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Abstract

A copper-based complex that contains a sulfonate N-heterocyclic carbene ligand was first reported 

15 years ago. Since then, these organometallic entities have proven to be uniquely effective in 

catalyzing an assortment of enantioselective transformations, including allylic substitutions, 

conjugate additions, proto-boryl additions to alkenes, boryl and silyl substitutions, hydride–allyl 

additions to alkenyl boronates, and additions of boron-containing allyl moieties to N-H ketimines. 

In this review article, we detail the shortcomings in the state-of-the-art that fueled the development 

of this air stable ligand class, members of which can be prepared on multigram scale. For each 

reaction class, when relevant, the prior art at the time of the advance involving sulfonate NHC–Cu 

catalysts and/or subsequent key developments are briefly analyzed, and its relevance to efficient 

and enantioselective total or formal synthesis of biologically active molecules is underscored. 

Mechanistic analysis of the structural attributes of sulfonate NHC–Cu catalysts that are 

responsible for their ability to facilitate transformations with high efficiency as well as regio- and 

enantioselectivity are detailed. This review contains several formerly undisclosed methodological 

advances and mechanistic analyses, the latter of which constitute a revision of previously reported 

proposals.
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Catalysis by metal bridging: Sulfonate NHC–Cu catalysts promote a variety of transformations 

with uniquely high efficiency as well as regio-, and enantioselectivity. The origins of the discovery 

of these chiral complexes, the process that they are adept at catalyzing, comparison with 

alternative approaches, and different applications to total synthesis are presented. Also provided 

are mechanistic analyses, which underscore the significance of sulfonate–metal bridges.

Keywords

allylic substitutions; allyl additions; boron; catalysis; conjugate additions; copper; enantioselective 
catalysis; NHC ligands; proto-boryl additions; silicon; sulfonate NHC ligands

“…I believe that every militant chemist can confirm it: that one must distrust the 

almost-the-same…, the practically identical, the approximate, the or-even, all 

surrogates and all patchwork. The differences can be small, but they can lead to 

radically different consequences…; the chemist’s trade consists in good part in 

being aware of these differences, knowing them close up, and foreseeing their 

effects.”

Primo Levi in “The Periodic Table”

1. Introduction

Catalysts that can promote the formation of different types of bonds with high efficiency, 

regio-, diastereo-, and enantioselectivity are central to advances in chemistry, biology, and 

medicine. The subject of this review is a class of sulfonate NHC–Cu (NHC = N-heterocyclic 

carbene) complexes that catalyze, often with uniquely high efficiency and selectivity, the 

generation of C–C, C–B, C–H, and C–Si bonds. For each reaction class, if applicable, the 

state-of-the-art at the time of application of sulfonate NHC–Cu complexes and/or 

subsequent related advances are briefly analyzed. Key mechanistic nuances of sulfonate 

NHC–Cu-catalyzed transformations will also be provided. This review contains previously 

unpublished methodological progress as well as mechanistic experiments and analyses.
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2. State-of-the-Art and Initial Basis for Ligand Design

Two decades ago, we were engaged in the development of NHC–Ru and NHC–Cu catalysts 

for enantioselective olefin metathesis,[1] allylic substitution (EAS),[2] and conjugate addition 

(ECA).[3] We designed catalysts with a binaphthol ligand (e.g., NHC(O)–Cu-1a, Scheme 

1a), prepared by treatment of the corresponding Ag complex (e.g., NHC(O)–Ag-1a) with a 

Ru- or Cu-halide species. As a more conformationally flexible system, we prepared and 

probed the activity of biphenolate complexes (e.g., NHC(O)–Cu-2a, Scheme 1a), which can 

be generated diastereoselectively upon metal complexation [>98:2 diastereomeric ratio 

(d.r.)] with the chelating phenoxy group oriented away from the NHC’s proximal phenyl 

group. The biphenolate catalysts often proved more effective, highlighted by an EAS to form 

a quaternary carbon stereogenic center (Scheme 1b). Still, a number of notable processes 

remained low yielding and/or minimally enantioselective (e.g., Scheme 1c).

We reasoned that reactions that proceed via intermediates containing a pendant sulfonate 

unit might be more efficient due to faster oxidative addition (to generate Cu(III)–alkyl 

species) and/or reductive elimination (to form a C–C bond; Scheme 2a). These expectations 

were supported by the studies of Vedernikov, concerning reactions of Pt-alkyl complexes 

with molecular oxygen, transformations that were shown to be facilitated by an anionic di(2-

pyridyl)methanesulfonate ligand (Scheme 2b).[4] Vedernikov proposed that because of the 

proximal sulfonate group the transition metal’s dz2 electrons should be higher in energy 

(Scheme 2b), and the electron-withdrawing sulfonate might lower the energy of the vacant 

dz2 orbital of the Pt(IV) complex, diminishing the barrier to addition of water and 

subsequent MeOH generation. As we shall see, although our initial suppositions did lead us 

to pursue and develop an effective new class of NHC–Cu catalysts, the mechanistic basis is 

probably not as originally envisioned.

3. Sulfonate Imidazolinium Salts and NHC–Ag Complexes

Ligand synthesis. The requisite dianiline sulfonate (Scheme 3) was prepared in multi-gram 

quantities by sequential catalytic cross-coupling with a commercially available 

enantiomerically enriched diamine. Subjection of the dianiline to 

dimethylmethylideneammonium iodide afforded imid(S)-1a (79% yield), likely via the 

ammonium salt formed by reaction of the amine. Head-to-tail dimer NHC(S)–Ag-1a was 

then obtained quantitatively and in >98:2 d.r. as an air-stable white solid by subjection of 

imid(S)-1a to Ag2O and 4Å molecular sieves.[5] Spectroscopic analysis of NHC(S)–Ag-1a 
indicated altered distribution of electron density compared to the aryloxy complexes (e.g., 

NHC(O)-Ag-2a).

Ease of preparation and use. Other sulfonate imidazolinium salts are accessible in multi-

gram quantities by a similar route (see below). The dimeric NHC–Ag complexes, which 

should be stored in the dark (e.g., container wrapped with aluminum foil), are indefinitely 

stable. We have used five-year old samples without encountering a change in efficiency or 

selectivity. Use of a sulfonate NHC–Cu complex does not require pre-distillation of solvents, 

or rigorously oxygen-free and anhydrous conditions.
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4. Catalytic Enantioselective Allylic Substitution (EAS)

Sulfonate NHC–Cu catalysts are uniquely effective in promoting highly SN2’-selective 

EAS[6] with organoaluminum, organozinc, or organoboron compounds.

4.1. With Organoaluminum and Organozinc Compounds

4.1.1. With Me3Al.—An early indication suggesting the distinctiveness of sulfonate 

NHC–Cu catalysts presented itself in a total synthesis of bacinopyrone C (Scheme 4).[7] A 

key sequence entailed EAS with Me3Al and a bis-phosphate/diastereoselective allylic 

substitution. Model studies had indicated that under substrate-control the meso isomer is 

favored (~1.5:1); the stereochemical outcome of the second substitution thus needed to be 

catalyst-controlled. Reactions with complexes lacking a sulfonate were minimally 

stereoselective, and it was only through the use of NHC(S)-Ag-1a that we could obtain pure 

S,S-isomer in 61% yield (pure S,S isomer), 89:11 d.r., and >99:1 enantiomeric ratio (e.r.).

4.1.2. With alkenyl–Al compounds.—The alkenyl–Al compounds (vs. Mg- or Zn-

based[8])can be accessed by reaction between a terminal alkyne and diisobutylaluminum 

hydride (dibal–H; Scheme 5).[9] Although (E)-β-alkenyl–Al compound was easily 

synthesized by treatment of 1-octyne with dibal–H (Scheme 5),[10] there was no reaction 

with 1.0 mol % CuCN or CuCl2•2H2O, and only 65% conversion to a mixture of three 

compounds with one equivalent of CuCN. Nor was any of the desired product detected when 

Cu complexes derived from an achiral NHC ligand or NHC(O)–Ag-2a were used. 

Remarkably, however, with just 1.0 mol % of the complex generated from NHC(S)–Ag-1a 
the desired isomer was isolated in 87% yield, >98% SN2’ selectivity, >98% group selectivity 

(<2% iBu addn), and >99:1 e.r. In certain cases, the catalyst derived from NHC(S)–Ag-2a, 

lacking a backbone phenyl group, was somewhat more effective.[11]

4.1.3. With Si-substituted alkenyl–Al compounds.—Reaction with dibal–H is 

inapplicable to aryl- or heteroaryl alkynes, since removal of the more acidic alkynyl proton 

is competitive with Al–H addition (Scheme 6a). Nor can Z-alkenyl–Al compounds be 

accessed in this way. These limitations were addressed by the use of silyl-substituted 

alkynes. The Z-silyl-substituted-alkenyl–Al complex (Scheme 6b) was prepared with 

complete regio- and stereoselectivity and utilized in EAS [the smaller Me2HSi-substituted 

alkynes were more efficient (vs. Me3Si)], [12] optimally promoted by the catalyst derived 

from NHC(S)–Ag-1b. A hexanes/thf mixture is the optimal medium because in pure hexane 

the E-alkenylsilane isomer is generated preferentially (Scheme 6c). Without a thf molecule 

bound to the Al center, the initial Z-alkenyl–Al isomer i, in resonance with ii, can isomerize 

to reduce steric strain. The catalyst derived from NHC(S)–Ag-2c emerged as the most 

effective for EAS with E-alkenyl–Al compounds (Scheme 6c), allowing for a concise 

enantioselective synthesis of nyasol (Scheme 6d).

4.1.4. Phosphine–Ni-catalyzed Al–H addition merged with EAS.—Another 

shortcoming was the low efficiency of EAS with silyl-substituted alkenyl–Al species and 

trisubstituted olefins to generate a quaternary carbon stereogenic center[13] (Scheme 7a). 

Similar reactions but with trisubstituted alkenes and non-silyl-containing alkenyl-Al 
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complexes were efficient and regio- and enantioselective,[14] suggesting that the size of the 

silyl group is problematic. What was needed was a catalytic approach to synthesis of 

alkenyl–Al compounds directly from an alkyne, one that would be sufficiently fast to render 

the aforementioned side reactions non-competitive.

(Ph3P)2Ni-catalyzed Al–H addition[15] to a monosubstituted alkyne turns out to be 

sufficiently facile to out-compete proton removal (Scheme 7b). A concise synthesis of 

bakuchiol could thus be achieved involving EAS catalyzed by the NHC–Cu complex derived 

from NHC(S)–Ag-2c.[16] Equally important, with a bidentate bis-phosphine–Ni catalyst, 

regioselectivity of the Al–H addition can be reversed and the alternative α-alkenyl–Al 

isomer can be obtained. The corresponding EAS are similarly efficient, regio- and 

enantioselective (Scheme 7c).

4.1.5. With alkynyl–Al compounds.—A key corollary to catalytic Al–H addition to 

alkynes is that by including 5.0 mol % Et3N (Scheme 8a), the alkynyl–Al product can be 

generated efficiently (<2% alkenyl–Al).[17] The alkynyl–Al compounds may be used in EAS 

catalyzed by an NHC(S)–Cu complex, affording 1,4-enynes with complete SN2’ selectivity 

and high e.r.;[18] as far as we know, these are the first reported instances of catalytic EAS 

with an alkynylmetal compound. Upon treatment of a product with dbu, enantiomerically 

enriched trisubstituted allenes were formed (Scheme 8a).[19] With the NHC–Cu complex 

derived from NHC(S)–Ag-2c 1,4-enynes containing a quaternary carbon stereogenic center 

could be synthesized (Scheme 8b).[20]

4.1.6. With aryl–Zn compounds.—The first examples of EAS, catalyzed by a Cu-

based complex, which form a C–aryl bond were reported in 2007. These reactions were 

promoted by NHC–Cu catalysts and involved silyl-substituted allylic phosphates and 

(aryl)2Zn reagents (Scheme 9).[2d] The complex derived from NHC(O)–Ag-2a was optimal 

for generating a tertiary carbon center, but with trisubstituted alkenes NHC(S)–Ag-1a was 

the most effective.[21,22,23,24]

Subsequent advances. In 2011, Hayashi and Shintani[21f] showed that an arylboron 

compound may be used in NHC–Cu-catalyzed EAS (Scheme 10), affording products with a 

tertiary or a quaternary carbon center in high e.r. The latter report came on the heels of two 

2010 studies involving achiral Cu complexes, one by Ohmiya and Sawamura[25] and another 

by Lalic,[26] demonstrating the feasibility of using an organoboron compound in allylic 

substitution. These seminal disclosures provided the necessary blueprint for effecting B/Cu 

exchange, a crucial step for development of catalytic EAS with organoboron compounds 

(see below).

4.1.7. With aryl–Al compounds.—EAS with (aryl)2Zn or (aryl)3Al compounds is not 

desirable owing to unfavorable atom-economy. A better alternative entails the use of aryl- or 

heteroaryl-Al(alkyl)2 compounds, generated in situ by treatment of an organolithium or a 

Grignard reagent with a Cl–Al(alkyl)2 species. Accordingly, reactions with Ph(Et)2Al, 

generated in situ from a mixture of PhLi and Et2AlCl, and a trisubstituted allylic phosphate 

in the presence of NHC(S)-Ag-1a-b, or NHC(S)-Ag-2a (Scheme 11a) furnish products 

containing a quaternary carbon stereogenic center efficiently with >98% aryl-transfer and 
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SN2’ selectivity and typically in >95:5 e.r. (Scheme 11a–b).[27] A heterocyclic moiety can be 

introduced similarly, and in some cases direct regioselective deprotonation gives the desired 

heteroaryl–Li species (Scheme 11c).

4.2. With Organoboron Compounds

A limitation of reactions with organometallic reagents is that polar functional groups are not 

tolerated (e.g., aldehydes and ketones). Furthermore, addition of an allenyl or a propargyl 

group would necessitate difficult-to-access and/or unstable organometallic entities. An 

effective solution is to use an organoboron reagent.

The issue of Cu/B exchange rate. A challenge associated with designing catalytic EAS with 

a less reactive organoboron compound is how to form an organocopper intermediate 

efficiently. As noted above, a convenient solution involves rapid Cu/B exchange with a metal 

alkoxide (Scheme 12), driven by the strength of the resulting B–O bond. Nonetheless, the 

inherent basicity of a metal alkoxide can at times cause undesirable side reactions and/or 

complications in functional group tolerance issues.[28]

4.2.1. With an allenyl boronate.—Allenes are a versatile set of compounds that are 

attracting increasing attention in reaction development.[29] Methods that generate such 

allene-containing products are thus in high demand.

4.2.1.1. SN2’-selective reactions.: In 2012, we reported a sulfonate NHC–Cu-catalyzed 

EAS, involving commercially available allenyl–B(pin) (Scheme 13).[30] These investigations 

led to identification of a key subset of sulfonate NHC ligands. Unlike other ligand classes 

(e.g., imid-1a, imid(O)-1a, or imid(O)-3a) reactions with sulfonate NHC–Cu catalysts 

(e.g., derived from imid(S)-1a) were highly SN2’-selective, but enantioselectivities were low 

(66:34 e.r.). Based on mechanistic arguments (later debunked; see Scheme 32), we 

established that with imid(S)-3a, containing an NHC ligand that bears large C3 and C5 

substituents, EAS was not only highly SN2’-selective, the desired product was generated in 

≥95:5 e.r. (Scheme 13a). Aryl-, alkyl- (even t-butyl-), and silyl-substituted allylic phosphates 

proved to be suitable substrates. Reactions with trisubstituted allylic phosphates were 

similarly high yielding, and SN2’- and enantioselective (Scheme 13b). Two other features 

distinguish this set of processes: 1) For transformations involving a disubstituted alkene, the 

catalyst derived from imid(S)-3a is optimal, whereas with a trisubstituted olefin it is best to 

use imid(S)-1a. 2) Different enantiotopic alkene faces are favored for disubstituted and 

trisubstituted alkenes (Scheme 13a–b). In the course of these investigations we discovered 

that, depending on the ligand, NHC–Cu-catalyzed proto-boryl addition to an allene may be 

used to access either of the alkenyl–B(pin) regioisomers.[30,31]

A subsequent advance. Carreira has shown that allenylic substitutions with a racemic 

homoallenylic carbonates and an alkylzinc halide proceed with high regio- and 

enantioselectivity [Eq. (1); r.r. = regioisomeric ratio].[32] Reactions with alkyl-substituted 

substrates were inefficient.

Hoveyda et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1)

4.2.1.2. SN2”-selective reactions.: Allenyl–B(pin) can be used in catalytic 

enantioselective SN2”-selective substitutions, a scarcely investigated class of transformations 

(Scheme 14). This approach was conceived based on the concept of the initially formed 

intermediate may undergo 3,3’-reductive elimination.[33] Whereas transformations with 

catalysts derived from other ligand types afforded the desired SN2” products, those with 

sulfonate NHC complexes were highly enantioselective, with the catalyst derived from 

imid(S)-4b being optimal.[34] Enantioselective synthesis of an intermediate formerly used in 

a racemic synthesis of fasicularin highlights the utility of the approach.

4.2.2. With alkenyl boronates.—EAS with alkenyl–B(pin) compounds is a valuable 

process because Z-alkenyl units cannot otherwise be easily introduced. Several alkenyl–

B(pin) compounds are commercially available, and others can be prepared with high E or Z 
selectivity by reported catalytic protocols.[35,36]

Related advances. The aforementioned Hayashi/Shintani[21f] disclosure included an 

example of an alkenyl boronate being utilized (Scheme 15a). After the first cases of 

sulfonate NHC–Cu-catalyzed EAS with alkenyl–B(pin) compounds appeared (see Scheme 

17, below), Carreira reported EAS catalyzed by a phosphoramidite–Ir complex involving 

racemic secondary allylic alcohol substrates and alkenyl(trifluoro)boron potassium salts as 

latent nucleophiles (Scheme 15b).[37] An activated leaving group was not needed; 

nonetheless, high catalyst loading aside, the method is confined to aryl-substituted allylic 

alcohols and formation of tertiary carbon stereogenic centers, two equivalents of HF must be 

present, and fluoroboryl compounds are typically accessed from alkenyl–B(pin) precursors.

Sulfonate NHC–Cu catalysts promote EAS with alkenyl–B(pin) compounds (Scheme 16a), 

many of which are commercially available or can be synthesized by catalytic procedures 

(e.g., cross-metathesis or proto-boryl additions to alkynes; see below).[38] Products bearing 

an E-enal can be generated by mild acidic workup, those that contain an E-enoate may be 

accessed, and the sensitive benzylic stereogenic center may be retained (>98% 

enantiospecificity). Cyclic trisubstituted alkenyl–B(pin) compounds can be used, highlighted 

by a concise synthesis of semburin (Scheme 16b). Z-Alkenyl–B(pin) can be synthesized in a 

number of different ways,[36] including catalytic stereoselective cross-metathesis,[39] as 

demonstrated by a four-step synthesis of nyasol (Scheme 16c).
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EAS with trisubstituted allylic phosphates afford 1,4-dienes with a quaternary carbon 

stereogenic center. In the application to Pummerer ketone (Scheme 17),[40] the catalyst 

derived from imid(S)-2c was optimal. The importance of the availability of different 

members within the sulfonate NHC ligand class is underscored by the fact that in the 

transformations involving an alkenyl–B(pin) compound, four different sulfonate NHC–Cu 

complexes were needed for maximum enantioselectivity (e.g., <70:30 e.r. with imid(S)-2c 
and 1,2-disubstituted allylic phosphates).

A subsequent advance. Fletcher has introduced a set of efficient enantioselective reactions, 

catalyzed by a binap–Rh complex and involving racemic cyclic allylic chlorides and alkenyl 

boronic acids (Scheme 18).[41]

4.2.3. With a silyl-substituted propargyl boronate.—EAS with a propargyl moiety 

can be catalyzed by a sulfonate NHC–Cu complex.[42] With disubstituted allylic phosphates, 

reactions involve an easily accessible silyl-protected propargyl–B(pin) compound (Scheme 

19a). The propargylic product isomer is favored. The application to formal synthesis of 

plakinic acid A demonstrates the feasibility of chemo- and stereoselective alteration of the 

alkenyl or alkynyl units within a 1,5-enyne product. Chemo- and E-selective alkene 

metathesis and NHC–Cu-catalyzed proto-boryl addition to the terminal alkyne afforded the 

substrate for another SN2’- and stereoselective allylic substitution, this time with 

imid(S)-4b.

1,5-Enynes with a quaternary carbon stereogenic center were accessed in the same way 

(Scheme 19b). Reactions were slower (30 vs. 6 h), and enantioselectivities lower, but aryl- as 

well as alkyl-substituted allylic phosphates were effective substrates. A single NHC–Cu 

complex proved to be optimal for EAS for di- and trisubstituted alkene electrophiles, unlike 

the transformations with allenyl–B(pin) (Scheme 13), or alkenyl–B(pin) compounds 

(Schemes 16–17). The same catalyst and silyl-protected propargyl-B(pin) were recently 

utilized in the development of the first method for enantioselective SN2”-selective 

substitutions (Scheme 19c).[34]

4.2.4. With a bis(boryl)methane.—Unlike alkenyl boronates, EAS with alkyl–B(pin) 

compounds are inefficient (<10% conv.); reactions are fast only with a more nucleophilic 

organoboron compound [e.g., an (alkyl)3borane].[43] This is likely because of higher 

favorability of the transition state for Cu/B exchange (Scheme 20; better stabilization of 

electron density). A second boronate unit, with a partially vacant p orbital, can therefore 

facilitate Cu/B exchange, suggesting commercially available bis[(pinacolato)boryl]methane,
[44,45] as a suitable reagent.

4.2.4.1. With disubstituted alkenes.: Only a sulfonate NHC–Cu catalyst delivered high 

SN2’ selectivity in these cases (Scheme 21);[46] with a mono- or bis-phosphine (e.g., binap 

or josiphos) or other NHC ligands SN2-addition dominated (80% to >98%). Regioselectivity 

is higher with the NHC–Ag complex probably because there is no competition from a 

ligand-free Cu complex. In the application to a synthesis of rhopaloic acid enantioselectivity 

of the initial step was moderate with NHC(S)-Ag-3a (84:16 e.r.), but the complex derived 

from NHC(S)–Ag-4b afforded the desired product in 96:4 e.r. Boron–hydride addition to the 
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terminal alkene and chemoselective cross-coupling generated the triene side chain. The 

efficiency of the ensuing cross-coupling is due to participation of the neighboring hydroxy 

group.[47]

A subsequent advance. In 2016 Chen and Niu disclosed a phosphoramidite–Ir-catalyzed 

EAS (Eq. [2])[45] for which 1.7 mol % of a Ag salt is needed. This system is analogous to 

that used by Carreira for EAS with alkylzinc halides and secondary allenyl Boc-esters (see 

Eq. [1]).

(2)

4.2.4.2. With trisubstituted alkenes.: The catalyst derived from NHC(S)–Ag-5a is 

optimal for reactions with allylic phosphates with a C2 ester moiety (previously 

unpublished; Scheme 22a).[48] Only with one particular NAr moiety high SN2’ selectivity 

was attained. Equally striking, only the achiral (linear) product was generated with other 

types of NHC or bisphosphine ligands. The method is applicable to aryl- and alkyl-

substituted substrates. Investigation of EAS processes that generate products with a 

quaternary carbon stereogenic center (previously unpublished; Scheme 22b)[49] revealed that 

reactions with achiral NHC–Cu complexes or those derived from a chiral bisphosphine 

ligand (e.g., binap or dppp) strongly favor the SN2-addition pathway (>98%). The 

combination of a Z-allylic phosphate and NHC(S)-Ag-5b is optimal (see Scheme 34 for 

mechanistic analysis). The approach has appreciable scope (Scheme 22b), albeit with lower 

e.r. for alkyl-substituted starting materials.

4.3. With alkylmagnesium halides and F3C-substituted olefins.

Catalytic EAS with E-trifluoromethyl-substituted olefins was disclosed by Shi in 2018 

(Scheme 23).[50] The Cu complex derived from imid(S)-2c was the most effective. Inclusion 

of PhB(neo) (neo = neopentyl) improved yield and e.r., likely because the borate is the 

alkylating agent.[51]

4.4. Multicomponent Processes

4.4.1. With vinyl–B(pin) as latent nucleophile.—Subsequent to the development of 

catalytic multicomponent processes that begin with Cu–boryl addition to an alkene,[52] 

related transformation entailing an initial Cu–H addition began to appear.[53]

State-of-the-Art, circa 2016. Yun reported in 2016 a sequential bis-phosphine–Cu–H 

addition to an alkenyl–B(pin)/allylic substitution (Scheme 24).[54] Reaction with an E-1,2-

disubstituted allylic phosphate, however, was less diastereo- and enantioselective.
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The process involving regio- and enantioselective Cu–H addition to vinyl–B(pin) followed 

by diastereoselective allylic substitution furnishes homoallyl–B(pin) products (Scheme 25a). 

Bis-phosphine–Cu complexes, optimal for Cu–H addition to aryl olefins and E-1,2-alkyl–

B(pin) compounds, were low yielding and/or minimally enantioselective, whereas with 

complexes derived from imid(S)-1a and imid(S)-3a transformations were highly SN2’-, 

diastereo-, and enantioselective.[55] Aryl-, heteroaryl-, or alkyl-substituted allylic phosphates 

were suitable electrophiles (Scheme 25b). These transformations thus constitute an 

enantioselective formation of a Cu–substituted carbon stereogenic center (see also Scheme 

66b).

4.4.2. With alkynes as latent nucleophiles.—In 2017, Zhang and Xiong reported 

EAS promoted by the catalyst derived from imid(S)-3a.[56] These processes commence with 

in situ formation of an alkenyl–Cu intermediate by regioselective Cu–H addition to an 

alkyne (Scheme 26), and were exceptionally SN2’-selective, affording a single trisubstituted 

alkene isomer in up to 99:1 e.r. Nevertheless, the alkyne and the alkene substrate needed to 

be aryl-substituted. No desired product was observed with a 1,2-disubstituted allylic 

phosphate (i.e., R = H). With a less substituted/more reactive electrophile, competitive 

reaction with the Cu–H complex, affording the terminal alkene, is likely.

In 2019, Fañanás-Mastral outlined a process involving a terminal alkyne, an allylic bromide, 

and B2(pin)2, catalyzed by a complex derived from imid(S)-1a (Scheme 27).[57] Reactions 

with aryl- and alkenyl-substituted alkynes were efficient, and an example of a cyclopropyl 

alkyne was provided, but a transformation with an n-alkyl-bearing acetylene was minimally 

regioselective. Synthesis of formyl-substituted vinyl cyclopropane demonstrates versatlity.

4.4.3. With aryl-substituted allenes as latent nucleophiles.—In 2019, Xiong 

reported a Cu-H-catalyzed process involving aryl-substituted allenes and allylic phosphates 

(Scheme 28).[58] Regio- and enantioselectivities were high with the imid(S)-3a-derived 

catalyst. Reactions with 1,1-disubstituted aryl allenes or trisubstituted allylic phosphates 

gave products bearing a trisubstituted olefin or a quaternary carbon stereogenic center. 

Nonetheless, the allylic phosphate and the allene were aryl-substituted, limiting 

applicability. Only a 2:1 Z:E mixture was generated with an alkyl-substituted allene (e.r. not 

disclosed).

4.4.4. With boron-substituted allenes as latent nucleophiles.—A 

mechanistically unusual and more versatile multicomponent EAS was disclosed soon after 

(Scheme 29). The process begins with regioselective NHC–Cu–H addition to allenyl–B(pin) 

compound, uncommon in that the more common Cu/B exchange is not the major pathway. 

The resulting Cu–allyl species then reacted with an allylic phosphate.[59] The method’s 

scope renders it readily applicable to complex molecule synthesis, as highlighted in the 

synthesis of the acyclic fragment of pumiliotoxin B (Scheme 29a). 1,1-Disubstituted 

allenyl–B(pin) compound was thus transformed to the desired product with the Cu-based 

complex derived from imid(S)-3a. More than a gram of the 1,5-diene, bearing a terminal 

olefin with an allylic stereogenic center as well as a readily modifiable trisubstituted 

alkenyl–B(pin) moiety, was prepared efficiently and stereoselectively. For total synthesis of 

netamine C (Scheme 29b) the same sulfonate NHC–Cu complex was used at three separate 
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junctions: for a catalytic chemo-, regio-, and enantioselective multicomponent EAS, a 

catalyst-controlled diastereoselective EAS with an alkyl–ZnBr compound (reaction with the 

E allylic phosphate was less stereoselective), and another multicomponent EAS to secure a 

1,3-relative stereochemistry. By using an E-allylic phosphate and (R)-imid(S)-3a, an 

authentic sample of the initially proposed netamine isomer was prepared, allowing for 

confirmation of the stereochemical assignment.

4.5. Mechanistic Analysis

4.5.1. Are sulfonate NHC–Cu complexes bidentate or monodentate?—
Although an X-ray structure for a sulfonate NHC–Cu complex has remained elusive, we 

were able to secure an X-ray structure for a Zn(II)- and an Al(III)-based species (NHC(S)-
Zn and NHC(S)-Al, Scheme 30a).[60] These indicate that, to minimize steric repulsion, the 

sulfonate moiety is oriented syn to the nearby phenyl group (within the NHC backbone); 

nOe studies indicate that the same holds true in solution. Complexes NHC(S)-Zn and 

NHC(S)-Al catalyze EAS (no Cu salt; Scheme 30b). Control experiments indicated that the 

NHC–Zn complex probably serves as a Lewis acid activator, suggesting complex I as a 

plausible stereochemical model. We hypothesized that because the sulfonate group is 

oriented towards the Ph group, a binding pocket is made available for substrate coordination, 

and that the pseudo-equatorial S=O bond might be a sufficiently Lewis basic site to bind and 

deliver the (alkyl)2Zn compound.

We extended the above model to Cu-based systems (II, Scheme 30c), proposing that the less 

encumbered quadrant might accommodate the alkyl moiety to allow for a metal bridge to 

form involving the departing phosphate group. (For steric maps, see the Supporting 

Information.) The high SN2’ selectivity,[61] e.r., and related trends could thus be accounted 

for. Nevertheless, a consistent model is not necessarily the most plausible one; as we shall 

see, an unwise assumption made was that the Cu(I) center is similarly Lewis acidic as a 

Zn(II) or an Al(III) site.

DFT studies showed that an anionic monodentate sulfonate NHC–Cu complex, 

electronically more closely related to Ag(I) (see Scheme 3; vs. Zn and Al), is energetically 

favored (Scheme 30d).[62] Experimental data showed the Lewis basicity of a leaving group 

and the Lewis acidity of the cation in a metal alkoxide impact SN2’ selectivity (Scheme 

30e), supporting the involvement of metal bridging, which, while in line with the 

intermediacy of a complex such as II, does not rule out a monodentate sulfonate NHC–Cu 

species (IIIa-b, Scheme 30f). One aspect that distinguishes reactions of a bi- vs. a 

monodentate complex is that in II the C–C bond is formed on the same face as that from 

which the phosphate group is displaced (syn addition), whereas in IIIa-b addition occurs at 

the opposite face (anti addition). Studies with enantiomerically enriched D-substituted 

allylic phosphates, where the stereochemistry of the labeled alkene and the Z:E ratios are 

reflected in the e.r. values, indicate that, congruent with the DFT calculations (Scheme 30d), 

reactions likely proceed via a monodentate complex (IIIa-b, Scheme 30f). [42,63]

4.5.2. The stereochemistry-determining step.—Allylic substitution can occur in 

two ways. 1) After formation of the Cu–alkene complex (IV → V, Scheme 31a), Cu–alkyl 
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intermediate VI may be formed by migratory insertion. 2) The transformation might proceed 

via π-allyl complex VII (oxidative addition; see Scheme 30f). DFT studies (model sulfonate 

NHC), carried out with the C-O distance in tsCu-Xadd constrained to 1.50 Å (to avoid C–O 

bond cleavage; Scheme 31b), indicate that the π-allyl route is generally more favored, 

particularly for methyl (28.5 vs. 6.7 kcal/mol), phenyl (25.4 vs. 8.6 kcal/mol), silyl (19.2 vs. 

5.3 kcal/mol), and hydride (13.7 vs. 7.2 kcal/mol) additions. (The same preference applies to 

boryl substitution, but with a narrower energy gap (8.5 vs. 4.9 kcal/mol for migratory 

insertion vs. π-allyl generation; see Section 7)).

4.5.3. Allenyl substitutions.—The intermediacy of a π-allyl complex (see Scheme 

31b) is supported by the secondary kinetic isotope effect (KIE) data (1.21 (±0.01); Scheme 

32a),[64] indicating that C–O bond cleavage, or generation of a cationic Cu π-allyl 

intermediate, is stereochemistry-determining. The suggested models account for the 

observed selectivity profiles and trends (see below).

Why is imid(S)-3a optimal for EAS of allenyl–B(pin) with disubstituted alkenes, whereas 

imid(S)-1a is the superior choice with trisubstituted allylic phosphates? And why do these 

processes proceed with the opposite sense of enantioselectivity (Scheme 32)? With NMes-

substituted imid(S)-1a, reactions can proceed via energetically similar VIII and IX (Scheme 

32b), engendering low e.r. On the other hand, with imid(S)-3a, bearing an NAr moiety with 

sizeable C3 and C5 substituents, in which rotation around the C–N bond is less hindered, 

reaction via X should be preferred (vs. XI), generating the (S) enantiomer.

With a trisubstituted alkene (Scheme 32c), EAS with imid(S)-1a can occur via XIII, 

favoring the formation of an (R) isomer. Reaction via XII likely suffers from steric repulsion 

caused by the allenyl moiety being lodged between the NMes moiety and the substrate Me 

group (unlike VIII, where there is a greater conformational mobility). There is a smaller 

energy gap between XIVa and XVa, corresponding to intermediates with the catalyst derived 

from imid(S)-3a. With a Cu–propargyl complex, e.r. is high regardless of the substitution at 

the olefin (Scheme 32d). This may be attributed to restricted rotation around the ligand’s 

NAr bond, partly owing to dispersive attraction between the silyl moiety and the NHC’s iPr 

substituents (C1–N–C2–C3 dihedral angle = 9.0° in XIVb). The alkene’s Me unit thus 

interacts with the π-cloud of the meta-aryl substituent, allowing it to avoid interaction with 

the iPr groups. In XVb, steric repulsion between the alkene’s Ph ring and the NAr moiety 

causes the C1–N–C2–C3 dihedral angle to expand (28.3°), converting an otherwise 

dispersive attraction between the silyl and the NHC’s iPr substituents (see XIVb) into a 

repulsive interaction involving the silyl unit and one of the iPr groups (see XVb). As we 

shall see, the trend where additions to di- and trisubstituted alkenes afford the opposite 

product enantiomers in reactions with sulfonate NHC–Cu complexes is not limited to this set 

of reactions (see also Scheme 34). The above mechanistic analysis constitutes a revision of 

the originally published mechanistic scenario.[30]

4.5.4. SN2”-selective substitutions.—The idea that C–O bond rupture is 

stereochemistry-determining in SN2”-selective reactions is supported by KIE data (1.11 

(±0.01), Scheme 33a). Furthermore, KIE is negligible for EAS with a dienyl phosphate 
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labeled at the site of C–C bond formation, indicating this step is not likely to impact the 

stereochemical outcome (Scheme 33a).[34]

The higher e.r. with imid(S)-4b (vs. imid(S)-3a) might be due to restricted rotation around 

the N-Ar bond in XVI and XVII (from imid(S)-4b), arising from repulsive interaction 

between the ortho-phenyl group with the allenyl ligand, on the one hand, and the NHC 

backbone, on the other. This enhances the steric pressure caused by the proximity of the 

substrate’s alkenyl substituent (HC=CMe in XVII) and the (iPr)3-aryl ring. Because the NAr 

rings in complexes XVIII and XIX (from imid(S)-3a) lack an ortho aryl unit, rotation 

around the C–N bond is less costly, and steric strain between the substrate’s alkenyl 

substituent and those of the NAr ring can be avoided. The energy difference between XVIII 
and XIX is thus less and the e.r. lower (vs. via XVI and XVII).

4.5.5. With bis[(pinacolato)boryl]methane.—While steric factors offer a rationale 

for why e.r. is higher in EAS with bis[(pinacolato)boryl]methane and disubstituted alkenes 

(XX-XXI, Scheme 34a), edge-to-face/π-π association might also impact transformations 

with Z-trisubstituted allylic phosphates (Scheme 34b). Dispersive forces,[65] namely, the 

association between an aromatic p cloud and the nearby C–H bonds of a tBu group, or 

between the ortho-phenyl substituent and the B(pin) moiety in XXII, could be involved. The 

difference in the dihedral angle values (Scheme 34b) support the presence of such 

interactions, which in XXIII, seem to play a lesser role.[66]

4.5.6. Sulfonate NHC–Cu catalyst can control enantio- and 
diastereoselectivity.—A model may be proposed based on DFT studies (Scheme 35; for 

DFT studies regarding the identity of the stereochemistry-determining step, see Scheme 

31b). Cu–H addition with imid(S)-3a might involve association of a pinacolato oxygen with 

Li+ (XXIV). With the complex derived from imid(S)-1a, there is likely to be steric repulsion 

between the B(pin) moiety and an o-methyl substituent (XXV), diminishing enantiofacial 

selectivity. The preferential allylic substitution pathway likely occurs via a complex with a 

Li+ bridging chelate, wherein steric repulsion between the substrates aryl substituent and the 

NHC’s large NAr group is minimal (XXVI). The sulfonate-Li-phosphate bridge is probably 

also responsible for the high SN2’-selectivity. The sulfonate NHC–Cu catalyst thus controls 

the enantioselectivity as well as the diastereochemical outcome.

4.5.7. With organoaluminum compounds.—Metal bridging likely applies to Al(III)-

based systems as well (Scheme 36a–b).[67] Whether it is with a di- or a trisubstituted alkene 

substrate (XXVII-XXVIII, Scheme 36a, and XXIX-XXX, Scheme 36b), steric factors can 

impact e.r. With a smaller β-alkenyl unit, steric repulsion between the catalyst and the 

substrate becomes a stereocontrolling element: the larger substituent (Ph) occupies the less 

hindered quadrant below the NAr group, while Cα is positioned to avoid steric repulsion 

with the o-Me unit. With a trisubstituted alkene, steric pressure owing to propinquity of Cα 
and the NHC ligand (XXX) is likely more destabilizing than with the substrate’s Me unit. 

That is, as a result of interaction with Cu during π-allyl formation, Cα is closer to the ligand 

than the Me group (Cα–Cu = 2.63 Å vs. CMe–Cu = 3.06 Å). DFT studies by Fañanás-
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Mastral[57] (XXXI- XXXII, Scheme 36c) indicate that a S=O…Na…Br bridge might well be 

responsible for the high e.r. in the corresponding multicomponent reactions (see Scheme 27).

Not surprisingly, for silyl-substituted Z-alkenyl–Al compounds steric factors become 

dominant (Scheme 37). With Z-alkenylmetal isomers, the allylic phosphate substituent (Phb, 

XXXIII, Scheme 37a) and the NHC’s iPr-substituted aryl unit point in opposite directions, 

placing the silyl group below the NAr moiety. Although this engenders steric pressure, it is 

less than in the alternative XXXIV. The phenyl ring of the alkenyl moiety (Pha) in the latter 

is constrained between Phb on the electrophile and the NAr group on the NHC, as reflected 

by the expanded C2–N–C3–C4 dihedral angle (109.2° vs. 75.1° in XXXIII).

With a larger E-alkenyl–Al compound, the more diminutive sulfonate NHC ligands that bear 

a single phenyl moiety are more effective (Scheme 37b). The C1–Cu–C2–N dihedral angle in 

XXXV contracts further (54.5° vs. 116.1° in XXXVI) to minimize repulsion between the 

silyl moiety and the sulfonate-bearing NAr ring. In the higher energy XXXVI, the silyl unit 

is forced to sit between Phb and the NAr group, giving rise to a wider C2–N–C3–C4 dihedral 

angle (106.4° in XXXVI vs. 95.5° in XXXV, respectively).

5. Catalytic Enantioselective Conjugate Addition (ECA) [68]

5.1. Additions of Alkyl Moieties to Trisubstituted Enones

State-of-the-art, circa 2007. Alexakis reported[69] in 2005 that phosphoramidite–Cu 

complexes promote ECA of Me3Al or Et3Al to β-substituted cyclohexenones (Scheme 38). 

We later showed that, with an amino acid derived Cu complex, ECA of (alkyl)2Zn 

compounds to trisubstituted nitroalkenes[70] (a rare case involving acyclic substrates) and 

tetrasubstituted cyclic keto-esters[71] can be carried out. In a related investigation, Fillion 

utilized a phosphoramidite ligand for ECA of (alkyl)2Zn compounds to arylalkylidene 

derivatives of Meldrum’s acid.[72] In 2006, we showed that the combination of NHC(O)–
Ag-2a and (CuOTf)2•C6H6 may be used to catalyze ECA of (alkyl)2Zn and (aryl)2Zn 

compounds to β-substituted cyclic enones.[3] Mauduit and Alexakis illustrated that β,β’-

disubstituted cyclohexenones may be prepared by ECA of an alkyl Grignard reagent with an 

NHC–Cu catalyst.[73]

Nonetheless, several major shortcomings remained. High catalyst loadings (e.g., 10 mol %) 

and/or extended reaction times (e.g., 48–72 h) aside, the scope remained limited. Often, 

activated electrophiles were required (e.g., nitroalkenes, keto-esters, Medrum’s acid 

derivative), and, in most cases, results were limited to additions to cyclohexenones. With the 

catalyst derived from NHC(O)–Ag-2a (Scheme 38), ECA of (alkyl)2Zn compounds, but not 

Me2Zn, to six-, seven- and eight-membered ring enones were efficient. Reactions of 

cyclopentenones were lower yielding and e.r. values were not as high in the case of medium 

ring enones.

5.1.1. With organozinc compounds.—β-Ester-substituted cyclic enones are 

challenging substrates because the electron-withdrawing carboxylic ester group enhances 

electron density at the site of C–C bond formation (Scheme 39). The complex derived from 

NHC(O)-Ag-2a, which promotes ECA to β-alkyl-substituted enones, is ineffective in these 
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cases. In contrast, ECA of organozinc compounds, including Me2Zn and Ph2Zn, to β-ester-

substituted cyclic enones can be catalyzed efficiently and enantioselectively by the complex 

derived from NHC(S)-Ag-1a and (CuOTf)2•C6H6.[5] Gin has used this approach in a total 

synthesis of nominine,[74] where the initial product was converted to the corresponding enol 

triflate. The carboxylic ester was then reduced to the derived aldehyde, and an ensuing 

catalytic cross-coupling afforded an alkenyl nitrile.

5.1.2. With alkylaluminum compounds.—Cyclopentenones are a difficult substrate 

class in catalytic ECA.[75] The combination of the NHC–Cu catalyst derived from NHC(S)–
Ag-2d and the more Lewis acidic/nucleophilic (alkyl)3Al compounds [vs. (alkyl)2Zn 

reagents] provides an attractive solution to this problem (Scheme 40a).[76] β-Substituted 

cyclohexenones and larger rings may be used. The application to total synthesis of 

clavirolide C,[77] via the enol silane derived from trapping of ECA of Me3Al to a β-

substituted cyclopentenone, highlights the utility of this approach (Scheme 40b). Two 

relevant recent applications, disclosed by Snyder, relate to enantioselective total synthesis of 

complex polycyclic natural products, conidiogenones and waihoensene.[78] In both 

instances, ECA was performed on multi-gram scale. In one case, the imidazolinium salt was 

recovered (>98 % yield) by filtration of the reaction mixture and treatment of the resulting 

cake with a 9/1 CH2Cl2/MeOH mixture; this material was re-used.

Catalytic ECA to acyclic trisubstituted alkenes are uncommon (see Scheme 38). The lack of 

ring strain leads to diminished reactivity and, in the case of disubstituted enones, the 

possibility of reaction through the s-cis or the s-trans conformer can lead to low e.r. In such 

instances, having access to a collection of catalyst candidates becomes important, as 

underscored by the finding that for ECA of (alkyl)3Al compounds to acyclic trisubstituted 

enones (Scheme 41), the catalyst derived from the previously unknown NHC(S)-Ag-1e 
delivers the highest e.r. (0.5 mol %).[79] Oxidation by commercial bleach[80] afforded the 

carboxylic acid derivatives.

Related advances. Also in 2013, Endo and Shibata reported that the complex formed by 

mixing 5.0 mol % CuCl2•2H2O and 10 mol % 2-diphenylphosphine-substituted binaphthol 

catalyzes ECA of Me3Al to linear enones (Scheme 42).[81] Yields and enantioselectivities 

were high, but the majority of substrates contained an aryl-substituted alkene and carbonyl. 

In 2017, Fletcher outlined a protocol entailing in situ generation of an alkyl–zirconocene 

compound. β-Substituted enones were effective substrates for ECA to β-substituted 

cyclopentenones and cyclohexenones.[82,83]

5.2. Additions of Alkenyl Groups to Disubstituted Enones

State-of-the-art, circa 2019. Rh-based catalysts. The first examples of ECA of an alkenyl 

group to an acyclic α,β-unsaturated carbonyl compound, catalyzed by a bisphosphine–Rh 

complex, were disclosed by Hayashi in 1998 (Scheme 43a).[84,85] In 2009, Hayashi and 

Shintani demonstrated that Rh-based catalysts bearing a chiral bicyclic diene ligand can 

facilitate ECA of alkenyl boronic acids.[86] In 2004, Inoue and Oi disclosed that ECA of 

alkenylzirconocene compounds (formed by Zr–H addition to an alkyne), can be catalyzed by 

a bisphosphine–Rh complex (Scheme 43b).[87] Also in 2004, Hayashi reported a 
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multicomponent process, promoted by a binap–Rh complex, resulting in regio- and 

stereoselective Si–H addition to a terminal alkyne followed by ECA with the derived 

alkenylsilane compound (Scheme 43c).[88] In a 2007 report, Hayashi, Hiyama, and Shintani 

showed that alkenylsilane compounds may be used in ECA reactions catalyzed by a diene–

Rh complex.[89]

Non-organometallic catalysts.[90] In 2007 Chong illustrated that % 3,3’-diiodo-binaphthol 

can catalyze ECA of an alkenyl–B(OMe)2 compound to an acyclic dienone (Scheme 44).[91] 

An iminium-based catalyst has been used by MacMillan to promote the 1,4-addition of 

alkenyl trifluoroborate salts to enals, although an equivalent of HF (severely corrosive) was 

needed.[92] A protocol by Takemoto[93] and another by Sugiura[94] may be used to access 

related ECA products in high e.r., but only if an allylic hydroxy directing group and an aryl-

substituted alkenyl boronic acid, respectively, is used. May has shown that with 3,3’-bis-

penta(fluorophenyl)binaphthol an alkenyl boronic acid may be used towards the same end,
[95] but under harsher conditions (110 °C). Kudo has shown that a peptidic catalyst may be 

used to facilitate similar processes (Scheme 44).[96]

Cu-based catalysts. In a 2005 disclosure, concerned largely with phosphoramidite–Cu-

catalyzed additions of Me3Al and Et3Al to cyclohexenone, Alexakis and Woodward 

included one example of an ECA with an alkenyl–Al compound (Scheme 45).[97] Schmalz 

has utilized taddolate-based phosphine–phosphonite ligands for ECA of Grignard reagents 

to cyclic enones.[98] In 2009, we identified a C1-symmetric NHC–Cu catalyst for ECA of 

alkenylsilanes to cyclic enones,[99] and subsequently, Alexakis and Woodward reported on 

additions of alkenyl–Al species to N-Cbz-protected dihydropiperidones, [100] α,β-

unsaturated lactams, [101] and cyclohexenones (Scheme 45).[102]

ECA of alkenyl groups with Cu-based catalysts has therefore largely involved cyclic enones. 

There are only three reports, one by Hayashi and Shintani (2011),[103] and two more 

recently by Meng (2017–18),[104] where acyclic electrophiles were examined (Scheme 46). 

A distinguishing aspect of these transformations is that relatively mild alkenylboronates can 

be used, albeit along with highly activated diesters.

5.2.1. With alkenylaluminum compounds.—A sulfonate NHC–Cu complex may be 

used for ECA of an alkenyl–Al species to an acyclic enone (Schemes 47 and 53).[105] One 

entails reactions with silyl-substituted alkenyl–Al compounds (Scheme 47a), formed by 

regioselective addition of dibal–H to an alkyne. Transformations with Me2HSi-substituted 

variants are generally higher yielding (vs. Me3Si-substituted, which afforded up to 30% iBu 

addition byproducts). Efficiency hinges on electronic attributes of the electrophilic partner, 

which also influences the identity of the most effective catalyst. ECA with electron-neutral 

enones is more effective with imid(S)-3a. The electronic features of the aryl group in an 

alkenyl–Al reagent have less of an impact on e.r., although addition of a less nucleophilic p-

trifluoromethylphenyl-substituted alkenyl–Al species was lower yielding. With p-

methoxyphenyl-substituted alkenyl–Al compounds, yield and e.r. improved when 

imid(S)-6a was used. The catalyst derived from imid(S)-2c is optimal for ECA of E-silyl-

substituted alkenyl–Al compounds (Scheme 47a). The utility of the approach is highlighted 

by a facile and exceptionally diastereoselective intramolecular silyl-hydride addition to a 
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ketone (Scheme 47b). Catalytic ECA can be performed with β-or α-alkenyl–Al compounds, 

generated in situ by phosphine–Ni-catalyzed Al–H addition to an alkyne (Scheme 47c).[15] 

ECA with alkyl-substituted enones is inefficient (~20% conv.), probably due to diminished 

electrophilicity.

5.3. Additions of Alkenyl Moieties to Trisubstituted Enones

State-of-the-art, circa 2010. ECA of an alkenyl moiety to generate a quaternary carbon 

stereogenic center was first reported by Carretero [Eq. (3)],[106] involving alkenylboronic 

acids and a bis-phosphine–Rh catalyst. While only α,β-unsaturated pyridylsulfones bearing 

an aryl moiety served as electrophiles, aryl-substituted alkenyl boronic acids were also used.

(3)

At the time we initiated our studies (2010), there were two related reports by Alexakis 

(Scheme 48). The first dealt largely with ECA of Me3Al and Et3Al, including one example 

with an alkenyl–Al compound and β-methylcyclohexenone.[107] A more detailed study 

appeared later,[108] demonstrating that with a modified ligand structure, transformations 

were more efficient (10 mol % vs. 30 mol % loading). Enantioselectivities were higher with 

sterically demanding 1,2- and 1,1-disubstituted alkenyl–Al compounds, but, as usual, ECA 

to cyclopentenones was problematic. As will be discussed below, conjugate additions of 

arylboronic acids to β-substituted cyclic enones, catalyzed by enantiomerically pure Rh-

based complexes are known,[109] but, to the best of our knowledge, none leads to 

incorporation of an alkenyl group.

5.3.2. With alkenyl–Al compounds.—Sulfonate NHC–Cu catalysts promote ECA of 

an E-1,2-disubstituted alkenyl–Al compound to β-substituted cyclopentenyl or cyclohexenyl 

enones efficiently but in moderate e.r. (Scheme 49a). In contrast, with 1,1-disubstituted 

alkenyl–Al reagents, the catalyst derived from NHC(S)–Ag-2d promotes ECA to 

cyclopentenones in higher yield and e.r. than reported previously. [110] Overman has applied 

this strategy in a total synthesis of trans-clerodane (Scheme 49b).[111]

When 1-phenyl-substituted alkenyl–Al was used, reactions with sulfonate-containing 

complexes were moderately enantioselective (Scheme 50).[112] Unlike the aforementioned 

cases, however, with the complex derived from NHC(O)–Ag-2a, reactions were faster and 

more enantioselective. What is more, despite containing the same diamine backbone 

enantiomer, the opposite product enantiomers were generated. Such dichotomies, revealed 

by catalyst screening, point to subtle mechanistic nuances that are hard to predict.

Sulfonate NHC–Cu complexes are effective (e.g., vs. phenoxy analogues; Scheme 50) in 

promoting ECA of silyl-substituted alkenyl–Al compounds to trisubstituted alkenes.[113] 
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Steric pressure associated with the formation of the silylalkenyl–C bond formation can lead 

to the transfer of an i-butyl group from the (iBu)2alkenyl–Al compound (Scheme 51). 

Reaction with a phenoxy NHC ligand favors a different enantiomer compared to the 

sulfonate variants (see Scheme 59 for further analysis). Comparison of the results with 

NHC(S)-Ag-1a, NHC(S)-Ag-2a, and NHC(S)-Ag-2d again highlights the importance of 

subtle structural variations. The silyl-substituted alkenyl moiety offer several advantages. 

Treatment of a product with m-CPBA and then formic acid afforded the β-acyl compound, 

or the silyl moiety can be swapped with an iodide with complete retention of alkene 

stereochemistry. The silyl group may be replaced by a C–H bond, generating products that 

would be expected from ECA of a 1,2-disubstituted alkenyl–Al compound, but in much 

higher e.r. The application to synthesis of an alkene isomer of cytotoxic agent riccardiphenol 

B (Scheme 51) highlights utility.[114]

Sulfonate NHC–Cu complexes catalyze ECA of 1,2-disubstituted alkenyl–Al compounds to 

acyclic enones, affording products containing a quaternary carbon stereogenic center 

(Scheme 52).[115] The organometallic reagent and the trisubstituted linear enone were 

accessed catalytically, efficiently and with high stereoselectivity. Reactions performed with 

the NHC–Cu catalyst derived from ent-NHC(S)–Ag-2b or ent-NHC(S)–Ag-2a (for 1,2- and 

1,1-disubstituted alkenyl–Al compounds, respectively) afforded products in high e.r. 

Enantioselective synthesis of an intermediate to enokipodin B demonstrated applicability.
[116] The sense of enantioselectivity in the above transformations is at times opposite to that 

observed for ECA of alkenyl–Al compounds to disubstituted acyclic enones (see Scheme 47; 

see Scheme 61 for analysis).

Subsequent advances. Aminophosphinite–Cu complexes have been used to promote ECA of 

alkenyl–Al compounds to cyclohexenones (Scheme 53).[117] Enantioselectivities were 

higher with 1,1-disubstituted alkenyl–Al species, similar to those involving a 1,1-

disubstituted organoaluminum compound compared to when sulfonate NHC–Cu catalysts 

were used (see Schemes 51 and 53, respectively). Nonetheless, catalyst loading was higher 

(20 vs. 5.0 mol % NHC), and additions to other ring sizes, such as cyclopentenones, were 

significantly less enantioselective. Data regarding reactions with acyclic enones were not 

provided.

5.4. Additions of Aryl and Heteroaryl Moieties to Trisubstituted Enones

State-of-the-art, circa 2008. The first instances of ECA of an aryl moiety was disclosed in 

2006 by Hayashi and involved a bisphosphine–Rh-catalyzed transformation between 3-

substituted maleimides and arylboronic acids (Scheme 54); [118] a key aspect of this study 

was the dependence of the regioselectivity on the chiral ligand used (preferential formation 

of the more congested quaternary carbon). Later the same year, we showed that an NHC–Cu 

complex derived from NHC(O)-Ag-2a may be used to promote ECA of (aryl)2Zn 

compounds to cyclic enones; [119] while reactions with six- and seven-membered ring 

enones were efficient and afforded products in useful levels of enantioselectivity, the same 

did not apply to five- and eight-membered substrates. Despite these advances, notable 

shortcomings remained; a major problem was the absence of effective methods that are 
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applicable to cyclopentenones, an important set of transformations for applications to 

synthesis of bioactive molecules.

5.4.1. Effective catalysts for ECA to cyclopentenones.—In 2008, we established 

that sulfonate NHC–Cu catalysts promote ECA of in situ generated (Me)2aryl–Al 

compounds to β-substituted enones efficiently but with low e.r. (Scheme 55). These studies 

also led us to discover that when the catalyst derived from NHC(O)–Ag-2a is used, the 

same transformations are efficient and highly enantioselective, including when 

cyclopentenones were used.[76] Similar to ECA of silyl-substituted alkenyl–Al compounds 

(see Scheme 51), the phenoxy and sulfonate NHC–Cu complexes generate products with the 

opposite sense of enantioselectivity (see Scheme 60 for analysis). Later in the same year, 

Alexakis demonstrated that phosphoramidite–Cu and aminophosphinite–Cu complexes 

promote ECA of (alkyl)2aryl–Al compounds to β-substituted cyclic enones, including the 

more challenging cyclopentenones (Scheme 56).[120]

Subsequent advances and prior art regarding acyclic enones. Rh- and Pd-based catalysts 

have been developed for ECA of arylboroxins [(ArBO)3] and arylboronic acids, respectively, 

to β-substituted cyclic enones, including cyclopentenones and lactones (Scheme 57).[121] An 

advantage of these methods is the compatibility of organoboron compounds to some of the 

commonly occurring polar functional groups.[122] Equally important, the challenge of ECA 

with acyclic trisubstituted enones was addressed for the first time. Nonetheless, the need for 

precious metal salts aside, there were no extant cases involving a heteroaryl moiety.

5.4.2. With aryl- and heteroaryl-Al compounds.—Sulfonate NHC–Cu catalysts 

promote ECA of (Me)2heteroaryl- and (Me)2aryl–Al compounds to acyclic trisubstituted 

enones[79] (Scheme 58). The necessary reagent may be formed in situ by subjection of an 

aryl–Li compound to Me2AlCl. In some instances, minor amounts of methyl-addition 

products can form, likely due to steric pressure associated with transferring a sizeable aryl or 

heteroaryl moiety. As far as we know, these represent the first examples of ECA of a 

heteroaryl moiety to trisubstituted enones. Conversion to the derived carboxylic acids, 

obtained in high yield and applied to synthesis of a serotonin receptor inhibitor, illustrates 

applicability of the approach.

5.5. Mechanistic Analysis

DFT studies were performed to assemble a plausible set of stereochemical models. A salt 

bridge involving the sulfonate moiety again appears to be central to enantioselectivity for 

ECA of Al-based compounds. The results of these previously unpublished investigations are 

presented below (see the Supporting Information for details).

5.5.1. Cyclic enones

5.5.1.1. Origin of enantioselectivity.: The energetically preferred mode of ECA is 

probably a cyclic substrate/catalyst complex that includes ArSO3
…Al…O=C complexation 

(Scheme 59). DFT investigations suggest that transformation via an ensemble such as 

XXXVIII, where the ring is oriented towards the sulfonate-bearing aryl moiety is higher in 

energy. This is probably largely because the smaller Al bridge, in turn enhancing steric strain 
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in XXXVIII (see Scheme 60 and the Supporting Information for details). The higher e.r. 

with NHC ligands with a single phenyl substituent might be because the adjacent NAr group 

can more readily rotate, allowing for further minimization of unfavorable interactions with 

the substrate (see XXXVII).

5.5.1.2. Why is the sense of enantioselectivity opposite to phenoxy NHC–Cu 
catalysts?: Reactions with phenoxy NHC–Cu catalysts likely involve intermediates with a 

bridging fragment that is part of a larger ring compared to that generated within a sulfonate. 

The steric pressure caused by the enone ring orienting towards the phenoxy-bearing NAr 

group would hence be lower (compare XXXIX vs. XL, Scheme 60a). Reaction via XL, in 

which the ring occupies the space below the symmetrical NAr moiety, thus becomes 

sterically more demanding (repulsion with the rear o-Me group). This is particularly the case 

when there is a nearby phenyl group, which limits the ability of the symmetrical NAr group 

to alter its conformation. The situation is different with a sulfonate complex (Scheme 60b) 

because orienting the substrate structure towards the sulfonate-bearing NAr ring (see XLII) 

leads to higher steric pressure, as revealed by the larger C1–C2–N–C3 dihedral angle in XLII 
(75.5° and 67.9° in XLI compared to a smaller angle in XXXIX and XL). The opposite 

enantiomer is thus favored with a sulfonate catalyst. ECA of (alkyl)2Zn compounds proceed 

with a preference for addition to the opposite enantiotopic face of a cyclic enone with 

NHC(S)-Ag-1a (see ester-containing cyclic enones in Schemes 39). This might be attributed 

to a different coordination geometry of the Lewis acidic metal (Me2Al+ vs. MeZn+).[123] 

(See the Supporting Information for further discussion).

5.5.2. Acyclic enones—Similar to EAS (e.g., Scheme 32), ECA reactions involving 

acyclic di- and trisubstituted enones at times proceed with the opposite predominant sense of 

enantioselectivity. A telling instance corresponds to the transformations with β- or α-

alkenyl–Al compounds (see Schemes 47 and 53). DFT studies indicate that in the case of 

disubstituted enones and β-alkenyl–Al compounds catalyzed by the complex derived from 

imid(S)-3a, reaction via XLIII (Scheme 61a) is preferred over XLIV, wherein there is steric 

repulsion between the alkenyl substituent (Ph) and a triisopropylphenyl moiety of the NHC. 

Such strain can lead to counter-clockwise rotation of the NHC, in turn inducing steric 

pressure between the alkenyl phenyl and the sulfonate-bearing aryl group. This explains the 

change in the C1–Cu–C2–N dihedral angle (102.6° in XLIII vs. 50.8° in XLIV). In contrast, 

with a trisubstituted enone (Scheme 61b), the pathway via XLV, wherein there is an 

attractive C–H/aryl-p interaction,[65] is favored; in the alternative XLVI, there is steric 

repulsion between the methyl ketone and one of the ortho isopropyl of the NAr moiety of the 

NHC, causing the C1–N–C2–C3 dihedral angle to contract (105.4° in XLV vs. 71.6° in 

XLVI); this, together with the substrate Me group, limits the space available for the alkenyl 

moiety. These models explain why, with disubstituted enones, the catalyst derived from 

imid(S)-3a, with a C3- and C5-substituted NAr moiety, is optimal, whereas with 

trisubstituted enones, the imid(S)-2b is the most effective ligand. The above stereochemical 

model represents a revision of those formerly reported.[115] Similar arguments may account 

for the outcome of the reactions with α-alkenyl–Al compounds (see the Supporting 

Information for further detail).
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6. Enantioselective C–B and C–H Bond Forming Reactions

Different Cu-based catalysts have been developed for net enantioselective addition of a B–H 

unit across an alkene (Scheme 62b–c).[124] These transformations complement or offer an 

alternative to the earlier processes, promoted by a Rh- or Ir-based complex (Scheme 62a).

6.1. Catalytic Copper-Boryl Addition to Alkenes.

Sulfonate NHC–Cu complexes played an early role in the development of enantioselective 

Cu–B(pin) additions to alkenes.

6.1.1. Three pathways for B–H addition to alkenes.—Cu–boryl addition to an 

alkene may be followed by protonolysis of the resulting Cu–C bond by an alcohol, 

furnishing an organoboron product (Scheme 62a). This process was conceived[125] partly 

based on the work by Sadighi [126] regarding regioselective addition of NHC–Cu–B(pin) 

complexes to aryl alkenes, illustrating a strong preference for benzylic Cu–C formation. 

Another relevant finding was that of Yun,[127] who showed that re-generation of a Cu–

alkoxide can be pomoted by an alcohol. Proto-boryl additions afford products that are 

complementary to catalytic boron–hydride additions to olefins.[128] Depending on the olefin 

substitution pattern, the process might either generate a stereogenic boryl-substituted carbon 

or a constitute an enantioselective C–H bond formation (see below).

In phosphine–Rh- or phosphine–Ir-catalyzed processes (Scheme 62b), addition of the 

complex derived from oxidative insertion into a B–H bond forms a benzylic C–metal and a 

homobenzylic C–H bond (vs. initial C–B(pin) bond formation in proto-boryl addition, 

Scheme 62a), after which the C–B bond is generated by reductive elimination (vs. 

protonolysis of the Cu–C bond). A third mechanism, introduced by Yun[129] (Scheme 62c), 

entails Cu–H addition to an alkene, affording a benzylic Cu–C bond. Thus, catalytic proto-

boryl addition (Scheme 62a) may be used to generate organoboron regioisomers that are 

inaccessible by boron–hydride additions (Scheme 62b–c).

6.1.2. State-of-the-art in catalytic enantioselective boron–hydride addition to 
acyclic 1,2-disubstituted alkenes, circa 2009.—At the time catalytic enantioselective 

proto-boryl addition (Scheme 62a) was first reported,[125] a limited number of catalytic 

boron–hydride addition protocols were known (Scheme 63), the earlier methods being 

developed by Brown (1995)[130] and Guiry (2000).[131] As was noted (Scheme 62b), the 

products bear a benzylic C–B bond, and thus, a stereoisomerically pure alkene substrate is 

not required. Takacs has shown that phosphine–Rh-catalyzed boron–hydride additions can 

be directed by a secondary amide, affording β-boryl carbonyl products in high e.r.[132]

6.1.3. Proto–boryl additions with sulfonate NHC–Cu catalysts

6.1.3.1. With 1,2-disubstituted aryl olefins (enantioselective C–B bond 
formation).: The first instances of enantioselective proto–boryl addition to an alkene were 

catalyzed by a sulfonate NHC–Cu complex (Scheme 64a).[125] The Cu–B moiety adds with 

syn stereochemistry and the C–B bond is formed exclusively at the homobenzylic site. With 

cyclic aryl alkenes (Scheme 64b), C1-symmetric NHC–Cu complex proved to be more 
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effective. As stated in the original report in 2009,[125] an important attribute of the 

transformation – one that distinguishes it from a boron–hydride addition (e.g., Scheme 63) – 

is that intermediate Cu–alkyl compounds (or those obtained by a related route) may be 

trapped by a C- or an N-based electrophile (vs. a proton). Advances during the last 10 years 

have validated this prediction.[133]

Subsequent advances. Catalytic proto-boryl additions have been performed with strained 

cycloalkenes.[134] There have also been several disclosures regarding catalytic 

enantioselective boron–hydride additions to 1,2-disubstituted alkenes (Scheme 65). Among 

them is an advance by Yun.[129] In 2016, Hartwig demonstrated that an E-1,2-disubstituted 

alkene that is homoallylic to a benzoate, aryl ether, tertiary tosyl amide, or a silyl ether 

undergoes highly regio- and enantioselective boron–hydride addition in the presence of 

dtbm-segphos–Cu complex and HB(pin).[135] The Cu–C bond was formed preferentially at 

the site proximal to the electron-withdrawing group. Despite the label “directed”, however, 

the influence of the heteroatomic substituents seems to be mostly inductive (i.e., no temporal 

catalyst or reagent/substrate association[136]). Catalytic enantioselective boron–hydride 

additions to E-1,2-disubstituted enynes, affording trisubstituted allenyl–B(pin) compounds, 

were introduced later (Scheme 62c).[137]

6.1.3.2. With 1,2-disubstituted aryl olefins (enantioselective C–H bond 
formation): Earlier advances. 1,1-Disubstituted alkenes are challenging substrates in 

enantioselective synthesis,[138] and related boron–hydride additions are uncommon. An 

early advance was disclosed in 2010 by Mazet [Eq. (4)].[139]

(4)

With sulfonate NHC–Cu catalysts. Initial investigations showed that the rate of Cu–B 

addition to an alkene is slower with a larger homobenzylic substituent (Scheme 66a),[125] 

suggesting a dissymmetric transition structure with C–B bond formation is more advanced 

(vs. Cu–C bond). This implied that addition to 1,1-disubstituted alkenes, via a Cu-

substituted quaternary carbon center, should be possible. Enantioselective Cu–B(pin) 

additions to 1,1-disubstituted aryl alkenes are indeed efficient (Scheme 66b).[140] Although 

the NHC–Cu complex derived from imid(S)-1b emerged as highly enantioselective with α-

methylstyrene (93:7 e.r.), the reaction proceeded faster with the less sizeable imid(S)-1a 
(98% vs. 47% conv.). The best yield/e.r. combination was thus obtained with catalysts 

derived from imid(S)-4d and imid(S)-1c.

Subsequent advances. There has been much progress regarding catalytic enantioselective 

boron–hydride addition to 1,1-disubstituted alkenes (Scheme 67). Takacs has introduced 

amide-directed additions with phosphine–Rh-based catalysts.[141] Effective chiral catalysts 
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containing earth abundant metals have been identified, including the Co- and Fe-based 

systems introduced by Huang[142] and Lu,[143] respectively. Yun developed the first non-

directed approach to catalytic enantioselective boron–hydride additions to alkyl-substituted 

olefins.[144] Hong and Shi have provided an alternative regio- and enantioselective method 

for catalytic proto-boryl additions to aliphatic terminal olefins [Eq. (5)].[145] The latter 

discoveries are noteworthy because electron-rich alkenes are inherently less reactive for Cu–

H or Cu–B addition.

(5)

Mechanistic analysis. While the available data indicate that the sulfonate moiety is crucial 

for high enantioselectivity, it probably has less of an impact on reactivity. The results of DFT 

studies indicate that there is likely no significant sulfonate/substrate interaction (thus the 

anionic model, Scheme 68). The sulfonate NHC–Cu complex can accommodate the B(pin) 

moiety at the same quadrant as the sulfonate, perhaps facilitated by electrostatic attraction 

between an aryl C–H, causing the SO3 group to move into closer proximity of the ortho C–H 

bonds of the NHC’s phenyl moiety (see the view from the back of the complex, Scheme 

68a). The front/left pocket (as drawn) can accommodate a substrate molecule. Accordingly, 

the major isomer would be formed via XLVII or XLIX, where the phenyl group is 

positioned within the less encumbered front pocket. In XLVIII and L the position of the 

phenyl unit engenders considerable steric repulsion with the NAr unit.

6.1.3.3. With alkenyl boronates (enantioselective C–B bond formation).: Because of 

the stronger stabilization of electron density at the carbon center of the incipient Cu–C bond 

(see Scheme 66a), Cu–B addition to an electron-deficient alkene is relatively facile. Cu–

B(pin) addition to an alkenyl–B(pin) is efficient (Scheme 69) [146] and regioselective with 

the Cu complex derived from imid(S)-1b(<2% geminal isomer). A terminal alkyne may 

undergo sequential proto-boryl additions, first generating an E-β-alkenyl–B(pin) compound, 

the substrate for an ensuing regio- and enantioselective process. Control experiments 

indicate that Cu–B addition to an α-alkenyl–B(pin) compound, to afford a geminal 

diboronate, is much less efficient. Therefore, by strongly favoring an initial β-selective 

addition, the sulfonate NHC ligand is key to reactions with enynes. We have applied this 

method to a synthesis of antioxidant plasmalogen C18 (plasm)-16:0 (PC).[147] It is worth 

noting that catalytic diboryl addition to an alkene [148] would be inefficient, due to 

competitive π-allyl formation.

Most recently, a sulfonate NHC–Cu complex was shown by Yun to be effective in promoting 

regio- and enantioselective Cu–B addition to an alkenyl–B(dan) moiety, followed by Cu/Pd 

ligand exchange and cross-coupling with aryl bromide (Eq. 6)]. [149] Considering that the 
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same Cu-based catalyst was used a decade earlier for Cu–B additions to β-alkyl styrenes,
[,146] the mechanistic principles outlined above (see Scheme 66) are likely applicable here as 

well.

(6)

6.1.3.4. With alkenyl silanes (enantioselective C–B bond formation).: NHC–Cu-

catalyzed E- and β-selective proto-silyl addition to a terminal alkyne may be followed by 

regio- and enantioselective proto-boryl addition to the resulting alkenyl silane (Scheme 70).
[150] The regiochemical outcome hinges on whether the alkenyl silane substrate is alkyl- or 

aryl-substituted. In the aliphatic case, where a non-sulfonate NHC–Cu catalyst is optimal, 

accumulation of electron density at the carbon of the incipient Cu–C bond is better 

accommodated by a silyl group, resulting in preferential formation of products with vicinal 

C–Si and Cu–B bonds. With aryl-substituted alkenylsilanes, as in the synthesis of 

antibacterial agent brugueirol A, the aromatic ring can better stabilize the developing 

negative charge, and the geminal isomer is formed preferentially (see Scheme 68).

Subsequent advances. Morken has demonstrated[151] that vicinal diboron compounds can be 

prepared by catalytic B–B addition to alkenes (Scheme 71),[152] and Yun has shown[153] that 

differentiable geminal diboronates may be accessed regio- and enantioselectively by 

bisphosphine–Cu-catalyzed boron–hydride addition to alkenyl–B(dan) compounds (dan = 

naphthalene-1,8-diaminato). Meek has merged regio- and enantioselective Cu–B(pin) 

addition to alkenyl–B(pin) moieties with trapping of the Cu–alkyl intermediate with 

aldehydes.[154] Morken has further illustrated that[155] catalytic Si–H addition to an E-

alkenyl–B(pin) compound can lead to enantiomerically enriched geminal borosilanes.

Vicinal diboryl products may be synthesized by regio- and enantioselective Cu–B(pin) 

addition to vinyl–B(dan) or Cu–B(dan) addition to vinyl–B(pin)/allylic substitution (Scheme 

72).[156] Bis-phosphine–Cu-based catalysts are most effective in these cases. Because a C–

B(pin) is considerably more reactive than a C–B(dan) bond, products can be 

chemoselectively modified.

6.1.3.5. With allenes (enantioselective C–H bond formation).: This set of 

enantioselective reactions is promoted by catalysts derived from imid(S)-1b and imid(S)-1d 
(Scheme 73),[157] and probably proceed via a six-membered ring transition state, represented 

by LI, leading to γ-selective C–H bond formation. Although the highest e.r. by a P-based 

ligand was by the use of segphos, transformations with sulfonate-bearing NHC–Cu catalysts 

were more efficient. These processes belong to a small class of catalytic reactions that 

include enantioselective protonation of an allylmetal intermediate,[158] furnishing masked 
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ketones with an α-stereogenic center. The alkenyl–B(pin) moiety can be oxidized to a 

carboxylic acid (see naproxen synthesis, Scheme 73).

7. Catalytic Enantioselective Boryl Substitution

7.1. State-of-the-Art, circa 2010.

The first catalytic enantioselective boryl substitution leading to allylboronate products was 

disclosed in 2007 by Ito and Sawamura (Scheme 74).[159] Reactions were between a Z-

allylic carbonate and B2(pin)2, catalyzed by a bis-phosphine–Cu complex (low e.r. with E 
isomers). Conversion was minimal with substrates bearing a larger moiety (e.g., iPr-

substituted). A year later, the same team showed that Cu–B(pin) addition to an alkenyl silane 

preferentially affords products with geminal Cu–C and C–Si bonds; carbonate displacement 

afforded the corresponding cyclopropane.[160]

7.2. With Sulfonate NHC–Cu Catalysts.

The complex derived from imid(S)-2c promotes regio- and enantioselective boryl 

substitution with alkyl-substituted allylic carbonates (Scheme 75a).[161] Unlike the earlier 

protocols (see Scheme 74), an E- or a Z-alkene can be used to access either product 

enantiomer, consistent with a step other than C–B bond formation being stereochemistry-

determining. Product stereochemistry is thus probably controlled by the position of the 

carbonate group, taking place at a relatively extended C…B distance. (The enantiomers 

derived from E- and Z-alkene isomers in Scheme 75a constitute a revision of the absolute 

stereochemical identity of the products.) Allylic carbonates bearing a hindered substituent 

can be used (e.g., Cy-substituted). A marked attribute that distinguishes sulfonate NHC–Cu 

catalysts in this arena is that reactions with trisubstituted allylic carbonates can be effected 

efficiently and with high enantioselectivity, furnishing allyl–B(pin) products with a B-

substituted quaternary stereogenic carbon center (Scheme 75b).[161] Sterically demanding 

alkyl- and aryl-substituted allylic carbonates emerged as suitable starting materials. An 

application entails α-selective addition of an enantiomerically enriched allyl boronate to a 

phosphinoylimine, a process that takes place with inversion of stereochemistry. [162]

Mechanistic Analysis. KIE measurements (Scheme 75c; previously unpublished) indicate 

that C–O bond cleavage is probably stereochemistry-determining (see the Supporting 

Information for a stereochemical model). However, as was noted earlier (see Scheme 31b), 

DFT studies indicate the energy gap between a migratory insertion and a π-allyl generation 

is the narrowest for C–B bond formation (8.5 vs. 4.9 kcal/mol). Either mechanism might 

therefore be operative, perhaps depending on the substrate type. The regiochemical 

differences can be explained if a Cu–B addition pathway is invoked for reactions of 

disubstituted aryl olefins, where a benzylic Cu–Cα bond (LII, Scheme 75d) would likely be 

formed, affording an intermediate that cannot be converted to an allylboronate product. With 

alkyl-1,2-substituted carbonates (LIII), the electronically favored a π-allyl mechanism 

steers the B(pin) group into the allylic position (SN2’). For trisubstituted olefins, regardless 

of whether the substrate is aryl- or alkyl-substituted, transformation via the initial formation 

of a π-allyl complex/C–O cleavage is probably more favored (less sterically demanding).
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Subsequent advances. Cu-based complexes containing a six-membered NHC ligand have 

been shown by McQuade (Scheme 76)[163] to be effective boryl substitution catalysts. This 

approach is stereoconvergent: E- and the Z-allylic ether substrates afford the same product 

enantiomer, a finding that is consistent with C–B bond formation being stereochemistry-

determining. Reactions in which a fluorine atom is the leaving group has received attention 

recently, allowing for recent development of catalytic methods for synthesis of γ,γ-gem-

difluoroallylboronates[164] or allylic boronates that contain a trisubstituted alkenyl fluoride 

(Scheme 76).[165] These latter studies showed that sulfonate NHC–Cu catalysts are effective 

with substrates bearing a primary alcohol. [166]

8. Catalytic Enantioselective Silyl Substitution

Prior Art. In 1994, Hayashi and Yanagi reported that reaction of an allyl chloride with 

PhCl2Si–SiMe3 can be facilitated by a bisphosphine–Pd complex, leading to transfer of the 

PhCl2Si moiety (Scheme 77);[167] workup with basic EtOH afforded the allylic 

diethoxysilane products. Enantioselectivity was high in some instances, but not 

regioselectivity. As noted earlier (see Schemes 7 and 9), catalytic EAS with alkenylsilane 

may be used to access enantiomerically enriched allylsilanes. In 2013, Oestreich presented a 

more general strategy,[168] involving the use of a six-membered NHC–Cu catalyst, allylic 

phosphates, and Me2PhSi–B(pin). Soon afterwards, Hayashi and Shintani demonstrated that, 

with the same set of substrates and borosilane compounds, a different NHC–Cu complex can 

be used to generate allylsilanes enantioselectively.[169]

With a Sulfonate NHC–Cu Catalyst. With 1.0 mol % of the NHC–Cu complex derived from 

imid(S)-1a reaction can be promoted between 1,2-disubstituted allylic phosphates and 

PhMe2Si–B(pin) (Scheme 78; previously unpublished).[170] Aryl- as well as alkyl-

substituted substrates react with high SN2’ and enantioselectivity.

Catalytic silyl substitutions that afford γ,γ-gem-difluoroallylsilanes were recently 

introduced (Scheme 79a).[51] In line with the C–B bond forming reactions, processes 

involving sulfonate NHC–Cu catalysts, while efficient, were less enantioselective. 

Nonetheless, reaction with a PMB-protected alcohol starting material was most efficient 

with the catalyst derived from imid(S)-3a (80% conv., 60% yield, 93:7 e.r. with the C2-

symmetric NHC–Cu complex; in contrast, with the alcohol substrate and catalyst derived 

from imid(S)-3a: 85% conv., 66% yield, 88:12 e.r.).

Mechanistic analysis. Notably, boryl (Scheme 76) and silyl substitutions (Scheme 79a) 

afford products with the opposite sense of enantioselectivity. The map of steric effects[171] 

for imid(S)-3a reveals a more accessible front pocket (% Vbur = 19.6 vs. 24.7 in the rear). 

For C–B addition, there is minimal repulsion between an ortho hydrogen atom (Hb) of the 

NHC’s NAr moiety and the B(pin) moiety in the rear, while favorable dispersive 

associations or electrostatic attraction with the sulfonate anion might also be a factor, as 

suggested by the close SO3
…..H–C contacts of 2.2–2.9 Å (see view from back of LIV, 

Scheme 79b). The only space available for the larger silyl group is at the front of the 

complex (LVII); as such, the steric repulsion with the sulfonate and Hb, which exists in LVI, 

can be avoided. In LVII, repulsion with Ha can be further minimized owing to the near-
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coplanar orientation of the sizeable 3,5-bis-(2,4,6-triisopropylphenyl)phenyl fragment (with 

respect to the NHC). Thus, dispersive affinity between the silyl and the NHC’s isopropyl 

groups can dominate repulsive interactions. Similar features (dispersive attraction and 

conformational mobility around the NAr bond) have been put forward on the basis of DFT 

studies regarding Cu–H addition to allenyl–B(pin) compounds (see Scheme 29a).[59]

9. Enantioselective Allyl Additions to NH-Ketimines

State-of-the-Art, circa 2017. Unlike aldimines,[172] reactions with the significantly less 

reactive ketimines are uncommon.[173] The small number of the existing methods available 

in 2017 require the use of N-protected/activated imines (Scheme 80). In 2006, Shibasaki and 

Kanai reported on enantioselective addition of allyl–B(pin) to N-benzyl ketimines, catalyzed 

by 20 mol % of a bis-phosphine (cyclopentyl-duphos) and 10 mol % CuF2•2H2O. 

Enantioselectivities were high, alkyl-substituted substrates were suitable, and the 

unprotected amine was obtained after two steps (2-iodoxybenzoic acid and hydrolysis with 

aq. HCl). [174] Shibasaki and Kumagai later outlined a protocol for enantioselective addition 

of an allylic cyanide to N-phosphinoyl ketimines, catalyzed by 10 mol % of a bis-phosphine 

ligand and 10 mol % of a Cu salt. Unmasking of the N-H amine was accomplished by 

treatment with 12N aqueous solution of HCl. [175] Finally, through a set of transformations 

catalyzed by phosphoramidite–Pd complex, Trost was able to promote diastereo- and 

enantioselective cycloaddition of trimethylenemethane to N-tosyl-ketimines; the approach is 

applicable to aryl- and alkyl-substituted ketimines, but removal of the tosyl group would 

require harsh reductive conditions (issue not addressed).[176] Later in 2012, Lam showed 

that a dienyl–Rh complex can facilitate enantioselective allyl addition to cyclic aldimines 

and ketimines; unprotected amines were then generated by a two-step sequence.[177] In 

2016, Zhang disclosed an enantioselective Morita-Baylis-Hillman type process catalyzed by 

a phosphine and involving N-benzyl ketimines; enantioselectivities were high and α-tertiary 

NH2-amines were obtained after acidic workup (Scheme 80).[178]

With Allenes, B2(pin)2, and N-H Ketimines. The ability of different Cu-based catalysts to 

promote diastereo- and enantioselective addition of 2-B(pin)-substituted allyl groups to N-H 

ketimines varies widely (Scheme 81a). Unlike when a bis-phosphine ligand is used, with 

imid(S)-3a, e.r. is high. [179] Whereas the desired N-H ketimine was formed in 95:5 e.r. with 

3,5-diaryl-substituted imid(S)-3a as the catalyst precursor, with N-mesityl-containing 

imid(S)-1a, the product was isolated in only 55:45 e.r. With the sulfonate NHC–Cu catalyst 

derived from imid(S)-3a, on the other hand, heteroaryl- and alkyl-substituted N-H ketimines 

were converted to α-tertiary amines efficiently and selectively (Scheme 81b); application to 

synthesis of the core structure of a class of compounds with anti-Alzheimer activity 

highlights the utility of the protocol.

Mechanistic analysis. DFT studies point to the interaction of a cationic Na bridge between 

the sulfonate and the nitrogen atom of the imine (LVIII-LIX). The B(pin) moiety is 

probably oriented in the left/front quadrant and away from the sizeable 3,5-disubstituted aryl 

group, in LVIII. This is in contrast to LIX, where there is steric strain caused by the 

proximity of the B(pin) and the chiral ligand’s NAr groups; such interactions are diminished 
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with mesityl-substituted NHC–Cu catalyst derived from imid(S)-1a, which is congruent 

with the observed low e.r. (55:45).

Subsequent advances. In 2019, the research groups of Wang and Zhang/Niu reported 

catalytic protocols for enantioselective synthesis of E-trifluoromethyl-substituted α-tertiary 

homoallylic NH2-amines, catalyzed by a phosphine–Ir complex (Scheme 82).[180] Most 

recently, we demonstrated that reactions of trifluoromethyl-substituted silyl ketimines with 

Z-allyl boronate compounds may be promoted by an aminophenol-boryl catalyst, directly 

affording unprotected α-tertiary amine in high enantiomeric purity. [181] It should be noted 

that trifluoromethyl-substituted NH-ketimines are unstable and therefore not suitable for 

sulfonate NHC–Cu-catalyzed processes (see Scheme 81; see also Zhang, Scheme 80).

11. Conclusion and Outlook

We provide significant evidence supporting the contention that sulfonate NHC–Cu 

complexes are uniquely effective catalysts for a range of enantioselective processes, ranging 

from different types of C–C bond forming transformations to those that generate an 

assortment of C–B, C–H, and C–Si linkages. In many instances, sulfonate NHC–Cu 

catalysts offer degrees of reactivity and/or selectivity (regio- and/or enantioselectivity) that 

are not within the reach of catalysts derived from other ligand types, NHC or otherwise.

Experimental and computational data are provided that offer a mechanistic basis for the 

observed reactivity and selectivity trends. All underscore the central role of the sulfonate 

moiety. The experimental and computational results indicate that, in most cases, the 

sulfonate unit is to provide a temporal metal bridge that connects the catalyst structure with 

a Lewis basic site within the substrate molecule; this additional interaction belies the 

unusually high efficiency, regio- and enantioselectivities.

There is probably more to the story, however. For instance, the corresponding carboxylate 

NHC–Cu complex[182] is far less effective (Scheme 83), suggesting that a chelation site 

alone does not suffice. One advantage of a sulfonate might be in its being C3-symmetric: 

unlike a carboxylate group where rotation around the C–C bond disrupts/alters resonance 

between the aryl moiety and the carbonyl group, rotation around the C–S bond is 

inconsequential. These considerations beg the question of how would a phosphate NHC–Cu 

complex perform?

Looking back, one cannot help but be astonished what substantial an effect a subtle 

structural modification can have on a catalyst’s performance. This, combined with the fact 

that less than 3 kcal/mol separates a highly enantioselective reaction from one generating 

racemic mixtures (i.e., about the same barrier as C–C bond rotation in ethane), underscores 

the importance of being able to modify a catalyst easily. This review provides further 

testament to the importance of mechanistic understanding. Otherwise, each discovery, by 

chance or screening, remains just that, a stroke of luck or a feat of engineering, confined 

only to the present with little investment toward mechanistically guided a future advance. 

We are then left with only the hope that we might, somehow, find a way out of future 

puzzles. Only true science can free us from such a precarious predicament.
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Scheme 1. 
First- and second-generation aryloxy Ag- and Cu-based N-heterocyclic carbene (NHC) 

complexes used in enantioselective allylic substitutions and conjugate additions. n.d. = not 

determined.
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Scheme 2. 
Regarding the influence of a sulfonate NHC ligand on oxidative addition and reductive 

elimination steps.
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Scheme 3. 
Preparation of a sulfonate imidazolinium salt and the derived NHC–Ag complex.
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Scheme 4. 
Tandem EAS with Me3Al in a total synthesis of natural product baconipyrone C.
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Scheme 5. 
Regio- and stereoselective Al–H addition to an alkyl-substituted terminal alkyne may be 

followed by a regio- and enantioselective allylic substitution of the in situ generated alkenyl–

Al compound (see Scheme 36 for mechanistic analysis).

Hoveyda et al. Page 43

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 6. 
Regio- and E-selective Al–H additions to silyl-substituted aryl alkynes may be used to form 

(Z)- or (E)-β-alkenyl–Al compounds, applicable to catalytic EAS (see Scheme 37 for 

mechanistic analysis).

Hoveyda et al. Page 44

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 7. 
Ni-catalyzed Al–H additions to monosubstituted alkynes to generate Z- or E-alkenyl–Al 

compounds, and subsequent EAS.
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Scheme 8. 
With 5.0 mol % Et3N, reaction of a terminal alkyne with dibal–H affords only the alkynyl–

Al compound, which may be used for catalytic EAS.
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Scheme 9. 
A sulfonate NHC–Cu catalyst is found to be optimal for generating a silyl-substituted 

quaternary carbon stereogenic center.
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Scheme 10. 
An early example of EAS with an organoboron compound.
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Scheme 11. 
EAS with aryl–Al and heteroaryl–Al compounds, prepared in situ from the corresponding 

organolithium compounds.
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Scheme 12. 
The role of a metal–alkoxide in Cu/B exchange and the formation of an alkenyl–B(pin) 

compound.
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Scheme 13. 
EAS with allenyl–B(pin), affording products that might contain a tertiary or a quaternary 

carbon stereogenic center (see Schemes 32 for mechanistic analysis).
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Scheme 14. 
Enantioselective SN2” substitution with allenyl–B(pin) (see Scheme 33 for mechanistic 

analysis).
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Scheme 15. 
EAS with different acceptor molecules and different alkenyl boronates.

Hoveyda et al. Page 53

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 16. 
EAS with readily accessible alkenyl–B(pin) compounds. Enantiomerically enriched products 

that contain an aldehyde, a carboxylic ester, or a Z-alkenyl group can thus be readily 

synthesized.
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Scheme 17. 
EAS with an alkenyl–B(pin) reagent and generates a quaternary carbon stereogenic center.
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Scheme 18. 
A bis-phosphine–Rh complex promotes EAS with racemic cyclic allylic chlorides and 

alkenyl–boronic acids.
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Scheme 19. 
EAS and enantioselective SN2” substitution reactions involving a propargyl–B(pin) 

compound may be used to generate tertiary or quaternary carbon stereogenic centers.
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Scheme 20. 
Rate of Cu/B exchange is impacted by how well the developing charge at the carbon center 

can be stabilized.
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Scheme 21. 
EAS with bis[(pinacolato)boryl]methane furnish enantiomerically enriched alkyl–B(pin)-

containing terminal alkenes (see Scheme 34 for mechanistic analysis).
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Scheme 22. 
EAS with bis[(pinacolato)boryl]methane and trisubstituted allylic phosphates (see Scheme 

34 for mechanistic analysis). Previously unpublished results: reactions performed under N2 

atm.; conv. and SN2’ selectivity (±2%) determined by analysis of the 1H NMR spectra of 

unpurified product mixtures; yields (±5%) correspond to purified products. See the 

Supporting Information for details. n.d. = not determined.
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Scheme 23. 
EAS with F3C-substituted alkenes and alkyl–MgCl compounds.
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Scheme 24. 
Regio- and enantioselective Cu–H addition to an aryl or boronate-substituted alkene 

followed by allylic substitution.
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Scheme 25. 
Sulfonate NHC–Cu catalysts promote multicomponent enantioselective Cu–H addition to 

vinyl–B(pin)/SN2’-selective and diastereoselective allylic substitution. See Scheme 35 for 

mechanistic analysis.
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Scheme 26. 
Multicomponent EAS beginning with a regioselective Cu–H addition to an alkyne. r.r. = 

regioisomeric ratio.
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Scheme 27. 
Sulfonate NHC–Cu catalysts promote multicomponent processes involving a Cu-B(pin) 

addition to alkynes. See Scheme 36 for mechanistic analysis.
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Scheme 28. 
Multicomponent EAS involving Cu-H addition to an allene. n.d. = not determined.
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Scheme 29. 
Multicomponent EAS commencing with Cu–H addition to boryl-substituted allenes (vs. the 

more common Cu/B exchange) and applications to complex molecule synthesis. d.s. = 

diastereospecificity.
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Scheme 30. 
X-ray structures of Zn(II)- and Al(III)-based complexes, the initial stereochemical model, 

results of DFT studies at the ω-B97XD/Def2-TZVPPTHF(SMD)//ω-B97XD/Def2-SVP level), 

and key experimental data. LG = leaving group.
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Scheme 31. 
Evaluation of two EAS pathways [M06/def2-TZVPP//M06L/def2-SVP level of theory in 

CH2Cl2 (SMD solvation model)]; C-O bond constrained in tsCu-Xadd to 1.50 Å to 

circumvent C–O bond rupture. Previously unpublished analysis; see the Supporting 

Information for details. ts = transition state; pc = p complex; oa = oxidative addition; pa = 

π-allyl complex; cc = Cu complex; prod = final product.
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Scheme 32. 
The stereochemistry-determining step and origin of selectivity in EAS with allenyl–B(pin) 

(see Schemes 13 and 19 for methodology). Reactions performed under N2 atm.; conv. (±2%) 

determined by analysis of the 1H NMR spectra of the unpurified product mixtures; yields 

(±5%) are for purified products. Previously unpublished KIE data and DFT analysis; see the 

Supporting Information for details.
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Scheme 33. 
Additional support for C–O bond cleavage being stereochemistry-determining and related 

stereochemical models (see Scheme 14 for methodology). DFT at the MN15/Def2-TZVPP//

M06L/Def2-SVP level. n.d. = not determined.
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Scheme 34. 
High enantioselectivity in some transformations is due to a combination of sulfonate 

bridging and dispersive attraction (see Schemes 21–22 for methodology). DFT at the M06L/

Def2-TZVPP//M06L/Def2-SVP level. Previously unpublished mechanistic analysis; see the 

Supporting Information for details of the DFT studies.
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Scheme 35. 
The sulfonate moiety is likely responsible for the high d.r. and e.r. in Cu–H-catalyzed 

multicomponent EAS reactions (see Scheme 25 for methodology). DFT at the M06L/Def2-

TZVPP//M06L/Def2-SVP level.
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Scheme 36. 
Rationale for EAS of alkenyl moieties derived from Cu/Al exchange or formed by Cu–B 

addition to an alkyne (see Schemes 5 and 27 for methodology). DFT at the M06L/Def2-

TZVPP//M06L/Def2-SVP level. Previously unpublished analyses; see the Supporting 

Information for details.
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Scheme 37. 
Rationale for EAS with silyl-substituted alkenyl–Al compounds (see Scheme 6 for 

methodology). DFT at the M06L/Def2-TZVPP//M06L/Def2-SVP level. Previously 

unpublished analyses; see the Supporting Information for details of the DFT studies.
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Scheme 38. 
The state-of-the-art in catalytic ECA reactions that generate a quaternary carbon stereogenic 

center, circa 2006. tc = thiophene-2-carboxylate.
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Scheme 39. 
ECA of (alkyl)2Zn reagents to cyclic β-carboxylic enones and application to total synthesis 

of nominine by Gin et al.
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Scheme 40. 
ECA with β-substituted cyclic enones and (alkyl)3Al reagents and applications to total 

synthesis of structurally complex bioactive natural products.

Hoveyda et al. Page 78

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 41. 
ECA of (alkyl)3Al compounds to acyclic trisubstituted enones.
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Scheme 42. 
ECA of (alkyl)3Al and alkyl–zirconocene compounds to trisubstituted enones.
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Scheme 43. 
ECA with alkenylboronate, alkenylzirconocene, and alkenylsilane compounds and Rh-based 

complexes.
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Scheme 44. 
Organic molecules have been used to catalyze ECA of alkenylboron compounds to acyclic 

enones.
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Scheme 45. 
ECA of an alkenyl group with Cu-based catalysts have largely involved cyclic enones. 

Abbreviation: tasf = tris(dimethylamino)sulfonium difluorotrimethylsilicate.
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Scheme 46. 
ECA of an alkenyl unit to an acyclic α,β-unsaturated carbonyl.
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Scheme 47. 
ECA of alkenyl–Al compounds to acyclic enones. Depending on the substrate, a different 

sulfonate-containing NHC–Cu catalyst might prove to be optimal (see Scheme 61 for 

mechanistic analysis).
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Scheme 48. 
The state-of-the-art in ECA of alkenyl units to enones, circa 2010.
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Scheme 49. 
ECA of alkenyl–Al compounds with sulfonate NHC–Cu catalysts and application to total 

synthesis of trans-clerodane by Overman et al.
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Scheme 50. 
ECA of a 1-phenyl-substituted alkenyl–Al compound. Reactions performed under N2 atm.; 

conv. (±2%) determined by analysis of the 1H NMR spectra of the unpurified product 

mixtures; yields (±2%) correspond to purified products, and enantioselectivity determined 

by GC analysis. Previously unpublished results; see the Supporting Information for details.

Hoveyda et al. Page 88

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 51. 
ECA of silyl-substituted alkenyl–Al compounds to β-substituted cyclic enones (for 

mechanistic analysis, see Scheme 59). NIS = N-iodosuccinimide.
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Scheme 52. 
ECA of alkenyl–Al compounds to acyclic trisubstituted enones proceeds with the opposite 

enantioselectivity compared to disubstituted substrates (Scheme 47). See Scheme 61 for 

mechanistic analysis.
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Scheme 53. 
ECA of alkenyl–Al compounds to β-substituted cyclohexenones with aminophosphinite–Cu 

complexes.
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Scheme 54. 
The first examples of ECA of an aryl moiety to cyclic β-substituted enones.

Hoveyda et al. Page 92

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 55. 
ECA of di(alkyl)aryl–Al compounds to β-substituted cyclic enones is more enantioselective 

with a phenoxy NHC ligand (for mechanistic analysis, see Scheme 60).
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Scheme 56. 
Phosphoramidite–Cu-catalyzed ECA of aryl moieties to β-substituted cyclic enones, 

including cyclopentenones.
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Scheme 57. 
ECA of organoboron compounds to β-substituted enones catalyzed by Rh- or Pd-based 

catalysts.
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Scheme 58. 
ECA of aryl- and heteroaryl–Al compounds to acyclic trisubstituted enones.
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Scheme 59. 
Rationale for high e.r. in ECA with silyl-substituted alkenyl–Al compounds (see Scheme 51 

for methodology). DFT at the M06L/Def2-TZVPP//M06L/Def2-SVP level. Previously 

unpublished analysis; see the Supporting Information for details of the DFT studies.
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Scheme 60. 
Rationale for high enantioselectivity in ECA with aryl–Al compounds (see Scheme 55 for 

methodology). DFT at the M06L/Def2-TZVPP//M06L/Def2-SVP level. Previously 

unpublished analysis; see the Supporting Information for details of the DFT studies.
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Scheme 61. 
Rationale for high e.r. in ECA of β-alkenyl–Al compounds (see Schemes 47 and 53 for 

methodology). DFT at the M06L/Def2-TZVPP//M06L/Def2-SVP level. See the Supporting 

Information for details.
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Scheme 62. 
Different pathways by which an H and a B atom can be added to an alkene.
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Scheme 63. 
Catalytic enantioselective boron–hydride additions to 1,2-disubsdtituted linear alkenes. cat = 

catecholate.
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Scheme 64. 
The first examples of enantioselective proto-boryl additions to alkenes.
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Scheme 65. 
Catalytic enantioselective boron–hydride additions to E-1,2-disubstituted olefins. r.r. = 

regioisomeric ratio.
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Scheme 66. 
Catalytic enantioselective proto-boryl additions to 1,1-disubstituted alkenes.
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Scheme 67. 
The latest advances in catalytic enantioselective boron–hydride additions to 1,1-disubstituted 

alkenes.
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Scheme 68. 
Stereochemical models accounting for the high e.r. in proto-boryl additions to aryl alkenes. 

DFT with the anionic model at the M06L/Def2-TZVPP//M06L/Def2-SVP level. Previously 

unpublished analysis; see the Supporting Information for details of the DFT studies.
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Scheme 69. 
Chemo-, regio- and enantioselective sequential catalytic proto-boryl additions to alkynes.
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Scheme 70. 
Catalytic regio- and enantioselective proto-boryl addition to an alkenylsilanes.
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Scheme 71. 
Catalytic enantioselective diboryl additions to alkenes, and boron–hydride and silyl–hydride 

additions to alkenyl boronates. dan = naphthalene-1,8-diaminato.
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Scheme 72. 
Cu–boryl addition to alkenyl boronates followed by allylic substitution. dan = 

naphthalene-1,8-diaminato.
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Scheme 73. 
Regio- and enantioselective proto-boryl additions to 1,1-disubstituted allenes.
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Scheme 74. 
The first examples of catalytic enantioselective boryl substitution, and an approach leading 

to cyclopropyl products.
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Scheme 75. 
Sulfonate NHC–Cu-catalyzed boryl substitution with a di- or a trisubstituted alkene to 

generate allylic boronates in high e.r., and related KIE data regarding substitution 

(previously unpublished). Reactions performed under N2 atm.; conv. (±2%) determined by 

analysis of the 1H NMR spectra of the unpurified mixtures; yields (±5%) of purified 

products. See the Supporting Information for details.
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Scheme 76. 
Advances in catalytic enantioselective boryl substitution include those that generate F-

substituted alkenes.
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Scheme 77. 
Enantioselective silyl substitution with Pd- and Cu-based catalysts.
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Scheme 78. 
Enantioselective silyl substitution with a sulfonate NHC–Cu catalyst. Reactions performed 

under N2 atm.; conv. and SN2’ selectivity (±2%) determined by analysis of the 1H NMR 

spectra of the unpurified product mixtures; yields (±5%) of the purified products; 

enantioselectivity determined by HPLC analysis. Previously unpublished results; see the 

Supporting Information for details.
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Scheme 79. 
A sulfonate NHC–Cu complex can promote highly regio- and enantioselective silyl 

substitution to generates γ,γ-gem-difluoroallylsilanes, underscoring mechanistic differences 

with the related boryl substitutions. Previously unpublished analysis; see the Supporting 

Information for details of the DFT studies.
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Scheme 80. 
Catalytic enantioselective additions of allylic moieties to N-protected ketimines.
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Scheme 81. 
Catalytic diastereo- and enantioselective multicomponent additions of boryl-substituted allyl 

moieties to N-H ketimines.
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Scheme 82. 
Catalytic diastereo- and enantioselective strategies for synthesis of trifluoromethyl-

substituted α-tertiary NH2-amines.
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Scheme 83. 
A carboxylate NHC–Cu complex is less effective (vs. sulfonate variants). See the Supporting 

Information for details.
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