107*
50/50 0.05 mmol 0.5 mmol 70 °C 9.6 x 107°
75/25 0.05 mmol 0.5 mmol 70 °C 23 % 107°

The sample containing 75% 1,4-dioxane did not form a homogenous solution even after heating
at 70 °C, possibly due to the high NaOD concentration in the water phase. On the other hand, the use
of 25% 1,4-dioxane resulted in a low R? value (0.943). Despite these setbacks, it was seen that the
reaction proceeds faster in more polar solvent systems. This trend was also seen with other co-solvents
(Figure 8). The reaction time was shorter in DMSO-d; than in methanol-d4, which in turn was shorter
than in 1,4-dioxane. The reaction was also carried out in THF-dg, but the compound was not sufficiently
soluble even at high temperature. The effect of solvent polarity on the hydrolysis rate can be explained
by the fact that the amide bond has a polar nature, and charges develop as the bond is broken.
Therefore, more polar solvent systems are better at stabilizing the developing charges in the transition
states and the products. Although DMSO is a good solvent, the presence of hydroxide anion can
produce the basic dimsyl anion (Na* “CH,-SO-CHj3) from DMSO. Therefore, we focused on 1,4-dioxane
and methanol, rather than DMSO.
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Figure 8. Effect of polarity of the solvent system on the rate of alkaline hydrolysis. Higher polarity
of the solvent system accelerates the reaction. The rate of hydrolysis in methanol as a solvent was
arbitrarily set at unity (1.0).

2.2.2. Alkaline Hydrolysis of Amides in Two Solvents

Finally, the set of conditions, shown in Table 2, was selected for all compounds: 250 uL of
co-solvent (1,4-dioxane-dg or methanol-d,), and 250 uL of water (total volume (500 pL)), and 10
equivalents of base with respect to the reactant amide. The reaction was carried out at 70 °C. These
conditions provided first-order kinetics with respect to amide concentration.

Table 2. Final conditions for alkaline hydrolysis of amide compounds.

Starting Amide  NaOD 40% wt. D,0 Co-solvent  Temperature
0.05 mmol 0.5 mmol 250 uL 250 uL 70 °C
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2.2.3. Alkaline Hydrolysis in Dioxane

Several compounds were subjected to NaOD-catalyzed hydrolysis in 1,4-dioxane-dg-D,0O (1:1)
under the conditions, shown in Table 3. The co-solvent was 1,4-dioxane-dg. The plots in Figure S2
are based on the raw data of selected hydrolysis experiments (Figure 9). Hydrolysis was repeated
three times for some of the compounds in order to assess the repeatability of the method. It was found
that the error when 1,4-dioxane-dg was used as the co-solvent was £13.8%. Products (carboxylate and
amine) were identified by mass spectrometry. NMR monitoring revealed signals corresponding to the
reactant and the hydrolysis products in all cases. The ring-opening product of azetidine amide was
not detected. As a general trend, base-catalyzed hydrolysis of azetidine amides (2) proceeded more
rapidly than that of pyrrolidine amides (3), which in turn were hydrolyzed faster than unsubstituted
bicyclic amides (4), while bridgehead-substituted bicycles (5) were least reactive (for example, reaction
rate: 2a>3a>4a > 5a; 2b >3b > 4b > 5b; 2¢ > 3¢ > 4c¢ > 5¢). The expected Hammett-like trend was
observed: The electron-withdrawing substituent NO, (c) on the phenyl moiety accelerated the reaction.

Table 3. Base-catalyzed hydrolysis rates (—kps in M~ s 1) of amides 2x-5x (x = a—e) in two solvent
systems.? Average values are shown where possible (see footnotes). Relative reaction rates (referenced
to 4) are shown in parentheses.

1,4-Dioxane-D,0 (1:1), NaOD, 70 °C Methanol-D,0 (1:1), NaOD, 70 °C ®
X= 2x 3x 4x 5x 2x 3x 4x 5x
21x1075 78x10° 36x10° 65x1077
a(H) 11x107* 29x107° ND ND
(5.8) (22) (1) 0.2)
bl 23x107%  18x107° 28x107° 12x107° 97x107* 70x107° 1.1 x 3.0 x 107°
(82.1) (6.4) (1) 0.4) (88.2) (6.4) 10-5(1) 0.3)
CNOy 99X 107% 1.0x107* 30x107° 37x10° 65x10°% 42x107* 7.0 x 43 x107°
2 (33.0) (3.3) (1) (1.2) 92.9) 6.0) 10-5(1) 0.6)
1.7 x 1073 4.1 x
—6
d (Me) ND 41 %10 NA NE ND @2) 10-51) NE
e (MeO) ND 48 x107° NE NE ND 1.9 x 107° NE NE

@ Error estimation: 13.8% (in the 1,4-dioxane system). (b) Error estimation: 17.4% (in the methanol system).
ND = not determined; NA = not available (due to the solubility problem); NE = not executable (due to very
slow reaction).

14-Dioxane-ds Hydrolysis-Reaction Methanol-ds
by oo 3 cl
» b O 9.7x 10"
P —
2.3x10 D,0/Solvent | + (88)
(82) ‘H e 0
cl 0
18 x10° e e 7.0x10°
.0 X —_—
() ; D,OfSolvent + (6)
N 1:1 ~
O 0

Cl 0,
" T w0 .
2.8x10 o — 4 1.1x10

N D,O/Solvent M~y
1 Ay b 1
(1) gE (1)
cl 9
NaOD  _ }—@—m
g 10eq. O

-6 : -6
1.2x10 o= — > 3.0x10
‘\N D,ms:lvem H\;F ome

(0.4) ASM B L6 (0.3)

Figure 9. Base-catalyzed hydrolysis rates of 2¢, 3¢, 4c and 5¢ in two solvent systems (1,4-dioxane
and methanol). Values of —kyps (s~1) are shown. Relative reaction rates are shown in parentheses
(referenced to 4c).
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For example, N-(p-nitrobenzoyl-7-azabicyclo[2.2.1]heptane (4c) was hydrolyzed in 1,4-dioxane
and D,O at a slower rate than the analogous planar monocycle 2¢ (6 times faster than 3c) or the
non-planar monocycle 1c (82-88 times faster than 3c). Moreover, a bridgehead substituent (4c) further
slowed the hydrolysis rate (2.3-3.6 times slower than 3c) (Figure 9).

2.2.4. Alkaline Hydrolysis in Methanol

Several compounds were subjected to hydrolysis in methanol under the final conditions, shown
in Table 3 (methanol-d4-D,O 1:1). The co-solvent used in this case was methanol-ds. The following
plot shows the 'H-NMR spectral change corresponding to the slow consumption of 5b in methanol
(Figure 10). We could not detect intermediate formation of the methyl ester, which may be formed
by the attack of methoxide anion on the amide. Hydrolysis was repeated three times for some of
the compounds in order to assess the repeatability of the method. It was found that the error of
the method when using methanol-d; as a co-solvent was £17.4%. Products were identified by mass
spectrometry. Signals corresponding to reactants and hydrolysis products were identified in all cases.
The ring-opening product of azetidine amide was not detected. Reactivity followed the same trend as in
1,4-dioxane (reaction rate: 2b > 3b > 4b> 5b). The reactivity was higher in methanol than in 1,4-dioxane.

t=2min

T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 1.5 ppm
t=8h
A
T

8.5 8.0 7.5 7.0 6.5 6.0 55

t=13.2h
LJﬂ
r T T T T T T T T T T T T T T T d
85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 ppm

Figure 10. Progress of the hydrolysis of 5b in methanol-ds /D,O (1:1) at 70 °C, followed by TH-NMR;
the intensity of amide peaks decreased, and new product signals appeared as the reaction progressed
(red box).

2.2.5. Comparison of Kinetic Data

As shown in Table 3, the same general trend was observed irrespective of the solvent system
employed. Azetidine amides (2) were the most reactive, followed by pyrrolidine amides (3),
then unsubstituted bicyclic amides (4), and finally bridgehead-substituted bicycles (5) (reaction rate:
2b > 3b > 4b> 5b). Phenyl substitution had the expected effects (according to the inductive effects) in
all series of amides.

141



Molecules 2018, 23, 2363

2.3. Computational Studies

2.3.1. Reaction Model

It was unexpected to find that non-planar amides based on the 7-azabicyclo[2.2.1]heptane scaffold
(4) showed such poor susceptibility to base-catalyzed hydrolysis, even upon heating, as compared with
the corresponding monocyclic amides (3). Bridgehead substitution of the 7-azabicyclo[2.2.1]Theptane
amides (5) also decelerated base-catalyzed hydrolysis of the amide as compared with the unsubstituted
bicyclic derivative (4). It has been established in previous studies on heavy atom isotope effects that
formation of the tetrahedral intermediate is rate-determining in the base-catalyzed hydrolysis of
formamide (HCONH,) (Scheme 5) [27].

X X 2
O J "0
o o X
| ~_~ OH \ OH — +
RN d N 'T'
GS TS1 INT1 Products

Scheme 5. General reaction path for the base-catalyzed hydrolysis of amides.

While there have been several ab initio and DFT calculation studies of the hydrolysis of planar
amides and non-planar amides [28-31], base-catalyzed hydrolysis of amides has been relatively
little studied until recently, Further, most studies have focused on rather simple amides, such as
formamide, N-methylacetamide, DMF, and DMA (dimethylacetamide) [32]. Here, we aimed to
rationalize the observed reactivity trends by computational studies of our more complex reactants and
transition structures.

It is known that that explicit water solvation is crucial for the calculation of amide hydrolysis.
Xiong and Zhan [32] showed that incorporation of five implicit water molecules is required, and there
are two kinds of hydrogen-bonding networks of water in the vicinity of the hydroxy ion (TOH) and
amide group in the presence of five explicit water molecules (Figure 11). These two patterns commonly
involve activation of the carbonyl group by hydrogen-bonding of two water molecules to the oxygen
atom (increasing its electrophilicity) and hydrogen bonding of three water molecules with the oxygen
atom of the hydroxy anion (decreasing its nucleophilicity and at the same time decreasing electronic
repulsions). There is a difference in the topology of the hydrogen-bonding networks. Type a is more
stable than Type b by approximately 1-2 kcal /mol, but finding a TS of Type a in our experimental amide
systems 2-5 was difficult, probably because the Type a hydrogen network is sensitive to the steric
interactions encountered in more complicated amide structures (see the detail in the Experimental
Section). Therefore, in the present work, we focused on the hydrogen network Type b, which seems
relevant to the present compounds.

H-Q---- ) H
. H
H o N Mo "o p
Heo'o B p H~<; Hoo o
N \ . 1 \ H
:O,\/‘\ o\q ‘
HooH @ H 7O oH /o
— N—
/N /
Type a Type b

Figure 11. Two hydrogen network patterns involving five HyO molecules in the attack of OH anion on
the amide carbonyl carbon atom [32].
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Geometry optimizations for the ground states of hydrated reactants (amide and hydroxide
anion) and the transition state for the nucleophilic addition of hydroxide anion to the amide carbonyl
group were performed in the presence of explicit water molecules at the B3LYP and M06-2X levels
of theory with a combination of two basis sets, 6-31+G(d) and 6-311++G(d, p). Bulk solvation
effects (self-consistent reaction field, SCRF) were also incorporated by means of IEFPCM (Polarizable
Continuum Model, PCM, using the integral equation formalism variant) and SMD methods in water.
Vibrational frequency calculations were performed at the same level of theory. The energies were
corrected for the zero-point energies and Gibbs free energy at 25 °C (298.15 K), obtained from frequency
calculations. Hereafter, we will focus on the calculation values based on M06-2X level with the SMD
solvent model. The calculations at the B3LYP level (see Tables S1-54) were consistent with the trends
obtained in the M06-2X calculations.

2.3.2. Model with Five Explicit Water Molecules

Transition structures (TSs) for the hydroxide anion-catalyzed hydrolysis of the amides, including
five explicit water molecules were identified with M06-2X//6-31+G(d) (Figure 12). As previously
described by Xiong and Zhan [32], we calculated the activation Gibbs energies from the energy
difference between the TS structures and the summation of the energies of the two reagents, the amide
with two hydrogen-bonded water molecules (amide(H,0),) and the hydroxide anion clustered with
three water molecules (TOH(H,0)3) (Scheme 6). We also estimated Gibbs free energies by single-point
calculation with M06-2X/ /6-311++G(d,p) on the basis of the M06-2X/ /6-31+G(d) optimized structures
(Table 4).

H H
H 4 /
H 0 H, H\O,H O\ .0 H
! i O T H-" | ,C)
H-—-‘O\ H 1 I 1 H H
H-o H \ .H + H . N
T ! P AH b—H-"'O~ O’
N e e [
. .- H
O-H- g\H ‘</ _—<
N—  25°C (298.15K) /N\
/
© OH(H,0)3 amide(H,0), TS©

Scheme 6. Model of base-catalyzed hydrolysis reaction of amide.

The contribution of thermal corrections (entropy term, ~TAS) was significant. The entropy
term (AS¥) took a large negative value (Table 2), indicating the presence of significant order in the
transition structure. Associated water molecules need to rearrange on the surface of the amide, and thus
would contribute to this large negative entropy term. A larger free-energy activation barrier was
seen for N-benzoyl-7-azabicyclo[2.2.1]heptane (4a) than for the monocyclic N-benzoylpyrrolidine (3a).
The pyramidal amide, the azetidine derivative 2a has the smallest activation energy. The order of the
magnitude of the Gibbs activation energies (4a > 3a, 5a > 2a, Table 4) is essentially consistent with the
experimental reactivity (Figure 8 and Table 3), with the exception of the bridgehead-substituted bicyclic
amide 5a, which is expected to have higher activation energy than 4a. However, we need to make
allowance for the simple harmonic oscillator approximation in the thermal energy correction, and also
we need to consider that this thermal energy correction is an approximation of the real entropy change
in the solvation process.

The enthalpy terms (AH¥) were underestimated (Table 4), but the order of their magnitudes is also
essentially consistent with the experimentally observed hydrolysis rates: 2a > 3a, 4a, 5a. This trend is
consistent with the trajectory in the TS structures (Figure 12): The shorter the distance between the
amide carbonyl carbon atom and hydroxide oxygen atom (i.e., later the TS), the larger the enthalpy
term (AH¥).
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Table 4. Calculated free energy barrier for the formation of the transition state at 25 °C (298.15 K) at
the M06-2X/6-31+G(d) and M06-2X/6-311++G(d, p) levels, considering five water molecules. Solvent
effect is SMD (solvent = water) .

Compound AH? —TASH ASt AGHy50¢
kcal/mol kcal/mol cal/(mol-K) kcal/mol
MO06-2X/6-31+G(d) SMD=water P
2a 2.51 +17.38 —58.29 19.89
3a 5.03 +17.03 —57.12 22.06
4a 6.80 +16.57 —55.58 23.37
5a 4.66 +17.95 —60.20 22.61
M06-2X/6-311++G(d,p) SMD=water ¢
2a 4.26 +16.16 —54.20 20.42
3a 7.13 +16.03 —53.76 23.16
4a 8.80 +15.76 —52.86 24.56
5a 7.50 +15.44 —51.79 22.94

@ Calculation and experimental Gibbs free energy of hydroxide anion-catalyzed hydrolysis of formamide was
21-22 keal/mol [32]. ® Full optimizations. ¢ Single-point calculations.

Other reaction models, a model with four explicit water molecules and a model with implicit
water molecules, were also examined and the order of the energy demand is consistent with that of the
present five-water model (the results are described in Supporting Information).

Non-planar amides based on the 7-azabicyclo[2.2.1]heptane scaffold were found to be rather
inert to base-catalyzed hydrolysis. The calculated Gibbs free energies are also consistent with the
experimental results.

4a-TS 5a-TS

Figure 12. M06-2X/6-31+G(d)-optimized transition structures of hydroxide anion addition to the
amide. Distance between the amide carbonyl carbon atom and hydroxide oxygen atom was shown.
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A close scrutiny of the trajectory in the TS (Figure 12) revealed the optimal trajectory for
the hydroxide anion attack on the carbonyl group accompanied with hydrating water molecules.
The positions of the hydroxy anion were similar in the respective TS structures. In the bicyclic amides
(Figure 13, left), the water molecules in the bridgehead-substituted 5a were placed a little further
from the amide substrate as compared with those in bridgehead-unsubstituted 4a. A comparison of
azetidine 2a and bridgehead-unsubstituted 4a also indicated that some of the hydrated waters were
placed far from the substrate in the case of 4a (Figure 13, right). Therefore, these water molecules
cannot get close to the substrate, due to greater steric congestion in 4a, as compared with the azetidine
(2a). Hydrogen bonding of water molecules stabilized the developing negative charge during the
attack of hydroxide anion on the amide carbonyl carbon atom, while the entropy cost compensates for
the stabilization. Inefficient hydration is one of the possible reasons that could explain the increase of
the activation energy of the bicyclic amides 4 and 5.

5a
. 4a
2a
, “da =
‘OH ).
e a s
A 2a A
= \‘ 4a > N >
4a 4a
)\ 5a \ 2a
5a \ 2a L
Superimpose of Superimpose of
TSs of 4a and 5a TSs of 2a and 4a

Figure 13. Superimposed TS structures of 4a and 5a (left) and 2a and 4a (right), showing the disrupted
water network in bulky 5a (left, magenta) and 4a (right, blue).

3. Materials and Methods

3.1. General Procedures

All analyzed compounds were synthesized from commercially available reagents. All compounds
were purified before use by column chromatography on silica gel (spherical, neutral silica gel 60 N
(100-210 pum), Kanto). Characterization was done by multiple techniques. 'H- (400 MHz) and 3C-
(100 MHz) NMR spectra were recorded in a 400 MHz Bruker Avance 400 NMR spectrometer at 25 °C.
Chemical shifts (8) are shown in ppm, and coupling constants are given in hertz. Spectral data was
obtained using NMR data processing software Brucker TOP-Spin. The NMR probe temperature was
calibrated by the temperature-dependent chemical shift difference in ppm between OH proton and
CHj; proton of ehtyleneglycol [33].

ESI-TOF mass spectra were recorded in a Bruker Daltonics, micrO-TOF-05. Elemental analyses
were done by an independent group in this department and were given within a 4= 0.4% error range.
Melting points were measured with a Yanaco Micro Melting Point Apparatus and are uncorrected.
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3.2. Synthesis of Amides

All the amide compounds except 5a-5¢ have been synthesized previously [12] and stock samples
were used for the present work. Some compounds among 2a—2e, 3a-3e, and 4a—4e were resynthesized,
as described below, including the new compounds 5a-5c.

Synthesis of N-Benzoylazetidines

N-Benzoylazetidine (2a). Azetidine chloride (100 mg, 1.1 mmol) was dissolved in dry CH,Cl,
(5 mL) and the solution was cooled to 0 °C. DIPEA (0.7 mL, 2.9 mmol) was added, and the mixture
was stirred for 10 min. Then, benzoyl chloride (186 ul, 1.6 mmol) was added slowly to the solution,
and stirring was continued for 30 min. The ice bath was removed and the reaction mixture was
allowed to cool to r.t., then quenched by pouring it into water. The aqueous and organic layers were
separated, and the aqueous phase was extracted with dichloromethane (3 x 10 mL). The combined
organic phase was washed with 0.5 M HCl, 0.5 M aq. NaHCOj3 and brine, dried over sodium sulfate,
filtered, and evaporated under reduced pressure to afford a yellowish oil. The crude product was
purified by open column chromatography (ethyl acetate/DCM, 1:1) to afford 2a as a transparent oil
(130.8 mg, 0.81 mmol, 76%). 'H-NMR (400 MHz, CDCls), 5 (ppm): 7.616-7.592 (m, 2H), 7.444-7.353
(m, 3H), 4.296-4.191 (m, 4H), 2.352-2.274 (m, 2H). 3C-NMR (100 MHz, CDCl3), § (ppm): 170.39, 133.36,
130.93, 128.40, 127.91, 53.46, 49.01. HRMS (ESI-TOF): [M + Na]*: Calcd. for C19H;1NNaO*: 185.0766.
Found: 185.0782.

N-(p-Chlorobenzoyl)azetidine (2b). Azetidine chloride (100 mg, 1.1 mmol) was dissolved in dry
CH,Cl, (5 mL) and the solution was cooled to 0 °C. DIPEA (0.7 mL, 2.9 mmol) was added, and the
mixture was stirred for 10 min. 4-Chlorobenzoyl chloride (205 uL, 1.6 mmol) was added slowly,
and stirring was continued for 30 min. The ice bath was removed and the mixture was allowed to
warm to r.t., then quenched by pouring it into water. The aqueous and organic layers were separated,
and the aqueous phase was extracted with dichloromethane (3 x 10 mL). The combined organic
phase was washed with 0.5 M HCl, 0.5 M aq. NaHCO3 and brine, dried over sodium sulfate, filtered,
and evaporated under reduced pressure to afford a pale oil. The crude product was purified by
open column chromatography (ethyl acetate/DCM, 1:2) to provide 2b as colorless crystals (171.9 mg,
0.88 mmol, 82%). 'H-NMR (400 MHz, CDCls), 5 (ppm): 7.587-7.554 (m, 2H), 7.391-7.358 (m, 2H),
4.309-4.199 (m, 4H), 2.386-2.309 (m, 2H). 3C-NMR (100 MHz, CDCl3), & (ppm): 169.18, 137.08, 131.76,
129.39, 128.70, 53.51, 49.09. HRMS (ESI-TOF): [M + Na]* Calcd. for C19H;oCINNaO*: 218.0343. Found:
218.0360. Anal. Calcd. for C19HyoCINO: C, 61.39; H, 5.15; N, 7.16. Found: C, 61.02; H, 5.47; N, 6.96.

N-(p-Nitrobenzoyl)azetidine (2c). Azetidine chloride (100 mg, 1.1 mmol) was dissolved in dry
CH,Cl, (5 mL) and the solution was cooled to 0 °C. DIPEA (0.7 mL, 2.9 mmol) was added, and stirring
was continued for 10 min. Then, 4-nitrobenzoyl chloride (186 uL, 1.6 mmol) was added slowly,
and stirring was continued for 30 min. The ice bath was removed and the mixture was allowed to
warm to r.t., then quenched by pouring it into water. The aqueous and organic layers were separated,
and the aqueous phase was extracted with dichloromethane (3 x 10 mL). The combined organic
phase was washed with 0.5 M HCI, 0.5 M aq. NaHCO3 and brine, dried over sodium sulfate, filtered,
and evaporated under reduced pressure to give a yellow oil. The crude product was purified by
open column chromatography (ethyl acetate/DCM, 1:2) to afford 2c as a yellow solid (172.6 mg,
0.84 mmol, 78%). 'H-NMR (400 MHz, CDCls), 5 (ppm): 8.268-8.235 (m, 2H), 7.793-7.760 (m, 2H),
4.311-4.231 (m, 4H), 2.425-2.347 (m, 2H). 3C-NMR (100 MHz, CDCl3), § (ppm): 168.00, 139.22, 131.19,
129.01, 123.76, 53.41, 49.32. HRMS (ESI-TOF): [M + Na]* Calcd. for C1oH;9N;NaOs*: 229.0585.
Found: 229.0585.

Synthesis of N-Benzoylpyrrolidines

N-Benzoylpyrrolidine (3a). Pyrrolidine (1 mL, 12.2 mmol) was dissolved in dry CH,Cl, (5 mL) and
the solution was cooled to 0 °C. DIPEA (3.4 mL, 14.5 mmol) was added, and the mixture was stirred
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for 10 min. Then, benzoyl chloride (1.7 mL, 14.75 mmol) was added slowly, and stirring was continued
for 30 min. The ice bath was removed, and the mixture was allowed to warm to r.t., then quenched by
pouring it into water. The aqueous and organic layers were separated, and the aqueous phase was
extracted with dichloromethane (3 x 10 mL). The combined organic phase was washed with 0.5 M
HCI, 0.5 M ageouse solution of NaHCOj3 and brine, dried over sodium sulfate, filtered, and evaporated
under reduced pressure to give a yellow liquid. The crude product was purified by open column
chromatography (ethyl acetate) to afford 3a as a transparent yellow liquid (1.5530, 8.86 mmol, 73%).
IH-NMR (400 MHz, CDCl3), § (ppm): 7.504-7.356 (m, 5H), 3.615 (t, ] = 6.8 Hz, 2H), 3.381 (t, ] = 6.6 Hz,
2H), 1.929-1.804 (m, 4H). '3C-NMR (100 MHz, CDCl,), § (ppm): 169.35, 137.10, 129.51, 128.00, 126.86,
49.33,45.93,26.17, 24.21. HRMS (ESI-TOF) m/z: [M + Na]* Calcd. for C11H13NNaO*: 198.0890. Found:
198.0872. Anal. Calcd. for C11Hy3NO: C, 75.40; H, 7.48; N, 7.99. Found: C, 75.21; H, 7.63; N, 7.97.

N-(p-Chlorobenzoyl)pyrrolidine (3b). Pyrrolidine (0.5 mL, 6.1 mmol) was dissolved in dry CH,Cl,
(3 mL) and the solution was cooled to 0 °C. DIPEA (1.7 mL, 7.7 mmol) was added, and the mixture was
stirred for 10 min. Then, 4-chlorobenzoyl chloride (1.6164 mL, 7.4 mmol) dissolved in CH,Cl, (2 mL)
was added slowly, and stirring was continued for 1 h. The ice bath was removed, and the mixture was
allowed to warm to r.t., then quenched by pouring it into water. The aqueous and organic layers were
separated, and the aqueous phase was extracted with dichloromethane (3 x 10 mL). The combined
organic phase was washed with 0.5 M HCl, 0.5 M aq. NaHCOj3 and brine, dried over sodium sulfate,
filtered, and evaporated under reduced pressure to afford a transparent oil. The crude product was
purified by open column chromatography (hexane/ethyl acetate) to provide 3b as a white amorphous
solid (444 mg, 2.1 mmol, 35%). m.p.: 6264 °C. 'H-NMR (400 MHz, CDCly), & (ppm): 7.410 (dd;
] =4.3 Hz, 1.8 Hz; 2H), 7. 307 (dd; | = 8.8 Hz, 2 Hz; 2H), 3.569 (t, | = 6.6 Hz, 2H), 3.349 (t, ] = 6.6 Hz, 2H),
1.930-1.786 (m, 4H). 3C-NMR (100 MHz, CDCl3), & (ppm): 168.48, 135.73, 135.50, 128.63, 128.44, 49.55,
46.25, 26.36, 24.36. HRMS (ESI-TOF): [M + Na]* Calcd. for C;1H1,CINNaO™*: 232.0500. Found 232.0517.
Anal. Calcd. for C11H;,CINO: C, 63.01; H, 5.77; N, 6.68. Found: C, 62.95; H, 5.78; N, 6.51.

N-(p-Nitrobenzoyl)pyrrolidine (3c). Pyrrolidine (0.5 mL, 6.1 mmol) was dissolved in dry CH,Cl,
(5mL) at 0 °C. DIPEA (1.7 mL, 7.7 mmol) was added to the solution, and the mixture was stirred for
10 min. Then, 4-nitrobenzoyl chloride (1.1301 g, 7.4 mmol) dissolved in CH,Cl, (10 mL) was added
slowly, and stirring was continued for 1 h at 0 °C. The ice bath was removed, and the mixture was
allowed to warm to r.t., then quenched by pouring it into water. The aqueous and organic layers were
separated, and the aqueous phase was extracted with dichloromethane (3 x 30 mL). The combined
organic phase was washed with brine, dried over sodium sulfate, filtered, and evaporated under
reduced pressure to give a a yellow liquid. The crude product was purified by open column
chromatography (ethyl acetate/acetone 1:1) to afford 3c as a slightly yellow solid (821.6 mg, 3.7 mmol,
61.3%). m.p.: 78-80 °C. TH-NMR (400 MHz, CDCl3), § (ppm): 8.293-8.207 (m, 2H), 7.698-7.665 (m, 2H),
3.676 (t, ] = 7.0 Hz, 2H), 3.382 (t, ] = 6.6 Hz, 2H), 2.039-1.887 (m, 4H). 13C-NMR (100 MHz, CDCl;), §
(ppm): 167.61, 143.19, 128.29, 123.84, 49.61, 46.56, 26.52, 24.50. HRMS (ESI-TOF): [M + Na]* Calcd. for
C11H12Np;NaO3*: 244.0774. Found: 244.0742. Anal. Caled. for C11H12N,O3: C, 59.99; H, 5.49; N, 12.72.
Found: C, 59.82; H, 5.45; N, 12.65.

N-(p-Toluoyl)pyrrolidine (3d). Pyrrolidine (0.5 mL, 6.1 mmol) was dissolved in dry CH,Cl, (5 mL)
and the solution was cooled to 0 °C. DIPEA (1.7 mL, 7.7 mmol) was added, and the mixture was stirred
for 10 min. Then, a solution of p-tolyl chloride (975 uL, 7.4 mmol) in CH,Cl, (10 mL) was slowly added,
and the mixture was stirred for 1 h at 0 °C. The ice bath was removed, and the mixture was allowed to
warm to r.t., then quenched by pouring it into water. The aqueous and organic layers were separated,
and the aqueous phase was extracted with dichloromethane (3 x 30 mL). The combined organic
phase was washed with brine, dried over sodium sulfate, filtered, and evaporated under reduced
pressure to provide a yellow liquid. The crude product was purified by open column chromatography
(hexane/ethyl acetate 4:1) to afford 3d as a white solid (654.4 mg, 3.5 mmol, 56.8%). M.p.: 75-76 °C.
TH-NMR (400 MHz, CDCl3), § (ppm): 7.438-7.408 (m, 2H), 7.202-7.179 (m, 2H), 3.639 (t, ] = 7.0 Hz,
2H), 3439 (t, ] = 6.6 Hz, 2H), 2.372 (s, 3H), 1.986-1.829 (m, 4H). 13C-NMR (100 MHz, CDCl3), § (ppm):
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169.93, 139.98, 134.52, 128.93, 127.35, 49.75, 46.30, 26.55, 24.59, 21.50 HRMS (ESI-TOF) m1/z: [M + Na]*
Calcd. for C1p,H15NNaO™: 212.1046. Found 212.1036. Anal. Calcd. for C1,H5NO: C, 76.16; H, 7.99;
N, 7.40. Found: C, 75.80; H, 8.09; N, 7.33.

N-(p-Anisoyl)pyrrolidine (3e). Pyrrolidine (0.5 mL, 6.1 mmol) was dissolved in dry CH,Cl, (5 mL)
and the solution was cooled to 0 °C. DIPEA (1.7 mL, 7.7 mmol) was added, and the mixture was
stirred for 10 min. Then, a solution of 4-nitrobenzoyl chloride (1.2573 g, 7.4 mmol) in CH,Cl,
(10 mL) was slowly added, and stirring was continued for 1 h at 0 °C. The ice bath was removed,
and the mixture was allowed to warm to r.t., then quenched by pouring it into water. The aqueous
and organic layers were separated, and the aqueous phase was extracted with dichloromethane
(3 x 30 mL). The combined organic phase was washed with brine, dried over sodium sulfate, filtered,
and evaporated under reduced pressure to provide a yellow liquid. The crude product was purified by
open column chromatography (n-hexane/ethyl acetate 1:1) to afford 3e as a pale-brown solid (808.3 mg,
3.9 mmol, 65%). m.p.: 73.5-75.5 °C. TH-NMR (400 MHz, CDCl3), & (ppm): 7.515 (ddd, ] =9.2,2.4,2 Hz,
4H), 3.832 (s, 3H), 3.634 (t, ] = 6.4 Hz, 2H), 3476 (t, ] = 6.2 Hz, 2H), 1.966-1.851 (m, 4H). 3C-NMR
(100 MHz, CDClg), b (ppm): 169.56, 160.93, 129.63, 129.29, 113.55, 55.45, 49.90, 46.44, 26.64, 24.59.
HRMS (ESI-TOF) m/z: [M + Na]* Calcd. for C;oH15NNaO,": 228.0995. Found 228.0993. Anal. Calcd.
for C1pH15NO,: C, 70.22; H, 7.39; N, 6.82. Found: C, 70.01; H, 7.48; N, 6.76.

Synthesis of N-Benzoylazetidines

N-Benzoyl-7-azabicyclo[2.2.1]heptane (4a). Trans-4-aminocyclohexyl p-toluensulfonate hydrobromide
(1 g, 7.5 mmol) was dissolved in ethanol (110 mL) and water (30 mL), and then NaOH 1 M (25 mL)
was added. The mixture was stirred at room temperature for 20 h, and then quenched by adding HCl
4 M in 1,4-dioxane (5 mL). Stirring was continued for 20 min at r.t., and the mixture was evaporated
under reduced pressure. NaOH 10% (10 mL) was added to the residue, and free amide was extracted
with ether (3 x 30 mL). This solution was evaporated, and the residue was redissolved in dry CH,Cl,
(30 mL). DIPEA (2 mL, 9.3 mmol) was added to the resulting solution, and the mixture was stirred
for 10 min at 0 °C. Then, benzoyl chloride (1.1 mL, 9.1 mmol) was slowly added. Stirring was
continued for 30 min. The ice bath was removed, and the mixture was allowed to warm to r.t. Stirring
was continued for 4 h, and then the mixture was quenched by pouring it into water. The aqueous
and organic layers were separated, and the aqueous phase was extracted with dichloromethane
(8 x 50 mL). The combined organic phase was washed with brine, dried over sodium sulfate, filtered,
and evaporated under reduced pressure to give a yellow oil. The crude product was purified by
open column chromatography (CH,Cl, /ethyl acetate 9:1) to afford 4a as a white solid (52.0 mg, 35%).
'H-NMR (400 MHz, CDCl3), & (ppm): 7.813-7.696 (m, 2H), 7.506-7.288 (m, 3H) 4.613-4.460 (m, 1H),
4.121-3.900 (m, 1H), 2.239-1.240 (m, 8H). ESI-HRMS (m/z): Calculated for C13H;5NNaO* [M + Na]*:
225.1079. Found: 225.1081.

N-(p-Toluoyl)-7-azabicyclo[2.2.1]heptane (4d). Trans-4-aminocyclohexyl p-toluensulfonate hydrobromide
(1 g, 7.5 mmol) was dissolved in ethanol (110 mL) and water (30 mL), and then NaOH 1 M (25 mL)
was added. The solution was stirred at room temperature for 20 h, and then quenched by adding
concentrated HCl 4 M (5 mL). Stirring was continued for 20 min at r.t., and then the solution was
evaporated under reduced pressure. NaOH 10% (10 mL) was added to the residue. Free amide
was extracted with ether (3 x 30 mL), then HCl in 1,4-dioxane (1 mL) was added, and the mixture
was evaporated. The residue was redissolved in dry CH,Cl, (30 mL). DIPEA (2 mL, 9.3 mmol) was
added to the resulting solution, and the mixture was stirred for 10 min at 0 °C. Then, p-tolyl benzoyl
chloride (1.6 mL, 9.1 mmol) was slowly added. Stirring was continued for 30 min. The ice bath was
removed, and the mixture was allowed to warm to r.t., and further stirred for 4 h, then quenched
by pouring it into water. The aqueous and organic layers were separated, and the aqueous phase
was extracted with dichloromethane (3 x 30 mL). The combined organic phase was washed with
brine, dried over sodium sulfate, filtered, and evaporated under reduced pressure to give a yellow
oil. The crude product was purified twice by open column chromatography (n-hexane/ethyl acetate
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(1:1) and dichloromethane/ethyl acetate (9:1)) to afford 4d as a yellow solid. Recrystallization afforded
transparent crystals (238.6 mg, 11%). M.p.: 105-107 °C. "H-NMR (400 MHz, CDCl3), § (ppm): 7.449 (d,
J =8 Hz, 2H), 7.188 (d, ] = 8Hz, 2H), 4.720 (br. s, 1H), 4.148 (br. s, 1H), 2.377 (s, 3H), 1.899-1.810 (s, 4H),
1.508-1.466 (m, 4H). 13C-NMR (100 MHz, CDCl3), b (ppm): 169.03, 140.72, 133.50, 128.96, 127.97, 77.36,
30.60, 28.87, 21.56. ESI-HRMS: Calculated for C14,H17NNaO" [M + Na]*: 238.1202. Found: 238.1217.
Anal. Calcd. for C14H17NO,: C, 78.10; H, 7.96; N, 6.51. Found: C, 77.76; H, 7.90; N, 6.58.

Synthesis of N-Benzoyl-1-(Methoxymethyl)-7-azabicyclo[2.2.1]heptanes

N-Benzoyl-1-(Methoxymethyl)-7-azabicyclo[2.2.1]heptane (5a). Boc-protected 1-(methoxymethyl)-7-
azabicyclo[2.2.1]Theptane (114.6 mg, 0.47 mmol) was dissolved in a 1:1 mixture of dry CH,Cl, (1 mL)
and TFA (1 mL), and the solution was stirred at room temperature for one h. The solvent was removed
in vacuo, and the residue was dissolved in CH,Cl,. The resulting solution was evaporated again (a total
of three times). Finally, the residue was dissolved in dry CH,Cl, (5 mL) and DIPEA (130 ul, 0.61 mmol)
was added to the solution. The mixture was stirred for 10 min at 0 °C, then benzoyl anhydride
(170 pL, 0.9 mmol) was slowly added. Stirring was continued for 30 min. The ice bath was removed,
and the mixture was allowed to warm to r.t., then quenched by pouring it into water. The aqueous
and organic layers were separated, and the aqueous phase was extracted with dichloromethane
(3 x 10 mL). The combined organic phases were washed with brine, dried over sodium sulfate, filtered,
and evaporated under reduced pressure to give a yellow liquid. The crude product was purified by
open column chromatography (CH,Cl, /ethyl acetate 9:1) to afford 5a as a white solid (520.0 mg, 35%).
M.p.: 53-55°C. TH-NMR (400 MHz, CDCl3), § (ppm): 7.524-7.512 (m, 2H), 7.437-7.342 (m, 3H), 4.225 (s,
2H), 4.106 (t, | = 5 Hz, 1H), 3.425 (s, 3H), 2.013-1.932 (m, 2H), 1.867-1.771 (m, 2H), 1.728-1.667 (m,
2H), 1.487-1.425 (m, 2H). HRMS (ESI-TOF): [M + Na]* Calcd. for C15H19NNaO,* [M + Na]*: 268.1308.
Found: 268.1312.

N-(p-Chlorobenzoyl)-(1-(methoxymethyl)-7-azabicyclo[2.2.1]heptanes (5b). To a solution of the
corresponding Boc-protected 1-(methoxymethyl)-7- azabicyclo[2.2.1]heptane (41.2 mg) in dry CH,Cl,
(2 mL) was added 3 mL of TFA. The solution was stirred at room temperature for 2 h The organic
solvent was evaporated, and the residue was dissolved in 10 mL of CH,Cl,. Triethylamine (93.6 uL)
was added at 0 °C, followed by p-chlorobenzoyl chloride (58.8 mg). The reaction mixture was stirred for
2hat0 °C, and then poured into saturated aqueous NaHCOj3. The whole was extracted with CH,Cl,
(B0 mL x 3). The combined organic layer was dried over NaySOy, and the solvent was evaporated.
Column chromatography (1-hexane:ethyl acetate = 4:1) of the residue gave 5b (47.8 mg, 77%). 'H-NMR
(400 MHz, CDCl), 5 (ppm): 7.489 (2H, d, | = 8.4 Hz), 7.356 (2H, d ] = 8.0 Hz), 4.198 (2H, s), 4.087 (1H,
m), 3.423 (3H, s), 2.076-1.571 (6H, m), 1.568-1.369 (2H, m). 3C-NMR (100 MHz, CDCl3), § (ppm):
169.11, 136.37, 135.45, 129.20, 128.43, 73.91, 68.03, 61.37, 59.34, 32.65, 29.59. HRMS (ESI-TOF): [M + Na]*
Calcd. for C15H;gCINNaO,* [M + Na]*: 302.0918. Found: 302.0924. Anal. Calcd. for C15H5CINO,: C,
64.40; H, 6.49; N, 5.01. Found: C, 64.27; H, 6.52; N, 4.92.

N-(p-Nitrobenzoyl)-(1-(Methoxymethyl)-7-azabicyclo[2.2.1]heptanes (5c). Boc-protected 1-(methoxymethyl)-
7-azabicyclo[2.2.1]heptane (119.3 mg, 0.49 mmol) was dissolved in a 1:1 mixture of dry CH,Cl, (1 mL)
and TFA (1 mL), and the solution was stirred at room temperature for one h. The solvent was removed
in vacuo, then the residue was dissolved in CH,Cl, and this solution was evaporated again (a total of
three times). Finally, the residue was dissolved in dry CH,Cl, (5 mL), DIPEA (132 pL, 0.63 mmol) was
added to it, and the mixture was stirred for 10 min at 0 °C. Then, p-nitrobenzoyl chloride (91.70 mg,
0.6 mmol) was slowly added, and stirring was continued for 30 min. The ice bath was removed,
and the mixture was allowed to warm to r.t. Stirring was continued for 5.5 h, and then the mixture was
quenched by pouring it into water. The aqueous and organic layers were separated, and the aqueous
phase was extracted with dichloromethane (3 x 10 mL). The combined organic phase was washed with
brine, dried over sodium sulfate, filtered, and evaporated under reduced pressure to give a a yellow
liquid. The crude residue was purified by open column chromatography (n-hexane/ethyl acetate 1:1)
to afford 5c as a white solid (63.9 mg, 45%). m.p.: 140-142 °C. "H-NMR (400 MHz, CDCl3), & (ppm):
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8.256 (dd, ] = 2 Hz, 6.8 Hz, 2H), 7.685 (dd, | = 2 Hz, 6.8 Hz, 2H), 4.178 (s, 2H), 4.010 (t, | = 4.4 Hz,
1H), 3.419 (s, 3H), 2.003-1.961 (m, 2H), 1.873-1.783 (m, 2H), 1.750-1.689 (m, 2F), 1.549-1.487 (m, 2H).
I3C-NMR (100 MHz, CDCls), § (ppm): 167.52, 148.90, 143.12, 128.68, 123.74, 73.64, 68.66, 61.24, 59.46,
32.79, 29.71. HRMS (ESI-TOF): [M + Na]* Calcd. for C;5sH1gN>NaO,4* [M + Na]*: 313.1159. Found:
313.1169. Anal. Calcd. for C15H1§N»Oy4: C, 62.06; H, 6.25; N, 9.65. Found: C, 61.92; H, 6.28; N, 9.63.

3.3. Kinetic Studies

Kinetic data were collected by recording the TH-NMR (400 MHz) spectra at 2- min intervals.
Data were obtained at 70.0 °C under a N, flow of 400 L/h. Deuterated solvents were used for all
measurements: Deuterium oxide, 99.9% D from Wako; methanol-dy4, 99.8% D from Kanto Chemical
Co. Inc.; 1,4-dioxane-dg, 99% D from Cambridge Isotope Laboratories, Inc.; and sodium deuteroxide,
40% wt. % in D,0, 99.5% D from Sigma-Aldrich, Co. Parameters were set using the reaction solution at
room temperature. Reactions were initiated by raising the temperature of the NMR machine. Spectral
data were then recorded for at least one half-life. Hydrolysis experiments were repeated three times.
Hydrolysis products were identified by comparison of the "H-NMR data with those of authentic
samples, or by MS-ESI. Pseudo-first-order rate constants (k,j;) were evaluated by a linear least-squares
fitting of a plot of the logarithm of reactant concentration versus time.

3.4. Computational Studies

Computational studies were carried out using the Gaussian 09 software package [34]. Geometry
optimizations for the model molecules were performed at the M06-2X/6-31+G(d) level with the bulk
solvent model SMD (solvent = water) together with explicit water molecules. Vibrational frequency
calculations were performed at the same level of theory. Optimized geometries were verified by
frequency calculations as minima (zero imaginary frequencies) or transition structures (TS, a single
imaginary frequency) (the coordinates, frequency and thermodynamic values are shown in Supporting
Information). Intrinsic reaction coordinate (IRC) computations of the transition structures verified the
reactants and products in the case of simple amide (formamide and acetamide (data not shown)). In the
cases of more realistic substrates (2a—5a), particularly in combination of the solvent model, the IRC
calculations were unsuccessful. In all the transition states the validity of transition state structures
was confirmed by inspecting the direction of vibration of the negative frequency, which matched the
trajectory of the nucleophilic attack of the hydroxy anion onto the carbonyl carbon atom. Geometry
minimization of the transition structures lead to the hydroxide-addition adducts, which also supported
the validity of the transition state structures, which represented the trajectory of the nucleophilic attack
of the hydroxy anion. We also estimated Gibbs free energies by single-point calculations (frequency
calculations) with M06-2X//6-311++G(d,p) for the M06-2X/ /6-31+G(d)-optimized structures. In these
single-point frequency calculations, a single negative frequency was found respectively, which also
corresponded to the trajectory of the nucleophilic attack of the hydroxy anion onto the carbonyl carbon
atom. The energies were corrected for zero-point energies and Gibbs free energy at 25 °C (298.15 K),
obtained from frequency calculations. Calculations at the BSLYP level showed similar trends to the
M06-2X calculations.

Identification of the transition states structures of the attack of the hydroxide anion to the carbonyl
carbon atom of the amide group was carried out in the following multiple procedures: The transition
state structures of the attack of the hydroxide anion to the carbonyl carbon atom of the amide were
first identified in the absence of the explicit water molecules (data not shown). Addition of explicit
water molecules in the arrangement similar to Types a and b (Figure 11) [32], followed by geometry
optimization (OPT = TS). Or we reproduced the TSs of the hydrolysis of formamide and acetamide
in the presence of four and five water molecules, respectively, which were consistent with the two
hydrogen network models (Types a and b, Figure 11), reported in the previous literature [32]. Then the
amide functionality was morphed into the realistic amide substrates (2a-5a). The initial minimum
conformation of the neutral amide substrates (2a—5a) were obtained by conformational search in
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Marcomodel software (Schrodinger, LLC, New York, NY, USA), followed by optimization with the
DFT methods. The Type a arrangement of waters (Figure 11) did not converge to the optimization or
transformed to the Type b arrangement of water molecules. Therefore, we discussed the activation
energies on the basis of the Type b hydrogen network model, while the Type a hydrogen network
model might be the energy minimum (see the main text).

The change of Gibbs free energy for the reaction was calculated on the basis of the reaction model,
shown in Scheme 6. The results of the present calculations (Table 4) were reasonable and reliable,
because the present calculations gave the activation energies of similar magnitude to the cases of simple
amide: The calculated activation energies of the present amides 2a-5a were in similar magnitude to
the calculated and experimental Gibbs free energy change of hydroxide anion-catalyzed hydrolysis of
formamide, 21-22 kcal/mol [32], (see also Table 4, footnote a).

4. Conclusions

Herein we measured and compared the kinetics of base-catalyzed hydrolysis of non-planar
N-benzoyl-7-azabicyclo[2.2.1] heptane amides (4) and related compounds (2, 3 and 5) under
pseudo-first-order conditions at 70 °C. Excess sodium deuteroxide was used as the base in two different
solvent systems (methanol or 1,4-dioxane in a 1:1 D,O solution). Reaction progress was monitored
by "H NMR spectroscopy. Unexpectedly we found that 7-azabicyclo[2.2.1]heptane amides (4) were
resistant to base-catalyzed hydrolysis. As a general trend, independently of whether methanol or
1,4-dioxane was used as a co-solvent, it was found that the reactivity of nitrogen-pyramidal azetidine
amides (2) was greater than that of the planar pyrrolidine amides (3), followed by unsubstituted
bicyclic amides (4), while bridgehead-substituted bicycles (5) were the least reactive (reaction rate:
2a > 3a > 4a > 5a, etc.). Phenyl substituents showed the expected electronic trends. We also executed
DFT calculations of the rate-determining process, addition of the hydroxide anion to the amide carbonyl
group, and found that the experimental kinetic data is consistent with the magnitude of the calculated
Gibbs free energies of activation. Our results confirm the stability of the 7-azabicyclo[2.2.1]heptane
amides at least at 37 °C. This is important, because it implies that the 7-azabicyclo[2.2.1]heptane amide
scaffold is available for practical molecular design, e.g., as an amino acid surrogate.

Supplementary Materials: The following are available online, Supporting Information: Raw kinetic data
(Figures S1 and S2), additional calculation data (Tables S1-S5), calculation coordinates, NMR spectra
(Figures S3-S5).
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Abstract: Rotational barrier energy studies to date have focused on the amide bond of aromatic
compounds from a kinetic perspective using quantum calculations and nuclear magnetic resonance
(NMR). These studies provide valuable information, not only regarding the basic conformational
properties of amide bonds but also the molecular gear system, which has recently gained interest.
Thus, we investigate the precise motion of the amide bonds of two aromatic compounds using an
experimental rotational barrier energy estimation by NMR experiments and a theoretical evaluation
of the density functional theory calculation. The theoretical potential energy surface scan method
combined with the quadratic synchronous transit 3 method and consideration of additional functional
group rotation with optimization and frequency calculations support the results of the variable
temperature 'H NMR, with deviations of less than 1 kcal/mol. This detailed experimental and
theoretical research strongly supports molecular gear motion in the aromatic amide system, and the
difference in kinetic energy indicates that the electronic effect from the aromatic structure has a key
role in conformational movements at different temperatures. Our study provides an enhanced basis
for future amide structural dynamics research.

Keywords: rotational barrier energy; amide bond; nuclear magnetic resonance; kinetic; density
functional theory

1. Introduction

The amide bond, a basic unit of proteins, has unique steric and energetic characteristics [1,2].
Therefore, studying the dynamics of these bonds is important to understand protein dynamics.
Conformational studies of aromatic amide bonds, in particular, have been extensively carried out
owing to their potential applications in fields such as asymmetric synthesis, molecular gear systems,
single-molecule motors, and single-molecule devices [3].

An aromatic amide has two rotational motions [4] around the central carbonyl group: the rotation
around aryl-CO and the rotation around the C-N bond in the amide unit. Therefore, the basic
structural change of an aromatic amide involves three bond rotational processes [4,5] that compose
the interconversions of the conformers. The two independent rotations of the C-N bond or aryl-CO
bond interconvert two conformers (exo and endo forms), and the concerted rotation of these bonds
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represents the molecular gear. Both rotations and their three rotational processes [6,7] have received
intense interest because rotational dynamics can be applied to single molecule dynamic studies and
experimental data on rotational dynamics can be achieved with variable temperature nuclear magnetic
resonance (VI-NMR) spectroscopy [8-10] in order to investigate the Gibbs free energy of the concerted
C-N/aryl-CO bond rotation and/or independent aryl-CO and C-N bond rotation around the carbonyl
group on the aromatic amide. These rotations can be controlled through chemical modification of the
structure or simple temperature variation [11].

The internal rotation [12] around the C-N bond in the amides provides information regarding
the conformational characteristics of the backbone of peptides and proteins. There have been many
reports concerning determination of the steric effect involving rotational dynamics [5,6], although few
of these have discussed electronic effects owing to the difficulty of separately measuring the steric and
electronic effects. The other rotational dynamic of aromatic amides, aryl-CO, has been successfully
explained in the case of the C-C single bond rotational process in N-methylbenzamide [7]. However,
the electron-rich aromatic ring in molecular gear studies is usually designed and connected to the
N of amide groups. Thus, the aryl-CO bond is correlated to the C-N bond in many experimental
studies [11,13,14]. It is therefore important to study the electronic effects of aromatic amides, including
aryl-CO and C-N bonds, using both theoretical and experimental methods, which will clearly explain
the molecular motion. Herein, we use quantum calculations and VI-NMR to investigate the rotational
process of aryl-CO and C-N bonds in specifically designed N,N-diethylamide derivatives.

2. Results
2.1. Interpretation of VI-NMR: Coalescence

Characterization of N,N-diethylamide Derivatives (1), (2)

N,N-diethylamide derivatives (1), (2) were synthesized to measure the rotational barrier of the
aryl-CO and C-N bonds (Figure 1). Before we evaluated the rotational barrier using TH VI-NMR, the H
and Me peaks from two ethyl groups attached to N were assigned to understand which rotations were
occurring. The peaks of chemical shifts in N,N-diethylpyrene-1-carboxamide (PCDEA) have a similar
trend to those in N,N-diethyl-1-naphthamide (NCDEA) at 25 °C. As shown in Table 1, the "H NMR
spectrum in NCDEA has two H chemical shift peaks (5 3.51 ppm, § 3.82 ppm), as does the 'H NMR
spectrum in PCDEA (5 3.64 ppm, 6 3.89 ppm). These two peaks occur because two H atoms are located
differently with respect to each aromatic group, resulting in a more de-shielded proton signal when
the position is closer to the aromatic group. Similarly, Me peaks are better shielded than H peaks in
PCDEA (5 1.32 ppm, 6 1.77 ppm) and in NCDEA (5 0.98 ppm, 5 1.34 ppm).

.

. g
;Wf” X

N,N-diethyl-1-naphthamide (NCDEA, 1) N,N-diethylpyrene-1-carboxamide (PCDEA, 2)

Figure 1. Structures of N,N-diethylamide derivatives.

155



Molecules 2018, 23, 2294

Table 1. Experimental 'H NMR for N,N-diethylamide derivatives (aliphatic part only).

Compound Signal Chemical Shifts (5)/ppm
NCDEA H 3.51/3.82
NCDEA Me 0.98/1.34
PCDEA H 3.64/3.89
PCDEA Me 1.32/1.77

Line shape analysis of the 'H VT-NMR experiment was applied to evaluate the relative Gibbs
free energy difference and the enthalpy difference for aryl-CO and C-N rotation. Figure 2 shows
that the experimental values are in good agreement with the theoretical analysis. The following
(Eyring equation) estimates AG! in 'H VI-NMR using the coalescence temperature from the two-site
exchange [9,15].

AGH =0.01914 x Tc x {10.319 + logy <%>} (k= HTAZU) oN

In the experiment, the split NMR signals are from two ground states. If their exchange rate
constant by rotation is greater than their frequency separation, the peaks are merged into one. Therefore,
if two peaks are merged into one peak, the rotational barriers of aryl-CO and C-N and the rate constant
are detected by the coalescence temperature. The rate constant (k) has a fast exchange for aryl-CO and
C-N rotations.

As the temperature increases, the merging of H-H into one relatively sharp peak corresponds to
aryl-CO, and merging of Me-Me into one broader peak represents concerted aryl-CO/C-N rotation,
which is well supported by a previous extensive theoretical study [16].

NCDEA has two aryl-CO and C-N bond rotations. Two different characteristics are explained
by the peak coalescence of the 'H VI-NMR experiment as the temperature increases. The spectra
show that aryl-CO rotation represents the broadening signals of H-H peaks from & 3.60 to 6 3.80 ppm
(Figure 2b). As the temperature increases, the signals of Me-Me from § 1.0 to § 1.4 ppm are assigned to
the C-N rotation (Figure 2c). At 65 °C, it is clear that two peaks coalesce in the aryl-CO bond rotation,
as shown in Figure 2. On the other hand, the coalescence temperature of the C-N rotation is higher
than that of the aryl-CO rotation (Table 2).

Table 2. Bond rotation in N,N-diethylamide derivatives measured by 'H VI-NMR.

Compound Coalescing Signals Av/Hz T./°C kis™1 AG?! /kcal-mol !
NCDEA H-H 175.43 60 602 15.40
NCDEA Me-Me 273.93 115 389 18.00
PCDEA H-H 219.62 57 478 15.62
PCDEA Me-Me 220.28 115 478 17.65

PCDEA exhibits a similar spectral pattern in the 'H VT-NMR experiment. At the coalescence
temperature, the chemical shifts representing aryl-CO bond rotation range from 6 3.70 to 6 3.90 ppm
(Figure 2e), which is similar to the case of NCDEA. C-N bond rotation is shown from & 1.00 to
5 1.50 ppm when coalescence begins, and again, is very similar to that of NCDEA (Figure 2f).

A two-dimensional exchange spectroscopy (EXSY) experiment was performed to confirm the
rotational dynamics at high temperatures (Figure S1). The mixing time was 200 ms, and w,T. < 1
(wo = spectrometer frequency in radians; T. = rotational correlation time) was satisfied; thus, the nuclear
overhauser effect (NOE) of H in molecules is not expected to exist [17]. Therefore, the cross-peaks
shown in Figure S1 can only be expressed by chemical exchange mechanisms. The 2D EXSY spectrum
shows how each bond rotation progresses at three increasing temperatures.
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Figure 2. 'H VT-NMR experiments on NCDEA and PCDEA. Arrows indicate each H and Me signal
in each structure, and circles indicate the merged signals after the temperature increase. (a) Whole
spectrum from NCDEA. Arrows indicate split H and Me signal and circles indicate the merged
signal after the temperature increase. (b) Whole spectrum from PCDEA. Arrows indicate split H
and Me signal and circles indicate the merged signal after the temperature increase. (c) H-H merges
as temperature increases (NCDEA). (d) Me-Me merges as temperature increases (NCDEA). (e) H-H
merges as temperature increases (PCDEA). (f) Me-Me merges as temperature increases (PCDEA).

2.2. Theoretical Calculations

2.2.1. One-Dimensional Potential Energy Surface Scan for Aryl-CO and C-N Rotation

Many potential energy surface (PES) studies have been reported, detailing experimental results
that are consistent with the computational analysis of the molecules of interest. Likewise, we
investigated the energy based on the geometric optimization of scan coordinates, changing the dihedral
angles from —170° to 200° for the C-N bond and aryl-CO bond, respectively, in N,N-diethylamide
derivatives (1), (2). In the 'H VT-NMR results, two types of bond rotation characteristics were detected
on aryl-CO and C-N bonds, either simultaneously or separately. NCDEA and PCDEA have discrete
values of chemical shifts, as explained previously. The scan coordinates of those molecules on C-N and
aryl-CO bonds were calculated separately.

When the aryl-CO bond rotates, the diethyl group attached to the N is directly confronted with
the steric effect from the naphthalene (1) and pyrene (2) rings, which increases the optimized energy
representing repulsion (Figures S2a and S3a). On the other hand, when concerted aryl-CO and C-N
bond rotation occurs, all the diethylamide derivatives manifest a similar tendency for molecular
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orientations and elucidate the concurrent rotations of aryl-CO and C-N bonds; thus, there are two
similar transition states (Figures S2b and S3b).

We determined that the PES of the C-N bond rotation of NCDEA and PCDEA indicates that
the signals of peak coalescence in VI-NMR show similar chemical shifts. This suggests that the
PES of aryl-CO and C-N bond rotations have two ground states, which are enantiomers, and two
transition states, indicating that they have two rotational barriers. The Gibbs free energy between
the transition state and ground state approximately demonstrates the experimental NMR analysis
(Table S1). However, the true transition states would enable a more accurate theoretical description of
the actual Gibbs free energy difference.

2.2.2. Calculated Result for QST3 and Changing Dihedral Angles of Di-ethyl Groups

Scheme for Interconversion in N,N-Diethylamide Derivatives (1), (2)

Before the transition states were obtained through quadratic synchronous transit 3 (QST3) [18],
we obtained the change in dihedral angle of the aryl-CO bond as the dihedral angle of the C-N bond
increased, or vice versa, by 1D PES analysis. As indicated in Figures 3 and 4, whereas aryl-CO bond
rotation is independent of C-N rotation, C-N bond rotation has an influence on aryl-CO bond rotation
in that it experiences concerted rotation with the aryl-CO bond, consistent with previous NMR and
calculation results.

250 TSt Region
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Ll
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Figure 3. Dihedral angle of C-N bond (highlighted) (Y axis) versus dihedral angle of Aryl-CO bond
(Arrowed) (X axis) in (a) NCDEA and (b) PCDEA.
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Figure 4. Dihedral angle of Aryl-CO bond (Highlighted) (Y axis) versus dihedral angle of C-N bond
(Arrowed) (X axis) in (a) NCDEA and (b) PCDEA.

Transition States Optimized through the QST3 Method

The two ground states are two types of structure, i.e., enantiomers, that exhibit the same energy,
which is supported by the following energy calculation. Diethyl conformations of the two ground states
of N,N-diethylamide derivatives are in opposite directions if the benzene ring group is considered a
mirror plane (Figure 54).

For aryl-CO bond rotation of NCDEA and PCDEA, the barrier of the first transition state (1TS)
is different from that of the second transition state (2TS) in that the rotational motion of 1TS in the
aryl-CO bond contains C-N bond rotation when the PES scan is performed. This originates from
the steric hindrance between naphthalene/pyrene rings and diethyl groups, resulting in C-N bond
rotation. Thus, we do not have to consider the Gibbs free energy of 1TS (hence QST3-1TS of the aryl-CO
bond is not included in Figure S4 or Table S2).

The scan coordinates do not confirm whether the two transition states found in this way are
structurally true transition states, which are required for an adequate Gibbs energy difference,
even though they have one negative imaginary frequency. Other optimized processes (QST3) for
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finding true transition states are required to subsequently characterize the structure and energy of each
state (Figures S2 and S3); these optimized structures also have imaginary frequencies in which the
mode corresponds to rotation of the aryl-CO bond and the concerted aryl-CO/C-N bond, respectively
(Table S2). The structures of two GSs and one or two TSs for N,N-diethylamide derivatives (1), (2)
are expressed as dihedral angles (Schemes S2 and S3) in order to more easily understand the energy
difference (Figure S4). Furthermore, the study of intrinsic reaction coordinates analysis is added for
confirming the transition state.

Dihedral Angle Change in the Diethyl Conformation of Transition States of the Aryl-CO Bond in
NCDEA and PCDEA

Changing the dihedral angles of the diethyl moiety of transition states is necessary for explaining
the routes to rotational barriers. As we described earlier, since the 1TS of aryl-CO bond rotation
includes C-N rotation, and the increase of activation energy and energy of 1TS in aryl-CO/C-N bond
rotation is greater than that of 2TS after the QST3 calculation, we only consider the 2TS of the aryl-CO
bond and aryl-CO/C-N bond rotation and make the dihedral angle change for the proper theoretical
value consistent with the experimental value. Results of calculations with various dihedral angles are
described in detail, and these energy values are very close to the experimental data (Tables S3-55).

In particular, for the energy value of aryl-CO bond rotation in NCDEA, the theoretical Gibbs free
energy value can range from 14.24 to 15.19 kcal-mol~!, a range of less than 1 kcal-mol~!, which is
highly consistent with the NMR experimental results; four of the di-ethyl rotation modes, however,
do not correspond to aryl-CO bond rotation with more than an imaginary frequency (Table S3).

PCDEA shows a similar tendency in aryl-CO and C-N bond rotation to that of NCDEA. It is clear
that the value estimated by di-ethyl rotation is similar to the experimental value. The importance of
applying the dihedral angle change is thus confirmed; the value of the Gibbs free energy for QST3
optimization is 13.52 kcal-mol~! and can be increased by di-ethyl rotation to 14.37 and 15.74 kcal-mol 1,
values that are only approximately 1 kcal lower than or the same as, respectively, the experimental
values (Table S4).

Transition State of the 2D PES

As indicated in the 2D PES scan with frequency calculation in Figure 5, we also investigated
independent aryl-CO and C-N dihedral angles for concerted aryl-CO/C-N bond rotation. As shown
in Figure 4, as the C-N dihedral angle (X axis) decreases, the aryl-CO (Y axis) increases so that NCDEA
and PCDEA have different Gibbs free energies for aryl-CO bond rotation (NCDEA AGH: 14.19 kcal
and PCDEA AGY: 15.15 kcal) and C-N bond rotation (NCDEA AG?: 17.67 kcal and PCDEA AGH:
17.57 kcal). This means that C-N bond rotation affects the aryl-CO bond rotation, as it is a molecular
gear model [3]. On the other hand, aryl-CO bond rotation does not affect C-N bond rotation; thus,
it rotates independently. This means that the ethyl group connected to the tertiary amine could be
sterically hindered by aromatic group when it rotates around. Those results robustly support our
previous theoretical and experimental data. Thus, we confirmed via both of Gibbs free energy values
(Table 3) and the transition state structures, that the transition state structure of C-N bond rotation is
consistent with the structure of the concerted C-N/aryl-CO bond in 2D PES (Tables S6-510).

Quantum Theory of Atoms in Molecules (QTAIM) Study

The information from the QTAIM study qualitatively supports all the results of this study.
The electron density of the C-N/aryl-CO bond in the transition state is generally greater than that of
the aryl-CO bond in each structure, demonstrating that the Gibbs free energy of C-N/aryl-CO rotation
is greater than that of aryl-CO. Furthermore, the electronic effect from different aryl groups shows the
different electron populations on the rotating bonds in the transition state, which reveal the Gibbs free
energy difference between NCDEA and PCDEA (Table S11).
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Table 3. Comparison of the relative experimental Gibbs free energy differences to computational results.

Variable Temperature Theoretical Calculation
TH NMR (QST3//Di-ethyl Rotation *)
Compound Bond AG¥/kcal-mol ! AGH /kcal-mol !
1TS: 20.61 **
C-N/aryl-CO 18.00 2TS: 17.13//16.09~20.04
NCDEA 2D TS: 17.67
1TS: C-N bond rotation is included
aryl-CO 15.40 2TS: 14.24//14.24~15.19
2D TS: 14.19
1TS: 19.94 **
C-N/aryl-CO 17.65 2TS: 17.04//15.97~19.92
PCDEA 2D TS: 17.57
1TS: C-N bond rotation is included
aryl-CO 15.62 2TS: 13.52//13.38~15.74
2D TS: 15.15

Di-ethyl rotation * represents energy values between minimum and maximum. ** 1TS showed higher Gibbs free
energy than 2TS in QST3, which was not considered for di-ethyl rotation calculation.
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Figure 5. Cont.
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Figure 5. 2D-Potential Energy Surface on Aryl-C = O Dihedral angle and C-N Dihedral angle change
of NCDEA (a) and PCDEA (b).

3. Discussion

Rotational barrier energy studies of amide bonds of aromatic compounds from a kinetic
perspective provide valuable information regarding the basic conformational properties of amide
bonds and their molecular gear system, which have been of recent scientific interest. To that end,
we investigated rotational barrier energy using two methods to determine the precise motion and
theoretical quantum chemical effects using an NMR experiment and density functional theory [19,20].
The theoretical PES scan method, with optimization and frequency calculations suggested by the
theoretical study, supports the effect of TH VI-NMR, which assumes that if the bond rotation is fast
enough to break out the double bond characteristic of interest, the two peaks are merged and cannot
be distinguished from chemical shifts. Thus, we can predict and evaluate the energy barrier using the
Eyring equation [9,15].
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By quantum chemical methods, the PES can be predicted correctly for rotation in a simple system
such as ethane (~3 kcal-mol~') [21]. The PES for diethylamide derivatives, however, has a limitation
in explaining the structure of transition states, such that the energy barrier might be miscalculated.
This means that the transition states must be re-calculated using QST3 optimization [18], followed
by frequency calculation, which shows us that each state has an imaginary frequency. This clearly
shows that the transition states assumed to be true demonstrate the rotational energy barriers in the
NMR experiment.

The final step, di-ethyl rotations, is required to determine whether each transition states” energy
can be varied in the range of several kcals, revealing that the computational result from this step
is consistent with energy values from the NMR experiment (Table 3). To further investigate the
rotational dynamics, we performed QTAIM studies [22]. The analysis qualitatively supported the
Gibbs free energy difference and electronic effect from the different molecular structures. This detailed
experimental and theoretical research strongly supports the molecular gear motion for the aromatic
amide system and the difference in kinetic energy, provided that the electronic effect from the aromatic
structure plays a key part in the conformational movement at different temperatures. Our study
provides a basis for future research on amide structural dynamics.

4. Materials and Methods

4.1. Sample Preparation

We added oxalyl chloride to a mixture of pyrene-1-carboxylic acid and 1-naphthoic acid in
methylene chloride and added dimethyl formamide after approximately 1-2 drops [23] (Scheme S1).
The mixture was stirred at room temperature to maintain the reaction for approximately 4 h. Once the
reaction was completed, the methylene chloride was evaporated, and 1 h of vacuum was performed.
The dried yellow powder was then dissolved in methylene chloride. We added this mixture to a
solution of diethylamine and methylene chloride by a dropwise method. This step was followed by
extraction with D.W. three times. After sample preparation, we confirmed the product by thin layer
chromatography and determined molecular structures with NMR, the results of which were used for
data processing.

4.2. Experimental Methods

"H NMR spectra were obtained using a Varian VNS 600 spectrometer with a temperature
control system. 1,1,2,2-tetrachloroethane-d, purchased from Euriso-Top was used as the solvent
for N,N-diethylamide derivatives. Each sample was injected into a 5-mm o.d. NMR tube to be
analyzed. The chemical shifts of the spectra were obtained using the solvent peak as a reference.

In the VI-NMR experiment, prior to detection, the samples were left long enough for all samples
to be in equilibrium at the designated temperature, so as to increase the reproducibility and accuracy of
the results. The experiments were performed in the range of 273-388 K, considering the boiling point
of the solvent and the limiting temperature of proton detection. The spectra were typically obtained at
intervals of 10°. The interval was 2° beginning with the coalescence temperature. The possible error
range was +0.5 K.

Two-dimensional exchange spectroscopy (EXSY) [24] was performed at different temperatures for
the two N,N-diethylamide derivatives (Figure 1) using a normal nuclear Overhauser effect spectroscopy
(NOESY) pulse sequence [25].

4.3. Computational Methodss

Calculations were performed at the B3LYP/6-311G(d) level by means of the Gaussian 09
software package (Gaussian, Inc., Wallingford, CT, USA) [26]. To find the Gibbs free energy
difference between the ground state and transition state, we used density functional theory
(DFT) [19,20,27] at the B3LYP/6-311G(d) level [28] with the PCM model [29] (dielectric constant
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e = 8.2 of 1,1,2,2-tetrachloroethane). Gibbs free energy difference was calculated under standard
conditions (a temperature of 298.15K and a pressure of 1 atm).

4.3.1. 1D PES Method

First, the calculations in redundant coordinates were performed at 38 steps of every 10° increment
of the aryl-CO bond and C-N bond in NCDEA and PCDEA. Harmonic vibrational frequencies were
calculated for all stationary points. For each optimized state, the frequency analysis showed the absence
of imaginary frequencies, whereas each transition state showed a single imaginary frequency [30].
Visual inspection of the corresponding normal mode was used to confirm that the correct transition
state had been found.

4.3.2. QST3 Method and Changing Dihedral Angles of Diethyl Groups Method

After 1D PES calculations, two assumed transition states of each aryl-CO and C-N bond rotation
were re-optimized in QST3 algorithms [18] to confirm transition states. For this calculation, two
lowest energy states and an estimated transition state were required. After using the QST3 method,
one transition state was calculated. Frequency calculations were also performed to find the imaginary
frequency corresponding to bond rotations, meaning that one transition state of those bond rotations
could be found.

Diethyl rotations result in a different Gibbs energy barrier; therefore, before we optimized the
confirmed transition states for the aryl-CO bond and C-N bond in NCDEA and PCDEA, we prepared
for the conformers, of which all the atoms except ethyl were fixed, and the dihedral angles (e, {3)
of C (one ethyl)-N-C (the other ethyl)-C (the other ethyl) were —60°, 60°, and 180°, respectively
(Scheme S2). Thus, each conformer had nine different combinations (Scheme S2) and was optimized
to have stable energy states. Frequency calculations were employed in these nine conformers to find
the transition states of the aryl-CO and N-C bonds for selecting the optimum Gibbs energy barrier.
We also performed intrinsic reaction coordinates of two transition states from QST3 algorithms and the
nine conformers from 2nd transition states in aryl-CO and C-N bond rotations to find actual transition
states including one imaginary frequency.

4.3.3. 2D PES Method

The activation energy of aryl-CO and C-N bond rotation can be specifically determined by
independently calculating aryl-CO as the X axis and C-N bond as the Y axis. 2D PESs were calculated
for 38 steps of every 10° increment of aryl-CO and C-N bond rotations. Frequency calculations were
performed in an estimated transition state in both NCDEA and PCDEA.

4.3.4. QTAIM Study

In order to estimate the electron density on the rotating bonds (aryl-CO and C-N), we performed
a QTAIM study using the Multiwfn program [22]. The electron density was calculated at the bond
critical point (CP(3,—1)).

Supplementary Materials: The following are available online. Supplementary materials include 3 schemes,
4 figures, and 11 tables. Scheme S1: N,N-diethylamide derivatives (1)—(4) synthesis by Oxalyl Chloride, Scheme S2:
Varying the Dihedral angle of C-C-N-C («, ) on Aryl-CO bond and N-C bond, Scheme S3: Angles of Amide
Structure, Figure S1: 2D-EXSY spectra of N,N-diethylamide derivatives (1),(2), Figure S2: The Potential Energy
Surface Graph of Aryl-CO (a) and C-N (b) rotation on NCDEA, Figure S3: The Potential Energy Surface Graph of
Aryl-CO (a) and C-N (b) rotation on PCDEA, Figure S4: Structure of ground state and transition states (QST3) of
Aryl-CO bond and C-N bond in NCDEA and PCDEA, Table S1: Comparisons of Gibbs Free energy of "H VI-NMR
with those of scan coordinates calculated with the gaussian09 program, Table S2: The imaginary frequency on
NCDEA and PCDEA, Table S3: Experimental and Theoretical Gibbs free energy of Aryl-CO bond in NCDEA,
Table S4: Experimental and Theoretical Gibbs free energy of Aryl-CO bond in PCDEA, Table S5: Structure data
of 2TS (diethyl-rotated conformers) of Aryl-CO bond in NCDEA and PCDEA, Table S6: Structure data of 2TS
(diethyl-rotated conformers) of C-N bond in NCDEA, Table S7: Structure data of 2TS (diethyl-rotated conformers)
of C-N bond in PCDEA, Table S8: Structure data of 2TS (diethyl-rotated conformers) of C-N bond in NCDEA and
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PCDEA, Table S9: Structure data of TS of the concerted Aryl-CO/C-N bond in NCDEA and PCDEA, Table S10:
Structure data of TS of the concerted Aryl-CO/C-N bond of 2D PES in NCDEA and PCDEA, Table S11: Electron
density of rotating bonds.
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Abstract: Thiourea as a sulfur atom transfer reagent was applied for the synthesis of aryl thioamides
through a three-component coupling reaction with aryl aldehydes and N,N-dimethylformamide

(DMEF) or N,N-dimethylacetamide (DMAC). The reaction could tolerate various functional groups
and gave moderate to good yields of desired products under the transition-metal-free condition.

Keywords: aryl thioamides; thiourea; C-H/C-N activation; C-S formation; transition-metal-free

1. Introduction

The synthesis of sulfur-containing organic compounds has received much attention in recent
years, due to their wide applications in biology, chemistry, and materials science [1-10]. There are
many sulfur reagents for their synthesis, such as P,Ss5 [11], Lawesson’s reagent [12], disulfides [13-15],
thiols [16-19], sulfonyl hydrazides [20-23], sodium sulfonate [24-28], and elemental sulfur [29-32].
Among them, both P,S5 and Lawesson’s reagent are the most widely used reagents, and yet they
have an obvious drawback of being sensitive to moisture. Therefore, much better sulfur reagents have
been pursued by the organic chemists for the past decades [33]. Thioamides, as an important class of
sulfur-containing organic compounds, have been synthesized by applying different sulfur reagents as
the sulfur source [1,34-39]. For example, Jiang et al. [35] reported that sodium sulfide as a sulfur source
was applied for the synthesis of thioamides using aldehydes and N-substituted formamides. More
recently, a coupling reaction between quaternary ammoniums, N-substituted formamides, and sodium
disulfide was accomplished for rapid access to aryl thioamides [36]. Thiourea as an inexpensive and
easy-to-handle sulfur atom transfer reagent, was used extensively as well, mainly for the synthesis of
inorganic metal sulfides [40-42], organic thioethers [43-47], and thioesters [48,49]. As far as we known,
a similar reaction using thiourea and aldehydes to prepare thioamides has not yet been introduced.
Hence, we want to report a new three-component coupling reaction between aryl aldehydes, thiourea
as an effective sulfur source, and DMF or DMAGC, for the synthesis of various aryl thioamides.

2. Results and Discussion

Initially, we treated the reaction of 4-chlorobenzaldehyde 1a in DMF and H,O at 125 °C in the
presence of thiourea using the benzoyl peroxide (BPO) as an oxidant. After 24 h, the desired thioamide
product 3a was isolated in 58% yield (Table 1, Entry 1). Subsequently, various oxidants, which are
commonly used in C-H activation, such as p-benzoquinone (BQ), di-t-butyl peroxide (DTBP), tert-butyl
hydroperoxide (TBHP), K,5,0s, or (NHy)2S,0g, were attempted, to optimize the reaction condition
(Table 1, Entries 2-6). Among them, K;S,0g proved to be best to give the desired thioamide product
3a in 69% yield (Table 1, Entry 5). For this transformation, H,O played an extremely important role.
No desired product 3a was observed when increasing the concentration of H,O to 42 M or without
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addition of H,O (Table 1, Entries 7 and 9). Slightly enhancing or reducing the loading amount of
K55,0s, the yield of 3a was not obviously changeable (Table 1, Entries 10-11). When the 20% of
Cu(OAc); were used as a catalyst, only 54% yield of 3a was afforded (Table 1, Entry 12) [36]. To our
delight, the yield of 3a was further promoted to 80% when 5 equiv. of pyridine (Py) as an additive
were added (Table 1, Entry 13) [35].

Table 1. Optimization of reaction conditions @.

0 0 CS(NH,), 3
H o+ )k P Oxidant N 2
H 'Tl H,0, 125°C \
Cl cl
1a 2 3a
Entry Oxidant (Equiv) Concentration of H,O (M) Yield (%) ©

1 BPO (2) 14 58
2 BQ (2) 14 0
3 DTBP (2) 14 <5
4 TBHP (2) 14 20
5 K»S,05 (2) 14 69
6 (NHy4),5,05 (2) 14 55
7 K»5,0s (2) 42 0¢
8 K»5,05 (2) 8 654
9 K;S,05 (2) 0 0e
10 K5$,05 (3) 14 68
11 K,5,05 (1.8) 14 61
12 K>S,05 (2) 14 54 f
13 K»S,05 (2) 14 808

a Condition: 1a (0.25 mmol), 2 (9.6 M), thiourea (0.5 mmol), oxidant, H,O, 125 °C, 24 h. ® Isolated yield. € 3.4 M
of DMF were used. 4 11 M of DMF were used. ¢ 13 M of DMF were used. f 20 mol% of Cu(OAc), were added.
& 5 equiv. of pyridine (Py) were added.

After establishing the optimized conditions, this procedure was applied to access a variety of aryl
thioamide derivatives. Several different aryl aldehydes could undergo this transformation smoothly in
a mild condition to give the desired products 3a-r (Scheme 1). The results indicated that many popular
functional groups were well tolerated, such as methyl, methoxyl, chloro, bromo, fluoro, trifluoromethyl,
and fert-butyl. Furthermore, the substrate bearing a sensitive hydroxy group, which was generally
protected in the presence of an oxidant could be also tolerated in this transformation, and afforded
the desired product 30 in 83% yield. A substituted amino was suitable as well, and gave 88% yield of
3p. The substituents on aromatic aldehydes had a certain influence on this transformation. When the
substituents were strong electron-withdrawing groups, either lower yield of desired products, or no
desired products were obtained (3j and 3r). The desired product 3m was not afforded possibly due to
the steric hindrance. Moreover, our experiments demonstrated that 2-naphthaldehyde was a suitable
substrate for this transformation, and gave the desired product 3q a good yield.

To further expand the substrate scope, some selected heterocyclic aldehydes and an aliphatic
aldehyde were examined under the optimal condition (Scheme 2). Generally, five or six members
heterocyclic derivatives were suitable for this transformation, such as furan-2-carbaldehyde,
thiophene-2-carbaldehyde, and nicotinaldehyde, giving the corresponding thioamide products 3s, 3t,
and 3u 54%, 74%, and 37% yields, respectively. In addition, aliphatic aldehyde did not accomplish this
transformation (3w).

We attempted to explore the different N-substituted formamides for this transformation
in additional solvent. No good results were provided when the normal solvents such as
N-methyl-2-pyrrolidone (NMP), 1,4-dioxane, 1,2-dichloroethane (DCE), toluene, chlorobenzene (PhCl),
dimethyl sulfoxide (DMSO), ethylene glycol, were used (see Supporting Information). Unexpectedly,
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N,N-dimethylacetamide (DMAC), which was seldom used as an amine source by the acyl C-N bond
activation [37], could replace DMF to give the same desired product in good yield. Subsequently,
the reactions of aryl aldehydes with thiourea in DMAC were examined under the similar reaction
condition (Table 2). The results demonstrated that various groups were tolerated well, such as methy],
chloro, and bromo, and the good yields of the desired products were isolated.

S
R i O KS,05(2equv) R P
R He AN CSNH), (2equiv) N
b | H,0, Py, 125°C Se- |

2 3
S S S
QAN/ @AN/ QAN/
\
Cl
3a 80% 3b 72% 3¢ 70%
S S S
/@)’LN - /@)’L "\‘ - /@A "\‘ -
\
~o Br F
3d 68% 3e 75% 3f 80%
S S S
\
39 73% 3h 74% 3i71%
S S S
/@)k l‘\l - /@A "\‘ ~ Bu N -
\
F3C t-Bu
. t-Bu
3j 46% 3k 75% 31 59%
s S S
- -
- N N
Y oY o
Ph HO
3m 0% 3n 78% 30 83%
S S S
/@)kN e N e /@A "\‘ e
\
N O,N
! 3p 88% 3q81% 3r 0%

Scheme 1. The substrate scope of substituted benzaldehydes. Reaction condition: aryl aldehyde 1
(0.25 mmol), thiourea (0.5 mmol), HyO (14 M), K,5,05 (0.5 mmol) and Py (5 equiv.) in DMF (1.5 mL) at
125 °C for 24 h in sealed tube. Isolated yields were given.
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o 0 K»S,05(2 equiv) S
)]\ + HJ\N/ CS(NH,), (2 equiv) R)J\N/
R™ H \ H,0, Py, 120 °C \
1 2 3
S S
g oy
N4 | \_g |
(3s 54%) (3t 74%) (3u 37%)
(3v 66%) (3w 0%)

Scheme 2. The substrate scope of other aldehydes. Reaction condition: aldehyde 1 (0.25 mmol),
thiourea (0.5 mmol), H,O (14 M), K,S,0g (0.5 mmol), and Py (5 equiv.) in DMF (1.5 mL) at 125 °C for
24 h in sealed tube. Isolated yields were given.

Table 2. The synthesis of aryl thioamides by DMAC 2.

0 O KyS,04 (2 equiv) S
N omr AL - CSNHa), (2 equiv) RN
RU | " H,0, Py 125°C U _J |
1 4 3
Entry R Yield (%) of 3
1 4-Cl 63 (3a)
2 H 52 (3b)
3 4-CHs 55 (3¢)
4 3-Br 48 (3h)
5 3-CH; 51 (3i)
6 4Ph 60 (3n)

@ Condition: 1 (0.25 mmol), 4 (1.5 mL), thiourea (0.5 mmol), K,5,0s (0.5 mmol), H,O (0.5 mL), Py (1.25 mmol),
125 °C, 36 h. P Isolated yield.

In addition, extremely small amounts of amide products were observed, along with the generation
of thioamide products under the optimal condition. So, two control experiments were conducted to
explain the tentative reaction mechanism (see Supporting Information). First, no thioamide product
was formed in the absence of thiourea, and only trace amounts of amide product were observed.
Second, when the N,N-dimethylbenzamide replacing the benzaldehyde was manipulated under the
standard condition, no desired thioamide was observed.

Based on our experimental results and previous reports [35], a proposed reaction mechanism
for this transformation is described in Scheme 3. First, an aryl aldehyde undergoes a nucleophilic
attack by a dimethylamine, which is from the hydrolysis of DMF, to generate iminium intermediate
A. The iminium A then is directly attacked by thiourea to form the intermediate B, together with
the release of urea [43,47,49]. Finally, intermediate B is oxidized by K,S,0s to afford the desired
thioamide product.
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O
9 J
IS H,0 H  ATTH N5~
- N
H /N\ J\
| Ar”H
A
HoN
>=S + H0
HoN
HoN
(0]
H,oN
s 2
M K,S,0, N7
Ar” "N 2728 A -
| Ar” s
B
2S0,%

Scheme 3. Plausible reaction pathway.

3. Materials and Methods

Unless otherwise stated, all reagents and solvents were purchased from commercial suppliers,
and were used without further purification. Reactions were monitored by thin layer chromatography
(TLC) analysis on silica gel 60 F254, and visualization was accomplished by irradiation with short
wave UV light at 254 nm. 'H-NMR and '"*C-NMR spectra were recorded on a Bruker Avance 400 or a
500 MHz spectrometer (Bruker, Karlsruhe, Germany), with tetramethylsilane (TMS) as the internal
standard. The coupling constants | are given in Hz. Mass spectra were measured with the Thermo
Scientific LTQ Orbitrap XL MS spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) or GC-MS
QP2010 (Comfort Technology Limited, Kowloon, Hong Kong).

A mixture of aldehyde 1 (0.25 mmol), thiourea (0.5 mmol), K»5,03 (0.5 mmol), and Py (1.25 mmol)
in 2.0 mL DMF/H;0 (v/v = 3:1) was stirred in a sealed tube under air at 125 °C for 24 h. After
the reaction was achieved, the crude mixture was purified by column chromatography (silica gel,
EtOAc/petroleum ether) to afford the desired product 3.

4-Chloro-N,N-dimethylbenzothioamide (3a) [35]. 'H-NMR (CDCl3, 400 MHz): & (ppm): 7.36-7.33 (m,
2H), 7.29-7.26 (m, 2H), 3.61 (s, 3H), 3.19 (s, 3H); 3C-NMR (CDCl3, 100 MHz): § (ppm): 199.91, 141.66,
134.60, 128.58, 127.29, 44.18, 43.32; HRMS (ESI) m/z calculated (calcd.) for CoHy1CINS* (M + H)*
200.02952, found 200.02971.

N,N-Dimethylbenzothioamide (3b) [35]. TH-NMR (CDCls, 400 MHz): § (ppm): 7.37-7.30 (m, 5H), 3.62 (s,
3H), 3.19 (s, 3H); 13C-NMR (CDCls, 100 MHz): 5 (ppm): 201.65, 143.69, 128.89, 128.64, 126.04, 44.44,
43.53; GC-MS (EI) m/z (%) 165.10 (70, M*), 164.05 (98), 121.05 (100), 77.00 (46).

4-Methyl-N,N-dimethylbenzothioamide 3¢ [35]. TH-NMR (CDCl3, 400 MHz): § (ppm): 7.23 (d, ] = 8 Hz,
2H), 7.16 (d, ] = 8 Hz, 2H), 3.61 (s, 3H), 3.20 (s, 3H), 2.36 (s, 3H); 3C-NMR (CDCl3, 100 MHz): & (ppm):
201.55, 140.59, 138.68, 128.89, 125.89, 44.22, 43.35, 21.27; GC-MS (EI) m/z (%) 179.05 (80, M™*). 178.05
(100), 145.10 (50), 135.05 (98), 91.05 (45).

4-Methoxy-N,N-dimethylbenzothioamide (3d) [35]. TH-NMR (CDCl;, 400 MHz): & (ppm): 7.31 (d,
J =12 Hz, 2H), 6.87 (d, | = 12 Hz, 2H), 3.82 (s, 3H), 3.59 (s, 3H), 3.22 (s, 3H); 3C-NMR (CDCl3,
100 MHz): 5 (ppm): 201.31, 160.02, 135.82, 127.90, 113.51, 55.40, 44.37, 43.59; GC-MS (EI) m/z (%) 195.05
(M*, 84), 194.05 (93), 151.05 (100).

4-Bromo-N,N-dimethylbenzothioamide (3e) [35]. TH-NMR (CDCl3, 400 MHz): 5 (ppm): 7.53-7.50 (m,
2H), 7.23-7.19 (m, 2H), 3.60 (s, 3H), 3.19 (s, 3H); 3C-NMR (CDCl3, 100 MHz): § (ppm): 199.79, 142.12,
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131.53, 127.52, 122.73, 44.20, 44.30; GC-MS (EI) m/z (%) 242.95 (63, M*), 243.90 (100), 242.95 (63), 241.90
(92), 200.85 (47), 198.90 (48), 120.00 (54).

4-Fluoro-N,N-dimethylbenzothioamide (3f) [35]. TH-NMR (CDCl3, 400 MHz): & (ppm): 7.32-7.28 (m, 2 H),
7.05-6.99 (m, 2H), 3.58 (s, 3H), 3.16 (s, 3H); 3C-NMR (CDCl3, 100 MHz): § (ppm): 200.19, 162.66 (d,
J =248 Hz), 139.44 (d, ] =4 Hz), 128.00 (d, ] = 9 Hz), 115.33 (d, | = 22 Hz), 44.24, 43.45.

3-Chloro-N,N-dimethylbenzothioamide (3g) [35]. 'H-NMR (CDCl3, 400 MHz): & (ppm): 7.33-7.25 (m,
3H), 7.20-7.18 (m, 1H), 3.60 (s, 3H), 3.19 (s, 3H); 3C-NMR (CDCl3, 100 MHz): 5 (ppm): 199.11, 144.78,
134.29,129.76, 128.63, 125.89, 123.83, 44.18, 43.18; GC-MS (EI) m/z (%) 200.00 (43), 199.0 (69, M*). 198.00
(100), 165.00 (32), 157.00 (26), 155.00 (74), 111.00 (24).

3-Bromo-N,N-dimethylbenzothioamide (3h) [35]. TH-NMR (CDCl;, 400 MHz): & (ppm): 7.50-7.46 (m,
2H), 7.27-7.22 (m, 2H), 3.60 (s, 3H), 3.19 (s, 3H); 13C-NMR (CDCl3, 100 MHz): & (ppm): 199.01, 144.98,
131.56, 129.99, 128.68, 124.30, 122.38, 44.19, 43.19; GC-MS (EI) m /z (%) 244.95 (64), 243.95 (100), 242.95
(65, M), 241.95 (95), 200.90 (43), 198.90 (43), 120.00 (51).

3-Methyl-N,N-dimethylbenzothioamide (3i) [35]. TH-NMR (CDCl3, 400 MHz): § (ppm): 7.34-7.24 (m, 1H),
717 (d,] = 6.0 Hz, 2H), 7.11 (d, ] = 7.5 Hz, 1H), 3.64 (s, 3H), 3.21 (s, 3H), 2.40 (s, 3H); 13C-NMR (CDCl3,
100 MHz): 6 (ppm): 201.2, 143.2, 138.0, 129.1, 128.0, 126.1, 122.4, 44.0, 43.0, 21.2.

4-(Trifluoromethyl)-N,N-dimethylbenzothioamide (3j) [35]. "H-NMR (CDCl3, 400 MHz): § (ppm): 7.64 (d,
J =8 Hz, 2H), 7.43 (d, ] = 12 Hz, 2H), 3.63 (s, 3H), 3.18 (s, 3H); *C-NMR (CDCl3, 100 MHz): 5 (ppm):
199.30, 146.56,130.46 (q, ] = 32.6 Hz),126.02, 125.56 (q, ] = 3.8 Hz), 123.73 (q, ] = 270.5 Hz), 44.07, 43.09;
GC-MS (EI) m/z (%) 233.00 (M*, 71), 232.00 (100), 199.05 (37), 189.00 (64).

4-tert-Butyl-N,N-dimethylbenzothioamide (3k) [37]. TH-NMR (CDCl3, 400 MHz): & (ppm): 7.38-7.35 (m,
2H), 7.28-7.24 (m, 2H), 3.61 (s, 3H), 3.21 (s, 3H), 1.32 (s, 9H); 3*C-NMR (CDCl3, 100 MHz):  (ppm):
201.64, 151.78, 140.49, 125.67, 125.22, 44.27, 43.34, 34.70, 31.23. GC-MS (EI) m/z (%) 221.10 (70, M*),
220.05 (70), 147.05 (24).

3,5-di-tert-Butyl-N,N-dimethylbenzothioamide (31). 'H-NMR (CDCl3, 400 MHz): § (ppm): 7.39 (t, ] = 4 Hz,
1H), 7.15 (d, ] = 4 Hz, 2H), 3.63 (s, 3H), 3.16 (s, 3H), 1.33 (s, 18H); *C-NMR (CDCls, 100 MHz): 5 (ppm):
202.78,150.70, 142.63, 122.75, 120.13, 44.21, 43.32, 34.92, 31.40. GC-MS (EI) m/z (%) 277.15 (86, M*),
276.15 (100), 220.05 (80). HRMS (ESI) 11/z caled. for C17HpsNS* (M + H)* 278.19370, found 278.19366.

4-Benzyl-N,N-dimethylbenzothioamide (3n) [38]. '"H-NMR (CDCl3, 400 MHz): § (ppm): 7.59-7.56 (m, 4H),
7.47-7.43 (m, 2H), 7.41-7.34 (m, 3H),3.62 (s, 3H), 3.23 (s, 3H); 13C-NMR (CDCl3, 100 MHz): § (ppm):
201.04, 142.17, 141.56, 140.33, 128.89, 127.69, 127.10, 127.09, 126.39, 44.28, 43.32. GC-MS (EI) m/z (%)
241.05 (78, M™), 240.05 (100), 197.00 (58), 181.05 (66), 152.05 (74).

4-Hydroxy-N,N-dimethylbenzothioamide (30) [35]. TH-NMR (CDCls, 400 MHz): § (ppm): 7.21-7.15 (m,
2H), 6.75-6.70 (m, 2H), 5.89 (br s, 1H), 3.59 (s, 3H), 3.21 (s, 3H); 3C-NMR (CDCl3, 100 MHz): § (ppm):
200.97, 156. 03, 136. 00, 127.45, 114.85, 43.97, 43.20; GC-MS (EI) m/z (%) 181.05 (M*, 74), 180.05 (79),
147.10 (31), 137.05 (100).

4-(Dimethylamino)-N,N-dimethylbenzothioamide (3p) [50]. 'H-NMR (CDCl3, 400 MHz): 6 (ppm): 7.32 (d,
J = 8Hz, 2H), 7.63 (d, | = 8 Hz, 2H), 3.59 (s, 3H), 3.28 (s, 3H), 2.99 (s, 6H); 3C-NMR (CDCl3, 100 MHz):
5 (ppm): 201.64, 150.54, 130.30, 127.98, 110.56, 44.19, 43.40, 39.86; GC-MS (EI) m/z (%) 208.05 (M*, 74),
207.05 (46), 164.05 (100), 148.10 (57).

N,N-Dimethylnaphthalene-2-carbothioamide (3q) [35]. '"H-NMR (CDCl3, 400 MHz): § (ppm): 7.82-7.81
(m, 3H), 7.77 (s, 1H), 7.53-7.46 (m, 2H), 7.44-7 41(m, 1H), 3.64 (s, 3H), 3.19 (s, 3H); 13C-NMR (CDCls,
100 MHz): 6 (ppm): 201.21, 140.60, 128.38, 128.20, 127.75, 126.78, 126.74, 124.73, 123.94, 44.27, 43.31.

N,N-Dimethylfuran-2-carbothioamide (3s) [51]. TH-NMR (CDCl3, 400 MHz): & (ppm): 747 (d,] =4 Hz,
1H), 7.09 (d, ] = 4 Hz, 1H), 6.46 (d, | = 4 Hz, 1H),3.56 (s, 3H), 3.45 (s, 3H); 13C-NMR (CDCl3, 100 MHz):
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5 (ppm): 158.31, 151.98, 142.80, 117.27, 111.49, 44.01, 43.80. GC-MS (EI) /2 (%) 155.05 (100, M*), 111.00
(70), 73.95 (27).

N,N-Dimethylthiophene-2-carbothioamide (3t) [35]. TH-NMR (CDCls, 400 MHz): & (ppm): 7.41 (dd, ] =458,
0.8 Hz, 1H), 7.12 (dd, ] = 4.0, 1.2 Hz, 1H), 6.99-6.97 (m, 1H), 3.58 (s, 3H), 3.45 (s, 3H); 13C-NMR (CDCls,
100 MHz): § (ppm):191.63, 145.23, 129.30, 126.50, 126.45, 44.65. GC-MS (EI) m/z (%) 171.00 (77, M*),
127.00 (100).

N,N-Dimethylpyridine-3-carbothioamide (3u) [52]. 'H-NMR (CDCl3, 400 MHz): & (ppm): 8.59-8.57
(m, 2H),7.69 (dt, | = 8.0, 2.0 Hz, 1H), 7.33-7.30 (m, 1H), 3.63 (s, 3H), 3.23 (s, 3H); "*C-NMR (CDCl3,
100 MHz): § (ppm):197.59, 149.63, 146.19, 133.70, 123.18, 44.25, 43.37. GC-MS (EI) m/z (%) 166.05 (85,
M), 165.05 (88), 149.10 (35), 122.00 (100), 106.05 (38), 78.00 (62).

N,N-Dimethyl-5-(quinolin-2-yl) thiophene-2-carbothioamide (3v). TH-NMR (CDCl3, 400 MHz): 5 (ppm):
8.15(d,J =8 Hz, 1H), 8.08 (d, ] =8 Hz, 1H), 7.78 (t, ] = 8 Hz, 2H), 7.74-7.69 (m, 1H), 7.59 (d, ] =4 Hz,
1H), 7.54-7.49 (m, 1H), 7.19 (d, ] = 4 Hz, 1H), 3.56 (d, | = 40 Hz, 6H); "*C-NMR (CDCl3, 100 MHz):
5 (ppm): 191.56, 151.54, 148.18, 148.08, 146.86, 136.77, 130.01, 129.37, 127.82, 127.53, 127.40, 126.49,
124.94,117.42, 44.54. HRMS (ESI) m/z calculated (calcd.) for C14H15N»S,™ (M + H)* 299.06712, found
299.06706.

4. Conclusions

In conclusion, we have demonstrated an efficient and transitional-metal-free method for the
synthesis of aryl thioamides derived from aryl aldehydes using thiourea as a sulfur source in the
presence of potassium persulfate, in DMF or DMAC. This strategy has the advantages of good
functional-group tolerance and gives moderate to good yields of desired products. Further studies on
synthetic applications are currently under way.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/23/9/2225/
s1, Table S1: Screening of various solvents, Figure S1: Three control experiments for mechanism study, 1H-NMR,
13C-NMR, and MS spectrum of 3a—w.
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Abstract: Novel primaquine (PQ) and halogenaniline asymmetric fumardiamides 4a—f,
potential Michael acceptors, and their reduced analogues succindiamides 5a—f were
prepared by simple three-step reactions: coupling reaction between PQ and mono-ethyl
fumarate (1la) or mono-methyl succinate (1b), hydrolysis of PQ-dicarboxylic acid mono-ester
conjugates 2a,b to corresponding acids 3a,b, and a coupling reaction with halogenanilines.
1-[bis(Dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU) was used as a coupling reagent along with Hiinig’s base. Compounds 4 and 5 were
evaluated against a panel of bacteria, several Mycobacterium strains, fungi, a set of viruses, and nine
different human tumor cell lines. p-Chlorofumardiamide 4d showed significant activity against
Staphylococcus aureus, Streptococcus pneumoniae and Acinetobacter baumannii, but also against Candida
albicans (minimum inhibitory concentration (MIC) 6.1-12.5 pg/mL). Together with p-fluoro and p-CF3
fumardiamides 4b,f, compound 4d showed activity against Mycobacterium marinum and 4b,f against
M. tuberculosis. In biofilm eradication assay, most of the bacteria, particularly S. aureus, showed
susceptibility to fumardiamides. m-CF3 and m-chloroaniline fumardiamides 4e and 4c showed
significant antiviral activity against reovirus-1, sindbis virus and Punta Toro virus (ECsy = 3.1-5.5
uM), while 4e was active against coxsackie virus B4 (ECsp = 3.1 uM). m-Fluoro derivative 4a exerted
significant cytostatic activity (ICsp = 5.7-31.2 uM). Acute lymphoblastic leukemia cells were highly
susceptible towards m-substituted derivatives 4a,c,e (ICs5o = 6.7-8.9 uM). Biological evaluations
revealed that fumardiamides 4 were more active than succindiamides 5 indicating importance of
Michael conjugated system.

Keywords: fumardiamide; primaquine; succindiamide; Michael acceptor; biofilm eradication;
antibacterial screening; antiviral activity; cytostatic activity

1. Introduction

Compounds bearing «,-unsaturated carbonyl groups are Michael acceptors capable of
conjugate addition, also known as Michael addition. The simplest and the best Michael acceptors
are «,-unsaturated carbonyl compounds with exposed unsaturated (-carbon atoms, such as

Molecules 2018, 23, 1724; d0i:10.3390 / molecules23071724 178 www.mdpi.com/journal /molecules
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exomethylene ketones and lactones or vinyl ketones [1]. These fragments are often used in the
design of new anticancer drugs, together with others (6-methylhept-5-ene-1,4-dione, propiolamide,
4-(dimethylamino)but-2-enamide) (Figure 1). They assure the irreversible covalent binding to a cysteine
residue of a specific protein and may modulate selectivity and potency of the drug candidate.
The targeted covalent modification has emerged as a validated approach to drug discovery with
the drug candidate canertinib [2], approved drugs afatinib, neratinib and osimertinib (inhibitors of
human epidermal growth factor receptors) and ibrutinib (Bruton’s tyrosine kinase inhibitor) [3,4].
A comprehensive review published by Jackson et al. gives an overview of biological activity and
applicability of various Michael acceptors [5].

Michael acceptors have been explored in a prodrug strategy for cancer cell-specific targeting.
In the review published by Zhang et al., two doxorubicin prodrugs with maleimide moieties have
been described [6]. The maleimide component is responsible for the binding to human serum albumin.
Once the drug carrier arrives at the targeted cancer tissue, doxorubicin is released from the carrier by
the cleavage of hydrazone or glycosidic bond in the acidic environment of cancer cells. The prodrugs
demonstrate superior anticancer efficacy than the parent drug.

Michael acceptors are present in other classes of drugs. Examples of such drugs are entacapone
(antiparkinsonic) [7], dimethyl fumarate (antipsoriatic; since 2013 used in treatment of multiple
sclerosis) [5], rupintivir (experimental antiviral drug against human rhinoviruses) [8], exemestane
(cytostatic) [9], and ethacrynic acid (diuretic) [10].

«,-Unsaturated carbonyl group is also a motif found in plant and microbial metabolites and
their semisynthetic/synthetic derivatives. Many of them are used in clinical practice or are still under
the evaluation in clinical trials (vernolepin, helenalin, curcumin, pyrrocidine, fumaric and angelic
acid derivatives), but some are classified as toxins [11]. Vernolepin and helenalin are sesquiterpenes
with exomethylene lactones responsible for irreversible DNA polymerase inhibition. Pyrrocidine
A is a 13-membered macrocyclic alkaloid produced by endophytic fungi, which directly binds to
N-acetyl-L-cysteine methyl ester through the Michael-type addition and exerts both antimicrobial
and cytostatic effect on leukemia HL60 cells [12]. Angelic acid ester ingenol mebutate has been
identified as the most active component of Euphorbia peplus L. latex sap, effective against human
nonmelanoma skin cancer [13] and actinic keratosis [14]. A gel formulation of ingenol mebutate has
been recently approved for the treatment of actinic keratosis [15] and fumaric acid esters are used for
the management of psoriasis [16,17]. Curcumin is a symmetric «,3-unsaturated (3-diketone extracted
from Curcuma longa L., a tropical Southeast Asian plant used as a spice and in traditional Indian
medicine [18]. Currently, there are 17 open clinical trials involving curcumin, of which mainly evaluate
the combination of curcumin with other substances used in anticancer therapy [19].

In this paper, we report design and preparation of novel Michael acceptors, fumaric acid diamides
4a—f. We have chosen «,3-unsaturated amides because they are less electrophilic than analogous esters
and better Michael acceptors [1]. Based on our previous findings [20,21], one of the amide bonds
was achieved with a terminal amino group of primaquine (PQ), while the other with halogenanilines
(Figure 1). Sharing the same conjugated C=C-CO system and a benzene ring, our compounds are
similar to cinnamic acid (trans-3-phenyl-2-propenoic acid) derivatives as well. Taking literature data
into account [22-24] and our previous experience with PQ derivatives [20,21,25-28], we have assumed
that the designed compounds have a high pharmacological potential. Here we report their synthesis,
evaluation of antimicrobial activity on a wide spectrum of bacteria, fungi and viruses, their biofilm
eradication ability, and finally, cytostatic activity against several human tumor cell lines.
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Figure 1. Design of novel fumardiamides.

2. Results and Discussion

2.1. Chemistry

In this paper, we aimed to prepare and biologically evaluate new Michael acceptors 4a—f,
asymmetric diamides of fumaric acid. To prove the significance of the conjugated Michael system
for activity, we have also prepared a series of analogous compounds without a double bond,
e.g., a series of succindiamides 5a—-f (compound 5a is a reduced derivative of 4a, 5b of 4b etc.).
In both series of compounds, one of the amide bonds was achieved with the primary amino group
of PQ and the other one with a selected halogenaniline. In the first reaction step, mono-ethyl
fumarate (1a) and mono-methyl succinate (1b) were coupled with PQ to give derivatives 2a,b using
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU) as a coupling reagent, along with N,N-diisopropylethylamine (DIEA) [29]. However,
the transformation of 1a to carboxylic acid chloride and amidation with PQ gave better yields of
product 2a. Hydrolysis of 2a,b by lithium hydroxide afforded the corresponding acids 3a,b, which
were again coupled with halogenanilines in the presence of HATU/DIEA. The following anilines were
used: 3-fluoroaniline, 4-fluoroaniline, 3-chloroaniline, 4-chloroaniline, 3-trifluoromethylaniline and
4-trifluoromethylaniline. Scheme 1 shows the synthetic pathway leading to compounds 4 and 5.

~
Y
o [ 1ah LiOH, MeOH, HZO
HATU DIEA, DCM 1h rt, 83-97%
1h,rt, 70-88%
M \n/ \H/ \n/ \n/OH
2ab
e R': Me, Et

o

HATU DIEA, DCM a b c d e f
23h.rt, 31-90% M n R% m-F p-F m-Cl p-Cl m-CF3 p-CF3

\©R2
4a-f Y: CH=CH Z

5a-f Y: CH,CH,

Scheme 1. Synthesis of fumardiamides 4a—f and succindiamides 5a—f.

New compounds are fully characterized by MS, IR, 'H and *C NMR spectroscopic methods
and elemental analyses. Spectral data are consistent with the proposed structures and are given
in short in the Materials and Methods and in detail in the Supplementary Material. The presence
of carbonyl functional groups in compounds 4 and 5 was indicated by the appearance of strong
stretching vibration bands in IR spectra between v 1677 and 1628 (amide I) and 1555 and 1515 cm™
(amide II). PQ residue showed characteristic signals in 'H NMR spectra: hydrogen atom CH-15
occurred between ¢ 8.52 and 8.55, methoxy group at J 3.82, the hydrogen attached to chiral carbon
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(CH-10) as a multiplet at 6 3.57-3.65, a methyl group at 6 1.19-1.22. NH-1 appeared as a singlet between
0 9.98 and 10.75 ppm, NH-6 as a triplet at ¢ 7.86-8.55, while NH-12 as a doublet at ¢ 6.11-6.15 ppm.
13C spectra showed characteristic PQ signals at 6 54.92-54.98 (methoxy group), 46.19-47.02 (C-10),
38.46-39.23 (C-7), 33.37-33.45 (C-9), 25.70-25.99 (C-8), 20.14-20.21 (C-11) ppm and corresponding
signals in aromatic region. Two signals of carbonyl groups in fumardiamides 4a—f appeared between
161.17 and 163.34 ppm, while in succindiamides 5a—f between 170.35 and 171.18 ppm. The other two
succinic acid carbons (C-3 and C-4) appeared in the aliphatic region between 30.10 and 31.75, and
fumaric acid carbons connected by double bond were located very high between 132.11 and 134.66
ppm. CF3; groups in compounds 4e, 4f, 5e and 5f showed characteristic quartets at 121.32-127.05
with average | = 272 Hz, and the closest C-atom to trifluoromethyl quartets at 124-129 ppm with
] = 31 Hz. m-Fluorophenyl derivatives 4a and 5a showed doublets at 162 ppm and p-fluorophenyl
derivatives 4b and 5b doublets at 158 ppm (C-atom bearing fluorine) with a similar J-coupling constant
of 240 Hz, while two neighbouring C-atoms appeared at 105-110 ppm (average | = 21 Hz). C-atom
substituted with chloro atom appeared at 133 ppm (m-Cl) and 127 ppm (p-Cl). Chemical structures of
new compounds were also supported by mass spectroscopy. Molecular ion peaks corresponding to
expected relative molecular masses were obtained for all compounds.

Diamides 4 and 5 were subjected to in silico analysis to evaluate the diversity of the set
of compounds against topological polar surface area (TPSA) calculations and relevant drug-like
properties: number of atoms, molecular weight (MW), partition coefficient (log P), H-bond donor
(HBD), H-bond acceptor (HBA) and molecular refractivity (MR). The parameters are calculated with
the Chemicalize.org program [30] and presented in Table S1. All compounds are fully in agreement
with the Lipinski and Gelovani rules for prospective small molecular drugs (MW < 500, log P < 5,
number of H-bond donors < 5, number of H-bond acceptors < 10, TPSA < 140 A2, MR within the
range of 40 and 130 cm?/mol, the number of atoms 20-70), although 4e f and 5e,f have the highest
permitted relative molecular masses.

2.2. Biological Evaluation

2.2.1. Antibacterial and Antifungal Activity

The antimicrobial screening was assessed against a panel of Gram-positive bacteria (S. pneumoniae
MEFBF 10373, S. aureus ATCC 6538, methicillin-resistant S. aureus MRSA 63718, SA 630 and SA 3202,
E. faecalis ATCC 29212 and three vancomycin-resistant Enterococci VRE 342 B, 365 and 725 B, B. cereus
ATCC 11778, and B. subtilis ATCC 6633), Gram-negative species (P. aeruginosa ATCC 27853, E. coli ATCC
10536, S. marcescens ATCC 10905, P. mirabilis MFBF 10430, A. baumannii MFBF 10913, and S. enteritidis
MEFBF 11945), four Mycobacterium strains (M. tuberculosis H37Ra, M. smegmatis ATCC 700084, M. kansasii
DSM 44162, and M. marinum CAMP 5644) and fungi (two strains of C. albicans ATCC 90028 and CCM
8361, C. krusei CCM 8271, C. parapsilosis CCM 8260 and A. brasiliensis ATCC 16404). The results of
the antimicrobial screening of fumardiamides 4a—f are presented in Table 1 (the results for inactive
fumardiamides and succindiamides 5a—f are not shown). In general, Gram-positive bacteria, especially
S. pneumoniae and S. aureus ATCC 6538 were susceptible to 4b—f. Compounds 4a,b were active against
B. cereus as well. However, Gram-negative bacterium A. baumannii was the most susceptible among all
tested microorganisms: all compounds, except m-fluoro derivative 4a, showed selective antimicrobial
activity against this bacterium strain. Comparison of meta and para derivatives, e.g.,avs. b, cvs. d, e
vs. f revealed that in the most cases p-substituted derivatives were more active than the analogous
m-derivatives. p-Chlorofumardiamide 4d showed significant activity against three bacterial strains
(S. aureus, S. pneumoniae and A. baumannii), but also against C. albicans ATCC 90028, with minimum
inhibitory concentration (MIC) values ranging from 6.1 to 12.5 ng/mL. This compound, together with
p-fluoro and p-CF; fumardiamides 4b,f showed antitubercular activity against M. marinum, while 4b £
were active against M. tuberculosis as well.
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2.2.2. Biofilm Eradication Assay

We tested the susceptibility of different bacterial and yeast strains to fumardiamides 4a—f and
succindiamides 5a—f by determining minimum biofilm eradication concentrations (MBECs). The results
are presented in Table 2. Again, fumardiamides 4 were much more active than the analogous
succindiamides 5. The most active compounds were 4a and 4b. Two microorganisms, namely
E. faecalis and S. aureus showed high susceptibility to all fumardiamides, while E. coli, S. pneumoniae
and P. aeruginosa were susceptible to five out of six fumardiamides. A high biofilm eradication
potential of fumardiamides might be explained by the reaction of Michael acceptors with cysteine
thiol, which could prevent disulfide bond formation. It is a well-known fact that cysteine homeostasis
impacts biofilm formation and production of extracellular matrix components, as well as folding
and stability of extracytoplasmic proteins [31]. They are also crucial for dental plaque formation,
autolysis, extracellular DNA release, genetic competence, bacteriocin production and stabilization of
outer membrane porin proteins [32].

2.2.3. Antiviral Evaluation

Compounds 4a-f and 5a—f were evaluated against a broad variety of viral infections including
herpes simplex viruses, vaccinia virus, adenovirus-2, human coronavirus (229E), vesicular stomatitis
virus, coxsackie virus B4, respiratory syncytial virus, para-influenza-3 virus, reovirus-1, sindbis virus,
coxsackie virus B4, Punta Toro virus and yellow fever virus. Only fumardiamides with m-chloro and
m-trifluoromethyl aniline residues, namely 4c and 4e, showed significant antiviral activity against
reovirus-1, sindbis virus and Punta Toro virus with ECs = 3.1-5.5 uM (ECs( = concentration required to
reduce virus-induced cytopathogenicity by 50%). Compound 4e was also active against coxsackie virus
B4 (EC5p = 3.1 uM). However, their selectivity index (SI), e.g., minimum cytotoxicity concentration
(MCC) and ECs ratio, was quite low (1.8-3.7). Cytotoxicity and antiviral activity of fumardiamides
4a—f in Vero cell cultures are displayed in Table 3 (data for HEL (human erythroleukemia cell line),
Hela (cervical carcinoma cell line) and Madin-Darby Canine Kidney cells (MDCK) cultures are not
shown, as well as data for inactive succindiamides 5a—f).
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2.2.4. Cytostatic Activity

To gain insight into cytotoxicity of newly synthesized compounds 4a—f and 5a—f, their cytostatic
activity was evaluated in vitro against a panel of nine different human cancer cell lines, representing
various solid tumor types including pancreatic adenocarcinoma (Capan-1), chronic myeloid
leukemia (Hap1), colorectal carcinoma (HCT-116), lung carcinoma (NCI-H460), acute lymphoblastic
leukemia (DND-41), acute myeloid leukemia (HL-60), chronic myeloid leukemia (K-562), multiple
myeloma (MM.1S) and non-Hodgkin lymphoma (Z-138). Succindiamides 5a—-f were completely
inactive, while free fumardiamides showed activity towards the selected tumor cell lines (Table 4).
Fumardiamide 4a with m-fluoroaniline moiety showed cytostatic activity against all tested cell lines,
with ICsy values from 5.7 to 31.2 uM (IC5p = the lowest concentration resulting in 50% growth
inhibition). DND-41 cell line was susceptible to all three m-substituted derivatives, e.g., 4a, 4c and 4f
(ICs0 values between 6.7 and 8.9 uM). HL-60 and Z-138 cell lines were also susceptible to compound
4a (ICs5p values 5.7 and 8.4 pM, respectively).

Table 4. Antiproliferative screening of fumardiamides 4a—f in diverse human tumor cell lines.

1C5p (uM)
Compd.

Capan-1 Hap1l HCT-116 NCI-H460 DND-41 HL-60 K-562 MM.1S Z-138

4a 16.9 19.3 22.3 15.5 6.7 57 312 13.0 8.4
4b 50.5 66.4 >100 29.1 >100 >100 70.5 >100 >100
4c 69.9 >100 73.0 437 8.4 >100 >100 >100 46.5
4d 91.8 >100 >100 >100 >100 >100 >100 >100 >100
4e 56.5 >100 >100 34.2 8.9 >100 71.2 >100 68.4
4f 79.4 >100 >100 >100 >100 >100 >100 >100 >100

PQ! 18.7 427 309 52.6 11.4 22 352 28.3 7.1
DXT 2 0.75 117 7.66 1.30 0.94 1.24 1.22 3.38 542
EPEG 0.15 0.04 1.35 0.09 0.03 0.03 0.01 0.97 0.02
STS* 0.66 3.56 0.78 1.66 6.96 13.10 0.23 1.61 0.40

1 PQ—primaquine; 2 DXT—docetaxel (nM); 3 EPEG—etoposide; 4 STS—staunoporin (nM). All compounds were
tested with duplicate data points and averaged.

2.2.5. Interaction with Glutathione (GSH)

Glutathione (GSH) is an important compound present in most mammalian cells, a tripeptide,
with the central amino acid cysteine bearing thiol group, which scavenges carcinogenic compounds
by conjugate addition and protects from oxidative damage [1]. In the drug development process,
it is usual to evaluate the Michael acceptor—-GSH interaction [33]. That is why the final step in our
research was to study the interaction of fumarmides with GSH. Fumardiamide 4b (1.25 uM) was
incubated with GSH (125 uM) in ammonium formate buffer (pH = 7.4) containing 10% acetonitrile
at 37 °C for 216 h. The MS analysis confirmed the consumption of 4b with GSH. However, the rate
of GSH addition was slow and incomplete, as only 18.3% of 4b reacted in the monitored period
(See Supporting Material).

3. Materials and Methods
3.1. Chemistry

3.1.1. Materials and General Methods

Melting points were determined on an SMP3 apparatus (Barloworld Scientific, UK) in open
capillaries and were uncorrected. IR spectra were recorded on Spectrum One FI-IR (Perkin-Elmer,
UK) and UV-Vis spectra on Lambda 20 double-beam spectrophotometers (Perkin-Elmer, UK).
NMR 'H and !3C spectra were recorded at 25 °C on an NMR Avance 600 spectrometer (Bruker,
Germany) at 300.13 or 600.13 and 75.47 or 150.9 MHz for 'H and '3C nuclei, respectively. Chemical
shifts (§) were reported in parts per million (ppm) relative to tetramethylsilane in the 'H and the
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dimethyl sulfoxide residual peak as a reference in the '>*C NMR spectra (39.51 ppm). Coupling
constants (J) were reported in hertz (Hz). Mass spectra were collected on an HPLC-MS/MS
instrument (HPLC, Agilent Technologies 1200 Series; MS, Agilent Technologies 6410 Triple Quad)
using electrospray ionization in positive mode. Elemental analyses were performed on a CHNS
LECO analyzer (LECO Corporation, USA). All compounds were routinely checked by thin-layer
chromatography (TLC) with Merck silica gel 60F-254 glass plates using appropriate solvent systems.
Spots were visualized by short-wave UV light and iodine vapour. Column chromatography was
performed on silica gel 0.063-0.200 mm. All chemicals and solvents were of analytical grade and
purchased from commercial sources. PQ diphosphate, 4-methoxy-4-oxobutanoic acid (mono-methyl
succinate), (E)-4-ethoxy-4-oxobut-2-enoic acid (mono-ethyl fumarate), 3-fluoroaniline, 4-fluoroaniline,
3-chloroaniline, 4-chloroaniline, 3-trifluoromethylaniline, 4-trifluoromethylaniline, DIEA, and HATU
were purchased from Sigma-Aldrich. PQ was prepared from PQ diphosphate prior to use. All reactions
with PQ were run light protected.

3.1.2. General Procedure for the Synthesis of Esters 2a,b

PQ-succinamide and fumaramide monoesters 2a,b were prepared by condensation of PQ base
with mono-methyl succinate (1a) or mono-ethyl fumarate (1b), following the previously described
procedure [29].

3.1.3. General Procedure for the Synthesis of Carboxylic Acids 3a,b

Carboxylic acids 3a,b were prepared by hydrolysis of esters 2a,b with lithium hydroxide following
the previously described procedure [29].

3.1.4. General Procedure for the Synthesis of Fumardiamides 4a—f and Succindiamides 5a—f

A solution of 0.27 mmol of 3a or 3b, 0.068 g (0.54 mmol) DIEA and 0.103 g (0.27 mmol) HATU
in 6 mL of dichloromethane was stirred at room temperature. After 10 min, 0.297 mmol of the
corresponding halogenaniline was added. The reaction mixture was stirred for 2-3 h at room
temperature, evaporated under reduced pressure, dissolved in 8 mL ethyl acetate and extracted
3 times with water. The organic layer was dried over sodium sulfate, filtered and evaporated under
reduced pressure.

(2E)-N-(3-Fluorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentyl }but-2-enediamide (4a). From the
reaction of 0.096 g acid 3a and 0.033 g (0.297 mmol) 3-fluoroaniline and after purification by column
chromatography (mobile phase dichloromethane /methanol 9.5:0.5) and crystallization from ether,
0.041 g (34%) of 4a was obtained; mp 203-204 °C; IR (ATR): vimax 3388, 3319, 3269, 3080, 2961, 2935,
2866, 1630, 1554, 1520, 1452, 1387, 1334, 1201, 1158, 782, 680 cm™'; 'H NMR (DMSO-dq) 5 10.63 (s, 1H),
8.55-8.53 (dd, 1H, ] = 1.6, 4.2), 8.52 (t, 1H, ] = 5.4), 8.09-8.06 (dd, 1H, ] = 1.5, 8.3),7.69 (d, 2H, ] = 11.7),
7.45-7.41 (m, 1H), 7.39-7.36 (m, 2H), 7.06-7.96 (m, 2H), 6.96-6.92 (m, 1H), 6.47 (d, 1H, ] = 2.4), 6.28 (d, 1H,
J=24),6.15(d, 1H, ] = 8.8), 3.82 (s, 3H), 3.70-3.61 (m, 1H), 3.24-3.18 (m, 2H), 1.74-1.64, 1.63-1.52 (2m,
4H), 1.22 (d, 3H, ] = 6.3); 13C NMR (DMSO-d) & 163.25, 162.62, 162.09 (d, ] = 242.0), 159.00, 144.63,
144.23,140.50 (d, ] = 11.5), 134.79, 134.52, 134.40, 132.28, 130.50 (d, ] = 9.5), 129.57, 122.09, 115.14, 110.28,
106.13 (d, J = 27.2), 96.14, 91.62, 54.96, 46.97, 38.95, 33.45, 25.77, 20.21; MS/MS m/z 451.1 M + 1)*;
Anal. Caled. for Co5H,7FN4O5: C, 66.65; H, 6.04; N, 12.44. Found: C, 66.32; H, 6.30; N, 12.49.

(2E)-N-(4-Fluorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentyl jbut-2-enediamide (4b). From the
reaction of 0.096 g acid 3a and 0.033 g (0.297 mmol) 4-fluoroaniline and after purification by column
chromatography (mobile phase dichloromethane/methanol 9.5:0.5) and crystallization from ether,
0.071 g (58%) of 4b was obtained; mp 226-227 °C; IR (ATR): vmax 3386, 3294, 3072, 2963, 2928, 2863, 1635,
1548, 1513, 1452, 1391, 1330, 1212, 1160, 1051, 973, 829, 673 cm™!; 'H NMR (DMSO-de) 5 10.49 (s, 1H),
8.55-8.53 (dd, 1H, ] = 1.6, 4.2), 8.52 (t, 1H, | = 5.4), 8.09-8.06 (dd, 1H, | = 1.5, 8.3), 7.72-7.68 (dd, 2H,
J=5.0,] =8.9), 7.45-7.41 (m, 1H), 7.18 (t, 2H, ] = 8.8), 7.05-6.93 (m, 2H), 6.47 (d, 1H, ] = 2.1), 6.28 (d,
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1H, ] = 2.1), 6.15 (d, 1H, ] = 8.8), 3.82 (s, 3H), 3.69-3.61 (m, 1H), 3.24-3.18 (m, 2H), 1.74-1.64, 1.63-1.52
(2m, 4H), 1.22 (d, 3H, ] = 6.3); 13C NMR (DMSO-d) 5 163.34, 162.21, 159.00, 158.26 (d, ] = 240.0), 144.63,
144.23,135.22, 134.79, 134.53, 133.98, 132.52, 129.58, 122.09, 121.05 (d, ] = 7.6), 115.44 (d, ] = 21.9), 96.14,
91.62, 54.96, 46.97, 38.95, 33.45, 25.79, 20.21; MS/MS m/z 451.1 (M + 1)*; Anal. Calcd. for Co5HpyFN,4O3:
C, 66.65; H, 6.04; N, 12.44. Found: C, 66.47; H, 6.38; N, 12.35.

(2E)-N-(3-Chlorophenyl)-N'-{4-[ (6-methoxyquinolin-8-yl)aminolpentyl jout-2-enediamide (4c). From the
reaction of 0.096 g acid 3a and 0.038 g (0.297 mmol) 3-chloroaniline and after purification by column
chromatography (mobile phase dichloromethane/methanol 9.5:0.5) and crystallization from ether,
0.053 g (42%) of 4c was obtained; mp 187-188 °C; IR (ATR): vmax 3381, 3298, 3068, 2959, 2928, 2863,
1635, 1591, 1521, 1465, 1419, 1386, 1331, 1210, 1163, 976, 821, 783, 670 cm™; 'H NMR (DMSO-de)
5 10.59 (s, 1H), 8.54-8.53 (dd, 1H, J = 1.5, 4.1), 8.50 (t, 1H, ] = 5.5), 8.08-8.06 (dd, 1H, ] = 1.4, 8.2),
7.90 (s, 1H), 7.51 (d, 1H, ] = 8.1), 7.43-7.41 (m, 1H), 7.37 (t, H, ] = 8.1), 7.16-7.14 (dd, 1H, ] = 1.2, ] = 8.0),
7.00 (q,2H, ] = 15.1), 6.47 (d, 1H, ] = 2.4), 6.28 (d, 1H, ] = 2.3), 6.14 (d, 1H, ] = 8.8), 3.82 (s, 3H), 3.67-3.63
(m, 1H), 3.23-3.20 (m, 2H), 1.73-1.67, 1.63-1.53 (2m, 4H), 1.22 (d, 3H, ] = 6.3); 3C NMR (DMSO-d¢) &
163.21, 162.60, 158.97, 144.60, 144.19, 140.19, 134.74, 134.50, 134.41, 133.10, 132.19, 130.48, 129.54, 123.45,
122.03, 118.74, 117.72, 96.11, 91.63, 54.93, 46.98, 39.23, 33.44, 25.72, 20.18; MS/MS m/z 467.0 (M+1)*;
Anal. tCaled. for Cp5Hy7CIN4Os: C, 64.30; H, 5.83; N, 12.00. Found: C, 64.21; H, 6.05; N, 11.78.

(2E)-N-(4-Chlorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentyl jout-2-enediamide (4d). From the
reaction of 0.096 g acid 3a and 0.038 g (0.297 mmol) 4-chloroaniline and after purification by column
chromatography (mobile phase cyclohexane/ethyl acetate/methanol 3:1:0.5) and crystallization from
ether, 0.062 g (49%) of 4d was obtained; mp 223-226 °C; IR (ATR): vmax 3381, 3289, 3071, 2959, 2931,
2864, 1640, 1526, 1452, 1388, 1331, 1210, 1163, 1094, 1049, 973, 822, 787, 686, 631, 507 cm™!; 'H NMR
(DMSO-dg) 6 10.56 (s, 1H), 8.55-8.53 (dd, 1H, ] = 1.7, 4.2), 8.50 (t, 1H, | = 5.6), 8.09-8.06 (dd, 1H, ] = 1.6,
8.3),7.72-7.68 (m, 2H), 7.45-7.37 (m, 3H), 7.06-6.94 (m, 2H), 6.47 (d, 1H, ] = 2.5),6.27 (d, 1H, ] = 2.4),
6.14 (d, 1H, ] = 8.8), 3.82 (s, 3H), 3.69-3.60 (m, 1H), 3.24-3.18 (m, 2H), 1.74-1.64, 1.63-1.51 (2m, 4H),
1.22 (d, 3H, ] = 6.3); 1*C NMR (DMSO-dg) & 163.29, 162.43, 159.00, 144.63, 144.23, 137.76, 134.79, 134.52,
134.21,132.38,129.57, 128.75, 127.36, 122.09, 120.84, 96.14, 91.61, 54.96, 46.97, 38.82, 33.44, 25.77, 20.21;
MS/MS m/z 467.0 (M+1)*; Anal. Calcd. for Co5Hy7CIN4O5: C, 64.30; H, 5.83; N, 12.00. Found: C, 64.21;
H, 5.56; N, 11.83.

(2E)-N'-{4-[(6-Methoxyquinolin-8-yl)aminolpentyl }-N-[3-(trifluoromethyl)phenyl Jbut-2-enediamide ~ (4e).
From the reaction of 0.096 g acid 3a and 0.048 g (0.297 mmol) 3-trifluoroaniline and after purification
by column chromatography (mobile phase dichloromethane/methanol 9.5:0.5) after crystallization
from acetone/water, 0.042 g (31%) of 4e was obtained; mp 149-150 °C; IR (ATR): vmax 3399, 3357,
3282, 3094, 2960, 2935, 2867, 1651, 1621, 1563, 1526, 1452, 1388, 1331, 1168, 1122, 973, 893, 788, 694
cm™; TH NMR (DMSO-dg) 6 10.75 (s, 1H), 8.55-8.52 (m, 2H), 8.18 (s, 1H), 8.08-8.06 (dd, 1H, ] = 1.1,
8.2),7.83 (d, 1H), 7.59 (t, 1H, | = 7.9), 7.45-7.42 (m, 2H), 7.00-6.98 (q, 2H, ] = 15.1), 6.47 (d, 1H, |
=24),628 (d, 1H, ] = 2.0), 6.15 (d, 1H, ] = 8.7), 3.82 (s, 3H), 3.67-3.63 (m, 1H), 3.23-3.20 (m, 2H),
1.73-1.67, 1.63-1.53 (2m, 4H), 1.22 (d, 3H, ] = 6.3); 13C NMR (DMSO-dg) 6 163.19, 162.81, 158.99, 144.62,
144.21, 139.54, 134.77, 134.55, 134.52, 132.15, 130.09, 129.56, 129.82-129.19 (q, ] = 31.7), 126.73-121.32
(q,] =273.3), 122.88, 122.07, 120.09, 115.33, 96.13, 91.62, 54.95, 46.19, 39.23, 33.45, 25.76, 20.20; MS/MS
m/z 501.1 (M+1)*; Anal. Calcd. for CogHy7F3N4O5: C, 62.39; H, 5.44; N, 11.19. Found: C, 62.25; H, 5.76;
N, 11.08.

(2E)-N'-{4-[(6-Methoxyquinolin-8-yl)amino]pentyl }-N-[4-(trifluoromethylphenyl Jbut-2-enediamide ~ (4f).
From the reaction of 0.096 g acid 3a and 0.048 g (0.297 mmol) 4-trifluoroaniline and after crystallization
from ether, 0.046 g (34%) of 4f was obtained; mp 189-191 °C; IR (ATR): vmax 3387, 3309, 3071, 2963,
2932, 1636, 1527, 1457, 1417, 1390, 1328, 1213, 1166, 1122, 1065, 970, 832, 681 cm™!; TH NMR (DMSO-dj)
510.75 (s, 1H), 8.54-8.53 (m, 1H), 8.51 (t, 1H, ] = 5.3), 8.07 (d, 1H, | = 8.2), 7.88 (d, 2H, | = 8.5),
7.71(d, 2H, ] = 8.5), 7.43-7.41 (m, 1H), 7.07-6.99 (q, 2H, ] = 15.1), 6.47 (d, 1H, ] = 2.2), 6.28 (d, 1H,
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J=22),6.14 (d, 1H, ] = 8.7), 3.82 (s, 3H), 3.67-3.63 (m, 1H), 3.23-3.20 (dd, 2H, ] = 6.1, 12.1), 2.59 (t, 2H,
J=7.0), 1.73-1.67, 1.61-1.53 (2m, 4H), 1.22 (d, 3H, ] = 6.3); 13C NMR (DMSO-dg) 6 161.17, 162.83, 158.97,
144.60, 144.17, 142.28, 134.72, 134.66, 134.50, 132.11, 129.53, 126.95-121.55 (q, | = 271.6), 126.11-126.04
(q,] =3.0),124.02-123.39 (q, | = 31.7), 122.02, 119.26, 96.10, 91.63, 54.92, 46.96, 38.80, 33.43, 25.70, 20.17;
MS/MS m/z 501.1 (M+1)*; Anal. Calcd. for CosHy7F3N4O3: C, 62.39; H, 5.44; N, 11.19. Found: C, 62.17;
H, 5.61; N, 11.40.

N-(3-Fluorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentyl Jbutanediamide (5a). From the reaction
of 0.097 g acid 3b and 0.033 g (0.297 mmol) 3-fluoroaniline and after purification by column
chromatography (mobile phase dichloromethane /methanol 9.5:0.5), 0.077 g (63%) of 5a was obtained;
mp 140-142 °C; IR (ATR): vmax 3391, 3283, 3145, 3080, 2959, 2926, 1744, 1646, 1615, 1555, 1507, 1387,
1224, 1202, 1167, 1157, 838, 815, 786, 681 cm™'; TH NMR (DMSO-dg) 6 10.13 (s, 1H), 8.54-8.53 (dd, 1H,
J=17,42),8.08-8.06 (dd, 1H, ] = 1.6, 8.3), 7.86 (t, 1H, ] = 5.6), 7.60-7.58 (m, 1H), 7.43-7.41 (m, 1H),
7.31-7.27 (m, 2H), 6.85-6.81 (m, 1H), 6.47 (d, 1H, ] = 2.5), 6.26 (d, 1H, ] = 2.5), 6.11 (d, 1H, ] = 8.7),
3.82 (s, 3H), 3.64-3.59 (m, 1H), 3.10-3.03 (m, 2H), 2.55 (t, 2H, ] = 7.2), 2.37 (t, 2H, | = 7.2), 1.67-1.63,
1.55-1.45 (2m, 4H), 1.19 (d, 3H, ] = 6.3); 13C NMR (DMSO-d¢) 6 170.86, 162.10 (d, ] = 240.1), 158.98,
144.61,144.19, 141.03 (d, ] = 13.1), 134.75, 134.51, 130.19 (d, ] = 9.0), 129.55, 122.05, 114.55, 109.22 (d, | =
20.1), 105.61, 96.07, 91.59, 54.94, 46.99, 38.46, 33.38, 31.75, 30.16, 25.95, 20.15; MS/MS m/z 453.3 (M+1)*;
Anal. Calcd. for Co5sHp9FN4O3: C, 66.35; H, 6.46; N, 12.38. Found: C, 66.25; H, 6.50; N, 12.20.

N-(4-Fluorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)amino]pentyl }butanediamide (5b). From the reaction
of 0.097 g acid 3b and 0.033 g (0.297 mmol) 4-fluoroaniline and after purification by column
chromatography (mobile phase dichloromethane/methanol 9.5:0.5) and crystallization from ether,
0.098 g (80%) of 5b was obtained; mp 118-120 °C; IR (ATR): vmax 3391, 3283, 3145, 3080, 2959, 2926,
1744, 1646, 1615, 1555, 1507, 1387, 1224, 1202, 1167, 1157, 838, 815, 786, 681 cm™!; 'H NMR (DMSO-d;) &
9.98 (s, 1H), 8.55-8.53 (dd, 1H, ] = 1.6, 4.2), 8.09-8.06 (dd, 1H, | = 1.5, 8.3), 7.87 (t, 1H, ] = 5.5), 7.62-7.57
(m, 2H), 7.45-7.40 (m, 1H), 7.14-7.08 (m, 2H), 6.47 (d, 1H, ] = 2.4), 6.26 (d, 1H, ] = 2.4), 6.12 (d, 1H,
] = 8.8), 3.82 (s, 3H), 3.65-3.57 (m, 1H), 3.10-3.04 (m, 2H), 2.54 (t, 2H, ] = 7.1), 2.37 (t, 2H, ] = 7.0),
1.69-1.59, 1.58-1.43 (2m, 4H), 1.19 (d, 3H, ] = 6.3); '*C NMR (DMSO-ds) ¢ 170.96, 170.35, 159.00, 157.72
(d, ] =246.3),144.63, 144.22, 135.76, 134.79, 134.52, 129.57, 122.09, 120.53 (d, | = 7.8), 115.14 (d, | = 22.1),
96.09, 91.58, 54.97, 47.00, 38.48, 33.39, 31.66, 30.34, 25.99, 20.17; MS/MS m/z 453.4 (M+1)*; Anal. Calcd.
for Co5Hy9FN4O5: C, 66.35; H, 6.46; N, 12.38. Found: C, 66.53, H, 6.29; N, 12.55.

N-(3-Chlorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentyl jbutanediamide (5¢). From the reaction
of 0.097 g acid 3b and 0.038 g (0.297 mmol) 3-chloroaniline and after purification by column
chromatography (mobile phase cyclohexane/ethyl acetate/methanol 3:1:0.5) and crystallization from
ether, 0.062 g (49%) of 5¢ was obtained; mp 156-158 °C; IR (ATR): vmax 3390, 3287, 3242, 3180, 3102,
3074, 2962, 2922, 2856, 1738, 1650, 1612, 1591, 1572, 1539, 1516, 1422, 1388, 1202, 1066, 816, 787, 698, 682
cm™!; TH NMR (DMSO-dg) 6 10.11 (s, 1H), 8.54-8.53 (dd, 1H, ] = 1.6, 4.2), 8.08-8.06 (dd, 1H, ] = 1.6,
8.3),7.86 (t, 1H, ] = 5.5), 7.81 (t, 1H, ] = 2.0), 7.43-7.41 (m, 2H), 7.31-7.28 (m, 1H), 7.07-7.05 (m, 1H),
647 (d, 1H, ] =2.5), 6.25 (d, 1H, ] = 2.5), 6.11 (d, 1H, ] = 8.2), 3.82 (s, 3H), 3.63-3.59 (m, 1H), 3.10-3.03 (m,
2H), 2.55 (t, 2H, ] = 7.1), 2.37 (t, 2H, ] = 7.2), 1.67-1.63, 1.56-1.44 (2m, 4H), 1.19 (d, 3H, ] = 6.3); 13C NMR
(DMSO-dg) 6 170.89, 170.85, 158.98, 144.60, 144.19, 140.73, 134.77, 134.49, 132.97, 130.29, 129.55, 122.51,
122.06, 118.31, 117.19, 96.08, 91.59, 54.95, 46.99, 38.46, 33.38, 31.74, 30.16, 25.96, 20.16; MS/MS m/z 469.2
(M+1)*; Anal. Calcd. for CpsHpCIN4O;5: C, 64.03; H, 6.23; N, 11.95. Found: C, 63.91; H, 6.33; N, 11.70.

N-(4-Chlorophenyl)-N'-{4-[(6-methoxyquinolin-8-yl)aminolpentylJoutanediamide (5d). From the reaction
of 0.097 g acid 3b and 0.038 g (0.297 mmol) 3-chloroaniline and after purification by column
chromatography (mobile phase dichloromethane /methanol 9.5:0.5) and crystallization from ether,
0.076 g (60%) of 5d was obtained; mp 152-153 °C; IR (ATR): vmax 3390, 3287, 3242, 3180, 3102, 3074,
2962, 2922, 2856, 1738, 1650, 1612, 1591, 1572, 1539, 1516, 1422, 1388, 1202, 1066, 816, 787, 698, 682
cm™}; TH NMR (DMSO-dg) 6 10.07 (s, 1H), 8.55-8.53 (dd, 1H, ] = 1.5, 4.2), 8.10-8.07 (dd, 1H, ] = 1.4,
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8.3),7.88 (t, 1H, ] = 5.4), 7.61 (d, 2H, ] = 8.9), 7.45-7.41 (m, 1H), 7.32 (d, 2H, ] = 8.9), 6.48 (d, 1H, ] = 2.3),
6.26 (d, 1H, ] = 2.3), 6.13 (bs, 1H), 3.81 (s, 3H), 3.63-3.57 (m, 1H), 3.09-3.03 (m, 2H), 2.55 (t, 2H, ] = 7.4),
2.39 (,2H, ] = 7.0), 1.70-1.59, 1.58-1.43 (2m, 4H), 1.19 (d, 3H, ] = 6.3); 13C NMR (DMSO-dg) 5 170.92,
170.64, 159.01, 144.55, 144.18, 138.28, 134.89, 134.42, 129.59, 128.51, 126.33, 122.09, 120.37, 96.19, 91.63,
54.98, 47.02, 38.47, 33.37, 31.73, 30.23, 25.98, 20.15 (11); MS/MS m/z 469.3 (M+1)*; Anal. Calcd. for
CasHaoCIN4O5: C, 64.03; H, 6.23; N, 11.95. Found: C, 64.35; H, 6.57; N, 12.13.

N'-{4-[(6-Methoxyquinolin-8-yl)aminolpentyl}-N-[3-(trifluoromethyl)phenyllbutanediamide (5e). From the
reaction of 0.097 g acid 3b and 0.048 g (0.297 mmol) 3-trifluoromethylaniline and after purification by
column chromatography (mobile phase dichloromethane /methanol 9.5:0.5) and crystallization from
ether, 0.122 g (90%) of 5e was obtained; mp 146-149 °C; IR (ATR): vimax 3394, 3302, 3263, 3216, 3164,
3097, 2963, 2928, 2859, 1651, 1617, 1562, 1518, 1450, 1389, 1331, 1265, 1173, 1127, 1064, 894, 816 cm™; TH
NMR (DMSO-de) 6 10.26 (s, 1H), 8.54-8.53 (dd, 1H, ] = 1.6, 4.2), 8.11 (s, 1H), 8.08-8.06 (dd, 1H, ] = 1.6,
8.3),7.88 (t, 1H, ] = 5.5), 7.74 (d, 1H, ] = 8.1), 7.52 (t, 1H, | = 8.0), 7.43-7.41 (m, 1H), 7.36 (d, 1H, ] = 7.8),
6.47 (d, 1H,] =2.5),6.25 (d, 1H, ] =2.5), 6.11 (d, 1H, ] = 8.7), 3.82 (s, 3H), 3.63-3.58 (m, 1H), 3.10-3.04 (m,
2H), 2.57 (t, 2H, ] = 7.2), 2.41 (t, 2H, ] = 7.2), 1.67-1.63, 1.56-1.44 (2m, 4H), 1.19 (d, 3H, ] = 6.3); 13C NMR
(DMSO-de) 6 171.11, 170.84, 158.98, 144.61, 144.19, 140.03, 134.75, 134.50, 129.83, 129.55, 129.67-129.04
(q,] =31.9),126.81-121.40 (q, | = 269.8), 122.33, 122.05, 119.14, 114.88, 96.06, 91.58, 54.94, 46.98, 38.46,
33.38,31.72, 30.11, 25.96, 20.14; MS/MS m/z 503.3 (M+1)*; Anal. Calcd. for CocH9F3N4O3: C, 62.14; H,
5.82; N, 11.15. Found: C, 62.25; H, 5.99; N, 11.08.

N'~{4-[(6-Methoxyquinolin-8-yl)aminolpentyl }-N-[4-(trifluoromethyl)phenyl lbutanediamide (5f). From the
reaction of 0.097 g acid 3b and 0.048 g (0.297 mmol) 4-trifluoromethylaniline and after purification by
column chromatography (mobile phase dichloromethane /methanol 9.5:0.5), 0.068 g (50%) of 5f was
obtained; mp 163-165 °C; IR (ATR): vmax 3387, 3287, 3256, 3198, 3123, 3071, 2963, 2925, 2859, 1652, 1614,
1547, 1515, 1452, 1419, 1389, 1327, 1264, 1169, 1124, 1064, 846, 784 cm™'; TH NMR (DMSO-d;) 6 10.31
(s, 1H), 8.54-8.52 (dd, 1H, | = 1.5, 4.2), 8.09-8.06 (dd, 1H, | = 1.5, 8.3), 7.89 (t, 1H, ] = 5.3), 7.79 (d, 2H,
] =85),7.63(d, 2H, | = 8.7), 7.44-7.40 (m, 1H), 6.47 (d, 1H, ] = 2.4), 6.25 (d, 1H, ] = 2.4), 6.11 (d, 1H,
] =8.7),3.82 (s, 3H), 3.65-3.57 (m, 1H), 3.09-3.04 (m, 2H), 2.59 (t, 2H, ] = 7.0), 2.40 (t, 2H, | = 7.0),
1.71-1.58, 1.57-1.43 (2m, 4H), 1.19 (d, 3H, ] = 6.2); 13C NMR (DMSO-d) & 171.18, 170.86, 158.99, 144.61,
144.20, 142.83, 134.77, 134.51, 129.55, 125.95, 127.05-121.68 (q, ] = 274.2), 123.15-122.52 (q, ] = 28.2),
122.06, 118.69, 96.08, 91.59, 54.95, 46.99, 38.47, 33.38, 31.79, 30.10, 25.96, 20.14; MS/MS m/z 503.3 (M+1)*;
Anal. Caled. for CogHy9F3N4O3: C, 62.14; H, 5.82; N, 11.15. Found: C, 62.39; H, 5.76; N, 11.41.

3.2. Biological Evaluation

3.2.1. In Vitro Antibacterial Susceptibility Assay (MIC Determination)

(a) Staphylococci and Enterococci: The synthesized compounds were evaluated for in vitro
antibacterial activity against representatives of multidrug-resistant bacteria and clinical isolates of
methicillin-resistant Staphylococcus aureus (MRSA) 63718, SA 630 and SA 3202, that were obtained from
the National Institute of Public Health (Prague, Czech Republic). S. aureus ATCC 29213 was used as
a reference and quality control strain. In addition, all the compounds were tested for their activity
against vancomycin-susceptible Enterococcus faecalis ATCC 29212 as a reference strain and three isolates
from American crows of vanA-carrying vancomycin-resistant E. faecalis (VRE) 342B, 368 and 725B [34].
Ampicillin (Amp) and ciprofloxacin (CIP) (Sigma-Aldrich, St. Louis, MO, USA) were used as standards.
Prior to testing, each strain was passaged onto nutrient agar (Oxoid, Basingstoke, UK) with 5% of
bovine blood, and bacterial inocula were prepared by suspending a small portion of the bacterial colony
in sterile phosphate-buffered saline (pH 7.2-7.3). The cell density was adjusted to 0.5 McFarland units
using a densitometer (Densi-La-Meter, LIAP, Riga, Latvia). This inoculum was diluted to reach the final
concentration of bacterial cells 5 x 10° CFU/mL in the wells. The compounds were dissolved in DMSO
(Sigma-Aldrich, St. Louis, MO, USA), and the final concentration of DMSO in the Cation Adjusted
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Mueller-Hinton (CaMH) broth (Oxoid) for Staphylococci or brain-heart infusion for Enterococci did not
exceed 2.5% of the total solution composition. The final concentrations of the evaluated compounds
ranged from 256 to 0.008 pg/mL. The broth dilution micro-method, modified according to NCCLS
(National Committee for Clinical Laboratory Standards) guidelines [35] in MH broth for Staphylococcus
strains and CaMH for Enterococcus strains, was used to determine MIC. Drug-free controls, sterility
controls, and controls consisting of MH and CaMH broths and DMSO alone were included. The
determination of results was performed visually after 24 h of static incubation in darkness at 37 °C in
an aerobic atmosphere.

(b) Other Gram-positive (Streptococcus pneumoniae MFBF 10373, Bacillus cereus ATCC 11778, and
Bacillus subtilis ATCC 6633) and Gram-negative bacteria species (Pseudomonas aeruginosa ATCC 27853,
Escherichia coli ATCC 10536, Serratia marcescens ATCC 10905, Proteus mirabilis MFBF 10430, Acinetobacter
baumannii MFBF 10913, and Salmonella enteritidis MFBF 11945): Serial microdilution broth assay was
used to determine MIC of compounds 4a—f and 5a—f [36]. Cell suspensions were prepared from stock
cultures using phosphate-buffered saline (PBS) (Gibco Laboratories, USA) pH 7.4 and adjusted to
0.5 McFarland units using a nephelometer (ATB 1550, BioMérieux, France). Stock solutions of the
tested compounds were prepared in DMSO (10 mg/mL). Testing was performed using serial dilution
in microtiter flat-bottom 96-well plates with compounds ranging from 100 to 0.78125 pg/mL. After
inoculation (107 CFU/mL) and incubation (18 h, 35 °C, aerobically in darkness), MICs for bacterial
species were determined by addition of 0.5 mg/mL TTC (2,3,5-triphenyl-2H-tetrazolium chloride).
The absorbance was recorded at 540 nm. As a positive quality control (susceptibility of strains)
tetracycline hydrochloride (TC) (Sigma-Aldrich) was added into wells. MICs were determined as
non-linear regression using GraphPad Prism as the lowest concentrations resulting in 50% growth
inhibition of growth in comparison to control.

(c) Mycobacteria: Mycobacterium tuberculosis H37Ra ATCC 25177 was grown in Middlebrook broth
(MB), supplemented with Oleic-Albumin-Dextrose-Catalase (OADC) supplement (Difco, Lawrence,
KS, USA) and mycobactin J (2 pg/mL). At log phase growth, a culture sample (10 mL) was centrifuged
at 15,000 rpm/20 min using a bench-top centrifuge (MPW-65R, MPW Med Instruments, Poland).
Following removal of the supernatant, the pellet was washed in fresh Middlebrook 7H9GC broth
and re-suspended in fresh, ODAC-supplemented MB (10 mL). The turbidity was adjusted to match
McFarland standard No. 1 (3 x 108 CFU) with MB broth. A further 1:20 dilution of the culture was
then performed in MB broth. The antimicrobial susceptibility of M. fuberculosis was investigated
in a 96-well plate format. In these experiments, sterile deionised water (300 ul) was added to all
outer-perimeter wells of the plates to minimize evaporation of the medium in the test wells during
incubation. Each evaluated compound (100 pL) was incubated with M. tuberculosis (100 ul). Dilutions
of each compound were prepared in duplicate. For all synthesized compounds, final concentrations
ranged from 1000 pug/mL to 8 pug/mL. All compounds were dissolved in DMSO, and subsequent
dilutions were made in supplemented MB. The plates were sealed with parafilm and incubated at
37 °C for 7 days. Following incubation, 10% of alamarBlue (Difco, Lawrence, KS, USA) was mixed
into each well, and readings at 570 nm and 600 nm were taken, initially for background subtraction
and subsequently after 24 h reincubation. The background subtraction is necessary for strongly
coloured compounds, where the colour may interfere with the interpretation of any colour change. For
non-interfering compounds, a blue colour in the well was interpreted as the absence of growth, and a
pink colour was scored as growth.

The evaluation of the in vitro antimycobacterial activity of the compounds was additionally
performed against M. smegmatis ATCC 700084, M. marinum CAMP 5644 and M. kansasii DSM
44162. The broth dilution micro-method in Middlebrook 7H9 medium (Difco, Lawrence, KS, USA)
supplemented with ADC Enrichment (Becton, Dickinson and Comp.) was used to determine MIC as
previously described [37]. The compounds were dissolved in DMSO (Sigma-Aldrich), and the final
concentration of DMSO did not exceed 2.5% of the total solution composition. Final concentrations
of the evaluated compounds ranging from 256 ug/mL to 0.125 ug/mL were obtained by twofold
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serial dilution of the stock solution in a microtiter plate with sterile medium. Bacterial inocula were
prepared by transferring colonies from culture to sterile water. The cell density was adjusted to 0.5
McFarland units using a densitometer (Densi-La-Meter, LIAP, Riga, Latvia). The final inoculum was
made by 1:1000 dilution of the suspension with sterile water. Drug-free controls, sterility controls and
controls consisted of medium and DMSO (Sigma-Aldrich, St. Louis, MO, USA) alone were included.
The determination of results was performed visually after 3 days of static incubation in darkness at
37 °C in an aerobic atmosphere for M. smegmatis, after 7 days of static incubation in darkness at 37
°C in an aerobic atmosphere for M. kansasii and after 21 days of static incubation in darkness at 28 °C
in an aerobic atmosphere for M. marinum. Ciprofloxacin (CIP), rifampicin (RIF) and isoniazid (INH)
(Sigma-Aldrich, St. Louis, MO, USA) were used as the standards.

3.2.2. In Vitro Antifungal Susceptibility Testing

Microdilution method was used for testing the antifungal activities of newly synthesized
compounds against Candida albicans CCM 8261 and ATCC 90028, C. krusei CCM 8271, C. parapsilosis
CCM 8260 (Czech Collection of Microorganisms, Brno, Czech Republic) [38]. Tested compounds were
diluted in RPMI-1640 (Sigma) broth to concentrations 128-0.016 ng/mL. Flucytosine (FLU) (Sigma)
and amphotericin B (Amph) were used as positive controls. The plates were inoculated by an inoculum
prepared in RPMI-1640 broth. The final concentration of fungal cells was 5 x 102-2.5 x 10> CFU/mL
in each well. The plates were incubated at 37 °C for 24 (C. albicans, C. krusei) or 48 (C. parapsilosis) hours.
Drug-free controls were included. MIC was defined as 80% or greater (ICgy) reduction of growth in
comparison with the control [35].

MIC determination for Aspergillus brasiliensis was performed in RPMI 1640 broth with
glutamine supplemented with 2% glucose, following the same scheme as for bacteria, procedure
b). After incubation period (48 h, 35 °C, aerobically in dark), XTT (2H-tetrazolium, 2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-hydroxide) (10 mg/mL) in combination with
menadione (1 mg/mL in acetone) (7:1, v/v) was added [36]. Absorbance was read at 540 nm. Amph
was used as a positive control and solvent and media (no microorganisms added) as negative controls.

3.2.3. Minimum Biofilm Eradication Assay

Biofilm eradication screening was performed on the following microorganisms: S. aureus ATCC
6538, S. pneumoniae MFBF 10373, E. faecalis ATCC 29212, B. cereus ATCC 11778, B. subtilis ATCC
6633, E. coli ATCC 10536, P. aeruginosa ATCC 27853, S. marcescens ATCC 10905, P. mirabilis MFBF
10430, S. enteritidis MFBF 11945, A. baumannii MFBF 10913, and C. albicans ATCC 90028. MBECs of
fumardiamides 4a—f and succindiamides 5a—f were determined as follows [39]. Each well (96-well
plate) was filled with 100 pl of bacterial (107 CFU/mL) or yeast (5 x 10° CFU/mL) suspension. When
the inhibition of yeast biofilm formation was tested, the wells were pre-treated with fetal bovine serum
(FBS) (250 ul per well). Negative controls contained broth only. Positive controls were performed using
standard antimicrobial drugs gentamycin (Gen) and Amph, respectively. The plates were covered
and incubated aerobically for 24 h (bacteria) or 48 h (yeast) at 37 °C. Following incubation period,
each well was aspirated, washed three times and vigorously shaken to remove all non-adherent
bacteria/yeast. The remaining attached cells were fixed with methanol (15 min) and the plates were
left to dry overnight. Formed biofilm was stained with crystal violet (1%, 5 min). Excess stain was
rinsed by placing the plate under running tap water and the plates were left to dry. Adherent cells
were solubilized using ethanol. The absorbance was read at 570 nm. The MBEC value represents the
lowest dilution of a compound at which bacteria fail to grow.

3.2.4. Antiviral Evaluation

Antiviral activity of compounds 4a—f and 5a—f was determined as described previously [40].
Cytotoxicity and antiviral activity assay towards herpes simplex virus (HSV) strains HSV-1 KOS,
HSV-2 G, HSV-1 TK-KOS ACVr, vaccinia virus, adenovirus-2, human coronavirus (229E) in HEL
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cell cultures, vesicular stomatitis virus, coxsackie virus B4, respiratory syncytial virus in Hela
cell cultures, para-influenza-3 virus, reovirus-1, sindbis, coxsackie virus B4, Punta Toro virus,
yellow fever virus in Vero cell cultures, while influenza A/HIN1 A/Ned/378/05, influenza
A/H3N2 A/HK/7/87 and influenza B B/Ned/537/05 viruses in Madin-Darby Canine Kidney
(MDCK) cell cultures were performed. On the day of the infection, growth medium was aspirated
and replaced by serial dilutions of the test compounds. Virus was then added to each well,
diluted to obtain a viral input of 100 CCIDsy (CCIDsy being the virus dose that is able to
infect 50% of the cell cultures). Mock-treated cell cultures receiving solely the test compounds
were included, to determine their cellular cytotoxicity. After 3 to 10 days of incubation the
virus-induced cytopathicity was determined by visual scoring of the cytopathic effect (CPE)
(light microscopic evaluation of the virus-induced CPE and inhibition of evaluated compounds),
as well as by measuring the cell viability with the colorimetric formazan-based MTS assay
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). All
experiments were performed in duplicate. Antiviral activity was expressed as ECs. The activities were
compared with the activities of the parent drug PQ, DS-10.000 (dextran sulfate, approx. MW = 10.000)
and standard antiviral drugs: ribavirin (Rib), mycophenolic acid (MPA), brivudin, cidofovir, acyclovir,
gancyclovir, zalcitabine, alovudine, UDA, zanamivir, amantadine and rimantadine.

3.2.5. Cytostatic Activity

Cytostatic activity was evaluated in vitro on nine different types of human tumor cell lines:
Capan-1, Hap1, HCT-116, and NCI-H460, as well as hematological tumors such as DND-41, HL-60,
K-562, MM.1S and Z-138 as described previously [41]. All human tumor cell lines were acquired from
the American Type Culture Collection (ATCC, Manassas, VA, USA), except for the DND-41 cell line
which was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ
Leibniz-Institut, Braunschweig, Germany) and the Hap1 cell line which was purchased from Horizon
Discovery (Waterbeach, UK). Capan-1, Hap1, HL-60, K-562, Z-138, MM.1S and DND-41 were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco Life Technologies, Gaithersburg, MD, USA),
HCT-116 were grown in McCoy’s 5A Medium (Gibco Life Technologies) and NCI-H460 were cultured
in RPMI (Gibco Life Technologies). All media were supplemented with 10% FBS (HyClone, GE
Healthcare Life Sciences, USA). Adherent cell lines HCT-116, Hap1, NCI-H460, and Capan-1 cells were
seeded at a density between 400 and 1250 cells per well, in 384-well, black-walled, clear-bottomed tissue
culture plates (Greiner Bio-One, Kremsmdiinster, Germany). After overnight incubation, cells were
treated with test compounds at four different concentrations ranging from 100 to 0.8 uM. Suspension
cell lines HL-60, K-562, Z-138, MM.1S, and DND-41 were seeded at densities ranging from 3000 to
10,000 cells per well in 384-well, black-walled, clear-bottomed tissue culture plates containing test
compounds at the same four concentrations. The plates were incubated and monitored at 37 °C for
72 h in an IncuCyte (Essen BioScience Inc., Ann Arbor, MI, USA) for real-time imaging. Images were
taken every 3 h, with one field image per well under 10x magnification. All compounds were tested
with duplicate data points and averaged. The activities were compared with the activities of the parent
drug PQ and standard anticancer drugs docetaxel (DXT), etoposide (EPEG) and staurosporine (STS).

3.2.6. Interaction with Glutathione (GSH)

Fumardiamide 4b (1.25 uM) was incubated with GSH (125 uM) in ammonium formate buffer
(pH = 7.4) containing 10% acetonitrile at 37 °C for 216 h [33]. The progress of the reactions was
monitored with the percent of remaining fumardiamide determined by MS using an internal standard
(N-(benzyloxy)-N'-{4-[(6-methoxyquinolin-8-yl)amino]pentyl}butanediamide). Aliquots of the reaction
mixture (taken after 0, 4.5, 26, 52, 124 and 216 h) were analysed with Synapt G2-Si ESI-QTOF-MS
system (Waters, Milford, USA). The aliquots were diluted 10 times with acetonitrile and sprayed
at a flow rate of 50 uL/min using the fluidics system of the instrument. MS conditions were set as
follows: positive ion mode, capillary voltage 3 kV, sampling cone voltage 10 V, source temperature
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120 °C, desolvation temperature 350 °C, desolvation gas flow 800 L/h. Mass spectra were recorded
from 100-1000 m/z at a frequency of 1 Hz. Data were acquired and analysed with Waters MassLynx
v4.1 software.

4. Conclusions

Twelve novel PQ-derivatives of diamide type were designed and synthesized. These compounds
differ in the type of spacer and/or halogen atom in aniline region. Compounds 4a—f are fumardiamides
and 5a—f succindiamides. Compounds 4a,b, 5a,b are fluoro, 4c,d, 5¢,d chloro and 4e/f, 5ef are
trifluoroderivatives. All new compounds were screened for antibacterial, antitubercular, antiviral and
cytostatic activity as well as biofilm eradication ability. In all biological assays, fumardiamides
4 were superior to succindiamides 5, which indicates that the double bond conjugated to the
carbonyl was important for the activity. With their high bioactivity, low cytotoxicity and convenient
drug-like properties, p-substituted derivatives 4b,d,f provide a strong basis for further research and
optimization of novel agents useful in the treatment of bacterial and biofilm-associated infections,
while m-substituted derivatives 4a,c,e could be potential leads for the development of antitumor agents.

Supplementary Materials: The following are available online: Table S1. Properties of novel compounds calculated
with Chemicalize.org program. The Lipinski and Gelovani parameters; Table S2. Analytical and spectral
data of compounds 4a—f and 5a—f; Table S3. IH and 13C NMR spectra of amides 4a—f and 5a—f; Table S4.
Interaction of fumardiamide 4b with GSH; Figure S1. Interaction of fumardiamide 4b with GSH (¢). Control:
(N-(benzyloxy)-N’-{4-[(6-methoxyquinolin-8-yl)amino]pentyl}butanediamide) (e). Spectra of all compounds.
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Abstract: Weinreb amides are a privileged, multi-functional group with well-established utility
in classical synthesis. Recently, several studies have demonstrated the use of Weinreb amides as
interesting substrates in transition metal-catalyzed C-H functionalization reactions. Herein, we review
this part of the literature, including the metal catalysts, transformations explored so far and specific
insights from mechanistic studies.
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1. Introduction

The pursuit of efficient methods for the direct, catalytic substitution of otherwise inert C-H bonds
in organic molecules has become a major area of research focus in recent years [1]. Tremendous
advances have been made in the development of previously impossible transformations [2-5],
mechanistic understanding [6-9], milder and safer protocols [10], and selectivity [11-14]. The ubiquity
of C-H bonds in organic molecules makes their regioselective activation and substitution particularly
attractive, but also challenging. To this end, the use of directing groups—parts of an organic
substrate that can coordinate to and position a metal center over the desired C-H bond-has met
with enormous success [15]. The use of ortho-directing groups especially has provided the basis of
many new homogeneous catalytic C-H functionalization reactions [16]. Directing groups able to
deliver meta [17,18] and para [19] selectivity in C-H functionalization catalysis have also been described,
although the generality of that approach is still some way off in the future.

Ideally, directing groups should not require separate and/or laborious installation/removal or
otherwise be inutile in later steps of a synthesis. It is preferable that they should either be part of
the desired target compound or that they could be converted to another useful group once their role
during the C-H functionalization step is over. A plethora of strategies to realize the latter objective has
been pursued. The invention of various removable or modifiable [20-22], traceless [23], or otherwise
transient [24-29] directing groups has formed a sizeable category in and of itself within the field of
C-H functionalization catalysis.

Amides are an incomparably important class of compounds. The development of methods
for their selective synthesis and derivatization is, therefore, a key pursuit in synthetic methodology.
That the amide group can serve as a ligand for transition metals enables various new approaches to
this via catalytic C-H functionalization [30]. Most commonly, the amide group has been called upon to
direct the catalytic substitution of neighboring Ar-H bonds but, as discussed below, they also enable
C(sp®)-H bond manipulation.

N-methoxy-N-methyl amides (1, Figure 1), or Weinreb amides [31], are a valuable branch of the
amide family. They provide the ‘textbook” route to mono-addition products (especially ketones
and aldehydes) via nucleophilic attack on the carbonyl group. Such attacks give rise to stable
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five-membered tetrahedral cyclic intermediates (2) to which a second addition (“over-addition”)
is precluded. Weinreb amides may be prepared with ease from carboxylic acids or their chlorides,
esters, aldehydes or ketones [32].

Weinreb

W
amide M)
< %’Sﬁ
_OMe /OMe o
. R

R N N _
Me 1 \Me low temp. R™ T :)
quench
) tetrahedral mono-addition products:
O ™) intermediate aldehyde (Y = H) or
nucleophile 2 ketone (Y =R’)

Figure 1. The ‘textbook’ application of Weinreb amides: generation of mono-addition products resulting
from nucleophilic attack on their carbonyl groups.

That Weinreb amides can also steer the regioselectivity of transition metal-catalyzed C-H
functionalizations (Figure 2) qualifies them as noteworthy multi-functional directing groups.
Remarkably, and despite the various synthetic advantages of this (for example that it can obviate the
need for lithiation strategies and make available previously impossible reactions), Weinreb amides
have only recently attracted attention as substrates for C-H functionalization. In part, this is due
to the amide oxygen’s weaker coordination ability to most transition metal centers. The latter has
presented a challenge to the development of their use in C-H functionalization reactions, although
many carbonyl-directed reactions are now known [33].

transition metal centre positioned
by Weinreb amide directing group
to address ortho C-H bond

,‘?1
R20” O RZO’N O R20”
H \ TM@ > © @
actlvanon .

Figure 2. A generic representation of a Weinreb amide-directed catalytic C-H functionalization
(TM = transition metal).

This review describes progress in the use of Weinreb amides as directing groups in catalytic C-H
functionalization. A variety of reactions falls under this category. We have chosen to group these
according to the transition metal center responsible for the C-H functionalization catalysis, rather than
the overall transformation, in order to maximize the ease of comparison between researchers working
in similar areas, and to track the different rates at which progress has occurred and insights in to the
underlying mechanisms. Overwhelmingly, the focus of the studies reviewed herein falls on the utility
of Weinreb amides as directing groups for the C-H functionalization step. Therefore, whilst several
publications describe subsequent manipulation of the Weinreb amide group, this is usually to illustrate
the possibility, rather than a key development. We have opted therefore not to include many examples
of the latter; we take the possibility of a posteriori conversion of Weinreb amides using conventional
approaches (e.g., to ketones or aldehydes), for the most part, to be a safe assumption.

2. Ru-catalyzed Reactions

The versatility of Ru, as well as its considerably lower price compared to other 2nd and
3rd-row transition metals, make it an appealing candidate around which to develop economical
C-H functionalization methodology [34,35]. Moreover, considerable advances have been made in
Ru-catalyzed C-H functionalization directed by weakly coordinating groups, including amides [33].
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In 2013, Ackermann and co-workers described the Weinreb amide-directed C-H ortho-oxygenation of
arenes 3 using a Ru(Il)-based system [36]. [RuCl,(p-cymene)], served as the catalyst precursor and
PhI(OAc); as the most effective oxidant. Representative results from the study are shown in Scheme 1a.

A. Representative scope of Ru(ll)-catalyzed C-H ortho-oxygenation of Weinreb amides:

4a:R=H, 84%

H O [RuCly(p-cymene)], OH O 4b: R = Me, 76%
-OMe (2.5 mol%) y-OMe  4ciR=CFg 73%
- 4d:R=F,79%
) ! y
e PhI(OAC), (1.0 equiv.) Me 4e: R =Cl. 85%
R TFA/TFAA R 4f: R =1, 80%
3 50°C, 16 h 4 4g: R = CH,CI, 61%

B. Reduction of the Weinreb amide directing group to the corresponding aldehyde:

OH O OH O
N,OMea LiAIH, H
Me -78°C,2h
4a 5: 82%

Scheme 1. Ru(Il)-catalyzed C-H oxidation of arenes directed by a Weinreb amide group.
(a) Representative scope of the reaction with respect to arene substituents; (b) Reduction of the Weinreb
amide to reveal aldehyde functionality.

The reaction showed a high selectivity for mono-oxygenated products 4, a preference for
electron-rich substrates in competition experiments, and a kinetic isotope effect (KIE) of kg1 /kp = 3.0 [6].
The authors proposed that an irreversible C-H activation event was a key step en route to the products.
It is notable that the N-alkyl substituent could also be varied substantially without any loss of reaction
efficiency. The Weinreb amide group could be reduced in high yield (4a to 5) to reveal the corresponding
aldehyde (Scheme 1b). A single Weinreb amide substrate was also shown to work as part of a
study by Jeganmohan and co-workers on the ortho-directed C-H benzoyloxylation of various amides.
The reaction system closely resembled that reported above by Ackermann, except for the use of
(NH4)S,04 as the terminal oxidant, higher temperatures and use of 1,2-dichloroethane as solvent [37].

Subsequently, Das and Kapur produced a report demonstrating the Ru-catalyzed olefination
of various amides, including Weinreb amide-decorated arenes [38]. The protocol closely resembles
the Pd-catalyzed oxidative Heck reaction [39] (also known as the Fujiwara-Moritani reaction) and
other related Ru-catalyzed C-H alkenylations [34]. However, for the majority of their entries
(selected examples are shown in Scheme 2a), the authors observed cleavage of the Weinreb amide
N-O bond; N-methyl amides were obtained as the main products. It is instructive to consider
the proposed mechanism, an adapted version of which is shown in Scheme 2b. Presumably, the
N-O bond serves as an oxidant with Cu(OAc);-H,O as the carboxylate source to facilitate repeated
C-H functionalization [40] The use of similar “internal oxidant” strategies in C-H functionalization,
including using N-methoxy amides, has been recently reviewed by Cui and co-workers [41]. Exceptions
wherein the N-O bond was preserved presumably resulted from Cu(Il) (or Cu(III) species arising
via disproportionation) outcompeting N-O as an internal oxidant. The importance of such examples
is under-appreciated, in our view. That an exogenous oxidant may divert reactivity away from
damaging a group under otherwise identical conditions is a key aspect of modulating functional
group tolerance; a factor that will govern the extent to which C-H activation-and other catalytic
methods—gain acceptance as generalizable routes to construct molecular complexity.

Das and Kapur reported that five-membered cyclic amides of the type 7 (n = 0) typically
underwent N-O bond cleavage, affording ring-opened products. To prevent this, and thereby retain
the Weinreb amide functionality, they subsequently sought to show that N-O bond cleavage could
be prevented through judicious substrate design [42]. Increasing the Weinreb amide size to six- and
seven-membered rings (7, n = 1 or 2, respectively) rendered the N-O bond cleavage energetically
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unfavorable. Under otherwise unchanged conditions, the oxidative C-H olefination afforded products
8 (Scheme 3), restoring Cu(II) to its role as the terminal oxidant. Further manipulation of the cyclic
Weinreb amide moieties in 8, for example in their conversion to the corresponding aldehyde or ketones,
was demonstrated to proceed in high yield.

o Mechanistic proposal:
1/2 [RuClz(p-cymene)],
N-OMe  [RuCl,(p-cymene)]; (4 mol%) o
Me AgSbFg (20 mol%) Ve AgSbFg
R H Cu(OAC)2*H0 (2.2 equiv.) H AgCl Cu(OAc),
3 1,4-dioxane, 100 °C R
s Cu(OMe)(OAc) Lo
+ R R [Ru(OAG)(p-cymeri)] SbFs 5
6
re-oxidation directed HOAc
0 N-O bond C-H activation
Me reduction
N
H Me\N,OMe
Me- _OMe <0

N
COBn < Ry’ [Réf
0" q
6a: X = Cl, 95% 6c: 82% 6d: 66% (;\(;

R
6b: X = Br, 85%

o Me., -OMe R
p-hydride MS\N/OME coordination
elimination ~o of alkene

~q [+
Ru” “T“]
<_/ =\
6f: 0% 4 R migratory R
insertion
(a) (b)

Scheme 2. Ru(ll)-catalyzed oxidative C-H ortho-alkenylation of Weinreb amides; selected products and
proposed mechanism.

0 [RUCl(p-cymene)], (4 mol%)
AgSbF (20 mol
N v g _ AgSbFg(20mol%) 6 (20 mol%)
0. Cu(OAc) +H,0 (2.2 equiv.)
R H n
7

1,4-dioxane, 100 °C

Selected examples:

n=1 n=2
o o} (o}
N N N
R O. O. 0.

COLBn O R
8a: R = Me, 69% cl 8e: R'=CO,Bn, 73%
8b: R=Cl, 81% 8d: 42% 8f: R'=CN, 61%
8c:R=Br, 77% 8g: R' = p-MeCgH,, 67%

8h: R' = p-NO,CgH, 56%

Proposed intermediates:

Ryl Q [Ru 1 ra,
R \ \ \
R R
9a 9b 9c
6 e 7. s
(accessible) (disfavored) (disfavored)

Scheme 3. Ru-catalyzed C-H olefination using directed by cyclic Weinreb amides without N-O bond
cleavage. Putative intermediates 9a—c are suggested to arise from the insertion of Ru into the substrate
N-O bond.
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An explanation for the greater relative stability of the 6- and 7-membered cyclic Weinreb amide
groups in this protocol was proposed: In the course of the reaction, oxidative addition of the Ru center
to the N-O bond would furnish intermediates of type 9. Of these, only the formation of 9a would be
favorable; the 7- and 8-membered ruthenacycles (9b and 9c, respectively) are presumably too high in
energy to be accessed.

3. Co-catalyzed Reactions

The expense and eventual scarcity of second- (4d) and third-row (5d) transition metals has, in
recent years, motivated a shift towards exploring the potential of their more abundant first-row (3d)
cousins for catalytic C-H functionalization [43]. Cobalt stands out in this context as a comparatively
cheap, abundant option that comes with a proven track record in broad areas of homogenous catalysis,
including several industrially important reactions [44—46].

In 2013, Yoshino and Matsunaga disclosed the first C-H ortho-directed functionalization catalyzed
by Cp*Co(IIl) species [47,48]. In a subsequent study on the Co-catalyzed C-H allylation of aryl
purines and benzamides using allylic alcohol, they demonstrated the new reaction also on Weinreb
amide 3a [49]. Here, the bench-stable complex Cp*Co(CO)I;, which was previously shown by
Matsunaga and Kanai to be highly efficient for indole C2-H amidation [50], served as the pre-catalyst
(Scheme 4). Hexafluoroisopropanol (HFIP) [51,52] was needed for the C-H allylation, as were acetate
salts. The authors interpreted the latter as an indication that the C-H activation proceeded via a
Concerted-Metalation-Deprotonation (CMD) mechanism [53], as has been elucidated in more detail for
second row transition metals [8,40,54]. The moderate yield of product 9a in this reaction was attributed
to the weaker coordinating ability of the Weinreb amide group compared to its simpler benzamide
relatives or, indeed, to that of the purine N5p2 centers.

[CP*Co(CO)l,] (5 mol%) |

H O AgNTf, (20 mol%) 0
Ve v O AORSIOmOM) e
| ) o ‘
OMe 3 equiv. HFIP, 90 °C, 24 h OMe

3a 9a, 44%

Scheme 4. An initial example of the Weinreb amide-directed Co(IlI)-catalyzed ortho-C-H allylation.

In a later study, the group published a considerably expanded range of Co-catalyzed C-H
functionalizations using aromatic Weinreb amides (Scheme 5) [55]. These included C-H allylation
using allylic carbonates (Scheme 5A), C-H alkenylation under oxidative conditions (Scheme 5B),
C-H iodination using N-iodosuccinimide (Scheme 5C) [56] and C-H amidation using dioxazolones
(Scheme 5D). These systems relied on similar combinations of [Cp*Co(CO)I;] pre-catalyst, a cationic
silver additive (AgNTf, or AgSbFs) and AgOAc. Unlike in the Ru-catalyzed case (see Scheme 2),
the N-O bond of the Weinreb amide moiety was preserved. Competition and kinetic isotope exchange
experiments showed that the C-H activation event in the case of the allylation reaction was both
rate-limiting and all but irreversible, supplying further evidence for the CMD pathway Yoshino and
Matsunaga proposed in their earlier study [49]. Their proposed mechanism for the Co(III)-catalyzed
C-H allylation is shown in Figure 3. In related recent work, Whiteoak and Hamilton have elucidated
the mechanistic details governing the oxidative Co-catalyzed C-H alkenylation of amides, and
specifically whether and why alkyl or alkenyl products are obtained depending on the choice of
alkene substrate [57].
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Scheme 5. Selected examples of C-H transformations enabled by a Co(Ill)-catalyzed system.

H O Cp*Co(CO)l, FG O
reagent
_OMe 4 (10 mol%) A Me
N —— - N
! | Ag(l) salts ! |
! Me conditions ! OMe
3
A. C-H ally ( d P
reagent [e]
(3 equiv.) o H\HLN,OMe N’OMQ
_~_0._OMe ¥ | Me
= T)( N,O e Me Me
Me
AgOAc R 9d: 46%
(10 mol%) [}
9a: R = H,84%
AoNTT; 9b: R =Cl, 79% o n-OMe
(20 mol%) 9c:R=CF; 60% F _OMe OO the
conditions ""
HFIP, 70 °C, 24 h Me S
of: 68% 9g: 62%
B. C-H alkenylat p
EtO,C
R CO,Et CO,Et 2
(3 equiv.) X 0 X o)
-OM
Ot OMe F _OMe n-OMe
N N |
| | Me
o R Me Me
. 719
AgOAc 10e: 71%
(2.5 equiv) 10d: 83% COEt
AgSbFg N o
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Me Me  1of: 83%

DCE, 80 °C, 12 h

C.C-H P
reagent I ? I Q ! 9
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(1.5 equiv.) N OMe MN € MN
4& R Me Me Me S Me
070 11e: 0%
I 11a: R =H, 69% 11d: 48%
‘:%OA':W Br, 56% %
((©Gmel) 11c: R = CO,Me, 53% y-OMe
AgNTf, o OO b
(20 mol%) F N-OMe | Me
conaens b e
24h 11F: 62%
D.C-H lected
v 0
reagent FsC NH O ou
(1.2-1.3 equiv.) o wa e
N-©, € NH O \ S Me
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RO N o) 12d: 86%
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9a + MeOH + CO,

\/ [Co](OAc)* 3a
AcOH \
OMe

o No [Co] = (ACO)[CO]T\

[Cor* \ .
/0 N/OME,
N,OMe Co?* Me
|

[CoI"™= 0 AcOH
N/OMe

OCO,Me )
P e 2 Me

Figure 3. A mechanism proposed by Yoshino and Matsunaga for the Co(III)-catalyzed C-H allylation
of Weinreb amides.

The relevance to wider synthetic contexts of the transformations reported by Yoshino and
Matsunaga was demonstrated through the conversion of the Weinreb amide group in their various
products to the corresponding ketones, aldehydes and alkenes. This thus delivers several motifs whose
preparation might otherwise be longer and more demanding.

4. Pd-catalyzed Reactions

Palladium is perhaps the most firmly established metal for coupling chemistry [58-62], and
this has translated to its high level of popularity for C-H functionalization reactions [16,63—66].
Many Pd-based catalysts are well-defined [67,68], permitting systematic tuning of their properties,
and are understood, most usually, to work via Pd(0)/Pd(Il) or Pd(II)/Pd(IV) manifolds [62,64,66].
Despite the prevalence of many ortho-directing groups, including several closely related amides [30],
there have been relatively few examples of Pd-catalyzed reactions using Weinreb amides.

In 2015, Wang and co-workers reported the first Weinreb amide-directed C-H functionalization
catalyzed by Pd. The reaction took place between either aryl Weinreb amides 3 (Scheme 6a) or benzyl
amides 13 and iodoarenes using Pd(OAc), as the pre-catalyst in DCE solvent [69]. Both Weinreb
types showed high tolerance towards electron-donating and electron-withdrawing substituents,
as well as halogens (e.g., the bromide in 15d). However, benzyl amides showed considerably worse
mono-selectivity, except if meta substituents were present (e.g., 15¢ and 15d) presumably to impart
steric hindrance.

Me., -OMe Me. -OMe QMe

® OMe
_N_oO
o, Pz 8 o) o PA(OAC), (5 mol%) Ve
R + \©»RZ _HOTF@8equv) O _HOTf @5 equiv)
H AgOTf (2.0 equiv.) R
DCE, 80 °C, 24 h R AgoTI 20 equiv) )
3 14 s R

Me. -OMe Me. -OMe Me. -OMe Me. -OMe OMe OMe OMe OMe
NO.
Me ?
Me'
14a: 91% (5%) 14b: 93% (6%) 14c¢: 71% (8%) 14d: 96% 15a: 43% (27%) 15b: 39% (28%) 15¢c: 81% 15d: 72%

Scheme 6. Pd-catalyzed C-H arylation of (a) aryl and (b) benzyl amides. Yields in parentheses refer to
the amount of di-arylated products detected.

202



Molecules 2019, 24, 830

Figure 4 shows one of the proposed mechanisms, adapted for the specific case of substrate 3a.
A kinetic isotope effect (KIE) of 1.1 suggested that the C-H activation step itself (forming 16 from 3)
was not rate-determining. Oxidative addition of the aryl iodide to 16 was postulated to form 17 from
which the product 14a is formed via reductive elimination. The authors reported that AgOTf, as well
as acting as an oxidant, was crucial for the reaction and hypothesized that in situ generated Pd(OTf),
is a key aspect of the catalytic cycle. (We note that the various roles Ag plays in Pd-catalyzed reactions
have recently been reviewed by Pérez-Temprano and co-workers [70].)

O Me\N -OMe
Phl

OMe Pd”
OoTf

Me. N _.OMe

0

Pd(OTf), Pd(OAc), R /

Pd'VOTf
o %\
AgOTf

dOMe
Figure 4. Mechanism proposed by Wang and co-workers for the C-H ortho-arylation of Weinreb amides

Pd"XI

proceeding via Pd(IV) intermediates.

To the best of our knowledge, the only other example of a Pd-catalyzed Weinreb amide-directed
C-H arylation comes from a single entry in a study by Bhanage and workers on the use of anilines as
arylating reagents for N-methoxybenzamides (Scheme 7) [71]. Conditions were largely analogous to
those described for Wang’s reaction above, with the principal exception that aniline underwent in situ
oxidation using ‘BuONO to generate the electrophilic coupling partner. However, the yield for the
Weinreb amide specifically was low, indicating that although this approach holds some promise, it is
harder to optimize for the Weinreb amide compared to the using more conventional coupling partners.

Me. .OMe Me., -OMe

N NHz  Pd(OAc); (5 mol%)
o 'BUONO (1.6 equiv,) O o
N
H AgOTf (2.0 equiv.)
MeSO4H, 40 °C, 18 h

3a 14a: 21%

Scheme 7. Bhanage’s C-H arylation using aniline as the electrophile source.

Also in 2015, Yu and co-workers described conditions for the efficient alkenylation and
acetoxylation of Weinreb amides (Scheme 8) [72], overcoming the additional entropic penalty imposed
by the extra methylene unit present in the directing group (and thus the challenge of forming
seven-membered palladacyclic intermediates). In keeping with related protocols reported by Yu and
co-workers, the presence of Ac-Gly-OH was found to be crucial to facilitate the C-H functionalization
step [73].

Yu and co-workers found the olefination reaction to have moderate to excellent yields, exclusively
mono C-H olefination with ortho and meta-substituted benzyl Weinreb amides, but reduced selectivity
if the substituents were positioned para with respect to the directing group (Scheme 8).
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OMe
OMe Pd(OAC); (10 mol %) Ny
Neyo CO,Et  Ac-Gly-OH (20 mol %) R i e
_Ac-Gly-OH (20 mol %)
Rm c AgzCO; (2 equiv.)
H HFIP
18-48 h, 70-90 °C 18 COEt
13
QMe Me QMe QMe CF3 QMe
N. . N. N.
Me N Me Me Me
| o 0 Ve | o) o
CO,E CO,E CO,Et CO,Et
18a 18b 18¢c 18d
29% (58%) 89% 20% (47%) 92%

Scheme 8. Yu and co-workers’ protocol for the oxidative ortho C-H acetoxylation of benzylic Weinreb
amides. Yields in parentheses refer to the amount of di-olefinated products detected.

The acetoxylation of benzyl amides (Scheme 9) used PhI(OAc); as the oxidant in the presence
of either Ac,O or tert-butyl peroxyacetate (MeC(O)OOBu). Yields and tolerance towards various
substituents were good (examples 19a—c). Furthermore, it was possible to expand the scope by an extra
methylene unit (i.e., the reaction can proceed with good efficiency via an 8-membered palladacycle) to
give product 19d.

OMe Pd(OAc); (10 mol %) OMe
R@YN\MS PhI(OAc); (2 equiv.) o N\Me
el Ac,0 Lqu :quiv.) o
13 18-48 h, 70-90 °C 19
(?Me Me QMe Br QMe (e}
@\/ﬁ(’“m @\/}(’“\Me Nve @(\)LNM
09 09 0© (o) OMe
O%\Me O}\Me O}\Me O)\Me
19a 19b 19¢ 19d
70% (22%) 80% 53% 66%

Scheme 9. Yu and co-workers’ protocol for the oxidative ortho C-H acetoxylation of benzylic Weinreb
amides. Yields in parentheses refer to the amount of di-acetoxylated products detected.

The introduction of halogens to organic substrates is an inherently valuable pursuit in
methodology development, owing the great versatility of C-halogen bonds in synthesis [74]. In 2017,
the group of Kapur disclosed the Pd-catalyzed C-H halogenation (iodination, bromination and
chlorination) of Weinreb amides (Scheme 10) [75]. The reaction relied on a combination of Pd(OAc),
and Cu(OTf), with N-halo-succinimide (NXS; X = I, Br or Cl) as the halogen source. The reaction
worked well with a variety of substituents, except for nitro groups, which switch off the reaction from
either of the ortho or para position.
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Me\N/OMe Me\N,OMee
R 0o Pd(OAc); (10 mol%), Cu(OTf), (0.5 equiv.) R o)
H NXS (1-2 equiv.), DCE, 80-90 °C, 0.5-20 h X
3
Me\ Ol Me\ _OMe Me\ Ol Me\N,OMe
@ @ @ °
Br
OMe
11a: | (68%) 11h: | (71%) 11i: 1 (57%) 20d: 64%
20a: Br (81%) 20b: Br (68%) 20c: Br (62%)
21a: Cl (62%) 21b: Cl (49%)

Scheme 10. Kapur and co-workers’ reaction for the ortho C-H halogenation of aromatic Weinreb amides.

Mechanistic studies suggested that the C-H activation step was irreversible, but not rate-limiting.
The catalytic cycle (Figure 5) was proposed to proceed via a route closely related to that of the
corresponding arylation reaction (Figure 4, above): carbonyl directed cyclometallation to give
22 precedes oxidative addition into NXS, the latter of which produces Pd(IV) species 23 (a bimetallic

Pd(III) species [76-79]—not shown—is also possible). Thereafter, reductive elimination releases the
desired product.

Me\N,OMe

AcOH R /

|| )'<
: ﬂ OAc
d(OAc),

Me\N,OMe

o)

||v
R

O>>—Me
a W

AcOH o

Figure 5. An adapted version of the mechanism proposed by Kapur and co-workers for the
Pd-catalyzed ortho C-H halogenation of aromatic Weinreb amides. X =Cl~, Br~ orI"~.

2018 saw Yu and co-workers extend the utility of the Weinreb amide directing group further [80].
This time, the Yu group used it as the basis for directing Pd-catalyzed Csp3-H arylation of alkyl groups
(Scheme 11). The discovery of general and efficient methods that allow selective substitution of
C(sp3)-H at transition metal centers is a long-standing challenge. For Pd, progress has been notably
rapid in in the past few years [63,81-83], and its various aspects have been reviewed recently [65,84,85].
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3
Pd(OAC), (10 mol%) R
o H | 3-Pyridinesulfonic acid o
Meo\N)K’\/;z . \©»R3 (12 mol%) Meo\’Tl -
Me R’ AgOAc (2.0 equiv.) Me R'
24 (2 equiv.) HFIP (0.2 M), 80 °C, 24 h 25
CO,Me CO,Me CO,Me CO,Me
o] o} o o} l
N N N N
MeC N e MeO '}‘ o MeO '}‘ e MeO "“ e
Me Me Me Bu Me Ph Me
25a: 61% (15%) 25b: 63% (5%) 25c¢: 59% 25d: 63% O F
CO,Me CFs NO, Br
(0] (0] (0] (@]
MeO. MeO. MeO. MeO.
o o o o
Me Me Me Me
25e: 97% 25f: 86% 25g: 83% 25h: 80%

Scheme 11. Selected scope from Yu and co-workers’ Pd-catalyzed C(sp®)-H arylation protocol enabled
by Weinreb amide directing groups.

Yu and co-workers found that the inclusion of 3-pyridinesulfonic acid was crucial to the
reaction, both Weinreb and other amides. Computational studies at the DFT level revealed that
3-pyridinesulfonic acid stabilizes cationic Pd intermediates during the reaction and that it promotes
the dissociation of acetate ligands, which is required for the C(sp®)-H bond cleavage to occur [80].

5. Rh-catalyzed Reactions

The first two decades of this century have seen an explosion of interest in the use of Rh(III)
catalysts for selective C-H functionalization. Substantial progress has been made in both scope [86,87]
and attendant mechanistic understanding [7,88-90]. As part of their efforts to answer key questions
relating to the regioselectivity of Rh(III)-catalyzed transformations, Rovis and co-workers reported
in 2013 an intramolecular alkene hydroarylation directed by Weinreb amide 26 in excellent yield
(Scheme 12) [91].

Q o [RhCp*(MeCN);](SbFg), Q o
,\“f “Me (2.5 mol%) N’ “Me
Me t-BuCO,H (1 equiv.) Me
H _— Me
ON DCE, 80 °C o} Me
M
% ° 91%

Scheme 12. A Rh(Ill)-catalyzed, Weinreb amide-directed alkene hydroarylation.

Wang and co-workers reported a closely-related but more elaborate system, involving Cu(OAc),
as a catalytic oxidant regenerated under air to retain olefin functionality at the end of a cycle coupling
aromatic Weinreb amides with alkenes (Scheme 13) [92]. An ample scope demonstrated the reaction’s
tolerance towards various functional groups, including halogens, various ortho-substituents and a
range of electron-donating and electron-withdrawing groups. Competition experiments revealed that
electron-rich arenes reacted faster than their electron-poor counterparts.
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. o
0o [Cp*RNCl3];
o o (2.5 mol%) N Me
N"""Me AgSbF (4 mol%) R ‘
R ) " gsSbre o Me
Me O"Bu
H \ Cu(OAc), (20 mol%) o"Bu
3 DCE, 120 °C, 16-30 h
o)
o OMe O Me O o
0. 0. 0.
N’O\Me N~ "Me N" " "Me N~ "Me
I
Br Me Me Me AcO Me
O"Bu O"Bu O"Bu O"Bu
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10g: 86%%" 10h: 78% 10i: 96% 10j: 84%
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0. 0. 0.
N Me N Me N Me
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10k: 89%? 101: 85% 10m: 74%3P

Scheme 13. Selected examples from Wang and co-workers’ oxidative Rh-catalyzed C-H alkenylation
directed by Weinreb amides. # [Cp*RhCl;]; (2.5 mol%) and AgSbFg (10 mol%) loadings were used.
b A reaction temperature of 130 °C was used.

The mechanism proposed by Wang and co-workers (Figure 6) involved coordination of the
Rh(III) center to the carbonyl moiety of the Weinreb amide, insertion of the alkene to the rhodacyclic
intermediate (27), B-hydride elimination and regeneration of the active catalyst by Cu(OAc);.

i [Cp*RhCl,),
ar CuOAc
+ AgSbFg ~l—> AgCl
3a
HOAc o o
[Cp*RhX] SbFg
Cu(OAc),
X
*CpRA---0
® O . )
[Cp*RhH] SbFg Cp*Rh = N/OMc
Me 27
’ ==
xCO,"Bu
Rh K X
n Xe
BuO,C @ coBu
RhCp* _/
o o1,
om *CpRh----O
NN T ! \-OMe
Me )
Me
29 28

Figure 6. An adapted version of the mechanism proposed by Wang and co-workers for the oxidative
C-H alkenylation of aromatic Weinreb amides catalyzed by Rh(III).
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Whilst, strictly speaking, it represents a slight departure from the current focus on the Weinreb
amide group, it is noteworthy that a very closely related class of substrates, has been used extensively
wherein their C(O)NH-OMe bond as an “internal oxidant” for transition metal centers. Thus,
C-H functionalization reactions may be performed without exogenous oxidants. This strategy has
worked with a number of transition metals, Rh(I/III) catalytic cycles have dominated in this area [41].

In 2018, Qin and co-workers disclosed a near identical set of conditions to those used by Wang
above, but using ethenesulfonyl fluoride (ESF) as the alkene coupling partner and 1,4-dioxane as
the solvent [93]. However, the Qin group further observed that increasing the loading of AgSbF to
1 equivalent favored the formation of cyclic lactones. Residual water introduced from the hygroscopic
AgSbFg was proposed to promote the in situ hydrolysis of the Weinreb amide group to account for the
lactone formation, though mechanistic work proved inconclusive. In switching away from Weinreb
amides to N-methoxybenazmides (ArC(O)NH-OMe), Qin and co-workers were able to cause a similar
oxidative cyclization involving insertion of the ESF double bond into the amide N-H unit.

Recent years have witnessed the rediscovery and subsequent explosion of interest in
functionalizations enabled by photoredox catalysis. The photoexcitation of transition metal complexes
serves as a greener and more economically viable method of generating radical intermediates able
to initiate a wide range of valuable reactions [94-98]. One application of this is the replacement of
terminal oxidants with lighter loadings of a photocatalyst whose oxidative power is obtained via
photoexcitation. Rueping and co-workers applied this strategy to demonstrate that the oxidative
alkenylation of aromatic amides, including Weinreb amides, is viable using a manifold analogous
to that described by Wang’s group (see above), but driven by a visible light-regenerated Ru-based
photocatalyst, [Ru(bpy)s;][PFsl> (Scheme 14) [99,100]. The protocol is notable not just for its efficiency
and high functional group tolerance, but also for the fact that it could be extended to other amides as
well as a variety of olefin substrates (various groups R?).

N,OMe
R Me N ‘
H [Cp*RNCl3]; (2.5 mol%) o) 2 N 2 [st]
N/

R Me ‘ N X
‘ = N ‘ Z

‘ N

R? Pz

AgSbFg (10 mol%)
[Ru(bpy3)I[PFglz (1 mol%)

PhCI, 80 °C, 16-24 h

ZOR? CFL, air
(2 equiv.) 10 [Ru(bpy3)I[PFel2
o 0o
_OM ,
N e N/OMe
Me Me
‘ Cl
CO,Et CO,"Bu so Ph Sl(OEt)
10a: 96% 10n:84% 100: 69% 10p: 47%

Scheme 14. Rh-catalyzed olefination of aromatic Weinreb amides enabled by Ru photocatalysis.

The catalytic cycle proposed by Rueping and co-workers closely resembles to that of Wang:
ortho-rhodation of 3 to give 29 coordination and insertion of the olefin (complex 30 to 31) and B-hydride
elimination to form the hydride intermediate 32 and the product (Figure 7). Reductive loss of the
hydride and re-oxidation to Rh(III), however, is mediated by the photo-excited [Ru(bpy)3]** species,
of which only a 1 mol% loading is required.
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o
.OMe
02 . " RL@fL:‘:I
[Ru(bpy)s] [Rh] H Ve
[02] 3
2+ 5
[Ru(bpy)s] [0,]
\ electron Me\N/OMe
24+ transfer
[Ru(bpy)s] - ] X0
% [0] R S
[Rh]
L-[Rh]-H 29 |‘,

31

Figure 7. Mechanism proposed by Rueping and co-workers for the oxidative C-H olefination of
aromatic Weinreb amides catalyzed by Rh(Ill) in the presence of a Ru photocatalyst.

6. Ir-catalyzed Reactions

Boronates rank amongst the most versatile of groups; they may be converted to an extraordinarily
broad range of functionality through a many different mechanisms [101-103]. Moreover, recent
years have seen boronate-based methodology emerge as the basis of automated synthesis, which
holds enormous potential to streamline the synthesis of many complex (hetero)aromatic and
olefinic molecules [104-107]. Such advantages render especially important methods that allow the
regioselective introduction of boronates to organic substrates. Amongst these, Ir-catalyzed C-H
borylation ranks as one of the mildest and most enabling, as it is amenable to regiocontrol through
sterics [108,109], directing groups (both to the ortho [110-115] and para [116] positions) and/or the
inherent electronic properties [117-119] of a substrate.

Krska, Maleczka and Smith have demonstrated [120] that Weinreb amides rank amongst groups
that competently direct Ir catalysts towards ortho-C-H borylation (Scheme 15). Although only a single
entry using a Weinreb amide was reported in their Communication, the success of the reaction (a high
yield and regioselectivity) was representative, suggesting that other advantages of the method, such
as the high functional group tolerance, could easily be paired with the Weinreb amide functionality.
Conditions for this transformation deviated little from those commonly used for Ir-catalyzed C-H
borylation more generally: [Ir(#-OMe)(COD)], as the pre-catalyst with dtbtpy as a ligand and B, (pin),
as the boron source. The corresponding mono-borylated product, 33 was reported to form in 84% yield.

[Ir(1-OMe)(COD)], o
(1.25 mol%) N,OMe By ‘Bu
i o B :@ dtbpy (5 mol%) Me — =
_ Vam
THF, 80 °C, 12 h ?O Me \N N/
[e] Me dtb
Me Me &
3a 33: 84%

Scheme 15. Ir-catalyzed ortho-C-H borylation of an arene using the Weinreb amide as a directing group.

Enantioselective C-H functionalization marries the benefits of directly substituting a C-H bond
with with establishing a new stereocenter in the product. This pursuit continues to inspire a
growing body of research [121]. In 2015, Yamamoto and Shirai described an Ir-catalyzed protocol
for the asymmetric intermolecular hydroarylation of arenes directed by oxygen based directing
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groups [122]. Although the scope included only a single example exploiting a Weinreb amide directing
group (the transformation of 34 to 35), this entry was representative both in terms of yield and
selectivity (Scheme 16). Enantioselectivity was induced using the bidentate bis(phosphoramidite)
ligand (R,R)-S-Me-BIPAM ligand (36) and the N-O bond was preserved in the product.

[Ir(COD)]®[BArF4]®

(5 mol%) o

0
ome (R.R)-S-Me-BIPAM y-OMe
N Lb (5.5 mol%) Me
Me + Za _—
H DCE, 135°C, 24 h

34 35: 64%, 99% ee

AL

R J
NMe, Me,N

%0
i

(R,R)-S-Me-BIPAM
36

Scheme 16. Ir-catalyzed enantioselective C-H hydroarylation of an olefin, directed by a Weinreb amide.

Most recently, the group of Martin-Matute has developed an Ir(IlI)-catalyzed C-H ortho-iodination
of various amides [123]. The scope includes a strong focus on Weinreb amides. Their reaction used
[Cp*Ir(Hy0)3][SO4] as the catalyst precursor, and N-iodo-succinimide (NIS) as the halogenating reagent
in the presence of trifluoroacetic acid. Selected examples are shown below (Scheme 17). It is notable
that Weinreb amides returned only the mono-iodinated products 11; a result only tertiary amides gave
(primary and secondary amides gave at least small amounts of di-iodination). Whilst the substrate
scope included a broad range of functional groups, substituents positioned ortho to the directing group
at the outset restricted reactivity, presumably by imposing prohibitive amounts of steric hindrance.

[CpIr(H20)3][SCs] o)

o
o] (3 mol%)
.OM
n-OMe TFA (0.5 equiv.) N oM
R Me + I—N _ = R Me
H HFIP,60°C,6h |
o
3
[e] o R o 1 o
_.OMe Me .OMe .OMe .OMe
N N N RS N
Me Me Me \ o Me
R | | |
11b, R = Br, 88% 11j: 92% (9:1)2 11k: R =H, 92% 11n: 69%
11¢c, R = CO,Me, 78% 111, R = Me, 0%
11h,R=F, 77% 11m, R = Cl, 0%

Scheme 17. Ir-catalyzed C-H iodination of Weinreb amides developed by the Martin-Matute group. ?
Ratio of isomers is indicated in parenthesis; the major isomer is shown.

The authors also performed a robustness screen [124,125] to identify the reaction’s tolerance
towards various functional groups. To this end, various small molecules with different functional
groups were added to the reaction mixture to see how the reaction would be affected. Tolerance towards
several common functional groups, including ketones amides, carboxylic acids and alkyl halides
proved excellent. Aldehydes and alkenes returned less satisfactory results, however. Mechanistically,
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the reaction was proposed to follow a pathway closely related to that of Martin-Matute and co-workers’
recently published Ir-catalyzed C-H ortho-iodination of aryl carboxylic acids [126]. The acid additive is
understood to play a dual role: 1) activation of NIS via protonation of its carbonyl group and 2) by
encouraging the dissociation of the iodinated product from the Ir center. Indeed, Martin-Matute and
co-workers found in their optimization study on amides that lowering the amount of acid additive
favored the formation of di-iodinated products for non-tertiary amides.

7. Conclusions

The Weinreb amide is a privileged functional group in organic synthesis that enables otherwise
impossible transformations. Recent developments have seen C-H functionalization methodology
greatly expand the range of chemical contexts in which its advantages may be exploited. Challenges
remain, however. Presently, Weinreb amides are rarely explored as a substrate class in their own right;
they are most often presented as specialized examples in studies describing a more general scope,
typically amidst other amides. Thus, it is usual that only the simplest examples of Weinreb amides are
demonstrated to work under newly developed reaction conditions. This is at least a little unfair since,
as some of the examples described above demonstrate, Weinreb amides may return different results to
other amides, for example by virtue of the reactivity of their N-O bond. Weinreb amides might, in this
sense, be considered hitherto as “sleeper” substrates.

Despite this, it is evident that Weinreb amides can direct a wide range of C-H functionalization
reactions catalyzed by transition metals. C-H functionalization, and catalytic methodology in general,
is undergoing a shift of emphasis towards the use of less “endangered” [127,128], especially first-row
transition elements for catalysis [43]. However, their use with Weinreb amides is rare. For example,
to the best of our knowledge, no Weinreb amide-directed C-H functionalization reactions catalyzed by
Mn, Fe or Ni have yet been reported.

Finally, it is unfortunate that the preponderance of conditions used for Weinreb amide directed
C-H functionalization involve toxic halogenated solvents. Increasing legislative pressure is being
brought to bear on this problem, with a particular focus against 1,2-dichloroethane (DCE) [129], which
features in many of the reactions discussed above. We look forward to the use of Weinreb amides
under greener conditions [130-132].
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Abstract: Bridged lactams represent the most effective and wide-ranging method of constraining
the amide bond in a non-planar conformation. A previous comprehensive review on this topic was
published in 2013 (Chem. Rev. 2013, 113, 5701-5765). In the present review, which is published as a
part of the Special Issue on Amide Bond Activation, we present an overview of the recent developments
in the field of bridged lactams that have taken place in the last five years and present a critical
assessment of the current status of bridged lactams in synthetic and physical organic chemistry. This
review covers the period from 2014 until the end of 2018 and is intended as an update to Chem. Rev.
2013, 113, 5701-5765. In addition to bridged lactams, the review covers recent advances in the
chemistry of bridged sultams, bridged enamines and related non-planar structures.

Keywords: amide bond; bridged lactams; twisted amides; amides; Winkler-Dunitz parameters;
N-C activation; hypersensitivity; nitrogen heterocycles; distortion; bridged sultams

1. Introduction

The amide bond is arguably the most important linkage in chemistry and biology [1]. Typical
amide bonds are planar as a result of amidic resonance (ny — 7*c-o conjugation, 15-20 kcal /mol)
(Figure 1A) [2].

A: Amide bond resonance
N k - > \RI/)\ > NN ){
| |

B: Types of non-planar amide bonds

’ N0 N0 0
R1\" v X\\-N o
AnJo i Y Vg
mQ 2 Rj R Y R
(o] n
a) steric b) steric c) conformational d) electronic
restriction repulsion effects effects

Figure 1. (A) Amide Bond Resonance. (B) Types of Distorted Amide Bonds.

The redesign of the amide bond geometry through structural and electronic changes of
substituents comprising the amide bond has had a profound impact on the physico-chemical properties
of amides [3-6]. The alteration of the amide bond geometry generally leads to a reversal of traditional
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properties of amides, such as lower barrier to cis-trans rotation, increased length of the N-C(O)
bond, favored protonation at the nitrogen atom, and increased reactivity in nucleophilic addition
and hydrolysis [3-6]. The geometric and structural changes of the amide bond are an established
technique to affect properties of amide bonds in biology and medicinal chemistry [7-10], while recent
advances in selective metal insertion into the amide bond driven by its distortion represent a thriving
and general concept in organic synthesis [11,12]. In general, amide bond distortion can be achieved
by four methods (Figure 1B): (1) steric restriction, (2) steric repulsion, (3) conformation effects, and
(4) electronic effects. Out of these methods, the most effective one by far is steric restriction. Typically,
steric restriction involves constraining the amide bond in a rigid bicyclic ring system with a nitrogen
atom positioned at a bridgehead position. This allows one to constrain the typical planar amide bond
in a non-planar conformation with the magnitude of distortion principally controlled by the type of
ring system (Figure 2). To date, bridged lactams represent the only method that has allowed for a
substantial distortion, exceeding 60% of the maximum theoretical value of the amide bond [3-6,11,12].

A: Winkler-Dunitz distortion S
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B: Activation of the amide bond by N-/O-protonation
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Figure 2. (A) Winkler-Dunitz Distortion. (B) Activation of the Amide Bond by N-/O-Protonation.
(C) Types of Bridged Lactams.

Amide bond distortion is measured by Winkler-Dunitz parameters: T (twist angle), xn
(pyramidalization at N) and xc (pyramidalization at C) [13] as well as by changes in N-C(O)
and C=0 bond lengths (Figure 2A). Amide bond distortion leads to a change of thermodynamic
N-/O-protonation aptitude, which is a key effect that controls the reactivity of non-planar amide bonds
(Figure 2B) [11]. The properties of amide bonds in bridged lactams are further amplified by a type of
bridged lactam scaffold (Figure 2C). In general, bridged lactams are classified into amides in which
the N-C(O) bond is placed on a one-carbon bridge or on a larger bridge, with the former enjoying
additional stabilization through transannular scaffolding effects.
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In this review, published as a part of the Special Issue on Amide Bond Activation, we present an
overview of the recent developments in the field of bridged lactams and present a critical assessment
of the current status of bridged lactams. This review covers the period from 2014 until the end of 2018
and is intended as an update to the previous comprehensive review on topic, Chem. Rev. 2013, 113,
5701-5765 [3]. In addition to bridged lactams, the review covers recent advances in the chemistry of
bridged sultams, bridged enamines and related non-planar structures. For additional coverage, the
reader is referred to previous reviews on bridged lactams [4-6]. It is our hope that the review will
serve as a useful reference for chemists involved in various aspects of activating the amide bond and
stimulate further research in this area.

2. Synthesis, Properties and Reactivity of Bridged Lactams

Recent advances in the field of bridged lactams include: (1) identification of the additive
Winkler-Dunitz parameter, (2) synthesis of extremely twisted non-stabilized amides, (3) synthesis of
novel bridged lactams, and (4) new examples of reactivity of non-planar amides.

In 2015, we have identified the additive Winkler-Dunitz distortion parameter (Xt + xn),
sum of twist and pyramidalization at nitrogen angles, as a more accurate prediction of the
structural and energetic properties of non-planar amides than either twist or pyramidalization alone
(Figures 3 and 4) [14,15]. A computational study to determine the effect of amide distortion on
N-/O-protonation using a set of lactams comprehensively covering the entire distortion range
(Figure 3) revealed a linear correlation between the composite Winkler-Dunitz parameter (Xt + xn)
and N-/O-protonation aptitude (Figure 4) [14]. Our subsequent study demonstrated that the additive
Winkler-Dunitz parameter (Xt + Xn) gives linear correlations vs. structural and other energetic
parameters (resonance energies, atomic charges, frontier molecular orbitals, infrared frequencies) [15].

o % o
[}J [n VR CA 0% CN\AQ\

[221] [3.2.1] [33 1] [4.1.1] [421] [431]
[4.4.1] [5.2.1] [5.3.1] [6.2.1] [5.4.1] [6.3.1]

& amide distortion: (7 + yy) = 20° to 150°

& the composite parameter = (7 + yy)

Figure 3. Additive Winkler-Dunitz Distortion Parameter: Sum of Twist Angle and Nitrogen
Pyramidalization (Xt + xn)-
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Plot of APA vs. Sum of r and yN (Additive Parameter)
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Figure 4. Plot of APA (PA = Experimental Protonation Affinity) to the Sum of Twist and
Pyramidalization at Nitrogen Angles (Additive Winkler-Dunitz Parameter: Xt + Xy). Note that
(X7 + xn) gives linear correlations vs. structural and other energetic parameters. See [15]. Also note
comprehensive studies [16-18].

Since (1) amide bond distortion typically hinges upon both twist and pyramidalization, and
(2) the additive Winkler-Dunitz parameter gives a more accurate prediction of geometric changes of
the amide bond, this parameter should be routinely reported to describe structural variations of all
non-planar amide bonds. Recently, we have utilized the additive Winkler-Dunitz parameter (Xt + x)
to determine the origin of high twist and N-/O-protonation aptitude of Troger’s base twisted amides
(Figure 5) [19]. Perhaps surprisingly, we found that although Troger’s base twisted bis-amides are
among the most twisted amides synthesized and structurally-characterized to date (vide infra), these
amides are less effective in probing N-protonation than less twisted in this series 1-azabicyclo [3.3.1]

nonan-2-one derivatives.
o} o
N- N
N N
o

S RO

(o}
[3.3.1] [3.3.1] [3.3.1] [3.3.2]
monoamide monoamide Troger's base Troger's base
bis-amide bis-amide
o} o)
§;N >:/§ §;N2:/§ & high distortion
(7+xN = 100°)
d N g N & not ideal for N-
[3.3.1] [3.3.2] protonation
bis-amide bis-amide

Figure 5. Additive Winkler-Dunitz Distortion Parameter in Troger’s Base Twisted Amides.

In 2016, the extremely twisted 7-hypoquinuclidonium tetrafluoroborate was reported by Stoltz and
co-workers (Figure 6) [20]. The group has impressively exploited the intramolecular Aubé-Schmidt
reaction to access the [2.2.1] bridged scaffold. This unconventional amide bond forming strategy
represents a general approach to this and another extremely twisted amide, 2-quinuclidonium
tetrafluoroborate (see Figure 6, box) [21], in the absence of nucleophiles that would likely decompose
both compounds. It should be noted that the target twisted amide was isolated as a HBF, salt or BF3
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complex. The latter compound was fully characterized by X-ray crystallography, revealing one of the
most twisted amide bonds isolated to date (T = 90.0°, xn = 69.8°; N-C(O) = 1.526 A, C=0 = 1.186 A).

Stoltz
C02H
o HBF4 (2 equiv) % \&J
Et20 0°Ctort
N3 97% yield [/ [
(77:12:15) H BF, - e BF
\J(X-ray) (X-ray)
CH;CN
o (ty2=2h)
[ N _ 2-quinuclidonium
N BF, | tetrafiuoroborate

Figure 6. Synthesis of 7-Hypoquinuclidonium Tetrafluoroborate.

It is now well-established that N-coordination of the amide bond increases twist and
pyramidalization (vide infra). Thus, with the exception of a structurally-unique 1-adamantan-2-one
derivatives (see below), there are no examples of unconstrained structurally-characterized amides
with a combined Winkler-Dunitz parameter (Xt + xn) exceeding 100° in the neutral form.

In 2016, the synthesis of another extremely twisted amide was reported by Komarov, Kirby et al.
(Figure 7) [22]. These researchers achieved the synthesis of the parent 1-aza-2-adamantanone via
a route consisting of thermal amidation of the N-Boc protected amino acid. Previous calculations
showed a significant stabilizing effect of the methyl groups in the trimethyl twisted amide derivative
(see Figure 7, box) [23]. The parent 1-aza-2-adamantanone was fully characterized after protonation as
HBF, salt (t = 88.1°, xn = 58.0%; N-C = 1.508 A, C=0 = 1.186 A). Furthermore, the authors obtained
the X-ray structure of the x-monomethylated 1-aza-2-adamantanone in a neutral form (t = 90.0°,
XN = 61.8°%; N-C = 1.448 A, C=0 = 1.201 A). Similar to the [2.2.1] amide synthesized by the Stoltz group
(cf. [2.2.2] amide), the parent 1-aza-2-adamantanone was found to be more reactive in reactions with
nucleophiles than the previous “most twisted amide” 3,5,7-trimethyl-1-azaadamantan-2-one [24].

Komarov/Kirby
0 Ot Bu

CO,H sublimation N._0O

- .
%‘ 150 °C, 0.5 mmHg
43% yield
N. (o]
3,5,7-trimethy!-
Me Me| 1-azaadamantan-2-one
Me

Figure 7. Synthesis of Parent 1-Azaadamantan-2-one.

In 2017, Greenberg and co-workers reported an interesting study of a silicon-containing twisted
amide in a [3.3.3] scaffold (Figure 8) [25]. Heteroatom-containing derivatives of bridged lactams
have received considerable attention as a means of facilitating the synthesis and tuning properties
of the twisted amide bond. Through computations, the authors demonstrated that the nitrogen
atom in 1-methyl-4-silatranone would be more similar to a lactam rather than a silatrane with a
long intramolecular N-Si bond (N-5i = 2.902 A vs. 1-methylsilatrane, N-Si = 2.466 A). Although
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the attempted synthesis via condensation of (HOCH,CH;),N(COCH,OH) with various silanes was
unsuccessful, the study lays a foundation for the synthesis of silicon-containing twisted amides.

Greenberg
o 2 ©
“si-Me “si-Me
- (0] Ol7 O
NN NN
1-methy/{-4-silatranone 1-methyi-4-silatrane

Figure 8. Computational Study of 1-Methyl-4-Silatranone.

In 2016, we reported the first examples of structurally-characterized N-alkylated bridged lactams
(Figure 9) [26]. N-Alkylation significantly increased amide bond distortion (t = 44.0°, xn = 58.3°;
N-C = 1.554 A, C=0=1.192 A). Furthermore, we demonstrated that N-coordination activated the
twisted amide bond towards o N-C bond activation by Pd-catalyzed hydrogenation.

Szostak
increase in distortion facile o C—N activation
Y R30BF, \ H,, Pd/C v
X\_ CH,Cly, rt Y} EtOAc, rt X
N 2Clp, 1 N - c, Me N
0 L o BF, I
R R
R = Me, 99% (X-ray) R = Me, H, 83-85%

R = Et, 99% (X-ray)

Figure 9. N-Alkylation of Bridged Lactams as a Trigger for 0 N-C Bond Activation.

Transition-metal-free 0 N-C bond activation in bridged lactams was reported by our group in
2017 (Figure 10) [27]. Facile assembly of the twisted amide scaffold by intramolecular Heck reaction,
followed by N-alkylation and selective o bond cleavage established a “sew-and-cut” approach to
complex isoquinoline-2-ones by a formal di-functionalization of the N-C amide bond. The reactivity
was correlated with amide bond twist in that less distorted amides were found unreactive. Given
the utility of mild difunctionalization methods in organic synthesis, twisted lactams are attractive
intermediates for the synthesis of nitrogen-containing heterocycles by this approach.

Szostak

.--~"™ decorate """~

20 examples
50-99% vyields

Selected examples

N ; Ni; ; N:<< i:
Br Ho N5 e O I e © CO,Me

96% yield 81% yield 99% yield

Figure 10. Sew-And-Cut of Bridged Lactams by a Transition-Metal-Free 0 N-C Bond Activation.
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In 2018, Marsden, Nelson and co-workers reported the synthesis of a set of bridged lactams with
[3.3.1] and [4.3.1] scaffolds as part of their research on fragment-based drug discovery (Figure 11) [28].
This approach nicely utilizes the presence of an additional heteroatom in the twisted amide structure to
facilitate the synthesis of starting materials. The cyclization was carried out according to the established
lactamization protocol mediated by Bu,SnO [29]. Due to the unique shape diversity, bridged lactams
hold a significant potential as unexplored scaffolds in drug discovery.

Marsden/Nelson

? B 1. NaOH Q R
O e o G0
; )
N COR 5 n-Bu,SnO N "
I o
Boc toluene, 120 °C o

n=1,2, R=Me,Et 11 examples
XR' = CH,, NBn, NMe, NCbz, NCOR, NSO,Ar, NCH,CN 13-68% yields

Selected examples o

R =Bn, 46% R =Bn, 59% 57% R = CH,OMe,
R = Me, 45% R = Cbz, 52% n=1,63%
R=Me,n=2,35%

Figure 11. Fragment-Based Drug Discovery using Bridged Lactams.

In 2017, Stoltz and co-workers reported the synthesis of a bridged hydantoin by asymmetric
a-allylation, Ru-catalyzed olefin isomerization, oxidative cleavage, Curtius rearrangement and
N-cyclization onto the isocyanate (Figure 12) [30]. The cyclization is performed by the same mechanism
as reported previously by Brouillette [31]; however, the method avoids the use of toxic lead acetate.
The bridged hydantoin was fully characterized by X-ray crystallography (t = 36.4°, xn = 50.2°;
N-C(O) = 1.404 A; C=0O = 1.210 A). This research illustrates one of the few methods for the synthesis of
an enantioenriched twisted amide bond.

Stoltz
1. Grubbs Il, VTMS O SIMes
0 Me 2. Nalo, \>—NHM | .Cl
N ——————= N ° Ru=\
HN TSN 3.DPPA > C7 | Pn
o) 7 PCy;
65% yield o]
Grubbs |1
o)

o O
I?_ W R )L twisted acyclic
= Dy

"smissmanones” NH hydantoins

Figure 12. Synthesis of a Bridged Hydantoin. VTMS = Vinyloxytrimethylsilane. DPPA = diphenyl
phosphoryl azide. SIMes = 1,3-Bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene.

Bridged hydantoins of this type were originally proposed by Smissman as potential
anticonvulsants (Figure 12, box) [32]. Our group has recently reported the structural characterization
of related acyclic twisted N-acyl-hydantoins (Figure 12, box) [33].
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In 2017, Gouverneur, Cvengros and co-workers reported the synthesis of ethano Troger’s base
twisted bis-amides (Figure 13) [34]. Their approach involves one-step oxidation of the ethano-Troger’s
base precursors under the conditions reported earlier by Warnmark (Figure 13, box) [35]. The ethano
Troger’s base twisted bis-amide is significantly twisted (T = 29.8%, xn = 45.5°; N=C(O) = 1.401 A,
C=0=1.215 A). The advantage of this method is rapid access to a twisted amide bond; however,
our study suggests that the presence of the fused aromatic ring is detrimental to the N-protonation
reactivity in this class of twisted amides [19].

Gouverneur/Cvengros
o}
m KMnO4/BTEAC R N
CH2CI2 50 °C N R
R = Me, OMe, Br, Cl o
ethano-Tréger's base 4 examples

30-52% yield

(o]
Me N+
Tréger's base
N Me twisted bis-amide
o

Figure 13. Synthesis of Ethano Troger’'s Base Twisted Amides. BTEAC =
Benzyltriethylammonium Chloride.

Satyanarayana and Helmchen reported asymmetric synthesis of bridged lactams in [3.3.1] and
[4.3.1] scaffolds using Ir-catalyzed allylic amination as an enantioselectivity determining key step
(Figure 14) [36]. With allylic amines in hand, the synthesis was completed by well-established
amidation/Heck cyclization sequence. The structure of one of the lactams in the [3.3.1] series was
confirmed by X-ray crystallography (t = 30.8°, xn = 52.7°; N-C(O) = 1.393 A, C=0 = 1.218 A).

Satyanarayana/Helmchen
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@ Br HOZCH}/\
NH, Ir-catalyzed 1. DCC, DMAP
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Figure 14. Enantioselective Synthesis of Bridged Lactams by Allylic Amination.

An inventive strategy for the synthesis of bridged lactams in the [5.3.1] and larger scaffolds was
reported by Liu and co-workers (Figure 15) [37]. The authors developed a new process for radical aryl
migration with chirality transfer to form macrocyclic ketones. As an application of this method, they
subjected several azido-ketones to the transannular Aubé-Schmidt rearrangement, resulting in the
formation of bridged lactams in 40-63% yields. Nevertheless, bridged lactams with the overall sum of
carbon atoms forming the bridged structure of ten or more, are similar in properties to planar amides.
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1. azidoiodinane (2 equiv)
CuCN (10 mol%)
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60% yield
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Figure 15. Enantioselective Synthesis of Bridged Lactams by Radical Aryl Migration.

3. Bridged Sultams

Bridged sultams (bridged sulfonamides) have attracted significant attention due to a wide range
of biological activities of the sulfonamide bond [38]. In contrast to bridged lactams, constraining
a sulfonamide bond in rigid bicyclic ring systems is easily possible due to the lack of Nlp to SO,
conjugation (Nlp = nitrogen lone pair) [39]. Such bridged sultams are not hyper-reactive to hydrolysis
and besides applications in medicinal chemistry have been used as template in stereoselective synthesis
enabled by rapid scission of the N-SO, bond [3].

In 2017, Evans and co-workers in the continuation of their studies on bridged sultams reported
an improved method for the synthesis of saturated sultams via intramolecular reductive Heck
reaction (Figure 16) [40]. The use of a single Pd catalyst and a broad substrate scope are noteworthy
features of this method. One of the saturated sultams in a [3.2.1] scaffold was characterized by
X-ray crystallography (6 = 328.7; N-S = 1.643). The same group reported a bromonium-triggered
1,2-Wagner-Meerwein rearrangement of benzofused bridged sultams (not shown) [41].

Evans 1. Pd(OAG), (10 mol%) i
R PPhj (20 mol%) R
@ /é K,COs3, DMF, 110 °C = |
N N
2. NH4HCO,, 80 °C % ,
//\\ 4 2 R O,/S\\o
X =Br, Cl
R =H, OMe, CI, NH,, NO, 14 examples
R'=H, Me, C(Me)=CH, 43-93% yields

Selected examples (X = Br)

©§> HN ©§> MeojijL @{j}

//\\ AN

(2]
91% 5% 70% 90% (x-ray)
*55% X =ClI

Figure 16. Synthesis of Saturated Bridged Sultams via Intramolecular Heck Reaction/Reduction.
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In 2017, Das and co-workers nicely exploited intramolecular SyAr-type cyclization to form
bridged benzothiaoxazepine-1,1-dioxides in a [4.3.1] scaffold (Figure 17) [42]. An advantage of
this method is a rapid, telescoped, three-step synthesis of bridged sultams from the corresponding
N-aryl-2-fluorobenzenesulfonamides and trans-2,3-epoxy cinnamyl tosylates. One of the sultams was
fully characterized by X-ray crystallography (0 = 342.0; N-S = 1.668). The authors have also developed
an enantioselective variant by using a chiral trans-2,3-epoxy cinnamyl alcohol.
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Figure 17. Synthesis of Bridged Benzothiaoxazepine-1,1-dioxides via SyAr Cyclization.

One example of an “apex-type” bridged sultam in a [3.2.1] scaffold was reported by Sokolov and
co-workers (Figure 18) [43]. The X-ray structure demonstrated significant pyramidalization of the
nitrogen atom (6 = 325.5; N-S = 1.668).

Sokolov
N
;S\/\COZMe 1. K,CO3, 70 °C
7\
o O
2. Br(CH,),Br, K,.CO3
DMF, 70 °C
CO,t-Bu 28% yield

Figure 18. Synthesis of an Apex Bridged Sultam via 1,4-Addition.
4. Application in Natural Product Synthesis

Bridged lactams continue to serve as useful intermediates in the total synthesis of natural
products [3]. In general, recent applications hinge upon the increased electrophilicity of the carbonyl
group and increased nucleophilicity of the nitrogen atom of the amide bond rendered possible by
geometric distortion.

In 2015, Zhu and co-workers reported selective reduction of the more twisted amide bond in
scholarisine G (Figure 19A) [44]. The enamine was obtained after dehydration of the intermediate
hemiaminal. The X-ray structure of scholarisine G showed a significantly distorted N-aryl amide
bond (T = 21.9°, xn = 32.0°%; N-C(O) = 1.373 A, C=0 = 1.223 A) vs. the aliphatic amide bond (T = 2.9°,
XN = 19.9%; N-C(0) = 1.352 A, C=0 = 1.227 A). It is also possible that the selective reduction in this case
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can be explained by the exclusive stability of the five-membered ring lactams and by the fact that the
six-membered lactam is an anilide. In contrast, Dai exploited the higher basicity of the oxygen atom in
the aliphatic amide bond in a structurally-related leuconoxine to selectively maneuver reduction of the
more electron-rich amide bond through electrophilic pathway (Figure 19B) [45].

A. Zhu Jess
electrophilic

LiAIH,4
47% yield
twisted O
scholarisine G
B. Dai more
nucleophilic
1. Me3OBF,
2. NaCNBH3
56% yield
twisted O
leuconoxine leuconodine

Figure 19. Reduction of a Bridged Lactam in Scholarisine G (A) and Leuconoxine Alkaloids (B).

A total synthesis of 3-O-demethylmacronine, an Amaryllidaceae alkaloid, utilizing a
lactam-to-lactone rearrangement of a twisted amide was reported by Banwell and co-workers
(Figure 20) [46]. This elegant method capitalized on the high basicity of the twisted amide nitrogen
atom to form the acylium ion, which underwent trapping with a pendant hydroxyl group under
mild conditions.

Banwell
TBSO OH
H
o p-TsOH
_— >
N > 48% yield
basic

nitrogen O

Figure 20. Lactam-to-Lactone Rearrangement of a Bridged Lactam in Haemanthidine Alkaloids.

Landais and co-workers reported a total synthesis of eucophylline, a dimeric terpene indole
alkaloid, taking advantage of a high electrophilicity of the carbonyl group in a [3.3.1] bridged lactam
scaffold (Figure 21) [47]. Bridged lactams are known to readily condense with amines to form amidines.
In this approach, condensation of the twisted amide bond with aniline afforded a bridged amidine,
which provided the key disconnection to the eucophylline core.
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Figure 21. Bridged Amidine from a [3.3.1] Bridged Lactam in the Synthesis of Eucophylline.

5. Miscellaneous Examples

In 2015, Wang, Yu and co-workers reported the synthesis of bridged enamines via Au-catalyzed
spiro-cyclization of 2-propargyl-3-tetrahydrocarbolines (Figure 22) [48]. In these heterocycles, the
resonance interaction between Nlp and 7t electrons of the double bond is inhibited, resulting in a
nucleophilic nitrogen atom.

Wang/Yu [AU] (1 mol%)

// AngF6 (1 mol%)

@_Q\ R MsOH CH,Cly, rt
N R" ,
R [Au] = JohnPhosAuCl r R

11 examples
76-97% yields

Figure 22. Synthesis of Bridged Enamines via Gold-Catalyzed Spriocyclization.

In their studies on the Witkop cyclization, Gaich and co-workers reported the synthesis of
macrocyclic amides supported by the indole ring (Figure 23) [49]. The structure of one of the amides
was confirmed by X-ray crystallography and showed a significantly distorted amide bond (t = 32.3°,
XN = 0.0°; N-C(0) = 1.353 A, C=0 = 1.227 A).

Gaich

C'W A ”

Na,CO3, MeOH, rt
47% yield (1:1:1)

X-ray
+ 2 other isomers

Figure 23. Synthesis of a Macrocyclic Lactam via Witkop Cyclization.

Yudin and co-workers developed several elegant methods for site-specific incorporation of amino
acids [50], peptide sequencing [51] and conformational control [52] of cyclic peptides based on the
twisted amide electrophilic sites (Figure 24). In their approach, the integration of a highly strained and
N-pyramidalized aziridinyl ring allows for selective N-C(O) cleavage and amino acid incorporation,
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while the strained aziridinyl ring provides a handle for further functionalization by aziridine-ring
opening with nucleophiles.

Yudin
A,
\7); 1. LIOH oM -
2. H,NRCO,Me H,
AOP DIPEA Me 1
N o
I/gat/on. 77-99% )\ NH
cyclization: 86-97% o m
R\
N
o

AOP = coupling reagent H

R = Gly, Sar, Ala, Leu, Val, Phe, Tyr, Trp, Aze, B-Ala, Na-Ac-Lys
Gly-Gly, Phe-D-Pro, Gly-Phe-D-Pro, Ala-Phe-D-Pro

Figure 24. Cyclic Twisted Amide-Containing Tetrapeptides.

Several additional studies on non-planar amides have been reported. Computational studies on
ion-pair interactions in Kirby’s amide HBF, salts [53] and N-protonation of twisted amides by HF and
HCI [54] were reported by Panday. Mykhailiuk and co-workers reported selective o N-C bond scission
in strained acyclic amides [55]. Stereoselective C-O bond cleavage in pyramidalized diketopiperazines
induced by amide bond distortion was reported by Jahn and co-workers [56]. Intramolecular hydrogen
bonding to electron-deficient oxygen in N-pyramidalized bicyclic amides was reported by Otani,
Ohwada and co-workers [57]. Excellent reviews on the role of amide bond activation in biological
molecules [58], amidicity [59], and heteroatom substitution at amide nitrogen [60] have been published.
Additional studies on the properties of amides have been reported [61,62]. Recent relevant studies on
acyclic non-planar amides should also be noted [11,12,63-66].

6. Conclusions

In summary, we have reviewed recent advances in the area of bridged lactams. This field continues
to provide the most effective and wide-ranging method to achieve non-planarity of the amide bond.
The main progress in the last five years includes: (1) identification of the additive Winkler-Dunitz
parameter as a straightforward and accurate descriptor of the structural and energetic properties
of the non-planar amide bond, and (2) the synthesis of extremely twisted bridged lactams in both
quinuclidone and adamantanone series. Recently reported examples of novel bridged lactam scaffolds,
divergent N-C cleavage reactivity and applications in the total synthesis of natural products are also
worth noting.

Despite the considerable progress that has been made, the area is far from being mature. The
recent remarkable progress in the chemistry of acyclic twisted amides has underlined the benefits of
using conformational restriction (i.e., bridged lactams) to achieve non-planarity, but also brought to
light the deficiencies of bridged lactams, and non-planar amide bonds in general. Most important
is that except for the structurally-limited 1-aza-2-adamantanones there is a complete lack of isolated
and fully characterized unhindered bridged lactams with a combined Winkler-Dunitz parameter
(Z1 + Xn) exceeding 100° in the neutral form (or in other words merely 60% of the maximum theoretical
distortion). It is beyond belief that the area has progressed so little since the first conception of a
bridged lactam bond by Luke$ in 1938.

Further, very little is known about the stability of bridged lactams and, by extension, of non-planar
amides. It is now safe to assume that a range of distortion of (Xt + xn/) ca. 70-80° gives isolable lactams.
However, this stability range has only been tested in a very limited set of lactams.

Even less is known about the generality of amide bond distortion, properties and structures across
different sets of non-planar amides. This research is hindered by the very few types of non-planar
bridged lactams that have been described to date. The recent example of Troger’s base twisted amides
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is as a good case in point [19]. Despite significant amide bond distortion, these lactams do not protonate
readily as a consequence of Nlp conjugation onto the aromatic ring.

Another issue involves the reactivity of non-planar amides. Almost all research thus far has
focused on simple hydrolytic stability and nucleophilic addition studies. At present, only one type of
potentially very synthetically appealing metal-catalyzed o N-C bond activation has been reported, and
the mechanism of this transformation is unknown.

The importance of the amide bond and the continuous role of twisted amides in chemistry and
biology have served as a powerful stimulus for fundamental research on bridged lactams. Given the
obvious possibilities for applications of non-planar amide bonds, future studies are expected to have a
broad impact beyond this important research area.
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Abstract: Over the past few decades, transition metal catalysis has witnessed a rapid and extensive
development. The discovery and development of cross-coupling reactions is considered to be one
of the most important advancements in the field of organic synthesis. The design and synthesis of
well-defined and bench-stable transition metal pre-catalysts provide a significant improvement over
the current catalytic systems in cross-coupling reactions, avoiding excess use of expensive ligands and
harsh conditions for the synthesis of pharmaceuticals, agrochemicals and materials. Among various
well-defined pre-catalysts, the use of Pd(II)-NHC, particularly, provided new avenues to expand
the scope of cross-coupling reactions incorporating unreactive electrophiles, such as amides and
esters. The strong o-donation and tunable steric bulk of NHC ligands in Pd-NHC complexes
facilitate oxidative addition and reductive elimination steps enabling the cross-coupling of broad
range of amides and esters using facile conditions contrary to the arduous conditions employed
under traditional catalytic conditions. Owing to the favorable catalytic activity of Pd-NHC catalysts,
a tremendous progress was made in their utilization for cross-coupling reactions via selective acyl
C-X (X=N, O) bond cleavage. This review highlights the recent advances made in the utilization of
well-defined pre-catalysts for C—C and C-N bond forming reactions via selective amide and ester
bond cleavage.

Keywords: pre-catalysts; palladium catalysis; amide bond activation; ester bond activation;
cross-coupling

1. Introduction

Transition metal-catalyzed cross-coupling reactions to form C-C and C-N bonds are a mainstay
of organic synthesis for a wide range of academic and industrial applications [1-6]. Due to their
wide applicability, these reactions have become a critical arsenal for synthetic chemists and have
clearly changed retrosynthetic analysis of complex targets. Since their discovery in the late 1960s,
palladium catalyzed cross-coupling reactions has been considerable and continues to be a focus of
organometallic research [7-14]. The most active Pd catalysts for cross-coupling reactions involve the
use of strong donor ligands to reach a high degree of efficiency. In fact, one of the major advancement
in cross-coupling reactions is the synthesis and utilization of specialized electron-rich phosphines and
N-heterocyclic carbenes (NHC) for the development of active catalytic systems expanding the substrate
scope with lower catalyst loadings and milder conditions [15,16]. However, the monetary costs of
these specialized ligands are often comparable to the Pd precursor. Therefore, the traditional route of
addition of excess ligand for generating the active Pd(0) becomes unattractive [15,17]. Furthermore,
in many cross-coupling reactions, the optimal Pd to ligand ratio is 1:1, with the active species
proposed to be a monoligated Pd(0). Therefore, the use of well-defined Pd(II) pre-catalysts to facilitate
cross-coupling reactions is highly desirable, as they can generate mono ligated active Pd(0) catalysts in

Molecules 2019, 24, 215; d0i:10.3390/ molecules24020215 235 www.mdpi.com/journal /molecules



Molecules 2019, 24, 215

solution. Since Herrmann reported that Pd-NHC complexes efficiently catalyzed Heck reaction [18],
these complexes found a widespread use for various cross-coupling reactions incorporating previously
unreactive coupling partners (Figure 1) [19].

R //\ R R //\ R R //\ R

NN NN NN
VI VS &V

pd! Cl—pd'-Cl Pd!

Y N cl
~

o (I -
Nolan precatalyst Organ precatalyst Hazari precatalyst
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« Suzuki-Miyaura coupling * Suzuki-Miyaura coupling * Suzuki-Miyaura coupling
« Kumada coupling * Kumada coupling * Buchwald-Hartwig amination

« Negishi coupling * Negishi coupling. o
* Buchwald-Hartwig amination * Buchwald-Hartwig amination
« a—arylation reactions

Figure 1. Overview of cross-coupling reactions catalyzed by Pd(II)-NHC pre-catalysts.

Although various electrophiles are employed in cross-coupling reactions for the construction of
C—Cand C-N bonds, there is immense interest in increasing the substrate scope to include a wide range
of cross-coupling partners [1,4,20]. In recent years, tremendous progress was made to incorporate
stable, unreactive, carboxylic acid derivatives, such as amides and esters, in cross-coupling reactions to
form ketones or amides [20,21]. The resonance, due to ny or) 0 —*7*c=0 conjugation, makes them a
complicated reacting partner in cross-coupling reactions, requiring a high activation energy for the N
or O-C(O) bond scission. Destabilization strategies increasing the steric bulk on the amide nitrogen
independently developed by the laboratories of Garg [22], Szostak [23], and Zou [24] provide a basis for
the development of acyl cross-coupling of amides. Various Pd and Ni catalyst systems with phosphine
and NHC ancillary ligands are shown to be effective in utilizing amides and esters as coupling partners
in Suzuki-Miyaura coupling and Buchwald-Hartwig amination reactions. However, in this review,
we will focus only on describing the recent advances made in the cross-coupling of amides and esters
using well-defined pre-catalysts. The individual sections in this review are organized according to the
pre-catalysts employed [Pd(allyl)(NHC)CI, and Pd-PEPPSI] for cross-coupling of amides and esters.

2. Pd(ally)(NHC)CI Pre-Catalysts in Suzuki-Miyaura Cross-Coupling of Amides and Esters

With a wide functional group tolerance and less sensitivity toward air and moisture, palladium is
by far the most commonly used metal for catalysis of cross-coupling reactions. Among the various
pre-catalysts developed in the past decade, there is considerable interest and improvement in
pre-catalysts based on n3-allyl ligands. Aside from the inherent advantages associated with NHC
ligands (i.e., strong o-donation, tunability, sterics), Nolan demonstrated that n3-allyl and n3-cinnamyl
pre-catalysts with bulky NHC ligands also exhibit high stability toward air and moisture allowing for
easy storage and handling [15,25,26]. Furthermore, the commercial availability and ease of synthesis
made them an important class of catalysts for reaction screening. The strong o-donating nature of NHC
facilitates the activation of stable and unreactive bonds. Specifically, the [Pd(cinnamyl)(L)Cl] scaffold
(L = IPr* or IPr*OMe) was incorporated into several highly active catalysts for difficult cross-coupling
reactions, such as the synthesis of tetra-ortho-substituted biaryls using Suzuki-Miyaura coupling [27],
Buchwald-Hartwig reactions with secondary amines [28], as well as the use of amides and esters as
electrophiles in Suzuki-Miyaura coupling and Buchwald-Hartwi aminations. Figure 2 lists selected and
active Pd(allyl)NHC pre-catalysts that were employed for the cross-coupling of amides and esters [19].
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JPro//\ Pr JPro[/\ Pr JPro[/\ P
NvN NvN NvN
CI/ __\// CI/ Y, CI/
Bu
[Pd(IPr)(allyl)CI] [Pd(IPr)(cinnamyl)CI] [Pd(IPr)(indenyl)CI]

Figure 2. Pd(allyl)NHC pre-catalysts employed in the cross-coupling of amides.
2.1. Pd(allyl)(NHC)CI Pre-Catalysts in Suzuki-Miyaura Cross-Coupling of Amides

Given the key role of the amide bond in nature, development of new methods to functionalize
amides via C-N bond activation became an active area of research. Mechanistically, activation of the
C-N amide bond proceeds through ground-state destabilization (twisting) of the amide bond by steric
and/or electronic factors, allowing a facile insertion of a metal into the C-N bond, furnishing the
acyl-metal intermediate facilitating coupling reactions [29-31]. Scheme 1 lists various substituents on
amide nitrogen employed for the destabilization.

O O (0] 0 (0] (¢}
©)j5 ©)(;§ ©)LN,BOC @)(N/Ts
o 5 R R

N-Acylglutarimide N-Acylsuccinimide N-Boc amides N-Tosyl amides
0O 0] O 0 1) N/ﬁ
.Ms )I\ P
©)Lf}l" ©/U\f\‘l ©)k® [}j N
R o=9 Me
0]
N-Mesyl amides N-Acylsaccharins N-Acylpyrroles N-Methylamino pyrimidyl amides
(MAPA)

Scheme 1. Selected N-substituents employed for amide C-N bond destabilization.

In 2015, the utilization of amide bond for the Suzuki-Miyaura cross-coupling was reported by Zou
and coworkers employing N-phenyl-N-tosyl substituted amides [24]. The report showcased the effect
of substituent electronics on the destabilization of amide resonance facilitating the metal insertion in to
the amide C-N bond. Although the methodology showed good functional group tolerance, it suffered
from high catalyst loadings and stringent reaction conditions (Scheme 2).

)O]\ BOH)2  pq(PpCy;),Cl, (5 mol %) Q
R N,Ph . PCy; 3mol %) R .
ts R K2CO3 ?

dioxane, 110 °C
35-98% Yield
28 examples

Scheme 2. Suzuki-Miyaura cross-coupling of N-phenyl-N-tosyl substituted amides.

In the same year, Szostak and coworkers employed a rather different approach of sterically
controlled amide bond destabilization using a variety of N-substituted amides and found the best
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results to be N-glutarimide [23]. The methodology provided inherent steric advantages for amide
bond distortion, thereby providing a milder reaction conditions and high functional group tolerance
(Scheme 3). But the utilization of large excess of expensive ligand (1:4 ratio of Pd(OAc), to PCyzHBFy),
and applicability to only highly twisted N-glutarimide amides restricted the practical applications of
the methodology.

R R gom poenemy g
R™ N . y3HBF4 (12 mol %) R ‘
Rv K2CO3, H3BO3 R
O THF, 65 °C or rt
up to 98% Yield

62 examples

Scheme 3. Suzuki-Miyaura cross-coupling of sterically substituted twisted amides.

It was not until recently that a more general method incorporating all classes of amides under
milder conditions was developed. In 2017, Szostak and coworkers reported the versatility of
[Pd(IPr)(cinnamyl)Cl], a well-defined pre-catalyst in the Suzuki-Miyaura cross-coupling of amides
under operationally simple conditions (Scheme 4) [23]. The methodology is highly significant,
as it promoted the C-N amide bond activation of various amides, including N-glutarimide,
N-Boc-carbamate, and N-toluenesulfonamide, under the same reaction conditions with similar yields
of the ketone product. The method also showed high functional group tolerance for both reacting
partners. The use of easily prepare and common protecting groups (N-Boc and N-Ts amides) for
cross-coupling is appealing, as it brings the amide bond cross-coupling closer to general practical use.
As stated previously, it was proposed that strong o donation of the NHC facilitates oxidative addition,
while flexible steric bulk around Pd promotes reductive elimination, triggering high reactivity even
with less activated amide precursors.

% B(OH)2 py(1Pr)(cinnamyl)CI (3 mol %) 0

N,R1 K,CO3 (3.0 equiv.)
+ >
R, THF, 60 °C

R4/R, = N-glutarimide  91%
R4/R, = N-Ph/Ts 92%
R4/R, = N-Ph/Boc 91%

Scheme 4. Application of Pd(cinnamyl)(IPr)Cl in amide bond cross-coupling.

While nonplanar amides were found to be very effective and well-documented for cross-coupling
reactions by steric distortion, the resonance destabilization of corresponding planar amides was
not well developed. To incorporate planar amides for cross-coupling reactions, Szostak and
coworkers utilized N-acylpyrroles and N-acylpyrazoles in Suzuki-Miyaura cross-coupling reactions
(Scheme 5) [32]. They found delocalization of Ny, into the 7-electron system of the pyrrole/pyrazole
ring to be sufficient to selectively insert palladium into the amide C-N bond in the absence
of steric distortion. The extensive optimization emphasized the importance of well-defined
[Pd(cinnamyl)(IPr)Cl] producing ketone in good yields compared to traces of product formation
with the traditional catalyst/ancillary ligand system.
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0 B(OH)2 pd(IPr)(cinnamyl)CI (6 mol %) 0
N} N K>,CO3 (3.0 equiv.) .
X= THF, 110 °C
Me
Me X=CH, 81%
X=N  66%

Scheme 5. Cross-coupling of planar amides catalyzed by well-defined Pd(cinnamyl)(IPr)CL

Compared to both traditional Pd/phosphine catalyst systems or Pd/ancillary NHC catalytic
systems, well-defined [Pd(cinnamyl)(IPr)Cl] offers both practical advantages and high activity in
cross-coupling reactions of amides. In fact, the high catalytic activity of [Pd(cinnamyl)(IPr)Cl] can be
evident by its ability to convert N-alkyl-N-aryl amides to corresponding ketones. In 2017, Szostak and
coworkers introduced N-methylaminopyrimidyl amides (MAPA) as highly reactive, electronically
activated amides for C-N bond cleavage (Scheme 6) [33,34].

o B(OH)2  pq(iPr)(cinnamyNCI (6 mol %) o
N-Me K,COj3 (3.0 equiv.) O O
R' + Rll S S Rl R!l
PN THF, H,0, 65 °C
g
K) 60-98% Yield

24 examples

Scheme 6. Pd(cinnamyl)(IPr)Cl catalyzed Suzuki-Miyaura cross-coupling of N-alkyl-N-aryl amides.

Interestingly, Suzuki-Miyaura cross-coupling of both the sterically distorted and/or electronically
distorted amides were found to be reactive under similar reaction conditions, further demonstrating
how the well-defined nature of a catalyst can enhance the overall catalytic activity and reactivity
compared to traditional usage of excess ancillary ligand. This is highly beneficial, as it allows chemists
to screen minimal conditions to optimize methodology for new classes of amides with similar distortion
angles or resonance energies. In fact, Zeng and coworkers, on their quest to incorporate commercially
available and inexpensive N-acylhydantoins as amide electrophiles, have also used similar conditions
for the formation of ketones indicating the versatility of Pd(allyl)(NHC)CI pre-catalysts with different
substituted amides (Scheme 7) [35].

B(OH):2  pq(Pryallyl)Cl (6 mol %) Q

O
NJ(NH K,CO3 (3.0 equiv.)
y + " > o "
R )\’k R dioxane, 110 °C R O O R
O

45-95% Yield
29 examples

Scheme 7. Pd(allyl)(IPr)Cl catalyzed Suzuki-Miyaura cross-coupling of N-acylhydantoins.

Although the reported methods to incorporate amide bonds in cross-coupling reactions is quite
promising, the synthetic modifications to activate amide bond can impede overall synthetic utility.
On the other hand, use of N,N-di-Boc-activated amides would be highly beneficial, allowing direct
engagement of most ubiquitous primary amides. Szostak and coworkers developed a new catalytic
system based on [Pd(IPr)(cinnamyl)Cl]/KF for the selective insertion of metal into acyl amide bond
(cf. N-carbamate bond) [36]. The addition of 5.0 equiv of water was found to be critical for the
cross-coupling of di-boc amides, as is evident from decreased yields or no reaction in the absence of
water (Scheme 8).
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Pd(IPr)(cinnamyl)CI (3 mol %) Q
N-Bo° KF (3.0 equiv.)
Boc toluene, H,0, rt
62-98% Yield
41 examples

Scheme 8. Direct cross-coupling of N,N-di-Boc-amides under Pd(IPr)(cinnamyl)Cl catalysis.

The high catalytic activity of Pd(IPr)(cinnamyl)Cl allowed for the cross-coupling to be conducted
at ambient temperature with even lower catalyst loadings. The robust nature of Pd(IPr)(cinnamyl)Cl
also allowed them for the gram scale conversion of primary amides to ketones with just 0.5 mol % of
catalyst with a TON of 1220, further increasing the practicality of amide cross-coupling (Scheme 9) [36].
In fact, the high catalytic activity of Pd-IPr complexes also allowed Szostak and coworkers to use
easily accessible N-acyl amides for the cross-coupling reaction with the highest reported TON (3500),
compared to the corresponding traditional Pd-phosphine catalytic systems [37].

0 B(OH)2 pd(IPr)(cinnamyl)Cl (0.50 mol %) 0
.Boc KF (3.0 equiv.)
'}l + =
Boc toluene, HyO, rt O O
Me
1049 Me O7%
Scheme 9. Scale-up study in direct cross-coupling of N,N-di-Boc-amides under

Pd(IPr)(cinnamyl)Cl catalysis.

Recently, employing standard reaction conditions of amide Suzuki-Miyaura cross-coupling under
well-defined Pd-NHC catalysis (i.e., PA(IPr)(cinnamyl)Cl/K,CO3/THF), Szostak and coworkers also
realized challenging C(sp?)-C(sp®) couplings using N,N-di-Boc-amides and B-sp? alkyl reagents
(Scheme 10) [38]. Various substituents on the amide bonds, such as N-glutarimide, N-Ph-N-Boc,
and N-Ph-N-Ms were also found to be reactive under identical conditions albeit at a higher temperature.

0 R Pd(IPr)(cinnamyl)CI (6 mol %) Q
R4 P U U K>,CO3 (3.0 equiv.
Ny e B 2C03 ( quiv.) _ bMe
Ry THF, rt or 65 °C

R4/R; = N-Boc 73%
R4/R; = N-glutarimide  85%
R4/R, = N-Ph/Boc 72%
R4/R; = N-Ph/Ms 84%

Scheme 10. Pd(IPr)(cinnamyl)Cl catalyzed alkylation of amides by C-N bond cleavage.
2.2. Pd(y3-1-t-Bu-indenyl) (NHC)CI Pre-Catalysts in Suzuki-Miyaura Cross-Coupling of Amides

The high reactivity of [Pd(allyl)(NHC)CI] pre-catalysts stems from maintaining the optimal
1:1 Pd to ligand ratio and the fast reduction of Pd(Il) to active Pd(0) [15]. It is now widely
accepted that base mediated activation of [Pd(allyl)(NHC)CI] pre-catalysts forms the active ligated
Pd(0) catalyst in solution [34]. However, elegant studies by Hazari and coworkers observed a
deleterious comproportionation pathway under catalytic conditions to form Pd(I) p-allyl dimers
(Scheme 11) [39,40]. Based on extensive mechanistic investigation, they proposed two strategies to
develop even more active catalysts: (1) Increase the barrier to comproportionation between Pd (0) and
Pd (II), and (2) develop systems that undergo faster activation so that all of Pd(II) is converted to Pd(0)
before comproportionation.
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IPr—Pd'—/Pd'—IPr PdO-IPr —> Pd”-IPl —> Catalytic cycle
\

Ci X
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Scheme 11. Activation/deactivation pathway during Pd(allyl)(NHC)CI pre-catalyst activation.

The mechanistic insights on the deactivation pathway led the Hazari group to discover
Pd(n3-1-t-Bu-indenyl)(NHC)Cl (Hazari catalyst), a highly efficient pre-catalyst for cross-coupling
reactions [41]. As a major advance in Pd-NHC precatalysts, the inability of (n*-1-t-Bu-indenyl)
(NHCQ)CI to generate unreactive Pd(I) dimers significantly improved its activity for cross-coupling
reactions. In 2017, Szostak and coworkers utilized [Pd(indenyl)(IPr)Cl] for the development of
Suzuki-Miyaura cross-coupling of N-Ph-N-Boc amides under otherwise standard conditions of amide
cross-coupling reaction (KoCO3/THF, Scheme 12) [42]. The unprecedented reactivity of Hazari catalyst
by suppressing the deactivation pathway led the amide cross-coupling reaction to occur at room
temperature under glovebox-free conditions, increasing the operational simplicity and practicality
of the reaction. This reaction is notable as the first example of Suzuki-Miyaura cross-coupling of
an amide at room temperature with excellent yield of ketone product. The robust nature of the
pre-catalyst allowed the Szostak group to develop the first direct one-pot activation/cross-coupling of
secondary amides.

)O]\ B(OH)2  pd(IPr)(indenyl)CI (3 mol %) 0
R N,Ph . ~ K,CO3 (4.5 equiv.) . R '
Boc THF, rt R

42-98% Yield
18 examples

Scheme 12. Pd(IPr)(indenyl)Cl catalyzed Suzuki-Miyaura coupling of amides at room temperature.

2.3. Pd(allyl)(NHC)CI Pre-Catalysts in Suzuki-Miyaura Cross-Coupling of Esters

The ubiquitous nature of ester bonds attracted the interest of chemists for their synthetic
manipulation into useful products. In recent years, the direct use of aromatic esters in cross-coupling
reactions to form biaryls or ketones has been demonstrated as a promising area of research [20].
The selective cleavage of ester bonds offers significant advantages in multistep synthesis as they
are robust to a range of reaction conditions and can only be activated under specific conditions.
Although activation of aryl C-O bonds to form biaryls via decarbonylation is well-documented [43,44]
the corresponding synthesis of ketones is still in its infancy. In 2017, Newman, Houk and coworkers
reported the first-time utilization of aryl esters as acyl equivalents for the formation of ketones
(Scheme 13) [45]. The exceptional bulkiness of NHC ligand on the catalyst hindered the decarbonylation
step facilitating ketone formation over the well-known biaryl formation.
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o B(OH)2  pd(IPr)(cinnamyl)CI (3 mol %) %
K3POy4 (4.5 equiv.)
N o ~ R =
THF, H,0, 90 °C

30-95% Yield
30 examples

Scheme 13. Pd(IPr)(cinnamyl)Cl catalyzed Suzuki-Miyaura cross-coupling of aryl esters.

Optimization studies demonstrated the importance of well-defined pre-catalysts for successful
ketone formation (Table 1). When Pd catalysts in combination with excess ancillary ligand were
used, very low yield of the product was obtained (Table 1, entry 1-4). On the contrary, when the
metal to ligand ratio was decreased to the optimal 1:1 ratio, a substantial increase in the product
formation was observed (Table 1, entry 5). Further improvement was reported when a preformed
well-defined Pd(IPr)(cinnamyl)Cl was used as the catalyst, forming the cross-coupled product in
95% yield, highlighting the importance of well-defined pre-catalysts as compared to traditional
catalyst/ligand system (Table 1, entry 6).

Table 1. Optimization study for the Suzuki-Miyaura cross-coupling of aryl esters.

Pd catalyst (mol %)

0 B(OH)  Ligand (mol %) o
_Ph K3PO, (1.5 equiv.)
O + -
THF, H,O, 90 °C O O

Entry Pd Source (mol %) Ligand (mol %) Yield (%)

1 PA(OAC), (5) IPr-HCI (10) 11

2 Pd(dba); (5) IPr-HCl (10) 16

3 [Pd(ally])Cl], (5) IPr-HCl (10) 19

4 [Pd(cinnamyl)Cl], (5) IPr-HCI (10) 21

5 [Pd(cinnamyl)Cl], (5) IPr-HCI (5) 59

6 Pd(IPr)(cinnamyl)Cl (5) none 95

Very recently, as an improvement from their work on C(sp?)-C(sp?) cross-coupling of esters, the
Newman group reported a C(sp?)-C(sp>) cross-coupling of aryl esters with alkyl-BBN to form aryl-alkyl
ketones [46]. This reaction is particularly challenging, as alkyl boron reagents, in general, are reluctant
to undergo transmetallation relative to their aryl counterparts and the intermediacy of alkylmetal
species are prone to f-hydride elimination. However, the strong o-donation and bulky nature of NHC
in precatalysts, enabled the reaction to proceed to form ketones. On the contrary, when they employed
Pd-ancillary phosphine catalyst conditions, biaryls were formed via decarbonylation and reductive
elimination (Scheme 14).

(e}

_Ph
Pd(OAc), (5 mol %) o ) o
deype (10 mol %) Pd(IPr)(cinnamyl)CI (5_ mol %)
Ph KF (1.5 equiv.) Cs,C0;3 (1.5 equiv.) Ph
-
toluene, 160 °C * toluene, H,0, 60 °C
AN
64% Ph B@ 92%

Scheme 14. Suzuki-Miyaura coupling of aryl esters with alkyl-BBN.
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2.4. Pd(1y3-1-t-Bu-indenyl) (NHC)CI Pre-Catalysts in Suzuki-Miyaura Cross-Coupling of Esters

The Hazari catalyst, a highly active catalyst for amide bond cross-coupling, was also found to
be very effective in Suzuki-Miyaura cross-coupling of aryl esters. In 2017, Szostak and coworkers
reported the first room temperature Suzuki-Miyaura cross-coupling of esters by selective C-O bond
activation to give biaryl ketones (Scheme 15) [42]. Interestingly, only a small variation in the amount of
base from the conditions employed for amide cross-coupling enabled the cross-coupling of esters.

BOOH:2  pg(ipr)(indenyl)CI (3 mol %) i

- KoCO3 (7.2 equiv.
- 0 . R 2CO3 ( quiv.) 5 -
THF, rt

60-98% Yield
12 examples

Scheme 15. Suzuki-Miyaura cross-coupling of aryl esters catalyzed by Pd(indenyl)(IPr)Cl.

An advancement in the cross-coupling of aryl esters catalyzed by Pd(indenyl)(IPr)Cl was reported
by Hazari and coworkers (Scheme 16) [47]. The use of potassium hydroxide base allowed them to
develop even milder reaction conditions with lower catalyst loadings (1.0 mol %), and shorter reaction
times (6 h to 16 h).

Q BOOH):  py(ipryindenyl)Cl (1 mol %) 0
o Fh KOH (2 equiv.) O O
- . R - R -
4:1 THF/H,0, rt
32-91% Yield
14 examples

Scheme 16. Hazari protocol for the Suzuki-Miyaura cross-coupling of aryl esters catalyzed by
Pd(indenyl)(IPr)Cl using hydroxide bases.

3. Pd(ally)(NHC)CI Pre-Catalysts in Buchwald-Hartwig Amination of Amides and Esters

3.1. Pd(cinnamyl)(IPr)CI Pre-Catalyst for the Transamidation of Amides

The excellent reactivity of Pd(cinnamyl)(IPr)Cl pre-catalysts in amide C-N activation to form
acyl-metal species is highly significant, as it can potentially undergo cross-coupling reactions with any
nucleophile. In 2017, Szostak and coworkers realized the acyl-metal reaction with other nucleophiles
when they reported the first general method for Buchwald-Hartwig amination of acyl-metal species
with amines under Pd-NHC catalysis (Scheme 17) [48]. The protocol offered advantages in efficient
cross-coupling of both alkyl, aryl, and sterically hindered anilines. The method also showed a broad
scope with respect to both the amine and amide components.

0 NHz Pd(IPr)(cinnamyl)CI (3 mol %) o} R
N'Ph KoCO3 (3.0 equiv.)
' - N
R | + R" R’
Boc DME, 110 °C H

74-98% Yield
15 examples

Scheme 17. Pd(IPr)(cinnamyl)CI catalyzed transamidation of amides.

243



Molecules 2019, 24, 215

3.2. Pd(allyl)(IPr)CI Pre-Catalyst for the Transamidation of Esters

Newman and coworkers reported the first example of Pd-NHC catalyzed amide bond formation
directly from aryl esters and anilines. Similar to their observation in Suzuki coupling of aryl esters,
a well-defined preassembled NHC-ligated catalyst was essential, as separated components resulted
in reduced yields [45]. They found the use of a mild carbonate base and the presence of water
was essential for higher conversion, forming the transamidated product in good yields (Scheme 18).
The mildness of the protocol was showcased by the reaction of proline ester with anilines and the
aminated product was formed with minimal loss of enantiopurity.

NH2 - pg(ipryallyCl (3 mol %) H
oPh K,CO3 (1.5 equiv.) N
+ >
O\« toluene, HyO, 110 °C Q\« \©

82%, 96:4 e.r

Scheme 18. Pd(allyl)(IPr)Cl catalyzed amidation of proline esters.
3.3. Pd(indenyl)(SIPr)CI Pre-Catalyst for the Transamidation of Esters

Given the exceptional catalytic activity of Pd(indenyl)(IPr)(Cl) for Suzuki-Miyaura reactions
involving aryl esters, Hazari and coworkers also explored Buchwald-Hartwig amination of aryl esters.
Using 1 mol % of Pd(indenyl)(SIPr)(Cl) (SIPr = 1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene)
as the pre-catalyst, they were able to couple phenyl benzoate and aniline in essentially quantitative
yield at 40 °C, using a 4:1 H,O/THF solvent mixture (Scheme 19) [47]. They also found that the
coupling was highly sensitive to the ligand used, with SIPr affording the best yields, whereas other
NHC or phosphine ligands were ineffective.

NH,

Q Pd(SIPr)(indenyl)CI (1 mol %) ]

oh Cs,CO0; (2.0 equiv.)

R' + R" > N
4:1 H,O/THF, 40 °C H

R’

56-96% Yield
11 examples

Scheme 19. Pd(indenyl)(SIPr)Cl pre-catalyst for the Buchwald-Hartwig amination of aryl esters.
4. Pd-PEPPSI Pre-Catalysts in the Suzuki-Miyaura Cross-Coupling of Amides and Esters

The last two decades saw tremendous growth in the development of highly active,
generally applicable, and functional group-tolerant catalytic systems employing NHC ligands.
One highly active well-defined pre-catalyst system is Pd-PEPPSI (pyridine-enhanced pre-catalyst
preparation, stabilization and initiation), developed by the Organ group [49]. As Figure 1 illustrates,
Pd-PEPPSI catalysts found their use in various cross-coupling reactions, such as Suzuki-Miyaura,
Negishi, Kumada-Tamao-Corriu, and Buchwald-Hartwig aminations [50]. As with all the Pd-NHC
precatalysts, Pd-PEPPSI has two major components: The bulky NHC ligand, which contains strong
o-donor properties which help promote the oxidative addition, and the sterics aid reductive elimination.
The second component, the pyridine, often referred as a “throw away ligand,” aids not only in the
synthesis of pre-catalyst, but also increases the stability of the isolated complexes (Figure 3). The easy
synthesis, high stability toward air and moisture and the exceptional reactivity of Pd-PEPPSI complexes
led synthetic chemists to utilize these pre-catalysts in the cross-coupling of difficult and unreactive
electrophiles, such as amides and esters (vide infra).
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Figure 3. Well-defined Pd-PEPPSI pre-catalysts employed in the cross-coupling reactions.

4.1. Pd-PEPPSI Pre-Catalysts in the Suzuki-Miyaura Cross-Coupling of Amides

Szostak and coworkers were the first to report the use of Pd-PEPPSI pre-catalysts in
Suzuki-Miyaura cross-coupling of amides [51]. In agreement with high catalytic activity of in situ
generated Pd-NHC complexes, identical reaction conditions could be employed for the cross-coupling

of various destabilized amides (Scheme 20).

B(OH), 0
R, Pd-PEPPSI-IPr (3 mol%)
N2 4
R N R K,COa THF, R O 0 R"

60-110 °C
R4/R, = N-glutarimide 50-98% yield
R4/Ry = N-Ph/Boc 30 examples
R4/Ry = N-Ph/Ts

Scheme 20. Pd-PEPPSI catalyzed Suzuki-Miyaura cross-coupling of amides.

In accordance with the amide C-N bond destabilization, kinetic studies with N-glutarimide,
N-Ph-N-Ts, and N-Ph-N-Boc amides showed similar reactivity to their cross-coupling reactivity scale
with N-glutarimide being the fastest and N-Ph-N-Ts being the slowest [52]. The kinetic data between
Pd-PEPPSI and Pd(IPr)(cinnamyl)Cl precatalysts under identical conditions suggested tha while the
reaction rates of N-glutarimide and N-Ph-N-Boc amides were higher with Pd-PEPPSI, N-Ph-N-Ts
amides are shown to have faster reaction rates under Pd(IPr)(cinnamyl)Cl catalysis (Figure 4) [19].
The data is highly beneficial, as it provides a general idea for chemists to choose from both the catalyst

systems for different type of amides employed in cross-coupling reactions.
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Figure 4. Kinetic study displaying the conversion percentage over time of Pd-PEPPSI (left),

and Pd(IPr)(Cinnamyl)Cl (right) pre-catalysts. Activated amides used were N-Glutarimide (1a),
N-Ph-N-Ts (1b), and N-Ph-N-Boc (1c). Reprinted with permission from J. Org. Chem. 2017, 82,

6638—6646. Copyright 2017 American Chemical Society.

Very recently, Zou and coworkers reported the Suzuki-Miyaura cross-coupling of less reactive
N-alkyl-N-Ts amides with diarylborinic acids under Pd-PEPPSI catalysis (Scheme 21) [53]. The use of
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stable diarylborinic acids was advantageous, as it extended nucleophile counterparts in cross-coupling
reactions. Under otherwise standard reaction conditions of amide cross-coupling reactions, they were
successful in cross-coupling less reactive N-Me-N-Ts amides to form ketone products. Notably,
no reaction ensued under Pd/phosphine catalysis and only low Pd-PEPPSI catalyst loadings (1.0 mol %)
were needed, highlighting the high activity of Pd-NHC pre-catalysts. The protocol also offered a broad
functional group tolerance, with both electron donating and electron withdrawing groups on both
coupling partners.

o o
Me Pd-PEPPSI-IPr (1 mol%)
R ? + ALBOH) K2COj3 (3.0 equiv) - g Ar
S .
THF °C
165 71-97%
30 examples

Scheme 21. Pd-PEPPSI catalyzed Suzuki-Miyaura cross-coupling of amides with diarylborinic acids.

Zou and coworkers further advanced the Suzuki-Miyaura coupling of amides to form
alkyl ketones using trialkylboranes as coupling partners under Pd-PEPPSI catalysis [54].
Although Pd/phosphine catalysis proved ineffective, 5 mol % of Pd-PEPPSI was very effective in
transforming N-Me-N-Ts amides to form alkyl ketones (Scheme 22). Unlike the high-order arylboron
compounds, in which all the aryl groups react effectively, only one of the three primary alkyl groups in
alkylboranes could be used as alkyl source for the acyl alkylation.

0 Pd-PEPPSI-IPr (5 mol%) o
N,Me + BEt; K>,CO3 (2.0 equiv)
| MTBE, 60 °C
~o Ts ~
70-99%
20 examples

Scheme 22. Pd-PEPPSI catalyzed alkylation of N-Me-N-Ts amide.

Wang, Liu, and coworkers recently reported a new series of Pd-NHC pre-catalysts using
various N-heterocycles [55] as “throwaway ligands” with benzothiazole being the most effective
for the Suzuki-Miyaura cross coupling of N-succinimide amides (Scheme 23) [56]. Change in the
“throw-away ligand” was found to have a profound effect on the overall yield of the reaction,
with benzothiazole ligand outperforming traditional 3-chloro pyridine ligand.

o o B(OH):2  pd-NHC (3 mol %) o
N . Na,CO3; (2.0 equiv.) _
toluene, 80 °C
o]
Pr [/\ Pr Pr //—\ 'Pr. Pr [/—\ 'Pr.
N N—& 5N N— & N N— G
'Pr ’P?Q @;r T’P?Q 'Pr 'Pr
Cl—pd'-CI CI—IIDd”-CI Cl—pd'-CI
g Dy
NS Cl X NS
Yield: 85% X=0,41% 51%
X=S§,96%

Scheme 23. NHC-Pd(II) catalyzed acylative Suzuki-Miyaura cross-coupling of amides.
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4.2. Pd-PEPPSI Pre-Catalysts in the Suzuki-Miyaura Cross-Coupling of Esters

Pd-PEPPSI pre-catalysts were also found to be effective in catalyzing the cross-coupling of esters.
In most cases, the reactivity was comparable to that of [Pd(IPr)(cinnamyl)Cl]. Szostak and coworkers
reported a direct Suzuki-Miyaura cross-coupling of aryl esters under Pd-PEPPSI catalysis and found
that the rates were similar to those reported for the cross-coupling of N-Ph/Boc, and N-Ph/Ts amides
under identical reaction conditions (Scheme 24) [57].

o B(OH), o
Pd-PEPPSI (3 mol %)
o Ph K,CO5 (4.5 equiv) ,
R * =R
THF, 80 °C
R"

R"
68-98%
20 examples

Scheme 24. Pd-PEPPSI catalyzed Suzuki-Miyaura cross-coupling of aryl esters.

To further advance cross-coupling of esters, and to find a more general method, Szostak and
coworkers reported a water assisted Suzuki-Miyaura cross-coupling of aryl esters at room temperature
(Scheme 25) [58]. They demonstrated that the addition of water (5.0 equiv) was able to facilitate
the reaction under very mild reaction conditions with only 1 mol % catalyst loading and at
room temperature.

o ® Pd-PEPPSI (1 mol %)
- oh, KoCOs (3.0 equiv) - O O
THF, H,0, 80 °C
R" R
50-98%
15 examples

Scheme 25. Water assisted, Pd-PEPPSI catalyzed Suzuki-Miyaura coupling of esters.

To elucidate the role of water additive, they subjected the Pd-PEPPSI pre-catalyst under optimized
reaction conditions without the coupling partners to observe the formation of hydroxide dimer,
[Pd(u-OH)CI(IPr)]; in appreciable 32% yield (Scheme 26).

Jpr //\ P Dlpp
NN (
@; T,:Q K,CO3 (100 equiv) A / \ / Di
) H,0 (0.9 mL) P
Cl—li“‘d —cl : - DIPP / \ / Y
! THF, rt J
’
X | Cl Dlpp
[Pd(u-OH)CI(IPT)],
Pd-PEPPSI-IPr 32% yield

Scheme 26. Synthesis of Pd(II) hydroxide dimer formation from Pd-PEPPSI.

They also performed kinetic studies to probe the catalytic activity of preformed dimer and
observed faster reaction rates compared to the Pd-PEPPSI conditions. Notably, negligible product
formation in the absence of water additive indicated the importance of Pd-hydroxide dimer formation
prior to the reduction of Pd(II) to active Pd(0) species (Figure 5). This protocol has also allowed the
first achievement of a TON > 1000 in the Suzuki-Miyaura cross-coupling of aryl esters.
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o B(OH), Pd-PEPPSI (3.0 mol %) 0
bh K>CO3 (3.0 equiv)
- H,O i
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Figure 5. Kinetic profile of aryl ester cross-coupling under Pd-PEPPSI catalysis Reprinted with
permission from Adv. Synth. Catal. 2018, 360, 1538-1543. Copyright © 2018 John Wiley and Sons.

Very recently, while preparing this manuscript, Szostak and coworkers reported Suzuki-Miyaura
cross-coupling of esters using pentafluorophenyl substituents. Although the reported method was
primarily focused on the utilization of traditional Pd-ancillary phosphine catalysis, the high catalytic
activity of Pd-PEPPSI catalysts allowed them to use even milder conditions with better yields [59].

5. Pd—PEPPSI Pre-Catalysts in Buchwald-Hartwig Amidation of Esters and Amides

Szostak and Shi also reported the first Pd-PEPPSI catalyzed Buchwald-Hartwig amination
of phenyl esters and activated amides. In their work, they reported the chemo-selective acyl
C-O/C-N amination with anilines using the Pd-PEPPSI pre-catalyst [60]. Phenyl esters, N-Ph-N-Boc,
and N-Ph-N-Ts amides were successfully converted to amides with excellent yield. However,
conditions reported were harsher than conditions reported for ketone synthesis (Scheme 27).

J_pn
R™ 0 NHz  py.PEPPSI (3 mol%) o /@
. R'
. . KOs (3.0 equiv) )LN
H

DME, 110 °C

50 to 97% yield
R N 25 examples

Scheme 27. Pd-PEPPSI catalyzed Buchwald-Hartwig amination of amides and esters.
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6. Palladium(II)/N-Heterocyclic Carbene-Catalyzed Direct C-H Acylation of Heteroarenes with
N-Acylsaccharins

Following up on the work from the Szostak group, Gandhi and coworkers reported the use of
pyrene based Pd-PEPPSI catalysts (Figure 6) with wingtip substituents, such as Ar/alkyl and alkyl
groups for the cross-coupling of N-acylsaccharin amides with azoles and azole derivatives [61].

QB*Q 3 st\ st\ Q*B*C

Figure 6. Pyrene based Pd-PEPPSI catalysts employed in the cross-coupling reactions.

N-acyl saccharin, a commonly used twisted amide, was used to accomplish the difficult cross
coupling reactions incorporating amide bond cleavage and C-H activation reactions. The work focused
on the cross-coupling of N-functionalized saccharins with benzoxazole and its derivatives through
a C-H activation process (Scheme 28). Not surprisingly, other activated amides such as N-aryl-N-Ts
were found ineffective, resulting in no product.

Pd-PEPPSI-(pyrene)(Bn)Br,

0 O (5 mol%) O O
@: /> + /N—< - > />'—<
N IS Ar EtsN (1,5 equiv), N Ar

R 17, 0, R1
1 o © DMAP (10 mol%),
MeCN, 65 °C 45-78% yields
26 examples

Scheme 28. Pd-PEPPSI-pyrene pre-catalysts in the C-H acylation of benzoxazole.
7. Conclusions

In summary, the use of well-defined Pd(II)-NHC pre-catalysts offers significant advantages
over the traditional approach of adding extra ligand to standard Pd catalysts. In the past few
years, these catalysts were found to be exceptional in enabling the cross-coupling reactions of
amides and esters via C-N(O) bond activation to form ketones and amides. The easy preparation,
commercial availability, and stability toward air and moisture of the pre-catalysts facilitate the
development of operationally simple and practical cross-coupling methods. The strong o-bond
donating nature of NHC ligands increases the reactivity of Pd center toward oxidative addition
of difficult electrophiles, such as amides and esters, increasing the scope and generality of the
cross-coupling reactions. Further exciting developments are expected in this relatively new area
of employing amides and esters as acyl electrophiles, with recent breakthroughs enabled by
Pd(II)-NHC catalysis.
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Abstract: The addition of amide/sulfonamide bonds to alkynes is not only one of the most
important strategies for the direct functionalization of carbon-carbon triple bonds, but also a
powerful tool for the downstream transformations of amides/sulfonamides. The present review
provides a comprehensive summary of amide/sulfonamide bond addition to alkynes, including
direct and metal-free aminoacylation, based-promoted aminoacylation, transition-metal-catalyzed
aminoacylation, organocatalytic aminoacylation and transition-metal-catalyzed aminosulfonylation
of alkynes up to December 2018. The reaction conditions, regio- and stereoselectivities, and
mechanisms are discussed and summarized in detail.

Keywords: amide bond; sulfonamide bond; alkynes; addition reaction; aminoacylation;
aminosulfonylation

1. Introduction

The addition of atom-atom bonds to alkynes has become an important strategy for the
functionalization of carbon—carbon triple bonds [1-16]. These intermolecular and intramolecular
addition reactions provide a facile and efficient access to highly functionalized alkenes and cyclic
compounds, respectively, in a high atom- and step-economic manner. Considering the large
occurrence of amide/sulfonamide motifs in natural products and pharmaceutical agents, the
addition of amide/sulfonamide bonds to alkynes, namely aminoacylation/aminosulfonylation of
alkynes, is particularly important. Because they allow the direct downstream transformations of
amides/sulfonamides by the insertion of carbon-carbon triple bonds into the amide/sulfonamide
bonds, they thus produce more complex and skeletally different addition molecules (Scheme 1).
In addition, the aminoacylation/aminosulfonylation of alkynes also constitutes a tool for the structural
modification of compounds carrying amide/sulfonamide bonds, especially for peptides, which are
an important class of drugs used in the clinic [17-19]. Besides, amide/sulfonamide bond addition to
alkynes, which constructs one C-C/S and one C-N bond in a single step featuring high atom- and
step-economy, is in accordance with the concept of “green and sustainable chemistry”.

It should be noted that the addition of amide/sulfonamide bonds to alkynes has not been
reviewed before. Moreover, amide/sulfonamide bond addition to alkynes has achieved many
important developments in recent decades, especially in transition-metal-catalyzed and organocatalytic
processes. Therefore, a review focused on the aminoacylation/aminosulfonylation of alkynes
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would enrich the knowledge of synthetic chemists who are interested in amide/sulfonamide
bond activation. The aim of the present review is to provide a systematical and comprehensive
summary on the addition of amide/sulfonamide bonds to alkynes, including direct and catalyst-free
aminoacylation, based-promoted aminoacylation, transition-metal-catalyzed aminoacylation,
organocatalytic aminoacylation, and transition-metal-catalyzed aminosulfonylation of alkynes up to
December 2018. We hope this review will serve as a handy reference for chemists interested in the
addition of amide/sulfonamide bonds to alkynes, and will encourage further developments in this
field in overcoming the remaining challenges.

: 2 o "
Yo .R - _
R N 2 . H . Ri—Y, B N-R3

R
* Rs R, Rs
1(Y =C, S=0) 2 3

Scheme 1. The addition of amide/sulfonamide bonds to alkynes.

2. Addition of Amide Bonds to Alkynes

2.1. Direct Addition of Amide Bonds to Alkynes without Catalysts and Additives

The first example of amide bond addition to alkynes was a catalyst- and additive-free process as
reported by Ege’s group in 1976 [20]. They found the treatment of active 2-phenylpyrazolidin-3-ones 4
with dimethyl acetylenedicarboxylate 5 in CH3CN under reflux led to the formation of the interesting
ring expansion products 1,2-diazepin-5-ones 6, albeit with unsatisfactory selectivities and yields
(Scheme 2). The main byproducts of this reaction were the cis- and trans- Michael-type addition
products. Besides, this transformation was strongly influenced by the solvent used. Polar but nonprotic
solvents such as acetone and acetonitrile gave the best results while few products were obtained
in protic solvents such as ethanol. Similar results were also observed in Svete and Stanovnik’s
research on the addition reactions between 5,5-dimethyl-2-(1H-indenyl-2)-3-pyrazolidinones 7 and
acetylenedicarboxylates 8 (Scheme 3) [21]. A plausible reaction mechanism was outlined in Scheme 4.
The Michael addition of N1 of the pyrazolidinones to acetylenedicarboxylate generates the carbanionic
intermediate 11, which attacks the carbonyl group across the ring to give the bicyclic amino-acetal
intermediate 12. The following ring opening of 12 affords the zwitterionic intermediate 13, which
undergoes ring expansion to produce the addition products 6.

R, Rs CO,Me R, N8
R . | | CH3CN, reflux R4
e M
HN~p © 1-5d HN,  / COMe
bh CO,Me o COMe
4 5 6, 25-56%
O (0] O
N, ) COzMe HN‘N /) —CO:Me HN‘N /) —CO2Me
N
P CO,Me P CO,Me PH CO,Me
56% 25% 34%

Scheme 2. Insertion of 2-phenylpyrazolidin-3-ones into amide bonds.
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Scheme 3. Catalyst- and additive-free amide bond addition to alkynes.

R, Rs R, Rs
o N5 SO |‘)9) CO,Me
MeO,C s~ N-N H-NZy R, y 2
\ bh MeO,C—( b, I;z N
C come T H CoMe
Hhle MeO,C 1 12
R, Rs 0o R3 CO,Me
Ri COMe =~ o)
HN\N / oMe R; H,N\ ) CO,Me
I CO,Me N
Ph \
13
6 Ph

Scheme 4. Proposed mechanism for the insertion of 2-phenylpyrazolidin-3-ones into amide bonds.

In contrast, Hanack’s group developed a more general and practical addition of amide bonds to
carbon—carbon triple bonds without any catalysts and additives in 1989 [22]. Amides 15 were directly
added to alkynyl trifluoromethyl sulfones 14 to afford the cis-adducts 16 with excellent regioselectivity
and good yields, despite the fact that a long reaction time was required (Scheme 5). This protocol
showed advantages such as simple operation, broad substrate scope, and the avoidance of metals and
additives. A plausible mechanism was proposed in Scheme 6. The Michael reaction of nitrogen atom of
the amides to alkynyl trifluoromethyl sulfones yields a zwitterion 17, which undergoes cyclization to
form intermediate 18. The subsequent rupture of the carbon—nitrogen bond of 18 gives the products 16.
The regio- and stereoselectivity observed in this reaction could be well explained by this mechanism.

o R;  SO,CF;
R 12d —
RI—==-80LCF; * Ry N"° ———— R;-N R,
Rs Ry O
14 15 16, 19-85%
SO,CF3 SO2CFs SO,CFy
N H—H N H N
\ 4 ( o /N 4
o
50% 60% 50%

Scheme 5. Direct aminoacylation of alkynyl trifluoromethyl sulfones.
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Scheme 6. Proposed mechanism for the direct aminoacylation of alkynyl trifluoromethyl sulfones.

What seems particularly interesting is the addition of 1,1’-carbonyldiimidazole (CDI) 19
to alkynoic acids 20 with the release of CO,, as reported by Knolker and co-workers in 1993
(Scheme 7) [23]. This reaction proceeded well under mild conditions to provide the E-adducts 23
in moderate yields. The reaction of CDI 19 with alkynoic acids 20 generated intermediate 21 and
imidazole 22 with the release of CO,, and the subsequent addition of the imidazole 22 to the electron
deficient alkyne 21 stereoselectively produced the products 23.

o o H R O
PR NN oo onop [R—=—A . _y . )\KMN/\\
N WL T / NN N N
_ — < N, &/N = H —
° -
19 20 (tequiv) © O 4N 21 22 R =H, 232 58%

R = Me, 23b: 55%

Scheme 7. Direct addition of 1,1’-carbonyldiimidazole to alkynes.
2.2. Base-Promoted Addition of Amide Bonds to Alkynes

In 1987, Suzuki and Tsuchihashi disclosed a sequential process for the preparation of enaminones
27 through the insertion of lithium (triphenylsilyl)acetylide into amides (Scheme 8) [24]. Acyclic
amides reacted smoothly to give the E-enaminones in high yields, while lower yields of the desired
ring expansion products were obtained when cyclic amides were used as the substrates. It is worth
noting that the triphenyl group on silicon was essential for the transformation as other silylacetylides
failed to give the enaminone products. The possible reaction pathway may involve the initial formation
of the silylalkynone, the subsequent Michael addition of in situ-formed lithium amide and the
final protiodesilylation.

H—==—SsiPh,
24
n-BuLi
0 (@] H
)J\ _ ) Method A or B P R
R; N2+ Li—==—SiPh; Ry N’ 2
|
R3 H Rs
25 26 (1.25 equiv.) 27, 28-82%
H o H
o H o H {_n
\/OTOT)%N N—
H N~
Method A: 82% Method B: 70% Method B: 42%

Scheme 8. The insertion of lithium (triphenylsilyl)acetylide into amides. Method A: THE, —45 °C, 5 h,
then quenching with MeOH. Method B: BF3-OEt; (1.2 equiv.), THF:Hexane = 1:5 (v/v), —45 °C, 5 h,
then quenching with 50% aqueous TFA.

Subsequently, Jeong et al. successfully realized the addition of Weinreb amides 29 to the
carbon—carbon triple bond of trifluoropropynyl lithium 30 in a one-pot two-step pathway [25-27],
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providing a Z/E mixture of (B-trifluoromethyl enaminones 34 in moderate yields (Scheme 9).
It should be noticed that an excessive amount of trifluoropropynyl lithium was required to consume
Weinreb amides completely. The reaction temperature had a decisive impact on the outcome of
this transformation since quenching the reaction with H,O at room temperature failed to give the
enaminones but gave recovery of Weinreb amides. Besides, the use of N,N-dimethylbenzamide instead
of N-methoxy-N-methylbenzamide under optimal conditions did not provide the desired product
at all, only the recovery of starting material. This indicated that the N-methoxy group in Weinreb
amides played an indispensable role in this reaction. The proposed mechanism involved the key
intermediate 31, which was formed from the addition of trifluoropropynyl lithium with Weinreb
amides. Then 31 was quenched by H,O to give the ynone intermediate 32, which rapidly reacted with
N-methoxy-N-methylamine 33 generated from the reaction to give the products 34. The N-methoxy
group in Weinreb amides was essential because the oxygen could coordinate with the lithium cation to
stabilize the key intermediate 31. Particularly, the fact that trapping 31 with trimethylsilyl chloride
afforded the corresponding siloxane derivative in a high yield further demonstrated the mechanism.

F:C——=——H
28
n-BuLi
THF
o -78°C Fs.C H
g - THF H,0 =
R-ONON + FC—=—Li O-N R
| -78°C 0°C /N 9
29 30 (4 equiv.) R = Ph, 34a: 68%

R = Me, 34b: 42%

O-Li H,0 o
FiC—A ' E — PN
R N-0 F3CT/<R + HN
31 32 33

Scheme 9. Addition of Weinreb amides to trifluoropropynyl lithium.

Soon afterwards, the group of Nielsen reported the insertion of sodium acetylide of ethyl
propynoate 35 into Weinreb amides 29 to produce the 1,2-addition products 37 as the major products
(Scheme 10a) [28]. The selectivity of the 1,2-addition products 37 over 1,1-addition products 38
depended on the R group of the Weinreb amides. Substrates with bigger R substituents showed
higher selectivity than those with smaller ones. For example, substituents such as phenyl showed
excellent selectivity, providing the 1,2-addition adduct as the single product in high yield. However,
substrates carrying bulky substituents such as tert-butyl or 2,4-dimethoxyphenyl did not undergo this
transformation. Notably, the tertiary enaminones 37 preferentially adopted E-geometry in all cases,
suggesting the 1,2-addition reactions proceeded in a highly trans-selective manner. In addition, the
[-enaminoketoesters 37 were employed by the authors to react with hydrazines 39 under microwave
irradiation to construct pyrazoles 40 through a regioselective cyclocondensation (Scheme 10b).
Similarly, Choudhury’s group reported a one-pot sequential process consisting of nucleophilic
substitution of the lithiated acetylides with Weinreb amides, and a following Michael reaction
of the extruded N-methoxy-N-methylamine to a carbon-carbon triple bond after quenching with
saturated NH4Cl, producing the E-fB-enamino ketones 43 as the single geometrical isomer in high
yields (Scheme 11) [29].
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H—==—CO,Et
35
NaHMDS
THF, -78 °C
(a)
o O COEt O COyEt
THF aqueous HCI _
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| -78°C -40°C oo ~o N~
29 36 (2 equiv.) 37, 0-96% 38, 0-36%

R = Me, 37a, 31%; 38a, 33% R = Ph, 37e, 96%; 38e, 0%

R = Et, 37b, 41%; 38b, 34% R = 4-NO,-CgHy, 37f, 75%; 38f, 0%
R =Bn, 37c, 44%; 38c, 30% R = 4-MeO-CgH,, 379, 72%; 389, 0%
R = j-Pr, 37d, 52%; 38d, 36% R =2,4-Cl,CgH3, 37h, 60%; 38h, 0%

(b) R
O  COEt RN
CDCI y
RN T’o\ + RNHNH, ———° o LN
100°C, 2 h
H i CO,Et
37 39 (1.2 equiv.) 40, 42-94%

Scheme 10. (a) Insertion of sodium acetylide of ethyl propynoate into Weinreb amides. (b) Synthesis
of pyrazoles employing 3-enaminoketoesters.

0 R,
) THF NH,CI
R1)J\N'O\ + L—R, R1)J\%\T/O\
H

| -10~10°C  -10~10°C

41 42 (1.02 equiv.) 43, 65-93%
THP THP
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N NZ NN A\ On
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86% 93% 65%
0 COMe o) OAc o Ph
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Lo | |
cl cl H cl H
77% 83% 85%

Scheme 11. One-pot sequential transformation of Weinreb amides to enamino ketones.

Very recently, Li and co-workers reported the addition of the amide bond of imides 45 to the
carbon—carbon triple bond of alkynones 44 under basic conditions (Scheme 12) [30]. This addition
reaction proceeded smoothly with the addition of a base such as K,COj3; in DMSO at high
temperature, affording the corresponding tetra-substituted enamides 46 in good yields. Although
this transformation suffered from unsatisfactory stereoselectivities, excellent regioselectivities were
observed. The acyl group and amide group were dominantly located at the x-position and
-position of the carbonyl, respectively. Interestingly, in the reactions of alkynones 47 bearing an
ortho-bromo-substituted aryl ring, highly functional chromones 48 were selectively formed in good
to high yields via the O-cyclization pathway (Scheme 13). Control experiments showed that the
base played an important role. It could deprotonate the imides 45 to form a nitrogen anion, which
undergoes a Michael-type addition to the alkynones 49 to produce the anion intermediate 50. Then
intermediate 50 undergoes an intramolecular nucleophilic addition/ring-opening sequence to provide
intermediate 52. Hydrolysis of intermediate 52 generates enamides 46 (X = H), or imine—enamine
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tautomerization of intermediate 52 followed by nucleophilic aromatic substitution (SyAr) to give the
chromones 48 (X = Br) (Scheme 14).

o _ o R o
o j)\ K,COj3 (2 equiv.) J\
T
Ry X R + Ra)J\N R3 Rﬁ@)ﬂf” R3
2 H DMSO, 130 °C, 1-4 h 0 R,

44 45 (2 equiv.) 46, up tp 85%

80% 64% 67% 58%

Scheme 12. Addition of imides to alkynones promoted by K,COj to synthesize enamides.

o 0 R, )OL
o O K,CO3 (2 equiv.) N
7S N + P R N R
R L SNy Ry N7 Rs U
Br 2 H DMSO, 130 °C, 1-3.5 h 0" "Rs

45 (2 equiv.)

_ Re
Q) S~o
R [
X/ )\
\\R
51
R3
o inNo
R& Y R,
XS0
AT

Ry
Scheme 14. Proposed catalytic cycle for the addition of imides to alkynones promoted by K,CO3.
Soon afterwards, Li and co-workers presented the insertion of alkynones 53 into the amide bond

of amide 54 promoted by Cs,COj3 (Scheme 15), providing the functionalized enaminones 55 with high
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stereoselectivity and excellent regioselectivity [31]. It should be noted that the combination of Cs,CO3
and 1,10-phenanthroline hydrate (Phen-H,O) is essential to obtain good yields in a short reaction
time. The authors hypothesized that 1,10-phenanthroline hydrate may act as a metal ion chelator,
which increased the basicity of Cs,COj3 to accelerate the reaction. Similarly, 3-carbonyl-4-quinolinones
58 were selectively formed via a subsequent N-cyclization pathway in the cases of alkynones 56
bearing an ortho-bromo-substituted aryl ring (Scheme 16). The proposed reaction mechanism is
outlined in Scheme 17. The Michael-type addition of amides 57 to alkynones 59 under basic conditions
yields an allenol intermediate 60. The subsequent intramolecular nucleophilic addition gives a highly
reactive cyclobutenol intermediate 61, which undergoes ring opening to produce a formal alkyne
insertion intermediate 62. Then intermediate 62 undergoes imine-enamine tautomerization to provide
intermediate 63, which undergoes a nucleophilic aromatic substitution (SyAr) to afford the quinolinone
products 64 (Y = Br). In contrast, the protonation of intermediate 62 or 63 leads to the formation of the
enaminone products 65 (Y = H).

R4
Cs,CO3 (3 equiv.)
Phen- H20 (0.5 equiv.)
6 toluene, 150 °C, 7-24 h

(1 equiv.)

Q ' 0 R
o Cs,CO;3 (3 equiv.)
Ry-L = A . )L R Phen-H,0 (0.5 equiv.) R x ‘ o
(> Ry R ONTH - - T
X~ Br N X" NTR,

toluene, 150 °C, 4-17 h !

Scheme 16. Insertion of alkynones into amides to synthesize quinolinones promoted by Cs,COs5.

260



Molecules 2019, 24, 164

Scheme 17. Proposed reaction mechanism for the insertion of alkynones into amides promoted by Cs,CO3.
2.3. Transition-Metal-Catalyzed Addition of Amide Bonds to Alkynes

In 2004, Yamamoto's group reported the platinum catalyzed synthesis of highly functional indoles
through an intramolecular amide C-N bond addition to alkynes with the [1,3]-migration of acyl groups
(Scheme 18) [32]. PtCl, showed the highest catalytic activity compared with other platinum catalysts
such as PtCl,(CH3CN),, PtBr,, and Pt(PPhg)s. Various ortho-alkynylanilides 66 bearing diverse alkyl
or aryl groups at R; could be converted into the corresponding indole products 67 with good to high
yields with PtCl,. Notably, a variety of acyl groups could undergo intramolecular [1,3]-migration
to give 3-acyl-indoles 67. The main drawback of this method is that the desired products 67 are
together with deacylated byproducts 68 in most cases. Based on the results of deuterium-labeling
experiments and crossover experiments, the authors proposed a catalytic cycle of this intramolecular
aminoacylation of alkynes. As shown in Scheme 19, coordination of alkyne moiety to PtCl, yields the
m-complex 69, followed by nucleophilic attack of nitrogen to the alkyne, affording the zwitterionic
intermediate 70. An intramolecular [1,3]-migration of the acyl group then gives intermediate 71, which
affords the product and regenerates the catalyst. The 3-deacylated byproducts 68 may attribute to the
deacylation which takes place through the protonolysis of the C-Pt bond of intermediate 70.
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Scheme 18. PtCly-catalyzed intramolecular aminoacylation of alkynes.
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Scheme 19. Proposed catalytic cycle of PtCly-catalyzed intramolecular aminoacylation of alkynes.

Encouraged by the excellent catalytic performance of platinum catalysts towards the
intramolecular aminoacylation of alkynes, Nakamura’s group further studied similar reactions
using ortho-alkynylphenylureas or ortho-alkynylphenyl carbamates as substrates (Scheme 20) [33].
The reactions of ortho-alkynylphenylureas 72 having a carbamoyl group attached to the nitrogen atom
proceeded successfully under the catalysis of Ptly, providing the desired indole-3-carbamides 73 in
moderate to high yields along with the 3-protonated byproducts 68. Interestingly, ortho-alkynylphenyl
carbamates 74 could be converted into the corresponding indole-3-carboxylates 75 in good yields
without the generation of 3-protonated byproducts 76. The authors proposed a similar mechanism to
that of Yamamoto’s group [32]. They assumed the generation of the 3-protonated byproducts 68 in the
reactions of ortho-alkynylphenylureas 72 may be attributed to protodemetalation of intermediate 78 by
a proton from the methyl moiety of intermediate 79, which was extruded in the reaction (Scheme 21).
Notably, this work proved that amide and ester groups could be used as the migrating groups, thus
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providing an efficient method to synthesize indole-3-carbamides/carboxylates which could not be
prepared via Friedel-Crafts electrophilic substitution into the C3-position of the indole ring.

R4
@% Ptl, (10 mol%) ©j§ m
Ko

EA, 100 °C, 2-48 h

R
72 2 73 (up to 83%) 68 (up to 56%)
= n-Pr
@% PtCl, or PtCl, (10 mol%) m
ITJJ\OR EA, 100 °C, 14-16 h
74 6 (not detected)

R = Me, 75a: 74%
R= Ph, 75b: 80%

Scheme 20. Platinum-catalyzed intramolecular carboamination.

_ H
[P P %
—_— R
Clyee, — |y D
N

N,Rz N o \
/zf N \ ¢ 0 68
77 ® g, t
79 HoC R
— — 2 + 2
80

Scheme 21. Proposed pathway for the generation of 3-protonated byproducts.

In 2007, Nakamura’s group revealed that PdBr, could also catalyze the intramolecular amide
C-N bond addition to alkynes (Scheme 22), affording the indole adduct 82 from ortho-alkynylanilide
81 in 52% yield [34]. Encouraged by the catalytic performance of PdBr; towards the intramolecular
aminoacylation of alkynes, Liu’s group further screened a series of palladium complexes. They found
that PdCl,(CH3CN), showed excellent catalytic activity (Scheme 23) [35]. Substrates 83 with
alkyl/aryl groups at R; furnished the corresponding products 84 in good to excellent yields.
The protocol was also compatible with substrates 83 bearing electron-donating substituents, halides,
and electron-withdrawing substituents at Ry, which produced the corresponding products 84 in high
yields. In addition, the reactions of substrates 83 with different alkyl substituents at R3 also took place
smoothly, providing the desired products 84 in high yields. More importantly, various acyl and amide
groups could migrate smoothly and be conveniently introduced at the C3-position of indoles.

o)
=
Z PdBr, (10 mol%) {
Nighaoyd toluene, 80 °C r}
o)\ o)
\
81 82, 52%

Scheme 22. PdBr;-catalyzed intramolecular aminoacylation of alkynes.
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Scheme 23. PdCly(CH3CN),-catalyzed intramolecular aminoacylation of alkynes.

Subsequently, Liu and coworkers further extended their palladium catalytic system to the
synthesis of 3-diketoindoles 86 from ortho-alkynyl-N-a-ketoacylanilines 85 via the intramolecular
amide bond addition to alkynes (Scheme 24) [36]. Notably, this addition reaction proceeded smoothly
to give the high functional 3-diketoindoles 86 with the [1,3]-migration of a-ketoacyl groups, which
were used as migrating groups for the first time. Compared with previously reported protocols
such as Friedel-Crafts acylation [37], Glyoxylation/Stephens—Castro coupling sequence [38], and the
oxidative cross-coupling of indoles [39-41], which achieved the synthesis of 3-diketoindoles through
the modification of the indole ring, but suffered from poor selectivity, operational complexity, the
requirement of strict exclusion of moisture, limited substrate scope and low atom economy, this new
method successfully prepared 3-diketoindoles via the construction of an indole ring with valuable
features such as operational simplicity, high atom economy, broad substrate scope and high yields.
Interestingly, a 3-diketoindole dimer 88 was synthesized in a high yield when substrate 87 was
subjected to the optimal reaction conditions (Scheme 25). Finally, the authors proposed a reaction
mechanism which is similar to that proposed by Yamamoto’s group [32].
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Scheme 24. PdCl,(CH3CN),-catalyzed synthesis of 3-diketoindoles via the intramolecular amide bond
addition to alkynes.
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Scheme 25. PdCl,(CH3CN),-catalyzed synthesis of 3-diketoindole dimer via the intramolecular amide
bond addition to alkynes.

Ruthenium complexes were also found to be efficient catalysts for the intramolecular amide bond
addition to alkynes, as was reported by Li’s group in 2012 (Scheme 26) [42]. Their study showed that
[RuCl,(p-cym)], displayed the highest catalytic activity, with which ortho-alkynylanilides 83 could
undergo intramolecular annulation through amide bond addition to the alkyne moiety to synthesize
highly functional indoles 84. A variety of substrates 83 carrying diverse functional groups such as
olefin, ester, aldehyde were well tolerated and could be converted into the corresponding indole
products 84 in moderate to high yields. Despite the fact that a longer reaction time was required
compared with platinum or palladium catalytic systems, it is worth noting that no 3-deacylated indoles
were observed in all examples. However, the main shortcoming of this method is that unsatisfactory
yields were obtained when bigger acyl groups such as acetyl were employed as the migrating groups.
Based on the mechanistic study results with deuterium-labeling experiments, the authors hypothesized
that the reaction mechanism may involve the complexation of substrates with ruthenium catalyst, the
subsequent oxidative addition of ruthenium catalyst across the amide bond, the following addition
of the N-Ru bond to carbon—carbon triple bonds, and the final reductive elimination to produce the
products and regenerate the catalyst (Scheme 27).
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Scheme 26. [RuCl,(p-cym)], catalyzed intramolecular aminoacylation of alkynes.
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Scheme 27. Possible mechanism of [RuCl, (p-cym)], catalyzed intramolecular aminoacylation of alkynes.
2.4. Addition of Amide Bonds to Alkynes through Organocatalysis

In addition to the metal-catalyzed processes, methods utilizing organocatalysis, which feature
advantages such as low cost, environmental economy, and the avoidance of metal contamination,
have also been developed in recent years. What seems particularly interesting is the insertion of an
electron-deficient alkyne 5 into the amide bond of an acyl-onio salt 92 (Scheme 28), as reported by
Weiss and Huber [43]. This reaction could be achieved in the presence of a catalytic amount of small
organic molecules such as PPh; or DMAP, providing the desired p-oniovinylation products 93 in
good yields. The stereochemistry of this process depends on the reaction conditions, preferentially E-
or Z-stereochemistry was observed, and the Z-isomer is the thermodynamically more stable isomer.
More importantly, the onio substituent in the products 93 could be selectively replaced by a number
of nucleophiles, such as anilines, phenols, and thiophenols, to prepare Michael systems with donor
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functions in the -position, which could be further converted into quinolones, thiochromones, and
pyrazoles by intramolecular cyclization. The authors proposed a catalytic cycle for this organocatalytic
process. Taking the transformation catalyzed by PPhs as the example (Scheme 29), the conjugate
addition of PPhj to alkyne 5 produces the zwitterionic intermediate 94, which attacks the electrophilic
carbonyl center of 92 to provide intermediate 95 with liberation of 4-dimethylaminopyridine (DMAP).
Then intermediate 95 reacts with the liberated DMAP to give the products 93 and regenerates
the catalyst.

PPh; (2.3 mol%)

0 o DMAP (grs 19%) §  GoaMe
. .8 mol% ~
p@\ + MeO,C—==—CO,Me — > RN
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Scheme 28. The addition of amide bonds of acyl-onio salts to alkynes through PPhz or
4-dimethylaminopyridine (DMAP) organocatalysis.
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Scheme 29. Proposed catalytic cycle for the addition of amide bond of acyl-onio salts to alkynes.

Recently, Doi’s group reported an example of amide addition to alkynes through tertiary amine
organocatalysis (Scheme 30) [44]. They found that o-alkynoylaniline derivatives 96 could undergo
intramolecular aminoacylation of the carbon-carbon triple bonds successfully under the catalysis of
9-azajulolidine (9-A]) to afford the 3-acyl-4-quinolinones 97 in moderate to good yields with excellent
regioselectivity. Notably, a variety of acyl groups including ester groups could act as migrating
groups to be transferred to the C3-positon of the quinolinones. Particularly, the synthesis of pyrrolyl
4-quinolinone alkaloid, quinolactacide, and its analogues were successfully achieved by the authors
employing this organocatalytic process. Finally, a plausible reaction mechanism was outlined in
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Scheme 31. 1,4-addition of 9-A] to substrates 96 takes place at first, and the subsequent nucleophilic
attack of the resulting anion to the acyl group provides intermediate 98, which could be converted into
the intermediate 99. Then the acyl group in allenolate 99 could be transferred to the C3-position, thus
leading to the formation of enone 100, which undergoes 6-endo cyclization to provide the products 97
with the regeneration of 9-AJ.

OMe

Boc
I:lBoc rL 0 R
; ¥
X_Ph 5
| R
o O X~ Ph
100 98 X=9-A
(0] R
Y +
NBoc X
@[/Ph
O-
99

Scheme 31. Proposed mechanism for the 9-azajulolidine-catalyzed intramolecular amide addition to alkynes.
3. Transition-Metal-Catalyzed Addition of Sulfonamide Bonds to Alkynes

The group of Nakamura reported the first example of the addition of sulfonamides to alkynes in
2007. As shown in Scheme 32, ortho-alkynyl-N-sulfonylanilines 101 could undergo the intramolecular
aminosulfonylation of carbon-carbon triple bonds successfully under the catalysis of AuBr; to
give the 3-sulfonylindoles 102 in good to high yields [45,46]. Although small amounts of 4- and
6-sulfonylindoles were obtained as the byproducts in some examples, this process provides a facile and
efficient method for the synthesis of 3-sulfonylindoles, which cannot be synthesized directly from the
corresponding unsubstituted indoles by electrophilic substitution because the electrophilicity of the
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sulfonyl groups is much lower than that of the acyl groups and halogens [47,48]. Interestingly, when
2-alkynyl-6-methoxy-N-sulfonylanilines 105 were employed as the substrates, this transformation
could also occur under the catalysis of InBr;. However, the intramolecular aminosulfonylation
products 106 were obtained as minor products, whereas 6-sulfonylindoles 107 were observed as
the major products (Scheme 33). The reaction mechanism of this process may involve the initial
coordination of the catalyst to the alkyne moiety, subsequent nucleophilic attack of the nitrogen atom
to the carbon—carbon triple bond, the following migration of the sulfonyl group to the C3-position of the
indole skeleton, and the final generation of the products with elimination of the catalyst (Scheme 34).
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Scheme 32. AuBr3-catalyzed intramolecular aminosulfonylation of alkynes.
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Scheme 33. InBr3-catalyzed intramolecular aminosulfonylation of alkynes.
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Scheme 34. Proposed mechanism for AuBrs/InBrz-catalyzed intramolecular aminosulfonylation of alkynes.

269



Molecules 2019, 24, 164

Subsequently, Chan’s group presented a gold-catalyzed domino aminocyclization/1,3-sulfonyl
migration of N-substituted N-sulfonyl-aminobut-3-yn-2-ols 111 to synthesize highly functional
pyrroles 112 (Scheme 35) [49]. A screening of gold catalysts disclosed that the NHC (N-heterocyclic
carbene)-gold(I) complex 113 was found to be the most effective catalyst for this intramolecular
aminosulfonylation of alkynes. It could catalyze the conversion of various substrates 111 carrying
electron-withdrawing, electron-donating, and sterically demanding groups to the corresponding
pyrroles 112 in moderate to high yields. It is worth noting that this method provides an efficient
and convenient tool to prepare penta-substituted highly functional pyrroles. The mechanism of this
transformation is outlined in Scheme 36. The coordination of gold cation to the alkyne moiety of
the substrates gives intermediate 114, which undergoes a nucleophilic attack of the nitrogen atom
to the alkynes to produce intermediate 115. At this juncture, dehydration of intermediate 115 yields
cationic pyrrole—gold adduct 116, subsequent 1,3-sulfonyl migration of intermediate 116 then results
in deauration with the regeneration of the gold catalyst and delivery of the products 112. Alternatively,
intermediate 115 could undergo the deaurative 1,3-sulfonyl migration first to afford intermediate 117,
which undergoes dehydrative aromatization to produce the products 112.
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Scheme 35. Gold-catalyzed intramolecular aminosulfonylation of N-substituted N-sulfonyl-aminobut-

3-yn-2-ols.
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Scheme 36. Possible reaction mechanism for gold-catalyzed intramolecular aminosulfonylation of
N-substituted N-sulfonyl-aminobut-3-yn-2-ols.
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Soon afterwards, Liu’s group reported a more general and efficient intramolecular
aminosulfonylation of alkynes to synthesize 3-sulfonylindoles 119 through palladium catalysis
(Scheme 37) [35,50]. The reactions took place smoothly with PdCl,(CH3CN), in CH3CN at 90 °C to
afford 3-sulfonylindoles 119 as the single products without the generation of 4- and 6-sulfonylindole
regioisomers, which were obtained as the byproducts in the gold- and indium-catalyzed process.
In addition, this protocol features broad substrate scope, good functional group tolerance, and
moderate to high yields, thus providing a practical access to functional 3-sulfonylindoles. A plausible
mechanism, which is similar to gold- or indium-catalyzed aminosulfonylation of alkynes [45,46], was
also proposed by the authors.
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Scheme 37. PdCl,(CH3CN),-catalyzed intramolecular aminosulfonylation of alkynes.
4. Conclusions and Perspectives

In this review, we presented a summary of the addition of amide/sulfonamide bonds to
alkynes, which has emerged as a highly important tool to functionalize carbon—carbon triple bonds.
The aminoacylation/aminosulfonylation of alkynes, which is characterized by high atom- and
step-economy in an environmentally-friendly manner, has also become a remarkable method for
the downstream transformations of amide/sulfonamides compounds. Notably, the intramolecular
aminoacylation/aminosulfonylation of alkynes has provided a facile and efficient protocol for the
synthesis of valuable heterocycles such as chromones, quinolinones, indoles, and pyrroles. Despite
the remarkable achievements made, there are at least three areas where some critical advances are
necessary to make the aminoacylation/aminosulfonylation of alkynes more general and powerful:
(a) the intermolecular addition of unactivated amide/sulfonamide bonds to alkynes is still in high
demand; (b) as the reported metal-catalyzed process employed expensive metals, the development of
cheap metal catalysis as well as organocatalysis, will be a good direction to take; (c) the exploration of
tandem reactions involving aminoacylation/aminosulfonylation of alkynes will continue to drive this
field considering their efficiency and step-economy in constructing complex heterocyclic compounds.
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Abstract: Not all amide bonds are created equally. The purpose of the present paper is the
reinterpretation of the amide group by means of two concepts: amidicity and carbonylicity.
These concepts are meant to provide a new viewpoint in defining the stability and reactivity of amides.
With the help of simple quantum-chemical calculations, practicing chemists can easily predict the
outcome of a desired process. The main benefit of the concepts is their simplicity. They provide
intuitive, but quasi-thermodynamic data, making them a practical rule of thumb for routine use. In the
current paper we demonstrate the performance of our methods to describe the chemical character of
an amide bond strength and the way of its activation methods. Examples include transamidation,
acyl transfer and amide reductions. Also, the method is highly capable for simple interpretation
of mechanisms for biological processes, such as protein splicing and drug mechanisms. Finally,
we demonstrate how these methods can provide information about photo-activation of amides,
through the examples of two caged neurotransmitter derivatives.

Keywords: amide; activation; amidicity; carbonylicity; transamidation; acyl transfer; excited state

1. Introduction

The amide functional group is one of the most generally used moieties both in synthetic organic
chemistry and bioorganic chemistry [1-5]. They have been known and studied for more than a century
and can be commonly found in peptides/proteins and biologically active compounds, as well as in a
broad range of synthetic drugs and toxins as a key functionality [1,6-9]. In general, when speaking of
amides, the idea of a stable, unreactive group comes in our minds, however, they can play a significant
role as reactants in a vast number of processes.

The wide variability in their reactivity can be attributed to the possibility of fine-tuning the
bond strength. This can be controlled by attached substituent groups at the carbon and nitrogen
atoms. The correlation between poor reactivity and planarity [10,11] of amides was proposed firstly by
Pauling and later it was understood as being a result of the strength of the resonance-stabilized amide
C-N bond [12]. Pauling predicted that a typical planar amide exhibits approximately 40% partial
double-bond character, which renders the amide bond one of the most solid and least reactive functional
groups (Figure 1) [13,14]. For example, the conjugation of an amide bond, which is traditionally
specified as n(N) — 7* (C=0), in formamide results in resonance energy (RE) of 91.29 kcal mol~1[15,16].
In contrast to that, embedding the amide bond into a rigid bicyclic frame with nitrogen at the ring
fusion, significantly modifies the degree of the resonance, therefore increasing the instability of the
strained amide bond, for example in (3-lactam antibiotics [17-19]. More intense conjugation implies a
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larger contribution of resonance stabilization, which increases the system stability thus lowering the
reactivity and vice versa. In other words, the extent of conjugation predetermines chemical reactivity
of the amides [20].

Amides can readily be cleaved by enzymes such as protease [15,16], but synthetically it is difficult
to selectively break the carbon-nitrogen bond [21-31]. How can nature solve a problem easily, that is
so hard for us? The answer is hidden in the process of activation of the unreactive group.

Organic chemists and “Nature” have developed methods to activate stable amide bonds, to make
possible various reactions. Numerous examples of these can be found in the field of synthetic organic
chemistry and biochemistry. The amide activation is typically based on the lowering of the amidic
character by forcing the amide group to lose its conjugation. This can be achieved by substituent groups,
as well as by forcing them into an inflexible structure. Moreover, as Thakkar et al. have described,
the presence of the cis or trans isomer in the planar character of the amide bond in stable geometries
can also influence the overall reactivity [32]. In connection with special chromophores, amide bonds
can also be activated under excitation, as was demonstrated in some earlier studies [33-35]. Some of
these processes include amidation, transamidation, reduction, coupling reactions by transition metallic
complexes, and spontaneous or enzymatic hydrolysis.

The aim of our paper is to characterize the activity of amides using the amidicity and carbonylicity
concepts and to demonstrate possibilities to increase or decrease their activity based on the bond
strength [14]. In this work, using quantum chemical computation by using Gaussian 09 [36] at
B3LYP/6-31G(d,p) level of theory [37], we reevaluated the data reported in the literature for reactivity
of amide bonds. Here we reinterpreted some selected well-known compounds and reactions using the
simple rule of amidicity, which can estimate the direction and rate of similar reactions involving more
complex reactants.

OCCURRENCES ACTIVATIONS and REACTIONS
~ o]
Proteins, R _"'H? 11L o~
Nucleic acid peptides Transamidation R H R
T Cl
5 POCl3 Ao r
o o P | wmerrsn ® N,
e 2 2 H H
LR, O R
R1J\v R1J\\N MH = RWXN’R2
Building <" R3 R3 Reduction \3
blocks R
A B S~ Roi . 9
/ Acyl transfer R MO, R®

Plastics,

polymers Extreme amides

(distorted, complexed)

H,0 i

Hydrolysis R' “OH

Photoactivation
e.g. C-N cleavage R X

Figure 1. Contributing resonance structures of an amide bond (in the box). The occurrences (left) of
the amide functionality and their typical reactions (right).

2. Discussion

The amide group can be described generally by its resonance structures (A and B in Figure 1),
where the nitrogen lone electron pair is delocalized between the nitrogen and the neighboring carbonyl.
The condition of this phenomenon is a planar structure of the amide group. For the resonance structure
B (Figure 1), the nucleophilic attack to the group is far less possible, thus making a general amide a
resistant and unreactive group. The chemical and biochemical stability and reactivity is determined by
the contribution of the minor resonance structure (B in Figure 1), in which formally a double bond
is formed between the carbon and nitrogen atoms. These characteristics can be represented on a
wide spectrum.
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Earlier, the strength of a given amide bond was successfully characterized and the reactivity
of different amides was made comparable to each other by creating the so called linear “amidicity
scale” (Figure 2B) [27]. Analogously, a linear “carbonylicity scale” (Figure 2A) was also constructed,
extending the group of amides toward the entire world of carbonyl compounds, making all of them
comparable [20]. Other methods, such as carbonyl substitution nitrogen atom replacement [6,38,39] and
transamidation (TA) [14] which also aim to measure the amide stabilization energy, were also published
in the literature. Using this scale, we are able not only to explain the reactivity of the amide bond, but
also predict the effect of different substituents on the bond strength. Predicting amide bond strength
effectively gives us the opportunity to activate or reactivate the desired amide bond. Manipulating the
amidicity of a selected amide of a molecule has numerous synthetic applications. Also, calculating the
amidicity—in other words, estimating the activity of the amide bond in biochemical compounds—may
clarify the mechanism of action in which they are involved.
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Figure 2. Typical carbonyl and amide compounds represented on the carbonylicity (A) and amidicity (B)
scales. The direction of reactivity and stability increase are shown by red and green strips, respectively.

2.1. Amidicity Scale (AM%) and Carbonylicity Scale (CA%) and Their Resonance Enthalpies (Hrg)

The “amidicity scale” [27] quantifies the amide bond strength on a linear scale (Figure 3A),
based on the computed enthalpy of hydrogenation (AHjyp) of the examined compound. A few
examples positioned on the scale demonstrate the wide variety of amides. The scale is based on two
specifically chosen reference compounds: Al and Bl (Figure 3A). Compound aza-adamantane-2-on
(Al in Figure 3A) represents the lack of amidic charater, while dimethylacetamide (B1 in Figure 3A)
corresponds to the perfect amide bond. In the structure of Al, the planar geometry is missing, due to
the forced arrangement of the bridged N atom. To create the amidicity scale (AM%), the enthalpy of
hydrogenation (AHjpy) of compounds Al and B1 was calculated Equations (1) and (2) and amidicity
was defined using a linear fit to these points. The enthalpy of hydrogenation for A1 (AHm[A])
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is considered to have a 0% AM% value, while that for B1 (AHyy,[B]) is considered to have a 100%
AM% value.
AHp[A] = H[A2] — {H[A1] + H[H,]} = —44.62 k] mol ! 1)

AHppp[B] = H[B2] — {H[B1] + H(H,)} = 34.88 k] mol ™! )

As specified before, the carbonylicity scale (CA%) [20] quantifies the conjugation of the carbonyl
group on a linear scale (Figure 3B), based on computed enthalpy of hydrogenation (AHjy,) of the
examined carbonyl group (Equations (3) and (4)). Analogously to amidicity, the carbonylicity scale
is also based on two specifically chosen reference compounds, C1 (formaldehyde; CA% = 0%) and
D1 (formate; CA% = 100%) and defined using a linear fit to these points. Also, note that the amidicity
scale is a defined section of the carbonylicity scale as it is represented on Figure 2, and differs only in
the reference compunds chosen.

no conjugation
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Figure 3. The definition of the amidicity (A) and carbonylicity (B) percentage based on the enthalpy
of hydrogenation (AHpy) of the carbonyl group of a general carbonyl compound E1 (C). The two
specifically chosen reference structures and their hydrogenation are also illustrated as A1 and B1 for
amidicity (AM%; top) as well as C1 and D1 for carbonylicity (CA%; bottom). Values were obtained
from the B3LYP/6-31G(d,p) geometry-optimized structures. In structure E2, the O-C-X-R; and the
H-O-C-X dihedral angles are chosen to be in the anti orientation.

AHyp[C] = H[C2] — {H[C1] + H(H,)} = —80.21 k] mol ! 3)
AHjpp[D] = H[D2] — {H[D1] + H(Hy)} = 121.81 k] mol ! @)

The linear fits are described by two pairs of fitting parameters, the slope (may and mca) and the
intercept (banm and bea). The values (AM% and CA%) for a desired amide or carbonyl bond can be
easily calculated with the help of Equations (6) and (8), for a known enthalpy of hydrogenation, AHpy,,
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from Equation (5). Both the amidicity and carbonylicity values can be transformed to the resonance
enthalpy (Hgg[E]; Equations (7) and (9)), which helps to estimate the energy benefit coming from
the resonance inside the group. Neither of these scales is limited to values between 0% and 100%;
in extreme cases the bond is weaker than A1 or C1 and stronger than B1 or D1, so they may display
values outside of the aformentioned range. The amidicity scale can be considered as a sub-section of
the carbonylicity scale.

AHyp[E] = H[E2] — {H[E1] + H(Ha)} ®)
AM%[E] = man; AHp[E] + bay (6)
HRg[E] = AM% /man @)
CA%[E] = mca AHp[E] + bea 8)
HRg[E] = CA%/mca &)

2.2. Transamidation and Transacylation Reactions in Synthetic Organic Chemistry

The amidicity value is useful to predict the outcome of a general transamidation reaction (Figure 4,
top). The amidicity change AAM in Equation (10) or the change in stabilization enthalpy (AHgg in
Equation 12) leads to a thermodynamic selection rule, allowing for the reactions to be categorized
as being either thermodynamically favorable or unfavorable. Generally, AHRg is proportional with
the entalpy change of the transamidation reaction. The lower the amidicity value of the chosen
group, the greater reactivity it has towards nucleophylic reagents, like amines. The direction of the
transamidation reactions can be predicted by comparing the sum of amidicities on the product and
reactant sides. If the amidicity value increases, the reaction is energetically favoured in the given
direction. If the difference is a negative value, the reaction is not driven forward. If there are different
possible reaction routes, the one with the greater increase in amidicity is favored. The amidicity value
is also capable of predicting the most active amide group in a molecule. Such a thermodynamic
selection rule may also be used to predict the selectivity of a reaction in the presence of competing
amide functionalities. This principle is illustrated as being operative in cases of different reactions.
However, it should be mentioned that reactions may have several other parameters that determine if a
reaction can proceed or not, such as steric hinderance, kinetic consequences, side reactions and the role
of the leaving group on the acyl group. These amidicity and carbonylicity values describe only the
thermodynamic background and not the kinetic aspect of a reaction.

H \N,R“ o
h 4 2
—_— \
RS R?
o] amide B leaving
RWKN’R2 AM%[G] group
R
6 2
amide A H‘o’R i RE H‘N’R
AM%[F] RT0™ * ge
CA%[A] ester B leaving
CA%[H] group

Figure 4. General transamidation reaction and the amidicity (AM%) and carbonylicity (CA%)
percentages of the amides examined.

AAM = AM%][G] — AM%]E] (10)
ACA = CA%[H] — CA%[F] (11
AHtp ~ AHRg = HRg[B] — Hgg[A] (12)
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On the basis of the exploratory screening of the literature, four cases were defined (Figure 5) [40].
Cases I and II (one-step processes) are both thermodynamically favored yet differ in reaction barrier
height. Reaction barriers in case I are low [41], while those of case II are high, with the latter requiring
a suitably chosen Lewis acid catalyst (AlCl3, BF;, TiCly, HCI, etc.) to proceed normally [42,43].
This amine exchange reaction is sometimes carried out in a closed autoclave at high temperature by
using the salt of the amine in the presence of BF3 [44], often to convert simple urea to a substituted one.
In contrast to that, both cases of IIl and IV (two-step processes) are thermodynamically unfavorable,
requiring the activation of either the reacting amide (case III) or the reacting amine. In case III, the amide
is effectively destabilized, so activated by nitrosation, nitration, or acylation step [N-activation by
activating group (AG), case III, Figure 5]. This activation is manifested as an increase in the energy
level of the starting state, wherein the activated amide intermediate provides a thermodynamically
favorable and rapid transamidation process.

In case IV (N-deprotonation), a theoretically thermodynamically unfavorable transamidation,
which may proceed in the presence of a strong base (NaH or NaOR). The product monosubstituted
amide forms and stays in its deprotonated form (-CO-NHR*) and the starting amide is disubstituted
non-deprotanable (-CO-NR'!R?, amide). Therein, the forming amide-anion intermediate is stabilized
by the deprotonation. In this case, an originally thermodynamically unfavorable transamidation
process involves a thermodynamically favorable reversible subprocess, which finally finishes
irreversibly by protonation in the acidic work-up.

LA = Lewis Acid ) —_— Thermodynamically
AG = Activating Group case 1 f\;\igféztg:qués ’ allowed (I and II)
Q= -NR*R® or -OR® _ “ H. R?
without catalyst N
R3
case II e.g. stable amides H-Q N
o with catalyst (LA or transition metal) o
2
R‘LN’R . H ”””””””””” R1JLQ
R? x—) o) 4<
+AG-Cl -
AL ae A H.\-AC
case III _-H-cl R N ‘
3
R3 R
O . O
H. .H H H
N base @N, JL o RJLNrH
R4 R4 case IV\ R? R N Irreversible step )
@N’ R* R*
R2 Stabilized —_— Thermodynamically
intermediate — not allowed (IIT and IV)

Figure 5. The classification of the acyl transfer and transamidation reactions into four cases (case I, II,
III and IV), interpreted by amidicity (AM%) and carbonylicity (CA%) values.

2.2.1. Examples of the Thermodynamically Allowed Transamidation Reactions (case I and II)

Transamidation Processes of Simple Amide Compounds

In order to illustrate the essence of the transamidation reaction, we are demonstrating this concept
by simple amides and amines. Unsubstituted amides, such as 1 and 2 in Figure 6, exhibit a moderately
reduced value of amidicity (Figure 6) relative to mono-substituted or di-substituted amides, such as 3
and 4 (97-103%; Figure 6) [40], so one may therefore predict a transamidation process between them.
Mono- and di-substituted amines (e.g., dimethylamine) are shown to react readily with formamide (1)
at RT (25 °C) or above without any additional activation (case I). However, the transamidation reaction
of acetamide (2) required elevated temperature and the presence of AlCl; as a Lewis acid activator in
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order to attain an acceptable reaction rate (case II). The harsh conditions are explained by the high
activation energy of the sterically hindered reaction center [40].
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Figure 6. Examples for transamidation involving secondary amine, with the corresponding amidicity
values computed at B3LYP/6-31G(d,p) level of theory.

Compound 5 represents mild acylating agents (Figure 6) taking part readily in transamidation
reactions with amines (e.g., pyrrolidine), forming amide 6 beside imidazole as a side-product.
The synthesis of 5 can be carried out simply by means of the corresponding acid and carbonyl
diimidazole (CDI) reagent. The increased acylating potency (AM% = 59%) of 5 can be attributed
to the competition for the N atom lone pair between the imidazole aromatic ring and the carbonyl
group of the amide. This phenomenon decreases the amidicity percentage of 5 to a value as low as
59% compared to normal amides. During the acylation reaction 5 — 6, the amidicity value increased
significantly, providing the main driving force for this transamidation reaction. Compound 7 (Figure 6)
exhibits an extremely low amidicity percentage (—30.2%), making this molecule an excellent acylating
agent, which can be prepared in situ from AcCl and pyridine. Consequently, 7 readily furnishes the
acylation with an amine (e.g., piperidine), resulting in product 8. Here, the reaction is motivated by
the extremely large change in amidicity (AAM, Figure 6) even at low temperature [24,31,40,45].

Amidicity value is also able to explain the inactivity and resistance of some commonly
used organic amide solvents, For example, N,N-dimethylformamide (DMF, AM% = 100%) and
N-methylpyrrolidinone (NMP, AM% = 136%) exhibit extremely high amidicity values.

When dissolving any amine in these species, no reaction occurs between them due to the
negative AAM, which makes them unfavorable for taking part in any reaction even at high
temperature [24,31,40,45].

Transamidation and Acyl Transfer Processes of N-Phenylamides.

In the literature, there are numerous examples where acylated N-alkyl anilines are reacted
by amines or alcohols in the presence of transition metal catalysts (Pd, Ni, etc.). In these cases,
the N-alky-anilids exhibit moderately low amidicity values, due to the dual effect of the phenyl ring.
The phenyl ring suffers some steric hindrance and competes with the non-bonding electron-pair of
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the N atom against the acyl group at ones. In retrospect, it appears that the transamidation and
acyl transfer reaction can occur without any catalyst, although, in the literature at different times,
both of these types of reactions were reported as new approaches. Initially, these were reported
to proceed without catalyst in the 1960’s [46-49]. However, analogue reactions were highlighted
later as a novel approach in the presence of Ni or Pd catalysts. Authors called these reactions new,
cross-coupling reactions of N-Ar amides (anilides), as reported by Garg et al. [50]. The reactivity of
theses aromatic amides, under Ni-catalyzed esterification (Ni/SIPr) was rationalized by the concept
of so called “barrier-free” rotation around the N-CO bond [51]. Analogues transacylation reaction
with alcohol in the presence of Pd catalyst was also reported [52]. However, the earlier metal or
catalyst-free transamidation solutions have subsequently been reinvestigated and rereported as new
results [53]. This apparent confusion can be easily resolved by comparing the difference of amidicity
values between the aromatic amides (anilids) with aliphatic amides, which thermodynamically allows
such transamidation or acyl transfer reaction.

A simple, but illustrative example can be found in the literature, which describes an intramolecular
transamidation, where two amine-anilides (9,11) rearrange to aniline-alkyl-amide products (10,12; in
Figure 7) without any catalyst. The positive changes in amidicity values as well as the exothermic
enthalpy changes undoubtedly prove the efficiency of these reactions [46,54,55]. Other creative
synthetic applications, taking advantage of the N-phenyl-acyl activation, were also developed for the
synthesis of large lactams [53].

OYR o

N N IS
@/ ~"SN A ©/N\/\N R
| |
R AM% R AM% AAM%  AH
9 Me 73.5% 10 Me 106.7% 33.2% -32.2 kJ mol”
11 Ph  89.7% 12 Ph 93.9% 4.1% -37.0 kJ mol"!

Figure 7. Typical example of intramolecular transamidation rearrangement, with the corresponding
amidicity values (AM%) as well as amidicity (AAM) and enthalpy change (AH), computed at
B3LYP/6-31G(d,p) level of theory.

Acyl Transfer Reactions of Distorted or Twisted Amides

The structural distortion of an amide bond significantly modulates the degree of the amidic
resonance, typically by lowering its amidicity/carbonylicity value [56,57]. The two classic twisted
bridged lactams (aza-bicycloheptanone 13 [17], penicillin scaffold-penam 14 [58-60]) were synthetized
more than 75 years ago. More than six decades later, this was followed by the preparation of
15 (in 1998) and its aromatic derivatives [61-64]. The aza-adamantane analogue 16 (in 2006 [65]),
as well its substituted derivatives [66-68] made the series complete. These compounds furnish fully
perpendicular arrangement within the amide bonds, resulting in high reactivity similar to that of

o Os N
PRI, v
PAY o INS S g R

13

ketones (Figure 8).

=

14 15 and derivatives 16 <= H Me
10% 22% 17.1% 0.0% ifR = H
(by definition)

Figure 8. Typical examples of synthetized twisted amides (13-16) with the corresponding amidicity
computed at B3LYP/6-31G(d,p) level of theory.

At first, we should clarify the difference between the distorted and twisted amides (Figure 9).
Updating a previous nomenclature [6,69], the distorted amides reflect some steric hindrance or ring
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strain in their entire structures, but they already possess significant conjugation, with mentionable
amidicity values. Here the amides are almost planar. In contrast, twisted amides may be described by
a near perpendicular amine plane to the carbonyl plane with pyramidalized N atom, where the whole
structure itself is not distorted or hindered (Figure 9).

DISTORTED AMIDES TWISTED AMIDES
: . L L0 o
' (YO P .
ring ( . 5
N Py / %/N\K
77777777 7 ‘ 7 riﬁé steric hindrance | - N
non-pyramidalized N atom,f pyramidalized N atom, pyramidalized N atom,
paralell CC(=0) and NCC | CC(=0) and NCC perpendicular
planes planes are bended CC(=0) and NCC planes

Figure 9. Redefined difference between the distorted and twisted amides. Distorted amides suffer
steric hindrance or ring stress with pyramidalized or non-pyramidalized N atom. Twisted amides do
not exhibit any strain, with perpendicular, non-overlapping amide planes. The carbonyl and amide
planes are illustrated by the parallel- or perpendicularly-oriented blue and orange colors.

Recently, twisted and distorted amide bonds have slowly found real application as a potent
reagent in the mainstream of general organic chemistry. This reagent advances the highly reactive
N-C amide bond in metal-free as well as transition metal catalyzed cross-coupling reactions yielding
various carbonyl derivatives.

Distorted ring-amide can be represented generally by the correlation between the cleavage of
lactam rings and the ring size. In Figure 10 and the corresponding Table 1 we summarize the possible
alcoholysis of four to seven-membered lactams (n = 1-4) to open chain amino ester in the light of
the calculated carbonylicity values. It is important to clarify, that the CA% values are corrected with
ring strain as described. The smallest ring-sized lactam (17a; n = 1 in Figure 10) has relatively low
carbonylicity value (40.5%), which may be due to the insignificant conjugation and not only to the ring
strain (Table 1). Thus, 17a can transform to the corresponding open-chain amino ester 18a, already
having a normal value (ca. 56%; Figure 10, Method-A). Generally, five- and six-membered rings
(17b, n = 2 and 17¢, n = 3) are the most stable among the small ring lactams, so one-step alcoholysis
reactions are not allowed. More precisely, for five-member ring lactam 17b this one-step process
toward 18b is forbidden due to the negative change of the carbonylicity value (ACA = —3%), while
in the case of six-member lactam the ring opening process (17c — 18c) exhibits an almost neutral
change (ACA = +1%). In these cases, a more complicated multi-step processes (17 — 19 — 20 — 18;
Method-B) should be used to cleave the lactam ring effectively. In this longer process, the hydrolysis
with NaOH is allowed due to the increasing CA% (19b,c). The acid chloride formation (20b,c) activates
their functionalities, which easily transform to the desired ester 18b,c. Finally, the seven membered
lactam (17d; n = 4) has a slightly lower carbonylicity value (53%), which allows a moderate potency to
transform it to 18b in alcohol in one step, with slightly increasing ACA. It should be mentioned that
the longer procedure 17 — 19 — 20 — 18 is available for all ring sizes.

Table 1. The calculated carbonylicity values (CA%) of compounds 17a-d and 18a-b and the
carbonylicity changes (ACA) for ring-opening alcoholysis depending on the ring size.

State n=1(@) n=2() n=3 () n=4(@)
Start (CA%) 17 46.5% 60.3% 55.2% 53.4%
Product (CA%) 18 56.2% 56.1% 56.1% 56.2%
ACA +10.7% —4.2% +0.9% +2.8%
Method AorB only B AlorB AorB

1 Extremely slow reaction.
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e.g. NaOH
RT, 12 h ROH
in any cases
Method-B (three-step procedure) o
~ ~
N Cl

H n ONa N n

19a-d (CA% = ca. 105%) 20a-d (CA%= ca. 20%)

Figure 10. One step (Method-A; top) and multi-step (Method-B, bottom) procedures to transform
cyclic amide (lactam) with various ring sizes to amino ester (for the corresponding carbonylicity values
computed at B3LYP/6-31G(d,p) level of theory; see Table 1). The carbonylicity values for 19 and 20 are
average values.

Some examples of sterically hindered amides were reported [70-72] to exhibit moderately low
amidicity and carbonylicity values. One representative example is 21, where the amide functionality is
sterically hindered and, hence, distorted. Here, somewhat decreased carbonylicity makes the reaction
possible with alcohol (for example MeOH) to yield an ester (22), as published earlier (Figure 11,
top) [73]. Another example shows that a twisted amide (e.g., 23), having an extremely low amidicity
value, readily cleaves its CO-N bond by MeOH, resulting an open-chain amino-ester (24), as shown
in Figure 11 (bottom). In both cases, the thermodynamic driving force can be easily explained by
the positive change in carbonylicity [74,75]. The combination of the twisted amide and acyl-anilide
concepts are also exemplified, where these amides furnish effective alcoholysis analogously to the
previous cases [73,76].

o) o)
@AN MeOH @AO/ , BN
_vem
70°C
21 22
AM% = 88.2%
CA% = 51.1% CA% =57.2% ACA=+6.1%
Vi MeOH -
acid P
N MeCN,RT N~ 070
o) H
23 24
AM% = -9.0%
CA% = 13.7% CA% =56.6% ACA= +42.9%

Figure 11. Relevant examples for acyl transfer reactions in the cases of distorted (21) and twisted
amides (23) resulting esters (22 and 24), explained by the change in carbonylicity (CA%) with the
corresponding carbonylicity and amidicity values computed at B3LYP/6-31G(d,p) level of theory.

2.2.2. Transamidation Reaction via Activated Amides (case III)

Non-strained secondary amides (e.g., N-metylacetamide; 25) exhibit approximately 100%
amidicity, so are typically not able to take part in transamidation reactions. For instance, the reaction
between 25 and dimethylamine, yielding theoretically dimethyl acetamide (26), is not beneficial, due to
the slightly smaller amidicity [40]. From the perspective of practicing chemists, there was a synthetic
demand to activate and use these amides as reagents. To activate these resistant secondary amides,
their high amidicities should be decreased by an activating group. Numerous methods were developed
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in recent decades and presented in the literature, summarized in Figure 12. All these solutions involve
a preliminary activation step.

The introduction of N-nitroso (27) [77,78], N-nitro (28) [79], N-(tosyl) (29) [80], N-
(trifluoromethanesulfonyl) (30) [80], or N-acyl (31) [81-83] amides are the most relevant examples.
The following step describes how these activated amides (27-31) could react with, e.g., dimethylamine,
to yield the desired and exemplified amide product 26. The byproducts of these reactions are typically
good leaving groups. The most significant amidicity decrease can be measured for 28 and 30, producing
the most reactive acylating agents [79,80]. The N-BOC-N-methyl-acetamide 31 was prepared in a
previous step from 25 by (BOC),O reagent [82,83], a process known as N-Boc activation. Other, bisacyl
and triacyl substituted amides (such as succinimide [84] and phthalimide derivatives [85]) may also
behave as good transamidating agents in the presence of an amine. In all cases, the listed AAM values
were large enough to provide enough driving force to convert to the desired product 26 [40].

N,O, o H‘l\‘l/ o
N - )L,\“/ +  NO-NHMe
|
27 26
AM% = 61.5% 100.0 % AAM = 38.5 %
o) HaN o)
N20s \
_NO
)Ll\‘l 2 — )L’\“/ +  NO,-NHMe
28 26
AM% = 20.3 % 100.0 % AAM = 79.7 %
(0] He,,~
o N o}
P TsCl ‘
e rTlH )L,‘\,/TS -, )k,\“/ +  Ts-NHMe
101.6 % 29 26
AM% = 62.0% 100.0 % AAM =71.5%
H\N/ o
‘ )ﬁN/ +  TENHMe
|
26
100.0 % AAM = 38.0 %
H.e -
| o o
— > AN/ . \N)LO/I—BU
‘ |
H
31 26 32
AM% = 53.7 % 100.0 % 1016 %  AAM = 147.9 %

Figure 12. Some representative examples of amide activations (case III), using various reagents with the
corresponding amidicity values computed at B3LYP/6-31G(d,p) level of theory. Ts = p-toluenesulfonyl;
Tf = CF350,—; BOC = t-BuO-CO-.

Finally, a good example can be found for the transition metal catalyzed transamidation, where
N-alkyl-benzamide (e.g., 33) was transformed to dialkyl derivatives (e.g., 34a). The authors previously
reported that 33 could not be transformed to 34a directly, even in the presence of an active transition
metal catalyst (Ni/SIPr), without providing any theoretical interpretation. However, the amidicity
concept is able to highlight the thermodynamic background of the process failure, due to the
unfavorable amidicity change (AAM = —16.4% in Figure 13). Nevertheless, with the activation
of the amide by BOC group (35), the progress occurs smoothly to product 34a, in the presence of
Ni/SIPr catalyst. It seems reasonable to conclude that when the transamidation reaction exhibits
positive amidicity change (as in 35 — 34), the transition metal catalyst or any other catalyst may help.
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However, when the reaction is substantially endothermic (as in 33 — 34a), the reaction will not take
place even if catalyst is used.

case I
(e} Hl\‘l/
.M
©)LN e
H . / §
no reaction
AM% = 107.6% Ni(cod),, SIPr, toluene o
33 35-60 °C, 14 h N/
(BOC),0 l ‘
case 111
o HN AM% = 91.2%
34a

’\“_Me !
BOC high yield

) ) Ni(cod),, SIPr, toluene
AM% ;528-2 % 35-60 °C, 14 h

Figure 13. Exemplified transamidation reaction of 33 (case III) with (33 — 35) and without amide
activation. The corresponding amidicity values were computed at B3LYP/6-31G(d,p) level of theory.
BOC = t~BuO-CO-; cod = 1,5-cyclooctadiene; SIPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylide.

Analogues reactions can be found in the literature, where variously substituted amide compounds
are used as a reagent to convert them to ester derivatives with the corresponding alcohol.
Some examples are summarized in Figure 14, where substituted benzamide derivatives (33-34a,b)
could be converted to 22. Clearly, these reactions can occur, if the carbonylicity difference is favorable.
In the case of the transformation of 33 (R = H) to 22, the reaction is forbidden due to the negative change
in carbonylicity, with or without catalyst (Figure 14). The transformation of 34a to 22 is theoretically
possible, but the reaction condition applied in the publication was not harsh enough to be effective
(Figure 14, case II). In the case of Ph substituents (35), however, maintaining low amidicity value is
sufficient to enable the acyl transfer in the presence of Ni/SIPr catalyst [50]. Finally, 33 can transform
to 22 effectively by the activation method with (BOC),0 reagent (Figure 14, case III). The prepared
active intermediate 34b, having a low amidicity value, finally can be transformed to the ester product,
in the presence of Ni/SIPr catalyst.

case II
R =Ph R =H or Me
&—— f—
i 7 HOM:
HOR e
O/ N,Me
Ni(cod),, SIPr, toluene no reaction
100°C, 12 h
- ’ R CA%
22, CA% = 57.2% high yield 33 H 585% (e}

34a Me 522%
34b Ph 51.6%

case Il R=H l (BOC),0

Figure 14.

O

M
dN |
BOC  Ni(cod),, SIPr, toluene

35, CA% = 28.2%

high yield

80°C, 20 h

©)LO/

22, CA% = 57.2%

Exemplified acyl transfer reaction (case II and case III) with and without amide

activation in the presence of catalyst. The corresponding carbonylicity values were computed at
B3LYP/6-31G(d,p) level of theory. BOC = t~-BuO-CO-; cod = 1,5-cyclooctadiene; SIPr = 1,3-bis(2,6-

diisopropylphenyl)imidazole-2-ylide.
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From these examples it becomes clear that there is no fundamental difference between
transamidation reaction and other transacylation, because in both cases there is an acyl migration.
However, for historical reasons, the transamidation and acyl transfer processes are still distinguished
in the literature. Needless to say, all of these conclusions are true when the heteroatom is sulfur.

The reverse pathway with different substituent patterns, the transacylation from ester to amide,
was also described in the literature in the presence of Ni/SIPr catalyst [86-88].

2.2.3. Activated Transamidation Reaction via Product Stabilization [case IV]

Because of its high amidicity value, N,N-dimethyl formamide (DMF; Figure 15) can be considered
an unreactive amide. In contrast to this, deprotonated amides, such as 36, possess even higher
amidicity values (>150%) than tertiary amides. In strongly basic conditions, deprotonated amides
(36) should, therefore, be more favorable than non-deprotonable DMF. A good example is found in
the literature, where aniline derivatives 37a—c can be deprotonated by NaH or NaOMe, generating
their corresponding anion form of 38a—c. The product amide anions 36a-c were formed at elevated
temperature (Figure 15) [36,89-91]. During the workup process, an aqueous acid was used to acidify
and precipitate the neutral product 39a—c in an irreversible way. The procedure as a whole is a
thermodynamically forbidden transformation (38 + DMF — 39), due to the lower amidicity of the
product 39a—c. Nevertheless, only the reversible subprocess of 38 + DMF — 36 (in green box, Figure 15)
is favorable. Overall, the driving force of this subprocess is controlled by the high AAM, so this
formylation reaction is rapid, making this reaction practical [40].

NH ®NH reversible
2 ste
/©/ NaOMe| | ©/ P | irreversible
X X step
37a-c 38a-c N@ ' H
o e N
a)X=H t T o ﬁ
b) X = Me N o] o]
¢ x=cl \ X X
- 39a-c
DMF H’\\‘ 36a-c
0/, = 0,
AM% = 97% AM%= 161.0% AM%=71.9%
. AAM = +64% (favorable) 4

AAM = -25.1% (unfavorable)

Figure 15. An example for case IV transamidation reaction with the corresponding amidicity values
computed at BBLYP/6-31G(d,p) level of theory. The green box illustrates the thermodynamically
favorable subprocess, while the red arrow shows the overall unfavorable reaction.

The use of the amidicity change (AAM) leads to a quasi-thermodynamic selection rule, allowing
the reactions to be categorized as being either thermodynamically favorable or unfavorable. This simple
rule of amidicity-change may be used to predict the selectivity of a reaction, where two competing
functional groups are involved. Such an example is presented, where two types of amino groups are
attached in one molecule (40). As one may predict by the amidicity change, only the alkyl amine group
will react with formamide, yielding 41 exclusively with high yields in one step (Figure 16). The other
isomer amide 42 and the diacylated 43, including anilid type amide, could not be detected in the
reaction mixture, as the amidicity change simply predicted [40].
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NH,
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Figure 16. Selectivity of transamidation reaction of N,N-dimethylformamide (DMF) and compound 40,
having two types of amino groups. The three possible products 41-43 are shown. The corresponding
amidicity values were computed at B3LYP/6-31G(d,p) level of theory.

2.3. Amide Reduction via Amide Activation

An unprecedented number of examples can be found in the literature to reduce amides to
substituted amines, using numerous reduction agents (most generally metal hydrides). The situation
is illustrated by a few selected citations [31,69,92-97]. Strong reduction agents are a common feature
of these methods, since generally amides are very resistant against reduction. Consequently, these
methods are typically not applicable to carry out selective reactions. This extreme resistance can be
explained by the strong conjugative interaction within the structure of amide, exhibited by their high
amidicity values. Among the reduction agent (LiAlHy or BH3), the complex and highly active metal
hydrides may have the most significant synthetic importance to obtain various amines.

However, selective examples can be found in the literature in which one of the amide groups was
reduced selectively in one molecule, while keeping the other amide or other sensitive groups of the
molecule untouched [98-101]. This was achieved by the activation of the selected amide group by an
appropriate N-substituting activating group. The following example illustrates this methodology in
Figure 17, among other examples. The case of the exemplified diketopiperazine derivative 44 [101]
includes two unequal but very similar amides, A and B, from the aspect of amidicity. If one tries to
reduce this compound 44 by LiAlHy, both the amides A and B will be reduced to piperzine derivative
45. From this reaction it would become clear for a practicing chemist, that no possibility exists of
finding a selective reducing agent to obtain piperazidone derivative 46. In the case of adding only one
equivalent of reductive agent, a complex mixture of partially reduced forms can be observed.

However, analogously to case III reactions in the previous section, the secondary amide-A
was acylated by BOC,0 reagent, which resulted in a triacylated intermediate 47. In this structure,
the amidicity of the acylated amide A is lowered to 34.6%, while that of amide B increased slightly.
The carbonyl of the BOC group (amide-C) is as high as 109.1%, which exhibits large resistance to
reduction. The lowered amidicity of the amide-A provides not only higher reactivity with the metal
hydride, but allows the application of significantly weaker reducing agent, such as NaBHy. This reagent
is soft enough to avoid the reduction of amide-B and C. In the first reduction step, amide-A is reduced
only to hydroxy amine intermediate 48, protected by the BOC group, but with increased amidicity
for amide-C. This intermediate 48 was transformed finally to the desired product 46 by a consecutive
deprotection and reducing steps. This compound later proved to be an excellent building block in
drug research. This method is not limited only to six-member diketopiperazines, but it can also be
generalized for even open chain systems [101].
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Figure 17. The non-selective and selective reduction of the amide bonds in a diketopiperazine derivative
44, including amide-A and B, to yield 45 and 46. The corresponding amidicity values were computed
at BBLYP/6-31G(d,p) level of theory.

2.4. Amide Reaction in the Biochemistry

Natural products are very precisely assembled from selected molecular components in unique
arrangements. They typically exhibit very effective and targeted mechanisms of actions in numerous
biological processes. There is an observably large difference in complexity, activity and efficiency
of human-designed compounds [102] and nature’s biomolecules, such as dinucleotide coenzymes
(NAD and FAD) [103], calicheamicin-yl [102,104,105], duocarmycin [106-108], syringolin A [18],
aflatoxin B [18], and penicillin [109]. Biochemical processes also take advantage of the selectivity
of acyl transfer reaction and amide activation, so three representative examples are presented in
this section.

2.4.1. Cross-Linking in the Blood Clotting Process

The first example is taken from the multistep process of blood clotting [110-112]. In this case, in
the final, thirteenth step (Figure 18) of the entire complex process, the two final protein intermediates
49 and 50 are linked to each other via a new side-chain amide bond [112].
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Figure 18. The final step of the blood clotting process from the aspect of amidicity change, catalyzed by
the transamidinaze enzyme. The corresponding amidicity values were computed at B3LYP/6-31G(d,p)
level of theory.

This creates a molecular polymeric net (51), which forms a barrier against bleeding. Analyzing
the process from the aspect of amidicity values (Figure 18), this transamidation reaction is spontaneous.
The process takes part between a glutamine side chain amide (blue) and a lysin side chain amine (red).
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The amidicity change is predicted to be slightly positive (AAM), because the initial 96.0% amidicity
of the glutamine side chain amide is increased to 101% as the new amide is formed, not requiring
additional activation. This small change in amidicity provides a driving force for this bioreaction, but
it is not enough to exhibit the measurable high reaction rate at body temperature. Consequently this
process is catalyzed by an enzyme fibrin stabilizing factor or transglutaminase [112,113]. Moreover,
the releasing ammonia also makes the process irreversible.

2.4.2. Intein-Mediated Protein Splicing

Intein-mediated protein splicing is a biologically important process (Figure 19) [114-117], where a
small but defined part of the protein 52, intein (53), is cut out specifically from the middle of a protein.
Meanwhile, the two remaining parts, called exteins, are linked to each other, forming a new protein
54 via a new peptide bond. Protein splicing is so rapid that the precursor protein is rarely observed
in native systems. It was shown that the process is auto-catalytic and folding-dependent [118-120].
The N-extein residues play unique and important roles in protein splicing [120]. The intein peptide
sequence is supposed to contain no sufficient information originating from an external source [114-117].

From the chemical aspect, here two amides are involved in transamidation process rather than
an amide and an amine shown previously [33]. The intein and the C-terminal extein residue contain
sufficient information for splicing in proteins, which involves four basic chemical steps. In the first
step of the mechanism [114-117], the serine or cysteine residue, at the N-terminal border of the
intein, attacks the neighboring peptide bond forming an intermediate 55, which in a subsequent step
rearranges to 56 and 57. In the final step, the intein leaves the native sequence resulting in the edited
protein 54. Taking into account only the starting and ending state, the overall process exhibits a large
negative AAM value (—45 %), which may suppose an endothermic reaction. One may argue that the
exothermic refolding of the instantly cut intein sequence provides additional driving force, covering
the energy demand of the overall amidicically unfavorable process. Moreover, the N-extein-intein
amide linkage is a typically distorted amide (blue in Figure 19.) due to the folding, resulting in lower
amidicity, which could initiate the acyl migration (blue arrow).
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Figure 19. The mechanism of action of protein splicing as a special type of transamidation reaction.
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2.4.3. Penicillin

One of the most important small biogen amides is penicillin (58), produced by the Penicillium
genus, which is considered to be one of the great discoveries of the 20th century [121,122].
This antibiotic inhibits penicillin binding proteins, such as transpeptidase, by blocking their serine
residue via acylation in gram-positive bacteria. In this way, bacterial cell wall synthesis stops, leading
to deadly susceptibility to osmotic effects and cell bursting. This bacterial enzyme plays a crucial
role in transferring the D-Ala-D-Ala dipeptide into the bacterial cell wall synthesis as illustrated by
Figure 20. The perennial war between bacteria and fungus led to the evolution of 3-lactam related
antibiotics, and resulted in many variants, of which cephalosporine [123] and thienamycin [124,125]
are just two examples.

During the last century, resistant bacteria strains have developed some defending mechanisms
against intensively and overused p-lactam antibiotics. Consequently, antibiotic research is once
again at the forefront of drug research. The 3-lactamase enzyme is synthesized by resistant bacteria
for deactivation of penicillin-type compounds in order to avoid their lethal effects [122,126-129].
Regardless, continued characterization of the B-lactam structure and mechanism aids in the
understanding and design of novel antibiotics with desired effects and great precision [126].
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Figure 20. (A) The schematic mechanism of biological action of the penicillin antibiotic in the course of
cell wall synthesis. (B) Penicillin inhibits transpeptidase enzyme by bonding covalently to the serine
side-chain producing non-hydrolysable enzyme-substrate complex, blocking irreversibly the enzyme
activity. (C) Some representative examples of 3-lactam antibiotics. Their common feature is the strained
-lactam ring neighbouring a carboxylic functionate, which are both essential for the antibiotic activity.
NAG = N-acetylglucoseamine; NAM = N-acetylmuramic acid.

Since the discovery of penicillin’s chemical structure [18,129], the way this molecule avoids the
aqueous hydrolytic effects in body fluid, while immediately awakening its hidden ability to acylate

291



Molecules 2018, 23, 2859

the transpeptidase’s serine side-chain oxygen, has remained a mystery [130,131]. Recently, bacterial
resistance has been investigated intensively, wherein penicillin hydrolysis was studied [131-135],
and on the bases of this mechanism its activity was understood [132-134]. The “strange” fused
f-lactam-type structure [132] was dedicated to explain its strength as an acylating agent completely,
approximated earlier to that of acyl chlorides [133,134]. In organisms, however, such a strong acylating
agent should decompose quickly before reaching its destination, e.g., the transpeptidase enzyme of
the bacteria.

Previously, it was shown that the unexpected stability of penicillin can be attributed to
its deprotonated form (59 in Figure 21), which is the dominant component of the neutral
aqueous environment [60]. According to the new, higher level quantum chemical calculations at
MP2(full)/DGDZVP, the amidicity value [40] of the anion form was found to be higher (AM% = 71.7%)
than the neutral form (58), referring to the more stable amide bond in the anionic form. However,
when the penicillin reached its target enzyme, the transpeptidase, it gets protonated (59 in Figure 21)
by the enzyme. The forming neutral form of penicillin (58) immediately lowers its amidicity to 22.1%,
so it has been triggered for the reaction. Finally, the H atom on the carboxylic acid group can also
easily turn back to the pyramidaziled amid N atom, forming an H-bond. This conformational change
turns on the final, superactive form of the molecule (60 in Figure 21), reflected by the extremely
low amidicity (AM% = —8.7%). This form instantaneously makes a covalent enzyme-drug complex,
and knocks out the enzymatic activity. This carboxylic function makes the molecule a well-designed
acylating bacteria killer, because it also acts as a bait for the essential bacterial enzyme. In this way,
penam scaffold antibiotics are practically self-activating selective hitmen against bacteria. In summary,
penicillin provides an interesting example of a controlled protonation and conformation-dependent
amide bond activation.

weaker amide bond stronger amide bond
superactive form semiactive form inactive form
H:C, CH3
H ~H H b @ B
/60 / 58 59
[ | | i | ) | ) | ] | | |
e . —-— . . . - . . =
87% O 221% 50% 7% 100%

AM%

Figure 21. The amidicity scale [MP2(full)/DGDZVP], showing the reactivity of the carbonyl group for
the three different forms of penicillin molecule (58, 59 and 60), depending on its protonation degree
as well as its conformation. The electron repulsion between the COO— group and the N atom is
illustrated by the lone pairs. This strengthening of the amide bond in 59 (larger amidicity) decreases
reactivity with respect to 58. In form 60, the internal H-bond withdraws density from the amide bond,
weakening it (extremely low amidicity) leading to extremely high reactivity toward nucleophiles.

2.5. Amide Activation in Excited State.

The electronic excitation of the chromophore functionality is able to transfer the energy toward a
neighboring amide bond, resulting in an amide activation and in an increased reactivity of the amide
bond, which is utilized for various processes [33]. Photocleavage (also known as uncaging) is based
on this phenomenon, providing a methodology to release selectively a bioactive compound from its
covalently bonded cage-form in a localized volume. Otherwise, the cage scaffold should effectively
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block the activity of the bonded biomolecule, but undergoes efficient removal after excitation of
the moiety, through the scissile bond. Until now, numerous cage molecules have been developed
(Figure 22); however, nitro-indoline and coumarine scaffolds are the most popular of these, and are
usually linked with glutamate as excitatory neurotransmitter [136,137].
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Figure 22. Collection of the most prominent cage-scaffolds (top) and some derivatives (bottom).
NT = neurotransmitter. Compounds in the box are the subject of discussion.

2.5.1. Photochemical Release of Glutamate from MNI-Glu and DNI-Glu at Excited State

The most popular cage compounds, 5-mono-nitro-indoline (MNI) and 5,7-dinitro-indoline (DNI),
have proved their effectiveness during the last decade and have been widely applied in numerous
neuroscientific papers. Due to the large number of scientific results, in this paragraph we focus
only on DNI-Glu and MNI-Glu [138]. MNI-Glu and DNI-Glu fulfill the main requirements for an
ideal cage compound, including an efficient uncaging process with relatively high chemical yield,
rapid two-photon induced release (quantum yield 8.5%) [139], low spontaneous hydrolysis rate,
(Figure 23) and low biochemical side effects [140]. These properties were demonstrated to be useful in

neurophysiological experiments.
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Figure 23. Chemical structures of MNI-Glu (R = H) and DNI-Glu (R = NO,) and their photochemical
reactivity (top) and hydrolytic reactivity (bottom).
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The reaction mechanisms of the desired photochemical glutamate release of MNI-Glu (61)
and DNI-Glu (62) were studied and compared on quantum chemical bases using GAUSSIAN 09
software [141] (Figures 24 and 25). Their reaction profile proved to be identical, but the energy values
varied in a significant range (4-10 kJ/mol). Here, only the photochemical reaction of DNI-Glu (62)
will be presented. The photocleavage of DNI-Glu (62) starts from the initial state A(S0) and follows
the sequence of A =+ B — C — D — E — F — G. The inadvertent ground state hydrolysis in aqueous
media (A — I) also plays an important role during the applications, but will not be discussed here.
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Figure 24. Quantum chemical modelling of the photochemical reactions as well as the simplified
mechanisms of ground state hydrolysis for DNI-Glu (62). The aromaticity (AR%) of the benzene
ring and carbonylicity of the carbonyl functionality along the mechanism are computed at
B3LYP/6-31G(d,p)/ /PCM(water) level of theory [37].

After the excitation of the aromatic antenna moiety of DNI-Glu [62; A(Sp)—B(S1)] the structure
follows a vibrational relaxation [B(S;) — C(S1)]. The high energy excited singlet state C(S;) tends to
transform to a triplet state D(T;) via an intersystem crossing (ISC) process. The triplet state intermediate
takes part in an acyl transfer reaction, where the acyl group migrates from the indoline N atom to one
of the O atoms of the nitro group through a low energy barrier (TS1). This process finally results in an
unusually stable triplet state [E(T;)]. Here, the mechanism may proceed in two different directions.
The desired product state, including the free glutamate [Product 1; G(Sp)], is achieved by the N-O
bond cleavage at stage E(T;) through TS2, leading to a relatively high energy state F(T). Finally,
the deexcitation to ground state [G(Sp)] results in the final products. However, due to the relative
stability of the triplet state E(T7), it can undergo a deexcitation process to give a very reactive species
H(Sp), which can return to the starting state A(Sp).
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Figure 25. Quantum chemical modelling of the potential enthalpy profile of the singlet (red), triplet
(blue) and ground state (black) mechanism for DNI-Glu (62) at B3LYP/6-31G(d,p)/ /PCM(water) level
of theory. For detailed data see [138].

It is possible to explain the overall process by means of systems chemistry. Through the change
in the aromaticity (AR%) [142] and carbonylicity (CA%) values [computed at B3LYP/6-31G(d,p)//
PCM(water)] it is possible to understand how the electron distribution follows the energetic changes
in the triplet excited as well as the ground state during the photochemical process. DNI-Glu (62)
is composed of an aromatic ring and a carbonyl group (Figure 24), characterized by values of AR%
and CA%. During the excitation [A(Sp)] — [C(S1)] the aromaticity is significantly reduced (AR%:
86.9% — 58.2%), while the carbonylicity value remained relatively constant (CA%: 38.1% — 40.1%).
After intersystem crossing (ISC) from singlet to triplet excited state [C(S1)]—[D(T1)], the molecule tries
to regain its stability by slightly increasing its aromaticity (AR%: 58.2% — 66.8%) at the expense of
carbonylicity (CA%: 40.1% — 36.1%). The reduced CA% in state D(T) indicates that the amid group is
already triggered and favors the next intramolecular rearrangement. This results in a relatively stable
triplet state molecule E(T;) with an increased aromaticity (77.8%) as well as carbonylicity (41.8%).
Subsequently, an endothermic cleavage of the N-O bond leads to stage F(T;), then to the product
63 G(Sp), recovering finally both the AR% and CA% after a de-excitation. During the deexcitation
from state E(T) to the ground state G(Sy), the rearranged molecule loses a lot of stabilization energy,
represented by the sharp decreases of AR% (21.8%) and CA% (31.3%), summarized in Figure 24.

The photochemical uncaging process of DNI-Glu is an excellent example of how the electronic
excitation of an aromatic moiety can activate a neighboring amide group, leading to an acyl
transfer reaction.

2.5.2. Photochemical Release of Glutamate from Coumarin-Caged Transmitters at Excited State

The neurotransmitter derivatives of coumarin-4-yl-methyl have been developed as a new
class of efficient caging scaffolds and were applied successfully to mask the biologically active
amino, carbonyl [143] and hydroxyl compounds via carbamate [144-146] or carbonate [33] linkers.
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Some phosphate [56,147-155], carboxylate [56,155,156], sulfate [154], sulfonate [154] and diol [157]
functionalities were also been protected by various coumarin derivatives (Figure 26) [33].

-OP03?; -OPO,(OEt)y, -OPO(OEL),, -cAMP, -cGMP
Ligand—>{ -OSQ3’; -OSO,Me,
(Ij -benzoate, -heptanoate, -Glu,

H, OH, OMe — R! R3=<— H, CH=CH-Q

X
H, OMe, NAlk, — R? 0”@ = Q=0,8

Figure 26. Some examples of cage compounds based on various coumarin scaffolds.

The photochemical mechanism of diethyl coumarin-Glu cage compound (64) has been studied
and are reported here by quantum theory (Figure 27) at B3LYP/6-31G(d,p//PCM(water) level of theory.
The mechanism and the corresponding enthalpy reaction profile are shown in Figure 28. After the
absorption of photon (excitation) by the ground state of coumarin 64 [A(Sp)], it reaches its excited
singlet state B(S1). During the vibrational relaxation process at singlet excited state, the molecule
reaches its lowest vibrational energy level C(S1). The molecule tends to deexcite back to its ground state
[A(Sp)] by means of emission (fluorescence) or non-radiative processes. However, some of the excited
singlet molecule C(S1) transforms to its triplet state D(T1) via an intersystem crossing (ISC, in Figure 28).
In that C(S1) state, the molecule goes through a conformational change, finding the perpendicular
arrangement of the side chain carbamate to the aromatic ring as the energy optimum E(T;). After a
relatively high enthalpy TS [34.5 k] mol~!; F(T;)], the CH,-O bond is cleaved heterolytically, forming
a triplet state coumarin cation (65, [G(T1)]) and a ground state carbamate anion derivative (66, Sp).
The formation of the real solvent-separated ions is an energy demanding process (estimated as high as
+265.4 k] mol~1), so before the ion-pair separation, the positively charged coumarin scaffold deexcites
to its ground state and reacts with a water molecule immediately, resulting in coumarin alcohol [66;
So(H)]. At the same time, the carbamate derivative 66 yields the desired amino neurotransmitter (in
the present cases, Me-NHy), while it loses CO,. Notably, the overall enthalpy change is endothermic
with respect to the starting material in its Sy state, however, the reaction is greatly exothermic with
respect to the reactant first excited state S1[B] or S;[C].
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