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The addition of nucleophiles to electron-deficient alkenes represents one of the more general and commonly used strategies for the

convergent assembly of more complex structures from simple precursors. In this review the addition of diverse protic and organo-

metallic nucleophiles to electron-deficient alkenes followed by enantioselective protonation is summarized. Reactions are first cate-

gorized by the type of electron-deficient alkene and then are further classified according to whether catalysis is achieved with chiral

Lewis acids, organocatalysts, or transition metals.

Introduction

Due to their ubiquity in natural products and drugs, many
researchers have developed methods for the stereoselective syn-
thesis of tertiary carbon stereocenters. One aesthetically pleas-
ing approach is the enantioselective protonation of prochiral
enolates and enolate equivalents [1-10]. While an attractive
strategy, the enantioselective introduction of a proton, the
smallest element in the periodic table, presents its own unique
challenges. Significant racemic background reactions can
compete with the desired enantioselective protonation because
proton transfer is among the fastest of all processes. The a-elec-
tron withdrawing group, needed to stabilize the carbanion inter-
mediate, also increases the stereocenter’s susceptibility to race-
mization under the reaction conditions. Moreover, enolate inter-
mediates can adopt E- or Z-geometries that, upon protonation,

generally lead to opposite stereoisomers.

Because enantioselective protonation is a kinetic process, an
overall thermodynamic driving force is required for any enan-
tioselective protonation reaction [1]. One attractive approach is
the coupling of the enantioselective protonation step with
another bond forming step. Conjugation addition of an organo-
metallic or protic nucleophile in a non-stereoselective step
allows for the generation of a prochiral enolate intermediate that
then undergoes enantioselective protonation (Figure 1). Two
general strategies can be used when applying a conjugate addi-
tion—enantioselective protonation manifold. In the first strategy,
a chiral enolate can be protonated by an achiral proton source
(pathway A). In the second, an achiral enolate can be proto-
nated by a chiral proton source (pathway B). Both strategies
have been harnessed by various research groups for conjugate

addition—enantioselective protonation reactions.
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Figure 1: Two general pathways for conjugate addition followed by enantioselective protonation.

This review covers the many conjugate addition—enantioselec-
tive protonation reactions that have been reported in the litera-
ture. These reports have been grouped by class of Michael
acceptor and further subdivided by the type of catalyst system
used (Lewis acids, organocatalysts and transition metals). While
numerous efficient methods have been developed for the enan-
tioselective reduction of a-substituted conjugate addition accep-
tors, including catalytic hydrogenation, multiple reviews have
already appeared on this topic, and therefore asymmetric cata-
lytic reduction will not be covered here [11-13]. Conjugate ad-
dition followed by terminal enantioselective hydrogen atom
transfer is an approach that provides products analogous to
those accessed via conjugate addition—enantioselective proton-
ation sequences. Due to the similar challenges when delivering
both protons and hydrogen atoms enantioselectively, examples
of conjugate addition—enantioselective hydrogen atom transfer

are also included in this review.

Review

a,B-Unsaturated esters

Lewis acids

o,B-Unsaturated esters have been the most extensively studied

class of electrophiles for conjugate addition—enantioselective

protonation sequences. Esters are useful functional group
handles for additional synthetic manipulations. Furthermore, en-
antioselective conjugate additions to a-amino-a,B-unsaturated
esters provides rapid access to enantioenriched a-amino acid de-
rivatives. However, o,B-unsaturated esters present some chal-
lenges; the transient enolate intermediate can adopt E- or
Z-enolate geometries. Also, esters are not as electron deficient
as many other electron withdrawing groups, and therefore, the
presence of additional activating groups on the alkene or the use
of a highly activating catalyst are often required.

In 2001, Tomioka and co-workers reported the addition of lithi-
um arylthiolates, catalytically generated from 1, to a-substi-
tuted acrylates 2 followed by enantioselective protonation of the
resulting lithium enolate (Scheme 1) [14]. The ortho-trimethyl-
silyl substituent on the phenyl ring was necessary for achieving
high levels of enantioselectivity. All of the reactions proceeded
in high yield, with the best enantioselectivities being observed
for a-arylacrylates (94:6 to 96:4 er).

For the synthesis of enantioenriched a-amino esters 7a, B-amino

esters 7b and 2-hydroxymethyl esters 7¢, the Sibi group has

utilized a conjugate addition—enantioselective hydrogen atom

Ph

Ph A @

N

PN

MeO
™S o 3 (1.2 mol %) o
2-TMSPhSLi (1 mol %)
NS Aek
| OMe 1:1 PhMe/hexane 7 TOMe
Z R 60 to 78 °C T™Ms R H
1 2 4
R = Me, Bn, Ph, naphthyl 93-99% yield
80:20 to 96:4 er

Scheme 1: Tomioka’s enantioselective addition of arylthiols to a-substituted acrylates.
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transfer reaction (Scheme 2) [15-17]. A Mg-(bis)oxazoline
complex serves as both a Lewis acid for the activation of
o-substituted acrylates 6 towards radical addition and as a chiral
template for an enantioselective hydrogen atom transfer from
Bu3SnH to the a-ester radical intermediate. The authors found
that the stoichiometric chiral Mg-(bis)oxazoline complex was
required to achieve high enantioselectivity. Higher enantiose-
lectivity was generally observed for reactions using secondary
or tertiary alkyl halides. When performing radical conjugate
additons to give 2-hydroxymethyl esters 7¢, the authors ob-
served a complete turnover in the sense of induction based upon
the ester substituent. The less bulky methyl and benzyl esters
gave the (S)-enantiomer while the zerz-butyl ester gave the (R)-

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

enantiomer. The incorporation of aryl groups was not compati-
ble with this reaction manifold, prompting Sibi to explore aro-
matic nucleophiles for the conjugate addition—enantioselective
protonation of a-aminoacrylates (vide infra).

In 2010, Mikami and co-workers reported a hydrogen atom
transfer strategy for the synthesis of B-perfluorobutyl-o-amino
ester 13 in low yield and modest enantioselectivity, and the
absolute configuration of the major enantiomer was not defined
(Scheme 3) [18]. Indium was used to initiate the addition of a
perfluorobutyl radical to a-aminoacrylate 11 followed by hydro-
gen atom transfer to the resulting a-amino a-ester radical from
(R,R)-12.

MgXs (1-1.3 equiv)

ligand (1-1.3 equiv)

0 BuzSnH, Et;B/0, o .
R™-X Rzo)H(Y R20)>( v
CH,Cly, ~78 °C i H
5 6 7
X=1,Br
o 0
o , J\@ 0
N R3 R<O 3 N
MeOJ\:( g ri- H R20)>(\OH
rR-"H O o R~ H

7a (Ref. [15])
using ligand (R,S)-8
R' = alkyl, Ac, CH,OMe
R3 = Ph, OBn, 1-naph, 2-naph
54-76% vyield
57.5:42.5t092.5:7.5 er

7b (Ref. [16])
using ligand (S,R)-9
R' = alkyl, Ac, CH,OMe
R2 = Me, t-Bu
64-95% vyield
65:35t099:1 er

7c (Ref. [17])
using ligand (S,R)-9
R' = alkyl, Ac, CH,OMe
R2 = Me, t-Bu, Bn
51-97% vyield
70:30 to 96:4 er

bisoxazoline ligands:

N,, N N
(R,S)-8 (S,R)-9
Scheme 2: Sibi’s enantioselective hydrogen atom transfer reactions.
Ph NH,
I 2HCI
Ph™ “NH,
(R,R)-12 (1 equiv)
FW In (4 equiv) £C4F9
|
CbzHN
F tFE CbzHN™ "CO,Me THF, rt, 1 h Z CO,Me
10 . 1 13
(4 equiv) 21% vyield
79:21 er

Scheme 3: Mikami’s addition of perfluorobutyl radical to a-aminoacrylate 11.
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Enantioenriched tryptophan derivatives are useful building
blocks for the synthesis of biologically active molecules, in-
cluding natural products and drugs. The Reisman group has re-
ported a Friedel-Crafts conjugate addition—enantioselective
protonation for the synthesis of tryptophans 17 from 2-substi-
tuted indoles 14 and methyl 2-acetamidoacrylate (15) using cat-
alytic (R)-3,3’-dibromo-BINOL (16) and stoichiometric SnCly
[19] (Scheme 4). The authors proposed that complex 18 acted
as a chiral proton source to protonate a tin-enolate intermediate
based upon related complexes that the Yamamoto group had
previously used for the enantioselective protonation of silyl enol
ethers [20,21]. Electron-rich and neutral indoles were efficient
substrates for the reaction; however, electron-poor indoles
showed attenuated reactivity even when 1.6 equivalents of
SnCly were employed (60-63% yield, 96:4 to 96.5:3.5 er).
Indoles lacking substitution at the 2-position (R! = H) reacted in

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

low yield and poor enantioselectivity. Sterically bulky 2-substit-
uents (ortho-substituted phenyl, ferz-butyl) showed attenuated
reactivity but retained high enantioselectivity.

Organocatalysts

In a pioneering work from 1977 on conjugate addition—enantio-
selective protonation, Pracejus and co-workers explored the
ability of chiral tertiary amines to catalyze the enantioselective
addition of thiols to a-aminoacrylates (Scheme 5) [22]. The
authors found that quinidine (21) catalyzed the enantioselective
addition of benzylmercaptan (19) to a-aminoacrylate 20 in
modest enantioselectivity. Acylation of the hydroxy group of
quinidine resulted in complete loss of enantioselectivity,
suggesting that hydrogen-bonding contacts between the cata-
lyst’s hydroxy group and the substrate are important for orga-

nizing the transition state.

(6]
NHA
MeO ¢
COzMe
R 15 (1.2 equiv) R2 g
\_/ \2R1 \\/ { NHAC
H SnCly (1.0 equiv), (R)-16 (20 mol %) N~ R
4 AMS (200 wt %), CH,Cl, H
14 éo °C.2h 17
o
R = aryl, alkyl OO r O 26-94% yield
R2 = H, Me, 92:8 t0 98:2 er
o S
OMe, Br, F OH ™ Q
Seullitatr
Br e "
Br crirl“(;l
(R)-16 18
Lewis acid-assisted
Brgnsted acid

~— —— - " J

Scheme 4: Reisman’s Friedel-Crafts conjugate addition—enantioselective protonation approach toward tryptophans.

H
OMe
O BnS O
%OMG 21 (5 mol %) O 3 OMe

BnS-H + Ox N _0 N H
PhMe, 0 °C, 40 h o

19 20 22
77:33 er

Scheme 5: Pracejus’s enantioselective addition of benzylmercaptan to a-

aminoacrylate 20.
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Using catalytic quinine (25) the pseudo-enantiomer of the quini-
dine catalyst employed by Pracejus, Kumar and Dike reported
the enantioselective addition of thiophenol (23) to a-arylacry-
lates 24 in modest enantioselectivity (Scheme 6a) [23]. The
authors found that sterically bulky esters (R = #-Bu, CH(iPr),)
negatively impacted the enantioselectivity of the reaction
(63.5:36.5 to 67.5:32.5 er). To demonstrate the utility of the
transformation, the sulfur—carbon bond of 26a was reduced
using Raney nickel to access (S)-naproxen (27), an anti-inflam-
matory drug (Scheme 6b).

Inspired by the work of Pracejus, Tan and colleagues applied
their Cp-symmetric guanidine catalyst 30 to the enantioselec-
tive addition of aromatic thiols to 2-phthalimidoacrylates 29 in
high yield and good enantioselectivity (Scheme 7) [24]. A
variety of electron rich, neutral, and poor thiols coupled effi-
ciently. Impressively, the aromatic thiol 28 could be substituted

a)
MeO

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

with hydroxy and amino groups without significantly affecting
the reaction (93-97% yield, 92:8 to 96:4 er). The authors also
explored further elaboration of the products to access enantio-
enriched cysteine analogues.

The Glorius lab has made use of N-heterocyclic carbene (NHC)
catalysts for intermolecular Stetter reactions between aldehydes
and o,fB-unsaturated esters (Scheme 8) [25,26]. Catalyzed by tri-
azolium NHC-catalyst 35, electron-poor and neutral aromatic
aldehydes reacted with methyl 2-acetamidoacrylate to access
a-amino esters 34a with excellent enantioselectivity [25]. As
expected, less electrophilic 4-methoxybenzaldehyde led to low
conversion. The use of potassium tert-butoxide was found to be
essential to achieve good reactivity and enantioselectivity.
Other amino-protecting groups (Boc, phthalimido) or tertiary
N-methylated variants rendered the 1,4-acceptor unreactive.
Glorius and co-workers proposed that an intramolecular proton

SPh
OR 25 (20 mol %) H l
PhS-H + Ar N OR
toluene, rt, 46 d Ar
(e}
23 0
24 26

Ar = Ph, 6-MeO-2-naphthyl
R = Me, iPr, t-Bu, CH(iPr),

b) SPh

r—

H

74-85% vyield
63.5:36.5 to 75:25 er

Raney-Ni H s

{__OR
crystallization
o
MeO

3 OR
OO (e}
MeO

26a 27 (S)-naproxen
73:27 er 72% yield (two-steps)
92.5:7.5er
Scheme 6: Kumar and Dike’s enantioselective addition of thiophenol to a-arylacrylates.
N
t-Bu—( />---"t—Bu
NJQN
o H °5
O 30 (10 mol %) N
ArS—H + N
\H)konsu Et,0, —50 °C ?&OFBU
o O H “-sar
28 29 31

93-99% yield
92:8 10 96.5:3.5 er

Scheme 7: Tan’s enantioselective addition of aromatic thiols to 2-phthalimidoacrylates.
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0 QJ\ NHC catalyst O R?
+
I OR3 CO,R?
1 1
R H R? R H
32 33 34
O NHAc u NHC catalysts:
«CO,Me vH O
R 4 Ar CO,R? =N
N\7N
34a (Ref. [25]) 34b (Ref. [26]) &
NHC 35 (8 mol %) NHC 36 (15 mol %) pnh  Cl
t-BUOK (10 mol %) KsPO, (1 equiv) 35
R' = aryl, ferrocenyl, n-octyl R'=aryl, Bn N MeO
38-98% yield R2 = Me, Et, iPr (:F \
96.5:3.5 t0 99.5:0.5 er R3 = Me, Et, iPr, Bu, ph\{ N r
Bn, Ph, (CH)NPhth Ph Mo
26-97% yield 36 BF4

80:20 to 98.5:1.5 er

Scheme 8: Glorius’ enantioselective Stetter reactions with a-substituted acrylates.

transfer was the stereodetermining step. Alternatively, Sunoj
and co-workers performed DFT calculations on the mechanism
of the enantioselective Stetter reaction between p-chloroben-
zaldehyde and N-acetylamido acrylate and proposed that tert-
butyl alcohol plays a key role as the proton source in the stereo-
determining step [27].

In 2012, Glorius and co-workers also reported the addition of
aromatic aldehydes to a-carbon substituted acrylates 33 to
provide differentiated 1,4-dicarbonyls 34b with good enantiose-
lectivity [26]. When optimizing the catalyst‘s structure, the
authors found that NHC’s possessing a 2,6-dimethoxyphenyl
moiety led to both superior reactivity and selectivity, with cata-
lyst 36 being optimal. Catalyst 35 provided the product in less
than 5% yield. It was proposed that a more electron-rich, and
thereby more nucleophilic, NHC was needed because the a-car-
bon substituted acrylate substrates employed were less reactive

than the previously utilized methyl 2-acetamidoacrylate. A
variety of a-alkylacrylates were effective substrates, only when
a-benzyl or a-phenylacrylates were used was there a decrease in
enantioselectivity (80:20 to 90:10 er).

Recently, Dixon reported the enantioselective conjugate addi-
tion of thiols to unactivated a-substituted acrylates followed by
enantioselective protonation (Scheme 9) [28]. To overcome the
low inherent electrophilicity of 38, the authors postulated that
bifunctional iminophosphoran (BIMP) organocatalysts with in-
creased Bronsted basicity were required. Employing BIMP
catalyst 39, alkylthiols, phenylmethanethiol, and 4-methoxyben-
zenethiol were added to a-substituted acrylates in good yield
and enantioselectivity. A variety of R and R3 substituents per-
formed well under the reaction conditions, only for the steri-
cally bulky fert-butyl ester was the reactivity significantly
impacted (R2 = n-Pr, R3 = ¢-Bu, 36% yield, 98:2 er).

O
RIS-H + yJ\ORa
R2
37 38
R'=alkyl, RZ=alkyl, Bn, aryl
Bn, R3 = Me, Et,iPr,
4-MeOPh t-Bu, Ph, Bn

Y s
Ph\l/N\n/'\HJ\H
Ph O N

39 (5 mol %)

SP(PMP),

Et,O (0.05 M), rt, 24 h
PMP = p-methoxypheny

Scheme 9: Dixon’s enantioselective addition of thiols to a-substituted acrylates.

SR" O
OR3
R? H
40
36-99% vyield
91.5:8.5t097.5:2.5er
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Transition metals

A handful of research groups have investigated transition metal-
catalyzed conjugate addition—enantioselective protonation se-
quences involving a,B-unsaturated esters. A common theme has
been the use of thodium(I) transition metal catalysts and axially
chiral phosphorous ligands (Figure 2). Additionally, because
organometallic reagents are often utilized as nucleophiles, an
exogenous proton source, which can impact the transforma-
tion’s enantioselectivity, is frequently needed. In this context,
Reetz and co-workers were the first to report the transition
metal-catalyzed enantioselective addition of arylboronic acids
to an a-substituted-a,B-unsaturated ester to provide enantio-
enriched phenylalanine derivatives 48a (Scheme 10) [29].
Notably, a BINAP-derived rhodium(I) catalyst was superbly
active (100% conversion) but provided a completely racemic

Br

\
O O

™

Br .
SO
Br

::

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

product. Only by utilizing a less electron-rich diphosphonite
ligand 41 was enantioinduction achieved. Building on the initial
report from Reetz, Frost and colleagues identified diphosphite
42 as a competent ligand for the transformation (Figure 2),
accessing a handful of phenylalanine analogues 48 in moderate
yield and enantioselectivity (Scheme 10) [30].

As shown in Scheme 11a, Frost and co-workers have also in-
vestigated conjugate addition—enantioselective protonation by
the addition of potassium organotrifluoroborates 49 into
dimethyl itaconate (50) in the presence of a rhodium(I) catalyst
and (R)-BINAP ligand (43, Figure 2) [31]. During optimization
they found that switching to potassium organotrifluoroborates
from organoboronic acids was necessary to achieve high enan-

tioinduction. Additionally, the enantioselectivity was highly de-

O PF’hz

0D ®o
SO Q o
Br
N
O l =
:Z>< O OO MeO P(m-xylyl),
¢ PPh, PPh, MeO P(m-xylyl),
STy Ly ™
% OMe
(S)-45 (S)-44 (R)-46
Figure 2: Chiral phosphorous ligands.
[Rh(acac)(CzHg)2] (3 mol %) Ar
ligand (3-3.3 mol %) (0]
Ar—B(OH), + Hue
MeO,C~ ~N - .
2 H dioxane/H,0 (10:1) MeO,C H
NaF, 100 °C
47 15 48
o 48 (Ref. [30], Frost)
j\ O 48a (Ref. [29], Reetz) Ar_;ﬁ'”fgﬁ;’r‘]d :icph
ing ligand 41 = Fh, 4- s 4 .
MeO,C NJ\ i Ay 4-MeOPh, 1-naphthy
H = MeOC H 36—79% yield

68.5:31.5t0 78:22 er

Scheme 10: Enantioselective addition of arylboronic acids to methyl a-acetamidoacrylate.
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Ref. [31
a) Ref. [31] [Rh(cod),]PFs (3 mol %)
(R)-43 (6.6 mol %) R
R-BFK J\/COQMe L
MeO,C benzene/H,0 (20:1) MeozC: CO-Me
49 50 110°C 51
R =aryl, 51-89% yield
styryl, vinyl 73:27 to 91:9 er
b) Ref. [32]
[Rh(cod),]PFg (3 mol %)
OMe L (R)-43 (4.5 mol %) Ph
Ph-Si-OMe + CO,Me *
: MeO,C ’ dioxane/H,0 (10:1) MeozCchone
OMe 2 H
135 °C (microwave)
49a 50 51a
55% conversion
74.5:25.5 er

Scheme 11: Frost's enantioselective additions to dimethyl itaconate.

pendent on the solvent system; the enantioselectivity in benzene
was significantly higher than in toluene or dioxane. Electron
rich, neutral, and poor organotrifluoroborates were good sub-
strates; however, ortho-substitution was not compatible and
provided only trace product. In a subsequent publication, Frost
reported that using the same catalyst system, phenyltrimethoxy-
silane (49a) could be added to dimethyl itaconate (50) with
modest enantioselectivity and without defining the absolute

configuration of the major stereoisomer (Scheme 11b) [32].

Darses and Genet reported the highly enantioselective Rh-cata-
lyzed addition of potassium organotrifluoroborates 49 to
a-aminoacrylates 52 to access phenylalanine derivatives 54
(Scheme 12) [33]. The authors identified guaiacol (53) as the
optimal proton source, observing the general trend that less
acidic phenols led to an increase in enantioselectivity. A wide
range of aryltrifluoroborates were efficient substrates for the
reaction to provide the products in good yield and enantioselec-
tivity. Increasing the steric bulk of the ester (R2 = iPr, ¢-Bu) de-
creased the yield of the reaction but did not impact its enantio-

selectivity.

Darses and Genet probed the mechanism of their reaction
through a combination of DFT calculations, deuterium labeling

studies, and control experiments (Scheme 13) [34]. The authors
proposed that after migratory insertion of the rhodium—aryl
bond across the acrylate, 58 undergoes p-hydride elimination of

the enamide proton to generate N-acylimine 59. Addition of the

54 ArBF3K
49
Ar'OH, L L—[Rh]-X
55
AcN:-[Rh]-Ar L—[Rh]-Ar NHAc
Hw 56
RO, RO,C 52
60 Ar
& H AcHN [Rh]-Ar
AN [Rhj-Ar ROC”
ROZC)\ /\
H
59 Ar 2
W AN e L
RO,C
58 Ar

Scheme 13: Proposed mechanism for enantioselective additions to
a-aminoacrylates.

[Rh(cod),]PFg (3 mol %)

NHP (R)-43 (6.6 mol %) H NHP
R1'BF3K + 1 Ky
CO,R2 toluene, 110-115 °C CO,R?
OH
49 52 ©: 54
R' = aryl, naph, P = Boc, A 20-96% yield
aryl, nap 0oC C OMe (I

thiophene, styryl ~ R2= Me, iPr, t-Bu

90.5:9.5t097.5:25 er

53 (1 equiv)

Scheme 12: Darses and Genet'’s addition of potassium organotrifluoroborates to a-aminoacrylates.
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rhodium-hydride across the imine is then the enantiodeter-
mining step, followed by protodemetalation to generate the
product 54.

Inspired by previous reports on the synthesis of a-amino esters
using rhodium(I) catalysis, Sibi and co-workers investigated
the enantioselective synthesis of B-amino esters 62 via the addi-
tion of arylboronic acids 47 to a-methylaminoacrylates 61
(Scheme 14) [35]. The authors identified (S)-difluorphos (44,
Figure 2) and phthalimide as the optimal ligand and proton
source combination, respectively. Additionally, the bulky tert-
butyl ester was necessary for achieving both good reactivity and
enantioselectivity. All of the arylboronic acids investigated,
except 4-methylphenylboronic acid, added in good yield and
enantioselectivity (70-95% yield, 92:8 to 95.5:4.5 er).

In 2007, Frost and co-workers reported a rhodium catalyzed
conjugate addition—enantioselective protonation to prepare
esters with a,a-dibenzyl substitution [36]. The addition of aryl-
boronic acids 47 to a-benzylacrylates 63 were catalyzed by a
rhodium(I) (S)-BINAP (45, Figure 2) complex with boric acid
as a proton source (Scheme 15). A variety of electron-rich,
neutral, and electron-poor arylboronic acids added in good
yields and enantioselectivity to access esters with a,0-dibenzyl
substitution and with only subtle steric and electronic differ-

ences between the two benzyl groups.

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

Recently, Rovis and co-workers reported a detailed study on the
enantioselective hydroheteroarylation of a-substituted acrylates
66 with benzoxazoles 65 in moderate to good yields and good
to excellent enantioselectivity (Scheme 16) [37]. The absolu-
tion configuration of the major enantiomer was not determined.
The authors found that sterically encumbered bisphosphine
ligand 46 (Figure 2) was necessary for achieving high reactivi-
ty, presumably because it minimizes undesired ligation of the
benzoxazole substrates or intermediates. A variety of a-substi-
tuted acrylates as well as methacrylonitrile were good sub-
strates. The system is sensitive to sterics, an acetate additive
was needed to improve the reactivity of the more hindered acry-
late substrates (e.g., R2 = Bn) and when R? was phenyl or iso-
propyl no reactivity was observed. Substituted benzoxazoles
were also effective with 4-methylbenzoxazole being a preferred
substrate. The authors proposed that substitution at the 4-posi-
tion disfavored rhodium catalyst binding to the benzoxazole
nitrogen 68.

Deuterium labeling studies were performed on the system and
based on their results a mechanism was proposed in which the
stereodetermining step is a rhodium-hydride transfer instead of
protonation of an oxo-m-allylrhodium species (Scheme 17).
Insertion into the C—H bond of 65 provides intermediate 70,
which then undergoes migratory insertion into acrylate 66 to
give 71. B-Hydride elimination to give the a,B-disubstituted

Rh(acac)(CH,CH;), (2 mol %)
(S)-44 (2 mol %)

Ar—B(OH), + 07>\ 0O 0~~~ O
phthalimide (1 equiv)
dioxane, 50 °C, 20 h Ar S

47 CO,t-Bu H CO,t-Bu
Ar = Ph, 4-CIPh,
4-MePh, 4-MeOPh, 61 62
3,5-bisCF3Ph, 16-95% yield
2-naph 81.5:18.5t0 95.5:4.5 er

Scheme 14: Sibi’s addition of arylboronic acids to a-methylaminoacrylates.

X

R [Rh(acac)(CoHy)] (4 mol %) | /_R

Ny B(OH), (S)-45 (6 mol %)
| COut-Bu ) L H
P> Ar B(OH)3, dioxane %,
100 °C, microwave, 1 h K(Cozt-Bu
Ar
47 63 64

R = CFj3, Br, CHO,
MeO, MeS, Ph, t-Bu

Ar = thiophenyl, naphthyl,
MeO-Ph, F-Ph, MeS-Ph

Scheme 15: Frost's enantioselective synthesis of a,a-dibenzylacetates 64.

67-93% yield
79:21t0 93:7 er
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[Rh(cod)OAc], (5 mol %)

1 - R
R', (R)-46 (10 mol %) N
5 | AN N\> EWG CsOAc (25 mol %) | A\ R2
+
= *
N0 R2 CH3CN, 100 °C, 48 h OEWG H
65 66 67
R"=H, 4-Me, 4-Cl, R? = alkyl, Bn 31-98% vyield

6-F, 5- or 6-OMe EWG = CO,R, CN

84:16 to 98:2 er

Scheme 16: Rovis’s hydroheteroarylation of a-substituted acrylates with benzoxazoles.

65
P HOAc
67 [ /RhOAC
P

69
R, N
o
HOAc P o)
70 CO,R
FI’ R
Rh-P 66

H\{K(O

YR

RiO N@
73

!
R
HRhPT My

RO,C

R Het
72

Scheme 17: Proposed mechanism for the hydroheteroarylation of
a-substituted acrylates with benzoxazoles.

acrylate 72 followed by enantioselective hydride transfer gener-
ates the chiral tertiary center in 73. Finally, protodemetalation
liberates the product and regenerates 69. While the overall
process provides the same product as a conjugate addition—en-
antioselective protonation sequence, mechanistically this, along
with other transition metal-catalyzed reactions that invoke a
conjugate addition—enantioselective protonation manifold might
possibly operate via different pathways.

a,B-Unsaturated imides

Lewis acids

The catalytic generation of enolates in situ, while aesthetically
attractive, presents its own set of challenges due to the potential
for both E- and Z-enolate isomers that in some cases equilibrate
under the reaction conditions. In this context, a,B-unsaturated
imides are attractive substrates for conjugate addition—enantio-
selective protonation sequences. Imides are not only more elec-

tron withdrawing than esters, but the presence of a second car-

bonyl also provides an additional point of contact through
which the chiral catalyst can bind and organize the transition
state.

Many examples of conjugate addition—enantioselective proton-
ation have been reported using carbon and sulfur nucleophiles,
conversely relatively few examples have been reported using
amines as nucleophiles. Sodeoka and co-workers have de-
scribed the synthesis of f-aminocarbonyl compounds via the en-
antioselective addition of amine salts 74 to N-benzyloxy-
carbonyl acrylamides 75 and 77 catalyzed by a palladium-p-
hydroxo complex 79 (Scheme 18) [38-40]. Hii has used the
same catalyst system and reported comparable yields and
slightly lower enantioselectivities for the addition of para-
substituted anilines to a,B-unsaturated imines [41]. Gil and
Collin have also reported on the same reaction as Sodeoka, but
using a samarium-BINOL catalyst system, which proceeded
with lower enantioselectivity [42]. Sodeoka found that mini-
mizing the concentration of free amine present in the reaction
mixture by using the triflate salts of the amines was crucial for
obtaining high enantioselectivity. Excess free amine resulted in
catalyst deactivation and a racemic background reaction. Elec-
tron-rich and neutral aromatic amines added to both acyclic and
cyclic N-benzyloxycarbonyl acrylamides 75 and 77 in moder-
ate to good yields and high enantioselectivity (Scheme 18a,b).
Due to their attenuated nucleophilicity, electron-deficient
amines were unreactive under the standard reaction conditions.
Addition of 0.5 equivalents of free amine was found to be
optimal, providing the product with excellent enantioselectivity
(Scheme 18c). Notably, the authors did not observe any side
reaction between the palladium and aryl bromide or aryl iodide

groups.

Using NMR analysis and ESIMS Sodeoka and co-workers
probed the mechanism of the reaction, observing a complex
interplay between ligand exchange and the ammonium salt
(Scheme 19) [40]. Based on their findings they proposed a cata-
lytic cycle in which the Brensted basic dimeric palladium-pi-
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a) Refs. [38,40]

“OTf 2 9
+
AI'NH3 + VJ\N)J\OBn
R H
74-TfOH (1.5 equiv) 75
Ar = Ph, 4-MeOPh, 2=
4-MeSPh, piperonyl R®=Me, Et, Ph
b) Ref. [40]
“OoTf T 9
+
ArNH; + N)J\OBn

74-TfOH (1.5 equiv) 77

Ar = Ph, 4-MeOPh

c) Refs. [39,40]
o)

- o}
oTf
+
ArN H3 + YJ\N)J\
H

74-TfOH (1.5 equiv)
Ar = 4-CF4Ph,
4-BrPh, 4-IPh

OBn

75
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796mol%) "NH O O
THF (0.5 M), > N7 oBn
rt, 24 h R H H
76
54-79% yield
94:6 to 98.5:1.5 er
AI’\
79 (5 mol %) NH O i
THF (0.1 M), MN OBn

rt, 24 h

78
63-77% yield
97:3t0 99:1 er

79 (5mol %) A,

74 (05equiv) NH O O
THF (0.5 M), ¥ N7 0Bn
,24 h RH H

76

64—73% yield
97:3t0 98:2 er

Pd-p-hydroxo complex:
-p-ny p Ph
P
Ph

2
d+
2

IO OI

X
iy
=
Pd*
299

Scheme 18: Sodeoka’s enantioselective addition of amines to N-benzyloxycarbonyl acrylamides 75 and 77.

Scheme 19: Proposed catalytic cycle for Sodeoka’s enantioselective
addition of amines.

hydroxo complex 79 is broken up by the amine salt 74, liber-
ating Lewis acidic palladium monomer 80 and free amine.
Binding of the N-benzyloxycarbonyl acrylamide by 80 acti-
vates it for conjugate addition of the amine to generate chiral

enolate 82. Enantioselective protonation of chiral enolate 82 by
a second equivalent of amine salt liberates the product as the
triflate salt and regenerates 80 and the free amine.

Building upon their previous work on enantioselective addi-
tions to a-substituted acrylates (vide ante), Sibi and colleagues
reported the first example of Friedel-Crafts alkylation of an
a-substituted-a,B-unsaturated imide followed by enantioselec-
tive protonation (Scheme 20) [43]. Using an in situ generated
complex formed from Zn(NTf,), and Ph-dbfox ligand (S)-85,
pyrroles 83 were added to imides 84 to produce 85 in high yield
and modest to excellent enantioselectivity. Exploring a number
of achiral imides, the authors found that an isoxazolidinone
auxiliary enhanced the reactivity and minimized enolate A!-3-
interactions to provide the best yield and enantioselectivity.
N-Alkylpyrroles were effective substrates, adding with high en-
antioselectivity (94:6 to 99:1 er). The enantioselectivity of the
transformation was significantly lower only for pyrroles that
lacked substitution on nitrogen and for N-phenylpyrroles
(RZ = H, Ph 71.5:28.5 to 90.5:9.5 er).
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Zn (NTf,), (30 mol %)

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

2
R? Q 0 (S)-85 (33 mol %) R Q 0

R N * yj\’ﬁlﬁ o R! N | N N

\ RSO 4 AMS, CH,Cl,, —30 °C R

on w0

R'=H, Et R3 = alkyl, Ph o 70-98% yield
R?=H, alkyl, oA »~0 71.5:28.5 0 99:1 er
Bn, Ph \\(N N\J
Ph Ph
(S)-85

Scheme 20: Sibi’s enantioselective Friedel-Crafts addition of pyrroles to imides 84.

In 2010, the Kobayashi group reported the calcium-catalyzed
Michael addition of dibenzylmalonate (86) to N-acryloyloxazo-
lidinones 87 followed by enantioselective protonation of a
chiral calcium enolate to access 1,5-dicarbonyl compounds 90
(Scheme 21) [44]. The chiral calcium alkoxide complex was
generated in situ by mixing Ca(OEt),, PyBox ligand (S,S5)-88,
and phenol 89. The authors found that the slow addition of
malonate 86 and the use of phenol 89 and ethanol as additives
were all crucial for achieving high yield and enantioselectivity,
although the exact role of the phenol was not elucidated. 1,5-
Dicarbonyl compounds 90 were accessed with excellent enan-
tioselectivity for a variety of aliphatic a-substituents, and only
when R was phenyl was there a significant loss of enantioselec-
tivity (72% yield, 74:26 er).

Organocatalysts

Multiple groups have developed organocatalytic conjugate addi-
tion—enantioselective protonations of a,B-unsaturated imides
using thiols. Thiols are attractive nucleophiles due to their
acidity, which facilitates deprotonation by amine bases and also
reduces undesired competitive deprotonation and epimerization
of the enolizable conjugate addition products. Additionally, the

Ca(OFEt), (10 mol %)
(S,S)-88 (10 mol %)
89 (10 mol %)

thiolate conjugate bases are highly nucleophilic, allowing ready
access to sulfur functionalized products. A common theme
among the organocatalytic literature examples is the use of
hydrogen-bonding catalysts, which can activate the imides by
hydrogen bonding to both of the carbonyl oxygens.

During the course of studying the addition of aromatic thiols to
a,B-unsaturated benzamides and enones, Chen, Ding, and Wu
first reported the conjugate addition of thiophenol (23) to
N-methacryloyl benzamide 91 followed by enantioselective pro-
tonation using Takemoto’s thiourea catalyst 92 in high yield
and modest enantioselectivity (Scheme 22) [45].

Tan and co-workers have investigated the conjugate addi-
tion—enantioselective protonation of N-arylitaconimides 95
using a Cy-symmetric guanidine catalyst (Scheme 23) [24,46].
Because E- and Z-enolates can exhibit different enatiofacial
selectivity, the use of a cyclic imide ensured exclusive forma-
tion of the Z-enolate. During optimization, it was found that an
N-aryl group containing 2,6-disubstitution was crucial for ob-
taining high levels of enantioselectivity. Addition of a variety of
bis-aryl secondary phosphine oxides furnished 96 in high yield

P g LR
A s
BnO OBn R v

EtOH (2 equiv)
CPME, —20 °C, 48 h

90

(S.S)-

86 87
N
N el
/
0
L O
Ph Ph
88 89

R = Me, allylic, homoalkynyl
77-96% yield, 96.5:3.5 to 98:2 er

R =Ph
72% yield, 74:26 er

Scheme 21: Kobayashi’s enantioselective addition of malonates to a-substituted N-acryloyloxazolidinones.
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CF,
O
FaC N)J\N -
H H @
o )OL 92 (10 mol %) -~ ™ 0 i
PhS=H + N"“Ph Phs/\:gkN Ph
H CH,Cly, ~78 °C, 4 AMS, 72 h Y OH
23 91 93
97% yield
80:20 er

Scheme 22: Chen and Wu'’s enantioselective addition of thiophenol to N-methacryloyl benzamide.

a) Ref. [24]
0
0 (S,S)-30 (10 mol %) o
R-P- + NMes i NMes
R/ H PhMe R—/P
R
94 o t-Bu—(\JN\w‘--"t-Bu
R = 1-naph, 2-EtPh, 95 N~ =N 96
4-FPh, 3-CIPh, 2-CFsPh, H 79-95% yield
3-CF4Ph, 3-FPh (S,S)-30 93.5:6.5 to 99:1 er
b) Ref. [46]
O
(S,S)-30 (10 mol %)
RS-H + NM
es PhMe
37 (0]
R = !Bu, !Octyl, 1-adam, 95
3,5-Me,Ph, 4-BuPh, 86-99% yield
1-naph, 2-thiofuryl 72:28 to 88:12 er
c) Ref. [46]
O t-Bu (S,5)-30 (10 mol %) O
Nuc—H
\ —
PhMe, -50 °C Nuc
t-Bu
(0] (0]
(£)-98 1 : 1
99a (anti) 99b (syn)
Nuc = (3-CF3CgH4)P(O)H: 92% yield, >99.5:0.5 er 89.5:10.5 er
Nuc = t-BuSH: 97% vyield, 94.5:5.5 er 86:14 er

Scheme 23: Tan’s enantioselective addition of secondary phosphine oxides and thiols to N-arylitaconimides.

and enantioselectivity (Scheme 23a) [24]. Thiols also added Following Tan’s work on the conjugate addition—enantioselec-
efficiently to itaconimide 95 using the same guanidine catalyst tive protonation of cyclic itaconimide 95, both the Singh and
system. In general, sterically hindered tertiary thiols added with ~ Chen groups investigated the addition of thiol nucleophiles to
higher enantioselectivity (85.5:14.5 to 88:22 er) than aromatic  acyclic imides. Utilizing thiourea catalyst 102a, Singh and
thiols (72:28 to 79.5:20.5 er) (Scheme 23b) [46]. This enantio-  co-workers reported the catalytic enantioselective addition of
selective addition process could be applied to a racemic mix- thiols to N-acryloyloxazolidinones, accessing 101a (Scheme 24)
ture of axially chiral N-(2-tert-butylphenyl)itaconimide (98), [47]. A variety of electron-rich, neutral, and electron-poor thiols
furnishing atropisomers 99a and 99b as a stable and separable =~ were efficiently coupled under the reaction conditions, includ-
1:1 mixture. A higher enantioselectivity was observed for the ing unprotected 2-aminobenzenethiol, although with lower en-
anti-diastereomer (Scheme 23c). antioselectivity (82.5:17.5 er). Building on their addition of
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H-bonding catalyst

9 (0.5-2 mol %) 0
RIS-H + Aux RIS SAux
R2 PhMe or CH2C|2 R2 H
37 100 101
o © 0 o © o ©
R1S%N)ko )ks/%N)kO R1S/\§akN)kPh
REH REH R2H H

101a (Ref. [47], Singh)

R'=Bn, aryl

R2 = Me, aryl

82-99% yield
82.5:17.5t098:2 er

101b (Ref. [48], Singh)
using cat. 102a (1 mol %) using cat. 102b (0.5 mol %)
R2 = Me, n-Bu, Bn, aryl
82-99% yield
87.5:12.5t0 98.5:1.5 er

101c (Ref. [49], Chen)
using cat. 103 (2 mol %)
R" = alkyl, Bn, Ph, Ac
RZ = Me, Bn, CH2002M6,
piperonyl, Ph
70-95% yield
63.5:36.5 to 96:4 er

H-bonding catalysts:
CF;

102a: R = OMe
102b: R=H

'I'I
w

O

Iz

103

Scheme 24: Enantioselective addition of thiols to a-substituted N-acryloylamides.

benzylic and aromatic thiols to N-acryloyloxazolidinones, Singh
and colleagues demonstrated that thiourea 102b catalyzes the
addition of thioacetic acid to N-acryloyloxazolidinones in high
yields and enantioselectivity to provide thioester 101b [48].

In a related transformation, Chen and co-workers showed that
squaramide 103 catalyzes the addition of thiols to N-acryloyl-
benzamides to access thioether 101¢ [49]. The authors found
that exclusion of water by addition of 4 A molecular sieves as a
desiccant was essential for achieving good enantioselectivity.
When the R? substituent was aliphatic, good enantioselectivity
was observed (87.5:12.5 to 96:4 er); however, aromatic and
piperonyl groups greatly diminished the enantioselectivity of
the transformation (63.5:36.5 to 73:27 er).

a,B-Unsaturated ketones

Lewis acids

In 2012, Kobayashi and co-workers reported the Sc-catalyzed
enantioselective addition of benzylic thiols 104 to ao,-unsatu-
rated ketones 105 (Scheme 25a) [50]. Interestingly, water was
found to be the optimal solvent for this transformation,
switching to organic solvents (CH,Cl,, THF, toluene) resulted
in diminished reactivity and poor enantioselectivity. Solvent

mixtures of water and THF or ethanol also provided poor reac-

tivity and enantioselectivity. A variety of electron-rich and elec-
tron-poor aryl ketones and benzylic thiols were effective sub-
strates. The authors observed that a fast racemic background
reaction proceeded in the presence of pyridine. However, in the
absence of pyridine the reaction proceeded significantly slower
and all enantioselectivity was lost, suggesting the importance of
a thiolate intermediate in the catalytic cycle. To suppress the
undesired base-catalyzed racemic pathways, B,p-dimethyl
substituted tetralone (z = 2) and indanone (n = 1) substrates 109
were investigated (Scheme 25b). While these substrates
displayed diminished reactivity, the tetralones showed a signifi-
cant boost in enantioselectivity (96:4 to 97:3 er), though only
moderate enantioselectivity was observed for the indanone sub-
strate (R = H, 78:22 er).

The Feng group has reported the conjugate addition of pyra-
zoles to a-substituted aromatic vinyl ketones followed by enan-
tioselective protonation of the enolate intermediate using an
N,N’-dioxide—Sc(III) catalyst system (Scheme 26) [51]. During
optimization, the authors found that incorporation of bulky
amides into ligand 113 was crucial for achieving high enantio-
selectivity. A wide variety of a-aryl vinyl ketones 112 were
effective substrates, and only when R! was methyl did the enan-
tioselectivity drop below 92:8 er to 80:20 er (Scheme 26a). The
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a) (S,S)-108 (6 mol %)
Sc(OTf)3 (5 mol %)

P Q pyridine (20 mol %) 9
Ar SH * VJ\AF /\S/YJ\AI’
H,O (0.5 M) AT
R tt, 24 h
104 105 /N N 51 9;(")/7 ield
N\ /) -92% yie
R = Me, Bu =N N 76.5:23.5 to 87:13 er
Bn,Ph tBu ~nt-Bu
OH HO
(S,S)-106
b) (S,S)-106 (6 mol %)
e} Sc(OTf)3 (5 mol %) e}
pyridine (20 mol %) N H SBn
—/ t+ BnSH |
H,0 (0.5 M _
R n n (24 h ) R n
109 19 110
n=1-2 26-37% yield
R =H, OMe 78:22t0 97:3 er

Scheme 25: Kobayashi’s enantioselective addition of thiols to a,B-unsaturated ketones.

a) H (0] 113 (10 mol %) (0]
N ScCl36H,0 (10 mol %)

N X N
\ 7 . oN— )
R Y& CHCl3, 2 N HCI, =N
O,N RZ

30°C,17h R2
111a 112 114
R = Me, aryl N\/\ 68-99% yield
R2=H, 4-F, 4-CI, 80:20 to 97:3 er
4-Br, 4-Me, 4-MeO

b) 113 (10 mol %)

Q ScCl36H,0 (10 mol %) Q
RoN—-H + VJ\ yj\
Ph CHCI5/THF, 2 N HCI, ReN P H Ph
Ph 30°C, 17 h
111 115 116
X:
H\N X —NO, H\N X Br H\N N H\N H\N
N= _ _ _;
111a 111b 111c 111d 111e
99% yield 86% yield  90% yield 91% yield  58% yield
96.5:5 er 96.5:5 er 95:5 er 93:7 er 95.5:4.5 er

Scheme 26: Feng's enantioselective addition of pyrazoles to a-substituted vinyl ketones.

authors also investigated a number of pyrazole nucleophiles Organocatalysts
111, which all reacted with high enantioselectivity, including Building on their earlier work with o,3-unsaturated aldehydes

pyrazoline 111e (Scheme 26b). (vide infra), Luo and Cheng have extensively explored the use
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of enamine catalysis for conjugate addition—enantioselective
protonation of vinyl ketones. Using primary amine catalyst
(S,5)-119, the authors were able to catalyze the Friedel-Crafts
addition of indoles 117 to vinyl ketones 118 followed by enan-
tioselective protonation (Scheme 27) [52]. During optimization
it was found that addition of a weak acid, 2-naphthoic acid, im-
proved both the yield and enantioselectivity of the transformat-
ion by facilitating the formation of the iminium ion intermedi-
ates. A variety of vinyl ketones 118 were explored for the reac-
tion, and when R* was benzylic, shorter reaction times could be
employed (41-48 h) and higher yields and enantioselectivities
were observed (78-86% yield, 93:7 to 97:3 er). Aromatic vinyl
ketones were also reactive, but required higher temperatures
(40-60 °C). Various indoles 117 were investigated, and al-
though substitution on both the aromatic ring and nitrogen were
accommodated, when R? was H, lower enantioselectivity was
observed (86.5:13.5 to 89:11 er).

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

Luo and Cheng also explored the mechanism of the
Friedel-Crafts addition of indole to a-substituted vinyl ketones
[52,53]. Based on DFT studies, the authors proposed that the
stereoselectivity of the reaction was under Curtin—Hammett
control (Scheme 28). During the reaction, the iminium ions
rapidly interconvert via single-bond rotation. After irreversible
C—C bond formation the E-s-cis- and E-s-trans-iminiums give
rise to the Z- and E-enamines, respectively, which undergo a
directed enantiospecific protonation to give either the R- or
S-product. Thus, the enantioselectivity is determined by the
ratio of Z- to E-enamine, which in turn depends on the activa-
tion energy difference in the irreversible C—C bond forming
steps.

Having developed an enamine catalysis system where the
iminium’s conformation in the conjugate addition step deter-

mines the enantioselectivity of the reaction, Lou and Cheng

(S,S)-119 (10 mol %)

2-naphthoic acid (10 mol %)

R2 PhCI, rt, 18-90 h
+
Ph__ «NHM
117 118 A NTTVIE2 119
R' = H, 5-MeO, 5-Me, R*=alkyl, o NHOTf 72-96% yield
6-Me, 5-Br, 5-Cl aryl, Bn ss 1219 80:20 to 97:3 er
RZ = H, Me, Bn RS = Me, Et, (S.S)-
R3=H, Me, Ph Bn, aryl
Scheme 27: Luo and Cheng’s addition of indoles to vinyl ketones by enamine catalysis.
\ \ directed \ s
Ph N: ) Ph. ‘N: enantiospecific Ph Ni
j\ /H indole l H protonation l /H
Ph N Ph NH Ph N
| slow | H
Ph)\’/ Ph)\(\indole Ph)wy\indole
120 121 122
E-s-cis-iminium Z-enamine R-product
H minor
\
\ s Ph “\\N”/ directed Ph “\\N*/
Ph N ' oY enantiospecific Y
j\ /H indole / protonation P N/
Ph N| ﬁ» Ph™ “NH - - !
as ™ 5
Ph)\[( Ph Ph
indole indole
123 124 125
E-s-trans-iminium E-enamine S-product
major

Scheme 28: Curtin~-Hammett controlled enantioselective addition of indole.
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explored the addition of various nitrogen [54], sulfur [55], and
carbon nucleophiles [56,57] to a-branched vinyl ketones
(Scheme 29). The nitrogen heterocycles benzotriazole (126a),
triazole (126b), and 5-phenyltriazole (126¢), all reacted
smoothly with vinyl ketone 118. To achieve optimal reactivity
and selectivity, each nucleophile required a slightly different
chiral amine catalyst. Interestingly, vinylaniline 126f could also
be added to enone 118 in moderate to good yield and with good
enantioselectivity. N-Trifluoroacetyl-1,2-aminothiol (126d)
reacted to give thioether products in high yield and enantiose-
lectivity. Only when R! was phenyl did the enantioselectivity of
the thiol addition drop below 91.5:8.5 er to 85:15 er. The addi-
tion of a variety of a-substituted malononitriles 126e also
proceeded in high yield and enantioselectivity. During the
exploration of different nucleophiles some common selectivity
trends were observed. Aromatic enones (RZ = aryl) generally
provided higher levels of enantioselectivity than aliphatic
enones (R2 = alkyl). Additionally, for all of the nucleophiles,
except thiols, increasing the steric bulk at R! resulted in dimin-

ished enantioselectivity.

Building on his asymmetric conjugate additions to a-substi-
tuted enones, Luo demonstrated that Hantzsch ester 133 chemo-

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

selectively reduces activated alkenes 132 in the presence
of a-substituted vinyl ketones 118, generating carbon
nucleophiles 135 in situ. These nucleophiles then reacted with
the a-substituted vinyl ketones 118 via an enamine catalysis
conjugate addition—enantioselective protonation pathway
(Scheme 30). Lou first applied this strategy of reduction—conju-
gate addition—enantioselective protonation to a,f-unsaturated
malononitriles 132a, to provide the product in comparable yield
and enantioselectivity as when the enantioselective conjugate
addition was performed using a-substituted malononitriles
(126e, Scheme 29) [57]. In a subsequent report, Lou and
co-workers demonstrated that Meldrum’s acid derivatives 132b
were also operative in the reduction—conjugate addition—enan-
tioselective protonation pathway [58]. Aromatic a-methyl
enones (R! = Me, R? = aryl) reacted in good yield and
enantioselectivity. However, when larger R! substituents or an
a-methyl enone were used in the reaction, the product
was obtained with diminished enantioselectivity (58:42 to
69.5:30.5 er).

After the submission of this review, Lou and co-workers re-
ported an additional example of conjugate addition—enantiose-
lective protonation involving an a,B-unsaturated ketone. In the

(0] 1° amine catalyst 0
(10-20 mol %) ()
Nuc—-H + \\)J\Rz Nue > R?
R R' = alkyl, aryl R'H
126 118 R2 = alkyl, aryl 127
Nuc—H:
N N, N,
CrLy Oy I
N N ph” N

\

H
126a (Ref. [54])
using (S)-128
68-86% yield
70:30 to 95.5:4.5 er
O

F3C/M\H/A\V/S\H

using (S)-129
84-90% yield

126d (Ref. [55])
using (S)-129
product stereochemistry (R)
78-99% yield
85:151t0 98:2 er

126b (Ref. [54])

86:14 t0 96.5:3.5 er
NC.__CN

126¢e (Ref. [57])
R =H, alkyl, Bn, Ph,
allyl, propargyl
using (S)-130
79-95% yield
90:10 to 96.5:3.5 er

126¢ (Ref. [54])
using (S)-119
80-90% yield —

92:8 t0 96:4 er

MezN

126f (Ref. [56])

using (S)-131

20-92% yield
92:8t0 95.5:4.5 er

K

R H

1° amine catalysts:
TfO |
PW”\T/\NHEQ
NH,

(S)-128

/\A/\Q

)
Ph/WQ Q
NH2 NH,
)-130 )-131

Scheme 29: Luo and Cheng’s enantioselective additions to a-branched vinyl ketones.
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133 (1.2 equiv)

EWG. EWG 0 chiral 1° amine catalyst Ar 0
J/ . y& (10 mol %)
2 2
Ar R R R' = alkyl, aryl EV;;;VG R{”’H R
2 -
132 118 R®=alkyl, aryl 134
O
chemoselective | EWG__EWG VJ\RZ
reduction EH R!
Hantzsch ester 133 Ar 135H 1° amine catalyst
Y4 EtO.,C CO,Et
NC._CN s, (Ref. [57]) o © 132b (Ref. 58) H
| using (S)-130 using (S)-128 N

Ar 85-98% yield

oﬁ/&o
93.5:6.5t0 96.5:3.5 er Ar

73-99% yield H

58:42t0 90:10 er | Hantzsch ester 133

Scheme 30: Lou’s reduction—conjugate addition—enantioselective protonation.

new report, a chiral primary amine catalyzed conjugate addi-
tion of a 1,3-diketone nucleophile into an in situ generated
ortho-quinone methide was followed by an enamine based
retro-Claisen reaction. The resulting enamine was stereoselec-
tively protonated to access a-tertiary alkylated ketones [59].

a,B-Unsaturated aldehydes

Organocatalysts

In 2011, Luo and Cheng reported the first example of conjugate
addition followed by enantioselective protonation using en-
amine catalysis [60]. Two challenges to using enamine cataly-
sis for enantioselective protonation are the many conformations
the reactive iminium intermediates can adopt and the potential
for racemization of the enantioenriched product by the basic
catalyst. Using the triflate salt of diamine 119, Luo and Cheng
were able to catalyze an enantioselective Friedel-Crafts reac-
tion between indole 136 and a-substituted acrolein 137
(Scheme 31). Acroleins containing a benzyl a-substituent per-
formed best in the reaction with 2-methylindole (72-95% yield,
93.5:6.5 to 97:3 er). Alkyl and alkenyl substituted acroleins also
reacted with 2-methylindole, but resulted in lower yields and

(S,S)-119 (10 mol %)
TfOH (12 mol %)

diminished enantioselectivity (52-80% yield, 87.5:12.5 to
94.5:95.5 er). Electron-rich, neutral, and electron-poor indoles
were effective substrates, provided that they contained an R?
substituent. The use of indoles unsubstituted at the 2-position
(R2 = H) led to lower enanantioselectivity (84:16 to 87:13 er).
Products were not observed when either a-heteroatom-substi-
tuted acroleins or 3-substituted indoles were used as starting
materials. When either the enantioenriched or racemic products
138 were resubmitted to the reaction conditions their enan-
tiomeric ratios did not change, indicating that the reaction is not
reversible.

During reaction optimization the authors found that the addi-
tion of a large excess of brine improved the enantioselectivity of
the transformation. Additionally, they found that by using satu-
rated NaCl/D,0, a-deuterated products could be obtained in
similar enantiomeric ratios as the a-protonated products. Luo
and Cheng went on to further investigate this reaction using
kinetic studies and DFT calculations [53,60]. Based on their
studies, they proposed TS-141 involving a water molecule

stabilized by an O-H/xn interaction with the indole ring to

R! 3
T Nre R3__CHO
= T

H PhCI/brir|1e, rt
Ph_ N
136 137 j\ 138
R'=H, MeO, CI R3 = ArCHy, Ph” “NH, X=HorD
R? = Me, Ph, alkyl, alkenyl (S,S)-119 40-95% yield
4-CIPh, H 84:16 to 97:3 er

Scheme 31: Luo and Cheng’s primary amine-catalyzed addition of indoles to a-substituted acroleins.
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explain the improvement in enantioselectivity of the proton-

ation step when brine is used as an additive (Scheme 32).

a,B-Unsaturated thioesters

Lewis acids

In one of the early examples of conjugate addition—enantiose-
lective protonation, Shibasaki and co-workers demonstrated that
chiral lanthanum and samarium tris(BINOL) complexes
(Figure 3), developed by the Shibasaki group for asymmetric
Michael additions using malonates and organometallic reagents,
are effective catalysts for the sequential conjugate addition of
4-tert-butyl(thiophenol) to a,B-unsaturated thioesters followed
by enantioselective protonation (Scheme 33) [61].

During their initial investigations Shibasaki and co-workers ex-
amined the (R)-La-142 catalyzed enantioselective addition of
4-tert-butyl(thiophenol) to ethyl methacrylate 145 (X = O)
(Scheme 33a), while good enantioselectivity could be achieved,
the saturated ester product 146 could not be obtained in greater
than 50% yield. In contrast, the unsaturated thioester 145
(X =S) provided the product in high yield and enantioselectivi-
ty. By switching to samarium catalyst (R)-Sm-143, the catalyst
loading could be halved and a further improvement in enantio-
selectivity was observed (Scheme 33b). For example, for
R = Me an 86% yield and 96.5:3.5 er was obtained [61].

Ph \N/"’
\ / N
Ph_N+ H
l Hindole PN
Ph N| H ™
H
139 140 ) NH

Scheme 32: Luo and Cheng’s proposed mechanism and transition state.

z O\

O

3Na*
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The Shibasaki group went on to apply their conjugate
addition—enantioselective protonation of o,B-unsaturated
thioesters to the total synthesis of epothilones A and B, natural
products that inhibit microtubule function [62]. The enantiose-
lective addition of 4-fert-butyl(thiophenol) to 149 using
5 mol % of (S)-Sm-144 was used to set the C8 stereocenter in
the final product (Scheme 34).

a,B-Unsaturated amides
Lewis acids

In 2009,
cyanation—enantioselective protonation of a-substituted o,f3-

the Shibasaki group reported the catalytic

unsaturated N-acylpyrroles 151 using a chiral polynuclear Gd
complex (Scheme 35) [63]. Using a gadolinium catalyst derived
from tridentate ligand 152, conjugate addition of cyanide fol-
lowed by enantioselective protonation occurred with high yield
and enantioselectivity for both a-alkyl and a-aryl conjugate ad-
dition acceptors. Alkyl substrates reacted smoothly at 25 °C
(90-98% yield, 90:10 to 95.5-4.5 er) even when R was a more
sterically demanding isopropyl or cyclohexyl group. Aryl sub-
strates required lower reaction temperatures and longer reaction
times (—30 or —78 °C). The average yield and enantioselectivity
for the aryl substrates was lower than for the alkyl substrates;
however, many of the aryl substituted products were crystalline
and could be recrystallized up to greater than 98.5:1.5 er. Inter-

(R )-La-142

(R)-Sm-143

(S)-Sm-144

Figure 3: Shibasaki’s chiral lanthanum and samarium tris(BINOL) catalysts.
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a)
(R)-La-142 (20 mol %)

0 4-t-BUPhSH (1 equiv) o /@/"B“
Et
~ Et.
X)k‘f/ X)S{\S

Ve CH,Cl,

145 146
X =0, —20 °C, 48 h, 50% yield, 91:9 er
X =S, -78°C, 2 h, 93% yield, 955 er
b)
(R)-Sm-143 (10 mol %)
0 4-t-BuPhSH (1 equiv) o t-Bu
Et\SJ\y/ - )SA
CH,Cl,, 78 °C SERD

R

(R = Bn, —93 °C) R H
147 148
R = Me, iPr, 78-98% yield
Bn, Ph 92:8 t0 96.5:3.5 er

Scheme 33: Shibasaki’s enantioselective addition of 4-tert-butyl(thiophenol) to a,B-unsaturated thioesters.

o (S)-Sm-144 (5 mol %) o /@/’BU
4-t-BuPhSH (1 equiv) |
EtS)k’/ EtS)i\.B(\S Z
CH,Cly, -78 °C, 7 h AT
144
149 92% yield
94:6 er

O OH O

epothilone A (R = H) 150
epothilone B (R = Me)

Scheme 34: Shibasaki’s application of chiral (S)-SmNagtris(binaphthoxide) catalyst 144 to the total synthesis of epothilones A and B.

152 (15 mol %)

Q Gd(OiPr); (10 mol %) H
R N \ R N \
Q TMSCN (1.5 equiv), HCN (1 equiv), toluene —
= NC

25 °C, 1-96 h
151 i 153
R = alkyl, aryl F 80-99% yield
Ph 90:10 to 95.5:4.5 er
Ph-P7 Y0
O OH OH

152

Scheme 35: Shibasaki’s cyanation—enantioselective protonation of N-acylpyrroles.
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estingly, when attempting to use catalytic amounts of trimethyl-
silyl cyanide (10 mol %) a significant decrease in reaction rate

and enantioselectivity was observed.

Transition metal catalysts

Conjugate addition—enantioselective protonation of a,f-unsatu-
rated tertiary amides can also be performed with transition
metal catalysts. Using a cationic rhodium(l)/QuinoxP* 154
complex, Tanaka and co-workers achieved the enantioselective
hydroacylation of a-substituted acrylamides 153 using aliphatic
aldehydes 32 to provide 1,4-ketoamides 155 in high yields and
excellent enantioselectivity (Scheme 36) [64]. A variety of ali-
phatic aldehydes were effective substrates, including the
o-branched cyclohexyl and cyclopentyl carboxaldehydes. How-
ever, pivaldehyde was completely unreactive, and when
benzaldehyde was examined as a substrate, the reaction was
slow and the enantioselectivity was poor (12% yield and
79:21 er).

a,B-Unsaturated nitroalkenes

Organocatalysts

In the first reported example of the enantioselective protonation
of a nitronate, Ellman and co-workers demonstrated that an
N-sulfinylurea organocatalyst could be used to catalyze the ad-
dition of a-substituted Meldrum’s acids to terminally unsubsti-
tuted nitroalkenes (Scheme 37) [65]. Interestingly, the optimal

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

organocatalyst for the transformation was chiral only at sulfur,
when chiral amine motifs were explored, e.g., 1,2-cyclohexane-
diamine, poor enantioselectivity was observed (<75:25 er). A
variety of R! substituents on Meldrum’s acid 156 were compati-
ble with the reaction, including alkyl, phenethyl, pendant esters
and thioethers, and an a-acetyloxy group (81-98% yield,
95.5:4.5 to 97:3 er). Slightly lower enantioselectivity was ob-
served only when R! was benzyl (93.5:6.5 er). Methyl, ethyl,
n-butyl, and isopentyl R? substituted nitroalkenes were effi-
cient substrates (84—98% yield, 95.5:4.5 to 97:3 er). The result-
ing nitroalkane adduct 159 could be reduced and cyclized to
access a,y-disubstituted y-lactams.

Ellman and co-workers, in the second example of conjugate ad-
dition—enantioselective protonation with nitroalkenes, showed
that thioacids 160 could be added in high yields and with high
enantioselectivity to a,f,p-trisubstituted nitroalkenes 161 using
a thiourea organocatalyst 101b (Scheme 38) [66]. This report
was the first example of enantioselective addition to a trisubsti-
tuted nitroalkene and was the first example of conjugate addi-
tion—enantioselective protonation using a fully substituted
alkene. Nitroalkenes that were activated by the incorporation of
an oxetane or N-Boc-azetidine ring at the B-position reacted
well with both thioacetic acid and thiobenzoic acid
(Scheme 38a). Various R? substituents were compatible with

the reaction, including an isopropyl group and a pendent methyl

0 . [Rh((R,R)-154)]BF4 (5 mol %) ] Q .
J]\ + VJ\N,R R ‘ N/R
R "H R?2 R (CHJCl),, 80 °C, 16-72 h o R2'H I|?3
Me (-Bu
32 153 P 155
R = alkyl R? = Me, Ph 73-87% yield

R3/R* = Ph/Ph,
Me/Ph, Bn/Ph

N P.
NUZSI
N P

98:2t0 99:1 er
t-Bu' T\/Ie

(R,R)-154

Scheme 36: Tanaka’s hydroacylation of acrylamides with aliphatic aldehydes.

iPr

158 (5 mol %)

iPr [Oj

>< iPr
Y,

R1

156 157
R! = alkyl, R2 = Me, Et, Bu,
Bn, OAc isopentyl

CPME, 3 AMS, -30 °C, 1-2d

H R2
159
81-98% yield
93.5:6.5t0 97:3 er

Scheme 37: Ellman’s enantioselective addition of a-substituted Meldrum’s acids to terminally unsubstituted nitroalkenes.
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a)
OMe
FsC
X ’-.,,/ o X
o) NO 101b (5 mol %)
Jk + R 2 1JJ\ NO;
R “sH ° RV 8™ 7
R2 toluene, 3 AMS, -78 °C, 24-72 h A
160 , et 162
R'=Me, Ph R“=Me, Et, iPr, 72—-99% yield
Bn, (CH;),COzEt 93:7 to 98:2 er
X =0, NBoc
b) R
0 101b (5 mol %) Q RR
L, RN S
SH Et toluene, 3 AMS, —25 °C, 72 h A
160a 163 164
R = Me, -(CHy)s-, 75-86% yield
-(CH2)20(CHy),- 96:4 to 98:2 er

Scheme 38: Ellman’s enantioselective addition of thioacids to a,B,B-trisubstituted nitroalkenes.

ester. Generally, the azetidine nitroalkenes provided the 1,2-
nitrothioacetates in higher yields and enantioselectivity
(81-99% yield, 95:5 to 98:2 er). The oxetane and N-Boc azeti-
dine nitroalkenes were activated toward conjugate addition by
the release of ring-strain. However, thioacetic acid (160a) also
adds in good yield and high enantioselectivity to unstrained
nitroalkenes 163 (Scheme 38b). Additions to B-cyclohexyl and
B-4-tetrahydropyran nitroalkenes as well as an acyclic B,B-
dimethyl nitroalkene all proceeded with good conversion when

the reaction temperature was raised to —25 °C.

After the submission of this review, Ellman and co-workers
published an additional example of enantioselective nitronate

protonation, which was accomplished using an N-sulfinylurea
organocatalyst to catalyze the addition of a pyrazol-5-one
nucleophile to a trisubstituted nitroalkene [67].

a,B-Unsaturated phosphonates and
phosphine oxides

Transition metal catalysts

In 2006, Hayashi and co-workers reported the first conjugate
addition—enantioselective protonation of allenes 165 bearing a
phosphine oxide (Scheme 39) [68]. Incorporation of the phos-
phine oxide allowed for selective protonation forming the less
stabilized terminal chiral alkene 166 over the internal achiral
isomer 167, an inherent challenge in the hydroarylation of ter-

R [Rh(OH)((R)-43)]2 R H
A (2.5 mol %)
Apom),  * HC” PPh A pph
2 YU THF, 60 °C hon2
H o
47 165 166
Ar = Ph, 4-MePh, R =alkyl, Ph 40-94% yield
4-MeOPh, 4-CIPh, 84.5:15.5 to 99:1 er
4-CF3Ph, 2-naph
MeO MeO R ratio | overall
R | 166:167 | yield
=
PPh  Ph| 47:53 | 85%
166 167 t-Bu| 0:100 | 91%

Scheme 39: Hayashi’'s enantioselective hydroarylation of diphenylphosphinylallenes.

1224



minal allenes. Electron-rich, neutral, and electron-poor aryl-
boronic acids 47 added to alkyl (R = Me, Et, n-Bu)
diphenylphosphinylallenes 165 in high yield and excellent en-
antioselectivity (85-94% yield, 98:2 to 99:1 er). With sterically
bulky a-substituents (R = Ph, #-Bu), competitive formation of
the achiral internal alkene was preferred.

Enantioenriched a-amino phosphonic acids and their deriva-
tives are important motifs that have been utilized by the
pharmaceutical and agrochemical industries as a-amino
acid analogues. Darses and co-workers reported a novel
approach to the synthesis of enantioenriched a-amino
phosphonates 170 via a rhodium(I) catalyzed enantioselective
1,4-addition of potassium aryltrifluoroborates 168 to dehy-
droaminophosphonates 169 (Scheme 40) [69]. a-Amino
phosphonates 170 were obtained with high levels of enantiose-
lectivity for electron-rich, neutral, and electron-poor aryltri-
fluoroborates 168. Electron-rich organoboron reagents
(4-t-Bu, 4-MeO, and 3-MeO) gave slightly lower yields
(51-77%) than the electron-poor reagents (65-86%), with
potassium phenyltrifluoroborate giving the highest yield (91%).
Phenylboronic acid was also shown to be a competent coupling
partner, providing the corresponding product in 92% yield and
96.5:3.5 er.

Beilstein J. Org. Chem. 2016, 12, 1203—-1228.

Methacrylonitrile

Lewis acids

In the literature, conjugate addition—enantioselective proton-
ation using o,fB-unsaturated nitriles has remained unexplored for
substrates other than methacrylonitrile. The Togni lab has
explored using ferrocenyl tridentate nickel(IT) and palladium(II)
complexes as chiral Lewis acid catalysts for the hydrophosphi-
nation and hydroamination of methacrylonitrile (Figure 4) [70-
74]. Other researchers have reported platinum [75], nickel [76],
and zirconium [77] catalysts for the hydrophosphination and
hydroamination of methacrylonitrile; however, these examples
provided product with significantly lower enantioselectivity.

In 2004, the Togni lab reported the hydrophosphination of
methacrylonitirle 174 catalyzed by nickel(I1)/(R,R)-Pigiphos
complex 171 (Scheme 41) [71]. The reaction proceeded in good

CN
RPH + \(

171 (1-10 mol %)

R. N
P
-25°C R H

173 174 175
R =Cy, Ph, 10-97% yield
iBu, Ad 66:34 to 97:3 er

Scheme 41: Togni’s enantioselective hydrophosphination of metha-
crylonitrile.

[RhCI(C2H4)2]2 (1 .5 mol %) R

(S)-45 (3.3 mol %)

/R NHAc
~ | + )\ /O
NS
BF3K EtO OEt
168 169
R=H,F,Cl,
CF3, t-Bu, MeO

NaHCO3, iPrOH

//| H, NHAc
X P,,o

90°C,20h EtO OEt
170
51-91% vyield
95:5t098:2 er

Scheme 40: Hayashi’s enantioselective hydroarylation of diphenylphosphinylallenes.

(CI0y)

P—Ni—
Fe Ph | Ph
= L

171

(PFe),

e

P—Pd—
:e Ar2 N Ar2
= |‘|
172

Ar = 3,5-(CH3)2C6H3

Figure 4: Togni’s chiral ferrocenyl tridentate nickel(ll) and palladium(ll) complexes.
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yield for alkyl phosphines (71-97% yield) and with higher en-
antioselectivity for the more sterically encumbered alkyl groups
(R=Ad, 97:3 er).

Togni and co-workers subsequently reported the hydroamina-
tion of methacrylonitrile 174 using palladium(II) catalyst 172
(Scheme 42a) [72]. Low temperature and bulky aryl groups on
the catalyst were necessary to achieve good levels of enantiose-
lectivity. In a later study, their nickel(II) catalyst 171 proved to
be much more selective under the same reaction conditions
(Scheme 42b) [74]. Togni and co-workers also investigated the
hydroamination of methacrylonitrile using benzylamine and
aniline; however, these substrates gave products with low enan-
tioselectivity (55:45 to 61:29 er).

a) Ref. [70]
172 (5 mol %) CN

" NH X‘/CN N

+
X THF, 80°C,3d  X._~

176 174 175

X=0,8, 83-93% yield
CH,, NMe 78:22to 87.5:12.5 er
b) Ref. [72]

171 (5 mol %)

(\N ><CN

THF, -80°C,2d X._J

K\NH YCN

176 174 175
X=0,8, 84-99% yield
CH,, NMe 95.5:4.5t098:2 er

Scheme 42: Togni’s enantioselective hydroamination of methacrylo-
nitrile.

Conclusion

As described above, many conjugate addition—enantioselective
protonation reactions have been employed for the synthesis of
enantioenriched amino esters and other carboxylic acid deriva-
tives. Additions to o,f-unsaturated esters and imides have
historically been the most extensively investigated substrates
with additions to other classes of Michael acceptors only being
reported more recently. While many examples using sulfur and
carbon nucleophiles have been reported, the addition of other
heteroatom nucleophiles remains relatively unexplored. This
approach for the synthesis of tertiary carbon stereocenters
continues to generate interest, both for the challenges the trans-
formation presents and the ability to efficiently access useful
motifs.
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