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1. Introduction
Chiral tertiary alcohols and R-tertiary amines are important

building blocks of naturally occurring and artificial biologi-
cally active molecules. Although there are catalytic asym-
metric oxidation1,2 and amination3 reactions to access these
chiral building blocks, the catalytic asymmetric addition of
carbon nucleophiles to ketones and ketimines, which can
simultaneously construct a carbon skeleton and tetrasubsti-
tuted stereogenic center, is synthetically more efficient
(Scheme 1).4 Realizing the catalytic asymmetric addition to

ketones and ketimines (tetrasubstituted carbon synthesis),
however, is generally more challenging than addition to
aldehydes or aldimines (trisubstituted carbon synthesis) for
two main reasons: (1) ketones and ketimines are significantly
less reactive than aldehydes and aldimines; (2) enantio-face
differentiation of ketones and ketimines is more difficult due
to the smaller steric and electronic differences between the
two substituents on prochiral carbons. Therefore, asymmetric
catalysts that promote C-C bond-formation to ketones and
ketimines should have high catalyst activity and enantiose-
lectivity.

Despite the potential difficulties, practical catalytic asym-
metric methods that access enantiomerically enriched tertiary
alcohols and R-tertiary amines are in high demand. The
current most advanced catalytic asymmetric method, asym-
metric hydrogenation, cannot be used to synthesize these
chiral building blocks. The sequential racemization-optical
resolution process, which could produce the desired enan-
tiomer in high yield (>50%) and is frequently utilized in
large-scale process synthesis, is also not applicable because
racemization of the tetrasubstituted carbon is impossible.
Enzymatic C-C bond-formation to ketones and ketimines
is ineffective as well because the products are generally
thermodynamically less stable than the starting materials. The
development of catalytic asymmetric C-C bond-forming
reactions to ketones and ketimines is a challenging frontier
of the asymmetric catalysis field.5–7

In this review, Cu-catalyzed asymmetric tetrasubstituted
carbon-forming reactions via the addition of carbon
nucleophiles to ketones and ketimines are discussed,
classified by the nucleophiles. Copper exists abundantly
on earth and is utilized as a multifunctional element in
organic synthesis. Copper can catalytically promote a wide
variety of useful transformations by acting as a Lewis acid,
activating nucleophiles via transmetalation or as a Brön-
sted base, mediating redox chemistry,8 or as a component
of carbene9 or nitrene10 complexes, depending on the reaction
conditions. Historically, the first homogeneous asymmetric
catalysis was copper-catalyzed cyclopropanation.9a The
Lewis acidic character and nucleophile activation ability
(transmetalation and deprotonation) of a copper catalyst have
been utilized in asymmetric C-C bond-formation to ketones
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and ketimines. Lewis acidic cationic copper-catalyzed tet-
rasubstituted carbon-forming reactions generally produce
excellent enantioselectivity, but substrates are restricted to

activated ketones, such as pyruvate esters. The excellent
enantioselectivity is attributed to chelate coordination of the
substrates to copper containing a well-defined geometry. On
the other hand, catalytic asymmetric C-C bond formation
to simple ketones and ketimines is promoted through
activation of the nucleophile side via transmetalation. This
mechanism is relatively new and has high potential.

2. Catalytic Asymmetric Aldol and Mannich-Type
Reactions to Ketones and Ketimines: Addition of
Enolates and Related Nucleophiles

2.1. Chiral Lewis Acid Cu(II)-Catalyzed Aldol
Reactions

The first example of a catalytic asymmetric aldol
reaction of silyl enolates to pyruvate esters was reported
by Evans and co-workers using cationic Cu(II)-box and
pybox complexes.11 The optimal catalyst was determined
to be Cu(OTf)2-tBu-box complex 1 (Table 1, eqs 1-3).
The characteristics of this reaction were (1) a variety of alkyl
groups were tolerated at the ester moiety of pyruvates (Table
1, eq 1, R1); (2) high yield and enantioselectivity were
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Table 1. Cu(II)-Box-Catalyzed Asymmetric Aldol Reaction
between r-Keto Esters or 1,2-Diketone and Silyl Enolates
Reported by Evans11a,a

a Representative results (R1 ) Me, R4 ) tBu, 1 ) 10 mol %, solvent
) THF) were selected from ref 11. b Loading of 1 ) 1 mol %. c Loading
of 1 ) 2 mol %. d Solvent ) CH2Cl2. e Reaction required 0.9 equiv of
TMSOTf for completion. f Reaction temperature ) -50 °C. g syn/anti
ratio. h Not described.
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obtained when the R-position of pyruvate ketone carbonyl
was CH2, whereas an R-branched substrate (R2 ) iPr)
produced less satisfactory results (entry 4); (3) various
R-substituted silyl enolates can be used, producing syn
isomers as the major product irrespective of the geometry
of silyl enolates (entries 5-8); (4) addition of a stoichiometric
amount of TMSOTf significantly accelerated the reaction
(entry 6), suggesting that the silylation step of the intermedi-
ate copper tertiary alkoxide 3 (Scheme 2) was the catalyst
turnover-limiting step; (5) vicinal diketones were competent
substrates, giving the corresponding product with excellent
regio-, diastereo-, and enantioselectivity (Table 1, eq 2); and
(6) a lactone-derived silyl enolate can be used as a nucleo-
phile, producing a densely functionalized product useful for
natural product synthesis (Table 1, eq 3).

A probable catalytic cycle was proposed as shown in
Scheme 2. In Cu(II)-box catalysis, substrate chelation ability
is necessary for high reactivity and enantioselectivity.12

Based on X-ray crystallographic studies, molecular modeling,
and EPR data, copper atoms chelated by the substrate had a
distorted square planar structure (2). Addition of silyl enolate
to the activated pyruvate proceeded from the si-face (the
downside), opposing the steric bulkiness (tBu group) of the
box ligand. A linear transition state was proposed based on
the experimental finding that the syn-diastereomer was the
major product, irrespective of enolate geometry (Table 1,
entries 5-8). This transition state model can explain the
product stereochemistry (enantio- and diastereoselectivity).
Subsequent O-silylation of copper tertiary alkoxide inter-
mediate 3 was the catalyst turnover-limiting step. Crossover
experiments using two distinct silyl enolates indicated that
this silicon transfer is an intermolecular process. Therefore,
the addition of a stoichiometric amount of TMSOTf ef-
fectively accelerated the reaction (e.g., Table 1, entry 6).
TMSOTf is an extremely powerful Lewis acid but did not
promote a background reaction independent of the asym-
metric catalyst. As a result, the enantioselectivity was not
affected by the presence of TMSOTf.

Movassaghi applied this synthetic method to the enanti-
oselective total synthesis of (-)-acylfulvene and (-)-

Scheme 2. Proposed Catalytic Cycle

Scheme 3. Movassaghi’s Application of Evans’ Method to
Asymmetric Synthesis of Acylfulvene and Irofulven13

Scheme 4. Synthesis of Chiral Aminosulfoximine Ligands

Table 2. Cu(II)-Catalyzed Asymmetric Aldol Reaction between
r-Keto Esters and Silyl Enolates Reported by Bolm16

a 6a was used as a chiral ligand. (R)-Products (shown in the reaction
scheme) were obtained. b 6b was used as a chiral ligand. (S)-Products
(the opposite configuration to that shown in the reaction scheme) were
obtained.

Scheme 5. Cu(II)-Catalyzed Asymmetric Vinylogous Aldol
Reaction between r-Keto Esters and Silyl Dienolates
Reported by Bolm20a

a (a) Using t-butyldimethylsilyl enolate; (b) using trimethylsilyl enolate.
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irofulven, highly cytotoxic antitumor drug candidates (Scheme
3).13 Methyl pyruvate and highly strained silyl enolate 4 were
coupled under Evans’ conditions, giving the desired tertiary
alcohol 5 in 95% yield with 92% ee. The produced
tetrasubstituted carbon corresponded to the C-2 of the target
molecules.

Steric tuning of the box ligand14 or introduction of a
perfluoroalkyl group to the ligand to facilitate catalyst
recovery15 was studied in Cu(II)-catalyzed asymmetric aldol
reactions of R-keto esters. The efficiency of those catalysts,
however, did not exceed that of the original catalyst reported
by Evans.

Bolm et al. developed chiral C1-symmetric aminosulfox-
imine ligands 6 for Cu(II)-catalyzed asymmetric aldol
reactions of R-keto esters.16 A series of chiral ligands was
modularly synthesized from 717 in three steps, using
Buchwald-Hartwig amination or copper mediated cross
coupling followed by reductive amination as key steps
(Scheme 4). Structures of the sulfoximine moiety, the core
aryl moiety, and the N-substituent were independently
optimized. The optimal chiral ligands were identified as 6a
for reactions using ketone-derived silyl enolates and 6b for
those using thioester-derived silyl enolates. Addition of 1
equiv of CF3CH2OH significantly accelerated the reaction
rate,18 which allowed for improving the enantioselectivity
by conducting the reaction at lower temperature. Under the
optimized conditions, excellent enantioselectivity was pro-
duced from linear alkyl-substituted pyruvate derivatives
(Table 2). Results using R-substituted enolates, which
produced unsatisfactory results in Evans’ reaction, are not
described.

This reaction was extended to a catalytic enantioselective
vinylogous aldol reaction19 of R-keto esters (Scheme 5).20

Chiral ligand 6a was identified as the optimal ligand in this
case. Phenyl- and methyl-substituted keto esters afforded
excellent enantioselectivity.

A substituted aryl-box 8-CuCl2 complex is an efficient
asymmetric catalyst of vinylogous aldol reactions between
R-keto esters and silyl dienolate 9 (Table 3).21 The substituent
effects of the aromatic rings of 8 on enantioselectivity and
catalyst activity were significant: the product derived from
methyl pyruvate was obtained in 35% yield and 40% ee using
CuCl2-Ph-box, and in 85% yield and 92% ee using
CuCl2-8. The absolute configuration of the products was
consistent with Evans’ model 2.

The above reactions utilized preactivated nucleophiles
(silicon enolates). Catalytic asymmetric C-C bond-formation
mediated by in situ nucleophile generation from stable
organic molecules, however, is more favorable in terms of
total efficiency and atom economy.22 The nitroaldol reaction
is an excellent template for this type of reaction develop-
ment.23 Due to the relatively high acidity of nitroalkanes (pKa

of R-proton ∼ 17), chemoselective deprotonation of nitroal-
kanes to form an active nucleophile (nitronates) is possible
in the presence of electrophiles [aldehydes (pKa of R-proton
∼ 23), ketones, imines, etc.]. Jørgensen reported a catalytic
enantioselective nitroaldol reaction of R-keto esters using a
combination catalyst of a Cu(OTf)2-tBu-box complex (20
mol %) and Et3N (20 mol %; Table 4).24 Nitromethane was
used as a prenucleophile as well as the solvent. Use of
Cu(OTf)2 as a Lewis acid, Et3N as a Brønsted base, and the
1:1 ratio of Cu and Et3N were all critical for the excellent
yield and enantioselectivity of the products. For example,
use of Cu(OTf)2 (20 mol %)-Et3N (10 mol %) and Cu(OTf)2

(20 mol %)-Et3N (30 mol %) afforded the product in only
11% yield with 49% ee and >95% yield with 26% ee,
respectively (vs > 95% yield and 92% ee under the op-
timized conditions described in Table 4, entry 1). An exact
ratio of these catalytic components was required because both

Table 3. Cu(II)-Catalyzed Asymmetric Vinylogous Aldol
Reaction between r-Keto Esters and Silyl Dienolates Reported
by Pagenkopf21

Table 4. Catalytic Asymmetric Nitroaldol Reaction of r-Keto
Esters Reported by Jørgensen24

a At 50 °C for 48 h.

Figure 1. Modified box ligands for catalytic enantioselective
nitroaldol reaction of R-keto esters.
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the inactive acid [Cu(OTf)2]/base (Et3N) complex formation
and the racemic background reaction catalyzed by the amine
should be minimized. Copper nitronate generated in situ via
deprotonation of nitromethane with Et3N was proposed to
be the active nucleophile.

Modification of the box ligand was attempted (1025 and
11;26 Figure 1) in the nitroaldol reaction of R-keto esters.
Complexes of 10 and 11 with Cu(OTf)2 were used as
asymmetric catalysts in the presence of Et3N. The enanti-
oselectivity and substrate generality, however, did not exceed
those of Jørgensen’s reaction.

When ketones or ester equivalents are used as a prenu-
cleophile, a direct catalytic asymmetric aldol reaction is
possible.27 Gathergood and Jørgensen’s group developed a
direct catalytic asymmetric aldol reaction of pyruvates.28 In
a homoaldol reaction of ethyl pyruvate, the optimum result
(>80% conversion and 96% ee) was obtained using a
combination of 10 mol % of the Cu(OTf)2-tBu-box
complex (1) and 5 mol % of N,N-dimethylaniline (Table 5,
entry 1). In a cross-aldol reaction, highly electrophilic
trifluoropyruvate was used as an acceptor ketone. Whereas
less satisfactory enantioselectivity (42% ee) was produced
when using ethyl pyruvate as the prenucleophile (Table 5,
entry 2), products with excellent enantioselectivity were
obtained using R-substituted pyruvates (Table 5, entries
3-7). The low diastereoselectivity was due to the low face-
selectivity at the acceptor (trifluoropyruvate) side, resulting
in low stereoselectivity at the tetrasubstituted carbon of the
products. Two competing transition states, 12 and 13, giving
(S)- and (R)-tetrasubstituted carbons, respectively, were
proposed.

2.2. Chiral Cu(I)-Catalyzed Aldol Reactions
A chiral Cu(I)F-catalyzed aldol reaction of silicon dieno-

late to aldehydes was first reported by Carreira.29 Spectro-
scopic studies revealed that the active nucleophile of this

reaction was the corresponding copper dienolate, which was
generated via transmetalation. Our group developed a general
aldol reaction of ketones and silicon enolates using the
CuF ·3Ph3P ·2EtOH catalyst.30 The reaction proceeded under
neutral and mild conditions. The addition of a stoichiometric
amount of (EtO)3SiF was key to the success of the reaction.
This reaction also proceeded via copper enolates. Based on
kinetic studies, catalyst regeneration from the intermediate
copper tertiary aldolate (21 in Scheme 6), generated after
addition of a copper enolate to a ketone, was the rate-
determining step. Facilitation of this step by the electrophilic
silicon additive [(EtO)3SiF in the racemic reaction] was
critical for high product yield.

This reaction was a platform for developing a general
catalytic asymmetric aldol reaction of unactivated ketones

Table 5. Catalytic Asymmetric Direct Aldol Reaction of r-Keto Esters28

Scheme 6. Plausible Catalytic Cycle of CuF-Catalyzed
Asymmetric Aldol of Ketones31b

Tertiary Alcohols and R-Tertiary Amines Chemical Reviews, 2008, Vol. 108, No. 8 2857



(Table 6).31,32 Taniaphos33 derivative 14, which constructs
a deep chiral environment around Cu by coordination, was
the optimum ligand for the enantioselectivity. The activity
of the CuF-14 complex, however, was significantly de-
creased compared to the platform racemic reaction using the
CuF ·3Ph3P ·2EtOH catalyst, possibly due to steric hindrance
around the Cu catalytic center. To facilitate the reaction,
further acceleration of the rate-determining catalyst regenera-
tion step was examined using a stronger trapping reagent.
The optimized additives were a combination of a stoichio-
metric amount of (EtO)3SiF and a catalytic amount of
PhBF3K. These additives generated polyfluorinated silicon
species 22 [(EtO)4-nSiFn: n > 2] in the reaction mixture
(determined by NMR studies), which functioned as powerful
trapping reagents of the copper aldolate 21. High product
yield and enantioselectivity were obtained from both aromatic
and aliphatic ketones. Moreover, diastereo- and enantiose-
lective aldol reaction of ketones was possible. The anti-
isomer was the major product irrespective of the geometry
of the silyl enolate (Table 6, entries 9-11). This result can
be rationalized by considering that the aldol addition to
ketones proceeded after rapid E/Z isomerization of copper
enolate 20 to the more stable (E)-enolate and through a chair
six-membered Zimmerman-Traxler transition state34 (see
discussion in section 4.2 for more details).

The catalytic cycle was proposed as shown in Scheme 6.
Because CuF has the mismatched characteristics of soft metal
and hard anion conjugation,35 it rapidly transferred hard
fluoride onto (EtO)3SiF to generate the ate complex 19.
Transmetalation occurred between 19 and silyl enolate, and
highly nucleophilic copper enolate 20 was generated. Aldol
addition of 20 to a ketone substrate afforded copper aldolate
21. This step was fast and did not significantly impact the
total reaction kinetics. Trapping 21 with silicon is key for
promoting the catalytic cycle. If this process is not efficient,

side reactions such as retroaldol reaction and/or base (copper
alkoxide 21)-catalyzed reactions could proceed. In the
presence of the combined additive [(EtO)3SiF + PhBF3K],
highly electrophilic 22 smoothly trapped 21, and the active
catalyst 19 was efficiently regenerated with liberation of the
silicon-trapped aldol product 23.

This finding was extended to a catalytic enantioselective
cyanoalkylation of ketones using TMSCH2CN as the nu-
cleophile (Scheme 7).36 The chiral CuOAc or CuF catalyst
activated TMSCH2CN through transmetalation. Interaction
of soft copper with the soft nitrile of TMSCH2CN to polarize
the relatively stable C-Si bond was essential for this
transmetalation. Indeed, no reaction proceeded when
TMSCH2CO2

tBu was used as the nucleophile. The maximum
enantiomeric excess was 81% using Taniaphos 24 as the
chiral ligand.37

Campagne’s group developed a catalytic enantioselective
vinylogous aldol reaction of silyl dienolate 25 to ketones,
forming δ,δ-disubstituted lactones 26 (Table 7).38 A CuF-tol-
BINAP complex, generated in situ from Cu(OTf)2 and TBAT
(tetrabutylammonium difluorotriphenylsilicate), was used as
the catalyst. The addition of an electrophilic silicon species
[such as (EtO)3SiF], which was an essential additive for the
aldol reaction of silyl enolate to ketones,30,31,36 was not
necessary in the vinylogous aldol reaction. This fact suggests
that silyl dienolate is more susceptible to transmetalation than
is simple silyl enolate. There were two distinct reaction
pathways, one producing lactone 26 and the other producing
linear aldol product 27. Whereas 26 was obtained with
high enantioselectivity, 27 was almost racemic (<10% ee);
therefore, 27 cannot be a precursor of 26. The ratio of these
two products depended on the substrate ketones. For
example, linear 27 was the major product when p-nitroac-
etophenone was used as a substrate (entry 4). Aliphatic
ketones are competent substrates for this reaction. Catalytic
asymmetric synthesis of taurospongin A was achieved using
this methodology (the reaction shown in entry 7) to construct
a tetrasubstituted stereogenic carbon.

The above two reports demonstrated that copper enolates
are sufficiently nucleophilic to facilitate the addition to
ketones once they are generated. Conjugate addition of
copper-based nucleophiles (such as alkylcopper and copper
hydride) to R,�-unsaturated carbonyl compounds is an
alternative method for copper enolate formation [Scheme 8
(2)]. Preactivation of the nucleophile as silyl enolates, which
was required in the previous transmetalation strategy for Cu
enolate generation [Scheme 8 (1)], is not necessary. When
this alternative Cu enolate generation method was applied
to an aldol reaction of ketones, the reaction mixture contained
three substrates, that is, the triggering nucleophile for
conjugate addition, an R,�-unsaturated carbonyl compound
(conjugate addition acceptor), and a ketone. In this multi-

Table 6. Catalytic Asymmetric Aldol Reaction of Simple
Ketones31b

a 5 mol % of CuF and 8 mol % of 14 were used. b 20 mol % of
PhBF3K was used.

Scheme 7. Catalytic Enantioselective Cyanoalkylation of
Acetophenone36,37
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component reaction, the asymmetric catalyst should promote
the reaction in a highly ordered manner. Conjugate addition
of the triggering nucleophile to an R,�-unsaturated carbonyl
compound should proceed preferably to the 1,2-addition to
ketones. The copper enolate, generated through conjugate
addition, should chemoselectively react with ketones in the
presence of the conjugate addition acceptor.

This advanced strategy for catalytic asymmetric aldol
reaction to ketones was first realized in a reductive intramo-
lecular aldol reaction reported by Lam (Table 8).39,40 From
a Cu(OAc)2-chiral bisphosphine [SEGPHOS (28)41 or 3,5-
xylyl-methoxy-BIPHEP (29)42] complex and 1,1,3,3-tetra-
methylhydrosiloxane (TMDS), chiral copper(I) hydride
species 32 was generated through transmetalation (Scheme

9). This species then chemoselectively adds to the R,�-
unsaturated ester moiety of substrate 30,43 generating copper
enolate 33. Intramolecular aldol reaction of the copper enolate
to the ketone moiety produced intermediate lactone 34
containing contiguous tri- and tetrasubstituted stereogenic
centers. Copper hydride 32 was regenerated through silylation

Table 7. Catalytic Asymmetric Vinylogous Aldol Reaction of
Ketones38

a BINAP was used instead of tol-BINAP.

Scheme 8. Two Strategies for Copper Enolate Generation

Table 8. Catalytic Asymmetric Reductive Intramolecular Aldol
Reaction of Ketones39

a The enantiomer of the depicted structure was obtained.

Scheme 9. Proposed Catalytic Cycle of Lam’s Reductive
Aldol Reaction of Ketones
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of the intermediate copper alkoxide 34 with TMDS. Although
diastereoselectivity was high, enantiomeric excess was up
to 83% ee.

A more general three-component catalytic asymmetric
reductive aldol reaction of ketones was developed indepen-
dently by Riant’s group and our group. Riant’s group utilized
the CuF ·3PPh3 ·2MeOH-Taniaphos 35 complex as a cata-
lyst, PhSiH3 as a triggering nucleophile, and methyl acrylate
as an acceptor for conjugate addition.44 Excellent enanti-
oselectivity as well as diastereoselectivity were produced
from aromatic ketones (Table 9). The reactivity was also
noteworthy, and the reaction was completed within 2 h at
-50 °C using 1 mol % of catalyst.

Our group developed a catalytic asymmetric reductive
aldol reaction of ketones and allenic esters using pinacolbo-
rane as the triggering reducing reagent.45 If silanes such as
(EtO)3SiH were used instead of pinacolborane, the reaction
was very sluggish. Copper dienolate 38, containing two
possible nucleophilic centers (R- and γ-carbon), was gener-
ated after conjugate reduction.19 The reaction site of the
copper dienolate can be switched depending on the reaction
conditions. When the CuOAc-DTBM-SEGPHOS (39)41

complex was used as the catalyst in the presence of Cy3P,
the γ-aldol products with cis olefin configuration were
obtained with excellent enantioselectivity and substrate
generality, including aliphatic ketones (Table 10, eq 1). On
the other hand, R-aldol products were obtained as the major
product with high diastereoselectivity when using CuF ·3PPh3 ·
2EtOH-Taniaphos (40) as the catalyst (Table 10, eq 2). This
R-selective reductive aldol reaction proceeded with moderate
to high enantioselectivity from aromatic ketones. The mech-
anism underlying the reaction pathway switch was not clear.

An alkylative aldol reaction of ketones is possible when
copper-catalyzed conjugate addition of alkyl groups is
utilized as the copper enolate-forming step. In this reaction,
the structural diversity of the products was significantly
increased compared to the reductive variant. Although
catalytic asymmetric alkylative aldol reactions of aldehydes
using Rh or Cu catalysts have been reported,46 there were
no examples targeting ketones reported prior to our work in
2007.47 We developed an asymmetric alkylative aldol
reaction of ketones using Cu-DIFLUORPHOS (44)48 as the
catalyst and dialkylzinc as the triggering nucleophile (Table

11). Cu(OAc)2 was used as a copper source, which should
be reduced to Cu(I) under the reaction conditions. Enantio-
merically enriched δ-lactones 43 were produced with excel-
lent selectivity and generality, including aliphatic ketones.
A hard Lewis basic additive, such as sulfoxides or HMPA,
was the key to controlling the reaction site-selectivity (R-
or γ-addition) of the intermediate copper dienolate.

The catalyst cycle was proposed as shown in Scheme 10.
Conjugate addition of alkylcopper 46, generated via trans-
metalation from Zn to Cu, to allenic ester afforded copper
enolates 47 and 48. The R-aldol pathway was kinetically
favored, producing 45. The additive Lewis base coordinated
to Zn of 45, thus polarizing the Zn-O bond and facilitating
the retroaldol reaction (45 to 47 and 48). Although the γ-aldol
reaction pathway was kinetically less favorable than the
R-aldol pathway, intermediate Zn γ-aldolate 49 was able to
cyclize to give stable lactone 43. The catalyst turned over
to 46 through ligand exchange between the resulting copper
ethoxide 50 and dialkylzinc. The conversion of 45 to 43 was
not efficient in the absence of the additive Lewis base. The
additive can be considered to function as a proofreader of
the reaction pathway.

Table 9. Catalytic Asymmetric Reductive Aldol Reaction of
Ketones and Acrylate44

a 3 mol % of catalyst was used.

Table 10. Catalytic Asymmetric Reductive Aldol Reaction of
Ketones and Allenic Esters45

a Slow addition over 4 h. b Temperature ) -20 °C. c 5 mol % of
catalyst was used.
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2.3. Chiral Cu(I)-Catalyzed Mannich-Type
Reaction of Ketimines

The catalytic asymmetric Mannich-type reaction (ad-
dition of enolate to imines) is fundamental for the
synthesis of nitrogen-containing versatile chiral building
blocks.49 The substrate scope of this method was limited to
aldimines and iminoesters50 before our contribution in
2007.51 We extended the Cu(I)-catalyzed activation of silyl
enolates, which was previously developed in the catalytic
asymmetric aldol reaction of ketones,31 to the Mannich
reaction of ketimines. The optimized conditions for aromatic
ketimines utilized the CuOAc-DTBM-SEGPHOS (39)
complex as a catalyst and (EtO)2Si(OAc)2 as a trapping
reagent of the intermediate copper amide generated after the
addition of the copper enolate to ketimines (Table 12, entries
1-7). These conditions were not effective for aliphatic
ketimines. For aliphatic ketimines, use of sterically modified
DUPHOS (51) as a ligand and (EtO)3SiF as a trapping

reagent produced moderate to high enantioselectivity (entries
8-10). The nucleophile was limited to acetate, and R-sub-
stituted enolates did not react with ketimines even under
optimized conditions. The Mannich products were converted
to enantiomerically enriched �,�-disubstituted amino acids
in high yield through acid and base hydrolysis.

3. Catalytic Enantioselective Alkynylation of
Ketones

Chiral tertiary propargylic alcohols are important pharma-
ceutical intermediates. One of the most structurally attractive
pharmaceuticals containing such a chiral building block is
Merck’s anti-HIV drug Efavirenz (52; Figure 2).52 The large-
scale synthesis of 52 currently relies on an enantioselective
addition of a lithium alkynide to a ketone using a stoichio-
metric amount of a norephedrine-derived chiral ligand.53

Although the ligand is recovered and recycled efficiently,
the development of a catalytic asymmetric variant with

Table 11. Catalytic Asymmetric Alkylative Aldol Reaction of
Ketones and Allenic Esters47

a Slow addition over 1.5 h. b 10 mol % of Cu, 12 mol % of ligand,
and 1.6 equiv of dialkylzinc were used. c CuTC was used instead of
Cu(OAc)2.

Table 12. Catalytic Asymmetric Mannich-Type Reaction of
Ketimines51

a Condition A: ligand ) 39, additive ) (EtO)2Si(OAc)2 (1 equiv).
Condition B: ligand ) 51, additive ) (EtO)3SiF (1.2 equiv).
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comparable enantioselectivity is desirable. Such a reaction,
however, has yet to be developed.

Catalytic enantioselective alkynylation of ketones can be
classified into two categories: (1) reactions using preactivated
metal alkynides (such as zinc and silyl alkynides) as a
nucleophile and (2) direct reactions using alkynes and chiral
Brønsted base catalysts. The first example in the former category
was developed by Cozzi using zinc acetylides as a nucleophile
andbifunctionalzinc-salencomplexasacatalyst.54,55TheCu(OTf)2-
amido alcohol (53)-catalyzed reaction of zinc phenylacetylide
and aromatic ketones developed by Chan afforded higher
enantioselectivity than Cozzi’s reaction (Table 13).56 Aliphatic
ketones and alkynes other than phenylacetylene produced
less satisfactory enantioselectivity (entries 12 and 13).

Although the results were rather preliminary, a CuF catalyst
can activate silylated alkynes through transmetalation. This

method was utilized in a catalytic enantioselective alkynylation
of trifluoroacetophenone (54) with trialkoxysilylated pheny-
lacetylene (Scheme 11, eq 1).57 The chiral catalyst, a
CuF-DTBM-SEGPHOS (39) complex, was generated via
reduction of CuF2 ·2H2O with the chiral phosphine (2 equiv
to Cu). The active nucleophile was the corresponding copper
acetylide, because consistent enantioselectivity was obtained
under the direct conditions described below (Scheme 11, eq
2).

Direct catalytic enantioselective alkynylation of category 2
was initially developed by Carreira using aldehydes as
substrates.58,59 This type of reaction is more atom economical
than those in category 1 but is more challenging because the
nucleophile (metal alkynides) should be generated through
chemoselective deprotonation of terminal alkynes (pKa ∼ 29)
in the presence of aldehydes (pKa of R-proton ∼ 23) or ketones
(pKa of R-proton ∼ 26).

The catalytic enantioselective alkynylation of ketones in this
category is currently limited to reactions with activated ketones.
A direct catalytic enantioselective alkynylation of R-keto esters
was reported by Jiang using a Zn(OTf)2-chiral amino alcohol
complex catalyst in the presence of a catalytic amount of Et3N.60

Only nonenolizable substrates produced satisfactory results.
When an enolizable ketone, ethyl pyruvate, was used as a
substrate, the product was obtained in only 11% yield due
to the undesired deprotonation of the pyruvate. In contrast,
we developed a general racemic direct catalytic alkynylation
of trifluoromethyl ketones using CuOtBu61 (generated in situ
from CuOTf ·0.5 toluene complex and KOtBu62 or Cu(OTf)2

and 2 equiv of KOtBu, followed by in situ reduction by
alkynes63)-xantphos or 1,10-phenanthroline complex.64 This
reaction was applicable to various alkynes and trifluoro-
methyl ketones, including enolizable ketones (pKa of R-pro-
ton ∼ 15). The broad applicability was due to the unique
characteristics of copper alkoxide. Selective interaction of
the soft metal (Cu) with alkynes acidified the alkyne terminal
protons, leading to chemoselective deprotonation to generate
a copper alkynide species 56, even in the presence of
trifluoromethyl ketones containing acidic R-protons (Scheme
12). This in situ-generated nucleophile reacted with triflu-
oromethyl ketones, producing a copper alkoxide species 57,
which in turn acted as a Brønsted base after the second cycle.

This basic reaction was extended to a direct catalytic
enantioselective alkynylation of trifluoroacetophenone 54 (Scheme
11, eqs 2 and 3). The optimized chiral ligand was identified as
DTBM-SEGPHOS (39) or pybox 55. The enantioselectivity,
however, remained only moderate. Consistent enantioselectivity
was obtained using commercially available copper pheny-
lacetylide as a catalyst in the presence of 39. This result indicates
that the active nucleophile is a chiral copper alkynide complex.

4. Catalytic Asymmetric Carbonyl-Ene and
Allylation Reactions of Ketones and Ketimines
(Tertiary Homoallylic Alcohol and r-Tertiary
Homoallylic Amine Syntheses)

4.1. Catalytic Asymmetric Carbonyl-Ene
Reactions of r-Keto Esters Using Lewis Acid
Cu(II) Catalyst

The carbonyl-ene reaction produces synthetically versatile
homoallylic alcohols from carbonyl compounds and olefins.
Preactivation of the nucleophile via the formation of organo-
metallic reagents is not necessary. C-C bond formation occurs

Figure 2.

Table 13. Catalytic Enantioselective Addition of Zinc Acetylide
to Ketones56
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simultaneously with proton transfer from the allylic position
of donor olefins to product alcohols. The first catalytic asym-
metric carbonyl-ene reaction was reported by Yamamoto and
co-workers using BINOL-Al complexes.65,66 An extension to
the catalytic enantioselective ketone carbonyl-ene reaction was
not achieved till Evans’ work using cationic Cu(II)-tBu-box
(58) as a catalyst (Table 14).67 Cu(SbF6)2 complex 58 afforded
higher conversion and enantioselectivity than Cu(OTf)2

complex 1. The catalyst turnover step appeared to be rate-
determining, and the energy barrier of this step was overcome
simply by increasing the reaction temperature to 40 °C.
Although excellent enantioselectivity was obtained, the
substrate generality was limited to 1,1-disubstituted alkenes
and methyl pyruvate. The absolute configuration of the
products was explained from model 59, which was similar

to that of the Mukaiyama aldol reaction using the related
catalyst (section 2.1).

The Cu-catalyzed asymmetric carbonyl-ene reaction was
applied to an intramolecular variant by Yang (Scheme 13).68

The optimum catalyst was Cu(OTf)2-Ph-box (60) complex
(20 mol % loading). The enantioselectivity was excellent for
six-membered ring formation (Scheme 13, eq 1), whereas a
five-membered ring product was obtained with moderate
enantioselectivity (Scheme 13, eq 2). In both cases, diaste-
reoselectivity was very high. Significant ligand acceleration
was observed using 60 but not using tBu-box and pybox
ligands. The reaction was also extended to a diastereoselec-
tive version using a substrate containing a stereogenic center
(Scheme 13, eq 3).

Bolm applied the modularly assembled aminosulfoximine
ligand 61 to a catalytic enantioselective carbonyl-ene reaction
of methyl pyruvate (Scheme 14).69 Cu counterions had a
significant effect on the catalyst activity and enantioselec-
tivity. Cu(ClO)2 was identified as the optimum Cu source,
affording better results than Cu(OTf)2, Cu(SbF6)2, Cu(BF4)2,
and Cu(PF6)2. Although excellent enantioselectivity was
obtained, catalyst activity was not satisfactory.

Scheme 10. Proposed Catalytic Cycle of Alkylative Aldol Reaction of Ketones47

Scheme 11. Catalytic Enantioselective Alkynylation of
Trifluoromethyl Ketones57,64

Scheme 12. Proposed Catalytic Cycle of Copper
Alkoxide-Catalyzed Direct Alkynylation of Trifluoromethyl
Ketones64
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4.2. Catalytic Asymmetric Allylation of Simple
Ketones Using Cu(I) Catalyst

Although the carbonyl-ene reaction is ideal with regard
to atom economy, it is difficult to expand the substrate
generality to unactivated ketones due to its large transition
state energy barrier. More practical catalytic asymmetric
methods for homoallylic alcohol synthesis use activated
nucleophiles, such as allyltin, allylsilane, or allylboron
reagents. Although there are many successful examples of

catalytic asymmetric allylation of aldehydes,70 expansion of
the substrate scope to ketones began only recently by
modifying the Keck-Tagliavini-Umani-Ronchi asym-
metric allylation of aldehydes71 using the BINOL-Ti Lewis
acid catalyst and the allyltin nucleophile.72 The drawbacks
of this strategy, however, are the requirements of high
catalyst loading (20-30 mol %) and toxic organotin
compounds.

In 2002, our group developed a general catalytic
allylation using CuF (generated from CuCl and TBAT)
as a catalyst and allyltrimethoxysilane as a nucleophile.73

This basic methodology for allylation covers substrates
including aldehydes, ketones, aldimines, and ketimines.
Simple extension of this method to a catalytic asymmetric
allylation of ketones using chiral bisphosphines, however,
was only partially successful (up to 86% ee) due to the
deceleration effects of the chiral ligands. After 2 years of
studies, we developed an asymmetric allylboration of ketones
using a CuF-iPr-DUPHOS (64) complex catalyst [gener-
ated via reduction of CuF ·2H2O with 64 (2 equiv to Cu);
Table 15].74 Addition of La(OiPr)3 as a cocatalyst dramati-
cally improved catalyst activity without affecting the enan-
tioselectivity. Products were obtained with moderate to high
enantioselectivity from both aromatic and aliphatic ketones.
Our method was the first to overcome the above-mentioned
problems in the previous reactions using allyltin. Moreover,
high catalyst activity allowed us to extend this method to
the first catalytic asymmetric crotylation of ketones. Although
the diastereoselectivity must be improved, products contain-
ing contiguous tetrasubstituted-trisubstituted carbons were
obtained with excellent enantioselectivity (entries 10-15).
The (E)- and (Z)-crotylboronates (63) afforded the corre-
sponding anti- and syn-isomers, respectively, as the major
products in the case of aromatic ketones (entries 10 and 11),
whereas anti-isomers were the major products irrespective
of the geometry of crotylboronate in the case of aliphatic
ketones (entries 12-15).

There are two noteworthy points regarding the mech-
anism of this reaction. First, the active nucleophile was
an allylcopper species that was generated through trans-
metalation from B to Cu. Identical enantioselectivity was
produced using allylboronate 62, allyltrimethoxysilane, or
allyltributyltin as an allylating reagent, suggesting that an
identical species, most probably allylcopper, acted as the
actual nucleophile. Generation of allylcopper from 62 in

Table 14. Catalytic Enantioselective Carbonyl-Ene Reaction of
Methyl Pyruvate Reported by Evans67

Scheme 13. Catalytic Asymmetric Intramolecular
Carbonyl-Ene Reaction68

Scheme 14. Catalytic Enantioselective Carbonyl-Ene
Reaction of Methyl Pyruvate Reported by Bolm69
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the presence of the CuF catalyst was also supported by
NMR observation. Second, cocatalyst La(OiPr)3 acceler-
ated the rate-determining transmetalation step without
affecting the enantiodifferentiation step (addition of al-
lylcopper to ketones). The catalytic cycle was proposed
as shown in Scheme 15. CuF transferred hard fluoride onto
hard boron, affording copper borate 65. The soft allyl
ligand on the boron atom was then transferred back to
the soft Cu, generating the active nucleophile, allylcopper
66. This transmetalation was not very efficient in the
absence of La(OiPr)3. Once allylcopper 66 was generated,
it rapidly reacted with ketones through a putative cyclic
transition state 67. This addition step defined the enanti-
oselectivity but was not rate-determining. The resulting
copper alkoxide 68 again had a mismatched soft-hard
combination, and quickly transferred the alkoxide ligand
onto the boron atom of 62 or 63. Through the ate complex
69, allylcopper was regenerated with liberation of product
70.

A cyclic transition state model 67 was proposed for the
addition step of allylcopper to ketones. This model was
based on the fact that the geometry of crotylboronates 63

reflects the relative stereochemistry of the products in the
case of aromatic ketones (Table 15, entries 10 and 11).
In contrast, anti-isomers are the major products irrespec-
tive of the geometry of 63 in the case of aliphatic ketones.
This difference, which depends on the substrate ketones,
is due to differences in the relative rate of metallotropic
equilibrium75 versus addition to ketones. Allylic metal
compounds with ionic characteristics (such as allyllithium,
magnesium, and zinc reagents) are configurationally unstable,
existing as a mixture of rapidly equilibrating (E)- and (Z)-
isomers through 1,3-metal transposition. Allylcopper is in
this category, which is supported by the fact that the linear
product was the only observed isomer (46% yield) in the
Cu-catalyzed crotylation of a bulky ketone, t-butyl methyl
ketone, using (E)- and (Z)-63. The rate of the crotylcopper
addition to aromatic ketones might be faster than that to
aliphatic ketones. Therefore, the addition could proceed
before E/Z equilibrium of crotylcopper in the case of aromatic
ketones, whereas the addition proceeded after equilibrium
in the case of aliphatic ketones. Model 67 rationalizes both
the absolute and the relative configurations of the products.

Table 15. Catalytic Asymmetric Allylboration of Ketones74

Tertiary Alcohols and R-Tertiary Amines Chemical Reviews, 2008, Vol. 108, No. 8 2865



4.3. Comparison of Four Methodologies of
Catalytic Asymmetric Allylation of Ketones

After our report, three groups reported catalytic asym-
metric allylation of ketones using nucleophiles other than
toxic allyltin. Interestingly, all of those methods involved
activation of the nucleophile side. First, Yamamoto
developed a AgF-DIFLUORPHOS catalyzed asymmetric
allylation of ketones using allyltrimethoxysilane as the
nucleophile (Table 16, entry 2).76 Before this achievement,

his group developed an AgF-BINAP catalyzed allylation of
aldehydes in MeOH.77 Allysilver generated via transmeta-
lation was proposed to be the active nucleophile. By reducing
the amount of MeOH to 1 equiv to the substrate, ketone
allylation proceeded in high yield. Addition of MeOH was
essential to regenerate the catalyst from the intermediate
silver alkoxide, which was produced by the allyl transfer
from silver to a ketone. Excellent enantioselectivity was
produced from aromatic and R,�-unsaturated ketones. Cro-
tylation also proceeded with excellent enantioselectivity,
affording the syn-product as a major isomer irrespective of
the geometry of crotylsilane (entry 2). Second, Schaus’
reaction utilized allyldiisopropoxyborane as a nucleophile
in the presence of a catalytic amount of 3,3′-dibromo BINOL
(entry 3).78 The reaction was facilitated through ligand
exchange on the boron atom from the isopropoxyl to the
BINOL derivative. The resulting chiral allylboronate had
higher Lewis acidity on the boron, thus producing enhanced
reactivity.79 Applicable substrates were restricted to aromatic
ketones and R,�-unsaturated ketones. The geometry of
crotylboronate was transferred to the relative stereochemistry
of the products with high fidelity, which led to the proposal
of a cyclic transition state model for the addition step. Third,
a chiral Cr-catalyzed asymmetric Nozaki-Hiyama-Kishi
reaction between allylbromides and ketones was developed
by Sigman (entry 4).80 Excellent enantioselectivity was
obtained from aromatic ketones. Crotylation also proceeded,
but only the results using (E)-crotylbromide were described.
In Table 16, representative results of crotylation using the
four currently available catalysts are compared, because the
characteristics of each reaction are clear in crotylation.

Scheme 15. Proposed Catalytic Cycle of CuF-Catalyzed
Allylboration of Ketones74

Table 16. Comparison of the Four Catalytic Asymmetric Methods of Ketone Allylation (Crotylation)
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4.4. Catalytic Enantioselective Allylation of
Ketimines

The CuF-catalyzed asymmetric allylation of ketones was
extended to the first catalytic enantioselective allylation of
ketimines (Table 17).81 Tuning of three parameters was
necessary: (1) sterically tuned cyclopentyl-DUPHOS (71)
afforded higher enantioselectivity than iPr-DUPHOS (the
optimum chiral ligand for ketone allylation); (2) slow
addition (over 2 h) of tBuOH accelerated the reaction through
facilitating the catalyst turnover step by protonation of the
intermediate copper amide generated after the addition of
allylcopper to a ketimine; (3) LiOiPr, rather than La(OiPr)3,
was the optimum cocatalyst. High enantioselectivity was
produced from aromatic ketimines (entries 1-7), whereas
aliphatic substrates afforded unsatisfactory results (entry 8).82

The N-benzyl protecting group can be selectively cleaved
in high yield through IBX oxidation to the corresponding
N-benzylidene imine,83 followed by acid hydrolysis.

Based on detailed NMR studies, the cocatalyst [La(OiPr)3

for ketone allylation and LiOiPr for ketimine allylation]-
induced acceleration of transmetalation from allylboronate
to allylcopper (see Scheme 15) was due to the generation of
electron-rich alkoxyborate 73 via a facile cation exchange
between initially formed copper fluoroborate 65 and lithium
alkoxyborate 72 (Scheme 16). This reactive precursor (73),
rather than fluoroborate 65, was the major species trans-
formed to allylcopper. La(OiPr)3(the optimized cocatalyst in
the allylation of ketones) should also accelerate the reaction
in a similar manner as LiOiPr shown in
Scheme 16.

4.5. Copper Alkoxide-Catalyzed Enantioselective
Allylation of Ketones and Ketimines

Because the catalytic cycle of CuF-catalyzed allylation
contains a copper alkoxide species (68 in Scheme 15 for
ketone allylation, or CuOtBu for ketimine allylation, which
was generated after protonation of the intermediate copper
amide with additive tBuOH) as an intermediate, a new
catalytic system was developed using a CuOtBu-chiral
phosphine complex as the catalyst (Table 18).84 KOtBu (2
equiv excess to Cu) was used as the cocatalyst. Results
comparable to those of the previous CuF catalysis were
obtained using this new protocol using a smaller amount of
the chiral phosphines.

5. Catalytic Asymmetric Arylation and
Alkenylation of Ketones

Copper-catalyzed arylation and alkenylation producing
tertiary alcohols is currently restricted to using activated
ketones (such as trifluoromethyl ketones or R-keto esters)
as substrates.85 Lewis acid Cu(II)-catalyzed direct asym-
metric arylation (Friedel-Crafts reaction) of trifluoropyruvate
using electron-rich aryl groups as a nucleophile was first
reported by Jørgensen (Table 19).86 The enantioselectivity
and yield strongly depended on the introduced aryl groups.
When an amino group is present in the nucleophile, the amine
should be protected with sterically demanding benzyl or allyl
groups to prevent the coordination of amine to the catalyst
(entries 13-15). The absolute configuration of the products
was explained based on a model similar to those of the
catalytic asymmetric aldol reaction (2) and carbonyl-ene
reaction (59) promoted by the related catalyst.

Enantioselective arylation of trifluoropyruvate promoted
by a silica gel-supported box-Cu(OTf)2 catalyst was reported
by Corma and Garcı́a.87 Solid supported catalyst 76 was
synthesized through radical coupling between Cu(OTf)2-
Ph-box complex part 74 and solid-supported thiol 75 in the
presence of AIBN (Scheme 17, eq 1). Catalyst 76 promoted
the addition of 1,3-dimethoxybenzene to trifluoropyruvate
with excellent enantioselectivity (Scheme 17, eq 2). The
enantioselectivity and catalyst activity of 76 were signifi-
cantly higher than those of homogeneous catalyst 74 (44%
yield with 72% ee). This tendency is unusual but may be
explained from the point of view that an undesirable
complex-complex interaction was minimized by the solid
surface support. Although the enantioselectivity was de-
creased in the second cycle, 76 was recyclable without any
Cu2+ leaching.

Wilson88 and Liu, Wang, and Chen89 also reported
catalytic enantioselective arylation of trifluoropyruvate using
modified chiral ligands (Scheme 18).

The CuF-catalyzed nucleophile activation via transmeta-
lation was also applicable in enantioselective alkenylation
and arylation of activated ketones.57,90 Although transmeta-
lation of alkenylsilanes to alkenylcopper has been reported,91

there were no examples of the use of the thus-generated
alkenylcopper as a nucleophile to carbonyl compounds prior
to our studies.90a Systematic screening of phosphine ligands
for CuF revealed that alkenylation proceeded using alkenyl-
trimethoxysilane as a nucleophile in the presence of sterically
congested bisphosphine ligands. This platform reaction was
extended to a catalytic enantioselective version. DTBM-
SEGPHOS (39) was identified as the optimum chiral ligand.
The reaction produced excellent enantioselectivity from

Table 17. Catalytic Enantioselective Allylation of Ketimines81
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various aldehydes and activated ketones including an R-keto
ester (Table 20, eq 1)90a and trifluoromethyl ketones57 (Table
20, eq 2). The same catalyst also promoted enantioselective
phenylation reactions using dimethoxydiphenylsilane as a
nucleophile. Generation of alkenylcopper or arylcopper as
the active nucleophile was confirmed by NMR studies.

6. Catalytic Enantioselective Alkylation of
Trifluoromethyl Ketimines

Although there are several reported examples of Cu-
catalyzed enantioselective alkylation of aldimines using
diorganozinc reagents as a nucleophile,92 there is only one
example that extended the substrate scope to activate
ketimines (trifluoromethyl ketimines 80, Table 21).93,94

Stable and isolable hemiaminal 79, synthesized through
condensation of trifluoromethyl ketones and diphenylphos-
phinamide in the presence of Ti(OEt)4, was converted to
trifluoromethyl ketimine 80 under the reaction conditions of
the catalytic asymmetric reaction in the presence of excess
dialkylzinc. A Cu(OTf)2 and bisphosphine monoxide ligand
8192f complex was used as an enantioselective catalyst. The

reaction scope was limited to aromatic ketimines and
dialkylzinc (including Me2Zn).

7. Cu(II)-Catalyzed Asymmetric Cycloaddition to
Produce Tetrasubstituted Carbons

The first catalytic asymmetric hetero-Diels-Alder-type
reaction between Danishefsky’s diene 8295 and R-keto es-
ters or 1,2-diketones was reported by Jørgensen using
Cu(OTf)2-tBu-box complex 1 (Table 22).96 Excellent
enantioselectivity was produced from a wide range of
substrates. Catalyst loading was decreased to as low as 0.05
mol %, while the high enantioselectivity was maintained.
The absolute configuration of the products was explained
based on model 83, similar to those of aldol reaction (Scheme
2, 2) and carbonyl ene-reaction (Table 14, 59).

A Cu(OTf)2 complex of cis-aminoindan-2-ol-derived box
ligand 84 can promote the hetero-Diels-Alder-type reaction

Scheme 16. Proposed Acceleration Mechanism of the Cocatalyst

Table 18. CuOtBu-Catalyzed Enantioselective Allylation of
Ketones and Ketimines84,a

a The ketone allylation was conducted in the presence of 3 mol %
of CuOTf, 9 mol % of KOtBu, 4 mol % of iPr-DUPHOS (64), and 1.2
equiv of 62 in DMF at -40 °C. The ketimine allylation was conducted
in the presence of 10 mol % CuOTf, 30 mol % of KOtBu, 11 mol %
of cPent-DUPHOS (71), and 3 equiv of 62, with slow (2 h) addition of
tBuOH (1 equiv) in toluene at 0 °C. b CuF catalysis. The asymmetric
catalyst was prepared via reduction of CuF2 · 2H2O using the chiral
phosphines (2 equiv to Cu).

Table 19. Catalytic Enantioselective Arylation of
Trifluoropyruvate Developed by Jørgensen86
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between 82 and R-keto esters with enantioselectivity com-
parable to that of complex 1 (Table 23).97 This reaction was
used as a platform for a catalytic asymmetric synthesis of
(-)-malyngolide (85). The enantioselectivity of the key
reaction for the total synthesis of 85, however, was only
moderate (entry 4).

A dynamic catalytic system involving in situ generation
of a chiral catalyst from a mixture of diamine (86),
cyclobutanone (87), and Cu(OTf)2 was developed by Dalko
and Cossy (Scheme 19).98 The three components were
premixed for 16 h at room temperature, during which the
equilibrium shifted to the desired Cu complex 88. The
mixture was an efficient catalyst for a [4 + 2] cycloaddition
reaction of Danishefsky’s diene 82 and ethyl pyruvate. The
premixing time of the three catalytic components was
important for high enantioselectivity. The cycloaddition
reaction proceeded in a stepwise manner, and an intermediate
linear product resulting from a Mukaiyama aldol reaction

of 82 to the ketone moiety of pyruvate was also obtained.
The linear product was converted to the cyclic product by
treatment with catalytic amounts of TFA (step 2). The
reaction did not proceed using a complex of Cu(OTf)2 and
diamine 86 as the catalyst in the absence of 87 or using
cyclohexane 1,2-diamine instead of 86 in the presence of
Cu(OTf)2 and 87. Among ketones and aldehydes investigated
as the imine part of the catalyst, cyclobutanone 87 afforded
the highest enantioselectivity. In addition, the Cu/ligand ratio
was critical for both enantioselectivity and catalyst activity.
Due possibly to such strict requirements on the reaction

Scheme 17. Enantioselective Arylation of Trifluoropyruvate
Using Silica-Supported Catalyst Developed by Corma and
Garcı́a87

Scheme 18. Catalytic Enantioselective Arylation of
Trifluoropyruvate Developed by Wilson (Eq 1)88 and Liu,
Wang, and Chen (Eq 2)89

Table 20. Catalytic Enantioselective Alkenylation and Arylation
of Activated Ketones57,90a

a R2 ) OMe. b Catalyst loading ) 5 mol %. c R2 ) Ph.

Table 21. Catalytic Enantioselective Alkylation of
Trifluoromethyl Ketimines93
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conditions, results were described only for the reaction
between 82 and ethyl pyruvate.

A sterically modified box ligand was applied to the
Cu(OTf)2-catalyzed hetero-Diels-Alder reaction.14,99 The
enantioselectivity, however, was significantly lower than that
of the above three examples.

The dienophile scope of the catalytic asymmetric [4 + 2]
cycloaddition reaction that produces tetrasubstituted carbon
was extended to N-oxy-pyridine ketone 89 by Jørgensen
(Table 24).100 Ketone 89 is electronically activated and can
form stable bidentate chelation to a Lewis acid metal. These
two factors are favorable for Cu(II)-box catalysis. Excellent
enantioselectivity was produced using the Cu(OTf)2-box
complex 78 as a catalyst. The reaction proceeded via a
stepwise Mukaiyama aldol reaction followed by cyclization,
and, in some cases, the intermediate noncyclized products
were isolated. The absolute configuration of the products was
rationalized based on model 90, in which the nucleophile
approached the activated ketone from the side opposite that
of the steric bulkiness of the chiral ligand.

Chiral Lewis acid Cu catalysts can promote asymmetric 1,3-
dipolar cycloaddition of azomethine ylide with electron-deficient

Table 22. Catalytic Enantioselective Hetero-Diels-Alder-Type
Reaction of Activated Ketones Developed by Jørgensen96a,a

a Catalyst loading was 10 mol % (x ) 10) unless otherwise noted.
b x ) 0.05. c x ) 0.5. d x ) 2.5.

Table 23. Catalytic Enantioselective Hetero-Diels-Alder-type
Reaction of r-Keto Esters Developed by Ghosh97

a Enantiomer of 84 was used.

Scheme 19. Catalytic Enantioselective [4 + 2] Cycloaddition
Reaction of Pyruvate Developed by Dalko and Cossy98

Table 24. Catalytic Enantioselective [4 + 2] Cycloaddition
Reaction of N-Oxy-pyridine Ketone100
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alkenes to produce enantiomerically enriched 2,2-disubstituted
pyrrolidines (Scheme 20).101,102 This type of reaction, however,
induced tetrasubstituted carbon chirality at the nucleophilic site.
The reaction has yet to be extended to tetrasubstituted carbon
formation at the electrophilic imine part.

8. Summary and Outlook
This review summarizes Cu-catalyzed asymmetric addition

reactions of carbon nucleophiles to ketones and ketimines. The
catalytic asymmetric synthesis of tertiary alcohols and R-tertiary
amines is a recently emerging, highly challenging field in
organic synthesis. Specifically, simple unactivated ketones and
ketimines remain difficult substrates. As described in this
review, Cu catalysis significantly contributes to this field. Due
to the difficulties in synthesizing enantiomerically enriched
tertiary alcohols and R-tertiary amines, their properties, espe-
cially as a chiral building block of drug candidates, have not
been thoroughly studied. Considering their enhanced lipophi-
licity and stability against enzymatic degradation compared to
secondary alcohols and R-secondary amines, they might have
a unique biologic function. Therefore, developing practical
catalytic asymmetric methods for the synthesis of tertiary
alcohols and R-tertiary amines will contribute to a vast field,
including medicinal chemistry and life science. In addition,
novel synthetic methods producing otherwise difficult-to-access
compounds generally allow synthetic chemists to use conceptu-
ally new and qualitatively more efficient strategies to synthesize
complex molecules.103 Moreover, efforts to solve the problems
involved in the use of challenging substrates (especially,
unactivated ketones and ketimines) should lead to the
development of new concepts in asymmetric catalysis.
Representative challenges in this field are (1) improving
enantioselectivity and substrate generality; (2) simplifying
complex molecule synthesis; and (3) discovering unique
characteristics (especially, in medicinal chemistry) of tetra-
substituted carbon-containing molecules.104
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