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1. Introduction

The catalytic asymmetric addition reactions of organo-
metallic reagents to C=N double bonds of imines are
fundamentally important processes, which provide convenient
and versatile routes to optically active amines bearing a
stereogenic center at the o-position. Optically active
o-branched amines are important chiral building blocks, and
are abundantly present in biologically active compounds,
such as methoxyphenamine (a 3,-adrenergic antagonist for
treatment of asthma), rivastigmine (an AcCh esterase inhibi-
tor for treatment of Alzheimer’s disease), tamsulosin (a
selective ou;-adrenergic antagonist to improve urinary trouble
due to prostatic hyperplasia), and repaglinide (a blocker of
ATP-dependent K™ channels in j cells used as a hypogly-
cemic agent) (Figure 1).

Asymmetric addition to C=N double bonds has been
achieved based on the use of a chiral auxiliaries' or chiral
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ligands.? In 1982, Takahashi and co-workers reported the
pioneering work of a chiral auxiliary-controlled asymmetric
addition of organolithium reagents to imines 1 derived from
aldehydes and valinol or phenylglycinol (Scheme 1).**

The chiral auxiliary strategy is still an important technol-
ogy from a practical point of view because separation of the
diastereomeric products prior to cleavage of the chiral
auxiliary provides enantiomerically pure products. In the past
two decades, the asymmetric additions of organometallic
reagents to the C=N double bonds of imines in the presence
of a stoichiometric or catalytic amount of a chiral ligand
have been developed as a new technology for the synthesis
of optically active amines, including alkaloids. The ligand-
induced enantioselective synthesis has the potential for direct
recovery and reuse of the unchanged chiral ligands. In 1990,
Tomioka and co-workers reported the first chiral ligand-
controlled asymmetric addition reaction of organometallic
compounds to C=N double bonds of imines with organo-
lithium reagents activated by a chiral amino ether ligand §
(Scheme 2).°> Even with 5 mol % of ligand 5, enantiomeri-
cally enriched amine 6 was produced, though with moderate
ee, opening up the door to catalytic asymmetric addition
reactions of organometallic reagents to a C=N double bond
of an imine.®

Denmark and co-workers also showed the excellent ability
of asymmetric induction of (—)-sparteine and bisoxazoline
ligands and the catalytic use of these ligands for addition of
organolithium reagents to imines (Scheme 3).’

In 1992, Soai and co-workers reported the first catalytic
asymmetric addition reaction of a dialkylzinc reagent to a
C=N double bond.® In the presence of chiral amino alcohol
11, addition of dialkylzinc reagents to N-(diphenylphosphi-
noyl) imines proceeded with high enantioselectivity (Scheme
4). Surprisingly good enantioselectivity was observed even
with 10 mol % of the amino alcohol, although the chemical
yield was not satisfactory.

Since these early examples, considerable energetic ap-
proaches toward the catalytic asymmetric addition of orga-
nometallic reagents to C=N double bonds of imines have
appeared. Among these, chiral s-allylpalladium-catalyzed
allylation with allylstannane® or allylsilane,'® and rhodium-
MOP-based phosphine-catalyzed arylation with arylstan-
nanes'' showed impressive early success. A key concept is
catalytic generation of reactive organometal—chiral ligand
complexes from corresponding less reactive organometallic
reagents in situ. Excellent feature articles have been published
on this exciting topic.'™™'? However, in great contrast to
the chiral amino alcohol catalyzed asymmetric alkylation of
aldehydes with organozinc reagents, which has become a
very effective and general method,'? the catalytic asymmetric
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addition of simple alkylmetals to imines that satisfies high
catalytic performance in chemical yield and enantioselectivity
had not been achieved until very recently copper-catalyzed
asymmetric addition of dialkylzinc to imines appeared.'* In
this review, we focus on these recently developed copper-
catalyzed asymmetric reactions and some related reactions
including other copper-catalyzed asymmetric addition reac-
tions of imines. For the reactions of stabilized carbanions,
such as enolates, nitronates, and cyanide, the previous report
is recommended as an excellent review.'

2. Reactivity of Imine

The addition to imines has been limited by the poor
electrophilicity of the azomethine carbon atom, in comparison
with that of a carbonyl group.'! This poor electrophilicity is
attributable to the less polarity of C=N double bonds (C=N
0.9 D vs C=0 2.3 D) due to the smaller electronegativity
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Figure 1. Selected examples of biologically significant a-chiral
amines.

Scheme 1

1 1
i AL Ho 2\ g B

#—~N. o)
RZQN)\ Rz(“‘i’ —>R2/\”
OH si - ALi OH

1 3
46-82%, 84-98% de

Et,O or THF

R' = i-Pr, Ph

R? = Et, Bn, Ph, 4-MeCgH,, 4-MeOCgH,, 4-CICgH,,
2-furyl, 2-thienyl, 3-thienyl, ferrocenyl

R =Me, Bu, Ph, 4-MeCgH,, 4-MeOCgH,, 4-CICeH,

Scheme 2
Bn
.PMP Me,N O, _PMP
JT0
MeO P
Ph 4 + Meli Ph 6 Me
toluene 526 eq:98%, 75% ee
0.05 eq: 96%, 40% ee
Scheme 3
Et Et
oh\o}
.PMP .PMP
'\|l B " 8 " “8 HN
g=ll] -Bu
Ph/\) + MelLi Ph/\)\Me
7 toluene 9
8 1.0 eq: 96%, 91% ee
0.2 eq: 81%, 82% ee
Scheme 4
1 1
.P—Ph .P—Ph
’\‘l \Ph Me Ph HN \Ph
Et,Zn ————
Ph) +ER toluene Ph Et
10 12

11 1.0 eq: 89%, 90% ee
0.5 eq: 69%, 85% ee
0.1 eq: 12%, 75% ee

of nitrogen (Pauling 3.0) than that of oxygen (Pauling 3.5)."
This difference in electronegativity also results in the less
stability of amide (pKa for H,N—H ca. 38)'° than hydroxide
(pKa for HO—H ca. 16),'” which are formed by addition of
organometallic reagents to C=N and C=O double bonds,
respectively, suggesting the addition reaction to C=N double
bonds should be thermodynamically much more disfavored
than that to C=0O double bonds.

The lower electrophilicity of imines has been overcome
by attaching activating substituents on the imine nitrogen
atom as well as by a Lewis acid activation of imines. Also,
increased nucleophilicity of the organometallic reagents has
been utilized. A nonsubstituted imine 13 and frequently used
activated imines 14—18 are shown in Figure 2 along with
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Figure 2. Structure of acetaldehyde (19) and its imines 13—18,
and the natural atomic charges in electrons on the carbonyl or
azomethine carbons.

the corresponding aldehyde 19. All these substituents on the
imine nitrogen atoms have the ability to stabilize a negative
charge on the nitrogen atom, resulting from addition of
organometallic reagents, by delocalization over the aromatic
rings or on the electronegative oxygen atoms. The atomic
charges of the azomethine carbons, given by the HF/6-31G*
level molecular orbital calculations, are shown in Figure 2,
suggesting increased electrophilicity of imines 14—18.

3. Dialkylzinc Reagents

Dialkylzinc reagents are less nucleophilic organometallic
compounds and, without any activation, react slowly with
aldehydes and very slowly or not at all with imines and
nitriles because the C—Zn bond is rather nonpolar due to
relatively large electronegativity of zinc (Pauling 1.6) and
an sp-hybridized linear geometry at the zinc.'® From a
viewpoint of functional group tolerance, the mild reactivity
of dialkylzinc reagents is advantageous as an alkyl group
donor if an appropriate activation is possible. Although
commercially available dialkylzinc reagents are so far limited
to those having C, to C4 alkyl groups, several practical
preparation methods have been developed especially by
Knochel and co-workers.'” A variety of functionalized
dialkylzinc reagents can be prepared via iodine—zinc ex-
change without®® or with copper salt? or irradiation,?
boron—zinc exchange,”® or nickel-catalyzed hydrozinca-
tion.?*

The successful applications of dialkylzinc reagents in
organic synthesis have been summarized in several reviews. '
Dialkylzinc reagents have been efficiently activated by
transmetalation or complexation with a variety of transition
metal salts. In 1993, this strategy was nicely applied to
copper-catalyzed asymmetric conjugate addition reactions®°
by Alexakis and co-workers.*’ Activation of dialkylzinc was
also achieved by coordination of a Lewis basic ligand that
forces a bent geometry at the zinc, where the increased
polarity of C—Zn bond makes the alkyl group more nucleo-
philic and the zinc more Lewis acidic.'® The catalytic
asymmetric alkylation of aldehydes with dialkylzinc reagents
using catalytic amount of chiral amino alcohol ligands is one
of the most successful asymmetric catalytic reactions.'? Soai
and co-workers showed this amino alcohol strategy was
applicable to the addition of dialkylzinc reagents to N-
(diphenylphosphinoyl) imines as shown in Scheme 4.
However, due to lower electrophilicity of the imines, the
catalyst efficiency was not as good as the corresponding
reaction with aldehydes. Recently, chiral ligand complexes
of certain metals, such as copper, zirconium, or hafnium,
were found to accelerate the addition reaction of dialkylzinc
reagents to C=N double bonds of imines. In the next section,
the copper-catalyzed reactions will be discussed. The other
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metals-catalyzed asymmetric addition reactions as well as
recent progress of the chiral Lewis base strategy will also
be introduced in section 6.

4. Copper-Catalyzed Asymmetric Addition of
Dialkylzinc to Imines

4.1. Addition to C=N Double Bonds of Imines

As shown in section 3, enhancement of nucleophilicity of
alkyl groups of dialkylzinc reagents has been realized by
transmetalation or complexation with transition metal salts.'***
Among these transition metal salts, a copper salt with an
appropriate chiral phosphine ligand has been widely studied
and utilized as an excellent catalyst for asymmetric conjugate
addition of dialkylzinc and other organometallic reagents.?
In 2000, Tomioka and co-workers first reported the accelera-
tion effect of a copper—phosphine complex on the addition
reaction of dialkylzinc reagents to imines, and developed a
catalytic asymmetric reaction using a chiral amidophosphane
ligand.'** The addition of diethylzinc to N-tosyl imine 20
was a sluggish reaction which gave adduct 21 in low yield
along with significant amounts of reduced product 22 and
recovered imine 20 after 4 h at 0 °C (Scheme 5). The addition
of copper(Il) triflate accelerated the addition, and 21 was
obtained in improved yield with decreased amounts of 22
and 20 after 12 h at room temperature. A complex of the
copper salt and a phosphine further enhanced the reaction
rate as well as suppressed the production of 22 to give 21 in
further improved yield after 4 h at 0 °C.

The first asymmetric addition of diethylzinc to imines has
been achieved by using chiral amidophosphane 24 as a
ligand.'** Imines 23 bearing tosyl, mesyl, or 2-trimethylsi-
lylethanesulfonyl groups on the nitrogen atom were good
acceptors to give the addition products with high enantiose-
lectivity up to 94% in high yield using 1 mol % of
24—copper complex (Scheme 6). It is noteworthy that only
a negligible amount of reduced products were observed in
this asymmetric version. Other N-substituents were also
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tested.”® N-(Diphenylphosphinoyl) imine 23 (R' = Ph, R?
= Ph,P(0)) was found to be less effective, giving product
25 with lower enantioselectivity and yield (38%, 34% ee).
In contrast, the reaction of N-methoxycarbonyl imine 23 (R’
= Ph, R = MeO,C) took place smoothly, but almost racemic
25 (90%, 3% ee) was obtained. The addition to N-PMP imine
23 (R' = Ph, R? = 4-MeOC4H,) failed to proceed.

The modification of ligand 24 revealed that a bulkier
substituent on the pyrrolidine ring improves the catalyst
efficiency in chemical yield and enantioselectivity. The best
ligand for the addition of diethylzinc was found to be
amidophosphane 27 (R® = 2,4,6-Me;CeH,CH,) to afford
adducts 28 with increased enantioselectivity and yield
(Scheme 7).'*™¢ Enolizable aliphatic imines were also
applicable in this reaction.

The previous limitation on the use of other dialkylzinc
reagents was overcome also by a bulky amidophosphane.
Generally, dimethylzinc shows less donor ability in addition
reactions. The asymmetric addition of dimethylzinc as well
as diisopropylzinc to N-tosyl imine 20 was catalyzed by more
bulky amidophosphane 27 (R = 2,4,6-i-Pr;CsH,CH,) to give
adducts 29 with good enantioselectivity in high yield
(Scheme 8).'#

Charette and co-workers reported another example of this
copper-catalyzed reaction with a unique chiral bisphosphine
monoxide ligand 31 (Scheme 9). A wide range of N-
(diphenylphosphinoyl) imines 30 derived from aromatic
aldehydes were converted into the corresponding adducts 32
with high enantioselectivity in high chemical yield. Facile
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cleavage of a diphenylphosphinoyl group from a nitrogen
atom under mildly acidic conditions, e.g., methanolic HCI1
at room temperature,”” is an advantage of the use of the
N-(diphenylphosphinoyl) activating group. Dialkylzinc hav-
ing siloxy group was shown to be applicable, highlighting
an advantage of the functional group tolerance of diorga-
nozinc reagents. Only non-enolizable imines were applicable
to this reaction.

Instead of the direct use of unstable enolizable aliphatic
N-(diphenylphosphinoyl) imines, two alternatives were proven
to be effective. Sulfinate adducts 33 generates the corre-
sponding imines in situ, which then underwent ethylation to
produce adducts 32 with high enantioselectivity and yield
(Scheme 10).*' Three-component type reaction of aldehyde
34, phosphinamide 35, and dialkylzinc also worked for
enolizable aldehydes to produce adducts 37 with high
enantiomeric excess (Scheme 11).>? Methylation with dim-
ethylzinc was also possible. In this reaction, copper complex
36 was employed as a precatalyst.

Development of asymmetric addition reaction to ketimines
is generally more difficult than that to aldimines because of
lower electrophilicity of the C=N double bonds as well as
difficulty of discrimination between two alkyl groups more
than that between an alkyl group and a hydrogen atom.*?
Charette and a co-worker reported the copper-catalyzed
asymmetric addition of dialkylzinc reagents to ketimines with
high enantioselectivity, though non-enolizable rather acti-
vated electron-deficient ketimines were used (Scheme 12).3*
In this reaction, the hemiaminal derivatives 38 served as an
imine precursor. The best copper source was different for
diethyl and dimethylzinc, respectively.
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Recently, Feringa, Minnaard, and a co-worker reported
an efficient copper-catalyzed addition of dialkylzinc reagents
to N-formyl imines generated in situ from their sulfinate
adducts 40 (Scheme 13).*> Monodentate phosphoramidite
ligand 41 was an effective chiral ligand for this reaction. A
variety of sulfinates 40 including those derived from eno-
lizable aliphatic aldehydes were applicable to the reaction.

In a methylation reaction, trimethylaluminum showed
better ability of enantioselective transfer of a methyl group
to imine than dimethylzinc and copper acetoacetonate was
the copper source of choice (Scheme 14). In the reaction
with trimethylaluminum, phosphoramide 45, generated by
in situ oxidation of 41, was found to play an important role
as a chiral analog of HMPA to modify a structure of the
actual catalyst that gives the product with good ee. Actually,
racemic 44 was obtained under conditions where no oxidation
of 41 to 45 took place. In contrast, neither the presence of
nor the absence of phosphoramide 45 much affected the
result of the reaction using diethylzinc as an alkylating agent.
It is also interesting that the observed sense of facial
selectivity was opposite to each other for dialkylzinc and
trimethylaluminum reagents.

In contrast to the well-studied mechanisms for the copper-
catalyzed conjugate addition reactions,? that for the copper-
catalyzed addition reactions of dialkylzinc reagents to imines
has not been fully discussed or documented yet. Possibly,
the reaction proceeds via metal exchange leading to the
formation of a zinc cuprate—ligand complex based on
analogy to the conjugate addition reactions. The ligand
effects on the reactions showed that the oxygen functional-
ities of ligands 24, 27, and 31 play important role in
enantioselectivity as well as an efficient transfer of an alkyl
group to N-tosyl and N-(diphenylphosphinoyl) imines. As
shown in Scheme 5, the tributylphosphine—copper complex
accelerated the addition of diethylzinc to N-tosyl imine 20,
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giving adduct 21 in 57% yield. Chiral bis(phosphine oxide)
52, monophosphine oxide 56, and monophosphines 54 and
55 also showed an ability to accelerate the addition to
N-(diphenylphosphinoyl) imine 49, but without any enanti-
oselectivity (Scheme 15).%°* Interestingly, phosphoramidite
53 that gave excellent results in the copper-catalyzed
asymmetric conjugate addition reaction to enones®® failed
to promote the addition reaction to imine 49 efficiently with
meaningful stereocontrol, though its diastereomer 41 gave
excellent results for the addition to N-formyl imines (Scheme
13). Conventional chiral bisphosphine ligands (R)-BINAP
(46), (—)-DIOP (47), and Me-DuPHOS (51)*’ were found
to be less effective in the reaction of N-tosyl and N-
(diphenylphosphinoyl) imines 20 and 49, giving adducts 21
and 50 with lower enantioselectivity, respectively.?** Another
type of chiral amidophosphane 48 had poor catalytic
performance, producing almost racemic 21 in low chemical
yield. These results may suggest the importance of coordina-
tion to zinc and/or hemilabile chelation to copper, by the
oxygen moieties of 24, 27 and 31 in the addition reactions
to N-tosyl and N-(diphenylphosphinoyl) imines. The asym-
metric addition of diethylzinc to imines 23 (R' = Ph) bearing
a bulky substituent (R2 = 2,4,6-Me;C¢H,S0O,) or an electron-
deficient sulfonyl group (R? = CeF5S0, or 4-NO,C¢Hs) was
significantly retarded.'** This observation implies that co-
ordination to copper or zinc by a sulfonyl oxygen followed
by conjugate addition-type alkylation takes place. In contrast,
an electron-withdrawing substituent on the phosphorus atom
of N-phosphinoyl imine slightly improved an enantioselec-
tivi%/ of the addition reaction using bisphosphine monoxide
31.7°

Other ligands were also reported for asymmetric addition
of diethylzinc (Scheme 16). Although bisoxazoline ligands
61°% and 1,2-cyclohexanediamine-based amino thiophos-
phoramide ligand 62°° were less efficient for this reaction,
binaphthyl-based amino thiophophoramide ligands 63 and
65*" were reported to give good results for N-tosyl*' and
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N-(diphenylphosphinoyl)*? aromatic imines, respectively.
Recently, ferrocene-connected amidophosphane 64** and
ferrocene-based** aminophosphane 66* were reported as a
new ligand for the reaction of N-tosyl and N-(diphenylphos-
phinoyl) imines 57 and 59, respectively In the reaction of
N- (dlphenylphosphmoyl) imines, amidophosphane 64 was
less effective.*®

4.2. Conjugate Addition to o,f-Unsaturated
Imines

When o,f-unsaturated imines are the substrate for the
addition reaction, the selectivity between 1,2-addition and
1,4-conjugate addition is a matter of concern. For the
asymmetric conjugate addition of Grignard reagents and
organolithium reagents, o.(-unsaturated aldimines were
shown to be good Michael acceptors.*” Besides, a copper
catalyst with dialkylzinc reagents is the established combina-
tion of reagents for the asymmetric conjugate addition of
alkyl groups to enones.”> Accordingly, one may expect the
copper-catalyzed asymmetric addition of dialkylzinc reagents
to o.,f-unsaturated imines to proceed in quite 1,4-selective
manner. Interestingly, however, the regioselectivity of the
reaction with diethylzinc and imine 67 derived from cinna-
maldehyde was found to depend on a substituent on imines
and a phosphane ligand, and under the standard conditions
for saturated imines, 1,4-adduct 68 and 1,2-adduct 69 were
obtained in 4:3 ratio after hydrolysis and reduction (Scheme
17).*® Under the conditions optimized for the conjugate
addition, where molecular sieves 4A slightly improved the
enantioselectivity, only 1,4-adduct 68 was obtained with good
enantiomeric excess. Even with o, 3-unsaturated ketimine 71,
the regioselectivity was reported to be solvent dependent.*’

Chemical Reviews, 2008, Vol. 108, No. 8 2879

Scheme 17
o 1. copper-catalyzed
\\ _Ar addition
Ph/\/\N v +EtZn —m8 ————
67 o 2. hydrolysis
3. NaBH,
Et Et
B Q\ Ar
Ph™ ™" 0H * Ph/\/\N
68 69
R
R
PPh,
PPh,
tBu/g NHBoc
R = 2,4,6-Me3CgHsCH, 70°Cu{MeCN),4BF 4 5 mol %
27+Cu(OTf), 5 mol % MS 4A
Ar = 4-MeCgH, Ar = 2,4,6--PrCgH,CH,
68 40%, 16% ee 68 80%, 80% ee
69 32%, 83% ee 69 0%
Scheme 18
Ph _Ph
0 Q. Me
Py PN
0" .0 Me
Ph" P
R2
N 7210 mol %
Cu(OTH), 5 mol %
R1/\)J\C02Et + EtyZn
71
1_
R2 = 4-MeCGH4 ,R2 ,RZ
R* = 4-NO,CgH, Et HN HN
R1v\cogEt + R1/\/I§COZEt
73 74
in toluene 73:74 = 90:3 , 82% ee
in THF  73:74 = 47:31, 60% ee
Scheme 19

OO o\ )—Me
O

/\)J\ 53+CuTC 10 mol % /\/]\

Ph * Et,Zn

toluene
90%, 80% ee
CuTC = copper thiophene-2-carboxylate

In contrast to the preferred 1,4-conjugate addition in toluene,
a significant amount of 1,2-adduct 74 was produced in THF
(Scheme 18). In the reaction of ketimine 75 having an
internal Lewis basic functionality, the 1,4-conjugate addition
proceeded exclusively with good enantioselectivity in the
presence of chiral ligand 53, probably via pseudointramo-
lecular delivery of alkylmetal species by the pyridine
functionality to the B-position (Scheme 19).°° Interestingly,
the reaction of the corresponding imine derived from
cinnamaldehyde under the same conditions proceeded in
completely 1,2-selective manner, though the enantioselec-
tivity was not reported.

5. Copper-Catalyzed Asymmetric Allylation,
Arylation, and Alkynylation Reactions of Imines

5.1. Copper-Catalyzed Asymmetric Allylation of
Imines

In 1998, the first catalytic asymmetric addition of an allyl
group to imines was achieved by Yamamoto and co-workers
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Scheme 20

g O P(4-MeCgH,),
P(4-MeCgHy)o
OO Ts

HN

-Ts 80~Cu(l) 5 mol %
N (]
|+ M Etozc)\/\

toluene or CH,CI
EtO.C v 81

77 78 M = SiEtg 78: 88%, 72% ee
79 M = SnBu, 79:91%, 83% ee

Scheme 21

l ! P(4-MeCgH,)o
P(4-MeCgH,),
C Ts

Ts HN
J/ )\ 80CuCIO, 5 mol % )\)L
+ Et0,C Ph
EtO.C Ph PhCF 2
> 77 82 s 83 95%, 99% ee
Scheme 22

L0
e,
“R R 5
_Bn 0 A= oCsfly HN
N / 86°CuF 10 mol %
+ /\/B Arj NS

Ar” "Me © LiO/-Pr, +BuCH Me
84 85 toluene

87
76%—97%, 81-93% ee
Ar = Ph, 3-MeCgH,, 4-MeOCgH,, 2-naphthyl,

3-MeOCgH,, 3-FCgH,, 4-CICH,

using chiral sr-allyl palladium complex as a catalyst with
allylstannane’® or allylsilane.'” Afterward, many stoichio-
metric or catalytic asymmetric allylation reactions of imines
have been developed,”" including addition of chiral allylzinc
species.”

Soon after the first report by Yamamoto, it was shown
that copper catalysis is also effective for allylation reactions.
Lectka’s group and Jgrgensen’s group independently devel-
oped the tol-BINAP (80)—copper(I)-catalyzed asymmetric
allylation of N-sulfonyl glyoxylate imine 77 with allylsilane
78 and that with allylstannane reagent 79,>* respectively
(Scheme 20).

tol-BINAP (80)—copper also catalyzed asymmetric ally-
lation of imine 77 via ene reaction to provide homoallylic
amine 83 with very high enantioselectivity and yield (Scheme
21).55% This result clearly shows that copper(I) can ef-
ficiently activate C=N double bonds of imines as a Lewis
acid catalyst and not only increase the donor ability of
carbonucleophiles by transmetalation or complexation.

The copper catalysis showed its efficacy when Shibasaki
and co-workers developed the first catalytic asymmetric
allylation of ketimines.”” N-Benzyl ketimines 84 were
allylated with good to high enantioselectivity with allylbo-
ronate 85 using DuPHOS 86—CuF as a catalyst (Scheme
22). The alkoxide additive facilitates the boron—copper
transmetalation as is usually the case in the transition metal-
catalyzed reactions with organoborane species.>®

5.2. Cosgper-CataIyzed Asymmetric Arylation of
Imines

In 1994, Denmark and co-workers showed that (—)-
sparteine (88) was a suitable chiral ligand to control
enantioselectivity in the addition of phenyllithium to imine
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(Scheme 23).”* Although selectivity decreased, enantiomeri-
cally enriched amine 89 was obtained with a substoichio-
metric amount of ligand 88.

The first catalytic asymmetric arylation of imine was
achieved by Hayashi and a co-worker in 2000 with a chiral
phosphine 91—rhodium catalyst and arylstannane species
(Scheme 24).'! Recently, the aryl group donor has been
replaced by less toxic aryltitanium® or arylboron®' reagents.

Copper also catalyzes the arylation of glyoxylate imine
93 via Friedel—Crafts-type reaction as a Lewis acid.®
Electron-rich aromatic compounds 94, such as indole,
pyrrole, furan, thiophene, and N, N-dimethylaniline deriva-
tives, underwent addition to the C=N double bond of imine
93 to provide amino ester derivatives 95 with good to very
high enantioselectivity (Scheme 25).9%%* N-Tosyl imines 57
were also good substrate for the asymmetric Friedel —Crafts-
type reaction catalyzed by a bisoxazoline 97—copper com-
plex (Scheme 26).°° Recently, a gold—silver-catalyzed
Friedel—Crafts-type reaction of imine was reported, though
the asymmetric version has not been developed.®® A catalg/tic
amount of chiral Brgnsted acid®”-°® and chiral thiourea,®” or
a stoichiometric amount of chiral chlorosilane’’were also
reported as promoters of this type of asymmetric
transformation.
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5.3. Copper Catalyzed Asymmetric Alkynylation
of Imines™

The activation of terminal alkynes as zinc acetylide
nucleophiles followed by their asymmetric addition to C=0
double bonds of carbonyl compounds with chiral amino
alcohol ligands is a well-established methodology.”* Carreira
and co-workers first showed applicability of this methodology
to addition to C=N double bonds in the racemic addition to
nitrones.”* A few asymmetric versions have been developed
using a stoichiometric amount of chiral amino alcohol’* or
chiral dialkoxide as a Lewis base.”” Recently, a catalytic
reaction has been reported using a chiral amino alcohol
though the lowest catalyst loading was 40 mol %.”° Until
now, copper played a major role also in this type of
asymmetric reactions. As is the case in zinc salts, copper
salts also form st-complexes with terminal alkynes, which
are converted into the corresponding copper acetylide nu-
cleophiles upon treatment with a weak base, such as an
amine. Other metals, such as iridium,””””® gold,®**? and
silver®3®* are also known to catalyze racemic addition of a
terminal alkyne to imine.

The first catalytic asymmetric addition of terminal alkynes
to C=N double bonds was achieved by Li and a co-worker
in 2002, using chiral bisoxazoline ent-61—copper complex
with imines generated in situ from aromatic aldehydes 99
and amines 100 (Scheme 27).%° The enantioselectivity and
yield as well as generality of alkyne were improved by using
modified ligand 102.%¢

Bisoxazoline 104 was also reported to be a better ligand
than 61 for the addition to glyoxylate imine 103 (Scheme
28).87 Interestingly, the reaction rate was accelerated in the
presence of 10 mol % of p-anisidine. Not only simple
1-alkynes and arylethyne, but synthetically useful trimeth-
ylsilylethyne also afforded the corresponding product, though
yield and enantioselectivity were moderate (55%, 48% ee).

Direct asymmetric alkynylation at the benzylic position
of tetrahydroisoquinoline 106 was demonstrated using this
catalyst via oxidation (Scheme 20).88

Binaphthyl-based ligands were also utilized for this
catalysis. Several substituents of 1,1'-binaphthyl-2,2'-di-
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amine-derived diimine ligands were examined for this
copper-catalyzed reaction, and pentafluorophenyl-substituted
ligand 110 was found to be the best (Scheme 30).% Recently,
new binaphthyl-based diamino diether ligand 111 was also
developed for catalytic asymmetric addition of terminal
alkynes to imine.”

The above-mentioned reactions were not compatible with
enolizable imines. In 2002, Knochel and co-workers suc-
ceeded in the catalytic asymmetric alkynylation of enamines,
thus enolizable imines. Metal salts and chiral ligands were
screened and the combination of copper(I) bromide®' and
Quinap (114) was found to be the best. A variety of enamines
were converted into propargylamines with good enantiose-
lectivity (up to 90% ee).”” It was proposed that the reaction
proceeded via in situ generated iminium species followed
by addition of an alkynyl group to the C=N double bond.
The limitation of this reaction, that only enolizable aldehydes
are applicable, was overcome by utilizing a three-component
protocol. Iminium species, generated in situ from an aldehyde
and a secondary amine, underwent the asymmetric alkyny-
lation reaction under the same conditions.”® Generally, higher
enantioselectivity was observed compared to the previous
enamine protocol, and non-enolizable aromatic aldehydes
were also applicable, though usually the enantioselectivity
was lower than those of aliphatic aldehydes (Scheme 31). It
is noteworthy that synthetically useful trimethylsilylethyne
also provided corresponding propargylamine with high yield
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and enantioselectivity. Improvement of enantioselectivity was
achieved with a new ligand 115.*

Recently, copper-catalyzed asymmetric alkynylation of
aromatic N-aryl imines 108 with terminal alkynes, dimeth-
ylzinc, and the catalytic amount of chiral tridentate N,O-
ligand 116 was reported (Scheme 32).° In this reaction,
addition of dimethylzinc improved enantioselectivity as well
as chemical yield. Diastereoselective addition of a chiral
alkynylboron reagent to achiral imine®®®’ and aluminum
acetylides to chiral N-sulfinyl imines were also reported.”®
As we mentioned above, diorganozinc reagents were not
popular donors of allyl, aryl, and alkynyl groups, so far.

6. Other Catalysts for Asymmetric Alkylation of
Imines with Diorganozinc Reagents

6.1. Asymmetric Addition of Diorganozinc to
Imines Catalyzed by Group 4 Metals

Hoveyda, Snapper, and co-workers reported that dipeptide
119—zirconium” and hafnium'® complexes catalyzed asym-
metric addition of dialkylzinc reagents to N-(2-methoxyphe-
nyl) imines with high efficiency. These zirconium and
hafnium catalyst were successfully applied to three-
component reaction of aldehyde, arylamine, and dialkylzinc.
A broad range of imines, derived from aromatic, aliphatic,
and propargyl aldehydes, including further functionalized
aldehydes, were generated in situ and converted into the
corresponding adducts 120 in good to very high yield with
high enantioselectivity (Scheme 33).

According to the observation that the sense of facial selectiv-
ity in the addition depends on the stereochemistry of the
phenylalanine moiety of ligand 119, it was proposed that the
terminal amide carbonyl of phenylalanine acts as a Lewis base
to deliver the dialkylzinc reagent to the si face of the imine
that is fixed and activated by coordination to the zirconium or
hafnium moiety (Figure 3, above). The approach of a dialkylzinc
reagent that is coordinated to the amide carbonyl oxygen, to
the re face of the imine is unfavorable (Figure 3, below): for
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Figure 3. Proposed rationale for stereochemical outcomes.

Scheme 34

\@ L(N\)LNHBU

Sph
MeO. 119 10mol % MeO
Zr(OF-Pr)4#i-PrOH
N 11 mol % HN

| _ -
Ph) + Znt=—TMs), toluene PR NS
121 +zf>1us )2 122 TMS
83%, 90% ee
Scheme 35
2iPrO~
—|2+

e

P
Pl 123 10 mol %
EtO,C + EtyZn EtO,C
103 H, 125
)\CFS 63%, 80% ee
124 50 mol %
toluene

the delivery to the re face, the phenylalanine moiety with the
opposite stereochemistry should be favorable.

The chiral zirconium complex also catalyzed asymmetric
alkynylation of aromatic N-aryl imines 121 with a mixed
alkynylzinc reagent (Scheme 34).'! Solubility of the dialky-
nylzinc reagent was much improved by being mixed with
the dialkylzinc, without which conversion was only 5—10%
under the conditions similar to those of Scheme 34. Only
the alkynyl group was transferred to the C=N double bond
to give selectively propargylamine 122, implying higher
donor ability of the alkynyl group than that of the alkyl
group.

Asymmetric addition of diethylzinc to imine 103 derived
from glyoxylate was catalyzed by a titanium—salen complex
123 bearing piperidine moieties in the presence of chiral
alcohol 124 as an additive to produce a-amino acid derivative
125 with 80% ee (Scheme 35).'%% Although the role was
not clear,'® alcohols with a pK, between 12 and 14 were
found to be effective additives, among which 124 was the
best. Internal delivery of diethylzinc by a coordination of
the piperidine moiety was proposed also for this example.
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6.2. Asymmetric Addition of Dialkylzinc to Imines
Catalyzed by Late Transition Metals

Recently, Hayashi and co-workers showed that rhodium—chiral
diene 126 catalyst is applicable to the asymmetric addition
of dimethylzinc to N-tosyl imines 57 with high enantiose-
lectivity (Scheme 36).'* Because dimethylzinc generally
shows smaller donor ability in the copper-catalyzed reactions,
this rhodium-catalyzed reaction may be a useful alternative.
It is also reported that a catalytic amount of nickel complexes
extremely promote addition of dialkylzinc reagents to C=N
double bonds of N-sulfonyl and N-(diphenylphosphinoyl)
imines.'" Although the reported examples were racemic
catalysis, an asymmetric version with an appropriate chiral
ligand would be the next entry of this topic.

6.3. N,O-Ligand Catalysis

Since Soai and co-workers reported the chiral amino
alcohol-controlled asymmetric addition of dialkylzinc re-
agents to N-(diphenylphosphinoyl) imines in 1992 (Scheme
4),% many types of N,0-ligands have been introduced to the
addition reaction of dialkylzinc reagents to C=N double
bonds of imines. Among these were norephedrine,'® 2-amino-
1,2-diphenylethanol,'”” 9-aminofulorene-9-methanol,'*® cin-
chona alkaloid,'”® oxazoline-4-methanol,''” and prolinol1 1
derivatives. These N,0-ligands form a zinc alkoxide N,O-
chelate with dialkylzinc reagents, and increase polarity of
the zinc—alkyl bond and, hence, nucleophilicity of the alkyl
group as well as Lewis acidity of the zinc.'** However,
efficient catalysis with less than 10 mol % of N,O-ligands
had hardly been achieved. This lower efficiency of the Lewis
base catalysis has recently been overcome by using more
electrophilic N-formyl imine as an acceptor. Brise and a co-
worker reported that in the presence of the chiral [2,2]para-
cyclophane-based imino alcohol ligand 128 (1—5 mol %),
dialkylzinc reagents underwent asymmetric addition to
N-formyl imines, generated in situ from the corresponding
sulfinate adduct 40, with high enantioselectivity and chemical
yield (Scheme 37).''2

The [2,2]paracyclophane-based N,O-ligand strategy was
nicely applied to asymmetric phenylation of aromatic N-
formyl imines using a mixed organozinc reagent generated
from diethylzinc and diphenylzinc (Scheme 38)."''* The use
of diphenylzinc alone led to lower enantioselectivity, which
the authors attributed to competitive uncatalyzed background
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reaction of diphenylzinc. It is speculated that mixing diphe-
nylzinc and diethylzinc should result in a diorganozinc
species with less donor ability. Interestingly, no ethylated
product was observed in this reaction, indicating transfer of
a phenyl group is much faster than that of an ethyl group.

Combination of chiral binaphthol-based ligand 132 and
1,2-diimine 133 was also reported as an effective promoter
for the asymmetric addition of diethylzinc to N-formyl imines
(Scheme 39).''*

7. Incorporation of Radical Pathways

It has been reported that dialkylzinc reagents could initiate
and mediate a radical process.''> When dialkylzinc reagents
react with molecular oxygen'%*!1%7122 or are heated with a
copper salt,'”® alkyl radicals are formed and radical chain
processes are initiated. Accordingly, asymmetric reaction
with a dialkylzinc reagent sometimes suffers from side
reactions through radical pathways.'?'®'?* These side reac-
tions may be prevented by strictly controlled conditions under
inert gas'*'* or by a radical scavenger as an additive.'*

8. Conclusions

In the past decade, methodology for asymmetric C—C
bond formation by an addition reaction to a C=N double
bond has been greatly improved and many catalytic reactions
have been developed. Copper catalysis plays one of the most
important parts in this field because of its high ability to
activate a C=N double bond of an imine as well as to
facilitate alkyl group transfer from organometallic reagents.
In spite of many developed efficient catalyses, application
of enolizable imines is still sometimes problematic, and few
asymmetric catalysts are available for ketimines. Widening
the applicability of these substrates would be the target of
the next decade. Apparently, dialkylzinc reagents are one
of the ideal organometallic reagents as a functionalized alkyl
group donor because of their mild reactivity. We believe that
further development of this field will provide a convenient
approach to a variety of chiral nitrogen-containing molecules.
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