
mdpi.com/journal/molecules

Special Issue Reprint

New Approaches to Synthetic 
Organic Chemistry

Edited by 

Mircea Darabantu, Alison Rinderspacher and Gloria Proni



New Approaches to Synthetic Organic
Chemistry





New Approaches to Synthetic Organic
Chemistry

Editors

Mircea Darabantu

Alison Rinderspacher

Gloria Proni

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Mircea Darabantu

University Babes-Bolyai

Cluj-Napoca

Cluj-Napoca, Romania

Alison Rinderspacher

Columbia University Irving

Medical Center

New York, NY, USA

Gloria Proni

John Jay College of Criminal

Justice

New York, NY, 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) (available at: https://www.mdpi.com/journal/molecules/special

issues/Synthetic OC).

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

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-9020-2 (Hbk)

ISBN 978-3-0365-9021-9 (PDF)

doi.org/10.3390/books978-3-0365-9021-9

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Jahyun Koo, Minsu Kim, Kye Jung Shin and Jae Hong Seo

Non-Palladium-Catalyzed Approach to the Synthesis of (E)-3-(1,3-Diarylallylidene)Oxindoles
Reprinted from: Molecules 2022, 27, 5304, doi:10.3390/molecules27165304 . . . . . . . . . . . . . . 1

Yang-Fan Guo, Tao Luo, Guang-Jing Feng, Chun-Yang Liu and Hai Dong

Efficient Synthesis of 2-OH Thioglycosides from Glycals Based on the Reduction of Aryl
Disulfides by NaBH4

Reprinted from: Molecules 2022, 27, 5980, doi:10.3390/molecules27185980 . . . . . . . . . . . . . . 17

Hillary Straub, Pavel Ryabchuk, Marina Rubina and Michael Rubin

Preparation of Chiral Enantioenriched Densely Substituted Cyclopropyl Azoles, Amines, and
Ethers via Formal SN2′ Substitution of Bromocylopropanes
Reprinted from: Molecules 2022, 27, 7069, doi:10.3390/molecules27207069 . . . . . . . . . . . . . . 33

Mihail Lucian Birsa and Laura G. Sarbu

An Improved Synthetic Method for Sensitive Iodine Containing Tricyclic Flavonoids
Reprinted from: Molecules 2022, 27, 8430, doi:10.3390/molecules27238430 . . . . . . . . . . . . . . 49

Nazar Moshnenko, Alexander Kazantsev, Olga Bakulina, Dmitry Dar’in

and Mikhail Krasavin

The Use of Aryl-Substituted Homophthalic Anhydrides in the Castagnoli–Cushman Reaction
Provides Access to Novel Tetrahydroisoquinolone Carboxylic Acid Bearing an All-Carbon
Quaternary Stereogenic Center
Reprinted from: Molecules 2022, 27, 8462, doi:10.3390/molecules27238462 . . . . . . . . . . . . . . 57

Lu Yang, Hongwei Su, Yue Sun, Sen Zhang, Maosheng Cheng and Yongxiang Liu

Recent Advances in Gold(I)-Catalyzed Approaches to Three-Type Small-Molecule Scaffolds via
Arylalkyne Activation
Reprinted from: Molecules 2022, 27, 8956, doi:10.3390/molecules27248956 . . . . . . . . . . . . . . 71

Kosuke Yamamoto, Keisuke Miyamoto, Mizuki Ueno, Yuki Takemoto, Masami Kuriyama

and Osamu Onomura

Copper-Catalyzed Asymmetric Sulfonylative Desymmetrization of Glycerol
Reprinted from: Molecules 2022, 27, 9025, doi:10.3390/molecules27249025 . . . . . . . . . . . . . . 97

Mohamed S. H. Salem, Ahmed Sabri, Md. Imrul Khalid, Hiroaki Sasai

and Shinobu Takizawa

Two-Step Synthesis, Structure, and Optical Features of a Double Hetero[7]helicene
Reprinted from: Molecules 2022, 27, 9068, doi:10.3390/molecules27249068 . . . . . . . . . . . . . . 109

Denis N. Tomilin, Lyubov N. Sobenina, Alexandra M. Belogolova, Alexander B. Trofimov,

Igor A. Ushakov and Boris A. Trofimov

Unexpected Decarbonylation of Acylethynylpyrroles under the Action of Cyanomethyl
Carbanion: A Robust Access to Ethynylpyrroles
Reprinted from: Molecules 2023, 28, 1389, doi:10.3390/molecules28031389 . . . . . . . . . . . . . . 121
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Synthesis and Catalytic Activity of Bifunctional Phase-Transfer Organocatalysts Based on
Camphor
Reprinted from: Molecules 2023, 28, 1515, doi:10.3390/molecules28031515 . . . . . . . . . . . . . . 135

v



Caiyun Yang, Sirou Hu, Xinhui Pan, Ke Yang, Ke Zhang, Qingguang Liu, et al.

Novel Synthesis of Dihydroisoxazoles by p-TsOH-Participated 1,3-Dipolar Cycloaddition of
Dipolarophiles with -Nitroketones
Reprinted from: Molecules 2023, 28, 2565, doi:10.3390/molecules28062565 . . . . . . . . . . . . . . 153
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Article

Non-Palladium-Catalyzed Approach to the Synthesis of
(E)-3-(1,3-Diarylallylidene)Oxindoles

Jahyun Koo, Minsu Kim, Kye Jung Shin and Jae Hong Seo *

Integrated Research Institute of Pharmaceutical Sciences, College of Pharmacy, The Catholic University of Korea,
Bucheon-si 420-743, Korea
* Correspondence: jaehongseo@catholic.ac.kr; Tel.: +82-2-2164-6531; Fax: +82-2-2164-4059

Abstract: Two novel synthetic approaches for synthesizing (E)-3-(1,3-diarylallylidene)oxindoles from
oxindole were developed. All previously reported methods for synthesizing 3-(1,3-diarylallylidene)
oxindoles utilized palladium-catalyzed reactions as a key step to form this unique skeleton. Despite
high efficiency, palladium-catalyzed reactions have limitations in terms of substrate scope. Especially,
an iodoaryl moiety cannot be introduced by the previous methods due to its high reactivity toward the
palladium catalyst. Our Knoevenagel/allylic oxidation/Wittig and Knoevenagel/aldol/dehydration
strategies complement each other and show broad substrate scope, including substrates with iodoaryl
groups. The current methods utilized acetophenones, benzylidene phosphonium ylides, and ben-
zaldehydes that are commercially available or easily accessible. Thus, the current synthetic approaches
to (E)-3-(1,3-diarylallyldiene)oxindoles are readily amendable for variety of oxindole derivatives.

Keywords: 3-(1,3-diarylallylidene)oxindole; knoevenagel condensation; allylic oxidation; wittig
reaction; aldol reaction; non-palladium-catalyzed

1. Introduction

3-(Diarylmethylene)oxindoles belong to a major oxindole family that has recently
been reported to have novel biological activities, such as AMPK activation [1] and estrogen
receptor-related anticancer activity against breast cancer [2]. As valuable derivatives of
3-(diarylmethylene)oxindoles in the field of medicinal chemistry, 3-(1,3-diarylallylidene)
oxindoles, which have a vinyl linker at the 3-methylene position, have attracted con-
siderable attention from synthetic chemists, and several synthetic methods have been
reported (Scheme 1) [3–6]. In 2005, a 3-(1,3-diarylallylidene)oxindole was first synthe-
sized by Takemoto et al., utilizing double Heck reactions [3]. Recently, Sekar et al., im-
proved this approach using palladium binaphthyl nanoparticles (Pd-BNPs) as a catalyst
to broaden the substrate scope and allow easy separation [4]. In 2008, Murakami et al.,
developed another synthetic method featuring palladium-catalyzed oxidative cyclization of
2-(alkynyl)isocyanate, followed by the Suzuki-Miyaura reaction with styrylboronic acid [5].
As part of our ongoing efforts to identify novel synthetic methods for 3-methyleneoxindole
derivatives [6–10], we recently reported a palladium-catalyzed multicomponent tandem
reaction, which allowed a stereoselective approach to (E)- and (Z)-isomers of 3-(1,3-
diarylallylidene)oxindoles by changing phosphine ligands, reaction temperature, and
time [6]. Although several synthetic methods for 3-(1,3-diarylallylidene)oxindoles have
already been developed, as described above, the narrow substrate scope and/or lim-
ited accessibility of reagents when using these methods necessitate the development of
a more general approach to this unique skeleton. In all previous methods palladium-
catalyzed reactions were the key reactions, which greatly limited the range of prod-
ucts to which these procedures could be applied. A few non-palladium-catalyzed ap-
proaches to 3-allylideneoxindoles have been reported, but they cannot be applied to
the synthesis of 3-(1,3-diarylallylidene)oxindoles [11,12]. Therefore, we attempted to

Molecules 2022, 27, 5304. https://doi.org/10.3390/molecules27165304 https://www.mdpi.com/journal/molecules
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develop a novel synthetic method for 3-(1,3-diarylallylidene)oxindoles with a wide sub-
strate scope using commercially available or easily accessible reagents, and not involving
palladium-catalyzed reactions.

Scheme 1. Previous synthetic approaches to 3-(1,3-diarylallylidene)oxindoles.

2. Results and Discussion

2.1. Unsuccessful Direct Knoevenagel Approach

To develop a novel and efficient approach for synthesizing 3-(1,3-diarylallylidene)
oxindoles, we first examined the feasibility of direct Knoevenagel condensation between
oxindole 1 and chalcone (2) (Scheme 2). Several Knoevenagel condensations of oxindoles
with α,β-unsaturated aldehydes have been reported [13–17], but there is no precedent
for using α,β-unsaturated ketones, such as chalcone. Despite intensive efforts, the de-
sired 3-(1,3-diphenylallylidene)oxindole 3 could not be formed, as in previous studies.
Only a small amount of 1,4-addition adduct 4 was obtained under Ti(OiPr)4/pyridine-
mediated conditions [14,18].

Scheme 2. Knoevenagel condensation of oxindole 1 with chalcone (2).

2
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2.2. Stepwise Approach 1 (Knoevenagel/Allylic Oxidation/Wittig)

The disappointing results of the direct Knoevenagel strategy prompted us to apply a
stepwise approach (Scheme 3). Using an acetophenone as a “partner” of Ti(OiPr)4/pyridine-
mediated Knoevenagel condensation, 3-methyleneoxindole 5 was easily obtained from
oxindole 1 in 93% yield with good Z-stereoselectivity (Z:E = 5:1). The preference for the
Z-isomer could be explained by a chelation-controlled transition state [14]. The geometry
of each isomer was confirmed by comparing 1H NMR data for (E)-5a [19] and the chemical
shift of H4 [6.84 ppm (Z-isomer), 6.14 ppm (E-isomer)]. On 1H NMR analysis of known
3-arylmethylenoxindoles, the chemical shift of H4 is upfield (generally 6.50–6.00 ppm) com-
pared to the usual aromatic area when the aryl group attached to the 3-methylene position
of oxindole is located close to H4 [6,9]. Next, the methyl group should be transformed
into a proper functional group to introduce the second olefin. Under radical bromination
conditions [20], allylic bromide 6 was obtained as a single geometric isomer, regardless of
the geometry of 5a. The structure of 6 was elucidated by intensive NMR studies, including
HSQC, HMBC, COSY, and ROESY. In addition, the chemical shift of H4 was 6.11 ppm,
which supported the (Z)-geometry of 6. The Krische group reported similar scrambling of
olefin geometry during radical allylic bromination [21]. Unfortunately, the Wittig reaction
of the corresponding ylide derived from 6 did not afford the desired 3aa. Given these
disappointing results, we exchanged the positions of the functional groups in the Wittig
reaction. Therefore, the second functionalization of the methyl group was allylic oxidation.
After analyzing several oxidation conditions, we found that SeO2 oxidation [22] afforded
aldehyde 7a in 84% yield, including as a single geometric isomer from both (Z)- and (E)-5a.
Interestingly, the olefin geometry of 7a had the Z-configuration, which was confirmed by
comparison with previously reported 1H NMR data for 7a [23]. In addition, the chemical
shift of H4 for 7a also appeared at 6.26 ppm. The Z-stereoselectivity of allylic oxidation may
have been due to coordination of the oxindole carbonyl group to selenium [24]. However,
considering the high reaction temperature, the possibility of isomerization of (E)-7a to
the more stable (Z)-7a during the reaction could not be excluded. Then, the Wittig reac-
tion of aldehyde 7a with the ylide proceeded smoothly and provided the desired 3aa in
84% yield. The 1H and 13C NMR data of 3aa exactly matched the results obtained in our
previous study [6].

Scheme 3. Stepwise approach to 3-(1,3-diphenylallylidene)oxindole 3aa.

By applying the successful stepwise approach to 3-(1,3-diphenylallylidene)oxindole,
we investigated the substrate scope of aldehyde 7 (Table 1). The Knoevenagel condensation

3
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of oxindole 1 and acetophenones with chloro, nitro, and methoxy substituents proceeded
well, affording 5b–d in good yield (77–95%) with Z-stereoselectivity (Z:E = 4–10:1) (Entries
1–3). SeO2-mediated allylic oxidation of 5b and 5c also proceeded smoothly to afford
the corresponding 7 in 85% and 87% yield, respectively. However, the oxidation of 5d,
bearing a methoxy substituent at the aryl group, was unsuccessful and resulted in complete
decomposition. Unfortunately, neither a lower reaction temperature nor other oxidation
conditions overcame this decomposition problem.

Table 1. Substrate scope for preparation of aldehyde 7.

Entry 5 R
Yield 1

(%)
Z:E 2 7

Yield 3

(%)

1 5b Cl 91 4.6:1 7b 85
2 5c NO2 95 10:1 4 7c 87
3 5d OMe 77 4:1 7d 0

1 Sum of isolated yields of (Z)- and (E)-isomers, 2 Ratio of isolated yield of (Z)- and (E)-isomers, 3 Isolated yield. 4

Ratio in 1H NMR of mixture of two isomers, which could not be isolated.

Setting aside the problematic 5d, we assessed the substrate scope of the final Wittig
reaction of 5a–c with ylides bearing various substituents on the aryl group (Table 2).
Fortunately, all reactions afforded 3-(1,3-diarylallylidene)oxindoles 3, regardless of the
substituent combination, in moderate to good yield (53–95%) (Entries 1–12).

Table 2. Substrate scope of the Wittig reaction.

Entry 7 3 R R 1 Yield 1

(%)

1 7a 3aa H H 84
2 7a 3ab H Cl 67
3 7a 3ac H NO2 64
4 7a 3ad H OMe 53
5 7b 3ba Cl H 95
6 7b 3bb Cl Cl 79
7 7b 3bc Cl NO2 82
8 7b 3bd Cl OMe 68
9 7c 3ca NO2 H 80

10 7c 3cb NO2 Cl 79
11 7c 3cc NO2 NO2 68
12 7c 3cd NO2 OMe 82

1 Isolated yield.

4
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2.3. Stepwise Approach 2 (Knoevenagel/Aldol/Dehydration)

As shown above, the allylic oxidation/Wittig reaction strategy allowed synthesis
of various 3-(1,3-diarylallylidene)oxindoles 3 from Knoevenagel adducts 5. However,
decomposition of 5d in SeO2 oxidation limited the application scope of this strategy.
Therefore, we investigated another stepwise approach, which could be applied to 5d

and overcome the limitation of the first strategy. Based on the fact that the functional
handle of the methyl group was located at the γ-position of the α,β-unsaturated carbonyl
moiety, we assumed that aldol reaction may be feasible. In addition, several examples
of similar aldol reactions were found in the literature [24–26]. According to the results
of base screening, only n-BuLi could provide the desired aldol product, 8aa, in good
yield (Scheme 4). The olefin geometry of 8aa was assigned as E, as the chemical shift
of H4 appeared at 6.14 ppm. Notably, unlike bromination and allylic oxidation, the
olefin geometry of 5a significantly affected the aldol reaction rate. Under optimized
conditions, (Z)-5a was rapidly converted to 8aa in 91% yield, while the reaction of (E)-5a

afforded 8aa in 55% yield. A longer reaction time and/or elevated reaction temperature
did not increase product yield. The difference in reaction rate may have been caused by
the lithiated intermediate from (E)-5a assuming a stable chelated form via coordination
of the oxindole carbonyl group. Dehydration of 8aa proceeded smoothly under acidic
conditions to provide 3aa in 95% yield [27,28].

Scheme 4. The second stepwise approach utilizing aldol reaction/dehydration.

Next, we examined whether the second stepwise approach (aldol/dehydration) was
applicable to 5d (Table 3). The first aldol reaction of 5d proceeded well with various
benzaldehydes, giving aldol adduct 8 in moderate to good yields (Entries 1–3 and 5).
With the exception of 8dc, TFA-mediated dehydration of 8 also proceeded well to afford
3 in excellent yields (Entries 1, 2, and 5). The strong electron-withdrawing action of the
nitro group in 8dc may hamper dehydration under acidic conditions. Even under reflux
conditions, the desired 3dc was produced in only 45% yield (Entry 3). After several tests,
we found that, under basic conditions (TsCl, DMAP, NEt3, CH2Cl2, room temperature,
3 h), 3dc formed in 79% yield (Entry 4). The aldol/dehydration approach could serve as
an additional option for synthesis of 3-(1,3-diarylallylidene)oxindoles 3 with the previous
allylic oxidation/Wittig strategy.

5
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Table 3. Substrate scope of the aldol/dehydration strategy from (Z)-5d.

Entry R 8
Yield 1

(%)
3

Yield 1

(%)

1 H 8da 93 3da 90
2 Cl 8db 75 3db 93
3 NO2 8dc 86 3dc 45 2

4 NO2 3dc 79 3

5 OMe 8dd 63 3dd 91
1 Isolated yield, 2 Reflux, 20 h, 3 TsCl, DMAP, NEt3, CH2Cl2, rt, 3 h.

2.4. Application of Stepwise Approach to An Iodoaryl Compound

To demonstrate that our stepwise approach is useful for synthesis of 3-(1,
3-diarylallylidene)oxindoles 3, which are not accessible by previous palladium-catalyzed
methods, we synthesized 3 with an iodoaryl moiety using a Knoevenagel/allylic oxida-
tion/Wittig strategy (Scheme 5). Due to its high reactivity toward the palladium catalyst, the
iodoaryl group was not compatible with palladium-catalyzed reactions. Ti(OiPr)4/pyridine-
mediated Knoevenagel condensation of oxindole 1 with p-iodoacetophenone gave 3-
methyleneoxindole 5e in 89% yield, with a preference for the Z-isomer (Z:E=10:1). Allylic
oxidation of 5e afforded aldehyde 7e in 78% yield. In addition, the last Wittig reaction of
7e produced 3ea (80% yield), which could not be formed using previous methods. The
iodoaryl group of 3ea could be used as a functional handle for further molecular modifica-
tions. For example, Suzuki-Miyaura reaction of 3ea introduced another phenyl group to
give 9 in 84% yield.

Scheme 5. Synthesis of iodoaryl compound 3ea and its Suzuki-Miyaura reaction.

6
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In conclusion, we have developed two complementary stepwise approaches to syn-
thesize (E)-3-(1,3-diarylallylidene)oxindoles 3 from oxindole 1 (Knoevenagel/allylic oxida-
tion/Wittig and Knoevenagel/aldol/dehydration). These strategies enable the synthesis of
various 3, regardless of substituents on the aryl moiety. Especially, 3 with palladium-sensitive
functional groups, such as iodoaryl groups, could be obtained by these stepwise methods,
which could help to expand the applications of (E)-3-(1,3-diarylallylidene)oxindoles.

3. Experimentals

3.1. General Information

All reactions were performed under an argon atmosphere with dry solvents, unless
otherwise stated. Dry tetrahydrofuran (THF) and methylene chloride (CH2Cl2) were
obtained from Ultimate Solvent Purification System (JC Meyer Solvent System, Laguna
Beach, CA, USA). Other dry solvents were purchased as anhydrous grade. All glassware
is oven-dried and/or flame-dried before use. All commercially available reagents were
purchased and used without further purification. Reactions were monitored by thin-layer
chromatography (TLC) on silica gel plates (Merck TLC Silica Gel 60 F254, Darmstadt,
Germany) using UV light, PMA (an ethanolic solution of phosphomolybdic acid) or ANIS
(an ethanolic solution of para-anisaldehyde) as visualizing agent. Purification of products
was conducted by column chromatography through silica gel 60 (0.060−0.200 mm). Melting
points of all solid compounds were determined by Buchi M-565. NMR spectra were
obtained on Bruker AVANCE III 500 MHz (Bruker Corporation, Billerica, MA, USA) at 20 ◦C
using residual undeuterated solvent or TMS (tetramethylsilane) as an internal reference.
High-resolution mass spectra (HR-MS) were recorded on a JEOL JMS-700 (JEOL, Tokyo,
Japan) using EI (electron impact).

3.2. General Procedure of Ti(OiPr)4/pyridine Mediated Knoevenagel Condensation (4, 5a-e)

To a stirred solution of 1-methyl-2-oxindole (1) (1.0 mmol) and the corresponding
acetophenone or chalcone (2) (1.0 mmol, 1.0 equiv.) in THF (10 mL) were added pyridine
(0.17 mL, 2.0 mmol, 2.0 equiv.) and Ti(OiPr)4 (0.90 mL, 3.0 mmol, 3.0 equiv.). The reaction
mixture was stirred at rt for 24 h, Then, the mixture was diluted with EtOAc (100 mL) and
1 N aq. HCl solution (30 mL). The organic layer was separated and washed with sat. aq.
NaHCO3 (30 mL) and brine (30 mL). The remained organic layer was dried over Na2SO4,
filtered, and concentrated under reduced pressure. The crude residue was purified by
column chromatography to afford Knoevenagel product 5 or 1,4-addition adduct 4.

3.2.1. 1-Methyl-3-(3-oxo-1,3-diphenylpropyl)indolin-2-one (4)

32% Yield; white solid; mp = 122.9–125.6 ◦C; Rf = 0.24 (silica gel, hexane:EtOAc = 4:1);
1H NMR (500 MHz, CDCl3): δ 8.09–8.01 (m, 2H), 7.57 (td, J = 7.4, 1.2 Hz 1H), 7.47 (dd,
J = 10.6, 4.7 Hz, 2H), 7.33 (d, J = 7.3 Hz, 1H), 7.17 (t, J = 7.7 Hz, 1H), 7.11–7.05 (m, 5H), 7.03
(td, J = 7.7, 0.7 Hz, 1H), 6.57 (d, J = 7.7 Hz, 1H), 4.33–4.17 (m, 2H), 3.84 (d, J = 3.6 Hz, 1H),
3.54 (dd, J = 17.0, 5.1 Hz, 1H), 2.99 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 199.1, 176.6,
144.1, 139.6, 137.2, 133.3, 128.7, 128.3, 127.98, 127.96, 127.8, 126.9, 124.4, 122.3, 107.8, 49.8,
42.2, 39.7, 25.9 ppm; HRMS (EI): calcd for C24H21NO2 [M+] : 355.1572, found 355.1573.

3.2.2. (Z)-1-Methyl-3-(1-phenylethylidene)indolin-2-one ((Z)-5a)

80% Yield; yellow solid; mp = 128.9–130.2 ◦C; Rf = 0.45 (silica gel, hexane:EtOAc = 4:1);
1H NMR (500 MHz, CDCl3): δ 7.67 (d, J = 7.6 Hz, 1H), 7.46–7.36 (m, 3H), 7.35–7.27 (m,
3H), 7.10 (td, J = 7.7, 1.0 Hz, 1H), 6.84 (d, J = 7.7 Hz, 1H), 3.15 (s, 3H), 2.65 (s, 3H) ppm;
13C NMR (125 MHz, CDCl3) δ 166.4, 153.2, 143.4, 142.6, 128.6, 128.2, 128.1, 127.4, 124.0,
123.7, 123.6, 121.8, 107.8, 25.8, 25.6 ppm; HRMS (EI): calcd for C17H15NO [M+] : 249.1154,
found 249.1151.

7
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3.2.3. (E)-1-Methyl-3-(1-phenylethylidene)indolin-2-one ((E)-5a) [19]

13% Yield; yellow solid; mp = 140.4–142.2 ◦C (lit. [19] 142.7-144.1 ◦C); Rf = 0.55 (silica
gel, hexane:EtOAc = 4:1); 1H NMR (500 MHz, CDCl3): δ 7.51–7.41 (m, 3H), 7.28 (dt, J = 3.6,
2.0 Hz, 2H), 7.14 (dd, J = 11.2, 4.2 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.64 (td, J = 7.7, 0.8 Hz,
1H), 6.14 (d, J = 7.7 Hz, 1H), 3.28 (s, 3H), 2.81 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3)
δ 168.3, 155.0, 143.1, 142.4, 129.3, 128.4, 128.2, 126.6, 123.5, 122.9, 122.8, 121.5, 107.6, 29.8,
25.9, 23.0 ppm.

3.2.4. (Z)-1-Methyl-3-(1-(4-chlorophenyl)ethylidene)indolin-2-one ((Z)-5b)

75% Yield; yellow solid; mp = 141.5–143.1 ◦C; Rf = 0.42 (silica gel, hexane:EtOAc = 4:1);
1H NMR (500 MHz, CDCl3): δ 7.67 (d, J = 7.6 Hz, 1H), 7.44–7.38 (m, 2H), 7.34 (td, J = 7.7, 0.9
Hz, 1H), 7.29–7.26 (m, 2H), 7.11 (td, J = 7.7, 0.9 Hz, 1H), 6.86 (d, J = 7.7 Hz, 1H), 3.17 (s, 3H),
2.64 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 166.3, 151.5, 143.5, 140.9, 134.1, 129.0, 128.8,
128.5, 124.2, 124.1, 123.4, 122.0, 108.0, 25.8, 25.4 ppm; HRMS (EI): calcd for C17H14ClNO
[M+] : 283.0764, found 283.0763.

3.2.5. (E)-1-Methyl-3-(1-(4-chlorophenyl)ethylidene)indolin-2-one ((E)-5b)

16% Yield; yellow solid; mp = 132.1–133.9 ◦C; Rf = 0.43 (silica gel, hexane:EtOAc = 4:1);
1H NMR (500 MHz, CDCl3): δ 7.50–7.42 (m, 2H), 7.25–7.21 (m, 2H), 7.16 (t, J = 7.2 Hz, 1H),
6.77 (d, J = 7.8 Hz, 1H), 6.69 (td, J = 7.7, 0.9 Hz, 1H), 6.22 (d, J = 7.7 Hz, 1H), 3.27 (s, 3H),
2.78 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 166.3, 151.5, 143.5, 140.9, 134.1, 129.0, 128.8,
128.5, 124.2, 124.1, 123.4, 122.0, 108.0, 25.8, 25.4 ppm; HRMS (EI): calcd for C17H14ClNO
[M+] : 283.0764, found 283.0761.

3.2.6. (Z)-1-Methyl-3-(1-(4-nitrophenyl)ethylidene)indolin-2-one ((Z)-5c)

86% Yield; orange solid; mp = 189.8–192.2 ◦C; Rf = 0.26 (silica gel, hexane:EtOAc = 3:1);
1H NMR (500 MHz, CDCl3): δ 8.28 (d, J = 8.5 Hz, 2H), 7.67 (d, J = 7.6 Hz, 1H), 7.44 (d, J = 8.5
Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H), 6.85 (d, J = 7.8 Hz, 1H), 3.14 (s, 3H),
2.63 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 166.2, 149.8, 149.1, 147.4, 143.8, 129.5, 128.4,
125.1, 124.3, 123.8, 122.8, 122.3, 108.3, 25.9, 24.8 ppm; HRMS (EI): calcd for C17H14N2O3
[M+] : 294.1004, found 294.1001.

3.2.7. (Z)-1-Methyl-3-(1-(4-methoxyphenyl)ethylidene)indolin-2-one ((Z)-5d)

62% Yield; yellow solid; mp = 125.0–127.3 ◦C; Rf = 0.26 (silica gel, hexane:EtOAc:
CH2Cl2 = 4:1:1); 1H NMR (500 MHz, CDCl3): δ 7.61 (d, J = 7.6 Hz, 1H), 7.31 (dd, J = 6.4,
4.8 Hz, 2H), 7.25 (t, J = 7.7 Hz, 1H), 7.05 (t, J = 7.6 Hz, 1H), 6.92 (t, J = 5.6 Hz, 2H), 6.79 (d,
J = 7.7 Hz, 1H), 3.82 (s, 3H), 3.13 (s, 3H), 2.61 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ
166.5, 160.0, 153.4, 143.1, 134.2, 129.6, 128.2, 124.0, 123.9, 123.2, 121.8, 113.5, 107.8, 55.4, 25.8,
25.7 ppm; HRMS (EI): calcd for C18H17NO2 [M+] : 279.1259, found 279.1255.

3.2.8. (E)-1-Methyl-3-(1-(4-methoxyphenyl)ethylidene)indolin-2-one ((E)-5d)

15% Yield; gummy solid; Rf = 0.34 (silica gel, hexanes:EtOAc:CH2Cl2 = 4:1:1); 1H NMR
(500 MHz, CDCl3): δ 7.26–7.22 (m, 2H), 7.14 (dd, J = 7.7, 7.0 Hz, 1H), 7.02–6.97 (m, 2H), 6.76
(d, J = 7.7 Hz, 1H), 6.67 (td, J = 7.7, 0.8 Hz, 1H), 6.36 (d, J = 7.7 Hz, 1H), 3.89 (s, 3H), 3.27
(s, 3H), 2.79 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 168.4, 159.9, 155.2, 142.3, 135.3,
128.4, 128.0, 123.4, 123.0, 122.8, 121.4, 114.5, 107.6, 55.5, 25.9, 23.1 ppm; HRMS (EI): calcd for
C18H17NO2 [M+] : 279.1259, found 279.1257.

3.2.9. (Z)-1-Methyl-3-(1-(4-iodophenyl)ethylidene)indolin-2-one ((Z)-5e)

81% Yield; yellow solid; mp = 132.5–134.0 ◦C; Rf = 0.64 (silica gel, hexane:EtOAc:CH2Cl2
= 4:1:1); 1H NMR (500 MHz, CDCl3): δ 7.78–7.71 (m, 2H), 7.65 (d, J = 7.6 Hz, 1H), 7.32 (td,
J = 7.7, 0.9 Hz, 1H), 7.13–7.04 (m, 3H), 6.84 (d, J = 7.7 Hz, 1H), 3.15 (s, 3H), 2.61 (s, 3H) ppm;
13C NMR (125 MHz, CDCl3) δ 166.3, 151.4, 143.5, 142.1, 137.3, 129.4, 128.9, 124.12, 124.11,
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123.4, 122.0, 108.0, 94.1, 25.8, 25.3 ppm; HRMS (EI): calcd for C17H14INO [M+] : 375.0120,
found 375.0119.

3.2.10. (E)-1-Methyl-3-(1-(4-iodoxyphenyl)ethylidene)indolin-2-one ((E)-5e)

8% Yield; yellow solid; mp = 117.1–119.5 ◦C Rf = 0.61 (silica gel, hexane:EtOAc:CH2Cl2
= 4:1:1); 1H NMR (500 MHz, CDCl3): δ 7.82 (d, J = 8.4 Hz, 2H), 7.16 (td, J = 7.7, 1.0 Hz, 1H),
7.08–7.01 (m, 2H), 6.77 (d, J = 7.7 Hz, 1H), 6.69 (td, J = 7.7, 1.0 Hz, 1H), 6.24 (d, J = 7.7 Hz,
1H), 3.27 (s, 3H), 2.77 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 168.1, 153.1, 142.5, 142.5,
138.5, 128.7, 128.5, 123.8, 122.9, 122.4, 121.6, 107.7, 94.2, 25.9, 22.8 ppm; HRMS (EI): calcd for
C17H14INO [M+] : 375.0120, found 375.0120.

3.2.11. (Z)-3-(2-Bromo-1-phenylethylidene)-1-methylindolin-2-one (6)

To a stirred solution of 3-methyleneoxindole 5a (40.4 mg, 0.162 mmol) were added NBS
(34.6 mg, 0.194 mmol, 1.2 equiv.) and AIBN (16 μL, 8.1 μmol, 5 mol%) in anhydrous 1,2-
dichloroethane(DCE) (6 mL). The reaction mixture was refluxed under argon atmosphere
for 10 h, then cooled to rt and diluted with EtOAc (50 mL) and water (50 mL). The organic
layer was separated, dried over Na2SO4, filtered, and concentrated under reduced pressure.
The crude residue was purified by column chromatography to afford 6 (38.1 mg, 72% yield)
as a yellow solid (mp = 161.5–163.1 ◦C). Rf = 0.53 (silica gel, hexane:EtOAc = 3:1); 1H NMR
(500 MHz, CDCl3): δ 7.51 (dt, J = 4.8, 2.5 Hz, 3H), 7.40–7.35 (m, 2H), 7.18 (td, J = 7.7, 1.1 Hz,
1H), 6.75 (d, J = 7.8 Hz, 1H), 6.64 (td, J = 7.7, 0.9 Hz, 1H), 6.11 (d, J = 7.7 Hz, 1H), 5.20 (s, 2H),
3.27 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 167.2, 149.5, 143.4, 139.1, 129.9, 129.4, 129.3,
129.2, 127.8, 123.9, 122.0, 121.9, 108.0, 31.8, 26.0 ppm; HRMS (EI): calcd for C17H14BrNO
[M+] : 327.0259, found 327.0254.

3.3. General Procedure of SeO2 Mediated Allylic Oxidation (7a–c, 7e)

To a stirred solution of the corresponding 3-methyleneoxindole 5 (0.256 mmol) in
p-xylene (3.0 mL) was added SeO2 (170.4 mg, 2.0 mmol, 2.0 equiv.). The reaction mixture
was refluxe for 24 h, then, the mixture was diluted with EtOAc (50 mL) and brine (30 mL).
The organic layer was separated, dried over Na2SO4, filtered, and concentrated under
reduced pressure. The crude residue was purified by column chromatography to afford
aldehye 7.

3.3.1. (Z)-2-(1-Methyl-2-oxoindolin-3-ylidene)-2-phenylacetaldehyde (7a) [23]

84% Yield; orange solid; mp = 187.8–190.7 ◦C (lit. [23] 174-176 ◦C); Rf = 0.35 (silica
gel, hexanes:EtOAc = 3:1); 1H NMR (500 MHz, CDCl3): δ 11.40 (s, 1H), 7.49 (dd, J = 3.7,
2.7 Hz, 3H), 7.28–7.19 (m, 3H), 6.77 (d, J = 7.8 Hz, 1H), 6.68 (td, J = 7.7, 0.9 Hz, 1H), 6.26 (d,
J = 7.7 Hz, 1H), 3.25 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 193.3, 167.3, 145.8, 145.6,
135.5, 133.3, 132.2, 129.4, 129.2, 128.9, 126.2, 122.6, 121.4, 108.6, 26.2 ppm; HRMS (EI): calcd
for C17H13NO2 [M+] : 263.0946, found 263.0942.

3.3.2. (Z)-2-(4-Chlorophenyl)-2-(1-methyl-2-oxoindolin-3-ylidene)acetaldehyde (7b)

85% Yield; orange solid; mp = 186.8–189.1 ◦C; Rf = 0.32 (silica gel, hexane:EtOAc = 3:1);
1H NMR (500 MHz, CDCl3): δ 11.38 (s, 1H), 7.52–7.45 (m, 2H), 7.29 (td, J = 7.8, 1.1 Hz, 1H),
7.20–7.16 (m, 2H), 6.79 (d, J = 7.8 Hz, 1H), 6.74 (td, J = 7.7, 0.9 Hz, 1H), 6.36 (d, J = 7.4 Hz,
1H), 3.27 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.9, 167.1, 145.7, 144.4, 135.9,
135.6, 132.6, 131.6, 130.6, 129.6, 126.1, 122.7, 121.1, 108.8, 26.3 ppm; HRMS (EI): calcd for
C17H12ClNO2 [M+] : 297.0557, found 297.0556.

3.3.3. (Z)-2-(1-Methyl-2-oxoindolin-3-ylidene)-2-(4-nitrophenyl)acetaldehyde (7c)

87% Yield; red solid; mp = 194.2–196.8 ◦C; Rf = 0.34 (silica gel, hexane:EtOAc = 4:1); 1H
NMR (500 MHz, CDCl3): δ 11.41 (s, 1H), 8.36 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 7.31
(t, J = 7.7 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H), 6.71 (t, J = 7.7 Hz, 1H), 6.20 (d, J = 7.7 Hz, 1H),
3.27 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.1, 166.8, 148.4, 146.1, 142.9, 140.2, 136.4,
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133.2, 130.4, 126.1, 124.4, 122.9, 120.6, 109.1, 26.3 ppm; HRMS (EI): calcd for C17H12N2O4
[M+] : 308.0797, found 308.0797.

3.3.4. (Z)-2-(4-Iodophenyl)-2-(1-methyl-2-oxoindolin-3-ylidene)acetaldehyde (7e)

78% Yield; orange solid; mp = 157.2–159.5 ◦C; Rf = 0.20 (silica gel, hexane:EtOAc = 3:1);
1H NMR (500 MHz, CDCl3): δ 11.36 (s, 1H), 7.83 (d, J = 8.2 Hz, 2H), 7.29 (td, J = 7.8, 0.8
Hz, 1H), 6.98 (d, J = 8.2 Hz, 2H), 6.78 (d, J = 7.8 Hz, 1H), 6.74 (t, J = 7.7 Hz, 1H), 6.38 (d,
J = 7.7 Hz, 1H), 3.25 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.7, 167.0, 145.7, 144.3,
138.3, 135.7, 132.7, 132.6, 130.9, 126.1, 122.7, 121.0, 108.7, 95.7, 26.2 ppm; HRMS (EI): calcd
for C17H12INO2 [M+] : 388.9913, found 388.9908.

3.4. General Procedure of Wittig Reaction (3aa-ad, 3ba-bd, 3ca-cd, 3ea)

To a stirred solution of the corresponding benzyltriphenylphosphonium bromide
(0.098 mmol, 1.5 equiv.) in THF (2.0 mL) was slowly added n-butyllithium (2.5 M in hexane,
0.036 mL, 0.091 mmol, 1.4 equiv.) at 0 ◦C under argon atmosphere. After stirring for 1 h at
the same temperature, a solution of the corresponding aldehyde 7 (0.065 mmol, 1.0 equiv.)
in THF (1.0 mL) was added. Then, the reaction temperature was raised to 50 ◦C. After 4 h,
the reaction mixture was cooled to rt and diluted with sat. aq. NH4Cl (30 mL) and EtOAc
(70 mL). The organic layer was separated, dried over Na2SO4, filtered, and concentrated
under reduced pressure. The crude residue was purified by column chromatography to
afford 3-(1,3-diarylallyliden)oxindole 3.

3.4.1. (E)-3-((E)-1,3-Diphenylallylidene)-1-methylindolin-2-one (3aa)

84% Yield; yellow solid; mp = 125.7 ◦C; Rf = 0.4 (silica gel, hexane:EtOAc = 4:1);
1H NMR (500 MHz, CDCl3): δ 9.38 (d, J = 16.0 Hz, 1H), 7.55–7.51 (m, 5H), 7.33–7.25 (m,
5H), 7.08 (td, J = 8.2, 7.6 Hz, 1H), 6.74 (d, J = 7.8 Hz, 1H), 6.60 (t, J = 7.7 Hz, 1H), 6.47 (d,
J = 16.0 Hz, 1H), 5.72 (d, J = 7.8 Hz, 1H), 3.3 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ
168.1, 151.2, 142.9, 141.6, 137.8, 136.9, 129.3, 129.2, 128.8, 128.7, 128.6, 128.3, 128.0, 127.7,
123.7, 123.4, 122.6, 121.6, 107.6, 25.9 ppm; HRMS (EI): calcd for C24H19NO [M+]: 337.1467,
found 337.1466.

3.4.2. (E)-3-((E)-3-(4-Chlorophenyl)-1-phenylallylidene)-1-methylindolin-2-one (3ab)

67% Yield; yellow solid; mp = 123.2 ◦C; Rf = 0.44 (silica gel, hexane:EtOAc = 3:1); 1H
NMR (500 MHz, CDCl3): δ 9.36 (d, J = 16 Hz, 1H), 7.57–7.53 (m, 3H), 7.44 (dt, J = 13.3, 2.3
Hz, 2H), 7.29–7.26 (m, 4H), 7.10 (td, J = 7.7, 1.1 Hz, 1H), 6.75 (d, J = 7.7 Hz, 1H), 6.59 (td, J
= 7.7, 1.0 Hz, 1H), 6.40 (d, J = 16.0 Hz, 1H), 5.72 (d, J = 7.8 Hz, 1H), 3.30 (s, 3H) ppm; 13C
NMR (125 MHz, CDCl3): δ 168.1, 150.8, 143.0, 139.9, 137.5, 135.5, 134.8, 129.4, 129.1, 129.0,
128.7, 128.6, 128.5, 128.2, 123.8, 123.3, 123.0, 121.7, 107.7, 25.9 ppm; HRMS (EI): calcd for
C24H18ClNO [M+]: 371.1077, found 371.1077.

3.4.3. (E)-1-Methyl-3-((E)-3-(4-nitrophenyl)-1-phenylallylidene)indolin-2-one (3ac)

64% Yield; red solid; mp = 183.3–184.7 ◦C; Rf = 0.32 (silica gel, hexane:EtOAc = 8:1); 1H
NMR (500 MHz, CDCl3): δ 9.52 (d, J = 16.0 Hz, 1H), 8.22–8.10 (m, 2H), 7.64 (d, J = 8.8 Hz,
2H), 7.61–7.53 (m, 3H), 7.31–7.26 (m, 2H), 7.15 (td, J = 7.7, 1.1 Hz, 1H), 6.76 (d, J = 7.7 Hz,
1H), 6.62 (td, J = 7.7, 0.9 Hz, 1H), 6.46 (d, J = 16.0 Hz, 1H), 5.76 (d, J = 7.5 Hz, 1H), 3.30 (s,
3H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.0, 149.5, 147.5, 143.4, 137.9, 137.0, 131.8, 129.6,
129.3, 128.9, 128.6, 128.3, 124.9, 124.21, 124.16, 123.0, 121.9, 107.9, 25.9 ppm; HRMS (EI):
calcd for C24H18N2O3 [M+] : 382.1317, found 382.1316.

3.4.4. (E)-3-((E)-3-(4-Methoxyphenyl)-1-phenylallylidene)-1-methylindolin-2-one (3ad)

53% Yield; yellow solid; mp = 135.5 ◦C; Rf = 0.2 (silica gel, hexane:EtOAc = 5:1); 1H
NMR (500 MHz, CDCl3): δ 9.27 (d, J = 16.0 Hz, 1H), 7.55–7.52 (m, 3H), 7.48 (d, J = 8.7 Hz,
2H), 7.28–7.27 (m, 2H), 7.08 (td, J = 7.7, 1.1 Hz, 1H), 6.84 (dt, J = 14.3, 2.9 Hz, 2H), 6.75 (d,
J = 7.7 Hz, 1H), 6.59 (td, J = 7.7, 1.0 Hz, 1H), 6.44 (d, J = 16 Hz, 1H), 5.70 (d, J = 7.7 Hz, 1H),
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3.82 (s, 3H), 3.30(s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.2, 160.7, 151.9, 142.7, 141.5,
137.9, 129.9, 129.6, 129.3, 128.7, 128.5, 128.0, 125.7, 123.6, 123.5, 121.5, 114.3, 107.5, 55.5, 25.9
ppm; HRMS (EI): calcd for C25H21NO2 [M+]: 367.1572, found 367.1572.

3.4.5. (E)-3-((E)-1-(4-Chlorophenyl)-3-phenylallylidene)-1-methylindolin-2-one (3ba)

95% Yield; yellow solid; mp = 178.2 ◦C; Rf = 0.3 (silica gel, hexane:EtOAc = 6:1); 1H
NMR (500 MHz, CDCl3): δ 9.37 (d, J = 16.1 Hz, 1H), 7.56–7.53 (m, 4H), 7.33 (t, J = 7.3 Hz,
2H), 7.29 (d, J = 7.1 Hz, 1H), 7.24 (dt, J = 12.8, 2.2 Hz, 2H), 7.13 (td, J = 7.7, 1.0 Hz, 1H), 6.76
(d, J = 7.7 Hz, 1H), 6.66 (td, J = 7.7, 0.9 Hz, 1H), 6.43 (d, J = 16.1 Hz, 1H), 5.86 (d, J = 7.7 Hz,
1H), 3.29 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.9, 149.6, 143.0, 141.4, 136.8, 136.1,
134.6, 130.3, 129.7, 129.3, 128.9, 128.6, 128.0, 127.5, 123.5, 123.1, 122.8, 121.7, 107.8, 25.9 ppm;
HRMS (EI): calcd for C24H18ClNO [M+]: 371.1077, found 371.1078.

3.4.6. (E)-3-((E)-1,3-Bis(4-chlorophenyl)allylidene)-1-methylindolin-2-one (3bb)

79% Yield; yellow solid; mp = 193.0 ◦C; Rf = 0.27 (silica gel, hexane:EtOAc = 8:1);
1H NMR (500 MHz, CDCl3): δ 9.33 (d, J = 16.1 Hz, 1H), 7.55 (d, J = 8.3 Hz, 2H), 7.44 (d,
J = 8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 7.15 (t, J = 7.7 Hz, 1H), 6.76
(d, J = 7.8 Hz, 1H), 6.67 (t, J = 7.7 Hz, 1H), 6.35 (d, J = 16.1 Hz, 1H), 5.86 (d, J = 7.7 Hz, 1H),
3.28 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.9, 167.2, 163.1, 139.7, 135.9, 135.3, 135.0,
134.8, 130.3, 129.8, 129.1, 128.8, 128.0, 123.7, 123.2, 123.0, 121.8, 107.8, 25.9 ppm; HRMS (EI):
calcd for C24H17Cl2NO [M+]: 405.0687, found 405.0689.

3.4.7. (E)-3-((E)-1-(4-Chlorophenyl)-3-(4-nitrophenyl)allylidene)-1-methylindolin-2-one (3bc)

82% Yield; red solid; mp = >250 ◦C; Rf = 0.50 (silica gel, hexane:EtOAc:CH2Cl2 = 4:1:1);
1H NMR (500 MHz, CDCl3): δ 9.53 (d, J = 16.2 Hz, 1H), 8.47 (d, J = 8.1 Hz, 2H), 8.18 (d,
J = 8.3 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H), 7.20 (t, J = 7.6 Hz, 1H), 6.80
(d, J = 7.6 Hz, 1H), 6.66 (t, J = 7.6 Hz, 1H), 6.30 (d, J = 16.2 Hz, 1H), 5.74 (d, J = 7.6 Hz, 1H),
3.31 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.5, 148.3, 147.8, 146.3, 143.9, 143.7,
142.8, 137.8, 130.8, 130.1, 128.3, 125.2, 125.0, 124.3, 123.8, 122.19, 122.15, 108.4, 26.1 ppm;
HRMS (EI): calcd for C24H17N3O5 [M+] : 427.1168, found 427.1169.

3.4.8. (E)-3-((E)-1-(4-Chlorophenyl)-3-(4-methoxyphenyl)allylidene)-1-methylindolin-2-one (3bd)

68% Yield; yellow solid; mp = 129.0 ◦C; Rf = 0.38 (silica gel, CH2Cl2:hexane 5:1); 1H
NMR (500 MHz, CDCl3): δ 9.24 (d, J = 16 Hz, 1H), 7.53 (dt, J = 13.1, 2.2 Hz, 2H), 7.48 (d,
J = 8.7 Hz, 2H), 7.22 (dt, J = 12.6, 2.1 Hz, 2H), 7.11 (td, J = 7.4, 1.1 Hz, 1H), 6.85 (dt, J = 14.4,
2.4 Hz, 2H), 6.76 (d, J = 7.7 Hz, 1H), 6.64 (td, J = 7.7, 1.0, 1H), 6.38 (d, J = 16 Hz, 1H), 5.83 (d,
J = 7.5 Hz, 1H), 3.82 (s, 3H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.0, 160.8,
150.2, 142.8, 141.4, 136.4, 134.5, 130.3, 129.73, 129.65, 129.6, 128.3, 125.5, 123.3, 121.6, 114.4,
107.7, 55.5, 25.9. ppm; HRMS (EI): calcd for C25H20ClNO2 [M+]: 401.1183, found 401.1185.

3.4.9. (E)-1-Methyl-3-((E)-1-(4-nitrophenyl)-3-phenylallylidene)indolin-2-one (3ca)

80% Yield; yellow solid; mp = 228.2 ◦C; Rf = 0.3 (silica gel, hexanes:EtOAc = 3:1); 1H
NMR (500 MHz, CDCl3): δ 9.39 (d, J = 16.2 Hz, 1H), 8.45 (d, J = 8.8 Hz, 2H), 7.53–7.50
(m, 4H), 7.35–7.30 (m, 3H), 7.15 (td, J = 7.7, 1.1 Hz, 1H), 6.78 (d, J = 7.7 Hz, 1H), 6.62 (td,
J = 7.7, 1.0 Hz, 1H), 6.30 (d, J = 16.2 Hz, 1H), 5.70 (d, J = 7.5 Hz, 1H), 3.31 (s, 3H) ppm; 13C
NMR (125 MHz, CDCl3): δ 167.7, 148.1, 148.0, 144.7, 143.2, 141.5, 136.5, 130.2, 129.6, 129.2,
123.0, 128.0, 126.8, 124.8, 123.3, 122.9, 122.6, 121.9, 108.1, 26.0 ppm; HRMS (EI): calcd for
C24H18N2O3 [M+]: 382.1317, found 382.1318.

3.4.10. (E)-3-((E)-3-(4-Chlorophenyl)-1-(4-nitrophenyl)allylidene)-1-methylindolin-2-one (3cb)

79% Yield; orange solid; mp = 249.5 ◦C; Rf = 0.34 (silica gel, hexanes:EtOAc = 5:1); 1H
NMR (500 MHz, CDCl3): δ 9.37 (d, J = 16.2 Hz, 1H), 8.44 (dt, J = 12.9, 2.3 Hz, 2H), 7.50
(dt, J = 13.0, 2.3 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 7.15 (td, J = 7.7,
0.9 Hz, 1H), 6.78 (d, J = 7.8 Hz, 1H), 6.62 (td, J = 7.7, 0.8 Hz, 1H), 6.23 (d, J = 16.2 Hz, 1H),
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5.71 (d, J = 7.7 Hz, 1H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.6, 148.2, 147.5,
144.4, 143.3, 139.8, 135.4, 135.0, 130.2, 129.4, 129.3, 129.2, 129.1, 128.3, 127.3, 127.1, 124.8,
124.3, 123.4, 123.3, 122.5, 122.0, 108.2, 26.0 ppm; HRMS (EI): calcd for C24H17ClN2O3 [M+]:
416.0928, found 416.0928.

3.4.11. (E)-3-((E)-1,3-Bis(4-nitrophenyl)allylidene)-1-methylindolin-2-one (3cc)

68% Yield; orange solid; mp = 243.5–245.2 ◦C; Rf = 0.38 (silica gel, hexanes:EtOAc = 5:1);
1H NMR (500 MHz, CDCl3): δ 9.49 (d, J = 16.1 Hz, 1H), 8.16 (d, J = 8.7 Hz, 2H), 7.63 (d,
J = 8.7 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 7.6 Hz, 1H),
6.77 (d, J = 7.7 Hz, 1H), 6.68 (t, J = 7.6 Hz, 1H), 6.41 (d, J = 16.1 Hz, 1H), 5.88 (d, J = 7.7 Hz,
1H), 3.29 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.8, 148.0, 147.6, 143.5, 143.1, 137.8,
135.4, 135.0, 131.5, 130.2, 130.0, 129.6, 128.3, 125.1, 124.2, 124.1, 122.7, 122.1, 108.1, 26.0 ppm;
HRMS (EI): calcd for C24H17ClN2O3 [M+] : 416.0928, found 416.0923.

3.4.12. (E)-3-((E)-3-(4-Methoxyphenyl)-1-(4-nitrophenyl)allylidene)-1-methylindolin-2-one (3cd)

82% Yield; orange solid; mp = 197.0 ◦C; Rf = 0.23 (silica gel, hexanes:EtOAc = 4:1); 1H
NMR (500 MHz, CDCl3): δ 9.27 (d, J = 16.2 Hz, 1H), 8.43 (dt, J = 13.0, 2.3 Hz, 2H), 7.50 (dt,
J = 13, 2.3 Hz, 2H), 7.46 (d, J = 8.8 Hz, 2H), 7.13 (td, J = 7.7, 0.9 Hz, 1H), 6.9 (d, J = 8.8 Hz,
2H), 6.78 (d, J = 7.8 Hz, 1H), 6.60 (td, J = 7.7, 0.8 Hz, 1H), 6.26 (d, J = 16.2 Hz, 1H), 5.68
(,d J = 7.7 Hz, 1H), 3.82 (s, 3H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.8,
161.1, 148.6, 148.1, 144.9, 143.0, 141.4, 130.2, 129.7, 129.4, 128.8, 124.8, 124.7, 123.1, 122.8,
121.8, 121.7, 114.5, 108.0, 55.5, 25.9 ppm; HRMS (EI): calcd for C25H20N2O4 [M+]: 412.1423,
found 412.1422.

3.4.13. (E)-3-((E)-1-(4-Iodophenyl)-3-phenylallylidene)-1-methylindolin-2-one (3ea)

80% Yield; orange solid; mp = 182.7–184.0 ◦C; Rf = 0.31 (silica gel, hexanes:EtOAc = 6:1);
1H NMR (500 MHz, CDCl3): δ 9.35 (d, J = 16.1 Hz, 1H), 7.93–7.85 (m, 2H), 7.56–7.50 (m, 2H),
7.36–7.31 (m, 2H), 7.31–7.27 (m, 1H), 7.15 (td, J = 7.7, 1.1 Hz, 1H), 7.07–7.02 (m, 2H), 6.76 (d,
J = 7.7 Hz, 1H), 6.68 (td, J = 7.7, 1.0 Hz, 1H), 6.42 (d, J = 16.1 Hz, 1H), 5.86 (d, J = 7.4 Hz,
1H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 167.9, 149.7, 143.0, 141.5, 138.6, 137.2,
136.8, 130.8, 129.3, 128.9, 128.7, 128.0, 127.3, 123.6, 123.1, 122.7, 121.8, 107.8, 94.5, 25.9 ppm;
HRMS (EI): calcd for C24H18INO [M+] : 463.0433, found 463.0430.

3.5. General Procedure of Aldol Reaction (8aa, 8da-dd)

To a stirred solution of the corresponding 3-methyleneoxindole 5 (0.20 mmol) in THF
(2.0 mL) was slowly added n-butyllithium (2.5 M in hexane, 0.088 mL, 0.22 mmol, 1.1 equiv.)
at −78 ◦C under argon atmosphere. After stirring for 1 h at the same temperature, the cor-
responding benzaldehyde (0.26 mmol, 1.3 equiv.) was added. After stirring for additional
1.5 h at −78 ◦C, the reaction mixture was diluted with sat. aq. NH4Cl (10 mL) and EtOAc
(50 mL). The organic layer was separated, dried over Na2SO4, filtered, and concentrated
under reduced pressure. The crude residue was purified by column chromatography to
afford aldol adduct 8.

3.5.1. (E)-3-(3-Hydroxy-1,3-diphenylpropylidene)-1-methylindolin-2-one (8aa)

91% Yield; yellow foam; Rf = 0.37 (silica gel, hexane:EtOAc = 2:1); 1H NMR (500 MHz,
CDCl3): δ 7.57–7.43 (m, 4H), 7.40 (d, J = 7.4 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.27–7.19 (m,
2H), 7.15 (t, J = 7.6 Hz, 1H), 6.79 (d, J = 7.7 Hz, 1H), 6.66 (t, J = 7.6 Hz, 1H), 6.14 (d, J = 7.7 Hz,
1H), 4.82 (d, J = 9.8 Hz, 1H), 4.50 (s, 1H), 4.42 (dd, J = 12.6, 11.0 Hz, 1H), 3.30 (s, 3H), 2.88
(dd, J = 12.8, 2.8 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): δ 169.6, 155.6, 145.5, 142.3,
141.3, 129.6, 129.1, 128.9, 128.7, 128.5, 127.3, 126.5, 126.3, 125.7, 123.0, 122.8, 122.1, 108.0, 73.7,
46.0, 26.2 ppm; HRMS (EI): calcd for C24H21NO2 [M+] : 355.1572, found 355.1568.
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3.5.2. (E)-3-(3-Hydroxy-1-(4-methoxyphenyl)-3-phenylpropylidene)-1-methylindolin-2-one (8da)

93% Yield; yellow foam; Rf = 0.18 (silica gel, hexane:EtOAc:CH2Cl2 = 4:1:1); 1H NMR
(500 MHz, CDCl3): δ 7.42 (dd, J = 13.8, 7.3 Hz, 3H), 7.33 (dd, J = 10.4, 4.8 Hz, 2H), 7.26–7.19
(m, 2H), 7.19–7.13 (m, 1H), 7.09–6.96 (m, 2H), 6.81 (d, J = 7.7 Hz, 1H), 6.71 (td, J = 7.7,
1.0 Hz, 1H), 6.38 (d, J = 7.4 Hz, 1H), 4.82–4.73 (m, 1H), 4.65 (d, J = 7.7 Hz, 1H), 4.39 (dd,
J = 12.8, 10.8 Hz, 1H), 3.92 (s, 3H), 3.32 (s, 3H), 2.88 (dd, J = 12.8, 2.9 Hz, 1H) ppm; 13C NMR
(125 MHz, CDCl3): δ 169.8, 160.4, 156.1, 145.7, 142.2, 133.2, 130.7, 128.53, 128.48, 128.0, 127.3,
126.3, 125.7, 123.1, 122.8, 122.1, 115.1, 114.3, 108.1, 74.1, 55.5, 46.3, 26.2 ppm; HRMS (EI):
calcd for C25H21NO2 [M-H2O]+ : 367.1572, found 367.1567.

3.5.3. (E)-3-(3-(4-Chlorophenyl)-3-hydroxy-1-(4-methoxyphenyl)propylidene)-1-
methylindolin-2-one (8db)

75% Yield; orange foam; Rf = 0.38 (silica gel, hexane:EtOAc:CH2Cl2 = 4:1:1); 1H NMR
(500 MHz, CDCl3): δ 7.39 (d, J = 7.8 Hz, 1H), 7.35–7.22 (m, 4H), 7.18 (dd, J = 15.7, 8.0 Hz,
2H), 7.00 (dd, J = 22.8, 8.2 Hz, 2H), 6.80 (d, J = 7.7 Hz, 1H), 6.71 (t, J = 7.6 Hz, 1H), 6.38
(d, J = 7.7 Hz, 1H), 4.78 (s, 2H), 4.32–4.19 (m, 1H), 3.90 (s, 3H), 3.30 (s, 3H), 2.97–2.88 (m,
1H) ppm; 13C NMR (125 MHz, CDCl3): δ 169.7, 160.4, 155.6, 144.1, 142.2, 133.0, 132.8,
130.5, 128.6, 128.5, 128.1, 127.1, 126.4, 123.0, 122.8, 122.2, 115.0, 114.3, 108.1, 73.4, 55.5, 46.2,
26.2 ppm; HRMS (EI): calcd for C25H20ClNO2 [M-H2O]+ : 401.1183, found 401.1183.

3.5.4. (E)-3-(3-Hydroxy-1-(4-methoxyphenyl)-3-(4-nitrophenyl)propylidene)-1-
methylindolin-2-one (8dc)

86% Yield; orange foam; Rf = 0.20 (silica gel, hexane:EtOAc:CH2Cl2 = 4:1:1); 1H NMR
(500 MHz, CDCl3): δ 8.14 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 7.7 Hz, 1H),
7.19 (t, J = 7.5 Hz, 2H), 7.00 (t, J = 9.6 Hz, 2H), 6.82 (d, J = 7.7 Hz, 1H), 6.73 (t, J = 7.6 Hz, 1H),
6.41 (d, J = 7.7 Hz, 1H), 5.18 (d, J = 6.7 Hz, 1H), 5.00–4.86 (m, 1H), 4.17 (dd, J = 12.7, 10.4 Hz,
1H), 3.90 (s, 3H), 3.32 (s, 3H), 3.05 (dd, J = 12.8, 2.5 Hz, 1H) ppm; 13C NMR (125 MHz,
CDCl3): δ 169.8, 160.6, 154.7, 153.0, 147.1, 142.2, 132.8, 130.5, 128.8, 128.3, 126.8, 126.5, 123.7,
122.83, 122.81, 122.4, 115.0, 114.5, 108.3, 73.4, 55.5, 45.9, 26.3 ppm; HRMS (EI): calcd for
C25H20N2O4 [M-H2O]+ : 412.1423, found 412.1421.

3.5.5. (E)-3-(3-Hydroxy-1,3-bis(4-methoxyphenyl)propylidene)-1-methylindolin-2-one (8dd)

63% Yield; orange foam; Rf = 0.14 (silica gel, hexane:EtOAc:CH2Cl2 = 4:1:1); 1H NMR
(500 MHz, CDCl3): δ 7.41 (d, J = 8.0 Hz, 1H), 7.33 (d, J = 8.6 Hz, 2H), 7.21 (d, J = 7.7 Hz,
1H), 7.16 (t, J = 7.4 Hz, 1H), 7.02 (dd, J = 25.1, 8.3 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.79
(d, J = 7.7 Hz, 1H), 6.71 (t, J = 7.6 Hz, 1H), 6.37 (d, J = 7.7 Hz, 1H), 4.73 (d, J = 9.8 Hz, 1H),
4.48 (s, 1H), 4.37 (dd, J = 12.7, 10.7 Hz, 1H), 3.91 (s, 3H), 3.79 (s, 3H), 3.31 (s, 3H), 2.90 (dd,
J = 12.8, 3.0 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): δ 169.7, 160.3, 158.9, 156.2, 142.2,
137.9, 133.2, 130.6, 128.5, 128.1, 126.9, 126.2, 123.1, 122.8, 122.1, 115.0, 114.3, 113.9, 108.0,
73.6, 55.5, 55.4, 46.2, 26.2 ppm; HRMS (EI): calcd for C26H23NO3 [M-H2O]+ : 397.1678,
found 397.1678.

3.6. General Procedure of Dehydration under Acidic Conditions (3aa, 3da-dd)

To a stirred solution of the corresponding alcohol 8 (0.20 mmol) in CH2Cl2 (2.4 mL)
was added trifluoroacetic acid (TFA) (0.3 mL) at rt. After 1 h, volatile material was distilled
off under reduced pressure. The crude residue was purified by column chromatography to
afford 3-(1,3-diarylallyliden)oxindole 3.

3.6.1. (E)-3-((E)-1,3-Diphenylallylidene)-1-methylindolin-2-one (3aa)

91% Yield; yellow foam; Rf = 0.37 (silica gel, hexane:EtOAc = 2:1); 1H NMR (500 MHz,
CDCl3): δ 7.57–7.43 (m, 4H), 7.40 (d, J = 7.4 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.27–7.19 (m,
2H), 7.15 (t, J = 7.6 Hz, 1H), 6.79 (d, J = 7.7 Hz, 1H), 6.66 (t, J = 7.6 Hz, 1H), 6.14 (d, J = 7.7 Hz,
1H), 4.82 (d, J = 9.8 Hz, 1H), 4.50 (s, 1H), 4.42 (dd, J = 12.6, 11.0 Hz, 1H), 3.30 (s, 3H), 2.88
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(dd, J = 12.8, 2.8 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): δ 169.6, 155.6, 145.5, 142.3,
141.3, 129.6, 129.1, 128.9, 128.7, 128.5, 127.3, 126.5, 126.3, 125.7, 123.0, 122.8, 122.1, 108.0, 73.7,
46.0, 26.2 ppm; HRMS (EI): calcd for C24H21NO2 [M+] : 355.1572, found 355.1568.

3.6.2. (E)-3-((E)-1-(4-Methoxyphenyl)-3-phenylallylidene)-1-methylindolin-2-one (3da)

90% Yield; yellow solid; mp = 153.6 ◦C; Rf = 0.3 (silica gel, hexane:EtOAc = 4:1); 1H
NMR (500 MHz, CDCl3): δ 9.36 (d, J = 16 Hz, 1H), 7.55 (d, J = 7.4 Hz, 2H), 7.32 (t, J = 7.4 Hz,
2H), 7.27 (d, J = 5.8 Hz, 1H), 7.21 (d, J = 8.5 Hz, 2H), 7.12 (t, J = 7.6 Hz, 1H), 7.08 (d, J = 8.5 Hz,
2H), 6.75 (d, J = 7.7 Hz, 1H), 6.65 (t, J = 7.6 Hz, 1H), 6.53 (d, J = 16 Hz, 1H), 5.92 (d, J = 7.7 Hz,
1H), 3.94 (s, 3H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.1, 159.8, 151.2, 142.8,
141.4, 137.0, 130.1, 129.9, 129.1, 128.8, 128.21, 128.19, 128.0, 123.64, 123.58, 122.8, 121.6, 114.7,
107.6, 55.5, 25.8 ppm; HRMS (EI): calcd for C25H21NO2 [M+]: 367.1572, found 367.1571.

3.6.3. (E)-3-((E)-3-(4-Chlorophenyl)-1-(4-methoxyphenyl)allylidene)-1-methylindolin-2-one (3db)

93% Yield; yellow solid; mp = 143.1 ◦C; Rf = 0.36 (silica gel, hexane:EtOAc = 5:1);
1H NMR (500 MHz, CDCl3): δ 9.31 (d, J = 16.0 Hz, 1H), 7.45 (d, J = 8.5 Hz, 2H), 7.27 (d,
J = 8.6 Hz, 2H), 7.19 (d, J = 8.6 Hz, 2H), 7.12 (t, J = 7.7 Hz, 1H), 7.07 (d, J = 8.6 Hz, 2H), 6.74
(d, J = 7.8 Hz, 1H), 6.65 (t, J = 7.8 Hz, 1H), 6.45 (d, J = 16.0 Hz, 1H), 5.92 (d, J = 7.7 Hz, 1H),
3.93 (s, 3H), 3.28 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ 168.1, 159.9, 150.7, 142.9, 139.7,
135.6, 134.7, 130.1, 129.6, 129.04, 128.97, 128.7, 128.4, 123.7, 123.5, 123.2, 121.6, 114.7, 107.6,
55.5, 25.8 ppm; HRMS (EI): calcd for C25H20ClNO2 [M+]: 401.1185, found 401.1185.

3.6.4. (E)-3-((E)-1-(4-Methoxyphenyl)-3-(4-nitrophenyl)allylidene)-1-methylindolin-2-one (3dc)

Reflux for 20 h; 45% yield; red solid; mp = 143.1–144.6 ◦C; Rf = 0.54 (silica gel,
hexane:EtOAc:CH2Cl2 = 4:1:2); 1H NMR (500 MHz, CDCl3): δ 9.48 (d, J = 16.0 Hz, 1H),
8.19–8.15 (m, 2H), 7.65 (d, J = 8.7 Hz, 2H), 7.22–7.18 (m, 2H), 7.16 (td, J = 7.7, 1.1 Hz, 1H),
7.12–7.06 (m, 2H), 6.77 (d, J = 7.7 Hz, 1H), 6.67 (td, J = 7.7, 1.0 Hz, 1H), 6.51 (d, J = 16.0 Hz,
1H), 5.95 (d, J = 7.4 Hz, 1H), 3.95 (s, 3H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3):
δ 168.0, 160.1, 149.6, 147.5, 143.5, 143.3, 137.8, 132.3, 130.1, 129.2, 129.1 128.3, 125.1, 124.2,
123.2, 121.9, 114.9, 107.9, 55.6, 26.0 ppm; HRMS (EI): calcd for C25H20N2O4 [M+] : 412.1423,
found 412.1422.

3.6.5. (E)-3-((E)-1,3-Bis(4-methoxyphenyl)allylidene)-1-methylindolin-2-one (3dd)

91% yield; yellow solid; mp = 131.7 ◦C; Rf = 0.21 (silica gel, hexane:EtOAc = 5:1); 1H
NMR (500 MHz, CDCl3): δ 9.23 (d, J = 15.9 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.19 (dt, J = 13.9,
2.3 Hz, 2H), 7.09 (td, J = 7.7, 0.8 Hz, 1H), 7.06 (dt, J = 14.0, 2.4 Hz, 2H), 6.85 (d, J = 8.8 Hz,
2H), 6.74 (d, J = 7.7 Hz, 1H), 6.63 (td, J = 7.7, 0.8 Hz, 1H), 6.48 (d, J = 15.9 Hz, 1H), 5.89 (d,
J = 7.7 Hz, 1H), 3.9 (s, 3H), 3.82 (s, 3H), 3.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3): δ
168.2, 160.6, 159.8, 151.8, 142.6, 141.3, 130.1, 130.0, 129.6, 127.9, 126.2, 123.8, 123.4, 121.8,
121.5, 114.6, 114.3, 107.5, 55.49, 55.46, 25.8 ppm; HRMS (EI): calcd for C26H23NO3 [M+]:
397.1678, found 397.1677.

3.7. Dehydration under Basic Conditions (3dc)

To a stirred solution of the alcohol 8dc (15.3 mg, 0.0355 mmol) in CH2Cl2 (1.0 mL) was
added NEt3 (40 μL, 0.29 mmol, 8 equiv.), MsCl (10 μL, 0.13 mmol, 3.7 equiv.), and DMAP
(1.1 mg, 9.0 μmol, 0.25 equiv.) at rt. After stirring for 1 h, the reaction mixture was diluted
with sat. aq. NH4Cl (5 mL) and EtOAc (30 mL). The organic layer was separated, dried
over Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was
purified by column chromatography (silica gel, Hexane:EtOAc:CH2Cl2 = 4:1:1) to afford
aldol adduct 3dc (11.6 mg, 0.0281 mmol, 79% yield).

3.8. (E)-3-((E)-1-(Biphenyl-4-yl)-3-phenylallylidene)-1-methylindolin-2-one (9)

To a solution of 3ea (16.4 mg, 0.0354 mmol) in dioxane (1.0 mL) were added phenyl-
boronic acid (5.2 mg, 0.043 mmol, 1.2 equiv.), K2CO3 (14.7 mg, 0.106 mmol, 3 equiv.) and

14



Molecules 2022, 27, 5304

Pd(PPh3)4 (2.0 mg, 1.7 μmol, 5 mol%). The reaction mixture was stirred at 90 ◦C for 8 h,
then cooled to rt and diluted with EtOAc (50 mL) and water (20 mL). The organic layer
was separated, dried over Na2SO4, filtered, and concentrated under reduced pressure. The
crude residue was purified by column chromatography (silica gel, hexane:EtOAc = 8:1) to
afford 9 (12.2 mg, 81% yield) as orange gum. Rf = 0.43 (silica gel, hexane:EtOAc = 5:1); 1H
NMR (500 MHz, CDCl3): δ 9.41 (d, J = 16.0 Hz, 1H), 7.85–7.79 (m, 2H), 7.77 (dd, J = 8.2,
1.1 Hz, 2H), 7.56 (d, J = 7.3 Hz, 2H), 7.53 (t, J = 7.7 Hz, 2H), 7.45–7.40 (m, 1H), 7.39–7.35
(m, 2H), 7.33 (t, J = 7.3 Hz, 2H), 7.31–7.27 (m, 1H), 7.13 (td, J = 7.7, 1.0 Hz, 1H), 6.77 (d,
J = 7.7 Hz, 1H), 6.63 (td, J = 7.7, 0.9 Hz, 1H), 6.56 (d, J = 16.0 Hz, 1H), 5.92 (d, J = 7.7 Hz,
1H), 3.32 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 168.1, 151.0, 142.9, 141.6, 141.2, 140.4,
137.0, 136.7, 129.3, 129.2, 129.1, 128.8, 128.4, 128.0, 127.9, 127.7, 127.2, 123.7, 123.4, 122.7,
121.7, 107.7, 25.9 ppm; HRMS (EI): calcd for C30H23NO [M+]: 413.1780, found 413.1776.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27165304/s1, copies of NMR spectra of 4–9, and 3 (3ac,
3bc, 3cc, 3dc, 3ea).
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Abstract: An improved method to efficiently synthesize 2-OH thioaryl glycosides starting from
corresponding per-protected glycals was developed, where 1,2-anhydro sugars were prepared by the
oxidation of glycals with oxone, followed by reaction of crude crystalline 1,2-anhydro sugars with
NaBH4 and aryl disulfides. This method has been further used in a one-pot reaction to synthesize
glycosyl donors having both “armed” and “NGP (neighboring group participation)” effects.

Keywords: glycals; 2-OH thioglycosides; glycosyl donors; glycosylation; one-pot reaction

1. Introduction

The chemical synthesis of complex carbohydrates is an important research topic in
carbohydrate chemistry due to their crucial roles in biological processes [1–5]. Thiogly-
coside donors are widely used in these syntheses due to their advantages, such as easy
preparation, stable chemical properties, and various activation methods [6–12]. Generally,
each glycosylation reaction between the donor and acceptor may produce a product in
the α or β configuration, which will lead to adverse effects, such as reduced yield and
difficult purification. Therefore, many studies have been devoted to solving the problem of
stereoselectivity in glycosylation. Among them, the use of neighboring group participation
(NGP) from 2-positions of glycoside donors to control stereoselectivity is a very effective
method. The acyl group at 2-position is the most commonly used “NGP” group, which
leads to the 1,2-trans-configuration of the products in glycosylation [13–17]. However,
the “disarmed” effect of acyl groups often leads to low reactivity of glycosyl donors in
glycosylation. Therefore, several methods using NGP from 2-ether groups of thioglycoside
donors to control stereoselectivity have been developed recently, and phenyl-3,4,6-tri-O-
benzyl-1-thio-β-D-glucopyranoside 1 is often the precursor required for the synthesis of
these donors (Figure 1) [18–22].

Although excellent stereoselectivity and high reactivity were shown in these methods,
the synthesis of 1 is a challenge, which reduces the practicality of these methods. For
example, the traditional “orthoester method” requires multiple-step protection and de-
protection, leading to low synthesis efficiency (Figure 2a) [23–25]. More efficient methods
involved the formation of 1,2-anhydro sugars by oxidation of glycals with oxone in acetone
and the installation of the 1-thiophenyl group through ring-opening reactions of these
1,2-anhydro sugars. For example, the oxidation of glucal 2 by oxone yielded 1,2-anhydro
glucose 3 (crude crystalline product): (a) the ring opening of 3 led to 43% (the use of
TBASPh) [26] or 47% (the use of NaSPh) [27] yield of 1 in the presence of phenylthiolate at
room temperature for overnight, and (b) the ring opening of 3 led to 37–55% yield [19,20]
of 1 in the presence of PhSH and ZnCl2 at room temperature for overnight (Figure 2b). In
this study, an improved method for the efficient synthesis of 2-OH, 1-thioaryl glycosides
was developed, in which the ring opening reaction of 1,2-anhydro sugars occurred in the
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presence of NaBH4 and alkyl disulfides at room temperature. As a result, 73% yield of
1 could be efficiently prepared from 2 (two-step reaction was completed within 90 min)
under very mild conditions (Figure 2c). Furthermore, the glycosyl donors having both
“armed” and “NGP” effects can be efficiently synthesized in a one-pot reaction based on
this method.

Figure 1. Using NGP from 2-ether groups to control stereoselectivity.

Figure 2. Comparison of this method with previous methods.

2. Results

In our lab, we were working on developing relative green methods for 1-thioglycosides
by avoiding the use of odorous thioacetic acids and alkylthiols [28–30]. We noticed a report
where NaBH4 and disulfides were used instead of sodium arylthiolates in the synthesis of 1-
thioglycosides [31]. It was observed that phenylselenolate and phenylthiolate were quickly
generated by mixing diselenide or disulfide precursors with a stoichiometric amount of
NaBH4 in acetonitrile (Reaction formula shown in Figure 3a,b). This inspired us to explore
whether a system of disulfides and NaBH4 could be used to improve the synthesis of
1 [26,27] starting from glucal 2.

Thus, 1,2-anhydro glucose 3 was first prepared by oxidation of glycal 2 with oxone in
acetone, and then, its crude crystals were directly reacted with 0.7 equiv of phenyl disulfide
and 1.5 equiv of NaBH4 (equivalent to 1.4 equiv of NaBH3SPh) at rt in acetonitrile for 1 h
to yield 1 in 72% yield, yielding 1 in 75% yield when the reaction was performed at 0 ◦C for
4 h (entry 1 in Table 1). Due to concerns about direct hydrogenation reduction of NaBH4
to 3, we first allowed NaBH4 to react with phenyl disulfide at 50 ◦C in acetonitrile for 1 h
and then added crude crystalline 3 to the reaction mixture (entry 2). Yielding 1 in 73%
yield indicated that we had been overly concerned about the possible side effects caused by
NaBH4. Reducing the amount of NaBH4 to 1.0 equiv (equivalent to 1.0 equiv of NaBH3SPh
and 0.4 equiv of HSPh) resulted in a decrease in the yield of 1 to 68%, and reducing the
amount of NaBH4 to 0.7 equiv (equivalent to 0.7 equiv of NaBH3SPh and 0.7 equiv of
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HSPh) resulted in a decrease in the yield of 1 to 60% (entry 3). The use of 1.0/2.0 equiv of
NaBH4 and 0.5/1.0 equiv of phenyl disulfide (equivalent to 1.0/2.0 equiv of NaBH3SPh)
led to 55%/65% yield of 1 (entry 4). The use of 1.2 equiv of NaBH4 and 0.6/0.8 equiv of
phenyl disulfide led to 65%/69% yield of 1 (entry 5). These results suggested that 1.5 equiv
of NaBH4 and 0.7 equiv of phenyl disulfide should be the optimal conditions. We also
examined the effect of solvents (acetone, DMF, MeOH, and DCM) on the reaction (entries
6 and 7). These results suggested that acetonitrile should be the optimal solvent. As a
comparison, we allowed 3 to react with 1.5 equiv of NaSPh at rt in acetonitrile, which gave
1 in 43% yield after 36 h, indicating the low reactivity of this reaction (entry 8).

Figure 3. Proposed reaction mechanism.

Table 1. Comparison of results by variation of reaction conditions a.

Entry NaBH4 (equiv) PhSSPh (equiv)
Reaction Conditions

(equiv)
Yields (%)

1 1.5 0.7 ACN, rt/0 ◦C, 1/4 h 72/75
2 1.5 0.7 ACN, rt, 1 h 73 b/70 c

3 1.0/0.7 0.7 ACN, rt, 1 h 68/60
4 1.0/2.0 0.5/1.0 ACN, rt, 1 h 55/65
5 1.2 0.6/0.8 ACN, rt, 1 h 65/69
6 1.5 0.7 Acetone/DMF, rt, 1 h 18/<5
7 1.5 0.7 MeOH/DCM, rt, 1 h 21/-
8 - - ACN, NaSPh (1.5), rt, 36 h 43
9 0.1 0.1 ACN, NaSPh (1.2), rt, 4 h 55
10 0.3 0.3 ACN, NaSPh (0.8), rt, 4 h 72
11 0.5 0.5 ACN, NaSPh (0.4), rt, 4 h 65

a Reagents and conditions: substrate 2 (0.1 mmol), solvents (1 mL), yields based on 2. b Treatment of PhSSPh with
NaBH4 in acetonitrile at 50 ◦C for 1 h, then cooling to rt, and adding crude substrate 3. c Large scale.

We proposed the mechanism of the reaction between 3 and NaBH3SPh in Figure 3c
and the mechanism of the reaction between 3 and NaSPh in Figure 3d. The coordination
of the boron atom of borane instead of Na+ (or H+) to the 1,2-anhydro oxygen atom may
greatly enhance the nucleophilic attack activity of −SPh towards the 1-position of 3, which
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explains the results shown in entries 1, 2, and 8 in Table 1. The results shown in entry 3 in
Table 1 suggested that NaBH3SPh may catalyze the reaction of 3 with HSPh. A possible
catalytic mechanism is shown in Figure 3c,e where NaBH3SPh reacts with 3 to form 1a

(Figure 3c) and regenerates (Figure 3e) from the exchange of [NaBH3]+ and H+ (Na+)
between 1a and HSPh (or NaSPh). Compared to the result (1, 42%, 36 h) shown in entry 8,
the result (1, 55%, 4 h) shown in entry 9 showed that the use of 0.1 equiv of NaBH4 and
0.1 equiv of phenyl disulfide (equivalent to 0.1 equiv of NaBH3SPh and 0.1 equiv of HSPh)
in the presence of 1.2 equiv of NaSPh (1.4 equiv of −SPh existing in the system) led to
higher reactivity. The optimal conditions were the use of 0.3 equiv of NaBH4, 0.3 equiv of
phenyl disulfide and 0.8 equiv of NaSPh (1.4 equiv of −SPh existing in the system also), by
which 72% yield of 1 was obtained after 4 h’ reaction (entry 10); continuing to increase the
amount of NaBH4 and phenyl disulfide to 0.5 equiv (using 0.4 equiv of NaSPh in order to
keep 1.4 equiv of −SPh present in the system) instead reduced the yield of 1 to 65% (entry
11). Since aryl disulfides are generally more commercially available reagents than sodium
arylthiolates, the conditions shown in entries 1–2 are obviously more practical than that
shown in entry 10.

With the optimized conditions in hand, we next set out to evaluate this method using
phenyl disulfide with various glycals as substrates (Figure 4). As can be seen, phenyl-2-
OH-1-thio-β-D-glucopyranosides 4–11 and phenyl-2-OH-1-thio-β-D-galactopyranosides
12–14 were efficiently synthesized in 50–70% yields starting from the corresponding glucals
and galactals with various protecting groups. For compounds 4, 5, 6, 13, and 14, the TBS,
acetyl, or benzoyl can be removed orthogonally in the presence of benzyl-protecting group
under corresponding acid–base conditions. Thus, these compounds can be used as building
blocks for the elongation of sugar chains and the synthesis of branched oligosaccharides.
Phenyl-2-OH-3,4-di-OBn-1-thio-β-D-xylopyranoside 15 was synthesized in 65% yield from
3,4-di-OBn xylal, and phenyl-2-OH-1-thio-β-D-lactoside 16 was synthesized in 56% yield
from per-benzylated lactal. These results suggested that this method should be applicable
to various glycals.

 
Figure 4. Synthesis of 1-thiophenyl glycosides with 2-OH starting from corresponding glycals.

We next evaluated this method using various disulfides with glucal 2 as the substrate
(Figure 5). As can be seen, aryl disulfides worked well in this method, leading to 2-OH,
β-D-thioglucosides 17–22 in 70–76% yields, but non-aryl disulfides did not. The 2-OH, β-
D-thioglucosides 23–25 could not be obtained by this method. Hydroreduction product 27

was isolated in 26–37% yield in the reaction with non-aryl disulfides, indicating that NaBH4
had not been consumed by the reaction with non-aryl disulfides. Further experiments
indicated that NaBH4 could not reduce non-aryl disulfides even at 50 ◦C.
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Figure 5. Evaluation of reactions between various disulfides and glucal 2.

Phenyl diselenide also worked well in this method, leading to 2-OH, β-D-selenoglucoside
26 in 61% yield. However, this reaction took a long time due to the low reactivity for
reduction of diselenide by NaBH4. In light of the mechanism shown in Figure 3c, we
speculated that 1a should be able to react directly with RX (X represents −Cl or −Br) in
the present of NaH to form various thioglycoside donors containing “NGP” group at their
2-positions. This speculation was supported by further experiments and a one-pot method
was developed by us (Figure 6). Once the TLC plate showed complete consumption of
1,2-anhydro sugar, NaH and RX were added to the reaction mixture, and the reaction
proceeded at rt for 1–4 h, leading to thioglycoside donors 28–34 in 48–68% yields based on
glycals, respectively. It has been reported that 2-Pic STaz-donors exhibited good reactivity
and steroselectivity in glycosylation with Cu(OTf)2 as promoter (2-Pic glucoside STaz-donor
was obtained in 60% yield over four steps from orthoester) [10], while 2-Pic glucoside SEt-
donor exhibited no reactivity with NIS/TfOH as promoter [10b]. We then evaluated the
glycosylation between 2-Pic SPh-donors 28/29 and various acceptors with NIS/TfOH as
promoter (Figure 7). As can be seen, disaccharides 35–41 with absolute β-configuration
were obtained in 50–86% yields.

Figure 6. One-pot synthesis of various thioglycoside donors.

 

Figure 7. Application of this method in glycosylation.
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3. Conclusions

In conclusion, in order to efficiently obtain thioglycoside donors whose protecting
groups at 2-position have both “armed” and “NGP” effects, we developed an efficient
method for the synthesis of 2-OH thioaryl glycosides starting from their corresponding
glycals. In this method, the oxidation of glycals with oxone led to 1,2-anhydro sugars,
which are easily isolated by crystallization, and the obtained crude crystalline 1,2-anhydro
sugars were then treated with 1.5 equiv of NaBH4 and 0.7 equiv of aryl disulfides in
acetonitrile at mild conditions to yield the corresponding 1-thioaryl glycosides with 2-OH
in 50–75% total yields. Based on this method, thioglycoside donors having both “armed”
and “NGP” effects can be efficiently synthesized in a one-pot reaction. Compared with
previous methods [19,20,26,27], this method shows three outstanding advantages: good
yields, high synthesis efficiency, and the use of relatively green reagents (avoiding the use
of foul-smelling aryl thiol reagents).

4. Materials and Methods

General Methods. All commercially available starting materials and solvents were of
reagent grade and used without further purification. Chemical reactions were monitored
with thin-layer chromatography using precoated silica gel 60 (0.25 mm thickness) plates.
Flash column chromatography was performed on silica gel 60 (SDS 0.040–0.063 mm). 1H
NMR spectra were recorded at 298 K in CDCl3 using the residual signals from CHCl3
(1H: = 7.26 ppm) as internal standard. 1H peak assignments were made by first order
analysis of the spectra, supported by standard 1H-1H correlation spectroscopy (COSY) (see
Supplementary Materials).

General process A for synthesis of 2-OH 1-thioaryl glycosides from glycals. Step
1. To a cooled (0 ◦C) solution of a per-protected glycal (1 mmol) in DCM (4 mL) were
added acetone (0.4 mL) and saturated aqueous NaHCO3 (7 mL). The mixture was stirred
vigorously, and a solution of oxone (2 mmol) in H2O (2.5 mL) was added dropwise over
10 min. The mixture was stirred vigorously at 0 ◦C for 30 min and then at rt until TLC
indicated consumption of the starting material. The organic phase was separated, and the
aqueous phase was extracted with DCM (2 × 10 mL). The combined organic phases were
dried (MgSO4) and concentrated in vacuo to obtain the crude 1,2-anhydro sugar.

Step 2. To a mixture of phenyl disulfide (or phenyl diselenide) (0.7 mmol) and NaBH4
(53 mg, 1.4 mmol) was added acetonitrile (5 mL). The mixture was stirred at rt for 30 min
to 2 h until TLC indicated full conversion of the phenyl disulfide (or phenyl diselenide).
The mixture was then added to the crude α-1,2-anhydro sugars. The reaction was stirred at
rt for 5–60 min until TLC indicated full conversion of the starting material. The mixture
was diluted with DCM and washed with water. The aqueous phase was re-extracted with
DCM, and collected organic phases were dried and evaporated under vacuum. The residue
was purified by silica gel flash chromatography.

General process B for one-pot synthesis of thioglycoside donors containing a “NGP”

group at the 2-position.

Step 1. Same as step 1 in general process A.
Step 2. To a mixture of phenyl disulfide (145 mg, 0.7 mmol) and NaBH4 (53 mg,

1.4 mmol) was added acetonitrile (5 mL). The mixture was stirred at rt for 30 min to
2 h until TLC indicated full conversion of the phenyl disulfide. The mixture was then
added to the crude α-1,2-anhydro sugars. The reaction was stirred at rt for 5–60 min until
TLC indicated full conversion of the starting material. The reaction mixture was then
cooled to 0 ◦C, followed the slow addition of sodium hydride (6.0 mmol, 6 equiv, 60% oil
dispersion), and allowed to stir at 0 ◦C for 10 min. After that, alkylation/acylation reagents
(2–3 equiv) were added to the reaction mixture. The reaction mixture was allowed to warm
to rt and then stirred for 1–4 h. Upon completion, the reaction was quenched by adding
crushed ice (10 g), stirred until cessation of H2 evolution, and then extracted with ethyl
acetate (3 × 80 mL). The combined organic phase was washed with water (3 × 40 mL),
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separated, dried with MgSO4, and evaporated in vacuo. The residue was purified by
column chromatography.

General process C for typical NIS/TfOH-promoted glycosylation procedure. A mix-
ture of a glycosyl donor (0.13 mmol), a glycosyl acceptor (0.10 mmol), and freshly activated
molecular sieves (4 Å, 200 mg) in CH2Cl2 (1.6 mL) was stirred under an atmosphere of
argon for 1 h. After NIS (0.26 mmol) and TfOH (0.013 mmol) were added at −25 ◦C, the
reaction mixture was allowed to warm to rt over 1 h and then was quenched with TEA and
stirred for 30 min. The mixture was then diluted with CH2Cl2, the solid was filtered-off, and
the residue was washed with CH2Cl2. After the combined filtrate (30 mL) was washed with
water (4 × 10 mL), the organic phase was separated, dried with MgSO4,and concentrated
in vacuo. The residue was purified by silica gel flash chromatography.

Phenyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (1) [20]. Following general process
A, starting from 2 (100 mg, 0.24 mmol), after 1 h of ring-opening reaction for the crude
anhydro sugar, purification by silica gel flash column chromatography afforded 1 as a
white solid (94 mg, 72%). Rf = 0.43 (petroleum ether/ethyl acetate 4:1); 1H NMR (600 MHz,
chloroform-d) δ 7.54–7.64 (m, 2H), 7.42–7.25 (m, 16H), 7.24–7.19 (m, 2H), 4.94 (d, J = 11.2 Hz,
1H), 4.90–4.81 (m, 2H), 4.67–4.55 (m, 3H), 4.53 (d, J = 9.6 Hz, 1H), 3.83 (dd, J = 11.0, 2.0 Hz,
1H), 3.77 (dd, J = 11.0, 4.5 Hz, 1H), 3.67–3.59 (m, 2H), 3.58–3.44 (m, 2H), 2.43 (s, 1H) ppm.

Phenyl 3,4-di-O-benzyl-6-O-tert-butyl-dimethylsily-1-thio-β-D-glucopyranoside (4). Fol-
lowing general process A, starting from 4a (50 mg, 0.114 mmol), after 1 h of ring-opening
reaction for the crude anhydro sugar, purification by silica gel flash column chromatogra-
phy afforded 4 as a colorless oil (40 mg, 64%). Rf = 0.41 (petroleum ether/ethyl acetate 8:1);
1H NMR (400 MHz, chloroform-d) δ 7.51–7.43 (m, 2H), 7.31–7.17 (m, 13H), 4.85–4.73 (m,
3H), 4.60 (d, J = 10.8 Hz, 1H), 4.39 (d, J = 9.6 Hz, 1H), 3.86–3.74 (m, 2H), 3.57–3.45 (m, 2H),
3.41–3.32 (m, 1H), 3.28 (ddd, J = 9.2, 3.6, 1.8 Hz, 1H), 2.31 (d, J = 2.1 Hz, 1H), 0.83 (s, 9H),
0.01 (s, 6H) ppm. 13C NMR (100 MHz, chloroform-d) δ 138.49, 138.32, 133.03, 131.69, 128.92,
128.54, 128.47, 128.09, 128.04, 127.95, 127.84, 127.81, 87.89, 85.98, 80.44, 75.43, 75.07, 72.45,
62.14, 25.93, 18.31, −5.11, −5.34 ppm. [α]20

D = −20.3 (c 0.32, CH2Cl2); HRMS (ESI-TOF)
(m/z): [M + Na]+ calculated for C31H32O5S2Na+, 589.2420; found, 589.2379.

Phenyl 3,4-di-O-benzyl-6-O-acetyl-1-thio-β-D-glucopyranoside (5). Following general
process A, starting from 5a (100 mg, 0.271 mmol), after 0.5 h of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
5 as colorless syrup (93.6 mg, 70%). Rf = 0.58 (petroleum ether/ethyl acetate 4:1); 1H NMR
(400 MHz, chloroform-d) δ 7.61–7.50 (m, 2H), 7.43–7.26 (m, 13H), 4.98 (d, J = 11.1 Hz, 1H),
4.93–4.84 (m, 2H), 4.60 (d, J = 10.9 Hz, 1H), 4.52 (d, J = 9.7 Hz, 1H), 4.43 (dd, J = 11.9, 2.1 Hz,
1H), 4.23 (dd, J = 11.9, 5.2 Hz, 1H), 3.70–3.56 (m, 2H), 3.55–3.45 (m, 2H), 2.50 (d, J = 2.2 Hz,
1H), 2.08 (s, 3H) ppm. 13C NMR (100 MHz, chloroform-d) δ 170.67, 138.31, 137.64, 133.04,
131.59, 128.95, 128.57, 128.53, 128.24, 128.10, 128.04, 127.91, 127.00, 88.03, 85.91, 77.19, 75.41,
75.13, 72.72, 66.32, 63.18, 20.86 ppm. [α]20

D = −21.6 (c 0.25, CH2Cl2); HRMS (ESI-TOF)
(m/z): [M + Na]+ calculated for C28H30O6SNa+, 517.1661; found, 517.1640.

Phenyl 3,4-di-O-benzyl-6-O-benzoyl-1-thio-β-D-glucopyranoside (6). Following general
process A, starting from 6a (100 mg, 0.232 mmol), after 0.5 h of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
6 as a colorless oil (81.5 mg, 63%). Rf = 0.36 (petroleum ether/ethyl acetate 6:1); 1H NMR
(400 MHz, chloroform-d) δ 8.07–7.93 (m, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.54–7.05 (m, 17H), 4.96
(d, J = 11.0 Hz, 1H), 4.90–4.80 (m, 2H), 4.69 (dd, J = 12.0, 2.2 Hz, 1H), 4.61 (d, J = 10.8 Hz,
1H), 4.52 (d, J = 9.7 Hz, 1H), 4.44 (dd, J = 11.9, 4.7 Hz, 1H), 3.74–3.63 (m, 2H), 3.59 (t,
J = 9.2 Hz, 1H), 3.53–3.44 (m, 1H), 2.46 (d, J = 2.2 Hz, 1H) ppm. 13C NMR (100 MHz,
chloroform-d) δ 166.10, 138.25, 137.56, 133.34, 133.16, 131.07, 129.93, 129.77, 128.91, 128.60,
128.54, 128.42, 128.26, 128.16, 128.05, 127.98, 87.78, 85.93, 77.25, 77.01, 75.55, 75.25, 72.55,
63.37 ppm. [α]20

D = −31.3 (c 0.15, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated
for C31H32O5SNa+, 579.1817; found, 579.1803.

Phenyl 3,4,6-tri-O-benzoyl-1-thio-β-D-glucopyranoside (7). Following general process
A, starting from 7a (100 mg, 0.218 mmol), after 20 min of ring-opening reaction for the
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crude anhydro sugar, purification by silica gel flash column chromatography afforded
7 as colorless syrup (81.6 mg, 64%). Rf = 0.43 (petroleum ether/ethyl acetate 4:1); 1H
NMR (400 MHz, chloroform-d) δ 8.07–7.90 (m, 6H), 7.64–7.29 (m, 12H), 7.23–7.18 (m, 2H),
5.66–5.51 (m, 2H), 4.80 (d, J = 9.7 Hz, 1H), 4.67 (dd, J = 12.2, 2.8 Hz, 1H), 4.47 (dd, J = 12.2,
5.8 Hz, 1H), 4.13 (ddd, J = 9.7, 5.7, 2.8 Hz, 1H), 3.77 (t, J = 9.3 Hz, 1H), 2.92–2.88 (m, 1H)
ppm. 13C NMR (100 MHz, chloroform-d) δ 166.65, 166.06, 165.35, 133.51, 133.45, 133.41,
133.18, 129.91, 129.86, 129.82, 129.80, 129.67, 129.06, 129.01, 128.73, 128.53, 128.45, 128.41,
128.38, 88.30, 76.52, 76.20, 70.93, 68.93, 63.16 ppm. [α]20

D = −20.7 (c 0.058, CH2Cl2); HRMS
(ESI-TOF) (m/z): [M + Na]+ calculated for C33H28O8SNa+, 607.1367; found, 607.1403.

Phenyl 3,4,6-tri-O-acetyl-1-thio-β-D-glucopyranoside (8). Following general process A,
starting from 8a (100 mg, 0.367 mmol), after 15 min of ring-opening reaction for the
crude anhydro sugar, purification by silica gel flash column chromatography afforded 8

as colorless syrup (73.2 mg, 50%). Rf = 0.44 (petroleum ether/ethyl acetate 2:1); 1H NMR
(400 MHz, chloroform-d) δ 7.59–7.53 (m, 2H), 7.39–7.28 (m, 3H), 5.13 (t, J = 9.3 Hz, 1H),
4.98 (t, J = 9.8 Hz, 1H), 4.57 (d, J = 9.7 Hz, 1H), 4.25–4.12 (m, 2H), 3.73 (ddd, J = 10.1, 5.0,
2.5 Hz, 1H), 3.50 (td, J = 9.4, 2.8 Hz, 1H), 2.53 (d, J = 2.9 Hz, 1H), 2.09 (s, 3H), 2.07 (s, 3H),
2.03 (s, 3H) ppm. 13C NMR (100 MHz, chloroform-d) δ 170.77, 170.61, 133.59, 130.60, 129.10,
128.72, 88.08, 75.89, 75.77, 70.31, 68.12, 62.24, 20.80, 20.76, 20.62 ppm. [α]20

D = −70.0 (c 0.05,
CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated for C31H32O5SNa+, 421.0933; found,
421.0950.

Phenyl 3,4,6-tri-O-ethyl-1-thio-β-D-glucopyranoside (9). Following general process A,
starting from 9a (100 mg, 0.435 mmol), after 1 h of ring-opening reaction for the crude
anhydro sugar, purification by silica gel flash column chromatography afforded 9 as a
white solid (99.7 mg, 65%): mp 83.3–84.5 ◦C; Rf = 0.31 (petroleum ether/ethyl acetate 8:1);
1H NMR (400 MHz, chloroform-d) δ 7.62–7.53 (m, 2H), 7.34–7.26 (m, 3H), 4.49 (d, J = 9.4 Hz,
1H), 3.96–3.77 (m, 3H), 3.73 (dd, J = 11.0, 2.0 Hz, 1H), 3.70–3.48 (m, 4H), 4.44–4.21 (m, 4H),
2.49 (d, J = 2.1 Hz, 1H), 1.27–1.17 (m, 9H) ppm. 13C NMR (100 MHz, chloroform-d) δ
132.73, 128.88, 127.92, 88.04, 85.83, 79.64, 77.58, 72.25, 69.43, 68.73, 68.27, 66.97, 15.79, 15.72,
15.25 ppm. [α]20

D = −75.7 (c 0.14, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated
for C31H32O5S2Na+, 379.1555; found, 379.1558.

Phenyl 3,4,6-tri-O-tert-butyl-dimethylsily-1-thio-β-D-glucopyranoside (10). Following gen-
eral process A, starting from 10a (100 mg, 0.205 mmol), after 1 h of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
10 as a colorless oil (88 mg, 70%); Rf = 0.55 (petroleum ether/ethyl acetate 50:1); 1H NMR
(400 MHz, chloroform-d) δ 7.56–7.49 (m, 2H), 7.32–7.19 (m, 3H), 4.59 (d, J = 8.9 Hz, 1H),
3.92 (dd, J = 11.3, 1.9 Hz, 1H), 3.74 (dd, J = 11.3, 5.6 Hz, 1H), 3.58–3.49 (m, 1H), 3.49–3.40 (m,
2H), 3.29 (ddd, J = 9.2, 5.7, 1.9 Hz, 1H), 2.17 (d, J = 2.7 Hz, 1H), 0.97–0.88 (m, 27H), 0.26–0.03
(m, 18H) ppm. 13C NMR (100 MHz, chloroform-d) δ 135.53, 130.74, 128.75, 126.78, 89.09,
81.04, 80.17, 74.40, 70.87, 62.82, 26.14, 25.96, 18.43, 18.24, −3.67, −3.85, −4.08, −4.87, −5.09,
−5.33 ppm. [α]20

D = −63.8 (c 0.16, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated
for C30H58O5Si3SNa+, 637.3210; found, 637.3174.

Phenyl 3,4,6-tri-O-p-methoxybenzyl-1-thio-β-D-glucopyranoside (11). Following general
process A, starting from 11a (50 mg, 0.1 mmol), after 1 h of ring-opening reaction for the
crude anhydro sugar, purification by silica gel flash column chromatography afforded 11 as
a white solid (32 mg, 52%): mp 102.3–104.6 ◦C; Rf = 0.33 (petroleum ether/ethyl acetate 6:1);
1H NMR (400 MHz, chloroform-d) δ 7.60–7.54 (m, 2H), 7.36–7.23 (m, 7H), 7.18–7.08 (m, 2H),
6.93–6.79 (m, 6H), 4.83 (s, 2H), 4.76 (d, J = 10.4 Hz, 1H), 4.57 (d, J = 11.6 Hz, 1H), 4.54–4.46
(m, 3H), 3.83 (s, 9H), 3.79–3.67 (m, 2H), 3.60–3.43 (m, 4H), 2.40 (d, J = 2.1 Hz, 1H) ppm.
13C NMR (100 MHz, chloroform-d) δ 159.34, 159.32, 159.19, 132.81, 131.96, 130.66, 130.35,
130.24, 129.65, 129.37, 128.95, 128.00, 113.97, 113.82, 113.76, 88.00, 85.64, 79.47, 77.12, 74.96,
74.69, 73.09, 68.62, 55.28, 43.68, 29.71, 14.63 ppm. [α]20

D = −83.3 (c 0.09, CH2Cl2); HRMS
(ESI-TOF) (m/z): [M + Na]+ calculated for C31H32O5S2Na+, 655.2342; found, 655.2326.

Phenyl 3,4,6-tri-O-benzyl-1-thio-β-D-galactopyranoside (12). Following general process
A, starting from 12a (50 mg, 0.12 mmol), after 1 h of ring-opening reaction for the crude
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anhydro sugar, purification by silica gel flash column chromatography afforded 12 as a
white solid (34.2 mg, 53%): mp 89.8–90.4 ◦C; Rf = 0.33 (petroleum ether/ethyl acetate
4:1); 1H NMR (400 MHz, chloroform-d) δ 7.59–7.48 (m, 2H), 7.41–7.07 (m, 18H), 4.89 (d,
J = 11.5 Hz, 1H), 4.78–4.61 (m, 2H), 4.61–4.40 (m, 4H,H-1, ArCH2), 4.07–3.90 (m, 2H, H-2, H-
4), 3.66 (s, 3H, H-5, H-6a and H-6b), 3.48 (dd, J = 9.3, 2.7 Hz, 1H, H-3), 2.46 (d, J = 2.2 Hz, 1H,
OH) ppm. 13C NMR (100 MHz, chloroform-d) δ 138.64, 137.99, 137.85, 132.60, 132.21, 128.84,
128.56, 128.46, 128.19, 127.94, 127.88, 127.85, 127.75, 127.71, 127.58, 127.47, 88.51, 83.22,
77.62, 74.41, 73.61, 73.20, 72.43, 69.07, 68.70 ppm. [α]20

D = −39.2 (c 0.13, CH2Cl2); HRMS
(ESI-TOF) (m/z): [M + Na]+ calculated for C31H32O5S2Na+, 565.2025; found, 565.2014.

Phenyl 3,4-di-O-benzyl-6-O-tert-butyl-dimethylsily-1-thio-β-D-galactopyranoside (13). Fol-
lowing general process A, starting from 13a (50 mg, 0.114 mmol), after 1 h of ring-opening
reaction for the crude anhydro sugar, purification by silica gel flash column chromatogra-
phy afforded 13 as a colorless oil (38.6 mg, 60%). Rf = 0.45 (petroleum ether/ethyl acetate
8:1); 1H NMR (400 MHz, chloroform-d) δ 7.54–7.47 (m, 2H), 7.36–7.09 (m, 13H), 4.87 (d,
J = 11.4 Hz, 1H), 4.68 (s, 2H), 4.57 (d, J = 11.4 Hz, 1H), 4.48 (d, J = 9.6 Hz, 1H), 4.01–3.93 (m,
1H), 3.91 (d, J = 2.7 Hz, 1H), 3.77–3.64 (m, 2H), 3.50–3.41 (m, 2H), 2.45–2.40 (m, 1H), 0.85 (s,
9H), 0.00 (s, 6H) ppm. 13C NMR (100 MHz, chloroform-d) δ 138.85, 138.11, 132.67, 132.14,
128.83, 128.56, 128.16, 127.89, 127.76, 127.59, 127.52, 127.38, 88.52, 83.31, 79.31, 74.43, 73.08,
72.53, 69.10, 61.52, 25.93, 18.23, −5.32, −5.42 ppm. [α]20

D = +35.0 (c 0.1, CH2Cl2); HRMS
(ESI-TOF) (m/z): [M + Na]+ calculated for C32H42O5SiSNa+, 589.2420; found, 589.2396.

Phenyl 3-O-benzyl-4-O-acetyl-6-O-tert-butyl-dimethylsily-1-thio-β-D-galactopyranoside (14).
Following general process A, starting from 14a (50 mg, 0.127 mmol), after 0.5 h of ring-
opening reaction for the crude anhydro sugar, purification by silica gel flash column
chromatography afforded 14 as a white solid (34.5 mg, 52%): mp 87.1–89.3 ◦C; Rf = 0.53
(petroleum ether/ethyl acetate 4:1); 1H NMR (400 MHz, chloroform-d) δ 7.55–7.48 (m, 2H),
7.32–7.21 (m, 8H), 5.56 (d, J = 3.0 Hz, 1H), 4.77 (d, J = 11.2 Hz, 1H), 4.55 (d, J = 9.7 Hz, 1H),
4.43 (d, J = 11.2 Hz, 1H), 3.73–3.65 (m, 2H), 3.64–3.54 (m, 2H), 3.46 (dd, J = 9.2, 3.1 Hz, 1H),
2.43 (d, J = 2.0 Hz, 1H), 2.04 (s, 3H), 0.84 (s, 9H), 0.00 (s, 6H) ppm. 13C NMR (100 MHz,
chloroform-d) δ 170.05, 137.40, 132.64, 132.34, 128.87, 128.55, 128.27, 128.03, 127.82, 88.52,
80.45, 77.77, 71.73, 68.65, 65.98, 61.28, 25.81, 20.83, 18.21, −5.51, −5.61 ppm. [α]20

D = −110 (c
0.03, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated for C27H38O6SiSNa+, 541.2056;
found, 541.2047.

Phenyl 3,4-di-O-benzyl-1-thio-β-D-xyloside (15). Following general process A, starting
from 15a (50 mg, 0.169 mmol), after 1 h of ring-opening reaction for the crude anhydro
sugar, purification by silica gel flash column chromatography afforded 15 as colorless
syrup (46.3 mg, 65%). Rf = 0.53 (petroleum ether/ethyl acetate 4:1); 1H NMR (400 MHz,
chloroform-d) δ 7.54–7.48 (m, 2H), 7.41–7.19 (m, 13H), 4.92 (d, J = 5.9 Hz, 1H, H-1), 4.83
(d, J = 11.6 Hz, 1H), 4.74 (d, J = 11.6 Hz, 1H), 4.63 (s, 2H), 4.29 (dd, J = 11.7, 3.0 Hz, 1H,
H-5b), 3.72 (q, J = 6.1 Hz, 1H, H-2), 3.63 (t, J = 6.1 Hz, 1H, H-3), 3.59–3.45 (m, 2H, H-4 and
H-5a), 3.25 (d, J = 6.3 Hz, 1H, OH) ppm. 13C NMR (100 MHz, chloroform-d) δ 138.08, 137.56,
134.18, 131.91, 128.98, 128.57, 128.53, 128.05, 127.89, 127.83, 127.57, 88.95, 79.32, 77.27, 75.92,
73.89, 72.41, 70.83, 63.55 ppm. [α]20

D = +85.0 (c 0.02, CH2Cl2); HRMS (ESI-TOF) (m/z): [M +
Na]+ calculated for C25H26O4SNa+, 445.1449; found, 445.1467.

Phenyl 2,3,3′,4,6,6′-hexa-O-benzyl-D-1-thio-β-lactoside (16) [32]. Following general pro-
cess A, starting from 16a (100 mg, 0.118 mmol), after 1 h of ring-opening reaction for the
crude anhydro sugar, purification by silica gel flash column chromatography afforded 16

as colorless syrup (64.2 mg, 56%). Rf = 0.61 (petroleum ether/ethyl acetate 3:1); 1H NMR
(400 MHz, chloroform-d) δ 7.60 –7.55 (m, 2H), 7.41–7.15 (m, 33H), 5.07 (d, J = 11.0 Hz, 1H),
4.96 (d, J = 11.5 Hz, 1H), 4.85–4.73 (m, 2H), 4.73–4.62 (m, 3H), 4.58–4.47 (m, 3H), 4.48–4.37
(m, 2H), 4.34 (d, J = 11.7 Hz, 1H), 4.26 (d, J = 11.8 Hz, 1H), 3.98–3.89 (m, 2H), 3.88–3.73
(m, 3H), 3.62–3.54 (m, 1H), 3.53–3.35 (m, 6H), 2.50 (s, 1H) ppm. 13C NMR (100 MHz,
chloroform-d) δ 139.00, 138.80, 138.71, 138.47, 132.97, 132.00, 128.87, 128.41, 128.38, 128.27,
128.23, 128.17, 128.13, 127.91, 127.87, 127.75, 127.67, 127.57, 127.49, 127.45, 127.35, 102.86,
87.40, 84.18, 82.51, 79.98, 79.76, 76.06, 75.37, 75.03, 74.67, 73.60, 73.46, 73.10, 73.02, 72.65,
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71.59, 68.34, 68.14 ppm. [α]20
D = −46.3 (c 0.08, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+

calculated for C60H62O10SNa+, 997.3961; found, 997.3990.
4-Methylphenyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (17) [33]. Following general

process A, starting from 2 (100 mg, 0.24 mmol), after 5 min of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
17 as a white solid (99.2 mg, 74%). Rf = 0.51 (petroleum ether/ethyl acetate 6:1); 1H NMR
(400 MHz, chloroform-d) δ 7.50–7.41 (m, 2H), 7.40–7.15 (m, 15H), 7.10–6.97 (m, 2H), 4.91 (d,
J = 11.2 Hz, 1H), 4.87–4.78 (m, 2H), 4.65–4.50 (m, 3H), 4.43 (d, J = 9.6 Hz, 1H), 3.81–3.68 (m,
2H), 3.61–3.55 (m, 2H), 3.54–3.49 (m, 1H), 3.49–3.40 (m, 1H), 2.40 (d, J = 2.0 Hz, 1H), 2.31 (s,
3H) ppm.

4-Methoxyphenyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (18) [20]. Following gen-
eral process A, starting from 2 (100 mg, 0.24 mmol), after 5 min of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
18 as colorless syrup (105 mg, 76%). Rf = 0.63 (petroleum ether/ethyl acetate 8:1); 1H
NMR (400 MHz, chloroform-d) δ 7.60–7.46 (m, 2H), 7.41–7.29 (m, 13H), 7.25–7.13 (m, 2H),
6.82–6.70 (m, 2H), 4.96–4.80 (m, 3H), 4.68–4.53 (m, 3H), 4.39 (d, J = 9.6 Hz, 1H), 3.80–3.77
(m, 5H), 3.62–3.50 (m, 3H), 3.42 (dd, J = 9.6, 8.4 Hz, 1H), 2.43 (s, 1H) ppm.

4-Chlorophenyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (19). Following general
process A, starting from 2 (100 mg, 0.24 mmol), after 30 min of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
19 as colorless syrup (96 mg, 70%). Rf = 0.33 (petroleum ether/ethyl acetate 8:1); 1H NMR
(400 MHz, chloroform-d) δ 7.56–7.49 (m, 2H), 7.42–7.18 (m, 17H), 4.94–4.79 (m, 3H), 4.64–
4.54 (m, 3H), 4.49 (d, J = 9.6 Hz, 1H), 3.83–3.71 (m, 2H), 3.66–3.42 (m, 4H), 2.38 (d, J = 2.2 Hz,
1H) ppm. 13C NMR (100 MHz, chloroform-d) δ 138.38, 138.18, 137.97, 134.41, 134.32,
130.15, 129.10, 129.05, 128.81, 128.58, 128.47, 128.42, 128.00, 127.99, 127.91, 127.88, 127.70,
127.66, 87.61, 85.89, 79.35, 75.38, 75.09, 73.43, 72.44, 68.93, 38.00 ppm. [α]20

D = −115 (c 0.04,
CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated for C33H33O5ClSNa+, 599.1635;
found, 599.1611.

4-Aminophenyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (20). Following general
process A, starting from 2 (50 mg, 0.12 mmol), after 30 min of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
20 as colorless syrup (45 mg, 68%). Rf = 0.35 (petroleum ether/ethyl acetate 2:1); 1H
NMR (600 MHz, CDCl3) δ 7.41–7.25 (m, 15H), 7.24–7.20 (m, 2H), 6.59–6.54 (m, 2H), 4.94
(d, J = 11.2 Hz, 1H), 4.88–4.81 (m, 2H), 4.66–4.54 (m, 3H), 4.33 (d, J = 9.6 Hz, 1H), 4.15 (q,
J = 7.1 Hz, 1H), 3.82–3.74 (m, 2H), 3.64–3.54 (m, 2H), 3.42 (t, J = 9.0 Hz, 1H), 2.43 (s, 1H)
ppm. 13C NMR (100 MHz, chloroform-d) δ 147.25, 138.57, 136.38, 128.48, 128.40, 128.33,
127.98, 127.76, 127.64, 127.49, 115.33, 88.26, 85.91, 79.46, 75.26, 75.06, 73.43, 72.21, 69.04, 29.71,
29.33 ppm. [α]20

D = +61.5 (c 0.026, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated
for C31H32O5S2Na+, 580.2130; found, 580.2120.

Thiophen-2-ylthio 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (21). Following general
process A, starting from 2 (50 mg, 0.12 mol), after 30 min of ring-opening reaction for the
crude anhydro sugar, purification by silica gel flash column chromatography afforded 21 as
a red solid (41 mg, 63%): mp 90.9–92.1 ◦C; Rf = 0.52 (petroleum ether/ethyl acetate 5:1); 1H
NMR (400 MHz, chloroform-d) δ 7.47–7.09 (m, 17H), 6.98 (dd, J = 5.5, 3.5 Hz, 1H), 4.92–4.76
(m, 3H), 4.70–4.51 (m, 3H), 4.30 (d, J = 9.4 Hz, 1H), 3.82–3.70 (m, 2H), 3.62–3.46 (m, 3H), 3.42
(ddd, J = 9.0, 6.2, 2.7 Hz, 1H), 2.36 (d, J = 2.4 Hz, 1H) ppm. 13C NMR (100 MHz, chloroform-
d) δ 138.39, 138.04, 136.17, 131.08, 128.56, 128.43, 128.34, 128.00, 127.96, 127.88, 127.81, 127.63,
127.53, 87.53, 85.80, 79.69, 75.39, 75.06, 73.50, 71.86, 68.87, 29.39 ppm. [α]20

D = −46.6 (c
0.058, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated for C31H32O5S2Na+, 571.1589;
found, 571.1602.

Benzothiazol-2-yl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (22). Following general
process A, starting from 2 (50 mg, 0.12 mmol), after 30 min of ring-opening reaction for
the crude anhydro sugar, purification by silica gel flash column chromatography afforded
22 as a white solid (51.3 mg, 72%): mp 119.9–123.0 ◦C; Rf = 0.36 (petroleum ether/ethyl
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acetate 6:1); 1H NMR (400 MHz, chloroform-d) δ 7.94 (d, J = 8.1 Hz, 1H), 7.72 (d, J = 8.0 Hz,
1H), 7.45 (t, J = 7.7 Hz, 1H), 7.39–7.23 (m, 14H), 7.23–7.17 (m, 2H), 5.07 (d, J = 9.5 Hz, 1H),
4.99–4.80 (m, 3H), 4.67–4.47 (m, 3H), 3.86–3.63 (m, 6H), 3.13 (d, J = 3.1 Hz, 1H) ppm. 13C
NMR (100 MHz, chloroform-d) δ 211.54, 152.68, 138.40, 138.11, 138.00, 128.56, 128.45, 128.36,
128.01, 127.95, 127.89, 127.85, 127.76, 127.61, 126.31, 125.06, 122.43, 121.02, 86.49, 85.95,
79.94, 75.49, 75.10, 73.50, 68.65, 29.34, 14.14 ppm. [α]20

D = −64.3 (c 0.07, CH2Cl2); HRMS
(ESI-TOF) (m/z): [M + Na]+ calculated for C34H33NO5S2Na+, 622.1698; found, 622.1707.

Phenyl 3,4,6-tri-O-benzyl-1-seleno-β-D-glucopyranoside (26) [34]. Following general pro-
cess A, starting from 2 (100 mg, 0.24 mmol), after 12 h of ring-opening reaction for the
crude anhydro sugar, purification by silica gel flash column chromatography afforded 26

as a white solid (85.5 mg, 61%). Rf = 0.43 (petroleum ether/ethyl acetate 8:1); 1H NMR
(400 MHz, chloroform-d) δ 7.72–7.66 (m, 2H), 7.41–7.19 (m, 18H), 4.93 (d, J = 11.2 Hz, 1H),
4.89–4.82 (m, 2H), 4.75 (d, J = 9.7 Hz, 1H), 4.67–4.54 (m, 3H), 3.85–3.74 (m, 2H), 3.67–3.57
(m, 2H), 3.56–3.47 (m, 2H) ppm.

Phenyl 3,4,6-tri-O-benzyl-2-O-picolyl-β-D-1-thio-glucopyranoside (28). Following the gen-
eral process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-opening reaction
for the crude anhydro sugar and then reaction with PicBr•HBr (2.0 equiv) for 1 h in the
presence of sodium hydride (6 equiv), the residue was purified by column chromatography
on silica gel (ethyl acetate-hexane gradient elution) to afford 28 as a colorless syrup (101 mg,
66%). Rf = 0.33 (petroleum ether/ethyl acetate 4:1); 1H NMR (400 MHz, chloroform-d) δ
8.58–8.50 (m, 1H), 7.65 (td, J = 7.7, 1.9 Hz, 1H), 7.58–7.49 (m, 3H), 7.40–7.09 (m, 19H), 5.04 (d,
J = 12.4 Hz, 1H), 4.96–4.75 (m, 4H), 4.69 (d, J = 9.6 Hz, 1H), 4.64–4.49 (m, 3H), 3.84–3.69 (m,
3H), 3.65 (t, J = 9.3 Hz, 1H), 3.55 (t, J = 9.1 Hz, 2H) ppm. 13C NMR (100 MHz, chloroform-d)
δ 158.30, 149.00, 138.29, 138.20, 138.06, 136.52, 133.54, 132.04, 128.90, 128.44, 128.41, 128.35,
128.00, 127.92, 127.82, 127.70, 127.65, 127.56, 127.50, 122.35, 121.65, 87.19, 86.55, 81.32, 79.13,
75.93, 75.81, 75.06, 73.43, 69.04 ppm. [α]20

D = −45 (c 0.04, CH2Cl2); HRMS (ESI-TOF) (m/z):
[M + Na]+ calculated for C39H39O5NSNa+, 656.2447; found, 656.2416.

Phenyl 3,4,6-tri-O-benzyl-2-O-picolyl-β-D-1-thio-galactopyranoside (29). Following the
general process B, starting from 12a (100 mg, 0.24 mmol), after 2 h of ring-opening reaction
for the crude anhydro sugar, and then reaction with PicBr•HBr (2.0 equiv) for 1 h in the
presence of sodium hydride (6 equiv), the residue was purified by column chromatography
on silica gel (ethyl acetate-hexane gradient elution) to afford 29 as a colorless syrup (73 mg,
48%). Rf = 0.35 (petroleum ether/ethyl acetate 4:1); 1H NMR (400 MHz, chloroform-d)
δ 8.53 (d, J = 5.0 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.56–7.43 (m, 3H), 7.41–7.09 (m, 19H),
4.98–4.87 (m, 3H), 4.75–4.63 (m, 3H), 4.58 (d, J = 11.5 Hz, 1H), 4.51–4.37 (m, 2H), 4.01–3.90
(m, 2H), 3.72–3.57 (m, 4H) ppm. 13C NMR (100 MHz, chloroform-d) δ 158.67, 148.91, 138.75,
138.14, 137.89, 136.40, 133.94, 131.56, 128.80, 128.46, 128.39, 128.22, 127.96, 127.86, 127.84,
127.64, 127.49, 127.11, 122.24, 121.79, 87.52, 83.91, 78.04, 77.40, 77.34, 77.08, 76.76, 76.28,
74.49, 73.62, 73.48, 72.57, 68.79 ppm. [α]20

D = +9.1 (c 0.33, CH2Cl2); HRMS (ESI-TOF) (m/z):
[M + Na]+ calculated for C39H39O5NSNa+, 656.2447; found, 656.2433.

Phenyl 3,4,6-Tri-O-benzyl-2-O-(phenylmethoxy)methyl-β-D-1-thio-glucopyranoside (30) [21].
Following the general process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-
opening reaction for the crude anhydro sugar and then reaction with BOMCl (2.0 equiv)
for 3 h in the presence of sodium hydride (6 equiv), the residue was purified by column
chromatography on silica gel (ethyl acetate-hexane gradient elution) to afford 30 as a white
solid (100.3 mg, 63%). Rf = 0.53 (petroleum ether/ethyl acetate 6:1); 1H NMR (400 MHz,
CDCl3) δ 7.59–7.49 (m, 2H), 7.39–7.12 (m, 23H), 5.06 (d, J = 6.4 Hz, 1H), 4.94 (d, J = 6.4 Hz,
1H), 4.92 –4.83 (m, 3H), 4.79 (d, J = 10.8 Hz, 1H), 4.69–4.58 (m, 3H), 4.58–4.49 (m, 2H), 3.77
(dd, J = 10.9, 2.0 Hz, 1H), 3.74–3.61 (m, 4H), 3.52 (m, 1H) ppm.

Phenyl 3,4,6-Tri-O-benzyl-2-O-(cyanomethyl)-β-D-1-thio-glucopyranoside (31) [18]. Follow-
ing the general process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-opening
reaction for the crude anhydro sugar and then reaction with bromoacetonitrile (2.5 equiv)
for 2 h in the presence of sodium hydride (6 equiv), the residue was purified by column
chromatography on silica gel (ethyl acetate-hexane gradient elution) to afford 31 as a white
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solid (76.8 mg, 55%). Rf = 0.53 (petroleum ether/ethyl acetate 6:1); 1H NMR (400 MHz,
CDCl3) δ 7.61–7.52 (m, 2H), 7.41–7.22 (m, 16H), 7.19 (dd, J = 7.2, 2.3 Hz, 2H), 4.90–4.82
(m, 2H), 4.80 (d, J = 10.9 Hz, 1H), 4.64–4.56 (m, 2H), 4.55 (s, 1H), 4.52 (t, J = 1.8 Hz, 1H),
4.51–4.39 (m, 2H), 3.77 (dd, J = 10.9, 2.1 Hz, 1H), 3.72 (dd, J = 10.9, 4.3 Hz, 1H), 3.67–3.62 (m,
2H), 3.47 (m, 1H), 3.35 (m, 1H) ppm.

Phenyl 3,4,6-Tri-O-benzyl-2-O-(2-cyanobenzyl)-β-D-1-thio-glucopyranoside (32) [22]. Fol-
lowing the general process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-opening
reaction for the crude anhydro sugar and then reaction with 2-cyanobenzyl bromide
(2.0 equiv) for 1 h in the presence of sodium hydride (6 equiv), the residue was purified by
column chromatography on silica gel (ethyl acetate-hexane gradient elution) to afford 32

as a colorless oil (107.4 mg, 68%). Rf = 0.31 (petroleum ether/ethyl acetate 6:1); 1H NMR
(400 MHz, CDCl3) δ 7.73–7.53 (m, 6H), 7.43–7.19 (m, 18H), 5.11 (d, J = 12.5 Hz, 1H), 5.03 (d,
J = 12.5 Hz, 1H), 4.91–4.79 (m, 3H), 4.73–4.56 (m, 4H), 3.83 (dd, J = 10.9, 2.0 Hz, 1H), 3.78 (d,
J = 4.4 Hz, 1H), 3.77–3.66 (m, 2H), 3.60–3.51 (m, 2H) ppm.

Phenyl 3,4,6-Tri-O-benzyl-2-O-benzoyl-β-D-1-thio-glucopyranoside (33) [35]. Following
the general process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-opening reaction
for the crude anhydro sugar and then reaction with BzCl (3.0 equiv) for 2 h in the presence
of sodium hydride (6 equiv), the residue was purified by column chromatography on silica
gel (ethyl acetate-hexane gradient elution) to afford 33 as a white solid (97.8 mg, 63%).
Rf = 0.61 (petroleum ether/ethyl acetate 6:1); 1H NMR (400 MHz, CDCl3) δ 8.11–8.03 (m,
2H), 7.60 (d, J = 7.4 Hz, 1H), 7.54–7.44 (m, 4H), 7.43–7.20 (m, 13H), 7.18–7.11 (m, 5H), 5.31
(dd, J = 10.0, 9.0 Hz, 1H), 4.87–4.78 (m, 2H), 4.75 (d, J = 11.0 Hz, 1H), 4.70–4.55 (m, 4H),
3.91–3.82 (m, 2H), 3.81–3.74 (m, 2H), 3.64 (m, 1H) ppm.

Phenyl 3,4,6-Tri-O-benzyl-2-O-pivaloyl-β-D-1-thio-glucopyranoside (34) [36]. Following
the general process B, starting from 2 (100 mg, 0.24 mmol), after 2 h of ring-opening reaction
for the crude anhydro sugar and then reaction with PivCl (3.0 equiv) for 2 h in the presence
of sodium hydride (6 equiv), the residue was purified by column chromatography on
silica gel (ethyl acetate-hexane gradient elution) to afford 34 as a white solid (78.3 mg,
52%). Rf = 0.73 (petroleum ether/ethyl acetate 8:1); 1H NMR (400 MHz, CDCl3) δ 7.58–7.49
(m, 2H), 7.41–7.22 (m, 16H), 7.19 (dd, J = 7.2, 2.4 Hz, 2H), 5.13 (t, 1H), 4.84–4.76 (m, 2H),
4.75–4.53 (m, 5H), 3.81 (dd, 1 H, J = 1.5, 11.0 Hz, 1H), 3.79–3.67 (m, 3H), 3.59 (m, 1H), 1.26
(s, 9H) ppm.

Methyl 2,3,4-tri-O-benzoyl-6-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucopyranoside (35). Following the general process C, the glycosylation between 28 (100 mg,
0.16 mmol, 1.3 equiv) and methyl 2,3,4-tri-O-benzoyl-α-D-glucopyranoside (1.0 equiv) led
to 30. Purification by silica gel flash column chromatography afforded 35 as a colorless
syrup (87.5 mg, 70%, β-only). Rf = 0.26 (petroleum ether/ethyl acetate 2:1); 1H NMR
(400 MHz, chloroform-d) δ 8.53 (d, J = 4.9 Hz, 1H), 8.03–7.76 (m, 7H), 7.66–7.58 (m, 1H),
7.55–7.46 (m, 3H), 7.45–7.20 (m, 19H), 7.17–7.07 (m, 3H), 6.14 (t, J = 9.8 Hz, 1H), 5.42 (t,
J = 9.9 Hz, 1H), 5.24–5.16 (m, 2H), 5.11 (d, J = 3.6 Hz, 1H), 4.95–4.83 (m, 2H), 4.82–4.73 (m,
2H), 4.56–4.46 (m, 3H), 4.44 (d, J = 12.3 Hz, 1H), 4.34 (td, J = 8.7, 8.2, 4.1 Hz, 1H), 4.10 (dd,
J = 10.9, 2.1 Hz, 1H), 3.77 (dd, J = 11.1, 7.8 Hz, 1H), 3.73–3.57 (m, 4H), 3.53–3.41 (m, 2H),
3.34 (s, 3H) ppm. 13C NMR (100 MHz, chloroform-d) δ 165.81, 165.74, 165.50, 158.78, 148.95,
138.50, 138.14, 138.09, 136.46, 133.42, 133.33, 133.05, 129.93, 129.90, 129.66, 129.28, 129.11,
128.90, 128.41, 128.34, 128.25, 127.98, 127.94, 127.75, 127.58, 122.18, 121.45, 103.94, 96.68,
84.47, 82.78, 77.65, 75.68, 75.40, 75.00, 74.95, 73.45, 72.11, 70.49, 69.91, 68.97, 68.61, 55.52
ppm. [α] 20

D = +40.9 (c 0.22, CH2Cl2); HRMS (ESI-TOF) (m/z): [M + Na]+ calculated for
C61H59O14NNa+, 1052.3833 ; found, 1052.3814.

Methyl 2,3,4-tri-O-benzyl-6-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucopyranoside (36) [37]. Following the general process C, the glycosylation between
28 (100 mg, 0.16 mmol, 1.3 equiv) and methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside
(1.0 equiv) led to 36. Purification by silica gel flash column chromatography afforded 36 as
a colorless syrup (97.7 mg, 82%, β-only). Rf = 0.46 (petroleum ether/ethyl acetate 2:1); 1H
NMR (400 MHz, chloroform-d) δ 8.44 (d, J = 4.8 Hz, 1H), 7.48–7.20 (m, 28H), 7.19–7.11 (m,
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4H), 7.02 (t, J = 6.1 Hz, 1H), 5.13 (d, J = 12.9 Hz, 1H), 4.96–4.85 (m, 3H), 4.84–4.70 (m, 4H),
4.68–4.59 (m, 2H), 4.58–4.51 (m, 4H), 4.47 (d, J = 11.0 Hz, 1H), 4.39 (d, J = 7.8 Hz, 1H), 4.17
(d, J = 10.7 Hz, 1H), 3.95 (t, J = 9.3 Hz, 1H), 3.78 (dt, J = 14.3, 7.1 Hz, 1H), 3.72–3.61 (m, 4H),
3.60–3.40 (m, 5H), 3.31 (s, 3H) ppm.

Methyl 2,3,6-tri-O-benzyl-4-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucopyranoside (37) [37]. Following the general process C, the glycosylation between
28 (100 mg, 0.16 mmol, 1.3 equiv) and methyl 2,3,6-tri-O-benzyl-α-D-glucopyranoside
(1.0 equiv) led to 37. Purification by silica gel flash column chromatography afforded 37 as
a colorless syrup (59.6 mg, 50%, β-only). Rf = 0.48 (petroleum ether/ethyl acetate 2:1); 1H
NMR (400 MHz, chloroform-d) δ 8.50 (d, J = 4.8 Hz, 1H), 7.54 (t, J = 7.7 Hz, 1H), 7.45–7.06
(m, 32H), 5.07 (d, J = 11.3 Hz, 1H), 4.96 (d, J = 13.5 Hz, 1H), 4.90–4.71 (m, 6H), 4.64–4.52 (m,
4H), 4.48–4.34 (m, 4H), 3.96 (t, J = 9.5 Hz, 1H), 3.87–3.77 (m, 2H), 3.72 (d, J = 10.9 Hz, 1H),
3.65–3.57 (m, 2H), 3.48 (m, 5H), 3.34 (s, 3H), 3.31–3.27 (m, 1H) ppm.

Methyl 2,4,6-tri-O-benzyl-3-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucopyranoside (38) [37]. Following the general process C, the glycosylation between
28 (100 mg, 0.16 mmol, 1.3 equiv) and methyl 2,4,6-tri-O-benzyl-α-D-glucopyranoside
(1.0 equiv) led to 38. Purification by silica gel flash column chromatography afforded 38

as a colorless syrup (95.4 mg, 80%, β-only). Rf = 0.65 (petroleum ether/ethyl acetate 2:1);
1H NMR (400 MHz, chloroform-d) δ 8.56 (d, J = 4.9 Hz, 1H), 7.56–7.47 (m, 2H), 7.40–7.04
(m, 31H), 5.29 (d, J = 13.5 Hz, 1H), 5.14–4.95 (m, 4H), 4.89 (d, J = 10.9 Hz, 1H), 4.83 (d,
J = 10.6 Hz, 1H), 4.70–4.53 (m, 3H), 4.53–4.33 (m, 7H), 3.81–3.64 (m, 6H), 3.63–3.48 (m, 4H),
3.45 (d, J = 9.4 Hz, 1H), 3.30 (s, 3H) ppm.

Methyl 3,4,6-tri-O-benzyl-2-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucopyranoside (39) [37]. Following the general process C, the glycosylation between 28

(100 mg, 0.16 mmol, 1.3 equiv) and methyl 3,4,6-tri-O-benzyl-α-D-glucopyranoside led to
39. Purification by silica gel flash column chromatography afforded 39 as a colorless syrup
(91.8 mg, 77%, β-only). Rf = 0.55 (petroleum ether/ethyl acetate 2:1); 1H NMR (400 MHz,
chloroform-d) δ 8.42 (d, J = 5.0 Hz, 1H), 7.45–7.10 (m, 30H), 7.11–6.96 (m, 3H), 5.18 (d,
J = 13.4 Hz, 1H), 5.03–4.85 (m, 3H), 4.85–4.70 (m, 4H), 4.67–4.56 (m, 3H), 4.55–4.40 (m, 4H),
4.01 (t, J = 9.2 Hz, 1H), 3.89–3.61 (m, 10H), 3.58 (t, J = 7.4 Hz, 1H), 3.43 (m, 1H), 3.39 (s,
3H) ppm.

1,2:5,6-Di-O-isopropylidine-3-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-glucopyranosyl)-α-D-
glucofuranose (40) [37]. Following the general process C, the glycosylation between 28

(100 mg, 0.16 mmol, 1.3 equiv) and 1,2:5,6-bis-O-(1-methylethylidene)-α-D-glucofuranose
(1.0 equiv) led to 40. Purification by silica gel flash column chromatography afforded 40

as colorless syrup (49.2 mg, 52%, β-only). Rf = 0.35 (petroleum ether/ethyl acetate 2:1);
1H NMR (400 MHz, chloroform-d) δ 8.56 (d, J = 4.9 Hz, 1H), 7.67–7.56 (m, 1H), 7.43–7.22
(m, 14H), 7.21–7.08 (m, 3H), 5.81 (d, J = 3.7 Hz, 1H), 4.93–4.86 (m, 2H), 4.85–4.75 (m, 3H),
4.66–4.47 (m, 5H), 4.43 (q, J = 5.9 Hz, 1H), 4.38–4.28 (m, 2H), 4.12–4.01 (m, 2H), 3.78–3.58
(m, 4H), 3.47–3.38 (m, 2H), 1.48 (s, 3H), 1.41 (s, 3H), 1.31 (s, 3H), 1.25 (s, 3H) ppm.

Methyl 2,3,4-tri-O-benzyl-6-O-(3,4,6-tri-O-benzyl-2-O-picolyl-β-D-galactopyranosyl)-α-D-
glucopyranoside (41) [37]. Following the general process C, the glycosylation between
29 (100 mg, 0.16 mmol, 1.3 equiv) and methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside
(1.0 equiv) led to 41. Purification by silica gel flash column chromatography afforded 41 as
a colorless syrup (102.5 mg, 86%, β-only). Rf = 0.36 (petroleum ether/ethyl acetate 2:1); 1H
NMR (400 MHz, chloroform-d) δ 8.43 (d, J = 4.8 Hz, 1H), 7.48–7.39 (m, 2H), 7.39–7.08 (m,
30H), 7.04 (q, J = 4.7 Hz, 1H), 5.09 (d, J = 13.2 Hz, 1H), 4.98–4.87 (m, 3H), 4.80–4.38 (m, 11H),
4.35 (d, J = 7.7 Hz, 1H), 4.13 (d, J = 10.8 Hz, 1H), 3.97–3.84 (m, 3H), 3.79 (dd, J = 10.5, 5.0 Hz,
1H), 3.52 (m, 7H), 3.28 (s, 3H) ppm.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27185980/s1, Experimental methods, synthesis of thio-
containing glycosides, Characterization of unknown compounds, 1H NMR and 13C NMR spectra,
references [38–46].
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Abstract: Enantiomerically enriched cyclopropyl ethers, amines, and cyclopropylazole derivatives
possessing three stereogenic carbon atoms in a small cycle are obtained via the diastereoselective,
formal nucleophilic substitution of chiral, non-racemic bromocyclopropanes. The key feature of
this methodology is the utilization of the chiral center of the cyclopropene intermediate, which
governs the configuration of the two adjacent stereocenters that are successively installed via 1,4-
addition/epimerization sequence.

Keywords: cyclopropenes; cyclopropanes; nucleophilic addition; metal-templated reactions

1. Introduction

Enantiomerically pure cyclopropane derivatives are ubiquitous, nature inspired [1–8]
building blocks abundantly employed in organic synthesis [9–13], asymmetric cataly-
sis [14–17], and medicinal chemistry [18–25]. These advanced synthons are typically
accessed via diastereoselective 1,3-ring closure reactions [26–30] or asymmetric cyclo-
propanation [31–41]. A less established, complementary approach relies on chemo- and
diastereoselective installation of additional substituents into pre-formed chiral or prochiral
cyclopropanes [42–45]. Strain-release-driven additions of different entities to cyclopropenes
proved useful for the assembly of enantiomerically enriched cyclopropane derivatives that
are not easily accessible via other methods [46–53]. Synthetic methodologies exploiting
stereoselective ring-retentive, metal-catalyzed [13,54,55], and organocatalytic [56,57] addi-
tions to cyclopropenes were developed by several research groups and have eventually
evolved into a rapidly growing area. Our group recently disclosed an efficient diastereose-
lective route to cyclopropanes 3 via a formal substitution of bromocyclopropanes 1 with
oxygen, nitrogen, or sulfur-based nucleophiles (Scheme 1) [51,58]. The reaction proceeds
via a base-assisted dehydrohalogenation, affording a highly reactive cyclopropene interme-
diate 2 and the subsequent nucleophilic addition across the double bond of cyclopropene.
Herein, we report our progress on extending this methodology for the preparation of
enantiomerically enriched cyclopropanes.
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Scheme 1. Different modes of formal nucleophilic substitution of bromocyclopropanes (nota-
tions used: EWG—electron-withdrawing group; DG—directing group; RS—small substituent;
RL—large substituent).

2. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, and the experimental conclu-
sions that can be drawn. In our earlier studies of the formal nucleophilic substitution of
bromocyclopropanes, we have demonstrated several reaction modes that allow for efficient
control of the diastereoselectivity of this transformation (Scheme 1). Thus, it was shown
that the derivatives of 2-bromocyclopropylcarboxylic acid 4 produced achiral cyclopropene
5 upon treatment with base. The latter underwent in situ addition of nucleophiles to
afford trans-cyclopropane 6. The high diastereoselectivity of the addition was attributed
to a base-assisted, thermodynamically driven epimerization of the tertiary carbon atom
(C-1, mode A, Scheme 1) [59–63]. Alternative approaches to control the diastereoselec-
tivity of the intermolecular nucleophilic substitution were also developed by utilizing
1,2,2-trisubstituted cyclopropanes as the starting materials. The first approach employs
substrates bearing two substituents with significantly different steric demands (7, small
RS, and large RL). The in situ generated achiral cyclopropene 8 undergoes nucleophilic
attack at the least hindered face, resulting in selective formation of product 9 (Scheme 1,
mode B) [62,63]. The second approach takes advantage of bromocyclopropane 10, bearing
a directing functionality (DG, typically carboxamide or carboxylic acid group) capable of
efficient coordination to the potassium cation, which serves as a delivery vehicle for the
nucleophilic counter-anion. Overall, the addition to the double bond of cyclopropene 11

proceeds in cis fashion, with respect to the directing functional group furnishing 12 with
high diastereoselectivity (Scheme 1, mode C) [62,63]. The addition of a tethered alkoxide
entity was also investigated; both exo-trig (Scheme 1, mode D) [64,65] and endo-trig (mode
E) [66] modes efficiently provided the corresponding medium-size heterocycles 15 and 18.
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Attempts to extend this methodology beyond the trisubstituted cyclopropane sub-
strates greatly amplify the challenge of controlling the stereoselectivity of the addition.
Indeed, all the modes discussed above require the control of a single center only, since
the two forming chiral centers are linked to each other. In 2013, we communicated on
the realization of a more advanced strategy, involving two modes of diastereoselctivity
control providing tetrasubstituted cyclopropyl ethers 23 (mode F, Scheme 2) [67]. The proof
of concept of such a strategy was showcased on racemic bromocyclorporpanes 20. We
also demonstrated employing racemic substrates, i.e., that the relative configuration of the
center at C-3 can be efficiently controlled by steric environment employing appropriate sub-
stituents RS, RL; thus, control of this step is related to mode B. Finally, relative configuration
at C-1 was installed via the base-assisted epimerization of this center, in a process identical
to the one, previously used in mode A (Scheme 2) [66,67]. We reasoned that the absolute
configuration of the quaternary stereogenic center at C-2 in chiral non-racemic amide 20

would be preserved during the dehydrohalogenation/nucleophilic addition sequence,
which can be used to access to enantiomerically enriched compounds 23.

 
Scheme 2. “Dual” control of diastereoselectivity—a new mode of formal nucleophilic substitution
of bromocyclopropanes.

In order to access the densely substituted enantiopure cyclopropanes, we have de-
veloped a very facile protocol for the chiral resolution of carboxylic acids 19, utilizing the
re-crystallization of racemic acids with cinchona alkaloids [68]. It was shown that a variety
of enantiomerically enriched acids 19 with ee > 95% were available in multi-gram scale,
in both enantiomeric forms after single crystallization of either cinchonine or cinchoni-
dine salts. Enantiopure acids can easily be converted into amides 20, as a precursor for
enantioenriched cyclopropenes (Scheme 3).

Scheme 3. Preparation of homochiral 1-bromocyclopropylcarboxamides employed as starting mate-
rials in these studies.
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2.1. Alcohol Nucleophiles

With enantiomerically pure amides in hand, we have utilized the “dual control” mode
of the formal nucleophilic substitution of bromide with various alkoxides (Scheme 4).
At 40 ◦C in DMSO, bromocyclopropanes 20 were converted to the corresponding cyclo-
propanes 23. Primary alcohols served as excellent nucleophiles for the title reaction, with
diastereoselectivity greater than 25:1 in all cases. We demonstrated that this methodology
is complementary to our previous report, providing an easy access to the enantiopure
cyclopropyl ethers.
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Scheme 4. Preparation of homochiral cyclopropyl ethers via diastereoselective formal substitution of
bromocyclopropanes 20 with alkoxides.

2.2. Azole Nucleophiles

The nitrogen-based nucleophiles in our original report have been explored to a lesser
extent. Therefore, we became interested in utilizing homochiral amides 20 for the gen-
eration of the corresponding cyclopropyl amines. We tested a series of different amines
as N-pronucleophiles; however, our initial attempts to induce the addition primary and
secondary alkyl amines, as well as carboxamides and sulfonamides, were unsuccessful. We
were pleased to find that the azoles underwent a facile addition to cyclopropenes to provide
substituted hetarylcyclopropanes in an optically pure form (Scheme 5). The reaction in the
presence of pyrrole afforded the corresponding tetrasubstituted cyclopropanes (+)-23cag

and (+)-23dag in high yields and with excellent diastereoselectivities. We were glad to
find that such problematic nucleophiles, such as indoles, known for their susceptibility to
Friedel–Crafts alkylation, dimerization, and polymerization, afforded good, isolated yields
of the corresponding adducts. Substituted indoles and 7-azaindole proceeded cleanly to
afford the corresponding cyclopropanes. Similarly, pyrazole was engaged in a very efficient
transformation with enantiomerically pure cyclopropyl bromide, providing (+)-23cah in
good, isolated yield, although longer reaction times were reacquired, and the diastereos-
electivity was slightly lower. More acidic azoles, including imidazoles, benzimidazoles,
and triazoles, did not participate in the title reaction, due to deactivation of the base in
the reaction media, thus preventing the generation of the cyclopropane intermediate. The
sensitivity of the reaction to sterics can be seen by comparing the reactivity of bromocyclo-
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propanes possessing a methyl and an ethyl group, respectively, at the β-quaternary center.
Compared to methyl-tolyl cyclopropane (+)-23cag, its ethyl/phenyl isomer reacted very
sluggishly at 40 ◦C and required higher temperature to achieve full conversion, which led to
a lower, although still respectable, diastereoselectivity of 15:1 for 23aag. To our delight, the
carboxamide, possessing a larger naphthyl substituent, also participated in the substitution
reaction with pyrrole, giving (+)-23dag as a single enantiomer.

t
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Scheme 5. Preparation of homochiral cyclopropyl amines via diastereoselective formal substitution
of bromocyclopropanes 20 with azoles and anilines.

2.3. Aniline Nucleophiles

Anilines were also tested in this reaction, and, to our delight, N-methylaniline gave a
cyclopropyl amine (+)-23ack in 55% and dr 3:1. p-Flouro-N-methylaniline can be utilized
in the described reaction, providing a tetrasubstituted cyclopropane (+)-23acm with similar
diastereoselectivity and yield. It was found that increased steric hindrance at the N-
termini of the pronucleophile had a significant effect on the reaction course. Thus, aniline
bearing an ethyl substituent greatly increased the reaction’s efficacy; the diastereoselectivity
increased to 13:1 for (+)-23acl. The utilization of naphtyl-substituted bromocyclopropane
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precursor gave exclusive formation of (+)-23dal (Scheme 5). Unfortunately, anilines with
the secondary alkyl group at the nitrogen atom did not participate in this reaction, most
likely due to the excessive steric demands (compound 23ddl in Scheme 5).

3. Materials and Methods

3.1. General

NMR spectra (See Supporting Information, Figures S1–S32) were recorded on a Bruker
Avance DRX-500 (500 MHz) with a dual carbon/proton cryoprobe (CPDUL). 13C NMR
spectra were registered with broadband decoupling. The (+) and (−) designations represent
positive and negative intensities of signals in 13C DEPT-135 experiments. Numbers of
magnetically equivalent carbons for each signal in 13C NMR spectra (unless it is one) are
also reported. IR spectra were recorded on a ThermoFisher Nicolet iS 5 FT-IR Spectrometer.
HRMS was carried out on LCT Premier (Micromass Technologies) instrument, employing
ESI TOF detection techniques. Glassware used in moisture-free syntheses was flame-dried
in vacuum prior to use. Column chromatography was carried out on silica gel (Sorbent
Technologies, 40–63 mm). Precoated silica gel plates (Sorbent Technologies Silica XG
200 mm) were used for TLC analyses. Anhydrous dichloromethane was obtained by
passing degassed commercially available HPLC-grade inhibitor-free solvent consecutively
through two columns filled with activated alumina and stored over molecular sieves under
nitrogen. Water was purified by dual stage deionization, followed by dual stage reverse
osmosis. Anhydrous THF was obtained by refluxing commercially available solvent over
calcium hydride, followed by distillation in a stream of dry nitrogen. All other reagents and
solvents were purchased from commercial vendors and used as received. Diastereomeric
ratios of products were measured by GC and NMR analyses of crude reaction mixtures.
In the event where minor diastereomer was not detected by either of these methods, ratio
>100:1 was reported.

3.2. Preparation of Starting Materials

(+)-(1S,2R)-1-Bromo-N-(tert-butyl)-2-methyl-2-phenylcyclopropane-1-carboxamide
(20aa). Typical procedure A. A flame dried 100 mL round-bottom flack, equipped with drying
tube and magnetic stir bar, was charged with (1S,2R)-1-bromo-2-methyl-2-phenylcyclopropane
carboxylic acid (19a) (1.10 g, 4.33 mmol, 1.00 equiv.), DMF (10 mL), and anhydrous
dichloromethane (40 mL). The mixture was treated with oxalyl chloride (563 μL, 6.50 mmol,
1.50 equiv.) at 0 ◦C, stirred for 15 min, warmed to room temperature, and additionally
stirred for 2 h. The solvent was removed in vacuum, and the crude acyl chloride was
dissolved in dry THF (20 mL), followed by addition of a solution of tert-butyl amine
(24a) (1.35 mL, 12.8 mmol, 2.97 equiv.) in THF (20 mL). The reaction mixture was stirred
overnight. After the reaction was complete, the solvent was removed in vacuum, and the
residue was partitioned between EtOAc (25 mL) and water (25 mL). The organic phase was
separated, and the aqueous layer was extracted with EtOAc (2 × 25 mL). The combined
organic phases were dried (MgSO4), filtered, and concentrated. The residual crude oil was
purified by column chromatography on silica gel. The titled compound obtained a colorless
solid, mp: 83.2–86.0 ◦C, Rƒ 0.55 (hexanes/EtOAc 6:1), [α]D = +14.0◦ (c 0.172, CH2Cl2). Yield
1.03 g (3.32 mmol, 77%). Spectral properties of this material were identical to those reported
for the racemic amide [67].

(+)-(1R,2S)-1-Bromo-N,N,2-trimethyl-2-phenylcyclopropane-1-carboxamide (20ab).
Compound was obtained via typical procedure A, employing (1R,2S)-1-bromo-2-methyl-
2-phenylcyclopropane-1-carboxylic acid (19a) (510 mg, 2.01 mmol, 1.00 equiv.), oxalyl
chloride (260 μL, 3.03 mmol, 1.51 equiv), and 40 wt.% aq solution of dimethyl amine (24b)
(753 μL, 8.91 mmol, 4.43 equiv.). Chromatographic purification afforded title compound as
a colorless solid, mp: 81.7–83.3 ◦C, Rƒ 0.34 (hexanes/EtOAc 10:1), [α]D = +13.3◦ (c 0.098,
CH2Cl2). Yield 466 mg (1.66 mmol, 83%). 1H NMR (500 MHz, CDCl3) δH 7.43–7.10 (m, 5H),
2.65 (s, 3H), 2.57 (d, 2JH,H = 7.4 Hz, 1H), 2.56 (s, 3H) 1.85 (s, 3H), 1.37 (d, 2JH,H = 7.4 Hz,
1H); 13C NMR (126 MHz, CDCl3) δC 166.5, 138.2, 128.1 (+, 2C), 127.1 (+, 2C), 126.3, 42.6,
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38.5 (+), 30.8, 27.0 (-), 24.1 (+); FT IR (KBr, cm−1): 2927, 1647, 1558, 1496, 1396, 1272, 1176,
1082, 1058, 1029, 954, 763, 696, 680, 669, 650; HRMS (TOF ES): found 281.0415, calculated
for C13H16BrNO (M+) 281.0415 (0.0 ppm).

(+)-(1S,2R)-1-Bromo-N,N-diethyl-2-methyl-2-phenylcyclopropane-1-carboxamide
(20ac). Compound was obtained via typical procedure A, employing (1S,2R)-1-bromo-
2-methyl-2-phenylcyclopropane-1-carboxylic acid (19a) (515 mg, 2.02 mmol, 1.00 equiv.),
oxalyl chloride (260 μL, 3.03 mmol, 1.50 equiv.), and diethyl amine (24c) (823 μL, 7.96 mmol,
3.96 equiv.). Chromatographic purification afforded title compound as a light yellow solid,
mp: 74.3–76.2 ◦C, Rƒ 0.34 (hexanes/EtOAc 10:1), [α]25

D = +17.0◦ (c 0.194, CH2Cl2). Yield
537 mg (1.74 mmol, 86%). 1H NMR (500 MHz, CDCl3) δH 7.43–7.04 (m, 5H), 3.48 (dq, 2JH,H
= 14.2, 3JH,H = 7.1 Hz, 1H), 3.37 (dq, 2JH,H = 14.2, 3JH,H = 7.1 Hz, 1H), 2.71 (dq, 2JH,H = 14.0,
3JH,H = 7.1 Hz, 1H) 2.65 (d, 2JH,H = 7.3 Hz, 1H), 2.58 (dq, 2JH,H = 14.0, 3JH,H = 7.0 Hz, 1H),
1.85 (s, 3H), 1.33 (d, 2JH,H = 7.3 Hz, 1H), 1.0 (t, 3JH,H = 7.1 Hz, 3H) 0.47 (t, 3JH,H = 7.1 Hz,
3H); 13C NMR (126 MHz, CDCl3) δC 165.8, 138.1, 128.1 (+), 127.0 (+), 126.7 (+), 42.4, 42.0 (-),
38.3 (-), 31.0, 26.9 (-), 24.3 (+), 12.6 (+), 11.1 (+); FT IR (KBr, cm−1): 2977, 2933, 1643, 1639,
1498, 1456, 1433, 1380, 1282, 1219, 1064, 719, 696, 582; HRMS (TOF ES): found 309.0724,
calculated for C15H20BrNO (M+) 309.0728 (1.3 ppm).

(-)-(1S,2R)-1-Bromo-N-benzyl-1-bromo-2-methyl-2-phenylcyclopropane-1-carboxamide
(20ad). Compound was obtained via typical procedure A, employing (1S,2R)-1-bromo-
2-methyl-2-phenylcyclopropane carboxylic acid (19a) (255 mg, 1.00 mmol, 1.00 equiv.),
oxalyl chloride (130 μL, 1.50 mmol, 1.50 equiv.), and benzyl amine (24d) (327 μL, 3.00 mmol,
3.0 equiv). Chromatographic purification afforded a colorless solid, mp: 88.2-91.3 ◦C, Rƒ

0.36 (hexanes/EtOAc 6:1), [α]25
D = −115.2◦ (c 0.046, CH2Cl2). Yield 240 mg (0.700 mmol,

70%). Spectral properties of this material were identical to those reported for the racemic
amide [67].

(+)-(1S,2R)-1-Bromo-2-methyl-2-phenylcyclopropyl)(pyrrolidin-1-yl)methanone (20ae).
Compound was obtained via typical procedure A, employing (1S,2R)-1-bromo-2-methyl-2-
phenylcyclopropane carboxylic acid (19a) (255 mg, 1.00 mmol, 1.00 equiv.), oxalyl chloride
(130 μL, 1.50 mmol, 1.50 equiv.) and pyrrolidine (24e) (246 μL, 3.00 mmol, 3.00 equiv).
Chromatographic purification afforded a colorless oil, Rƒ 0.39 (hexanes/EtOAc, 3:1), [α]25

D
= +12.5◦ (c 0.172, CH2Cl2). Yield 289 mg (0.941 mmol, 94%). Spectral properties of this
material were identical to those reported for the racemic amide [67].

(+)-(1R,2S)-1-Bromo-N-(tert-butyl)-2-ethyl-2-phenylcyclopropane-1-carboxamide
(20ba). Compound was obtained via typical procedure A, employing (1R,2S)-1-bromo-2-
ethyl-2-phenylcyclopropane carboxylic acid (19b) (1.00 g, 3.73 mmol, 1.00 equiv.), oxalyl
chloride (711 μL, 5.60 mmol, 1.50 equiv.) and tert-butyl amine (24a) (1.18 mL, 11.2 mmol,
3.00 equiv.). Chromatographic purification afforded a colorless solid, mp: 63.8–65.7 ◦C,
Rƒ 0.52 (hexanes/EtOAc 9:1), [α]25

D = +5.8◦ (c 0.052, CH2Cl2). Yield 1.06 g (3.27 mmol,
88%). Spectral properties of this material were identical to those reported for the racemic
amide [67].

(+)-(1S,2R)-1-Bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)cyclopropane-1-carboxamide
(20ca). Compound was obtained via typical procedure A (1S,2R)-1-bromo-2-methyl-2-(p-
tolyl)cyclopropane-1-carboxylic acid (19c) (240 mg, 0.89 mmol, 1.00 equiv.), oxalyl chloride
(116 μL, 1.35 mmol, 1.52 equiv.) and tert-butyl amine (24a) (280 μL, 2.67 mmol, 3.00 equiv.).
Chromatographic purification afforded a colorless solid, mp: 78.4–81.2 ◦C, Rƒ 0.35 (hex-
anes/EtOAc 20:1), [α]25

D = +14.3◦ (c 0.071, CH2Cl2). Yield 225 mg (0.694 mmol, 78%).
Spectral properties of this material were identical to those reported previously [67].

(-)-(1R,2S)-1-Bromo-N-(tert-butyl)-2-methyl-2-(naphthalen-2-yl)cyclopropane-1-
carboxamide (20da). Compound was obtained via typical procedure A, employing (1R,2S)-
1-bromo-2-methyl-2-naphthalen-2-yl)cyclopropane-1-carboxylic acid (19d) (608 mg,
1.99 mmol, 1.00 equiv.), oxalyl chloride (260 μL, 3.00 mmol, 1.51 equiv.), and tert-butyl
amine (24a) (630 μL, 6.00 mmol, 3.02 equiv). Chromatographic purification afforded title
compound as a colorless solid, mp: 88.1–89.6 ◦C, Rƒ 0.32 (hexanes/EtOAc 20:1), [α]25

D

= −41.9◦ (c 0.418, CH2Cl2). Yield 427 mg (1.19 mmol, 60%). 1H NMR (400 MHz, CDCl3)
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δH 7.82–7.68 (m, 3H), 7.65 (d, 3JH,H = 1.2 Hz, 1H), 7.46–7.39 (m, 2H) 7.35 (dd, 3JH,H = 8.5,
4JH,H = 1.8 Hz, 1H), 6.32 (br. s, 1H), 2.69 (d, 2JH,H = 6.3 Hz, 1H), 1.78 (s, 3H), 1.34 (d, 2JH,H
= 6.3 Hz, 1H), 1.03 (s, 9H); 13C NMR (126 MHz, CDCl3) δC 165.3, 138.2, 133.3, 132,5, 128.0
(+), 127.8 (+), 127.7 (+), 126.8 (+) 126.3 (+), 126.1 (+), 125.7 (+), 51.6, 45.2, 35.1, 28.4 (+, 3C),
28.1 (+), 26.6(-); FT IR (KBr, cm−1): 3421, 3053, 2964, 2925, 1678,1599, 1512, 1454, 1392, 1363,
1290, 1221, 1134, 1063, 958, 893, 856, 815, 750; HRMS (TOF ES): found 359.0883, calculated
for C19H22BrNO (M+) 359.0885 (0.6 ppm).

3.3. Nucleophilic Addition Reactions

(+)-(1R,2R,3S)-3-(Benzyloxy)-N-(tert-butyl)-2-methyl-2-phenylcyclopropane-1-

carboxamide (23aaf). Typical procedure B. An oven-dried 10 mL Weaton vial was charged
with 18-crown-6 ether (5.3 mg, 20 μmol, 10 mol%), t-BuOK (134 mg, 1.20 mmol, 6.00 equiv.),
benzyl alcohol (25f) (62.2 μL, 0.598 mmol, 2.92 equiv.), and anhydrous DMSO (10.0 mL).
The mixture was stirred at room temperature for 1 min, and (1S,2R)-1-bromo-N-(tert-butyl)-
2-methyl-2-phenylcyclopropane-1-carboxamide (20aa) 63.5 mg (0.205 mmol, 1.00 equiv.)
was added in single portion. The reaction mixture was stirred overnight at 80 ◦C, then
solvent was removed in vacuum, and the residue was partitioned between water (15 mL)
and EtOAc (15 mL). The organic layer was separated, and the aqueous phase was extracted
with EtOAc (3 × 15 mL). Combined organic extracts were washed with brine, dried over
MgSO4, filtered, and evaporated. Flash column chromatography on silica gel afforded
the titled compound as a colorless solid, mp: 139.9–142.3 ◦C; Rƒ 0.32 (hexanes/EtOAc
4:1), [α]25

D = +14.5◦ (c 0.076, CH2Cl2). dr 60:1. Yield 52.0 mg (0.154 mmol, 76%). Spec-
tral properties of this material were identical to those reported earlier for the racemic
compound [67].

(+)-(1R,2R,3S)-N-(tert-Butyl)-3-methoxy-2-methyl-2-phenylcyclopropane-1-carboxamide
(23aaa). Compound was obtained according to typical procedure B from 65.6 mg
(0.211 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-phenylcyclopropane-
1-carboxamide (20aa) employing methanol (25a) (24.2 μL, 0.598 mmol, 2.84 equiv.) as
pronucleophile. Chromatographic purification afforded 53.1 mg (0.197 mmol, 93%) of
the title compound as a colorless solid, mp: 120.6-122.9 ◦C; Rƒ 0.26 (hexanes/EtOAc 3:1),
[α]25

D = +17.6◦ (c 0.068, CH2Cl2). dr 42:1. Spectral properties of this material were identical
to those reported for the racemic compound [67].

(+)-(1R,2R,3S)-N-(tert-Butyl)-3-ethoxy-2-methyl-2-phenylcyclopropane-1-carboxamide
(23aab). Compound was obtained according to typical procedure B from 63.2 mg
(0.204 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-phenylcyclopropane-
1-carboxamide (20aa), employing ethanol (25b) (35.0 μL, 0.600 mmol, 2.95 equiv.) as
pronucleophile. Chromatographic purification afforded 42.3 mg (0.155 mmol, 78%) of
the title compound as a white solid, mp: 130.4–131.6 ◦C; Rƒ 0.33 (hexanes/EtOAc 3:1),
[α]25

D = +10.5◦ (c 0.048, CH2Cl2). dr 30:1. Spectral properties of this material were identical
to those reported for the racemic compound [67].

(-)-(1R,2R,3S)-N-(tert-Butyl)-2-methyl-2-phenyl-3-propoxycyclopropane-1-carboxamide
(23aac). Compound was obtained according to typical procedure B from 62.0 mg
(0.200 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-phenylcyclopropane-
1-carboxamide (20aa), employing n-propanol (25c) (44.9 μL, 0.600 mmol, 3.00 equiv.) as
pronucleophile. Chromatographic purification afforded 52.9 mg (0.182 mmol, 91%) of the
title compound as a colorless solid, mp: 122.1–124.9 ◦C; Rƒ 0.37 (hexanes/EtOAc 3:1), [α]25

D
= −25.0◦ (c 0.044, CH2Cl2). dr 44:1. Spectral properties of this material were identical to
those reported for the racemic compound [67].

(+)-(1R,2R,3S)-N-(tert-Butyl)-3-(2-methoxyethoxy)-2-methyl-2-phenylcyclopropane-
1-carboxamide (23aae). Compound was obtained according to typical procedure B from
63.5 mg (0.205 mmol, 1.00 equi v.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-
phenylcyclopropane-1-carboxamide (20aa), employing 2-methoxyethanol (25e) (47.3 μL,
0.601 mmol, 2.93 equiv.) as pronucleophile. Chromatographic purification afforded 46.1 mg
(0.152 mmol, 76%) of the title compound as a colorless solid, mp: 101.9–104.2 ◦C; Rƒ 0.34
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(hexanes/EtOAc 1:1), [α]25
D = +70.0◦ (c 0.056, CH2Cl2). dr 58:1. Spectral properties of this

material were identical to those reported for the racemic compound [67].
(-)-(1R,2R,3S)-3-Methoxy-N,N,2-trimethyl-2-phenylcyclopropane-1-carboxamide

(23aba). Compound was obtained according to typical procedure B from 56.4 mg
(0.201 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N,N,2-trimethyl-2-phenylcyclopropane-1-
carboxamide (20ab), employing methanol (25.8 μL, 0.633 mmol, 3.15 equiv.) as pronucle-
ophile. Chromatographic purification afforded 31.2 mg (0.134 mmol, 67%) as a colorless
solid, mp: 108.9–111.3 ◦C, Rƒ 0.28 (hexanes/EtOAc 1:1), [α]25

D = −96.6◦ (c 0.089, CH2Cl2).
dr >100:1. 1H NMR (500 MHz, CDCl3) δH 7.34–7.12 (m, 5H), 4.25 (d, 3JH,H = 5.8 Hz, 1H),
4.07 (s, 3H), 3.55 (s, 3H), 2.83 (s, 3H), 2.00 (d, 3JH,H = 5.8 Hz, 1H), 1.65 (s, 3H); 13C NMR
(126 MHz, CDCl3) δC 167.5, 140.2, 127,4 (+, 2C), 126,9 (+, 2C), 125.7 (+), 66.8 (+), 57.3 (+),
36.3 (+), 36.0, 34.2 (+), 33.3 (+), 19.6 (+); FT IR (KBr, cm−1): 2972, 2929, 1734, 1637, 1479,
1460, 1430, 1377, 1265, 1230, 1143, 1070, 952, 847, 796, 763, 759, 740, 698, 624; HRMS (TOF
ES): found 234.1498, calculated for C14H20NO2 (M+H)+ 234.1494 (1.7 ppm).

(-)-(1S,2S,3R)-N,N-Diethyl-2-methyl-3-(3-methyl-1H-indol-1-yl)-2-phenylcyclopropane-
1-carboxamide (23aci). Compound was obtained according to typical procedure B from
62.0 mg (0.201 mmol, 1.00 equiv.) of (1R,2S)-1-bromo-N,N-diethyl-2-methyl-2-
phenylcyclopropane-1-carboxamide (20ac), employing skatole (25i) (79.0 mg, 0.602 mmol,
3.00 equiv.) as pronucleophile. Chromatographic purification afforded 49.6 mg (0.138 mmol,
69%) as a colorless solid, mp: 116.2–117.5 ◦C, Rƒ 0.21 (hexanes/EtOAc 5:1), [α]25

D = −64.0◦

(c 0.050, CH2Cl2). dr 32:1. 1H NMR (500 MHz, CDCl3) δH 7.58 (d, 3JH,H = 7.8 Hz, 1H),
7.48 (d, 3JH,H = 8.1 Hz, 1H), 7.41 (d, 3JH,H = 7.8 Hz, 2H), 7.27 (d, 3JH,H = 6.0 Hz, 1H),
7.24–7.20 (m, 1H), 7.14 (dd, 3JH,H = 11.0, 3.9 Hz, 1H), 6.92 (s, 1H), 4.63 (d, 3JH,H = 4.2 Hz,
1H), 3.76 (td, 2JH,H = 14.3, 3JH,H = 7.0 Hz, 1H), 3.66 (td, 2JH,H = 13.9, 3JH,H = 7.0 Hz, 1H),
3.34 (dq, 2JH,H = 14.3, 3JH,H = 7.0 Hz, 1H), 2.93 (dq, 2JH,H = 13.9, 3JH,H = 7.0 Hz, 1H),
2.55 (d, 3JH,H = 4.2 Hz, 1H), 2.34 (s, 3H), 1.42 (s, 3H), 1.32 (t, 3JH,H = 7.1 Hz, 3H), 0.86 (t,
3JH,H = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δC 166.5, 140.3, 137.9, 129.4, 128.7, (+, 2C),
128.1 (+, 2C), 127.2 (+), 125.7 (+), 122.0 (+), 119.3 (+), 119.2 (+), 111.1, 110.5 (+), 42.3 (+), 41.9
(-), 40.2 (-), 37.0, 35.9 (+), 22.1 (+), 15.9 (+), 12.7 (+), 9.8 (+); FT IR (KBr, cm−1): 2972, 2927,
1639, 1465, 1379, 1309, 1263, 1230, 1143, 759, 740, 698; HRMS (TOF ES): found 360.2200,
calculated for C24H28N2O (M+) 360.2202 (0.6 ppm).

(-)-(1S,2S,3R)-N,N-Diethyl-2-methyl-2-phenyl-3-(1H-pyrrolo[2,3-b]pyridin-1-yl)
cyclopropane-1-carboxamide (23acj). Compound was obtained according to typical pro-
cedure B from 62.1 mg (0.201 mmol, 1.00 equiv.) of (1R,2S)-1-bromo-N,N-diethyl-2-methyl-2-
phenylcyclopropane-1-carboxamide (20ac), employing 7-azaindole (25j) (71.0 mg,
0.600 mmol, 3.00 equiv.) as pronucleophile. Chromatographic purification afforded
35.4 mg (0.102 mmol, 50%) as a colorless solid, mp: 113.2–114.0 ◦C, Rƒ 0.42 (hexanes/EtOAc
2:1), [α]25

D = −5.2◦ (c 0.669, CH2Cl2). dr 20:1. 1H NMR (500 MHz, CDCl3) δH 8.38 (dd,
3JH,H = 4.7, 4JH,H = 1.5 Hz, 1H), 7.90 (dd, 3JH,H = 7.8 Hz, 1H), 7.65-7.51 (m, 2H), 7.34 (t,
3JH,H = 7.7 Hz, 2H), 7.25 (d, 3JH,H = 7.5 Hz, 1H), 7.22 (d, 3JH,H = 3.6 Hz, 1H), 7.08 (dd,
3JH,H = 7.8, 4.7 Hz, 1H), 6.47 (d, 3JH,H = 3.5 Hz, 1H), 4.72 (d, 3JH,H = 4.3 Hz, 1H), 3.85 (dq,
2JH,H = 14.4, 3JH,H = 7.1 Hz, 1H), 3.78-3.62 (m, 1H), 3.43 (dq, 2JH,H = 14.3, 3JH,H = 7.1 Hz, 1H),
2.97 (dq, 2JH,H = 14.0, 3JH,H = 7.0 Hz, 1H), 2.73 (d, 3JH,H = 4.3 Hz, 1H), 1.40 (t, 3JH,H = 7.1 Hz,
3H), 1.26 (s, 3H), 0.97 (t, 3JH,H = 7.1Hz, 3H); 13C NMR (126 MHz, CDCl3) δC 166.9, 149.4,
143.6 (+), 141.1, 128.9 (+, 2C), 128.6 (+), 128.6 (+, 2C), 128.3 (+), 127.1 (+), 120.9 (+), 116.3
(+), 100.0 (+), 42.7 (+), 42.1 (+), 40.4 (-), 37.5, 33.3 (+), 22.6 (+), 14.9 (+), 12.8 (+); FT IR (KBr,
cm−1): 2972, 2929, 1733, 1637, 1479, 1460, 1448, 1433, 1377, 1265, 1220, 1143, 1097, 1070,
952, 846, 796, 775, 763, 723, 702, 624, 598; HRMS (TOF ES): found 348.2076, calculated for
C22H26N3O (M+H)+ 348.2070 (1.7 ppm).

(+)-(1S,2S,3R)-N,N-Diethyl-2-methyl-3-(methyl(phenyl)amino)-2-phenylcyclopropane-
1-carboxamide (23ack). Compound was obtained according to typical procedure B from
62.0 mg (.201 mmol, 1.00 equiv.) of (1R,2S)-1-bromo-N,N-diethyl-2-methyl-2-
phenylcyclopropane-1-carboxamide (20ac), employing N-methylaniline (25k) (65.0 μL,
0.600 mmol, 3.00 equiv.) as pronucleophile. Chromatographic purification afforded
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36.4 mg (0.110 mmol, 55.0%) as yellow oil, Rf 0.22 (hexanes/EtOAc 5:1), dr 3:1 1H NMR
(500 MHz, CDCl3) δH 7.43–7.12 (m, 7H), 6.95 (d, 3JH,H = 7.9 Hz, 2H), 6.79 (d, 3JH,H = 7.3 Hz,
3H), 3.78 (d, 3JH,H = 4.4 Hz, 1H), 3.68–3.55 (m, 2H), 3.19 (dq, 2JH,H = 14.7, 3JH,H = 7.2 Hz,
1H), 3.11 (s, 3H), 2.79 (dq, 2JH,H = 14.7, 3JH,H = 7.2 Hz, 1H), 1.97 (d, 3JH,H = 4.4 Hz, 1H), 1.62
(s, 3H), 1.17 (t, 3JH,H = 7.1 Hz, 3H), 0.79 (t, 3JH,H = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3)
δC 167.2, 151.0, 141.0, 129.2 (+, 2C), 128.5 (+, 2C), 127.8 (+, 2C), 126.8 (+), 118.1, 114.8 (+, 2C),
48.5 (+), 41.6 (-), 40.4 (+), 39.8 (-), 38.3, 36.9 (+), 21.0 (+), 14.6 (+), 12.6 (+); FT IR (KBr, cm−1):
2972, 2929, 1639, 1598, 1500, 1479, 1444, 1433, 1379, 1305, 1220, 1143, 1116, 1029, 950, 904,
698, 611; HRMS (TOF ES): found 337.2281, calculated for C22H29N2O (M+H)+ 3370.2280
(0.3 ppm). [α]25

D = +33.1◦ (c 0.366, CH2Cl2).
(+)-(1S,2S,3R)-N,N-Diethyl-3-(ethyl(phenyl)amino)-2-methyl-2-phenylcyclopropane-

1-carboxamide (23acl). Compound was obtained according to typical procedure B from
62.0 mg (0.201 mmol, 1.00 equiv.) of (1R,2S)-1-bromo-N,N-diethyl-2-methyl-2-phenyl-
cyclopropane-1-carboxamide (20ac), employing N-ethylaniline (25l) (75.0 μL, 0.600 mmol,
3.00 equiv.) as pronucleophile. Chromatographic purification afforded 44.8 mg (0.128 mmol,
64%) as a yellow oil, Rƒ 0.31 (hexanes/EtOAc 5:1), [α]25

D = +11.6◦ (c 0.160, CH2Cl2). dr 13:1.
1H NMR (500 MHz, CDCl3) δH 7.51–7.14 (m, 7H), 7.01–6.89 (m, 2H), 6.76 (t, 3JH,H = 7.3 Hz,
1H), 3.84 (d, 3JH,H = 4.6 Hz, 1H), 3.70–3.42 (m, 4H), 3.14 (dq, 2JH,H = 14.3, 3JH,H = 7.1 Hz,
1H), 2.84 (dq, 2JH,H = 13.9, 3JH,H = 7.0 Hz, 1H), 1.95 (d, 3JH,H = 4.6 Hz, 1H), 1.60 (s, 3H), 1.21
(t, 3JH,H = 7.0 Hz, 3H), 1.14 (t, 3JH,H = 7.1 Hz, 3H), 0.76 (t, 3JH,H = 7.1 Hz, 3H); 13C NMR
(126 MHz, CDCl3) δC 167.3, 149.2, 141.0, 129.2 (+, 2C), 128.4 (+, 2C), 127.6 (+, 2C), 126.7 (+,
2C), 118.0 (+), 115.7 (+), 46.3 (+), 46.2 (-), 41.5 (-), 39.7 (-), 36.9 (+), 14.5 (+), 12.5 (+), 11.2 (+);
FT IR (KBr, cm−1): 3085, 2972, 2358, 1637, 1598, 1498, 1458, 1444, 1434, 1377, 1259, 1143,
1080, 831, 752, 696, 613; HRMS (TOF ES): found 350.2358, calculated for C23H30N2O (M+)
350.2358 (0.0 ppm).

(+)-(1S,2S,3R)-N,N-Diethyl-3-((4-fluorophenyl)(methyl)amino)-2-methyl-2-phenyl-
cyclopropane-1-carboxamide (23acm). Compound was obtained according to typical pro-
cedure B from 59.8 mg (0.193 mmol, 1.00 equiv.) of (1R,2S)-1-bromo-N,N-diethyl-2-methyl-
2-phenylcyclopropane-1-carboxamide (20ac), employing 4-fluoro-N-methylaniline (25m)
(72.2 μL, 0.600 mmol, 3.11 equiv.) as pronucleophile. Chromatographic purification afforded
41.6 mg (0.118 mmol, 61%) of the title compound as a yellow oil, Rf 0.25 (hexanes/EtOAc
4:1), [α]25

D = +35.4◦ (c 0.362, CH2Cl2). dr 3:1. 1H NMR (500 MHz, CDCl3) δH 7.35–7.27
(m, 4H), 7.21 (ddd, 3JH,F = 5.0 Hz, 3JH,H = 4.5, 1.9 Hz, 1H), 7.00–6.84 (m, 4H), 3.71 (d, 3JH,H
= 4.4 Hz, 1H), 3.67–3.55 (m, 2H), 3.18 (dd, 2JH,H = 14.7, 3JH,H = 7.2 Hz, 1H), 3.08 (s, 3H),
2.85 (dd, 2JH,H = 13.6, 3JH,H = 7.0 Hz, 1H), 1.91 (d, 3JH,H = 4.4 Hz, 1H), 1.62 (s, 3H), 1.16
(t, 3JH,H = 7.2 Hz, 3H), 0.79 (t, 3JH,H = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δC 167.1,
156.3 (d, 1JC,F = 236.5 Hz), 147.5 (d, 4JC,F = 1.9 Hz), 140.8, 128.4 (+, 2C), 127.6 (+, 2C), 126.7
(+), 116.0 (d, 2JC,F = 7.4 Hz, +, 2C), 115.4 (d, 3JC,F = 22.0 Hz, +, 2C), 48.8 (+), 41.5 (-), 41.1
(+), 39.7 (-), 38.1 (+), 36.8(+), 20.8 (+), 14.4 (+), 12.5 (+); FT IR (KBr, cm−1): 2974, 2873, 1635,
1510, 1479, 1458, 1446, 1379, 1263, 1224, 1143, 1022, 825, 763, 698; HRMS (TOF ES): found
353.2028, calculated for C22H26FN2O (M-H)+ 353.2029 (0.3 ppm).

(+)-(1R,2R,3S)-3-(Benzyloxy)-N-(tert-butyl)-2-ethyl-2-phenylcyclopropane-1-carboxamide
(23baf). Compound was obtained according to typical procedure B from 72.2 mg
(0.223 mmol, 1.00 equiv) of (1S,2R)-1-bromo-N-(tert-butyl)-2-ethyl-2-phenylcyclopropane-
1-carboxamide (20ba), employing benzyl alcohol (25f) (64.9 μL, 0.624 mmol, 2.80 equiv.)
as pronucleophile. Chromatographic purification afforded 49.0 mg (0.139 mmol, 70%) of
the title compound as a colorless solid, mp: 136.2–137.1 ◦C, Rƒ 0.23 (hexanes/EtOAc 9:1),
[α]25

D = +50.0◦ (c 0.11, CH2Cl2). dr 39:1. Spectral properties of this material were identical
to those reported for the racemic compound [67].

(-)-(1R,2R,3S)-3-(Allyloxy)-N-(tert-butyl)-2-methyl-2-(p-tolyl)cyclopropane-1-
carboxamide (23cad). Compound was obtained according to typical procedure B from
65.0 mg (0.200 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)
cyclopropane-1-carboxamide (20ca), employing allyl alcohol (25e) (41.0 μL, 0.600 mmol,
3.00 equiv) as pronucleophile. Chromatographic purification afforded 42.0 mg (0.146 mmol,
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73%) of the title compound as a colorless solid, mp: 120.6–122.7 ◦C, Rf 0.38 (hexanes/EtOAc
5:1), [α]25

D = −21.8◦ (c 0.16, CH2Cl2). dr 50:1. 1H NMR (500 MHz, CDCl3) δH 7.12 (d, 3JH,H
= 8.1 Hz, 2H), 7.08 (d, 3JH,H = 7.9 Hz, 2H), 5.99 (ddt, 3JH,H = 16.2, 10.5, 5.7 Hz, 1H), 5.36 (dd,
3JH,H = 17.2, 2JH,H = 1.6 Hz, 1H), 5.24 (dd, 3JH,H = 10.4, 2JH,H = 1.4 Hz, 1H), 5.08 (br. s, 1H),
4.27–4.10 (m, 2H), 4.07 (d, 3J = 3.3 Hz, 1H), 2.29 (s, 3H), 1.65 (d, 3J = 3.3 Hz, 1H), 1.50 (s, 3H),
1.16 (s, 9H); 13C NMR (126 MHz, CDCl3) δC 168.1, 138.3, 136.4, 134.3 (+), 129.3 (+, 2C), 128.5
(+, 2C), 117.7 (-), 72.3 (-), 66.4 (+), 51.1, 37.0 (+), 37.0, 28.8 (+, 3C), 22.0 (+), 21.2 (+); FT IR
(KBr, cm−1): 3301, 2966, 2923, 1643, 1546, 1515, 1454, 1226, 1145, 985, 925, 817; HRMS (TOF
ES): found 300.1967, calculated for C19H26NO2 (M-H)+ 300.1964 (1.0 ppm).

(+)-(1R,2R,3S)-N-(tert-Butyl)-3-(2-methoxyethoxy)-2-methyl-2-(p-tolyl)cyclopropane-
1-carboxamide (23cae). Compound was obtained according to typical procedure B from
62.5 mg (0.193 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)
cyclopropane-1-carboxamide (20ca), employing 2-methoxyethanol (25e) (47.3 μL,
0.645 mmol, 3.22 equiv.) as pronucleophile. Chromatographic purification afforded 49.5 mg
(0.155 mmol, 78%) of the title compound as a colorless solid, mp: 94.9–97.1 ◦C, Rƒ 0.26
(hexanes/EtOAc 1:1), [α]25

D = +32.0◦ (c 0.05, CH2Cl2). dr > 100:1. Spectral properties of
this material were identical to those reported for the racemic compound [67].

(-)-(1R,2R,3S)-3-(Benzyloxy)-N-(tert-butyl)-2-methyl-2-(p-tolyl)cyclopropanecarboxamide
(23caf) [67]. Compound was obtained according to typical procedure B from 130 mg
(0.401 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)cyclopropane-
1-carboxamide (20ca), employing benzyl alcohol (25f) (124 μL, 1.20 mmol, 3.00 equiv.) as
pronucleophiles. The subsequent chromatographic purification afforded 129 mg
(0.367 mmol, 92%) of the title compound as a colorless solid, mp: 139.8–140.6 oC, Rf

0.33 (hexanes/EtOAc 6:1), [α]25
D = –24.5◦ (c 1.10, CH2Cl2). dr 44:1. 1H NMR (500 MHz,

CDCl3) δH 7.54–7.17 (m, 5H), 7.10 (q, 3JH,H = 8.1 Hz, 4H), 5.03 (br. s, 1H), 4.87–4.53 (m, 2H),
4.12 (d, 3JH,H = 3.3 Hz, 1H), 2.30 (s, 3H), 1.66 (d, 3JH,H = 3.3 Hz, 1H), 1.54 (s, 3H), 1.16 (s,
9H); 13C NMR (126 MHz, CDCl3) δC 168.0, 138.3, 137.7, 136.4, 129.3 (+, 2C), 128.6 (+, 2C),
128.5 (+, 2C), 128.3 (+, 2C), 128.0 (+), 73.5 (-), 66.6 (+), 51.1, 37.1 (+), 28.8 (+, 3C), 22.1 (+),
21.2 (+); FT IR (KBr, cm−1): 3308, 3063, 3030, 2966, 2926, 2864, 1643, 1543, 1516, 1454, 1431,
1375, 1364, 1346, 1277, 1226, 1204, 1144, 1099, 987, 817, 750, 734, 698; HRMS (TOF ES): found
374.2098, calculated for C23H29NO2 (M+Na)+ 374.2096 (0.5 ppm).

(+)-(1R,2R,3S)-N-(tert-Butyl)-2-methyl-3-(1H-pyrrol-1-yl)-2-(p-tolyl)cyclopropane-
1-carboxamide (23cag). Compound was obtained according to typical procedure B from
64.6 mg (0.199 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)
cyclopropane-1-carboxamide (20ca), employing pyrrole (25g) (42.0 μL, 0.600 mmol,
3.00 equiv.) as pronucleophile. Chromatographic purification afforded 52.0 mg (0.168 mmol,
84%) of the title compound as a colorless solid, mp: 208.0–210.1 oC, Rf 0.31 (hexanes/EtOAc
6:1), [α]25

D = +46.5◦ (c 0.142, CH2Cl2). dr > 99:1. 1H NMR (500 MHz, CDCl3) δH 7.22
(d, 3JH,H = 8.0 Hz, 2H), 7.14 (d, 3JH,H = 7.9 Hz, 2H), 6.77 (t, 3JH,H = 2.1 Hz, 2H), 6.19 (t,
3JH,H = 2.1 Hz, 2H), 5.35 (br. s, 1H), 4.31 (d, 3JH,H = 4.2 Hz, 1H), 2.32 (s, 3H), 2.17 (d,
3JH,H = 4.2 Hz, 1H), 1.26 (s, 3H), 1.22 (s, 9H); 13C NMR (126 MHz, CDCl3) δC 166.9, 137.7,
137.0, 129.5 (+, 2C), 128.4 (+, 2C), 121.6 (+, 2C), 108.6 (+, 2C), 51.6, 45.0 (+), 37.1, 36.7 (+), 28.8
(+, 3C), 23.1 (+), 21.3 (+); FT IR (KBr, cm−1): 3319, 2966, 2925, 1645, 1546, 1539, 1492, 1454,
1361, 1265, 1224, 1093, 1066, 981, 817, 721, 700; HRMS (TOF ES): found 309.1974, calculated
for C20H25N2O (M-H)+ 309.1967 (2.3 ppm).

(+)-(1R,2R,3S)-N-(tert-Butyl)-2-methyl-3-(1H-pyrazol-1-yl)-2-(p-tolyl)cyclopropane-
1-carboxamide (23cah): Compound was obtained according to typical procedure B from
65.0 mg (0.200 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(p-tolyl)
cyclopropane-1-carboxamide (20ca), employing pyrazole (25h) (41.0 mg, 0.600 mmol,
3.00 equiv) as pronucleophiles. The subsequent chromatographic purification afforded
47.0 mg (0.158 mmol, 79%) of the title compound as a colorless solid, mp: 147.9–148.5 ◦C,
Rf 0.35 (CH2Cl2/MeOH 20:1), [α]25

D = +40.6◦ (c 0.35, CH2Cl2). dr 15:1. 1H NMR (500 MHz,
CDCl3) δH 7.51 (d, 3JH,H = 2.1 Hz, 1H), 7.47 (d, 3JH,H = 1.2 Hz, 1H), 7.17 (d, 3JH,H = 7.9 Hz,
2H), 7.05 (d, 3JH,H = 7.9 Hz, 2H), 6.25 (t, 3JH,H = 1.9 Hz, 1H), 5.69 (br. s, 1H), 4.46 (d,
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3JH,H = 4.0 Hz, 1H), 2.61–2.45 (m, 1H), 2.24 (s, 3H), 1.16 (s, 9H), 1.12 (s, 3H); 13C NMR (126
MHz, CDCl3) δC 166.5, 139.4 (+), 137.6, 136.8, 130.6 (+), 129.4 (+, 2C), 128.4 (+, 2C), 106.2
(+), 51.6, 47.1 (+), 37.4, 35.8 (+), 28.8 (+, 3C), 22.7 (+), 21.3 (+); FT IR (KBr, cm−1): 3306, 2964,
2925, 1649, 1544, 1452, 1392, 1274, 1224, 1089, 1047, 820, 752, 615; HRMS (TOF ES): found
312.2081, calculated for C19H26N3O (M+H)+ 312.2076 (1.6 ppm).

(-)-(1R,2R,3S)-3-(Allyloxy)-N-(tert-butyl)-2-methyl-2-(naphthalen-2-yl)cyclopropane-
1-carboxamide (23dad). Compound was obtained according to typical procedure B from
69.9 mg (0.194 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-(naphthalen-
2-yl)cyclopropane-1-carboxamide (20da), employing allyl alcohol (25d) (40.8 μL,
0.600 mmol, 3.09 equiv.) as pronucleophile. Chromatographic purification afforded
57.9 mg (0.172 mmol, 88%) of the title compound as a colorless solid, mp: 122.2–125.1 ◦C,
Rf 0.26 (hexanes/EtOAc 4:1), [α]25

D = −7.87◦ (c 0.178, CH2Cl2). dr > 99:1. 1H NMR
(500 MHz, CDCl3) δH 7.85–7.72 (m, 3H), 7.69 (s, 1H), 7.50–7.36 (m, 2H), 7.35 (dd, 3JH,H = 8.4,
4JH,H = 1.7 Hz, 1H), 6.04 (ddt, 3JH,H = 17.2, 10.5, 5.7 Hz, 1H), 5.41 (dd, 3JH,H = 17.2,
2JH,H = 1.6 Hz, 1H), 5.27 (dd, 3JH,H = 10.4, 2JH,H = 1.4 Hz, 1H), 5.17 (br. s, 1H), 4.34–4.05 (m,
2H), 4.22 (d, 3JH,H = 3.3 Hz, 1H), 1.75 (d, 3JH,H = 3.3 Hz, 1H), 1.59 (s, 3H), 1.13 (s, 9H); 13C
NMR (126 MHz, CDCl3) δC 167.9, 139.0, 134.3 (+), 133.6, 132.6, 128.2 (+), 127.8 (+), 127.8
(+), 127.3 (+), 127.0 (+), 126.1 (+), 125.7 (+), 117.8 (-), 72.4 (-), 66.5 (+), 51.2, 37.5, 37.1 (+),
28.8 (+, 3C), 22.0 (+); FT IR (KBr, cm−1): 3319, 2966, 2925, 1643, 1542, 1454, 1361, 1269, 1226,
1147, 1128, 1087, 1062, 1041, 985, 923, 856, 817, 744, 667; HRMS (TOF ES): found 338.2119,
calculated for C22H28NO2 (M+H)+ 338.2120 (0.3 ppm).

(-)-(1R,2R,3S)-N-(tert-Butyl)-3-(2-methoxyethoxy)-2-methyl-2-(naphthalen-2-yl)
cyclopropane-1-carboxamide (23dae). Compound was obtained according to typical proce-
dure B from 71.8 mg (0.199 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-2-
(naphthalen-2-yl)cyclopropane-1-carboxamide (20da), employing 2-methoxyethanol (25e)
(47.3 μL, 0.600 mmol, 3.02 equiv.) as pronucleophile. Chromatographic purification afforded
53.8 mg (0.151 mmol, 76%) of the title compound as a colorless solid, mp: 143.2–144.2 ◦C, Rf

0.25 (hexanes/EtOAc 2:1), [α]25
D = −6.1◦ (c 0.214, CH2Cl2). dr > 99:1. 1H NMR (500 MHz,

CDCl3) δH 7.86–7.65 (m, 4H), 7.54–7.32 (m, 3H), 5.19 (br. s, 1H), 4.23 (d, 3JH,H = 3.3 Hz, 1H),
3.96–3.77 (m, 2H), 3.73–3.60 (m, 2H), 3.44 (s, 3H), 2.17 (s, 3H), 1.76 (d, 3JH,H = 3.3 Hz, 1H),
1.12 (s, 9H); 13C NMR (126 MHz, CDCl3) δC 167.9, 139.0, 133.6, 132.6, 128.2 (+), 127.8 (+),
127.3 (+), 127.0 (+), 126.0 (+), 125.7 (+), 71.9 (-), 70.5 (-), 67.0 (+), 59.3 (+), 51.2, 37.6, 37.0
(+), 31.1 (+), 28.8 (+, 3C), 21.9 (+); FT IR (KBr, cm−1): 3323, 2966, 2871, 1645, 1541, 1454,
1390, 1363, 1269, 1226, 1151, 1124, 956, 856, 817, 742, 667; HRMS (TOF ES): found 356.2225,
calculated for C22H30NO3 (M+H) 356.2226 (0.3 ppm).

(+)-(1R,2R,3S)-N-(tert-Butyl)-2-methyl-2-(naphthalen-2-yl)-3-(1H-pyrrol-1-yl)
cyclopropane-1-carboxamide (23dag). Compound was obtained according to typical pro-
cedure B from 71.4 mg (0.198 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-
2-(naphthalen-2-yl)cyclopropane-1-carboxamide (20da), employing pyrrole (25g) (42.0 μL,
0.606 mmol, 3.06 equiv.) as pronucleophile. Chromatographic purification afforded 51.9 mg
(0.149 mmol, 75%) of the title compound as a colorless solid, mp: 181.4–183.2 oC, Rf 0.23
(hexanes/EtOAc 6:1), [α]25

D = +15.6◦ (c 0.096 CH2Cl2). dr 81:1. 1H NMR (500 MHz, CDCl3)
δH 8.01–7.67 (m, 4H), 7.57–7.35 (m, 3H), 6.85 (t, 3JH,H = 2.1 Hz, 2H), 6.23 (t, 3JH,H = 2.1 Hz,
2H), 5.44 (br., s, 1H), 4.46 (d, 3JH,H = 4.1 Hz, 1H), 2.28 (d, 3JH,H = 4.2 Hz, 1H), 1.36 (s, H), 1.19
(s, 9H); 13C NMR (126 MHz, CDCl3) δC 166.7, 138.3, 133.6, 132.7, 128.5 (+), 127.8 (+), 127.8
(+), 127.3 (+), 126.7 (+), 126.3 (+), 126.0 (+), 121.7 (+, 2C), 108.7 (+, 2C), 51.7, 45.2 (+), 37.7,
36.8 (+), 28.8 (+, 3C), 23.0 (+); FT IR (KBr, cm−1): 3305, 2968, 1650, 1548, 1492, 1454, 1392,
1265, 1224, 1132, 1091, 1064, 981, 854, 817, 721, 680, 657; HRMS (TOF ES): found 346.2047,
calculated for C23H26N2O (M+) 346.2045 (0.6 ppm).

(1R*,2R*,3S*)-N-(tert-butyl)-2-ethyl-2-phenyl-3-(1H-pyrrol-1-yl)cyclopropane-1-
carboxamide (23aag). This compound was obtained according to procedure B, employing
pyrrole (42 μL, 0.60 mmol, 3.0 equiv.) as pronucleophile. The reaction mixture was stirred
overnight at 40 ◦C, and GC analysis showed incomplete conversion (75% based on starting
material) and dr 17:1; after heating at 80 ◦C for 30 min, the reaction was complete. The

44



Molecules 2022, 27, 7069

subsequent chromatographic purification afforded 35 mg (0.114 mmol, 57%) of the title
compound as a white solid, mp: 177.5–120.0 oC, Rf 0.29 (hexanes/EtOAc 6:1), dr 14:1.
1H NMR (500 MHz, CDCl3) δH 7.44–7.07 (m, 5H), 6.72 (t, 3JH,H = 2.1 Hz, 2H), 6.12 (t,
3JH,H = 2.1 Hz, 2H), 5.28 (br. s, 1H), 4.25 (d, 3JH,H = 4.3 Hz, 1H), 2.12 (d, 3JH,H = 4.3 Hz,
1H), 1.45–1.32 (m, 2H), 1.16 (s, 9H), 0.71 (t, JH,H = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3)
δC 166.9, 138.6, 129.7 (+, 2C), 128.4 (+, 2C), 127.4 (+), 121.7 (+, 2C), 108.6 (+, 2C), 51.6, 46.3
(+), 43.0, 35.1 (+), 28.8 (+, 3C), 28.5 (-), 11.3 (+); FT IR (KBr, cm−1): 3317, 3060, 2968, 2931,
1647, 1545, 1492, 1446, 1263, 1224, 721, 698; HRMS (TOF ES): found 309.1968, calculated for
C20H25N2ONa (M-H) 342.2045 (0.6 ppm).

(+)-(1R,2R,3S)-N-(tert-Butyl)-3-(ethyl(phenyl)amino)-2-methyl-2-(naphthalen-2-yl)
cyclopropane-1-carboxamide (23dal). Compound was obtained according to typical proce-
dure B from 39.1 mg (0.109 mmol, 1.00 equiv.) of (1S,2R)-1-bromo-N-(tert-butyl)-2-methyl-
2-(naphthalen-2-yl)cyclopropane-1-carboxamide (20da), employing N-ethylaniline (25l)
(40 μL, 0.318 mmol, 2.92 equiv.) as pronucleophile. Chromatographic purification afforded
29.8 mg (0.074 mmol, 68%) of the title compound as a colorless solid, m.p. 132.3–135.1 ◦C, Rf

0.31 (hexanes/EtOAc 6:1), [α]25
D = +10.8◦ (c 0.074, CH2Cl2). dr > 99:1. 1H NMR (500 MHz,

CDCl3) δH 7.97–7.66 (m, 4H), 7.55–7.39 (m, 3H), 7.27–7.19 (m, 2H), 7.06–6.93 (m, 2H), 6.80 (t,
3JH,H = 7.3 Hz, 1H), 5.18 (br. s, 1H), 3.71 (d, 3JH,H = 4.4 Hz, 1H), 3.77–3.64 (m, 1H), 3.61–3.48
(m, 1H), 1.73 (d, 3JH,H = 4.4 Hz, 1H), 1.61 (s, 3H), 1.25 (t, 3JH,H = 7.0 Hz, 3H), 1.10 (s, 9H);
13C NMR (126 MHz, CDCl3) δC 167.8, 149.2, 139.2, 133.6, 132.5, 129.2 (+, 2C), 128.3 (+), 127.9
(+), 127.8 (+), 126.9 (+), 126.8 (+), 126.2 (+), 125.8 (+), 118.3 (+), 116.0 (+), 51.3, 46.8 (+), 46.4
(-), 39.2 (+), 39.0, 28.8 (+, 3C), 21.9 (+), 11.2 (+); FT IR (KBr, cm−1): 2968, 2358, 1645, 1595,
1531, 1498, 1454, 1366, 1255, 1188, 817, 742, 692; HRMS (TOF ES): found 399.2438, calculated
for C27H31N2O (M-H)+ 399.2436 (0.5 ppm).

4. Conclusions

In conclusion, a highly efficient method for the assembly of tetrasubstituted chiral
non-racemic cyclopropanes with all three asymmetric carbons in the strained ring was
demonstrated. This method utilizes a “dual-control” strategy, which was successfully
employed for the highly diastereoselective addition of the nucleophilic species to in situ
generated enantiomerically enriched cyclopropenes. The chiral integrity of the starting
material was translated to the product via the sequential installation of two stereogenic
centers that were efficiently controlled by steric and thermodynamic effects. Alkoxides,
as well as nitrogen-based nucleophiles (azoles and anilines), were used to access the
homochiral derivatives of cyclopropyl ethers and cyclopropylamines. These reactions pro-
ceeded smoothly, affording unusually conformationally constrained amide derivatives of
densely substituted enantiomerically enriched β-amino acids possessing three contiguous
stereogenic carbon atoms. It should be also pointed out that one of these centers is an
all-carbon-substituted quaternary stereocenter, the installation of which, by traditional
methods, represents a long-standing challenge.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27207069/s1, 1H and 13C NMR spectral charts
(Figures S1–S32). Figure S1. 1H NMR spectrum of compound 20ab. Figure S2. 13C NMR spectrum of
compound 20ab. Figure S3. 1H NMR spectrum of compound 20ac. Figure S4. 13C NMR spectrum of
compound 20ac. Figure S5. 1H NMR spectrum of compound 20da. Figure S6. 13C NMR spectrum of
compound 20da. Figure S7. 1H NMR spectrum of compound 23aaa. Figure S8. 13C NMR spectrum of
compound 23aaa. Figure S9. 1H NMR spectrum of compound 23aci. Figure S10. 13C NMR spectrum
of compound 23aci. Figure S11. 1H NMR spectrum of compound 23acj. Figure S12. 13C NMR spec-
trum of compound 23acj. Figure S13. 1H NMR spectrum of compound 23acl. Figure S14. 13C NMR
spectrum of compound 23acl. Figure S15. 1H NMR spectrum of compound 23ack. Figure S16. 13C
NMR spectrum of compound 23ack. Figure S17. 1H NMR spectrum of compound 23acm. Figure S18.
13C NMR spectrum of compound 23acm. Figure S19. 1H NMR spectrum of compound 23aag.
Figure S20. 13C NMR spectrum of compound 23aag. Figure S21. 1H NMR spectrum of compound
23dad. Figure S22. 13C NMR spectrum of compound 23dad. Figure S23. 1H NMR spectrum of com-
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pound 23dae. Figure S24. 13C NMR spectrum of compound 23dae. Figure S25. 1H NMR spectrum
of compound 23dal. Figure S26. 13C NMR spectrum of compound 23dal. Figure S27. 1H NMR
spectrum of compound 23cag. Figure S28. 13C NMR spectrum of compound 23cag. Figure S29. 1H
NMR spectrum of compound 23cah. Figure S30. 13C NMR spectrum of compound 23cah. Figure S31.
1H NMR spectrum of compound 23cad. Figure S32. 13C NMR spectrum of compound 23cad.
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Abstract: The synthesis of new iodine containing synthetic tricyclic flavonoids is reported. Due to
the sensitivity of the precursors to the heat and acidic conditions required for the ring closure of the
1,3-dithiolium core, a new cyclization method has been developed. It consists in the treatment of the
corresponding iodine-substituted 3-dithiocarbamic flavonoids with a 1:1 (v/v) mixture of glacial acetic
acid–concentrated sulfuric acid at 40 ◦C. The synthesis of the iodine-substituted 3-dithiocarbamic
flavonoids has also been tuned in terms of reaction conditions.

Keywords: flavonoids; 1,3-dithiolium salts; dithiocarbamates

1. Introduction

Flavonoids are a diverse group of polyphenolic plant secondary metabolites. Associ-
ated with the multitude of substitution patterns on the C-6–C-3–C-6 backbone, more than
9000 flavonoids are known [1]. The attention that they receive is a direct consequence of
the many biological activities that this class of compounds displays. Studies performed
on flavonoids found that they possess antioxidant, anti-inflammatory, antimicrobial, anti-
tumoral, antiviral or cardioprotective properties [2–4]. The antimicrobial properties that
some flavonoids display could be exploited for this purpose. In principle, flavonoids can
act directly against the infectious microorganisms, they can be used in combination with
other antibiotics (synergistic relationship), or they can act against bacterial virulence factors,
such as the cell-binding ability or toxins released by the pathogens. Many flavonoids,
such as quercetin and naringenin [5], apigenin [6] or epigallocathechin gallate [7], to name
but a few, are known to possess antibacterial activity. More than that, epigallocathechin
gallate was also shown to enhance the activity of other antibiotics against drug-resistant
pathogens [8]. In the past few years, the subject of antibacterial research has often been
related to semisynthetic and synthetic flavonoids, some of these compounds being more
active than natural flavonoids [9]. Our recent review highlighted the synthetic flavonoids
with antimicrobial activities known up to date in the literature [10].

The emergence of more and more nosocomial infections caused by multidrug-resistant
organisms (MDROs) is one of the most worrying phenomena of recent years. The discovery
of new and more efficient antimicrobial drugs is therefore a matter of high priority among
scientists and clinicians worldwide. Ideally, antibacterial agents should belong to new
classes, since the structural alteration of drugs to which resistance has already developed
rarely provides a major solution [11]. Following the general interest for synthetic flavonoids,
the synthesis of a new class of tricyclic flavonoids as a combination of a condensed ben-
zopyran core and 1,3-dithiolium ring was reported [12]. Subsequently, this class of new
synthetic flavonoids proved to exhibit good to excellent antibacterial activities against both
Gram-positive and Gram-negative bacteria [13]. The tricyclic flavonoids developed by
us inhibited and also killed bacterial cells at very low concentrations (up to 0.24 μg/mL
MIC and MBC values) [14,15]. Moreover, some of these flavonoids exhibited a stronger
inhibitory and bactericidal effect compared with some antibiotics and other natural or syn-

Molecules 2022, 27, 8430. https://doi.org/10.3390/molecules27238430 https://www.mdpi.com/journal/molecules
49



Molecules 2022, 27, 8430

thetic flavonoids reported in the literature and inhibited to some degree the proliferation of
cancer cells [16].

Recently, we reported a study on the influence of halogen substituents on the antibac-
terial properties of tricyclic flavonoids [17]. Upon going from fluorine to iodine, these
compounds exhibited good to excellent antimicrobial properties against both Gram-positive
and Gram-negative pathogens. The results suggested that halogen size was the main factor
for the change in potency rather than polarity/electronics. Prompted by these findings, we
decided to investigate the synthesis of sulphur-containing tricyclic flavonoids bearing two
iodine substituents on the benzopyran moiety.

2. Results and Discussion

The synthetic route used to obtain 1,3-dithiolium flavonoids 5a–e is described in
Scheme 1 and follows the protocol used for the model compound 5a. 2-Bromo-1-(2-hydroxy-
3,5-diiodophenyl)ethan-1-one (1) [18] readily underwent nucleophilic substitution in the
presence of the N,N-diethyldithiocarbamate anion, in acetone, yielding the desired phenacyl
carbodithioate 2. The incorporation of the N,N-diethyldithiocarbamic unit was confirmed
by NMR spectral data. Thus, the 1H NMR spectrum indicated the presence of two triplets,
at 1.30 ppm and 1.38 ppm, corresponding to the two methyl groups, and also two quartets,
3.83 ppm and 4.03 ppm, provided by the two methylene units directly bound to the nitrogen
atom. The 13C NMR spectrum confirmed the presence of the two methyl groups (11.5 ppm
and 12.6 ppm), the two nitrogen-bounded methylene groups (47.3 ppm and 50.5 ppm) and
the thiocarbonyl carbon atom (192.8 ppm).

 

3, 4, 5 a b c d e 
R Me Et F Br OMe 

Scheme 1. The synthesis of tricyclic flavonoids 5a–e from flavanones 4a–e. The later have been
obtained starting from phenacyl bromide 1 through dithiocarbamate 2 and aminals 3a–e.

The reaction of 1-(2-hydroxy-3,5-diiodophenyl)-1-oxa-ethan-2-yl
N,N-diethylaminocarbodithioate (2) with aminals 3 provided 3-substituted dithiocarbamic
flavanones 4a–e as a mixture of diastereoisomers (Scheme 1). Aminals 3 were synthesized
according to the literature procedures [19,20]. Due to the low solubility of dithiocarbamate
2 in ethanol, an improved experimental procedure using a mixture of chloroform and
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methanol (1:1) as solvent was developed. Thus, the homogeneous reaction mixture was
heated at reflux for 4 h. After cooling, pale yellow precipitates were formed that were
filtered, dried and recrystallized from ethanol to provide 3-dithiocarbamic flavanones 4a–e,
as an inseparable mixture of diastereoisomers, in 68–80% yields. NMR spectra supported
the benzopyran ring closure. Thus, besides the NMR pattern of para-substituted aromatic
ring originating from aminal 3, we observed the disappearance of the signal of the methy-
lene group from dithiocarbamate 2 (4.86 ppm) and the presence of the characteristic pattern
of vicinal hydrogen atoms at the C-2 and C-3 positions of the benzopyran ring for both
diastereoisomers between 5.7 and 6 ppm. Because these two protons can be located either
on the same side or on opposite sides of the plane of the molecule, two stereoisomers, anti-4′
and syn-4” can be obtained (Figure 1). The relative orientation of the two hydrogen atoms
would, of course, be expected to have an influence on the magnitude of their coupling
constants. The anti isomers always displayed a coupling constant between 6.2 and 7.3 Hz
and the syn isomers around 4 Hz. The coupling constants and diastereoisomeric ratios of
flavonoids 4a–e are presented in Table 1. A 13C NMR analysis confirmed the presence of
the C-2 carbon atom, found around 80.0 ppm, while the C-3 carbon atom could be found
around 60.0 ppm.

ant i syn  
Figure 1. Diastereoisomers of flavonoids 4a–e.

Table 1. Coupling constants H-2–H-3 and diastereoisomers ratio of flavanones 4a–e.

4 a b c d e

3J anti, Hz 6.2 6.3 7.3 7.1 6.7
3J syn, Hz 4.1 4.3 3.8 3.6 3.7

anti/syn ratio 77:23 95:5 77:23 67:33 76:24

α-Ketodithiocarbamates are valuable precursors for 2-dialkylamino-1,3-dithiolium-
2-yl cations [21–23]. Usually, the acid-catalysed cyclocondensation of these substrates
is the method employed for the synthesis of the desired 1,3-dithiolium cations. This
consisted in using a glacial acetic acid/sulfuric acid 3:1 (v/v) at 80 ◦C for 10 min [24].
Previously, we developed specific methods for the sensitive starting materials prone to
decomposition under regular reaction conditions. In one such application, a mixture of
phosphorus pentoxide–methanesulfonic acid 1:10 (w/v) was used for the synthesis of
several 4-iodoaryl-1,3-dithiolium salts [25].

Despite our previous experience with the synthesis of tricyclic flavonoids of type
5 [13,14,17], attempts to close the 1,3-dithiolium ring on flavanones 4 led to a black
intractable material. Even under mild reaction conditions described by us for iodine-
substituted phenacyl dithiocarbamates [25,26], the cyclization reactions failed for all new
reported flavanones 4. Consequently, we tuned the reaction conditions in terms of reducing
the reaction temperature and the composition of the cyclization mixture. The best results
for our substrates were obtained using a mixture of glacial acetic acid/sulfuric acid 1:1
(v/v) at 40 ◦C for 30 min, followed by a treatment with an aqueous solution of sodium
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tetrafluoroborate. Thus, the tricyclic 1,3-dithiolium flavonoids 5 was obtained as white
crystals in 80–88% yields.

The cyclization of dithiocarbamates 4 to tricyclic flavonoids 5 was accompanied by
important spectral changes. Thus, IR spectroscopy showed the absence of the carbonyl
absorption bands (1690–1700 cm−1) and the presence of new strong and broad absorption
bands (ca. 1070 cm−1) from the tetrafluoroborate anion. In the 1H NMR spectra, the
doublets corresponding to the C-3 hydrogens disappeared; at the same time, the signals of
the C-2 hydrogens were shifted to ca. 6.9 ppm and became singlets. The 13C NMR spectra
confirmed the absence of the carbonyl and thiocarbonyl atoms and showed a new signal at
ca. 185 ppm corresponding to the 1,3-dithiol-2-ylium carbon atom.

3. Materials and Methods

3.1. Chemistry

Melting points were obtained on a KSPI melting-point meter (A. KRÜSS Optronic,
Hamburg, Germany) and were uncorrected. IR spectra were recorded on a Bruker Tensor
27 instrument (Bruker Optik GmbH, Ettlingen, Germany). NMR spectra were recorded on a
Bruker 500 MHz spectrometer (Bruker BioSpin, Rheinstetten, Germany). Chemical shifts are
reported in ppm downfield from TMS. UV–vis spectra were recorded on a Varian BioChem
100 spectrophotometer. Mass spectra were recorded on a Thermo Scientific ISQ LT instrument
(Thermo Fisher Scientific Inc., Waltham, MA, USA). All reagents were commercially available
and used without further purification. Elemental analysis, nuclear magnetic resonance data
and copies of 13C-NMR spectra are included in the Supplementary Material.

3.1.1. 1-(2-Hydroxy-3,5-diiodophenyl)-1-oxoethan-2-yl N,N-diethylamino-1-carbodithioate (2)

To a solution of 2-bromo-1-(2-hydroxy-3,5-diiodophenyl)ethan-1-one (1, 1.4 g, 3 mmol)
in acetone (10 mL), a solution of sodium N,N-diethyldithiocarbamate trihydrate (0.68 g,
3 mmol) in acetone/water (10 mL, 1:1 v/v) was added. The resulting mixture was refluxed
for 10 min, cooled to room temperature and poured into water (100 mL) with vigorous
stirring. The precipitate thus formed was vacuum-filtered and recrystallized from ethanol,
yielding 1.3 g (81%) of yellow crystals; M.p. = 162–163 ◦C. IR (ATR, cm−1) 1699, 1499, 1425,
1245, 1174, 821, 621. 1H NMR (CDCl3) δ 12.71 (s, 1H), 8.30 (d, J = 1.6 Hz, 1H), 8.25 (d,
J = 1.7 Hz, 1H), 4.86 (s, 2H), 4.03 (q, J = 6.9 Hz, 2H), 3.83 (q, J = 6.9 Hz, 2H), 1.38 (t,
J = 6.9 Hz, 3H), 1.30 (t, J = 6.9 Hz, 3H). 13C NMR (CDCl3) δ 198.1, 192.8, 160.6, 152.9, 138.7,
120.6, 88.2, 80.6, 50.5, 47.3, 43.5, 12.6, 11.5. UV–vis (λmax, nm) 373. MS (EI) (m/z): 534.8 (M+,
37%) for C13H15I2NO2S2.

3.1.2. General Procedure for 6,8-Diiodo-2-(4-methylphenyl)-4-oxochroman-3-yl
N,N-diethyldithiocarbamate (4a)

To a solution of 1-(3,5-diiodo-2-hydroxyphenyl)-1-oxoethan-2-yl
N,N-diethyldithiocarbamate (2) (0.268 g, 0.5 mmol) in a mixture of CHCl3/MeOH (12 mL,
1:1 v/v) aminal 3a (0.13 g, 0.5 mmol) was added and the reaction mixture was heated
under reflux for 4 h. After cooling, the solid material was filtered off and purified by
recrystallization from ethanol to give 4a (0.23 g, 72%) as colourless crystals. IR (ATR, cm−1)
2738, 1698, 1419, 1255, 1203, 963, 811, 506, 485, 430. 1H NMR (CDCl3, selected data for the
major isomer) δ 8.26 (d, J = 1.7 Hz, 1H), 8.13 (d, J = 1.7 Hz, 1H), 7.38 (d, J = 7.7 Hz, 2H),
7.16 (d, J = 7.7 Hz, 2H), 6.01 (d, J = 6.2 Hz, 1H), 5.75 (d, J = 6.2 Hz, 1H), 3.99 (m, 2H), 3.68
(m, 2H), 2.35 (s, 3H), 1.25 (t, J = 6.9 Hz, 6H). 13C NMR (CDCl3, selected data for the major
isomer) δ 191.6, 186.2, 158.8, 152.6, 138.7, 136.3, 132.8, 129.3, 127.2, 122.9, 87.6, 84.7, 83.0,
57.8, 50.5, 47.3, 21.2, 12.6, 11.4. UV–vis (λmax, nm) 314. MS (EI) m/z: 636.8 (M+, 17%) for
C21H21I2NO2S2.

3.1.3. 6,8-Diiodo-2-(4-ethylphenyl)-4-oxochroman-3-yl N,N-diethyldithiocarbamate (4b)

Colourless crystals, 0.22 g, 68%. IR (ATR, cm−1) 2965, 1697, 1417, 1256, 1202, 825, 641,
474, 438. 1H NMR (CDCl3, selected data for the major isomer) δ 8.26 (d, J = 1.8 Hz, 1H), 8.13
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(d, J = 1.8 Hz, 1H), 7.4 (d, J = 7.9 Hz, 2H), 7.19 (d, J = 7.9 Hz, 2H), 6.01 (d, J = 6.3 Hz, 1H),
5.76 (d, J = 6.3 Hz, 1H), 3.98 (m, 2H), 3.69 (m, 2H), 2.65 (q, J = 7.5 Hz, 2H), 1.25 (t, J = 7.5 Hz,
3H), 1.23 (t, J = 7.6 Hz, 6H). 13C NMR (CDCl3, selected data for the major isomer) δ 191.2,
186.3, 158.8, 152.6, 144.9, 136.3, 133.0, 128.1, 127.2, 122.9, 87.6, 84.7, 83.0, 57.8, 50.5, 47.3, 28.5,
15.3, 12.6, 11.4. UV–vis (λmax, nm) 313. MS (EI) m/z: 650.8 (M+, 27%) for C22H23I2NO2S2.

3.1.4. 6,8-Diiodo-2-(4-fluorophenyl)-4-oxochroman-3-yl N,N-diethyldithiocarbamate (4c)

Colourless crystals, 0.24 g, 75%. IR (ATR, cm−1) 2980, 1685, 1419, 1226, 1201, 974, 825,
537, 474. 1H NMR (CDCl3, selected data for the major isomer) δ 8.27 (d, J = 1.9 Hz, 1H), 8.16
(d, J = 1.9 Hz, 1H), 7.49 (m, 2H), 7.06 (m, 2H), 5.96 (d, J = 7.3 Hz, 1H), 5.79 (d, J = 7.3 Hz,
1H), 3.95 (m, 2H), 3.71 (m, 2H), 1.24 (t, J = 6.8 Hz, 6H). 13C NMR (CDCl3, selected data for
the major isomer) δ 190.9, 186.1, 162.9, 158.7, 152.7, 136.4, 131.7, 129.4, 122.4, 115.5, 87.4,
84.9, 82.6, 58.4, 50.7, 47.3, 12.6, 11.4. UV–vis (λmax, nm) 308. MS (EI) m/z: 640.8 (M+, 24%)
for C20H18FI2NO2S2.

3.1.5. 6,8-Diiodo-2-(4-bromophenyl)-4-oxochroman-3-yl N,N-diethyldithiocarbamate (4d)

Colourless crystals, 0.28 g, 80%. IR (ATR, cm−1) 2977, 1700, 1421, 1252, 1201, 817, 507,
433, 417. 1H NMR (CDCl3, selected data for the major isomer) δ 8.28 (d, J = 1.9 Hz, 1H), 8.16
(d, J = 1.9 Hz, 1H), 7.52 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 5.95 (d, J = 7.1 Hz, 1H),
5.74 (d, J = 7.1, 1H), 3.92 (m, 2H), 3.66 (m, 2H), 1.24 (t, J = 6.7 Hz, 6H). 13C NMR (CDCl3,
selected data for the major isomer) δ 190.8, 185.9, 158.7, 152.7, 136.5, 134.8, 131.7, 129.1,
123.1, 122.1, 87.4, 85.1, 82.6, 58.2, 50.7, 47.4, 12.6, 11.4. UV–vis (λmax, nm) 311. MS (EI) m/z:
700.7 (M+, 296%) for C20H18BrI2NO2S2.

3.1.6. 6,8-Diiodo-2-(4-methoxyphenyl)-4-oxochroman-3-yl N,N-diethyldithiocarbamate (4e)

Colourless crystals, 0.25 g, 77%. IR (ATR, cm−1) 1699, 1496, 1420, 1246, 1180, 1032, 828,
663. 1H NMR (CDCl3, selected data for the major isomer) δ 8.26 (m, 1H), 8.14 (m, 1H), 7.42
(d, J = 8.2 Hz, 2H), 6.89 (d, J = 8.2 Hz, 2H), 5.96 (d, J = 6.7 Hz, 1H), 5.78 (d, J = 6.7 Hz, 1H),
3.97 (m, 2H), 3.81 (s, 3H), 3.65 (m, 2H), 1.25 (t, J = 6.7 Hz, 6H). 13C NMR (CDCl3, selected
data for the major isomer) δ 191.2, 186.4, 159.9, 158.8, 152.6, 136.4, 128.7, 127.9, 122.8, 113.9,
87.7, 87.6, 84.7, 58.1, 55.3, 50.5, 47.3, 12.6, 11.4. UV–vis (λmax, nm) 315. MS (EI) m/z: 652.8
(M+, 37%) for C21H21I2NO3S2.

3.1.7. General Procedure for 2-N,N-diethylamino-6,8-diiodo-4-(4-methylphenyl)-4H-1,3-
dithiol[4,5-c]chromen-2-ylium tetrafluoroborate (5a)

To a mixture of sulfuric acid (1 mL) and acetic acid (1 mL), flavanone 4a (0.21 g,
0.33 mmol) was added and the resulting solution was heated to 40 ◦C for 30 min. The
reaction mixture was then left to cool to room temperature and a solution of sodium
tetrafluoroborate (0.2 g) in water (10 mL) was added dropwise, with vigorous stirring. The
resulting precipitate was then filtered, washed thoroughly with water and recrystallized
from ethanol, yielding the desired tetrafluoroborate 5a in the form of colourless crystals
(0.17 g, 85%). M.p. 260–261 ◦C. IR (ATR, cm−1) 1554, 1438, 1224, 1045, 729, 494, 458. 1H
NMR (DMSO-d6) δ 8.04 (d, J = 1.8 Hz, 1H), 7.74 (d, J = 1.8 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H),
7.26 (d, J = 8.0 Hz, 2H), 6.89 (s, 1H), 3.89 (m, 4H), 2.31 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H), 1.32 (t,
J = 7.1 Hz, 3H). 13C NMR (DMSO-d6) δ 184.9, 150.7, 147.8, 140.2, 133.8, 130.0, 129.7, 127.8,
126.8, 119.1, 88.7, 87.6, 76.2, 54.7, 54.6, 21.3, 10.8, 10.5. UV–vis (λmax, nm) 343. MS (EI) m/z:
619.9 (M+-BF4, 7%) for C21H20I2NOS2]+.

3.1.8. 2-N,N-Diethylamino-6,8-diiodo-4-(4-ethylphenyl)-4H-1,3-dithiol[4,5-c]chromen-2-ylium
tetrafluoroborate (5b)

Colourless crystals, M.p. 201–202 ◦C, (0.17 g, 81%). IR (ATR, cm−1) 1549, 1428, 1217,
1034, 719, 496, 448. 1H NMR (DMSO-d6) δ 8.06 (d, J = 1.8 Hz, 1H), 7.73 (d, J = 1.8 Hz, 1H),
7.35 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 6.87 (s, 1H), 3.87 (m, 4H), 2.35 (q, J = 7.3
Hz, 2H), 1.40 (t, J = 7.1 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H), 1.26 (t, J = 7.3 Hz, 3H). 13C NMR
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(DMSO-d6) δ 185, 150.5, 147.7, 140.1, 133.5, 129.9, 129.6, 127.5, 126.7, 119.0, 88.8, 87.5, 76.1,
54.8, 54.6, 25.4, 12.3, 10.7, 10.4. UV–vis (λmax, nm) 344. MS (EI) m/z: 633.9 (M+-BF4, 5%) for
C22H22I2NOS2]+.

3.1.9. 2-N,N-diethylamino-6,8-diiodo-4-(4-fluorophenyl)-4H-1,3-dithiol[4,5-c]chromen-2-ylium
tetrafluoroborate (5c)

Colourless crystals, M.p. 237–238 ◦C (0.17 g, 83%). IR (ATR, cm−1) 1551, 1433, 1225,
1048, 685, 458, 409. 1H NMR (DMSO-d6) δ 8.09 (d, J = 1.8 Hz, 1H), 7.80 (d, J = 1.8 Hz,
1H), 7.55 (dd, 3JH-H = 8.7 Hz, 4JH-F = 5.3 Hz, 2H), 7.30 (dd, 3JH-H = 8.8 Hz, 3JH-F = 8.7 Hz,
2H), 6.96 (s, 1H), 3.90 (m, 4H), 1.40 (t, J = 7.1 Hz, 3H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR
(DMSO-d6) δ 185.0, 164.2, 162.3, 150.4, 147.8, 133.0, 130.3, 129.2, 127.1, 119.0, 116.5, 88.7,
87.7, 75.5, 54.7, 54.6, 10.8, 10.5. UV–vis (λmax, nm) 339. MS (EI) m/z: 623.8 (M+-BF4, 8%) for
C20H17FI2NOS2]+.

3.1.10. 2-N,N-diethylamino-6,8-diiodo-4-(4-bromophenyl)-4H-1,3-dithiol[4,5-c]chromen-2-ylium
tetrafluoroborate (5d)

Colourless crystals, M.p. 219–220 ◦C (0.2 g, 88%). IR (ATR, cm−1) 1546, 1429, 1225,
1049, 737, 441, 428. 1H NMR (DMSO-d6) δ 8.09 (d, J = 1.7 Hz, 1H), 7.79 (d, J = 1.7 Hz, 1H),
7.66 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 6.92 (s, 1H), 3.87 (m, 4H), 1.39 (t, J = 7.1 Hz,
3H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (DMSO-d6) δ 185.0, 150.4, 147.9, 136.0, 133.1, 132.5,
130.0, 128.7, 127.2, 123.9, 119.0, 88.6, 87.8, 75.5, 54.7, 54.6, 10.7, 10.5. UV–vis (λmax, nm) 341.
MS (EI) m/z: 683.7 (M+-BF4, 5%) for C20H17BrI2NOS2]+.

3.1.11. 2-N,N-diethylamino-6,8-diiodo-4-(4-methoxyphenyl)-4H-1,3-dithiol
chromen-2-ylium tetrafluoroborate (5e)

Colourless crystals, M.p. 235–236 ◦C (0.17 g, 80%). IR (ATR, cm−1) 1548, 1429, 1247,
1070, 851, 617. 1H NMR (DMSO-d6) δ 8.08 (d, J = 1.8 Hz, 1H), 7.78 (d, J = 1.8 Hz, 1H), 7.41
(d, J = 8.7 Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 6.86 (s, 1H), 3.90 (m, 4H), 3.76 (s, 3H), 1.40 (t,
J = 7.1 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (DMSO-d6) δ 184.9, 160.9, 150.7, 147.7,
132.9, 129.9, 129.6, 128.6, 126.7, 119.0, 114.8, 88.7, 87.4, 76.1, 55.7, 54.7, 54.6, 10.8, 10.5. UV–vis
(λmax, nm) 342. MS (EI) m/z: 635.8 (M+-BF4, 9%) for C21H20I2NO2S2]+.

4. Conclusions

In conclusion, we reported the synthesis of five iodine-containing tricyclic flavonoids,
whose backbone is known to induce antimicrobial properties. This was performed through
a new synthetic approach using a glacial acetic acid/sulfuric acid 1:1 (v/v) mixture at 40 ◦C
as a cyclization agent. The synthesis of the precursors 3-dithiocarbamic flavanone was also
tuned in terms of the reaction conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27238430/s1. Elemental analysis, nuclear magnetic resonance
data and copies of 13C-NMR spectra.
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Abstract: Novel aryl-substituted homophthalic acids were cyclodehydrated to the respective homoph-
thalic anhydrides for use in the Castagnoli–Cushman reaction. With a range of imines, this reaction
proceeded smoothly and delivered hitherto undescribed 4-aryl-substituted tetrahydroisoquinolonic
acids with remarkable diastereoselectivity, good yields and no need for chromatographic purification.
These findings significantly extend the range of cyclic anhydrides employable in the Castagnoli–
Cushman reaction and signify access to a novel substitution pattern around the medicinally relevant
tetrahydroisoquinolonic acid scaffold.

Keywords: homophthalic anhydride; imine; Castagnoli–Cushman reaction; tetrahydroisoquinolone;
lactam; all-carbon quaternary atom

1. Introduction

The Castagnoli–Cushman reaction (CCR) [1] is a remarkably versatile [4 + 2]-type
cyclocondensation of a-C-H-acidic cyclic anhydrides 1 with imines 2 leading, depending
on the specific anhydride employed [2], to skeletally diverse [3] lactams 3 bearing multiple
substituents, which in many cases proceeds in diastereoselective fashion. This reaction
is multicomponent in nature because the requisite imine can be generated in situ from
the respective amine and aldehyde [4], which makes this reaction particularly suitable for
generating compound libraries in array format for drug discovery (Figure 1).

Figure 1. The Castagnoli–Cushman reaction.

Considering the fact that the cyclic anhydride (1) for the CCR input primarily controls
the skeletal nature of the lactam product 3, involvement of novel anhydrides in the reaction
promises to deliver molecular frameworks which are either completely novel [5] or carry
unprecedented substitution patterns around known cores.

Homophthalic anhydride (HPA) is one of the most popular and most reactive anhy-
drides used in the CCR. The reaction with HPA delivers tetrahydroisoquinolones (THIQs)
with good control of diastereoselectivity [6–8]. The THIQ scaffold is of undisputable
medicinal relevance, as evidenced by various molecular series possessing diverse biological
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activities reported in the literature. These can be exemplified by such compounds as adreno-
corticotropic hormone receptor modulator 4 [9], apoptosis regulator 5 [10], trypanocidal
cysteine protease inhibitor 6 [11], as well as antimalarial 7 [12] (Figure 2).

Figure 2. Examples of diversely biologically active tetrahydroisoquinolones.

The peripheral group diversity of HPA has been largely limited to the substitutions
in the benzene ring [13], while substitutions at the methylene position remain almost
completely unexplored except for methyl- [14,15] and benzyl- [15] substituted variants.
We became interested in synthesizing novel HPA versions bearing an aryl group at the
methylene linker (8) and exploring them as partners in the CCR. Our interest was fueled
by the prospect of obtaining, possibly in diastereoselective manner, densely substituted
THIQs 9 where the α-position (position 4 of the THIQ scaffold) of the hitherto undescribed
carboxylic acid would be an all-carbon stereogenic center (Figure 3). Herein, we present
the results obtained in the course of pursuing this goal.

Figure 3. (a) Traditional CCR of HPA. (b) Synthetic goal pursued in this work.

2. Results

4-Aryl-substituted homophthalic acids 10 required for the preparation of anhydrides
8 were synthesized from indanones 11. These, in turn, were prepared either by triflic
acid-promoted arylation of cinnamic acids 12 [16] or by intramolecular Heck reaction of
bromochalcone 13 [17]. The Heck reaction approach was used for the methoxy-substituted
substrate because the respective TfOH-promoted arylation, when attempted, led to ex-
tensive tar formation. Indanones 11 were condensed with diethyl oxalate using either
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potassium or lithium tert-butoxide as the base, and the resulting condensation products 14

were oxidized with hydrogen peroxide in basic medium (as described previously [18]) to
furnish novel homophthalic acids 10a–f in modest to excellent yields over two steps from
indanones 11 (Scheme 1).

Scheme 1. Synthesis of substituted homophthalic acids 10.

For the prospective employment of homophthalic acids in the CCR, anhydrides 8 were
prepared immediately before the reaction using acetic anhydride as the cyclodehydrating
agent and were used in the condensation with imines without further purification. For
the preparation of anhydrides from homophthalic acids 10a–d, the cyclodehydration was
performed at room temperature in dichloromethane. For substrates 10e–f, due to limited
solubility in the latter conditions, the same reaction was performed in toluene at 80 °C.

Although the CCR of HPA can be conducted in a range of different solvents [19], after
brief optimization, we found the reaction of anhydride derived from unsubstituted diacid
10b to furnish an optimum 72% yield of THIQ cycloadduct 9a as a single diastereomer
after refluxing the reaction partners in acetonitrile over 18 h. The same reaction conducted
in refluxing toluene gave lower (66%) yield. Interestingly, the reaction in acetonitrile
also proceeded to completion at room temperature but with lower yield (55%) and lower
diastereoselectivity (dr 5:1, trans-/cis-). Thus, the conditions involving refluxing acetonitrile
were extended to anhydrides 8 of this and other homophthalic acids 10 in combination
with various imines prepared from aromatic aldehydes (Scheme 2).

The yields of 4-aryl-substituted THIQ acids 9a–u were generally good after simple
evaporation of acetonitrile and trituration of the crude material with hexane and ether, with
no need for chromatographic purification. The reactions were completely diastereoselective
throughout except for those yielding products 9q–t. The stereochemical identity of products
9a–u was unequivocally confirmed as being trans with respect to the vicinal aryl groups by
single-crystal X-ray analysis of compound 9a (Figure 4, see ESI for details). The substituents
in the homophthalic portion did not apparently influence the reaction outcome. The scope
of the reaction was also quite broad with respect to the aromatic, aldehyde-derived group
tolerating heterocyclic motifs as well as phenyl group with a nitro group. Likewise, the
scope of amines, aromatic and aliphatic alike, was also fairly broad.
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Scheme 2. The CCR of cyclic anhydrides 8 with imines.

Figure 4. Crystallographic structure of compound 9a (ORTEP plot, 50% probability level).
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Despite our initial expectations of potentially lower reactivity of anhydrides 8 in the
CCR due to increased steric bulk compared to HPA, the reactivity of these anhydrides
was similar to that of HPA (considering the fact that the reaction also proceeded at room
temperature, vide supra). This is in line with the observations by others for methyl- and
benzyl-substituted versions of HPA [15].

In addition to dicarboxylic acids 10a–f, we prepared 1,2,3-triazol-1-yl-substituted di-
carboxylic acid 15 by copper-catalyzed [3 + 2] azide-alkyne cycloaddition of the known [20]
azido-substituted homophthalic diethyl ester 16 and phenylacetylene followed by hydroly-
sis. Due to solubility issues, the cyclodehydration procedure to anhydride 17 was modified,
and the reaction was performed in DMF using dicyclohexylcarbodiimide (DCC) as the
cyclodehydrating agent. Anhydride 17 proved to be a competent substrate for the CCR;
however, due to low solubility of 17 in acetonitrile, the reaction was conducted in DMF at
room temperature. Trans-configured cycloadduct 18 was obtained as a single diastereomer
in 50% yield, also with no need for chromatographic purification (Scheme 3).

Scheme 3. Preparation and use of 1,2,3-triazol-1-yl-substituted cyclic anhydride 17 in the CCR.

3. Conclusions

We have described the synthesis of novel aryl-substituted homophthalic acids. Their
cyclodehydration to the respective homophthalic anhydrides and the Castagnoli–Cushman
reaction of the latter with a range of imines resulted in good yields and delivered hitherto
undescribed 4-aryl-substituted tetrahydroisoquinolonic acids with remarkable diastereose-
lectivity, good yields and no need for chromatographic purification. These products are
distinct in that they contain an all-carbon quaternary stereogenic centers in the α-position
to the carboxylic acid. The cyclodehydration–Castagnoli–Cushman reaction protocol was
found to be also transferrable to a novel 1,2,3-triazol-1-yl-substituted homophthalic acid.
These findings significantly extend the range of cyclic anhydrides employable in the
Castagnoli–Cushman reaction and signify access to a novel substitution pattern around the
medicinally relevant tetrahydroisoquinolonic acid scaffold.

4. Materials and Methods

4.1. General Information

All reagents were obtained from commercial sources and used without further pu-
rification. Acetonitrile, toluene and N,N-dimethylformamide were distilled from suitable
drying agents (CaH2 or P2O5) and stored over MS 4Å. Mass spectra were recorded with
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a Bruker Maxis HRMS-ESI-qTOF spectrometer (Moscow, Russia) (electrospray ionization
mode). NMR data were recorded with Bruker Avance 400/500 spectrometer (Moscow,
Russia) (400.13 MHz for 1H, 100.61 MHz and 125.73 MHz for 13C and 376.50 MHz for 19F)
in DMSO-d6 and were referenced to residual solvent proton peaks (δH = 2.51 ppm) and
solvent carbon peaks (δC = 39.52 ppm). NMR and HRMS spectra are in the Supplementary
Material.

4.2. Preparation of Arylhomophthalic Acids 10a–10f: General Procedure 1

Step 1. Condensation of arylindanones with diethyl oxalate

Compounds 10a,b,d,e: Corresponding indanone (9.6 mmol, 1 equiv.) and diethyl
oxalate (4.2 g, 3.9 mL, 28.8 mmol, 3 equiv.) were dissolved in THF (10 mL, dry) in a round-
bottom flask, and to the resulting solution a suspension of t-BuOK (3.23 g, 28.8 mmol,
3 equiv.) in THF (15 mL, dry) at room temperature was added dropwise. Next, the flask
was stoppered, and the mixture was heated in a metal heating block at 65 ◦C for 72 h
(conversion was estimated by TLC, using DCM as an eluent). After cooling to room
temperature, the solvent was evaporated and the mixture was dissolved in CHCl3 (30 mL),
washed with 3% hydrochloric acid solution (1 × 15 mL), water (1 × 15 mL) and brine
(1 × 15 mL), then organic layer was dried over anhydrous sodium sulfate. The solvent
was evaporated, and the resulting mixture was used in the next step without purification.
Compounds 10c,f were obtained according to nearly the same procedure (but using t-BuOLi
instead of t-BuOK), and the heating was performed for 16h.

Step 2. Oxidation

A solution of KOH (3.76 g, 67.2 mmol, 7 equiv.) in water (20 mL) was added to the
product of the previous step in a round-bottom flask; the mixture was stirred for 20 min,
then H2O2 (30%, 27.2 mL) was added dropwise. The solution was stirred overnight at
room temperature, then heated in a metal heating block to 50 ◦C and stirred for two hours
(until the mixture became transparent). Activated charcoal (12 g) (powder−100 particle size
(mesh)) was added to the resulting chilled solution and intensively stirred for 15 min. The
solution was filtered through zeolite, and a solution of concentrated hydrochloric acid was
added to the filtrate at room temperature to reach pH 1. The precipitated acid was extracted
into EtOAc (3 × 30 mL). The organic layer was combined, dried over anhydrous sodium
sulfate and evaporated. The resulting acids 10a–e did not require further purification. The
acid 10f was additionally crystallized from acetonitrile. Yields of compounds 10 were
calculated for 2 steps.

4.2.1. 2-[Carboxy(4-chlorophenyl)methyl]benzoic Acid (10a)

Prepared according to the general procedure GP1 from 3-(4-chlorophenyl)-2,3-dihydro-
1H-inden-1-one[21]. Yield 2.344 g, 84%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.89 (s, 2H), 8.02–7.80 (m, 1H), 7.55–7.48 (m, 1H), 7.46–7.34 (m, 3H), 7.31–7.23
(m, 2H), 7.15–7.10 (m, 1H), 5.99 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ 173.6, 169.0, 140.1,
138.5, 132.3, 132.1, 131.4, 131.0, 130.9, 130.2, 128.9, 127.5, 52.9. HRMS (ESI/Q-TOF) m/z:
[M + Na+]+ Calcd for C15H11ClO4Na+ 313.0238; Found 313.0234.

4.2.2. 2-[Carboxy(phenyl)methyl]benzoic Acid (10b)

Prepared according to the general procedure GP1 from 3-phenyl-2,3-dihydro-1H-
inden-1-one [16]. Yield 2.017 g, 82%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.81 (s, 2H), 7.95–7.82 (m, 1H), 7.53–7.44 (m, 1H), 7.41–7.32 (m, 3H), 7.32–7.22
(m, 3H), 7.13–7.04 (m, 1H), 5.97 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ 173.9, 169.1, 140.6,
139.5, 132.1, 131.1, 130.7, 130.3, 129.5, 129.0, 127.4, 127.3, 53.6. HRMS (ESI/Q-TOF) m/z:
[M + Na+]+ Calcd for C15H12O4Na+ 279.0628; Found 279.0623.
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4.2.3. 2-[Carboxy(4-methoxyphenyl)methyl]benzoic Acid (10c)

Prepared according to the general procedure GP1 from 3-(4-methoxyphenyl)-2,3-
dihydro-1H-inden-1-one [21]. Yield 703 mg, 62%. Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 12.75 (s, 2H), 7.86 (dd, J = 7.7, 1.6 Hz, 1H), 7.46 (td, J = 7.5, 1.6 Hz,
1H), 7.33 (t, J = 7.5 Hz, 1H), 7.15 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 7.7 Hz, 1H), 6.92 (d, J = 8.7 Hz,
2H), 5.88 (s, 1H), 3.74 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 173.7, 168.7, 158.2, 140.6,
131.5, 130.9, 130.6, 130.2, 130.1, 129.7, 126.7, 113.9, 55.1, 52.3. HRMS (ESI/Q-TOF) m/z:
[M-H]− Calcd for C16H13O5

− 285.0769; Found 285.0768.

4.2.4. 2-[Carboxy(phenyl)methyl]-5-methylbenzoic Acid (10d)

Prepared according to the general procedure GP1 from 6-methyl-3-phenyl-2,3-dihydro-
1H-inden-1-one [16]. Yield 1.167 g, 45%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.71 (s, 2H), 7.71–7.65 (m, 1H), 7.38–7.32 (m, 2H), 7.30–7.26 (m, 2H), 7.25–7.19
(m, 2H), 7.05–6.89 (m, 1H), 5.91 (s, 1H), 2.31 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 174.00,
169.17, 161.41, 139.66, 137.68, 136.58, 132.61, 131.11, 130.88, 130.24, 129.44, 128.92, 127.30,
53.20, 20.78. 13C NMR (101 MHz, DMSO-d6) δ 174.0, 169.2, 161.4, 139.7, 137.7, 136.6, 132.6,
131.1, 130.9, 130.2, 129.4, 128.9, 127.3, 53.2, 20.8. HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd
for C16H14O4Na+ 293.0784; Found 293.0785.

4.2.5. 2-[Carboxy(4-fluorophenyl)methyl]benzoic Acid (10e)

Prepared according to the general procedure GP1 from 3-(4-fluorophenyl)-2,3-dihydro-
1H-inden-1-one [16]. Yield 0.789 g, 30%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.88 (s, 2H), 7.94–7.83 (m, 1H), 7.53–7.45 (m, 1H), 7.40–7.33 (m, 1H), 7.31–7.25
(m, 2H), 7.23–7.09 (m, 3H), 6.06–5.94 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 173.8, 169.1,
161.6 (d, J = 243.3 Hz), 140.4, 135.7 (d, J = 3.1 Hz), 132.2, 131.4 (d, J = 8.1 Hz), 131.1, 130.8,
130.1, 127.4, 115.7 (d, J = 21.3 Hz), 52.8. 19F NMR (376 MHz, DMSO-d6) δ −115.9. HRMS
(ESI/Q-TOF) m/z: [M + Na+]+ Calcd for C15H11FO4Na+ 297.0534; Found 297.0528.

4.2.6. 2-[Carboxy(4-chlorophenyl)methyl]-5-chlorobenzoic Acid (10f)

Prepared according to the general procedure GP1 from 6-chloro-3-(4-chlorophenyl)-
2,3-dihydro-1H-inden-1-one [22]. Yield 530 mg, 17%. Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 13.38 (s, 1H), 12.87 (s, 1H), 7.91–7.78 (m, 1H), 7.65–7.53 (m, 1H),
7.46–7.36 (m, 2H), 7.30–7.22 (m, 2H), 7.12–7.04 (m, 1H), 5.91 (s, 1H). 13C NMR (101 MHz,
DMSO-d6) δ 173.3, 167.7, 139.1, 138.0, 133.0, 132.3, 132.3, 132.1, 132.0, 131.4, 130.3, 129.1,
52.6. HRMS (ESI/Q-TOF) m/z: [M + Na+]+ Calcd for C15H10Cl2O4Na+ 346.9848; Found
346.9841.

4.3. General Procedure for Preparation of Tetrahydroisoquinonolones 9a–9u

Step 1. Anhydride synthesis.

Products 9a–c and f–u:
Diacid 10a–c,f (50 mg) was mixed with DCM (1 mL, dry.) in a screw-cap vial, after

which acetic anhydride (6 equiv.) was added to the suspension and the reaction mixture
was stirred overnight at room temperature. Then, the solvent was evaporated in vacuo. The
resulting crude anhydride was used in the next step without purification or characterization.

For products 9d,e:
Diacid 10c,f (50 mg) was dissolved in toluene (3 mL, dry) in screw-cap vial, after which

acetic anhydride (6 equiv.) was added to the suspension and the reaction mixture was
stirred overnight at 80 ◦C in a metal heating box. Then, the solvent was evaporated in vacuo.
The resulting crude anhydride was used in the next step without further purification.

Step 2. The Castagnoli–Cushman reaction

For products 9a–9u:
The resulting crude anhydride from the previous step was dissolved in MeCN (0.3 mL,

dry) in a screw-cap vial, then imine (1.05 equiv.) dissolved in MeCN (0.2 mL, dry) was
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added with stirring. The reaction mixture was kept at 80 ◦C overnight in a metal heating
block. Then, the solvent was evaporated. Next, the crude product was treated with diethyl
ether (1 mL), after which pentane (3 mL) was added and the solid was thoroughly ground.
After cooling to −20 ◦C for 20 min, the liquid was decanted. The resulting solid was dried
in vacuo to give pure title compound.

Dr values were calculated from integrals of methine protons (1H NMR spectra) from
lactam ring.

4.3.1. (±)-(3R,4R)-2-Ethyl-1-oxo-4-phenyl-3-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline-4-
carboxylic Acid (9a)

Prepared according to the general procedure GP2 from 10b and N-(4-methylbenzylidene)
ethanamine. Yield 52 mg, 72%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6) δ
13.14 (s, 1H), 8.19–8.10 (m, 1H), 8.05–7.98 (m, 1H), 7.64 (s, 1H), 7.59–7.47 (m, 1H), 7.36–7.26 (m,
4H), 7.26–7.21 (m, 1H), 6.98 (s, 4H), 5.59 (s, 1H), 3.58 (dq, J = 14.0, 7.1 Hz, 1H), 3.20 (dq, J = 14.0,
7.1 Hz, 1H), 2.21 (s, 3H), 0.76 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.7, 162.3,
142.6, 137.8, 137.7, 136.0, 131.9, 130.4, 130.1, 129.0, 129.0, 128.5, 128.2, 128.0, 128.0, 127.6, 66.4, 59.0,
42.1, 21.0, 13.1. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C25H24NO3

+ 386.1751; Found
386.1744.

Crystal Data for C28.571429H26.285714N1.142857O3.428571 (M = 440.51 g/mol): orthorhombic,
space group Pbca (no. 61), a = 15.8652(2) Å, b = 14.6469(2) Å, c = 16.7176(2) Å, V = 3884.77(9) Å3,
Z = 7, T = 100.15 K, μ(CuKα) = 0.689 mm−1, Dcalc = 1.318 g/cm3,
41,022 reflections measured (9.774◦ ≤ 2Θ ≤ 152.44◦), 4053 unique (Rint = 0.0439, Rsigma = 0.0168)
which were used in all calculations. The final R1 was 0.0408 (I > 2σ(I)) and wR2 was 0.1105 (all
data). Please see ESI (p.S2-5) for details.

4.3.2. (±)-(3R,4R)-3-(4-Nitrophenyl)-1-oxo-4-phenyl-2-propyl-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9b)

Prepared according to the general procedure GP2 from 10b and N-(4-nitrobenzylidene)
propan-1-amine. Yield 62 mg, 74%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-
d6) δ 13.46 (s, 1H), 8.12–8.05 (m, 3H), 8.03–7.98 (m, 1H), 7.72–7.66 (m, 1H), 7.60 (t, J = 7.5 Hz,
1H), 7.39 (d, J = 8.5 Hz, 2H), 7.29 (p, J = 6.6 Hz, 5H), 5.80 (s, 1H), 3.51 (ddd, J = 13.2, 8.9,
6.7 Hz, 1H), 2.97 (ddd, J = 13.6, 9.0, 5.0 Hz, 1H), 1.23 (dt, J = 8.1, 4.9 Hz, 1H), 1.15–0.99 (m,
1H), 0.47 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.7, 162.7, 147.6, 147.2,
142.3, 137.0, 132.4, 130.5, 130.3, 130.0, 128.7, 128.5, 128.3, 128.1, 127.8, 123.5, 66.3, 59.5, 48.3,
20.7, 11.4. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C25H23N2O5

+ 431.1601; Found
431.1606.

4.3.3. (±)-(3R,4R)-2-Ethyl-7-methyl-1-oxo-4-phenyl-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9c)

Prepared according to the general procedure GP2 from 10d and N-(4-methylbenzylidene)
ethanamine. Yield 45 mg, 61%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6) δ
13.06 (s, 1H), 8.05–7.99 (m, 1H), 7.83–7.80 (m, 1H), 7.47–7.41 (m, 1H), 7.35–7.26 (m, 4H), 7.25–7.19
(m, 1H), 7.02–6.92 (m, 4H), 5.55 (s, 1H), 3.57 (dq, J = 14.0, 7.1 Hz, 1H), 3.18 (dq, J = 14.0, 7.1 Hz,
1H), 2.42 (s, 3H), 2.21 (s, 3H), 0.74 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.8,
162.4, 142.8, 137.6, 137.5, 136.1, 134.9, 132.6, 130.2, 130.1, 129.0, 129.0, 128.5, 128.4, 128.0, 127.5,
66.5, 58.8, 42.1, 21.2, 21.0, 13.1. HRMS (ESI/Q-TOF) m/z: [M + Na+]+ Calcd for C26H25NO3Na+

422.1727; Found 422.1718.

4.3.4. (±)-(3R,4R)-2-Ethyl-4-(4-methoxyphenyl)-1-oxo-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9d)

Prepared according to the general procedure GP2 from 10c and N-(4-methylbenzylidene)
ethanamine. Yield 41 mg, 57%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6)
δ 13.04 (s, 1H), 8.17–8.09 (m, 1H), 8.05–7.94 (m, 1H), 7.64–7.59 (m, 1H), 7.54–7.46 (m, 1H),
7.25–7.19 (m, 2H), 7.02–6.95 (m, 4H), 6.88–6.82 (m, 2H), 5.54 (s, 1H), 3.70 (s, 3H), 3.57 (dq,
J = 13.9, 7.2 Hz, 1H), 3.17 (dq, J = 13.9, 7.2 Hz, 1H), 2.20 (s, 3H), 0.77 (t, J = 7.1 Hz, 3H). 13C NMR
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(101 MHz, DMSO-d6) δ 172.0, 162.4, 158.6, 138.1, 137.6, 136.0, 134.4, 131.8, 130.4, 130.1, 129.3,
129.0, 128.9, 128.1, 128.0, 113.8, 66.5, 58.4, 55.5, 42.1, 21.0, 13.1. HRMS (ESI/Q-TOF) m/z:
[M + H+]+ Calcd for C26H26NO4

+ 416.1856; Found 416.1848.

4.3.5. (±)-(3R,4R)-7-Chloro-4-(4-chlorophenyl)-2-ethyl-1-oxo-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic acid (9e)

Prepared according to the general procedure GP2 from 10f and N-(4-methylbenzylidene)
ethanamine. Yield 43 mg, 61%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6)
δ 13.48 (s, 1H), 8.26–8.13 (m, 1H), 8.01–7.93 (m, 1H), 7.79–7.55 (m, 1H), 7.52–7.27 (m, 4H),
7.10–6.85 (m, 4H), 5.65 (s, 1H), 3.58 (dq, J = 14.1, 7.1 Hz, 1H), 3.19 (dq, J = 14.1, 7.1 Hz, 1H),
2.21 (s, 3H), 0.78 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.0, 161.2, 141.0, 137.9,
136.4, 135.2, 133.4, 132.6, 132.6, 132.3, 131.9, 130.1, 129.2, 128.9, 128.5, 127.5, 66.3, 58.6, 42.3,
21.0, 13.0. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C25H22Cl2NO3

+ 454.0971; Found
454.0965.

4.3.6. (±)-(3R,4R)-3-(4-(Benzyloxy)-3-methoxyphenyl)-4-(4-chlorophenyl)-1-oxo-2-(prop-
2-yn-1-yl)-1,2,3,4-tetrahydroisoquinoline-4-carboxylic Acid (9f)

Prepared according to the general procedure GP2 from 10b and N-(4-(benzyloxy)-3-
methoxybenzylidene)prop-2-yn-1-amine. Yield 76 mg, 80%. Colorless amorphous solid.
1H NMR (400 MHz, DMSO-d6) δ 13.37 (s, 1H), 8.29–8.18 (m, 1H), 8.08–7.96 (m, 1H),
7.74–7.65 (m, 1H), 7.58–7.26 (m, 10H), 6.92–6.82 (m, 1H), 6.67–6.61 (m, 1H), 6.59–6.50 (m,
1H), 5.75 (s, 1H), 4.98 (s, 2H), 4.65 (d, J = 17.4 Hz, 1H), 3.77 (d, J = 17.4 Hz, 1H), 3.51 (s,
3H). 13C NMR (126 MHz, DMSO-d6) δ 171.2, 162.3, 148.5, 148.3, 141.2, 137.9, 137.4, 136.7,
133.1, 132.7, 132.5, 130.2, 129.8, 129.3, 129.2, 128.9, 128.8, 128.6, 128.5, 128.4, 128.3, 128.3,
121.2, 113.1, 79.0, 76.1, 70.2, 58.4, 55.5. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for
C33H27ClNO5

+ 552.1572; Found 552.1574.

4.3.7. (±)-(3R,4R)-2-Benzyl-4-(4-chlorophenyl)-3-(2-methoxyphenyl)-1-oxo-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9g)

Prepared according to the general procedure GP2 from 10a and N-(2-methoxybenzylidene)-
1-phenylmethanamine. Yield 62 mg, 61%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 12.95 (s, 1H), 8.20–8.11 (m, 1H), 7.71–7.65 (m, 1H), 7.64–7.58 (m, 1H), 7.55 (d,
J = 7.7 Hz, 1H), 7.27–7.19 (m, 2H), 7.13–7.07 (m, 2H), 7.05–7.00 (m, 3H), 6.83–6.60 (m, 6H), 5.79
(s, 1H), 5.19 (d, J = 14.6 Hz, 1H), 3.87 (s, 3H), 3.40 (d, J = 14.6 Hz, 1H). 13C NMR (101 MHz,
DMSO-d6) δ 171.5, 162.9, 158.3, 142.0, 137.4, 136.7, 132.8, 132.2, 129.9, 129.7, 128.8, 128.5, 128.5,
128.3, 127.9, 127.4, 127.3, 126.8, 120.8, 111.5, 59.5, 59.2, 56.2, 48.4. HRMS (ESI/Q-TOF) m/z:
[M + H+]+ Calcd for C30H25ClNO4

+ 498.1467; Found 498.1471.

4.3.8. (±)-(3R,4R)-2-Allyl-4-(4-chlorophenyl)-3-(2,4-dimethoxyphenyl)-1-oxo-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9h)

Prepared according to the general procedure GP2 from 10a and N-(2,4-dimethoxybenz
ylidene)prop-2-en-1-amine. Yield 53 mg, 64%. Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 12.95 (s, 1H), 8.11–8.04 (m, 1H), 7.71–7.52 (m, 3H), 7.41–7.31 (m,
2H), 7.18–7.07 (m, 2H), 6.59–6.47 (m, 2H), 6.33–6.26 (m, 1H), 5.81 (s, 1H), 5.28–5.16 (m, 1H),
4.97 (d, J = 10.1 Hz, 1H), 4.88 (d, J = 17.1 Hz, 1H), 4.38 (dd, J = 15.8, 4.8 Hz, 1H), 3.82 (s, 3H),
3.69 (s, 3H), 3.21 (dd, J = 15.2, 7.6 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 171.6, 162.6,
160.7, 159.2, 142.1, 137.7, 133.0, 132.6, 132.3, 130.2, 130.0, 129.7, 128.6, 128.2, 128.1, 118.9,
118.7, 105.2, 98.7, 59.2, 59.0, 56.2, 55.6, 48.2. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for
C27H25ClNO5

+ 478.1416; Found 478.1421.

4.3.9. (±)-(3R,4R)-4-(4-Chlorophenyl)-1-oxo-3-phenyl-2-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9i)

Prepared according to the general procedure GP2 from 10a and N-benzylidene-
4-methylaniline. Yield 62 mg, 77%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 13.48 (s, 1H), 8.17–8.03 (m, 2H), 7.77–7.69 (m, 1H), 7.66–7.59 (m, 1H), 7.50–7.41
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(m, 2H), 7.37–7.30 (m, 2H), 7.27–7.17 (m, 3H), 7.11–7.03 (m, 4H), 6.67–6.49 (m, 2H), 5.75 (s,
1H), 2.25 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.1, 162.7, 141.3, 139.5, 138.2, 137.1,
136.8, 132.8, 132.8, 130.6, 130.3, 129.9, 129.1, 128.9, 128.7, 128.7, 126.5, 70.4, 59.7, 21.0. HRMS
(ESI/Q-TOF) m/z: [M + H+]+ Calcd for C29H23ClNO3

+ 468.1361; Found 468.1368.

4.3.10. (±)-(3R,4R)-4-(4-Chlorophenyl)-3-(4-methoxyphenyl)-1-oxo-2-(4-(trifluoromethyl)
phenyl)-1,2,3,4-tetrahydroisoquinoline-4-carboxylic Acid (9j)

Prepared according to the general procedure GP2 from 10a and N-(4-methoxybenzylidene)-
4-(trifluoromethyl)aniline. Yield 71 mg, 75%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 13.50 (s, 1H), 8.17–8.09 (m, 2H), 7.79–7.73 (m, 1H), 7.73–7.68 (m, 2H), 7.67–7.61 (m,
1H), 7.46–7.40 (m, 2H), 7.37–7.30 (m, 2H), 7.07–7.01 (m, 4H), 6.81–6.77 (m, 2H), 5.92 (s, 1H), 3.69
(s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 170.9, 162.9, 159.5, 145.6, 141.1, 137.4, 133.1, 132.8,
130.4, 130.3, 130.1, 129.6, 128.9, 128.8, 128.7, 127.5 (q, J = 32.3 Hz), 127.2, 126.5 (q, J = 3.6 Hz),
124.4 (q, J = 271.9 Hz), 114.2, 69.0, 59.8, 55.5. 19F NMR (376 MHz, DMSO-d6) δ −60.9. HRMS
(ESI/Q-TOF) m/z: [M + H+]+ Calcd for C30H22ClF3NO4

+ 552.1184; Found 552.1184.

4.3.11. (±)-(3S,4R)-4-(4-Chlorophenyl)-1-oxo-3-(thiophen-2-yl)-2-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9k)

Prepared according to the general procedure GP2 from 10a and 4-methyl-N-(thiophen-
2-ylmethylene)aniline. Yield 55 mg, 67%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 13.55 (s, 1H), 8.26–8.19 (m, 1H), 8.12–8.05 (m, 1H), 7.78–7.70 (m, 1H), 7.67–7.59
(m, 1H), 7.48–7.41 (m, 2H), 7.37–7.33 (m, 1H), 7.30–7.26 (m, 2H), 7.13–7.05 (m, 3H), 6.63–6.51
(m, 3H), 5.88 (s, 1H), 2.27 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.2, 162.7, 140.8, 139.6,
139.4, 137.3, 136.7, 132.9, 132.8, 130.7, 130.1, 129.9, 129.8, 128.9, 128.8, 128.8, 128.0, 126.6,
126.3, 125.5, 66.2, 59.2, 21.0. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C27H21ClNO3S+

474.0925; Found 474.0926.

4.3.12. (±)-(3R,4R)-4-(4-Chlorophenyl)-3-(4-fluorophenyl)-2-(4-methoxybenzyl)-1-oxo-
1,2,3,4-tetrahydroisoquinoline-4-carboxylic Acid (9l)

Prepared according to the general procedure GP2 from 10a and N-(4-fluorobenzylidene)-
1-(4-methoxyphenyl)methanamine. Yield 64 mg, 72%. Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 13.38 (s, 1H), 8.16–8.09 (m, 1H), 8.02–7.95 (m, 1H), 7.72–7.64 (m, 1H),
7.62–7.57 (m, 1H), 7.16–6.99 (m, 6H), 6.96–6.87 (m, 4H), 6.77–6.65 (m, 2H), 5.38 (s, 1H), 5.04 (d,
J = 14.3 Hz, 1H), 3.76 (s, 3H), 3.69 (d, J = 14.3 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 171.3,
162.5, 162.3 (d, J = 244.5 Hz), 159.1, 140.9, 136.7, 134.1 (d, J = 3.1 Hz), 132.6, 132.3, 131.2 (d,
J = 8.2 Hz), 130.6, 130.3, 130.0, 129.6, 128.8, 128.6, 128.5, 128.2, 115.4 (d, J = 21.3 Hz), 114.0, 65.5,
58.8, 55.5, 48.2. 19F NMR (376 MHz, DMSO-d6) δ −114.0. HRMS (ESI/Q-TOF) m/z: [M + H+]+

Calcd for C30H24ClFNO4
+ 516.1372; Found 516.1373.

4.3.13. (±)-(3R,4R)-4-(4-Chlorophenyl)-1-oxo-2,3-di-p-tolyl-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9m)

Prepared according to the general procedure GP2 from 10a and 4-methyl-N-(4-methylb
enzylidene)aniline. Yield 55 mg, 66%. Colorless amorphous solid. 1H NMR (400 MHz,
DMSO-d6) δ 13.44 (s, 1H), 8.12–8.06 (m, 2H), 7.76–7.68 (m, 1H), 7.66–7.57 (m, 1H), 7.49–7.38
(m, 2H), 7.35–7.29 (m, 2H), 7.12–7.07 (m, 2H), 7.04–6.89 (m, 2H), 6.65–6.58 (m, 2H), 5.72 (s,
1H), 2.25 (s, 3H), 2.22 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.1, 162.7, 141.3, 139.6,
137.9, 137.2, 136.7, 135.2, 132.7, 132.7, 130.6, 130.3, 129.8, 129.3, 129.0, 128.8, 128.7, 126.4, 70.1,
59.7, 21.0, 21.0. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C30H25ClNO3

+ 482.1517;
Found 482.1518.

4.3.14. (±)-(3S,4R)-4-(4-Chlorophenyl)-2-(2-(cyclopentylthio)ethyl)-3-(furan-2-yl)-1-oxo-
1,2,3,4-tetrahydroisoquinoline-4-carboxylic Acid (9n)

Prepared according to the general procedure GP2 from 10a and 2-(cyclopentylthio)-N-
(furan-2-ylmethylene)ethanamine. Yield 56 mg, 66%. Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 13.52 (s, 1H), 8.20–8.14 (m, 1H), 8.00–7.94 (m, 1H), 7.73–7.64 (m,
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1H), 7.59–7.50 (m, 1H), 7.48–7.43 (m, 1H), 7.42–7.35 (m, 2H), 7.32–7.23 (m, 2H), 6.27 (dd,
J = 3.3, 1.9 Hz, 1H), 5.87 (d, J = 3.3 Hz, 1H), 5.84 (s, 1H), 3.68 (td, J = 13.2, 11.2, 5.0 Hz, 1H),
3.37 (td, 1H), 3.10 (p, J = 7.1 Hz, 1H), 2.33 (td, J = 12.8, 11.1, 5.0 Hz, 1H), 2.03 (ddd, J = 12.8,
11.1, 5.0 Hz, 1H), 1.92 (dt, J = 13.9, 6.9 Hz, 2H), 1.70–1.57 (m, 2H), 1.60–1.48 (m, 2H), 1.32
(dt, J = 13.9, 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 171.4, 163.1, 152.4, 143.0, 140.3,
132.8, 132.3, 130.0, 130.0, 129.1, 128.6, 128.5, 128.5, 110.8, 109.0, 61.2, 57.8, 47.7, 43.4, 33.9,
28.2, 24.8, 24.7. HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C27H27ClNO4S+ 496.1344;
Found 496.1344.

4.3.15. (±)-(3R,4R)-4-(4-Chlorophenyl)-2-ethyl-1-oxo-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic acid (9o)

Prepared according to the general procedure GP2 from 10a and N-(4-methylbenzylidene)
ethanamine. Yield 34 mg, 47%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6)
δ 13.06 (s, 1H), 8.09–7.97 (m, 1H), 7.86–7.79 (m, 1H), 7.49–7.42 (m, 1H), 7.34–7.26 (m, 4H),
7.25–7.19 (m, 1H), 7.04–6.92 (m, 4H), 5.55 (s, 1H), 3.57 (dq, J = 14.0, 7.1 Hz, 1H), 3.18 (dq,
J = 14.0, 7.1 Hz, 1H), 2.42 (s, 3H), 2.21 (s, 3H), 0.74 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 171.3, 162.3, 141.5, 137.8, 137.3, 135.7, 132.4, 132.1, 130.4, 130.2, 130.1, 129.1, 128.9,
128.5, 128.4, 128.1, 66.4, 58.9, 42.0, 21.0, 13.1. HRMS (ESI/Q-TOF) m/z: [M + Na+]+ Calcd for
C25H22ClNO3Na+ 442.1180; Found 442.1175.

4.3.16. (±)-(3S,4R)-4-(4-Chlorophenyl)-1-oxo-2-propyl-3-(pyridin-2-yl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9p)

Prepared according to the general procedure GP2 from 10a and N-(pyridin-3-ylmethylene)
propan-1-amine. Yield 34 mg, 47%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-
d6) δ 13.50 (s, 1H), 8.50–8.37 (m, 2H), 8.13–8.02 (m, 1H), 8.02–7.93 (m, 1H), 7.72–7.65 (m, 1H),
7.64–7.58 (m, 1H), 7.43–7.37 (m, 2H), 7.35–7.26 (m, 3H), 7.24–7.18 (m, 1H), 5.68 (s, 1H), 3.55–3.45
(m, 1H), 3.04–2.93 (m, 1H), 1.32–1.21 (m, 1H), 1.15–1.03 (m, 1H), 0.49 (t, J = 7.3 Hz, 3H). 13C NMR
(101 MHz, DMSO-d6) δ 171.4, 162.6, 150.5, 149.6, 141.1, 136.5, 135.9, 134.7, 132.7, 132.5, 130.4,
130.1, 130.1, 128.9, 128.5, 128.4, 123.6, 64.7, 59.1, 48.2, 20.8, 11.3. HRMS (ESI/Q-TOF) m/z:
[M + H+]+ Calcd for C24H22ClN2O3

+ 421.1313; Found 421.1315.

4.3.17. (±)-(3S,4R)-3-(2-Chlorophenyl)-4-(4-fluorophenyl)-1-oxo-2-propyl-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9q)

Prepared according to the general procedure GP2 from 10e and N-(2-chlorobenzylidene)
propan-2-amine. Yield 45 mg, 56% (dr = 3/1). Colorless amorphous solid. Major isomer:
1H NMR (400 MHz, DMSO-d6) δ 13.34 (s, 1H), 8.17–8.10 (m, 1H), 7.75–7.69 (m, 1H), 7.68–7.60
(m, 2H), 7.51–7.45 (m, 1H), 7.30–7.24 (m, 1H), 7.22–7.07 (m, 5H), 6.80–6.73 (m, 1H), 5.90 (s, 1H),
3.71–3.58 (m, 1H), 2.62–2.54 (m, 1H), 1.28–1.13 (m, 1H), 1.09–0.96 (m, 1H), 0.38 (t, J = 7.5 Hz,
3H). 13C NMR (126 MHz, DMSO-d6) δ 171.3, 161.9, 161.2 (d, J = 244.8 Hz), 158.7, 138.0 (d,
J = 2.9 Hz), 136.2, 131.6, 131.1, 131.1, 130.4 (d, J = 8.2 Hz), 130.1, 130.0, 128.1, 127.7, 114.6 (d,
J = 21.5 Hz), 113.3, 64.1, 59.2, 55.0, 19.9, 19.6. 19F NMR (376 MHz, DMSO-d6) δ -115.5. HRMS
(ESI/Q-TOF) m/z: [M + H+]+ Calcd for C25H22ClFNO3

+ 438.1267; Found 438.1271. Minor
isomer, partial data: 1H NMR (400 MHz, DMSO) δ 7.44 (d, J = 7.9 Hz, 1H), 7.40–7.33 (m, 2H),
7.04 (t, J = 7.3 Hz, 2H), 6.63 (dd, J = 7.9, 1.6 Hz, 1H), 6.32 (t, J = 7.8 Hz, 1H), 5.98 (d, J = 1.9 Hz,
1H). 19F NMR (376 MHz, DMSO) δ −108.77.

4.3.18. (±)-(3R,4R)-4-(4-Fluorophenyl)-2-isopropyl-3-(4-methoxyphenyl)-1-oxo-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9r)

Prepared according to the general procedure GP2 from 10e and N-(4-methoxybenzylidene)
propan-2-amine. Yield 41 mg, 52% (dr = 4/1). Colorless amorphous solid. Major isomer:
1H NMR (400 MHz, DMSO-d6) δ 13.21 (s, 1H), 8.12–8.04 (m, 1H), 7.98–7.88 (m, 1H), 7.66–7.59
(m, 1H), 7.61–7.51 (m, 1H), 7.38–7.30 (m, 2H), 7.18–7.07 (m, 2H), 7.06–7.00 (m, 2H), 6.77–6.66 (m,
2H), 5.51 (s, 1H), 4.27 (hept, J = 6.7 Hz, 1H), 3.67 (s, 3H), 0.83 (dd, J = 20.2, 6.7 Hz, 6H). 13C NMR
(126 MHz, DMSO-d6) δ 171.7, 162.3, 161.6 (d, J = 244.8 Hz), 159.1, 138.4 (d, J = 2.9 Hz), 136.6,
132.0, 131.5, 131.5, 130.8 (d, J = 8.2 Hz), 130.5, 130.4, 128.5, 128.1, 115.0 (d, J = 21.5 Hz), 113.7,
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64.5, 59.6, 55.4, 48.8, 20.3, 20.0. 19F NMR (376 MHz, DMSO-d6) δ −115.1. HRMS (ESI/Q-TOF)
m/z: [M + H+]+ Calcd for C26H25FNO4

+ 434.1762; Found 434.1768. Minor isomer, partial data:
1H NMR (400 MHz, DMSO-d6) δ 7.23 (dd, J = 12.4, 8.1 Hz, 1H), 6.95–6.81 (m, 2H), 5.35 (s, 1H).
19F NMR (376 MHz, DMSO-d6) δ−108.81.

4.3.19. (±)-(3R,4R)-2-Butyl-4-(4-fluorophenyl)-3-(4-methoxyphenyl)-1-oxo-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9s)

Prepared according to the general procedure GP2 from 10e and N-(4-methoxybenzylidene)
butan-1-amine. Yield 61 mg, 75% (dr = 4/1). Colorless amorphous solid. Major isomer: 1H NMR
(400 MHz, DMSO-d6) δ 13.20 (s, 1H), 8.13–7.98 (m, 2H), 7.69–7.62 (m, 1H), 7.59–7.53 (m, 1H),
7.39–7.28 (m, 2H), 7.17–7.08 (m, 2H), 7.07–6.97 (m, 2H), 6.78–6.71 (m, 2H), 5.49 (s, 1H), 3.68 (s,
3H), 3.65–3.52 (m, 1H), 3.04–2.89 (m, 1H), 1.32–1.18 (m, 1H), 1.16–1.05 (m, 1H), 0.96–0.85 (m, 1H),
0.85–0.73 (m, 1H), 0.67 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.6, 162.6, 160.6,
159.3, 138.6 (d, J = 3.1 Hz), 137.3, 132.1, 130.4 (d, J = 5.9 Hz), 130.4, 130.3, 128.5, 128.1, 115.1 (d,
J = 21.2 Hz), 113.8, 66.7, 58.9, 55.4, 46.0, 29.5, 19.8, 14.1. 19F NMR (376 MHz, DMSO-d6) δ −115.7.
HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C27H27FNO4

+ 448.1919; Found 448.1924. Minor
isomer, partial data: 1H NMR (400 MHz, DMSO-d6) δ 7.72 (dd, J = 8.1, 2.9 Hz, 2H), 7.25–7.18 (m,
1H), 7.06 (d, J = 8.2 Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 5.31 (s, 1H), 3.24–3.12 (m, 1H). 19F NMR
(376 MHz, DMSO-d6) δ−108.66.

4.3.20. (±)-(3R,4R)-4-(4-Fluorophenyl)-3-(2-methoxyphenyl)-1-oxo-2-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (9t)

Prepared according to the general procedure GP2 from 10e and 2-methoxy-N-(4-methylb
enzylidene)aniline. Yield 52 mg, 71% (dr = 3/1). Colorless amorphous solid. 1H NMR
(400 MHz, DMSO-d6) δ 12.98 (s, 1H), 8.22–8.11 (m, 1H), 7.77–7.67 (m, 1H), 7.66–7.58 (m, 1H),
7.48–7.41 (m, 1H), 7.25–7.18 (m, 3H), 7.16–7.09 (m, 2H), 7.05–6.98 (m, 2H), 6.96–6.88 (m, 2H),
6.84–6.65 (m, 1H), 6.49–6.37 (m, 2H), 6.09 (s, 1H), 3.68 (s, 3H), 2.21 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 171.6, 162.9, 161.6 (d, J = 244.7 Hz), 158.0, 140.0, 139.6 (d, J = 2.6 Hz), 137.8, 136.8,
133.0, 130.7 (d, J = 8.3 Hz), 130.3, 130.0, 129.8, 129.6, 128.8, 128.4, 127.7, 127.0, 126.3, 120.7, 115.1
(d, J = 21.2 Hz), 111.3, 65.2, 60.5, 55.9, 21.0. 19F NMR (376 MHz, DMSO-d6) δ −115.5. HRMS
(ESI/Q-TOF) m/z: [M + H+]+ Calcd for C30H25FNO4

+ 482.1762; Found 482.1763. Minor
isomer, partial data: 1H NMR (400 MHz, DMSO-d6) δ 7.37–7.26 (m, 2H), 6.36 (d, J = 8.0 Hz,
2H), 6.27 (d, J = 2.8 Hz, 1H), 3.64 (s, 3H). 19F NMR (376 MHz, DMSO-d6) δ −108.30.

4.3.21. (±)-(3R,4R)-2-Ethyl-4-(4-fluorophenyl)-1-oxo-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic acid (9u)

Prepared according to the general procedure GP2 from 10e and N-(4-methylbenzylidene)
ethanamine. Yield 50 mg, 68%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6)
δ 13.25 (s, 1H), 8.17–8.06 (m, 1H), 8.07–8.00 (m, 1H), 7.69–7.59 (m, 1H), 7.58–7.48 (m, 1H),
7.40–7.30 (m, 2H), 7.17–7.06 (m, 2H), 6.98 (s, 4H), 5.58 (s, 1H), 3.59 (dq, J = 13.9, 7.0 Hz, 1H),
3.15 (dq, J = 14.0, 6.8 Hz, 1H), 2.21 (s, 3H), 0.76 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 171.6, 162.3, 161.5 (d, J = 244.5 Hz), 138.8 (d, J = 3.4 Hz), 137.7, 135.8, 132.0, 130.4,
130.3, 130.2, 130.2, 129.0, 128.9, 128.3, 128.0, 115.2 (d, J = 21.2 Hz), 66.7, 58.7, 42.0, 21.0, 13.1.
19F NMR (376 MHz, DMSO-d6) δ −115.7. HRMS (ESI/Q-TOF) m/z: [M + Na+]+ Calcd for
C25H22FNO3Na+ 426.1476; Found 426.1469.

4.4. 2-(Carboxy(4-phenyl-1H-1,2,3-triazol-1-yl)methyl)benzoic Acid (15)

Ethyl 2-(1-azido-2-methoxy-2-oxoethyl)benzoate[20] 16 (526 mg, 2 mmol, 1 equiv.) and
phenylacetylene (206 mg, 1 equiv.) were added to a suspension of CuI (27 mg, 7 mol. %)
in dry toluene. The reaction mixture was stirred at 85 ◦C overnight. The solvent was
evaporated, and the title compound was extracted with ethyl acetate (30 mL). The organic
layer was washed with water (20 mL × 2) and brine (20 mL × 1) and then dried over
Na2SO4. The solvent was evaporated and the resulting compound (ethyl 2-(2-ethoxy-2-oxo-
1-(4-phenyl-1H-1,2,3-triazol-1-yl)ethyl)benzoate) was used in the next step without further
purification. The obtained ester and KOH (560 mg, 5 equiv.) were dissolved in 30 mL of
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30% aq.THF and stirred for 1 h at room temperature. Activated charcoal (12g) (powder -100
particle size (mesh)) was added to the resulting mixture and intensively stirred at room
temperature for 0.5 h. Next, the solution was filtered through a layer of zeolite, and 3 N
HCl was added to it until pH = 1. The target compound (15) was extracted into diethyl
ether, and the organic layer was combined and dried over Na2SO4 and was evaporated.

Yield 601 mg, 93% (2 steps). Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6) δ
13.55 (s, 2H), 8.72 (s, 1H), 8.07–8.00 (m, 1H), 7.94–7.82 (m, 2H), 7.71–7.61 (m, 1H), 7.60–7.51 (m,
2H), 7.50–7.42 (m, 2H), 7.39–7.30 (m, 1H), 7.29–7.20 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ
169.0, 168.5, 146.6, 135.7, 133.1, 131.4, 130.9, 130.6, 129.5, 129.4, 129.2, 128.5, 125.7, 122.9, 63.7.
HRMS (ESI/Q-TOF) m/z: [M + H+]+ Calcd for C17H14N3O4

+ 324.0979; Found 324.0974.

4.5. (±)-(3R,4S)-2-Ethyl-1-oxo-4-(4-phenyl-1H-1,2,3-triazol-1-yl)-3-(p-tolyl)-1,2,3,4-
tetrahydroisoquinoline-4-carboxylic Acid (18)

The diacid 15 (50 mg, 0.15 mmol) was dissolved in DMF (0.5 mL, dry) in a screw-cap,
and DCC (1.1 equiv.) was added with stirring. After 3 h, N-(4-methylbenzylidene)ethanamine
(1.1 equiv.) was added, and the reaction mixture was kept for a day at room temperature.
The solution was then filtered through celite, EtOAc (15 mL) and 10 mL of brine were added
to the filtrate, the precipitate formed was filtered off, and then organic layer of the filtrate
was washed with brine (10 mL × 3), dried over sodium sulfate and evaporated. The residue
was treated with diethyl ether (1 mL), after which pentane (3 mL) was added and the solid
was thoroughly ground. After cooling to −20 ◦C for 20 min, the liquid was decanted. The
resulting solid was dried in vacuo to give pure title compound. The substance undergoes
decarboxylation easily and is therefore unstable in solutions even at room temperature.

Yield 35 mg, 50%. Colorless amorphous solid. 1H NMR (400 MHz, DMSO-d6) δ 14.25
(s, 1H), 8.83–8.72 (m, 1H), 8.17–8.07 (m, 1H), 7.88–7.79 (m, 3H), 7.75–7.62 (m, 2H), 7.50–7.40
(m, 2H), 7.39–7.31 (m, 1H), 7.16–6.90 (m, 4H), 6.05 (s, 1H), 3.69 (dq, J = 14.0, 7.0 Hz, 1H), 3.18
(dq, J = 14.0, 7.0 Hz, 1H), 2.24 (s, 3H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, DMSO-d6)
δ 167.7, 161.6, 146.2, 138.4, 133.3, 132.4, 131.5, 130.9, 130.4, 130.0, 129.4, 129.4, 128.8, 128.5,
127.9, 125.6, 122.1, 72.2, 65.6, 42.1, 21.1, 13.3. HRMS (ESI/Q-TOF) m/z: [M + Na+]+ Calcd
for C27H24N4O3Na+ 475.1741; Found 475.1730.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238462/s1. Copies of NMR and HRMS spectra.
X-ray data [23–25].
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Abstract: Gold catalysts possess the advantages of water and oxygen resistance, with the possibility
of catalyzing many novel chemical transformations, especially in the syntheses of small-molecule
skeletons, in addition to achieving the rapid construction of multiple chemical bonds and ring
systems in one step. In this feature paper, we summarize recent advances in the construction of
small-molecule scaffolds, such as benzene, cyclopentene, furan, and pyran, based on gold-catalyzed
cyclization of arylalkyne derivatives within the last decade. We hope that this review will serve as a
useful reference for chemists to apply gold-catalyzed strategies to the syntheses of related natural
products and active molecules, hopefully providing useful guidance for the exploration of additional
novel gold-catalyzed approaches.

Keywords: gold(I)-catalyzed; arylalkyne; benzene derivatives; cyclopentene derivatives; furan and
pyran derivatives

1. Introduction

Gold was long considered an inert precious metal that cannot be used in catalyzing
chemical reactions until Bond and Ito discovered that gold exhibits excellent catalytic activ-
ity in nanoparticle form or as soluble complexes [1,2], opening the door for the subsequent
development and application of gold-catalyzed chemical reactions [3]. The oxidation states
of gold include Au(0), Au(I), and Au(III). Au(I) alone is unstable in solution and is generally
used in linear complexes with phosphine ligands, carbene ligands, etc. (Figure 1a) [4].
The counterions of gold catalysts include trifluoromethanesulfonate (OTf−), tetrafluorobo-
rate (BF4

−), hexafluoroantimonate (SbF6
−), tetraphenylboron (BAr4

−), etc. (Figure 1b). A
reactive Au(I) complex is formed through counterion exchange with various silver salts
(AgX) or with sodium tetra-aryl borate (NaBAr4) and potassium tetra-aryl borate (KBAr4)
(Figure 1c).

In homogeneous gold-catalyzed reactions, gold, as a soft acid, is highly nucleophilic
to the π-electron system in alkynes, alkenes, and allenes, promoting a series of chemical
transformations. In 1998, the Teles group first reported the hydrofunctionalization of
alkynes by a Au(I)-phosphine complex, after which the great potential of homogeneous
gold catalysis in organic synthesis was gradually explored [5]. Over the past two decades,
many subtle gold-catalyzed methodologies have been developed, including cycloaddition
reactions, cycloisomerization reactions, and cascade cyclization reactions.

Gold catalysts are characterized by high catalytic reactivity, good chemical selectivity,
mild reaction conditions, and high tolerance to water and air. The most common applica-
tion of gold catalysts in organic synthesis is the cyclization reaction, which can be used

Molecules 2022, 27, 8956. https://doi.org/10.3390/molecules27248956 https://www.mdpi.com/journal/molecules
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to synthesize a benzene ring, indole ring, quinoline ring, imidazole ring, oxazole ring,
etc. [6–21]. Arylalkyne-containing building blocks are easily prepared and can undergo a
variety of cyclization reactions, offering unique advantages with respect to the construction
of small-molecule skeletons, such as benzenes, cyclopentenes, furans, and pyrans under
the influence of gold catalysis (Figure 2). Therefore, we attempted to systematically sum-
marize the building-block-directed construction of specific small-molecule scaffolds with
arylalkyne substrates under gold(I)-catalyzed conditions within the last decade, and any
works missed were unintentional.

Figure 1. The main ligands, counterions, and generation of cationic gold(I) catalysts.

 

Figure 2. Arylalkyne blocks and the three corresponding types of products.
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In this feature paper, studies are classified according to the structural characteristics
of small-molecule skeletons, highlighting the development of strategies and the scope of
research on gold-catalyzed cyclization of arylalkyne derivatives, including arene–diynes,
arene–enynes, aryne–enolether, aryne–acetals, etc.

2. Syntheses of Benzene Derivatives

Many important natural products and drugs contain aromatic units, such as ben-
zenes, naphthalenes, and biaryls; thus, the construction of benzene rings is significant in
organic synthesis. The synthesis methods for benzene rings using [2+2+2] or [4+2] cycload-
dition reactions usually require harsh conditions. However, Au(I)-catalyzed cyclization
of arylalkyne substrates represents a mild and versatile approach to the construction of
benzene rings. In this chapter, we summarize previous works on the synthesis of benzene
derivatives based on the type of arylalkyne.

2.1. Arene-Diyne Substrates

In 2012, Hashmi and colleagues reported a double gold(I)-activated cyclization of
arene-diynes to construct benzene rings for the synthesis of β-substituted naphthalene
derivatives, which was achieved through an unexpected reaction pathway (Scheme 1) [22].
First, one terminal alkyne of arene-diyne (1) was activated by a gold catalyst to form a Au–
C-σ bond through catalyst transfer, and the other terminal alkyne was activated to produce
a double-activated intermediate (2). Subsequently, the activated triple bond was attacked
by the β carbon of gold acetylide due to π coordination, which induced the formation of
a five-membered ring to generate gold–vinylidene (3). Next, intermediate 4 was formed
by a solvent attack (benzene) and a 1,3-H shift, which was subsequently transformed into
intermediate 5 via a ring expansion. Finally, after the elimination of the gold(I) catalyst and
protonation, a β-substituted naphthalene product (6) was obtained. The reaction pathway
was clearly verified through X-ray crystal structure analysis of the key intermediates and
controlled experiments. The strategy of double gold activation had a significant influence
on the later development of gold chemistry.

Scheme 1. Double gold(I)-catalyzed syntheses of β-substituted naphthalene derivatives.

In the same year, the Ohno group described a gold(I)-catalyzed tandem approach to 1,3-
disubstituted naphthalenes using arene-diynes with 14 examples, achieving a quantitative
yield (Scheme 2) [23]. This strategy mainly involves intermolecular nucleophilic addition
and intramolecular nucleophilic addition reactions. Gold(I)-activated terminal alkyne was
first attacked by nucleophilic reagents, such as ROH, RR’NH, and Ar-H, to generate inter-
mediates (8) that were immediately converted to enolether/enamine-type intermediates (9)
by protodeauration. A subsequent 6-endo-dig cyclization yielded intermediates (10) that
underwent subsequent aromatization and protonation to provide naphthalene derivatives
(11). The above reaction path was verified in detail by the syntheses of silyl enolether
intermediates (9) and related deuteration experiments.
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Scheme 2. Gold(I)-catalyzed syntheses of substituted naphthalene derivatives.

2.2. Arene-Enyne Substrates

Gold-catalyzed cyclization of arene-enynes is an important strategy for building small-
molecule carbocyclic skeletons that has inspired many excellent methods to be reported.
In 2017, Shi et al., developed a gold(I)-catalyzed tandem cyclization–oxidation strategy to
access aryl acetaldehyde derivatives using alkylidene–cyclopropane and pyridine N-oxide
(Scheme 3) [24]. First, coordination of the triple bond by [Au]+ triggered the 6-endo-dig
cyclization to form intermediates (13), and benzylic carbocation was stabilized by electron-
rich cyclopropane and the benzene ring. Subsequently, the 3,5-dibromo-pyridine N-oxide
acted as a nucleophile to attack cyclopropane and produce intermediates (14). Finally,
aryl acetaldehyde derivatives (15) were generated by Kornblum-type oxidation with the
simultaneous release of 3,5-dibromo-pyridine. The scope of application of the above
strategy was examined using 27 examples with 36–93% yields. It is worth noting that
when R2 was a substituted phenyl group, the aryl acetaldehyde derivative could be further
modified to polycyclic aromatic hydrocarbons (PAHs) under the catalysis of In(OTf)3.

Scheme 3. Gold(I)-catalyzed syntheses of aryl acetaldehyde derivatives.

In 2019, the Ohno lab described a gold(I)-catalyzed cascade cyclization strategy for
the syntheses of cyclopropanes derivatives, with 11 examples and yields of up to 96%
(Scheme 4) [25]. The activation of the allenyl moiety of 1-allenyl-2-ethynyl-3-alkylbenzene
substrates (16) by the gold complex induced a nucleophilic attack of alkyne to yield vinyl
cationic intermediates (17). Then, a 1,5-H shift occurred to generate benzylic carbocation
intermediates (18). Subsequent carbocation cyclization provided acenaphthene deriva-
tives (19) after aromatization and protodeauration. In addition, a series of 1-(naphth-
1-yl)cyclopropa-[b]benzofuran derivatives was successfully prepared when phenylene-
tethered allenynes and benzofurans were subjected to the same gold-catalyzed conditions.

In 2021, the Ohno lab reported the syntheses of benzo[cd]indole skeletons by gold-
catalyzed tandem cyclization based on their previous work (Scheme 5) [26]. In this ap-
proach, a series of amino-allenyne substrates (20) were designed and prepared. First, the
activated allene was attacked by the electron-rich alkyne to form vinyl cationic intermedi-
ates (21). The vinyl cation was captured by the neighboring amine group to yield tricyclic
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fused indoles (22), which underwent an isomerization to furnish pyrrolonaphthalenes (23).
The resulting tricyclic derivatives could be transformed into nitrogen-containing polycyclic
aromatic compounds (N-PACs) with special photophysical properties through N-arylation
or Friedel–Crafts acylation.

Scheme 4. Gold(I)-catalyzed syntheses of acenaphthene derivatives.

Scheme 5. Gold(I)-catalyzed syntheses of pyrrolonaphthalene derivatives.

Recently, Liu and colleagues achieved the gold(I)-catalyzed construction of benzene
derivatives using arene–enyne substrates, which was applied to the total syntheses of eight
natural products (Scheme 6) [27]. Coordination of alkyne in substrates (24) promoted a
6-endo-dig cyclization to yield intermediates (25) that were converted into iodonaphthalenes
(26) in situ in the presence of N-iodosuccinimide (NIS). The intermediates (26) were used as
key moieties to synthesize benzo[c]phenanthridine alkaloids in a pot-economic approach.
Moreover, the cytotoxicities of these alkaloids were investigated, indicating the future
potential of these molecules for anticancer research.

Scheme 6. Gold(I)-catalyzed syntheses of iodonaphthalene derivatives.

2.3. Aryne-Enolether Substrates

Enolether showed versatile properties in gold-catalyzed reactions, making it suitable
for use not only as a nucleophile but also as an electrophile to be coordinated by [Au]+. The

75



Molecules 2022, 27, 8956

combination of enolether with alkyne derivatives to form building blocks containing 1,5-
enyne showed unique advantages in gold-catalyzed tandem cyclization for the syntheses
of benzene derivatives. Accordingly, the Liu lab has reported a number of such studies in
recent years.

In 2014, a gold(I)-catalyzed cycloisomerization of arylalkyne-enolether for the con-
struction of multisubstituted naphthalenes was developed by the Liu group (Scheme 7) [28].
First, the triple bonds of the substrates (27) were activated by the gold species, which
induced an intermolecular nucleophilic addition by alcohol to yield dienol ether intermedi-
ates (28). Coordination of [Au]+ to the electron-rich enolether promoted cycloisomerization
to provide multisubstituted naphthalenes (29) via the release of methanol and protodeau-
ration. The scope of this strategy was examined by synthesizing 20 alkyne–enolether
substrates with 38–88% yields.

Scheme 7. Gold(I)-catalyzed syntheses of multisubstituted naphthalenes.

In 2017, Liu and colleagues achieved gold(I)-catalyzed tandem cyclization for the syn-
theses of benzo[a]carbazole derivatives using arylalkyne-enolether substrates (Scheme 8) [29].
The authors modulated the electronic properties of the triple bond through the substituent
of the right benzene ring, which further tuned the cyclization order. When there were
sulfonamide substituents on the appropriate benzenes, the α-position of the alkyne ac-
tivated by [Au]+ induced a 5-endo-dig cyclization to produce indole intermediates (31).
The enolether was then activated by a gold(I) complex and attacked by the electron-rich
indole to promote the second cyclization, yielding benzo[a]carbazoles (32) by elimination of
methanol and protodeauration. The above reaction mechanism was verified by capturing
the intermediates and further supported by DFT calculations. Notably, when the appro-
priate benzene rings of the substrates were substituted with amine groups, the order of
cyclization was changed to yield indeno-[1,2-c]quinoline derivatives, which are described
in detail in later sections.

Scheme 8. Gold(I)-catalyzed syntheses of benzo[a]carbazole derivatives.

One year later, another cascade cyclization strategy was reported by the Liu group
as an ongoing study on the gold-catalyzed cyclization of enolether-involved substrates
in the construction of small-molecule scaffolds. The authors achieved the syntheses of
xanthone and acridone derivatives by designing a series of alkyne–enolether substrates
with 25 examples and up to 98% yield (Scheme 9) [30]. Initially, the triple bonds of the
substrates (33) were chelated by the gold(I) species, which promoted an intramolecular
Michael addition to obtain intermediates (34) after protodeauration. Then, gold(I)-activated
enolether was attacked by newly generated enolethers or enamines to undergo a 6-endo-trig
cyclization. Finally, xanthone or acridone derivatives (35) were achieved via a similar
pathway as reported previously.
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Scheme 9. Gold(I)-catalyzed syntheses of xanthone and acridone derivatives.

In 2022, Liu and colleagues reported a gold(I)-catalyzed 6-endo-dig cyclization of
arylalkyne–enolethers (36) to construct 2-(naphthalen-2-yl)aniline derivatives (Scheme 10) [31].
The authors found that the amine group on the right-hand benzene ring benefited 6-endo-dig
cyclization via an electron-donating effect to generate naphthalenes (37) after isomerization
and protodeauration. In addition, several important heterocycles (38–41) were synthesized
in a divergent manner from that of naphthalene derivatives (37).

Scheme 10. Gold(I)-catalyzed syntheses of 2-(naphthalen-2-yl)aniline derivatives.

2.4. Other Arylalkyne Substrates

In 2013, Ye et al., described a gold(I)/acid-catalyzed methodology for the synthe-
ses of anthracenes using o-alkynyl diarylmethanes with 21 examples and 58–80% yields
(Scheme 11) [32]. Coordination of alkynes by gold catalysts triggered the attack of electron-
rich benzene rings to furnish vinyl–gold intermediates (43) via 6-exo-dig cyclization. After
protodeauration and [Au]+/H+ promoted isomerization, anthracenes (45) were obtained.
An alternative pathway was also proposed; the alkyne of the substrates (42) was hydrolyzed
under gold-catalyzed conditions to yield intermediates (44) that were converted to products
(45) by an acid-mediated cyclodehydration. In addition, the products (45) were further
modified into a variety of potentially valuable anthracene derivatives.

Scheme 11. Gold(I)-catalyzed syntheses of anthracene derivatives.
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In 2017, a gold(I)-catalyzed tandem cycloisomerization, Diels–Alder, and retro-Diels–
Alder reactions were reported by the Liu lab (Scheme 12) [33]. Activation of alkyne in
substrates (46) initiated the first cycloisomerization to yield furopyran intermediates (47).
A subsequent Diels–Alder reaction of dienes (47) and dienophiles occurred to form highly
strained intermediates (48), which underwent a retro-Diels–Alder reaction to provide biaryl
products (49) by releasing acetaldehyde (HCHO). The above pathways were reasonably
explained by density functional theory (DFT).

Scheme 12. Gold(I)-catalyzed syntheses of biaryl derivatives.

In 2021, the Hashmi group reported the syntheses of meta- and paradihydroxynaph
thalenes based on diazoalkynes through a regiodivergent gold-catalyzed cyclization
(Scheme 13) [34]. The activated triple bonds of substrates (50) were attacked by dia-
zocarbon to generate intermediates (51), followed by the formation of quinoid gold car-
bene intermediates (52) via the release of nitrogen. At this stage, two different reaction
paths occurred via the addition of water or Et3N(HF)3. Under the condition of water as
an additive (path a), metadihydroxynaphthalenes (54) were produced via carbene inser-
tion of water after protodeauration. When H2O and Et3N(HF)3 were used as additives,
paradihydroxynaphthalenes (56) were obtained via Michael-type addition of quinoid car-
bene species, 1,2-phenyl migration, and protodeauration. Moreover, when only Et3N(HF)3
was used as an additive, “F−” was inserted instead of water for gold carbene to generate
the α-fluoronaphthalenes.

Scheme 13. Gold(I)-catalyzed syntheses of meta- and paradihydroxynaphthalene derivatives.
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Gold(I)-catalyzed arylalkyne annulations provide abundant strategies for the synthe-
ses of benzene derivatives, including the strategies shown in this chapter and several other
intramolecular or intermolecular strategies [35–47].

3. Construction of Cyclopentene Derivatives

Small-molecule skeletons containing cyclopentene are important components of many
natural products and pharmaceutical intermediates. The syntheses of useful cyclopentene
derivatives have attracted a great deal of interest among chemists. Gold(I)-catalyzed
annulations of a variety of arylacetylene substrates provide a range of versatile synthetic
methods for the syntheses of benzocyclopentene derivatives.

3.1. Arene-Diyne Substrates

In 2012, the Hashmi group achieved the preparation of benzofulvene derivatives
based on their previous strategy of double activation of diynes containing terminal alkynes
(Scheme 14) [48]. Under the catalysis of a gold catalyst, dual σ/π-activated intermediates
(58) were formed, which were rapidly transformed into gold vinylidenes (59) as a result
of double activation. A 1,5-H shift to electrophilic vinylidene carbon occurred, leading
to intermediates (60). After the trapping of the carbocation by the vinyl–gold species,
benzofulvene products (61) were synthesized in association with the elimination of the
gold catalyst. The applicability of the strategy was examined by 10 examples and up to
92% yield. The above strategy was characterized by easy preparation of the substrate and a
novel reaction mechanism.

Scheme 14. Gold(I)-catalyzed syntheses of benzofulvene derivatives.

In 2017, the Hashmi group the construction of aryl-substituted dibenzopentalene
derivatives using terminally aromatic substituted 1,5-diyne substrates under gold-catalyzed
conditions (Scheme 15) [49]. One of the triple bonds was coordinated by [Au]+, resulting
in the attack of another electron-rich triple bond to form vinyl cation intermediates (63).
The vinyl cation was trapped by the neighboring electron-rich benzene to produce inter-
mediates (64), followed by rearomatization and protodeauration to yield intermediates
(65). Ultimately, dibenzopentalene products (66) were obtained by ligand exchange of gold
species. It is worth noting that benzene as a solvent was not involved in the above process
to trap the vinyl cation.

In 2021, the Hashmi group developed a gold-catalyzed cycloisomerization of substi-
tuted 1,5-diynes to synthesize indeno[1,2-c]furan derivatives. The functional group toler-
ance was systematically examined using 29 examples with 16–81% yields (Scheme 16) [50].
Vinyl cationic intermediates (68) were formed through similar paths a those described
previously in Schemes 14 and 15. Subsequently, a second annulation occurred immediately
to yield oxonium intermediates (69). Intermediates (71) were produced via the release
of benzyl carbocation, followed by [5,5]-sigmatropic rearrangement. Finally, indeno[1,2-
c]furan derivatives (73) were obtained by rearomatization, the elimination of gold species,

79



Molecules 2022, 27, 8956

and proton transfer mediated by p-toluenesulfonic acid (PTSA). The authors fully explained
the above reaction mechanism using DFT calculations, and the high regioselectivity of
[5,5]-sigmatropic rearrangement was also reasonably illustrated.

Scheme 15. Gold(I)-catalyzed syntheses of aryl-substituted dibenzopentalene derivatives.

 
Scheme 16. Gold(I)-catalyzed syntheses of indeno[1,2-c]furan derivatives.

3.2. Arene-Enyne Substrates

In 2016, Sanz et al., reported a gold(I)-catalyzed tandem reaction using β,β-diaryl-o-
(alkynyl)styrenes to synthesize dihydroindeno[2,1-a]indene derivatives (Scheme 17) [51].
A 5-endo-cyclization was induced by the activation of [Au]+ to the alkyne, which pro-
duced carbocationic intermediates (75). After proton elimination and protodeauration,
benzofulvene intermediates (77) were generated. The diene units in intermediates (77)
were then activated by the gold species to generate allylic carbocationic intermediates (78),
which were trapped by the neighboring electron-rich aryl group to access products (79).
In addition, under the condition of 0 ◦C in DCM, benzofulvene intermediates (77) were
isolated as products.

In 2022, the Sanz lab disclosed a gold-catalyzed domino method for the syntheses of
indeno[2,1-b]thiochromene derivatives with 21 examples and 70–88% yields (Scheme 18) [52].
Activation of S/Se-substituted alkynes by [Au]+ triggered the cyclization of alkene to afford
cationic intermediates (81), the carbocations of which were trapped by the vinyl–gold
to produce cyclopropyl gold carbenes (82). The cyclopropanes of 82 were attacked by
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electron-rich aromatic groups to form ring-opening intermediates (83) after rearomati-
zation. Indeno[2,1-b]thiochromene derivatives (84) containing sulfur or selenium were
ultimately obtained by protodeauration. Importantly, when (S)-DM-SEGPHOS(AuCl)2, a
chiral ligand, was used in the gold-catalyzed reaction, an enantioselective transformation
was achieved in up to 80% ee.

 
Scheme 17. Gold(I)-catalyzed syntheses of dihydroindeno[2,1-a]indene derivatives.

Scheme 18. Gold(I)-catalyzed syntheses of indeno[2,1-b]thiochromene derivatives.

3.3. Aryne-Enolether Substrates

In 2017, a strategy of synthesizing indeno[1,2-c]quinoline derivatives was developed by
the Liu group through gold(I)-catalyzed cascade cyclization with 18 examples and up to 99%
yield (Scheme 19) [29]. The coordination of gold species to the β position of the triple bond
initiated an attack of the enolether to generate indene intermediates (86). Intermediates (87)
were produced by the activation of double bonds in the conjugated enolether with [Au]+,
which were converted to aromatic intermediates (88) via intramolecular condensation
with the release of MeOH after protodemetalation. In oxygen, the intermediates (88) were
further oxidized to a more stable indeno[1,2-c]quinoline product (89). Notably, the electron-
donating effect of the amine on the right benzene ring played a crucial role in the initiation
of the above transformation.

Scheme 19. Gold(I)-catalyzed syntheses of indeno[1,2-c]quinoline derivatives.
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In 2018, Liu et al., used 1,5-enyne substrates to synthesize a series of 2-aryl indenone
derivatives in the catalysis of a gold catalyst (Scheme 20) [53]. Intermediates (92) were
formed via a gold-catalyzed cycloisomerization. An O2-mediated radical addition to
intermediates 92 afforded intermediates (93) that underwent aromatization to yield peroxy
intermediates (94), which were subsequently transformed into oxonium intermediates
(95) through the cleavage of the peroxide bond with the coordination of [Au]+. Finally,
indenone products (96) were achieved by the hydrolysis of oxonium with the release of
MeOH. The above free radical reaction process was verified via control experiments and
heavy atom labeling.

Scheme 20. Gold(I)-catalyzed syntheses of 2-aryl indenone derivatives.

3.4. Aryne-Acetal Substrates

Arylalkynes containing acetal moieties as useful building blocks exhibited excellent
reactivity in the gold-catalyzed syntheses of cyclopentene derivatives. In 2013, in pioneer-
ing work, the Toste group developed a gold-catalyzed strategy for the enantioselective
syntheses of β-alkoxy indanone derivatives using this kind of substrate (Scheme 21) [54].
It was proposed that the activation of triple bonds by gold complexes triggered the mi-
gration of an alkoxy group to the alkyne, generating oxonium intermediates (99) via
intermediates (98). An enantioselective annulation then occurred to form oxonium inter-
mediates (100), which were transformed into products (101) after isomerization. The use
of [Au]+ with chiral ligands ensured enantioselective cyclization with up to 98% ee. In
addition, the β-alkoxy indanone derivatives could be further hydrolyzed to corresponding
3-methoxycyclopentenone derivatives under PTSA conditions with wet DCM.

In 2016, Liu et al., described a gold(I)-catalyzed hydrogen-bond-regulated tandem cy-
clization for the syntheses of indeno-chromen-4-one and indeno-quinolin-4-one derivatives
by introducing a Michael acceptor in the substrates (Scheme 22) [55]. The double activation
of a hydrogen bond and gold catalyst promoted methoxy migration to generate vinyl–gold
intermediates (103), followed by an intramolecular annulation to produce intermediates
(104) after isomerization. With conformational changing, intramolecular Michael addition
occurred to yield indeno-chromen-4-one or indeno-quinolin-4-one derivatives (105) after
the elimination of alkoxy groups.

In 2020, Sajiki and colleagues developed a gold(I)-catalyzed approach for the preparation
of indenone derivatives using arylalkyne substrates containing cyclic acetals (Scheme 23) [56].
The triple bonds were first activated by the gold complex to produce vinyl–gold intermedi-
ates (107), which initiated the migration of benzylic hydride to generate oxonium cationic
intermediates (108). Cyclized gold(I)–carbene intermediates (109) were then formed by
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intramolecular nucleophilic addition. At this stage, when the system contained water, a
carbene insert process occurred to yield intermediates (110), followed by a [Au]+-activated
dehydration reaction to produce indenone derivatives (112). Alternatively, products (112)
were generated directly from the cyclized gold(I)–carbene intermediates (109) through
a 1,2-H shift and elimination of gold species. The key 1,5-hydride shift was verified by
deuterium-labeled experiments and 2D NMR analysis.

Scheme 21. Gold(I)-catalyzed syntheses of β-alkoxy indanone derivatives.

Scheme 22. Gold(I)-catalyzed syntheses of indeno-chromen-4-one and indeno-quinolin-4-one deriva-
tives.

Scheme 23. Gold(I)-catalyzed syntheses of indenone derivatives.
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In 2020, the Liu group reported a gold(I)-catalyzed domino reaction to construct
benzo[b]indeno[1,2-e][1,4]diazepine derivatives using o-phenylenediamines and ynones
(Scheme 24) [57]. The coordination of the gold species with a triple bond induced a
series of transformations into intermediates (115), which was similar to the generation
of intermediates (104) shown in Scheme 22. The intermediates (115) underwent Michael
addition with exogenous o-phenylenediamine to produce intermediates (117) after the
elimination of MeOH. Ultimately, benzo[b]indeno[1,2-e][1,4]diazepine derivatives (118)
were synthesized by intramolecular condensation and aromatization accompanied by
the elimination of MeOH and H2O. Controlled experiments were further conducted to
determine the rationality of the above reaction.

 
Scheme 24. Gold(I)-catalyzed syntheses of benzo[b]indeno[1,2-e][1,4]diazepine derivatives.

Recently, the Liu group developed a synthetic strategy for 2,2′-spirobi[indene] deriva-
tives using arylalkyne–acetal substrates based on their previous research (Schemes 22
and 24), mainly involving methoxylation and aldol condensation (Scheme 25) [58]. In-
termediates (120) were easily produced by the activation of [Au]+/H+ and converted
into intermediates (121) through an intramolecular aldol reaction. After releasing MeOH,
2,2′-spirobi[indene] derivatives were obtained. It should be noted that the reversible
equilibrium of aldol/retro-aldol reactions led to the isomerization of the hydroxyl group.

Scheme 25. Gold(I)-catalyzed syntheses of 2,2′-spirobi[indene] derivatives.

3.5. Other Arylalkyne Substrates

In 2021, Xu and colleagues achieved a cascade strategy for the syntheses of indene
derivatives involving gold(I)-catalyzed Wolff rearrangement and ketene C=C dual function-
alization (Scheme 26) [59]. Diazoketone substrates (123) were activated by a gold complex
to form gold carbine, which as converted to ketene intermediates (124) by Wolff rearrange-
ment. The ketene units of 124 were then attacked by nucleophiles (ROH) to form enol
intermediates (125). Activation of a triple bond by gold(I) species initiated a C-5-endo-dig
cyclization to obtain indene products (126). In addition, when nucleophiles such as indoles

84



Molecules 2022, 27, 8956

or pyrroles were used, O-7-endo-dig cyclization occurred to generate benzo[d]oxepine
derivatives. The scope of the above strategy was studied in detail with 46 examples and up
to 88% yield, and the related reaction pathways were explained by DFT calculations.

Scheme 26. Gold(I)-catalyzed syntheses of indene derivatives.

In 2021, a strategy for the syntheses of indene derivatives based on the cyclization
of ynamides was developed by the Evano group (Scheme 27) [60]. Gold–keteniminium
ions (128) were formed upon the coordination of [Au]+ to the triple bond in ynamide,
followed by a 1,5-H shift, resulting in carbocation intermediates (129). Subsequently,
the carbocations of 129 were trapped by vinyl–gold to trigger a cyclization, producing
intermediates (130). After a 1,2-H shift and elimination of [Au]+, indene products (131)
were achieved. Alternatively, indene products (131) could be formed by the elimination of
a proton and protodeauration. This method is associated with a wide range of substrates
and was systematically studied using 20 examples with 40–96% yields.

 
Scheme 27. Gold(I)-catalyzed syntheses of polysubstituted indene derivatives.

Recently, the Ohno lab reported a gold(I)-catalyzed cascade acetylenic Schmidt reaction/
1,5-H shift/N- or C-cyclization method producing indole[a]- and [b]-fused polycycle deriva-
tives (Scheme 28) [61]. The isotopic labeling experiment showed that the reaction started
with an acetylenic Schmidt reaction activated by gold species, which resulted in the for-
mation of α-imino gold carbenes (133), followed by a 1,5-H shift to yield carbocationic
intermediates (134), which were in reversible equilibrium with aromatized intermedi-
ates (135 and 137). Finally, C-cyclization products (136) were generated via aromatized
intermediates (135), and the N-cyclization products (13b) were yielded via aromatized
intermediates (137) with a bond rotation. Notably, the selectivity of the N and C-cyclization
products could be tuned through the electron density of the left benzene ring, the stability
of the carbocation, and the effect of the counterion. Moreover, the above strategy is excel-
lent example of benzylation of benzylic C(sp3)-H functionalizations, providing a concise
method for the syntheses of indole[a]- and [b]-fused polycycle derivatives.
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Scheme 28. Gold(I)-catalyzed syntheses of indole[a]- and [b]-fused polycycle derivatives.

Based on the cases summarized in this chapter, it seems that the gold(I)-catalyzed
tandem approach using a variety of arylalkyne substrates could be used to synthesize
corresponding cyclopentene derivatives, such as benzofulvenes, dibenzopentalenes, 2,2′-
spirobi[indene], indenes, etc. These structurally diverse cyclopentene derivatives can
provide further possibilities for the discovery of bioactive lead compounds and provide
strategic support for the syntheses of related bioactive molecules.

4. Construction of Furan and Pyran Derivatives

Furan and pyran derivatives are valuable heterocyclic skeletons and important inter-
mediates for the syntheses of drugs and lead compounds. For example, benzofuran deriva-
tives exhibited excellent inhibition of both drug-sensitive and drug-resistant pathogens
through a unique antitubercular and antibacterial mechanism [62]. Gold(I)-catalyzed
arylalkyne cyclization can be used to construct a variety of furan- or pyran-containing
derivatives, such as polycyclic furans, polycyclic pyrans, benzofurans, and benzopyrans. In
this chapter, we discuss in detail the synthetic strategies and the scope of furan and pyran
derivatives depending on the arylene substrates.

4.1. 1,5-Enyne Substrates

1,5-enyne is an important building block in the gold(I)-catalyzed construction of small-
molecule heterocycles. In 2016, Liu and colleagues reported a gold(I)-catalyzed tandem
strategy for the syntheses of furopyran derivatives involving Claisen rearrangement and
6-endo-trig cyclization, the regioselectivity of which was mainly controlled by the angle
strain of propargyl γ-butyrolactone-2-enol ethers (139) (Scheme 29) [63]. A 6-endo-dig
cyclization was initiated by the coordination of the gold catalyst to the triple bond to
form intermediates (140) that were rearranged into β-allenic ketones (141). Intermediates
(143) were produced by keto–enol tautomerism, and angle strain controlled 6-endo-dig
cyclization. After demetallation, furopyran derivatives (144) were successfully obtained.
The reason for the change in regioselectivity from 5-exo-trig to 6-endo-trig was explained by
DFT calculation.

In the same year, Liu and colleagues achieved the syntheses of multisubstituted
furofuran derivatives based on the studies represented in Scheme 29 by trapping key
intermediates (141) (Scheme 30a) [64]. Alkynes of substrates (145) were activated by
gold species to induce a rearrangement reaction and yield allene intermediates (147),
consistent with the generation of intermediates (141). The terminal alkene of the allene
was coordinated by a [Au]+ complex to enable the attack of nucleophiles, generating σ-
allyl gold species (148). After SE’-type protodeauration of 148, intermediates (149) were
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accessed, the enolether units of which were activated by gold species to trigger a 5-exo-trig
cyclization. Finally, furofuran products (150) were delivered after protodeauration. In
addition, multisubstituted furopyran derivatives were successfully produced when the
propargyl terminal was substituted with thiophene or furan (Scheme 30b). Substrates (151)
were converted to intermediates (152) under the activation of a gold catalyst, which was
similar to the formation of intermediates (140) shown in Scheme 30. Intermediates (152)
were not rearranged to β-allenic ketones due to the chelation of the heteroatom to the gold
complex but were transformed to intermediates (153). Ultimately, furopyran products (154)
were obtained via the nucleophilic addition of oxonium moiety after protodeauration. Thus,
the authors achieved the syntheses of furofuran and furopyran derivatives by substituent
modulation using propargyl vinyl ethers in the catalysis of gold(I) catalysts.

Scheme 29. Gold(I)-catalyzed syntheses of furopyran derivatives.

Scheme 30. Gold(I)-catalyzed syntheses of multisubstituted (a) furofuran and (b) furopyran de-
rivatives.

In 2016, Jiang et al., developed a gold(I)-catalyzed, ligand-regulated cyclization for the
syntheses furopyran or dihydroquinoline derivatives using 1,5-enyne substrates containing
directing groups (Scheme 31) [65]. When using tris(2,4-di-tert-butylphenyl) phosphite (L1)
in combination with trifluoromethanesulfonate (OTf−), gold(I)–π-alkyne intermediates
(156) were formed by three coordinations, which were attributed to the increased elec-
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trophilicity of the gold center. The activated triple bond was attacked by the ortho position
of the left aromatic ring, which overcame the steric hindrance. After protodeauration,
furopyran and dihydroquinoline derivatives (158) were accessed (Scheme 31a). When a
combination of Xphos ligand (L2) and NTf2

− was used, intermediates (160) were produced,
which were attributed to the decreased electrophilicity of the gold center. Next, the acti-
vated alkyne was attacked by the para position of the left aromatic ring, which yielded
products (162) after protodeauration (Scheme 31b). The above regiodivergent cyclization
depended mainly on the electronic and steric effects of the ligand in gold species. The
authors systematically examined the scope of the above switchable strategy with moderate
to excellent yields.

 
Scheme 31. Gold(I)-catalyzed syntheses of (a) furopyran and (b) dihydroquinoline derivatives.

4.2. Alkyne–Phenol Substrates

In 2016, a gold-catalyzed tandem cyclization to benzofuran derivatives was reported
by Saito and colleagues (Scheme 32) [66]. The coordination of a gold complex to the
triple bond initiated cyclization to generate intermediates (164), which were subsequently
transformed into intermediates (165) with an α-alkoxy alkyl-shift. Under the influence of
the activation of a gold catalyst, oxonium intermediates (166) were formed by releasing
R2OH, the α,β-enone moieties of which were attacked by the nucleophilic group to generate
benzofuran products (167). Moreover, this strategy could be used for the construction of
a larger number of small-molecule heterocyclic derivatives by regulating side chains in
o-alkyl aryl ethers (163).

In 2019, the González lab achieved a gold(I)-catalyzed tandem cycloisomerization for
the syntheses of benzofuran derivatives using 2-(iodoethynyl)-aryl esters with 15 examples
and up to 85% yield (Scheme 33) [67]. The triple bonds of substrates (167) were activated
by the gold complex to generate gold–vinylidene intermediates (168) via a 1,2-iodine
shift. 3-iodo-2-acyl benzofuran products (169) were assembled by inserting gold carbine
into the O-acyl bond. Importantly, the capture of intermediates (168) by silane through
supplementary experiments implied a gold-catalyzed iodine rearrangement.
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Scheme 32. Gold(I/III)-catalyzed syntheses of benzofuran derivatives.

Scheme 33. Gold(I)-catalyzed syntheses of 3-iodo-2-acyl benzofuran derivatives.

A series of vinyl benzofuran derivatives was synthesized via a gold(I)-catalyzed cascade
cyclization/hydroarylation method developed by the Xia group in 2022 (Scheme 34) [68].
With SIPrAuCl as catalyst and NaBARF as cocatalyst, benzofurans (171) were formed
from o-alkyl phenol substrates (170). The triple bond of the haloalkyne was activated
by the gold complex and thus attacked by the C3 position of the benzofuran through
transition states (172). Then, cationic vinyl–gold intermediates were produced, which were
then transformed into vinyl benzofurans (173) through a proton transfer. The authors
demonstrated the reaction mechanism via experiments and computational calculations,
and the functional group tolerance of the above strategy was examined with 20 examples
and 19–98% yields.

Scheme 34. Gold(I)-catalyzed syntheses of vinyl benzofuran derivatives.

4.3. Other Arylalkyne Substrates

In 2018, the Xu group synthesized furan derivatives using a series of propargyl dia-
zoacetates through a gold(I)-catalyzed, water-involved tandem approach with 29 examples
and up to 90% yield (Scheme 35) [69]. Initially, diazoacetate substrates (174) were trans-
formed into gold carbene intermediates via the activation of the gold catalyst with the
release of N2, the gold carbene moieties of which were then attacked by H2O to form
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oxonium ylides (175). After isomerization, enol intermediates (176) were produced by
proton transfer, followed by a 6-endo-dig cyclization to yield cyclized intermediates (177).
The carbonyl groups of 177 were nucleophilically attacked by the vinyl–gold to generate
ring contraction intermediates (178). After the cleavage of cyclopropane, secondary carbene
intermediates (179) were generated with the elimination of H2O via an intramolecular
H-bond-assisted pinacol rearrangement. When R2 or R3 was H, the final processes of β-H
elimination and protodeauration yielded furan products (180). The authors demonstrated
the formation of intermediates by interception experiments and verified the involvement
of H2O by isotope-labeled experiments.

Scheme 35. Gold(I)-catalyzed syntheses of furan derivatives.

In the same year, Liu and colleagues reported a gold(I)-catalyzed tandem proto-
col involving oxidation, 1,2-enynyl migration, and 6-exo-dig cyclization to prepare 1H-
isochromene derivatives (Scheme 36) [70]. The R3-substituted alkyne of o-(alkynyl)-phenyl
propargyl ether substrates (181) was coordinated by the gold catalyst to initiate an attack of
N-oxide, followed by the elimination of the pyridine derivative to generate gold carbene
intermediates (182). Next, a novel 1,2-enynyl migration resulted in the formation of oxo-
nium ion intermediates (183), which were then converted into 1H-isochromene products
(184) by 6-exo-dig cyclization after protodeauration. Notably, the reaction mechanism was
supported by isotopic labeling experiments.

There are many excellent examples of the syntheses of furan and pyran derivatives
reported, other than those listed in this chapter [71–75], including multicomponent, one-pot
reactions [76,77]. Gold(I)-catalyzed tandem reactions are significant for the construction
of small-molecule scaffolds containing furan or pyran. Furthermore, the development of
gold(I)-catalyzed strategies also provides material support for the study of the bioactivity
of furan and pyran derivatives.

In addition, the use of gold(I)-catalyzed alkyne cyclization to construct N-heterocyclic
skeletons, e.g., pyrrole, indole, quinoline, pyridine, carbazole, is an important research
direction. This class of reactions has been systematically summarized in recent reviews, so
is not be described repeatedly in this feature paper [78–80].
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Scheme 36. Gold(I)-catalyzed syntheses of 1H-isochromene derivatives.

5. Conclusions

In the last decade, homogeneous gold(I)-catalyzed cyclization for the construction of
small-molecule skeletons from arylalkyne substrates has been developed rapidly, owing to
the ease of substrate preparation and the stability of gold catalysts.

In this feature paper, we systematically summarized the gold(I)-catalyzed syntheses
of benzene, cyclopentene, furan, and pyran derivatives, which were carefully classified
according to the type of arylalkyne substrate. Gold(I)-catalyzed tandem approaches for
the construction of small-molecule scaffolds generally involve cyclization, isomerization,
aromatization, migration, rearrangement, and other processes that are usually verified by
controlled experiments and isotopic labeling experiments, as well as DFT calculations. In
addition, the efficient strategies of gold catalysis were featured, with good functional group
tolerance and reaction yield.

Although many excellent works have been reported with respect to gold catalysis
for the syntheses of small-molecule skeletons, additional gold(I)-catalyzed asymmetric
strategies are urgently required. Therefore, studies on the enantioselective construction of
small-molecule scaffolds with the participation of chiral ligands will be further developed.
In addition, dual gold/photoredox-catalyzed or dual gold/enzyme-catalyzed organic
reactions can contribute to the development of this field [81].
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Abstract: Glycerol is the main side product in the biodiesel manufacturing process, and the de-
velopment of glycerol valorization methods would indirectly contribute the sustainable biodiesel
production and decarbonization. Transformation of glycerol to optically active C3 units would be
one of the attractive routes for glycerol valorization. We herein present the asymmetric sulfonylative
desymmetrization of glycerol by using a CuCN/(R,R)-PhBOX catalyst system to provide an optically
active monosulfonylated glycerol in high efficiency. A high degree of enantioselectivity was achieved
with a commercially available chiral ligand and an inexpensive carbonate base. The optically active
monosulfonylated glycerol was successfully transformed into a C3 unit attached with differentially
protected three hydroxy moieties. In addition, the synthetic utility of the present reaction was
also demonstrated by the transformation of the monosulfonylated glycerol into an optically active
synthetic ceramide, sphingolipid E.

Keywords: copper catalysis; asymmetric reaction; desymmetrization; glycerol

1. Introduction

The use of renewable energies instead of conventional fossil fuels has become a
global trend from the perspective of expected fossil fuel depletion and global climate
change. Biodiesel fuel, which is produced by the transesterification of vegetable or animal
fats with methanol, has emerged as a promising alternative to petroleum-derived diesel
fuel [1,2]. The biodiesel manufacturing process inevitably provides 10 wt% of glycerol
(1,2,3-propanetriol) as the main side product, and an oversupply of the crude glycerol
would be projected with the growing biodiesel market [3]. Thus, great effort has been
devoted to the development of an efficient process for the transformation of glycerol
to value-added commodity chemicals, which would indirectly contribute to sustainable
biodiesel production [4–7]. Among them, optically active glycerol derivatives would be
an attractive target in the field of glycerol valorization. Chiral glycerol derivatives such
as glyceraldehyde and glycidyl tosylate are utilized as valuable C3 building blocks in
medicinal [8–12] and synthetic organic chemistry [13–18]. A chiral pool approach is a
traditional strategy to access enantiopure glycerol derivatives, but the need for multi-step
transformations may be a major drawback [19–23]. Asymmetric desymmetrization of
glycerol would be one of the most straightforward methods for chiral glycerol derivatives
production. Several types of enzymes, i.e., lipase, kinase, and dehydrogenase/oxidase,
have been successfully applied to this strategy, affording optically active glycerols with
various enantioselectivities [24–29]. On the other hand, despite the recent development
of the enantioselective desymmetrization [30,31] of 1,2-diols [32–39] and 1,3-diols [40–48],
including C2-substituted glycerols [49–53], the non-enzymatic direct desymmetrization of
glycerol is still a challenging task presumably due to an extremely high hydrophilic nature
of glycerol. In this context, the use of 2-O-protected glycerol derivatives would be the most
common strategy for the chemical desymmetrization of glycerol (Scheme 1a) [54–57]. In
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2013, Tan et al. developed the first non-enzymatic direct desymmetrization of glycerol
through organocatalyzed enantioselective silylation (Scheme 1b) [58]. In their protocol,
the high enantioselectivity was achieved through the secondary kinetic resolution on the
initially formed monosilylated glycerol. Very recently, the copper-catalyzed sulfonyla-
tive desymmetrization of glycerol using a non-commercially available ligand with silver
carbonate was described in the Chinese patent [59]. Although the desired product was
obtained with high enantioselectivity under copper-catalyzed conditions, the use of a
commercially available chiral ligand and a non-precious metal base would be desirable
from a practical and economical point of view [60–62]. Herein, we report the asymmetric
desymmetrization of glycerol through sulfonylation with a Cu/(R,R)-PhBOX complex and
sodium carbonate affording the optically active monosulfonylated glycerol in an excellent
yield and enantioselectivity (Scheme 1c) [63].

 

Scheme 1. Asymmetric desymmetrization of glycerols. (a) Enantioselective desymmetrization of
protected glycerols. (b) Organocatalyzed enantioselective silylation. (c) This work: Cu-catalyzed
enantioselective sulfonylation. The asterisk denotes the chiral center.

2. Results and Discussion

For the initial attempt to optimize the enantioselective desymmetrization of glycerol,
compound 1 was treated with p-toluenesulfonyl chloride (TsCl) in the presence of copper
trifluoromethanesulfonate (Cu(OTf)2)/(R,R)-PhBOX and sodium carbonate in acetonitrile.
Pleasingly, the desired monotosylated glycerol 2 was obtained in 91% yield with 83%
ee (Table 1, entry 1). Using other carbonate salts, i.e., potassium carbonate and cesium
carbonate, resulted in a decrease in both yield and enantioselectivity (entries 2 and 3).
Organic bases were not suitable for the present transformation (entries 4 and 5). Next,
other copper catalysts were examined to evaluate the catalytic activity in this reaction
system. While CuCl provided 2 with a slightly lowered yield and enantioselectivity, CuBr
and CuI exhibited a similar reactivity compared with Cu(OTf)2 (entries 6–8). The use
of CuCN led to the formation of 2 in 83% yield with higher enantioselectivity, and the
reaction concentration was able to be doubled without significant changes regarding both
yield and enantioselectivity (entries 9–10). Pleasingly, we found that acetone was a better
solvent choice to afford the desired product in an excellent yield and enantioselectivity
(96% yield, 94% ee), and the concentration of 0.25 M was found to be suitable for the present
reaction (entries 11–12). The catalyst loading was able to be reduced to 5 mol% without
a significant decrease in the yield and enantioselectivity (entry 13). We also examined
the feasibility of the gram-scale preparation of 2. The reaction with 6.0 mmol of glycerol
successfully provided the desired product 2 in 88% yield (1.30 g) with 93% ee (entry 14).
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Control experiments revealed that both the copper salt and the BOX ligand were essential
to promote the tosylation of 1 (entries 15–16).

Table 1. Optimization of reaction conditions 1.

Entry [Cu] Base Solvent Yield (%) 2 ee (%) 3

1 Cu(OTf)2 Na2CO3 CH3CN 91 83
2 Cu(OTf)2 K2CO3 CH3CN 62 65

3 4 Cu(OTf)2 Cs2CO3 CH3CN 16 47
4 4 Cu(OTf)2 pyridine CH3CN 41 rac
5 4 Cu(OTf)2 DIPEA CH3CN 51 43
6 CuCl Na2CO3 CH3CN 73 79
7 CuBr Na2CO3 CH3CN 89 84
8 CuI Na2CO3 CH3CN 80 87
9 CuCN Na2CO3 CH3CN 83 90

10 5 CuCN Na2CO3 CH3CN 82 90
11 5 CuCN Na2CO3 acetone 96 94
12 6 CuCN Na2CO3 acetone 93 89

13 5,7 CuCN Na2CO3 acetone 83 91
14 5,8 CuCN Na2CO3 acetone 88 93
15 5 – Na2CO3 acetone trace –

16 5,9 CuCN Na2CO3 acetone 3 rac
1 Reaction conditions: 1 (1.0 mmol), TsCl (1.2 mmol), [Cu] (0.1 mmol), (R,R)-PhBOX (0.1 mmol), base (1.5 mmol),
solvent (0.125 M), rt, 3 h. 2 Isolated yield after column chromatography. 3 Determined by chiral HPLC analysis.
4 Reaction time (12 h). 5 Solvent (0.25 M). 6 Solvent (0.5 M). 7 CuCN (0.05 mmol), (R,R)-PhBOX (0.05 mmol), 10 h.
8 1 (6.0 mmol), 9 h. 9 The reaction was carried out in the absence of (R,R)-PhBOX.

In order to gain insight into the chemoselectivity of the present reaction, we performed
competition studies with alcohol additives (Table 2). The addition of n-propanol (1.0 eq)
led to a slight decrease in both yield and enantioselectivity, but the formation of n-propyl
tosylate was not detected (entry 1 vs. entry 2). Moreover, selective sulfonylation of glycerol
(1) over 1,2- and 1,3-diols was observed under the present reaction conditions, and the
desired monosulfonylated glycerol 2 was obtained without a significant loss of enantioselec-
tivity (entry 1 vs. entries 3–4). In addition, the reaction of 2-O-benzylglycerol (4) provided
the corresponding monotosylated product 5 in a low yield with poor enantioselectivity
(Scheme 2). These results indicated that the present reaction system would be highly
selective for the glycerol transformation even in the presence of other alcohols, and the
presence of a free 2-hydroxy moiety would play a crucial role in accelerating the tosylation
with high asymmetric induction.

Scheme 2. Enantioselective desymmetrization of 2-O-benzylglycerol.
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Table 2. Competition studies 1.

Entry Additive Yield of 2 (%) 2 ee of 2 (%) 3 Yield of 3 (%) 2

1 none 96 94 n.d.
2 81 85 n.d.

3 93 94 n.d.

4 91 95 n.d.
1 Reaction conditions: 1 (1.0 mmol), additive (1.0 mmol), TsCl (1.2 mmol), CuCN (0.1 mmol), (R,R)-PhBOX
(0.1 mmol), Na2CO3 (1.5 mmol), acetone (0.25 M), rt, 3 h. 2 Isolated yield after column chromatography. n.d. = not
detected. 3 Determined by chiral HPLC analysis.

With successful asymmetric desymmetrization of glycerol achieved, we then inves-
tigated the synthetic applications of the obtained optically active glycerol. First, the site-
selective protection of the remained hydroxy groups in (R)-2 was examined (Scheme 3). The
primary hydroxy moiety was selectively protected by using tert-butyldimethylsilyl chloride
(TBSCl) with imidazole, affording the corresponding product (R)-6. Acetylation of the
secondary hydroxy group with Ac2O in the presence of a DMAP catalyst provided (R)-7 in
an excellent yield. Since each protective group would be removed by different deprotecting
protocols, (R)-7 would be potentially useful as a versatile chiral C3 building block.

Scheme 3. Synthesis of optically active glycerol derivatives.

Next, we turned our attention to the application of the present transformation in
the synthesis of an optically active synthetic ceramide. Ceramides are major components
of the lamellar structure in stratum corneum lipids which protect the epidermis from
excess transepidermal water loss and from the permeation of pathogens [64]. Interestingly,
optically active natural ceramides showed different thermotropic behavior from racemic
variants, and the lamellar liquid crystalline system containing optically active natural
ceramides improved recovering effects of a water-holding ability and a barrier function of
the skin [65]. Sphingolipid E (SLE) was a synthetic ceramide designed and synthesized by
Kao Corporation as a structural analog of natural type 2 ceramide and was found to form
a stable lamellar structure that exhibits a high water-holding ability [66]. Although SLE
has been utilized as a racemic form, optically active SLE might affect the physicochemical
property to form a lamellar structure and the interaction mode with water molecules. The
synthesis of optically active SLE commenced with the introduction of nitrogen functionality
to (R)-2 (Scheme 4). The nucleophilic azide substitution of the tosyloxy group in (R)-2 with
sodium azide provided azide diol (S)-8 in an excellent yield in the presence of 15-crown-5.
The enantiomeric excess of (S)-8 was determined after the tosylation of the primary hydroxy
group, and no obvious racemization was observed in the azide substitution step. The
boronic acid-catalyzed site-selective alkylation [67] of (S)-8 with cetyl bromide followed by
the Pd/C-catalyzed reduction of the azide group afforded the corresponding aminoalcohol
(S)-10. N-Alkylated product (S)-11 was successfully obtained by the reductive amination of
(S)-10 with TBS-protected glycolaldehyde using 2-picoline borane as a reductant. Finally,
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(S)-11 was transformed into the optically active synthetic ceramide (S)-12 via the amidation
with palmitoyl chloride followed by the removal of the TBS group.

Scheme 4. Synthesis of an optically active synthetic ceramide.

In conclusion, we have developed the copper-catalyzed asymmetric sulfonylative
desymmetrization of glycerol. The reaction smoothly proceeded under mild reaction
conditions with a commercially available (R,R)-PhBOX ligand and an inexpensive inorganic
base, providing the optically active monotosylated glycerol derivative in a high yield
with high enantiomeric excess. The synthetic utility of the present transformation was
demonstrated by the preparation of an enantio-enriched C3 building block with three
different types of protective groups. Moreover, the synthesis of the optically active synthetic
ceramide was also achieved from the monotosylated glycerol in six steps without a notable
loss of enantiopurity.

3. Materials and Methods

3.1. General

Unless otherwise noted, all reactions were performed under an argon atmosphere, and
all reagents and solvents were used as received without further purification. Column chro-
matography was performed on Fuji silysia Chromatorex 60B silica gel. Melting points (mp)
were measured with a Yanako Micro Melting Point Apparatus MP-J3 and reported without
correction. Infrared (IR) spectra were recorded on a Shimadzu IRAffinity-1 spectrometer
and expressed as frequency of absorption (cm−1). Optical rotations were measured with
JASCO DIP-1000 or P-2200 spectrometers. 1H and 13C{1H} NMR spectra (Supplementary
Materials) were recorded on JEOL JNM-AL400, JNM-ECZ400R (400 MHz for 1H NMR,
100 MHz for 13C{1H} NMR) or Varian NMR System 500PS SN (125 MHz for 13C{1H} NMR)
spectrometers. Chemical shift values are expressed in parts per million (ppm) relative to
internal TMS (δ 0.00 ppm for 1H NMR) or deuterated solvent peaks (δ 77.0 ppm (CDCl3) for
13C{1H} NMR). Abbreviations are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad; app, apparent. Enantiomeric excess values were determined by chiral
high-performance liquid chromatography (HPLC) analysis using DAICEL CHIRALPAK
AD or AY-H columns. HPLC chromatograms (Supplementary Materials) were recorded on
a CR8A CHROMATOPAC with an LC-20AT pump and SPD-20A UV detector (Shimadzu).
High-resolution mass spectra (HRMS) were obtained on a JEOL JMS-700N (double-focusing
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magnetic sector mass analyzer) spectrometer with either the electron impact ionization
(EI) or the fast atom bombardment (FAB) methods or a JEOL JMS-T100TD (TOF mass ana-
lyzer) spectrometer with either the direct analysis in real-time (DART) or the electrospray
ionization (ESI) method.

3.2. Copper-Catalyzed Asymmetric Desymmetrization of Glycerol

A solution of (R,R)-PhBOX (33.4 mg, 0.10 mmol) and CuCN (8.96 mg, 0.10 mmol) in
CH2Cl2 (4.0 mL) was stirred for 3 h at 40 ◦C. The reaction mixture was allowed to cool
to room temperature and filtered into a round bottom flask using a cotton plug. After
removal of the solvent under reduced pressure, the resulting solid was dried in vacuo for
30 min. To the round-bottom flask containing CuCN/(R,R)-PhBOX was added a solution
of glycerol (92.1 mg, 1.0 mmol) in acetone (4.0 mL), and the resulting mixture was stirred
for 10 min at room temperature. To the mixture was successively added Na2CO3 (159 mg,
1.5 mmol) and TsCl (229 mg, 1.2 mmol), and the mixture was stirred for 3 h at room
temperature. The reaction was quenched with saturated aqueous NH4Cl, and the resulting
mixture was extracted with AcOEt. Combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product
was purified by silica gel column chromatography (hexane/AcOEt = 1/2) to afford (R)-2
(236 mg, 0.96 mmol, 96% yield).

(R)-2,3-Dihydroxypropyl 4-methylbenzenesulfonate ((R)-2). White solid; mp = 56–58 ◦C;
[α]D

23 −8.3 (c 1.00, MeOH) for 94% ee; 1H NMR (400 MHz, CDCl3): δ 7.81 (d, J = 8.5 Hz,
2H), 7.37 (d, J = 8.5 Hz, 2H), 4.13–4.06 (m, 2H), 3.99–3.93 (m, 1H), 3.74–3.69 (m, 1H),
3.66–3.60 (m, 1H), 2.51 (d, J = 5.5 Hz, 1H), 2.46 (s, 3H), 1.94 (t, J = 5.9 Hz, 1H); 13C{1H}
NMR (100 MHz, CDCl3): δ 145.2, 132.2, 130.0, 127.9, 70.7, 69.6, 62.7, 21.6; IR (ATR): 3368,
2926, 1350, 1171, 968, 812 cm−1; HRMS (EI) m/z: [M]+ calcd for C10H14O5S 246.0562, found
254.0562; HPLC analysis: Chiralpak AY-H, hexane/EtOH = 2/1, flow rate 1.0 mL/min,
wavelength 254 nm, tR 13.5 min (minor) and 15.6 min (major). The absolute configuration
of 2 was established by comparing the sign of the specific rotation of 2 with the literature
value ([α]D

22 −9.3 (c 4.99, MeOH) for (R)-2) [68].

3.3. Large-Scale Experiment

A solution of (R,R)-PhBOX (200 mg, 0.60 mmol) and CuCN (53.7 mg, 0.60 mmol) in
CH2Cl2 (24 mL) was stirred for 3 h at 40 ◦C. The reaction mixture was allowed to cool to
room temperature and filtered into a round bottom flask using a cotton plug. After removal
of the solvent under reduced pressure, the resulting solid was dried in vacuo for 1 h. To
the round-bottom flask containing CuCN/(R,R)-PhBOX was added a solution of glycerol
(553 mg, 6.0 mmol) in acetone (24 mL), and the resulting mixture was stirred for 10 min
at room temperature. To the mixture was successively added Na2CO3 (950 mg, 9.0 mmol)
and TsCl (1.37 g, 7.2 mmol), and the mixture was stirred for 9 h at room temperature.
The reaction was quenched with saturated aqueous NH4Cl, and the resulting mixture
was extracted with AcOEt. Combined organic layers were washed with brine, dried
over Na2SO4, filtered, and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (hexane/AcOEt = 1/2) to afford (R)-2 (1.30 g,
5.28 mmol, 88% yield, 93% ee).

3.4. Copper-Catalyzed Asymmetric Desymmetrization of 2-O-Benzylglycerol

The reaction was performed using 2-O-benzylglycerol (4, 182 mg, 1.0 mmol) [69]
according to the procedure described in Section 3.2. Silica gel column chromatography
(hexane/acetone = 3/1) to afford (S)-5 (52.6 mg, 0.16 mmol, 16% yield).

(S)-2-(Benzyloxy)-3-hydroxypropyl 4-methylbenzenesulfonate ((S)-5). colorless oil;
[α]D

21 −2.1 (c 1.00, CHCl3) for 7% ee; 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.2 Hz,
2H), 7.36–7.27 (m, 7H), 4.63 (d, J = 11.7 Hz, 1H), 4.55 (d, J = 11.7 Hz, 1H), 4.17–4.10 (m,
2H), 3.75–3.67 (m, 2H), 3.62–3.56 (m, 1H), 2.45 (s, 3H), 1.80 (t, J = 6.3 Hz, 1H); 13C{1H}
NMR (125 MHz, CDCl3): δ 145.0, 137.5, 132.6, 129.9, 128.5, 128.1, 128.0, 127.9, 76.7, 72.5,

102



Molecules 2022, 27, 9025

68.7, 61.4, 21.7; IR (ATR): 3445, 3032, 2879, 1597, 1354, 1173, 974 cm−1; HRMS (ESI) m/z:
[M + Na]+ calcd for C17H20NaO5S 359.0929, found 359.0922; HPLC analysis: Chiralpak
AD, hexane/EtOH = 3/1, flow rate 1.0 mL/min, wavelength 254 nm, tR 7.1 min (minor)
and 8.8 min (major). The absolute configuration of 5 was established by comparing the
sign of the specific rotation of 5 with the literature value ([α]D

22 +29.5 (c 1.01, CHCl3) for
(R)-5) [70].

3.5. Synthesis of Optically Active Glycerol Derivatives

(R)-3-((tert-Butyldimethylsilyl)oxy)-2-hydroxypropyl 4-methylbenzenesulfonate ((R)-6). To a
solution of (R)-2 (134 mg, 0.54 mmol) in CH2Cl2 (2.2 mL) was successively added imidazole
(55.8 mg, 0.82 mmol) and TBSCl (123 mg, 0.82 mmol) at room temperature. After stirring for
6 h at the same temperature, the reaction was quenched with H2O. The resulting mixture
was extracted with AcOEt. The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/AcOEt = 2/1) to afford (R)-6 (103 mg, 0.287 mmol, 87% yield)
as a colorless oil; [α]D

27 −12.4 (c 1.01, AcOEt) for 94% ee; 1H NMR (400 MHz, CDCl3): δ
7.82–7.79 (m, 2H), 7.37–7.34 (m, 2H), 4.07 (dd, J = 9.9, 5.6 Hz, 1H), 4.01 (dd, J = 9.9, 5.6 Hz,
1H), 3.87–3.83 (m, 1H), 3.66–3.59 (m, 2H), 2.45 (s, 3H), 2.40 (d, J = 6.2 Hz, 1H), 0.85 (s, 9H),
0.039 (s, 3H), 0.035 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 145.0, 132.6, 129.9, 128.0, 70.0,
69.2, 62.8, 25.7, 21.6, 18.1, −5.6; IR (ATR): 3537, 2930, 2857, 1360, 1252, 1175, 980, 833 cm−1;
HRMS (EI) m/z: [M]+ calcd for C16H28O5SSi 360.1427, found 360.1429. HPLC analysis:
Chiralpak AY-H, hexane/i-PrOH = 10/1, flow rate 1.0 mL/min, wavelength 254 nm, tR
22.4 min (minor) and 25.3 min (major).

(R)-1-((tert-Butyldimethylsilyl)oxy)-3-(tosyloxy)propan-2-yl acetate ((R)-7). To a solution of
(R)-6 (144 mg, 0.40 mmol) in pyridine (0.80 mL) was successively added DMAP (2.44 mg,
0.020 mmol) and Ac2O (49.0 mg, 0.48 mmol) at room temperature. After stirring for 2 h
at the same temperature, the reaction mixture was diluted with toluene (5.0 mL) and
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/AcOEt = 5/1) to afford (R)-7 (151 mg, 0.378 mmol, 94% yield) as
a colorless oil. [α]D

27 −2.2 (c 1.24, AcOEt) for 94% ee; 1H NMR (400 MHz, CDCl3): δ 7.79
(d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 4.96–4.91 (m, 1H), 4.22 (dd, J = 10.7, 3.7 Hz, 1H),
4.17 (dd, J = 10.9, 5.4 Hz, 1H), 3.70–3.63 (m, 2H), 2.45 (s, 3H), 2.00 (s, 3H), 0.83 (s, 9H), 0.01
(s, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 170.0, 144.9, 132.7, 129.8, 128.0, 71.3, 67.8, 60.5,
25.6, 21.6, 20.8, 18.1, −5.58, −5.62; IR (ATR): 1744, 1362, 1233, 1175, 988, 833 cm−1; HRMS
(EI) m/z: [M]+ calcd for C18H30O6SSi 402.1532, found 402.1533; HPLC analysis: Chiralpak
AD, hexane/EtOH = 20/1, flow rate 1.0 mL/min, wavelength 254 nm, tR 4.8 min (major)
and 6.5 min (minor).

3.6. Synthesis of an Optically Active Synthetic Ceramide

(S)-3-Azidopropane-1,2-diol ((S)-8). To a solution of (R)-2 (246 mg, 1.0 mmol) in CH3CN
(10 mL) was successively added 15-crown-5 (22.1 mg, 0.10 mmol) and NaN3 (130 mg,
2.0 mmol) at room temperature. After refluxing for 24 h, the reaction mixture was filtered
using celite, and the filtrate was concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (CH2Cl2/MeOH = 12/1) to afford (S)-8
(114 mg, 0.974 mmol, 97% yield) as a colorless oil; [α]D

23 −16.2 (c 1.10, MeOH); 1H NMR
(400 MHz, CDCl3): δ 3.92–3.86 (m, 1H), 3.74–3.72 (m, 1H), 3.65–3.61 (m, 1H), 3.47–3.38 (m,
2H), 2.49 (d, J = 4.1 Hz, 1H), 1.95 (br s, 1H); 13C{1H} NMR (100 MHz, CDCl3): δ 70.9, 63.9,
53.4; IR (ATR): 3333, 2924, 2855, 2093, 1443, 1272, 1103, 1038, 928 cm−1; HRMS (EI) m/z:
[M]+ calcd for C3H7N3O2 117.0538, found 117.0546. The absolute configuration of 8 was
established by comparing the sign of the specific rotation of 8 with the literature value
([α]D

20 −17.4 (c 1.00, MeOH) for (S)-8) [71].
(S)-1-Azido-3-(hexadecyloxy)propan-2-ol ((S)-9). To a solution of (S)-8 (46.8 mg, 0.40 mmol)

in N-methylpyrrolidone (0.80 mL) was successively added 2-methoxyphenylboronic acid
(6.0 mg, 0.040 mmol) and K2CO3 (82.9 mg, 0.60 mmol). The resulting mixture was stirred
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for 30 min at room temperature, and then cetyl bromide (183 mg, 0.60 mmol) was added.
After stirring for 24 h at 95 ◦C, the reaction mixture was diluted with H2O and extracted
with AcOEt. The combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (hexane/Et2O = 8/2) to afford (S)-9 (87.3 mg, 0.256 mmol, 64%
yield) as a white solid; mp = 37–39 ◦C; [α]D

24 −11.8 (c 1.00, MeOH); 1H NMR (400 MHz,
CDCl3): δ 3.97–3.91 (m, 1H), 3.51–3.33 (m, 6H), 2.42 (d, J = 5.0 Hz, 1H), 1.61–1.54 (m, 2H),
1.32–1.26 (m, 26H), 0.88 (t, J = 6.9 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ 71.8, 71.7,
69.6, 53.5, 31.9, 29.68, 29.66, 29.64, 29.59, 29.57, 29.5, 29.4, 29.3, 26.1, 22.7, 14.1; IR (ATR): 3429,
2914, 2876, 2846, 2088, 1466, 1337, 1290, 1113, 989 cm−1; HRMS (DART) m/z: [M + H]+

calcd for C19H40N3O2 342.3121, found 342.3171.
(S)-1-Amino-3-(hexadecyloxy)propan-2-ol ((S)-10). To a reaction vessel charged with 10%

Pd/C (24.9 mg, 10% w/w) was added a solution of (S)-9 (249 mg, 0.73 mmol) in MeOH
(7.3 mL) at room temperature under argon atmosphere. The reaction vessel was charged
with H2 gas, and then the mixture was stirred for 4 h at room temperature. The reaction
mixture was filtered using celite, and then the filtrate was concentrated under reduced
pressure. The residue was dissolved in 10% aqueous HCl and washed with AcOEt. The
aqueous layer was basified with saturated aqueous NaHCO3 and then extracted with
CHCl3. The combined organic layers were dried over Na2SO4, filtered, and concentrated
under reduced pressure to afford (S)-10 (211 mg, 0.67 mmol, 92% yield) as a white solid;
mp = 60–61 ◦C; [α]D

24 −3.2 (c 0.50, CHCl3); 1H NMR (400 MHz, CDCl3): δ 3.76–3.70 (m,
1H), 3.50–3.43 (m, 3H), 3.38 (dd, J = 9.5, 6.5 Hz, 1H), 2.83 (dd, J = 12.7, 3.1 Hz, 1H), 2.72 (dd,
J = 12.5, 6.7 Hz, 1H), 1.61–1.54 (m, 2H), 1.32–1.26 (m, 26H), 0.88 (t, J = 6.7 Hz, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ 73.0, 71.7, 71.1, 44.4, 31.9, 29.7, 29.64, 29.59, 29.58, 29.5, 29.3, 26.1,
22.7, 14.1; IR (ATR): 2912, 2827, 1470, 1130, 1032, 924 cm−1; HRMS (FAB) m/z: [M + H]+

calcd for C19H42NO2 316.3216, found 316.3200.
(S)-2,2,3,3-Tetramethyl-4,11-dioxa-7-aza-3-silaheptacosan-9-ol ((S)-11). To a solution of

2-(tert-butyldimethylsilyloxy)acetaldehyde (34.9 mg, 0.20 mmol) [72] in MeOH/CH2Cl2
(5:2, 1.4 mL) was added (S)-10 (69.4 mg, 0.22 mmol) at room temperature. After stirring
for 10 min at the same temperature, 2-picoline borane (256 mg, 0.24 mmol) was added,
and then the reaction mixture was stirred for an additional 10 h. The reaction mixture was
diluted with H2O and extracted with CH2Cl2. The combined organic layers were dried
over Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (CH2Cl2/MeOH = 12/1) to afford (S)-11 (55.8 mg,
0.117 mmol, 59% yield) as a colorless amorphous; [α]D

25 −3.6 (c 1.00, CHCl3); 1H NMR
(400 MHz, CDCl3): δ 3.86–3.81 (m, 1H), 3.75–3.67 (m, 2H), 3.49–3.39 (m, 4H), 2.78–2.64 (m,
4H), 1.60–1.54 (m, 2H), 1.33–1.25 (m, 26H), 0.90–0.86 (m, 12H), 0.06 (s, 6H); 13C{1H} NMR
(100 MHz, CDCl3): δ 73.3, 71.7, 68.7, 62.2, 51.7, 51.5, 31.9, 29.7, 29.62, 29.58, 29.5, 29.3, 26.1,
25.9, 22.7, 18.3, 14.1, −5.4; IR (ATR): 2914, 2849, 1472, 1464, 1256, 1119, 1080, 968, 937, 831
cm−1; HRMS (FAB) m/z: [M + H]+ calcd for C27H60NO3Si 473.4342, found 473.4300.

(S)-N-(3-(Hexadecyloxy)-2-hydroxypropyl)-N-(2-hydroxyethyl)palmitamide ((S)-12). To a
solution of (S)-11 (135 mg, 0.28 mmol) and i-Pr2NEt (77.0 mg, 0.60 mmol) in CH2Cl2 (1.4 mL)
was added palmitoyl chloride (81.9 mg, 0.30 mmol) at room temperature. After stirring
for 1 h at the same temperature, all volatile was removed under reduced pressure. The
residue was dissolved in THF (2.8 mL), and then a 1.0 M solution of TBAF in THF (0.57 mL)
was added at room temperature. After stirring for 30 min at the same temperature, the
reaction mixture was diluted with H2O and extracted with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/AcOEt = 1/1) to afford
(S)-12 (144 mg, 0.241 mmol, 85% yield) as a white solid; mp = 67–68 ◦C; [α]D

25 −4.4 (c 1.00,
CHCl3); 1H NMR (400 MHz, CDCl3, mixture of rotamers): δ 4.16–3.93 (m, 1H), 3.85–3.74
(m, 2H), 3.67–3.25 (m, 8H), 2.46–2.30 (m, 2H), 1.67–1.52 (m, 4H), 1.28 (m, 50H), 0.88 (app t,
J = 6.9 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3): δ 175.8, 72.4, 72.1, 71.8, 71.6, 69.8, 69.4,
61.7, 60.6, 53.3, 52.5, 51.4, 51.1, 33.6, 33.5, 31.9, 29.7, 29.62, 29.60, 29.59, 29.56, 29.53, 29.47,
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29.44, 29.42, 29.3, 26.1, 26.0, 25.29, 25.26, 22.7, 14.1; IR (ATR): 3320, 2916, 2849, 1611, 1464,
1437, 1375, 1306, 1290, 1261, 1206, 1165, 1109, 1094, 1059, 1040, 955, 845, 814 cm−1; HRMS
(FAB) m/z: [M + H]+ calcd for C37H76NO4 598.5773, found 598.5800.

3.7. Tosylation of Azide Diol (S)-8

(S)-3-Azido-2-hydroxypropyl 4-methylbenzenesulfonate ((S)-8′). To a solution of (S)-8
(23.4 mg, 0.20 mmol) in CH3CN (0.80 mL) was added pyridine (23.7 mg, 0.30 mmol)
and TsCl (57.2 mg, 0.30 mmol) at room temperature. After stirring for 10 h at the same
temperature, the reaction was quenched with H2O, and the resulting mixture was extracted
with AcOEt. The combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (hexane/AcOEt = 2/1) to afford (S)-8′ (30.3 mg, 0.112 mmol, 56%
yield) as a colorless oil; [α]D

27 −17.5 (c 1.00, AcOEt) for 94% ee; 1H NMR (400 MHz, CDCl3):
δ 7.81 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 4.09–3.98 (m, 3H), 3.43 (dd, J = 12.9, 4.6 Hz,
1H), 3.38 (dd, J = 12.7, 5.4 Hz, 1H), 2.47 (s, 3H), 2.40 (d, J = 5.4 Hz, 1H); 13C{1H} NMR
(100 MHz, CDCl3): δ 145.4, 132.3, 130.0, 128.0, 70.5, 68.5, 52.7; IR (ATR): 3462, 2100, 1597,
1352, 1173, 1096, 982 cm−1; HRMS (EI) m/z: [M]+ calcd for C10H13N3O4S 271.0627, found
271.0622; HPLC analysis: Chiralpak AY-H, hexane/EtOH = 6/1, flow rate 1.0 mL/min,
wavelength 254 nm, tR 28.9 min (minor) and 31.3 min (major).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27249025/s1, Figures S1–S10: Copies of 1H and 13C{1H}
NMR spectra of compounds 2–12; Figures S11–S15: Chiral HPLC chromatogram of compounds 2, 5,
6, 7, and 8′.
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Abstract: A novel double aza-oxa[7]helicene was synthesized from the commercially available
N1,N4-di(naphthalen-2-yl)benzene-1,4-diamine and p-benzoquinone in two steps. Combining the
acid-mediated annulation with the electrochemical sequential reaction (oxidative coupling and
dehydrative cyclization) afforded this double hetero[7]helicene. Moreover, the structural and optical
features of this molecule have been studied using X-ray crystallographic analysis, and the absorption
and emission behaviors were rationalized based on DFT calculations.

Keywords: polycyclic aromatic hydrocarbon; double hetero[7]helicene; short-step synthesis; electro-
chemical cross-coupling; nucleus-independent chemical shift

1. Introduction

Helicenes are polycyclic aromatic hydrocarbons (PAHs) in which aromatic rings are
annulated in a helical architecture, giving them unique electronic, photophysical and chi-
roptical properties [1–4]. Over the past couple of decades, the great advances achieved
in this chemistry [2–6] promoted a broad spectrum of material-based applications [7–10],
transistors [11,12], and semiconductors [13]. Incorporation of one or more heteroatoms
in the helicene scaffolds modulate their physical and optical features, and alter the elec-
tronic properties in order to expand their applications [14,15]. With these extra features,
the trend in helicene chemistry has begun to move towards heterohelicenes after the
domination of carbohelicenes [16–21]. Another approach to promote characteristics of
helicenes is to induce multihelicity which means combining two or more helical scaffolds
in a single molecule [22,23]. Multiple helicenes show a lot of favorable properties due
to their amplified non-planarity, diverse conformations, and maximized intermolecular
interactions [24,25]. Various smart core scaffolds were used to induce this multihelicity
such as perylene diimide (PDI) that afforded valuable twisted structures for different
material-based applications [26–29]. Hence, a lot of efforts were dedicated for designing
and synthesizing multiple heterohelicenes [30], in particular, double heterohelicenes [14].
After the first report of double helicene reported by Rajca, many examples of these double
heterohelicenes were conducted and exhibited clear superiority over their single coun-
terparts, especially in terms of optical properties (Figure 1a) [31–40]. However, during
that frantic pursuit to promote the properties of helicenes, another problem, in particular,
synthetic difficulty emerged. With the increase in structural complexity, the synthesis of
multiple heterohelicenes becomes more challenging and requires many steps. Although
few reports succeeded to introduce effective short-step synthetic protocols for double
heterohelicene, most of these successes were concentrated in the double hetero[5]helicene
derivatives (Figure 1b) [41–43]. In 2016, Narita, Cao, and Müllen introduced an efficient
two-step synthesis of a highly strained OBO-fused double hetero[7]helicene K via the
nucleophilic aromatic substitution reaction of hexabromobenzene, followed by a sequential
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step of demethylation and C-H aryl borylation (Figure 1c) [44]. Earlier in the same year,
Hatakeyama showed the potential of this synthetic approach to afford their boron-fused
double hetero[5]helicene I (Figure 1b) [42]. In 2021, Wang and coworkers developed the
first examples of B,N-embedded double hetero[7]helicenes L that showed excellent chirop-
tical features in the visible range [45]. With only two steps, they succeeded to prepare this
double hetero[7]helicene L via the nucleophilic aromatic substitution of dibromotetraflu-
orobenzene with carbazole, followed by a tandem process of substitution with BBr3 and
C-H aryl borylation [45].

Figure 1. The selected examples of double heterohelicenes in short-step synthesis: (a) Double
hetero[5–7]helicenes (more than four-step synthesis); (b) Double hetero[5]helicenes (two- or three-
step synthesis); (c) Double hetero[7]helicenes (two-step synthesis).

Notably, these examples (Figure 1c) represent a quantum leap in the short-step syn-
thesis of double hetero[7]helicenes via the tandem process of nucleophilic substitution
with BBr3 followed by C-H aryl borylation [44,45]. As part of our effort to explore the
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electrochemical domino syntheses, we were interested in designing effective sequential
reactions to access double helicene motifs [46,47]. Herein, a facile preparation of a double
aza-oxa[7]helicene with a phenylene linker has been established through acid-mediated an-
nulation with the electrochemical sequential reaction (oxidative coupling and dehydrative
cyclization). We also studied the structural and optical features via x-ray crystallographic
analysis, spectrophotometric analysis, and DFT calculations.

2. Results and Discussion

2.1. Synthesis of Double Aza-oxa[7]helicene 3

Recently, Zhang reported a facile acid-mediated synthesis of carbazole in which
aniline derivatives react with p-benzoquinone to produce 3-hydroxycarbazoles [48]. Com-
bining this approach with our unprecedented electrochemically enabled synthesis of het-
ero[7]helicenes and dehydro-hetero[7]helicenes [46,47], herein, we achieved the two-step
synthesis of double aza-oxa[7]helicenes as depicted in Scheme 1. The acid-mediated
annulation of the commercially available substrates; N1,N4-di(naphthalen-2-yl)benzene-1,4-
diamine 1 and p-benzoquinone afforded the corresponding bis-3-hydroxy-benzo[c]carbazole
2 in 54% yield via a tandem process of double Michael addition and subsequent double ring
closure. Next, a DCM solution of 2, β-naphthol, and tetrabutylammonium hexafluorophos-
phate(V) as an electrolyte, was utilized to a constant current of 1.5 mA in an undivided
electrolysis cell with platinum electrodes for 3.5 h at room temperature, affording double
aza-oxa[7]helicene 3 in 26% yield. The electrochemical sequential synthesis of 3 proceeds
through the oxidative hetero-coupling of arenols to produce a diol intermediate that can
readily undergo a subsequent dehydrative cyclization to 3. All compounds showed good
chemical and thermal stabilities and no decomposition was observed upon purification on
silica column chromatography and heating at 100 ◦C in air.

Scheme 1. The synthesis of a double aza-oxa[7]helicenes 3.

2.2. Structure and Packing Mode of 3

The double aza-oxa[7]helicene structure of 3 was definitely confirmed by X-ray crystal-
lography using a single crystal, grown from its racemic solution. We used the liquid/liquid
diffusion technique between ethyl acetate and n-hexane to prepare this crystal slowly
over three days in a dark environment at −20 ◦C. As expected, the two helicene moi-
eties are connected via a phenylene linker (Figure 2a,b). The dihedral angles between
the phenylene linker’s plane and the pyrrole (ring B’) are −41.86◦ for (C1-C6-N7-C8), and
54.38◦ for (C5-C6-N7-C9). Although the experimental values of (C5-C6-N7-C9) dihedral
angle (54.38◦) is comparable to that of the optimized structure using DFT calculations at
MN15/6-311G(d,p) level of theory (54.72◦), (C1-C6-N7-C8) dihedral angle was smaller than
optimized structures at various levels (Table 1). This can be attributed to the intermolecular
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interactions between the double helicene molecules 3 in the packed structure. Only meso
isomer (P,M)-3 was observed in the crystal packing with achiral molecules packed along
the b-axis (Figure 2c,d). The packing of 3 shows a herringbone pattern with π-π distance of
4.458 A◦. This characteristic arrangement is optimum for many material-based applications,
especially semiconductors [49–51]. In addition, it maximizes the optical and electronic
properties of the obtained double helicene upon self-assembly [49,52–54]. Most of these
larger or multiple helicenes showed significant variations during DFT calculations owing to
the long-range conjugation and the effects of charge transfer [55,56]. Among the functions
we screened, Minnesota 15 (MN15) function was found to be the most suitable parameters
for our molecules (Table 1) [57].

Figure 2. Single crystal structure of the double helicene 3: (a,b) ORTEP drawing structure of (P,M)-3
obtained by X-ray crystal analysis with ellipsoids at 50% probability (H atoms were omitted for
clarity); (c) crystal packing of (P,M)-3 with ellipsoids at 30% probability; (d) packing structure of
(P,M)-3 is viewed along the c-axis to show the herringbone arrangement.
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Table 1. The selected experimental and calculated structural parameters of double aza-oxa[7]helicene 3.

Parameters Experimental B3LYP 1 wB97XD 1 MN15 1

Centroids’ distance (rings F’-H’) 4.949 A◦ 4.885 A◦ 4.721 A◦ 4.759 A◦
d1-N7-d2 Centroid angle 46.36◦ 45.43◦ 44.24◦ 45.51◦

C5-C6-N7-C9 Dihedral angle 54.38◦ 60.25◦ 59.03◦ 54.72◦
C1-C6-N7-C8 Dihedral angle 41.86◦ 57.08◦ 55.34◦ 51.42◦

C1-C15 Distance 3.181 A◦ 3.316 A◦ 3.281 A◦ 3.241 A◦
C5-C14 Distance 3.166 A◦ 3.356 A◦ 3.316 A◦ 3.266 A◦

1 All calculations are carried out using 6-311G(d,P) basis set at three different functions (B3LYP, wB97XD,
and MN15).

Nucleus-independent chemical shift (NICS) calculations revealed the low aromaticity
of the central phenylene linker with a NICS (0) value of −5.8 ppm (Figure 3a), much lower
than that of benzene −7.6 ppm calculated at the same level of theory. The largest NICS
(0) values (between −7.3 ppm and −8.6 ppm) were found on the benzene of 6H-furo[3,2-
e]indole (ring C′), pyrrole (ring B′) and naphthalene (rings F’ and H’). While the lowest
NICS (0) values (around −5.8 ppm) were found on the phenylene linker (ring A’) and furan
rings (D’) which is consistent with the aromatic character of this ring. Generally, symmetric
double hetero[n]helicenes (n ≥ 4) have three isomers, those being two chiral enantiomers
(P,P) and (M,M), and one meso diasteromer (P,M) [30]. All three isomers of 3 were afforded
under our reaction conditions which was confirmed by HPLC separation using DAICEL
CHIRALPAK IA column (eluent: n-hexane/i-PrOH = 20/1) (Figure 3b). The experimental
ratio among the three isomers was found to be around (1:2:1) with the meso isomer (P,M)-3
as the major formed product (confirmed by the absence of optical rotation). After HPLC
chiral resolution, the epimerization rate of 3 was studied at three different temperatures
(See SI). Eyring plot (Figure 3c) indicated a low chiral stability of 3 (epimerization barrier
~24.2 kcal mol−1) with an estimated half-life of the epimerization <6.5 h at 25 ◦C. These
observations were matching with our DFT calculations that showed similar epimerization
barriers 25.32 kcal mol−1 and 25.62 kcal mol−1 (Figure 3d).

2.3. Photophysical Properties

Our double aza-oxa[7]helicene 3 shows high luminescence upon photo-irradiation,
which can be attributed to the rigid scaffold that hinders the thermal energy loss upon
structural changes. The UV/vis absorption of 3 was recorded in different solvents to show
its high solubility in most of the organic solvents which increases the potential for some
applications that require good solubility such as solution-processed electronics [58–60]. In
all measured solvents, compound 3 showed similar UV/vis absorption patterns (Figure 4a).
The maximum absorbance exhibited in chloroform was shown at 407 nm (absorption
coefficient: 7.5 × 104 M−1 cm−1) corresponding to an optical energy gap of (2.18 eV).
According to TD-DFT calculations at the MN15/6-311G(d,p) level of theory, this low-
energy absorption can be accountable to the HOMO→LUMO transition. The absorption
band at 385 nm possibly attributed to the equal contribution of both HOMO−1→LUMO
and HOMO→LUMO+1 transitions. The band at 368 nm is estimated to be due to the
HOMO−1→LUMO+1 transition, while the higher energy absorption band at 328 nm
would be attributed to HOMO−2→LUMO corresponding to an optical energy gap of
(2.58 eV). Molecular orbital calculations indicated that the HOMO is spread mainly over
the phenylene linker (ring A′) and pyrroles (rings B’) and LUMO is spread over the whole
scaffold rather than the phenylene linker (ring A′), accounting for the substantial stability.
Photoluminescence PL spectrum of 3 was recorded in a pure chloroform solution exhibiting
emission maxima shifted in a bathochromic way at 415 nm and 440 nm.
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Figure 3. (a) NICS (0) values of (P,M)-3 calculated at the MN15/6-311G+(2d,p) level; (b) HPLC
chromatogram determined by (Daicel Chiralpak IA, n-hexane/i-PrOH = 20/1, flow rate 1.0 mL/min,
T = 25 ºC, 240 nm): t1= 10.36 min, t2 = 14.30 min, and t3 = 18.32 min; (c) Eyring plot of compound 3

epimerization and thermodynamic parameters; (d) Epimerization process from (P,M)-3 isomer to
(M,M)-3 and (P,P)-3 isomers. The relative Gibbs free energies are calculated in (kcal mol−1) at the
MN15/6-311G(d,p) level.
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Figure 4. (a) UV/vis absorption and PL spectra of 3 in various solvents (20 μM); (b) Frontier Kohn-
Sham molecular orbitals of 3 and TD-DFT calculated electronic transitions at MN15/6-311G (d,p)
level of theory.

2.4. Energetic Characterization by Cyclic Voltammetry

Cyclic voltammetry (CV) measurements of our double aza-oxa[7]helicene 3 showed
reversible redox peaks in both negative and positive regions indicating the chemical stability
of its anion/cation pairs and how they can be reduced or oxidized readily to the neutral
form (Figure 5). Using ferrocene and ferrocenium as internal references, the HOMO energy
level of 3 was calculated using Bredas empirical equation to be around (–7.83 eV) which
is comparable to the DFT-calculated HOMO energy (−7.90 eV) [61]. ELUMO could be
estimated after considering the gap between EHOMO and ELUMO (3.04 eV) from the λmax or
excitation energy (407 nm) to be around (−4.79 eV) showing little higher energy than the
DFT-calculated LUMO (−5.72 eV).
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Figure 5. The cyclic voltammetry profile of 3 in (MeCN) with n-Bu4NPF6 (0.1 M) using ferrocene as
internal reference.

3. Materials and Methods

3.1. General Experimental Details
1H-, and 13C-NMR were recorded via JNM ECA600 FT NMR (1H-NMR 600 MHz,

13C-NMR 151 MHz). 1H-NMR spectra are reported as follows: a chemical shift in ppm
downfield of tetramethylsilane (TMS) and referenced to residual solvent peak (CDCl3) at
7.26 ppm, or ((CD3)2CO) at 2.05 ppm, multiplicities (s = singlet, d = doublet, dd = doublet
of doublets, t = triplet, q = quartet, m = multiplet), and coupling constants (Hz). 13C-NMR
spectra reported in ppm relative to the central line of triplet for CDCl3 at 77.16 ppm, or the
central line of septet for ((CD3)2CO) at 29.84 ppm. APCI-MS spectra were obtained with
JMS-T100LC (JEOL). FT-IR spectra were recorded on a JASCO FT-IR system (FT/IR4100).
Photoluminescence (PL) spectra were recorded on JASCO FP-8550 Spectrofluorometer. UV
spectra were recorded on a JASCO v-770 spectrophotometer. Column chromatography on
SiO2 was performed with Kanto Silica Gel 60 (63–210 μm). Commercially available organic
and inorganic compounds were used without further purification. The electro-oxidation
was carried out using sing ElectraSyn® 2.0 (designed by IKA) at a constant current of
1.5 mA, under air (1 atm.) [62].

3.2. Synthetic Procedures
3.2.1. General Procedure for the Synthesis of Double 3-Hydroxy Benzo[c]carbazole 2

To a solution of N1,N4-di(naphthalen-2-yl)benzene-1,4-diamine 1 (36 mg, 0.1 mmol)
and p-benzoquinone (27 mg, 0.25 mmol, 2.5 equiv.) in dry toluene (1.5 mL), orthophosphoric
acid (10.6 μL, 2.0 equiv.) dissolved in (0.5 mL) toluene was added dropwise. The reaction
mixture was stirred at 50 ◦C for 5 h under N2 atmosphere until its completion. Next, the
reaction was quenched via water, extracted with EtOAc and the combined organic extracts
dried over Na2SO4, and evaporated in vacuo. The crude mixture was purified on silica
column chromatography (eluent: n-hexane/DCM/ethyl acetate = 7/1/1) to give double
3-Hydroxy benzo[c]carbazole 2 as a white solid in 54% yield.

• 7,7’-(1,4-Phenylene)bis(7H-benzo[c]carbazol-10-ol) 2

1H NMR (600 MHz, (CD3)2CO): δ 8.80 (d, J = 8.2 Hz, 2H), 8.31 (s, 2H), 8.17 (d, J = 2.1 Hz,
2H), 8.07 (d, J = 8.2 Hz, 2H), 7.92–7.96 (m, 6H), 7.75–7.78 (m, 4H), 7.58 (d, J = 8.9 Hz, 2H),
7.50 (dd, J = 8.3, 6.9 Hz, 2H), 7.14 (dd, J = 8.6, 2.4 Hz, 2H); 13C NMR (151 MHz, (CD3)2CO):
δ 153.39, 139.70, 137.52, 135.41, 130.82, 130.43, 130.13, 129.80, 128.33, 127.95, 125.47, 123.91,
123.75, 115.93, 115.05, 112.67, 111.86, 107.78; DEPT-135 NMR (151 MHz, (CD3)2CO): δ 130.12,
129.80, 128.32, 127.95, 123.91, 123.74, 115.03, 112.67, 111.86, 107.76; HRMS (APCI): calcd for
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C38H24N2O2: m/z 541.1911 [M + H]+, found 541.1912.; IR (KBr): 3334, 3042, 2977, 2926,
1620, 1517, 1473, 1165, 831, 803 cm−1; mp: 198–199 ◦C.

3.2.2. General Procedure for the Synthesis of Double Aza-oxa[7]helicene 3

A 10 mL DCM solution of 2 (54 mg, 0.1 mmol), β-naphthol (57.7 mg, 0.4 mmol),
tetrabutylammonium hexafluorophosphate(V) (387.4 mg, 1.0 mmol), and BF3OEt2 (0.2 M)
was transferred into the undivided electrolysis cell of ElectraSyn® 2.0. This cell is equipped
with two Pt electrodes connected to a DC power supply. At room temperature, a constant
current of 1.5 mA was applied for 3.5 h. After the completion of reaction, the electrolysis
was stopped and crude mixture was purified by column chromatography (SiO2, EtOAc/n-
hexane) to afford the double aza-oxa[7]helicene 3 as a yellow solid in 26% yield.

• 1,4-Bis(10H-benzo[c]naphtho[1’,2’:4,5]furo[3,2-g]carbazol-10-yl)benzene 3

1H NMR (600 MHz, CDCl3): δ 8.38 (d, J = 8.2 Hz, 2H), 8.31 (d, J = 8.2 Hz, 2H), 8.00–8.04
(m, 12H), 7.92 (d, J = 8.9 Hz, 2H), 7.85 (d, J = 8.9 Hz, 4H), 7.77 (d, J = 8.9 Hz, 2H), 7.34–7.39
(m, 4H), 6.95–7.00 (m, 4H); 13C NMR (151 MHz, CDCl3): δ 154.75, 153.31, 138.79, 137.93,
137.32, 130.86, 129.79, 129.73, 129.50, 129.15, 128.59, 128.10, 128.05, 128.03, 125.13, 124.67,
124.37, 123.62, 120.07, 117.98, 117.77, 116.64, 112.65, 111.58, 109.45, 109.06 (Two carbons
overlapped); DEPT-135 NMR (151 MHz, CDCl3): δ 129.79, 129.15, 128.59, 128.09, 128.05,
128.03, 125.13, 124.67, 124.37, 123.61, 112.66, 111.58, 109.44, 109.06 (One carbon overlapped);
HRMS (APCI): calcd for C58H32N2O2: m/z 789.2537 [M + H]+, found 789.2542; IR (KBr):
3043, 2926, 2856, 1714, 1594, 1500, 1417, 1355, 1209, 805 cm−1; mp: 291–292 ◦C.

3.3. DFT Calculations

All DFT calculations were performed using the Gaussian 16 package of programs [63].
The geometries of the model compounds were optimized using three DFT functions: B3LYP,
wB97XD, and MN15 at 6-311G(d,p) basis set. All stationary points were identified as
stable minima by frequency calculations. Geometry optimization was achieved using the
normal criteria defined in Gaussian 16. TD-DFT calculations were performed using two
different levels of theory B3LYP/6-311G(d,p) and MN15/6-311G(d,p) in both chloroform
and gas-phase. All structures were optimized without any symmetry assumptions. For
further computational details, see Supplementary Materials.

4. Conclusions

In summary, we introduced a two-step protocol to synthesize double aza-oxa[7]helicene
3 using an electrochemical approach. This novel double hetero[7]helicene shows interesting
structural features that were reflected in its excellent optical properties. We have studied
the photophysical characteristics of this compound and correlated its absorption and
fluorescence behavior based on DFT calculations. Further development for this two-step
protocol towards the preparation of other multiple helicenes and PHAs and study their
photophysical and chiroptical features are currently under investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27249068/s1, Table S1: Optimization of the acid-mediated
annulation step; Table S2: Optimization of the electrochemical sequential reaction; Table S3: Selected
experimental and calculated structural parameters of double aza-oxa[7]helicene 3; Tables S4–S6:
Summary of the TD-DFT calculation results of 3; Scheme S1: A plausible mechanism for the elec-
trochemical domino reaction; Figure S1: Crystal measurements; Figure S2: Measurements of the
optimized structures; Figure S3: Selected molecular orbitals of 3; Figure S4: Simulated UV-vis
absorption and CD spectra of (P,M)-3; Figure S5: Further NICS(0) calculations [57,63–68].
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Abstract: It has been found that the addition of CH2CN− anion to the carbonyl group of acylethynylp
yrroles, generated from acetonitrile and t-BuOK, results in the formation of acetylenic alcohols, which
undergo unexpectedly easy (room temperature) decomposition to ethynylpyrroles and cyanomethylp
henylketones (retro-Favorsky reaction). This finding allows a robust synthesis of ethynylpyrroles
in up to 95% yields to be developed. Since acylethynylpyrroles became available, the strategy thus
found makes ethynylpyrroles more accessible than earlier. The quantum-chemical calculations
(B2PLYP/6-311G**//B3LYP/6-311G**+C-PCM/acetonitrile) confirm the thermodynamic preference
of the decomposition of the intermediate acetylenic alcohols to free ethynylpyrroles rather than their
potassium derivatives.

Keywords: acylethynylpyrroles; alkynones; terminal alkynes; deacylation; retro-Favorsky reaction

1. Introduction

Ethynylpyrroles are valuable building blocks in the synthesis of many natural and
synthetic biologically active compounds, such as antibiotic roseophilin, a potent cytotoxic
agent against K562 human erythroid leukemia cells [1] and alkaloid quinolactacide with
insecticidal activity [2]. They are applied in the syntheses of inhibitors of EGFR tyrosine
kinase, an important target for anticancer drug design [3], the HMG-CoA reductase in-
hibitors for the treatment of hypercholesterolemia, hyperlipoproteinemia, hyperlipidemia
and atherosclerosis [4], selective dopamine D4 receptor ligands [5] and foldamers, syn-
thetic receptors, modified for encapsulation of dihydrogenphosphate ions [6]. Pyrroles
with terminal acetylenic substituents take part in the syntheses of both lipophilic and
highly hydrophilic BODIPY dyes, which fluoresce with high quantum yields and have low
cytotoxicity, which makes it possible to visualize cells [7].

These pyrroles are employed in the development of advanced materials capable of
detecting various organic and inorganic targets, such as tetrahedral oxoanions (H2PO4

−
and SO4

2−) [8] and pyrophosphate anions [9].
Also, high-tech materials, including ultrasensitive fluorescent probes for glucopy-

ranoside [10], photoswitchable materials [11–13], components of dye-sensitized solar
cells [14], monomers for organic thin-film transistors [15], prospective for energy stor-
age devices, electrochemically active photoluminescence films are based on terminal
ethynylpyrroles [16].

In light of the previous, it is clear that the improvement of the synthesis of ethynylpyrroles
is a challenge. Indeed, the approaches to the preparation of these functionalized pyrroles are
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mainly limited to the deprotection of substituted at the triple bond (usually with TMS/TIPS
groups) ethynylpyrroles, the products of the reaction of halopyrroles with the correspond-
ing terminal acetylenes (Sonogashira cross-coupling) [2,5,6,8,17–19]. However, in this case,
this coupling has limitations, since many halogenated pyrroles, except for representatives
with electron-withdrawing substituents, are neither readily available nor stable [20,21].
Variants of the cross-coupling, such as Negishi reaction of halopyrroles with ethynyl mag-
nesium chloride or zinc bromide [22] or cross-coupling of (1-methylpyrrol-2-yl)lithium
with fluoroacetylene [23], are used albeit less often. It should be especially emphasized
that almost all ethynylpyrroles synthesized by the above methods lack the substituents at
carbon atoms in the pyrrole ring, i.e., the assortment of accessible ethynylpyrrole remains
small and need to be extended.

Among other methods are Corey–Fuchs reaction of pyrrole-2-carbaldehydes with
CBr4 with further conversion of dibromoolefins to ethynylpyrroles under the action of
bases [1,3,7,24,25] and flash vacuum pyrolysis (FVP) of cyclic and linear 2-alkenylpyrroles
(750 ◦C), limited to a few examples [26–29] due to difficulties in hardware implementation
and requirements for substrates. Base-catalyzed elimination of ketones from tertiary
acetylenic alcohols (retro-Favorsky reaction), affording pyrroles with terminal acetylenic
substituents [30], is a rarer approach to such acetylenes because they could decompose or
polymerize at high temperatures (up to 180 ◦C) common for the realization of this synthesis.

The formation of ethynylpyrroles as a result of the deacylation of acylethynylpyrroles
was mentioned in only a few cases [31,32], and their yield was insignificant (though
alkynones without pyrrole substituents in the presence of alkali metal hydroxides un-
dergo hydrolytic cleavage to form terminal acetylenes [33–35]). For instance, when ben-
zoylethynylpyrrole was treated with NaOH in DMSO (45–50 ◦C, 4 h), debenzoylation
was detected by 1H NMR in negligible extent [31] and 7-days keeping of trifluroacetyl
ethynylpyrrole over Al2O3 led to the ethynylpyrrole in 24% yield [32]. Certainly, these
results were not suitable for the preparative synthesis of ethynylpyrroles.

Recently [36], we have disclosed the reaction of acylethynylpyrroles 1 with MeCN and
metal lithium affording pyrrolyl-cyanopyridines 2 in up 87% yield (Scheme 1).

 

Scheme 1. Previous work. Reaction of acylethynylpyrroles with Li/MeCN system to give pyrrolyl-
cyanopyridines.

The synthesis was accompanied by the formation of propargyl alcohols 3 (up to 15%)
and small amounts of ethynylpyrroles 4 (up to 5%). The propargyl alcohols 3 were proved
to be intermediates in the synthesis of both pyridines and ethynylpyrroles.

These results served as a clue to develop a novel synthesis of ethynylpyrroles, pro-
vided we could manage to turn the above side process into a major reaction. Our further
successful experiments confirmed this assumption. It appeared that if lithium metal is
replaced by t-BuOK, the reaction is shifted almost completely to the formation of side
ethynylpyrroles. The progress of this synthesis optimization is illustrated in Table 1,
wherein the most representative results are presented. As a reference compound, 3-(1-
benzyl-4,5,6,7-tetrahydro-1H-indol-2-yl)-1-(thiophen-2-yl)prop-2-yn-1-one (1a), was chosen
believing that the optimal conditions, found for this pyrrolyl acetylenic ketone of higher
complexity, will also be valid for the simpler congeners.
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In this paper, we report the exceptionally mild decarbonylation of acylethynylpyrroles,
readily available from the reaction of pyrroles with electrophilic haloacetylenes in the
medium of solid oxides and metal salts [32,37–40], under the action of CH2CN− anion
generated in situ in the system MeCN/t-BuOK.

2. Results and Discussion

As seen from Table 1, when the reaction was carried out by stirring acylethynylpyrrole
1a with 2 eq. n-BuLi in MeCN at room temperature under 1H NMR control, the isolated
crude product contained 12% of the target ethynylpyrrole 4a (Table 1, Entry 1), i.e., the
expected decarbonylation degree was noticeably increased. The major product, in this
case, became tertiary propargylic alcohol 3a (content in the reaction mixture was 78%).
Pyrrolylpyridine 2a, previously a major product [36], was also present in the reaction
mixture but in a much smaller amount (10%). Almost the same results were obtained in the
presence of 2 eq. of t-BuONa (Entry 3). But t-BuOLi turned out to be completely inactive in
this reaction (Entry 2): the starting acylethynylpyrrole 1a, in this case, was almost returned
from the reaction.

t-BuOK catalyzed the formation of ethynylpyrrole 4a much more actively: in the crude
product obtained with one equivalent of this base, the content of the ethynylpyrrole 4a in the
reaction mixture attained 66% (Entry 4). However, under these conditions, the conversion
of the starting acylethynylpyrrole 1a was only 82%, but the content of pyrrolylpyridine 2a

in the reaction mixture increased to 16%.
When 2 eq. t-BuOK were used, acylethynylpyrrole 1a reacted completely during

the same time, and the content of ethynylpyrrole 4a in the reaction mixture became 90%.
Pyrrolylpyridine 2a was also present as a by-product (10%) in the reaction mixture (Entry 5).

We found that it was possible to get rid of the pyridine almost completely (Entry 6
and 7) by carrying out the reaction in the mixed solvents (MeCN/THF or MeCN/DMSO
in volume ratio 1:1). Thus, under these conditions, the reaction was excellently selective
providing ethynylpyrrole 4a in ~80% isolated yield.

Table 1. Optimization of the ethynylpyrrole 4a synthesis by decarbonylation of acylethynylpyrrole 1a a.

Entry Base, eq.
Content in the crude, % (1H NMR)

1a 2a 3a 4a

1 n-BuLi, 2 traces 10 78 12

2 t-BuOLi, 2 ~100 traces traces traces

3 t-BuONa, 2 traces traces 85 15

4 t-BuOK, 1 18 16 traces 66

5 t-BuOK, 2 traces 10 traces 90

6 b t-BuOK, 2 traces traces traces ~100 d

7 c t-BuOK, 2 traces traces traces ~100 e

a—reaction conditions: 0.5 mmol of 1a, acetonitrile (2.0 mL), 20–25 ◦C, nitrogen atmosphere. b—the reaction was
carried out in the MeCN/THF (1:1) system. c—the reaction was carried out in the MeCN/DMSO (1:1) system.
d—isolated yield 84%. e—isolated yield 82%.

Next, with the optimized reaction conditions (2 eq of t-BuOK, THF/MeCN, room
temperature, 1 h) in hand, we have evaluated the scope of this reaction using benzoyl-,
furoyl-, and thenoylethynylpyrroles with alkyl, aryl and hetaryl substituents at 4(4,5)-
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positions and methyl, benzyl, and vinyl moieties at the nitrogen atom of the pyrrole ring.
Eventually, the series of earlier unknown ethynylpyrroles 4a–k were synthesized in good
to excellent yields, the exception being pyrrole 4d (yield 36%) (Scheme 2).

 

 

Scheme 2. The scope of the acylethynylpyrroles 1a–k decarbonylation in the t-BuOK/MeCN/THF system.

The method proved to be extendable over indole compounds, as shown in the ex-
ample of 3-benzoylethynylindole 5, which was transformed to the expected 1-methyl-3-
ethynylindole 6 under the same conditions (Scheme 3).

 
Scheme 3. Reaction of 3-acylethynylindole 5 with t-BuOK.

Thus, this result shows that 3-ethynylindoles—valuable synthetic building blocks [41]—
could be more accessible than previously due to the above-elaborated strategy. Noteworthy
that the starting 3-acylethynylindoles can be easily prepared by the cross-coupling of the
corresponding N-substituted indoles with acylbromoacetylenes in solid Al2O3 media [42].

Also, we have attempted to extend the synthesis of ethynylpyrroles over the furan se-
ries. For this, we have chosen menthofuran, a natural antioxidant component of peppermint
oil [43]. It turned out that 2-benzoylethynylmenthofuran 7, which synthesis was previously
described in [44], underwent similar decarbonylation under the above conditions to give
the expected ethynyl derivative 8 in 80% yield (Scheme 4).
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Scheme 4. Reaction of 2-acylethynylmenthofuran 7 with t-BuOK.

The narrow range of the yields (74–95%) evidences that the structural effects on the
synthesis efficiency are insignificant that are likely to result from the complex character of
the process: (i) the formation of intermediate propargyl alcohols 3 and (ii) the decomposi-
tion of the latter. Besides, these steps are parallel to the formation of pyridine 2. Apart from
these competing factors, the yields are influenced by the isolation procedure (chromatog-
raphy on the SiO2), wherein a noticeable amount of the target products are lost (Table 1,
cf. 1H NMR and isolated yields). Nevertheless, the following general trend in yields may
be noted: alkyl substituents in the pyrrole ring slightly decrease the reaction efficiency
compared to aromatic substituents (74–86% vs. 84–95%). That can be referred to as a higher
acidophobicity of the alkyl pyrroles.

It is known that MeCN is easily deprotonated by the action of alkali metals to give
acetonitrile dimers via the formation of an intermediate CH2CN− anion [45]. Also, it
was reported that CH2CN− anion was added to ketones to form tertiary cyanomethyl
alcohols [46–49]. Correspondingly, in the previous communication, we have shown that
the intermediate propargyl alcohol 3 are actually adducts of acylethynylpyrroles and
CH2CN− anion [36].

Although we failed to isolate propargyl alcohol 3a in the reaction mixture obtained in
the presence of t-BuOK, the results produced with t-BuONa allowed us to assume that in
the first case, the reaction also proceeded with the formation of the intermediate 3a, which
was rapidly decomposed.

To verify this assumption, propargyl alcohols 3a,c,d,f, prepared from acylethynylpyrroles
1a,c,d,f and acetonitrile in the presence of t-BuONa according to the modified protocol
(Scheme 5) [36], were rapidly and quantitatively converted in the presence of t-BuOK into
the corresponding ethynylpyrroles 4a,c,d,f (Scheme 5).

 
Scheme 5. Synthesis and decomposition of propargyl alcohols 3a,c,d,f.

We performed the reaction in an NMR tube in deuterated acetonitrile. Immediate
transformation of the characteristic signals of the protons of the benzoyl group at 8.16 ppm
to protons of Ph-substituent occurs after the addition of t-BuOK to acylethynylpyrrole
1c solution, which corresponds to the formation of the intermediate acetylenic alcohol 3c

(Scheme 3). Additionally, two nearly equal singlets at 6.30 (signal of H-3 of pyrrole ring
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in ethynylpyrrole 4c) and 6.44 ppm (signal of H-3 of pyrrole ring in intermediate alcohol
3c) appeared. The singlet at 6.44 ppm decreases rapidly and disappears after about 30 min
of reaction. After 1 h reaction mixture contained only terminal alkyne 4c with a fully
deuterated terminal acetylene position. Thus, the results confirm the proposed mechanism
of the formation of ethynylpyrroles via intermediate acetylenic alcohol decomposition.

Cyanomethyl ketone (on the example of cyanomethyl-(2-thienyl)ketone 9a), a second
product of the retro-Favorsky reaction, was detected (1H NMR) after acidification of the
aqueous suspension received during the workup of the reaction mixture (Scheme 6).

 

Scheme 6. The decomposition of propargyl alcohol 3a.

Therefore, it is rigorously confirmed that in this reaction, ethynylpyrroles are the
products of tertiary propargyl alcohol 3 decomposition, the retro-Favorsky reaction, which
in this case occurs under extraordinarily mild (room temperature) conditions. Commonly
this reaction requires a considerably higher temperature [120–140 ◦C (1 mm)] [30].

It could be emphasized that tertiary propargyl alcohols are one of the most attractive
synthetic building blocks in organic synthesis [50–58]. This is primarily due to their bifunc-
tionality (acetylene and hydroxyl functions), owing to which they can undergo cascade or
multistage reactions with the formation of diverse compounds. In recent years, owing to
the development of efficient methods for the synthesis of enantiomerically pure tertiary
propargyl alcohols [59–61], interest in this class of compounds has increased significantly.

The tertiary propargyl alcohols here synthesized additionally contain one more syn-
thetically valuable functional group (CN group and active C-H bond adjusted to nitrile
function) and a pyrrole ring that significantly expands their potential for the design of
novel functionalized compounds.

Despite the experimental evidence highlighting the mechanism of the cascade reaction
studied, several mechanistic issues still need a quantum-chemical analysis. These issues
mainly relate to the key stage of the synthesis, i.e., the t-BuOK-catalyzed decomposition of
the intermediate propargyl alcohols 3. Here the following questions should be clarified:
(i) are the intermediates 3 decompose to the corresponding ketones 9 and potassium deriva-
tives 11 of ethynylpyrroles as so far usually considered or free ethynylpyrroles 4 and the
corresponding potassium enolates 10 (Scheme 7) are formed? Although the Favorsky retro-
reaction was synthetically thoroughly studied, this issue was never specially investigated.
(ii) Is the experimentally observed formation of enolate from propargyl alcohols kinetically
or thermodynamically controlled? (iii) Is the experimentally observed role of alkali metal
cation, which fully controls the synthesis direction, an intrinsic (intramolecular) feature of
the reaction, or is this influence of intermolecular solvation of the cations? (iv) What is the
contribution of the solvent effect to the thermodynamics of this reaction?

To gain a clearer understanding of these mechanistic points, we have performed the
quantum chemical calculations of the fundamental characteristics of the above reaction,
the Gibbs free energy change, ΔG, using the DFT-based computational approach, which
can be briefly referred to as B2PLYP/6-311G**//B3LYP/6-311G**+C-PCM/acetonitrile
(see Supplementary Materials for details) and assuming R1 = Me, R2 = R3 = H, R4 = Ph in
Scheme 5.
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Scheme 7. Possible ways of propargyl alcohols 3 decomposition.

According to the results obtained, path A, i.e., formation of the metallated ethynylpyrroles
and ketones (Scheme 5), is thermodynamically closed, whereas path B (Scheme 5), i.e.,
formation of the ethynylpyrrole and enolate, is thermodynamically opened (see SI for
details). The calculations indicate that the decomposition of intermediate 3 proceeds via the
formation of free ethynylpyrrole and potassium enolate. Also, these results evidence that
path B is thermodynamically controlled. The ΔG values for path B calculated for Li, Na and
K derivatives of propargyl alcohols 3 are −66.5, −78.6 and −88.3 kJ/mol, respectively. This
explains experimental results according to which with the t-BuOLi, no products are formed
(Table 1), while t-BuONa promotes the formation of sodium enolate, however stable under
reaction conditions, and with t-BuOK, the decomposition of potassium enolate occurs.
Thus, the effect of potassium alkali metal indeed has an intrinsic (intramolecular) character.

The computed O-Li, O-Na and O-K bond lengths in alkali metal derivatives of propar-
gyl alcohols are 1.71, 2.08, and 2.43 Å, respectively, and in the corresponding enolates are
1.83, 2.16, 2.61 Å, respectively. These values correlate with the literature data: 1.95 Å (O-Li),
2.14–2.32 Å (O-Na), 2.60–2.80 Å (O-K) [62], respectively. The reported bond energies are
343, 255 and 238 kJ/mol [63]. From these results, it becomes clear why with t-BuOK, the
pyridines 2 are not formed: the abstraction of a proton from the CHCN moiety would lead
to dianionic-like species that are thermodynamically unfavorable. In the cases of Li- and
Na-derivatives of propargyl alcohols, the negative charges on oxygen are smaller since
they are tighter ion pairs, especially with lithium cation. Therefore, the reaction takes
other directions: with Li cation, expectedly, pyridines are formed, and with t-BuONa, the
propargyl alcohol decomposition slows down (Table 1, Entry 3).

The mechanism of ethynylpyrroles formation from potassium derivatives of propargyl
alcohols (on the example of alcoholate 12, R1 = Me, R2 = R3 = H, R4 = Ph) likely represents
an intramolecular process (Scheme 8) [36], involving the Csp-CH bond cleavage with
simultaneous transfer of a proton from the CH bond.

Scheme 8. Ethynylpyrroles formation from potassium derivatives of propargyl alcohols.

This process is probably facilitated by the intramolecular interaction (coordination)
between potassium cation and CN-bond (intermediate A). This is supported by the fact
that the calculated K· · ·N distance in the potassium derivative of propargyl alcohol (3.87 or
4.12 Å, depending on the molecular conformation, see Supplementary Materials) is smaller
than the sum of the van der Waals radii of these atoms (4.2 Å). The above-mentioned
two conformations are separated only by 0.8 kJ/mol. Since the latter value is well within
the error margin of our computational scheme, they both can be considered legitimate
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propargyl alcohol equilibrium ground-state molecular structures (see Supplementary Mate-
rials for more details).

The ΔG values computed for the formation of ethynylpyrroles with the participation
of the solvent (MeCN) and then without (gas phase) are close (−88.3 and −84.5 kJ/mol).
This means that the contribution of the solvent effect is negligible.

The experiments with MeNO2 showed that in this solvent, the reaction did not proceed
at all: the starting acylethynylpyrrole was recovered completely. In our previous work [36],
we reported the reaction of benzoylethynylpyrrole 1a with isobutyronitrile and valeronitrile
in the presence of lithium metal. In both cases, respective intermediate alcohols were
isolated in 60 and 26% yields. In the presence of t-BuOK, both were readily transformed to
corresponding ethynylpyrrole 4a.

3. Experimental Section

3.1. General Information

IR spectra were obtained on a “Bruker IFS-25” spectrometer (Bruker, Billerica, MA,
USA) (KBr pellets or films in 400–4000 cm−1 region). 1H (400.13 MHz) and 13C (100.6 MHz)
NMR spectra were recorded on a “Bruker Avance 400” instrument (Bruker, Billerica, MA,
USA) in CDCl3. The assignment of signals in the 1H NMR spectra was made using COSY
and NOESY experiments. Resonance signals of carbon atoms were assigned based on 1H-
13C HSQC and 1H-13C HMBC experiments. The 1H chemical shifts (δ) were referenced to
the residual solvent protons (7.26 ppm, CDCl3), and the 13C chemical shifts were expressed
with respect to the deuterated solvent (77.16 ppm). Coupling constants in hertz (Hz) were
measured from one-dimensional spectra, and multiplicities were abbreviated as follows:
br (broad), s (singlet), d (doublet), t (triplet), and m (multiplet). The chemical shifts were
recorded in ppm. The (C, H, N) microanalyses were performed on a Flash EA 1112 CHNS-
O/MAS (CHN Analyzer) instrument (Thermo Finnigan, Italy). Sulfur was determined
by complexometric titration with Chlorasenazo III. Fluorine content was determined on a
SPECOL 11 (Carl Zeiss Jena, Germany) spectrophotometer. Melting points (uncorrected)
were determined with SMP50 Stuart Automatic melting point (Cole-Palmer Ltd. Stone,
Staffordshire, UK).

3.2. Synthesis of Ethynylpyrroles 4a–k, Ethynylindole 6, Ethynylfuran 8, General Procedure

Acylethynylpyrrole 1a–k, 3-acylethynylindole 5 or 2-acylethynylfuran 7 (1 mmol) was
dissolved in dry THF/MeCN (1:1, 4 mL), and then t-BuOK (224 mg, 2 mmol) was added
to reaction mixture under nitrogen. Reaction mixture was stirred at room temperature for
1 h while turning into an orange suspension. Then reaction mixture was diluted with cold
(0–5 ◦C) water (30 mL) and extracted by cold (0–5 ◦C) n-hexane (3 × 10 mL). Combined
extracts were washed with water (3 × 5 mL) and dried over Na2SO4. The residue, after
removing solvent, was purified by flash chromatography (dried SiO2, n-hexane) to afford
ethynylpyrrole 4a–k, ethynylindole 6 and ethynylfuran 8.

1-Benzyl-2-ethynyl-4,5,6,7-tetrahydro-1H-indole (4a). Yield: 197 mg (84%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 7.37–7.24 (m, 3H, Hm,p, Ph), 7.13–7.08 (m, 2H, Ho, Ph), 6.37
(s, 1H, H-3, pyrrole), 5.14 (s, 2H, CH2-Ph), 3.35 (s, 1H, ≡CH), 2.54–2.49 (m, 2H, CH2-7),
2.43–2.38 (m, 2H, CH2-4), 1.82–1.68 (m, 4H, CH2-5, CH2-6); 13C NMR (100.6 MHz, CDCl3):
δ 138.3, 130.9, 128.7 (2C), 127.3, 126.7 (2C), 118.0, 114.2, 99.7, 81.2, 77.0, 47.9, 23.5, 23.2, 23.1,
22.5; IR (KBr) 3287, 3087, 3063, 3030, 2928, 2849, 2097, 1495, 1457, 1388, 1357, 1301, 1130,
1077, 1029, 928, 795, 722, 696, 545, 457 cm−1; Anal. Calcd for C17H17N: C, 86.77; H, 7.28; N,
5.95%. Found: C, 86.47; H, 7.31; N, 6.14%.

2-Ethynyl-1-methyl-4,5,6,7-tetrahydro-1H-indole (4b). Yield: 137 mg (86%), white crystals, mp
53–54 ◦C; 1H NMR (400.13 MHz, CDCl3): δ 6.26 (s, 1H, H-3, pyrrole), 3.50 (s, 3H, NMe),
3.37 (s, 1H, ≡CH), 2.52–2.50 (m, 2H, CH2-7), 2.47–2.45 (m, 2H, CH2-4), 1.83–1.80 (m, 2H,
CH2-5), 1.73–1.71 (m, 2H, CH2-6); 13C NMR (100.6 MHz, CDCl3,): δ 130.9, 117.4, 113.6,
112.6, 81.1, 76.9, 30.8, 23.6, 23.2, 23.0, 22.4; IR (film) 3288, 3100, 2929, 2847, 2097, 1570, 1462,
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1442, 1386, 1302, 1130, 1055, 790, 667, 536 cm−1; Anal. Calcd for C11H13N: C, 82.97; H, 8.23;
N, 8.80%. Found: C, 82.71; H, 8.44; N, 8.58%.

2-Ethynyl-1-vinyl-4,5,6,7-tetrahydro-1H-indole (4c). Yield: 127 mg (74%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 6.97 (dd, J = 16.1, 9.4 Hz, 1H, Hx), 6.34 (s, 1H, H-3, pyrrole),
5.34 (d, J = 16.1 Hz, 1H, Ha), 4.83 (d, J = 9.4 Hz, 1H, Hb), 3.39 (s, 1H, ≡CH), 2.66–2.63 (m,
2H, CH2-7), 2.48–2.45 (m, 2H, CH2-4), 1.83–1.80 (m, 2H, CH2-5), 1.71–1.69 (m, 2H, CH2-6);
13C NMR (100.6 MHz, CDCl3): δ 130.5, 119.5, 116.8, 112.3, 102.1, 99.7, 82.1, 76.8, 24.2, 23.4,
23.1, 23.0; IR (film) 3292, 3128, 3049, 2932, 2849, 2099, 1643, 1577, 1483, 1438, 1387, 1324,
1294, 1136, 966, 871, 802, 669, 558 cm−1; Anal. Calcd for C12H13N: C, 84.17; H, 7.65; N,
8.18%. Found: C, 83.85; H, 7.81; N, 8.36%.

5-Ethynyl-2,3-dimethyl-1-vinyl-1H-pyrrole (4d). Yield: 52 mg (36%), colorless oil; 1H NMR
(400.13 MHz, CDCl3): δ 6.91 (dd, J = 16.0, 9.2 Hz, 1H, Hx), 6.36 (s, 1H, H-3, pyrrole), 5.46 (d,
J = 16.1 Hz, 1H, Ha), 4.94 (d, J = 9.2 Hz, 1H, Hb), 3.37 (s, 1H, ≡CH), 2.21 (s, 3H, Me), 1.99
(s, 3H, Me); 13C NMR (100.6 MHz, CDCl3): δ 130.8, 127.8, 119.0, 116.7, 111.6, 104.5, 81.7,
76.9, 11.4, 11.1; IR (film) 3291, 3106, 2920, 2866, 2099, 1643, 1483, 1432, 1392, 1335, 1310, 1162,
1113, 965, 879, 806, 671, 562 cm−1; Anal. Calcd for C10H11N: C, 82.72; H, 7.64; N, 9.65%.
Found: C, 82.94; H, 7.49; N, 9.80%.

2-Ethynyl-1-methyl-5-phenyl-1H-pyrrole (4e). Yield: 172 mg (95%), colorless oil; 1H NMR
(400.13 MHz, CDCl3): δ 7.42–7.34 (m, 5H, Ph), 6.55 (d, J = 3.8 Hz, 1H, H-3, pyrrole), 6.16 (d,
J = 3.8 Hz, 1H, H-4, pyrrole), 3.69 (s, 3H, NMe), 3.44 (s, 1H, ≡CH); 13C NMR (100.6 MHz,
CDCl3): δ 136.7, 132.9, 128.9 (2C), 128.6 (2C), 127.5, 116.1, 115.6, 108.6, 82.0, 76.5, 33.2; IR
(film) 3287, 3106, 3060, 2948, 2102, 1602, 1498, 1457, 1390, 1324, 1234, 1155, 1074, 1028, 758,
698, 568 cm−1; Anal. Calcd for C13H11N: C, 86.15; H, 6.12; N, 7.73%. Found: C, 85.75; H,
5.86; N, 7.48%.

2-Ethynyl-5-(4-methylphenyl)-1-vinyl-1H-pyrrole (4f). Yield: 174 mg (84%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 7.34–7.28 (m, 2H, Ho, Ph), 7.24–7.17 (m, 2H, Hm, Ph), 6.82
(dd, J = 15.9, 9.0 Hz, 1H, Hx), 6.63 (d, J = 3.8 Hz, 1H, H-3 pyrrole), 6.17 (d, J = 3.8 Hz, 1H,
H-4, pyrrole), 5.53 (d, J = 15.9 Hz, 1H, Ha), 4.99 (d, J = 9.0 Hz, 1H, Hb), 3.43 (s, 1H, ≡CH),
2.38 (s, 3H, Me); 13C NMR (100.6 MHz, CDCl3): δ 137.6, 136.1, 131.1, 129.6, 129.2 (2C), 129.1
(2C), 118.5, 114.5, 109.9, 107.0, 82.5, 76.8, 21.3; IR (KBr) 3287, 3112, 3024, 2921, 2102, 1643,
1547, 1510, 1466, 1419, 1389, 1324, 1297, 1226, 1113, 963, 889, 822, 775, 672, 571, 500 cm−1;
Anal. Calcd for C15H13N: C, 86.92; H, 6.32; N, 6.76%. Found: C, 86.68; H, 6.51; N, 6.85%.

1-Benzyl-2-ethynyl-5-(4-methoxyphenyl)-1H-pyrrole (4g). Yield: 253 mg (88%), white crystals;
mp 92–93 ◦C; 1H NMR (400.13 MHz, CDCl3): δ 7.30–7.22 (m, 3H, Hm,p, Ph), 7.20–7.15 (m,
2H, Ho, Ph), 6.99–6.93 (m, 2H, Hm, Ph), 6.87–6.82 (m, 2H, Ho, Ph), 6.63 (d, J = 3.7 Hz, 1H,
H-3 pyrrole), 6.16 (d, J = 3.7 Hz, 1H, H-4, pyrrole), 5.25 (s, 2H, CH2-Ph), 3.80 (s, 3H, MeO),
3.29 (s, 1H, ≡CH); 13C NMR (CDCl3, 100.6 MHz): δ 159.3, 138.8, 136.7, 130.4 (2C), 128.6
(2C), 127.2, 126.3 (2C), 125.3, 116.1, 115.5, 114.0 (2C), 108.8, 81.8, 76.6, 55.4, 48.9; IR (KBr)
3287, 3087, 3063, 3031, 2955, 2934, 2836, 2100, 1611, 1575, 1547, 1510, 1463, 1442, 1392, 1358,
1321, 1288, 1249, 1178, 1110, 1087, 1031, 977, 909, 836, 767, 731, 695, 575, 524, 459 cm−1; Anal.
Calcd for C20H17NO: C, 83.59; H, 5.96; N, 4.87; O, 5.57%. Found: C, 83.31; H, 6.02; N, 5.02%.

2-Ethynyl-5-(2-fluorophenyl)-1-vinyl-1H-pyrrole (4h). Yield: 192 mg (91%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 7.40–7.30 (m, 2H, Hm, Ph), 7.22–7.08 (m, 2H, Ho,p, Ph), 6.84
(dd, J = 15.9, 8.9 Hz, 1H, Hx), 6.66 (d, J = 3.7 Hz, 1H, H-3 pyrrole), 6.24 (d, J = 3.7 Hz, 1H,
H-4, pyrrole), 5.34 (d, J = 15.9 Hz, 1H, Ha), 4.91 (d, J = 8.9 Hz, 1H, Hb), 3.45 (s, 1H, ≡CH);
13C NMR (100.6 MHz, CDCl3): δ 159.9 (d, J = 249.1 Hz, C-2, 2-FC6H4), 132.1 (d, J = 2.0 Hz,
C-6, 2-FC6H4), 130.9, 130.1 (d, J = 8.2 Hz, C-4, 2-FC6H4), 129.2, 124.24 (d, J = 3.3 Hz, C-5,
2-FC6H4), 120.6 (d, J = 15.5 Hz, C-1, 2-FC6H4), 118.1, 116.1 (d, J = 22.0 Hz, C-3, 2-FC6H4),
115.2, 111.8, 106.4, 82.7, 76.4; IR (KBr) 3293, 3115, 3068, 2924, 2104, 1645, 1580, 1547, 1498,
1465, 1397, 1300, 1229, 1109, 963, 890, 817, 780, 759, 672, 577, 471 cm−1; Anal. Calcd for
C14H10FN: C, 79.60; H, 4.77; F, 8.99; N, 6.63%. Found: C, 79.24; H, 4.96; F, 8.75; N, 6.39%.
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5-Ethynyl-2,3-diphenyl-1-vinyl-1H-pyrrole (4i). Yield: 242 mg (90%), white crystals; mp 93–94
◦C; 1H NMR (400.13 MHz, CDCl3): δ 7.39–7.34 (m, 3H, Ho,p, Ph), 7.31–7.26 (m, 2H, Ho, Ph),
7.21–7.15 (m, 2H, Hm, Ph), 7.15–7.09 (m, 3H, Hm,p, Ph), 6.84 (s, 1H, H-3 pyrrole), 6.71 (dd,
J = 15.9, 9.2 Hz, 1H, Hx), 5.47 (d, J = 15.9 Hz, 1H, Ha), 4.91 (d, J = 9.2 Hz, 1H, Hb), 3.46 (s,
1H, ≡CH); 13C NMR (100.6 MHz, CDCl3): δ 135.1, 131.9, 131.8, 131.4 (2C), 130.8, 128.7 (2C),
128.3 (2C), 128.2 (3C), 126.1, 123.8, 118.6, 113.7, 106.5, 82.8, 76.5; IR (KBr) 3274, 3080, 3057,
2923, 2100, 1641, 1601, 1557, 1495, 1446, 1386, 1320, 1305, 1177, 1031, 964, 889, 800, 769, 699,
587, 522 cm−1; Anal. Calcd for C20H15N: C, 89.19; H, 5.61; N, 5.20%. Found: C, 88.89; H,
5.45; N, 5.34%.

2-Ethynyl-1-methyl-5-(thiophen-2-yl)-1H-pyrrole (4j). Yield: 174 mg (93%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 7.32–7.28 (m, 1H, H-5, thiophene), 7.10–7.05 (m, 2H, H-3,4,
thiophene), 6.51 (d, J = 3.9 Hz, 1H, H-3 pyrrole), 6.26 (d, J = 3.9 Hz, 1H, H-4, pyrrole), 3.76 (s,
3H, N-CH3), 3.43 (s, 1H, ≡CH); 13C NMR (100.6 MHz, CDCl3): δ 134.4, 129.2, 127.5, 125.8,
125.3, 116.6, 115.6, 109.7, 99.7, 82.2, 33.2; IR (KBr) 3288, 3106, 3074, 2944, 2922, 2101, 1445,
1417, 1395, 1345, 1314, 1201, 1034, 845, 766, 698, 570, 493 cm−1; Anal. Calcd for C11H9NS: C,
70.55; H, 4.84; N, 7.48; S, 17.12%. Found: C, 70.26; H, 4.69; N, 7.28; S, 16.82%.

1-Benzyl-2-ethynyl-1H-pyrrole (4k). Yield: 145 mg (80%), colorless oil; 1H NMR (400.13
MHz, CDCl3): δ 7.36–7.27 (m, 3H, Hm,p, Ph), 7.16–7.14 (m, 2H, Ho, Ph), 6.68–6.65 (m, 1H,
H-3, pyrrole), 6.54–6.51 (m, 1H, H-5, pyrrole), 6.13–6.10 (m, 1H, H-4, pyrrole), 5.19 (s, 2H,
CH2-Ph), 3.33 (s, 1H, ≡CH); 13C NMR (CDCl3, 100.6 MHz): δ 137.9, 128.8 (2C), 127.7, 127.3
(2C), 123.1, 116.0, 114.7, 108.7, 81.7, 76.0, 51.3; IR (KBr) 3288, 3106, 3064, 3031, 2925, 2853,
2103, 1495, 1466, 1455, 1435, 1300, 1018, 722, 694, 569, 522 cm−1; Anal. Calcd for C13H11N:
C, 86.15; H, 6.12; N, 7.73%. Found: C, 85.84; H, 5.89; N, 7.45%.

3-Ethynyl-1-methyl-1H-indole (6). Yield: 113 mg (73%); Spectral characteristics are the same
as previously published [64].

2-Ethynyl-3,6-dimethyl-4,5,6,7-tetrahydrobenzofuran (8). Yield: 139 mg (80%), colorless oil; 1H
NMR (400.13 MHz, CDCl3): δ 3.55 (s, 1H, ≡CH), 2.67–2.62 (m, 1H, CH), 2.33–2.30 (m, 2H,
CH2), 2.19–2.12 (m, 1H, CH), 2.00 (s, 3H, Me), 1.93–1.91 (m, 1H, CH), 1.85–1.81 (m, 1H, CH),
1.36–1.30 (m, 1H, CH), 1.07 (d, J = 6.7 Hz, 3H, CHMe); 13C NMR (100.6 MHz, CDCl3): δ
152.1, 131.5, 127.2, 118.4, 83.8, 74.7, 31.7, 31.2, 29.6, 21.5, 20.0, 9.0; IR (KBr) 3293, 2923, 2849,
2103, 1628, 1558, 1456, 1379, 1295, 1257, 1150, 1107, 1066, 1041, 774, 692 cm−1; Anal. Calcd
for C12H14O: C, 82.72; H, 8.10; O, 9.18%. Found: C, 82.94; H, 7.88%.

3.3. Synthesis of Propargyl Alcohols 3a,c,d,f

Acylethynylpyrrole 1a,c,d,f (1 mmol) was dissolved in dry MeCN (4 mL), and then
t-BuONa (192 mg, 2 mmol) was added to reaction mixture under nitrogen and reaction
mixture was stirred at room temperature for 1 h. Then reaction mixture was diluted with
water (30 mL) and extracted by diethyl ether (3 × 10 mL). Extracts were washed with water
(3 × 5 mL) and dried over Na2SO4. The residue after removing solvents was fractionated
by column chromatography (SiO2, n-hexane:diethyl ether, 10:1) to afford propargyl alcohol
3a,c,d,f.

5-(1-Benzyl-4,5,6,7-tetrahydro-1H-indol-2-yl)-3-hydroxy-3-(thiophen-2-yl)pent-4-ynenitrile (3a).
Spectral characteristics are the same as previously published [36].

3-Hydroxy-3-phenyl-5-(1-vinyl-4,5,6,7-tetrahydro-1H-indol-2-yl)pent-4-ynenitrile (3c). Yield:
224 mg (71%), yellow oil; 1H NMR (400.13 MHz, CDCl3): δ 7.72–7.71 (m, 2H, Ho, Ph),
7.44–7.37 (m, 3H, Hm,p, Ph), 6.98 (dd, J = 15.9, 9.3 Hz, 1H, Hx), 6.40 (s, 1H, H-3, pyrrole),
5.34 (d, J = 15.9 Hz, 1H, Ha), 4.88 (d, J = 9.3 Hz, 1H, Hb), 3.03 (d, J = 4.8 Hz, 2H, CH2CN),
2.85 (s, 1H, OH), 2.67–2.65 (m, 2H, CH2-7), 2.49–2.47 (m, 2H, CH2-4), 1.83–1.81 (m, 2H,
CH2-5), 1.74–1.73 (m, 2H, CH2-6); 13C NMR (CDCl3, 100.6 MHz): δ 141.7, 131.5, 130.4, 129.0,
128.8 (2C), 125.4 (2C), 119.9, 117.3, 116.4, 111.3, 103.2, 92.9, 81.4, 71.0, 35.7, 24.1, 23.3, 23.1,
23.0. IR (film) 3422, 3062, 3030, 2931, 2851, 2215, 1643, 1492, 1447, 1383, 1295, 1241, 1143,
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1102, 1053, 968, 910, 805, 765, 733, 700, 646 cm−1; Anal. Calcd for C21H20N2O: C, 79.72; H,
6.37; N, 8.85; O, 5.06%. Found: C, 79.44; H, 6.20; N, 8.59%.

5-(4,5-Dimethyl-1-vinyl-1H-pyrrol-2-yl)-3-hydroxy-3-phenylpent-4-ynenitrile (3d). Yield: 197 mg
(68%), yellow crystals, mp 101–102 ◦C; 1H NMR (400.13 MHz, CDCl3): δ 7.72–7.70 (m, 2H,
Ho, Ph), 7.42–7.40 (m, 2H, Hm,p, Ph), 6.91 (dd, J = 15.9, 9.1 Hz, 1H, Hx), 6.41 (s, 1H, H-3,
pyrrole), 5.45 (d, J = 15.9 Hz, 1H, Ha), 4.99 (d, J = 9.1 Hz, 1H, Hb), 3.02 (d, J = 5.1 Hz, 2H,
CH2CN), 2.86 (s, 1H, OH), 2.22 (s, 3H, Me), 2.00 (s, 3H, Me); 13C NMR (100.6 MHz, CDCl3):
δ 141.7, 130.6, 128.9, 128.7 (2C), 128.6, 125.4 (2C), 119.5, 117.0, 116.4, 110.6, 105.6, 92.6, 81.4,
70.9, 35.6, 11.3, 11.1; IR (KBr) 3422, 3062, 3030, 2921, 2215, 1643, 1493, 1449, 1392, 1357, 1304,
1172, 1100, 1049, 967, 910, 809, 765, 733, 700, 634 cm−1; Anal. Calcd for C19H18N2O: C, 78.59;
H, 6.25; N, 9.65; O, 5.51%. Found: C, 78.22; H, 6.02; N, 9.42%.

3-Hydroxy-3-phenyl-5-(5-(4-methylphenyl)-1-vinyl-1H-pyrrol-2-yl)pent-4-ynenitrile (3f). Yield:
281 mg (80%), yellow oil; 1H NMR (CDCl3, 400 MHz): δ 7.74–7.72 (m, 2H, Ho, Ph), 7.45–7.39
(m, 2H, Hm,p, Ph), 7.31 (d, J = 7.9 Hz, 2H, Ho, C6H4), 7.21 (d, J = 7.9 Hz, 2H, Hm, C6H4), 6.83
(dd, J = 15.8, 8.9 Hz, 1H, Hx), 6.67 (d, J = 3.8 Hz, 1H, H-4, pyrrole), 6.22 (d, J = 3.8 Hz, 1H,
H-3, pyrrole), 5.52 (d, J = 15.8 Hz, 1H, Ha), 5.05 (d, J = 8.9 Hz, 1H, Hb), 3.06 (d, J = 5.0 Hz,
2H, CH2CN), 2.85 (s, 1H, OH), 2.39 (s, 3H, Me); 13C NMR (CDCl3, 100.6 MHz): δ 141.6,
137.8, 136.8, 131.2, 129.4, 129.3 (2C), 129.1 (3C), 128.8 (2C), 125.4 (2C), 118.9, 116.3, 113.7,
110.1, 108.0, 93.1, 81.4, 71.0, 35.6, 21.4; IR (KBr) 3416, 3061, 3028, 2922, 2218, 1643, 1515, 1472,
1449, 1418, 1389, 1324, 1301, 1224, 1112, 1042, 964, 909, 823, 773, 733,701, 622, 503 cm−1,
Anal. Calcd for C24H20N2O: C, 81.79; H, 5.72; N, 7.95; O, 4.54%. Found: C, 81.35; H, 5.60;
N, 7.68%.

4. Conclusions

In conclusion, we have found efficient and extraordinarily easy (room temperature)
access to ethynylpyrroles via decarbonylation of available acylethynylpyrroles. The re-
action proceeds in the MeCN-THF/t-BuOK system via the addition of CH2CN− anion
to the carbonyl group of acylethynylpyrroles followed by retro-Favorsky reaction of the
intermediated propargylic alcohols. Thermodynamic aspects of the intermediate alcohol
decomposition have been considered in the framework of B2PLYP/6-311G**//B3LYP/6-
311G**+C-PCM/acetonitrile methodology. The substrate scope of the reaction includes
benzoyl-, furoyl-, thenoylethynylpyrroles with alkyl, vinyl, aryl and hetaryl substituents at
1(4,5)-positions of the pyrrole ring, and methyl, benzyl, and vinyl moieties at the nitrogen
atom, as well as acylethynyl derivatives of 1-methylindole and menthofuran.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28031389/s1. Synthesis of ethynylpyrroles 4a–k, ethynylin-
dole 6, ethynylfuran 8 (S3–S7); Synthesis of propargyl alcohols 3a,c,d,f (S7–S8); Quantum chemical
calculations details (S9–S12); 1H and 13C NMR spectra of synthesized compounds 3a,c,d,f, 4a–k, 6, 8

(S13–S44). References [36,64–74] are cited in the Supplementary Materials.
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Abstract: Ten novel bifunctional quaternary ammonium salt phase-transfer organocatalysts were
synthesized in four steps from (+)-camphor-derived 1,3-diamines. These quaternary ammonium
salts contained either (thio)urea or squaramide hydrogen bond donor groups in combination with
either trifluoroacetate or iodide as the counteranion. Their organocatalytic activity was evaluated
in electrophilic heterofunctionalizations of β-keto esters and in the Michael addition of a glycine
Schiff base with methyl acrylate. α-Fluorination and chlorination of β-keto esters proceeded with full
conversion and low enantioselectivities (up to 29% ee). Similarly, the Michael addition of a glycine
Schiff base with methyl acrylate proceeded with full conversion and up to 11% ee. The new catalysts
have been fully characterized; the stereochemistry at the C-2 chiral center was unambiguously
determined.

Keywords: asymmetric organocatalysis; quaternary ammonium salts; phase-transfer catalysts (PTCs);
camphor; camphor-derived diamines; β-keto esters; enantioselective α-fluorination; electrophilic
α-chlorination; asymmetric Michael addition

1. Introduction

Since the seminal contributions of Wynberg [1], Dolling [2], and O’Donnell [3] in the
1970s and 1980s, in which chiral quaternary ammonium salts based on Cinchona alkaloids
were used as catalysts for enantioselective epoxidations and α-alkylations of prochiral sub-
strates, the use of chiral quaternary ammonium salts as phase-transfer catalysts (PTCs) has
been successfully demonstrated in a multitude of asymmetric organic transformations and
now represents an established fundamental catalysis principle in asymmetric organocataly-
sis [4–8]. In addition to Cinchona alkaloid-based PTCs, other chiral backbones have also
been successfully used to access high-performance catalysts. A group of highly efficient
binaphthyl-based ammonium salts was introduced by Maruoka (the so-called Maruoka
catalysts) [9,10], which have since established themselves as the second most privileged
class of chiral ammonium salt PTCs, alongside Cinchona alkaloids (Figure 1). Over the
years, efficient chiral quaternary ammonium salts based on tartaric acid [11,12], α-amino
acids [13,14], trans-cyclohexane-1,2-diamine [15], and others [16] have been developed.
Many of the developed quaternary ammonium salts, especially catalysts based on Cinchona
alkaloids and some Maruoka-type catalysts, possess a hydrogen-bonding donor in the form
of a OH group, which leads to improved catalytic properties [17]. The incorporation of
(thio)urea-containing hydrogen bond donors in catalysts based on Cinchona alkaloids, and,
in particular, in catalysts based on amino acids and cyclohexane-1,2-diamine, contributed
significantly to the diversification of the available catalysts and extended the scope of
catalyzed asymmetric transformations [13,15,18,19].
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Figure 1. Selected efficient chiral quaternary ammonium salt phase-transfer catalysts (PTCs) and
novel bifunctional camphor-based PTCs reported herein [20].

Camphor is one of nature’s most privileged scaffolds, readily available in both enan-
tiomeric forms. In addition, camphor undergoes a variety of interesting chemical transfor-
mations that functionalize, at first sight, inactive positions [21,22], allowing the synthesis
of structurally and functionally very different products [23–27], thus making camphor
a desirable starting material. The first reports on the application of camphor-derived
organocatalysts date back to 2001. Camphor-derived phase-transfer organocatalysts were
employed to catalyze the α-alkylation of a glycine Schiff base with enantioselectivities up
to 39% ee (Figure 1) [20]. Since then, several types of camphor-based organocatalysts have
been reported, exhibiting covalent or noncovalent activation modes, both those with a
camphor backbone as the sole chiral fragment and those in which the camphor backbone is
covalently linked to a chiral amino acid, usually proline, via a suitable spacer [28].

As part of our ongoing study of camphor-based diamines as potential organocatalyst
scaffolds [29], we reported the synthesis of 1,3-diamine-based bifunctional squaramide
organocatalysts prepared from camphor and their application as efficient catalysts in
Michael additions of 1,3-dicarbonyl compounds and pyrrolones as nucleophiles to trans-
β-nitrostyrene derivatives [30,31]. Extending this work, we report here the synthesis of
a new type of 1,3-diamine-based bifunctional quaternary ammonium salt phase-transfer
organocatalyst (Figure 1) and its evaluation in the electrophilic α-functionalization of β-keto
ester and the alkylation of a glycine-derived Schiff base with methyl acrylate.

2. Results and Discussion

2.1. Synthesis

Camphor-derived endo-diamines 1a,b and exo-diamines 2a were prepared in four
steps from commercially available (1S)-(+)-10-camphorsulfonic acid (Scheme 1) [29,30].
Camphorsulfonic acid was transformed into 10-iodocamphor in an Apple-type reaction,
followed by nucleophilic substitution with pyrrolidine or dimethylamine in dimethyl
sulfoxide. The thus formed tertiary amines were transformed into the corresponding
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oximes. The final oxime reduction with sodium in isopropanol gave a mixture of the
corresponding major endo-diamines 1a,b and minor exo-diamines 2a, separable by column
chromatography.

 
Scheme 1. Synthesis of camphor-derived endo- 7a,b and exo-quaternary ammonium salts 8a.

Next, the primary amino group of diamines 1a,b and 2a was Boc-protected, yielding
3a,b and 4a, respectively. In the following step, we introduced the benzyl group to the
tertiary amine (benzyl groups have been very successfully established as useful motives
for numerous quaternary ammonium salt phase-transfer catalysts [4–8]). Alkylation with
benzyl bromide thus gave the quaternary ammonium salts 5a,b and 6a. Potassium carbon-
ate was added to ensure complete conversion. They were subsequently Boc-deprotected
with trifluoroacetic acid or aqueous hydrogen iodide, furnishing ammonium salts 7a,b and
8a, respectively (Scheme 1).

Finally, the ammonium salts 7a,b and 8a were reacted with aromatic iso(thio)cyanates
9 and squaramate 10 to give the quaternary trifluoroacetate ammonium salts I, IV, VI,
VII, and IX. The quaternary iodide ammonium salts II, V, and VIII were formed from
the corresponding trifluoroacetates I, IV, and VII, respectively, via anion metathesis with
excess NaI in dichloromethane (Scheme 2). The quaternary iodide ammonium salts III

and X were formed directly from the iodide ammonium salt 7b and the corresponding
isothiocyanate. The catalysts thus formed have either (thio)urea or squaramide hydrogen
bond donors (Supplementary Materials).
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Scheme 2. Synthesis of camphor-derived phase-transfer organocatalysts.

2.2. Structure Determination

The intermediates 3–8 were characterized by 1H- and 13C-NMR, IR, and HRMS.
Compounds 1a and 2a were characterized by 1H-NMR. Phase-transfer catalysts I–X have
been fully characterized. The structures of the thioureas III and VI-Br (the bromide analog
of the compound VI) were determined by single-crystal X-ray analysis (Figure 2). In
both structures, the endo-stereochemistry was confirmed at the C-2 chiral center. The
conformational differences in the two structures in the solid state are shown in Figure 3.
The main differences are due to the conformation of the benzyl group and the arylthiourea
structural elements.

The endo-stereochemistry at the C-2 chiral center of compounds III–X was further
confirmed by NOESY measurements based on the cross-peak between the methyl group
and the exo-H(2) proton (Figure 4). Similarly, the exo-stereochemistry at the C-2 chiral center
of compounds I and II was in line with the cross-peak between the methyl group and the
exo-H–N proton observed in the NOESY spectra (Supplementary Materials).
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(a) (b) 

Figure 2. Molecular structures of products III (a) and VI-Br (b). Thermal ellipsoids are shown at 50%
probability.

Figure 3. Stick presentation of the superimposed molecular structures of products III (blue) and
VI-Br (red).

 
Figure 4. The determination of stereochemistry at the C-2 chiral center of compounds I–X by
NOESY experiments and the correlation between the multiplicity of the H–C(3)-endo proton (He)
and the endo absolute configuration at the C-2 chiral center of compounds 1, 3, 5, 7, and III–X

(Supplementary Materials).
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Finally, the stereochemistry at the C-2 chiral center can be correlated on the basis of
the multiplicity of the H–C(3)-endo proton (He) (Figure 4). Exclusively in the endo-isomes of
compounds 1, 3, 5, 7, and III–X, the H–C(3)-endo proton appears as a doublet of doublet
between 0.67 and 1.35 ppm (Table S7 in Supplementary Materials).

2.3. Organocatalytic Activity

First, the organocatalytic activity of camphor-derived phase-transfer organocatalysts
I–IX was tested in electrophilic functionalizations of β-keto ester 9 (Scheme 3). Details of
the optimization reactions can be found in the Supporting Information. The asymmetric
α-fluorination of β-keto ester 9 with N-fluorobenzenesulfonimide (NFSI) proceeded under
complete conversion and gave the product 10 with low enantioselectivity (87% yield and up
to 29% ee). The best result was obtained with the catalyst VIII in toluene in the presence of
K3PO4. In contrast, up to 86% ee has been reported in the literature for the α-fluorination of
β-keto ester 9 with NFSI [15,32]. Similarly, the α-chlorination of 9 with N-chlorosuccinimide
(NCI) gave product 11 in complete conversion and a meager 7% ee when squaramide PTC
IX was used (for comparison, up to 80% ee has been reported in the literature when using
alternative catalyst scaffolds [33]). Disappointingly, both the α-hydroxylation [34] of 9

with tosylimine 12/H2O2 and the ring opening of arylaziridine 14 [35] with 9 did not give
the expected products 13 and 16, respectively. In both cases, no conversion was observed.
Finally, the asymmetric Michael addition of glycine Schiff base 16 to methyl acrylate (17)
was investigated, with up to 90% ee reported in the literature [36]. Catalyst V gave the
expected product 18 with full conversion but low enantioselectivity (11% ee).

 

Scheme 3. Organocatalytic activity of camphor-derived phase-transfer organocatalysts; MTBE:
methyl tert-butyl ether.
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3. Materials and Methods

Solvents for extractions and chromatography were of technical grade and were dis-
tilled prior to use. Extracts were dried over technical-grade anhydrous Na2SO4. Melting
points were determined on a Kofler micro hot stage. The NMR spectra were obtained on
a Bruker Avance DPX 300 and Bruker Avance III 300 at 300 MHz for 1H nucleus, Bruker
UltraShield 500 plus (Bruker, Billerica, MA, USA) at 500 MHz for 1H and 126 MHz for
13C nucleus, and Bruker Ascend 600 (Bruker, Billerica, MA, USA) at 600 MHz for 1H and
151 MHz for 13C nucleus, using DMSO-d6 and CDCl3, with TMS as the internal standard,
as solvents. Mass spectra were recorded on an Agilent 6224 Accurate Mass TOF LC/MS
(Agilent Technologies, Santa Clara, CA, USA), and IR spectra on a Perkin-Elmer Spectrum
BX FTIR spectrophotometer (PerkinElmer, Waltham, MA, USA). CD spectra were recorded
on a J-1500 Circular Dichroism Spectrophotometer (JASCO corporation, Tokyo, Japan).
Column chromatography (CC) was performed on silica gel (Silica gel 60, particle size:
0.035–0.070 mm (Sigma-Aldrich, St. Louis, MI, USA)). HPLC analyses were performed
on an Agilent 1260 Infinity LC (Agilent Technologies, Santa Clara, CA, USA) and Dionex
Summit HPLC system (Dionex Corporation, Sunnyvale, CA, USA) using CHIRALPAK
AD-H (0.46 cm ø × 25 cm) and CHIRALPAK OJ-H (0.46 cm ø × 25 cm), as the chiral
columns (Chiral Technologies, Inc., West Chester, PA, United States). All the commercially
available chemicals used were purchased from Sigma-Aldrich (St. Louis, MI, USA). In
addition, (1S,2S,4R)-7,7-dimethyl-1-(pyrrolidin-1-ylmethyl)bicyclo[2.2.1]heptan-2-amine
(1b) was prepared following the literature procedure [30].

3.1. Reduction of (1S,4R,E)-1-[(Dimethylamino)methyl]-7,7-dimethylbicyclo[2.2.1]heptan-2-one oxime

Oxime (7.6 mmol, 1.6 g) was dissolved in propan-1-ol (86 mL) and heated to 95 °C.
Then, small pieces of sodium (approximately 50 mg) were added continuously for 1 h at
95 °C; care was taken to ensure that the unreacted sodium (excess sodium) remained present
in the reaction mixture at all times during the reaction. After completion of the reaction,
the volatiles were evaporated in vacuo. The residue was dissolved in a mixture of water
(20 mL) and Et2O (80 mL). The organic phase was washed with water (2 × 20 mL) and NaCl
(aq. sat., 1 × 20 mL), dried over anhydrous Na2SO4, and the volatiles were evaporated in
vacuo. Diastereomers 1a and 2a were formed in a ratio of 2.6:1. The diastereomers were
separated by column chromatography (Silica gel 60, EtOAc/MeOH/Et3N = 4:1:1).

3.1.1. (1S,2R,4R)-1-[(Dimethylamino)methyl]-7,7-dimethylbicyclo[2.2.1]heptan-2-amine (2a)

Elutes first from the column. Yield: 175 mg (0.89 mmol, 12%) of colorless oil. 1H-NMR
(500 MHz, CDCl3): δ 0.79 (s, 3H), 1.05 (s, 3H), 1.06–1.13 (m, 1H), 1.34 (ddd, J = 12.8, 9.4, 3.9,
1H), 1.54–1.61 (m, 3H), 1.63 (t, J = 4.3, 1H), 1.64–1.75 (m, 2H), 1.93 (d, J = 11.4, 1H), 2.02 (d,
J = 13.0, 1H), 2.27 (s, 6H), 2.74 (d, J = 13.0, 1H), 3.11 (dd, J = 8.7, 5.1, 1H).

3.1.2. (1S,2S,4R)-1-[(Dimethylamino)methyl]-7,7-dimethylbicyclo[2.2.1]heptan-2-amine (1a)

Elutes second from the column. Yield: 850 mg (4.33 mmol, 57%) of colorless oil. 1H-
NMR (500 MHz, CDCl3): δ 0.67 (dd, J = 12.9, 4.3, 1H), 0.86 (s, 3H), 0.89 (s, 3H), 1.22 (ddd,
J = 12.3, 9.5, 4.4, 1H), 1.38 (ddd, J = 12.3, 4.5, 2.0, 1H), 1.49 (t, J = 4.6, 1H), 1.70–1.79 (m, 1H),
1.80 (br s, 2H), 2.10 (d, J = 13.1, 1H), 2.13–2.17 (m, 1H), 2.20 (s, 6H), 2.21–2.26 (m, 1H), 2.45
(d, J = 13.0, 1H), 3.36 (ddd, J = 10.6, 4.3, 2.0, 1H).

3.2. Boc Protection of Chiral Amines—General Procedure 1 (GP1)

To a solution of amine 1 or 2 and triethylamine (1.4 equivalents) in anhydrous CH2Cl2
was added di-tert-butyl dicarbonate (1.4 equivalents). The resulting reaction mixture was
stirred at 25 ◦C for 24 h. Dichloromethane was evaporated in vacuo and the residue was
purified by column chromatography (CC). The fractions containing product 3 or 4 were
combined and the volatiles were evaporated in vacuo.
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3.2.1. tert-Butyl {(1S,2S,4R)-1-[(dimethylamino)methyl]-7,7-dimethylbicyclo[2.2.1]
heptan-2-yl}carbamate (3a)

Following GP1. Prepared from endo-amine 1a (4.69 mmol, 920 mg) and di-tert-butyl
dicarbonate (6.56 mmol, 1.431 g), Et3N (6.56 mmol, 915 μL), CH2Cl2 (20 mL), 25 ◦C,
24 h. Isolation by column chromatography (Silica gel 60, EtOAc/petroleum ether = 1:5).
Yield: 1.39 g (4.69 mmol, 99%) of colorless oil. [α]r.t.

D = +11.2 (0.15, MeOH). EI-HRMS:
m/z = 297.2646 (MH)+; C17H33N2O2

+ requires: m/z = 297.2536 (MH)+; νmax 3346, 2935,
2819, 2765, 1698, 1483, 1454, 1389, 1364, 1297, 1242, 1167, 1114, 1065, 1040, 1014, 946, 874,
837, 780 cm−1. 1H-NMR (500 MHz, CDCl3): δ 0.86 (s, 3H), 0.90 (s, 3H), 1.04 (dd, J = 13.4,
4.3, 1H), 1.21 (ddd, J = 12.2, 9.5, 4.4, 1H), 1.43 (s, 9H), 1.45–1.51 (m, 1H), 1.56 (t, J = 4.6, 1H),
1.72 (tq, J = 12.1, 4.1, 1H), 1.86 (br t, 1H), 2.21 (s, 6H), 2.24 (d, J = 13.6, 1H), 2.28–2.33 (m, 1H),
2.36 (d, J = 13.8, 1H), 3.75 (s, 1H), 6.00 (s, 1H). 13C-NMR (126 MHz, CDCl3): δ 19.19, 20.31,
25.40, 28.39, 28.64, 37.92, 45.07, 48.10, 48.33, 50.98, 56.25, 61.97, 78.72, 157.52.

3.2.2. tert-Butyl {(1S,2R,4R)-1-[(dimethylamino)methyl]-7,7-dimethylbicyclo[2.2.1]
heptan-2-yl}carbamate (4a)

Following GP1. Prepared from exo-amine 2a (0.81 mmol, 160 mg) and di-tert-butyl
dicarbonate (1.134 mmol, 247 mg), Et3N (1.19 mmol, 166 μL), CH2Cl2 (4 mL), 25 ◦C,
24 h. Isolation by column chromatography (Silica gel 60, EtOAc/petroleum ether = 1:5).
Yield: 230 mg (0.78 mmol, 95%) of colorless oil. [α]r.t.

D = +25.7 (0.175, MeOH). EI-HRMS:
m/z = 297.2536 (MH)+; C17H33N2O2

+ requires: m/z = 297.2537 (MH)+; νmax 3344, 2935,
2819, 2765, 1698, 1484, 1453, 1389, 1364, 1297, 1243, 1167, 1113, 1065, 1040, 1004, 943, 874,
837, 780 cm−1. 1H-NMR (500 MHz, CDCl3): δ 0.87 (s, 3H), 0.99 (s, 3H), 1.09–1.17 (m, 1H),
1.34 (t, J = 9.4, 1H), 1.42–1.45 (m, 1H), 1.43 (s, 9H), 1.67 (d, J = 3.5, 2H), 1.69–1.75 (m, 1H),
1.86 (d, J = 8.4, 1H), 2.24 (s, 6H), 2.25 (d, J = 13.9, 1H), 2.40 (d, J = 13.9, 1H), 3.71 (br s, 1H),
5.58 (br s, 1H). 13C-NMR (126 MHz, CDCl3): δ 20.95, 27.15, 28.50, 28.67, 30.48, 33.79, 40.55,
45.67, 48.03, 50.94, 57.44, 58.86, 78.90, 155.72.

3.2.3. tert-Butyl [(1S,2S,4R)-7,7-dimethyl-1-(pyrrolidin-1-ylmethyl)bicyclo[2.2.1]
heptan-2-yl}carbamate (3b)

Following GP1. Prepared from endo-amine 1b (3.91 mmol, 869 mg) and di-tert-butyl
dicarbonate (5.474 mmol, 1.194 g), Et3N (5.474 mmol, 763 μL), CH2Cl2 (20 mL), 25 ◦C,
24 h. Isolation by column chromatography (Silica gel 60, EtOAc/petroleum ether = 1:5).
Yield: 1.251 g (3.88 mmol, 99%) of brownish oil. [α]r.t.

D = +1.1 (0.295, MeOH). EI-HRMS:
m/z = 323.2688 (MH)+; C19H35N2O2

+ requires: m/z = 323.2693 (MH)+; νmax 3300, 2979,
2937, 2879, 2794, 1808, 1757, 1715, 1460, 1395, 1371, 1306, 1250, 1211, 1168, 1113, 1062,
950, 844, 775, 664 cm−1. 1H-NMR (600 MHz, CDCl3): δ 0.85 (s, 3H), 0.90 (s, 3H), 1.07 (dd,
J = 13.4, 4.4, 1H), 1.21 (ddd, J = 12.8, 9.5, 4.5, 1H), 1.4–1.45 (m, 1H), 1.41 (s, 9H), 1.56 (t,
J = 4.6, 1H), 1.65–1.73 (m, 6H), 1.90 (ddd, J = 13.6, 8.9, 4.1, 1H), 2.31 (s, 1H), 2.37 (d, J = 13.4,
1H), 2.41–2.46 (m, 2H), 2.56–2.60 (m, 2H), 2.66 (d, J = 13.4, 1H), 3.72 (br s, 1H), 6.31 (br s, 1H).
13C-NMR (151 MHz, CDCl3): δ 19.18, 20.23, 24.16, 26.03, 28.43, 28.61, 37.58, 45.22, 47.88,
50.81, 56.47, 56.82, 58.03, 78.48, 157.80.

3.3. Benzylation of Tertiary Amines—General Procedure 2 (GP2)

To a stirred mixture of tertiary amine 3 or 4 and K2CO3 (1.1 equivalents) in anhydrous
DMF was added benzyl bromide (1.1 equivalents). The resulting reaction mixture was
stirred at 25 ◦C for 24 h. DMF was evaporated in vacuo and the residue was purified by
column chromatography (CC). The fractions containing product 5 or 6 were combined and
the volatiles were evaporated in vacuo.

3.3.1. N-Benzyl-1-{(1S,2S,4R)-2-[(tert-butoxycarbonyl)amino]-7,7-dimethylbicyclo[2.2.1]
heptan-1-yl}-N,N-dimethylmethanaminium Bromide (5a)

Following GP2. Prepared from compound 3a (1.06 mmol, 315 mg) and benzyl bromide
(1.16 mmol, 139 μL), K2CO3 (1.16 mmol, 160 mg), DMF (5 mL), 25 ◦C, 24 h. Isolation by
column chromatography (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 340 mg (0.73 mmol,
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69%) of colorless oil. [α]r.t.
D = +14.0 (0.087, MeOH). EI-HRMS: m/z = 387.3003 (M)+;

C24H39N2O2 requires: m/z = 387.3006 (M)+; νmax 3369, 3197, 2951, 2199, 2163, 2098, 1989,
1685, 1540, 1490, 1477, 1454, 1392, 1379, 1366, 1299, 1284, 1271, 1252, 1217, 1158, 1125, 1065,
1042, 1012, 947, 917, 882, 868, 854, 839, 783, 752, 732, 706 cm−1. 1H-NMR (500 MHz, CDCl3):
δ 0.87–0.93 (m, 1H), 0.94 (s, 3H), 0.98 (s, 3H), 1.29–1.34 (m, 1H), 1.36 (s, 9H), 1.58 (t, J = 4.4,
1H), 1.86 (br t, J = 11.7, 1H), 1.93–2.03 (m, 1H), 2.21 (br t, J = 13.1, 1H), 2.47 (d, J = 11.7, 1H),
3.17 (s, 3H), 3.25 (s, 3H), 3.44 (br d, J = 13.6, 1H), 4.11 (br d, J = 13.5, 1H), 4.18 (br t, J = 9.9,
1H), 4.97 (d, J = 12.3, 1H), 5.03 (br s, 1H), 5.20 (d, J = 12.2, 1H), 7.32–7.43 (m, 3H), 7.61 (d,
J = 7.4, 2H). 13C-NMR (126 MHz, CDCl3): δ 19.48, 20.76, 27.34, 28.28, 28.75, 40.19, 43.67,
50.40, 51.55, 53.72, 54.15, 69.24, 70.42, 80.67, 127.78, 128.94, 130.51, 133.47, 156.14.

3.3.2. N-Benzyl-1-{(1S,2R,4R)-2-[(tert-butoxycarbonyl)amino]-7,7-dimethylbicyclo[2.2.1]
heptan-1-yl}-N,N-dimethylmethanaminium Bromide (6a)

Following GP2. Prepared from compound 4a (2.53 mmol, 748 mg) and benzyl bromide
(3.795 mmol, 453 μL), K2CO3 (2.78 mmol, 385 mg), DMF (13 mL), 25 ◦C, 24 h. Isola-
tion by column chromatography (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 904 mg
(1.93 mmol, 76%) of colorless oil. [α]r.t.

D = −4.3 (0.26, MeOH). EI-HRMS: m/z = 387.3000
(M)+; C24H39N2O2

+ requires: m/z = 387.3006 (M)+; νmax 3341, 2965, 2885, 2156, 1698, 1606,
1508, 1475, 1456, 1365, 1278, 1247, 1168, 1060, 1019, 953, 860, 782, 732, 706 cm−1. 1H-NMR
(500 MHz, CDCl3): δ 0.92 (dd, J = 13.4, 3.5, 1H), 0.97 (s, 3H), 1.03 (s, 3H), 1.35 (t, J = 4.8, 1H),
1.39 (s, 9H), 1.62 (t, J = 4.5, 1H), 1.88–1.99 (m, 2H), 2.29 (br t, J = 12.9, 1H), 2.46–2.56 (m, 1H),
3.19 (s, 3H), 3.27 (s, 3H), 3.43 (br d, J = 14.3, 1H), 4.16–4.26 (m, 2H), 4.92 (d, J = 10.9, 1H),
4.97 (d, J = 12.4, 1H), 5.21 (d, J = 12.4, 1H), 7.37–7.46 (m, 3H), 7.63 (d, J = 6.9, 2H). 13C-NMR
(126 MHz, CDCl3): δ 19.60, 20.95, 27.47, 28.40, 28.91, 40.49, 43.82, 50.54, 51.73, 53.85, 54.30,
69.39, 70.63, 80.94, 127.79, 129.12, 130.72, 133.57, 156.18.

3.3.3. 1-Benzyl-1-({(1S,2S,4R)-2-[(tert-butoxycarbonyl)amino]-7,7-dimethylbicyclo[2.2.1]
heptan-1-yl}methyl)pyrrolidin-1-ium Bromide (5b)

Following GP2. Prepared from compound 3b (2.48 mmol, 828 mg) and benzyl bromide
(2.73 mmol, 324 μL), K2CO3 (2.73 mmol, 377 mg), DMF (13 mL), 25 ◦C, 24 h. Isolation by
column chromatography (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 469 mg (1.45 mmol,
59%) of brownish semisolid. [α]r.t.

D = +17.7 (0.12, MeOH). EI-HRMS: m/z = 413.3161 (M)+;
C26H41N2O2

+ requires: m/z = 413.3162 (M)+; νmax 3323, 3270, 2965, 2923, 1708, 1639, 1531,
1452, 1388, 1363, 1307, 1247, 1159, 1121, 1066, 1028, 1002, 923, 901, 855, 839, 780, 710 cm−1.
1H-NMR (500 MHz, CDCl3): δ 0.92 (s, 3H), 0.91–0.96 (m, 1H), 0.96 (s, 3H), 1.32–1.35 (br
t, 1H), 1.37 (s, 9H), 1.55 (t, J = 4.5, 1H), 1.62–1.73 (m, 1H), 1.74–1.86 (m, 2H), 1.88–2.04 (m,
2H), 2.04–2.13 (m, 1H), 2.17–2.27 (m, 1H), 2.39–2.48 (m, 1H), 3.39 (d, J = 14.0, 1H), 3.41–3.50
(m, 1H), 3.58–3.74 (m, 2H), 3.96 (ddd, J = 12.3, 8.1, 6.3, 1H), 4.13 (d, J = 14.0, 1H), 4.24 (tt,
J = 10.8, 3.1, 1H), 4.59 (d, J = 12.6, 1H), 5.22 (br s, 1H), 5.26 (d, J = 10.8, 1H), 7.28–7.39 (m,
3H), 7.57 (d, J = 7.0, 2H). 13C-NMR (126 MHz, CDCl3): δ 19.33, 20.70, 21.60, 22.07, 27.88,
28.29, 28.81, 39.70, 43.63, 51.48, 53.44, 53.74, 59.55, 62.11, 63.58, 67.05, 80.48, 128.21, 128.99,
130.40, 133.30, 156.03.

3.4. Boc Deprotection of Amines—General Procedure 3 (GP3)

To a solution of amine 5 or 6 in anhydrous CH2Cl2 (2.5 mL/mmol) was added trifluo-
roacetic acid (2.5 mL/mmol). The resulting reaction mixture was stirred at 25 ◦C for 2 h.
Dichloromethane and trifluoroacetic acid were evaporated in vacuo and the residue was
dissolved in CH2Cl2 (2.5 mL/mmol). The organic phase was washed with NaOH (aq., 2 M,
2 × 2.5 mL/mmol) and NaCl (aq. sat., 1 × 2.5 mL/mmol). The volatiles were evaporated
in vacuo to give product 7 or 8.

3.4.1. (1S,2S,4R)-1-[(Benzyldimethylammonio)methyl]-7,7-dimethylbicyclo[2.2.1]heptan-
2-aminium 2,2,2-Trifluoroacetate (7a)

Following GP3. Prepared from compound 5a (2.1 mmol, 1 g), trifluoroacetic acid
(5 mL), CH2Cl2 (5 mL), 25 ◦C, 2 h. Volatile components were evaporated in vacuo, and the
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residue was dissolved in dichloromethane and washed with NaOH (aq., 2 M) and NaCl (aq.
sat.). Yield: 605 mg (1.51 mmol, 72%) of colorless solid, mp = 179.9–182.1 ◦C. [α]r.t.

D = +16.2
(0.125, MeOH). EI-HRMS: m/z = 287.2483 (M)+; C19H31N2

+ requires: m/z = 287.2482 (M)+;
νmax 3377, 3292, 3042, 2943, 2881, 1685, 1585, 1479, 1457, 1401, 1372, 1302, 1196, 1157, 1113,
1048, 1025, 1010, 989, 935, 917, 881, 854, 819, 780, 785, 753, 733, 716, 707, 632, 607 cm−1.
1H-NMR (500 MHz, CDCl3): δ 0.89 (dd, J = 3.4, 13.1, 1H); 0.93 (s, 3H); 0.97 (s, 3H); 1.31–1.38
(m, 1H); 1.61 (t, J = 4.6, 1H); 1.77–1.84 (m, 1H); 1.86–1.96 (m, 1H); 2.05–2.13 (m, 1H); 2.44–2.53
(m, 1H); 3.28 (s, 3H); 3.37 (s, 3H); 3.43–3.49 (m, 1H); 3.68 (d, J = 13.9, 1H); 3.72 (d, J = 13.9,
1H); 4.97 (d, J = 12.4, 1H); 5.11 (d, J = 12.3, 1H); 7.40–7.48 (m, 3H); 7.56–7.60 (m, 2H), signal
for NH2 is missing. 13C-NMR (126 MHz, CDCl3): δ 19.41, 20.51, 26.70, 29.29, 44.19, 44.63,
49.97, 50.49, 52.44, 53.20, 53.69, 69.11, 71.98, 117.64 (q, J = 297.3), 128.29, 129.14, 130.57,
133.49, 161.16 (q, J = 32.7).

3.4.2. (1S,2R,4R)-1-[(Benzyldimethylammonio)methyl]-7,7-dimethylbicyclo[2.2.1]heptan-
2-aminium 2,2,2-Trifluoroacetate (8a)

Following GP3. Prepared from compound 6a (1.92 mmol, 900 mg), trifluoroacetic acid
(5 mL), CH2Cl2 (5 mL), 25 ◦C, 2 h. Volatile components were evaporated in vacuo, and the
residue was dissolved in dichloromethane and washed with NaOH (aq., 2 M) and NaCl (aq.
sat.). Yield: 567 mg (1.41 mmol, 74%) of colorless solid, mp = 157.1–158.8 ◦C. [α]r.t.

D = −9.8
(0.11, MeOH). EI-HRMS: m/z = 287.2477 (M)+; C19H31N2

+ requires: m/z = 287.2482 (M)+;
νmax 2953, 2883, 1684, 1476, 1456, 1393, 1371, 1311, 1196, 1153, 1113, 1035, 1009, 936, 911,
851, 820, 798, 784, 735, 714, 631 cm−1. 1H-NMR (600 MHz, CDCl3): δ 0.86 (s, 3H), 0.90 (s,
3H), 1.15–1.22 (m, 1H), 1.34–1.41 (m, 1H), 1.50–1.55 (m, 1H), 1.67 (s, 1H), 1.77 (d, J = 13.9,
3H), 1.92 (dd, J = 13.0, 7.3, 2H), 3.01 (dd, J = 9.0, 4.9, 1H), 3.19 (s, 6H), 3.33 (d, J = 13.5, 1H),
4.14 (d, J = 13.5, 1H), 4.75 (d, J = 12.5, 1H), 4.86 (d, J = 12.8, 1H), 7.35–7.41 (m, 3H), 7.56 (d,
J = 7.4, 2H). 13C-NMR (126 MHz, CDCl3): δ 20.58, 21.40, 27.73, 32.27, 44.01, 44.29, 50.60,
51.35, 51.53, 52.44, 57.11, 64.64, 71.26, 117.56 (q, J = 296.8), 127.79, 129.26, 130.81, 133.53,
161.25 (q, J = 32.7).

3.4.3. Synthesis of 1-{[(1S,2S,4R)-2-Ammonio-7,7-dimethylbicyclo[2.2.1]heptan-1-
yl]methyl}-1-benzylpyrrolidin-1-ium Iodide (7b)

Compound 5b (0.55 mmol, 270 mg) was dissolved in anhydrous CH2Cl2 (8 mL), and
then HI (aq., 48%, 5 equivalents, 2.75 mmol, 495 μL) was added. The reaction mixture was
stirred for 4 h at 25 ◦C. Volatile components were evaporated in vacuo, and the residue was
dissolved in dichloromethane (5 mL) and washed with NaOH (aq., 2 M, 2 × 5mL) and NaCl
(aq. sat., 1 × 5mL). Yield: 150 mg (0.34 mmol, 62%) of yellowish semisolid. [α]r.t.

D = +18.8
(0.15, MeOH). EI-HRMS: m/z = 313.2635 (M)+; C21H33N2

+ requires: m/z = 313.2635 (M)+;
νmax 3273, 2951, 2881, 2188, 2152, 1969, 1594, 1458, 1372, 1303, 1217, 1142, 1077, 1033, 1004,
917, 822, 764, 725, 641 cm−1. 1H-NMR (600 MHz, CDCl3): δ 1.03–1.06 (m, 1H), 1.06 (s, 3H),
1.07 (s, 3H), 1.41–1.50 (m, 1H), 1.67 (t, J = 4.6, 1H), 1.77 (td, J = 10.7, 9.7, 6.5, 1H), 1.81–1.88
(m, 1H), 1.92–1.99 (m, 1H), 2.05–2.11 (m, 1H), 2.12–2.21 (m, 2H), 2.26 (ddd, J = 13.4, 9.4, 4.1,
1H), 2.36–2.75 (m, 3H), 3.68 (dt, J = 10.5, 3.1, 1H), 3.75 (ddd, J = 12.3, 8.5, 5.9, 1H), 3.81–3.87
(m, 1H), 3.83 (d, J = 14.1, 1H), 3.89 (d, J = 14.2, 1H), 4.07 (ddd, J = 12.2, 8.3, 6.3, 1H), 4.16
(ddd, J = 11.9, 8.2, 6.2, 1H), 5.06 (d, J = 12.6, 1H), 5.25 (d, J = 12.6, 1H), 7.42–7.50 (m, 3H),
7.66 (d, J = 6.6, 2H). 13C-NMR (151 MHz, CDCl3): δ 19.88, 21.16, 21.96, 22.08, 26.80, 29.23,
42.76, 44.69, 52.63, 53.69, 54.48, 60.85, 61.96, 63.75, 67.23, 128.66, 129.39, 130.71, 133.42.

3.5. Synthesis of Phase-Transfer Bifunctional Catalysts—General Procedure 4 (GP4)

Amine 7 or 8 was dissolved in anhydrous CH2Cl2, the appropriate electrophile was
added (1.2–1.4 equivalents), and the reaction mixture was stirred for 16 h at room tempera-
ture. The volatiles were evaporated in vacuo. The residue was purified by column chro-
matography (CC). The fractions containing product I–X were combined and the volatiles
were evaporated in vacuo.
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3.6. Trifluoroacetate Anion Exchange—General Procedure 5 (GP5)

The column was packed with NaI (5 g) and conditioned with ethyl acetate. The
trifluoroacetate phase-transfer catalyst was dissolved in ethyl acetate and applied to the
NaI column. The fractions containing the product were combined and the volatiles were
evaporated in vacuo. Based on the 19F NMR spectra (presence of a signal for fluorine from
trifluoroacetate anion), the procedure was repeated as necessary.

3.6.1. N-Benzyl-1-((1R,2R,4R)-2-{3-[3,5-bis(trifluoromethyl)phenyl]thioureido}-7,7-
dimethylbicyclo[2.2.1]heptan-1-yl)-N,N-dimethylmethanaminium 2,2,2-Trifluoroacetate (I)

Following GP4. Prepared from compound 8a (0.585 mmol, 300 mg) and 3,5-bis
(trifluoromethyl)phenyl isothiocyanate (1.05 mmol, 192 μL), CH2Cl2 (4 mL), 25 ◦C, 16 h.
Isolation by evaporation followed by column chromatography (Silica gel 60, EtOAc/MeOH
= 4:1). Yield: 316 mg (0.47 mmol, 80%) of yellowish solid, mp = 87.5–89.0 ◦C. [α]r.t.

D = +6.8
(0.13, MeOH). EI-HRMS: m/z = 558.2374 (M)+; C28H34F6N3S+ requires: m/z = 558.2372
(M)+; νmax 3260, 2962, 2885, 2091, 1679, 1622, 1523, 1472, 1382, 1333, 1274, 1218, 1171, 1125,
999, 970, 883, 848, 828, 780, 760, 727, 700, 680 cm−1. 1H-NMR (500 MHz, CDCl3): δ 0.89 (s,
3H); 1.18 (s, 3H); 1.36–1.45 (m, 1H); 1.66–1.74 (m, 1H); 1.81–1.94 (m, 4H); 2.22 (dd, J = 8.6,
13.4, 1H); 3.00 (s, 3H); 3.08 (s, 3H); 3.29 (d, J = 14.5, 1H); 4.65 (d, J = 12.6, 1H); 4.74–4.80 (m,
1H); 4.84–4.93 (m, 2H); 7.40–7.54 (m, 6H); 8.36 (s, 2H); 8.79 (d, J = 7.9, 1H); 10.97 (s, 1H).
13C NMR (126 MHz, CDCl3): δ 20.76, 20.93, 27.84, 34.28, 41.11, 43.92, 50.38, 50.44, 51.25,
53.08, 58.99, 66.90, 71.59, 113.57, 116.74–117.00 (m), 117.08 (q, J = 294.0), 122.13 (d, J = 4.0),
123.41 (q, J = 272.6), 124.49, 126.58, 129.53, 131.34 (q, J = 33.2), 131.37, 133.09, 141.70, 162.07
(q, J = 34.3), 180.02.

3.6.2. N-Benzyl-1-((1R,2R,4R)-2-{3-[3,5-bis(trifluoromethyl)phenyl]thioureido}-7,7-
dimethylbicyclo[2.2.1]heptan-1-yl)-N,N-dimethylmethanaminium Iodide (II)

Following GP5. Prepared from catalyst I (0.21 mmol, 140 mg), dissolved in ethyl
acetate (4 mL) and filtered through a pad of NaI. Volatile components were evaporated in
vacuo. Yield: 140 mg (0.20 mmol, 96%) of colorless solid, mp = 61.4–62.9 ◦C. [α]r.t.

D = +5
(0.19, MeOH). EI-HRMS: m/z = 558.2365 (M)+; C28H34F6N3S+ requires: m/z = 558.2372
(M)+; νmax 3305, 2964, 1674, 1536, 1473, 1384, 1336, 1275, 1172, 1123, 1000, 971, 884, 846,
801, 780, 759, 725, 701, 679 cm−1. 1H-NMR (500 MHz, CDCl3): δ 0.96 (s, 3H); 1.28 (s, 3H);
1.39–1.46 (m, 1H); 1.64–1.73 (m, 1H); 1.81–2.01 (m, 4H); 2.23 (dd, J = 8.8, 13.4, 1H); 3.08
(s, 3H); 3.14 (s, 3H); 3.51 (d, J = 14.3, 1H); 4.81–4.89 (m, 1H); 4.96 (d, J = 12.5, 1H); 5.07
(d, J = 13.9, 1H); 5.17 (d, J = 12.7, 1H); 7.38–7.45 (m, 2H); 7.46–7.51 (m, 1H); 7.54 (s, 1H);
7.55–7.60 (m, 2H); 8.08 (d, J = 8.1, 1H); 8.43 (s, 2H); 10.52 (s, 1H). 13C-NMR (126 MHz,
CDCl3): δ 21.37, 21.94, 27.90, 34.23, 41.04, 43.83, 50.02, 50.70, 51.55, 53.44, 59.26, 66.70, 70.85,
117.35, 122.27, 123.36 (q, J = 272.7), 126.56, 129.49, 131.36, 131.36 (q, J = 33.3), 133.31, 141.23,
179.91.

3.6.3. 1-Benzyl-1-[((1S,2S,4R)-2-{3-[3,5-bis(trifluoromethyl)phenyl]thioureido}-7,7-
dimethylbicyclo[2.2.1]heptan-1-yl)methyl]yrrolidine-1-ium Iodide (III)

Following GP4. Prepared from compound 7b (0.34 mmol, 150 mg) and 3,5-bis
(trifluoromethyl)phenyl isothiocyanate (0.68 mmol, 124 μL), CH2Cl2 (3 mL), 25 ◦C, 16 h.
Isolation by column chromatography (Silica gel 60, EtOAc/MeOH = 10:1). Yield: 99 mg
(0.14 mmol, 41%) of brownish semisolid. [α]r.t.

D = +20 (0.047, MeOH). EI-HRMS: m/z = 584.2519
(M)+; C30H36F6N3S+ requires: m/z = 584.2529 (M)+; νmax 3194, 3126, 2968, 2149, 1625, 1589,
1542, 1492, 1472, 1381, 1324, 1271, 1249, 1222, 1166, 1136, 1108, 1094, 1061, 1025, 999, 967,
909, 885, 847, 756, 721, 701, 679, 612 cm−1. 1H-NMR (500 MHz, CDCl3): δ 1.03 (s, 3H); 1.06
(s, 3H); 1.15 (dd, J = 13.4, 3.9, 1H); 1.51–1.93 (m, 5H); 1.98–2.06 (m, 1H); 2.16–2.31 (m, 2H),
2.61–2.70 (m, 1H); 2.99–3.07 (m, 1H); 3.41–3.51 (m, 2H), 3.67–3.83 (m, 3H); 3.83–3.93 (m, 1H);
4.63 (d, J = 12.9, 1H); 4.96 (d, J = 12.8, 1H); 5.34–5.45 (m, 1H); 7.39–7.45 (m, 2H); 7.47–7.52
(m, 1H); 7.54–7.58 (m, 2H); 7.60 (s, 1H); 8.34–8.43 (m, 3H); 10.67 (s, 1H). 13C-NMR (126
MHz, CDCl3): δ 19.98, 20.65, 21.49, 21.93, 28.65, 29.57, 38.39, 43.68, 51.83, 54.54, 57.00, 60.89,
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61.91, 64.34, 67.34, 117.85–118.26 (m), 123.08–123.29 (m), 123.38 (q, J = 209.2), 127.38, 129.67,
131.28, 131.57 (q, J = 33.4), 133.39, 140.92, 182.20.

3.6.4. N-Benzyl-1-((1R,2S,4R)-2-{3-[3,5-bis(trifluoromethyl)phenyl]thioureido}-7,7-
dimethylbicyclo[2.2.1]heptan-1-yl)-N,N-dimethylmethanaminium 2,2,2-Trifluoroacetate (IV)

Following GP4. Prepared from compound 7a (0.39 mmol, 200 mg) and 3,5-bis
(trifluoromethyl)phenyl isothiocyanate (0.70 mmol, 128 μL), CH2Cl2 (4 mL), 25 ◦C, 16 h.
Isolation by column chromatography (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 250 mg
(0.37 mmol, 95%) of colorless solid, mp = 153–155 ◦C. [α]r.t.

D = +2.1 (0.11, MeOH). EI-HRMS:
m/z = 558.2363 (M)+; C28H34F6N3S+ requires: m/z = 558.2372 (M)+; νmax 3275, 3247, 3047,
2961, 2890, 1682, 1542, 1473, 1385, 1278, 1177, 1132, 966, 887, 848, 801, 719, 702, 680 cm−1.
1H-NMR (500 MHz, CDCl3): δ 0.97 (s, 3H), 1.05 (s, 3H), 1.10 (dd, J = 13.4, 3.7, 1H), 1.51 (ddd,
J = 13.4, 9.2, 4.7, 1H), 1.73 (t, J = 4.6, 1H), 1.78–1.89 (m, 1H), 1.95–2.12 (m, 1H), 2.59–2.67
(m, 1H), 2.68–2.76 (m, 1H), 3.03 (s, 3H), 3.04 (s, 3H), 3.47 (d, J = 13.7, 1H), 3.72 (d, J = 13.7,
1H), 4.55 (d, J = 12.6, 1H), 4.71 (d, J = 12.6, 1H), 5.22 (tt, J = 10.2, 3.0, 1H), 7.34–7.40 (m, 4H),
7.43–7.48 (m, 1H), 7.53 (s, 1H), 8.29 (s, 2H), 8.91 (d, J = 9.8, 1H), 11.09 (s, 1H). 13C-NMR
(126 MHz, CDCl3): δ 19.81, 20.25, 28.05, 28.57, 38.68, 43.75, 50.78, 51.03, 51.76, 54.43, 56.70,
69.58, 73.03, 117.02 (q, J = 294.4), 117.24–117.53 (m), 122.72 (d, J = 3.4), 123.39 (q, J = 272.7),
126.96, 129.47, 131.24, 131.48 (q, J = 33.4), 133.03, 141.44, 161.62 (q, J = 34.1), 181.96.

3.6.5. N-Benzyl-1-((1R,2S,4R)-2-{3-[3,5-bis(trifluoromethyl)phenyl]thioureido}-7,7-
dimethylbicyclo[2.2.1]heptan-1-yl)-N,N-dimethylmethanaminium Iodide (V)

Following GP5. Prepared from catalyst IV (0.17 mmol, 116 mg), dissolved in ethyl
acetate (3 mL) and filtered through a pad of NaI. Volatile components were evaporated in
vacuo. Yield: 109 mg (0.16 mmol, 92%) of white solid, mp = decomposition above 350 ◦C.
[α]r.t.

D = +69.2 (0.013, MeOH). EI-HRMS: m/z = 558.2368 (M)+; C28H34F6N3S+ requires:
m/z = 558.2372 (M)+; νmax 3247, 2960, 2928, 2857, 2175, 2163, 2135, 2034, 1996, 1954, 1722,
1595, 1534, 1473, 1385, 1277, 1177, 1135, 965, 887, 730, 701, 680 cm−1. 1H-NMR (500 MHz,
DMSO-d6): δ 0.98 (s, 3H), 1.02 (dd, J = 13.0, 3.7, 1H), 1.05 (s, 3H), 1.43–1.52 (m, 1H), 1.72 (t,
J = 4.4, 1H), 1.90–2.06 (m, 2H), 2.16–2.24 (m, 1H), 2.45–2.49 (m, 1H), 2.95 (s, 3H), 2.99 (s, 3H),
3.60 (d, J = 14.1, 1H), 3.71 (d, J = 14.0, 1H), 4.52–4.63 (m, 2H), 5.04–5.12 (m, 1H), 7.43–7.59
(m, 5H), 7.81 (s, 1H), 8.28 (s, 2H), 8.38 (d, J = 9.8, 1H), 10.32 (s, 1H). 13C-NMR (126 MHz,
DMSO-d6): δ 19.25, 20.04, 26.97, 28.11, 38.10, 42.97, 49.08, 50.46, 51.23, 53.88, 56.13, 67.81,
70.46, 116.76–117.00 (m), 122.27–122.44 (m), 123.17 (q, J = 272.8), 128.03, 128.86, 130.17 (q,
J = 32.8), 130.38, 133.06, 141.46, 181.00.

3.6.6. N-Benzyl-1-[(1R,2S,4R)-7,7-dimethyl-2-(3-phenylthioureido)bicyclo[2.2.1]heptan-1-
yl]-N,N-dimethylmethanaminium 2,2,2-Trifluoroacetate (VI)

Following GP4. Prepared from compound 7a (0.39 mmol, 200 mg) and phenyl isoth-
iocyanate (0.70 mmol, 84 μL), CH2Cl2 (4 mL), 25 ◦C, 16 h. Isolation by evaporation
followed by column chromatography (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 119 mg
(0.22 mmol, 56 %) of colorless solid, mp = 180–183 ◦C. [α]r.t.

D = +6.7 (0.06, MeOH). EI-HRMS:
m/z = 422.2618 (M)+; C26H36N3S+ requires: m/z = 422.2624 (M)+; νmax 3244, 2959, 2884,
1683, 1540, 1507, 1489, 1473, 1457, 1362, 1317, 1202, 1148, 1056, 1033, 851, 801, 727 cm−1.
1H-NMR (500 MHz, CDCl3): δ 0.96 (s, 3H); 1.04 (s, 3H); 1.08 (dd, J = 13.3, 3.7, 1H); 1.45–1.53
(m, 1H); 1.67–1.79 (m, 2H); 1.96–2.06 (m, 1H); 2.57–2.65 (m, 1H); 2.67–2.76 (m, 1H); 2.98
(s, 3H); 3.03 (s, 3H); 3.41 (d, J = 13.6, 1H); 3.73 (d, J = 13.8, 1H); 4.54 (d, J = 12.5, 1H); 4.79
(d, J = 12.4, 1H), 5.24–5.31 (m, 1H), 7.04–7.10 (m, 1H); 7.22–7.29 (m, 2H); 7.33–7.47 (m, 5H);
7.60–7.68 (m, 2H); 8.64 (d, J = 9.9, 1H); 10.45 (s, 1H). 13C-NMR (126 MHz, CDCl3): δ 19.95,
20.50, 28.53, 28.65, 38.67, 43.85, 51.11, 51.22, 51.72, 54.34, 56.50, 69.08, 72.83, 123.82, 124.84,
127.30, 128.46, 129.38, 130.98, 133.35, 139.65, 182.21 (two signals missing).
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3.6.7. N-Benzyl-1-[(1R,2S,4R)-7,7-dimethyl-2-(3-phenylureido)bicyclo[2.2.1]heptan-1-yl]-
N,N-dimethylmethanaminium 2,2,2-Trifluoroacetate (VII)

Following GP4. Prepared from compound 7a (0.39 mmol, 200 mg) and phenyl iso-
cyanate (0.69 mmol, 76 μL), CH2Cl2 (4 mL), 25 ◦C, 16 h. Isolation by evaporation fol-
lowed by column chromatography (Silica gel 60, EtOAc/MeOH = 5:1). Yield: 57 mg
(0.11 mmol, 28%) of colorless solid, mp = 120.0–123.8 ◦C. [α]r.t.

D = +5 (0.08, MeOH). EI-
HRMS: m/z = 406.2850 (M)+; C26H36N3O+ requires: m/z = 406.2853 (M)+; νmax 3261, 2960,
2886, 2150, 1683, 1598, 1550, 1489, 1457, 1313, 1202, 1139, 846, 801, 727, 702 cm−1. 1H-NMR
(500 MHz, CDCl3): δ 0.95 (s, 3H), 1.00 (s, 3H), 1.12 (dd, J = 13.3, 3.6, 1H), 1.44–1.53 (m,
1H), 1.55–1.68 (m, 2H), 2.03–2.11 (m, 1H), 2.47–2.55 (m, 1H), 2.60–2.67 (m, 1H), 3.04 (s, 3H),
3.08 (s, 3H), 3.36 (d, J = 13.7, 1H), 3.88 (d, J = 13.7, 1H), 4.52–4.59 (m, 1H), 4.73 (d, J = 12.4,
1H), 4.97 (d, J = 12.3, 1H), 6.91–6.98 (m, 1H), 7.18–7.24 (m, 2H), 7.25–7.30 (m, 3H), 7.35–7.40
(m, 1H), 7.42–7.47 (m, 2H), 7.51–7.57 (m, 2H), 9.31 (s, 1H). 13C-NMR (126 MHz, CDCl3): δ
19.71, 20.51, 28.46, 28.68, 39.90, 44.00, 50.46, 51.29, 51.76, 52.02, 54.06, 68.41, 72.90, 117.34
(d, J = 295.3), 118.79, 122.19, 127.49, 128.82, 129.24, 130.75, 133.32, 139.93, 156.51, 161.52 (q,
J = 33.5).

3.6.8. N-Benzyl-1-[(1R,2S,4R)-7,7-dimethyl-2-(3-phenylureido)bicyclo[2.2.1]heptan-1-yl]-
N,N-dimethylmethanaminium Iodide (VIII)

Following GP5. Prepared from catalyst VII (0.26 mmol, 139 mg), dissolved in ethyl
acetate (5 mL), and filtered through a pad of NaI. All volatile components were evaporated
in vacuo. Yield: 111 mg (0.21 mmol, 80%) of colorless solid, mp = 153–155 ◦C. [α]r.t.

D = +78
(0.073, MeOH). EI-HRMS: m/z = 406.2850 (M)+; C26H36N3O+ requires: m/z = 406.2853
(M)+; νmax 3277, 2967, 2881, 1678, 1597, 1543, 1487, 1442, 1377, 1311, 1217, 1158, 1128, 1030,
949, 852, 816, 753, 729, 694 cm−1. 1H-NMR (500 MHz, CDCl3): δ 1.01 (s, 6H), 1.14 (dd,
J = 13.3; 3.6, 1H), 1.46–1.60 (m, 2H), 1.62 (t, J = 4.5, 1H), 2.23–2.31 (m, 1H), 2.48–2.56 (m,
1H), 2.67–2.76 (m, 1H), 3.08 (s, 3H), 3.11 (s, 3H), 3.34 (d, J = 13.7, 1H), 4.07 (d, J = 13.6,
1H), 4.54–4.65 (m, 1H), 4.80 (d, J = 12.3, 1H), 5.05 (d, J = 12.3, 1H), 6.75 (d, J = 10.8, 1H),
6.94–7.00 (m, 1H), 7.19–7.25 (m, 2H), 7.31 (t, J = 7.6, 2H), 7.38–7.43 (m, 1H), 7.48–7.53 (m,
2H), 7.56–7.62 (m, 2H), 8.93 (s, 1H). 13C-NMR (126 MHz, CDCl3): δ 19.88, 20.81, 28.41,
29.13, 39.96, 44.02, 50.51, 51.57, 51.95, 52.34, 54.45, 68.01, 72.56, 118.82, 122.49, 127.33, 128.83,
129.29, 130.86, 133.38, 139.60, 156.34.

3.6.9. N-Benzyl-1-{(1R,2S,4R)-2-[(2-{[3,5-bis(trifluoromethyl)phenyl]amino}-
3,4-dioxocyclobut-1-en-1-yl)amino]-7,7-dimethylbicyclo[2.2.1]heptan-1-yl}-N,N-
dimethylmethanaminium 2,2,2-Trifluoroacetate (IX)

Following GP4. Prepared from compound 7a (0.19 mmol, 100 mg) and 3-((3,5-
bis(trifluoromethyl)phenyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione (0.30 mmol, 106.4 mg),
CH2Cl2 (2 mL), 25 ◦C, 16 h. Isolation by evaporation followed by column chromatogra-
phy (Silica gel 60, EtOAc/MeOH = 4:1). Yield: 106 mg (0.15 mmol, 75%) of colorless
solid, mp = 148.9–150.1 ◦C. [α]r.t.

D = +65 (0.006, MeOH). EI-HRMS: m/z = 594.2545 (M)+;
C31H34F6N3O2 requires: m/z = 594.2550 (M)+; νmax 3420, 3153, 3034, 2967, 2888, 1791, 1686,
1603, 1551, 1475, 1427, 1377, 1276, 1176, 1127, 948, 931, 880, 848, 831, 730, 701, 684, 666 cm−1.
1H-NMR (500 MHz, CDCl3): δ 1.02 (s, 3H), 1.17 (s, 3H), 1.35 (dd, J = 13.2, 3.6, 1H), 1.60–1.66
(m, 1H), 1.77 (t, J = 4.5, 1H), 1.89 (br t, J = 13.3, 1H), 1.93–2.05 (m, 1H), 2.52–2.62 (m, 1H),
3.01 (s, 1H), 3.14 (s, 3H), 3.16 (s, 3H), 3.42 (d, J = 13.8, 1H), 4.33 (d, J = 13.9, 1H), 4.63 (d,
J = 12.5, 1H), 4.76 (d, J = 12.5, 1H), 5.27 (t, J = 9.9, 1H), 7.41 (t, J = 7.4, 2H), 7.45–7.50 (m,
2H), 7.55–7.66 (m, 2H), 8.21 (s, 2H), 9.13 (d, J = 9.2, 1H), 11.34 (s, 1H). 13C-NMR (126 MHz,
CDCl3): δ 19.80, 20.66, 26.61, 28.93, 41.29, 44.05, 50.80, 51.47, 52.79, 55.04, 58.56, 70.65, 73.17,
116.24, 119.01, 123.33 (q, J = 272.9), 126.85, 129.59, 131.38, 132.65 (q, J = 33.4), 133.40, 140.74,
165.81, 169.02, 181.07, 185.00 (two carbons missing).

147



Molecules 2023, 28, 1515

3.6.10. 1-Benzyl-1-{[(1S,2S,4R)-7,7-dimethyl-2-(3-phenylthioureido)bicyclo[2.2.1]heptan-1-
yl]methyl}pyrrolidin-1-ium Iodide (X)

Following GP4. Prepared from compound (7b) (0.25 mmol, 109 mg) and phenyl
isothiocyanate (0.38 mmol, 45 μL), CH2Cl2 (2 mL), 25 ◦C, 16 h. Isolation by column
chromatography (Silica gel 60, EtOAc/MeOH = 10:1). Yield: 72 mg (0.13 mmol, 50%) of
colorless solid, mp = 178–180 ◦C. [α]r.t.

D = +7.4 (0.14, MeOH). EI-HRMS: m/z = 448.2776
(M)+; C28H38N3S requires: m/z = 448.2781 (M)+; νmax 3209, 3030, 2953, 1685, 1597, 1528,
1495, 1450, 1360, 1308, 1243, 1144, 1089, 1027, 1002, 915, 758, 716, 698, 607 cm−1. 1H-NMR
(500 MHz, CDCl3): δ 0.99 (s, 3H), 1.02 (s, 3H), 1.12 (dd, J = 13.4, 3.9, 1H), 1.42–1.52 (m, 2H),
1.65 (t, J = 4.3, 1H), 1.71–1.89 (m, 2H), 1.96–2.07 (m, 1H), 2.15–2.23 (m, 2H), 2.53–2.64 (br t,
J = 11.8, 1H), 2.97 (br s, 1H), 3.40 (d, J = 13.9, 1H), 3.42–3.48 (m, 1H), 3.70 (dt, J = 12.3, 7.4,
1H), 3.81 (d, J = 13.8, 1H), 3.83–3.99 (m, 2H), 4.64 (d, J = 12.7, 1H), 5.12 (d, J = 12.7, 1H), 5.40
(br t, J = 10.6, 1H), 7.14 (t, J = 7.3, 1H), 7.31 (t, J = 7.6, 2H), 7.41 (t, J = 7.4, 2H), 7.46 (t, J = 7.3,
1H), 7.60 (d, J = 6.8, 2H), 7.76 (d, J = 7.2, 2H), 8.10 (d, J = 10.4, 1H), 10.10 (s, 1H). 13C-NMR
(126 MHz, CDCl3): δ 19.98, 20.70, 21.34, 22.00, 28.48, 29.80, 38.39, 43.70, 51.66, 54.42, 56.54,
60.24, 62.02, 63.82, 67.18, 123.99, 125.16, 127.84, 128.55, 129.49, 130.93, 133.61, 139.32, 182.27.

3.7. General Procedure for the α-Fluorination of β-Keto Ester 9

Aqueous K3PO4 or other base (2 M, 2 equivalents, 0.1 mL) was added to a mixture of
β-keto ester 9 (0.1 mmol, 24.4 mg, ω = 95%) and organocatalyst I–IX (2 mol%) in toluene
or in CH2Cl2 (2 mL) under argon atmosphere. The mixture was cooled to −10°C and
NFSI (1.1 equivalents, 34.7 mg) was added in two portions over 2 h. The reaction mixture
was stirred for another 12 h at −10 ◦C. After completion, the reaction was quenched
by addition of NH4Cl (aq. sat, 4 mL) and extracted with CH2Cl2 (10 mL). The organic
phase was dried over anhydrous Na2SO4, filtered, and the volatiles were evaporated in
vacuo. The residue was purified by column chromatography (Silica gel 60, EtOAc/n-
Heptane = 1:15). Enantiomeric excess (ee) was determined by HPLC (Chiralpak AD-H,
n-Hexane/i-PrOH = 200:1, flow rate 0.75 mL/min, λ = 250 nm, 10 ◦C) after isolation by
column chromatography.

3.8. General Procedure for the α-Chlorination of β-Keto Ester 9

To a mixture of β-keto ester 9 (0.1 mmol, 24.4 mg, ω = 95%), organocatalyst II, III, VI–
VIII, or IX (1 mol%), and K2HPO4 (solid, 1 equivalent, 17.4 mg) in chlorobenzene (2 mL),
at −20 ◦C under argon atmosphere, was added N-chlorosuccinimide (NCS, 1.2 equivalents,
16 mg), and the reaction mixture was stirred for 2 h at −20 ◦C. After completion, the
reaction was quenched by addition of NH4Cl (aq. sat, 4 mL) and extracted with CH2Cl2
(10 mL). The organic phase was dried over anhydrous Na2SO4, filtered, and the volatiles
were evaporated in vacuo. The residue was purified by column chromatography (Silica
gel 60, EtOAc/n-Heptane = 1:12). Enantiomeric excess (ee) was determined by HPLC
(Chiralpak OJ-H, n-Hexane/i-PrOH = 70:30, flow rate 0.7 mL/min, λ = 250 nm, 10 ◦C)
isolation with column chromatography (Silica gel 60, EtOAc/n-Heptane = 1:12).

3.9. General Procedure for the α-Hydroxylation of β-Keto Ester 9

Into a flame-dried Schlenk flask under argon atmosphere at 0 °C, a mixture of β-keto ester
9 (0.1 mmol, 24.4 mg, ω = 95%) and N-(4-bromobenzylidene)-4-methylbenzenesulfonamide
(12) (1 equivalent, 33.8 mg) was added. Catalyst III, IV, VII, VIII, or IX (5 mol%) was
dissolved in anhydrous methyl tert-butyl ether (MTBE, 5 mL) and slowly added via syringe
into the reaction mixture. After addition of H2O2 (1 equivalent, 35% in water, 8.6 μL), the
reaction mixture was stirred for 20 h at room temperature. After 24 h at 25 ◦C, the reaction
mixture was filtrated trough a plug of anhydrous Na2SO4 and washed with dichloromethane.

3.10. General Procedure for the Ring-Opening of Aryl-Aziridine 14 with β-Keto Ester 9

To a mixture of β-keto ester 9 (0.1 mmol, 24.4 mg, ω = 95%), catalyst IV, VIII, or IX

(5 mol%), and K3PO4 (2 equivalents, 42 mg) in toluene (2.5 mL) under argon atmosphere,
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2-phenyl-1-tosylaziridine (14) (2 equivalent, 54.6 mg) was added and stirred at room
temperature for 24 h. After 24 h at 25 ◦C, the reaction mixture was filtrated through a plug
of anhydrous Na2SO4 and washed with dichloromethane.

3.11. General Procedure for the Michael Addition of Glycine Schiff Base 16 with Methyl Acrylate (17)

Degassed solvent (2.5 mL) was added to a mixture of tert-butyl 2-((diphenylmethylene)amino)
acetate (16) (0.05 mmol, 14.8 mg), catalyst I, III–V, VII, VIII, or IX (10 mol%), and Cs2CO3
(1.5–10.0 equivalents) in a Schlenk tube at 25 ◦C or 0 ◦C; then, methyl acrylate (17) (1.5 equiv-
alents, 6.8 μL) was added. After 24 h at 25 ◦C or 0 ◦C, the reaction mixture was filtrated
through a plug of anhydrous Na2SO4 and washed with ethyl acetate. The volatiles were
evaporated in vacuo. The crude product 18 was purified by column chromatography
(Silica gel 60, EtOAc/Heptane = 1:15). Enantiomeric excess (ee) was determined by HPLC
(Chiralpak AD-H, n-Hexane/i-PrOH = 95:5, flow rate 0.5 mL/min, λ = 250 nm, 10 ◦C) after
filtration of the reaction mixture through a plug of Na2SO4.

3.12. X-ray Crystallography

Single-crystal X-ray diffraction data were collected on an Agilent Technologies Su-
perNova Dual diffractometer with an Atlas detector using monochromated Mo-Kα radi-
ation (λ = 0.71073 Å) at 150 K. The data were processed using CrysAlis PRO [37]. Using
Olex2.1.2. [38], the structures were solved by direct methods implemented in SHELXS [39]
or SHELXT [40] and refined by a full-matrix least-squares procedure based on F2 with
SHELXT-2014/7 [41]. All nonhydrogen atoms were refined anisotropically. Hydrogen
atoms were placed in geometrically calculated positions and were refined using a rid-
ing model. The drawings and the analysis of bond lengths, angles, and intermolecular
interactions were carried out using Mercury [42] and Platon [43]. Structural and other
crystallographic details on data collection and refinement for compounds VI-Br and III

have been deposited with the Cambridge Crystallographic Data Centre as a supplementary
publication under CCDC Deposition Numbers 2204647 and 2204648, respectively. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

4. Conclusions

Ten novel quaternary ammonium salt bifunctional phase-transfer organocatalysts
based on a chiral (+)-camphor framework were prepared. Starting from camphor-derived
1,3-diamines, catalysts I–X were synthesized in a four-step sequence: Boc protection–
benzylation–Boc deprotection–reaction with iso(thio)cyanate/squaramate. The catalysts
prepared bear either a (thio)urea or squaramide hydrogen bond donor and possess either
a trifluoroacetate or iodide counteranion. The quaternary iodide ammonium salts II, V,
and VIII were formed from the corresponding trifluoroacetates I, IV, and VII, respectively,
via anion methathesis with an excess of NaI. The phase-transfer catalysts have been fully
characterized; the stereochemistry at the C-2 chiral center was unambiguously determined.
Their organocatalytic activity was investigated in the electrophilic functionalization of
the β-keto ester 9. The α-fluorination and chlorination of β-keto ester 9 proceeded to full
conversion, affording the desired products 10 and 11 with low enantioselectivity (up to
29% ee). α-Hydroxylation and ring opening of N-tosylaziridine 14 gave no product. Finally,
the Michael addition of glycine Schiff base 16 to methyl acrylate (17) gave the expected
product 18 with full conversion and up to 11% ee.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28031515/s1. Synthesis and characterization data;
HPLC data; copies of 1H- and 13C-NMR spectra; copies of HRMS reports; structure determination by
X-ray diffraction analysis. Figure S1. Applied organocatalysts I–IX. Figure S2. Molecular structure of
compound VI-Br. Thermal ellipsoids are shown at 50% probability. Figure S3. Molecular structure of
compound III. Thermal ellipsoids are shown at 50% probability. Table S1. Evaluation of organocata-
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lysts I–IX in the fluorination of β-keto ester 9. Table S2. Further evaluation of organocatalysts III, VIII,
and IX in the fluorination of β-keto ester 9. Table S3. Evaluation of organocatalysts II, III, VI–VIII,
and IX in the chlorination of β-keto ester 9. Table S4. Evaluation of organocatalysts III, IV, VII, VIII,
and IX in the hydroxylation of β-keto ester 9. Table S5. Evaluation of organocatalysts IV, VIII, and
IX in the addition of β-keto ester 9 to tosylaziridine 14. Table S6. Evaluation of organocatalysts I,
III–V, VII, VIII, and IX in the addition of tert-butyl 2-((diphenylmethylene)amino)acetate (16) to
methyl acrylate (17). Table S7. Correlation between the multiplicity of the H–C(3)-endo proton (He)
and the endo absolute configuration at the C-2 chiral center of compounds 1a, 3b, 5a, 7a,b, and III–X.
Table S8. Crystal data and structure refinement for compound VI-Br. Table S9. Crystal data and
structure refinement for compound III.
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Abstract: This article reports in detail a method for the synthesis of 3-benzoxoxazoline by the reaction
of alkenes (alkynes) and a variety of α-nitroketones in the presence of p-TsOH. The scope of alkenes
is broad, including different alkenes and the alkyne. This reaction provides a convenient and efficient
synthetic method of 3-benzoylisoxazolines.

Keywords: α-nitroketones; alkenes; alkynes; 1,3-dipolar cycloaddition; p-TsOH; isoxazolines

1. Introduction

Heterocycles are important structural elements, which are present in natural products
from all classes and in many biologically active synthetic compounds [1]. Heterocyclic
compounds perform an important role in chemical industry, e.g., food fragrance and dyes.
Amongst these, isoxazole and its derivatives represent a group of five-element heterocyclic
compounds containing oxygen and nitrogen atoms of a valuable class [2]. Additionally, they
have performed a vital role in the theoretical development of heterocyclic chemistry and
are also extensively used in organic synthesis [3]. Isoxazoles have attracted an increasing
research interest, and are widely used and studied in the modern drug discoveries as
non-classical amide or ester bioisosteres, and potential pharmacophores endowed, and
most isoxazoles have strong biological activity [4,5].

Isoxazolines are partially saturated analogs of isoxazoles as important intermediates
for synthesis of varieties of fascinating organic molecules applicable to both basic organic
synthesis and life sciences [6]. Isoxazolines can be converted into various synthetic units, such
as hydroxy ketones [7], amino alcohols [8], β-hydroxynitrile [9], and masked aldols [10], and
be used as synthetic equivalent of 1,3-dicarbonyl structure [11]. Isoxazolines can exhibit a
variety of bioactivities, such as anti-inflammatory [12], anticancer [13], hypoglycemic [14],
antibacterial [15], anti-HIV [16], anti-Alzheimer’s [17], antifungal [18], antimalarial [19], an-
tioxidant [20], anti-tuberculosis [21], and antinociceptive [22] activities (Figure 1). Isoxazolines
can also be good herbicides [23] and insecticides [24]. Therefore, the development of new
methods for more efficient synthesis has been always an attractive task.

Based on the characteristics and wide application of isoxazolines derivatives, the research
progress of isoxazolines derivatives have progressed rapidly in recent years, and a large
number of synthetic methods for isoxazole derivatives are reported in the literature every
year. These approaches can be summarized as the following four major types: (1) 1,3-dipolar
cycloaddition between nitrile oxide and unsaturated hydrocarbon [25–29], (2) intramolecular
addition cyclization reaction of unsaturated hydroxime [30–33], (3) condensation reactions
of 1,3-dicarbonyl derivatives [34], and (4) cycloisomerization [35]. In the past decades, the
1,3-dipole cycloaddition reaction of alkenes with nitrile oxide is the most direct and extensive
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method for the construction of isoxazoline skeletons [36]. Nitrile oxides are usually derived
from aldoximes and nitro compounds [37,38], but the common use of transition metal catalysts,
such as Cu(I), Cu(II), and Ru(II), in the reaction makes the products residual metal and
cytotoxic [39–41], which limits its application in biology and drug development (Scheme 1).
Therefore, the development of practical, simple, and cost-effective new methods for synthesis
2-oxazolines would complement current methods.

Figure 1. Structures of isooxazolines with bioactivity.

In the previous study, we first used the alkaline catalyst chloramine-T to catalyze the
reaction of α-nitroketone and alkene to synthesize isoxazoline with a yield of 77% [42]. In
the present work, we report a novel synthesis of dihydroisoxazoles by p-TsOH (anhydrous)-
participated 1,3-dipolar cycloaddition of isoxazoline with α-nitroketones. On one hand,
compared with the strong acid (H2SO4)-catalyzed synthesis of isoxazole [43], p-TsOH
gives a milder reaction condition that avoids carbonization of organic substance, and it
is low in toxicity and is inexpensive. On the other hand, Natarajan Arumugam and co-
workers [44] reported a good, facile, and efficient method for the rapid synthesis of fused
pyrrolidine and indolizinoindole heterocycles through 1,3-dipolar cycloaddition in the
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presence of p-TsOH. Additionally, Zhenghui Guan and co-workers [45] also demonstrated
a p-TsOH mediated 1,3-dipolar cycloaddition approach of nitroolefins and sodium azide
for the synthesis of 4-aryl-NH-1,2,3-triazoles, and a slightly higher yield (93%) was isolated.
It is an efficient p-TsOH-mediated 1,3-dipole cycloaddition reaction that can tolerate a
wide range of functional groups, and quickly and easily obtain the target product under
mild conditions. p-TsOH was discovered as a vital additive in this type of 1,3-dipolar
cycloaddition. Herein, isoxazolines, given the importance of preparing biologically active
molecules, are chosen for validation of the accessibility, operational simplicity, and atom
economy of our method.

Scheme 1. Overview of the 1,3-dipolar cycloaddition of hydrocarbons and α-nitro ketones [36,39].

2. Results and Discussion

2.1. Optimization of the Reaction Conditions

First, we compared the effects of different acids and solvents. The reaction of benzoyl-
nitromethane 1a with allylbenzene 2a to form isoxazoline 3a was performed and the results
were summarized in Table 1. It is noted that the reaction without acid did not proceed.
In the presence of various acids, i.e., HCl, HNO3, H2SO4, TFA, H3PO4, fluoroboric acid,
MsOH, and p-TsOH, the yield was significantly improved. It appears that oxidative acids
produced similar good yield (Table 1, entries 3 and 4), but reagents used there are expensive,
toxic, and dangerous. It was found that MsOH in i-PrOH at 80 ◦C effectively promoted
the formation desired isooxazoline. However, the yield of 3a was slightly lower than that
of p-TsOH (LD50: 1410 mg/kg) (Table 1, entries 8 and 9), and MsOH (LD50: 200 mg/kg) is
highly toxic. Therefore, p-TsOH, which is non-oxidizing, corrosive, and low toxic was
selected to participate in the synthesis of isoxazoline with a yield of 67%. While among
the five tested solvents (ACN, i-PrOH, DMF, DMSO, and H2O), it was found that the yield
reduced significantly with the relative polarity of the solvent (Table 1, entries 9–13) and can
obviously is the best solvent.

The reaction temperature and amount of p-TsOH were further optimized. The results
were shown in Figure 2. Then, the optimal condition was regarded acanACN as solvent,
4 equiv of p-TsOH was involved in the reaction at 80 ◦C for 22 h, in which a good yield of
90% could be obtained.
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Table 1. Reaction condition optimization a.

Entry Acid
Amount (eq.) of

Acid
Solvent

(μ/10−30C·m) b Yield c (%) of 3a

1 – – i-PrOH (5.63) <5

2 Concd. HCl
(37%) 5 -//- 31

3 Concd. HNO3
(70%) 5 -//- 83

4 Concd. H2SO4
(98%) 5 -//- 87

5 TFA 5 -//- <5
6 H3PO4 (85%) 5 -//- <5
7 Fluoroboric acid 5 -//- 33
8 MsOH 5 -//- 60
9 p-TsOH 5 -//- 67

10 -//- 5 ACN (10.68) 90
11 -//- 5 DMF (7.10) <5
12 -//- 5 DMSO (14.00) <5
13 -//- 5 H2O (6.24) <5

a General conditions: 1a (0.125 mmol), 2a (0.625 mmol), solvent (0.2 mL) at 80 ◦C for 22 h. b Data from PubChem
25 ◦C. c Isolated yield.

 

(a) (b) 

Figure 2. Optimization of the reaction conditions. (a) The effect of various equivalence of p-TsOH;
(b) The effect of various temperature. The amount of p-TsOH was 0.5 mmol. General conditions: 1a

(0.125 mmol), 2a (0.625 mmol), ACN (0.2 mL) at 80 ◦C or indicated temperature for 22 h.

2.2. Substrate Scope Studies

With the optimal reaction conditions, we first tested the 1,3-dipolar addition reaction
for benzoyl nitromethane and allylbenzene and had a yield of product of 90%. Then, to
examine the generality and scopes of this methodology, we took a variety of benzoylni-
tromethane derivatives 1 (Scheme 2) and allylbenzene 2a as substrates and representative
results were shown in Scheme 2. These results showed that a variety of electronically
varied aromatic α-nitroketones were well compatible with the cycloaddition in all the
reactions, and reaction generally obtains in moderate to good yields for the synthesis of
isoxazoline derivatives. Moreover, in this reaction, we found a good regioselectivity, which
was consistent with the work of Ken-ichi Itoh [45].
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Scheme 2. Scopes of the substituted phenylnitroketones.

At first, it was found that the R1 substituents would affect the cycloaddition efficiency
in these reactions. The electron-rich α-nitroketones (1e, 1g, Scheme 2) provided products
(3e, 3g, Scheme 2) in slightly better yields in comparison to the electron-deficient ones
(1d, 1f, 1i, Scheme 2). Different electron-withdrawing substituents at the same position
of phenyl-α-nitroketone resulted in similar yields (3d, 3i, Scheme 2). Additionally, sur-
prisingly, isoxazoline derivative (3f, Scheme 2) were obtained in moderate yields when
electron-donating group(-OMe) were used with a yield of 66%, which was close to the yield
of isoxazoline obtained by electron-deficient α-nitroketone. In the case of electron-deficient
α-nitroketone, the corresponding were obtained in good yields (3b–3d, Scheme 2), respec-
tively 73%, 70%, and 67%. The results show that the position of the substituent has no effect
on the reaction results. Additionally, aromatic substrate, such as benzene, behaved similar
to an electron-withdrawing substituents and gave a yield of 68% for product 3h. However,
the reaction rate was slower than that of aliphatic substituted substrates.

Next, we also investigated the scope of the alkenes (Table 2). The reaction of 1a with
alkenes derivatives 4 was carried out under the optimum reaction conditions whose results
are shown in Table 2. All the reactions gave 5a–5f as product, respectively, in good to
excellent yield, except 5f. The type of reaction substrate alkenes was modified, and it was
found that the reaction proceeded well with both aliphatic alkenes and aromatic alkenes
affording isoxazolines in good yields from the same α-nitroketone (entries 1–5, Table 2). In
addition, cycloaddition of cyclohexene (4f) with benzoylnitromethane (1a) could also be
achieved in fairly good yields, the corresponding isoxazoline 5f was obtained in 69% yield
(entry 6, 5f, Table 2).

In addition, in order to expand the applicability of the reaction, we further examined
the types of reaction materials. Isoxazolines were synthesized using the dipolarophiles
2a (allylbenzene) and alkyl nitroketones 6 (Scheme 3). The results showed that in the
presence of p-TsOH, alkyl nitroketones were also able to react with dipolar reagents to
obtain isoxazoline derivatives; unfortunately, compared with 3 and 5 phenylisoxazoline, 7a

and 7b yields were lower, 23% and 20%, respectively.
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Table 2. Scopes of alkenes.

Entry a Series Products Yields b

1 5a 86%

2 5b 87%

3 5c 85%

4 5d 85%

5 5e 89%

6 5f 69%

a General conditions: 1a (0.125 mmol), 4 (0.625 mmol), p-TsOH (0.5 mmol), ACN (0.2 mL) at 80 ◦C for 22 h, unless
stated otherwise. b Isolated yield.

Scheme 3. Variation of alkyl nitroketones.

Finally, the alkyen 8 was used for the reaction with α-nitroketone (1a) under the
optimized reaction conditions, which obtained in excellent yields Isoxazoles. Under the
same conditions, the reaction rate with alkyen was quicker than with alkenes. Nevertheless,
9a and 9b were obtained in 85% and 88% yield, respectively (Scheme 4).
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Scheme 4. Variation of alkyne.

2.3. Mechanistic Studies

After screening the reaction conditions and studying the application of the products,
the reaction mechanism was also studied. On the basis of the reaction mechanism reported
by Ken-ichi Itoh et al. [46,47]. We proposed the theory of 1,3-dipolar cycloaddition of
benzoylnitromethane with allylbenzene was deduced as follows (Scheme 5): In this reaction,
α-nitroketones are converted to nitroso cations in the presence of non-aqueous phase
protons, then nitrile oxides are formed from nitroso cations. Finally, isoxazolines and their
derivatives are obtained by intermolecular the 1,3-dipolar cycloaddition cyclization of
dipolarophiles (alkenes or alkynes) and nitrile oxide.

 

Scheme 5. Reaction mechanism.

3. Materials and Methods

3.1. General Experimental Methods

The structures of produced compounds were firmly confirmed by 13C NMR and
1HNMR spectra, and supported by HRMS, and IR data (see the Supplementary Materials).

1H NMR (400 MHz) and 13C NMR (101 MHz) were recorded at room temperature on
DRX-400 spectrometer (Bruker, Saarbrücken, Saarland, Germany) in CDCl3. The chemical
shifts are given in parts per million (ppm) on the delta (δ) scale. The solvent peak was
used as a reference value, for 1H NMR: CDCl3 δH 7.26; for 13C NMR: CDCl3 δC 77.16 ppm.
IR spectra were recorded using an Avatar 360 FT-IR ESP spectrometer (Nicolet, Madison,
Wisconsin, USA) at room temperature. HR-ESI-MS spectra were acquired using an Agilent
6210 ESI/TOF mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). Analytical
TLC was conducted on silica gel plates (GF254, Yantai Institute of Chemical Technology, Yantai,
China). Spots on the plates were observed under UV light. Column chromatography was
performed on silica gel (200~300 mesh and 300~400 mesh; Qingdao Marine Chemical Factory,
Qingdao, China). Super-dry solvent i-PrOH, ACN, DMSO and DMF were purchased from
Aldrich and used as supplied. The α-nitroketones were synthesized using the same method
as reported in the literature [48,49].
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3.2. General Procedure for the Cycloaddition of Alkenes and α-Nitroketones

p-TsOH (0.500 mmol, 4 equiv) was added to a solution of 1 (0.125 mmol, 1 equiv)
or 6 (0.125 mmol, 1 equiv) and 2 (0.625 mmol, 5 equiv) (or 4 (0.625 mmol, 5 equiv) or
8 (0.625 mmol, 5 equiv)) in ACN (0.2 mL). The mixture was then stirred at 80 ◦C until the
starting material disappeared as monitored by TLC. Subsequently, the mixture was directly
purified by flash chromatography (with ethyl acetate/petroleum ether as the eluent) to obtain
the desired product (3, 5, 7 or 9).

4. Conclusions

In conclusion, we have developed an efficient cycloaddition of a variety of α-nitroketones
with alkenes or alkyne using inexpensive and gentle acid. Among the synthesized compounds,
the yield of cycloaddition products of substituted phenylnitroketone is high (66–90 %), while
the yield of cycloaddition products of alkyl nitroketones (such as 7a–b) is low (20–23 %). This
synthesis is based on cycloaddition 1,3-dipolar in presence of p-TsOH, which is attractive that
the low cost, simple synthetic route, and ease of handling of the gentle acid. It is particularly
noteworthy that the reaction provides an effective synthesis method for 3-carbonylisoxazolines.
The development of other methods for the synthesis of 3-carbonylisoxazoline is currently
under investigation and will be disclosed in due course.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28062565/s1, The Supplementary Materials contain
experimental protocols, analytical data for products and NMR spectra [29,42,46,48–50].
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Abstract: Starting from commercially available ketones, a reproducible and reliable strategy for the
synthesis of tetrasubstituted nitroalkenes was successfully developed, using a two-step procedure;
the HWE olefination of the ketone to form the corresponding α,β-unsaturated esters is followed by a
nitration reaction to introduce the nitro group in the α position of the ester group. The enantioselective
organocatalytic reduction of these compounds has also been preliminarily studied, to access the
functionalized enantioenriched nitroalkanes, which are useful starting materials for further synthetic
elaborations. The absolute configuration of the reduction product was established by chemical
correlation of the chiral nitroalkane with a known product; preliminary DFT calculations were also
conducted to rationalize the stereochemical outcome of the organocatalytic enantioselective reduction.

Keywords: nitroacrylates; organocatalysis; stereoselective synthesis; reduction; chiral nitro derivatives

1. Introduction

Among unnatural α-amino acids, α,α-disubstituted amino acids are key biological
scaffolds with many specific roles and properties that have made them increasingly attrac-
tive in the fields of organic chemistry, biochemical research and drug discovery [1–3]. They
have unique structural properties, which make them ideal candidates to be included in the
design of new pharmaceutically active compounds, as well as intermediates for the study
of pathological pathways [4–6].

Synthetic approaches for the synthesis of di- or trisubstituted nitroalkenes, valuable
intermediates for the synthesis of α,α-disubstituted amino acids, are abundant in the
literature, but there are very scarce data reporting synthetic routes for tetrasubstituted
nitroalkenes [7,8]. Herein we describe a reproducible methodology for the synthesis of these
compounds (Figure 1) that started from easily available ketones (1), which are converted
to tetrasubstituted nitroolefins (3), by reaction of an acrylate intermediate (2), with an
appropriate nitration reagent. Nitroalkenes will be organocatalytically reduced to afford
enantioenriched nitroalkanes (4), highly functionalized chiral starting materials for further
transformations (Figure 1).
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Figure 1. Synthetic approach for the synthesis of tetrasubstituted nitroalkenes and their enantioselec-
tive catalytic reduction.

2. Results and Discussion

2.1. Synthesis of Tetrasubstituted Nitroalkenes

We started the investigations by exploring a two-step synthetic strategy for the syn-
thesis of tetrasubstituted nitroalkenes (Scheme 1). The first reaction involves the for-
mation of acrylates 2a–f, by reaction of different commercially available ketones 1a–f,
using Horner–Wadstworth–Emmons reaction conditions [9]. The results are summarized
in Table 1.

Scheme 1. Synthesis of acrylates intermediates (2).

Table 1. Synthesis of acrylate intermediates 2a–f.

Entry R1 R2 T Product E/Z Ratio a Yield b

1 Me Ph RT 2a 80:20 52%
2 CF3 Ph RT 2b 75:25 79%
3 Me tBu 66 ◦C 2c 90:10 14%
4 iPr Ph 66 ◦C 2d 67:33 33%
5 Me 4-BrPh RT 2e 65:35 76%
6 Me 4-MePh 66 ◦C 2f 75:25 86%

a Determined by 1H-NMR. b Yield was determined after purification using column chromatography.

Compounds 2a–f were obtained after reaction of the corresponding commercially
available ketones with trimethylphosphonoacetate and sodium hydride in THF for 24 h
with good to moderate yields and excellent diastereoselectivities after purification with
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column chromatography. The reactions were performed at room temperature, but with
compounds 2c, 2d and 2f (Table 1, entries 3,4,6) it was necessary to heat the reaction to
66 ◦C. Their E/Z ratio was checked by 1H-NMR of reaction crude. The low yield observed
for the isolation of pure product 2c (Table 1, entry 3) can be explained by its high volatility,
and optimization of the product isolation is underway.

Then, our efforts were concentrated on the nitration reaction of these acrylate in-
termediates using common nitration reagents such as HNO3 [10,11]. However, the use
of nitric acid mainly led to the formation of products with the nitro group on the aro-
matic ring, and the yields after purification were very low (<10%). Furthermore, several
problems were also detected during the isolation process. Selective nitration conditions
for double bonds were also considered, but no formation of the desired nitroalkane was
observed. Thus, alternative strategies involving the condensation between acetophenone
and ethyl nitroacetate or the reaction between phenylacetylene with ethyl nitroacetate
catalyzed by indium salts were also explored, [12–15] but without any satisfactory results
(see Supplementary Materials).

Finally, Buevich and co-workers reported the first example of a α-nitro addition to a
cinammic ester for the synthesis of dehydrophenylalanine derivatives, which are precursors
of α-amino acids, by utilizing a CAN-NaNO2 system [16]. Therefore, we decided to
investigate the methodology for the synthesis of target tetrasubstituted nitroalkenes 3a–f

starting from acrylates 2a–f (Scheme 2).

Scheme 2. Synthesis of tetrasubstituted nitroalkenes 3a–f.

The results are summarized in Table 2.

Table 2. Synthesis of tetrasubstituted nitroalkenes 3a–f.

Entry R1 R2 Acrylate Nitroacrylate Yield a Isomers Ratio

1 Me Ph 2a 3a 46% 60/40
2 CF3 Ph 2b - b -
3 Me tBu 2c 3c — c -
4 iPr Ph 2d 3d 25% 99/1
5 Me 4-BrPh 2e 3e 47% 62/38
6 Me 4-MePh 2f 3f 48% 57/43

a Isolated yield after purification with column chromatography. b Side-product (Z)-methyl 4,4,4-trifluoro-3-
(4-nitrophenyl)but-2-enoate was obtained in 76% yield. c Reaction did not occur, unreacted starting material
was recovered.

The nitration reaction of acrylates led to the formation of the corresponding tetrasub-
stituted nitroacrylates 3a–f in low to moderate yields after chromatographic purification,
and typically in a 6/4 diasteoisomeric ratio, except in the case of 3d, when a single isomer
was isolated. In case of nitroacrylates 3a,e (Table 2, entries 1 and 5), two different fractions
corresponding to the two separated diastereoisomers were obtained after purification.,
while for product 3f (Table 2, entry 6) a single fraction containing both, non-separable,
isomers, was obtained after chromatography.
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The nitration of acrylate 2b (Table 2, entry 2), did not lead to the formation of the
corresponding nitroacrylate 3b, but (Z)-methyl 4,4,4-trifluoro-3-(4-nitrophenyl)but-2-enoate
was obtained as major compound in this reaction in 76% yield. The nitration of acrylate 2c

(Table 2, entry 3) did not afford any product.
As previously mentioned, in the nitration of acrylates 2a,e (Table 2, entries 1 and 5),

it was possible to separate the two diastereoisomers. In order to clarify the configuration
of the two products, additional NMR experiments were conducted on the isomers of
compound 3a (Figure 2).

(a) (b)

Figure 2. Further NMR experiments performed for tetrasubstituted nitroacrylate 3a. (a): NMR spectra
of a mixture fraction of compound 3a. (b): NOE contact observed between OMe and Ph groups in the
more abundant form of the tetrasubstituted nitroacrylate 3a. (c): structures of nitroacrylates 3a–Z
and 3a–E.

A chemical shift study on the methoxy group signal of both Z/E forms of the tetra-
substituted nitroalkene 3a has been performed, using a NOESY experiment. As illustrated
in Figure 2a, the OMe group of the molecule is more shielded (3.55 ppm) in the more
abundant form, suggesting that it can be near to the shielding cone of the aromatic ring
(corresponding to the (E) isomer), while it resonates at 3.8 ppm in the less abundant isomer
of Figure 2a.

NOESY experimental results, showing through-space correlation within the molecule,
were also acquired to predict if the more abundant isomer of the synthetized tetrasubsti-
tuted nitroalkene corresponds to (E) or (Z), considering that the NOE contact between the
methoxy group and the phenyl ring can only be observed in the (E) isomer. The analysis of
NOE contacts suggested that the significant cross peak between the OMe group and phenyl
ring (Figure 2b) is present only in the major isomer that can be determined to have the (E)
configuration (product 3a–E).

2.2. Enantioselective Reduction of Tetrasubstituted Nitroalkenes (3)

The use of Hantzsch esters as biomimetic reducing agents [17] has been reported in dif-
ferent organocatalytic reductions of nitroalkenes, but also ketoimines and ketoesters [18–20].
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In addition, Hantzsch esters are easily synthetized, and their structure readily tuned in
order to maximize the efficiency of enantioselective reactions [21].

The enantioselective reduction of the synthetized tetrasubstituted nitroalkenes (3)
using Hantzsch esters as a reductive agent and a thiourea based chiral catalyst was in-
vestigated to obtain the corresponding functionalized nitroalkanes (4) (Scheme 3), in the
presence of a few chiral bifunctional catalysts A–D, representative of different classes of the
most popular organocatalysts for this transformation. The results are reported in Table 3.

Scheme 3. Organocatalytic reduction of tetrasubstituted nitroalkenes.

In general, compounds 4 were obtained in a 1:1 mixture of syn/anti products after 24 h
of reaction time. Initial experiments were conducted using nitroalkane 3a (Table 3, entries
1–8) as model substrate. The reactions performed in the presence of catalyst A starting
from different mixtures of nitroalkene 3a (Table 3, entries 1–3), demonstrate a different
reactivity of the E–Z isomers of this compound, showing that one isomer reacted more
quickly than the other one. This interesting discovery was confirmed when the reaction was
performed with a pure fraction of the less reactive isomer (which was previously assigned
as having a Z configuration) and no reaction was observed (Table 3, entry 1). Starting from
differently enriched mixtures in the E isomer led to similar results (entries 2–3), leading
to the chiral alkanes in up to 67% enantiomeric excess (entries 2–3). Attempts to increase
the yield by operating at a higher temperature or to improve the enantioselectivity by
running the reaction at a lower temperature did not lead to any significant results. The
enantioselectivity of the reaction was measured by HPLC analysis of the pure samples
on the chiral stationary phase, and two pairs of enantiomers, corresponding to syn/anti
products, were found (see experimental section).
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Table 3. Enantioselective reduction of tetrasubstituted nitroalkenes.

Entry T a Nitroalkene Nitroalkane Catalyst Yield d 4 ee% Syn–ee% Anti e

1 a 60 ◦C

3a–Z 4a

A trace n.d.

2 b 60 ◦C

3a–E 4a

A 51% 67-63

3 c 60 ◦C

3a (E+Z) 4a

A 53% 63–52

4 c 100 ◦C

3a (E+Z) 4a

A 37% 27–22

5 c 25 ◦C

3a (E+Z) 4a

A 15% n.d.

6 c 60 ◦C

3a (E+Z) 4a

B 69% 33–32

7 60 ◦C

3a (E+Z) 4a

C 19% n.d.

8 60 ◦C

3a (E+Z) 4a

D 10% n.d

9 60 ◦C

3d 4d

A 32% 12–13

10 60 ◦C

3e 4e

A 60% 24–4

11 60 ◦C

3f 4f

A 51% 50–46

a Reaction was performed using a 4:96 E–Z mixture of the nitroalkene; b Reaction was performed using an
90:10 E–Z mixture of the nitroalkene; c Reaction was performed using a 70:30 E–Z mixture of the nitroalkene;
d Yield was determined after purification with column chromatography; e Determined using chiral HPLC column
Phenomenex-Lux-Cellulose 5, Hexane/IPA 98:2 for compound 4a and Hexane/IPA 95:5 for compounds 4d–f;
n.d. = not determined.

When thiourea catalyst B was used (Table 3, entry 6), the corresponding nitroalkane
3a was obtained with good yield, but the enantioselectivity observed was lower than with
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catalyst A (Table 3, entry 2), which was the best catalyst for this transformation. When the
thiourea catalysts C and D were tested (Table 3, entries 7,8), the yields were drastically re-
duced, with a very low quantity of product obtained after purification. With the optimized
conditions in hand, the enantioselective reduction of nitroalkenes 3d–f (Table 3, entries 9–11)
was carried out using Hanztsch ester and thiourea catalyst A. Compounds 4d–f were ob-
tained with good yields after purification, but generally low or modest enantioselectivities.

2.3. Determination of the Absolute Configuration of Nitroalkanes (4)

The absolute configuration of the reduction product, the nitroalkane (4), was experi-
mentally established by converting 4a into a known compound. To achieve this goal, two
approaches were attempted (Scheme 4).

Scheme 4. Strategies for the experimental determination of the absolute configuration of nitroal-
kane 4a.

The first strategy (Scheme 4, method A) explored the transformation of 4a into the
known compound 7, by a three-step procedure involving the alkylation of nitroalkane 4a,
followed by the reduction of the nitro group and hydrolysis of the ester moiety as depicted
in Scheme 4 [22–24]. However, despite several conditions being attempted, the alkylation
did not lead to the desired product, but mixtures of unreacted starting material and O-
alkylated products were obtained (In an additional experimental effort, we have observed
that nitroalkane 4a reacted with “softer” electrophiles, such as methyl vinyl ketone in a
Michael reaction, additional studies are underway to further explore these transformations).

Thus, our efforts were focused on an alternative approach (Scheme 4, Method B). The
decarboxylation of the ester moiety of 4a (as 50:50 mixture of syn/anti isomers, enantioen-
riched) to afford the corresponding trisubstituted nitroalkane 8 was then explored [25]. This
simple approach was found to be effective and the desired decarboxylated nitroalkane 8

was finally synthetized. The experimental optical rotation was measured using a po-
larimeter and by comparison with the literature data, the compound 8, derived from the
major enantiomer of product 4a (4a syn A and 4a anti A), was established to have the
R-configuration [26].

DFT computational studies on the enantioselective reduction of tetrasubstituted ni-
troalkanes were preliminarily performed to rationalize the stereochemical outcome of the
reaction, using the Gaussian g16 package using Catalyst A as the model catalyst. All
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geometries of reactants and products (ground states and transition states) were located at a
B3LYP/6-31G (d,p) level of theory and finer electronic energies were successively obtained,
increasing the basis set up to 6/311 + (2df,2pd) with B3LYP functional [27]. In Figure 3 four
possible complexes of nitroalkene 3a with catalyst A and the geometries of the TS leading
to the formation of the four stereoisomers of nitroalkane 4a are represented.

Figure 3. The four possible TS geometries for nitroalkene 3a complexes with catalyst A.

Transition states responsible for the hydride transfer were located assuming the coor-
dination of the nitro group of the nitroalkane 3a to the thiourea moiety and of the Hantzsch
ester NH group with the catalyst carboxyamide group, according to the so-called Takemoto
model. The energy profile is depicted in Figure 4.

Figure 4. DFT calculations performed for the enantioselective reduction of tetrasubstituted
nitroal-kene 3a.

In Figure 5 the geometries of the transition states originated by the E-isomer of com-
pound 3a are illustrated.
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13A: TS E 3R 13B: TS E 3S

Figure 5. Transition states formed by the E- isomer of nitroacrylate 3a.

The blue spheres represent the nitrogen atom of the nitro group of nitroalkane 3a and
of the thiourea catalyst A, the yellow one represents the sulfur atom of the thiourea moiety,
and the red spheres represent the oxygen atoms of nitro and ester groups of compound 3a,

and of the carboxyamide group of the catalyst. The pink sphere represents the tert-butyl
groups of the Hantzsch ester, carbon atoms are grey and hydrogen atoms are white. The
broken lines showed the H-bonding interaction between the nitro group of 3a and the
thiourea moiety of the catalyst, and the transfer hydride between Hantzsch ester and carbon
C3 of the nitroolefin.

According to the calculations, among the two transition states originating from
Z-olefin, TS-Z-(3R) is the lowest in energy and would lead to the formation of the fi-
nal product with a R-configuration at the C3 carbon, in agreement with the experimental
data. However, the (Z) isomer was found to be very poorly reactive, while, as established
in NMR analysis, the more reactive isomer is the (E)-nitroacrylate, that, according to the
calculations should preferably afford the (S) enantiomer at C3 carbon of compound 4a.
These findings are in contrast with the experimentally established absolute configuration
(R) for the major enantiomer derived from the reaction of the E isomer of 3a. Therefore,
we can conclude that, at the moment, the proposed TS according to the Takemoto model,
is not able to explain why the E isomer should be more reactive than the Z isomer, and,
furthermore, cannot predict the correct configuration at the C3 of the nitroalkane. Those
results are probably an indication that other coordination modes are active in the TS of
the reactions, and other models need to be taken into consideration to rationalize the
stereochemical outcome of the reaction.

3. Materials and Methods

Reactions were monitored by analytical thin-layer chromatography (TLC) using silica
gel 60 F254 pre-coated glass plates (0.25 mm thickness) and visualized using UV light. Flash
chromatography was carried out on silica gel (230–400 mesh). Proton NMR spectra were
recorded on spectrometers operating at 300 MHz (Bruker Fourier 300); proton chemical
shifts are reported in ppm (δ) with the solvent reference relative to tetramethylsilane (TMS)
employed as the internal standard (CDCl3: δ = 7.26 ppm). 13C-NMR spectra were recorded
on 300 MHz spectrometers (Bruker Fourier 300) operating at 75 MHz, with complete
proton decoupling; carbon chemical shifts are reported in ppm (δ) relative to TMS with the
respective solvent resonance as the internal standard (CDCl3: δ = 77.0 ppm). Mass spectra
and accurate mass analysis were carried out on a VG AUTOSPEC- M246 spectrometer
(double-focusing magnetic sector instrument with EBE geometry) equipped with EI source
or with LCQ Fleet ion trap mass spectrometer, ESI source, with acquisition in positive
ionization mode in the mass range of 50–2000 m/z. Dry solvents were purchased and
stored under nitrogen over molecular sieves (bottles with crown caps). All chemicals
were purchased from commercial suppliers and used without further purification unless
otherwise specified.
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3.1. General Procedure for the Synthesis of Tetrasubstituted Nitroalkenes (3)

Tetrasubstituted nitroalkenes (3) were synthetized using a two-step procedure: Firstly
the formation of an acrylate intermediate (2) by a Horner–Wasdforth–Emmons reaction of
an appropriate ketone (1) with trimethylphosphonoacetate and sodium hydride, following
by a nitration reaction of this intermediate with a mixture of CAN-NaNO2 as an effective
nitration reagent.

Compounds 2a–f were synthetized using conditions reported in the literature [9].
First, a solution of trimethyl phosphonoacetate (5.21 mmol) in 20 mL of THF was cooled
to 0 ◦C. Then, sodium hydride (5.21 mmol) was added portion-wise and the mixture was
stirred for 30 min. After this time, the appropriate ketone (4.17 mmol) was added at the
same temperature and the reaction mixture was allowed to warm to room temperature and
stirred for 24 h at the right temperature. Then, 20 mL of saturated solution of ammonium
chloride was added dropwise and the mixture was extracted with Et2O.

The combined organic phases were dried using MgSO4, filtered and concentrated
in vacuo. The solvent was eliminated under reduced pressure and the crude product
was purified using column chromatography and hexanes/EtOAc as eluent. The 1H-NMR
of compounds 2a–f were in agreement with the published ones. Compounds 2a–f were
directly used in the next step after purification.

Acrylates 2a, 2b, 2c, 2d, 2e and 2f (5.68 mmol) were dissolved in 50 mL of acetonitrile
and cooled to 0 ◦C. Then, sodium nitrite (17 mmol) and cerium ammonium nitrate (17 mmol)
were added at the same temperature, and the reaction mixture was allowed to warm to
room temperature and stirred for 24 h. After this time, the reaction was filtered through
a pad of celite, and the filtrate was concentrated under reduced pressure. The residue
was poured into cold water and extracted with DCM (3 × 50 mL). The combined organic
layers were dried using MgSO4, filtered and concentrated in vacuo. The crude product was
purified by column chromatography using an appropriate mixture of solvents to afford
nitroacrylates. For further details see the Supporting Information.

3.2. General Procedure for the Enantioselective Synthesis of Nitroalkanes (4)

To a stirred solution of nitroalkenes (3) in toluene (0.3 mmol 0.3M), catalyst A (10 mol%)
and Hanztsch ester (1.2 eq, 0.36 mmol) were added. The reaction mixture was heated at
60 ◦C for 24 h. Then, the mixture was allowed to warm to room temperature and the
solvent was eliminated under reduced pressure, and the crude product was purified using
column chromatography and an appropriate mixture of eluents.

4. Conclusions

Although the preparation of tetrasubstituted nitroacrylates proved to be very challeng-
ing, in this work a reproducible strategy for the synthesis of tetrasubstituted nitroalkenes
was successfully developed using a two-step procedure; the HWE olefination of the ketone
followed by the reaction of nitration affords the desired tetrasubstituted nitroalkenes (3).

The enantioselective reduction of these synthetized tetrasubstituted nitroalkenes (3) to
access the functionalized nitroalkanes (4) was also performed, using a Hantzsch ester as
the reductive agent and a thiourea based chiral catalyst, to afford the products with good
to moderate yields, in a 1:1 mixture of syn/anti isomers, and up to 67% e.e. Although the
level of enantioselectivity could not be considered satisfactory yet, it should be noted that
the enantioselective organocatalytic reduction of tetrasubsituted alkenes was almost com-
pletely unknown. Even if the poor reactivity of the substrates represents a major problem,
the present work demonstrates that the asymmetric catalytic reduction of functionalized
nitroacrylates may offer a viable strategy for the synthesis of chiral amino ester derivatives.

The absolute configuration of the major enantiomer obtained in the enantioselective
reduction was established by converting the nitroalkane 4a into a known product. DFT cal-
culations, performed in order to rationalize the stereochemical outcome of the reaction did
not lead to satisfactory results. Further studies, considering other alternative coordination
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modes between the catalyst and the substrate, will be necessary in order to understand the
origins of the stereocontrol of the reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28073156/s1.
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