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Preface to ”Recent Advances in Iron Catalysis”

Transition metal-catalyzed reactions play a key role in many transformations which are applied 
in synthetic organic chemistry. For most of these reactions, noble metals have been used as 
catalysts with palladium being in the focus (for example, the Heck coupling, a broad range of 
palladium(0)-catalyzed cross-coupling reactions  of organometallic reagents, the Wacker oxidation, 
and many others). Over the last two decades, we have witnessed a development of using more and 
more first row transition metals as catalysts for organic reactions, with iron taking the center stage. 
The driving forces behind this development are not only the high costs for the noble metals but also 
their toxicity. Iron is the most abundant transition metal in the Earth’s crust, and thus, it is 
considerably cheaper than the precious noble metals often used in catalysis. Moreover, iron 
compounds have been involved in many biological processes early on during evolution, and in 
consequence, iron exhibits a relatively low toxicity. Because of this low toxicity, iron-catalyzed 
reactions have become an integral part of environmentally benign sustainable chemistry. However, 
iron catalysts are not only investigated to replace noble metals; they also offer many applications in 
synthesis beyond those of classical noble metal catalysts. Several articles of the present book 
emphasize the complementarity of iron-catalyzed reactions as compared to reactions catalyzed by 
noble metals. The book shows intriguing recent developments and the current standing of iron-

catalyzed reactions as well as applications to organic synthesis.

Hans-Joachim Knölker

Editor
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Abstract: Transition metal catalysis in modern organic synthesis has largely focused on noble
transition metals like palladium, platinum and ruthenium. The toxicity and low abundance of these
metals, however, has led to a rising focus on the development of the more sustainable base metals
like iron, copper and nickel for use in catalysis. Iron is a particularly good candidate for this purpose
due to its abundance, wide redox potential range, and the ease with which its properties can be tuned
through the exploitation of its multiple oxidation states, electron spin states and redox potential.
This is a fact made clear by all life on Earth, where iron is used as a cornerstone in the chemistry
of living processes. In this mini review, we report on the general advancements in the field of iron
catalysis in organic chemistry covering addition reactions, C-H activation, cross-coupling reactions,
cycloadditions, isomerization and redox reactions.

Keywords: iron; organic synthesis; C-H activation; C-C coupling

1. Introduction

Iron is the most abundant element on Earth by mass and is used ubiquitously by living organisms [1].
The ability of iron to assume many oxidation states (from −2 up to +6) coupled with its low toxicity
makes it an attractive, versatile and useful catalyst in organic synthesis. The wide range of oxidation
states available for iron and its ability to promote single electron transfer (SET) allows it to cover a wide
range of transformations. In low oxidation states, iron becomes nucleophilic in character and takes
part in reactions such as nucleophilic substitutions, reductions and cycloisomerizations. At higher
oxidation states, iron behaves as a Lewis acid, activating unsaturated bonds and at very high oxidation
states (+3 to +5) iron complexes can take part in C-H activation. Due to iron’s central position in the
periodic table, it can have the property of both an “early” and “late” transition metal and with the
many oxidation states available, any type of reaction is, in principle, within reach. Iron cations also
bind strongly to many N- and O-based ligands, and these ligands can replace phosphine ligands in
iron chemistry.

As the atmosphere on Earth changed following the Great Oxidation Event about 2.4 billion years
ago, ferrous (+2) iron complexes became less stable and ferric (+3) complexes became predominant [2].
Iron in its ferric oxidation state typically forms complexes that are water-insoluble like hematite (Fe2O3)
or magnetite (Fe3O4), especially under basic conditions when exposed to air. This propensity of
iron complexes to precipitate can be a hindrance for catalysis, although, despite the fact that ferric
complexes are mostly water-insoluble at biological pH, iron is still the most common transition metal
in living organisms and is indispensable for the chemical processes of life—oxygen binding, electron
transport, DNA synthesis, and cell proliferation, to name only a few.

Modern catalysis has been dominated by noble transition metals, such as palladium, platinum,
ruthenium and iridium, and these metals have been used in a wide range of reactions. The main
advantage that noble transition metals have over their base counterparts is their preference for

Molecules 2020, 25, 1349; doi:10.3390/molecules25061349 www.mdpi.com/journal/molecules1
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undergoing two-electron processes. They do, however, have significant drawbacks: high cost,
non-renewable supply and/or precarious toxicological and ecological properties. These factors may
not pose too much of a problem for academic research, but have profound implications for industry
and for the future of sustainable chemistry. It is for these reasons that attention has shifted towards
base transition metals like iron, copper and nickel. Iron is particularly well suited as it is the second
most abundant metal in the Earth’s crust after aluminum and is consequently attractive economically
and ecologically. Despite these advantages of iron, organoiron catalysts tend to suffer from serious
drawbacks such as difficult synthetic pathways, lack of robustness, poor atom economy and low
activity or enantioselectivity. Although circumventing these limitations will be necessary for iron
catalysis to reach its full potential, base metal catalysis will no doubt gain importance in the future
and it is reasonable to think that base metals such as iron will eventually supplant the traditional
dominance of noble transition metals as the field matures. In recent times, the area of iron catalysis
has exploded and Beller in 2008 and Bolm in 2009 declared that the age of iron has begun [3,4]. An
intriguing outlook on the future of homogeneous iron catalysis was published in 2016 by Fürstner [5].

This review focuses on the recent advancements in iron catalysis pertaining to organic chemistry
from 2016 to February 2020. An excellent and comprehensive review from 2015 by Knölker on all the
types of iron-catalyzed reactions discussed in this review in addition to others can be consulted for
the interested reader [6]. Other more specialized reviews may be found in each respective subsection.
It should be mentioned that metathesis reactions are omitted from this review.

2. Iron in Organic Synthesis

Organoiron chemistry began in 1891 with the discovery of iron pentacarbonyl by Mond and
Berthelot [7,8]. It was used sixty years later industrially in the Reppe process of hydroformylation of
ethylene to form propionaldehyde and 1-propanol in basic solutions [9]. An important event was the
discovery of ferrocene in 1951 [10], the structure of which was determined in 1952 [11,12] and led to
the Nobel prize being awarded to Wilkinson and Fischer in 1973. The discovery of the Haber–Bosch
process was an additional milestone in iron chemistry. The latter process uses an inorganic iron catalyst
for the production of ammonia and sparked an agricultural revolution [13,14]. In modern organoiron
chemistry, iron is used in a great number of diverse reactions, as will be apparent from this review,
though perhaps, just as in the chemistry of life, its most ubiquitous role is in redox chemistry.

2.1. Addition Reactions

The first example of an iron-catalyzed racemization of alcohols was reported in 2016 with the use
of an iron pincer catalyst [15]. Between 2016 and 2017, the groups of Bäckvall [16] and Rueping [17]
independently reported the dynamic kinetic resolution (DKR) of sec-alcohols using a combination of
iron catalysis for racemization and a lipase for resolution, which demonstrates a useful combination
of enzyme and transition metal catalysis (Scheme 1). In one study, Knölkers complex (II) was used
directly [17], and in the other study, a bench-stable precursor to Knölkers complex (II), iron tricarbonyl
complex I, was used, which was activated through oxidative decarbonylation with TMANO to form
coordinatively unsaturated iron complex I’ [16]. In the latter study, various benzylic and aliphatic
esters could be produced in good to excellent yields with excellent ee. Two different enzymes, Candida
antarctica lipase B (CalB/Novozyme 435) and Burkholderia cepasia (PS-C), could be used and the
procedure could be reproduced on gram-scale. The group of Zhou also reported a related work using
hexanoate as the acyl donor [18]. Rodriguez published a review on the synthesis, properties and
reactivity of this interesting class of iron catalysts in 2015 [19].
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Scheme 1. Bäckvall’s and Rueping’s DKR of sec-alcohols.

The indole ring is a ubiquitous heterocyclic motif in natural products and methods for constructing
chiral polycyclic systems with indole skeletons has attracted considerable attention. In 2017, the
group of Zhou reported the first intramolecular enantioselective cyclopropanation of indoles that was
catalyzed either by iron or copper in the presence of a chiral ligand (Scheme 2) [20]. Many functional
groups were tolerated and various cyclopropanated indoles were prepared in high to excellent yields
and in almost all cases with excellent ee. The mechanism of the enhancement of the enantioselectivity
is currently unknown, although the R2 group was found to be important and had to be different from
hydrogen for the reaction to proceed.

 
Scheme 2. Zhou’s enantioselective cyclopropanation.

Hydroamination of alkenes is an atom-economic approach and the amines produced are some of
the most common functionalities found in fine chemicals and pharmaceuticals. Hydroamination of
terminal alkenes typically gives the Markovnikov product selectivity, but in 2019 the group of Wang
reported the first iron-catalyzed anti-Markovnikov addition of allylic alcohols [21]. For this purpose,
an iron-PNP pincer complex was used. The reaction proceeds through a hydrogen-borrowing strategy
where the iron complex temporarily activates the alcohol by dehydrogenation to the α,β-unsaturated
carbonyl compound. The latter compound reacts with an amine to form an iminium ion, which
undergoes conjugate additon at the β-position with another amine followed by hydrolysis and
reduction to give the product. Various amines were produced in good yields with this method.
Interestingly, hydroamidation could also be performed (Scheme 3).
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Scheme 3. Wang’s iron-catalyzed anti-Markovnikov hydroamination.

C-C and C-N bonds are important bonds in organic chemistry and one of the most effective ways
of creating these bonds simultaneously is through the carboamination of olefins. In 2017, the group of
Bao reported the diastereoselective construction of amines and disubstituted β-amino acids through
the carboamination of olefins (Scheme 4) [22]. Aliphatic acids were used as an alkyl source and nitriles
as a nitrogen source. The protocol could be performed on a gram-scale and various carboamination
products were obtained in good yields and excellent diastereoselectivity. The choice of acid was found
to have a strong effect on the diastereoselectivity. TsOH was used for the carboamination of olefins, but
for the carboamination of esters, binary and ternary acids had a more positive effect over monoacids,
with H2SO4 giving the best result. The addition of the nitrile group was found, through Density
Functional Theory (DFT) calculations, to be diastereoselectivity-determining, and hyperconjugation
was proposed to account for the anti-selectivity.

 
Scheme 4. Bao’s carboamination.

Organosilicon compounds have significant chemical, physical and bioactive properties and an
example of these compounds is 1-amino-2-silylalkanes, which have, in recent times, emerged as
candidates for pharmaceutical development. Silicon-containing compounds are generally made
through hydrosylilation or dehydrogenative silylation, but in 2017 the group of Luo reported the first
iron-catalyzed synthesis of 1-amino-2-silylalkanes through the 1,2-difunctionalization of styrenes and
conjugated alkenes (Scheme 5) [23]. Di-tert-butyl-peroxide (DTBP) was used as an oxidant in the
reaction. Amines, amides and carbon nucleophiles could be employed and delivered the corresponding
products in mostly good yields. The reaction was proposed to proceed via a silicon-centered radical
from oxidative cleavage of the Si-H bond followed by addition across the C=C bond and a N-H
oxidative functionalization cascade.

 
Scheme 5. Luo’s silylation.
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2.2. C-H Bond Activation

The first example of a C-H activation was a Friedel–Crafts reaction reported by Dimroth in
1902, where benzene reacted with mercury (II) acetate to give phenylmercury (II) acetate [24].
Later, in 1955, Murahashi reported the cobalt-catalyzed chelation-assisted C-H functionalization
of (E)-N-1-diphenylmethaneimine to 2-phenylisoindolin-1-one [25]. A great advance in the field
occurred in 1966 when Shilov reported that K2PtCl4 could induce isotope scrambling between methane
and heavy water [26,27]. Shilov’s discovery led to the so called “Shilov system”, which remains to this
day as one of the few catalytic systems that can accomplish selective alkene functionalizations under
mild conditions. In 2008, the synthetic power of C-H activation was expanded to include organoiron
catalysis by Nakamura in his arylation of benzoquinolines (Scheme 6) [28]. An excellent review on the
subject of iron in C-H activation reactions by Nakamura was published in 2017 [29] and a review on
oxidative C-H activation was published by Li in 2014 [30].

 
Scheme 6. Nakamura’s C-H activation.

The group of Arnold has in the past used engineered cytochrome P450, which is a type of enzyme
that uses a heme cofactor, to enantioselectively α-hydroxylate arylacetic acid derivatives via C-H
activation [31]. In 2017, they reported the directed evolution of cytochrome P450 monooxygenase, for
enantioselective C-H activation to give C-N bonds (Scheme 7) [32]. It uses a variant of P411 based
on the P450 monooxygenase which has an axial serine ligand on the haem iron instead of the natural
cysteine. The method utilizes a tosyl azide as a nitrene source which generates an iron nitrenoid that
subsequently reacts with an alkane to deliver the C-H amination product. The P411 variant has a
turnover number (TON) of 1300, which is considerably higher than the best reported, to our knowledge,
for traditional chiral transition metal complexes, which is a chiral manganese porphyrin with a turnover
number of 85 [33]. A variety of benzylic tosylamines could be produced with excellent ees.

 
Scheme 7. Arnold’s C-H amination.

In 2019, Arnold and coworkers extended their methodology using another variant of P411 in C-H
alkylation using diazoesters (Scheme 8) [34]. The diazo substrate scope could be extended beyond
ester-based reagents to Weinreb amides and diazoketones and gave the corresponding products with
excellent ees and with total turnover numbers (TTN) of up to 2330. These studies together show the
potential for generating C-H alkylation enzymes that can emulate the scope and selectivity of Natures
C-H oxygenation catalysts.
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Scheme 8. Arnold’s sp3 C-H activation.

C(sp3)-H alkylation via an isoelectronic iron carbene intermediate was first reported in 2017 by
the group of White using an iron phthalocyanine (Scheme 9) [35]. Iron carbenes generally prefer
cyclopropanation over C-H oxidation, but, in this case, allylic and benzylic C(sp3)-H bonds could be
alkylated with a broad scope. Mechanistic studies indicated that an electrophilic iron carbene was
mediating homolytic C-H cleavage followed by recombination with the resulting alkyl radical to form
the new C-C bond. The C-H cleavage was found to be partially rate determining.

 
Scheme 9. White’s isoelectronic carbene C(sp3)-H oxidation.

In 2018, the group of Ackermann reported on an allene annulation through an iron-catalyzed
C-H/N-H/C-O/C-H functionalization sequence (Scheme 10) [36]. The mechanism was shown to involve
an unprecedented 1,4-iron migration C-H activation manifold. Alkyl chlorides were tolerated under
these reaction conditions, with no cross-coupling being observed. Various dihydroisoquinolones could
be produced through the use of this method in excellent yields and the modular nature of the triazole
group allowed for the synthesis of exo-methylene isoquinolones as well.

 
Scheme 10. Ackermann’s allene annulation.

In late 2019, the group of Wang demonstrated an iron-catalyzed α-C-H functionalization of
π-bonds in the hydroxyalkylation of alkynes and olefins (Scheme 11) [37]. Propargylic and allylic C-H
bonds were functionalized with this method and a wide variety of homopropargylic and homoallylic
alcohols could be produced in excellent yields, although with modest stereoselectivity. The key to the
success of this approach is the fact that coordination of the iron catalyst to the unsaturated bond is
known to lower the pKa of a propargylic or allylic proton from ≈38 and ≈43, respectively, to <10 [38].
An (α-allenyl)iron or (π-allyl)iron complex for propargylic or allylic complexes, respectively, is then
formed in the presence of a base, which is utilized as the coupling partner.
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Scheme 11. Wang’s α-C-H functionalization.

In 2018, the group of Liu reported the unprecedented iron(II)-catalyzed fluorination of C(sp3)-H
bonds using alkoxyl radicals (Scheme 12) [39]. The procedure was applied to a wide range of substrates
and it was found that a range of functional groups were tolerated, including halide and hydroxyl
groups. N-fluorobenzenesulfonamide (NFSI) was used as the fluoride source and the substrate scope
could be extended from fluorination to chlorination, amination and alkylation. The authors also
demonstrated a one-pot application of their protocol starting from a simple alkane.

 
Scheme 12. Liu’s C-H fluorination.

2.3. Cross-Coupling Reactions

Transition-metal-catalyzed cross coupling protocols have become an important tool in the organic
chemist‘s arsenal. This area has been important in chemistry for about five decades, and in 2010 it
received formal recognition when Richard Heck, Akira Suzuki and Ei-ichi Negishi received the Nobel
prize for palladium-catalyzed cross-couplings in organic synthesis. Although a powerful technique, its
applications have been dominated by the use of expensive palladium- and nickel-based catalysts, which
are often toxic. The most common types of cross coupling reactions using iron are those involving
Grignard reagents as the transmetalating nucleophile. The first example of an alkenylation of alkyl
Grignard reagents with organic halides using iron(III) chloride was reported in 1971 by Kochi and
Tamura (Scheme 13) [40]. A review on the subject of iron-catalyzed cross-coupling reactions with a
focus on mechanistic studies was published in 2016 by Byers [41]. A more focused review on the use of
iron-catalyzed cross-coupling for the synthesis of pharmaceuticals was released in 2018 by Szostak [42].

 
Scheme 13. Kochi’s and Tamura’s original alkenylation.

In 2016, Bäckvall and coworkers reported the coupling of propargyl carboxylates and Grignard
reagents using the environmentally benign Fe(acac)3 to synthesize substituted allenes and protected
α-allenols (Scheme 14) [43,44]. The mild reaction conditions tolerate a broad range of functional groups
(silyl ethers, carbamates and acetals) and could be applied to more complex molecules such as steroids.
Tri and tetra substituted allenes were obtained in excellent yields, whereas the yield was found to drop
for less substituted allenes. A variety of alkyl and aryl Grignard reagents could be applied and it was
demonstrated that the protocol can be readily performed on a gram-scale.

7
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Scheme 14. Bäckvall’s synthesis of substituted allenes and protected α-allenols from carboxylates.

In 2016, the group of Frantz reported on a highly stereoselective iron-catalyzed cross coupling
using FeCl3 to couple Grignard reagents and enol carbamates (Scheme 15) [45]. Many functional
groups, such as ethers, silanes, primary bromides, alkynes and alkenes, were tolerated. In almost
all cases, the yield and E/Z selectivity was excellent, with (E)-carbamates leading to (E)-acrylates
and (Z)-carbamates leading to (Z)-acrylates. This study constitutes the only example so far of an
iron-catalyzed cross-coupling, where an oxygen-based electrophile is favored over a vinylic halide
(a Cl group at R2 in Scheme 15).

 
Scheme 15. Frantz’ stereoselective synthesis of acrylates.

Aryl C-glycosides are interesting pharmaceutical candidates because of their biological activities
and resistance to metabolic degradation. In 2017, the group of Nakamura developed a highly
diastereoselective iron-catalyzed cross-coupling of glycosyl halides and aryl metal reagents to form
these compounds using FeCl2 in conjunction with a SciOPP ligand (Scheme 16) [46]. A variety of aryl,
heteroaryl and vinyl metal reagents based on magnesium, zinc, boron and aluminium could be applied.
The reaction was found to proceed through the generation and stereoselective trapping of glycosyl
radical intermediates and represents a rare example of a highly stereoselective carbon-carbon bond
formation based on iron catalysis.

 
Scheme 16. Nakamura’s diastereoselective synthesis of aryl C-glycosides using (Sciopp) FeCl2.
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Heterocyclic motifs are common in biologically active compounds and the presence of heteroatoms
arranged around a quaternary carbon center often endows a certain spacial definition that can be
useful, for example, in enhancing drug-binding. These types of spirocyclic motifs are most often
generated through [2 + 3] cycloadditions, but, in 2017, the group of Sweeney developed an elegant
cross-coupling cascade reaction to generate these motifs with inexpensive Fe(acac)3 as the catalyst
directly from feedstocks chemicals directly available from plant sources (Scheme 17) [47]. The protocol
delivered diastereomerically enriched nitrogen- and oxygen-containing cis-heterospirocycles and was
applicable to substrates with typically sensitive functionalities like esters and aryl chlorides.

 
Scheme 17. Sweeney’s cyclization.

Palladium catalysts have traditionally been ubiquitous in cross-coupling reactions. Utilizing iron
for the Suzuki coupling to provide simple biaryl compounds remained elusive until recently, when the
group of Bedford showed that simple π-coordinating N-pyrrole amides on the aryl halide substrate
could facilitate activation of the relatively unreactive C-X bond (Scheme 18) [48]. The use of an NHC
ligand with the appropriate steric bulk proved crucial. A variety of biaryl products were obtained
in excellent yields. This study demonstrates that iron-catalyzed Suzuki couplings to give biaryls are
achievable, though to make the procedure general, efforts will have to be made to develop non-directed
halide bond activation.

 
Scheme 18. Bedford’s cross-coupling.

2.4. Cycloadditions

Medium-sized rings (7–11 membered) are important structural motifs with applications
in the synthesis of polymers, fragrances and other specialty chemicals. Among these cyclic
compounds, eight-membered rings are particularly useful for the synthesis of polyethylene derivatives.
Metal-catalyzed [4 + 4]-cycloaddition of two butadienes to produce 1,5-cyclooctadiene is well
established, although the use of 1,3-dienes is challenging owing to unwanted side-products including
linear oligomers, [2 + 2]- and [4 + 2]-cycloadducts, as well as regio- and stereoisomeric [4 + 4] products.
Catalyst design must be guided with these concerns in mind. Recently, the group of Chirik developed
an iron-catalyzed [4 + 4]-cycloaddition of 1,3-dienes to access these compounds using (imino)pyridine
iron bis-olefin and α-diimine iron complexes (Scheme 19) [49]. A wide variety of 1,5-cyclooctadienes
could be produced in good to excellent yields and with controlled chemo- and regioselectivity. Kinetic
analysis and Mößbauer spectroscopy provided evidence for a mechanism in which oxidative cyclization
of the two dienes determines the regio- and diastereoselectivity.
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Scheme 19. Chirik’s iron-catalyzed [4 + 4]-cycloaddition.

Indolines are pharmaceutically significant aza-heterocycles and the first example of a synthesis
of these compounds via an iron-catalyzed decarboxylative [4 + 1]-cycloaddition was described in
2016 by the group of Xiao. A wide range of functionalized indolines could be prepared from vinyl
benzoxazinanones and sulfur ylides in good to excellent yields in high diastereoselectivity using
the nucleophilic Bu4N[Fe(CO)3(NO)] (TBAFe) catalyst (Scheme 20) [50]. The authors postulated
that the reaction proceeds via the formation of an electrophilic (π-allyl) iron complex, which would
subsequently react with the sulfur ylide and undergo an intramolecular SN2 displacement of dimethyl
sulfide by the tosyl amide anion. This study is noteworthy and constitutes the first example of the
exploitation of an interesting reverse-electron-demand (π-allyl) iron species.

 
Scheme 20. Xiaos’ [4 + 1]-cycloaddition.

Oxidative [4 + 2] annulations of imines and alkynes for the synthesis of isoquinolines are well
established [51] but an interesting redox-neutral variant was reported in 2016 by the group of Wang
involving an iron-carbonyl-catalyzed C-H transformation of an arene (Scheme 21) [52]. A wide variety
of isoquinolines were isolated in good to excellent yield and only the cis-stereoisomer was observed.
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Mechanistic studies revealed that there was an essential synergy of dinuclear irons in the oxidative
C-H addition and turnover-limiting H-transfer to the alkyne in the catalytic cycle.

 
Scheme 21. Wang’s [4 + 2] annulation/C-H activation.

Cyclotrimerization of alkynes mediated by transition metals is a key approach towards the
synthesis of substituted aromatic compounds. In 2017, the group of Jacobi von Wangelin reported the
iron-catalyzed trimerization of terminal alkynes in the absence of a reducing agent (Scheme 22) [53].
The approach was based on having a simple Fe (II) precatalyst and an internal bulky basic ligand
which could mimic the effect of an external reductant. Terminal alkynes readily reacted, whereas
internal ones did not, which is in accordance with the mechanistic postulate that the reaction is initiated
through alkyne deprotonation. Good regioselectivity was observed with almost exclusive formation of
the 1,2,4-substituted product over the 1,3,5-substituted and a wide variety of arenes were produced in
mostly excellent yields.

 
Scheme 22. Jacobi van Wangelin’s cyclotrimerization.

2.5. Isomerizations

Iron-catalyzed isomerization of unsaturated alcohols to carbonyls was first reported by Emerson
and Pettit in the 1960s [54]. In this study, butadiene-(tricarbonyl)iron complexes were exposed to strong
acids to form their corresponding π-allyl iron complexes. When these were reacted with water, η2-(allyl
alcohol)iron complexes formed, which isomerized to the enol-iron complex. Upon decomposition,
butanone was obtained.

Between 2017 and 2019, the groups of Bäckvall [55,56] and Rueping [57,58] independently reported
the iron-catalyzed cycloisomerization of allenols and allenic sulfonamides using iron tricarbonyl
complex I (Scheme 23). An analogous ruthenium-catalyzed cyclization of α-allenols had previously
been reported by Bäckvall [59]. In these protocols, I is activated by TMANO to form the active
catalyst I’. The protocols have a wide scope and deliver the corresponding heterocycles in excellent
yields. Interestingly it was found that through the introduction of a substituent in the R2 position
of the allene, the reaction was made diastereoselective, giving the trans-product predominantly in
the case of dihydrofurans or exclusively in the case of dihydropyrroles [54,55]. The origin of the
diastereoselectivity, revealed through DFT calculations, was the participation of the non-innocent
cyclopentadienyl ligand of the catalyst lowering the transition state, leading to the trans product.
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Scheme 23. Bäckvall’s and Rueping’s cycloisomerizations.

According to the Woodward–Hofmann rules, [2 + 2] cycloadditions of two olefins are
photochemically allowed, but thermally forbidden [60]. Due to this restriction, photochemical [2 + 2]
cycloaddition between two olefins is the most common strategy to form cyclobutanes. In 2018, the
group of Plietker reported an unusual cycloisomerization of enynes using a cationic iron nitrosyl
catalyst (Scheme 24) [61]. Their 1,6- and 1,7-enyneacetates were expected to isomerize to allenes, but
instead isomerized to their corresponding bicyclo [3.2.0] or [4.2.0] alkylamides in good to excellent yield
under mild conditions. The reaction tolerates esters, amides and halides, and afforded the products
generally in good to high yields.

 
Scheme 24. Plietker’s cycloisomerization of enynes.

Iron carbonyl complexes have been used in the isomerization of allylic alcohols, but a major
drawback associated with the use of these complexes is the fact that they require UV light for activation
and are thus not amenable to industrial synthesis [62]. In 2018, the group of de Vries reported the use
of a pincer PNP-iron complex for the isomerization of allylic alcohols and found it to be an excellent
racemization catalyst in conjunction with tBuOK (Scheme 25) [63]. Both benzylic and aliphatic allylic
and homoallylic alcohols could be isomerized in mostly excellent yields. The sterically hindered
trans-sobrerol could be reduced as well, although in a modest yield of 36%. A two-step hydrogen
borrowing mechanism involving dehydrogenation-hydrogenation isomerization was proposed on the
basis of DFT calculations.

 
Scheme 25. de Vries’ allylic alcohol isomerization.
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An elegant cascade reaction involving cross-coupling and cycloisomerization forming two C-C
bonds and highly functionalized 1,3-dienes with a stereodefined tetrasubstituted alkene unit, which is
difficult to obtain by other means, was developed in 2016 by the group of Fürstner (Scheme 26) [64].
A series of X-ray structures showed that the substituent delivered by the Grignard reagent and
the transferred alkenyl substituent were on the same side of the central tetrasubstituted alkene
unit. Any loss of stereoselectivity is likely the result of a secondary isomerization process. Many
variously substituted 1,3-dienes could be produced with this method in good to excellent yield and
enantioselectivity and both primary and secondary Grignard reagents could be used.

 
Scheme 26. Fürstner’s cycloisomerization/cross-coupling cascade reaction.

2.6. Redox Reactions

Redox chemistry is what iron has traditionally been most known for, due to its multiple possible
oxidation states. It is a very important field, not only for organic synthesis but also for biochemistry
and industrial applications. A review on the use of iron (and other base metals) in borrowing hydrogen
strategies was released by Morrill in 2019 [65]. A review on iron in reduction and hydrometalation was
published in 2019 by Darcel [66].

One of the main bottlenecks in synthetic fuel production powered by sunlight or electricity is
the oxidation of water. The use of abundant and environmentally benign metals for this purpose
is desireable and, to this end, the group of Masaoka, in 2016, reported the use of a pentanuclear
iron catalyst [FeII

4FeIII(μ3-O)(μ-L)6]3+ ((L = 3,5-bis(2-pyridyl)pyrazole) [67]. A multinuclear core
typically gives rise to a redox flexibility that would be expected to be favourable in a reaction involving
multi-electron transfer, such as water oxidation, as is known from enzyme examples in nature such as
photosystem II in plants where Mn4Ca clusters are used. The turnover frequency was found to be 1900
per second, which is about three orders of magnitude greater than that of other iron-based systems,
but despite the advantage of this system, it required a H2O/MeCN mixture and a large overpotential of
0.5 V, preventing it from practical use. These findings do, however, clearly indicate that efficient water
oxidation protocols can be developed based on multinuclear iron catalysts.

Oxidation reactions are of fundamental interest in organic chemistry, and an ideal oxidant to use
in such processes is O2. To this end, the group of Bäckvall in 2020 reported the first example of a
biomimetic oxidation of alcohols (Scheme 27) [68]. Various primary and secondary alcohols could be
oxidized to their corresponding aldehydes and ketones with this method in good to excellent yields.
The process was inspired by the electron transport chain used in living organisms and involves coupled
redox processes that lead to a low-energy pathway through a stepwise oxidation using electron transfer
mediators (ETMs) with O2 as the terminal oxidant. An iron(II)-catalyst was used for this purpose,
which exhibited surprising stability in the presence of O2, in addition to a benzoquinone-derivative
and a Co(salen)-type complex as ETMs.
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Scheme 27. Bäckvall’s biomimetic oxidation of alcohols.

The oxidation of alcohols to carboxylic acids typically involves the use of stoichiometric amounts
of toxic oxidants, such as KMnO4 or CrO3. In 2016, the group of Ma developed an iron-catalyzed
aerobic oxidation of alcohols to carboxylic acids to circumvent this problem (Scheme 28) [69]. A wide
variety of alcohols (and aldehydes) could be oxidized to their corresponding carboxylic acids and
synthetically useful groups such as halides, alkynes, olefins, esters and ethers were tolerated. The
synthetic application of this protocol was also demonstrated through the first total synthesis of the
naturally occurring allene, phlomic acid, and in a 55 g synthesis of palmitic acid.

 

Scheme 28. Ma’s iron-catalyzed aerobic oxidation of alcohols.

Cyclic α-epoxide enones are structures found routinely in natural products and are also useful
synthons. Producing these compounds through enantioselective epoxidation is notoriously difficult.
In 2016, the group of Costas reported the first iron-catalyzed and highly enantioselective epoxidation
of these compounds using a bulky tetradentate iron catalyst (Scheme 29) [70]. The reaction was found
to proceed via the generation of an electrophilic oxidant, which is unusual for this class of reactions,
where nucleophilic oxidants usually account for the reaction through a Weitz–Scheffer-type mechanism.
2-Ethylhexanoic acid (2-eha) was found to be necessary as an additive to help activate H2O2. Various
epoxides could be produced in mostly excellent yields and excellent ees.
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Scheme 29. Costas’ enantioselective epoxidation.

A number of pharmaceutically active compounds for psychiatric therapy or cardic arrythmias
have optically active alcohols or oxaheterocycle motifs. The standard methods of synthesizing these
compounds rely on expensive and partly toxic noble metals and it would thus be advantageous
to employ base metals for this purpose. In 2018, the group of Gade developed an enantioselective
reduction of functionalized ketones to form these compounds (Scheme 30) [71]. A chiral pincer
“boxmi”-type iron catalyst with a low catalyst loading of 0.5 mol% was used which provided access to a
broad range of functionalized halohydrins, oxaheterocycles and amino alcohols in excellent yields and
mostly excellent ees. The protocol could also be performed on a gram scale to form a chiral halohydrin
that forms the basis for the preparation of the antidepressant (R)-fluoxetine.

 
Scheme 30. Gade’s enantioselective reduction of functionalized ketones.

Transfer hydrogenation processes are attractive alternatives to classical catalytic hydrogenation
since the use of high pressure and expensive reactors can be avoided. The group of de Vries
in 2019 reported the base-free transfer hydrogenation of esters using EtOH as the hydrogen
source (Scheme 31) [72]. It is interesting to note that EtOH can be used as the reductant, which
is usually a problem, since the acetaldehyde formed can potentially deactivate the catalyst by
decarbonylation. Various aliphatic and aromatic esters, including lactones, could be reduced to
their corresponding alcohols in good to excellent yields. In addition the reaction could be scaled
up tenfold. Similar iron-based protocols using a base are known to reduce C=C bonds [73],
but in this base-free protocol, esters were selectively reduced. One important topic in green
chemistry is the recycling of polymers by conversion to their monomers. This study shows the
first transfer-hydrogenation-catalyzed depolymerization of a polyester (Dynacol 7360, made from
adipic acid and 1,6-hexanediol), demonstrating the possibility of using iron-catalysis for the recycling
of plastic waste.
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Scheme 31. de Vries’ transfer hydrogenation of esters.

Simple carboxylic acids are excellent carbonyl donors for functionalized carboxylic acid derivatives.
Generating the enolate, enediolate, of a carboxylic acid is, however, quite challenging, due to the low
acidity of the α-proton. The Brønsted acidity of the carboxylic acid is a further complication for the
deprotonation of the α-proton, and therefore two equivalents of a strong base such as LDA are normally
required for efficient enolization. In 2020, the group of Ohshima reported the α-functionalization of
carboxylic acids through an iron-catalyzed 1e- radical process [74]. The use of molecular sieves was
found to be crucial in suppressing undesired decarboxylation and the alkali metal salt component of
the sieves (sodium or potassium carboxylate) was found to play a crucial role in promoting the reaction.
The reaction had wide scope and functional groups typically sensitive to oxidation conditions, such as
primary benzylic alcohols and thioethers were tolerated. This study constitutes the first example of
the generation of redox-active heterobimetallic enediolates from unprotected carboxylic acids under
catalytic conditions (Scheme 32).

Scheme 32. Ohshima’s α-oxidation of carboxylic acids.

3. Conclusions

This review has highlighted recent advances in iron-catalysis with respect to organic synthesis.
This field has expanded greatly in recent years and giving a detailed account of each reaction category
is an impossible task for a short review of this type. Herein, only key representative examples are
given, and interested readers are advised to look into the reviews referenced throughout the text.

As is clear from the examples given in this review, iron complexes are capable of catalyzing a
wide range of reactions in organic synthesis. This potential of iron catalysis has not been fully realized,
however, and noble transition metal protocols continue to define the state of the art when it comes to
transition metal catalysis. The field is still in its infancy, but it is fair to say that iron (and other base
metals) may very well challenge this dominance of noble transition metals in the foreseeable future.
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Abstract: Catalysts are essential for mediating a controlled polymerization in atom transfer radical
polymerization (ATRP). Copper-based catalysts are widely explored in ATRP and are highly efficient,
leading to well-controlled polymerization of a variety of functional monomers. In addition to copper,
iron-based complexes offer new opportunities in ATRP catalysis to develop environmentally friendly,
less toxic, inexpensive, and abundant catalytic systems. Despite the high efficiency of iron catalysts
in controlling polymerization of various monomers including methacrylates and styrene, ATRP of
acrylate-based monomers by iron catalysts still remains a challenge. In this paper, we review the
fundamentals and recent advances of iron-catalyzed ATRP focusing on development of ligands,
catalyst design, and techniques used for iron catalysis in ATRP.

Keywords: iron catalyst; ATRP; controlled radical polymerization; external stimuli

1. Introduction

Reversible deactivation radical polymerization (RDRP) techniques have provided access to
advanced polymers with precise control over molecular weight, dispersity, composition, and
structure. Typical approaches to control the growth of polymer chains in radical polymerizations
include reversible deactivation of propagating radicals or using degenerative transfer processes
to exchange radicals with dormant species in the presence of chain transfer agents. For example,
atom transfer radical polymerization (ATRP) employs, primarily, Cu-based catalysts to control
the growth of polymer chains via a reversible redox process that involves transfer of halogen
atoms to activate dormant species generating initiating radicals and also to deactivate propagating
chains [1–4]. In regard to degenerative transfer processes, reversible addition fragmentation chain
transfer (RAFT) [5–8] and iodine-mediated [9,10] polymerizations have been significantly explored in
controlled radical polymerizations.

ATRP catalysis has advanced based on developing new catalytic systems with the aim of
progressively increasing the activity, efficiency, and selectivity of catalysts through designing ligands,
using external stimuli to control the catalytic process, and also decreasing the amount of catalysts
needed for achieving a controlled polymerization [11,12]. For instance, the L/CuI activator for ATRP
can be generated in situ via reduction of air stable L/CuII-X using external stimuli. Regeneration of
the activator allows use of low concentration of the catalyst and overcoming the consumption of the
activator as a result of radical termination reactions. In addition, an important aspect of using external
stimuli is to exert control over the catalytic system to enable spatial and temporal control over the
growth of polymer chains [13–15].

ATRP catalysis involves generation of radicals via activation of halogen chain ends by L/CuI

activator and reversible deactivation of propagating radicals by a halogen atom transfer from L/CuII-X
deactivator (X = Br or Cl). While copper-based complexes have been widely explored and used for
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polymerization of a wide range of vinyl monomers with high efficiency, ATRP catalysis comprises
other transition metal-based catalysts [16,17] such as iron [18–21], ruthenium [22], osmium [23], and
iridium [24] complexes as well as organic-based photoredox catalysts [25–28].

Iron complexes are particularly interesting due to the abundance of iron and its involvement in
important biological processes that make iron-based catalytic systems less toxic, inexpensive, and
biocompatible. Iron complexes mainly favor one-electron redox chemistry between+2 and+3 oxidation
states, suitable for ATRP catalysis. In iron-catalyzed ATRP, L/FeII species activate dormant halogen
chain ends, whereas L/FeIII-X deactivate propagating radicals via a reversible halogen atom transfer
process. Interestingly, iron complexes possessing anionic properties (for example those obtained
in the presence of halide anions used as the ligand) have often performed well in ATRP reactions,
whereas in copper-catalyzed ATRP, the efficient activator L/CuI complexes are cationically charged.
In addition to atom transfer reactions, iron catalysts (L/FeII) can also react with the propagating radicals
to form organometallic species (Pn-L/FeIII). While the organometallic species can be involved in an
organometallic mediated radical polymerization (OMRP) mechanism [29,30], termination reactions
may also be promoted through catalytic chain transfer (CCT) [31] or catalytic radical termination
(CRT) processes involving Pn-L/FeIII species and propagating radicals to yield terminated chains [32].
In copper-catalyzed ATRP, CRT was reported only for the most active catalysts. Nevertheless, due to
the low concentration of L/CuI present in these highly active systems, the overall contribution of
OMRP and CRT processes in the polymerization is not important [33]. However, the contribution
of organometallic species and CRT in iron-catalyzed systems may be more significant, leading to
termination, especially in the polymerization of acrylate monomers.

In this paper, we review the principles and recent advances in iron-catalyzed ATRP. Iron catalytic
systems are presented based on the structure and properties of the ligands and their effect in
polymerization catalysis. Different ATRP initiating systems based on developing activator regeneration
techniques and challenges and opportunities offered by iron complexes in ATRP are discussed.

2. Ligands and Iron Complexes in Iron-Catalyzed ATRP

Ligands play an important role in controlling the efficiency and performance of ATRP catalysts,
affecting polymerization control. A variety of different families of ligands have been developed and
explored in ATRP with a special focus on understanding the catalysts’ behavior in polymerization and
underlying mechanisms.

2.1. Halide Salts

Halide salts with bulky, non-coordinating cations have been used as simple and robust ligands in
promoting iron-catalyzed ATRP with high efficiency. Halide salts containing organic onium counter
cations, ionic liquids, or inorganic based salts can be used [34–41]. Active iron complexes in the
presence of halide salts possess overall anionic charge. Disproportionation (or dismutation) of FeIIBr2

forms a catalytically active anionic complex for ATRP and a cationic species [42], a much less active (or
inactive) form of the catalyst, according to Equation (1):

3 FeIIBr2 → FeII + 2 [FeBr3]− (1)

in the presence of halide salts, various iron complexes may be generated that may or may not be
the active catalyst for ATRP, depending on the nature of the reaction medium and/or the amount
of the ligand used. For example, iron complexes with cationic charges are less effective as ATRP
catalysts, whereas anionic complexes efficiently catalyze polymerization due to the presence of high
electron density around the metal center attained by complexation of anionic species (Scheme 1) [43].
Tri-coordinated monoanionic [FeIIBr3/L]− (L = solvent or monomer) species was proposed to be the
active species for catalyzing ATRP [39]. In the presence of excess bromide salts, dianionic [FeIIBr4]2−
complexes may also be generated, which contain four coordinated bromide anions rendering this

22



Molecules 2020, 25, 1648

species less effective to undergo a halogen abstraction during the activation of dormant chains.
Therefore, the rate of polymerization decreased in the presence of excess amounts of halide salt
ligands [34,35].

Scheme 1. Iron species in the presence of bromide anions as ligand and solvent (L) generating a
number of mononuclear cationic and anionic species in atom transfer radical polymerization (ATRP).
Reproduced with slight modification and permission from Ref [43].

2.2. Nitrogen-Based Ligands

Alkyl amines with mono or multidentate coordinating sites or bipyridine derivatives were
used for conducting iron ATRP [19,44–47]. A series of FeII complexes with N,N,N-trialkyl-1,4,9-
triazacyclononane (TACN) ligands were investigated in ATRP [48–51]. The complexes formed either a
mononuclear iron species in the presence of TACN ligands substituted with bulky groups, or trinuclear
ionic species with a cationic dinuclear and an anionic mononuclear complex in the presence of less
bulky substitution groups to form coordinatively saturated compounds. The mononuclear species
performed well in catalyzing ATRP. Interestingly, an iron complex with cyclopentyl-substituted TACN
ligand exchanged between mono and dinuclear species, therefore providing efficient catalysis and
yielding well-controlled polymers, and also allowing easy purification and reusing the catalyst because
of the formation of ionic structures [50].

Iminopyridine [52,53] and α-diimine [54–56] ligands were also developed for iron-based
polymerization catalysts. Gibson and coworkers investigated the electronic and steric properties of
the iron complexes with diimine ligands that affected the underlying mechanism of polymerization
and therefore control over the growth of polymer chains. The electronic properties of the catalyst
tuned via different N-substitution groups influenced the catalysts’ performance and promoted either
ATRP or catalytic chain transfer (CCT) processes [31]. The CCT process was proposed to result from
N-aryl substituted catalysts and involved formation of organometallic species followed by a hydrogen
elimination to give low molecular weight, terminated polymers. N-Alkyl substituted complexes
favored the ATRP mechanism and therefore yielded well-controlled polymers.

Bis(imino)pyridine ligands were immobilized on a polymer chain to synthesize iron catalysts
for controlled polymerization [57]. The bis(imino)pyridine-containing polymer ligand was obtained
using an amphiphilic copolymer comprising poly(ethylene glycol) (PEG), dodecyl, and urea/aniline
pendant groups that reacted with 2,6-pyridinedicarboxaldehyde to yield self-folded polymers. Iron was
immobilized on the polymer ligand and used in controlling polymerization of functional methacrylate
monomers. Importantly, the amphiphilic nature of the self-folded polymers with immobilized iron
catalyst allowed for easy purification of the products by rinsing with water, as the presence of
hydrophilic PEG chains transferred the catalyst to aqueous phase and yielded pure polymethacrylates
in the organic phase.

Shaver and co-workers developed amine-bis(phenolate) iron (III) complexes for polymerization
of styrene and methacrylate monomers [58,59]. These iron complexes possess dianionic bisphenolate
moieties with fixed and strong multidentate metal-ligand bonds that are less prone to undergo
dissociation of the metal center during catalysis. Complexes with electron-withdrawing Cl substitution
(especially in the para position of the aromatic groups) resulted in well controlled polymerizations,
whereas catalysts with alkyl substituted aromatic groups gave uncontrolled results. Polymerizations
were performed under reverse ATRP conditions using azobisisobutyronitrile (AIBN) as a source of
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radical initiator and equimolar ratios of the iron complexes. Fast and well-controlled polymerization
of styrene and methacrylate monomers was obtained using the amine-bis(phenolate) iron complexes.
Both Br- and Cl-based catalysts afforded well-controlled results. Control over chain growth was
proposed to mainly involve the ATRP pathway as well as minor contribution of the OMRP mechanism.
In the absence of ATRP alkyl halide initiators, use of an amine-bis(phenolate) iron (II) complex
enabled moderate control over polymerization of methacrylate or styrene monomers via OMRP
mechanism [60–62]. A phenolate-bis(pyridyl)amine ligand with monoanionic phenolate group was
also used for iron-catalyzed ATRP but showed less efficient control over polymerization compared to
the dianionic bisphenolate ligands [63].

Proteins and enzymes such as horseradish peroxidase, catalase, and hemoglobin that contain iron
protoporphyrin centers were used as naturally occurring, bio-inspired iron catalysts for ATRP [64–68].
Hemin was also used as a catalyst mimicking the enzymatic catalytic systems. Further modification of
the hemin structure was performed by hydrogenation of the vinyl bonds to prevent incorporation of the
catalyst in the polymer chains by addition of radicals to the double bonds. Moreover, the catalyst was
functionalized by attaching PEG, imidazole, or thioether arms that enabled solubility of the catalyst in
aqueous media and therefore performing well-controlled polymerizations in water (Scheme 2) [69–71].

 
Scheme 2. Iron porphyrin catalysts functionalized with poly(ethylene glycol) (PEG) and imidazole or
thioether groups used in iron-catalyzed ATRP.

2.3. Phosphorus-Based Ligands

Ligands containing phosphorus such as various alkyl and aryl compounds with mono- or bi-dentate
phosphine or phosphite are among the most widely used ligands in iron-catalyzed ATRP [18,19,72–76].
The activity of triphenylphosphine ligands in iron-catalyzed ATRP depends on the electronic properties
of the ligand, increasing in the presence of electron-donating functionalities [77]. The effect of
substitution of electron donating methoxy groups on triphenylphosphine was attributed to an increase
in the activity of the iron catalyst in the presence of ligands possessing more electron-donating
properties, which is also reported for copper-catalyzed ATRP (Scheme 3) [78,79]. Moreover, the
activity of triphenylphosphine compounds as a Lewis base increases by introducing electron donating
functional groups leading to stronger reducing agents to generate L/FeII catalyst [80]. Therefore, the
enhanced polymerization can be related to the electron-donating ability of the phosphine-based ligands
in ATRP. In addition, similar behavior was observed in photoinduced iron-catalyzed ATRP in the
presence of triphenylphosphine ligands where better control over polymerization was achieved in the
presence of ligands with more electron donating properties, indicating increased activity of the iron
catalyst applied in the ppm levels under blue light irradiation [81].

The effect of substitution on the phosphine-based ligands in catalyzing ATRP was further
explored [77,82]. In the presence of alkyl substituted phosphines, polymerization of methyl methacrylate
(MMA) was uncontrolled with high dispersity and broad or bimodal molecular weight distributions.
Polymerization of MMA with triphenylphosphine was well-controlled but reached low monomer
conversions. Introduction of electron donating groups in the para position of triphenylphosphine
increased the activity of the resulting iron catalyst showing well-controlled polymerizations with
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dispersities < 1.2 and yielding high monomer conversions. The iron catalysts were obtained by
reacting the phosphine ligands with FeBr2 for 12 h yielding diphosphine iron(II) complexes, followed
by addition of monomer and initiator to start the polymerization. As expected, the iron catalyst
with chloro-substituted triphenylphosphine having electron withdrawing properties was inefficient
in initiating polymerization of MMA. A PEG-substituted triphenylphosphine ligand was effective
in controlling polymerization of functional monomers such as hydroxyethyl methacrylate (HEMA).
The iron complex with PEG-substituted triphenylphosphine tolerated functional groups due to the
bulkiness of the PEG chains, which protected the catalyst center from poisoning by the functional
groups. These results further signify the importance of electronic and steric properties of functional
groups in designing ligands for achieving a successful and well-controlled polymerization.

 

Scheme 3. Examples of mono and bidentate phosphorus-containing ligands used in iron-catalyzed
ATRP. Substitution of triphenylphosphine ligands with electron-donating methoxy groups increases
the activity of the iron catalyst in ATRP.
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In addition, bidentate ligands containing P-P homo [73,74] and P-N [83,84] or P-carbonyl [85]
hetero chelating sites were reported to perform well in iron-catalyzed ATRP. The presence of a
second coordinating site (P or N), increased the catalytic activity and efficiency of the iron complex.
Scheme 3 shows examples of phosphorus-containing ligands developed for controlled polymerization
in iron-catalyzed ATRP.

2.4. Miscellaneous Ligands

Iron-catalyzed ATRP can be also successfully performed in the absence of additional ligands with
polar solvents that can act as a ligand for stabilizing the iron catalyst [86]. For example, iron-catalyzed
ATRP was controlled in the presence of solvents such as acetonitrile, N,N-dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP) without the use of other ligands. These solvents resulted in
disproportionation of the iron complexes to form inactive cationic species and catalytically active
anionic (Equation (1) and Scheme 1) [86,87].

N-heterocyclic carbenes (NHC) were used as ligands in iron-catalyzed ATRP [88]. The redox
potential of the iron complexes with NHC ligands were more negative than those obtained using
halide salts, indicating higher activity of the catalysts with NHC ligands. As a result, control over
polymerization was better with low concentrations of Fe/NHC catalysts. Interestingly, polymerizations
using Br-based systems resulted in improving polymerization control compared to the Cl-based
catalysts. The effect of Br vs. Cl initiating systems on control over polymerization may be related to
the activity of dormant chain ends regarding the activation process, as well as halidophilicity of the
iron catalyst, which influences the deactivation process and hence control over polymerization. More
analysis of the Br- and Cl-based initiating systems is required to understand the effect of halide nature
in the activation and deactivation processes and therefore polymerization control with iron catalysts.

3. Iron-Catalyzed ATRP Initiating Systems

A common feature of new ATRP initiating systems is the in situ regeneration of the activator
catalyst used at ppm amount by applying various reduction processes. Regeneration of the activator
species via reduction of the oxidized form of the catalyst (i.e., the deactivator) allows for use of low
amounts of the catalyst starting with its more stable oxidized form, and also overcome the problems
associated with the consumption of the activator as a result of termination of radicals. These techniques
mainly include use of reducing agents as in activators regenerated by electron transfer (ARGET),
conventional radical initiators as in initiators for continuous activator regeneration (ICAR), zerovalent
metals as in supplemental activator and reducing agent (SARA) systems, or external stimuli such as
photo and electrochemical approaches (Scheme 4). These systems are applicable in both copper- and
iron-based ATRP reactions [38].

ICAR ATRP uses conventional thermal initiators to form radicals that can react with L/FeIII-X to
generate the ATRP activator, L/FeII complexes, and initiate the ATRP process. Generation of radicals
from decomposition of the initiator species ensures continuous activator regeneration throughout the
reaction and hence results in a steady rate of polymerization and well-controlled polymers [88–91].

Reducing agents are used in ARGET ATRP to generate the activator catalyst via electron transfer
processes by reducing more stable L/FeIII-X species [92]. Well-controlled ATRP was obtained using
phosphorus ligands in the absence of conventional reducing agents. The generation of L/FeII activator
was proposed to occur in the presence of phosphorus ligands that acted as a reducing agent facilitating
transfer of bromine radical from L/FeIII-Br to the monomer and therefore generation of both the activator
and the ATRP initiator in situ [77,93,94]. Decamethylferrocene (FeCp*2) was used as a co-catalyst to
improve efficiency of polymerizations catalyzed by iron catalysts [95]. FeCp*2 was proposed to act
as a reducing agent for FeBr3 in the presence of tetrabutylammonium bromide (TBABr) generating
FeBr2 activator and the ferrocenium salt with a bromide anion. Indeed, the lower redox potential of
decamethylferrocene enabled reduction of FeIII to improve the kinetics of the polymerization whereas
use of ferrocene having a higher redox potential than the main iron catalyst showed no effect in the
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polymerization. Deactivation of growing radicals was improved by contribution of the ferrocenium
salt with the bromide anion.

 
Scheme 4. Iron-catalyzed ATRP initiating systems with activator regeneration techniques developed
for generation of L/FeII activator species via reduction (kr, rate constant of reduction) of L/FeIII-Br.

Zerovalent metal species such as iron wire or plates can be used to promote ATRP [38,96]. Recently,
surface-initiated ATRP was investigated under SARA ATRP conditions using iron catalysts and an iron
plate that acted as a source of activator (re)generation [97]. This surface functionalization technique was
performed under ambient conditions without the need for inert atmosphere, as oxygen was consumed
in the presence of iron plate, thereby simplifying the functionalization process. Importantly, the
polymerization was conducted in the presence of mammalian cell cultures that showed high viability
under polymerization conditions, indicating the potential of iron catalyzed ATRP to be applied under
biologically relevant conditions (Scheme 5).

 

Scheme 5. Iron-catalyzed surface-initiated ATRP using an iron plate to generate L/FeII activators and
remove oxygen allowing facile surface functionalization showing high cytocompatibility. Reproduced
with permission from Ref [97].

Photochemistry has resulted in great advancements in the field of controlled polymerizations
and enabled unique opportunities for synthesis of functional polymeric materials and asserting
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spatiotemporal control over polymerization [98–102]. Photoinduced iron-catalyzed ATRP was
developed for controlled polymerization of methacrylate monomers under light irradiation, which
promoted generation of the L/FeII catalyst [103,104]. Photoreduction of FeBr3 proceeded through
a homolytic cleavage of the Fe-Br bond upon photoexcitation to generate FeBr2 and a Br• radical.
The Br• radical added to methacrylate monomers and generated new initiating chains. A simplified
iron-catalyzed ATRP was reported by using only monomer and FeBr3 catalyst under UV light irradiation
without using any conventional alkyl halide ATRP initiators or ligands (Scheme 6) [105]. Indeed,
polymerizations relied on the formation of initiators in situ via photoreduction of FeBr3 generating Br•
radicals that reacted with methacrylate monomers. Moreover, photoinduced iron-catalyzed ATRP
was further improved upon by using ppm amounts of iron catalyst while yielding well-controlled
polymers under blue light irradiation [81].

 
Scheme 6. Photoinduced iron-catalyzed ATRP undergoing a homolytic cleavage of the Fe-Br bond
under visible light irradiation to generate the activator L/FeII and a Br• radical, which can add to the
monomer (MMA) and initiate new chains [103,105]. Polymerization can be performed without the
need for use of conventional alkyl halide initiators using just the monomer and the catalyst.

Iron-catalyzed ATRP was conducted in the presence of residual oxygen to control polymerizations
without performing conventional deoxygenation procedures [81]. For example, polymerization of
MMA was well-controlled using 10 mol% FeBr3 (with respect to initiator) to give high monomer
conversions (>90%) and well-controlled polymers with low dispersities (<1.20) under blue light
irradiation. Importantly, block copolymers were synthesized with well-controlled properties using
photoinduced iron-catalyzed ATRP in the presence of residual oxygen, indicating the potential of this
system to simplify the polymerization procedure or apply in areas where no deoxygenation is desired.
Although the exact mechanism of consumption of oxygen was not determined in detail, it is possible
that the initiator radicals and/or the iron catalyst would contribute in removing oxygen from the
solution to allow a well-controlled polymerization to proceed, as previously shown for photoinduced
copper-catalyzed ATRP systems [106].

Recently, iron-catalyzed ATRP was applied for the polymerization of semi-fluorinated methacrylate
monomers controlled under blue light irradiation [41]. The use of iron as a catalyst was advantageous
compared to copper-based catalysts, as the use of nitrogen-ligands in these systems promoted undesired
transesterification reactions between the fluorinated monomer and protic solvent leading to a loss
of control over the polymerization. However, polymerization of fluorinated monomers using iron
catalyst was well-controlled in the presence of a variety of fluorinated and non-fluorinated solvents
without undergoing side reactions or requiring special solvent systems to control the polymerization.
A variety of semi-fluorinated methacrylate monomers were polymerized in a controlled manner using
FeBr3/TBABr as the catalyst under blue light irradiation resulting in high monomer conversions and
polymers showing low dispersities (<1.20). Importantly, the use of blue light to trigger polymerization
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through generation of the FeBr2 activator catalyst enabled gaining temporal control over the growth
of polymer chains. The polymerization was initiated under blue light irradiation that generated the
activator catalyst. Removal of the light stopped continuous (re)generation of the activator catalyst,
continuously consumed as a result of radicals’ termination, leading the polymerization to stop in the
dark periods. Therefore, by decreasing the concentration of initially added catalyst, better temporal
control was achieved as a result of low concentration of the activator, which required less time to be
consumed during the light-off periods (Figure 1) [107].
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Figure 1. Temporal control in photoinduced iron-catalyzed ATRP of trifluoroethyl methacrylate
(TFEMA). Better temporal control was achieved by decreasing the concentration of the iron catalyst
from 4 to 2 mol%. Reaction conditions: [TFEMA]/[EBPA]/[FeBr3]/[TBABr] = 50/1/x/2x (x = 0.02 or 0.04)
in 50 vol% solvent (trifluoroethanol/anisole = 9/1), irradiated under blue LEDs (465 nm, 12 mW/cm2).
Reproduced with permission from Ref [41].

Photoinduced iron-catalyzed ATRP was attempted in aqueous media using FeBr3 and
water-soluble ligands (TBABr, tris[2-(2-methoxyethoxy)ethyl]amine, and triphenylphosphine-3,3′,3”-
trisulfonic acid trisodium) under UV light irradiation [108]. Polymerizations in water were controlled
only in the presence of high concentrations of the iron catalyst as much as 6–10 equiv. with respect to
initiator (or 20000–33000 ppm with respect to monomer) giving polymers with dispersities < 1.40.

Iron complexes have been used as photocatalysts to enable ATRP under photoredox catalysis
conditions [17,109]. Under visible light irradiation, the catalysts were promoted to the excited state
in which the iron catalysts were effective in activating the alkyl halide initiators and generate
initiating/propagating radicals. Although these iron complexes were strongly reducing in the
photoexcited state (<−2.1 V), they showed very short excited state life-time of <10 ns, and therefore
resulted in moderate control over polymerization.

In photoinduced ATRP, direct photolysis of the Fe-Br bond to generate the activator results in the
formation of Br• radicals, which are also capable of reacting with monomers and initiate polymerization
of new chains. As a result, targeting high molecular weight polymers may be not accessible under these
conditions, as generation of new initiating species may lead to formation of new low molecular weight
chains and high dispersities. Therefore, developing photocatalytic processes where (re)generation of
the activator is realized via electron or energy transfer events would be advantageous to both expand
the applicability of photochemically mediated ATRP to a variety of iron complexes and also achieve
well-controlled synthesis of polymers with high molecular weights.

Furthermore, electrochemically-mediated ATRP [14] has not yet been fully investigated in
iron-based catalytic systems [110]. Electrochemistry would enable direct use of electrons to generate
activator species without contaminating the polymer mixture with side products of the chemical
reduction processes, and also better characterize the catalytic processes.
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4. Monomer Scope in Iron-Catalyzed ATRP

Iron-catalyzed ATRP has been successfully applied in well-controlled polymerization of various
methacrylate and styrene monomers. However, polymerization of monomers that contain polar
functional groups can be challenging under iron-catalyzed conditions as the polar functional groups
may interact with catalyst and therefore affect its catalytic efficiency.

ATRP of methacrylic acid (MAA) was controlled using heme catalysts [111]. Direct polymerization
of MAA by ATRP was challenging due to termination of chain ends via lactonization. Therefore,
direct ATRP of MAA required development of special conditions such as low pH to control the
polymerization using a copper catalyst [112]. However, the heme catalyst was effective in controlling
the polymerization of MAA to yield well-controlled polymers in aqueous solutions. Importantly,
the heme-based catalysts performed well in the presence of acidic groups and in aqueous media,
suggesting the potential of these compounds as robust iron based ATRP catalysts.

ATRP of other families of vinyl monomers such as acrylate and (meth)acrylamides, using iron
catalysts has been challenging and less efficient. Iron-catalyzed ATRP of acrylates often leads to
low monomer conversions, low initiation efficiency and polymers with high dispersities [34,55,59].
Acrylate-based secondary radicals are more susceptible to undergo formation of organometallic species
with the L/FeII activators than the tertiary methacrylate-based or styrenic radicals. As a result, high
degree of the formation of organometallic species and subsequent catalytic radical termination or
catalytic chain transfer reactions, result in termination of polymers chains. Furthermore, the lower
activity of dormant acrylate chain end compared to the methacrylate chain end may also contribute
for the lower efficiency of control observed in the polymerization of acrylate monomers using iron
catalysts. Considering the high propagation rate constants of acrylate monomers, the deactivation
should also be fast enough to provide well-controlled polymerization. The use of iron catalysts that
typically have lower activity than copper complexes may not be efficient for promoting fast initiation
and activation of the chain ends in polymerization of acrylates.

ATRP of methyl acrylate (MA) using iron catalysts in the presence of halide salts gave low
monomer conversions (~30%) and polymers with relatively high dispersities (1.3–1.9) [34]. Similarly,
polymerization of MA using diimine iron complexes was slow and resulted in high dispersity vales
(~1.5–1.6). Polymerization of butyl acrylate was well-controlled using cyclopentyl-functionalized
TACN iron complexes yielding quantitative monomer conversions, and low dispersity values (1.2) [50].

An iodine-based initiating system was developed for the polymerization of acrylate monomers
using iron catalysis. Dicarbonylcyclopentadienyliodoiron(II) in conjunction with a metal alkoxide
such as Al(Oi-Pr)3 was used in the presence of an alkyl iodide initiator to control polymerization of
acrylate monomers [113]. The nature of the alkyl halide initiator greatly affected control over the
polymerization as use of less active Br or Cl chain ends resulted in a loss of control with polymers
having high dispersities, whereas I-based initiating system afforded well-controlled polymers with
low dispersity (<1.2). The control was attributed to the synergistic effect of the iron catalyst and the
metal alkoxide additive, which enhanced activation of chain ends, as well as using the more active
iodine-based initiating system. However, for alkyl iodides, a degenerative transfer is also possible and
can provide additional pathway for controlling polymerization [114].

Polymerization of vinyl acetate was attempted using iron(II) acetate catalyst and carbon
tetrachloride (CCl4) as the initiator [115]. The polymerization mechanism was redox-initiated radical
telomerization and not ATRP, resulting in polymers with molecular weights that did not increase with
conversion but followed quite precisely [VOAc]0/[CCl4]0 ratios due to a Ctr~1 for CCl4. Under OMRP
conditions, polymerization of vinyl acetate using iron(II) acetate catalyst showed better controlled
results [116].

5. Conclusions and Outlook

Iron complexes form an important class of ATRP catalysts that provide efficient and well-controlled
polymerization of various functional monomers. There is a great potential to develop biocompatible,
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less toxic, and inexpensive iron-based catalytic systems for ATRP. Iron catalysts have been mainly
applied for well-controlled ATRP of methacrylate and styrene monomers. Despite many successful
studies on designing and use of iron catalysts in ATRP, there are still challenges that need to be
addressed to take a full advantage of iron catalysis in ATRP. For instance, the use of iron catalysts has
been rarely successful for controlling polymerization of acrylates, due to the possibility of formation of
organometallic species and subsequent termination events. In addition to developing new iron-based
catalytic systems for ATRP and broadening their utility in polymerization of new functional monomers,
iron catalysts need to be explored and studied further to better understand their behavior in catalyzing
ATRP reactions. For example, establishing structure-reactivity relationships in iron catalysts regarding
the activation and deactivation processes would enable a better understanding of iron-catalyzed ATRP
and therefore developing more efficient catalytic systems. Establishing computational approaches and
high throughput experimentation would enable understanding, designing, and examining efficient iron
catalysts for ATRP. Considering the biological relevance of iron compounds, it would be advantageous
to develop iron-based catalytic systems, especially those derived or inspired from biological resources,
for synthesis of polymer-bioconjugates or other functional polymeric materials by iron-catalyzed ATRP.
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Abstract: The direct C-H functionalization reaction is one of the most efficient strategies by which
to introduce new functional groups into small organic molecules. Over time, iron complexes have
emerged as versatile catalysts for carbine-transfer reactions with diazoalkanes under mild and
sustainable reaction conditions. In this review, we discuss the advances that have been made using
iron catalysts to perform C-H functionalization reactions with diazoalkanes. We give an overview of
early examples employing stoichiometric iron carbene complexes and continue with recent advances
in the C-H functionalization of C(sp2)-H and C(sp3)-H bonds, concluding with the latest developments
in enzymatic C-H functionalization reactions using iron-heme-containing enzymes.
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1. Introduction

C-H bonds belong to the most common motifs in organic molecules and their direct
functionalization is one of the main challenges in synthesis methodology, which impacts on the
step economy and sustainability of chemical processes. In recent decades, this research area has
flourished and different approaches have been realized to enable C-H functionalization reactions via
different strategies: (a) by the directing group-assisted C-H activation, (b) via the innate reactivity of
organic molecules, or (c) via direct C-H functionalization (Scheme 1) [1–4]. While the introduction
and subsequent removal of directing groups is a prerequisite for directed C-H activation, direct C-H
functionalization allows the introduction of new functional groups into organic molecules without the
need for directing groups. It thus represents the most efficient and step-economic strategy by which to
conduct C-H functionalization reaction. The challenge of this strategy lies within the selective activation
of only one type of C-H bond; elegant methods have been developed in recent years, mainly relying on
the use of expensive and mostly toxic precious metal catalysts based on rhodium, iridium, palladium,
and others to direct the C-H functionalization reaction as either the catalyst or the substrate [5–7].

 
Scheme 1. Strategies for the functionalization of C-H bonds. (a) directing-group-assisted C-H activation,
(b) innate reactivity of organic molecules, (c) direct C-H functionalization of C-H bonds.

High costs of catalysts, limited resources, and toxicity of precious metals are the main drivers in
the exploration of new synthesis methods based on third-row transition metals. Among these, iron
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plays a pivotal role. It is the second most abundant metal in the Earth’s crust following aluminum,
and catalysts based on iron are currently emerging as new and important catalysts able to improve
the environmental impact of chemical processes [8–13]. In nature, iron-containing enzymes play an
important role, e.g., in the hemoglobin or myoglobin enzymes that are important for oxygen transport
in mammals. They can also be found in cytochrome P450 enzymes or iron-sulfur clusters, amongst
others, and are pivotal for the detoxification, e.g., by C-H oxidation reactions, of xenobiotics [14].
Against this background, the development of C-H functionalization reactions with iron catalysts has
received significant attention over the years with the goal of reducing the economic and environmental
footprint of organic synthesis methodologies, but also that of accessing new reactivity that is unique
to iron. In this review, we discuss the advances made in this research area with a focus on C-H
functionalization reactions with carbenes.

2. Iron in Carbene-Transfer Reactions

Carbene-transfer reactions are one of the key strategies used today to conduct highly efficient and
selective C-H functionalization reactions. The earliest examples date back to reports by Meerwein and
Doering from 1942 and 1959, in which they described metal-free photochemical C-H functionalization
reactions with diazoalkanes using high-energy UV light via free carbene intermediates (Scheme 2) [15,16].
However, the high reactivity of the free carbene intermediate led to unselective reactions and, as a
consequence, a lack of applications in organic synthesis. In the subsequent decades, these shortcomings
led to the development of metal-catalyzed carbine-transfer reactions using noble metals such as Rh(II),
Ru(II), Ir(III), Au(I), Pd(II), or Cu(I) [17–21].

 

350 g

mixture of C-H functionalization

H
H

H

H

30.8 g 42.3 g

Scheme 2. Photochemical C-H functionalization of diethyl ether with diazomethane.

More recently, carbene-transfer reactions with iron complexes have gained significant attention
in organic synthesis methodology for their potential to overcome the limitations of precious metal
complexes. In 1992, Hossain et al. described the first iron-catalyzed carbene-transfer reaction using the
cationic CpFe(CO)2(THF)BF4 complex in cyclopropanation reactions of styrene 1 and ethyl diazoacetate
2 (Scheme 3a) [22]. Following this strategy, different groups have since reported on their efforts to
conduct iron-catalyzed carbene-transfer reactions [11–13].

In the following years, several groups reported their efforts in the field of iron-catalyzed
carbine-transfer reactions. Woo et al. reported an important milestone in this research area when
they uncovered the cyclopropanation of styrenes with ethyl diazoacetate 2 using an iron porphyrin
complex (4a) in 1995 [23]. In this report and in further reports by the Che (4c) and Aviv (5) groups,
the fine-tuning of iron porphyrin complexes by the axial ligand and/or electronics of the porphyrin
ring system was demonstrated (Scheme 3b) [24–26]. Today, iron porphyrin complexes and derivatives
thereof are important cheap and readily available catalysts to enable carbine-transfer reactions under
mild conditions.

Khade and Zhang studied the formation of iron carbene complexes via quantum chemical studies
using ethyl phenyldiazoacetate (8) as a model compound. They were able to identify a reaction
intermediate (9a) in which ethyl phenyldiazoacetate (8) coordinated to the iron porphyrin complex 7

via the carbon atom. In a next step, nitrogen was expelled via transition state 9b and the iron carbene
complex 9c was formed. In these studies, the authors were also able to show that N-methyl imidazole
reduced both the reaction energy ΔG and the activation energy ΔGTS (Scheme 4) [27].
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Scheme 3. (a) Seminal iron-catalyzed cyclopropanation by Hossain et al. [22]. (b) Privileged iron
catalysts in carbene-transfer reactions.

 

7 9a 9b 9c8

Scheme 4. Mechanism of the formation of iron carbene complexes.

3. Stoichiometric C-H Functionalization

Initial applications of iron carbene complexes in C-H functionalization reactions involved the use
of preformed iron carbene complexes 10 that were used in intramolecular C-H insertion reactions. The
nature of the preformation of the iron carbene complex renders these applications stoichiometric in
iron. Following this methodology, C-H insertion occurs selectively to form cyclopentane ring systems
(13,14). The corresponding bi- and tricyclic target structures can be obtained with high trans-selectivity
(Scheme 5) [28]. The same authors investigated the selectivity of this process in further studies and
explained the observed reaction outcome via a concerted C-H insertion reaction that proceeds via a
chair-like cyclic transition state (12, Scheme 5) [29,30].

 1413c

13b13a
10 13

11 12

Scheme 5. Intramolecular C-H insertion reactions for the synthesis of cyclopentane derivatives (13,14)
by Helquist and coworkers [29,30].
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4. C-H Functionalization Reactions of Aromatic C-H Bonds

The direct C-H functionalization of benzene or alkyl benzenes (15) via carbene or metal-carbene
intermediates can give access to three different products, which arise from (a) insertion into a C(sp2)-H
bond (17), (b) insertion into a side-chain C(sp3)-H bond (18), or (c) a cycloaddition reaction with the
aromatic system to give a norcaradiene 19 that can undergo a Buchner reaction to give a cycloheptatriene
20 (Scheme 6). The challenge lies in the chemoselective differentiation of these three reaction pathways.
Moreover, a C-H insertion into a C(sp2)-H bond may give rise to different regioisomers.

 cycloheptatriene

15 16

17 2018

norcaradiene

19

Scheme 6. Possible products in the iron-catalyzed functionalization of toluene 15 by carbene insertion.

In this context, Luis, Perez, and coworkers reported on the use of iron(II)-complex (23) bearing a
pytacn ligand in the reaction of ethyl diazoacetate 2 with aromatic hydrocarbons (21). Under these
reaction conditions, ethyl diazoacetate (2) underwent a chemoselective C-H functionalization of the
aromatic C(sp2)-H bond of benzene and alkyl benzene derivatives, and only trace amounts of the
norcaradiene/cycloheptatriene reaction pathway were observed [31]. The substrate scope of benzene
derivatives was further studied by the same authors and, in all cases, exclusive C(sp2)-H bond insertion
occurred in moderate to good yields as a mixture of regioisomers. Electron-withdrawing groups (e.g.,
Cl) had a detrimental effect on the C-H functionalization reaction, and the corresponding products
were obtained with reduced yields (Scheme 7) [32].

22a
22b

22c

22e
22d

Fe -pytacn complex

221 22

23

Scheme 7. (Left): functionalization of arenes 21 with ethyl diazoacetate 2; (Right): iron-pytacn complex.

The reaction mechanism of this reaction was studied in detail by the authors. In a first step, the
iron complex 23 undergoes a counterion exchange with NaBArF to give the dicationic complex 23a.
The latter undergoes formation of the initial coordination of ethyl diazoacetate (23b), which leads to
the formation of an iron carbene complex 23c upon extrusion of nitrogen. Next, the arene 21 undergoes
nucleophilic addition to 23c under formation of a Wheland-type intermediate 23d, which undergoes a
1,2-H shift to release product 22 and the active catalyst 23a (Scheme 8) [32]. The proposed mechanism
was in line with a previous report by Doyle, Padwa, and coworkers [33].

40



Molecules 2020, 25, 880

 

2

2

23 23a 23c

23d
21

22

23b

Scheme 8. Proposed reaction pathway for the C-H functionalization reaction of arenes (21) using ethyl
diazoacetate 2.

The direct C-H functionalization reaction of aromatic compounds (used as solvents) was also
studied by Woo and coworkers using dimethyl diazomalonate 25 and an iron(III) porphyrin complex
(4a) as a catalyst at elevated reaction temperatures. However, only moderate chemoselectivity of
C(sp2)-H bond vs. C(sp3)-H bond insertion could be achieved in this reaction (26:27, 2:1 to 10:1).
Different substituted aromatic systems such as toluene, mesitylene, 4-chloro-toluene, or anisole were
shown to be compatible with the present reaction conditions. In contrast to the previously described
reaction, the product from the C(sp3)-H bond insertion reaction was obtained as the major product
(Scheme 9) [34].

2724
as solvent

25 26

C(sp3)-H functionalization C(sp2)-H functionalization

26 27 26 27

4a

Scheme 9. Chemoselectivity between C(sp2)-H bond and C(sp3)-H bond insertion reaction investigated
by Woo and coworkers [34].

In 2015, Zhou and coworkers studied the reaction of donor–acceptor diazo compounds 29 with
electron-rich aromatics 28. Using a simple, non-porphyrin iron complex, the authors were able to
demonstrate the C(sp2)-H functionalization reaction of N,N-dialkyl aniline derivatives (28) with high
yield and selectivity. In all cases, selective C-H functionalization in the 4 position occurred, which
could be rationalized by the high nucleophilicity of N,N-dialkyl aniline derivatives in the para position.
From the viewpoint of the catalyst, a very simple iron catalyst was used that could be obtained in situ
from FeCl3, 1,10-phenanthroline, and NaBArF (Scheme 10) [35]. More recently, Deng and coworkers
reported on a similar transformation using a bis(imino)pyridine iron complex, which could be used in
the direct C-H functionalization of N,N-dimethylaniline 28 to give 30a with a 71% yield [36].
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30a

30h30g
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2928

Scheme 10. Iron-catalyzed arylation of donor-acceptor diazo compound 29 with N,N-dialkyl anilines
28 by the Zhou group [36].

5. C-H Functionalization Reactions of Heteroaromatic C-H Bonds

N-heterocycles like indoles or pyrroles are privileged motifs in drugs and natural products, and
a broad variety of strategies for their construction or their functionalization has been described in
recent decades. A particularly intriguing transformation is the direct C-H bond functionalization
of heterocycles, which would streamline current synthesis strategies of drugs or natural products.
Furthermore, it would also allow the introduction of molecular diversity into late-stage functionalization
reactions. This approach, in combination with the benefits of iron catalysts, would enable important
applications of C-H functionalization strategies in medicinal chemistry, agrochemistry, or total synthesis.

In 2006, Woo et al. reported on the iron-catalyzed functionalization of N-heterocycles with ethyl
diazoacetate 2 as a carbene precursor. While no reaction was observed with indole 31, the closely
related pyrrole 32 underwent C-H functionalization without concomitant N-H functionalization to
give 33 in a 37% yield (Scheme 11) [37].

4a
no reaction

4a

C-H insertion reaction
33

2 31

322

Scheme 11. Iron-catalyzed reaction of ethyl diazoacetate 2 with indole 31 and pyrrole 32.

Thereafter, Zhou and-coworkers reported on an enantioselective C-H functionalization of indole
heterocycles. For this purpose, they studied the reaction of silyl-protected indole heterocycles (34)
with α-aryl-α-diazoesters (29) in the presence of Fe(ClO4)2 and a chiral spirobisoxazoline ligand 36.
This strategy allowed the C-H functionalization of indole heterocycles under mild reaction conditions
with moderate enantioselectivity. Importantly, different substituents at the indole heterocycles were
tolerated, such as chlorine and methyl (Scheme 12) [38].
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36, chiral ligand35h
35i

35b
35c
35d
35e
35f
35g

35a34 29

Scheme 12. Enantioselective iron-catalyzed C-H functionalization of TBS-indole (34) with
α-aryl-α-diazoesters (29), described by Zhou et al. [38].

As described by Woo and coworkers, the direct functionalization of indole heterocycles in the
C3 position does not readily occur when using ethyl diazoacetate [37]. The direct functionalization
of indole with acceptor-only diazoalkanes would open up avenues towards the efficient synthesis
of tryptamines and related alkaloids. In recent years, different groups have focused their efforts on
identifying iron catalysts and/or reaction conditions that would allow this important transformation.
In 2019, Koenigs and Weissenborn et al. reported the iron-catalyzed C-H functionalization reaction of
indoles 37 in the C3 position using the same catalyst as the Woo group, but using diazoacetonitrile
38. Using this methodology, protected and unprotected indole and indazole heterocycles underwent
selective functionalization in the C3 position. Importantly, no reaction was observed when blocking the
C3 position (Scheme 13). This approach has now enabled a two-step approach towards the synthesis
of important tryptamine derivatives [39].

4a

generated in flow
39a

414039e
39f
39g
39h

39b
39c
39d

37 38

Scheme 13. Reaction of diazoacetonitrile 38 with indole heterocycles using Fe(TPP)Cl, reported by
Koenigs, Weissenborn, and coworkers [39].

To date, various proposals for the C-H functionalization of indole heterocycles have been reported
in the literature. One important mechanistic proposal suggests the initial formation of an iron carbene
complex 43 that undergoes nucleophilic addition of an indole followed by a [1,2]-proton transfer
reaction (Scheme 14a). Zhou and coworkers reported a KIE (= kinetic isotope effect) of 5.06 in
the reaction of N-methyl indole and deuterated N-methyl indole, which led them to conclude a
proton-transfer reaction to be the rate-determining step (Scheme 14b) [38]. Koenigs, Weissenborn, and
coworkers observed a similar trend in the reaction of N-methyl indole and deuterated N-methyl indole
with diazoacetonitrile using both a synthetic and an enzymatic iron catalyst. However, investigations
using TEMPO 46 as a radical scavenger revealed a complete inhibition of the C-H functionalization
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reaction. Based on these experimental data, the authors assumed a radical reaction, yet it was not yet
clear in which particular reaction step radical intermediates were involved (Scheme 14c) [39].

a) mechanistic proposal by Zhou et al. 29

37

43

44

44'

45

42

reaction with deutero indole

reaction in the presence of radical scavenger

no product formation 
observed

37

d 37 38 d-39a

38 39a

37 38 46

37

42

competition experiment

29 45

competition experiment

c) experimental evidence from the reaction with diazoacetonitrile

b) experimental evidence from the reaction with methyl phenyldiazoacetate

Scheme 14. Hypothesized mechanism for the C-H functionalization of indole with iron carbene
complexes and experimental evidence. (a) mechanistic proposal by Zhou et al., [38], (b) experimental
evidence from the reaction with methyl phenyldiazoacetate [38], (c) evidence from the reaction with
diazoacetonitrile [39].

The reaction mechanism of the C-H functionalization reaction of indole heterocycles with iron
carbene intermediates still remains unclear. It would be valuable to investigate this reaction via DFT
calculations to gain knowledge of the exact spin state of the participating iron catalyst and to identify
the exact reaction mechanism.
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6. C-H Functionalization Reactions of Aliphatic C-H Bonds

The direct C-H functionalization reaction of aliphatic C-H bonds is an important strategy for
the introduction of new functional groups onto a hydrocarbon skeleton; the difficulties lie in the
differentiation of chemically very similar C-H bonds. Over the years, metal-catalyzed insertion
reactions of carbene fragments have emerged as a promising strategy for this purpose, and a variety
of precious-metal-catalyzed C(sp3)-H bond functionalization reactions have been described in the
literature, ranging from site-selective C-H functionalization to late-stage functionalization of complex
molecules [5,40,41].

The application of non-toxic and highly active iron catalysts has blossomed in the last few years,
and today, iron-catalyzed carbine-transfer reactions have emerged as an important, environmentally
benign strategy by which to conduct C(sp3)-H bond functionalization reactions. In this context,
Woo and coworkers reported their studies in C-H functionalization reactions of cyclohexane 47 and
tetrahydrofuran 49 as substrates. Using a donor–acceptor diazoalkanes (29) as a carbene precursor
and a Fe(TPP)Cl (4a) catalyst, the authors demonstrated proof-of-concept studies in this research area.
Cyclohexane 47 underwent smooth C-H functionalization to give product 48 with a 66% yield. No
C-H functionalization was observed when ethyl diazoacetate 2 or dimethyl diazomalonate 25 were
used as carbene precursors. Similarly, tetrahydrofuran 49 underwent selective C-H functionalization
reaction in the β position (50). A byproduct arising from ring-opening of the THF ring was observed
as a minor reaction product 51 with ~20% yield. In a competition experiment with mesitylene (52) as a
substrate, the authors obtained the product from C(sp3)-H bond and C(sp2)-H bond in a 1.5:1 ratio
(Scheme 15) [34].

4a

48

51

47
as solvent

29

49
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53 54
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Scheme 15. Reaction of α-aryl-α-diazoesters with cyclohexane (47), THF (49), and mesitylene (52).

The C-H functionalization of cyclohexane represents one of the simplest examples, as all C-H bonds
within cyclohexane are identical. Contrarily, linear or branched hydrocarbons are more challenging, as
different C-H bonds are present that need to be differentiated by the catalyst. Zhu et al. studied the
reaction of these substrates with donor–acceptor diazoalkanes using an iron catalyst. When n-hexane
56 was used as a substrate, selective C-H functionalization of secondary C-H groups occurred, but
without any meaningful selectivity of the C2 vs. C3 positon. When studying 2-metylpentane 59, the
C-H functionalization occurred preferentially at the tertiary C-H group. No C-H functionalization of
primary C-H bonds was observed, and the reactivity order for the C-H functionalization decreased
from tertiary > secondary > allylic/benzylic >> primary C-H bonds (Scheme 16). It is of note that this
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catalyst can be applied in the C-H functionalization of cyclohexane with turnover numbers of up to
690 on gram scale. In this reaction, the authors observed a KIE of 2.0 for kH/kD [42].

55

57 58

60 61

29

29

56

59

55 55

Scheme 16. Studies on the selectivity of iron-catalyzed C(sp3)-H insertion reactions.

While intermolecular C(sp3)-H functionalization reactions suffer from missing selectivity and
reactivity, the development of intramolecular processes would enable important steps to be taken
in the understanding of iron-catalyzed C(sp3)-H functionalization. In this context, the White group
explored an intramolecular cyclization via C-H functionalization using an iron phthalocyanin complex
as the carbene-transfer catalyst; importantly, weakly coordinating counterions needed to be used to
increase the electrophilicity of the iron complex. Under these conditions, the bis-acceptor diazoalkanes
(62) underwent smooth intramolecular C-H functionalization reaction to yield product 63 in moderate
to good yields with broad functional group tolerance (Scheme 17). It is important to note that the C-H
functionalization reaction selectivity occurred in the allylic, benzylic position or in the α position to a
heteroatom [43].

63a 63b 63c 63d 63e

62 63

Scheme 17. Intramolecular cyclisation via C-H functionalization for the synthesis of sulfonate esters.

Recently, Costas and coworkers reported on the intramolecular functionalization of C(sp3)-H
bonds using the electrophilic [Fe(Fpda)-(THF)]2 complex (67) as catalyst and a lithium salt with a
weakly coordinating counterion as a co-catalyst. Importantly, the lithium salt is required to activate the
diazoester under mild conditions, while the iron complex is needed for the actual carbene-transfer
reaction. Following this strategy, intramolecular C-H functionalization reactions of C(sp3)-H could be
realized to selectively obtain the five membered ring products (65). Following this strategy, bi- and
spirocyclic systems were synthesized (Scheme 18). Under these conditions, the five membered ring
was is favored, e.g., over benzylic C-H functionalization (65f). The formation of α,β-unsaturated esters
(66) occurred via a β-hydride elimination reaction [44].
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Scheme 18. Intramolecular alkylation reaction for the synthesis of five membered rings.

7. Biocatalytic C-H Functionalization Reactions of Aromatic C-H Bonds

Over the years, the development of non-natural activity of enzymes has developed as an important
strategy by which to conduct highly efficient carbene-transfer reactions [45,46]. In this section, we
have focused on the recent developments in this research area, with a focus on applications in C-H
functionalization reactions.

In the report of Koenigs, Weissenborn, and coworkers, the reaction of N-methyl indole (37) with
diazoacetonitrile (38) was also studied with the bacterial dye-decolorizing peroxidase YfeX from E. coli.
A library of YfeX variants and the wild-type protein were studied and, under the best conditions,
a turnover number of 37 was achieved with the wild-type enzyme. This TON (= turnover number)
could be improved to 80 by using the I230A variant of YfeX. This variant was also studied in the reaction
of N-methyl indole with ethyl diazoacetate 2, which led to an increased TON of 236 (Scheme 17) [39].
At the same time, the Fasan group reported on the application of an engineered myoglobin enzyme
in the C3-functionalization reaction of unprotected indoles using ethyl diazoacetate 2 as a carbene
precursor. The Mb(H64V,V68A) variant gave the highest conversion and a TON of 82 in a whole-cell
setup, and 68a was obtained as the only product of C-H functionalization. In their report, Fasan and
coworkers also investigated the functional group tolerance of this reaction, and different substitution
patterns on the indole heterocycle were tolerated. Notably, in the case of N-protected indoles, the
Mb(L29F,H64V) variant was required to achieve a similar activity of the enzyme (Scheme 19) [47].

Fasan and coworkers studied the reaction mechanism of the enzymatic C-H functionalization
reaction. For this purpose, the reaction of 3-deutero-indole d-31 and ethyl diazoacetate 2 was
investigated. The C-H functionalization product 68a was obtained as the protonated product exclusively,
and no deuterium label was found in the reaction product. Moreover, in a competition experiment, no
difference in reaction kinetics of the deuterated and non-deuterated starting material was observed. The
absence of a kinetic isotope effect led the authors to the conclusion that no C-H insertion mechanism
occurred. Based on this evidence, Fasan and coworkers concluded a nucleophilic attack by the
indole substrate 31 to generate a zwitterionic intermediate 69/69′, which underwent a solvent-assisted
proton-transfer reaction to give the desired C-H functionalization product (Scheme 20) [47]. At this
point, it is noteworthy that Koenigs and Weissenborn et al. were able to observe a retention of the
deuterium label in the reaction of deuterated N-methyl indole d-47 with diazoacetonitrile [39].
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Koenigs, Weissenborn, and co-workers

Fasan and co-workers

68b
68c
68d,
68e

68h
68i
68j

68f 68g

37 38 39a

231 68a

Scheme 19. Enzyme-catalyzed C3-alkylation reaction of indoles.

 

mechanistic proposal by Fasan et al.

2

69

69'

31
68a

Scheme 20. Mechanistic investigations and proposed catalytic cycle by the Fasan group.

Shortly after the reports by Koenigs, Weissenborn. and Fasan, the enzymatic C-H functionalization
of indole and other heterocycles with an engineered cytochrome P411 enzyme was studied by Arnold
and coworkers. They reported on the directed evolution of a “carbene transferase” enzyme that
enables the highly efficient, chemoselective, and biocatalytic C-H functionalization of indole and
pyrrole heterocycles. Using a UV-Vis spectrophotometry-based high-throughput screening, the authors
were able study several thousand mutants to engineer enzymes to conduct chemoselective C-H
functionalization reactions. Cytochrome P411 variants were tested in reactions with N-Me pyrrole (71),
and two different variants allowed the regioselective C-H functionalization in the C3 position or the C2
position as well as enantioselective C-H functionalization of indole heterocycles with diazopropionate
(Scheme 21) [48].
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Scheme 21. Indole C3-alkylation with engineered P411-HF enzymes; regioselective alkylation of
1-methylpyrrole 53.

In further reports, the Arnold group studied engineered cytochrome P411 enzymes in benzylic
C-H functionalization reactions of alkyl arenes with ethyl diazoacetate (2). A cytochrome P411 variant
with an axial serine ligand served as the starting point for the directed evolution, which led to the
P411-CHF variant that gave a TTN (= total turnover number) of 2020 and an enantiomeric ratio of
96.7:3.3 (74a, Scheme 22). In further studies, the C-H functionalization of allylic and propargylic
substrates as well as alkyl amines was studied (75, 76, Scheme 22) [49]. Only recently, Arnold et al. were
able to further extend the substrate scope of carbene precursors to trifluoro diazoethane, which was
studied in the α-C(sp3)-H functionalization of N,N-dialkyl aniline derivatives. By directed evolution of
the wild-type cytochrome P411 enzyme the C-H functionalization reaction with trifluoro diazoethane
was realized. Further studies focused on the access of the opposite stereoisomer. Starting from a P411
variant that provided the opposite stereochemistry, direct evolution led to a variant providing the
inverse stereochemistry. This example showcases the power of biocatalytic transformations and the
fact that both enantiomers of a desired product can be obtained by means of directed evolution (77,
Scheme 22) [50].

Scheme 22. C-H functionalization using engineered P411-CHF and P411-PFA enzymes.
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8. Conclusions and Perspectives

Over the years, the application of iron complexes has gained significant attention for the conduction
of C-H functionalization reactions with diazoalkanes under mild and sustainable reaction conditions.
A variety of iron complexes have been described to date to perform C-H functionalization reactions
with high efficiency, which have leveraged iron-catalyzed carbine-transfer reactions as an important
tool for organic chemists to functionalize unreactive C-H bonds. In light of the recent developments
in enzyme-catalyzed carbene-transfer reactions and directed evolution, iron-heme enzymes are now
developing as important tools with which to conduct highly chemo-, regio-, and stereoselective C-H
functionalization reactions. Building upon these advances, future developments of iron-catalyzed
C-H functionalization might include, for example, the site-selective activation of unactivated C(sp3)-H
bonds, the broadening of the substrate scope to include non-activated aromatic systems, or development
of an understanding of the reaction mechanisms and the spin state of iron within the catalytic cycle.
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Abstract: The development of efficient and low-cost catalytic systems is important for the replacement
of robust noble metal complexes. The synthesis and application of a stable, phosphine-free,
water-soluble cyclopentadienone iron tricarbonyl complex in the reduction of polarized double
bonds in pure water is reported. In the presence of cationic bifunctional iron complexes, a variety of
alcohols and amines were prepared in good yields under mild reaction conditions.
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1. Introduction

The reduction of polarized C=X bonds is an important process, both in industry and in academia,
for the synthesis of fine chemicals, perfumes, agrochemicals, and pharmaceuticals [1–8]. To avoid the
use of stoichiometric amounts of borohydrides or aluminium hydrides, metal-catalyzed pathways
to amines and alcohols have been introduced [9–14]. These procedures consist of hydrogenation,
hydrosilylation, and transfer hydrogenation (with iso-propanol or formic acid) and involve mainly
platinum complexes [9,10], but recent contributions highlighted the rise of Earth-abundant metals
for such reductions [11–14]. Hydrogenation is the most atom economical approach, but requires
hydrogen gas handling and consequently implies some safety issues. Hydrogen transfer (TH) is an
alternative pathway and a more practical tool. Alcohols and formic acid (or formates) are among the
most advantageous hydride donors.

Water is a non-toxic, non-flammable, non-explosive and also an economically relevant
solvent [15,16]. Water-soluble organometallic complexes have attracted some interest because of
the environmentally acceptable process, the simple product separation and, in some reactions, the
possibility to control the selectivity by adjusting the pH [15,16]. Despite these advantages, the use of
water in catalysis, and more specifically, in reduction, still constitutes a challenge and is underexplored
compared to organic solvent [17,18]. Hydrogenation of ketones and imines [19], and reductive
amination [20] in water have been reported with few iron complexes. As an example; our group has
disclosed the first water-soluble and well-defined cyclopentadienone iron complex able to catalyze the
reduction of aldehydes, ketones, and 2-substituted dihydroisoquinolines in pure water at 85–100 ◦C
under hydrogen pressure (Figure 1, for the first synthesis of a water-soluble cyclopentadienone iron
complex, see [19]). Little is known on the transfer hydrogenation with Earth-abundant complexes,
while formates are used by enzymes for enantioselective reduction. To the best of our knowledge,
excepted the hydrogen transfer reduction of heterocyclic compounds with formic acid catalyzed by
a cobalt-phosphines complex [20], no reduction of polarized C=X bonds (aldehydes, ketones, and
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imines) with formic acid derivatives has been yet reported. Toward this objective, we thought of
developing new water-soluble non-phosphine ligand iron complexes for the reduction of polarized
bonds in the presence of formates or formic acid in pure water.

 

Figure 1. Previous water-soluble cyclopentadienone iron complex and new complexes for
application reduction.

In 2015, we introduced in catalysis the tricarbonyl iron complex Fe2 bearing a
diaminocyclopentadienone ligand [21]. Compared to other cyclopentadienone iron carbonyl complexes,
this phosphine-free iron complex has, to the best of our knowledge, the highest catalytic activities to
date in reductive amination [21], in chemoselective reduction of α,β-unsaturated ketones [22], in the
hydrogenation of carbon dioxide [23], in alkylation of ketones [24–27], amines [25,28], oxindoles [29],
indoles [25,30] and alcohols [31,32]. In our ongoing interest in reduction and alkylation, we thought that
a water-soluble analog of Fe2 would be more active than our previous water-soluble cyclopentadienone
iron complex Fe3 (Figure 1). In this work, we report on the synthesis and application of two
water-soluble cyclopentadienone iron complexes in the reduction of aldehydes and in reductive
amination in pure water.

2. Results and Discussion

2.1. Synthesis of Complexes

To develop water-soluble iron complexes, we selected a diaminocyclopentadienone ligand bearing
ammonium functionalities [33]. The tetraamines 2 and 4 were prepared from diethyloxalate and
N,N-dimethylpropylenediamine and N-aminopropylenemorpholine via an amidation followed by a
reduction in good overall yield (93 and 95%, respectively). The corresponding aminocyclopentadienone
ligands 1 and 2 were then prepared by reacting the amines 2 and 4 with the cyclopentatrienone in
refluxing methanol for 16 h and were isolated in moderate yield (62% and 88%, respectively, Scheme 1).
The complexes Fe6 and Fe7 were synthesized in 48% and 76% yield by simple heating of the
corresponding amino ligand with [Fe2(CO)9] in refluxing toluene (Scheme 1). Finally, the water-soluble
bifunctional iron complexes Fe4 and Fe5 bearing ionic frameworks were obtained in almost quantitative
yields after a subsequent alkylation of the pendant amines with iodomethane (Scheme 1) [33]. These
complexes were fully characterized by 1H-, 13C-NMR, and IR spectroscopies (see Supplementary
Materials). These analyses showed that complexes Fe2 and Fe4-Fe7 have similar features. The back
donation from the metal center to the CO ligands is more significant than in the Knölker’s complex
Fe1 [34,35]. Thus, the CO stretching frequencies were at 2032, 1961, and 1919 cm−1 and at 2015 and
1967 cm−1 in the neutral complexes Fe6 and Fe7, respectively, at 2038 and 1955 cm−1 and at 2034 and
1957 cm−1 in the ionic complexes Fe4 and Fe5, respectively. These frequencies are comparable to those
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of the analog Fe2 (2027, 1962 and 1947 cm−1) and lower than those of the Knölker’s complex Fe1 (2061,
2053, and 1987 cm−1) or its water-soluble analog Fe3 (2066, 2016, and 1996 cm−1) [19].

 

Scheme 1. Synthesis of the iron complexes Fe4, Fe5, Fe6, and Fe7.

2.2. Iron-Catalyzed Reduction of Carbonyl Compounds

With these complexes in hands, we evaluated their catalytic activities in the reduction of
4-methoxybenzaldehyde as a benchmark reaction. Various methods of activation can be used with
the cyclopentadienone iron carbonyl complexes [34–44]. We applied in this work the activation with
Me3NO as oxidant [34–42]. Our first attempt with formic acid, in the presence of 2 mol % of Fe4

and 2.5 mol % of Me3NO at 100 ◦C for 24 h in 2 mL of pure water (concentration of 0.5 M), was
unsuccessful as no reduction was noticed (entry 1, Table 1). In sharp contrast, in the same reaction
conditions, complete conversions were obtained with different formate salts (entries 2–5, Table 1).
Without a hydride donor or iron complex, no reduction occurred (entries 6–7, Table 1). Decreasing
the reaction time (entries 8 and 11, Table 1), the catalyst loading (entry 13) and the amount of formate
(entry 14) led to a drop in the conversion. No variation of the conversion was noticed by lowering the
temperature to 80 ◦C (entries 3 and 9, Table 1), while, at 60 ◦C, the conversion was only 75% (entry
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12). To our surprise, the first generation water-soluble cyclopentadienone iron complex Fe3 did not
catalyze the reduction of 4-methoxybenzaldehyde in these conditions, while Fe5 appeared as active as
Fe4 (entries 10–15, Table 1). Finally, the best conditions for the reduction of 4-methoxybenzaldehyde
into the corresponding alcohol 4a were: 1 mmol of aldehyde, in the presence of five equivalents of
sodium formate in 2 mL of water, 2 mol % of Fe4 or Fe5 and 2.5 mol % of Me3NO at 80 ◦C for 24 h.

Table 1. Optimization of the reaction conditions for the aldehyde reduction a.

Entry HCO2X Fe
Temperature

(◦C)
Time (h) Conv. (%) b

1 HCO2H Fe4 100 24 0

2 HCO2H/Et3N
(1/1) Fe4 100 24 100

3 HCO2Na Fe4 100 24 100
4 HCO2K Fe4 100 24 100
5 HCO2Cs Fe4 100 24 100
6 - Fe4 100 24 0
7 HCO2Na - 100 24 0
8 HCO2Na Fe4 100 16 83
9 HCO2Na Fe4 80 24 100 (99%) c

10 HCO2Na Fe3 80 24 0
11 HCO2Na Fe4 80 16 81
12 HCO2Na Fe4 60 24 75

13 d HCO2Na Fe4 80 24 53
14 e HCO2Na Fe4 80 24 86
15 HCO2Na Fe5 80 24 100 (98%) c

a General conditions: HCO2X (5 mmol, 5 equiv.), 4-methoxybenzaldehyde (1 mmol), pre-catalyst (2 mol %), Me3NO
(2.5 mol %), water (2 mL). b Conversion was determined by 1H-NMR spectroscopy analysis. c Isolated yield in the
bracket. d Fe 0(1 mol %), Me3NO (1.25 mol %) were used. e HCO2Na (3 mmol, three equiv.) were used.

Having established the optimized conditions, we delineated the scope of the carbonyl derivatives
(Table 2). Both electron-donating (methoxy, methyl, acetal substituents) and electron-withdrawing
(nitro, nitrile, and ester substituents) groups were tolerated in this reduction. The corresponding
alcohols 4a–m were isolated in excellent yields in all examples (91–99%, Table 2). No reduction
of halogen-carbon bonds in the substituted phenyl group (compounds 4i–j) was observed. Other
reducible functions, such as ester or nitrile, were preserved in these conditions. Heteroaromatic
derivatives, such as pyridine or thiophene carboxaldehyde, furfural, did not impede the catalytic
activity and provided the alcohols 4n–r in 75–98%yield (Table 2). Finally, to extend the scope, aliphatic
aldehydes were also engaged in this reduction and the corresponding alcohols 4s–v were isolated in
92–99% yield (Table 2). It is worth to mention that (i) ethanol was used as a co-solvent with some
substrates to facilitate the solubility and consequently enhanced the reactivity; and (ii) no reaction
occurred in a mixture of water and ethanol without sodium formate.
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Table 2. Iron-catalyzed reduction of aldehydes with sodium formate a.

 

a General conditions: aldehyde (1 mmol), HCO2Na (5 mmol, 5 equiv.), pre-catalyst Fe4 (2 mol %), Me3NO (2.5 mol
%), water (2 mL). b H2O/EtOH 1/1.

2.3. Iron-Catalyzed Reductive Amination

Having established a simple protocol for the reduction of aldehydes in water, we thought to
extend this work to the synthesis of amines. Amines are usually prepared via the reduction of C=N
bonds either in catalytic conditions under hydrogen pressure or in stoichiometric conditions in the
presence of aluminum/boron hydride [45]. However, imines are not always easily prepared and cannot
be stable. Reductive amination of aldehydes constitutes a direct route to amines, without requiring any
purification of the imine intermediate. Many efforts have been devoted to the development of reductive
amination [46–48]. For example, in iron chemistry, Bhanage described that a combination of iron sulfate
and ethylenediaminetetraacetic acid (EDTA) catalyzed a reductive amination under hydrogen pressure
(400 psi) in water at elevated temperatures (150 ◦C) [20]. Beller reported a reductive amination with
anilines catalyzed by Fe2(CO)9 under high hydrogen pressure and elevate temperature [49]. We have
reported that cyclopentadienone iron tricarbonyl complexes [21,34,35] or cyclopentadienyl iron(II)
tricarbonyl complex [50] were able to catalyzed the reductive alkylation of various amines and carbonyl
derivatives under 5 bar of hydrogen, at 40–70 ◦C and even room temperature. To avoid the use of a
large amount of hydride (and the concomitant formation of wastes) or the handling of gas, hydrogen
transfer with formate derivatives appears as a simple and versatile procedure. The reductive alkylation
of N-methylbenzylamine with citronellal was chosen as a model reaction for the optimization of the
reaction conditions. Three formate salts were tested, and the cation appeared to be crucial for the
catalytic activity (entries 1–4, Table 3). Indeed, the ammonium favored both the condensation and the
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reduction (via the formation of an iminium intermediate). Fe4 and Fe5 provided the alkylated amines
with the same conversion and selectivities (entries 1–2, Table 3). Both water-soluble complexes Fe4 and
Fe5 could then be used in this reaction (as it was also mentioned in the reduction of aldehydes), but for
the rest of the study, we will use Fe5 as pre-catalyst as the overall conversion in reductive amination is
somewhat higher. Without a hydride donor, no reduction occurred (entries 5, Table 3), and only the
imine was obtained. Decreasing the temperature was detrimental to the catalytic activity as a drop
of the conversion in amine was noticed (entries 6–8, Table 3). Finally, an increase of the amount of
ammonium formate to 6.5 equivalent furnished the alkylated amine in 70% isolated yield (entry 9,
Table 3).

Table 3. Optimization of the reaction conditions for the reductive amination a.

Entry HCO2X (equiv.) [Fe] T (◦C) Conv. (%) b Selectivity
(5a)/(5a’) b

1 HCO2NH4 (5) Fe4 90 93 77/23
2 HCO2NH4 (5) Fe5 90 95 77/23
3 HCO2K (5) Fe5 90 94 60/40
4 HCO2Cs (5) Fe5 90 93 40/60
5 - Fe5 90 100 0/100
6 HCO2NH4 (5) Fe5 85 91 67/33
7 HCO2NH4 (5) Fe5 80 83 69/31
8 HCO2NH4 (5) Fe5 40 80 52.5/47.5
9 HCO2NH4 (6.5) Fe5 90 96 91/9 (70) c

a General conditions: HCO2X (5 mmol, 5 equiv.), citronellal (1 mmol), N-methylbenzylamine (2 equiv.), pre-catalyst
Fe (2 mol %), Me3NO (2.5 mol %), water (2 mL). b Conversion and selectivity were determined by 1H-NMR
spectroscopy analysis. c Isolated yield in the bracket.

With the optimized conditions in hands, we evaluated some aliphatic and benzylic amines with
aromatic and aliphatic aldehydes (Table 4). Whatever the benzylic amine used with citronellal, the
isolated yield was good (5a–b, 61–70%), while the alkylated amine 5c was obtained in a low yield (21%)
from the 2-phenylethylamine (Table 4). Amines 5d–k were prepared in 11–64% yield from various
benzaldehydes. First, as observed previously, no reduction of halogen-carbon bonds in the substituted
phenyl group was observed, and the corresponding alkylated amines 5f–h were obtained in around 50%
yield. The reductive alkylation of N-methylbenzylamine with thiophene carboxaldehyde furnished
the corresponding amine in a 64% yield. The reductive amination with electron-rich benzaldehyde
and N-methylbenzylamine led to the alkylated amine 5j in very modest yields (13%, Table 4).
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Table 4. Iron-catalyzed reductive amination with ammonium formate a.

 

a General conditions: aldehyde (1 mmol), amine (2 equiv.), HCO2NH4 (6.5 mmol, 6.5 equiv.), pre-catalyst Fe4 or Fe5
(2 mol %), Me3NO (2.5 mol %), water (2 mL), 90 ◦C for 24 h. b for 48 h.

2.4. Recycling of the Water-Soluble Iron Complex

One of the main goals, when reactions are carried out in the water, is the study of the
recyclability of the complex used. Due to the high solubility of the iron complexes, Fe4–5 in water,
separation and recycling should be possible to perform. Fe5-catalyzed, the reductive alkylation of
N-methylbenzylamine with citronellal, was chosen as a model reaction for this study. At the end of the
first run, ethyl acetate was added under an argon atmosphere to extract the organic compounds, and
the aqueous phase was re-engaged directly in another run after the addition of ammonium formate,
amine, and aldehyde (Table 5). As showed in Table 5, catalytic activity was maintained after five runs
without any decrease in the conversion.

Table 5. Recycling of the pre-catalyst Fe5 a,b.

Entry Run Conv. (%) c Selectivity (5a)/(5a’) c

1 1 96 91/9
2 2 95 96/4
3 3 95 96/4
4 4 96 97/3
5 5 98 96/4

a General conditions for the initial run: citronellal (1 mmol), N-methylbenzylamine (2 equiv.), HCO2NH4 (6.5 equiv.),
pre-catalyst Fe5 (2 mol %), Me3NO (2.5 mol %), water (2 mL), 90 ◦C for 24 h. b General conditions for run 2–5:
citronellal (1 mmol), N-methylbenzylamine (2 equiv.), HCO2NH4 (6.5 equiv.) were added to the former solution, and
the mixture was heated to 90 ◦C. c Conversion and selectivity were determined by 1H-NMR spectroscopy analysis.

3. Materials and Methods

All air- and moisture-sensitive manipulations were carried out using standard vacuum line
Schlenk tubes techniques. All solvent and substrates were degassed prior to use by bubbling argon
gas directly in the reaction medium. Other solvents and chemicals were purchased from different
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suppliers and used as received. Deuterated solvents for NMR spectroscopy were purchased from
Sigma Aldrich (Saint-Quentin Fallavier, France) and used as received. NMR spectra were recorded
on a 500 MHz Bruker spectrometer. Proton (1H) NMR information is given in the following format:
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling constant(s) (J) in Hertz
(Hz), number of protons, type. The prefix app is occasionally applied when the true signal multiplicity
was unresolved, and br indicates the signal in question broadened. Carbon (13C) NMR spectra are
reported in ppm (δ) relative to CDCl3 unless noted otherwise. Infrared spectra were recorded over a
PerkinElmer Spectrum 100 FT-IR Spectrometer using neat conditions. HRMS analyses were performed
by using the Laboratoire de Chimie Moléculaire et Thioorganique analytical Facilities.

3.1. General Procedure for the Reduction of Aldehydes

In a dried flamed Schlenk tube under argon, the corresponding aldehyde (1 equiv.) and sodium
formate (5 equiv.) were mixed in water (0.5 M solution). The iron complex Fe4 (2 mol %) and Me3NO
(2.5 mol %) were then added. The mixture was stirred and heated at 80 ◦C for 24 h. After cooling
down to room temperature, the resulting solution was quenched with a saturated aqueous solution of
sodium bicarbonate and extracted three times with ethyl acetate. The organic phase was dried over
MgSO4, filtrated, and concentrated under vacuum to afford the crude product. Purification by flash
chromatography on silica gel furnished the alcohol.

3.2. General Procedure for the Reductive Amination of Aldehydes

In a dried flamed Schlenk tube under argon, the aldehyde (1 equiv.), the amine (2 equiv.) and
ammonium formate (6.5 equiv.) were mixed in water (0.5 M solution). The iron complex Fe5 (2 mol %)
and Me3NO (2.5 mol %) were then added. The mixture was stirred and heated at 90 ◦C for 24–48 h.
After cooling down to room temperature, the resulting solution was quenched with a saturated aqueous
solution of sodium bicarbonate and extracted three times with ethyl acetate. The organic phase was
dried over MgSO4, filtrated, and concentrated under vacuum to afford the crude product. Purification
by flash chromatography on silica gel furnished the amine.

4. Conclusions

In conclusion, we have described the application of water-soluble cyclopentadienone iron
tricarbonyl complexes in the reduction of aldehydes and in reductive amination under hydride transfer
conditions in pure water. Recyclability of iron complex Fe5 was also demonstrated in a model reductive
amination. This system tolerated a variety of functional groups such as halides, ethers, heteroaromatic
derivatives without impeding the chemical yields. These water-soluble iron complexes allow an
efficient, green, and practical procedure for the synthesis of amines and alcohols.

Supplementary Materials: The following are available online. Table S1: Optimization of the reaction conditions
for aldehyde reduction by hydride transfer. Table S2: Optimization of the reaction conditions for reductive
amination by hydride transfer. Figure S1–S64: The 1H, 13C, and 19F-NMR spectra of compounds.
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Abstract: Density functional theory calculations reveal a formic acid-assisted proton transfer
mechanism for asymmetric transfer hydrogenation of pyruvic acid catalyzed by a chiral Fe complex,
FeH[(R,R)-BESNCH(Ph)CH(Ph)NH2](η6-p-cymene), with formic acid as the hydrogen provider.
The rate-determining step is the hydride transfer from formate anion to Fe for the formation and
dissociation of CO2 with a total free energy barrier of 28.0 kcal mol−1. A series of new bifunctional
iron complexes with η6-p-cymene replaced by different arene and sulfonyl groups were built and
computationally screened as potential catalysts. Among the proposed complexes, we found 1g with
η6-p-cymene replaced by 4-isopropyl biphenyl had the lowest free energy barrier of 26.2 kcal mol−1

and excellent chiral selectivity of 98.5% ee.

Keywords: asymmetric transfer hydrogenation; density functional theory; bifunctional catalyst

1. Introduction

The asymmetric hydrogenation of prochiral unsaturated ketones is an important process for the
synthesis of enantiopure alcohols for use in the pharmaceutical, agrochemical, fragrance, and flavor
industries [1–3]. As a promising alternative to reduce the use of gaseous hydrogen for the production
of enantiopure alcohols, asymmetric transfer hydrogenation (ATH) from low-cost and safe hydrogen
donors, usually NH moieties, to ketones catalyzed by organometallic complexes has attracted increasing
attention in the past two decades [4–8]. A series of particularly efficient catalytic systems with high
reactivity and enantioselectivity for ATH are Noyori and co-workers’ chiral bifunctional Ru and Ir
complexes, which are stabilized by soft ligands (η6-arene [9,10] or phosphine [11,12]) and contain at
least one hard NH electron donor that activates or directs the ketone toward hydride attack. However,
most of the reported efficient catalysts for this reaction were based on noble metals such as Ru [13,14],
Os [2,15], Rh [16,17], or Ir [6,18]. Base-metal catalysts, especially the cheaper and less-toxic iron catalyst
with comparable activity, would be desirable in asymmetric catalysis. In 2008, Morris’ group pioneered
the field of Fe(II) catalysis with tetradentate PNNP ligands for the asymmetric hydrogenation of
polar bonds and attained an excellent turnover frequency (TOF) of 907 h−1 but less activity on the
enantioselectivity (29% ee) [19]. In 2015, Gao and co-workers [20] reviewed a series of iron, cobalt, and
nickel catalysts containing novel chiral aminophosphine ligands for ATH or AH of ketones. Among
those base metal catalysts, the P2N4 macrocycles in connection with Fe(0) precursors exhibited high
yield (up to 96%) with extraordinary enantioselectivities (up to 99% ee) at 65 ◦C [20]. Mezzetti’s group

Molecules 2020, 25, 1892; doi:10.3390/molecules25081892 www.mdpi.com/journal/molecules65
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showed that stable, diamagnetic Fe(II) complexes bearing (NH)2P2 macrocyclic ligands catalyzed the
ATH of a broad scope of ketones with up to 99.5% yield and excellent enantioselectivity (up to 98% ee)
at 75 ◦C [21,22]. The molecules containing base-labile stereocenters would easily racemize under basic
conditions [23]. They furthermore exploited the dicationic (NH)2P2 macrocyclic ligands to develop the
corresponding iron hydride complex, which possessed the active H-Fe-N-H motif for the base-free
ATH of ketones in a yield up to 99% with an enantioselectivity up to 99% at 50 ◦C (Scheme 1a) [24].

Scheme 1. Mezzetti’s N2P2 macrocyclic iron complex (a) and the asymmetric transfer hydrogenation
(ATH) of pyruvic acid to lactic acid with HCOOH as hydrogen donor catalyzed by iron hydride complex
in this work (b).

Although promising progress in the iron-catalyzed enantioselective reduction of ketones has
been achieved, most of the reported catalysts contained air and moisture-sensitive phosphine ligands,
which require rather rigid conditions in the synthesis of catalyst. The development of highly active
phosphine-free iron catalyst is therefore highly desirable. Herein, we proposed a series of chiral Fe
complexes based on previously reported Ru and Os complexes with similar arene and Tsdiamine
ligands [2,15,25] and computationally evaluated their catalytic activities and enantioselectivities for
ATH of pyruvic acid (PA) to lactic acid using the density functional theory (DFT). As shown in
Scheme 1b, the ATH reaction catalyzed by FeH[(R,R)-BESNCH(Ph)CH(Ph)NH2](η6-p-cymene)(BES,
benzenesulfonyl) [26] had formic acid (FA) as the hydrogen donor.

2. Results and Discussion

As illustrated in Figure 1, our DFT calculations revealed a proton-coupled hydride transfer
mechanism for the ATH of PA catalyzed by FeH[(R,R)-BESNCH(Ph)CH(Ph)NH2]-(η6-p-cymene) (1)
with formic acid as the hydrogen source. The optimized structures of key intermediates and transition
states are displayed in Figure 2.

The catalytic cycle began with the approach of a PA molecule to 1 from its Re-face for the formation
of a 2.7 kcal mol−1 less-stable prochiral intermediate pro-2R. The iron hydride and FA proton in pro-2R

simultaneously transferred to the carbonyl group in PA via transition state TS2,3-R to form a d-lactic acid
(d-LA) molecule in 3R, which is a stable solvent-shared ion pair [27] between the cationic Fe complex
and the formate anion mediated by d-LA. The C-H···Fe distance of 2.73 Å in 3R suggested a very weak
interaction between Fe and the transferred hydride. This process was 26.3 kcal mol−1 exothermic and
accompanied by the moving of the Fe-N-N plane to a position perpendicular to the arene ring on top
of Fe. The dissociation of d-LA and formate anion from 3R for the formation of cationic Fe complex 4

was a 4.7 kcal mol−1 uphill step. The formation of l-lactic acid (l-LA) went through a similar process
but had slightly different relative energies. The enantio-determining step (EDS) for the formation of
l-LA (TS2,3-S) was 3.2 kcal mol−1 higher than that of TS2,3-R, which suggested a chiral selectivity of
99.1% ee. The dissociated formate then came back to 4 and formed a slightly more stable intermediate
5 with a hydride coordinated to the Fe center. The transition state for hydride transfer from formate to
Fe (TS5,1) for the formation and release of CO2 was 18.5 kcal mol−1 higher than that of 5. Alternatively,
the dissociated formate anion could have also coordinated to the Fe center with one of its oxygen
atoms and formed a much more stable complex 5′ with a strong Fe-O bond (2.21 Å). According to the
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energy span model [28], 5′ and the TS5,1 were the rate-determining states (RDS) with a free energy
barrier of 28.0 kcal mol−1.

Noyori’s work further shows that the application of ligand ArSO2 group [29] and the electron
donor alkyl group (CH3, i-C3H7) on the η6-arene [30] are important for maintaining catalytic activity
and enantioselectivity. In the hope of discovering more active and enantioselective iron catalysts,
we investigated the influence of substituents on the sulfonyl and arene groups for catalytic ability
and enantioselectivity. As shown in Scheme 2, we built a series of asymmetric iron complexes 1a-1g

(Table 1) by replacing the phenyl ligand in the sulfonyl group with methyl (R1a), 4-methylphenyl (R1b),
4-nitrophenyl (R1c), and 4-fluorophenyl (R1d) and replacing the η6-p-cymene ligand with phenyl (R2e),
biphenyl (R2f), and 4-isopropyl biphenyl (R2g). Then, we computationally examined the catalytic
activities and enantioselectivities of complexes 1a-1g for ATH of PA by comparing the relative free
energies of their EDSs (TS2,3-R→TS2,3-S) and RDSs (5′→TS5,1).

Figure 1. Free energy profile for the ATH of pyruvic acid (PA) catalyzed by 1 with the participation of
one formic acid (FA) molecule. The spin-states of all intermediates and transition states are triplet.
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  (a)                                             (b) 

  (c)                                             (d) 

  (e)                                              (f) 

Figure 2. Optimized structures of (a) pro-2R, (b) TS2,3-R (227i cm−1), (c) 3R, (d) TS2,3-S (140i cm−1),
(e) 5′, and (f) TS5,1 (520i cm−1). Bond lengths are in Å. Phenyl groups are omitted for clarity.
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Scheme 2. New Fe complexes with methyl or various arene ligands.

Table 1. Relative free energies between EDSs to lactic acid enantiomers (TS2,3-R and TS2,3-S) and the
rate-determining states (RDSs) (5′ and TS5,1) in catalytic cycles.

Complexes X Arene
TS2,3-R→TS2,3-S 5′→TS5,1

ΔG (kcal mol−1)

1 R1 R2 3.2 28.0
1a R1a R2 0.6 27.5
1b R1b R2 3.8 27.9
1c R1c R2 3.0 28.8
1d R1d R2 4.1 27.5
1e R1 R2e 4.9 27.8
1f R1 R2f 3.7 28.5
1g R1 R2g 2.9 26.2

As is shown in Table 1, the rate-determining barriers of newly proposed Fe complexes 1a, 1b, 1d,
1e, and 1g were slightly lower than that of 1. The lowest barrier belonged to 1g at 26.2 kcal mol−1 while
maintaining an excellent enantioselectivity of 2.9 kcal mol−1. Complexes 1b, 1d, and 1e, with higher
enantioselectivities of 3.8, 4.1, and 4.9 kcal mol−1 respectively, also had lower RDS barriers than those
of 1. The above results suggest that the substituents on both the sulfonyl group and the arene group
had significant impact on the catalytic activities and enantioselectivities of proposed iron complexes
for asymmetric hydrogenation of PA.

The enantio-determining transfers of the hydride on iron and the proton on FA to the carbonyl group
of PA proceeded through an outer-sphere mechanism. In order to understand the weak interaction
between unsaturated compound, catalyst, and solvent molecules, we performed a noncovalent
interaction (NCI) analysis [31] for transition states TS2,3-R and TS2,3-S. As shown in Figure 3, we found
a stronger attraction between C-H protons of the η6-p-cymene group and the carboxyl group of PA
in TS2,3-R, which is highlighted in position 1 with a zoomed-in view and suggests a stronger C-H···π
hydrogen bond. In addition, strong hydrogen bonds between the oxygen of carbonyl group in PA
and the hydroxyl hydrogen in FA at TS2,3-R and TS2,3-S are highlighted as insets labeled 2 with a
zoomed-in view. We also compared the NCI plots of the transition states of the proposed complexes
with better selectivity or activity, including TS2,3e-R, TS2,3e-S, TS2,3g-R, and TS2,3g-S. As a significant
stabilizing factor, the C-H···π attraction in TS2,3e-R was much stronger than that in TS2,3e-S and thus
led to better selectivity.
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 (a)                            (b)                              (c) 

 
 (d)                            (e)                              (f) 

Figure 3. NCI plots for transition states (a) TS2,3-R, (b) TS2,3e-R, (c) TS2,3g-R, (d) TS2,3-S, (e) TS2,3e-S,
and (f) TS2,3g-S. The important stabilizing interactions are marked with numbers and highlighted in
the box with a zoomed-in view. Color code: red, repulsive; green, weak attractive; blue, attractive.

3. Computational Methods

All DFT calculations were performed using the Gaussian 09 suite of ab initio programs [32] for a
hybrid meta-GGA level M06 functional [33] in conjugation with all-electron 6-31G(d) basis set [34] for
H, C, N, O, S, and F atoms. Stuttgart relativistic effective core potential basis sets were used for the Fe
(ECP10MDF) atom [35]. All structures were fully optimized in formic acid (ε = 51.1) using the integral
equation formalism polarizable continuum solvation model (IEFPCM) [36] with the SMD radii [37] for
solvent effect corrections. An ultrafine grid (99,590) was used for numerical integrations. The ground
states of intermediates were confirmed as triplets through comparison with their low-spin analogs.
Thermal corrections were calculated within the harmonic potential approximation on optimized
structures under 298.15 K and 1 atm pressure. Unless otherwise noted, the relative energies reported
in the text are Gibbs free energies with solvent effect corrections. The optimized structures were
confirmed to have no imaginary vibrational mode for all equilibrium structures and only one imaginary
vibrational mode for each transition state. Atomic coordinates of all optimized structures (XYZ) and
Evaluation of basis sets can be found in Supplementary Materials. Transition states were further
characterized by intrinsic reaction coordinate (IRC) calculations to affirm that the correct stationary
points were connected. The 3D molecular structures were drawn using the JIMP2 molecular visualizing
and manipulating program [38]. NCI analysis was performed using the Multiwfn program [39] for
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electronic structure analysis and the Virtual Molecular Dynamics (VMD) program [40] for visualization.
Computationally enantiomeric ratio was obtained based on Equation (1) [41]:

E =
e− ΔΔG

RT − 1

e− ΔΔG
RT + 1

× 100% (1)

4. Evaluation of Ground State Spin Multiplicity

In order to find out correct spin multiplicities of the ground states of the Fe complexes in the
catalytic reaction, we optimized the structures of all intermediates with singlet and triplet spins using
the methods described above. As shown in Table 2, all singlet states were significantly more stable
than the corresponding triplet states. Therefore, we believe the ATH of PA reaction catalyzed by 1

went through a high-spin pathway.

Table 2. Absolute and relative free energies of singlet and triplet states of the intermediates in the ATH
of pyruvic acid catalyzed by 1.

Complexes
Singlet
(a.u.)

Triplet
(a.u.)

ΔG
(kcal mol−1)

1 −1944.102697 −1944.118152 −9.7
2R −2475.926296 −2475.940345 −8.8
2S −2475.924832 −2475.941943 −10.7
3R −2475.943887 −2475.982223 −24.1
3S −2475.946197 −2475.983624 −23.5
4 −1943.384036 −1943.421081 −23.2
5 −2132.591160 −2132.625404 −21.5
5′ −2132.620516 −2132.640419 −12.5

5. Conclusions

In summary, our DFT study of the asymmetric transfer hydrogenation of pyruvic acid to lactic
acid enantiomers catalyzed by bifunctional Fe complex revealed a formic acid-assisted proton-coupled
hydride transfer mechanism. The formation of d-lactic acid was 2.5 kcal mol−1 more favorable than the
formation of l-lactic acid with complex 1 as the catalyst. The rate-determining step in the reaction
catalyst by 1 was the regeneration of the catalyst with the formation and release of CO2 with a total
free energy barrier of 28.0 kcal mol−1. We also built and computationally examined a series of chiral
Fe complexes as potential catalysts for ATH of PA and found that Fe complexes with substituents
4-methylphenyl (1b) or 4-fluorophenylphenyl (1d) on the sulfonyl group, as well as with substituents
4-isopropyl biphenyl (1e) instead of η6-p-cymene, had potentially better performance than 1 in both
catalytic activity and chiral selectivity. Among the proposed iron complexes, 1g had the lowest free
energy barrier of 26.2 kcal mol−1 and computationally chiral selectivity of 98.5% ee. Our findings not
only provide promising iron complexes for transfer hydrogenation of pyruvic acid, they also pave the
way for developing efficient asymmetric catalysts for ATH reactions, as the participation of solvent
molecules might be critical for low-barrier proton and hydride transfers.

Supplementary Materials: The following are available online. Atomic coordinates of all optimized structures
(XYZ) and Evaluation of basis sets.
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Abstract: Herein, we developed a simple iron-catalyzed system for the α-alkenylation of ketones
using primary alcohols. Such acceptor-less dehydrogenative coupling (ADC) of alcohols resulted in
the synthesis of a series of important α,β-unsaturated functionalized ketones, having aryl, heteroaryl,
alkyl, nitro, nitrile and trifluoro-methyl, as well as halogen moieties, with excellent yields and
selectivity. Initial mechanistic studies, including deuterium labeling experiments, determination of
rate and order of the reaction, and quantitative determination of H2 gas, were performed. The overall
transformations produce water and dihydrogen as byproducts.

Keywords: α-alkenylation; iron; alcohols; dehydrogenative coupling; sustainability

1. Introduction

α,β-unsaturated ketones are ubiquitous in various pharmaceutically important plants, and are
extensively used as life-saving drugs (choleretic, antiulcer and muco-protective) [1]. Such compounds
have wide applications as food additives, pesticides, solar-creams, as well as in materials science [2,3].
Owing to its great demand, synthesis of α,β-unsaturated ketones attracts potential attention in chemical
research. In general, Aldol condensation of aldehydes with a suitable ketone as the coupling partner is
utilized for such α,β-unsaturated ketones in combination with a stoichiometric amount of a strong
base [4–7]. However, such practice not only produces stoichiometric amounts of waste, also raises
major concerns about the uses of expensive and highly susceptible aldehydes (Scheme 1a). Though,
the Rh-catalyzed protocol having a combination of ketones with internal alkynes was reported for such
α,β-unsaturated ketones; this required higher catalyst loading and stoichiometric amounts of ligands
for successful transformations [4–7]. Since the last decade, the utilization of biomass-derived renewable
alcohols has attained significant attention in catalytic research following hydrogen-borrowing strategy.
Alcohols are radially available, earth abundant, easy to store, and often generate water as their sole
byproduct, when used as one of the coupling partners in organic transformations [8–15]. Therefore,
recently, a series of transition metal-based catalysts, such as Ru [16], Pd [17,18], Pt [19], Au [20], Ti [21],
Nb [22] and Cr [23] were established for the synthesis of α,β-unsaturated ketones using alcohols.
Importantly, a couple of heterogeneous catalysts based on CeO2 [24], Bi2WO6 [25] and mesoporous
Pd-nanoparticles [26], were also reported for such alkenylation of ketones with alcohols (Scheme 1b).
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Scheme 1. Approaches for the synthesis of α,β-unsaturated ketones. (a) Conventional methods for
the synthesis of α,β-unsaturated ketones; (b)Transition-metal catalyzed α-alkenylation of ketones;
(c) Iron-catalyzed acceptorless dehydrogenative coupling of alcohols and ketones.

Recently, much effort has been devoted towards the replacement of the precious-metal-based
catalysts with earth abundant and non-precious metals, such as, Fe-, Mn-, Ni-, Co-, etc., for such
transformations using alcohols. In this direction, only one report using a manganese-based complex is
known (Scheme 1b).

However, such Mn-based catalyst bearing the PNP-pincer ligand is the key for successful
transformations and selectivity [27]. Importantly, such PNP-ligands require a multistep synthesis
process, and are quite a lot more expensive than the non-precious metals. Therefore, there is
still a need to develop a simple, efficient and cost-economic catalyst system for the synthesis of
α,β-unsaturated ketones.

Recently, we have started a program for the applications of non-precious, metal-based catalysts
for sustainable organic transformations using nickel [28–30], manganese [31] and iron-based-catalysts.
Most recently, we successfully developed the acceptor-less dehydrogenative coupling of alcohols
with alkyl N-heteroaromatics using a simple iron-catalyst [32,33]. Iron is the most earth-abundant,
biocompatible, and exists in variable oxidation states. Therefore, application of Fe-based catalysts in
organic synthesis attract significant attention [34–40]. Interestingly, iron catalysts were extensively
used in cross-coupling reactions, [41–45] hydrogenations and transfer hydrogenations, [46–49],
hydrosilylations [50–52], as well as in hydroboration processes [53,54]. However, the application of a
Knölker-type complex for the alkylation and methylation of ketones and alcohols is noteworthy [55–59].
Nevertheless, Knölker-type iron complexes require a tedious synthesis procedure and are expensive
in nature. Therefore, the recent surge is to develop a simple and inexpensive iron catalyst system in
combination with a nitrogen ligand for the dehydrogenative coupling of alcohols with ketones to α,
β-unsaturated ketones. To the best of our knowledge, to date, no such iron-catalyzed dehydrogenative
coupling of alcohols and ketones to α,β-unsaturated ketones is known (Scheme 1c).

2. Results and Discussions

In our initial investigation for the α-alkenylation of ketones, we choose α-tetralone (1a) and
4-methoxy benzyl alcohol (2a) as our model substrates. Iron catalysts having oxidation states 0, II and
III were examined in combination with 1,10 phenanthroline L1 (6 mol%), t-BuONa (0.25 equiv.) in
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toluene at 110 ◦C equipped with a nitrogen balloon. To our delight, iron (II) acetate resulted in the
formation of α,β-unsaturated ketone 3a in 75% isolated yield with excellent selectivity (>25:1, Table 1,
entry 1 and SI Table S1). Thereafter, a variety of aromatic and aliphatic nitrogen-based ligands, along
with triphenyl phosphine L2–L6, were screened, and no increment in product yield was observed
(Table 1, entries 4–8 and SI Table S2). Nevertheless, the application of other alkoxide, carbonate and
phosphate bases proved less efficient for such transformation (Table 1, entries 9, 10 and SI Table S3).

Thereafter, the replacement of toluene by different nonpolar and polar solvents (p-xylene,
1,4-dioxane, DMA and t-amyl alcohol) resulted in up to 45% conversion to 3a (Table 1, entry 11
and SI Table S4). α-alkenylation could also be performed using lower catalyst loading (2.5 mol%),
however, the product conversion decreases to 53% with (>26:1) selectivity (Table 1, entry 12). Notably,
this reaction could also be performed at lower temperature, and resulted up to 58% conversion to the
desired product (Table 1, entry 13 and SI Table S6). Catalytic alkenylation for 9 h gave only moderate
product conversion along with unreacted starting substrate (Table 1, entry 14 and SI Table S7). Control
experiments in the absence of catalyst, ligand and base establish the potential role of the individual
component for the α-alkenylation (Table 1, entries 15, 16 and SI Scheme S4 and Scheme S5). Notably,
we have detected benzaldehyde 2a’ and the alkylated product 3a’ in the gas chromatography–mass
spectrometry (GC-MS) analysis of the crude reaction mixture.

Table 1. Optimization table for Fe-catalyzed α-alkenylation of ketone [a, b, c].

Entry Deviations from the above Conv. 3a (%) [b] 3a/3a’

1 - 77(75) >25:1
2 Fe(acac)3 68 17:1
3 Fe2(CO)9 64 16:1
4 L2 instead of L1 68 17:1
5 L3 instead of L1 54 >10:1
6 L4 instead of L1 67 >11:1
7 L5 instead of L1 70 4:1
8 L6 instead of L1 60 2:1
9 t-BuOK 58 2:1

10 Na2CO3, K2CO3, Cs2CO3, 12–30 -
11 p-xylene, 1,4-dioxane, t-amyl-alcohol 25–45 >10
12 Fe(OAc)2 (2.5 mol%), L1 (3.0 mol%) 53 >26:1
13 Reaction at 80 ◦C 58 -
14 9 h reaction time 62 >31:1
15 no Fe(OAc)2, no ligand 20 -
16 No base 0 0

Reaction conditions: [a] Unless specified otherwise, the reaction was carried out with 1a (0.375 mmol), 2a (0.25 mmol),
Fe-cat. (0.0125 mmol), ligand (0.015 mmol), and t-BuONa (0.0625 mmol) under an N2 balloon at 110 ◦C (oil bath) in
toluene (1.0 mL) for 12 h in a Schlenk tube. [b] Conversion was determined by gas chromatography–mass spectrometry
(GC-MS) (isolated yield in parentheses). [c] = tri-phenyl phosphine (10 mol%) was used. L1 = 1,10-phenanthroline,
L2 = 2,9-dimethyl-1,10-phenanthroline, L3 = 2,2′-biquinoline, L4 = 2,2′-bipyridine, L5 = triphenyl-phosphine.
L6 = tetramethylethylenediamine (TMEDA).

Next, the optimized conditions of Table 1 were successfully employed for the α-alkenylation
using a series of primary alcohols and ketones, and resulted in moderate to excellent yields (Scheme 2).
Initially, we explored the reactivity of electronically different aryl, heteroaryl and alkyl alcohols with
α-tetralone for the α-alkenylation process. Interestingly, benzyl alcohols, as well as electron-rich
p-methyl and p-iso-propyl-substituted benzyl alcohols yielded the α,β-unsaturated ketones 3b–3d

in 55–89% isolated yields (Scheme 2). Importantly, sterically hindered o-methyl benzyl alcohol 2e

and α-naphthyl methanol 2k participated efficiently, and resulted the desired products 3e and 3k in
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moderate yields (Scheme 2). To our delight, F, and Cl-substituted benzyl-alcohols were well tolerated
under the reaction conditions, and yielded up to 64% of product (3f and 3g), and we did not observe
any de-halogenated product.

 

Scheme 2. Substrate scope for the Fe-catalyzed α-alkenylation of ketones and alcohols [a, b]. Reaction
conditions: [a] Unless specified otherwise, the reaction was carried out with 1a (0.375 mmol),
2a (0.25 mmol), Fe(OAc)2 (0.0125 mmol), ligand (0.015 mmol) and t-BuONa (0.0625 mmol) under an
N2 balloon at 110 ◦C (oil bath) in toluene (1.0 mL) for 24 h in a Schlenk tube. [b] The isolated yield
reported. [c] The reaction time 12 h. [d] Here, t-BuONa (0.125 mmol) was used. [e] In this case,
t-BuONa (0.25 mmol) was used. [f] For this, α-tetralone (0.25 mmol), alcohols (0.5 mmol) and t-BuONa
(0.25 mmol) were used. [g] In this case, benzyl alcohol (0.25 mmol), 3-pentanone (0.75 mmol) and
t-BuONa (0.125 mmol) were used. [h] GC-MS yield. [i] Protonic nuclear magnetic resonance (1H-NMR)
yield reported.

Notably, benzyl-alcohols bearing strong electron withdrawing groups, such as, CF3, CN and NO2,
also efficiently participated for theα-alkenylation reaction, and the desired products 3h–3j were obtained
in up to 62% yield (Scheme 2). More interestingly, heteroaryl alcohols, such as 1,3-dioxolone-substituted
benzyl alcohol 2l and 2-furfurylmethanol 2m efficiently reacted with α-tetralone to 3l–3m in excellent
yields (85–88%, Scheme 2). Thereafter, we explored the reactivity with more challenging alkyl alcohols,
such as, cyclohexyl-methanol 2n and cyclopropyl-methanol 2o, with 1a, and the desired products 3n

and 3o were obtained in 69–78% yield (Scheme 2). However, in the case of acyclic alkyl alcohols, such
as, n-butanol 2p and n-pentanol 2q, we observed the formation of the reduced products 3p and 3q in
up to 70% yield (Scheme 2).

Thereafter, to establish the generality of the α-alkenylation process, we further explored the
reactivity of more challenging cyclic and acyclic ketones with alcohols (Scheme 2). To our delight
C7, C8 and C15 membered cyclic ketones underwent the reaction smoothly and afforded selective
mono-benzylated products 4a–4c in up to 58% isolated yields. Again, 7-methoxy tetralone 1e and 5,6
dimethoxy indanone 1g efficiently converted to the α,β-unsaturated ketones 4d and 4f in up to 72%
isolated yields. Nevertheless, in case of indanone 1f, we did not observe any desired product (Scheme 2).
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Notably, propiophenone 1h, valerophenone 1i and 1-acetyl naphthalene 1j reacted smoothly with
4-methoxy benzyl alcohol 2a and benzyl alcohol 2b, and transformed into the desired α,β-unsaturated
ketones 4g–4i in moderate to good yields (Scheme 2). Interestingly, the reaction of more challenging,
3-pentanone 1l was sluggish, and the product 4k was obtained in acceptable yield. Additionally,
we attempted the reaction of benzyl alcohol with more challenging and highly sterically hindered
camphor 1k. The desired α, β-unsaturated ketone 4j, extensively used as a sunscreen ingredient,
was obtained in an 85% yield (Scheme 2).

Notably, the established catalytic protocol is tolerant to a series of cyclic and acyclic ketones,
as well as benzyl alcohols having sensitive functional moieties, such as, nitro, nitrile, trifluoromethyl,
fluoro, chloro, 1,3-dioxolone, alkyl and alkoxy, including furan functionality. As a highlight, we have
demonstrated the synthesis of the sunscreen ingredient 4j.

After having successfully explored the reactivity of various alcohols and ketones for the
alkenylation process, next we focused upon the preliminary mechanistic investigations. To establish
the participation of 4-methoxybenzaldehyde 2a′, an in-situ 1H-NMR study was performed, and
we detected the formation of aldehyde in 1H-NMR, as well as in the GC-MS analysis of the crude
reaction mixture. Again, to demonstrate the potential role of Fe-catalyst for the hydrogen-borrowing
process, as well as for the formation of the C–C bond, the reaction of α-tetralone 1a and 4-methoxy
benzyl-aldehyde 2a′ in the presence and absence of our Fe-catalyst was performed. The desired
product was obtained in up to 93% yield (Scheme 3a,b). Next, to make evident the involvement of the
benzylic C–H/D bond for the alkenylation process, a deuterium labeling experiment was carried out
using deuterated benzyl-alcohol 2b–d2 (92% D) with α-tetralone 1a, and 3b–d was obtained having
81% deuterium incorporation at the vinyl position (Scheme 3c). However, when the reaction of 1a–d2

(93% D) with 2a was performed, we did not observe any deuterium incorporation in the product
3a (Scheme 3d). These experiments are in agreement for the micro-reversible transformation in the
hydrogen-borrowing process.

 

Scheme 3. Preliminary mechanistic study for the α-alkenylation of ketone.

Next, to determine the rate and order of the reaction, we performed two different sets of
experiments having a variable concentration of ketones and alcohols. The reaction follows first order
kinetics with respect to alcohol, considering the steady state approximation for ketone (Figure 1 and SI
Scheme S2). Further, we have studied the time-dependent reaction profile for the model reaction of
Table 1, and revealed that the concentration of aldehyde is almost constant during the progress of the
reaction, whereas, the formation of the reduced product 3a′ increases with prolonged time (Figure 2).
Nevertheless, as expected, hydrogen gas is generated during the dehydrogenation process, so for the
quantitative determination of the hydrogen gas, we choose the model reaction of Table 1, and it was
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connected to the gas burette, as shown in Scheme S3. Gratifyingly, the quantitative determination of
hydrogen gas produced in the alkenylation process was calculated (SI Scheme S3).

. 

Figure 1. Plot of [2a] vs time.

 

Figure 2. Reaction profile.

Based on these experimental findings, herein we proposed a plausible mechanistic cycle for the
α-alkenylation of ketones presented in Scheme 4. Primarily, Fe-catalyzed dehydrogenation of alcohol
resulted in the formation of aldehyde, and transient iron-hydride is formed. Next, a base-mediated
condensation of aldehyde with ketone affords the desired α, β-unsaturated ketone, releasing water as
the byproduct. During the process, the active iron catalyst regenerated via the release of dihydrogen gas.
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Scheme 4. Plausible mechanistic cycle.

3. Materials and Methods

3.1. General Experimental Details

All solvents and reagents were used, as received from the suppliers. Thin-layer chromatography
(TLC) was performed on Merck Kiesel gel 60, F254 plates with a layer thickness of 0.25 mm. Column
chromatography was performed on silica gel (100–200 mesh) using a gradient of ethyl acetate and
hexane as the mobile phase.

Protonic nuclear magnetic resonance (1H NMR) spectral data were collected at 400 MHz (JEOL),
500 MHz (Bruker), and caron-13 nuclear magnetic resonance (13C NMR) values were recorded at
100 MHz. 1H NMR spectral data are given as chemical shifts in ppm followed by multiplicity
(s- singlet; d- doublet; t- triplet; q- quartet; m- multiplet), the number of protons, and the coupling
constants. 13C NMR chemical shifts are expressed in ppm. High resolution mass spectrometry
(HRMS) electrospray ionization (ESI) spectral data were collected using a Bruker High Resolution Mass
Spectrometer. GC-MS was recorded using Agilent Gas Chromatography Mass Spectrometry. Elemental
analysis data were recorded using the Vario Micro Cube elemental analyzer. All the reactions were
performed in a closed system using a Schlenk tube. Fe(OAc)2 was purchased from TCI Chemicals
(India) Pvt. Ltd. (Purity->90%, CAS No: 3094-87-9, Product Number: I0765). 1, 10-Phenanthroline
was purchased from Sigma-Aldrich ((Assay- >99%; CAS Number- 66-71-7; EC Number 200-629-2;
Pack Size- 131377-25G). Sodium tert-butoxide was purchased from Avra Synthesis Pvt. Ltd., India.
(Purity-98%, CAS No: 865-48-5, Catalog No- ASS2615).

3.2. General Procedure for Iron-Catalyzed Alkenylation of Ketones with Alcohols:

In a 15 mL oven-dried Schlenk tube, alcohols (0.25 mmol), t-BuONa (0.0625 mmol), Fe(OAc)2

(0.0125 mmol), phen (0.015 mmol) and ketones (0.375 mmol, 1.5 equiv.) were added followed by
toluene 1.0 mL under an atmosphere of an N2 balloon, and the reaction mixture was refluxed at 110 ◦C
for 24 h in a closed system. The reaction mixture was cooled to room temperature, and 3.0 mL of ethyl
acetate was added and concentrated in vacuo. The residue was purified by column chromatography,
using a gradient of hexane and ethyl acetate (eluent system) to afford the pure product.

(E)-2-(4-methoxybenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3a) [27], Yellow solid (50 mg,
75% yield); 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.7 Hz, 1H), 7.78 (s, 1H), 7.43–7.34 (m, 3H), 7.29 (t,
J = 7.5 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 3.78 (s, 3H), 3.09–3.05 (m, 2H), 2.89–2.86
(m, 2H); 13C NMR (100 MHz, CDCl3) δ 186.9, 158.9, 142.0, 135.7, 132.6, 132.5, 132.1, 130.7, 127.4, 127.1,
127.0, 126.0, 112.9, 54.3, 27.8, 26.2.

(E)-2-benzylidene-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3b) [27], Colorless solid (52 mg, 89% yield);
1H NMR (500 MHz, CDCl3) δ 8.06 (dd, J = 7.8, 0.9 Hz, 1H), 7.80 (s, 1H), 7.43–7.40 (m, 1H), 7.39–7.31 (m,
4H), 7.29–7.26 (m, 2H), 7.19–7.15 (m, 1H), 3.07–3.04 (m, 2H), 2.88–2.83 (m, 2H); 13C NMR (125 MHz,
CDCl3) δ 186.9, 142.2, 135.6, 134.8, 134.5, 132.5, 132.2, 128.9, 127.5, 127.4, 127.2, 127.1, 126.0, 27.9, 26.2.
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(E)-2-(4-methylbenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3c) [27], Colorless solid (35 mg,
56% yield); 1H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 7.8 Hz, 1H), 7.78 (s, 1H), 7.43–7.40 (m, 1H), 7.29
(dd, J = 7.3, 5.2 Hz, 2H), 7.19–7.15 (m, 4H), 3.08–3.05 (m, 2H), 2.89–2.86 (m, 2H), 2.32 (s, 3H); 13C NMR
(125 MHz, CDCl3) δ 187.9, 143.2, 138.8, 136.8, 134.7, 133.6, 133.2, 133.0, 130.0, 129.2, 128.2, 128.1, 127.0,
28.9, 27.2, 21.4.

(E)-2-(4-isopropylbenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3d) [27], Yellow oil (40 mg,
55% yield); 1H NMR (500 MHz, CDCl3) δ 8.05 (dd, J = 7.8, 1.0 Hz, 1H), 7.79 (s, 1H), 7.42–7.39 (m, 1H),
7.34–7.26 (m, 3H), 7.21 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 8.1 Hz, 1H), 3.09–3.06 (m, 2H), 2.88–2.85 (m, 3H),
1.20 (d, J = 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 187.9, 149.7, 143.2, 136.8, 134.7, 133.6, 133.4, 133.2,
130.1, 128.2, 128.1, 127.0, 126.6, 34.0, 28.9, 27.3, 23.9.

(E)-2-(2-methylbenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3e) [27], Yellow oil (27 mg, 43%
yield); 1H NMR (500 MHz, CDCl3) δ 8.19 (dd, J = 7.8, 1.2 Hz, 1H), 7.94 (s, 1H), 7.54–7.51 (m, 1H), 7.40 (t,
J = 7.1 Hz, 1H), 7.29–7.26 (m, 5H), 3.02–2.99 (m, 2H), 2.98–2.95 (m, 2H), 2.37 (s, 3H); 13C NMR (125 MHz,
CDCl3) δ 188.1, 143.6, 137.9, 136.1, 135.8, 135.2, 133.6, 133.4, 130.4, 129.0, 128.6, 128.4, 128.3, 127.2, 125.6,
29.4, 27.4, 20.2.

(E)-2-(4-fluorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3f) [60], Yellow solid (38 mg, 61%
yield); 1H NMR (500 MHz, CDCl3) δ 8.06 (dd, J = 7.8, 0.9 Hz, 1H), 7.76 (s, 1H), 7.45–7.42 (m, 1H), 7.36
(dd, J = 8.5, 5.5 Hz, 2H), 7.31 (t, J = 7.6 Hz, 1H), 7.19 (d, J = 7.3 Hz, 1H), 7.05 (t, J = 8.7 Hz, 2H), 3.06–3.03
(m, 2H), 2.91–2.88 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 186.7, 161.6 (d, J C-F = 249.9 Hz), 142.1, 134.5,
134.3, 132.4, 132.3, 130.9, 130.8, 130.7, 127.2 (d, J C-F = 9.2 Hz), 126.1, 114.6 (d, J C-F = 21.7 Hz), 27.7, 26.1.

(E)-2-(4-chlorobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3g) [60], Yellow solid (44 mg, 64%
yield); 1H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 7.8 Hz, 1H), 7.73 (s, 1H), 7.44–7.38 (m, 1H), 7.30 (dd,
J = 6.7, 4.1 Hz, 4H), 7.19 (dd, J = 7.5, 4.9 Hz, 2H), 3.04–3.01 (m, 2H), 2.90–2.87 (m, 2H); 13C NMR
(125 MHz, CDCl3) δ 186.6, 142.1, 135.0, 134.2, 133.4, 133.3, 132.4, 130.1, 127.7, 127.3, 127.2, 126.1, 114.0,
27.8, 26.2.

(E)-2-(4-(trifluoromethyl)benzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3h) [61], Yellow solid
(47 mg, 62% yield); 1H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 7.8 Hz, 1H), 7.77 (s, 1H), 7.60 (d, J = 8.2 Hz,
2H), 7.46–7.42 (m, 3H), 7.31 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 3.03 (td, J = 6.4, 1.6 Hz, 2H),
2.91–2.88 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 186.5, 142.2, 138.4, 136.4, 133.7, 132.5, 132.2, 129.3,
129.0, 128.9, 128.4, 127.3–127.2 (d, JC-F = 7.3 Hz), 126.1, 124.4–124.3 (q, JC-F = 3.8 Hz), 124.0, 121.9,
27.8, 26.1.

(E)-4-((1-oxo-3,4-dihydronaphthalen-2(1H)-ylidene)methyl)benzonitrile (Scheme 2, 3i) [62], 1H NMR
(500 MHz, CDCl3) δ 8.12 (d, J = 7.7 Hz, 1H), 7.83 (s, 1H), 7.69 (d, J = 8.3 Hz, 2H), 7.46 (td, J = 7.5, 1.5 Hz,
3H), 7.35 (d, J = 3.2 Hz, 1H), 7.19 (d, J = 3.9 Hz, 1H), 3.10–3.04 (t, 2H), 2.95 (t, J = 6.1 Hz, 2H); 13C NMR
(125 MHz, CDCl3) δ 187.4, 143.1, 140.5, 138.2, 138.1, 134.1, 133.4, 132.3, 132.2, 128.8, 128.4, 128.3, 127.3,
126.7, 111.8, 111.1, 28.7, 23.3.

(E)-2-(4-nitrobenzylidene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3j) [60], 1H NMR (500 MHz, CDCl3)
δ 8.30 (d, J = 1.9 Hz, 2H), 8.14 (d, J = 1.3 Hz, 1H), 7.85 (s, 1H), 7.59–7.55 (m, 3H), 7.40–7.38 (m, 1H), 7.30
(s, 1H), 3.15–3.07 (m, 2H), 3.00–2.96 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 187.3, 147.4, 144.7, 138.6,
137.3, 133.8, 133.5, 132.7, 130.5, 128.8, 127.3, 126.7, 123.8, 28.8, 23.4.

(E)-2-(naphthalen-1-ylmethylene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3k) [27], Yellow solid (39 mg,
55% yield); 1H NMR (500 MHz, CDCl3) δ 8.30 (s, 1H), 8.14 (dd, J = 7.8, 1.1 Hz, 1H), 7.95–7.93 (m, 1H),
7.83–7.79 (m, 2H), 7.49–7.42 (m, 4H), 7.36–7.31 (m, 2H), 7.18 (t, J = 3.7 Hz, 1H), 2.93–2.91 (m, 2H), 2.85 (t,
J = 6.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 186.8, 142.6, 136.5, 133.7, 132.6, 132.5, 132.4, 132.1, 131.0,
127.9, 127.5, 127.4, 127.3, 126.0, 125.8, 125.4, 125.2, 124.1, 123.9, 28.2, 26.7.

82



Molecules 2020, 25, 1590

(E)-2-(benzo [d] [1,3]dioxol-5-ylmethylene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3l) [27], Yellow
solid (61 mg, 88% yield); 1H NMR (500 MHz, CDCl3) δ 8.11 (dd, J = 7.8, 0.9 Hz, 1H), 7.79 (s, 1H),
7.49–7.46 (m, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.27–7.23 (m, 1H), 6.99–6.95 (m, 2H), 6.86 (d, J = 8.0 Hz, 1H),
6.00 (s, 2H), 3.13–3.11 (m, 2H), 2.96–2.93 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 187.8, 148.0, 147.8,
143.1, 136.7, 134.0, 133.6, 133.2, 129.9, 128.2, 127.0, 125.1, 115.0, 109.8, 108.5, 101.4, 28.8, 27.3.

(E)-2-(furan-2-ylmethylene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3m) [27], Yellow solid (48 mg,
85% yield); 1H NMR (500 MHz, CDCl3) δ 8.11 (dd, J = 7.8, 1.3 Hz, 1H), 7.60–7.56 (m, 2H), 7.50–7.46 (m,
1H), 7.37–7.33 (m, 1H), 7.27 (d, J = 7.5 Hz, 1H), 6.71 (d, J = 3.5 Hz, 1H), 6.52 (dd, J = 3.4, 1.8 Hz, 1H),
3.36–3.31 (m, 2H), 3.03–2.99 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 187.4, 152.5, 144.3, 143.5, 133.6,
133.1, 131.9, 128.1, 127.0, 122.8, 116.6, 115.0, 112.2, 28.4, 26.7.

(E)-2-(cyclohexylmethylene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3n), Yellow solid (41 mg, 69%
yield); 1H NMR (500 MHz, CDCl3) δ 8.02 (dd, J = 7.8, 1.0 Hz, 1H), 7.40–7.36 (m, 1H), 7.25 (t, J = 7.5 Hz,
1H), 7.16 (d, J = 7.5 Hz, 1H), 6.70 (d, J = 9.7 Hz, 1H), 2.89–2.86 (m, 2H), 2.74–2.71 (m, 2H), 2.36–2.27 (m,
1H), 1.72–1.68 (m, 2H), 1.63–1.58 (m, 3H), 1.28–1.14 (m, 5H); 13C NMR (125 MHz, CDCl3) δ 186.9, 144.1,
142.7, 132.7, 132.3, 131.9, 127.2, 127.1, 125.8, 36.2, 31.2, 28.3, 24.9, 24.8, 24.6. HRMS (ESI): Calculated for
[C17H21O]+ 241.1587; Found 241.1589.

(E)-2-(cyclopropylmethylene)-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3o) [63], White solid (39 mg,
78% yield); 1H NMR (500 MHz, CDCl3) δ 8.01 (dd, J = 7.8, 1.1 Hz, 1H), 7.39–7.37 (m, 1H), 7.26 (t, J = 7.5
Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 6.27 (d, J = 10.9 Hz, 1H), 2.93–2.86 (m, 2H), 2.86–2.83 (m, 2H), 1.67–1.60
(m, 1H), 0.97–0.93 (m, 2H), 0.68–0.65 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 186.7, 145.6, 143.6, 133.7,
132.8, 132.7, 128.2, 128.1, 126.8, 29.0, 25.5, 11.8, 9.0.

2-butyl-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3p) [64], Pale yellow liquid (36 mg, 70% yield); 1H
NMR (500 MHz, CDCl3) δ 7.96 (dd, J = 7.8, 1.0 Hz, 1H), 7.40–7.36 (m, 1H), 7.23 (d, J = 7.6 Hz, 1H), 7.16
(d, J = 7.6 Hz, 1H), 2.94–2.86 (m, 3H), 2.42–2.38 (m, 1H), 2.20–2.14(m, 1H), 1.90–1.80 (m, 2H), 1.44–1.40
(m, 1H), 1.36–1.28 (m, 3H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 199.5, 143.0, 132.0,
131.6, 127.6, 126.4, 125.5, 46.5, 28.2, 28.1, 27.3, 27.2, 21.8, 13.0.

2-pentyl-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 3q) [65], Pale yellow liquid (29 mg, 53% yield); 1H
NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.8 Hz, 1H), 7.40–7.36 (m, 1H), 7.23 (t, J = 7.5 Hz, 1H), 7.16 (d,
J = 7.5 Hz, 1H), 2.98–2.84 (m, 3H), 2.44–2.37 (m, 1H), 2.20–2.13 (m, 1H), 1.91–1.78 (m, 2H), 1.35–1.21 (m,
6H), 0.83 (t, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 199.5, 142.9, 132.0, 131.5, 127.6, 126.4, 125.5,
46.5, 30.9, 28.3, 27.3, 27.1, 25.7, 21.6, 13.1.

(E)-2-benzylidenecycloheptan-1-one (Scheme 2, 4a) [66], Colorless liquid (29 mg, 58% yield); 1H NMR
(400 MHz, CDCl3) δ 7.45 (s, 1H), 7.34–7.29 (m, 2H), 7.28–7.22 (m, 3H), 2.66–2.61 (m, 4H), 1.77–1.68 (m,
6H); 13C NMR (100 MHz, CDCl3) δ 205.0, 140.8, 136.1, 135.7, 129.5, 128.5, 43.5, 31.4, 30.0, 27.7, 25.5.

(E)-2-benzylidenecyclooctanone (Scheme 2, 4b) [66], Colorless liquid (27 mg, 50% yield); 1H NMR
(500 MHz, CDCl3) δ 7.40 (s, 1H), 7.31 (dd, J = 10.4, 2.8 Hz, 4H), 7.28–7.24 (m, 1H), 2.76–2.74 (m, 2H), 2.65
(dd, J = 7.3, 5.5 Hz, 2H), 1.81–1.76 (m, 2H), 1.71–1.66 (m, 2H), 1.60–1.55 (m, 2H), 1.48–1.43 (m, 2H); 13C
NMR (125 MHz, CDCl3) δ 206.6, 139.5, 135.5, 135.1, 128.6, 127.4, 127.4, 38.3, 29.1, 28.6, 25.5, 24.9, 24.5.

(E)-2-benzylidenecyclopentadecanone (Scheme 2, 4c), Colorless liquid (24 mg, 31% yield); 1H NMR
(500 MHz, CDCl3) δ 7.43–7.41 (m, 5H), 7.37–7.34 (m, 1H), 2.84–2.81 (m, 2H), 2.65 (t, J = 7.0 Hz, 2H),
2.44 (t, J = 6.7 Hz, 1H), 1.78–1.75 (m, 2H), 1.49 (dd, J = 9.1, 6.2 Hz, 2H), 1.39–1.29 (m, 17H); 13C NMR
(125 MHz, CDCl3) δ 204.0, 143.3, 137.2, 136.1, 129.2, 128.5, 128.2, 42.1, 37.6, 28.6, 27.8, 27.6, 27.5, 26.8,
26.7, 26.5, 26.4, 26.2, 26.1, 24.3, 23.5. HRMS (ESI): Calculated for [C22H33O]+ 313.2526; Found 241.2528.

(E)-2-benzylidene-7-methoxy-3,4-dihydronaphthalen-1(2H)-one (Scheme 2, 4d) [66], Yellow solid (48 mg,
72% yield); 1H NMR (500 MHz, CDCl3) δ 7.89 (s, 1H), 7.66 (d, J = 2.8 Hz, 1H), 7.48–7.43 (m, 4H),
7.40–7.37 (m, 1H), 7.19 (d, J = 8.3 Hz, 1H), 7.10 (dd, J = 8.3, 2.8 Hz, 1H), 3.90 (s, 3H), 3.15–3.13 (m, 2H),
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2.93–2.42 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 188.0, 158.9, 136.9, 136.2, 136.1, 135.7, 134.5, 130.0,
129.6, 128.7, 128.6, 121.7, 110.5, 55.7, 28.2, 27.6.

(E)-2-benzylidene-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one (Scheme 2, 4f) [67], Yellow solid (21 mg, 30%
yield); 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 7.3 Hz, 2H), 7.63 (t, J = 1.8 Hz, 1H), 7.48 (t, J = 7.5 Hz,
2H), 7.42 (t, J = 2.0 Hz, 1H), 7.38 (s, 1H), 7.02 (s, 1H), 4.03 (s, 3H), 4.01 (d, J = 1.6 Hz, 2H), 3.98 (s, 3H);
13C NMR (125 MHz, CDCl3) δ 206.5, 155.6, 148.9, 141.8, 139.8, 139.7, 135.4, 132.4, 128.9, 128.8, 128.0,
115.0, 107.4, 56.2, 56.1, 31.9.

(E)-3-(4-methoxyphenyl)-2-methyl-1-phenylprop-2-en-1-one (Scheme 2, 4g) [27], Colorless oil (40 mg, 64%
yield); 1H NMR (500 MHz, CDCl3) δ 7.74 (dd, J = 8.2, 1.3 Hz, 2H), 7.57–7.54 (m, 1H), 7.49–7.46 (m,
2H), 7.44–7.42 (m, 2H), 7.18 (s, 1H), 6.97–6.95 (m, 2H), 3.87 (s, 3H), 2.31 (d, J = 1.3 Hz, 3H); 13C NMR
(125 MHz, CDCl3) δ 199.6, 160.0, 142.6, 139.0, 134.9, 131.6, 131.4, 129.4, 128.4, 128.1, 115.0, 114.0,
55.4, 14.4.

(E)-2-(4-methoxybenzylidene)-1-phenylpentan-1-one (Scheme 2, 4h) [68], Colorless oil liquid. (26 mg, 43%
yield); 1H NMR (500 MHz, CDCl3) δ 7.77 (dd, J = 8.3, 1.3 Hz, 2H), 7.59–7.53 (m, 1H), 7.47 (dd, J = 9.7,
4.0 Hz, 2H), 7.39–7.33 (m, 3H), 6.95 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H), 2.78–2.74 (m, 2H), 1.67–1.62 (m, 2H),
1.05 (t, J = 7.4 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 199.5, 159.9, 141.4, 140.4, 139.1, 133.2, 131.0, 129.5,
128.5, 128.2, 114.0, 55.3, 29.6, 22.0, 14.4.

(1S,4S)-3-(benzylidene)-1,7,7-trimethylbicyclo [2.2.1]heptan-2-one (Scheme 2, 4j) [69], Colorless liquid
(51 mg, 85% yield); 1H NMR (500 MHz, CDCl3) δ 7.51–7.50 (m, 2H), 7.43–7.40 (m, 2H), 7.38–7.34 (m,
1H), 7.27 (s, 1H), 3.14 (d, J = 4.2 Hz, 1H), 2.24–2.18 (m, 1H), 1.82–1.79 (m, 1H), 1.63–1.53 (m, 2H), 1.06 (s,
3H), 1.03 (s, 3H), 0.83 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 208.2, 142.1, 135.7, 129.8, 128.7, 128.6, 127.5,
57.1, 49.2, 46.7, 30.7, 26.0, 20.6, 18.3, 9.3.

2-methyl-1-phenylpent-1-en-3-one (Scheme 2, 4k) [70], Colorless liquid (15 mg, 35% yield); 1H NMR
(500 MHz, CDCl3) δ 7.46 (d, J = 1.2 Hz, 1H), 7.34 (d, J = 4.4 Hz, 3H), 7.28 (d, J = 4.1 Hz, 1H), 7.19 (s, 1H),
2.78 (q, J = 7.3 Hz, 2H), 2.00 (s, 3H), 1.11 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 203.0, 138.2,
137.2, 136.1, 129.7,128.4, 128.4, 30.8, 13.2, 8.9.

4. Conclusions

In conclusion, we have established a simple, cost-efficient and commercially available iron catalyst
system for the dehydrogenative coupling of alcohols and ketones toα, β-unsaturated ketone. The process
is highly selective (>25:1), and a variety of benzyl alcohols bearing nitro, nitrile, trifluoro-methyl fluoro,
chloro and 1,3-dioxolone-functionalities, 2-furfurylmethanol, as well as cyclic and acyclic alkyl alcohols,
were well tolerated under the optimized reaction conditions. Preliminary mechanistic investigations
establish the hydrogen-borrowing process. As a highlight, we have demonstrated the synthesis of a
sunscreen ingredient 4j (Scheme 2).

Supplementary Materials: The following are available online, 1H-NMR, 13C-NMR, HRMS data and deuterium
labeling experiments.
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Abstract: We describe here a mechanistic study of the iron-catalyzed carboazidation of alkenes
involving an intriguing metal-assisted β-methyl scission process. Although t-BuO radical has
frequently been observed in experiments, the β-methyl scission from a t-BuO radical into a methyl
radical and acetone is still broadly believed to be thermodynamically spontaneous and difficult to
control. An iron-catalyzed β-methyl scission of t-BuO is investigated in this work. Compared to a free
t-BuO radical, the coordination at the iron atom reduces the activation energy for the scission from
9.3 to 3.9 ~ 5.2 kcal/mol. The low activation energy makes the iron-catalyzed β-methyl scission of
t-BuO radicals almost an incomparably facile process and explains the selective formation of methyl
radicals at low temperature in the presence of some iron catalysts. In addition, a radical relay process
and an outer-sphere radical azidation process in the iron-catalyzed carboazidation of alkenes are
suggested by density functional theory (DFT) calculations.

Keywords: iron-catalysis; carboazidation; β-methyl scission; radical; DFT

1. Introduction

The carboazidation of alkenes, a powerful and promising method for the synthesis of amino acid
precursors and other useful building blocks, has attracted much attention recently [1–8]. Iron-catalyzed
carboazidation of alkenes has recently been developed by our group in which tert-butyl peroxybenzoate
(TBPB) was employed as the initiator (Scheme 1a) [9].

tert-Butoxy-containing peroxides, including di-tert-butyl peroxide (DTBP), [10,11] tert-butyl
hydroperoxide (TBHP), [12–21] and tert-butyl peroxybenzoate (TBPB), [22–32] have versatile roles in
organic synthesis and have been proven to be good sources of t-BuO radical. However, these peroxides
can also occasionally serve as a source of methyl radicals (Scheme 1b) [33–37]. The β-methyl scission
of alkoxy radicals which is a common fragmentation process forming corresponding alkyl radicals
was discovered more than fifty years ago [38], and is described in organic chemical textbooks [39].
The β-methyl scission from a t-BuO radical accordingly is believed to be an easily spontaneous
process, [40–44] and offers a facile pathway to methyl radicals; however, it is inconsistent with the
common experimental observation of t-BuO radical [25–32].

Molecules 2020, 25, 1224; doi:10.3390/molecules25051224 www.mdpi.com/journal/molecules89
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Scheme 1. (a) Carboazidation of alkenes in previous study, [9] (b) selective formation of methyl
radicals [33–37] or t-BuO radical, [10–32] and (c) mechanistic studies.

Although β-methyl scission from a t-BuO radical can afford methyl radical, the factors which
determine the selective formation of methyl radicals or retaining as t-BuO radical are still unclear. To
the best of our knowledge, no further investigation of t-BuO radical splitting has been reported. Very
recently, our studies suggested that a copper catalyst may not assist the β-methyl scission (Scheme 1c,
30.7 kcal/mol) and the t-BuO radical can become untethered which serves as the radical initiator and
does not proceed β-methyl scission [21]. On the other hand, the selective or dominant formation of
methyl radicals in iron-catalyzed reactions has frequently been observed in our previous work [33–35].
It is questionable why the t-BuO radical behaves very differently when catalyzed by iron.

Herein, the crucial factors for the selective formation of methyl radicals have been investigated
and a rare iron-catalyzed β-methyl scission was revealed (Scheme 1c). In addition, experimental and
theoretical investigations were conducted to support a radical relay mechanism for carboazidation
reactions [9].

2. Results and Discussion

Experiments exploring the carboazidation reactions of alkenes were conducted to probe the
mechanism. First, the reaction was conducted in the absence of alkyl iodide, as expected, a methyl
adduct 2, (1-azidopropyl)benzene, was obtained in 52% yield (Scheme 2a). The reaction employing
tert-butyl ethaneperoxoate as initiator instead of TBPB also delivers the desired product (2) in 33%
yield demonstrating that the methyl radical can be easily generated at room temperature under these
conditions. Because of the absence of diazidation product which can indirectly prove the existence
of t-BuO radial [45] in all cases under standard conditions or these two conditions, the formation of
methyl radical can be regarded as highly selective. Next, (2-phenylcyclopropyl)styrene (3), a radical
clock compound, for which the rate constant of the ring opening step is approximately 108 s−1, was
used and afforded a ring-opened product (4) in 42% yield (Scheme 2b) [46]. A ring closure reaction
was also conducted with 1,6-heptadiene 5 and the ring-closure products (6 and 7) and non-ring-closed
product (8) were obtained in 80% and 18% yields, respectively (Scheme 2c). This result suggests that
the azidation step is quite fast and is comparable to 5-exo-cyclization of 5-hexenyl radical (~105/s).
Besides, radical scavengers, 2,6-di-tert-butyl-4-methylphenol (BHT) or hydroquinone, can interrupt the
standard reaction to reduce the yield of product (See Preliminary mechanistic studies in supporting
information). These results are consistent with a radical mechanism [47,48].
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Interestingly, the acetone and methyl iodide formed under standard conditions could be observed
by GC-MS (See supporting information), implying that the radical relay process possibly begins with a
methyl radical.

Scheme 2. Experimental studies. (a) Participation of the methyl radical within the caboazidation of
alkenes in the absence of further alkyl iodides, (b) and (c) Ring-opening and ring-closing experiments
for exploring the radical relay mechanism.

Next, density functional theory (DFT) calculations on the iron-catalyzed carboazidation of styrene
were performed in an attempt to understand the mechanism at the atomic level [49,50]. Figure 1a
shows the overall potential energy surface of the iron-catalyzed reaction. According to the systematic
computations on the spin states and the conformations of iron species, a quintet state of catalyst
Fe(OTf)2 (5INT1) coordinated by two 1,2-dimethoxyethane (DME) molecules, was found to have the
lowest free energy (Table S1), and thus can be considered as the starting catalyst for first cycle [51,52].

The interaction of TBPB with 5INT1 yields 5INT2 by an associative ligand exchange process. An
associative intermediate, 5INT12, with a relative free energy of 8.3 kcal/mol can be considered as a
barrier to the ligand exchange (Supplementary Figure S1) [53,54]. Subsequently, a single electron
transfer (SET) occurs, breaking the O-O bond of TBPB with an energy barrier of 8.7 kcal/mol and
resulting in a septet, (7INT3) of the Fe(III) species coordinated by a tethered t-BuO radical with a
exergonicity of 5.7 kcal/mol. As displayed in Figure 1b, the oxygen atom of the tethered t-BuO in
7INT3 acquires an unpaired spin density, indicating that the t-BuO moiety becomes a radical during
the SET process. Since the selective formation of methyl radical was observed in this reaction and in
our previous work [33], two pathways of methyl radical generation were therefore considered.

With a terminal carbon having a spin density in 7INT3 (cf. Figure 1b), a transition state 7TS2,
corresponding to C-C bond cleavage along this coordinate, is located with a quite low barrier, 5.2
kcal/mol, and leads to a sextet (6INT4) with a free methyl radical. Surprisingly, 7TS2-OtBu, dissociation
of an t-BuO radical from 7INT3 was found to be an unfavorable process, requiring a higher energy
barrier (6.7 kcal/mol) to lead to a free t-BuO radical and a sextet 6INT4, with only 0.9 kcal/mol small
exergonicity (red path in Figure 1a). A much higher barrier of 9.3 kcal/mol is required (2TS3) for
dissociation of a methyl radical from a free t-BuO radical [21] indicating that a free methyl radical
generated directly from 7INT3 is thermodynamically and kinetically favorable. In addition, since there
will be benzoate anions in the system following the occurrence of SET on the TBPB, several possible
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iron(III) species ligated by different anions with the tethered t-BuO radical were also examined for
the possibility that they could assist the β-methyl scission. Figure 2 depicts the free energy profiles
of SET and iron-catalysed β-methyl scission processes for four candidate iron complexes, 5INT1-1

to 5INT1-4 (Supplementary Table S3). Encouragingly, the energy barriers of SET for these species
are in the range of 6.7–11.0 kcal/mol smaller than that for 5INT1. Besides, the energy barriers of
iron-catalyzed β-methyl scission for these species are in the range of 3.9–4.7 kcal/mol which are all
smaller than that of β-methyl scission from the free t-BuO radical (9.3 kcal/mol) and even smaller than
that of 7TS2 (5.2 kcal/mol) indicating that, in the reaction condition, these possible iron-catalyst species
can also perform the SET on TBPB and assist the β-methyl scission well after initial catalytic cycle.
These results are in good agreement with our experiment results in which no t-BuO radical derivative
was observed due to the incomparable process of the generation of a free methyl radical. This implies
that the Fe(III) catalyst may assist the β-methyl scission even at room temperature. This study offers a
clear image of the whole decomposition process from TBPB to the t-BuO radical and a methyl radical.

 

Figure 1. (a) The Gibbs free energy profile of the Fe-catalyzed carboazidation of alkenes. The transition
state corresponding to reductive elimination from 5INT9 cannot be explicitly located and is indicated
as *. (b) Optimized structures of selected intermediates. Spin densities on selected atoms are shown
in each structure beside the arrows. For 7,5MECP, the spin densities of the quintet state are shown in
parenthesis. Hydrogen atoms are omitted for clarity.
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Figure 2. The Gibbs free energy profiles of SET and iron-catalyzed β-methyl scission processes for (a)
Fe(OBz)2(DME), 5INT1-1, (b) Fe(OBz)2(DME)2, 5INT1-2, (c) Fe(OTf)(OBz)(DME)2, 5INT1-3 and (d)
cation species [Fe(OBz)(DME)2]+, 5INT1-4, showing that different possible Fe(II/III) species facilitate
the β-scission of t-BuO radical. Relative free energies are in kcal/mol.

Subsequently, a radical relay starting from a free methyl radical and generating the benzyl
radical 2INT10 was demonstrated to be a facile process and shown in Figure 3. Herein,
1-chloro-1,1,2,2-tetrafluoro-2-iodoethane is employed as a perhaloalkyl iodide model to conduct
the radical relay process. Transition state, 2TS6, corresponding to CH3I and perhaloalkyl radical
Rf1 generations is located with the lowest barrier of 7.2 kcal/mol which is much lower than that of
chlorine extraction (2TS7, 19.8 kcal/mol). On the other hand, methyl β-addition to styrene [35,55]
is also considered; however, a much higher barrier (13.0 kcal/mol of 2TS8) is found for 2INT11

producing. Although the relative free energy of 2INT11 (−17.8 kcal/mol) is lower than that of Rf1

(−8.1 kcal/mol), Rf1 addition to styrene is barrierless to result in a much exergonic 2INT10 (−30.7
kcal/mol). Owing to the flat and long range effective (~3.22 Å) potential energy surface (PES), TS for
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2INT10 production cannot be located, suggesting that this radical relay process should be fast (see
Supplementary Figure S2).

We then focused on the iron-catalyzed azidation. Formation of 6INT5 by TMSN3 (trimethylsilyl
azide) complexing with the Fe in 6INT4 via the internal nitrogen atom, was initially calculated. A
trimethylsilyl group migration transition state (6TS4) leading to an exergonic azide complex (6INT6)
was identified [8]. Charge transfer to the iron center from the azide increases gradually during
trimethylsilyl group migration. In particular, spin spreads to the internal and terminal nitrogen atom,
implying that the azide adopts a radical characteristic even though its net charge is negative (cf.
Figure 1b). Three possible pathways leading to the C-N bond coupling via a septet state, a quintet
state or a septet-quintet crossing, were considered. In the septet state, the reaction pathway in which
the benzyl radical, 2INT10, couples directly with the terminal nitrogen atom of the azide in 6INT6

was considered due to its larger spin density and the reduced steric hindrance. An outer-sphere azide
reaction has also been proposed in Mn catalysis [56], but the transition state 7TS5 has an extremely
high barrier of 34.8 kcal/mol.

 

Figure 3. The Gibbs free energy profile for the benzyl radical generation from methyl radical via radical
relay pathway. Relative free energies are in kcal/mol.

The inner-sphere pathway via an intermediate with an iron-carbon bond was also considered [57].
A quintet, 5INT9, formed through the TMSOBz-dissociated sextet 6INT8, was found to have a much
higher relative free energy (−5.4 kcal/mol), suggesting that this pathway involving an intermediate
containing a newly formed Fe-C bond, leading to the dissociation of the TMSOBz and association of
2INT10 to 6INT6, is unfavorable. This result suggests that the oxidation of a Fe(III) by a benzyl radical
to form Fe(IV) is an unfavorable pathway in this reaction and this finding is consistent with Gutierrez’s
study although they investigated different iron species [58].

We then sought a minimum energy crossing point (MECP) crossing between the septet and the
quintet states. Intermediate 7INT7, approaching an 2INT10 to 6INT6, was located with the relative
free energy only 5.2 kcal/mol higher than that of 6INT6, and the MECP was found at a distance
d(Cb-Nt), between carbon and the terminal nitrogen atom of 3.08 Å (cf. 3.23 Å in 7INT7, Figure 1b).
The electronic energy of the MECP was estimated to be slightly higher (~0.1 kcal/mol) than that of
7INT7 [59]. After spin state crossing, no transition state relevant to product formation can be located
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due to the flat potential energy surface corresponding to d(Fe-Ni) elongation around d(Cb-Nt) of ca.
3.08 Å (Figure S3). The potential energy surface corresponding to d(Fe-Ni) elongation accompanying
the d(Cb-Nt) shortening shows no barrier and can proceed downhill to product formation. This result
is analogous to the halogenations of carbon centered radicals with iron(III)-halide species, [60,61] and
suggests that only 5.2~5.3 kcal/mol is required to conduct spin state crossing, after which product
formation is spontaneous.

A septet intermediate, 7INT9, has been calculated with the energy of 4.8 kcal/mol higher than
5INT9, (see Supplementary Table S4). A transition state between 6INT8 and 5INT9 for inner-sphere
radical coupling may exist but cannot be located. On the other hand, much effort was made to locate
the transition state after the inner-sphere spin crossing point, but was unsuccessful. This result may
be regarded as a barrierless reductive elimination for a high-valent metal complex, [62,63] but the
absence of a transition state for the inner-sphere pathway does not affect the conclusion of a favorable
outer-sphere pathway since the free energy of 5INT9 is much higher than that of 7INT7. Moreover,
such azidation processes with another possible Fe(III)N3 species, 6INT6-1, has also been calculated,
and as expected, the outer-sphere pathway remains the favorable route (see Supplementary Figure
S4), indicating that the catalytic cycle can perform after first cycle as well as the Fe(III)N3 species with
OTf- anion.

In view of the results of these mechanistic studies, a radical relay-involved catalytic cycle is
proposed and is shown in Scheme 3. A SET between iron catalyst and TBPB initiates the reaction by
generating a methyl radical (A), an Fe(III) species and acetone. A radical relay process then occurs
between the methyl radical and the alkyl iodide affording a new carbon radical (B) and methyl iodide.
This carbon radical adds to the olefin, generating an internal radical (C). Azidotrimethylsilane as a
ligand delivers an Fe(III)N3 species, [8] which ultimately reacts with the radical (C) to deliver the
desired alkylazidation products, regenerating Fe(II) [ (C) + Fe(III)N3 → (C)-N3 + Fe(II) ]. The C-N3

bond formation from alkenes can be facilitated by the Fe(III)N3 species as well as by the putative Mn(III)
species [64]. According to the theoretical study, an iron-catalyzed β-methyl scission is an incomparable
process for generation of the initial methyl radical; in addition, an outer-sphere radical coupling
pathway [56,65,66] is thought to be the more favorable pathway. Similar outer-sphere radical capture
for direct C-N bond formation have been reported on the C-H amination of copper(II) anilides [67–69].

Scheme 3. Proposed mechanism for carboazidation of alkenes. SET, single electron transfer. Optimized
structure, 7INT3, are depicted as in Figure 1b.
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3. Materials and Methods

3.1. Experimental Section

3.1.1. General Information

All reactions were carried out under an atmosphere of nitrogen in dried glassware with magnetic
stirring unless otherwise indicated. Compound 3 in Scheme 2 was synthesized in our lab and other
chemicals obtained from commercial suppliers were used without further purification. The purity of
iron catalyst between different vendors (Energy Chemical, Bokachem and ®HEOWNS) did not change
the yields of products when other batches of iron triflate were purchased. Solvents were dried by
Innovative Technology Solvent Purification System. Liquids and solutions were transferred via syringe.
All reactions were monitored by thin-layer chromatography. GC and GC-MS data were recorded on
Thermo Trace 1300 (Thermo Fisher Scientific, Milan, Italy) and Thermo ISQ QD, respectively. 1H-,
19F-, and 13C-NMR spectra were recorded on Bruker-BioSpin AVANCE III HD-400 Hz (Bruker BioSpin
GmbH, Rheinstetten, Germany). Data for 1H-NMR spectra are reported relative to chloroform as an
internal standard (7.26 ppm) and are reported as follows: chemical shift (ppm), multiplicity, coupling
constant (Hz), and integration. Data for 13C-NMR spectra were reported relative to chloroform as
an internal standard (77.00 ppm) and are reported in terms of chemical shift (ppm). IR data were
obtained from Bruker VERTEX 70. All melting points were determined on a Beijing Science Instrument
Dianguang Instrument (Beijing, China) Factory XT4B melting point apparatus and are uncorrected.
HRMS(ESI) data were recorded on Agilent Technologies 6224 TOF LC/MS (Agilent, Palo Alto, CA,
USA); HRMS(EI) data were recorded on Waters Micromass GCT Premier (Waters, MMAS, New York,
NY, USA).

3.1.2. General Procedure for Confirmation of Methyl Radical

To a dried Schlenk tube equipped with a magnetic bar, Fe(OTf)2 (9 mg, 0.025 mmol) was added,
flushed with nitrogen gas (3 times) and maintained the nitrogen atmosphere using the balloon. A
thoroughly mixed solution of vinylarene (0.5 mmol), TMSN3 (1.0 mmol) and TBPB (or tert-butyl
ethaneperoxoate) (1.0 mmol) in DME (2 mL) was added to the catalyst via syringe and stirred vigorously
for 30 min at room temperature. The solvent was evaporated, and the residue was purified by flash
chromatography on silica gel to give the corresponding product 9 in 52% (33%) yield.

3.2. Computational Method and Details

Density functional theory (DFT) studies on the iron-catalyzed carboazidation of styrene were
performed at B3LYP [70,71] -D3 [72,73] /Def2-SVP [74,75] level of theory in gas-phase for geometrical
optimizations, thermal energy calculations, and frequency analyses. Transition state structures were
searched by simply performing a crude relaxed potential energy surface (RPES) scan connecting
reactants and products, and then optimized by the three-structure synchronous transit-guided
quasi-Newton (STQN) method, [76,77] and rational function optimization (RFO) method of TS as
well [78]. In addition, transition state vibrational frequencies were verified to have one and only one
imaginary frequency and confirm the correctness of the imaginary frequency by viewing normal mode
vibrational vector. All optimized stationary points were characterized by frequency calculation for
identification of minimum points and saddle points. Single point energies based upon the optimized
structures were calculated at the B3LYP-D3/Def2-TZVP [74,75] level of theory with SMD solvation
model calculation in DME solution, [79] and the reported Gibbs free energy is obtained by adding
the solution-phase electronic energy with the gas-phase Gibbs free energy correction for saving the
computational time consumption. To verify the reliability of the geometries and thermal corrections
obtained in the gas phase, geometrical optimizations as well as the frequency calculations for 5INT1,
TBPB, DME, 5INT2, 5TS1, and 7INT3 were also carried out with SMD solvation model. Figure S5
depicts the free energy profile of pathway from 5INT1 to 7INT3 in which the gas-phase thermal energy
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correction shows well comparative to the solvation thermal energy correction. Other functionals
including types of generalized gradient approximation (GGA), meta-GGA and hybrid functional
including dispersion were also employed for 5INT1 (i.e., Fe(OTf)2(DME)2) optimization on quintet,
triplet and singlet spin states to confirm the validity of quintet state. Supplementary Table S2 shows
the similar energetic tendency supporting that employing the quintet state 5INT1 to initiate studies
should be reliable. On the other hand, for radical coupling, minimum energy crossing point (MECP)
was also located by using the hybrid approach method of Harvey [80]. All calculations were performed
by the Gaussian 09 package (Gaussian, Wallingford, CT, USA) [81].

4. Conclusions

In summary, experimental studies have established the selective formation of methyl radical
formation for this iron-catalyzed carboazidation of alkenes. The methyl radical can be identified by
GC-MS and be found in the product in the absence of further alkyl iodides indicating that a methyl
radical is easily propagated at room temperature under the reaction conditions. Theoretical studies
reveal that the methyl radical propagation via β-Me scission of the t-BuO radical will be assisted by
the iron catalysis. The energy barrier of methyl radical release from a coordinated t-BuO radical is
far lower than that of untethered one. In addition, the formed methyl radical has a lower barrier to
abstract an iodine atom from the alkyl iodide instead of reacting with the styrene which explains the
outcome of products through the radical relay process. In the end, the iron-catalyzed carboazidation of
alkenes may undergo an outer-sphere radical coupling via an Fe(III)N3 intermediate to form products.
This study may shed some light on the metal-catalyzed SET reactions of peroxides and may offer a
partial explanation of the formation of methyl radical [21,36,37,44].

Supplementary Materials: The following are available online, Supporting Information including all NMR
spectroscopic analysis, characterization data, GC-MS analysis, Figure S1–S5, Tables S1–S4 and Cartesian coordinates
of all optimized structures.
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Abstract: Arene C(sp2)-H bond borylation reactions provide rapid and efficient routes to synthetically
versatile boronic esters. While iridium catalysts are well established for this reaction, the discovery and
development of methods using Earth-abundant alternatives is limited to just a few examples. Applying
an in situ catalyst activation method using air-stable and easily handed reagents, the iron-catalysed
C(sp2)-H borylation reactions of furans and thiophenes under blue light irradiation have been
developed. Key reaction intermediates have been prepared and characterised, and suggest two
mechanistic pathways are in action involving both C-H metallation and the formation of an iron
boryl species.

Keywords: catalysis; borylation; Iron; C-H functionalisation; pinacolborane; photochemistry

1. Introduction

The development of sustainable methods for the selective C(sp2)-H functionalisation of arenes is
an area of intense research but is still dominated by the use of 2nd- and 3rd-row transition metals [1–7].
Earth-abundant metals offer low toxicity and inexpensive alternatives, with iron being a leading
example [8–12]. Direct C(sp2)-H borylation offers a simple and efficient route to aryl-boronic esters,
which are key platforms for organic synthesis [13–15]. Iridium-based complexes have become a “go-to”
for C(sp2)-H borylation reactions [16–24], while the discovery and development of Earth-abundant
alternatives remains comparatively rare [25–37].

Tatsumi and Ohki showed that arenes would undergo thermally promoted C(sp2)-H borylation
using an N-heterocyclic carbene cyclopentadienyl iron(II) alkyl complex [NHC(Cp*)FeMe] as a catalyst
in the presence of tert-butylethylene (Scheme 1a) [35]. Mankad applied heterobimetallic Fe-Cu and
Fe-Zn complexes under continuous ultraviolet light irradiation to arene C(sp2)-H borylation [36].
Similarly, Darcel and co-workers reported the use of a bis(diphosphino) iron(II) dialkyl and dihydride
complexes for arene C(sp2)-H borylation, again under continuous ultraviolet light irradiation [37].
While these landmark reports are highly significant developments, all require the prior synthesis
of sensitive inorganic complexes which are synthetically challenging and difficult to handle for the
non-specialist practitioner, thus limiting use by the broader synthetic community.
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Scheme 1. Iron-catalysed C-H borylation of arenes. (a) Prior approaches to iron-catalysed C(sp2)-H-bond
borylation with pinacolborane (HBpin) using organoiron and iron/copper bimetallic catalysts. (b) This
work: C(sp2)-H bond borylation using dmpe2FeCl2 as a pre-catalyst, activated by exogenous
nucleophiles, under blue light irradiation.

To reduce the synthetic challenges, and need for organometallic reagents, we questioned
whether the C(sp2)-H borylation chemistry reported previously could be simplified by in situ
catalyst activation using only bench stable reagents. In the example reported by Darcel and
co-workers the bis[1,2-bis(dimethylphosphino)ethane-P,P′]dimethyliron(II) pre-catalyst (dmpe2FeMe2)
was generated by the addition of methyllithium to the corresponding iron(II) dichloride complex
(dmpe2FeCl2) [37]. Similarly, the catalytically active bis[1,2-bis(dimethylphosphino)ethane-P,P′]iron(II)
dihydride (dmpe2FeH2) could be accessed using either LiHBEt3 or LiAlH4 [37,38]. Given our previous
work on the in situ generation of hydride donors formed by the combination of alkoxide salts and
pinacolborane (HBpin) [39], we postulated that the active C(sp2)-H borylation pre-catalyst, dmpe2FeH2,
may be accessible by the same method. Reaction of substoichiometric alkoxide salt with HBpin, the
boron source used for this borylation, would generate a hydride reductant in situ to activate the
dmpe2FeCl2 pre-catalyst to dmpe2FeH2, the active borylation catalyst, and thus initiate catalysis.
Importantly, the dmpe2FeCl2 complex displays much greater air- and moisture stability compared
to the dihydride and dialkyl analogues. Herein, we report the in situ activation of dmpe2FeCl2 and
application to the C(sp2)-H borylation reaction of heteroarenes (Scheme 1b).

2. Results

Guided by the work of Darcel and co-workers, we selected 2-methylfuran 2a as an ideal test
substrate for our investigations. Darcel and co-workers showed that dmpe2FeMe2 could be used as a
pre-catalyst for the borylation of furan 2a (3 equiv.) using HBpin (1 equiv.) under continuous ultraviolet
light irradiation to give a regioisomeric mixture of 5- and 4-borylated furans, 3a and 4a respectively
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(67%, 3a:4a = 82:18) [37]. Using our alkoxide activation strategy we found the use of ultraviolet light for
this reaction was not necessary, instead operating with lower energy blue light (Kessil A160 WE, 40 W
Blue LED). Additionally, we used an inverted stoichiometry of arene (1 equiv.) and HBpin (1.2 equiv)
and a reduced catalyst loading. Using these reaction parameters, we assessed the ability of a selection
of potential activators to initiate catalysis alongside the dmpe2FeCl2 1 pre-catalyst. (Scheme 2).

Any of LiOMe, KOMe, TBAOMe (TBA = tetra-n-butylammonium), NaOiPr, NaOtBu or KOtBu
triggered pre-catalyst activation and the formation of both furyl boronic ester regioisomers, 3a and
4a, albeit in modest yields (17% to 39%) and with varying regioselectivity, after 24 h. The use of
carboxylate salts also initiated catalysis; NaO2CH, LiOAc, NaOAc, Na(2-EH) (2-EH= 2-ethylhexanoate),
TBA(2-EH), NaO2CPh, NaO2CCF3 all successfully initiated catalysis with varying efficiency (2% to
45%). Na(2-EH) and NaO2CPh outperformed all alkoxide salts, and the yields obtained using these
activators could be increased with prolonged reaction times to give a mixture of furyl boronic esters
3a and 4a in good yield and regioselectivity (Na(2-EH), 59%, 3a:4a = 71:29). Control reactions with
no catalyst, no added activator, and with no light irradiation showed no reactivity, highlighting the
necessity of each reaction component.

 

Scheme 2. Activator screening for the borylation of 2-methyl furan by dmpe2FeCl2 1. a Yields
determined by 1H-NMR spectroscopy of the crude reaction mixtures using 1,3,5-trimethoxybenzene
as an internal standard. Product ratios were determined by 1H-NMR spectroscopy of the crude
reaction mixtures. b Reaction time = 15 h. c Reaction time = 48 h. 2-EH = 2-ethylhexanoate. TBA =
tetra-n-butylammonium.

2.1. Substrate Scope

With optimised reaction conditions established using dmpe2FeCl2 (4 mol%), Na(2-EH) (8 mol%),
arene (1.0 equiv.) and HBpin (1.2 equiv.) in THF under blue light irradiation, we assessed the reactivity
of the system by application to a subset of furan and thiophene derivatives (Scheme 3). 2-Methylfuran
2a underwent efficient borylation to generate a mixture of 5- and 4-borylated regioisomers 3a and 4a

in good yield and regioselectivity (72%, 81:19). The parent, unsubstituted furan 2b, also underwent
successful borylation but gave a regioisomeric mixture of the 2- and 3-substituted boronic ester
regioisomers 3b and 4b, and additionally the bis-boryl furans 5b. Borylation of 2,3-dimethylfuran
2c gave the corresponding 5-boryl regioisomer 3c exclusively in good yield. 2-Ethylfuran 2d reacted
similarly to the 2-methylfuran analogue 2a giving a mixture of 4- and 5-substituted boronic esters 3d
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and 4d. Unfortunately, application to thiophenes demonstrated limited reactivity under the established
reaction conditions, giving only low yields of boryl-arenes 3e-g and 4e-g, again as a mixture of
regioisomers, and bis-borylated product when the parent thiophene was used [40].

 

Scheme 3. Na(2-EH) activated borylation of furan and thiophene derivatives using dmpe2FeCl2 1. a Yields
determined by 1H-NMR spectroscopy of the crude reaction mixtures using 1,3,5-trimethoxybenzene as an
internal standard. Product ratios were determined by 1H-NMR spectroscopy of the crude reaction mixtures.
b Values represent the ratio of 2-boryl:3-boryl:bis-boryl products.

2.2. Mechanistic Investigations

On the basis of successful catalysis we presumed that our in situ activation system provided
access to the active iron(II) dihydride complex dmpe2FeH2 7, which had been shown to be catalytically
active by Darcel and co-workers [37]. To support this, we combined each component in the absence of
light or arene, i.e., the reaction of dmpe2FeCl2 1, Na(2-EH) and HBpin (Scheme 4a). This showed the
formation of both the monohydride product dmpe2FeHCl 6 and the expected dihydride, dmpe2FeH2

7, as observed by 31P-NMR spectroscopy (see Supplementary Materials, S16). Reaction of the activator,
Na(2-EH), and HBpin in the absence of pre-catalyst showed ligand redistribution to a mixture of
boron-containing species, including boron “ate” complexes, BH3 and [BH4]-, as observed by 11B-NMR
spectroscopy (see Supplementary Materials, S3). This reactivity is in accordance with that when using
other nucleophiles such as alkoxide salts [39,41]. Taken together, these observations are indicative
of an in situ activation process, whereby the added carboxylate reagent Na(2-EH) triggers hydride
transfer from boron to iron to form the dihydride dmpe2FeH2 7. Once formed, the iron dihydride
dmpe2FeH2 7 can efficiently catalyse the C(sp2)-H borylation reaction.
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Scheme 4. (a) Pre-catalyst activation and hydride formation. (b) Mechanistic investigations of
dmpe2FeH2 7 produced by hydride transfer from HBpin and Na(2-EH).

As the dihydride complex dmpe2FeH2 7 was readily formed using our in situ hydride transfer
method, and was observable by 1H and 31P-NMR spectroscopy, we next investigated the fundamental
steps of this borylation reaction with the aim of identifying key reaction intermediates. Reaction of the
in situ generated dmpe2FeH2 7 with excess HBpin under blue light irradiation led to the formation
of both cis-dmpe2FeH(Bpin) 8 and trans-dmpe2FeH(Bpin) 9 boryl iron complexes, as observed by
1H, 11B, and 31P NMR spectroscopy (see Supplementary Materials, S17-19). These complexes were
previously reported by Darcel and co-workers, where they were formed from the reaction of the related
dialkyl complex, dmpe2FeMe2, with HBpin [37]. Addition of 2-methylfuran 2a to the mixture of
cis-dmpe2FeH(Bpin) 8 and trans-dmpe2FeH(Bpin) 9 under blue light irradiation gave the formation
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of the regioisomeric furyl boronic esters 3a and 4a (3a:4a = 71:29), notably in a different ratio to that
observed during catalysis (vide supra, 3a:4a = 81:19).

Blue light irradiation of the dihydride complex dmpe2FeH2 7 in the presence of excess
2-methylfuran 2a led to exclusive C(sp2)-H bond metallation at the 5-position to give
trans-dmpe2FeH(2-Me-furyl) 10, as observed by 1H and 31P NMR spectroscopy (see Supplementary
Materials, S22-24). Addition of HBpin to trans-dmpe2FeH(2-Me-furyl) 10 and irradiation with blue
light induced formation of the furyl boronic esters 3a and 4a (3a:4a = 90:10). Again, in a different ratio to
that observed under catalysis. As the ratio of regioisomers observed under catalytic conditions (3a:4a =

81:19) appears to be a combination of the ratios observed in the stoichiometric studies (3a:4a= 71:29, and
90:10 respectively), it is suggestive that both the C-H metallation and iron boryl pathways are operative.
Specifically, the reaction can precede by C(sp2)-H bond metallation to give dmpe2FeH(2-Me-Furyl)
10, followed by C(sp2)-B bond formation, or by direct reaction of arene with the iron boryl species
cis-dmpe2FeH(Bpin) 8 and trans-dmpe2FeH(Bpin) 9. The relative ratios of the furyl boronic ester
regioisomers indicate both pathways are equally accessible for the activated catalyst. (53% by C-H
metallation, 47% by the iron boryl species).

3. Conclusions

In summary, we have investigated the applicability of several alkoxide, carboxylate and other,
common bench stable reagents towards the in situ activation of an iron(II) pre-catalyst for C(sp2)-H
bond borylation. We found a sodium carboxylate salt Na(2-EH) in combination with HBpin to be
a potent pre-catalysts activator generating the iron dihydride dmpe2FeH2 7 in situ. The validity of
this method was demonstrated by the generation of catalytically relevant species that were used as
mechanistic probes. These suggest two C-H borylation pathways are operating to give the aryl boronic
ester products; C-H metallation followed by borylation, and formation of an iron boryl species followed
by arylation.

4. Materials and Methods

4.1. General Information

All compounds reported in the manuscript are commercially available or have been previously
described in the literature unless indicated otherwise. All experiments involving iron were performed
using standard Schlenk techniques under argon or nitrogen atmosphere. All yields refer to yields
determined by 1H-NMR spectroscopy of crude reaction mixtures using an internal standard. All product
ratios refer to product ratios determined by 1H-NMR spectroscopy of the crude reaction mixtures.
1H-NMR and 13C-NMR data are given for all compounds when possible in the experimental section
for characterisation purposes. Spectroscopic data matched those reported previously.

4.2. Activator Synthesis

Tetra-n-butylammonium 2-ethylhexanoate TBA(2-EH)

A suspension of KH (80 mg, 2 mmol) in anhydrous THF (20 mL) was prepared under an N2 atmosphere,
2-ethylhexanoic acid (0.32 mL, 2 mmol) was added dropwise whilst stirring. n.b. gas evolution (H2).
The solution was stirred for 3 h at room temperature, and the THF removed in vacuo to give an
amorphous colourless solid. The solid was re-dissolved in MeOH (20 mL) and tetra-n-butylammonium
chloride (556 mg, 2 mmol) was added, the solution was stirred for 16 h, filtered through a glass frit and
dried in vacuo without further purification to give tetra-n-butylammonium 2-ethylhexanoate (0.72 g,
1.86 mmol, 93%) as an amorphous white solid.

1H-NMR (500 MHz, CDCl3) δ 3.51–3.35 (m, 8H), 2.09 (tt, J = 8.4, 5.4 Hz, 1H), 1.66 (m, 8H), 1.62–1.54 (m,
2H), 1.48–1.39 (m, 8H), 1.39–1.23 (m, 6H), 0.98 (t, J = 7.3 Hz, H), 0.91 (t, J = 7.4 Hz, 3H), 0.88–0.82 (m,
3H). 13C-NMR (126 MHz, CDCl3) δ 181.2, 59.0, 51.1, 33.1, 30.5, 26.4, 24.3, 23.2, 19.8, 14.2, 13.7, 12.7.
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4.3. Pre-catalyst Synthesis

dmpe2FeCl2 1 [42]

Anhydrous iron dichloride (0.21 g, 1.67 mmol) was charged to a Schlenk flask and dissolved in
anhydrous THF (10 mL), dmpe [(bis(dimethylphosphino)ethane]; 0.50 g, 3.33 mmol) were added to the
flask under an Ar atmosphere and the solution left to stir for 48 h at room temperature. The solvent was
removed in vacuo, and in an argon-filled glove box, the residue was re-dissolved in dichloromethane
(5 mL) and filtered through glass wool. The filtrate was reduced in vacuo to produce a green amorphous
solid (0.549 g, 1.29 mmol, 77%).

1H-NMR (400 Hz, d8-THF) δ 2.18 (s, 8H), 1.42 (s, 24H). 31P-NMR (202 MHz, CDCl3) δ 59.0.

4.4. General Borylation Procedure

In an argon-filled glovebox, dmpe2FeCl2 1 (8.6 mg, 0.02 mmol), sodium 2-ethylhexanoate (6.6 mg,
0.04 mmol), HBpin (87 μL, 0.6 mmol), substrate (0.5 mmol), and THF (1 mL) were added to a 1.7 mL
sample vial and shaken to ensure full dissolution. The vial was placed under blue light radiation for
48 h and then allowed to cool to room temperature. Yields determined by 1H-NMR spectroscopy of
the crude reaction mixtures using 1,3,5-trimethoxybenzene as an internal standard [0.5 mL; standard
solution = 1,3,5-trimethoxybenzene (0.336 g, 2.0 mmol) in diethyl ether (10 mL)]. Product ratios were
determined by 1H-NMR spectroscopy of the crude reaction mixtures.

4.5. Characterisation of Borylated Products

4.5.1. 2-Methylfuran Derivatives

4,4,5,5-Tetramethyl-2-(5-methylfuran-2-yl)-1,3,2-dioxaborolane 3a [37], 4,4,5,5-tetramethyl-2-(5-
methylfuran-3-yl)- 1,3,2-dioxaborolane 4a [37]

Following the general procedure; 2-methylfuran 2a (41 mg, 44 μL, 0.5 mmol). Yield = 72%. 3a:4a =

81:19. 1H-NMR (500 MHz, CDCl3) 3a: δ 6.99 (d, J = 3.2 Hz, 1H), 6.06–6.01 (m, 1H), 2.36 (s, 3H), 1.34
(s, 12H). 4a: δ 7.62 (d, J = 0.9 Hz, 1H), 6.15 (t, J = 1.0 Hz, 1H), 2.29 (d, J = 1.1 Hz, 3H), 1.31 (s, 12H).
13C-NMR (126 MHz, CDCl3) 3a: δ 157.8, 124.8, 106.9, 84.0, 24.7, 13.9. 4a: δ 152.7, 149.7, 108.8, 83.3, 24.9,
13.1. 11B-NMR (160 MHz, CDCl3) 3a: δ 27.1. 4a: δ 29.8.

4.5.2. Furan Derivatives

4,4,5,5-Tetramethyl-2-(furanyl-2-yl)-1,3,2-dioxaborolane 3b [43], 4,4,5,5-tetramethyl-2-(furanyl-
3-yl)-1,3,2-dioxaborolane 4b [44], 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan 5ba [45],
2,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan 5bb [45]

Following the general procedure; furan 2b (34 mg, 36 μL, 0.5 mmol). Yield = 52%. 3b:4b:5ba:5bb

60:21:4:5. 1H-NMR (600 MHz, CDCl3) 3b: δ 7.65 (d, J = 1.7 Hz, 1H), 7.07 (d, J = 3.4 Hz, 1H), 6.44 (dd, J
= 3.4, 1.6 Hz, 1H), 1.35 (s, 12H). 4b: δ 7.78 (s, 1H), 7.46 (m, J = 1.6 Hz, 1H), 6.59 (d, J = 1.7 Hz, 1H), 1.32
(s, 1H). 5ba: δ 7.06 (s, 2H), 1.33 (s, 24H). 5bb: δ 7.78 (s, 1H), 7.28 (s, 1H), 1.30 (s, 24H). 13C-NMR (126
MHz, CDCl3) 3b: δ 147.3, 123.2, 110.3, 84.2, 24.8. 4b: δ 151.2, 142.9, 113.1, 83.5, 24.9. 5ba: δ 123.2, 83.5,
24.8. 5bb: δ 151.2, 83.2, 75.1, 24.6. 11B-NMR (160 MHz, CDCl3) 3b: δ 27.2. 4b: δ 29.8.

4.5.3. 2.3-Dimethylfuran Derivatives

4,4,5,5-Tetramethyl-2-(4,5-dimethylfuran-2-yl)-1,3,2-dioxaborolane 3c [46]
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Following the general procedure; 2,3-dimethylfuran 2c (48 mg, 53 μL, 0.5 mmol). Yield = 46%. 3c:4c =

100:0. 1H-NMR (500 MHz, CDCl3) δ 6.87 (s, 1H), 2.26 (s, 3H), 1.94 (s, 3H), 1.33 (s, 12H). 13C-NMR (126
MHz, CDCl3) δ 153.4, 127.1, 115.2, 83.9, 24.7, 11.8, 9.7. 11B-NMR (160 MHz, CDCl3) δ 27.2.

4.5.4. 2-Ethylfuran Derivatives

4,4,5,5-Tetramethyl-2-(5-ethylfuran-2-yl)-1,3,2-dioxaborolane 3d [47], 4,4,5,5-tetramethyl-2-
(5-methylfuran-3-yl)-1,3,2-dioxaborolane 4d [47]

Following the general procedure; 2-ethylfuran 2d (48 mg, 53 μL, 0.5 mmol). Yield = 59%. 3d:3d = 70:30.
1H-NMR (500 MHz, CDCl3) 3d: δ 7.01 (d, J = 3.3 Hz, 1H), 6.05 (d, J = 3.1, 1H), 2.72 (q, J = 7.6 Hz, 2H),
1.34 (s, 12H), 1.25 (m, 3H). 4d: δ 7.64 (d, J = 0.8 Hz, 1H), 6.18 (d, J = 1.1 Hz, 1H), 2.6 (q, J = 7.5, 2H), 1.31
(s, 12H), 1.25 (m, 3H). 13C-NMR (126 MHz, CDCl3) 3d: δ 163.6, 124.7, 105.2, 84.0, 24.7, 21.6, 12.2. 4d: δ
163.6, 149.6, 107.2, 83.3, 24.9, 21.1, 12.1. 11B-NMR (160 MHz, CDCl3) 3d: δ 27.2. 4d: δ 29.9.

4.5.5. 2-Methylthiophene Derivatives

4,4,5,5-Tetramethyl-2-(5-methylthiophen-2-yl)-1,3,2-dioxaborolane 3e [47], 4,4,5,5-tetramethyl-2
-(5-methylthiophen-3-yl)-1,3,2-dioxaborolane 4e [47]

Following the general procedure; 2-methylthiophene 2e (49 mg, 48 μL, 0.5 mmol). Yield = 9%. 3e:4e =

66:34. 1H-NMR (500 MHz, CDCl3) 3e: δ 7.45 (d, J = 3.4 Hz, 1H), 6.84 (d, J = 3.4, 1H), 2.53 (s, 3H), 1.33
(s, 12H). 4e: δ 7.67 (d, J = 1.2 Hz, 1H), 7.04 (s, 1H), 2.49 (d, J = 1.1 Hz, 3H), 1.32 (s, 12H). 13C-NMR (126
MHz, CDCl3) 3e: δ 147.5, 137.6, 127.0, 83.9, 24.9, 15.4. 4e: not observed. 11B-NMR (160 MHz, CDCl3)
δ 28.7.

4.5.6. Thiophene Derivatives

4,4,5,5-Tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane 3f [48], 4,4,5,5-tetramethyl-2-(thiophen-3
-yl)-1,3,2-dioxaborolane 4f [49], 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene 5f [48]

Following the general procedure; thiophene 2f (42 mg, 40 μL, 0.5 mmol). Yield = 11%. 3f:4f:5f = 27:9:64.
1H-NMR (500 MHz, CDCl3) 3f: δ 7.64 (m, 1H), 7.63 (d, J = 4.8 Hz, 1H), 7.19 (d, J = 4.8 Hz, 1H), 1.35 (s,
12H). 4f: δ 7.92 (d, J = 2.6 Hz, 1H), 7.41 (d, J = 4.9 Hz, 1H), 7.34 (dd, J = 4.8, 2.7 Hz, 1H), 1.35 (s, 12H). 5f:
δ 7.66 (s, 2H), 1.34 (s, 24H). 13C-NMR (126 MHz, CDCl3) 3f: δ 137.2, 132.4, 128.2, 83.2, 24.9. 4f: δ 136.5,
129.0, 125.3, 83.2, 24.8. 5f: δ 137.7, 84.1, 24.8. 11B-NMR (160 MHz, CDCl3) δ 29.2.

4.5.7. 3-Methylthiophene Derivatives

4,4,5,5-Tetramethyl-2-(4-methylthiophen-2-yl)-1,3,2-dioxaborolane 3g [17]

Following the general procedure; 3-methylthiophene 2g (49 mg, 48 μL, 0.5 mmol). Yield = 4%. 3g:4g =

100:0. 1H-NMR (500 MHz, CDCl3) δ 7.44 (d, J = 1.2 Hz, 1H), 7.19 (t, J = 1.1 Hz, 1H), 2.29 (d, J = 0.9 Hz,
3H), 1.34 (s, 12H). 13C-NMR (126 MHz, CDCl3) δ 139.5, 139.0, 128.2, 84.0, 24.9, 15.1. 11B-NMR (160
MHz, CDCl3) δ 29.1.

4.6. Mechanistic Investigations

dmpe2FeH2 7 [37]

dmpe2FeCl2 1 (10 mg, 0.023 mmol), sodium 2-ethylhexanoate (7.6 mg, 0.046 mmol), and HBpin (7 μL,
0.046 mmol) were added to a Young’s NMR tube under an Ar atmosphere and heated at 60 ◦C for
3 days. 1H-NMR (600 MHz, THF) δ −14.38 (m). 31P-NMR (500 MHz, THF) δ 76.9 (t, J = 28 Hz), 67.7 (t,
J = 28 Hz).

cis-dmpe2FeH(Bpin) 8 and trans-dmpe2FeH(Bpin) 9 [37]
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dmpe2FeCl2 1 (4.3 mg, 0.001 mmol), sodium 2-ethylhexanoate (3.3 mg, 0.002 mmol), and HBpin (87 μL,
0.6 mmol) were added to a Young’s NMR tube under an Ar atmosphere and irradiated with blue light
for 16 h. 1H-NMR (500 MHz, THF) δ −13.1 (p, J = 43.2 Hz), −14.0 (m). 31P-NMR (500 MHz, THF) δ
77.6(m), 77.2 (m), 59.7 (m), 58.9 (m).

dmpe2FeH(2-Me-furyl) 10

dmpe2FeCl2 1 (10 mg, 0.023 mmol), sodium 2-ethylhexanoate (30.4 mg, 0.184 mmol), and HBpin (7 μL,
0.046 mmol) were added to a Young’s NMR tube under an Ar atmosphere and warmed at 60 ◦C for 24
h. 2-methylfuran (8 μL, 0.092 mmol) was added under an Ar atmosphere and the sample irradiated
with blue light for 3 h. This complex was observed in situ. 1H-NMR (500 MHz, THF) δ -18.93 (q, J
= 45.8 Hz). 31P-NMR (500 MHz, THF) δ 77.1 (d, J = 38.1 Hz). MS: (HRMS – EI+) Found 438.12041
(C17H38O1

56Fe1P4), requires 438.12171.
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Abstract: For the convenient introduction of simple linear/branched alkyl groups into
biologically important azaspirocyclohexadienones, a practical Fe-catalyzed decarbonylative
cascade spiro-cyclization of N-aryl cinnamamides with aliphatic aldehydes to provide alkylated
1-azaspiro-cyclohexadienones was developed. Aliphatic aldehydes were oxidative decarbonylated
into primary, secondary and tertiary alkyl radicals conveniently and allows for the subsequent
cascade construction of dual C(sp3)-C(sp3) and C=O bonds via radical addition, spirocyclization and
oxidation sequence.

Keywords: decarbonylation; alkylation; spirocyclization; aldehyde; cinnamamide

1. Introduction

The azaspirocyclohexadienone ring represents an important structural motif in natural compounds
and pharmaceuticals, such as Annosqualine, Erythratinone and compound I (acting as muscarinic
antagonist, Figure 1) [1–4]. Thus, the development of efficient methods for the synthesis of these
azaspirocyclohexadienones has attracted substantial attention. While traditional synthetic routes
rely predominantly on the transition-metal-catalyzed intramolecular ipso-carbocyclization [5–9] and
electrophilic ipso-cyclization [10–12], the radical cascade ipso-cyclization was expanding in recent years,
to incorporate various functional groups into the azaspirocyclohexadienone framework [13–15].
Among them, the radical difunctionalization and ipso-cyclization of N-arylcinnamamides or
N-arylpropiolamides has proven to be an straightforward pathway, where various carbon or
heteroatom centered radicals added onto the α,β-unsaturated carbon-carbon multiple bond of
substrates, followed by the intramolecular radical ipso-cyclization and dearomatization. In this context,
simple ethers [16], alkanes [17,18], ketones [19], acetonitrile [20], acyl chloride [21], aldehydes [22],
aryldiazonium salts [23], CF3SO2Na [24–26], arylsulfinic acids [27], sulfonylhydrazides [28],
AgSCF3 [29], thiophenols [30], disulfides [31], N-sulfanylsuccinimide [32], diselenide [33], tert-butyl
nitrite [34], phosphonates [24,35,36] and silanes [37,38] have been demonstrated as the radical precursors
for this spirocyclization (Scheme 1a), as independently reported by Li [16,17], Liang [25,29], and
Zhu [18,20], etc. The addition of carbon radicals to N-arylcinnamamides and subsequent ipso-cyclization
offers a direct synthesis of azaspiro-compounds with the concurrent construction of two C–C single
bonds. However, the alkyl radical source for this spirocyclization of alkenes is still confined. When
ethers, alkanes, ketones and acetonitrile acted as carbon radical precursors via the homolytic cleavage
of sp3 C-H bond, the functional groups (ether, ketone or cyano groups) would inevitably be imported
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into the products, and the generation of regio-isomers was also troublesome due to the possible
existence several different sp3 C-H bonds in these precursors, so readily available alkyl precursors that
could introduce ordinary and simple linear/branched alkyl groups into azaspirocyclohexadienones are
highly desirable, especially those could realize the convenient radical generation and be compatible
with the primary, secondary and tertiary alkyls.

 
Figure 1. Representative azaspirocyclohexadienone-based bioactive molecules.

 

Scheme 1. Various radicals for the spirocyclization of N-aryl unsaturated amides.

On the other hand, aldehydes are cheap and readily available chemicals and have been directly used
for decarbonylative couplings catalyzed by ruthenium or rhodium, as shown by the extensive studies
of Li since 2009 [39–44]. In contrast, we are interested in the radical-type decarbonylative reactions
of aldehydes in the absence of noble metals, with peroxides as radical initiator and oxidant [45–53].
The oxidative decarbonylative couplings of aldehydes with (hetero) arenes [45,46], styrenes [47–50],
alkyne and electron-deficient alkenes [51–53] were successively developed by our group. These
decarbonylative reactions were further updated by other groups, with dioxygen as the radical initiator
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and oxidant [54–56]. Similar radical type decarbonylative alkylations of C=C and C≡C bonds with
aldehydes were also separately developed by Li [57,58], Li [59–62] and Yu [63,64].

The above studies have fully demonstrated that radical-type decarbonylation of aliphatic aldehydes
was an economic and convenient way to obtain primary, secondary and tertiary alkyl radicals, thus
we postulated that the merging the oxidative decarbonylation of aliphatic aldehydes into the radical
difunctionalization of N-arylcinnamamides, would produce a benzyl radical and then facilitate the
subsequent radical ipso-cyclization (Scheme 1b). Herein, we report a novel Fe-promoted oxidative
decarbonylative alkylative spirocyclization of N-arylcinnamamides with aliphatic aldehydes to provide
alkylated 1-azaspirocyclohexadienones.

2. Results

Based on the above speculation, N-(4-hydroxyphenyl)-N-methyl cinnamamide (1a) and
isobutyraldehyde (2a) were chosen as the model substrates for this oxidative decarbonylative
spirocyclization; with di-tert-butyl peroxide (DTBP) as the radical initiator and terminal oxidant,
the desired alkylated 1-azaspirocyclohexadienone 3a was isolated and characterized. Detailed
optimization was performed focusing on different iron salt and its loading, the dosage of aldehyde
and DTBP, the reaction temperature and reaction solvent, which revealed the combination of 2.5
mol% Fe(acac)2/5 equiv aldehyde/3 equiv DTBP proved to be the most effective one, to afford the
spirocyclization product 3a in 67% isolated yield (Table 1, entry 1). For the reaction solvent, low
polarity solvents including chlorobenzene (PhCl), trifluoromethylbenzene (PhCF3) and much more
polar acetonitrile, ethyl acetate (EA) all turned out to be compatible, and among these solvents tested,
ethyl acetate provided the best result (entries 12–14). We are glad that this radical cascade reaction
favors ethyl acetate, which should be the greenest solvent among the ordinary organic solvents.

Table 1. Optimization of reaction conditions a.

Entry Change from “Standard Conditions” 3a (%)

1 none 67
2 2.5 mol% FeCl2 instead of Fe(acac)2 51
3 2.5 mol% Fe(acac)3 instead of Fe(acac)2 20
4 1 mol% Fe(acac)2 61
5 5 mol% Fe(acac)2 56
6 2a reduced to 4 equiv 52
7 2a reduced to 3 equiv 39
8 DTBP reduced to 2 equiv 51
9 115 ◦C instead of 122 ◦C 53

10 120 ◦C instead of 122 ◦C 65
11 124 ◦C instead of 122 ◦C 58
12 PhCl instead of EA as solvent 35
13 PhCF3 instead of EA as solvent 45
14 CH3CN instead of EA as solvent 32

a Standard conditions: N-aryl cinnamamide 1a (0.1 mmol), aldehyde 2a (5 equiv, 0.5 mmol), Fe(acac)2 (2.5 mol%) in
EA (0.5 mL, prepared solution) and DTBP (3 equiv, 0.3 mmol) were reacted at 122 ◦C (oil bath temperature) for 24 h
under air atmosphere. Isolated yield.

With the optimized reaction conditions in hand, we first examined the generality of this alkylative
spirocyclization with different aliphatic aldehydes (2a–2l, Table 2). Various α-mono-substituted
aliphatic aldehydes including isobutyraldehyde (2a), 2-ethylbutanal (2b), 2-methyl-butanal (2c),
2-methylpentanal (2d), 2-ethylhexanal (2e), cyclamen aldehyde (2f), cyclohexane-carbaldehyde (2g)
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and cyclopantanecarbaldehyde (2h) provided the corresponding secondary carbon radicals for the
cascade spirocyclization after the oxidative decarbonylation. While the α-di-substituted pivaldehyde
(2i) provided a tertiary carbon radical, the α-unsubstituted aliphatic aldehyde 3-methylbutanal (2j),
propionaldehyde (2k) and 2-phenylacetaldehyde (2l) would provide primary carbon radicals, similarly.
Gratifyingly, all of these aliphatic aldehydes underwent this decarbonylative alkylative spirocyclization
witH-N-arylcinnamamide (1a) to produce the targeted alkylated 1-azaspirocyclohexadienone (3a–3l)
smoothly. Moreover, the introduced alkyl group and the aryl group exhibit a trans-configuration,
determined by the adjacent coupling constant of the proton on C3 and C4 (J = 12.0 Hz), which agreed
well with the literature reports [18]. Considering the readily availability of these aliphatic aldehydes,
avoidance the possible carbon radical rearrangement (to provide regioisomers as the alkane C-H
bonds homolytic cleavage products) and simple operation for the radical generation (overriding
pre-functionalization and photoreaction devices), this decarbonylative alkylative spirocyclization
demonstrated again that the aliphatic aldehydes were convenient primary, secondary and tertiary
alkyl precursors.

Table 2. Scope of the aliphatic aldehydes a.

2a isobutyraldehyde 2b 2-ethylbutanal
2c 2-methylbutanal 2d 2-methylpentanal
2e 2-ethylhexanal 2f cyclamen aldehyde
2g cyclohexanecarbaldehyde 2h cyclopantanecarbaldehyde
2i pivaldehyde 2j 3-methylbutanal
2k propionaldehyde 2l 2-phenylacetaldehyde

 
a Conditions: cinnamamide 1a (0.1 mmol), aldehyde 2a–2l (5 equiv, 0.5 mmol), Fe(acac)2 (2.5 mol%) in EA (0.5 mL,
prepared solution) and DTBP (3 equiv, 0.3 mmol) were reacted at 122 ◦C (oil bath temperature) for 24 h under air
atmosphere. Isolated yield. b Dr. = 1:1 as determined by GC.
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After investigating the scope of aliphatic aldehydes, we next tested the generality of this
decarbonylative alkylative spirocyclization on different N-aryl cinnamamides 1b–1k under the
optimized conditions. The effect of substituents on the cinnamamide moiety is listed in Figure 2.

 A 

 
 B 

 
Figure 2. (A) Scope of the N-aryl cinnamamides. Conditions: cinnamamide 1b–1k (0.1 mmol), aldehyde
2a (5 equiv, 0.5 mmol), Fe(acac)2 (2.5 mol%) in EA (0.5 mL, prepared solution) and DTBP (3 equiv, 0.3
mmol) were reacted at 122 ◦C (oil bath temperature) for 24 h under air atmosphere. Isolated yield. (B)
4b–4k.

Various electron withdrawing or donating substituents were successfully incorporated into the
cinnamamide unit of substrates 1b–1g, such as methyl, halo and trifluoromethyl groups. Among
them, the optimized reaction conditions were compatible with the cinnamamides with chloro groups
substituted at the para, meta and ortho positions (compounds 1c–1e), and similar yields were obtained,
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which revealed the substituents didn’t cause obvious steric hindrance for this cascade reaction. For the
substituent on the N-linkage, the ethyl and benzyl group-substituted cinnamamides 1h and 1i provided
slightly better yields than the model substrate 1a. To our delight, the 2-naphthalenyl and 2-furanyl
units (1j and 1k) could also be introduced onto the α,β-unsaturated C=C bond of amide substrates,
and the cascade reaction provided the 1-azaspirocyclohexadienone 4j and 4k in moderate yields.

Several control experiments were carried out to understand this decarbonylative alkylative
spirocyclization. First, the cascade reaction of cinnamamide 1a and aliphatic aldehyde 2a

was inhibited in the presence of di-tert-butylhydroxytoluene (BHT); instead, the decarbonylated
alkyl radical was captured as 2,6-di-tert-butyl-4-isopropyl-4-methylcyclohexa-2,5-dien-1-one (5),
which confirmed the radical-type decarbonylation mechanism (Scheme 2a). Second, the
control experiment using the N-(4-methoxyphenyl)-N-methyl cinnamamide (1l) to replace the
N-(4-hydroxyphenyl)-N-methyl cinnamamide (1a) was conducted under the optimized conditions,
however no desired 5-exo-trig spirocyclization product (3a) could be detected; in contrast, the
C3-alkylated 3,4-dihydroquinolin-2(1H)-one 6 was formed in 74% yield, via 6-endo-trig cyclization
pathway (Scheme 2b). The sharp difference on reactivity demonstrated the importance of the
para-hydroxyl substituent for this spirocyclization, maybe due to its ability to stabilize the radical
intermediate (B, Scheme 3) obtained from the 5-exo-trig spirocyclization and accelerating the subsequent
cyclohexadienone formation.

 
Scheme 2. Control experiments.

Based on the mechanistic experiments and the previous studies [46–53], a possible reaction
pathway is depicted in Scheme 3, with the reaction of N-(4-hydroxyphenyl)-N-methyl cinnamamide
(1a) and isobutyraldehyde (2a) as an example.

First, promoted by the iron-catalyst, the homolytic cleavage of DTBP at elevated temperature
forms tert-butoxy radical. Subsequent intermolecular hydrogen atom abstraction of the aldehyde (2a),
spontaneous decarbonylation and insertion into the C=C bond of the cinnamamide (1a) affords a
metastable benzyl radical A, which then adds onto the ispo-carbon to give the spiro-cyclohexadienyl
radical B. The radical B is preferably oxidized by Fe3+ and deprotonated by a tert-butoxide anion to
afford the 1-azaspirocyclohexadienone (3a).
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Scheme 3. Proposed mechanism.

3. Experimental

3.1. General Information

Unless otherwise noted, all commercially available compounds were used as provided without
further purification. The substrates (various N-aryl cinnamamides) were synthesized from cinnamic
acid and para-anisidine according to literature reports [18]. Dry solvents (toluene, ethyl acetate,
dichloroethane, acetonitrile, chlorobenzene, fluorobenzene) were used as commercially available.
Thin-layer chromatography (TLC) was performed using silica gel 60 F254 precoated plates (0.25 mm)
or Sorbent Silica Gel 60 F254 plates (E. Merck). The developed chromatography was analyzed by
UV lamp (254 nm). Unless other noted, high-resolution mass spectra (HRMS) were obtained from a
JMS-700 instrument (ESI; JEOL). Melting points are uncorrected. Nuclear magnetic resonance (NMR)
spectra were recorded on an Avance 400 spectrometer (Bruker) at ambient temperature. Chemical shifts
for 1H-NMR spectra are reported in parts per million (ppm) from tetramethylsilane with the solvent
resonance as the internal standard (chloroform: δ 7.26 ppm). Chemical shifts for 13C-NMR spectra are
reported in parts per million (ppm) from tetramethylsilane with the solvent as the internal standard
(CDCl3: δ 77.16 ppm). Data are reported as following: chemical shift, multiplicity (s = singlet, d =
doublet, dd = doublet of doublets, t = triplet, q = quartet, m =multiplet, br = broad signal), coupling
constant (Hz), and integration.

3.2. General Experimental Procedures

An oven-dried microwave reaction vessel was charged with FeCl2 (2.5 mol%) in EA (0.5
mL, pre-prepared solution), N-(4-hydroxyphenyl)-N-methylcinnamamide (1a, 0.1 mmol, 1.0 equiv),
isobutyraldehyde (2a, 0.5 mmol, 5.0 equiv) and DTBP (0.3 mmol, 3.0 equiv). The vessel was sealed and
heated at 122 ◦C (oil bath temperature) for 24 h. Afterwards the resulting mixture was cooled to room
temperature, the solvent was removed in vacuo. The residue was purified by column chromatography
on silica gel with a mixture of ethyl acetate/petroleum ether (1:3) as eluent to give the product 3a.

3.3. Spectra Data of Products 3a–3l, 4b–4k, 5, 6 (see “Supplementary Materials” for details)

3-Isopropyl-1-methyl-4-phenyl-1-azaspiro [4.5]deca-6,9-diene-2,8-dione (3a). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with isobutyraldehyde (2a), and purified by flash
column chromatography as yellow oil (19.8 mg, 67%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24 (m, 3H),
7.10 (dd, J = 7.6, 2.4 Hz, 2H), 6.78 (dd, J = 10.0, 3.2 Hz, 1H), 6.55 (dd, J = 10.2, 3.0 Hz, 1H), 6.39 (dd, J =
10.2, 2.0 Hz, 1H), 6.00 (dd, J = 10.2, 2.0 Hz, 1H), 3.43 (d, J = 12.0 Hz, 1H), 3.14 (dd, J = 11.8, 3.6 Hz, 1H),
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2.73 (s, 3H), 2.38–2.34 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 7.2 Hz, 3H). 13C-NMR (100 MHz,
CDCl3) δ 184.46, 175.22, 149.40, 147.05, 135.04, 132.33, 131.51, 128.63, 128.21, 64.95, 50.84, 49.05, 28.07,
27.14, 20.14, 18.78. IR (cm−1): 3032, 2965, 2932, 2875, 1672, 1630, 1606, 1498, 1446, 1454, 1418, 1393, 1374,
1260, 1141, 1119, 1065, 991, 865, 794, 724, 700. HRMS: calcd. for C19H21NO2 Na+ [M + Na]+: 318.1465;
Found: 318.1442.

1-Methyl-3-(pentan-3-yl)-4-phenyl-1-azaspiro[4 .5]deca-6,9-diene-2,8-dione (3b). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 2-ethylbutanal (2b), and purified by flash
column chromatography as yellow oil (23.0 mg, 71%). 1H-NMR (400 MHz, CDCl3) δ 7.26–7.24 (m, 3H),
7.09 (dd, J = 7.6, 2.8 Hz, 2H), 6.77 (dd, J = 10.0, 3.2 Hz, 1H), 6.60 (dd, J = 10.4, 3.2 Hz, 1H), 6.37 (dd, J =
10.0, 2.0 Hz, 1H), 6.00 (dd, J = 10.0, 2.0 Hz, 1H), 3.45 (d, J = 11.8 Hz, 1H), 3.31 (dd, J = 11.8, 2.6 Hz, 1H),
2.74 (s, 3H), 1.78–1.74 (m, 2H), 1.53–1.46 (m, 1H), 1.39–1.32 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H), 0.80 (t, J =
7.3 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.46, 175.15, 149.45, 146.94, 134.72, 132.36, 131.58, 128.68,
128.59, 128.28, 65.02, 51.48, 48.30, 34.68, 27.12, 26.47, 16.47, 12.44. IR (cm−1): 3032, 2961, 2931, 2875,
1692, 1672, 1630, 1454, 1419, 1392, 1376, 1260, 1173, 1141, 1119, 1066, 992, 865, 723,700, 662, 563. HRMS:
calcd. for C21H25NO2 Na+ [M + Na]+: 346.1778; Found: 346.1753.

3-(sec-Butyl)-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3c). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 2-methylbutanal (2c), and purified by flash
column chromatography as yellow oil (21.0 mg, 68%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24 (m, 3H),
7.09 (d, J = 9.6, 2.4 Hz, 2H), 6.78 (dd, J = 10.0, 2.8 Hz, 1H), 6.54 (dd, J = 10.0, 3.2 Hz, 1H), 6.39 (dd, J =
10.4, 2.0 Hz, 1H), 6.00 (dd, J = 10.0, 2.0 Hz, 1H), 3.45 (d, J = 12.0 Hz, 1H), 3.20 (dd, J = 12.0, 2.8 Hz, 1H),
2.73 (s, 3H), 1.93–1.85 (m, 1H), 1.60–1.56 (m, 1H), 1.45–1.37 (m, 1H), 0.93 (t, J = 7.4 Hz, 3H), 0.85 (d, J =
7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.46, 175.15, 149.45, 146.94, 134.72, 132.36, 131.58, 128.68,
128.59, 128.28, 65.02, 51.48, 48.30, 34.68, 27.12, 26.47, 16.47, 12.44. IR (cm−1): 3059, 3032, 2962, 2932,
2875, 1672, 1630, 1498, 1454, 1419, 1392, 1375, 1260, 1172, 1143, 1065, 990, 865, 767, 700, 621. HRMS:
calcd. for C20H23NO2 Na+ [M + Na]+: 332.1621; Found: 332.1605.

1-Methyl-3-(pentan-2-yl)-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3d). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 2-methylpentanal (2d), and purified by flash
column chromatography as yellow oil (22.3 mg, 69%). 1H-NMR (400 MHz, CDCl3) δ 7.26–7.23 (m, 3H),
7.09 (dd, J = 7.6, 2.4 Hz, 2H), 6.76 (dd, J = 10.0, 2.8 Hz, 1H), 6.57 (dd, J = 10.0, 2.8 Hz, 1H), 6.38 (dd, J =
10.0, 2.0 Hz, 1H), 6.00 (dd, J = 10.0, 2.0 Hz, 1H), 3.44 (d, J = 10.8 Hz, 1H), 3.21 (dd, J = 11.6, 3.2 Hz, 1H),
2.74 (s, 3H), 2.30–2.23 (m, 1H), 1.37–1.23 (m, 2H), 1.16–1.01 (m, 2H), 0.96 (d, J = 6.9 Hz, 3H), 0.70 (t, J =
7.4 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.48, 175.64, 149.44, 147.26, 146.96, 135.09, 132.34, 132.24,
131.58, 131.47, 128.66, 128.58, 128.33, 128.29, 128.23, 65.05, 50.43, 48.48, 48.25, 36.50, 35.77, 32.70, 27.24,
20.94, 20.67, 15.97, 14.31, 13.98. IR (cm−1): 3059, 3032, 2958, 2928, 2872, 1672, 1630, 1498, 1454, 1421,
1377, 1261, 1172, 1119, 1067, 990, 865, 794, 724, 700, 621. HRMS: calcd. for C21H25NO2 Na+ [M + Na]+:
346.1778; Found: 346.1752.

3-(Heptan-3-yl)-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3e) [18]. The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 2-ethylhexanal (2e), and purified by flash
column chromatography as yellow oil (21.4 mg, 61%). 1H-NMR (400 MHz, CDCl3) δ 7.25–7.22 (m, 3H),
7.09 (dd, J = 7.6, 2.4 Hz, 2H), 6.77 (dt, J = 10.0, 2.8 Hz, 1H), 6.60 (dt, J = 10.2, 3.2 Hz, 1H), 6.37 (dd, J =
10.0, 2.0 Hz, 1H), 6.00 (dt, J = 10.2, 2.2 Hz, 1H), 3.44 (dd, J = 11.8, 3.2 Hz, 1H), 3.30 (dd, J = 12.0, 3.0 Hz,
1H), 2.74 (s, 3H), 1.84–1.79 (m, 1H), 1.53–1.37 (m, 1H), 1.37–1.26 (m, 4H), 1.23–1.11 (m, 3H), 0.95 (t, J =
8.6 Hz, 3H), 0.81–0.72 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.48, 175.79, 149.53, 147.23, 134.93,
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132.23, 131.54, 128.61, 128.44, 128.29, 65.08, 51.27, 46.04, 45.96, 40.21, 40.10, 31.12, 30.60, 30.31, 30.01,
27.22, 24.47, 24.24, 23.10, 22.80, 14.24, 14.02, 12.69, 12.24. IR (cm−1): 3060, 3032, 2958, 2929, 2872, 1691,
1672, 1630, 1499, 1455, 1393, 1376, 1259, 1173, 1119, 1066, 991, 865, 766,722, 700, 662.

(3f) 3-(1-(4-isopropylphenyl)propan-2-yl)-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione. The title
compound was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 3-(4-isopropylphenyl)-2-methylpropanal (2f),
and purified by flash column chromatography as yellow oil (30.6 mg, 74%). 1H-NMR (400 MHz,
CDCl3) δ 7.24–7.23 (m, 1H), 7.17–7.13 (m, 2.5H), 7.20–7.07 (m, 2.5H), 7.00 (dd, J = 6.0, 2.0 Hz, 1H), 6.89
(dd, J = 6.0, 1.6 Hz, 1H), 6.80–6.73 (m, 1.5H), 6.65 (dd, J = 10.0, 3.2 Hz, 0.5H), 6.53 (dd, J = 11.4, 3.2 Hz,
0.5H), 6.43–6.32 (m, 1.5H), 5.96 (td, J = 10.1, 2.0 Hz, 1H), 3.44–3.38 (m, 1H), 3.22–3.14 (m, 1H), 3.08–3.02
(m, 1H), 2.91–2.84 (m, 1H), 2.72 (d, J = 8 Hz, 3H), 2.67 (t, J = 6.8 Hz, 0.5H), 2.49 (q, J = 6.8 Hz, 0.5H),
2.28 (d, 5.6 Hz, 0.5H), 2.06–2.00(m, 1H), 1.28–1.21 (m, 6H), 0.99 (dd, J = 6.8, 4.4 Hz, 3H). 13C-NMR
(100 MHz, CDCl3) δ 174.77, 149.42, 149.36, 147.09, 146.84, 146.76, 146.58, 137.97, 137.48, 134.68, 133.85,
132.44, 132.18, 131.53, 131.45, 129.49, 129.06, 128.61, 128.58, 128.54, 128.30, 128.20, 128.00, 126.41, 126.33,
64.95, 64.89, 51.61, 50.78, 47.81, 45.16, 40.13, 40.02, 34.93, 34.56, 33.86, 33.79, 27.19, 26.98, 24.33, 24.19,
16.74, 15.80. IR (cm−1): 3049, 3030, 2960, 2928, 2873, 1689, 1631, 1499, 1454, 1392, 1378, 1265, 1172, 1114,
1058, 990, 864, 735, 700, 570. HRMS: calcd. for C28H31NO2 Na+ [M + Na]+: 436.2247; Found: 436.2217.

3-Cyclohexyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3g) [18]. The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with cyclohexanecarbaldehyde (2g), and purified by
flash column chromatography as yellow oil (24.1 mg, 72%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24(m,
3H), 7.09 (dd, J = 7.6, 2.4 Hz, 2H), 6.76 (dd, J = 10.0, 3.2 Hz, 1H), 6.54 (dd, J = 10.2, 3.0 Hz, 1H), 6.39 (dd,
J = 10.4, 2.0 Hz, 1H), 5.98 (dd, J = 10.2, 2.0 Hz, 1H), 3.48 (d, J = 12.0 Hz, 1H), 3.11 (dd, J = 11.8, 3.6 Hz,
1H), 2.73 (s, 3H), 2.01–1.94 (m, 1H), 1.73 (d, J = 13.2, 1H), 1.63–1.56 (m, 3H), 1.38–1.13 (m, 4H), 1.08–0.99
(m, 1H), 0.87–0.81 (m, 1H). 13C-NMR (100 MHz, CDCl3) δ 184.50, 175.30, 149.45, 147.09, 135.06, 132.33,
131.45, 128.63, 128.22, 128.19, 65.00, 51.02, 48.81, 38.27, 30.98, 29.14, 27.19, 26.71, 26.56, 26.23. IR (cm−1):
3057, 3032, 2925, 2852, 1690, 1672, 1499, 1450, 1419, 1393, 1377, 1260, 1172, 1134, 1096, 1069, 991, 864,
796, 732, 657, 569.

3-Cyclopentyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3h) [18]. The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with cyclopentanecarbaldehyde (2h), and purified
by flash column chromatography as yellow oil (19.6 mg, 61%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24
(m, 3H), 7.09 (dd, J = 7.6, 2.4 Hz, 2H), 6.77 (dd, J = 10.2, 3.0 Hz, 1H), 6.54 (dd, J = 10.2, 3.1 Hz, 1H),
6.39 (dd, J = 10.2, 2.0 Hz, 1H), 5.99 (dd, J = 10.2, 2.0 Hz, 1H), 3.38 (d, J = 11.6 Hz, 1H), 3.21 (dd, J =
11.8, 6.2 Hz, 1H), 2.73 (s, 3H), 2.24–2.18 (m, 1H), 2.05–1.96 (m, 1H), 1.87–1.76 (m, 3H), 1.50–1.38 (m,
3H), 1.25–1.21 (m, 1H). 13C-NMR (100 MHz, CDCl3) δ 184.50, 175.30, 149.45, 147.09, 135.06, 132.33,
131.45, 128.63, 128.22, 128.19, 65.06, 53.45, 46.83, 41.20, 29.85, 29.56, 27.16, 25.18, 24.99. IR (cm−1): 3059,
3031, 2923, 2869, 1730, 1692, 1671, 1630, 1453, 1442, 1393, 1375, 1260, 1172, 1075, 991, 865, 794, 732,700,
645, 569.

3-(tert-Butyl)-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3i). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with pivalaldehyde (2i), and purified by flash
column chromatography as yellow oil (16.7 mg, 52%). 1H-NMR (400 MHz, CDCl3) δ 7.27 (s, 3H), 7.21
(s, 2H), 6.77 (dd, J = 10.0, 3.2 Hz, 1H), 6.46 (dd, J = 10.2, 3.2 Hz, 1H), 6.38 (dd, J = 10.0, 2.0 Hz, 1H), 5.92
(dd, J = 10.2, 2.0 Hz, 1H), 3.40 (d, J = 11.2 Hz, 1H), 3.01 (d, J = 11.6 Hz, 1H), 2.70 (s, 3H), 1.00 (s, 9H).
13C-NMR (100 MHz, CDCl3) δ 184.48, 175.09, 149.54, 147.98, 136.60, 132.11, 131.04, 128.02, 64.35, 52.50,
51.33, 33.87, 28.08, 27.22. IR (cm−1): 3031, 2958, 2870, 1688, 1672, 1630, 1605, 1468, 1420, 1392, 1370,
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1260, 1244, 1171, 1119, 1093, 864, 794, 720, 735,700, 610, 563. HRMS: calcd. for C20H23NO2 Na+ [M +
Na]+: 332.1621; Found: 332.1597.

3-Isobutyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3j). The title compound was
prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 3-methylbutanal (2j), and purified by flash
column chromatography as yellow oil (19.8 mg, 64%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24 (m, 3H),
7.09 (dd, J = 7.6, 2.4 Hz, 2H), 6.76 (dd, J = 10.0, 3.2 Hz, 1H), 6.59 (dd, J = 10.4, 3.0 Hz, 1H), 6.39 (dd, J =
10.0, 2.0 Hz, 1H), 6.01 (dd, J = 10.2, 2.0 Hz, 1H), 3.25 (d, J = 11.6 Hz, 1H), 3.15 – 3.09 (m, 1H), 2.74 (s,
3H), 1.89–1.83 (m, 1H), 1.74–1.67 (m, 1H), 1.38–1.31 (m, 1H), 0.86 (d, J = 7.2 Hz, 3H), 0.80 (d, J = 6.4 Hz,
3H). 13C-NMR (100 MHz, CDCl3) δ 184.45, 176.38, 149.36, 146.81, 134.34, 132.40, 131.59, 128.66, 128.36,
128.25, 65.23, 56.35, 41.66, 41.10, 27.23, 25.20, 22.93, 22.37. IR (cm−1): 3056, 3033, 2956, 2927, 2869, 1692,
1672, 1630, 1467, 1454, 1393, 1376, 1262, 1172, 1137, 1080, 1060, 866, 790, 721, 700. HRMS: calcd. for
C20H23NO2 Na+ [M + Na]+: 332.1621; Found: 332.1597.

3-Ethyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3k). The title compound was
prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with propionaldehyde (2k), and purified by flash
column chromatography as yellow oil (16.1 mg, 56%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.24 (m, 3H),
7.10 (dd, J = 8.0, 2.4 Hz 2H), 6.79 (dd, J = 10.0, 3.2 Hz, 1H), 6.57 (dd, J = 10.2, 3.2 Hz, 1H), 6.41 (dd, J =
10.0, 2.0 Hz, 1H), 6.02 (dd, J = 10.2, 2.0 Hz, 1H), 3.34 (d, J = 12.0 Hz, 1H), 3.13–3.06 (m, 1H), 2.75 (s,
3H), 1.96–1.86 (m, 1H), 1.77–1.68 (m, 1H), 0.89 (t, J = 7.4 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.46,
175.72, 149.32, 146.57, 134.25, 132.53, 131.70, 128.70, 128.34, 128.17, 65.14, 54.39, 44.64, 27.17, 23.01, 11.18.
IR (cm−1): 3056, 3032, 2965, 2931, 2877, 1692, 1672, 1629, 1454, 1420, 1394, 1376, 1262, 1174, 1125, 1060,
988, 865, 719, 699, 659. HRMS: calcd. for C18H19NO2 Na+ [M + Na]+: 304.1308; Found: 304.1286.

3-Benzyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (3l). The title compound was
prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methylcinnamamide (1a) with 2-phenylacetaldehyde (2l), and purified by
flash column chromatography as yellow oil (14.4 mg, 42%). 1H-NMR (400 MHz, CDCl3) δ 7.24–7.16 (m,
6H), 7.07–7.04 (m, 2H), 6.99–6.97 (m, 2H), 6.56 (dd, J = 10.2, 3.0 Hz, 1H), 6.47 (dd, J = 10.0, 3.0 Hz, 1H),
6.30 (dd, J = 10.2, 2.0 Hz, 1H), 6.00 (dd, J = 10.2, 2.0 Hz, 1H), 3.42 (dt, J = 12.2, 5.4 Hz, 1H), 3.30–3.20 (m,
2H), 2.93 (dd, J = 13.6, 5.8 Hz, 1H), 2.71 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.41, 174.77, 149.24,
146.36, 137.36, 133.43, 132.39, 131.76, 129.98, 128.69, 128.47, 128.28, 128.27, 126.71, 65.01, 52.74, 45.16,
34.06, 27.23. IR (cm−1): 3060, 3029, 2922, 2853, 1693, 1672, 1630, 1496, 1453, 1393, 1377, 1261, 1172, 1130,
1092, 1075, 865, 788, 721, 699. HRMS: calcd. for C23H21NO2 Na+ [M +Na]+: 366.1465; Found: 366.1443.

3-Isopropyl-1-methyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4b). The title compound was
prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methyl-3-(p-tolyl)acrylamide (1b) with isobutyraldehyde (2a), and purified
by flash column chromatography as yellow oil (22.2 mg, 72%). 1H-NMR (400 MHz, CDCl3) δ 7.05 (d, J
= 7.6 Hz, 2H), 6.53 (d, J = 7.6 Hz, 2H), 6.77 (dd, J = 10.0, 3.2 Hz, 1H), 6.56 (dd, J = 10.2, 3.0 Hz, 1H),
6.38 (dd, J = 10.0, 2.0 Hz, 1H), 6.01 (dd, J = 10.2, 1.8 Hz, 1H), 3.40 (d, J = 11.6 Hz, 1H), 3.11 (dd, J =
12.0, 3.6 Hz, 1H), 2.73 (s, 3H), 2.36–2.31 (m, 1H), 2.28 (s, 3H), 1.01 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 7.2
Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.60, 175.34, 149.56, 147.20, 137.93, 132.28, 131.95, 131.50,
129.33, 128.09, 65.05, 50.58, 49.13, 28.07, 27.14, 21.16, 20.13, 18.83. IR (cm−1): 3046, 3030, 2960, 2929,
2876, 1690, 1672, 1629, 1516, 1465, 1419, 1393, 1375, 1263, 1065, 992, 864, 736, 639, 575. HRMS: calcd. for
C20H23NO2 Na+ [M + Na]+: 332.1621; Found: 332.1602.

4-(4-Chlorophenyl)-3-isopropyl-1-methyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4c). The title compound
was prepared according to the general procedure described above by the reaction between
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3-(4-chlorophenyl)-N-(4-hydroxyphenyl)-N-methylacrylamide (1c) with isobutyraldehyde (2a), and
purified by flash column chromatography as yellow oil (22.7 mg, 69%). 1H-NMR (400 MHz, CDCl3) δ
7.24 (dd, J = 6.4, 2.0 Hz, 2H), 7.05 (dd J = 6.4, 2.0 Hz, 2H), 6.76 (dd, J = 10.2, 3.0 Hz, 1H), 6.54 (dd, J =
10.2, 3.2 Hz, 1H), 6.40 (dd, J = 10.0, 2.0 Hz, 1H), 6.05 (dd, J = 10.2, 2.0 Hz, 1H), 3.40 (d, J = 12.0 Hz, 1H),
3.08 (dd, J = 12.0, 3.6 Hz, 1H), 2.73 (s, 3H), 2.38–2.30 (m, 1H), 1.00 (d, J = 6.8 Hz, 3H), 0.82 (d, J = 6.8 Hz,
3H). 13C-NMR (100 MHz, CDCl3) δ 184.23, 174.90, 149.09, 146.66, 134.10, 133.70, 132.53, 131.86, 129.53,
128.91, 64.83, 50.23, 49.23, 28.06, 27.19, 20.29, 18.68. IR (cm−1): 3050, 2961, 2931, 2874, 1692, 1672, 1630,
1494, 1466, 1417, 1392, 1373, 1259, 1173, 1121, 1092, 1014, 866, 830, 736. HRMS: calcd. for C19H20ClNO2

Na+ [M + Na]+: 352.1075; Found: 352.1059.

4-(3-Chlorophenyl)-3-isopropyl-1-methyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4d). The title compound
was prepared according to the general procedure described above by the reaction between
3-(3-chlorophenyl)-N-(4-hydroxyphenyl)-N-methylacrylamide (1d) with isobutyraldehyde (2a), and
purified by flash column chromatography as yellow oil (21.1 mg, 64%). 1H-NMR (400 MHz, CDCl3) δ
7.25–7.20 (m, 2H), 7.10 (s 1H), 7.00 (dt, J = 7.0, 1.8 Hz, 1H), 6.76 (dd, J = 10.2, 3.2 Hz, 1H), 6.56 (dd, J =
10.2, 3.0 Hz, 1H), 6.42 (dd, J = 10.0, 2.0 Hz, 1H), 6.06 (dd, J = 10.2, 2.0 Hz, 1H), 3.40 (d, J = 12.0 Hz, 1H),
3.08 (dd, J = 12.0, 3.6 Hz, 1H), 2.73 (s, 3H), 2.38–2.30 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 6.8 Hz,
3H). 13C-NMR (100 MHz, CDCl3) δ 184.22, 174.78, 148.99, 146.52, 137.35, 134.58, 132.62, 131.87, 129.96,
128.55, 128.35, 126.53, 64.76, 50.52, 49.20, 28.09, 27.17, 20.23, 18.75. IR (cm−1): 3056, 2961, 2931, 2874,
1691, 1672, 1630, 1468, 1422, 1392, 1375, 1261, 1173, 1119, 1082, 880, 852, 736, 690, 623. HRMS: calcd. for
C19H20ClNO2 Na+ [M + Na]+: 352.1075; Found: 352.1053.

4-(2-Chlorophenyl)-3-isopopyl-1-methyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4e). The title compound
was prepared according to the general procedure described above by the reaction between
3-(2-chlorophenyl)-N-(4-hydroxyphenyl)-N-methylacrylamide (1e) with isobutyraldehyde (2a), and
purified by flash column chromatography as yellow oil (21.0 mg, 63%). 1H-NMR (400 MHz, CDCl3) δ
7.34–7.24 (m, 3H), 7.22–7.16 (m, 2H), 6.88 (dd, J = 10.2, 3.0 Hz, 1H), 6.68 (dd, J = 10.2, 3.2 Hz, 1H), 6.33
(dd, J = 10.2, 2.0 Hz, 1H), 6.12 (dd, J = 10.2, 2.0 Hz, 1H), 4.25 (d, J = 11.8 Hz, 1H), 3.04 (dd, J = 11.8,
3.6 Hz, 1H), 2.74 (s, 3H), 2.39–2.31 (m, 1H), 1.00 (d, J = 6.8 Hz, 3H), 0.76 (d, J = 7.0 Hz, 3H). 13C-NMR
(100 MHz, CDCl3) δ 184.41, 174.88, 149.76, 146.58, 133.44, 131.83, 131.81, 130.45, 135.01, 129.37, 129.22,
126.68, 64.64, 51.18, 46.06, 28.23, 26.94, 20.50, 18.43. IR (cm−1): 3059, 2960, 2931, 2873, 1692, 1672, 1631,
1468, 1422, 1392, 1374, 1260, 1174, 1116, 1065, 1037, 864, 750, 736, 698. HRMS: calcd. for C19H20ClNO2

Na+ [M + Na]+: 352.1075; Found: 352.1054.

4-(4-Bromophenyl)-3-isopropyl-1-methyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4f). The title compound
was prepared according to the general procedure described above by the reaction between
3-(4-bromophenyl)-N-(4-hydroxyphenyl)-N-methylacrylamide (1f) with isobutyraldehyde (2a), and
purified by flash column chromatography as yellow oil (23.5 mg, 63%). 1H-NMR (400 MHz, CDCl3) δ
7.41–7.38 (m, 2H), 6.99 (dd, J = 6.4, 2.0 Hz, 2H), 6.75 (dd, J = 10.0, 3.2 Hz, 1H), 6.53 (dd, J = 10.2, 3.0
Hz, 1H), 6.40 (dd, J = 10.2, 2.0 Hz, 1H), 6.05 (dd, J = 10.2, 2.0 Hz, 1H), 3.39 (d, J = 12.0 Hz, 1H), 3.07
(dd, J = 12.0, 3.6 Hz, 1H), 2.73 (s, 3H), 2.38–2.30 (m, 1H), 0.99 (d, J = 7.0 Hz, 3H), 0.82 (d, J = 7.0 Hz,
3H). 13C-NMR (100 MHz, CDCl3) δ 184.22, 174.83, 149.09, 146.60, 134.26, 132.56, 131.90, 131.88, 129.86,
122.24, 64.73, 50.31, 49.19, 28.09, 27.19, 20.31, 18.70. IR (cm−1): 3048, 2960, 2929, 2873, 1693, 1671, 1630,
1491, 1466, 1392, 1374, 1260, 1173, 1120, 1010, 866, 827, 755, 629, 571. HRMS: calcd. for C19H20BrNO2

Na+[M + Na]+: 396.0570; Found: 396.0550.

3-Isopropyl-1-methyl-4-(4-(trifluoromethyl)phenyl)-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4g). The title
compound was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methyl-3-(4-(trifluoromethyl)phenyl)acrylamide (1g) with isobutyraldehyde
(2a), and purified by flash column chromatography as yellow oil (23.6 mg, 65%). 1H-NMR (400 MHz,
CDCl3) δ 7.54 (d, J = 7.8 Hz, 2H), 7.25 (t, J = 7.4 Hz, 2H), 6.79 (dd, J = 10.2, 3.2 Hz, 1H), 6.55 (dd, J =
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10.2, 3.2 Hz, 1H), 6.42 (dd, J = 10.0, 2.0 Hz, 1H), 6.04 (dd, J = 10.2, 2.0 Hz, 1H), 3.49 (d, J = 11.8 Hz, 1H),
3.15 (dd, J = 12.0, 3.8 Hz, 1H), 2.74 (s, 3H), 2.39–2.31 (m, 1H), 1.01 (d, J = 7.0 Hz, 3H), 0.82 (d, J = 7.0
Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.05, 174.67, 148.90, 146.28, 139.43, 132.68, 131.97, 128.69,
125.73, 125.69, 64.68, 50.57, 49.24, 28.13, 27.17, 20.30, 18.72. 19F-NMR (376 MHz, CDCl3) δ 62.65 (s, 1F).
IR (cm−1): 3050, 2962, 2933, 2876, 1692, 1672, 1631, 1468, 1422, 1392, 1375, 1327, 1166, 1124, 1069, 1017,
869, 853, 737, 602. HRMS: calcd. for C20H20F3NO2 Na+ [M + Na]+: 386.1338; Found: 386.1319.

(1-Ethyl-3-isopropyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4h). The title compound was
prepared according to the general procedure described above by the reaction between
N-ethyl-N-(4-hydroxyphenyl)cinnamamide (1h) with isobutyraldehyde (2a), and purified by flash
column chromatography as yellow oil (22.0 mg, 71%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.23 (m, 3H),
7.09 (dd, J = 8.0, 2.0 Hz, 2H), 6.82 (dd, J = 10.1, 3.1 Hz, 1H), 6.62 (dd, J = 10.2, 3.0 Hz, 1H), 6.37 (dd, J
= 10.1, 2.0 Hz, 1H), 5.95 (dd, J = 10.2, 2.0 Hz, 1H), 3.42 (d, J = 12.0 Hz, 1H), 3.36–3.27 (m, 1H), 3.14
(dd, J = 12.0, 3.6 Hz, 1H), 3.10–3.01 (m, 1H), 2.38–2.30 (m, 1H), 1.13 (t, J = 7.2 Hz, 3H), 1.01 (d, J = 7.0
Hz, 3H), 0.82 (d, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.71, 175.02, 149.52, 148.09, 135.02,
131.86, 130.60, 128.61, 128.28, 128.23, 65.24, 51.25, 49.04, 36.86, 28.11, 20.17, 18.71, 15.29. IR (cm−1): 3057,
3033, 2962, 2934, 2874, 1678, 1629, 1498, 1454, 1402, 1376, 1310, 1262, 1140, 1125, 1064, 940, 866, 724, 700.
HRMS: calcd. for C20H23NO2 Na+ [M + Na]+: 332.1621; Found: 332.1597.

1-Benzyl-3-isopropyl-4-phenyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4i). The title compound was
prepared according to the general procedure described above by the reaction between
N-benzyl-N-(4-hydroxyphenyl)cinnamamide (1i) with isobutyraldehyde (2a), and purified by flash
column chromatography as yellow oil (27.8 mg, 75%). 1H-NMR (400 MHz, CDCl3) δ 7.27–7.23 (m, 3H),
7.22–7.18 (m, 5H), 7.04 (dd, J = 6.8, 3.0 Hz, 2H), 6.54 (dd, J = 10.4, 3.2 Hz, 1H), 6.47 (dd, J = 10.2, 3.0 Hz,
1H), 6.18 (dd, J = 10.0, 2.0 Hz, 1H), 5.81 (dd, J = 10.2, 2.0 Hz, 1H), 4.66 (d, J = 15.0 Hz, 1H), 4.07 (d, J =
14.8 Hz, 1H), 3.42 (d, J = 12.0 Hz, 1H), 3.22 (dd, J = 12.0, 3.8 Hz, 1H), 2.43–2.35 (m, 1H), 1.07 (d, J = 6.8
Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.70, 175.31, 149.35, 147.30, 137.95,
134.66, 131.35, 130.71, 128.64, 128.60, 128.53, 128.30, 128.24, 127.78, 65.26, 51.27, 48.88, 45.36, 28.14, 20.11,
18.86. IR (cm−1): 3061, 3031, 2961, 2930, 2873, 1670, 1629,1496, 1454, 1399, 1264, 1179, 1065, 1011, 958,
930, 863, 792, 734, 700. HRMS: calcd. for C25H25NO2 Na+ [M + Na]+: 394.1778; Found: 394.1761.

3-Isopropyl-1-methyl-4-(naphthalen-2-yl)-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4j). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-hydroxyphenyl)-N-methyl-3-(naphthalen-2-yl)acrylamide (1j) with isobutyraldehyde (2a), and
purified by flash column chromatography as white solid (21.7 mg, 62%). m.p. 84.4–86.8 ◦C. 1H-NMR
(400 MHz, CDCl3) δ 7.80–7.73 (m, 3H), 7.58–7.54 (m, 1H), 7.50–7.45 (m, 2H), 7.22 (dd, J = 8.4, 2.0 Hz,
1H), 6.84 (dd, J = 10.2, 3.2 Hz, 1H), 6.63 (dd, J = 10.2, 3.0 Hz, 1H), 6.41 (dd, J = 10.2, 2.0 Hz, 1H), 5.94 (dd,
J = 10.2, 2.0 Hz, 1H), 3.61 (d, J = 11.8 Hz, 1H), 3.27 (dd, J = 11.8, 3.8 Hz, 1H), 2.76 (s, 3H), 2.42–2.34(m,
1H), 1.04 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 184.38, 175.20,
149.49, 146.96, 133.11, 132.76, 132.40, 131.58, 133.02, 128.46, 127.88, 127.80, 127.46, 126.63, 126.46, 125.83,
65.04, 50.97, 49.34, 28.21, 27.15, 20.25, 18.80. IR (cm−1): 3052, 2960, 2931, 2874, 1691, 1672, 1629, 1466,
1418, 1392, 1374, 1261, 1173, 1141, 1064, 992, 854, 822, 735, 607. HRMS: calcd. for C23H23NO2 Na+ [M +
Na]+: 368.1621; Found: 368.1605.

4-(Furan-2-yl)-3-isopropyl-1-methyl-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (4k). The title compound
was prepared according to the general procedure described above by the reaction between
3-(furan-2-yl)-N-(4-hydroxyphenyl)-N-methylacrylamide (1k) with isobutyraldehyde (2a), and purified
by flash column chromatography as yellow oil (20.5 mg, 72%). 1H-NMR (400 MHz, CDCl3) δ 7.29–7.28
(m, 1H), 6.70 (dd, J = 10.0, 3.1 Hz, 1H), 6.63 (dd, J = 10.2, 3.0 Hz, 1H), 6.43 (dd, J = 10.0, 2.0 Hz, 1H), 6.24
(dd, J = 3.2, 2.0 Hz, 1H), 6.10–6.07 (m, 2H), 3.48 (d, J = 11.8 Hz, 1H), 3.17 (dd, J = 12.0, 4.0 Hz, 1H), 2.72
(s, 3H), 2.42–2.34 (m, 1H), 0.98 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3)
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δ 184.51, 174.69, 149.14, 149.04, 146.70, 142.45, 132.12, 131.24, 110.67, 108.59, 64.25, 48.72, 44.06, 27.76,
27.04, 19.70, 18.14. IR (cm−1): 3049, 2962, 2933, 2876, 1697, 1674, 1631, 1505, 1420, 1390, 1373, 1261, 1173,
1149, 1118, 1065, 1021, 859, 736, 599. HRMS: calcd. for C17H19NO3 Na+ [M +Na]+: 308.1257; Found:
308.1248.

2,6-di-tert-Butyl-4-isopropyl-4-methylcyclohexa-2,5-dienone (5) [52]. The title compound was prepared
from mechanistic experiment. 1H-NMR (400 MHz, CDCl3) δ 6.44 (s, 2H), 1.80–174 (m, 1H), 1.24 (s,
18H), 1.17 (s, 3H), 0.84 (d, J = 6.8 Hz, 6H). 13 C-NMR (100 MHz, CDCl3) δ 186.90, 146.95, 145.80, 42.43,
37.55, 34.89, 29.70, 24.72, 18.09. IR (cm−1): 3001, 2961, 2876, 1658, 1643, 1460, 1374, 1267, 1061, 867, 751.

3-Isopropyl-6-methoxy-1-methyl-4-phenyl-3,4-dihydroquinolin-2(1H)-one (6). The title compound
was prepared according to the general procedure described above by the reaction between
N-(4-methoxyphenyl)-N-methylcinnamamide with isobutyraldehyde (2a), and purified by flash
column chromatography as colorless oil (22.9 mg, 74%). 1H-NMR (400 MHz, CDCl3) δ 7.24–7.13 (m,
3H), 7.00–6.97 (m, 3H), 6.85 (dd, J = 8.8, 3.2 Hz, 1H), 6.75 (d, J = 2.8 Hz, 1H), 4.13 (s, 1H), 3.78 (s, 3H),
3.33 (s, 3H), 2.57 (dd, J = 9.2, 2.0 Hz, 1H), 1.70–1.63 (m, 1H), 1.04 (d, J = 6.6 Hz, 3H), 0.98 (d, J = 6.8
Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 170.31, 155.69, 141.99, 133.86, 128.82, 128.23, 127.19, 126.84,
115.88, 115.52, 112.61, 56.64, 55.56, 45.37, 29.73, 28.55, 21.19, 21.05. IR (cm−1): 3060, 3025, 2960, 2933,
2872, 2835, 1731, 1666, 1590, 1503, 1469, 1432, 1387, 1341, 1249, 1034, 910, 810, 699, 621. HRMS: calcd.
for C20H23NO2 Na+ [M + Na]+: 332.1621; Found: 332.1610.

4. Conclusions

We have developed a convenient Fe-catalyzed decarbonylative alkylative spirocyclization of
N-aryl cinnamamide with aliphatic aldehydes to provide 1-azaspirocyclohexadienones. Readily
available aliphatic aldehydes were decarbonylated into primary, secondary and tertiary alkyl radicals
readily for the cascade construction of dual C(sp3)-C(sp3) and C=O bonds. The application of cheap and
readily available aliphatic aldehydes as alkyl source, convenient experimental operation for the alkyl
radical generation, green ferrous catalyst and reaction solvent, C=C bond difunctionalization strategy
and versatile synthetic utilities of the 1-azaspirocyclohexadienone, would render this decarbonylative
alkylative spirocyclization attractive for organic synthesis and medicinal chemistry.

Supplementary Materials: The following are available online, experimental details, characterisation of products
and copies of NMR spectrums.
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Abstract: Amide functional groups are prominent in a broad range of organic compounds with
diverse beneficial applications. In this work, we report the synthesis of these functional groups via an
iron(iii) chloride-catalyzed direct amidation of esters. The reactions are conducted under solvent-free
conditions and found to be compatible with a range of amine and ester substrates generating the
desired amides in short reaction times and good to excellent yields at a catalyst loading of 15 mol%.

Keywords: amidation; iron(III) chloride; amides; esters; solvent-free

1. Introduction

Amide functional groups are present in a plethora of natural and organic molecules with beneficial
applications in the pharmaceutical, agrochemical, and textile industries. Examples include proteins;
medicinal drugs such as apixaban, lenalidomide, and enzalutamide; as well as pesticides such as
Boscalid® [1–5]. In 2018, amide functional groups were present in 68% of new small molecule drugs
approved by the FDA [6]. In general, amides are synthesized by a reaction between carboxylic
acids and amines using activating reagents such as HATU, PPh3, and DCC in excess amounts [7].
Alternatively, carboxylic acids can be converted to their acid chloride or anhydride derivatives that
readily react with amines to form the desired amide bonds. These reactions are often not catalytic
and generate large quantities of undesired co-products. The synthesis of amides using greener and
more atom economic reaction conditions is therefore an attractive approach to curb this problem [8,9].
Alternative amidation methodologies have been reported and some of these methods include the
use of boron-based catalysts for efficient coupling of carboxylic acids at mild reaction temperatures;
however, these reactions generate boronic acid side products [10–12]. Transition metal catalysts have
also been used to couple amines and azides with a variety of substrates such as carboxylic acids,
aldehydes, alcohols, alkynes and aryl halides [13–15]. Esters are key features in several organic
synthesis substrates and have also been reported as useful substrates for amide coupling under acidic
or basic conditions [16–20]. Some of the recent reports in direct ester amidation reactions include the
use of lanthanum trifluoromethanesulfonate (Ln(Otf)3) in low catalyst loading as reported by Ohshima
and co-workers [21]. Hu and co-workers reported the use of a nickel catalyst for reductive amidation of
esters using nitroarenes [22]. Similar reductive coupling reactions using chromium catalysts have also
been recently reported by Zeng and co-workers [23]. Nickel has also been employed by Newman and
co-workers for direct amidation of methyl esters at high reaction temperatures [24]. Therefore, there is
a growing interest in the use of esters as substrates for direct amidation reactions. This interest provides
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an opportunity for the investigation of more catalysts as well as different amino substrates that can be
used to promote ester amidation [25,26]. In this study, we report the direct amidation of esters using
relatively cheap and readily available FeCl3 catalyst [27–29] under solvent-free reaction conditions.

2. Results and Discussion

To establish the optimal reaction conditions for amidation of esters, readily available ethyl acetate
and benzyl amine were selected as the ester and amine of choice, respectively (Scheme 1). Iron catalysts,
namely, FeCl3, FeCl2, and FeBr3, were evaluated as suitable promoters for the direct amidation of 1a
and 2a under solvent-free conditions at 50 ◦C. These catalysts were also compared to other readily
available catalysts such as AlCl3 and BiCl3 and as can be seen in Figure 1, FeCl3 was found to be
the most active catalyst as it afforded a higher yield of the desired product 3a. A control experiment
conducted at 50 ◦C in the absence of a catalyst did not form any product after 24 h. Thus, FeCl3 was
selected as the preferred catalyst for further reaction optimization and evaluation.

NH2

O

O
+ N

H

O

Catalyst (10 mol %)

50 oC, 24 hrs
1a 2a 3a

1.1 mmol 1 mmol

Scheme 1. Catalyst = AlCl3, FeCl3, FeCl2, FeBr3 or BiCl3.

Figure 1. Reaction optimization. N.D. = Not Detected.

We then investigated the optimal reaction temperature and FeCl3 catalyst loading (Figure 1).
Eighty degrees Celsius was the most favorable reaction temperature as the reaction went to completion
within 5 h at 10 mol% catalyst loading. Increasing the reaction temperature to 100 ◦C did not effect a
notable change in the rate of the reaction. Furthermore, increasing the catalyst loading to 15 mol%
improved the rate of the reaction as TLC indicated completion of the reaction within 90 min. As a result,
15 mol% catalyst loading and 80 ◦C were selected as our optimal reaction conditions. In anticipation of
reaction conditions that may require solvents (i.e., cases where both ester and amine substrates are
solids or reactions that solidify upon mixing of substrates), we also investigated suitable solvents for
FeCl3 catalyzed direct amidation of esters. We randomly selected four common organic solvents for
investigation and the reactions between ester 1a and amine 2a (Scheme 1) were left to proceed for
90 min upon which TLC analysis indicated reaction completion for reactions conducted in acetonitrile
and 1,2 dichloroethane (Table 1). Starting amine 2a was observed in the tetrahydrofuran and toluene
reactions after 90 min. Therefore, acetonitrile was found to be the most favorable solvent as it is
relatively greener in comparison to 1,2 dichloroethane and it also afforded the product in high yield.
The steric effect of alkoxy groups around the ester carbonyl carbon was also investigated (Scheme 2).
An increase in steric bulk (isopropoxy) and chain length of the alkoxy group (n-butoxy) resulted in

134



Molecules 2020, 25, 1040

a decrease in ester reactivity and the reactions required longer reaction times to reach completion.
However, there was no significant difference between esters with methoxy and ethoxy groups.

Table 1. Solvent evaluation.

Entry Solvent Product Yield

1 Toluene 84% a

2 Acetonitrile 96%
3 Tetrahydrofuran 85% a

4 1,2 Dichloroethane 94%
5 No Solvent 99%

Reaction conditions: ester 1a (1.1 mmol), amine 2a (1 mmol), 15 mol% FeCl3, 80 oC. a Reaction did not reach
completion within 90 min.

Scheme 2. a Reaction mixture solidified and 0.5 mL CH3CN was added.

Having established the optimal reaction conditions, we then investigated the catalyst’s reaction
scope by varying both ester 1 and amine 2 substrates according to Scheme 3. Reactions were monitored
by TLC. Aqueous work-up and flash column chromatography afforded the various amide products
shown in Scheme 3. Aryl esters containing electron withdrawing groups were more active towards
amidation than those with electron donating groups (product 3d vs. 3e). Both primary and secondary
amines reacted to form amide products 3 in good yields. No reaction was observed between aryl
ester 1b (R = Et) and aniline. Interestingly, amidation of 2-pyridinecarboxylates with aryl amines was
successful and afforded 2-pyridinecarboxamide products (3f to 3o) in high yields. The formation of
these pyridinecarboxamide products can be attributed to the possible coordination of the carbonyl
oxygen and pyridine nitrogen to iron, thus, forming a stabilized intermediate complex that can undergo
the observed amidation.

To test the proposed nitrogen and oxygen iron coordination hypothesis, 3-pyridinecarboxylate
was reacted with aniline and as expected, the reaction failed to afford the desired product. Reactions
with 2-pyridinecarboxamide were successful with aryl amines possessing both electron donating and
electron withdrawing groups as well as alkyl amines. No product formation was observed when
4-nitroaniline was used as a substrate and the starting materials were recovered. Phenyloxy esters
were also found to be suitable substrates for direct amidation and afforded the desired amides in good
yields ranging from 70% to 89% (3p to 3s).
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Scheme 3. General reaction scheme for FeCl3 substrate scope evaluation. a Reaction mixture solidified
and 0.5 mL of CH3CN was added.

We further investigated the direct amidation of esters possessing alkyl bromide functional groups
according to Scheme 4. Amidation of 4-bromobutanoate 4a with benzyl amine 2a afforded lactam 3t.
We then envisaged that increasing the alkyl chain length in Scheme 4 would enable us to synthesize
lactams with varying ring sizes. 5-bromobutanoate 4b afforded lactam 3u in 73%; however, the reaction
could not be replicated with 6-bromobutanoate as it formed several side products. Amidation using
aniline afforded the substitution product 3v which failed to undergo an intramolecular cyclization to
form the desired lactam product.

Scheme 4. Lactam synthesis.

Finally, and having succeeded in the amidation of 2-pyridinecarboxylates, we then utilized the
developed methodology in the synthesis of pyrimidine carboxamides 7. Although their mode of action is
unknown, these molecules are worth investigating due to their reported potent anti-tubercular activities
against clinical Mycobacterium tuberculosis (Mtb) strains [30]. Direct amidation of the corresponding
ester 6 synthesized from commercially available dichloropyrimidine 5 afforded the amide 7 in good
isolated yields (Scheme 5).
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Scheme 5. Application of the developed protocol in the synthesis of anti-TB pyrimidine carboxamides.

In conclusion, we have successfully demonstrated a solvent-free direct amidation of esters using
FeCl3 as a Lewis acid catalyst at 80 ◦C. Amidation was effective with both primary and secondary
amines and most of the reactions were complete in short reaction times (1.5–12 h) and good yields
(47–99%). Linear and branched alkoxy groups on the corresponding esters could be displaced with ease
to afford the desired amides. We have also demonstrated the synthesis of lactams with varying ring
sizes from reactions between primary alkyl amines and 4-bromo or 5-bromoalkyl esters. The successful
amidation of 2-pyridine carboxylates is currently being used in the synthesis of a library of novel
aminopyrimidine carboxamides that will be screened for anti-TB activity.

3. Materials and Methods

All the solvents used were freshly distilled and dried by appropriate techniques. All reagents were
purchased from Sigma Aldrich FeCl3 reagent grade 97% was used as the catalyst. All reactions were
monitored by thin layer chromatography (TLC) on aluminum-backed Merck silica gel 60 F254 plates
using an ascending technique. The plates were visualized under UV light at 254 nm. Gravity column
chromatography was done on Merck silica gel 60 (70–230 mesh). All proton nuclear magnetic resonance
(1H NMR) spectra were recorded using deuterated chloroform solutions on a Bruker Ultrashield (400 or
500 MHz) spectrometer. Carbon-13 nuclear magnetic resonance (13C NMR) spectra were recorded on
the same instruments at 100 MHz. All chemical shifts are reported in ppm. The chemical structures of
the synthesized compounds were confirmed by comparison of their NMR data to literature reported
data. Optimization reactions, 1H and 13C NMR data of all the compounds are available online as a
Supplementary Materials.

Typical Experimental Procedure for FeCl3-Catalyzed Direct Amidation of Esters. An oven-dried pressure
tube equipped with a magnetic stirrer was evacuated with nitrogen. To this was added of ester 1a
(492 uL, 5.04 mmol), followed by amine 2a (0.5 mL, 4.58 mmol), and finally FeCl3 (111 mg, 0.684 mmol).
The mixture was then sealed and stirred at 80 ◦C (0.5 mL of CH3CN was added if the reaction mixture
solidified). The reaction was monitored by TLC until completion upon which it was diluted with
EtOAc and washed once with saturated NaHCO3 and once with distilled H2O. The combined aqueous
layers were extracted once with ethyl acetate. The combined organic layers were then dried over
MgSO4, filtered and solvents removed under reduced pressure. The crude product was purified by
silica gel flash column chromatography using a combination of hexane and ethyl acetate (3:2).

N-Benzylacetamide (3a). Yield: 99%; 1H NMR (400 MHz, CDCl3) δ 7.30–7.15 (m, 5H), 6.44 (br, 1H), 4.34
(d, J = 5.6 Hz, 2H), 1.94, (s, 3H); 13C NMR (100 MHz, CDCl3) δ 170.0, 138.2, 128.5, 127.6, 127.3, 43.5,
23.0. (The obtained NMR data agreed with the literature data for this compound.) [31]

N-Benzylbenzamide (3b). Yield: 97%; 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.2 Hz, 2H), 7.55–7.20
(m, 8H), 6.49 (s, 1H), 4.62 (d, J = 5.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 167.3, 138.2, 134.4, 131.5,
128.8, 128.6, 127.9, 127.6, 126.9, 44.1. (The obtained NMR data agreed with the literature data for this
compound.) [32]

Phenyl(piperidin-1-yl)methanone (3c). Yield: 89%; 1H NMR (400 MHz, CDCl3) δ7.36 (br, 5H), 3.68 (br,
2H), 3.30 (br, 2H), 1.70–1.40 (m, 6H). (The obtained NMR data agreed with the literature data for this
compound.) [33]
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N-(4-Nitrobenzyl)benzamide (3d). Yield: 92%; 1H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 8.5 Hz, 2H), 7.91
(d, J = 8.5 Hz, 2H), 7.40–7.23 (m, 5H), 6.83 (br, 1H), 4.60 (d, J = 5.5 Hz, 2H); 13C NMR (125 MHz, CDCl3)
δ 165.4, 149.6, 139.9, 137.5, 128.9, 128.2, 127.9, 127.8, 123.7, 44.4. (The obtained NMR data agreed with
the literature data for this compound.) [32]

N-(4-Methylbenzyl)benzamide (3e). Yield: 47%; 1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 7.5 Hz, 2H),
7.40–7.18 (m, 7H), 6.51 (br, 1H), 4.60 (d, J = 5.0 Hz, 2H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCl3) δ
167.3, 141.9, 138.4, 131.6, 129.2, 128.7, 127.9, 127.5, 127.0, 44.1, 21.4. (The obtained NMR data agreed
with the literature data for this compound.) [32]

N-Phenylpicolinamide (3f). Yield: 86%; 1H NMR (500 MHz, CDCl3) δ 10.1 (br, 1H), 8.59 (d, J = 3.2 Hz,
1H), 8.28 (d, J = 6.4 Hz, 1H), 7.92–7.83 (m, 1H), 7.77 (d, J = 6.0 Hz, 1H), 7.50–7.31 (m, 3H), 7.13 (t.
J = 5.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 161.9, 149.8, 147.9, 137.7, 137.6, 129.0, 126.3, 124.2, 122.3,
119.6. (The obtained NMR data agreed with the literature data for this compound.) [34]

N-(4-(tert-Butyl)phenyl)picolinamide (3g). Yield: 92%; 1H NMR (500 MHz, CDCl3) δ 9.97 (br, 1H), 8.57 (d,
J = 4.0 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.84 (t, J = 7.8 Hz, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.48–7.36 (m,
3H), 1.32 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 161.8, 149.9, 147.8, 147.1, 137.5, 135.1, 126.2, 125.9, 125.8,
122.2, 119.4, 34.6, 31.3. (The obtained NMR data agreed with the literature data for this compound.) [34]

(N-(2-Isopropylphenyl)picolinamide (3h). Yield: 69%; 1H NMR (500 MHz, CDCl3) δ 10.2 (br, 1H), 8.62 (d, J
= 4.0 Hz, 1H), 8.32 (d, J = 8.0 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 7.88 (t, J = 8.0 Hz, 1H), 7.51–7.12 (m,
4H), 3.34–3.20 (m, 1H), 1.34 (d, J = 7.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 162.1, 150.3, 148.1, 139,0,
137.5, 134.5, 126.5, 126.4, 125.6, 125.2, 122.4, 118.9, 28.2, 22.9. (The obtained NMR data agreed with the
literature data for this compound.) [34]

N-(4-Methoxyphenyl)picolinamide (3i). Yield: 52%; 1H NMR (500 MHz, CDCl3) δ 9.89 (br, 1H), 8.57 (d, J
= 4.0 Hz, 1H), 7.86 (t, J = 8.0 Hz, 1H), 7.78–7.62 (m, 2H), 7.48–7.40 (m, 1H), 6.90 (d, J = 8.5 Hz, 2H), 3.78
(s, 3H); 13C NMR (125 MHz, CDCl3) δ 161.7, 156.4, 150.0, 147.9, 137.6, 131.0, 126.2, 122.2, 121.2, 114.2,
55.4. (The obtained NMR data agreed with the literature data for this compound.) [34]

N-(4-Chlorophenyl)picolinamide (3j). Yield: 82%; 1H NMR (500 MHz, CDCl3) δ 9.98 (br, 1H), 8.52 (d, J =
3.5 Hz, 1H), 8.20 (d, J = 7.5 Hz, 1H), 7.82 (t, J = 7.5 Hz, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.40 (t, J = 5.6 Hz,
1H), 7.27 (d, J = 8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 161.8, 149.4, 147.8, 137.5, 136.3, 129.0, 128.9,
126.4, 122.2, 120.8. (The obtained NMR data agreed with the literature data for this compound.) [34]

N-Benzylpicolinamide (3k). Yield: 99%; 1H NMR (500 MHz, CDCl3) δ 8.52–8.38 (m, 2H), 8.20 (d, J = 8.0
Hz, 1H), 7.77 (t, J = 8.0 Hz, 1H), 7.45–7.20 (m, 6H), 4.63 (d, J = 6.0 Hz, 2H); 13C NMR (100 MHz, CDCl3)
δ 164.0, 149.7, 147.8, 138.1, 137.1, 128.4, 127.6, 127.2, 125.9,122.1, 43.2. (The obtained NMR data agreed
with the literature data for this compound.) [34]

N-Benzyl-N-methylpicolinamide (3l). Yield: 92%; mixture of rotamers, 1H NMR (400 MHz, CDCl3) δ 8.52
(dd, J = 4.4 amd 14.0 Hz, 2H), 7.80 –7.58 (m, 4H), 7.35–7.10 (m, 12H), 4.72 (s, 2H), 4.62 (s. 2H), 2.97
(s, 3H), 2.91 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.1, 168.8, 154.4, 154.3, 148.1, 136.8, 136.6, 128.5,
128.4, 128.0, 127.4, 127.3, 124.2, 123.5, 123.4, 54.4, 51.0, 36.3, 33.1. (The obtained NMR data agreed with
the literature data for this compound.) [34]

Piperidin-1-yl(pyridin-2-yl)methanone (3m). Yield: 77%; 1H NMR (500 MHz, CDCl3) δ 8.51 (d, J = 4.0 Hz,
1H), 7.70 (t, J = 7.8 Hz, 1H), 7.49 (d, J = 7.5 Hz, 1H), 7.30–7.15 (m, 1H), 3.81–3.65 (m, 2H), 3.31–3.48 (m,
2H), 1.72–1.43 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 167.5, 154.7, 148.3, 136.8, 124.0, 123.1, 48.1, 43.2,
26.4, 25.4, 24.4. (The obtained NMR data agreed with the literature data for this compound.) [35]

Morpholino(pyridin-2-yl)methanone (3n). Yield: 40%; 1H NMR (500 MHz, CDCl3) δ 8.50 (d, J = 4.0 Hz,
1H), 7.23 (t, J = 7.8 Hz, 1H), 7.60 (d, J = 7.5 Hz, 1H), 7.27 (t, J = 6.0 Hz, 1H), 3.88–3.50 (m, 8H); 13C NMR
(125 MHz, CDCl3) δ 167.3, 153.6, 148.1, 137.0, 124.5, 124.0, 66.9, 66.6, 47.6, 42.7. (The obtained NMR
data agreed with the literature data for this compound.) [36]
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N-(2-morpholinoethyl)picolinamide (3o). Yield: 71%; 1H NMR (500 MHz, CDCl3) δ 8.46 (d, J = 4.0 Hz,
1H), 8.25 (br, 1H), 8.08 (d, J = 8.0 Hz, 1H), 7.73 (t, J = 8.0 Hz, 1H), 7.31 (t, J = 6.0 Hz, 1H), 3.70–3.41 (m,
6H), 2.61–2.31 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 164.2, 149.9, 147.9, 127.0, 125.8, 122.0, 66.8, 57.2,
53.3, 35.8. (The obtained NMR data agreed with the literature data for this compound.) [37]

N-Benzyl-2-phenoxyacetamide (3p). Yield: 89%; 1H NMR (500 MHz, CDCl3) δ 7.48–7.21 (m, 7H), 7.10–6.87
(m, 4H); 13C NMR (100 MHz, CDCl3) δ 168.1, 157.1, 137.7, 129.7, 128.6, 127.6, 127.5, 122.1, 114.6, 67.3,
42.9. (The obtained NMR data agreed with the literature data for this compound.) [38]

2-Phenoxy-N-phenylacetamide (3q). Yield: 87%; 1H NMR (500 MHz, CDCl3) δ 8.32 (bs, 1H), 7.59 (d, J =
8.0 Hz, 2H), 7.42–7.29 (m, 4H), 7.25–6.92 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 166.2, 157.0, 136.8,
129.8, 129.0, 124.7, 122.3, 120.1, 114.8, 67.6. (The obtained NMR data agreed with the literature data for
this compound.) [39]

2-Phenoxy-1-(piperidin-1-yl)ethanone (3r). Yield: 70%; 1H NMR (500 MHz, CDCl3) δ 7.38–7.20 (m, 2H),
7.12–6.87 (m, 3H), 4.63 (s, 2H), 3.60–3.42 (m, 4H), 1.69–1.48 (m, 6H); 13C NMR (100 MHz, CDCl3) δ
166.0, 157.9, 129.4, 121.3, 114.5, 67.6, 46.3, 43.0, 26.3, 25.4, 24.3.

N-(2-Morpholinoethyl)-2-phenoxyacetamide (3s). Yield: 70%; 1H NMR (500 MHz, CDCl3) δ 7.37–7.25 (m,
2H), 7.09 (br, 1H), 7.09–6.70 (m, 3H), 4.45 (s, 2H), 3.65–3.47 (m, 4H), 3.44–3.35 (m, 2H), 2.52–2.27 (m,
6H); 13C NMR (100 MHz, CDCl3) δ 168.0, 157.2, 129.6, 121.9, 67.2, 66.8, 56.5, 53.0, 35.1.

1-Benzylpyrrolidin-2-one (3t). Yield: 78%; 1H NMR (400 MHz, CDCl3) δ 7.24–7.71 (m, 5H), 4.35 (s, 2H),
3.15 (t, J = 6.8 Hz, 3H), 2.33 (t, J = 8.0 Hz, 2H), 1.91–1.83 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 174.1,
135.9, 127.9, 127.3, 126.7, 45.8, 45.7, 30.1, 16.9. (The obtained NMR data agreed with the literature data
for this compound.) [39]

1-Benzylpiperidin-2-one (3u). Yield: 73%; 1H NMR (500 MHz, CDCl3) δ 7.35–7.18 (m, 5H), 4.53 (s, 2H),
3.13 (t, J = 5.0 Hz, 2H), 2.59–2.31 (m, 2H), 1.81–1.67 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 169.7, 137.11,
128.4, 127.8, 127.1, 49.9, 47.1, 32.2, 23.0, 21.2. (The obtained NMR data agreed with the literature data
for this compound.) [39]

Methyl 5-(phenylamino)pentanoate (3v). Yield: 64%; 1H NMR (500 MHz, CDCl3) δ 7.16 (t, J = 7.8 Hz, 2H),
6.68 (t, J = 7.0 Hz, 1H), 6.59 (d, J = 7.5 Hz, 2H), 3.66 (s, 3H), 3.27 (t, J = 6.8 Hz, 1H), 3.12 (t, J = 7.0 Hz,
1H), 2.45–2.30 (m, 2H), 1.82–1.59 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 173.7, 148.1, 129.2, 129.1, 117.2,
112.7, 51.4, 43.4, 33.7, 33.6, 28.8, 26.5, 22.4. (The obtained NMR data agreed with the literature data for
this compound.) [40]

6-((4-Fluorobenzyl)(methyl)amino)-N-phenylpyrimidine-4-carboxamide (7). Yield: 66%; Clear oil; 1H NMR
(400 MHz, CDCl3) δ 9.94 (s, 1H), 8.62 (s, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.31–7.43 (m, 3H), 7.10–7.28 (m,
3H), 6.90–7.08 (m, 2H), 4.86 (br, 2H), 3.11 (br, 3H). 13C NMR (100 MHz, CDCl3) δ 163.2, 161.4, 157.1,
155.2, 137.4, 129.1, 124.6, 119.7, 115.8, 115.6, 100.3, 33.40. 19F NMR (376 MHz, CDCl3) δ -114.8 (The
obtained NMR data agreed with the literature data for this compound.) [30]

Supplementary Materials: The following are available online. Materials and methods, results of optimization
conditions as well as NMR spectra of products.
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Abstract: An iron-catalyzed asymmetric oxidative homo-coupling of 2-naphthols for the synthesis of
1,1′-Bi-2-naphthol (BINOL) derivatives is reported. The coupling reaction provides enantioenriched
BINOLs in good yields (up to 99%) and moderate enantioselectivities (up to 81:19 er) using an
iron-complex generated in situ from Fe(ClO4)2 and a bisquinolyldiamine ligand [(1R,2R)-N1,N2-
di(quinolin-8-yl)cyclohexane-1,2-diamine, L1]. A number of ligands (L2–L8) and the analogs of L1,
with various substituents and chiral backbones, were synthesized and examined in the oxidative
coupling reactions.

Keywords: iron catalysis; asymmetric catalysis; nitrogen ligand; oxidative coupling; BINOL synthesis

1. Introduction

Axially chiral compounds (atropisomers) have aroused much attention from organic chemists
due to their prevalence in natural products, bioactive molecules, functional materials, and their wide
applications in asymmetric transformations [1]. Many elegant methods have been established for
the asymmetric synthesis of axially chiral compounds, both employing transition-metal catalysts [2]
and organocatalysts [1]. In particular, 1,1′-Bi-2-naphthol (BINOL) is one of the most useful structural
motifs and ligand substructures in asymmetric catalysis [3–9]. Since the pioneering report by the
Noyori group utilizing enantioenriched BINOL as the ligand in asymmetric catalysis [10], numerous
BINOL-derived ligands/catalysts (i.e., BINAP [11], BINAM [12], chiral phosphoric acid [13], chiral
phosphoramidite [14], and BINSA [15]; Figure 1) have been designed and synthesized. The emergence
of such a library of ligands/catalysts has brought marvelous contributions to the synthetic community,
with tremendously efficient asymmetric transformations such as reductive coupling [16], allylation [17],
ene-type [18], and Aldol [19] reactions and axial chirality assembly [20].

In the past few decades, enormous efforts have been devoted to the enantioselective assembly
of BINOL scaffolds. Transition-metal-catalyzed asymmetric oxidative coupling of 2-naphthols have
shown its power in the synthesis of BINOLs (Figure 2a). Efficient vanadium-catalyzed [21] protocols
were reported by the Uang [22], Chen [23], Gong [24–26], and Sasai [27–29] groups, independently.
Many research groups, including Nakajima, Kozlowski, and others, have successfully developed
a series of copper-catalyzed coupling reactions of 2-naphthols [30–44]. Recently, a notable work
by the Tu group [45] established a Cu/SPDO (spirocyclic pyrrolidine oxazoline) complex-catalyzed
cross-coupling reaction to synthesize 3,3′-disubstituted BINOLs. Nevertheless, iron-catalyzed coupling
strategies in this area have not been explored so far. Only a handful of remarkable iron catalysts,
namely, an iron-salen complex reported by Katsuki and co-workers [46,47], a chiral diphosphine
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oxide–iron(II) complex developed by the Ishihara group [48], and an iron-chiral phosphoric acid (CPA)
catalyst introduced by the Pappo group [49,50], have been disclosed to date (Figure 2a).

 

Figure 1. Representative 1,1′-Bi-2-naphthol (BINOL)-derived ligands/catalysts.

Recently, we have developed an iron-catalyzed direct amination of aliphatic C-H bonds [51,52],
and it was interesting to find that the catalysts used were simply generated by in situ mixing of an iron
salt and an aminopyridine ligand. Inspired by these results, we envisaged that introducing a chiral
aminopyridine-type ligand might impart chirality to the products. Our attention was drawn to
N,N′-dimethyl-N,N′-bis(8-quinolyl)-cyclohexanediamine (BQCN), developed by the Che group
and successfully applied in iron-catalyzed asymmetric cis-dihydroxylation of alkenes [53] and,
most recently, in Friedel-Crafts reactions [54]. Since our previous studies revealed that free
secondary amine ligand presented a good reactivity [51], we were wondering whether the
N-unprotected bis(8-quinolyl)-cyclohexanediamine ligand (bisquinolyldiamine, L1), which is
synthesized straightforwardly from 8-haloquinoline and diamine, is capable of controlling the
selectivities in the iron-catalyzed oxidative coupling of 2-naphthols. Herein, we report the studies
toward the synthesis of the amino ligands and their applications in the synthesis of optically active
BINOL derivatives via an oxidative homo-coupling reaction of 2-naphthols under mild conditions
(Figure 2b).
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Figure 2. Transition metal-catalyzed coupling for the enantioselective synthesis of BINOLs. (a) The
previous examples of homo- or cross-coupling of 2-naphthols. (b) Our proposed asymmetric oxidative
homo-coupling of 2-naphthols using iron/bisquinolyldiamine catalyst.

2. Results and Discussion

2.1. Synthesis of Bisquinolyldiamine Ligands

The Buchwald-Hartwig C–N coupling reaction [55,56] was used for the synthesis of a variety of
bisquinolyldiamine ligands following the literature procedure [53]. As shown in Figure 3, with the
catalyst derived from 5 mol% Pd2(dba)3 and 10 mol% rac-BINAP, eight ligands were synthesized in
moderate to good yields. The chiral backbones of these ligands include (1R,2R)-cyclohexane-1,2-
diamine (L1), (R)-[1,1′-binaphthalene]-2,2′-diamine (L6), (12R)-9,10-dihydro-9,10-ethanoanthracene-
11,12-diamine (L7), and (1R,2R)-1,2-diphenylethane-1,2-diamine (L8). Ligands with a variety of
electronically differentiated substituents at the C6 position of the quinoline moiety (L2–L4) and an
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acridine-derived ligand (L5) were also prepared to probe the electronic and steric effects of the ligands
on the reaction.

 

Figure 3. Ligands synthesis.

2.2. Reaction Investigation

To test our hypothesis, we selected 2-naphthol (1a) as the model substrate for optimization of
reaction conditions (Table 1). All reactions were carried out with the catalyst generated in situ by
stirring Fe(ClO4)2 and L1 for 30 min before the addition of the substrate, and under atmospheric
dioxygen. Various solvents (methanol, dichloroethane, chloroform, toluene, and chlorobenzene) were
screened first (entries 1–5) and resulted in moderate conversions and enantioselectivities, except toluene
and methanol. The reaction in chlorobenzene gave a better balance between reactivity and selectivity
(53% conv. and 79:21 er, entry 5). The addition of 4Å MS led to a slightly higher enantioselectivity
with partial conversion in a much shorter reaction time (entries 5 vs. 6). We were delighted to find
that increasing the temperature from 30 ◦C to 50 ◦C delivered 39% conversion with comparable
enantioselectivity (entry 7). Further increase in temperature (i.e., 70 ◦C and 90 ◦C) resulted in lower
enantioselectivities (entries 8 and 9). Then, the reaction with different iron salts were investigated,
including Fe(ClO4)3, Fe(OAc)2, Fe(OTf)2, Fe(acac)2, and FeCl2, but failed to provide better results
(entries 10–14). The ratio of iron precursor versus L1 was also examined (entries 14–19). Surprisingly,
increasing Fe(ClO4)2-loading from 5 mol% to 10 mol% improves the efficiency without affecting
the enantioselectivity and delivered the coupling product 2a in 84% isolated yield with 80:20 er
(entries 15 and 16). Although further increasing Fe(ClO4)2 to 12.5 mol% improved the yield, a slightly
diminished er was also observed (entry 17). Finally, reactions with the catalysts derived from the
diamine ligand (L2–L8) were inspected. Electron-withdrawing groups-substituted ligands (L2 and L3)
showed excellent reactivities but with low enantioselectivities (entries 20 and 21). In contrast, ligand
L4 with an electron-donating substituent delivered the product in reduced yield, albeit with good er
(entry 22). Upon further screening, the ligands (L5–L8) bearing different chiral backbones, lower yield,
and er were obtained with L5, while ligands L6–L8 failed to give any product (entries 23–26).
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Table 1. Conditions Screening a.

 

Entry Fe (x mol%)
Ln

(y mol%)
Additives Solvent T ◦C t/h

conv. (%)
b er (%) c

1 Fe(ClO4)2 (5.0) L1(5.0) - MeOH 30 28.5 - n.d. f

2 Fe(ClO4)2 (5.0) L1 (5.0) - DCE 30 28.5 57 d 73:27
3 Fe(ClO4)2 (5.0) L1 (5.0) - CHCl3 30 28.5 68 d 77:23
4 Fe(ClO4)2 (5.0) L1 (5.0) - toluene 30 28.5 22 d 80:20
5 Fe(ClO4)2 (5.0) L1 (5.0) - PhCl 30 28.5 53 d 79:21
6 Fe(ClO4)2 (5.0) L1 (5.0) MS 4Å PhCl 30 5.0 12 d 80:20
7 Fe(ClO4)2 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 39 d 78:22
8 Fe(ClO4)2 (5.0) L1 (5.0) MS 4Å PhCl 70 5.0 38 d 73:27
9 Fe(ClO4)2 (5.0) L1 (5.0) MS 4Å PhCl 90 5.0 28 d 70:30
10 Fe(ClO4)3 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 76 76:24
11 Fe(OAc)2 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 16 n.d. f

12 Fe(OTf)2 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 19 n.d. f

13 Fe(acac)2 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 23 n.d. f

14 FeCl2 (5.0) L1 (5.0) MS 4Å PhCl 50 5.0 20 n.d. f

15 Fe(ClO4)2 (7.5) L1 (5.0) MS 4Å PhCl 50 5.0 78 77:23
16 Fe(ClO4)2 (10.0) L1 (5.0) MS 4Å PhCl 50 5.0 88(84 e) 80:20
17 Fe(ClO4)2 (12.5) L1 (5.0) MS 4Å PhCl 50 5.0 95 72:28
18 Fe(ClO4)2 (5.0) L1 (10.0) MS 4Å PhCl 50 5.0 39 77:23
19 Fe(ClO4)2 (10.0) L1 (10.0) MS 4Å PhCl 50 5.0 86 77:23
20 Fe(ClO4)2 (10.0) L2 (5.0) MS 4Å PhCl 50 5.0 90 70:30
21 Fe(ClO4)2 (10.0) L3 (5.0) MS 4Å PhCl 50 5.0 85 60:40
22 Fe(ClO4)2 (10.0) L4 (5.0) MS 4Å PhCl 50 5.0 53 e 78:22
23 Fe(ClO4)2 (10.0) L5 (5.0) MS 4Å PhCl 50 5.0 67 e 55:45
24 Fe(ClO4)2 (10.0) L6 (5.0) MS 4Å PhCl 50 5.0 - n.d. f

25 Fe(ClO4)2 (10.0) L7 (5.0) MS 4Å PhCl 50 5.0 - n.d. f

26 Fe(ClO4)2 (10.0) L8 (5.0) MS 4Å PhCl 50 5.0 - n.d. f

a All reactions carried out with 1a (0.5 mmol), MS 4Å (150 mg) in 5 mL solvent under O2 atmosphere (1 atm). b

Conversions determined by GC using dodecane as an internal standard. c Determined by HPLC (Chiralpak AS-H).
d Determined by 1H-NMR analysis. e Isolated yield. f n.d.: not detected.

2.3. Substrates Scope

Next, we investigated the scope of the iron-catalyzed asymmetric oxidative coupling reaction, and
the results were summarized in Scheme 1. A variety of substituted 2-naphthols with electronic and steric
properties were examined. Substrate 1 containing functionalities at the C3-position, including OMe,
OBn, o-tolyl, and Ph were successfully converted into the coupling products (2b–2e) in 56–88% yields
with 56:44 to 81:19 er. The substrate bearing an electron-withdrawing Br substitution at the C3-position
was also converted into the corresponding product (2f) in 51% yield with 79:21 er. The electronic effects
of different functionalities are clearly demonstrated by the observation that electron-donating groups
delivered higher yield (e.g., C3-OMe 88%, 2b vs. C3-Br 51%, 2f). However, C3-substituted substrates
with carbonyl functionalities like CO2H, COPh, and CO2Bn failed to give any products (2g–2i). When
C6-Br-substituted 2-naphthol was applied, the desired product (2j) was obtained in 82% yield with
79:21 er. A C6-phenyl-substituted 2-naphthol also resulted in 64% yield and 74:26 er (2k). Moreover,
C7-substituted (BnO, nBuO, TBSO, and MeO) substrates were also effectively coupled and delivered
the corresponding products (2l–2o) in 65–99% yields, albeit with dramatically diminished er.
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Scheme 1. Substrates Scope a. a Reactions conducted with Fe(ClO4)2 (10 mol%), L1 (5 mol%), substrate
1 (0.5 mmol), and 4Å MS (150 mg) in PhCl (5 mL) under oxygen atmosphere (1 atm) at 50 ◦C. Percentage
represented isolated yields. Er determined by HPLC.

3. Materials and Methods

3.1. General Information

Unless otherwise noted, all reagents were purchased commercially and used without further
purification. Petroleum ether (PE) (60–90 ◦C), ethyl acetate (EA), and dichloromethane (DCM) were
used for silica gel chromatography. MeCN, toluene, DMF, and THF were purchased commercially
or were dried by passage through an activated alumina column under argon [57]. PhCl, CHCl3,
MeOH, and acetone were freshly distilled after drying over CaH2. 1H-NMR spectra were recorded at
room temperature on a Bruker ADVANCE III 400 MHz spectrometer and were reported relative to
residual Chloroform-d (δ 7.26 ppm) or DMSO-d6 (δ 2.50 ppm). 13C-NMR spectra were recorded on a
Bruker ADVANCE III 400 MHz spectrometer (100 MHz) and were reported relative to Chloroform-d
(δ 77.16 ppm). 19F-NMR spectra were recorded on a Bruker ADVANCE III 400 MHz spectrometer
(376 MHz). Data for 1H-NMR were reported as chemical shift (δ ppm) (multiplicity, coupling constant
(Hz), and integration) using standard abbreviations for multiplicities: s = singlet, d = doublet, t =
triplet, q = quartet, and m = multiplet. Data for 13C-NMR and 19F-NMR were reported in terms
of chemical shifts (δ ppm). High-resolution mass spectra (HRMS) were obtained by using a Bruker
Compact TOF mass spectrometer in electrospray ionization mode (ESI). Enantiomeric ratio (er) was
determined by an Agilent 1260 Series HPLC utilizing DAICEL Chiralpak (AD-H, AS-H, or IC) or
Chiralcel (OD-H) columns (4.6 mm × 250 mmL). Optical rotations were measured with a Perkin
Elmer 343 polarimeter and were reported as: [α]D

T (concentration in g/100 mL, solvent). The NMR
spectra of all new compounds and HPLC spectra of oxidative coupling products were provided in the
Supplementary Materials.
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3.2. Preparation of Ligands

General Procedure (Scheme 2): To an oven-dried Schlenk flask were added diamine 3 (1.0 equiv),
Pd2(dba)3 (5 mol%), rac-BINAP (10 mol%), NaOtBu (3.0 equiv), and toluene under Ar atmosphere.
Then 8-haloqunoline 4 (2.2 equiv) was added directly. The flask was sealed, and the reaction was stirred
at 85 ◦C until the complete consumption of the starting material 3. The mixture was cooled to room
temperature, filtered through a silica plug, and the plug was washed with EA. The combined filtrates
were concentrated under reduced pressure, and the residue was purified by silica gel chromatography
to give the desired product Ln.

 

Scheme 2. Synthesis of Bisquinolyldiamine Ligands.

(1R,2R)-N1,N2-Di(quinolin-8-yl)cyclohexane-1,2-diamine (L1) [53]: Following the general procedure,
the reaction was carried out with (1R,2R)-cyclohexane-1,2-diamine 3a (0.36 g, 3.2 mmol, 1.0 equiv);
Pd2(dba)3 (0.15 g, 0.16 mmol, 5 mol%); rac-BINAP (0.20 g, 0.32 mmol, 10 mol%); NaOtBu (0.92 g,
9.6 mmol, 3.0 equiv); and 8-bromoqunoline 4a (1.46 g, 7.0 mmol, 2.2 equiv) in 30 mL of toluene. The
desired product was obtained (0.88 g, 75% yield) as a pale yellow solid after purification by silica gel
chromatography (PE/EA = 30/1 to 10/1). 1H-NMR (400 MHz, Chloroform-d) δ 8.57 (dd, J = 4.2, 1.7 Hz,
2H), 7.98 (dd, J = 8.3, 1.7 Hz, 2H), 7.36 (td, J = 8.0, 0.9 Hz, 2H), 7.30–7.25 (m, 2H), 6.98 (dd, J = 8.2,
1.3 Hz, 2H), 6.84 (dd, J = 7.7, 1.1 Hz, 2H), 6.43 (brs, 2H), 3.86–3.67 (m, 2H), 2.49–2.31 (m, 2H), 1.86 (td, J
= 4.6, 4.1, 2.2 Hz, 2H), 1.67–1.48 (m, 4H).

(1R,2R)-N1,N2-Bis(6-fluoroquinolin-8-yl)cyclohexane-1,2-diamine (L2): Following the general procedure,
the reaction was carried out with (1R,2R)-cyclohexane-1,2-diamine 3a (81.6 mg, 0.7 mmol, 1.0 equiv);
Pd2(dba)3 (32.8 mg, 0.04 mmol, 5 mol%); rac-BINAP (45.1 mg, 0.07 mmol, 10 mol%); NaOtBu (206.9 mg,
2.2 mmol, 3.0 equiv); and 8-bromo-6-fluoroquinoline 4b (356.7 mg, 1.6 mmol, 2.2 equiv) in 2 mL of
toluene. The desired product was obtained (262.3 mg, 93% yield) as a pale yellow solid after purification
by silica gel chromatography (PE/EA = 5/1). 1H-NMR (400 MHz, Chloroform-d) δ 8.49 (dd, J = 4.2,
1.5 Hz, 2H), 7.87 (dd, J = 8.3, 1.2 Hz, 2H), 7.34–7.21 (m, 2H), 6.68–6.49 (m, 4H), 6.46 (dd, J = 9.3, 2.5 Hz,
2H), 3.76–3.56 (m, 2H), 2.45–2.28 (m, 2H), 1.97–1.79 (m, 2H), 1.66–1.47 (m, 4H) (Figure S2); 13C-NMR
(100 MHz, Chloroform-d) δ 162.4 (d, JC–F = 243.3 Hz), 146.3 (d, JC–F = 13.5 Hz), 145.6 (d, JC–F = 2.4 Hz),
135.6, 135.4 (d, JC–F = 5.8 Hz), 129.3 (d, JC–F = 12.8 Hz), 122.2, 96.1 (d, JC–F = 22.8 Hz), 95.1 (d, JC–F =

30.6 Hz), 56.6, 31.7, 24.5 (Figure S3); 19F NMR (376 MHz, Chloroform-d) δ –110.9 (Figure S4); HRMS
(ESI+) calcd for C24H23F2N4 [M + H]+: 405.1885, found 405.1880; [α]24

D = −315.6 (c = 0.2, CHCl3); M. p.
162–166 ◦C.

(1R,2R)-N1,N2-Bis(6-(trifluoromethyl)quinolin-8-yl)cyclohexane-1,2-diamine (L3): Following the general
procedure, the reaction was carried out with (1R,2R)-cyclohexane-1,2-diamine 3a (0.31 g, 2.7 mmol,
1.0 equiv); Pd2(dba)3 (0.13 g, 0.14 mmol, 5 mol%); rac-BINAP (0.17 g, 0.28 mmol, 10 mol%); NaOtBu
(0.79 g, 8.2 mmol, 3.0 equiv); and 8-bromo-6-trifluoromethylquinoline 4c (1.57 g, 5.7 mmol, 2.1 equiv)
in 25 mL of toluene. The desired product was obtained (1.04 g, 76% yield) as a yellow green solid
after purification by silica gel chromatography (PE/DCM = 10/1 to 5/1 to 1/1). 1H-NMR (400 MHz,
Chloroform-d) δ 8.61 (dd, J = 4.2, 1.5 Hz, 2H), 7.95 (d, J = 8.1 Hz, 2H), 7.32 (dd, J = 8.2, 4.2 Hz, 2H),
7.14–7.03 (m, 2H), 6.95–6.83 (m, 2H), 6.55 (s, 2H), 3.87–3.62 (m, 2H), 2.45–2.24 (m, 2H), 2.03–1.85 (m,

149



Molecules 2020, 25, 852

2H), 1.70–1.48 (m, 4H) (Figure S5); 13C-NMR (100 MHz, Chloroform-d) δ 148.4, 144.9, 138.8, 136.9,
129.4 (q, JC–F = 31.7 Hz), 127.5, 124.5 (q, JC–F = 272.7 Hz), 122.3, 110.6 (q, JC–F = 4.7 Hz), 100.0, 57.3,
32.3, 24.8 (Figure S6); 19F NMR (376 MHz, Chloroform-d) δ –62.8 (Figure S7); HRMS (ESI+) calcd for
C26H23F6N4 [M + H]+: 505.1821, found 505.1817; [α]24

D = −329.1 (c = 1.0, CHCl3); M. p. 120–124 ◦C.

(1R,2R)-N1,N2-Bis(6-(tert-butyl)quinolin-8-yl)cyclohexane-1,2-diamine (L4): Following the general
procedure, the reaction was carried out with (1R,2R)-cyclohexane-1,2-diamine 3a (0.68 g, 6.0 mmol,
1.0 equiv); Pd2(dba)3 (0.28 g, 0.3 mmol, 5 mol%); rac-BINAP (0.37 g, 0.6 mmol, 10 mol%); NaOtBu
(1.73 g, 18 mmol, 3.0 equiv); and 8-bromo-6-(tert-butyl)quinoline 4d (3.46 g, 13.1 mmol, 2.2 equiv) in 35
mL of toluene. The desired product was obtained (2.44 g, 85% yield) as a yellow solid after purification
by silica gel chromatography (PE/DCM = 10/1 to PE/EA = 5/1). 1H-NMR (400 MHz, Chloroform-d) δ
8.55 (dd, J = 4.3, 1.7 Hz, 2H), 7.99 (d, J = 7.5 Hz, 2H), 7.31–7.25 (m, 2H), 7.02–6.89 (m, 4H), 3.87–3.81 (m,
2H), 2.38 (d, J = 12.2 Hz, 2H), 1.91–1.83 (m, 2H), 1.71–1.50 (m, 4H), 1.36 (s, 18H) (Figure S8); 13C-NMR
(100 MHz, Chloroform-d) δ 150.6, 146.2, 143.5, 137.4, 136.0, 128.5, 121.3, 109.4, 104.3, 55.5, 35.2, 31.4,
30.7, 24.0 (Figure S9); HRMS (ESI+) calcd for C32H41N4 [M +H]+: 481.3326, found 481.3323; [α]24

D =

−39.2 (c = 1.0, CHCl3); M. p. 172–174 ◦C.

(1R,2R)-N1,N2-Di(acridin-4-yl)cyclohexane-1,2-diamine (L5): Following the general procedure, the reaction
was carried out with (1R,2R)-cyclohexane-1,2-diamine 3a (0.19 g, 1.6 mmol, 1.0 equiv); Pd2(dba)3 (0.08
g, 0.08 mmol, 5 mol%); rac-BINAP (0.10 g, 0.16 mmol, 10 mol%); NaOtBu (0.47 g, 4.9 mmol, 3.0 equiv);
and 4-iodoacridine 4e (1.07 g, 3.5 mmol, 2.2 equiv) in 30 mL of toluene. The desired product was
obtained (0.46 g, 61% yield) as a yellow solid after purification by silica gel chromatography (PE/DCM
= 2/1 to PE/DCM = 1/1 to DCM). 1H-NMR (400 MHz, DMSO-d6) δ 8.78 (s, 2H), 8.01 (d, J = 8.3 Hz, 2H),
7.91 (d, J = 8.7 Hz, 2H), 7.67 (t, J = 8.0 Hz, 2H), 7.49 (t, J = 8.0 Hz, 2H), 7.43 (t, J = 7.9 Hz, 2H), 7.18
(d, J = 8.4 Hz, 2H), 6.97 (d, J = 7.5 Hz, 2H), 6.75 (d, J = 7.0 Hz, 2H), 3.98–3.90 (m, 2H), 2.37–2.30 (m,
2H), 1.86–1.80 (m, 2H), 1.62–1.55 (m, 4H) (Figure S10); 13C-NMR (100 MHz, Chloroform-d) δ 146.5,
144.2, 140.7, 135.1, 129.7, 128.9, 127.8, 127.3, 127.2, 127.0, 125.5, 113.8, 103.1, 56.6, 31.6, 24.4 (Figure S11);
HRMS (ESI+) calcd for C32H29N4 [M + H]+: 469.2387, found 469.2371; [α]24

D = −678.0 (c = 0.5, CHCl3);
M. p. 198–202 ◦C.

(R)-N2,N2′ -Di(quinolin-8-yl)-[1,1′-binaphthalene]-2,2′-diamine (L6) [53]: Following the general procedure,
the reaction was carried out with (R)-[1,1′-binaphthalene]-2,2′-diamine 3b (141.9 mg, 0.5 mmol, 1.0
equiv); Pd2(dba)3 (23.2 mg, 0.025 mmol, 5 mol%); rac-BINAP (31.4 mg, 0.05 mmol, 10 mol%); NaOtBu
(148.2 mg, 1.5 mmol, 3.0 equiv); and 8-bromoqunoline 4a (224.0 mg, 1.1 mmol, 2.2 equiv) in 10 mL of
toluene. The desired product was obtained (196.6 mg, 73% yield) as a yellow solid after purification by
recrystallization from EA. 1H-NMR (400 MHz, Chloroform-d) δ 8.42 (d, J = 3.0 Hz, 2H), 7.99–7.95 (m,
4H), 7.94–7.86 (m, 6H), 7.37 (dt, J = 8.0, 4.0 Hz, 2H), 7.30–7.19 (m, 8H), 6.94–6.89 (m, 4H).

(12R)-N11,N12-Di(quinolin-8-yl)-9,10-dihydro-9,10-ethanoanthracene-11,12-diamine (L7) [53]: Following
the general procedure, the reaction carried out with (12R)-9,10-dihydro-9,10-ethanoanthracene-
11,12-diamine 3c (20 mg, 0.08 mmol, 1.0 equiv); Pd2(dba)3 (5.3 mg, 5 mol%); rac-BINAP (6.2 mg,
10 mol%); NaOtBu (25.5 mg, 0.26 mmol, 3.0 equiv); and 8-bromoqunoline 4a (41.8 mg, 0.2 mmol,
2.2 equiv) in 1 mL of toluene. The desired product was obtained (33.4 mg, 85% yield) as a white solid
after purification by silica gel chromatography (PE/EA = 5/1). 1H-NMR (400 MHz, Chloroform-d) δ
8.61 (dd, J = 4.1, 1.4 Hz, 2H), 8.06 (d, J = 4.0 Hz, 2H), 7.44 (d, J = 7.1 Hz, 2H), 7.40–7.13 (m, 10H), 7.06 (d,
J = 8.1 Hz, 2H), 6.91 (d, J = 8.0 Hz, 2H), 6.18 (s, 2H), 4.63 (s, 2H), 3.97 (s, 2H).

(1R,2R)-1,2-Diphenyl-N1,N2-di(quinolin-8-yl)ethane-1,2-diamine (L8) [58]: Following the general
procedure, the reaction was carried out with (1R,2R)-1,2-diphenylethane-1,2-diamine 3d (1.06 g,
5.0 mmol, 1.0 equiv); Pd2(dba)3 (0.23 g, 0.25 mmol, 5 mol%); rac-BINAP (0.33 g, 0.5 mmol, 10 mol%);
NaOtBu (1.47 g, 15 mmol, 3.0 equiv); and 8-bromoqunoline 4a (2.51 g, 12 mmol, 2.4 equiv) in 90 mL of
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toluene. The desired product was obtained (1.47 g, 63% yield) as a white solid after purification by
silica gel chromatography (PE/DCM = 30/1 to PE/EA = 5/1). 1H-NMR (400 MHz, Chloroform-d) δ 8.67
(dd, J = 4.3, 1.6 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H), 7.36 (m, 4H), 7.28–7.09 (m, 12H), 7.03 (d, J = 8.0 Hz,
2H), 6.50 (d, J = 7.6 Hz, 2H), 5.01 (s, 2H).

3.3. Preparation of Substituted Quinolines

General procedure for synthesis of substituted 8-bromoquinoline (Scheme 3): to a 50 mL round
bottom flask was added 4-substituted 2-bromoaniline, glycerol (17.0 equiv), m-nitrobenzenesulfonate
sodium (1.2 equiv), FeSO4•7H2O (0.05 equiv), and MsOH. The reaction mixture was heated at 125 ◦C
for 24 h. After cooling to room temperature, aqueous NaOH solution (2.5 M) was added to the reaction
mixture to adjust pH to 12. Then EtOH was added to form a black solution, which was extracted with
EA or DCM (3 × 100 mL). The combined organic phase was washed with H2O (100 mL), brine (100
mL), and dried with anhydrous Na2SO4. After removing the solvents, the residue was purified by
silica gel chromatography.

 

Scheme 3. Synthesis of Substituted Quinolines (Skraup Reaction).

8-Bromo-6-fluoroquinoline (4b) [59]: Following the general procedure, the reaction was carried out
with 2-bromo-4-fluoroaniline (1.57 g, 8.3 mmol, 1.0 equiv); glycerol (11 mL, 149.0 mmol, 18.0 equiv);
m-nitrobenzenesulfonate sodium (2.24 g, 10.0 mmol, 1.2 equiv); FeSO4•7H2O (0.12 g, 0.4 mmol, 0.05
equiv), and MsOH (11 mL). The desired product was obtained (0.86 g, 43% yield) as a pale yellow solid
after purification by silica gel chromatography (PE/EA= 10/1 to 5/1). 1H-NMR (400 MHz, Chloroform-d)
δ 9.02 (dd, J = 4.2, 1.2 Hz, 1H), 8.14 (dd, J = 8.3, 1.6 Hz, 1H), 7.90 (dd, J = 8.1, 2.7 Hz, 1H), 7.50 (ddd, J =
8.3, 4.2, 0.6 Hz, 1H), 7.46 (dd, J = 8.3, 2.7 Hz, 1H).

8-Bromo-6-(trifluoromethyl)quinoline (4c): Following the general procedure, the reaction was carried out
with 2-bromo-4-(trifluoromethyl)aniline (6.38 g, 26.6 mmol, 1.0 equiv); glycerol (20 mL, 271.5 mmol,
10.0 equiv); m-nitrobenzenesulfonate sodium (7.19 g, 32.0 mmol, 1.2 equiv); FeSO4•7H2O (0.37 g,
1.3 mmol, 0.05 equiv), and MsOH (35 mL). The desired product was obtained (1.57 g, 21% yield) as a
pale orange solid after purification by silica gel chromatography (PE/EA = 10/1 to 5/1). 1H-NMR (400
MHz, Chloroform-d) δ 9.16 (dd, J = 4.2, 1.7 Hz, 1H), 8.28 (dd, J = 8.3, 1.7 Hz, 1H), 8.24 (d, J = 1.9 Hz,
1H), 8.16–8.10 (m, 1H), 7.60 (dd, J = 8.3, 4.2 Hz, 1H) (Figure S12); 13C-NMR (100 MHz, Chloroform-d) δ
153.4, 146.5, 137.7, 129.1(q, JC–F = 33.4 Hz), 129.0(q, JC–F = 3.1 Hz), 128.4, 126.3, 125.7 (q, JC–F = 4.3 Hz),
123.2, 123.2(q, JC–F = 272.8 Hz) (Figure S13); 19F NMR (376 MHz, Chloroform-d) δ –62.5 (Figure S14);
HRMS (ESI+) calcd for C10H6BrF3N [M + H]+: 275.9630, found 275.9620; M. p. 58–62 ◦C.

8-Bromo-6-(tert-butyl)quinoline (4d) [60]: Following the general procedure, the reaction was carried
out with 2-bromo-4-(tert-butyl)aniline (1.78 g, 7.8 mmol, 1.0 equiv); glycerol (10 mL, 135.7 mmol,
17.0 equiv); m-nitrobenzenesulfonate sodium (2.11 g, 9.4 mmol, 1.2 equiv); FeSO4•7H2O (0.11 g, 0.41
mmol, 0.05 equiv); and MsOH (10 mL). The desired product was obtained (1.73 g, 84% yield) as a
yellow solid after purification by silica gel chromatography (PE/EA = 20/1). 1H-NMR (400 MHz,
Chloroform-d) δ 9.00 (dd, J = 4.2, 1.5 Hz, 1H), 8.18–8.12 (m, 2H), 7.70 (d, J = 2.0 Hz, 1H), 7.45 (dd, J =
8.2, 4.2 Hz, 1H), 1.42 (s, 9H).
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4-Iodoacridine [4e] (Scheme 4)

 
Scheme 4. Synthesis of 4-Iodoacridine.

To a 100 mL Schlenk flask were added TMP (1.14 g, 8.1 mmol, 1.5 equiv) and 20 mL of THF. The
solution was cooled to 0 ◦C, and nBuLi (2.4 M, 4 mL, 9.6 mmol, 1.7 equiv) was added dropwise by
syringe. Upon the completion of the addition, the mixture was stirred at 0 ◦C for another 30 min.
Then ZnCl2•TMEDA (0.68 g, 2.7 mmol, 0.5 equiv) was added at 0 ◦C, and the resultant mixture was
stirred for 20 min before acridine (0.98 g, 5.5 mmol, 1.0 equiv) was added. After the reaction was
warmed up to 25 ◦C, I2 (2.17 g, 8.5 mmol, 1.5 equiv) in THF (20 mL) was added dropwise. The reaction
mixture was stirred for 2 h and then quenched with saturated Na2S2O3 solution and extracted with EA
(3 × 30 mL). The combined organic phase was washed with brine and dried over anhydrous Na2SO4.
The desired product was obtained (1.08 g, 64% yield) as a yellow solid after purification by silica gel
chromatography (PE/DCM = 20/1 to 5/1). 1H-NMR (400 MHz, Chloroform-d) δ 8.72 (s, 1H), 8.46 (dd,
J = 7.1, 1.1 Hz, 1H), 8.39 (d, J = 8.8 Hz, 1H), 8.09–7.93 (m, 2H), 7.83 (ddd, J = 8.5, 6.6, 1.3 Hz, 1H),
7.63–7.52 (m, 1H), 7.31–7.19 (m, 1H) (Figure S15); 13C-NMR (100 MHz, Chloroform-d) δ 149.8, 147.1,
141.0, 137.2, 130.9, 130.1, 129.4, 127.9, 127.2, 126.7, 126.63, 126.58, 104.0 (Figure S16); HRMS (ESI+) calcd
for C13H9IN [M + H]+: 305.9774, found 305.9763; M.p. 100–104 ◦C.

2-Methoxynaphthalene [61]: Following the reported procedure, the reaction was carried out with
2-naphthol (1.14 g, 10 mmol, 1.0 equiv); NaH (60% wt, 0.41 g, 17 mmol, 1.7 equiv); and MeI (1.76 g, 12
mmol, 1.2 equiv) in 10 mL of DMF. The desired product was obtained (1.28 g, 81% yield) as a white
solid after purification by silica gel chromatography (DCM). 1H-NMR (400 MHz, Chloroform-d) δ 7.78
(dd, J = 11.5, 8.4 Hz, 3H), 7.47 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.36 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.22–7.13
(m, 2H), 3.94 (s, 3H).

2-Bromo-3-methoxynaphthalene [62]: Following the reported procedure, the reaction was carried out
with 2-methoxynaphthalene (0.79 g, 5.0 mmol, 1.0 equiv); nBuLi solution (1.67 M in hexane, 3 mL,
5.3 mmol, 1.1 equiv); and 1,2-dibromoethane (1.30 g, 6.9 mmol, 1.3 equiv) in 10 mL of THF. The desired
product was obtained (0.87 g, 73% yield) as a white solid after recrystallization from hot hexane for 3
times. 1H-NMR (400 MHz, Chloroform-d) δ 8.06 (s, 1H), 7.71 (dd, J = 13.0, 8.2 Hz, 2H), 7.51–7.42 (m,
1H), 7.40–7.32 (m, 1H), 7.16 (s, 1H), 4.01 (s, 3H).

3-Methoxynaphthalen-2-ol (1b) [63]: Following the reported procedure, the reaction was carried out with
naphthalene-2, 3-diol (1.60 g, 10 mmol, 1.0 equiv); K2CO3 (1.81 g, 13 mmol, 1.3 equiv); and MeI (1.73 g,
12 mmol, 1.2 equiv) in 10 mL of acetone. The desired product was obtained (0.57 g, 33% yield) as a
white solid after purification by silica gel chromatography (PE/EA = 50/1 to PE/EA = 20/1 to PE/EA =
10/1). 1H-NMR (400 MHz, Chloroform-d) δ 8.06 (s, 1H), 7.71 (dd, J = 13.0, 8.2 Hz, 2H), 7.50–7.42 (m,
1H), 7.40–7.33 (m, 1H), 7.16 (s, 1H), 4.01 (s, 3H).

3-(Benzyloxy)naphthalen-2-ol (1c) [64]: Following the reported procedure, the reaction was carried out
with naphthalene-2, 3-diol (1.61 g, 10 mmol, 1.0 equiv); K2CO3 (1.82 g, 13 mmol, 1.3 equiv); and BnBr
(2.58 g, 15 mmol, 1.5 equiv) in 20 mL of DMF. The desired product was obtained (0.88 g, 35% yield) as a
yellow solid after purification by silica gel chromatography (PE/EA = 50/1 to 20/1 to 10/1). 1H-NMR
(400 MHz, Chloroform-d) δ 7.71–7.64 (m, 2H), 7.52–7.31 (m, 7H), 7.29 (s, 1H), 7.22 (s, 1H), 5.97 (s, 1H),
5.24 (s, 2H).
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General procedure (Scheme 5): To a Schlenk flask were added 2-bromo-3-methoxynaphthalene
(1.0 equiv), aryl boronic acid (2.2 equiv), K2CO3 (3.0 equiv), Pd(PPh3)4 (2.5 mol%), and degassed
EtOH/toluene/water (1/1/1) under Ar atmosphere. The mixture was heated at 90 ◦C until the completion
of the reaction. Then the mixture was cooled to room temperature, and DCM was added. The mixture
was washed with NaOH solution (20% wt), and the aqueous phase was extracted with DCM (2 × 20 mL).
The combined organic phase was washed with brine (20 mL) and dried over anhydrous MgSO4. After
removing the solvent, the residue was dissolved in anhydrous DCM. The solution was cooled to −78 ◦C,
and BBr3 (1 M in DCM, 5.0 equiv) was added slowly by syringe. Then the mixture was warmed up to
room temperature and stirred until the complete consumption of the starting material. The mixture
was poured into the ice water (50 mL) and extracted with DCM (3 × 50 mL). The combined organic
phase was washed with brine (100 mL) and dried over anhydrous Na2SO4. After removing the solvent,
the residue was purified by silica gel chromatography to give the desired product.

 

Scheme 5. Synthesis of Substrates 1d–1e.

3-(o-Tolyl)naphthalen-2-ol (1d) [65]: Following the general procedure, the reaction was carried out
with 2-bromo-3-methoxynaphthalene (236.2 mg, 1.0 mmol, 1.0 equiv); o-tolylboronic acid (304.8 mg,
2.2 mmol, 2.2 equiv); K2CO3 (417.7 mg, 3.0 mmol, 3.0 equiv); and Pd(PPh3)4 (29.9 mg, 2.5 mol%) in
6 mL of degassed solvents. Then BBr3 (1 M in DCM, 5 mL, 5 mmol, 5.0 equiv) was used to remove the
methyl group. The desired product was obtained (185.1 mg, 79% yield overall) as a brown sticky liquid
after purification by silica gel chromatography (PE/DCM = 10/1). 1H-NMR (400 MHz, Chloroform-d) δ
7.80–7.72 (m, 2H), 7.63 (s, 1H), 7.45 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.44–7.28 (m, 6H), 4.92 (s, 1H), 2.20
(s, 3H).

3-Phenylnaphthalen-2-ol (1e) [66]: Following the general procedure, the reaction was carried out with
2-bromo-3-methoxynaphthalene (0.71 g, 3.0 mmol, 1.0 equiv); phenylboronic acid (0.55 g, 4.5 mmol,
1.5 equiv); K2CO3 (1.90 g, 13.8 mmol, 4.5 equiv); and Pd(PPh3)4 (0.09 g, 2.5 mol%) in 30 mL of degassed
solvent. Then BBr3 (1 M in DCM, 15 mL, 15 mmol, 5.0 equiv) was used to remove the methyl group.
The desired product was obtained (0.63 g, 95% yield overall) as a pale brown solid after purification by
silica gel chromatography (DCM). 1H-NMR (400 MHz, Chloroform-d) δ 7.81–7.76 (m, 1H), 7.74 (d, J =
7.2 Hz, 2H), 7.60–7.51 (m, 4H), 7.49–7.41 (m, 2H), 7.39–7.32 (m, 2H), 5.30 (s, 1H).

3-Bromonaphthalen-2-ol (1f) [67]: Following the general procedure, the reaction was carried out with
2-bromo-3-methoxynaphthalene (240.6 mg, 1.0 mmol, 1.0 equiv) and BBr3 (1 M in DCM, 5 mL, 5.0 mmol,
5.0 equiv). The desired product was obtained (226.0 mg, quantitative yield) as a white solid after
purification by silica gel chromatography (DCM). 1H-NMR (400 MHz, Chloroform-d) δ 8.03 (s, 1H),
7.69 (ddt, J = 7.4, 2.2, 1.2 Hz, 2H), 7.45 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.39 (s, 1H), 7.35 (ddd, J = 8.2, 6.8,
1.2 Hz, 1H), 5.64 (s, 1H).

6-Phenylnaphthalen-2-ol (1k) [5]: Following the general procedure, the reaction was carried out with
6-bromonaphthalen-2-ol (1.12 g, 5.0 mmol, 1.0 equiv); phenylboronic acid (0.73 g, 6.0 mmol, 1.2 equiv);
K2CO3 (3.00 g, 21.8 mmol, 4.4 equiv); and Pd(PPh3)4 (0.15 g, 2.5 mol%) in 30 mL of degassed solvent.
The desired product was obtained (0.77 g, 70% yield) as a white solid after purification by silica gel
chromatography (DCM). 1H-NMR (400 MHz, Chloroform-d) δ 7.98 (d, J = 1.7 Hz, 1H), 7.82 (d, J =
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8.8 Hz, 1H), 7.76 (d, J = 8.5 Hz, 1H), 7.71 (ddd, J = 8.2, 2.8, 1.5 Hz, 3H), 7.48 (dd, J = 8.5, 6.9 Hz, 2H),
7.41–7.33 (m, 1H), 7.18 (d, J = 2.5 Hz, 1H), 7.14 (dd, J = 8.8, 2.5 Hz, 1H).

7-(Benzyloxy)naphthalen-2-ol (1l) [68]: Following the reported procedure, the reaction was carried out
with naphthalene-2,7-diol (1.60 g, 10 mmol, 1.0 equiv); K2CO3 (1.80 g, 13 mmol, 1.3 equiv), and BnBr
(2.65 g, 15 mmol, 1.5 equiv) in 20 mL of DMF. The desired product was obtained (0.75 g, 30% yield)
as a white solid after purification by silica gel chromatography (PE/EA = 5/1). 1H-NMR (400 MHz,
Chloroform-d) δ 7.71–7.63 (m, 2H), 7.52–7.45 (m, 2H), 7.45–7.38 (m, 2H), 7.38–7.31 (m, 1H), 7.15–7.06
(m, 2H), 7.04 (d, J = 2.5 Hz, 1H), 6.94 (dd, J = 8.8, 2.4 Hz, 1H), 5.16 (s, 2H).

7-Butoxynaphthalen-2-ol (1m) [69]: Following the reported procedure, the reaction was carried out with
naphthalene-2,7-diol (1.60 g, 10 mmol, 1.0 equiv); K2CO3 (1.80 g, 13 mmol, 1.3 equiv); and nBuI (2.26 g,
12 mmol, 1.2 equiv) in 20 mL of acetone. The desired product was obtained (0.32 g, 15% yield) as a
white solid after purification by silica gel chromatography (PE/DCM = 1/1 to PE/EA = 5/1). 1H-NMR
(400 MHz, Chloroform-d) δ 7.65 (dd, J = 8.7, 2.5 Hz, 2H), 7.17–6.83 (m, 4H), 5.04 (s, 1H), 4.06 (t, J =
6.5 Hz, 2H), 1.83 (dq, J = 8.7, 6.6 Hz, 2H), 1.62–1.43 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H);

7-((tert-Butyldimethylsilyl)oxy)naphthalen-2-ol (1n) [70]: Following the reported procedure, the reaction
was carried out with naphthalene-2,7-diol (1.60 g, 10 mmol, 1.0 equiv); imidazole (0.68 g, 10 mmol,
1.0 equiv); and TBSCl (1.35 g, 9 mmol, 0.9 equiv) in 15 mL of DMF. The desired product was obtained
(0.75 g, 33% yield) as a yellow solid after purification by silica gel chromatography (PE/EA = 5/1).
1H-NMR (400 MHz, Chloroform-d) δ 7.65 (t, J = 9.3 Hz, 1H), 7.03 (d, J = 2.2 Hz, 1H), 7.00 (d, J = 2.4 Hz,
1H), 6.93 (ddd, J = 11.0, 8.8, 2.4 Hz, 1H), 1.01 (s, 4H), 0.24 (s, 3H).

7-Methoxynaphthalen-2-ol (1o) [69]: Following the reported procedure, the reaction was carried out with
naphthalene-2,7-diol (1.61 g, 10 mmol, 1.0 equiv); K2CO3 (1.80 g, 13 mmol, 1.3 equiv); and MeI (1.75 g,
12 mmol, 1.2 equiv) in 20 mL of acetone. The desired product was obtained (0.53 g, 30% yield) as a
white solid after purification by silica gel chromatography (PE/DCM = 1/1 to PE/EA = 5/1). 1H-NMR
(400 MHz, Chloroform-d) δ 7.66 (dd, J = 9.2, 3.6 Hz, 2H), 7.06 (d, J = 2.3 Hz, 1H), 7.01–6.97 (m, 2H), 6.94
(dd, J = 8.7, 2.4 Hz, 1H), 3.90 (s, 3H).

3.4. Iron-Catalyzed Asymmetric Oxidative Coupling Reaction of 2-Naphthols

(S)-[1,1′-Binaphthalene]-2,2′-diol (2a) [47]: Fe(ClO4)2 (12.7 mg, 10 mol%; NOTE: perchlorate salt is a
potential explosive [71] and should be handled with extreme caution) and L1 (9.2 mg, 5 mol%) were
dissolved in anhydrous PhCl (5 mL) in a 25 mL Schlenk tube, and the mixture was stirred at room
temperature for 30 min. Then, 2-naphthol (72.3 mg, 0.5 mmol, 1.0 equiv) and MS 4Å (152.7 mg)
were added. The reaction mixture was quickly evacuated and refilled with oxygen (1 atm), and this
operation was repeated for three cycles. Then the mixture was stirred at 50 ◦C under oxygen, as
monitored by TLC. The desired product was obtained (60.6 mg, 84% yield) as a pale yellow solid after
purification by silica gel chromatography (PE to PE/EA = 10/1 to 5/1). 80:20 er (HPLC: Chiralpak AS-H,
hexane/propan-2-ol = 90/10, 0.5 mL/min, λ = 230 nm, tR (min): major = 24.9, minor = 38.9). 1H-NMR
(400 MHz, Chloroform-d) δ 7.99 (d, J = 8.9 Hz, 2H), 7.90 (d, J = 7.9 Hz, 2H), 7.38 (td, J = 7.7, 1.6 Hz, 4H),
7.31 (ddd, J = 8.2, 6.9, 1.4 Hz, 2H), 7.19–7.12 (m, 2H), 5.04 (s, 2H).

(S)-3,3′-Dimethoxy-[1,1′-binaphthalene]-2,2′-diol (2b) [30]: The reaction was conducted with Fe(ClO4)2

(12.7 mg, 10 mol%) and L1 (9.2 mg, 5 mol%); 3-methoxynaphthalen-2-ol (87.5 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (152.5 mg). The desired product was obtained (76.2 mg, 88% yield) as a white solid after
purification by silica gel chromatography (PE to PE/EA = 5/1). 81:19 er (HPLC: Chiralpak AS-H,
hexane/propan-2-ol = 50/50, 1.0 mL/min, λ = 230 nm, tR (min): major = 14.3, minor = 24.4). 1H-NMR
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(400 MHz, Chloroform-d) δ 7.83–7.74 (m, 2H), 7.38–7.28 (m, 4H), 7.23–7.08 (m, 4H), 5.90 (s, 2H), 4.10 (s,
6H).

(S)-3,3′-Bis(benzyloxy)-[1,1′-binaphthalene]-2,2′-diol (2c) [72]: The reaction was conducted with Fe(ClO4)2

(12.7 mg, 10 mol%) and L1 (9.2 mg, 5 mol%); 3-(benzyloxy)naphthalen-2-ol (125.2 mg, 0.5 mmol, 1.0
equiv); and MS 4Å (150.0 mg). The desired product was obtained (84.9 mg, 68% yield) as a white solid
after purification by silica gel chromatography (PE to PE/EA = 5/1). 80:20 er (HPLC: Chiralpak AS-H,
hexane/propan-2-ol = 85/15, 1.0 mL/min, λ = 254 nm, tR (min): major = 35.1, minor = 42.1). 1H-NMR
(400 MHz, Chloroform-d) δ 7.77 (d, J = 8.1 Hz, 2H), 7.57–7.48 (m, 4H), 7.47–7.36 (m, 8H), 7.32 (dt, J =
8.1, 4.0 Hz, 2H), 7.17 (d, J = 3.9 Hz, 4H), 6.01 (s, 2H), 5.33 (s, 4H).

(S)-3,3′-Di-o-tolyl-[1,1′-binaphthalene]-2,2′-diol (2d) [73]: The reaction was conducted with Fe(ClO4)2

(13.4 mg, 10 mol%) and L1 (9.4 mg, 5 mol%); 3-(o-tolyl)naphthalen-2-ol (116.0 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (155.6 mg). The desired product was obtained (84.2 mg, 72% yield) as a brown solid after
purification by silica gel chromatography (PE/DCM = 10/1 to 1/1 to PE/EA = 5/1). 77:23 er (HPLC:
Chiralpak AD-H, hexane/propan-2-ol = 70/30, 0.8 mL/min, λ = 254 nm, tR (min): major = 19.8, minor =
6.4). 1H-NMR (400 MHz, Chloroform-d) δ 7.94–7.86 (m, 2H), 7.86 (s, 2H), 7.46–7.25 (m, 14H), 5.15 (s,
2H), 2.27 (s, 6H).

(S)-3,3′-Diphenyl-[1,1′-binaphthalene]-2,2′-diol (2e) [74]: The reaction was conducted with Fe(ClO4)2

(13.1 mg, 10 mol%) and L1 (9.0 mg, 5 mol%); 3-phenylnaphthalen-2-ol (111.6 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (158.0 mg). The desired product was obtained (72.2 mg, 66% yield) as a pale yellow
solid after purification by silica gel chromatography (PE/DCM = 1/1). 56:44 er (HPLC: Chiralpak IC,
hexane/propan-2-ol = 90/10, 0.8 mL/min, λ = 230 nm, tR (min): major = 6.6, minor = 10.1). 1H-NMR
(400 MHz, Chloroform-d) δ 8.03 (s, 2H), 7.97–7.89 (m, 2H), 7.78–7.70 (m, 4H), 7.53–7.47 (m, 4H), 7.44–7.36
(m, 4H), 7.36–7.30 (m, 2H), 7.23 (dd, J = 8.3, 1.1 Hz, 2H), 5.38 (s, 2H).

(S)-3,3′-Dibromo-[1,1′-binaphthalene]-2,2′-diol (2f) [75]: The reaction was conducted with Fe(ClO4)2

(12.7 mg, 10 mol%) and L1 (9.2 mg, 5 mol%); 3-bromonaphthalen-2-ol (111.5 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (150.4 mg). The desired product was obtained (56.2 mg, 51% yield) as a pale yellow solid
after purification by silica gel chromatography (PE to PE/EA = 10/1). 66:34 er (HPLC: Chiralpak IC,
hexane/propan-2-ol = 97/3, 1.0 mL/min, λ = 230 nm, tR (min): major = 12.2, minor = 14.3). 1H-NMR
(400 MHz, Chloroform-d) δ 8.25 (d, J = 0.7 Hz, 2H), 7.86–7.77 (m, 2H), 7.39 (ddd, J = 8.2, 6.8, 1.3 Hz,
2H), 7.31 (ddd, J = 8.3, 6.8, 1.4 Hz, 2H), 7.10 (dq, J = 7.7, 0.7 Hz, 2H), 5.55 (s, 2H).

(S)-6,6′-Dibromo-[1,1′-binaphthalene]-2,2′-diol (2j) [76]: The reaction was conducted with Fe(ClO4)2

(12.7 mg, 10 mol%) and L1 (9.2 mg, 5 mol%); 6-bromonaphthalen-2-ol (112.7 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (156.0 mg). The desired product was obtained (90.6 mg, 82% yield) as a pale yellow solid
after purification by silica gel chromatography (PE to PE/EA = 10/1 to 5/1). 79:21 er (HPLC: Chiralpak
AS-H, hexane/propan-2-ol = 90/10, 0.5 mL/min, λ = 254 nm, tR (min): major = 27.8, minor = 38.9).
1H-NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 0.7 Hz, 2H), 7.85–7.78 (m, 2H), 7.39 (ddd, J = 8.2, 6.8,
1.3 Hz, 2H), 7.31 (ddd, J = 8.3, 6.8, 1.4 Hz, 2H), 7.10 (dq, J = 7.6, 0.7 Hz, 2H), 5.55 (s, 2H).

(S)-6,6′-Diphenyl-[1,1′-binaphthalene]-2,2′-diol (2k) [23]: The reaction was conducted with Fe(ClO4)2

(12.7 mg, 10 mol%) and L1 (9.2 mg, 5 mol%); 6-phenylnaphthalen-2-ol (109.5 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (160.6 mg). The desired product was obtained (70.2 mg, 64% yield) as pale yellow solid
after purification by silica gel chromatography (PE to PE/EA = 10/1 to 5/1). 74:26 er (HPLC: Chiralpak
AS-H, hexane/propan-2-ol = 90/10, 0.8 mL/min, λ = 254 nm, tR (min): major = 13.1, minor = 10.2).
1H-NMR (400 MHz, Chloroform-d) δ 8.03 (s, 2H), 7.96–7.90 (m, 2H), 7.77–7.71 (m, 4H), 7.53–7.46 (m,
4H), 7.45–7.36 (m, 4H), 7.35–7.29 (m, 2H), 7.23 (dd, J = 8.3, 1.1 Hz, 2H), 5.38 (s, 2H).
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(S)-7,7′-Bis(benzyloxy)-[1,1′-binaphthalene]-2,2′-diol (2l) [77]: The reaction was conducted with Fe(ClO4)2

(12.9 mg, 10 mol%) and L1 (9.0 mg, 5 mol%); 7-(benzyloxy)naphthalen-2-ol (125.4 mg, 0.5 mmol,
1.0 equiv); and MS 4Å (160.6 mg). The desired product was obtained (88.5 mg, 71% yield) as a pale
yellow solid after purification by silica gel chromatography (PE to PE/EA = 5/1). 58:42 er (HPLC:
Chiralcel OD-H, hexane/propan-2-ol = 85/15, 1.0 mL/min, λ = 230 nm, tR (min): major = 14.8, minor =
26.7). 1H-NMR (400 MHz, Chloroform-d) δ 7.89 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 8.9 Hz, 2H), 7.22 (dt, J =
6.1, 2.2 Hz, 8H), 7.16 (dd, J = 6.6, 3.1 Hz, 4H), 7.11 (dd, J = 8.9, 2.5 Hz, 2H), 6.49 (d, J = 2.4 Hz, 2H), 4.99
(s, 2H), 4.80 (d, J = 11.7 Hz, 2H), 4.74 (d, J = 11.7 Hz, 2H).

(S)-7,7′-Dibutoxy-[1,1′-binaphthalene]-2,2′-diol (2m) [29]: The reaction was conducted with Fe(ClO4)2

(12.3 mg, 10 mol%) and L1 (9.0 mg, 5 mol%); 7-butoxynaphthalen-2-ol (108.5 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (150.0 mg). The desired product was obtained (106.5 mg, 99% yield) as a white solid after
purification by silica gel chromatography (PE/EA = 10/1 to 5/1). 60:40 er (HPLC: Chiralpak AD-H,
hexane/propan-2-ol = 90/10, 1.0 mL/min, λ = 254 nm, tR (min): major = 8.3, minor = 19.3). 1H-NMR
(400 MHz, Chloroform-d) δ 7.84 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 8.9 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H),
7.03 (dd, J = 8.9, 2.4 Hz, 2H), 6.48 (d, J = 1.9 Hz, 2H), 5.08 (s, 2H), 3.71 (ddt, J = 27.6, 9.3, 6.5 Hz, 4H),
1.67–1.53 (m, 4H), 1.34 (tt, J = 16.4, 8.3 Hz, 4H), 0.86 (t, J = 7.4 Hz, 6H).

(S)-7,7′-Bis((tert-butyldimethylsilyl)oxy)-[1,1′-binaphthalene]-2,2′-diol (2n): The reaction was conducted
with Fe(ClO4)2 (12.6 mg, 10 mol%) and L1 (9.8 mg, 5 mol%); 7-((tert-butyldimethylsilyl)oxy)
naphthalen-2-ol (138.2 mg, 0.5 mmol, 1.0 equiv); and MS 4Å (153.7 mg). The desired product
was obtained (103.8 mg, 76% yield) as a brown solid after purification by silica gel chromatography
(PE to PE/EA = 5/1). 68:32 er (HPLC: Chiralpak IC, hexane/propan-2-ol = 97/3, 1.0 mL/min, λ = 254 nm,
tR (min): major = 6.0, minor = 8.5). 1H-NMR (400 MHz, Chloroform-d) δ 7.86 (dd, J = 9.0, 0.7 Hz, 2H),
7.75 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8.9 Hz, 2H), 6.95 (dd, J = 8.8, 2.4 Hz, 2H), 6.46 (d, J = 2.4 Hz, 2H),
5.07 (s, 2H), 0.83 (s, 18H), −0.03 (s, 6H), −0.06 (s, 6H) (Figure S17); 13C-NMR (100 MHz, Chloroform-d)
δ 155.3, 153.2, 134.9, 131.1, 129.9, 125.1, 119.9, 115.3, 111.7, 109.8, 25.8, 18.3, −4.5 (Figure S18); HRMS
(ESI−), m/z calc′d for C32H41O4Si2 [M − H]−: 545.2549, found 545.2578; [α]24

D = 56.6 (c = 1.0, CHCl3);
M.p. 118–122 ◦C.

(S)-7,7′-Dimethoxy-[1,1′-binaphthalene]-2,2′-diol (2o) [78]: The reaction was conducted with Fe(ClO4)2

(12.4 mg, 10 mol%) and L1 (9.4 mg, 5 mol%); 7-methoxynaphthalen-2-ol (87.3 mg, 0.5 mmol, 1.0 equiv);
and MS 4Å (156.3 mg). The desired product was obtained (56.3 mg, 65% yield) as a white solid
after purification by silica gel chromatography (PE to PE/EA = 5/1). 59:41 er (HPLC: Chiralcel OD-H,
hexane/propan-2-ol = 85/15, 1.0 mL/min, λ = 230 nm, tR (min): major = 11.1, minor = 18.8). 1H-NMR
(400 MHz, Chloroform-d) δ 7.88 (dd, J = 9.0, 0.7 Hz, 2H), 7.78 (d, J = 8.9 Hz, 2H), 7.22 (d, J = 8.8 Hz,
2H), 7.03 (dd, J = 8.9, 2.5 Hz, 2H), 6.48 (d, J = 2.5 Hz, 2H), 3.57 (s, 6H).

4. Conclusions

In summary, we have developed an iron/bisquinolyldiamine-catalyzed asymmetric oxidative
coupling of 2-naphthols. This method employs in situ-formed iron complexes from Fe(ClO4)2

and readily available ligand L1 and uses 1 atm oxygen as the oxidant. The atom economy of
this transformation, the easily available catalyst, and operationally simple procedure provide new
applications of asymmetric iron catalysis. Further studies on synthesizing a library of nitrogen ligands
and extending their applications are underway in our laboratory.

Supplementary Materials: The following are available online. NMR and HPLC spectra.
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Abstract: We describe the synthesis and photophysical properties of tetraarylnaphthidines.
Our synthetic approach is based on an iron-catalyzed oxidative C–C coupling reaction as the
key step using a hexadecafluorinated iron–phthalocyanine complex as a catalyst and air as the sole
oxidant. The N,N,N’,N’-tetraarylnaphthidines proved to be highly fluorescent with quantum yields
of up to 68%.

Keywords: iron catalysis; oxidative coupling; naphthidines; fluorescence

1. Introduction

Triarylamines have been the subject of numerous studies due to their electron-rich character
and the resulting low oxidation potentials [1–3]. These unique properties of triarylamine derivatives
have induced extensive investigations towards their potential applications in organic films for
optoelectronics [4] and as hole-transport materials in OLEDs (organic light emitting diodes) and
solar cells [5–8]. Naphthidines (1,1′-binaphthalene-4,4′-diamines) have also been studied because of
their ready oxidation to radical cations [9–12]. Starting from the corresponding 1-naphthylamines by
an oxidative coupling, the synthesis of naphthidines can be induced electrochemically [9,10,13], by
stoichiometric amounts of titanium tetrachloride [11], stoichiometric amounts of iron(III) chloride [14],
chloranil [15], or (bis(trifluoroacetoxy)iodo)benzene (PIFA) [16]. It has been well-known for a long
time that naphthidines can be separated into their stable atropisomers [17].

Herein, we report a simple synthesis of N,N,N’,N’-tetraarylnaphthidines by an iron-catalyzed
oxidative coupling of the corresponding 1-(diphenylamino)naphthalene precursor using
iron(II)–hexadecafluorophthalocyanine (FePcF16) [18] as the catalyst and air as the final oxidant
(Figure 1). Moreover, we have investigated the photophysical properties of the obtained
naphthidine derivatives.

Figure 1. Structural formula of iron(II)–hexadecafluorophthalocyanine (FePcF16).
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2. Results and Discussion

2.1. Synthesis

Following a procedure reported by Nechaev et al. for the Buchwald–Hartwig reaction
under solvent-free conditions [19], we have achieved the coupling of diphenylamine (1) and
1-bromonaphthalene (2) to afford 1-(diphenylamino)naphthalene (3) in high yield (Scheme 1).

Scheme 1. Synthesis of 1-(diphenylamino)naphthalene (3). Reagents and conditions: (a) 1 mol%
Pd(OAc)2, 2 mol% RuPhos, 1.2 equivalents NaOtBu, air, 110 ◦C, 12 h, 89% compound 3.

Then, we turned our attention to the projected iron-catalyzed oxidative homocoupling of
1-(diphenylamino)naphthalene (3). Recently, we applied our iron-catalyzed oxidative coupling
methodology to the C–C homocoupling of diarylamines, 1-, and 2-hydroxycarbazoles, as well as
to the cross coupling of tertiary anilines with hydroxyarenes [20–22]. Iron as a first-row transition
metal is environmentally safe and has become a powerful tool in synthetic organic chemistry with
many applications for selective C–H bond activation [23–26]. According to a previous report by Yang,
N,N,N’,N’-tetraphenylnaphthidine (4) could not be prepared by oxidative coupling of compound 3

with stoichiometric amounts of iron(III) chloride [14]. The oxidation of compound 3 with chloranil
provides compound 4 only as the minor isomer in an inseparable mixture with the corresponding
benzidine derivative [15]. Based on our previous studies [20–22], we envisaged to develop an
iron-catalyzed homocoupling of the triarylamine 3 with air as the sole oxidant. Using catalytic amounts
(2 mol%) of FePcF16 and substoichiometric amounts (40 mol%) of methanesulfonic acid as an additive
at room temperature provided N,N,N’,N’-tetraphenylnaphthidine (4) in 48% yield along with the
N,N,N’,N’-tetraarylnaphthidine 5 as a by-product in 11% yield (Scheme 2). Obviously, compound 5

results from a further oxidative C–C coupling at the p-position of one of the phenyl rings of the initial
coupling product compound 4. The structural assignments for compounds 4 and 5 were based on their
1H-NMR and 13C-NMR spectroscopic data and an X-ray analysis of compound 4 (see Section 2.2).

Scheme 2. Iron-catalyzed oxidative C–C coupling of 1-(diphenylamino)naphthalene (3). Reagents and
conditions: (a) 2 mol% FePcF16, 40 mol% MsOH, CH2Cl2, air, room temperature, 24 h, 48% compound 4,
11% compound 5.
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2.2. Structure

The 1H-NMR, 13C-NMR, and DEPT spectra of compound 4 displayed signals for a highly
symmetrical compound. Signals for nine aromatic CH and five quaternary aromatic carbon atoms
were identified. The COSY experiment revealed the presence of three spin systems (Supplementary
Materials, COSY of compound 4). The first is caused by coupling of H-1 with H-2 and H-3, which
belong to the phenyl fragment. The second spin system consists of H-6 and H-7. The third system
is formed by H-10, H-11, H-12, and H-13. The assignment of all 13C-NMR signals to the respective
1H-NMR signals could be achieved by an HSQC measurement (Figure 2 and Table S1). The constitution
of naphthidine 4 was confirmed by analysis of the HMBC spectrum (Supplementary Materials, HMBC
of compound 4, Table S1). Characteristic HMBC signals (C-4/H-2 and C-4/H-3) led to elucidation
of the quaternary carbon atom C-4 by connecting the proton spin systems. The position of C-5 was
established based on the HMBC cross-peaks with H-6, H-7, and H-13. Accordingly, the quaternary
aromatic carbon atom C-8 was assigned based on the HMBC interactions with H-6, H-7, and H-10.
HMBC cross-peaks between C-9/H-7, H-11, H-13 and C-14/H-6, H-10, H-12 unambiguously clarified
the location of both naphthyl-based quaternary carbon atoms. The NOE interactions were exploited to
confirm the positions of H-3 and H-13 (Supplementary Materials, NOESY of compound 4). Due to
the interactions of these fjord region protons, H-13 showed a substantial downfield shift to 8.08 ppm.
Moreover, H-2, H-3, and H-6 exhibited an interaction with the 15N atom (Supplementary Materials,
1H/15N HMBC of compound 4).

 

Figure 2. Assignment of the 13C-NMR signals of the N,N,N’,N’-tetraphenylnaphthidine (4) to the
respective 1H-NMR signals by the HSQC spectrum.
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The structural assignment for N,N,N’,N’-tetraphenylnaphthidine (4) was confirmed by an X-ray
crystal structure determination (Figure 3). The molecule of compound 4 adopts a trans conformation
around the central biaryl bond (C1–C11) with a torsional angle of 99.4(2)◦ (Figure 4) according to the
notation accepted for binaphthyl derivatives [27,28]. The geometry of the naphtho fragments exhibiting
large variations of the bond lengths is in agreement with the crystal structure of naphthalene [29,30]
and its structure obtained by quantum chemical calculations [31]. The orientation of the phenyl
groups attached to the nitrogen atoms at the two sides of the molecule is different. The two phenyl
rings at N21 are symmetrically oriented respective to the bisector plane drawn through the C4–N21
bond, while the two phenyl groups at N34 have different orientations. In the crystal, the molecules of
compound 4 participate in multiple weak intermolecular C–H···π interactions between the naphtho
groups (Figure 5). The distances between the hydrogen atoms and the sp2-carbon atoms range from
2.7 to 2.8 Å and the angles are typical for these weak hydrogen bonds [32]. This sort of packing
with face-to-edge interactions has been observed also in naphthalene itself [29,30] and in binaphthyl
derivatives [27,28]. It is noteworthy that the naphtho groups interact mostly with each other and the
phenyl groups interact predominantly with phenyl groups, whereas naphtho–phenyl contacts are rare.

Figure 3. Molecular structure of N,N,N’,N’-tetraphenylnaphthidine (4) in the crystal (ORTEP plot
showing thermal ellipsoids at the 50% probability level). Selected bond lengths (Å): C1–C2 1.370(3),
C1–C10 1.424(2), C5–C10 1.431(2), C4–N21 1.436(2), C1–C11 1.500(2), C11–C12 1.370(2), C11–C20 1.428(2),
C15–C20 1.432(2), C14–N34 1.430(2). Selected bond angles (◦): C10–C1–C11 121.4(2), C2–C1–C11 118.8(2),
C2–C1–C10 119.7(2), C1–C10–C9 122.2(2), C3–C4–N21 120.6(2), C5–C4–N21 120.0(2), C4–N21–C22
117.1(2), C4–N21–C28 118.3(2), and C22–N21–C28 120.6(2).
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Figure 4. Crystal structure of compound 4 with a view along the N21–C4/C1–C11/C14–N34 axis
(ORTEP plot showing thermal ellipsoids at the 50% probability level, the N–phenyl substituents have
been omitted for clarity). Torsional angle (C2–C1–C11–C12) 99.4(2)◦.

Figure 5. Fragment of the crystal packing of N,N,N’,N’-tetraphenylnaphthidine (4) showing the unit
cell and C–H···π interactions (view along the a-axis of the crystal).

The connectivity in compound 5 has been secured by a full set of 2D-NMR spectra (see below and
the copies of the 2D-NMR spectra in the Supplementary Materials). The NMR spectra of 5 display
signals for a non-symmetrical aromatic compound. The JRES experiment revealed the absence of
a singlet. Thus, the additional oxidative coupling of the naphthidine 4 with compound 3 did not
occur at positions 2, 6, 7, 11, or 12 (Supplementary Materials, JRES of compound 5). The 1H-NMR
spectrum in combination with the HSQC (Figure 6) and the JRES spectra displayed signals for four
substantially downfield-shifted doublets. On the basis of the fjord region effect observed for compound
4, these four downfield-shifted signals in the 1H-NMR spectrum of compound 5 are the naphthyl
protons H-10, H-13, H-27, and H-38. The signals of the four corresponding carbon atoms are detected
at δC = 124.66 (C-13), 124.70 (C-27), 124.71 (C-38), and 126.93 (C-10) ppm in the 13C-NMR spectrum
(HSQC in Figure 6, Table S2). The NOE interactions indicated the positions of the protons at the
phenyl groups (Supplementary Materials, NOESY of compound 5). The positions of the protons at C-3,
C-30, and C-44 have been identified unambiguously by NOE interactions with H-13, H-27, and H-38.
Support for this assignment of the protons H-3, H-30, and H-44 is obtained from an HMBC interaction
with 15N (Supplementary Materials, 1H/15N HMBC of compound 5). A strong NOE correlation of H-10
with H-16 and the presence of a spin interaction between H-16 and H-17 in the COSY (Supplementary
Materials, COSY of compound 5) confirmed an oxidative coupling of compound 3 at C-1 of naphthidine
4. Further support was obtained from HMBC correlations of H-16 with the quaternary carbon atoms
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C-8 at δC = 138.64 ppm and C-18 at δC = 147.93 ppm and the HMBC correlation of H-17 with C-15 at
δC = 133.51 ppm (Supplementary Materials, HMBC of compound 5). The obtained NMR data are in
excellent agreement with the structure assigned for compound 5.

 

 
Figure 6. Assignment of the 13C-NMR signals of the N,N,N’,N’-tetraarylnaphthidine (5) to the respective
1H-NMR signals by the HSQC spectrum.
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2.3. Photophysical Studies

On irradiation with UV-light (λex = 254 nm) in methanolic solution, 1-(diphenylamino)naphthalene
(3) and the resulting N,N,N’,N’-tetraarylnaphthidines 4 and 5 show a strong blue fluorescence (Figure 7).
Therefore, we investigated the photophysical properties of compounds 3, 4, and 5 in more detail.
The UV absorption and fluorescence emission data for all three compounds are listed in Table 1 and the
normalized fluorescence emission spectra are displayed in Figure 8. The fluorophores 3, 4, and 5 exhibit
large Stokes shifts of 149 to 162 nm. While the UV absorption maxima are identical, the fluorescence
emission maxima show a bathochromic shift of only 7 nm for N,N,N’,N’-tetraphenylnaphthidine (4)
and 14 nm for compound 5, as compared to 1-(diphenylamino)naphthalene (3). Previously, even larger
Stokes shifts have been observed for N,N-dimethylaminonaphthalenes [33] and strong bathochromic
shifts have been reported for substituted triarylamines [34].

 
Figure 7. Fluorescence of the compounds 3 (left), 4 (center), and 5 (right) in methanol (concentration c
= 2 mg mL−1) by excitation with UV light (λex = 254 nm).

Table 1. UV absorption and fluorescence emission data of the compounds 3, 4, and 5 in methanol.

Compound λabs (nm) a ε (M−1 cm−1) b λem (nm) c Δλ (nm) d

aminonaphthalene 3 290 15,700 439 149
naphthidine 4 291 11,400 446 155
naphthidine 5 291 6000 453 162

a UV absorption maximum; b molar extinction coefficient; c fluorescence emission maximum (excitation at
λex = 291 nm); d Stokes shift, Δλ = λem − λabs.

Figure 8. Normalized fluorescence emission spectra of 1-(diphenylamino)naphthalene (3) (blue),
N,N,N’,N’-tetraphenylnaphthidine (4) (orange), and naphthidine 5 (green) in methanol (excitation at
λex = 291 nm).
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For the naphthidines 4 and 5, the UV absorption and fluorescence emission maxima along with
fluorescence quantum yields, fluorescence lifetimes, and CIE-coordinates were determined (Table 2).

Table 2. Photophysical data of the naphthidines 4 and 5.

Compound λabs (nm) a ε (M−1 cm−1) b λem (nm) c Φfl
d,e т(ns) f,e CIE-coord. (x; y) g,e

naphthidine 4 294 32,000 449 0.68 4.2 (0.153; 0.054)
naphthidine 5 294 25,600 453 0.65 3.6 (0.152; 0.062)
a UV absorption maximum in CH2Cl2; b molar extinction coefficient in CH2Cl2; c fluorescence emission maximum
in CH2Cl2 (λex = 294 nm); d fluorescence quantum yield (λex = 310 nm); e in a 2% PMMA film; f fluorescence lifetime
(λex = 360 nm); g Commission internationale de l’éclairage (CIE) (λex = 310 nm).

The UV absorption maximum for the naphthidines 4 and 5 is at the same wavelength (294 nm),
whereas the fluorescence emission maximum of compound 5 shows a bathochromic shift of 4 nm as
compared with compound 4. The fluorescence quantum yields of compounds 4 and 5 are relatively
high and in the same range (68% and 65%, respectively, by excitation at 310 nm). Compound 5 exhibits
a shorter fluorescence lifetime of 3.6 ns as compared with 4.2 ns for N,N,N’,N’-tetraphenylnaphthidine
(4). The CIE-coordinates for the blue light emissions of compounds 4 and 5 are indicative of a blue
light which could be useful for applications in OLEDs [35–39]. The fluorescence quantum yields are
very comparable with compounds already investigated as blue fluorescent OLEDs [37–39]. It has
been demonstrated for other naphthalene fluorophores that a bathochromic shift of the emission
can be achieved by increasing the size of the π-system and by the introduction of appropriate
substituents [40,41]. Thus, application of these tools should easily allow an optimization of the present
fluorophoric system.

In addition, we investigated the absorption and fluorescence properties of
N,N,N’,N’-tetraphenylnaphthidine (4) in various nonpolar and polar solvents. The fluorescence
behavior of compound 4 on excitation at 254 nm was demonstrated in isohexane, dichloromethane,
ethyl acetate, THF, and methanol (Figure 9). The corresponding UV absorption and fluorescence
emission spectra are shown in the Supplementary Materials. The corresponding photophysical data of
compound 4 are summarized in Table 3. For a series of N,N-dimethylaminonaphthalene fluorophores,
Brummond et al. observed a significant red shift of the fluorescence emission maxima by increasing
the solvent polarity [33], whereas in other systems the solvent dependency of the emission was
significantly lower [37]. For N,N,N’,N’-tetraphenylnaphthidine (4), this solvatochromic shift is much
less pronounced (about 21 nm in dichloromethane as compared with the corresponding value in
isohexane) (Table 3).

 

Figure 9. Fluorescence of N,N,N’,N’-tetraphenylnaphthidine (4) by excitation with UV light
(λex = 254 nm) in different solvents (concentration c = 2 mg mL−1 and from left to right, isohexane,
dichloromethane, ethyl acetate, THF, and methanol).
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Table 3. UV absorption and fluorescence emission data of the naphthidine 4 in different solvents.

Isohexane CH2Cl2 Ethyl Acetate THF Methanol

λabs (nm) a 291 294 291 292 291
λem (nm) b 428 449 439 445 446

a UV absorption maximum and b fluorescence emission maximum (for each solvent λex = λabs).

3. Materials and Methods

3.1. General

All reactions were performed in oven-dried glassware using anhydrous solvents under argon,
unless stated otherwise. Pd(OAc)2 was recrystallized from glacial AcOH. All other chemicals were used
as received from commercial sources. The iron(III)-catalyzed reactions were carried out in non-dried
solvents under air. Iron(II)–hexadecafluorophthalocyanine was prepared following a procedure
reported previously [18]. Flash chromatography was performed using silica gel from Acros Organics
(0.035 to 0.070 mm). Automated flash chromatography was performed on a Büchi Sepacore system
equipped with an UV monitor on silica gel (Acros Organics, 0.035 to 0.070 mm). The TLC was
performed with TLC plates from Merck (60 F254) using UV light for visualization. The melting points
were measured on a Gallenkamp MPD 350 melting point apparatus. Ultraviolet spectra were recorded
on a PerkinElmer 25 UV/Vis spectrometer. The fluorescence spectra were measured on a Varian Cary
Eclipse spectrophotometer. The IR spectra were recorded on a Thermo Nicolet Avatar 360 FT-IR
spectrometer using the ATR method (attenuated total reflectance). The NMR spectra were recorded on
Bruker DRX 500 and Avance III 600 spectrometers. The chemical shifts δ were reported in ppm with
the solvent signal as internal standard. Standard abbreviations were used to denote the multiplicities
of the signals. EI mass spectra were recorded by GC/MS-coupling using an Agilent Technologies 6890
N GC System equipped with a 5973 Mass Selective Detector (70 eV). The ESI-MS spectra were recorded
on an Esquire LC using an ion trap detector from Bruker. Positive and negative ions were detected.
Elemental analyses were measured on a EuroVector EuroEA3000 elemental analyzer. The X-ray crystal
structure analyses were performed with a Bruker–Nonius Kappa CCD and with a Bruker AXS Smart
APEX diffractometer equipped with a 700 series Cryostream low temperature device from Oxford
Cryosystems. SHELXS-97 [42], SADABS version 2.10 [43], SHELXL-97 [44], POV-Ray for Windows
version 3.7.0.msvc10.win64, and ORTEP-3 for Windows [45] were used as software.

3.2. Photoluminescence Measurements

The 2 wt% emitter films were prepared by doctor blading a solution of an emitter in a 10 wt%
poly(methyl methacrylate) solution in dichloromethane on a quartz substrate with a 60 μm doctor blade.
The film was dried, and the emission measured under nitrogen atmosphere. Excitation was conducted
in a wavelength range of 250–400 nm (Xe lamp with monochromator), and the emission was detected
with a calibrated quantum yield detection system (Hamamatsu, model C11347-01). The fluorescence
lifetime was measured with an Edinburgh Instruments mini-τ by excitation with pulses of an EPLED
(Edinburgh picosecond Pulsed Light Emitting Diode) (360 nm, 20 kHz) and time-resolved photon
counting (TCSPC).

3.3. Procedures

3.3.1. N,N-Diphenylnaphthalen-1-amine (1-(Diphenylamino)naphthalene) (3)

Compound 3 was prepared following a literature procedure [19]. To a screw-cap vial were
added 1-bromonaphthalene (2) (307 μL, 455 mg, 2.20 mmol), diphenylamine (1) (338 mg, 2.00 mmol),
Pd(OAc)2 (5.4 mg, 24 μmol), RuPhos (19 mg, 41 μmol), and powdered NaOtBu (236 mg, 2.46 mmol).
The reaction mixture was stirred at 110 ◦C for 12 h. After cooling to room temperature, the mixture
was dissolved in CH2Cl2/H2O (1:1). The aqueous layer was extracted twice with dichloromethane
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(5 mL). The combined organic layers were dried over MgSO4, the solvent was evaporated in vacuo,
and the crude product was purified by chromatography on silica gel with isohexane/dichloromethane
(30:1) to afford compound 3 (523 mg, 1.77 mmol, 89%) as a colorless solid. M.p. 132.5 ◦C; UV (MeOH)
λ = 219, 290, and 336 nm; fluorescence (MeOH) λex = 291 and λem = 439 nm; IR (ATR) ν = 3036, 1934,
1740, 1586, 1563, 1488, 1389, 1341, 1290, 1272, 1176, 1087, 1026, 1014, 891, 798, 773, 749, 693, and 624
cm−1; 1H-NMR (500 MHz, CDCl3) δ = 6.93 (t, J = 7.5 Hz, 2H), 7.03 (dd, J = 8.7, 0.8 Hz, 4H), 7.15–7.22
(m, 4H), 7.30–7.38 (m, 2H), 7.42–7.50 (m, 2H), 7.77 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), and 7.94
(d, J = 8.5 Hz, 1H); 13C-NMR and DEPT at θ = 135◦ (125 MHz, CDCl3) δ = 121.76 (2 CH), 121.97 (4 CH),
124.41 (CH), 126.25 (CH), 126.48 (CH), 126.51 (CH), 126.56 (CH), 127.39 (CH), 128.51 (CH), 129.21 (4
CH), 131.41 (C), 135.41 (C), 143.71 (C), 148.58 (2 C); MS (EI): m/z (%) = 295 (100, [M]+), 294 (45), 293 (11),
217 (23), and 77 (10); elemental analysis calcd. for C22H17N, C 89.46, H 5.80, and N 4.74; found, C 89.61,
H 6.05, and N 4.76.

3.3.2. Iron-Catalyzed Oxidative C−C Coupling

Dichloromethane (9 mL) was added to a mixture of iron(II)–hexadecafluorophthalocyanine
(15.7 mg, 18.3 μmol, 2 mol%), methanesulfonic acid (34.8 mg, 362 μmol) and
1-(diphenylamino)naphthalene (3) (265 mg, 897 μmol). A 100 mL splash head was attached on the flask
to prevent evaporation of the solvent, while ensuring sufficient gas exchange. The resulting solution was
stirred at room temperature for 24 h under air. Then, 10 mL of a saturated aqueous solution of sodium
hydrogen carbonate was added. The aqueous layer was extracted three times with dichloromethane.
The combined organic layers were dried (magnesium sulfate). The solvent was evaporated and the
residue was purified by automated flash chromatography (silica gel, isohexane/dichloromethane,
20% to 50% in 1.5 h) to provide N,N,N′,N′-tetraphenylnaphthidine (4) (128 mg, 217 μmol, 48%) as a
colorless solid (less polar fraction) and naphthidine 5 (29.5 mg, 33.4 μmol, 11%) as a colorless solid
(more polar fraction). Crystallization of compound 4 from isohexane afforded colorless crystals which
were suitable for X-ray analysis.

N4,N4,N4’,N4’-Tetraphenyl-[1,1’-binaphthalene]-4,4’-diamine (N,N,N′,N′-Tetraphenylnaphthidine) (4): M.p.
249–250 ◦C; UV (MeOH) λ = 217, 291, and 361 nm; fluorescence (MeOH) λex = 291 and λem = 446 nm;
IR (ATR) ν = 3058, 3034, 1931, 1740, 1582, 1488, 1458, 1420, 1397, 1376, 1266, 1153, 1075, 1053, 1025, 920,
836, 746, 691, and 624 cm−1; 1H-NMR (600 MHz, CDCl3) δ = 6.98 (t, J = 7.3 Hz, 4H), 7.14 (dd, J = 8.7, 1.1
Hz, 8H), 7.23–7.28 (m, 8H), 7.31 (ddd, J = 8.4, 6.9, 1.3 Hz, 2H), 7.36 (ddd, J = 8.4, 6.9, 1.3 Hz, 2H), 7.44 (d,
J = 7.3 Hz, 2H), 7.50 (d, J = 7.9 Hz, 2H), 7.52 (d, J = 7.3 Hz, 2H), and 8.08 (d, J = 8.1 Hz, 2H); 13C-NMR
and DEPT at θ = 135◦ (150 MHz, CDCl3) δ = 121.93 (4 CH), 122.17 (8 CH), 124.67 (2 CH), 126.35 (2 CH),
126.43 (2 CH), 126.81 (2 CH), 127.32 (2 CH), 128.71 (2 CH), 129.32 (8 CH), 131.40 (2 C), 134.72 (2 C),
136.76 (2 C), 143.55 (2 C), and 148.70 (4 C); MS (ESI, +10 V) m/z = 589.3 [M +H]+; elemental analysis
calcd. for C44H32N2, C 89.76, H 5.48, and N 4.76; found, C 89.61, H 5.63, and N 4.73.

Crystallographic data for N,N,N’,N’-tetraphenylnaphthidine (4): C44H32N2, crystal size 0.100 × 0.102
× 0.522 mm3, M = 588.71 g mol−1, orthorhombic, space group P212121, a = 7.6835(4), b = 12.5020(6), c =
33.1785(18) Å, V = 3187(3) Å3, Z = 4, ρcalcd. = 1.227 g cm−3, μ = 0.071 mm−1, T = 150(2) K, λ = 0.71073 Å,
θ range 2.04–28.34◦, 50987 reflections collected, 7939 independent (Rint = 0.0473), and 415 parameters.
The structure was solved by direct methods and refined by full-matrix least-squares on F2; R1 = 0.0391
and wR2 = 0.0890 [I > 2σ(I)]; maximal residual electron density 0.172 e Å−3. The absolute structure was
not determined. CCDC 1983355.

N4-(4-(4-(Diphenylamino)naphthalen-1-yl)phenyl)-N4,N4’,N4’-triphenyl-[1,1’-binaphthalene]-4,4’-diamine (5):
M.p. 272–275 ◦C; UV (MeOH) λ = 215, 291, and 367 nm; fluorescence (MeOH) λex = 291 and λem = 453
nm; IR (ATR) ν = 3061, 3035, 2952, 2920, 2851, 1727, 1585, 1488, 1457, 1420, 1377, 1265, 1174, 1154, 1074,
1026, 952, 920, 827, 748, 692, and 625 cm−1; 1H-NMR (600 MHz, CDCl3) δ = 6.94 (t, J = 7.3 Hz, 2H), 6.99
(t, J = 7.3 Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H), 7.06–7.11 (m, 4H), 7.13–7.17 (m, 4H), 7.19–7.30 (m, 12H), 7.32
(t, J = 8.1 Hz, 3H), 7.34–7.39 (m, 4H), 7.40–7.48 (m, 6H), 7.49–7.61 (m, 5H), 8.03 (d, J = 8.3 Hz, 1H), 8.09
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(t, J = 7.7 Hz, 2H), and 8.18 (d, J = 8.7 Hz, 1H); 13C-NMR and DEPT at θ = 135◦ (150 MHz, CDCl3) δ =
121.40 (2 CH), 121.78 (2 CH), 121.95 (2 CH), 122.00 (4 CH), 122.19 (4 CH), 122.28 (CH), 122.54 (2 CH),
124.66 (CH), 124.70 (CH), 124.71 (CH), 126.19 (CH), 126.31 (CH), 126.39 (CH), 126.45 (CH), 126.46 (CH),
126.57 (CH), 126.82 (CH), 126.93 (CH), 127.03 (CH), 127.05 (CH), 127.31 (CH), 127.41 (CH), 127.55 (CH),
128.74 (CH), 128.79 (CH), 129.23 (4 CH), 129.33 (4 CH), 129.44 (2 CH), 131.07 (2 CH), 131.41 (C), 131.51
(C), 131.67 (C), 133.51 (C), 133.72 (C), 134.72 (C), 134.80 (C), 136.72 (C), 137.03 (C), 138.64 (C), 142.80 (C),
143.39 (C), 143.61 (C), 147.93 (C), 148.46 (C), 148.61 (2 C), and 148.70 (2 C); MS (ESI, +10 V) m/z = 882.5
[M + H]+; elemental analysis calcd. for C66H47N3, C 89.87, H 5.37, and N 4.76; found, C 89.56, H 5.31,
and N 4.79.

4. Conclusions

In conclusion, we have developed a two-step synthesis of N,N,N’,N’-tetraphenylnaphthidine
(4). Starting from diphenylamine (1), Buchwald–Hartwig coupling with 1-bromonaphthalene (2) and
subsequent iron-catalyzed oxidative homocoupling of the resulting 1-(diphenylamino)naphthalene (3)
provides compound 4 as the major product and as a minor product compound 5, resulting from an
additional oxidative C–C coupling. Thus, we could demonstrate that our method of iron-catalyzed
oxidative C–C coupling with air as the final oxidant can be applied to the regioselective homocoupling
of triarylamines. Compounds 4 and 5 exhibit a strong blue-light fluorescence with quantum yields of
up to 68% and fluorescence lifetimes of 4.2 and 3.6 ns, for compounds 4 and 5, respectively. Further
structural changes of the N,N,N’,N’-tetraarylnaphthidines by extension of the π-system or modification
of the substitution pattern could lead to improved photophysical properties and fluorophores for
various potential applications.

Supplementary Materials: The following data are available online. Copies of the 1H-NMR, 13C-NMR, DEPT (θ =
135◦), UV, and fluorescence spectra of the compounds 3, 4, and 5; copies of the 2D-NMR spectra (COSY, HSQC,
HMBC, NOESY, 1H/15N-HMBC, JRES) of the compounds 4 and 5.
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Abstract: Various substituted bis-(aryl)manganese species were prepared from aryl bromides by
one-pot insertion of magnesium turnings in the presence of LiCl and in situ trans-metalation with
MnCl2 in THF at−5 ◦C within 2 h. These bis-(aryl)manganese reagents undergo smooth iron-catalyzed
cross-couplings using 10 mol% Fe(acac)3 with various functionalized alkenyl iodides and bromides
in 1 h at 25 ◦C. The aryl-alkenyl cross-coupling reaction mechanism was thoroughly investigated
through paramagnetic 1H-NMR, which identified the key role of tris-coordinated ate-iron(II) species
in the catalytic process.
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1. Introduction

Transition-metal catalyzed cross-couplings are widely used in the development and production
of pharmaceutical compounds [1]. The most versatile of them are palladium-catalyzed and
nickel-catalyzed cross-couplings [2–5] as they tolerate a great variety of functionalities on both
coupling partners. Yet, these metals have drawbacks such as toxicity [6,7] and high prices in the case
of palladium [8]. That is one of the reasons why copper [9], iron [10–13], or cobalt [14] have been
developed as alternative metal-catalysts.

Organomanganese species pioneered by Cahiez [15] often considerably reduce the amount of side
reactions such as homo-coupling [16,17] and have proven to be excellent nucleophiles in various types
of reactions [18–24] including cross-couplings [25,26]. Organomanganese species then constitute an
interesting alternative to usual cross-coupling partners such as organomagnesium [27], organozinc [28],
and organo-boronic esters, which may have genotoxic properties [29,30].

Recently, we have developed a two-step preparation of functionalized bis-(aryl)manganese
reagents by oxidative insertion of magnesium into the C-Br bond of aryl bromides, which is followed
by a trans-metalation with MnCl2·2LiCl [31]. Herein, we wish to report an effective one-pot preparation
of those functionalized bis-(aryl)manganese reagents (Ar2Mn•2MgX2•4LiCl, denoted as Ar2Mn (1),
Scheme 1) starting from aryl bromides, which are followed by an iron-catalyzed cross-coupling of 1
with alkenyl iodides and bromides, and provide a range of polyfunctionalized alkenes (4, Scheme 1).
These bis-(aryl)manganese reagents are generally stable at RT (25 ◦C) for several hours, which makes
them suitable reagents for mild cross-coupling reactions [32].
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Scheme 1. One-pot preparation of bis-(aryl)manganese reagents by in situ trans-metalation followed
by iron-catalyzed cross-couplings with alkenyl iodides and bromides.

2. Results

In preliminary experiments, the bis-(aryl)manganese reagent 1a was conveniently prepared by
treating 4-bromoanisole (2a, 1.0 equiv.) in THF at −5 ◦C with magnesium turnings and LiCl (2.4 equiv.)
in the presence of MnCl2 (0.6 equiv.) within 1 h. Titration [31] with iodine led to a yield for 1a of 87%.
Cross-coupling methodologies involving those bis-(aryl)manganese species were then investigated
(see Supporting Information file for details).

In the absence of any iron catalyst, the cross-coupling of 1a with (Z)-ethyl 3-iodoacrylate (3a; 25 ◦C,
1 h) produced a Z/E = 50:50 mixture of the desired cross-coupling product 4a in 60% yield (Table 1,
entry 1). Although the cross-coupling performed with FeBr2 gave a moderate yield of 42%, the use
of FeCl3, FeBr3, or FeCl2 afforded the E isomer of 4a in 54–64% yield (entries 2–5). Using Fe(acac)2

proved to be more effective since the yield increased to 67% (entry 6). Our best result was obtained
with Fe(acac)3 (>99% purity) as a catalyst, producing the E isomer of 4a in a 79% yield (entry 7).

Table 1. Catalyst screening of the reaction between the bis-(aryl)manganese reagent 1a and (Z)-ethyl
3-iodoacrylate (3a).

 
Entry Catalyst (10 mol%) Yield (%) a

1 none 60 b

2 FeBr2 42
3 FeCl3 54
4 FeBr3 57
5 FeCl2 64
6 Fe(acac)2 67
7 Fe(acac)3 (>99% purity) 79

a Yield of analytically pure product. b A Z/E = 50:50 mixture of 4a was obtained.

Furthermore, the cross-coupling of 1a with (2-bromovinyl)trimethylsilane (3b; Z/E = 10:90) gave
the olefin 4b in 98% yield with complete E-selectivity (Z/E = 1:99) whereas the yield without iron salt
was 24% (Z/E = 20:80, Table 2, entry 1). When the electron-rich bis-(3,4-dimethoxyphenyl)manganese
(1b) was mixed with 3a, the E-acrylate 4c was generated in 69% yield and a Z/E = 69:31 mixture
of products was obtained in 58% yield without an iron catalyst (entry 2). The tri-substituted
bis-(3,4,5-trimethoxyphenyl)manganese (1c) underwent smooth cross-coupling with 3b to afford the
E-alkene 4d in 80% (8% were obtained without a catalyst, entry 3). Additionally, 1c reacted with
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3a and 2-bromostyrene (3c; Z/E = 18:82) to give the acrylate 4e and 4f (Z/E = 1:99) in 57% and 82%
yield whereas 66% (Z/E = 72:28) and 80% (Z/E = 53:47) were, respectively, obtained without a catalyst
(entries 4–5). In the last experiment, 1c reacted with (E)-1-iodooctene (3d) to provide the alkene 4g

in 87% yield (Z/E = 9:91) when 77% yield (Z/E = 4:96) was obtained without a catalyst (entry 6).
Furthermore, bis-(4-(trifluoromethoxy)phenyl)manganese (1d) reacted with 3a to provide the acrylate
4h (Z/E = 1:99) in 77% yield (entry 7). The reaction without Fe(acac)3 gave a similar yield but a mix
of the two isomers (74%, Z/E = 81:19, entry 7). The silicon-containing bis-(aryl)manganese reagent
1e could also react with 3a, which produces 4i (Z/E = 1:99) in 64% yield (51%, Z/E = 57:43 were
obtained without Fe(acac)3, entry 8). Some good yields could be achieved in the absence of the iron
catalyst (entries 2, 4–8), which could be attributed to the catalytic activity of the manganese(II) itself.
For example, manganese salts proved to efficiently catalyze several couplings of organomagnesium
reagents with alkenyl electrophiles in the past [32]. The bis-benzo[d][1,3]dioxol-5-ylmanganese (1f)
also reacted with 3a and 3b to yield the E-alkenes 4j and 4k in 78–84% yield (entries 9–10). The bulkier
bis-mesitylmanganese 1g reacted with 3b to afford 4l with a small 20% yield (91% after 18 h, entry 11).
This method also proved to tolerate nitriles, since 4-(2-bromovinyl)benzonitrile 3e (Z/E = 98:2) could
be used as a coupling partner with 1d and 1e in good yields (entries 12–13). Moreover, the coupling
generally proceeds with an excellent E-selectivity when iodoalkenes are used. Total isomerization
is observed for Z-starting iodoalkenes (entries 2, 4, 7, 8, 10). A similar tendency is observed for
bromoalkenes, with the exception of 4-(2-bromovinyl)benzonitrile 3e (Z/E = 98:2), which, intriguingly,
did not lead to isomerization of the starting Z bond when coupled with nucleophile 1d, entry 12, or to
a slight isomerization when coupled with 1e, entry 13. In all cases, efficient transference of both aryl
groups from the starting bis-(aryl)manganese species has been observed.

Table 2. Iron-catalyzed couplings of bis-(aryl)manganese (1a–g) a with alkenyl electrophiles (3a–e).

 
Entry Ar2Mn Electrophile Yield (%) b Entry Ar2Mn Electrophile Yield (%) b

1 1a
3b: Z/E = 10:90 4b: 98, Z/E = 1:99

(24, Z/E = 20:80) c

8 1e  
3a

 
4i: 64, Z/E = 1:99
(51, Z/E = 57:43) c

2 1b  
3a 4c: 69, Z/E = 1:99

(58, Z/E = 69:31) c

9 1f
3b: Z/E = 10:90 4j: 78,

Z/E = 1:99
(39, Z/E = 20:80) c

3 1c
3b: Z/E = 10:90

4d: 80, Z/E = 1:99
(8, Z/E = 1:99) c

10 1f  
3a 4k: 84, Z/E = 1:99

(48, Z/E = 99:1) c

4 1c  
3a 4e: 57, Z/E = 1:99

(66, Z/E = 72:28) c

11 1g
3b: Z/E = 10:90 4l: d

20, Z/E = 21:79
91, Z/E = 5:95 e

(traces, Z/E = 50:50) c
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Table 2. Cont.

Entry Ar2Mn Electrophile Yield (%) b Entry Ar2Mn Electrophile Yield (%) b

5 1c
3c: Z/E = 18:82  

4f: 82, Z/E = 1:99
(80, Z/E = 53:47) c

12 1d

 
3e: Z/E = 98:2 4m: 74, Z/E = 98:2

(19, Z/E = 73:27) c

6 1c  
3d

4g: 87, Z/E = 9:91
(77, Z/E = 4:96) c

13 1e

 
3e: Z/E = 98:2

 
4n: 66, Z/E = 70:30
(41, Z/E = 72:28)c

7 1d  
3a

 
4h: 77, Z/E = 1:99
(74, Z/E = 81:19) c

a For clarity reasons, the magnesium salt has been omitted. b Yield of analytically pure product. c In parentheses,
yield and Z/E ratio obtained without catalysis. d Yields determined by GC and 1H-NMR. e After 18 h.

3. Discussion

In order to rationalize some of the mechanistic features of the transformations reported in the
first section, we focused our efforts on the coupling system involving various bis-(aryl)manganese
nucleophiles (bis-mesitylmanganese and bis-phenylmanganese) with (2-bromovinyl)-trimethylsilane
(3b). This choice has been motivated by the low cross-coupling yields obtained with this electrophile
in the absence of the iron catalyst, which ascertains the requirement of an Fe-based catalysis for this
coupling (see Table 2, entries 1, 3, 9 and 11).

The bis-(mesityl)manganese reagent was prepared by adding MesMgBr (2.0 equiv.) into a solution
of MnCl2•LiCl (1.0 equiv.) in THF at −5 ◦C within 1 h. 1H-NMR showed no free MesMgBr left.
The spectra presented high signal-to-noise ratios and broad signals, due to the high paramagnetism
of manganese(II) species, which could not be attributed to a specific molecule (Figure 1a) [33].
High-spin organomanganese compounds are often reported to be NMR silent [34] or without NMR
characterization at all [35–37]. Yet, after addition of a catalytic load of FeCl2 (0.10 equiv.) to the Mes2Mn
solution, the ate complex [Mes3FeII]− was detected by 1H-NMR from the three signals at 127 ppm (s,
6H, meta-H of the Mes group), 110 ppm (s, 9H, para-CH3), and 26 ppm (bs, 18 H, ortho-CH3), as shown
in Figure 1b. These signals attest to a strong paramagnetism, due to the high-spin (S = 2) configuration
of this complex [38]. This proves a fast trans-metalation of the aryl groups from the manganese toward
the iron(II) center. A similar result was obtained while adding an excess of the Mes2Mn solution
onto Fe(acac)3 (0.10 equiv.) as an iron(III) precursor. [Mes3FeII]− was detected by 1H-NMR, showing
that, when an iron(III) precursor is used, a first 1-electron reduction of the latter by the nucleophile
can take place, affording an iron(II) species. This is in agreement with recent reports by Neidig [39]
and by some of us [40] regarding the reduction of iron(III) salts by Grignard reagents as MeMgBr
and PhMgBr. Accordingly, all the mechanistic studies discussed thereafter were performed using an
iron(II) precursor.

Upon addition of the electrophile 3b ((2-bromovinyl)trimethylsilane) to a mixture of FeCl2 and
Mes2Mn at 25 ◦C, the signals corresponding to [Mes3FeII]− were observed to slowly decrease, affording
[Mes2BrFeII]−, characterized by new signals at 128 ppm (s, 4H, meta-H of the Mes group), 104 ppm
(s, 6H, para-CH3), and 29 ppm (bs, 12 H, ortho-CH3) (see Figure 1c) (this tricoordinate ate species also
presents a high-spin S= 2 configuration) [38]. The same reaction was run at 25 ◦C for 1 h, then quenched,
and analyzed by GC-MS, which proved formation of the desired cross-coupling product with a low
conversion (ca. 20%). This is in fair agreement with the result given in Table 2, entry 11 (due to the high
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paramagnetism of the NMR-analyzed solution and due to the presence of non-deuterated solvents
(THF solutions of organometallics), NMR monitoring of the coupling product formation could not be
efficiently performed).

Figure 1. 1H-NMR spectra (recorded at 25 ◦C in d8-THF) of a 0.08 M solution of (a) Mes2Mn, (b) Mes2Mn
+ 0.10 equiv. FeCl2, (c) Mes2Mn + 0.10 equiv. FeCl2 + 1.0 equiv. 3b, (d) FeCl2 + 3.0 equiv. MesMgBr +
10 equiv. 3b.

The same observations were made while performing the coupling of 3b with MesMgBr as a
sole nucleophilic partner in a Kumada-type reaction using FeCl2, as [Mes3FeII]− and [Mes2BrFeII]−
were also detected under these cross-coupling conditions (Figure 1d, in the absence of manganese,
the signals of [Mes2BrFeII]− shifted to 131, 106, and 30 ppm). These series of experiments, therefore,
confirm that both [Ar3FeII]− and [Ar2BrFeII]− ate complexes are part of a coupling catalytic cycle and
[Ar3FeII]− can be involved in the activation step of the electrophile. The following catalytic cycle
(Scheme 2) can be suggested, which echoes recent reports by Neidig on the Fe-catalyzed alkyl-alkenyl
coupling reactions [39], and by ourselves on the benzyl-alkenyl coupling [26].

Cross-coupling

 
Scheme 2. Proposed catalytic cycle for the aryl-alkenyl cross-coupling between Ar2Mn and an alkenyl
bromide under Fe-catalytic conditions.

Thanks to the steric hindrance in the ortho positions, the ate [Mes3FeII]− species remains stable for
hours at 25 ◦C [38,41]. Thus, the use of a mesityl nucleophile in the mechanistic experiments discussed
earlier prevents any degradation of the FeII catalyst toward lower oxidation states. In order to delineate
the influence of the formation of lower oxidation states on the system, additional investigations were,
therefore, carried out using PhMgBr as a less hindered nucleophile [42].
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First, [Ph3FeII]− was generated at −20 ◦C by stoichiometric trans-metalation between FeCl2 and
3.0 equiv. of PhMgBr, and characterized by its 1H-NMR signals at 116 and −41 ppm. As we recently
reported, [Ph3FeII]− is stable for more than 1 h at this temperature [40,41]. Its fate upon addition of an
excess of the electrophile 3b (10 equiv.) was then monitored by paramagnetic 1H-NMR. [Ph3FeII]−
reacted rapidly, as attested by the decrease of its resonances (ca. 75% of the starting [Ph3FeII]− reacted
after 10 min). The reaction was quenched after 1 h, and the GC-MS confirmed formation of the
cross-coupling product, which confirms that [Ph3FeII]− was able to react with 3b in a cross-coupling
process, akin to [Mes3FeII]−. Moreover, several transient resonances in the −15/−5 ppm area could also
be detected in the course of the reaction (see Figure 2). These elusive resonances quickly disappeared,
and were not detected after 30 min at −20 ◦C. These signals echo the formation of (η2-alkene)n-Fe0

intermediates, as recently reported by Deng, which exhibit similar resonances [43]. This suggests that
Fe0 species are formed in situ by 2-electron reductive elimination from [Ph3FeII]−, which is in agreement
with a recent report by some of us demonstrating that the evolution of [Ph3FeII]− led to the formation
of a distribution of Fe0 and FeI oxidation states (identified as (η4-arene)2Fe0 and [(η6-arene)FeI(Ph)2]−,
“arene” being an aromatic ligand present in the bulk medium (e.g., C6H6 or C6H5-C6H5 coming from
the oxidation of PhMgBr). Fe0 being preponderantly formed [40,41]). Those Fe0 intermediates would
then be trapped by alkene ligands present in the bulk medium, which leads to the observed resonances.

 
Figure 2. 1H-NMR spectrum (recorded at −20 ◦C in d8-THF) of a 0.08 M solution of [Ph3FeII]− followed
by addition of 3b (10 equiv.). Spectrum recorded 20 min after addition of 3b.

Then, the reactivity of the low valent Fe0 and FeI oxidation states in the reaction medium was
investigated. Following one of our recent procedures, reduction of FeII into a distribution of Fe0 and
FeI species was performed, by fast trans-metalation between FeCl2 and PhMgBr (2.0 equiv.) at room
temperature [40,41]. After 10 min, 1.0 equiv. of MesMgBr was added. The 1H-NMR spectrum showed
no signal in the 100–150 ppm area, which attests to the absence of any Mes-FeII species, which shows
that all the starting FeII was reduced by PhMgBr (Figure 3a).

 
Figure 3. 1H-NMR spectra (recorded at 25 ◦C in d8-THF) of a 0.08 M solution of (a) FeCl2 + 2.0 equiv.
PhMgBr, + 1.0 equiv. MesMgBr after 10 min agitation at RT. (b) Same tube, + 3.0 equiv. 3b, after 30 min.

The addition of 3.0 equiv. of the electrophile 3b to the in situ generated solution of Fe0 and FeI

species led to a color change of the sample, which turned from dark brown to yellow. The 1H-NMR
spectrum showed that, after 30 min, ca. 20% of the iron contained in the solution was converted
into [Mes3FeII]− (Figure 3b). The presence of 3b, therefore, allows a re-oxidation of the reduced
Fe0 and/or FeI species to the FeII oxidation state, the latter being trapped by trans-metalation with
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MesMgBr to afford [Mes3FeII]−. The re-oxidation of low iron oxidation states by 3b to the FeII stage
was also confirmed by the observation of bis(trimethylsilyl)butadienes TMS-CH=CH-CH=CH-TMS
(TMS-(CH)4-TMS, E/E; Z/E; Z/Z) in GC-MS, after catalytic reactions involving 10 mol% of FeCl2,
PhMgBr, and 3b as coupling partners. Formation of TMS-(CH)4-TMS undoubtedly comes from
the sacrificial monoelectronic reduction of the electrophile that permits re-oxidation of the low Fe0

and/or FeI oxidation states. TMS-(CH)4-TMS, moreover, also appears as a suitable ligand for Fe0

oxidation state, and a (η4-TMS-(CH)4-TMS)Fe0 complex might, thus, contribute to the group of high
field resonances in the in the −15/−5 ppm area (Figure 2). Quantity of detected TMS-(CH)4-TMS
represents ca. 10% of the quantity of a detected coupling product, which shows that this off-cycle
sacrificial reduction pathway is not preponderant. By comparison, no traces of TMS-(CH)4-TMS were
detected when using mesityl nucleophiles (conditions of Figure 1), attesting that no sacrificial 1-electron
reduction of 3b by oxidation states lower than FeII formed in situ occurred.

Scheme 3 presents a summary of the competitive reactions that were observed in this work during
the Fe-catalyzed coupling of Ph2Mn with (2-bromovinyl)-trimethylsilane (3b), taking into account the
possibility of an off-cycle process involving in situ formed low iron oxidation states.

 

Scheme 3. Proposed catalytic cycle and side reactions for the aryl-alkenyl cross-coupling between
Ph2Mn and an alkenyl bromide under Fe-catalytic conditions.

Kinetic studies will further be pursued in order to determine the global kinetics of the aryl-alkenyl
cross-coupling reaction, and to examine the possibility for the low Fe0 and FeI oxidation states
involved in a cross-coupling catalytic cycle, in addition to the off-cycle sacrificial reduction of the
alkenyl electrophile evidenced herein. Such studies will also help analyze the mechanism of the
activation of the C-X bond of the alkenyl halide. Isomerization toward the sterically more stable
E coupling products may suggest the implication of an iron-based radical activation of the alkenyl
halide, as observed in the case of alkyl electrophiles [44], albeit formation of the Csp2-centered radical is
generally more energetically-demanding. Additionally, it cannot be excluded in an alternative scenario
that isomerization of the C=C bond occurs after the coupling step, akin to the observations made by
Jacobi von Wangelin for the iron-catalyzed isomerization of Z-olefins to their E analogues [45].

4. Materials and Methods

4.1. Materials and Instruments

All reactions, except otherwise noted, were carried out in flame-dried glassware equipped
with magnetic stirring under an argon atmosphere using standard Schlenk techniques. To transfer
solvents or reagents, syringes were used, which were purged three times with argon prior to use.
After purification by flash column chromatography, products were concentrated using a rotary
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evaporator and, subsequently, dried under high vacuum. Indicated yields are isolated yields of
compounds estimated to be >95% pure, as determined by 1H-NMR (25 ◦C) and capillary GC.

To examine the reaction progress of the performed reactions, GC-analysis of quenched hydrolyzed
and iodolyzed reaction aliquots relative to an internal standard was used. For this purpose, small
amounts of the reaction mixture were hydrolyzed using a saturated aqueous solution of NH4Cl,
subsequently extracted with EtOAc, dried over MgSO4 and gaschromatographically quantified.
To monitor the process of directed metalations and oxidative insertion reactions, small amounts of the
reaction mixture were iodolyzed. A small quantity of iodine was dissolved in freshly distilled THF
(0.50 mL), charged with the reaction mixture, and added to a solution of Na2S2O3. The mixture was
extracted with EtOAc, dried over MgSO4, and was then gas chromatographically measured.

To determine the concentration of the different synthesized metallic reagents, iodometric titration
was used. For this purpose, a known amount of iodine was charged with freshly distilled THF (1.00 mL)
to give a deep red solution. The metallic reagent was added dropwise at 2 ◦C to the iodine solution
until the red coloration went colorless. The concentration of the organometallic reagent could be
calculated via the consumed volume of the reaction mixture and the amount of used iodine.

Thin layer chromatography (TLC) was implemented on alumina plates coated with SiO2 (Merck 60,
F-254, Merck, Darmstadt, Germany). To visualize the spots of the different products, UV light was used.

Flash column chromatography was performed using SiO2 (0.04–0.06 mm, 230–400 mesh)
from Merck.

1H-NMR, 13C-NMR, 19F-NMR, and 2D-NMR spectra were recorded on VARIAN Mercury 200,
BRUKER ARX 300, VARIAN VXR 400 S, and BRUKER AMX 600 instruments (Bruker, Billerica,
MA, USA). Chemical shifts are reported as δ-values in ppm relative to tetramethylsilane. The following
abbreviations were used to characterize signal multiplicities: s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet), and bs (broad singlet).

Mass spectroscopy: High resolution (HRMS) and low resolution (MS) spectra were recorded on a
FINNIGAN MAT 95Q instrument (now Thermo Fisher company, Waltham, MA, USA). Electron impact
ionization (EI) was conducted with an ionization energy of 70 eV. For coupled gas chromatography/mass
spectrometry, a HEWLETT-PACKARD HP 6890 /MSD 5973 GC/MS system was used. Molecular
fragments are reported starting at a relative intensity of 10%.

Infrared spectra (IR) were recorded from 4500 cm−1 to 650 cm−1 on a PERKIN ELMER
Spectrum BX59343 instrument (Perkin Elmer, Wellesley, MA, USA). For detection, a SMITHS
DETECTION DuraSamplIR IIDiamond ATR sensor (Smiths Detection, Hemel Hempstead, UK)
was used. Wavenumbers are reported in cm−1 starting at an absorption of 10%.

Melting points (m.p.) were determined on a BÜCHI B-540 melting point apparatus (BÜCHI
LabortechnikAG, Flawil, Switzerland) and are uncorrected. Compounds decomposing upon melting
are indicated by (decomp.).

Gas chromatography was executed with machines of type Agilent Technologies 7890A GC-Systems
with 6890 GC inlets, detectors (Agilent, Santa Clara, CA, USA), a GC oven, and a column of type HP 5
(Hewlett-Packard, 5% phenylmethylpolysiloxane; length: 10 m, diameter: 0.25 mm, film thickness:
0.2 μm).

Gas chromatography-Mass spectra were recorded on a networking system called Hewlett-Packard
6890/MSD 5973 GC/MS (Hewlett Packard, Palo Alto, CA, USA) with a column of type HP 5
(Hewlett-Packard, 5% phenylmethylpolysiloxane; length: 10m, diameter: 0.25 mm, film thickness:
0.2 μm).

4.2. Chemicals, Solvents, and Typical Procedures

All chemicals were purchased from commercial sources and were used without any further
purification unless otherwise noted.
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THF was continuously refluxed and freshly distilled from benzophenone ketyl under nitrogen.
The freshly distilled THF was stored over a molecular sieve (4 Å) under argon. Solvents for column
chromatography were distilled prior to use.

4.2.1. Typical Procedure for the One-Pot Preparation of Bis-(aryl)manganese Reagents 1a–g

A dry and argon-flushed Schlenk-tube, equipped with a magnetic stirring bar and a rubber
septum, was charged with LiCl (0.610 g, 14.4 mmol, 2.4 equiv.), heated to 450 ◦C under high vacuum,
and then cooled to room temperature. After being switched to argon, the same procedure was applied
after MnCl2 was added (453 mg, 3.60 mmol, 0.6 equiv.). After cooling to room temperature, magnesium
turnings were added (0.350 g, 14.4 mmol, 2.4 equiv.), which was followed by freshly distilled THF
(12 mL). After the reaction mixture was cooled to −5 ◦C, the aryl bromides 2a–g were then added
dropwise using 1 mL syringes (6.0 mmol, 1.0 equiv., addition time: 1 min) and the reaction mixture
was stirred until a complete conversion of the starting material was observed. The reaction progress
was monitored by GC-analysis of hydrolyzed and iodolyzed aliquots.

When the metalation was completed, the concentration of the bis-(aryl)manganese species was
determined by titration against iodine in freshly distilled THF. The black solutions of the aryl reagents
1a–g were then separated from the magnesium turnings using a syringe and, subsequently, transferred
into another pre-dried and argon-flushed Schlenk-tube, which was cooled to −5 ◦C. After a titration
against iodine in freshly distilled THF was performed, the reagent was ready to use for Cross-Couplings.

4.2.2. Typical Procedure for the Cross-Coupling Reactions of Bis-(aryl)manganese Reagents 1a–g with
Different Electrophiles 3a–e

A pre-dried and argon-flushed Schlenk-tube equipped with a magnetic stirring bar and a rubber
septum was charged with Fe(acac)3 (35 mg, 0.10 mmol, 10 mol%), the corresponding electrophile (3a–e,
1.0 mmol, 1.0 equiv.), tetradecane as internal standard (50 μL) and freshly distilled THF (1.0 mL) as
solvent. The reaction mixture was cooled to 0 ◦C and the bis-(aryl)manganese solution (1a–g, 0.6 equiv.)
was added dropwise whereupon a color change to dark brown could be recognized. After the addition
was complete, the reaction mixture was stirred for a given time at room temperature and the completion
of the cross-coupling reaction was monitored by GC-analysis of hydrolyzed aliquots. Thereupon, a
saturated aqueous solution of NH4Cl was added and the aqueous layer was extracted with EtOAc
(3 × 100 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated under
reduced pressure. Purification of the crude products by flash column chromatography afforded the
desired cross-coupling reaction products (4a–k, 4m, 4n).

4.3. Studies on the Catalytically Active Species and Catalytic Cycle

All the samples were prepared in a recirculating JACOMEX inert atmosphere (Ar) drybox and
vacuum Schlenk lines. Glassware was dried overnight at 120 ◦C before use. NMR spectra were
obtained using a Bruker DPX 400 MHz spectrometer (Bruker, Billerica, MA, USA). Chemical shifts
for 1H-NMR spectra were referenced to solvent impurities (herein, THF). NMR tubes were equipped
with a J. Young valves were used for all 1H-NMR experiments and catalytic tests. The GC-MS analysis
was performed using n-decane as an internal standard. The reaction media aliquots were quenched by
the addition of distilled water under air. The organic products were extracted using DCM, and injected
into the GC-MS. Mass spectra were recorded on a Hewlett-Packart HP 5973 mass spectrometer (Hewlett
Packard, Palo Alto, CA, USA) via a GC-MS coupling with a Hewlett-Packart HP 6890 chromatograph
(Hewlett Packard, Palo Alto, CA, USA) equipped with a capillary column HP-5MS (50 m × 0.25 mm ×
0.25 μm, Hewlett Packard, Palo Alto, CA, USA). Ionisation was due to an electronic impact (EI, 70 eV).

5. Conclusions

In summary, various functionalized bis-(aryl)manganese species have been readily prepared in
one-pot conditions from the corresponding aryl bromides by inserting magnesium in the presence of
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LiCl and in situ trans-metalation with MnCl2 in THF at −5 ◦C within 2 h. These bis-(aryl)manganese
reagents have been allowed to undergo smooth iron-catalyzed cross-couplings using 10 mol% Fe(acac)3

and various functionalized alkenyl iodides and bromides at 25 ◦C for 1 h. Mechanistic investigations
carried out by 1H-NMR showed that ate-iron(II) species [Ar3FeII]− are formed by trans-metalation of
the bis-(aryl)manganese reagent with the iron catalyst, and that they can react with alkenyl bromides to
afford the expected cross-coupling product. Low-valent Fe0 and FeI oxidation states can also be formed
by the reduction of the ate-iron(II) catalyst under these conditions. This leads to the sacrificial reduction
of the alkenyl electrophile via an off-cycle pathway, which partly regenerates the FeII oxidation state,
where the latter is able to enter a new catalytic cycle.

Supplementary Materials: The following are available online. Additional synthesis and characterization (NMR,
IR, HRMS, m.p.) data are available online.
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Abstract: Aryl benzoates are compounds of high importance in organic synthesis. Herein, we report
the iron-catalyzed C(sp2)–C(sp3) Kumada cross-coupling of aryl chlorobenzoates with alkyl Grignard
reagents. The method is characterized by the use of environmentally benign and sustainable iron salts
for cross-coupling in the catalytic system, employing benign urea ligands in the place of reprotoxic
NMP (NMP = N-methyl-2-pyrrolidone). It is notable that high selectivity for the cross-coupling
is achieved in the presence of hydrolytically-labile and prone to nucleophilic addition phenolic
ester C(acyl)–O bonds. The reaction provides access to alkyl-functionalized aryl benzoates. The
examination of various O-coordinating ligands demonstrates the high activity of urea ligands in
promoting the cross-coupling versus nucleophilic addition to the ester C(acyl)–O bond. The method
showcases the functional group tolerance of iron-catalyzed Kumada cross-couplings.

Keywords: iron; cross-coupling; aryl esters; C–O activation; Fe-catalysis; Kumada cross-coupling

1. Introduction

Iron catalyzed cross-couplings have recently emerged as an extremely valuable platform for
organic synthesis [1–19]. Of particular interest is the high natural abundance of iron [11–13], which in
combination with the low toxicity of iron salts and their facile removal from post-reaction mixtures
makes it attractive for large-scale industrial processes [19]. The beneficial effect of iron for cross-coupling
reactions extends far beyond its economical and sustainable ecological profile, and it is demonstrated
by the establishment of the traditionally challenging C(sp2)–C(sp3) cross-couplings employing alkyl
Grignard reagents possessing β-hydrogens that are not easily accomplished using other transition
metals [14–18]. In this regard, the iron-NMP (NMP = N-methyl-2-pyrrolidone) system elegantly
pioneered by Fürstner and co-workers represents by far the most viable option for iron cross-coupling
chemistry [20–33]. The success of the iron-NMP reagent relies in large part on the outstanding
functional group tolerance of this catalyst, the high toxicity of NMP notwithstanding [34,35]. In this
vein, our laboratory has reported iron-catalyzed cross-couplings with alkyl Grignard reagents using
benign urea ligands that represent an effective alternative to the reprotoxic NMP [36–43].

In this Special Issue on Recent Advances in Iron Catalysis, we detail our findings on the development
of the iron-catalyzed cross-coupling of aryl chlorobenzoates with alkyl Grignard reagents (Scheme 1).
The reaction is notable for several reasons: (1) the method allows for the synthesis of alkyl-functionalized
aryl benzoates, which represent compounds of high importance in organic synthesis (Scheme 2); (2) the
method demonstrates the exceptional functional group tolerance of the iron system, wherein the
selective Kumada cross-coupling is achieved in the presence of the hydrolytically labile and prone to
nucleophilic addition C(acyl)–O ester moiety. This model system is well suited for the examination of
various O-coordinating ligands in promoting the cross-coupling versus nucleophilic addition to the
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ester bond. More broadly, the reaction showcases the functional group tolerance in the industrially
important iron-catalyzed Kumada cross-couplings.

Scheme 1. Iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzoates with alkyl Grignard
reagents (this study).

Scheme 2. The important transformations via substituted aryl esters, the products of this study.

2. Results

We became interested in developing the iron-catalyzed cross-coupling of aryl chlorobenzoates
as part of our program in iron catalysis [36–43] and the cross-coupling of C(acyl)–X (X = N,
O) electrophiles [44,45]. Recently, several groups have reported methods for the nickel and
palladium-catalyzed C(acyl)–O bond activation of aryl benzoates, leading to the selective formation of
acyl-metal intermediates (Scheme 2, box) [46–64]. While aryl benzoates have long been established
as electrophiles in nucleophilic addition to the ester bond via tetrahedral intermediates owing to the
increased electrophilicity of the ester bond due to Olp to Ar conjugation [65], the recent advances in
accessing acyl metals from aryl benzoates significantly expand the utility of this class of carboxylic
acid derivatives in organic synthesis. Thus, the direct iron-catalyzed Kumada cross-coupling would
provide an attractive method for the functionalization of the aromatic ring; however, perhaps not
surprisingly given the high reactivity of the C(acyl)–O bond, generally applicable methods for the
C(sp2)–C(sp3) Kumada cross-coupling of aryl benzoates have been elusive.

At the outset, we probed the model reaction between phenyl 4-chlorobenzoate (1a) and
ethylmagnesium chloride in the presence of benign DMI (DMI = 1,3-dimethyl-2-imidazolidinone)
(Table 1). Under standard conditions, the cross-coupling proceeded in 27% yield with the remaining
mass balance corresponding to the alcohol product (Table 1, entry 1). Lowering the equivalents of the
Grignard reagent had no impact on the reaction efficiency (Table 1, entry 2). After experimentation,

188



Molecules 2020, 25, 230

we found that the slow addition of the close to equimolar quantity of the Grignard reagent afforded
the desired cross-coupling product in 65% yield (Table 1, entry 3). Interestingly, using an excess
of DMI led to lower cross-coupling efficiency, which was likely due to facilitating the nucleophilic
addition to the carbonyl group (Table 1, entry 4). DMI improves the coupling efficiency; however,
this additive is not required, as demonstrated by the cross-coupling in its absence (Table 1, entries
3–6). Furthermore, using Grignard as the limiting reagent as well as extending the addition time had a
deleterious effect on the cross-coupling (Table 1, entries 7–8). Likewise, increasing the iron loading
to generate the active organoferrate in excess gave no observable increase in the reaction efficiency
(Table 1, entries 9–10). Further, we note that an efficient reaction ensues at −40 ◦C (Table 1, entry 11),
while negligible conversion was observed at −78 ◦C (Table 1, entry 12). Importantly, control reactions
in the absence of iron, with and without DMI (Table 1, entries 13–14), resulted in no cross-coupling with
the alcohol formed as the sole reaction product, thereby highlighting the key role of iron to promote
the cross-coupling. Finally, for comparison purposes, we tested NMP as the additive (Table 1, entry
15). Interestingly, NMP resulted in lower cross-coupling efficiency than DMI (vide infra), highlighting
the beneficial effect of this ligand beyond its favorable toxicological profile (cf. NMP).

Table 1. Optimization of iron-catalyzed cross-coupling.1 DMI: 1,3-dimethyl-2-imidazolidinone.

Entry
Fe(acac)3

(mol%)
Ligand mol %

Addition
Time (min)

Time
(min)

Yield
(%) 2

1 3 5 DMI 200 0 10 27
2 5 DMI 200 0 10 27
3 5 DMI 200 60 180 65
4 5 DMI 600 60 180 52
5 5 DMI 20 60 180 48
6 5 - - 60 180 44

7 4 5 DMI 200 60 180 57
8 5 DMI 200 180 60 52
9 10 DMI 200 60 180 60
10 50 DMI 200 60 180 28

11 5 5 DMI 200 0 180 52
12 6 5 DMI 200 0 180 <10
13 - - - 60 180 0
14 - DMI 200 60 180 0
15 5 NMP 200 60 180 57

1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), C2H5MgCl (1.05 equiv, 2.0 M, THF), 0 ◦C, 180 min.
RMgCl added dropwise over 60 min. 2 Yields determined by 1H-NMR and/or GC-MS. 3 C2H5MgCl (1.20 equiv).
4 C2H5MgCl (0.83 equiv). 5 −40 ◦C. 6 −78 ◦C.

Then, we examined the scope of the optimized iron catalytic system as outlined in Table 2.
We were pleased to find that neutral as well as electron-rich aryl 4-chlorobenzoates, such as 4-tert-butyl
and 4-methoxy, enabled the chemoselective cross-coupling in good yields (Table 2, entries 1–3).
Furthermore, electron-deficient aryl 4-chlorobenzoates, such as 4-fluoro, are also tolerated, albeit the
cross-coupling product is obtained in lower yield (Table 2, entry 4). As expected, the reactivity trend
mirrors the electronic properties of the aryl ester in that electron-deficient aryl substituents increase
Olp to Ar conjugation, leading to the lower yield in the cross-coupling. Pleasingly, we found that
both sterically-hindered 2-methyl and 2,6-dimethyl aryl 4-chlorobenzoates are well-tolerated (Table 2,
entries 5–6) and result in significantly improved yields for the cross-coupling as a result of steric
shielding of the C(acyl)–O bond. Thus, we recommend that electron-rich or sterically hindered aryl
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benzoates are used for the cross-coupling to minimize the formation of the alcohol side products.
4-Chlorophenyl 4-chlorobenzoate is not a suitable substrate due to nucleophilic addition. The scope of
Grignard reagents was also briefly examined (Table 2, entries 7–10). As such, longer primary alkyl
Grignard reagents such as hexyl or tetradecyl gave the cross-coupling products in high yields (Table 2,
entry 7–8). The cross-coupling of more sterically hindered secondary Grignard reagents is feasible;
however, it leads to modest yield (Table 2, entry 9). Finally, we were pleased to find that the challenging
phenethyl Grignard reagent that is prone to β-hydride elimination is also a competent nucleophile
for this cross-coupling protocol (Table 2, entry 10), attesting to the efficiency of the cross-coupling.
At present, cross-coupling of 3-substituted aryl chlorobenzoates is not feasible due to facile hydrolysis.

Table 2. Iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzoates with alkyl Grignards.1.

Entry Substrate 2 Product Yield (%)

1 2a 63

2 2b 68

3 2c 81

4 2d 51

5 2e 80

6 2f 90

7 2g 83
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Table 2. Cont.

8 2h 76

9 2 2i 37

10 2 2j 82

1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), DMI (200 mol%), RMgX (1.05 equiv, THF), 0 ◦C,
180 min. RMgX added dropwise over 60 min. Isolated yields. 2 RMgX (1.20 equiv), 15 h. See the Supplementary
Materials for details.

Next, intermolecular competition studies were performed to gain insight into the selectivity
of this cross-coupling (Scheme 3). (A) Competition experiments between phenyl and methyl ester
(OPh:OMe = 2.5:1.0) revealed that aryl esters are more reactive than their alkyl counterparts, which
is consistent with the facility of oxidative addition. (B) Similarly, competition between electron-rich
and electron-deficient aryl esters (4-MeO:4-F = 1.0:1.25) revealed that electron-deficient arenes are
more reactive. This observation is in agreement with the O-aryl ester activating the aromatic ring for
the cross-coupling; however, its increased electrophilicity leads to a competing nucleophilic addition
to give the alcohol products. The formation of the alcohol could be minimized by using sterically
hindered or electron-rich aromatic esters.

Scheme 3. Competition experiments. (A) Competition experiments between phenyl and methyl ester
(OPh:OMe = 2.5:1.0) revealed that aryl esters are more reactive than their alkyl counterparts, which
is consistent with the facility of oxidative addition. (B) Similarly, competition between electron-rich
and electron-deficient aryl esters (4-MeO:4-F = 1.0:1.25) revealed that electron-deficient arenes are
more reactive
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Finally, we have probed the effect of various additives on the cross-coupling (Table 3 and
Figure 1). At present, one of the major challenges in iron-catalyzed C(sp2)–C(sp3) cross-coupling
is replacing the reprotoxic NMP by benign yet effective additives. The present system
compares the cross-coupling efficiency versus nucleophilic addition, thereby indirectly measuring
the ligand effect. Our study demonstrates that urea ligands such as DMI, DMPU (DMPU =
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone) and TMU (TMU = 1,1,3,3-tetramethylurea) are
more reactive than NMP in the cross-coupling (Table 3, entries 1–4), while N-methylcaprolactam
shows comparable reactivity to NMP (Table 3, entry 5). In contrast, the recently reported by our group
N,N-bis(2-methoxyethyl)benzamide (Table 3, entry 6) and phenyl(piperidin-1-yl)methanone (Table 3,
entry 7) appear to be less reactive than NMP [10]; however, ester hydrolysis is not observed in these
cases, which may lead to unusual selectivity in the cross-coupling.

Table 3. Ligand effect on iron-catalyzed cross-coupling of aryl chlorobenzoates: cross-coupling
vs. nucleophilic addition.1. DMPU: 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone); NMP:
N-methyl-2-pyrrolidone, TMU: 1,1,3,3-tetramethylurea.

Entry
Fe(acac)3

(mol%)
Ligand mol%

Time
(min)

Yield
(%) 2

1 5 DMI 200 180 98 (2)
2 5 DMPU 200 180 >98 (1)
3 5 TMU 200 180 >98 (<1)
4 5 NMP 200 180 95 (4)
5 5 N-Methylcaprolactam 200 180 92 (7)

6 3 5 Bis(OMeEt)-BA 200 180 57 (<1)
7 4 5 Pip-BA 200 180 75 (<1)

1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), C2H5MgCl (1.0 equiv, 2.0 M, THF), 0 ◦C, 180 min.
RMgCl added dropwise over 60 min. 2 Determined by 1H-NMR and/or GC-MS. The number in brackets corresponds
to the alcohol addition product. Entries 6–7: 1: 43% and 25%. 3 Ligand: N,N-bis(2-methoxyethyl)benzamide.
4 Ligand: Phenyl(piperidin-1-yl)methanone. See Figure 1 for structures.

Figure 1. Structures of ligands used.

3. Discussion

In summary, we have reported the iron-catalyzed C(sp2)–C(sp3) Kumada cross-coupling of aryl
chlorobenzoates with alkyl Grignard reagents. The iron-catalyzed cross-coupling reactions have gained
significant momentum due to the beneficial environmental and sustainability profile compared to
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precious metals. However, what is equally important is the fact that iron catalysis enables cross-coupling
reactions that are difficult or impossible to achieve with other metals, the prime example being the
industrially-relevant C(sp2)–C(sp3) Kumada cross-coupling. The present study expands the scope of
benign iron-catalyzed cross-couplings with urea ligands as replacements for toxic NMP to embrace the
functional group tolerance of highly reactive aryl benzoates without cleavage of the sensitive C(acyl)–O
bond. Future studies will be focused on expanding the scope of iron-catalyzed cross-couplings and the
design of new amide-based ligands for iron catalysis.

4. Materials and Methods

4.1. General Information

All compounds reported in the manuscript are commercially available or have been previously
described in the literature unless indicated otherwise. All experiments involving iron were performed
using standard Schlenk techniques under argon or nitrogen atmosphere unless stated otherwise. All
esters have been prepared by standard methods [66]. All yields refer to yields determined by 1H-NMR
and/or GC/MS using an internal standard (optimization) and isolated yields (preparative runs) unless
stated otherwise. 1H-NMR and 13C-NMR data are given for all compounds in the Experimental
section for characterization purposes. 1H-NMR, 13C-NMR, and HRMS data are reported for all new
compounds. All products have been previously reported, unless stated otherwise. Spectroscopic data
matched literature values. General methods have been published [36–43]. All new compounds have
been characterized by established guidelines by 1H-NMR, 13C-NMR, HRMS, and Mp as appropriate.

4.2. General Procedure for Iron-Catalyzed C(sp2)–C(sp3) Cross-Coupling

An oven-dried vial equipped with a stir bar was charged with an ester substrate (neat, typically,
0.50 mmol, 1.0 equiv) and Fe(acac)3 (typically, 5 mol%), which was placed under a positive pressure of
argon and subjected to three evacuation/backfilling cycles under vacuum. Tetrahydrofuran (0.15 M)
and ligand were sequentially added with vigorous stirring at room temperature, the reaction mixture
was cooled to 0 ◦C, a solution of Grignard reagent (typically, 1.05 equiv) was added dropwise over
60 min with vigorous stirring, and the reaction mixture was stirred for the indicated time at 0 ◦C. After
the indicated time, the reaction mixture was diluted with HCl (1.0 N, 1.0 mL) and Et2O (1 × 30 mL), and
the organic layer was extracted with HCl (1.0 N, 2 × 10 mL), dried, and concentrated. The sample was
analyzed by 1H-NMR (CDCl3, 400 MHz) and GC-MS to obtain the conversion, yield and, selectivity
using an internal standard and comparison with authentic samples. Purification by chromatography
on silica gel afforded the title product.

4.3. General Procedure for Determination of Relative Reactivity

According to the general procedure, an oven-dried vial equipped with a stir bar was charged
with two chloride substrates (each 0.50 mmol, 1.0 equiv) and Fe(acac)3 (5 mol%), which was placed
under a positive pressure of argon and subjected to three evacuation/backfilling cycles under vacuum.
Tetrahydrofuran (0.15 M) and DMI (neat, 200 mol%) were sequentially added with vigorous stirring at
room temperature, the reaction mixture was cooled to 0 ◦C, a solution of C2H5MgCl (2.0 M in THF,
0.25 mmol, 0.50 equiv) was added dropwise over 60 min with vigorous stirring, and the reaction
mixture was stirred for 180 min at 0 ◦C. Following the standard work up, the sample was analyzed
by 1H-NMR (CDCl3, 400 MHz) and GC-MS to obtain the conversion, yield, and selectivity using an
internal standard and comparison with authentic samples.

4.4. Characterization Data for Starting Materials

Phenyl 4-chlorobenzoate (1a) [67]. Yield 95% (2.20 g). White solid. 1H-NMR (400 MHz, CDCl3) δ 8.13
(d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 7.45–7.39 (m, 2H), 7.30–7.25 (m, 1H), and 7.22–7.18
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(m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 164.47, 150.94, 140.26, 131.69, 129.69, 129.10, 128.19, 126.19,
and 121.77.

4-(Tert-Butyl)phenyl 4-chlorobenzoate (1b). New compound. Yield 98% (2.84 g). White solid.
Mp = 114–116 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.6 Hz, 2H), 7.43
(d, J = 8.8 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), and 1.34 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 164.63,
149.01, 148.55, 140.16, 131.68, 129.06, 128.30, 126.59, 121.05, 34.67, and 31.58. HRMS (ESI/Q-TOF) m/z:
[M + Na]+ calcd for C17H17ClO2Na 311.0815 found 311.0822.

4-Methoxyphenyl 4-chlorobenzoate (1c) [68]. Yield 95% (2.50 g). White solid. 1H-NMR (400 MHz, CDCl3)
δ 8.12 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), and
3.82 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 164.85, 157.60, 144.42, 140.20, 131.67, 129.08, 128.30,
122.52, 114.74, and 55.78.

4-Fluorophenyl 4-chlorobenzoate (1d) [69]. Yield 98% (2.45 g). White solid. 1H-NMR (400 MHz, CDCl3) δ
8.12 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.19–7.14 (m, 2 H), and 7.14–7.08 (m, 2 H). 13C{1H}-NMR
(100 MHz, CDCl3) δ 164.52, 161.74, 159.31, 146.71, 140.45, 131.70, 129.17, 127.89, 123.20 (d, JF = 8.4 Hz),
and 116.38 (d, JF = 23.5 Hz).

o-Tolyl 4-chlorobenzoate (1e). New compound. Yield 97% (2.40 g). Colorless oil. 1H-NMR (400 MHz, CDCl3)
δ 8.13 (d, J = 8.7 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 7.27–7.09 (m, 4H), and 2.21 (s, 3H). 13C{1H}-NMR
(100 MHz, CDCl3) δ 164.07, 149.45, 140.18, 131.61, 131.32, 130.27, 129.06, 127.97, 127.13, 126.32, 122.00,
and 16.31. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C14H11ClO2Na 269.0345 found 269.0342.

2,6-Dimethylphenyl 4-chlorobenzoate (1f). New compound. Yield 98% (2.56 g). Colorless oil. 1H-NMR
(400 MHz, CDCl3) δ 8.16 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 7.11–7.04 (m, 3H), and 2.17 (s, 6H).
13C{1H}-NMR (100 MHz, CDCl3) δ 163.56, 148.30, 140.20, 131.61, 130.32, 129.10, 128.76, 127.80, 126.13,
and 16.43. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C15H13ClO2Na 283.0502 found 283.0509.

4.5. Characterization Data for Cross-Coupling Products

Phenyl 4-ethylbenzoate (Table 2, 2a) [70]. Prepared according to the general procedure using phenyl
4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%), THF (0.15 M), and C2H5MgCl
(2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min at 0 ◦C. Yield 63% (71.3
mg). White solid. 1H-NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.4 Hz, 2H), 7.45–7.40 (m, 2H), 7.33 (d,
J = 8.5 Hz, 2H), 7.29–7.24 (m, 1H), 7.23-7.18 (m, 2H), 2.74 (q, J = 7.6 Hz, 2H), and 1.28 (t, J = 7.6 Hz, 3H).
13C{1H}-NMR (100 MHz, CDCl3) δ 165.44, 151.18, 150.78, 130.51, 129.64, 128.29, 127.17, 125.96, 121.95,
29.22, and 15.45.

4-(Tert-Butyl)phenyl 4-ethylbenzoate (Table 2, 2b). New compound. Prepared according to the general
procedure using 4-(tert-butyl)phenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min
at 0 ◦C. Yield 68% (96.1 mg). Colorless oil. 1H-NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.4 Hz, 2H),
7.43 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 7.13 (d, J = 8.8 Hz, 2H), 2.74 (q, J = 7.6 Hz, 2H), 1.34
(s, 9H), 1.28 (t, J = 7.6 Hz, 3H). 13C{1H}-NMR (100 MHz, CDCl3) δ 165.57, 150.66, 148.81, 148.73, 130.49,
128.25, 127.31, 126.53, 121.21, 34.66, 31.61, 29.21, and 15.46. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd
for C19H22O2Na 305.1518 found 305.1519.

4-Methoxyphenyl 4-ethylbenzoate (Table 2, 2c). New compound. Prepared according to the general procedure
using 4-methoxyphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%), THF
(0.15 M), and C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min
at 0 ◦C. Yield 81% (103.8 mg). White solid. Mp = 101–103 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.11 (d,
J = 8.3 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), 3.82 (s, 3H), 2.74
(q, J = 7.6 Hz, 2H), 1.28 (t, J = 7.6 Hz, 3H). 13C{1H}-NMR (100 MHz, CDCl3) δ 165.79, 157.39, 150.67,
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144.63, 130.46, 128.25, 127.22, 122.67, 114.65, 55.77, 29.21, and 15.44. HRMS (ESI/Q-TOF) m/z: [M + Na]+

calcd for C16H16O3Na 279.0997 found 279.0997.

4-Fluorophenyl 4-ethylbenzoate (Table 2, 2d). New compound. Prepared according to the general procedure
using 4-fluorophenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%), THF (0.15 M),
and C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min at 0 ◦C. Yield
51% (62.4 mg). White solid. Mp = 38–40 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.4 Hz, 2H),
7.33 (d, J = 8.1 Hz, 2H), 7.19–7.14 (m, 2H), 7.13–7.07 (m, 2H), 2.75 (q, J = 7.6 Hz, 2H), 1.28 (t, J = 7.6 Hz,
3H). 13C{1H}-NMR (100 MHz, CDCl3) δ 165.45, 161.63, 159.20, 150.96, 146.97 (d, JF = 2.9 Hz), 130.51,
128.33, 126.86, 123.33 (d, JF = 8.5 Hz), 116.28 (d, JF = 23.5 Hz), 29.23, and 15.43. HRMS (ESI/Q-TOF) m/z:
[M + Na]+ calcd for C15H13FO2Na 267.0797 found 267.0794.

o-Tolyl 4-ethylbenzoate (Table 2, 2e). New compound. Prepared according to the general procedure
using o-tolyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%), THF (0.15 M), and
C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min at 0 ◦C. Yield 80%
(96.1 mg). Colorless oil. 1H-NMR (400 MHz, CDCl3) δ 8.14 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H),
7.30–7.22 (m, 2H), 7.20–7.11 (m, 2H), 2.75 (q, J = 7.6 Hz, 2H), 2.23 (s, 3H), and 1.29 (t, J = 7.6 Hz, 3H).
13C{1H}-NMR (100 MHz, CDCl3) δ 165.10, 150.77, 149.76, 131.31, 130.51, 128.32, 127.12, 127.09, 126.17,
122.23, 29.23, 16.43, and 15.47. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C16H16O2Na 263.1048
found 263.1044.

2,6-Dimethylphenyl 4-ethylbenzoate (Table 2, 2f). New compound. Prepared according to the general
procedure using 2,6-dimethylphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min
at 0 ◦C. Yield 90% (114.2 mg). Colorless oil. 1H-NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.3 Hz, 2H),
7.34 (d, J = 8.4 Hz, 2H), 7.12–7.06 (m, 3H), 2.74 (q, J = 7.6 Hz, 2H), 2.19 (s, 6H), and 1.29 (t, J = 7.6 Hz,
3H). 13C{1H}-NMR (100 MHz, CDCl3) δ 164.56, 150.73, 148.53, 130.54, 130.50, 128.72, 128.32, 126.88,
125.97, 29.20, 16.54, and 15.44. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C17H18O2Na 277.1205
found 277.1209.

4-Methoxyphenyl 4-hexylbenzoate (Table 2, 2g). New compound. Prepared according to the general
procedure using 4-methoxyphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and C6H13MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min
at 0 ◦C. Yield 83% (129.8 mg). White solid. Mp = 64–66 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.10 (d,
J = 8.3 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 7.12 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), 3.82 (s, 3H),
2.69 (t, J = 7.6 Hz, 2H), 1.70–1.60 (m, 2H), 1.37–1.28 (m, 6H), and 0.89 (t, J = 6.9 Hz, 3H). 13C{1H}-NMR
(100 MHz, CDCl3) δ 165.81, 157.40, 149.45, 144.65, 130.37, 128.80, 127.20, 122.67, 114.65, 55.78, 36.26,
31.84, 31.30, 29.09, 22.76, and 14.27. HRMS (ESI/Q-TOF) m/z: [M +Na]+ calcd for C20H24O3Na 335.1623
found 335.1614.

4-Methoxyphenyl 4-tetradecylbenzoate (Table 2, 2h). New compound. Prepared according to the general
procedure using 4-methoxyphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and C14H29MgCl (1.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 180 min
at 0 ◦C. Yield 76% (161.7 mg). White solid. Mp = 63–65 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.10 (d,
J = 8.3 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 7.12 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), 3.82 (s, 3H),
2.69 (t, J = 7.7 Hz, 2H), 1.69–1.60 (m, 2H), 1.35–1.24 (m, 22H), and 0.88 (t, J = 6.8 Hz, 3H). 13C{1H}-NMR
(100 MHz, CDCl3) δ 165.80, 157.39, 149.46, 144.64, 130.37, 128.79, 127.19, 122.67, 114.64, 55.77, 36.26,
32.11, 31.35, 29.84, 29.75, 29.65, 29.55, 29.44, 22.88, and 14.32. HRMS (ESI/Q-TOF) m/z: [M + H]+ calcd
for C28H41O3 425.3056 found 425.3056.

4-Methoxyphenyl 4-cyclohexylbenzoate (Table 2, 2i). New compound. Prepared according to the general
procedure using 4-methoxyphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and c-C6H11MgCl (1.0 M in THF, 1.20 equiv). The reaction mixture was stirred for
15 h at 0 ◦C. Yield 37% (57.8 mg). White solid. Mp = 131–133 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.11
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(d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), 3.82 (s,
3H), 2.65–2.54 (m, 1H), 1.94–1.82 (m, 4H), 1.81–1.73 (m, 1H), 1.51–1.34 (m, 4H), and 1.33–1.23 (m, 1H).
13C{1H}-NMR (100 MHz, CDCl3) δ 165.77, 157.38, 154.38, 144.64, 130.45, 127.31, 127.23, 122.67, 114.64,
55.77, 44.93, 34.30, 26.89, and 26.19. HRMS (ESI/Q-TOF) m/z: [M +Na]+ calcd for C20H22O3Na 333.1467
found 333.1474.

4-Methoxyphenyl 4-phenethylbenzoate (Table 2, 2j). New compound. Prepared according to the general
procedure using 4-methoxyphenyl 4-chlorobenzoate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (200 mol%),
THF (0.15 M), and PhCH2CH2MgCl (1.0 M in THF, 1.2 equiv). The reaction mixture was stirred for
15 h at 0 ◦C. Yield 82% (136.1 mg). White solid. Mp = 116–118 ◦C. 1H-NMR (400 MHz, CDCl3) δ 8.09
(d, J = 8.3 Hz, 2H), 7.31–7.26 (m, 4H), 7.22–7.14 (m, 3H), 7.11 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz,
2H), 3.80 (s, 3H), 3.04–2.98 (m, 2H), and 2.97–2.92 (m, 2H). 13C{1H}-NMR (100 MHz, CDCl3) δ 165.71,
157.38, 148.03, 144.58, 141.19, 130.40, 128.88, 128.61, 128.57, 127.49, 126.27, 122.63, 114.63, 55.73, 38.07,
and 37.59. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C22H20O3Na 355.1310 found 355.1308.

Supplementary Materials: 1H and 13C-NMR spectra are available online at http://www.mdpi.com/1420-3049/25/
1/230/s1.
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Abstract: To explore plausible reaction pathways of the cross-coupling reaction between a haloalkane
and an aryl metal reagent catalyzed by an iron–phosphine complex, we examine the reaction of
FeBrPh(SciOPP) 1 and bromocycloheptane employing density functional theory (DFT) calculations.
Besides the cross-coupling, we also examined the competitive pathways of β-hydrogen elimination
to give the corresponding alkene byproduct. The DFT study on the reaction pathways explains the
cross-coupling selectivity over the elimination in terms of FeI/FeII/FeIII mechanism which involves
the generation of alkyl radical intermediates and their propagation in a chain reaction manner.
The present study gives insight into the detailed molecular mechanic of the cross-coupling reaction
and revises the FeII/FeII mechanisms previously proposed by us and others.

Keywords: iron catalysis; haloalkane coupling; Grignard reagent; FeI/FeII/FeIII mechanism; density
functional theory

1. Introduction

Transition-metal-catalyzed cross-coupling reaction is one of the most versatile synthetic
tools for constructing carbon frameworks of various functional molecules, e.g., pharmaceuticals,
agrochemicals, and organic electronic materials. Iron catalysts have emerged as a sustainable
alternative for conventional palladium and nickel catalysts and have attracted significant attention
due to their practical merits of cost-effectiveness, low toxicity, and the abundance on the earth [1–4].
Despite the remarkable progress of iron-catalyzed cross-coupling reactions in organic synthesis [5–14],
their reaction mechanisms remain elusive and attract considerable interests to their underlying
molecular mechanisms [15–19].

More specifically, iron catalysts have proven useful for cross-coupling reactions of non-activated
haloalkanes, a synthetically valuable yet challenging substrate, which is prone to undergo β-hydrogen
elimination in the conventional palladium-catalyzed cross-couplings to form undesired alkene
byproducts [20–23]. Numerous synthetic and mechanistic studies have thus appeared on this class of
iron-catalyzed cross-coupling. The use of the controlled-addition technique of Grignard reagent in
Kumada–Tamao-Corriu (KTC) coupling or using less reactive boron reagents in Suzuki–Miyaura (SM)
coupling have proven, in combination with the use of bulky bisphosphine ligands, to be the successful
strategy for the iron-catalyzed haloalkane coupling reactions [24–27].

Molecules 2020, 25, 3612; doi:10.3390/molecules25163612 www.mdpi.com/journal/molecules201
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There is a consensus that the haloalkane substrates undergo halogen abstraction by an
(organo)iron species to generate the corresponding alkyl radical intermediates. A variety of radical
mechanisms have been discussed thus far by Hu [28], Norrby [29], Bedford [30], Tonzetich [31],
Fürstner [22], Neidig [32,33], and us [19,34]. Our group and the Neidig group have independently
crystalized iron-bisphosphine complexes, such as FeIIX2(SciOPP), FeIIXAr(SciOPP), FeIIAr2(SciOPP),
where X = halide and Ar = Ph or Mes [32–34]. Furthermore, we identified the presence of
FeIIBrMes(SciOPP), FeIIMes2(SciOPP) in the reaction mixture of the cross-coupling reaction by using
solution-phase synchrotron X-ray absorption spectroscopic (XAS) studies [34]. According to this study,
we proposed an FeII/FeII mechanism based on identification of FeIIAr2(SciOPP) (Figure 1a, Ar =Mes
and X = Br). The Neidig group also identified the presence of iron(II) complexes in the solution phase
through intensive mechanistic studies, consisting of Mössbauer and magnetic circular dichroism (MCD)
spectroscopy, and synthetic approaches [32,33]. They identified that FeIIXAr(SciOPP) is the active
iron species of the cross-coupling reaction suppressing undesired β-hydrogen elimination reactions
(Figure 1a, Ar = Ph). On the other hand, the Bedford group crystalized iron(I) species, [FeIBr(dpbz)2]
which is formed from iron(II)-precatalyst and they proposed a low-coordinate iron(I)-phosphine
species is involved in the cross-coupling reactions [35]. Identification of such low-coordinate
iron(I)-complexes in the reaction mixture was not fully successful, and their involvement in the
reaction mechanism remains elusive. The active iron-species that generate alkyl radical intermediates
and the iron-species that react with the radical intermediate to effect the carbon–carbon bond formation
have also remained unknown.
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Figure 1. (a) Proposed catalytic cycle for cross-coupling between an alkyl halide and Grignard
reagent catalyzed by iron-SciOPP complexes. (b) Proposed catalytic cycle based on a recent study
involving iron-BenzP* catalyzed cross-coupling between α-chloroesters and Grignard reagent. (c) The
iron-SciOPP-catalyzed cross-coupling reaction chosen for the current density functional theory (DFT)
mechanistic study [26,27].

Recently, our group developed enantioselective cross-coupling reactions using chiral bisphosphine
ligands and proposed that the radical species may not react with the iron(III)-species which takes part
in the generation of the radical (in-cage mechanism) [36,37]. We further performed the detailed DFT
analysis of the reaction of α-chloroesters with the Grignard reagent in presence of chiral bisphosphine
ligand and found that FeI/FeII/FeIII mechanism operates in the reaction (Figure 1b) [38]. The iron(I)
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species activates the carbon–halogen bond of halo-ester substrates leading to the generation of
α-ester-radical. In the next step, another molecule of FeIIXAr (active species) traps the generated
radical (out-of-cage or chain mechanism) and lead to product formation through iron(III) species.
Parallelly, the Gutierrez group reported DFT mechanistic study of the same reaction leading to the
virtually same conclusion [39]. Despite these recent mechanistic insights, the use of electronically and
sterically different iron-bisphosphine complexes, different substrates, and reagents in cross-coupling
reactions make it difficult to generalize the mechanism understanding.

The iron-SciOPP catalysts have been known as a superior catalyst for the cross-coupling of
alkyl halides and Grignard reagent [26]. Due to bulky nature and strong chelation ability of the
ligand, it avoids the formation of multinuclear or multiligand iron–phosphine complexes and also
suppresses the formation of undesired ate complexes, which presumably responsible for increased
reactivity and selectivity by minimizing side reactions. The mechanistic studies by Neidig showed that
FeIIBrPh(SciOPP) complex reacts with a haloalkane to give the corresponding cross-coupling product
selectively, but the detailed mechanism has remained unclear [33]. In our pursuit to identify the iron
species involved in the elementary steps of the iron-catalyzed haloalkane coupling, DFT is used to
study the reaction between FeIIBrPh(SciOPP) and bromocycloheptane (Figure 1c), which has been
believed as the key for the selective cross-coupling of a haloalkane with an aryl metal reagent in the
presence of an iron-bisphosphine catalyst. The plausible reaction pathways, FeII/FeII, and FeI/FeII/FeIII

are examined and compared in this study.

2. Results and Discussion

2.1. Reaction of FeIIBrPh(SciOPP) with Bromocycloheptane

2.1.1. Cycloheptyl Radical Generation via C–Br Activation by Iron(II)-Species

The reaction mechanism from FeIIBrPh(SciOPP) is studied as it is predicted to be the starting
species in cross-coupling reactions. The TSs with lowest energy spin states as found in our previous
study were only considered, due to large system size [38]. The first step is the C–Br activation
of bromocycloheptane by quintet FeIIBrPh(SciOPP) (52PhBr), through an atom transfer mechanism
(Figure 2). To a tetrahedral geometry of FeIIBrPh(SciOPP), 52PhBr, bromine-atom of substrate (S)
approaches in the plane the same as P–Fe–P to form pre-reaction complex 52PhBr-RBr, which is
6.7 kcal/mol higher in energy than the separated molecules. The 5TS1 has a distorted square-pyramidal
geometry, with the incoming bromine-atom positions in the square plane and the other bromine
in the pyramidal position. The activation barrier of this process is 24.1 kcal/mol. The Mulliken
spin densities on the iron center of the catalyst, and C1 and bromine of substrate are �(Fe) = 3.316,
� (Br) = −0.055, and �(C1) = 0.672, respectively (Figure S1), indicating that during this step, quintet
iron(II) is converted to quartet-iron(III) species with the generation of doublet cycloheptyl radical, 2R·.
The formed 53PhBrBrR and 43PhBrBr species are respectively 21.7 and 14.9 kcal/mol higher in energy
than 52PhBr, suggesting the reversible nature of the C–Br activation and will lead to a low concentration
of radical 2R·.
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Figure 2. Free energy profile for the reaction of iron(II) species with bromocycloheptane. The relative
free energies with respect to 52PhBr and bromocycloheptane are given in kcal/mol with total electronic
energies including ZPE (zero-point energy) correction (ΔEZPE) are given in parenthesis.

2.1.2. Reaction of Cycloheptyl Radical with Iron(II)-Species: C–C Bond Formation and Generation of
Iron(I) Species

The generated radical intermediate R· can react with either 43PhBrBr (iron(III)-species, in-cage
mechanism) or 52PhBr (iron(II)-species, out-of-cage mechanism) present in the reaction mixture [36,38].
For the reaction of cycloheptyl radical (R·) with iron(II) species, the first step involves the out-of-cage
movement of 2R· from the intermediate 43PhBrBrR. Then the 2R· coordinates to the iron center through
4TS2 with a lower barrier than 5TS1 (20.7 kcal/mol from starting 52PhBr and 5.8 kcal/mol from the
second 52PhBr, Figure 3). It leads to the formation of lower energy iron(III) species 43PhBrR, which is
11.7 kcal/mol lower in energy. The consequent reductive elimination forms C–C coupling product
P1, which proceeds with the activation barrier of 13.1 kcal/mol (4TS3). The reductive elimination
process is highly exergonic and the corresponding iron(I)-product complex (41Br-PhR) is 16.6 kcal/mol
lower in energy than 43PhBrR. Afterwards, the product will decoordinate from 41Br-PhR leading to
the formation of 5.7 kcal/mol higher energy species 41Br, probably through a barrierless process.
The transient species 41Br readily reacts with a THF molecule (solvent) leading to the formation of
lower energy species 41Br-THF (0.9 kcal/mol lower energy than 41Br-PhR). The whole process for the
reaction of FeIIBrPh(SciOPP) with bromocycloheptane leading to the formation of product and 41Br-THF

is exergonic by 13.3 kcal/mol.

2.1.3. Reaction of Cycloheptyl Radical with FeIIIBr2Ph(SciOPP) (In-Cage Mechanism)

The reaction of cycloheptyl radical with 43PhBrBr leading to a cross-coupling product turns out
to have a higher free energy barrier of 26.9 kcal/mol (Figure S2). This process occurs through an
outer-sphere fashion (5TS4), where R· attacks directly the ipso-carbon of the phenyl group and does
not coordinate with the iron center. The reaction leading to byproduct alkene formation occurs by the
simultaneous transfer of bromine and hydrogen from bromocycloheptane to iron and the ipso-carbon of
the phenyl group of 52PhBr, respectively, via 5TS5 with a 25.2 kcal/mol energy barrier. Both processes for
the formation of the cross-coupling and the alkene products are highly exothermic (ca. 35–45 kcal/mol).
The formation of alkene is favorable kinetically over the cross-coupling. However, it does not agree
with experimental observation.
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Figure 3. Free energy profile for cross-coupling by the reaction of iron(II) species with cycloheptyl radical,
where radical is generated by the reaction of iron(II) species and bromocycloheptane. Free energies
with respect to 52PhBr and bromocycloheptane are given in kcal/mol (ΔEZPE are given in parenthesis).

Although the reaction of cycloheptyl radical with FeIIIBr2Ph(SciOPP), 43PhBrBr leading to
cross-coupling product and alkene formation is highly exothermic, it is unlikely as 5TS4 and 5TS5 are
6.2 and 4.5 kcal/mol higher in energy than 4TS2. Hence, the cross-coupling reaction proceeds by the
reaction of alkyl radical with iron(II)-species. Similar to our previous study, iron-SciOPP complexes
also do not favor FeII/FeIII mechanism.

2.1.4. Reaction of Cycloheptyl Radical with Iron(II)-Species: Alkene Byproduct Formation

From complex 43PhBrR the possibility of formation of alkene is also considered (Figure 4).
It involves the transfer of β-hydrogen from a coordinated cycloheptyl group to phenyl ligand (4TS6).
The activation barrier for this process is apparently high and 4TS6 is 14.1 kcal/mol higher in energy than
4TS3 and the formation of alkene is unlikely from 43PhBrR. The TSs for coupling and alkene formation
by the outer-sphere reaction of radical with phenyl of iron(II) species, 52PhBr could not be located.

Further, we checked the possibility of alkene formation by H-atom transfer (4TS7) from cycloheptyl
radical to iron-atom of the iron(II) complex, 52PhBr. The activation barrier for this process is 12.9 kcal/mol.
It leads to the formation of the iron(III)-hydride complex, 43PhBrH. The following reductive elimination
between the hydride and phenyl groups through 4TS8 lead to the formation of benzene. This pathway
is unfavorable as 4TS7 is 7.7 kcal/mol higher in energy than 4TS2. Hence, the reaction of the alkyl
radical with FeIIBrPh(SciOPP) does not give the alkene byproduct, which is in concert with the
experimental observations.
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Figure 4. Free energy profile for olefin formation by reaction of FeII species with cycloheptyl radical,
where radical is generated by the reaction of iron(II) species and bromocycloheptane. Free energies
with respect to 52PhBr and bromocycloheptane are given in kcal/mol (ΔEZPE are given in parenthesis).

2.1.5. Reaction of Iron(I) Species with Bromocycloheptane: Regeneration of FeIIBr2(SciOPP) and
Cycloheptyl Radical

The iron(I) species formed during the reaction can react either with another iron(III) species
to undergo a comproportionation to generate two iron(II) species, or with haloalkane substrate (of
which concentration is larger than iron(III) species) to generate one iron(II) species and an alkyl
radical intermediate. For the reaction to proceed the first step is the removal of THF from 41Br-THF

to form 41Br and this process is endergonic by 6.6 kcal/mol (Figure 5). This step is required for both
comproportionation and reaction with the haloalkane substrate. The coordination of the substrate
through bromide to 41Br, leading to the formation of 41Br-BrR is exergonic by 2.3 kcal/mol. The activation
barrier for the Br-atom transfer (4TS9) from 41Br-BrR species is 6.8 kcal/mol (barrier from 41Br-THF).
The process is highly exergonic and leads to formation of cycloheptyl radical and iron(II) species 52BrBr.
The generated 52BrBr species will undergo transmetalation and the radical species will react with the
available 52PhBr in the reaction mixture, propagating the radical chain reaction [40]. Hence, the reaction
will proceed through the out-of-cage mechanism, and similar to our previous study, the current reaction
also follows the FeI/FeII/FeIII pathway [38].

The comproportionation between 41Br and 43PhBrBr (generated by substrate reaction with iron(II)
species 52PhBr) may be a barrierless process and is a highly exergonic process (37.2 kcal/mol). Since the
concentration of the haloalkane substrate is high enough under the catalytic coupling condition,
the reaction between the iron(I) species and haloalkane is more likely. Hence, iron(I) species is the
active species after its generation during the reaction, which reduces the activation barrier for C–Cl
activation from 24.1 to 6.8 kcal/mol.
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Figure 5. Free energy profile for probable reaction path of generated iron(I) species. Free energies with
respect to 52PhBr and bromocycloheptane are given in kcal/mol (ΔEZPE are given in parenthesis).

2.2. Proposed Catalytic Cycle Based on FeI/FeII/FeIII Mechanism

Based on the above theoretical studies, we propose the reaction mechanism depicted in Figure 6.
The FeIIXAr(SciOPP) (52PhBr) is first converted to FeIXTHF(SciOPP) (41Br-THF) with the formation
of the cross-coupling product. Afterwards, iron(I) species (41Br-THF) mainly activate the alky
halide. Transmetalation of 41Br-THF is less likely due to the low concentration of Grignard reagent,
which excludes the possibility of involvement of FeIArTHF(SciOPP) species. Hence, the catalytic cycle
starts with the halogen atom abstraction from the alkyl halide (Alkyl-X) by iron(I) species (41Br) affording
a dihaloiron species FeIIX2(SciOPP) (52BrBr) along with an alkyl radical intermediate (2R·) (Figure 6 and
Figure S3). The resultant alkyl radical 2R· escapes from the solvent cage and is further trapped by iron(II)
species, FeIIXAr(SciOPP) (52PhBr) (which have a higher concentration) via the out-of-cage pathway.
It led to the formation of iron(III) species FeIIIXArR(SciOPP) (43PhBrR). The reductive elimination from
43PhBrR led to the formation of a cross-coupling product and regenerating iron(I) species (41Br-THF).
Based on this mechanism, the detection of both iron(II) and iron(I) species, and their roles in the
cross-coupling reaction can be reasonably explained.
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Figure 6. Revised catalytic cycle of iron-SciOPP catalyzed-KTC coupling of a haloalkane based on the
current DFT study. Free energies with respect to 41Br-THF and bromocycloheptane are given in kcal/mol
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3. Computational Methods

The Gaussian09 program was used for quantum mechanical calculations reported in the study [41].
The DFT method B3LYP [42,43] was used for geometry optimization and energy calculations with
the inclusion of solvent effects by the PCM method [44]. Grimme’s D3 dispersion correction method
was used to include dispersion correction [45]. For geometry optimization, the 6-31G* basis set [46]
was used for all atoms as it gave good agreement with the crystal structure of FeIIBrPh(SciOPP)
and Fe IIBr2(SciOPP) (Figure S4). The geometry optimization with SDD [47] basis set for Fe, Br and
6-31G* for other atoms lead to relatively longer metal ligand distances. Hence, the 6-31G* basis set
was used. The hessian calculation was performed to confirm minima (no imaginary frequency) and
TS (one imaginary frequency). All TS were confirmed by visual inspection of imaginary frequency.
The connectivity between TSs and minima were confirmed by IRC [48] calculations for 20 steps and
subsequent optimization of the geometry at PCM/B3LYP/6-31G* level of theory.

The energies were further computed using the 6-311G** basis set [49] for all atoms and with
Douglas–Kroll–Hess second-order scalar relativistic effects. The EZPE reported in the paper is calculated
by adding zero-point-energy obtained at the 6-31G* basis set to electronic energy of higher basis set (EZPE

=Eelec(6-311G**) +ZPE(6-31G*)). The free energies were calculated by adding thermal free energy correction
obtained at 6-31G* to electronic energy of the 6-311G** basis set (G = Eelec(6-311G**) + GCorr(6-31G*)).
The free energies were calculated at 298.15 K temperature and 1 atm pressure. Concisely, the energies
reported in the paper were calculated at PCMTHF/B3LYP-D3/6-311G**//PCMTHF/B3LYP-D3/6-31G* level
of theory.

The spin-state energies of iron complexes computed by a DFT method depend on the choice of
the exchange-correlation functional [50,51]. Various functionals were recommended in the literature,
while no consensus has been made for the optimal choice of the DFT method. Hence, care should
be taken in choosing functional, especially for iron complexes with the small spin-state energy
gaps. The DFT method (B3LYP-D3 Functional) used in this work predicted quintet as the ground
state for iron(II) complexes, FeIIBrPh(SciOPP) and FeIIBr2(SciOPP), which is in agreement with the
experimentally known spin state [33,34]. Additionally, the spin state for related iron(I) complex
(Fe(η2-[TIPS-CC-H])Br(SciOPP)) was also predicted correctly [52]. Further, the OBPE-D3 functional
(which is known to provide reliable spin state gap) [53] gave consistent results with B3LYP-D3 for the
ground spin state (quartet) of iron(I) and iron(III) complexes (Table S1). The OPBE-D3 functional failed
to give reliable results for the spin state of the FeIIBrPh(SciOPP) complex. Hence, the B3LYP-method
reliably predicts the spin state of the current system and is used in this study. Further, we have
also checked the effect of long-range-corrected (LC) exchange functional on barrier height [54] using
CAM-B3LYP-D3 functional. The CAM-B3LYP-D3 functional led to a similar conclusion as of B3LYP-D3,
and some TSs showed a higher energy barrier (details are given in Table S2).

4. Conclusions

We have studied the mechanism of the reaction between FeIIBrPh(SciOPP) and bromocycloheptane
by using DFT methods and identified iron species of different oxidation states involved in a
catalytic cycle of the iron-bisphosphine-catalyzed haloalkane couplings. The reaction mechanism
follows the FeI/FeII/FeIII pathway, where iron(I) activates the C–Br bond of the haloalkane substrate,
another molecule of FeIIBrPh(SciOPP) traps the generated alkyl radical species to form iron(III) species
leading to the formation of the cross-coupling product and iron(I) species. The iron(I) species then
again react with haloalkane generating alkyl radical and the reaction propagates through a radical
chain mechanism. The current mechanism mirrors our previous mechanistic study on a chiral
bisphosphine-catalyzed enantioselective cross-coupling despite the change of bisphosphine ligand
from BenzP* to SciOPP.

The reaction of haloalkane with iron(II) species and the reaction of the alkyl radical with iron(III)
species have a higher energy barrier than those of Iron(I) species and iron(II) species, respectively.
The obtained energetics exclude the possibility of FeII/FeII and FeII/FeIII pathways proposed previously.
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Furthermore, we have found that an alkyl radical prefers to coordinate to the FeIIBrPh(SciOPP)
species, instead of the β-hydrogen-atom abstraction ending with the alkene byproduct. The generated
FeIIIBrPh(alkyl)(SciOPP) species favors reductive elimination to give the corresponding coupling
product over the alkene byproduct. These results deepen our understanding of the iron-SciOPP catalysis
and provide insights into the probable root for the side product formations. Further understanding of
the mechanism of alkene formation with FeIIPh2(SciOPP) catalyst will help design better catalysts and
synthetic methodology. The theoretical and experimental research in this line is now actively pursued
in our laboratory and will be reported in due course.
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and their energies, Figure S1: Mulliken spin densities of the stationary points, Figure S2: Free energy profile for
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iron(I) species, Figure S4: Comparison of geometrical parameters of X-ray crystal structure of 2PhBr and 2BrBr with
the optimized geometry in quintet spin state, Table S1: The comparison of energies for the iron(I), iron(II) and
iron(III) complexes in different spin states at B3LYP-D3 and OPBE-D3 functionals. Table S2: Comparison of free
energy barriers of catalytic cycle at B3LYP-D3 and CAM-B3LYP-D3 functionals.
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