]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Hydroxy-amide Functionalized Azolium Salts for Cu-Catalyzed
Asymmetric Conjugate Addition: Stereocontrol Based on Ligand

Structure and Copper Precatalyst

Naoatsu Shibata, Misato Yoshimura, Haruka Yamada, Ryuichi Arakawa, and Satoshi Sakaguchi*

Department of Chemistry and Materials Engineering, Faculty of Chemistry, Materials and Bioengineering, Kansai University, Suita,

Osaka 564-8680, Japan
© Supporting Information

ABSTRACT: A series of hydroxy-amide functionalized
azolium salts have been designed and synthesized for Cu-
catalyzed asymmetric conjugate addition reaction. The
(CH,),-bridged hydroxy-amide functionalized azolium ligand
precursors 2, in addition to the previously reported CH,-
bridged azolium salts 1, have been prepared from readily
available enantiopure $-amino alcohols. The combination of a
Cu species with 1 or 2 efficiently promoted the 1,4-addition
reaction of cyclic enones with dialkylzincs. For example, the
reaction of 2-cyclohepten-l-one (17) with Bu,Zn in the
presence of catalytic amounts of Cu(OTf), and 1 gave (S)-3-
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butylcycloheptanone (20) in 99% yield and 96% ee. On the other hand, when the reaction was carried out under the influence of
Cu(OTf), combined with 2, (R)-20 in preference to (S)-20 was obtained in 98% yield and 80% ee. In this manner, the
enantioselecvity was switched by controlling the structure of chiral ligand. Additionally, the reversal of enantioselectivity was also
achieved by changing the Cu precatalyst from Cu(OTf), to Cu(acac), with the same ligand. The combination of Cu(acac), with
CH,-bridged azolium salt 1 in the reaction of 17 with Bu,Zn led to formation of (R)-20 as a major product in $55% yield and
80% ee. This result was in contrast to the Cu(OTf),/1 catalytic system, where the 1,4-adduct with opposite configuration was
obtained. Moreover, use of the Cu(acac),/2 catalytic system produced (S)-20, while (R)-20 was formed by the Cu(OTf),/2
catalytic system. Thus, it was found that either varying the linker of the chiral ligands or changing the counterion of Cu species
between a OTf and acac ligand initially on the metal led to dual enantioselective control in the 1,4-addition reaction.

B INTRODUCTION

The selection of either enantiomer via transition-metal-
catalyzed asymmetric reaction is typically achieved by preparing
both enantiomers of a chiral ligand." For the preparation of the
chiral ligand, chiral induction may often be realized by using
chiral molecules of natural origin such as amino acids. However,
in some cases where the ligand is a natural product or derived
from a natural product, the necessary antipodes may not be
easily available. From a single chiral source, the reversal of
enantioselectivity of a reaction has been achieved so far by
design and control of the ligand structure. However, the
preparation of both enantiomers of a target molecule using a
single ligand derived from a natural product remains a chal-
lenging endeavor.”

The Cu-catalyzed 1,4-addition of organometallic reagents to
a,p-unsaturated compounds is a powerful method for the
efficient construction of carbon—carbon bonds. In the past
decade, catalytic asymmetric conjugate addition reactions with
high enantioselectivities have been successfully achieved by
using a variety of chiral ligands.> Among the growing number of
the chiral ligands, N-heterocyclic carbenes (NHCs) have been
recognized as useful ligands since the first publications by
Alexakis and Mangeney in 2001.%° One of the most attractive
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features that make NHCs a very interesting class of ligands is
the easy access to their ligand precursors (mostly azolium salts).
The azolium salts are very easy to functionalize often by simple
reactions that allow the introduction of manifold of N-sub-
stituents (or wingtips). Thus, numerous functionalized azolium
salts have been developed so far.**

Recently, we designed and synthesized the CH,-bridged
hydroxy-amide functionalized azolium salt 1 shown in Scheme 1.

Scheme 1. Ligand Design
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Compound 1 acts as a chelating ligand with a carbene unit and
a second coordinating group on the side arm at NHC. This
combination generates a strongly coordinating polydentate
ligand that can lock stereodirecting functional groups in a fixed
conformation. Thus, Pd-catalyzed intermolecular Heck-type
couplin%s7 as well as Ir-catalyzed hydrosilane reduction of
ketones® with high enantioselectivities (over 90% ee) have been
developed. In addition, the functionalized azolium salt 1 was
tested in the Cu-catalyzed asymmetric conjugate addition of
dialkylzincs to cyclic enones.” Interestingly, the reversal of
enantioselectivity with the same ligand could be achieved by
changing the Cu precatalyst from Cu(OTf), to Cu(acac),.
Encouraged by this success, we have now designed (CH,),-
bridged hydroxy-amide functionalized azolium salt 2 for
asymmetric conjugate addition reaction (Scheme 1). We as-
sumed that a metal chelate generated from chiral ligand
precursor 2 would differ from a species generated from 1. This
might cause changing of the highly hindered face that would
block approach of the reaction substance. It was found that in
comparison with the product that was obtained in the 1,4-
addition reaction by Cu(OTf), combined with 1, the
combination of Cu(OTf), and 2 led to the formation of the
1,4-adduct with opposite configuration. Additionally, dual
enantioselective control of the 1,4-addition reaction with the
ligand precursor 2 was achieved by changing the Cu precatalyst
from Cu(OTf), to Cu(acac),. Now, we have synthesized a
series of azolium compounds 2a—m having the N-hydroxy-
amide functional groups with the (CH,), linker and studied the
influence of the structure of the ligand and the Cu precatalyst
on the stereoselective induction for optimization of the con-
jugate addition reaction. Herein, we describe the systematic
studies of the dependence of reaction stereocontrol on the
ligand structure and Cu precatalyst.

B RESULTS AND DISCUSSION

Synthesis of Hydroxy-amide Functionalized Azolium
Salt 2. Due to increasing economic and ecological pressure, the
development of a readily accessible chiral ligand that can be
prepared from a commercially available chiral source via one- or
two-step syntheses has become important.'® As we have de-
scribed previously, the CH,-bridged hydroxy-amide functional-
ized azolium ligand precursor 1 could be prepared by coupling
reaction between N-alkylbenzimidazole 5 and a-chloroacetamide
derivative 4, which was prepared from chloroacetyl chloride and
enantiopure -amino alcohol 3 (Scheme 2, route a).” However,

chloride in place of chloroacetyl chloride failed due to the
formation of the corresponding acryl amide derivative. There-
fore, we proposed an alternative synthetic route to azolium com-
pound 2 (route b). The first step involved the formation of
hydroxy-amide functionalized azole derivative 7 by reacting 3 with
ester 6, which was synthesized in quantitative yield through an aza-
Michael reaction between methyl acrylate and benzimidazole."
Subsequent treatment of 7 with an alkyl halide yielded the desired
(CH,),-bridged hydroxy-amide functionalized azolium salt 2.
Scheme 3 summarizes the results of the preparation of
the desired azolium compounds, namely, 2a—2m, and their

Scheme 3. Preparation of Ligand Precursors 2

H
R’ at. NaH Q\ N._R'
NH\W
+ _ 2
3 5 min OH

7a-h
Product (R!) Yield (%) Product (R') Yield (%)

7a (Me) 77 7e (°Bu) 82
7b (Et) 79 7f (Bu) 89
7c (Pr) 92 7g (Ph) 65
7d (Bu) 98 7h (Bn) 82
M 1
) N/HhrN R
+ R2-X ]
7 solvent N@J@ fe) \E
reflux, 24 h 5 OH
R 2a-m
R'= Me Et 'PrBu Bu'Bu Ph Bn
R?=Me, X=I |2a 2b 2c 2d 2e 2f 2g 2h
R2=Bn, X=I 21 2k 2m
R2=Bn, X=Cl 2i
R2=Bn, X=Br 2j
Substrate - i
7 RX Solvent Product Yield (%)
7a Me'l 1,4-dioxane 2a 80
7b  Me‘l 1,4-dioxane 2b 82
7c Me'l 1,4-dioxane 2c 79
7d Me'l 1,4-dioxane 2d 49
7e Me'l 1,4-dioxane 2e 81
7 Mel 1,4-dioxane 2f 83
79 Mel 1,4-dioxane 2g 77
7h Me-l 1,4-dioxane 2h 20
7d Bn-Cl Toluene 2i 27
7d Bn-Br DME 2j 60
7d Bn'l DME 2k 77
7b Bn'l DME 2l 77
7f  Bn'l 1,4-dioxane 2m 61

Scheme 2. Facile Route to Azolium Ligand Precursors 1 and
2 from Enantiopure f-Amino Alcohol 3
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attempts to prepare the (CH,),-bridged hydroxy-amide
functionalized azolium salt 2 by the use of 3-chloropropionyl
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intermediates, namely, 7a—7h. We were also interested in the
influence of the counterion of the azolium ligand on the stereo-
selectivity of the 1,4-addition reaction. Therefore, azolium halides
2i—2k were prepared by coupling of 7d with benzyl chloride,
bromide, and iodide, respectively. Thus, a series of (CH,),-bridged
hydroxy-amide functionalized azolium salts 2a—2m having both
an alkyl group at the stereogenic center and a methyl or benzyl
substituent at the azolium ring could be obtained in two steps
from commercially available f-amino alcohols 3.

Cu-Catalyzed Asymmetric Conjugate Addition Reac-
tion. To test the possibility of achieving an asymmetric
conjugate addition by using the chiral ligand precursor, we
chose azolium salt 2i (R' = ‘Bu, R* = Bn), prepared from (S)-
leucinol, for the reaction of 2-cyclohexen-1-one (8) with Et,Zn
catalyzed by a Cu salt. To compare the relative abilities between
(CH,),-bridged azolium salt and CH,-bridged azolium salt, the

dx.doi.org/10.1021/jo300472r | J. Org. Chem. 2012, 77, 4079—4086



The Journal of Organic Chemistry

results of the reaction employing 1i (R' = Bu, R* = Bn) are also
listed in Table 1 as entries 1 and 2. The treatment of 8 with

Table 1. Initial Studies on Stereocontrol Based on Ligand
Structure and Cu Precatalyst in 1,4-Addition Reaction®

OU Et

Cu(OTf), / 1i
Cu(acac), / 2i

Orj (Syo
8 cu©Th),/2i  © Bt
Cu(acac), / 1i @
(R)-9
azolium salt (R!, R?, yield
entry Cu catalyst X) method (%) ee (%)
1¥ Cu(OTf), 1i (‘Bu, Bn, Cl) A 99 81(S)
2%¢ Cu(acac), 1i A 69 41 (R)
3 Cu(OTf), 2i (‘Bu, Bn, Cl) A 99 61 (R)
4° Cu(acac), 2i A 92 24 (S)
5° Cu(acac), 2i B 91 65 (S)

“8 (1 mmol), Et,Zn (3 mmol), Cu precatalyst (6 mol %), azolium salt
(4.5 mol %), THF (9 mL), rt, 3 h. Method A: to a solution of Cu
precatalyst and azolium salt in THF, 8 was added first, then Et,Zn.
Method B: Et,Zn was added first, then 8. Yields were determined by
GLC using an internal standard technique. bPreviously reported data
(see ref 9b). “With Cs,CO; (8 mol %).

Et,Zn in THF in the presence of catalytic amounts of
Cu(OT{), and 2i afforded 3-ethylcyclohexanone (9) in almost
quantitative yield (entry 3). It is worth noting that the use of
azolium ligand 2i, whose sole difference is the (CH,), linker,
produced (R)-9 (61% ee) in preference to (S)-9, while (S)-9
(81% ee) was obtained with Cu(OTf), combined with azolium
ligand 1i (entry 1 vs entry 3). In this manner, enantioselectivity
was reversed by controlling the structure of the chiral ligand."*

As mentioned in the Introduction, switching the stereo-
selectivity in the conjugate addition reaction using the azolium
ligand 1 was achieved by simply changing the Cu precatalyst
from Cu(OTY), to Cu(acac), (Table 1, entries 1 vs 2).” It was
also found that a similar reversal of enantioselectivity occurred
by changing the Cu precatalyst with azolium salt 2. When the
reaction of 8 with Et,Zn was carried out under the influence of
Cu(acac), combined with 2i in the presence of Cs,CO5, (S)-9
instead of (R)-9 was formed with a 24% ee (entry 4). The effect
of additives such as Cs,COj in the Cu(acac),-catalyzed reaction
will be described later (Table 3). Additionally, it was found that
the order of substrate addition influenced this reaction." Slightly
better enantioselectivity (65% ee) was obtained by first adding the
R,Zn and then the enone (entry S). Thus, it can be said from the
results in Table 1 that dual enantioselective control was achieved
not only through the structural modification of the chiral ligand
but also through a change of Cu precatalyst. Moreover, one of the
most attractive features of this reaction is that it can be carried out
at ambient temperature without temperature control.

The easy access to the hydroxy-amide functionalized azolium
ligand precursors 2 allowed us to synthesize a series of
derivatives to optimize the reaction. Table 2 and Figure 1 show
the representative results of the 1,4-addition reaction of 8
with Et,Zn with the Cu(OTf),/2 catalytic system and the
Cu(acac),/2 catalytic system with different ligand derivatives.
First, we studied the Cu(OTY), catalyst system. To investigate the
effect of the stereodirecting group in the chiral ligand, we screened

several azolium chlorides 2a—2h (entries 1—8, left column).
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Table 2. Evaluation of Various Azolium Ligands 2 for
Cu(OTf),- or Cu(acac),-Catalyzed 1,4-Addition Reaction of
8 with Et,Zn“

with Cu(acac), method
with Cu(OTf), method A B®

entry  azolium  yield (%) ee (%) yield (%) ee (%)
1 2a 96 39 (R) 77 80 (S)
2 2b 99 45 (R) 93 82 (S)
3 2¢ 99 44 (R) 71 57(S)
4 2d 95 47 (R) 98 72.(S)
5 2e 78 47 (R) 5 3(S)
6 2f 94 58 (R) 11 7 (R)
7 2g 70 12 (R) 60 66 (S)
8 2h 90 33(R) 73 59(S)
9 2i 99 61 (R) 16 60 (S)
10 2j 92 58 (R) 19 72.(S)
11 2k 91 60 (R) 91 65 (S)
12 21 76 46 (R) 93 78 (S)
13 2m 87 66 (R) 3
14 10i° 46 44 (R) 8 32(R)

“See Table 1, footnote a. "With Cs,CO5 (8 mol %). “Structure:
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Figure 1. Screening of various azolium ligands 2 in the Cu(OTf),-
catalyzed conjugate addition reaction of 8 with Et,Zn (front) or the
Cu(acac),-catalyzed conjugate addition reaction of 8 with Et,Zn
(back). Data are shown in Table 2.

Clearly, the increase in the steric demand of the alkyl sub-
stituent on the ligand led to improved enantioselectivites.
Compound 2f, having a sterically hindered tert-butyl group,
efficiently produced (R)-9 in 94% yield and 58% ee (Table 2
entry 6 and Fugure 1). We were also interested in the influence
of the counterion of the azolium ligand on the stereoselectivity
of the 1,4-addition reaction. It was found that the yield and
stereoselectivity obtained by the Cu(OTf),-catalyzed conjugate
addition reaction using 2i was very similar to those obtained by
using 2j or 2k (entries 9—11). The ligand screening test also
revealed that replacement of the methyl with a benzyl sub-
stituent on the azolium ring, which is far from the stereogenic
center of the chiral ligand, led to a marked increase in
enantioselectivity (entry 4 vs entry 11). Thus, we designed and
synthesized azolium ligand 2m with (S)-tert-leucinol and benzyl
iodide. As expected, 8 was reacted with Et,Zn under the

dx.doi.org/10.1021/jo300472r | J. Org. Chem. 2012, 77, 4079—4086
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influence of Cu(OTf), in combination with 2m to afford (R)-9
with 66% ee (entry 13).

Next, we focused on the Cu(acac),/2 catalytic system that
produced (S)-configured product 9 (Table 2, right column). In
contrast to the Cu(OTf),/2 catalytic system, the results of the
reaction with a series of azolium halides 2a—2h indicated an
unusual relationship between the steric factor of the ligand and
the enantioselectivity of the reaction (Table 2 entries 1—8 and
Figure 1). Decreased steric bulkiness of the alkyl substituent at
the ligand led to greater enantioselectivity. For instance,
azolium salts 2a and 2b, having a methyl and an ethyl group
at the stereogenic center, respectively, gave the highest enantio-
selectivities in excellent yields (entries 1 and 2). By contrast,
ligands 2e and 2f, derived from (S)-sec-leucinol and (S)-tert-
leucinol, respectively, gave adduct 9 in poor yields as nearly
racemic mixtures (entries S and 6). Ligand 2f actually favored
the opposite absolute configuration, albeit slightly (entry 6). In
contrast to the above-mentioned Cu(OTf),-catalyzed reaction,
the halide ion of the azolium salts has a significant influence on
the yields in the Cu(acac),-catalyzed reaction (entries 9—11).
The combination of Cu(acac), and azolium iodide, 2k, gave the
conjugate addition product in 91% yield (entry 11). However,
use of the corresponding azolium chloride and bromide, 2i and
2j, resulted in poor yields, although the enantioselectivities
of these reactions were comparable to that obtained in the reaction
catalyzed by the Cu(acac),/2k system (entries 9 and 10).

We also designed hydroxy-amide functionalized azolium
ligand 10i, in which the azolium ring and amide group were
connected by a (dimethyl)methylene bridge. Although the
combination of Cu(OTf), and 10i provided (R)-configured
product 9 in moderate yield and ee, no reversal of enantio-
selectivity was observed by changing the Cu precatalyst from
Cu(OTf), to Cu(acac), (entry 14). The reaction with the
Cu(acac),/10i system took place with difficulty under these
reaction conditions. These results indicated that selection of the
linker on the chiral ligand was an important factor for dual
enantiocontrol.

Having established the catalytic activity of the Cu(acac),/2b
system, we turned our attention to the effect of an additive
such as Cs,CO,. Table 3 summarizes the Cu(acac),-catalyzed

Table 3. Reaction of 8 with Et,Zn by the Cu(acac),/2b
Catalytic System Under the Influence of Various Bases”

entry base yield (%) ee (%)
1 none 62 74 (S)
2 Li,CO, 82 77 (S)
3 Na,CO; 60 76 (S)
4 K,CO, 92 77 (S)
5 Rb,CO, 90 77 (S)
6 Cs,CO; 93 82 (S)
7 AcOK 93 76 (S)
8 AcOCs 94 75 (S)
9 KHCO, 71 79 (S)
10 KOH 91 72.(S)
11 ‘BuOK 90 76 (S)
12 pyridine 90 77 (S)
13° none 97 86 (S)

“See Table 1, footnote a (method B). ”Bis(8-quinolinato) Cu(Il) was
used instead of Cu(acac),.

1,4-addition reaction with the Cu(acac),/2b system under the
influence of various bases. The reaction in the absence of
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Cs,CO; proceeded with some difficulty to afford (S)-9 in 62%
yield and 74% ee (entry 1). Almost all of the bases except for
Na,CO; promoted the reaction rate (entries 2—12). Addition-
ally, we found that the 1,4-addition of Et,Zn to 8 could also be
catalyzed by bis(8-quinolinato)Cu(Il), which has similar
chelation to Cu(acac), (entry 13). Advantageously, the reaction
with the bis(8-quinolinato)Cu(Il)/2b catalytic system pro-
ceeded even in the absence of a base (entry 1 vs entry 13).
Finally, we studied the scope and the limitations of the
reaction protocol (Table 4). Despite an excellent yield, the

Table 4. Switching of Enantioselectivity in Cu-Catalyzed 1,4-
Addition Reaction”

Entry Substrates Catalyst Product Yield/Ee (%)
1 O@ EtZn Cu(OTHy2m 12 99/0
2 Et;Zn  Cu(acac),/2b  (S)-12 99/82

1"
3b 8 Me,Zn Cu(OTf),/2m (R)-13  98/35
4 8 Me,Zn Cu(acac),/2b  (S)-13  99/97
5 8 Bu,Zn Cu(OTf),2m (R)-14  97/68
6 8 Bu,Zn Cu(acac),/2b  (S)-14 99/81
o
7 Et,Zn Cu(OTf),l2m (S)}16  43/34
8 Et;Zn  Cu(acac),/2b  (R)-16 68/99
15
9 0@ Me,Zn Cu(OTf),/2m (R)}18  92/52
10 Me,Zn Cu(acac),2b (S)-18  99/96
17
11¢ 17  EyZn Cu(OTHyAm (S)19 9991
12¢ 17  Et,Zn Cu(acac),i (R)19  99/82
13 17 Et,Zn Cu(OTH,2m (R)19  92/80
14 17 Et,Zn  Cu(acac),/2b  (S)-19 95/81
15¢ 17 Bu,Zn Cu(OTH,Am (S)-20  99/96
16¢ 17 BuyZn  Cu(acac)y/1i  (R)-20 55/80
17 17 BuyZn  Cu(OTf),/2m  (R)-20 98/80
18 17 Bu,Zn Cu(acac),/2b  (S)-20 97/86

“Enone (1 mmol), R,Zn (3 mmol), Cu (6 mol %), azolium (4.5 mol %),
THF (9 mL), rt, 3 h. For Cu(OTf),-catalyzed reaction: to a solu-
tion of Cu(OTf), and azolium in THF, enone was added first, then
R,Zn. For Cu(acac),-catalyzed reaction: to a solution of Cu(acac),,
azolium and Cs,CO; (8 mol %) in THF, R,Zn was added first,
then enone. “Reaction was run for 27 h. “Previously reported data

(see ref 9b).

reaction of 2-cyclopenten-l-one (11) with Et,Zn by the
Cu(OTf),/2m system resulted in the formation of a racemic
mixture of the corresponding conjugate adduct 12 (entry 1).
On the other hand, the same reaction with the Cu(acac),/2b
system produced (S)-12 in 82% ee (entry 2). The asymmetric
conjugate addition of Et,Zn to 11 using the CH,-bridgied
azolium salt 1 was difficult to be achieved in both Cu(OTf),
and Cu(acac), catalytic systems, leading to poor enantiose-
lectivities of the product 12.° Therefore, it should be noted that
a significant improvement was observed in the combination of
Cu(acac), with the (CH,),-bridged azolium ligand precursor 2
(entry 2).

Again, unfortunately, the reaction of 8 with Me,Zn with the
Cu(OTf),/2m system gave poor enantioselectivity (entry 3).
By contrast, the use of Cu(acac), as a precatalyst led to a
dramatic increase in ee (97% ee) to give 3-methylcyclohex-
anone (13) with the opposite configuration (entry 4). In the
literature, Hoveyda and Mauduit mentioned that it is
impossible to generate a general catalyst for all conjugate

dx.doi.org/10.1021/jo300472r | J. Org. Chem. 2012, 77, 4079—4086
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addition and more difficult to anticipate the reactivity or the
stereoselectivity.>%"'*

The dual enantioselective control was observed in the
reactions of 8 with Bu,Zn to produce 3-butylcyclohexanone
(14) and 4,4-dimethyl-2-cyclohexen-1-one (15) with Et,Zn to
furnish 3-ethyl-4,4-dimethylcyclohexanone (16) (entries 5—8).
For example, treatment of 15 with Et,Zn in the presence of
catalytic amounts of Cu(OTf), combined with 2m produced
(S)-16 in 84% ee, whereas (R)-16 was produced in 99% ee with
the Cu(acac),/2b catalytic system (entries 7 and 8).

The catalytic systems were suitable for the reaction of
2-cyclohepten-1-one (17) with various dialkylzincs (entries 9—
18). The 1,4-addition reaction of 17 with Me,Zn proceeded
efficiently under the influence of the Cu(OTf),/2m system to
afford (R)-3-methylcycloheptanone (18) in 92% vyield with
moderate enantioselectivity (entry 9). The use of Cu(acac), in
place of Cu(OTf), resulted in the opposite configuration
forming (S)-18 with 96% ee (entry 10). It is noteworthy that
excellent enantioselectivity was obtained in the reaction using
Me,Zn under ambient conditions. The synthetic utility of the
Cu-catalyzed asymmetric 1,4-addition of Me,Zn has been
demonstrated by its application as a key step in numerous syn-
theses of natural products and biologically active compounds.™

In the conjugate addition reactions of 17 with Et,Zn, the
ligand structure and copper precatalyst exerted remarkable
control over the outcomes (entries 11—14). The combination
of azolium salt 1m and Cu(OTf), produced (S)-3-ethylcyclo-
heptanone (19) in good yield with excellent 91% ee, and
Cu(acac),/2b gave a similarly good yield at 81% ee (entries 11
and 14). By contrast, the R-configured conjugate adduct 19 was
successfully obtained by using the Cu(acac),/1i and Cu-
(OTf),/2m catalytic systems (entries 12 and 13). In the
reaction of 17 with Bu,Zn, an excellent ee value of 96% was
obtained with the Cu(OTf),/lm system, while the same
reaction using Cu(acac), afforded the corresponding conjugate
adduct of the opposite configuration (entries 15 and 16).
Enantioselectivity was also reversed by changing the copper
precatalyst when the reaction was carried out with azolium salt
2 (entries 17 and 18).

Previously, we have shown the synthesis of the NHC-Pd,
NHC-Ag, and NHC-Ir complexes by employing the hydroxy-
amide functionalized azolium salt 1 as NHC precursor.”®
However, it was difficult to obtain a NHC-Cu complex from
the hydroxy-amide functionalized azolium salt. Attempt to
prepare a NHC-Cu species by allowing 1 to react with Cu,O or
with CuCl in the presence of ‘BuOK failed due to the formation
of an unidentified product."® Recently, two important reports
concerning the synthesis of NHC-Cu complexes by Nechaev
and Cazin have been independently published.'® They showed
that some of the NHC-Cu compounds were unstable and dif-
ficult to synthesize from azolium salts, owing to the formation
of haloamidinium salts or azolidin-2-ones instead of NHCs. In
the literature, the most common methods for the catalytic
asymmetric 1,4-addition reaction involve the in situ generated
catalyst from azolium salt and a Cu species.”'” We believe that
this class of transformations can be performed under opera-
tionally simple conditions. Although it might be better from the
mechanistic viewpoint to use a well-defined copper complex,
we could not obtain such a complex from the hydroxy-amide
functionalized azolium salt at this stage.'®
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Bl CONCLUSION

We have described a switchable enantioselectivity in a Cu-
catalyzed conjugate addition reaction. Hydroxy-amide function-
alized azolium salts were found to be versatile chiral ligand
precursors for dual enantioselective control. The stereo-
selectivity of the conjugate addition could be controlled not
only by the structure of the chiral ligand but also by the copper
precatalyst. Either varying the linker of the chiral ligands or
changing the counterion of Cu species between a OTf and acac
ligand initially on the metal led to a complete reversal in the
facial selectivity of approach of the substrates. Considering that
both the ligand precursors 1 and 2 are prepared from natural a-
amino acids, it can be said that obtaining both enantiomers in
the asymmetric catalytic reaction was successfully achieved.

B EXPERIMENTAL SECTION

General. All chemicals were obtained from commercial sources and
were used as received. 'H and *C NMR spectra were recorded on
spectrometers at 400 and 100 MHz, respectively. Chemical shifts were
reported in ppm relative to TMS for 'H and *C NMR spectra.
(CD;),SO or CDCly was used as the NMR solvent. Thin-layer
chromatography (TLC) analysis was performed with glass-backed
plates precoated with silica gel and examined under UV (254 nm)
irradiation. Flash column chromatography was executed on silica gel
60 (230—400; particle size 0.040—0.063 nm). Compounds 6 and 7
were synthesized according to the literature procedures.""*

General Procedure for Preparation of Hydroxy-amide
Derivatives 7. Amino alcohol (2 mmol) was placed in a Schlenk
tube, and methyl 3-(1-benzimidazolyl)propionate (6) (2 mmol, 408
mg) and NaH 60% w/w dispersion in mineral oil (20 mol %, 16 mg)
were then added. The mixture was heated at 120 °C for 5 min. After
removing the formed methanol in vacuo, the crude residue was purified
by column chromatography (SiO,, CH,Cl,/MeOH 97/3) to yield
compound 7.

3-(Benzimidazol-1-yl)-N-((S)-1-hydroxypropan-2-yl)-
propanamide (7a). White solid (380 mg, 77%); mp 149.8—150.0 °C.
'H NMR (DMSO): 5 8.10 (s, 1H), 7.71 (d, J = 7.8 Hz, 1H), 7.63—
7.58 (m, 2H), 7.25—7.16 (m, 2H), 4.63 (t, ] = 5.5 Hz, 1H), 4.44 (t, ] =
6.6 Hz, 2H), 3.74—3.67 (m, 1H), 3.27—3.21 (m, 1H), 3.12—3.06 (m,
1H), 2.60 (t, ] = 6.6 Hz, 2H), 0.90 (t, ] = 6.6 Hz, 3H). *C NMR:
5169.0, 144.0, 143.3, 133.6, 1222, 121.4, 119.3, 110.4, 64.2, 46.5, 40.7,
35.7, 17.0. Anal. Calcd for C3H;;N;0,:0.125CHCI;-0.125H,0: C,
60.59; H, 6.78; N, 16.15. Found: C, 60.38; H, 6.64; N, 15.94.

3-(Benzimidazol-1-yl)-N-((S)-1-hydroxybutan-2-yl)-
propanamide (7b). White solid (413 mg, 79%); mp 150.6—150.8 °C.
'H NMR (DMSO): 6 8.10 (s, 1H), 7.64 (br,1H), 7.62—7.58 (m, 2H),
7.25=7.16 (m, 2H), 4.59 (br, 1H), 4.45 (t, ] = 7.6 Hz, 2H), 3.59—
3.51 (m, 1H), 3.28—3.24 (m, 1H), 3.16—3.11 (m, 1H), 2.70—2.58
(m, 2H), 1.51-1.41 (m, 1H), 1.21-1.10 (m, 1H), 0.65 (t, J =
7.6 Hz, 3H). 3C NMR: § 169.2, 143.9, 143.3, 133.6, 122.1, 121.3,
1192, 1104, 62.7, 52.1, 40.7, 35.7, 23.4, 10.1. Anal. Calcd for
C14H,oN;0,0.25H,0: C, 63.26; H, 7.39; N, 15.81. Found: C, 63.14;
H, 7.28; N, 15.60.

3-(Benzimidazol-1-yl)-N-((S)-1-hydroxy-3-methylbutan-2-yl)-
propanamide (7c). White solid (506 mg, 92%); mp 151.9—152.1 °C.
'H NMR (DMSO): § 8.10 (s, 1H), 7.62—7.58 (m, 2H), 7.56 (br, 1H),
7.25-7.16 (m, 2H), 449 (t, ] = S.5 Hz, 1H), 447—4.43 (m, 2H),
3.57-3.50 (m, 1H), 3.27 (t, J = 5.5 Hz, 2H), 2.73—-2.61 (m, 2H),
1.75—1.66 (m, 1H), 0.71 (d, ] = 6.9 Hz, 3H), 0.65 (d, ] = 6.9 Hz, 3H).
3C NMR: 6 169.3, 143.8, 1433, 133.6, 122.0, 121.3, 119.2, 1104,
61.1, 55.5, 35.6, 27.9, 19.4, 17.9. Anal. Calcd for C;H, N;0,: C,
65.43; H, 7.69; N, 15.26. Found: C, 65.36; H, 7.67; N, 15.23.

3-(Benzimidazol-1-yl)-N-((S)-1-hydroxy-4-methylpentan-2-
yl)propanamide (7d). White solid (567 mg, 98%); mp 136.6—
136.8 °C. "H NMR (CDCl,): § 7.82 (s, 1H), 7.73—7.71 (m, 1H), 7.41—
738 (m, 1H), 7.30=7.24 (m, 2H), 622 (d, ] = 8.2 Hz, 1H), 4.56—4.42
(m, 2H) 4.01-3.95 (m, 1H), 3.53—-3.49 (m, 1H), 3.41-3.37
(m, 1H), 2.71-2.59 (m, 2H), 1.36—1.33 (m, 1H), 1.26—1.19 (m, 2H),
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0.83 (d, J = 3.2 Hz, 3H), 0.81 (d, J = 3.2 Hz, 3H). '*C NMR: § 169.8,
143.3, 143.2, 133.3, 123.1, 122.3, 120.0, 109.6, 64.9, 49.7, 41.0, 39.9,
36.7, 24.7, 22.8, 22.1. Anal. Calcd for C,¢H,;N;0,: C, 66.41; H, 8.01;
N, 14.52. Found: C, 66.21; H, 8.10; N, 14.39.
3-(Benzimidazol-1-yl)-N-((S)-1-hydroxy-3-methylpentan-2-
yl)propanamide (7e). White solid (475 mg, 82%); mp 162.8—
163.0 °C. '"H NMR (DMSO): § 8.10 (s, 1H), 7.72 (d, ] = 8.8 Hz, 1H),
7.62—7.58 (m, 2H), 7.25-7.15 (m, 2H), 4.59 (br, 1H), 4.50—4.39 (m,
2H), 3.58—3.52 (m, 1H), 3.30—3.29 (m, 2H), 2.74—2.59 (m, 2H),
1.47—1.37 (m, 1H), 1.25—1.14 (m, 1H), 0.90—0.79 (m, 1H), 0.70 (t,
J=7.3 Hz, 6H). *C NMR: § 169.2, 143.9, 143.3, 133.6, 122.1, 121.3,
119.3, 110.4, 60.8, 54.6, 40.8, 35.6, 34.6, 24.5, 15.3, 11.2. Anal. Calcd
for C,4H,3N;0,:0.35H,0: C, 64.99; H, 8.08; N, 14.21. Found: C,
64.92; H, 8.08; N, 14.21.
3-(Benzimidazol-1-yl)-N-((S)-1-hydroxy-3,3-dimethylbutan-
2-yl)propanamide (7f). White solid (515 mg, 89%); mp 197.5—
197.7 °C. 'H NMR (DMSO): § 8.12 (s, 1H), 7.61 (br, 1H), 7.60—
7.52 (m, 2H), 7.25—7.15 (m, 2H), 4.51—4.41 (m, 2H), 4.44 (br, 1H),
3.61-3.56 (m, 1H), 3.27—3.15 (m, 2H), 2.78—2.64 (m, 2H), 0.72 (s,
9H). °C NMR: § 169.6, 143.9, 143.3, 133.6, 122.1, 121.3, 119.3, 1104,
60.5, 58.6, 40.8, 35.6, 33.4, 26.7. Anal. Calcd for C,¢H,;N,0,-0.5H,0: C,
64.40; H, 8.11; N, 14.08. Found: C, 64.74; H, 7.93; N, 14.05.
3-(Benzimidazol-1-yl)-N-((5)-2-hydroxy-1-phenylethy)-
propanamide (7g). White solid (402 mg, 65%); mp 158.5—158.7 °C.
"H NMR (DMSO): 6 8.33 (d, J = 8.2 Hz, 1H), 8.09 (s, 1H), 7.64—7.59
(m, 2H), 7.25—7.15 (m, 7H), 4.82 (t, ] = 5.7 Hz, 1H), 4.83—4.78
(m, 1H), 4.45 (t, ] = 6.9 Hz, 2H), 3.52—3.42 (m, 2H), 2.74 (t, ] = 6.6
Hz, 2H). *C NMR: § 169.2, 144.0, 143.3, 140.8, 133.6, 128.0, 126.8,
126.7, 1222, 121.4, 119.3, 110.4, 64.5, 54.9, 40.6, 35.5. Anal. Calcd for
C;sHoN;0,: C, 69.88; H, 6.19; N, 13.58. Found: C, 69.69; H, 6.18;
N, 13.46.
3-(Benzimidazol-1-yl)-N-((S)-1-hydroxy-3-phenylpropan-2-
yl)propanamide (7h). White solid (530 mg, 82%); mp 119.4—
119.6 °C. '"H NMR (DMSO): § 8.05 (s, 1H), 7.82 (d, ] = 8.2 Hz,
1H), 7.64—7.56 (m, 2H), 7.27—7.07 (m, 7H), 4.74 (t, ] = 5.3 Hz, 1H),
438 (t, ] = 6.6 Hz, 2H), 3.90—3.82 (m, 1H), 3.29—3.16 (m, 2H),
2.77-2.72 (m, 1H), 2.59 (t, ] = 6.6 Hz, 2H), 2.54—2.41 (m, 1H).
BC NMR: § 169.1, 143.9, 143.3, 138.9, 133.6, 129.0, 128.0, 125.8,
122.1, 121.4, 119.3, 110.4, 62.2, 52.3, 40.6, 36.3, 35.6. Anal. Calcd for
C1oH,;N;0,-0.5H,0: C, 68.28; H, 6.70; N, 12.57. Found: C, 68.36;
H, 6.63; N, 12.34.

General Procedure for Preparation of Azolium Salts 2. To
compound 7 (1 mmol) were added alkyl halide (1 mmol) and $ mL of
solvent, and the reaction mixture was stirred under reflux for 24 h.
Evaporation of all volatile materials and purification of the residue by
chromatography (SiO,, CH,Cl,/MeOH 95/5) gave the corresponding
coupling product.

1-[3-((S)-1-Hydroxy-2-propanylamino)-3-oxopropyl]-3-
methylbenzimidazolium lodide (2a). Colorless liquid (311 mg,
80%). '"H NMR (DMSO): 6 9.69 (s, 1H), 8.07—8.06 (m, 1H), 8.01—
7.99 (m, 1H), 7.83 (d, ] = 7.8 Hz, 1H), 7.70—7.68 (m, 2H), 4.69 (t, ] =
6.8 Hz, 1H), 4.66—7.63 (m, 1H), 4.07 (s, 3H), 3.74—3.65 (m, 1H),
3.24-3.10 (m, 2H), 2.77—2.74 (m, 2H), 0.89 (d, ] = 6.8 Hz, 3H). *C
NMR: § 168.3, 143.1, 131.6, 130.8, 126.4, 126.4, 113.6, 113.5, 64.1,
46.5, 432, 34.4, 332, 16.9. HRMS (ESI*) caled for C,,H,,H;0,":
262.1556, found 262.1550.

1-[3-((S)-1-Hydroxy-2-butanylamino)-3-oxopropyl]-3-meth-
ylbenzimidazolium lodide (2b). Colorless liquid (330 mg, 82%).
'"H NMR (DMSO): § 8.10 (s, 1H), 7.64 (br, 1H), 7.62—7.58 (m, 2H),
7.25—7.16 (m, 2H), 4.58 (br, 1H), 445 (t, ] = 6.6 Hz, 2H), 3.59—3.51
(m, 1H), 3.33 (s, 3H), 3.25—3.24 (m, 2H), 3.16—3.11 (m, 1H), 2.70—
2.58 (m, 2H), 1.51-1.41 (m, 1H), 1.21-1.10 (m, 1H), 0.66 (t, ] = 7.3
Hz, 3H). 3C NMR: § 168.6, 143.2, 142.9, 131.6, 130.7, 126.4, 113.6,
113.6, 62.6, 52.2, 34.4, 33.1, 31.6, 23.3, 10.0. HRMS (ESI") calcd for
C;sH,N;0,": 276.1712, found 276.1717.

1-[3-((5)-1-Hydroxy-3-methyl-2-butanylamino)-3-oxoprop-
yl1-3-methylbenzimidazolium lodide (2c). Colorless liquid (330
mg, 79%). '"H NMR (DMSO): 6 9.66 (s, 1H), 8.09—8.07 (m, 1H),
8.02—7.99 (m, 1H), 7.70—7.67 (m, 3H), 4.71 (t, ] = 6.4 Hz, 1H), 4.50
(t, ] = 5.0 Hz, 1H), 406 (s, 3H), 3.54—3.46 (m, 1H), 3.27-3.24
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(m, 2H), 2.87—2.77 (m, 2H), 1.69—1.61 (m, 1H), 0.68 (d, ] = 6.4 Hz,
3H), 0.61 (d, ] = 6.4 Hz, 3H). 3C NMR: § 168.8, 143.1, 131.6, 130.7,
126.5, 126.4, 113.7, 113.5, 61.0, 55.7, 43.4, 34.4, 33.2, 28.0, 19.3, 17.9.
HRMS (ESI*) caled for C,¢H,,N;0,": 290.1869, found 290.1864.
1-[3-((S)-1-Hydroxy-4-methyl-2-pentanylamino)-3-oxoprop-
yll-3-methylbenzimidazolium lodide (2d). Colorless liquid (211
mg, 49%). '"H NMR (CDCly): § 10.38 (s, 1H), 7.89—7.87 (m, 1H),
7.70—-7.64 (m, 3H), 7.33 (d, ] = 8.8 Hz, 1H), 5.00—4.93 (m, 1H),
4.82—4.76 (m, 1H), 4.21 (s, 3H), 4.03—3.93 (m, 2H), 3.52—3.49 (m,
1H), 3.21 (br, 1H), 3.12—3.06 (m, 1H), 1.96—1.34 (m, 2H), 1.26—
1.12 (m, 1H), 0.83 (d, J = 6.8 Hz, 3H), 0.79 (d, ] = 6.8 Hz, 3H). *C
NMR: § 169.2, 142.1, 131.6, 131.5, 127.4, 127.3, 113.5, 112.4, 64.6,
50.4, 43.8, 39.7, 35.4, 34.1, 24.7, 22.8, 22.1. HRMS (ESI") calcd for
C,,H,4N;0,": 304.2025, found 304.2017.
1-[3-((5)-1-Hydroxy-3-methyl-2-pentanylamino))-3-oxo-
propyl]-3-methylbenzimidazolium lodide (2e). Colorless liquid
(349 mg, 81%). 'H NMR (DMSO): § 9.62 (s, 1H), 8.46 (d, ] = 8.2
Hz, 1H), 8.09—8.07 (m, 1H), 8.01-7.99 (m, 1H), 7.71-7.67 (m, 2H),
7.24—7.19 (m, 3H), 7.12—7.10 (m, 2H), 4.71 (t, ] = 6.4 Hz, 2H), 4.46
(t, ] = 5.5 Hz, 1H), 4.01 (s, 3H), 4.07 (s, 3H), 3.56—3.49 (m, 1H),
3.30—3.24 (m, 2H), 2.87-2.76 (m, 2H), 1.41-1.31 (m, 1H), 1.20—
1.10 (m,1H), 0.84—0.77 (m, 1H), 0.69—0.65 (m, 6H). *C NMR: §
168.5, 143.1, 131.6, 130.7, 126.5, 126.4, 113.7, 113.5, 60.7, 54.7, 43.4,
34.7, 34.4, 33.1, 24.5, 15.2, 11.1. HRMS (ESI*) caled for
C1,HyN;0,*: 304.2025, found 304.2021.
1-[3-((5)-1-Hydroxy-3,3-dimethyl-2-butanylamino)-3-oxo-
propyll-3-methylbenzimidazolium lodide (2f). Colorless liquid
(358 mg, 83%). '"H NMR (DMSO): § 9.63 (s, 1H), 8.11-8.09 (m,
1H), 8.01-7.98 (m, 1H), 7.70—7.68 (m, 2H), 7.63 (d, ] = 9.6 Hz,
1H), 472 (t, ] = 6.2 Hz, 2H), 4.37 (t, ] = 5.0 Hz, 1H), 4.05 (s, 3H),
3.58—3.49 (m, 2H), 3.20—3.14 (m, 1H), 2.87—2.83 (m, 2H), 0.70 (s,
9H). 3C NMR: § 169.0, 143.0, 131.6, 130.7, 126.5, 126.4, 113.6,
113.5, 60.2, 58.8, 43.4, 34.3, 33.2, 33.1, 26.6. HRMS (ESI*) calcd for
C;,HyN;0,*: 304.2025, found 304.2018.
1-[3-((S)-1-Hydroxy-2-phenyl-2-ethanylamino)-3-oxoprop-
yl]-3-methylbenzimidazolium lodide (2g). Colorless liquid (347
mg, 77%). "H NMR (DMSO): § 9.62 (s, 1H), 8.46 (d, ] = 8.2 Hg,
1H), 8.09—8.07 (m, 1H), 8.01-7.99 (m, 1H), 7.71-7.67 (m, 2H),
7.24=7.19 (m, 3H), 7.12—7.10 (m, 2H), 4.85 (t, ] = 5.5 Hz, 1H),
4.81—4.75 (m, 1H), 4.70 (t, ] = 6.4 Hz, 1H), 4.01 (s, 3H), 3.50—3.39
(m, 2H), 2.95—2.83 (m, 2H). 3C NMR: § 168.6, 143.1, 140.7, 131.6,
130.7, 128.0, 126.7, 126.6, 126.5, 126.4, 113.6, 113.5, 64.4, 55.0, 43.2,
34.1, 33.1. HRMS (ESI*) calcd for C;oHp,N,0,": 324.1712, found
324.1703.
1-[3-((S)-1-Hydroxy-3-phenyl-2-propanylamino)-3-oxoprop-
yll-3-methylbenzimidazolium lodide (2h). Colorless liquid (93
mg, 20%). '"H NMR (DMSO): § 9.58 (s, 1H), 8.05—8.00 (m, 2H),
7.91 (d, ] = 8.2 Hz, 1H), 7.71-7.68 (m, SH), 4.74 (t, ] = 5.5 Hz, 1H),
4.62 (t, ] = 7.3 Hz, 2H), 4.04 (s, 3H), 3.90—3.82 (m, 1H), 3.28—8.20
(m, 2H), 2.79—2.66 (m, 3H). '*C NMR: § 163.9, 143.5, 138.7, 131.4,
131.2, 129.1, 128.1, 126.6, 126.4, 126.0, 113.6, 113.1, 62.4, 53.0, 48.4,
36.6, 34.3, 33.3. HRMS (ESI*) caled for C,oH,,N;0,": 338.1869,
found 338.1861.
1-[3-((S)-1-Hydroxy-4-methyl-2-pentanylamino)-3-oxoprop-
yl1-3-benzilbenzimidazolium Chloride (2i). Colorless liquid (112
mg, 27%). '"H NMR (CDCly): § 11.02 (s, 1H), 8.23 (d, ] = 8.5 Hg,
1H), 7.84 (d, J = 8.5 Hz, 1H), 7.60—7.55 (m, 1H), 7.50—7.47 (m,
4H), 7.38—7.29 (m, 3H), 5.82 (d, J = 15.1 Hz, 1H), 5.75 (d, J = 15.1
Hz, 1H), 4.98—4.93 (m, 1H), 4.82—4.78 (m, 1H), 447 (br, 1H),
3.87—3.83 (m, 1H), 3.51-3.40 (m, 3H), 3.09-3.04 (m, 1H), 1.47—
1.41 (m, 1H), 1.35—1.28 (m, 1H), 1.23—1.11 (m, 1H), 0.79 (d, ] = 6.8
Hz, 3H), 0.78 (d, J = 6.8 Hz, 3H). *C NMR: § 168.8, 142.7, 132.6,
131.9, 130.8, 129.2, 129.1, 128.1, 127.0, 127.0, 113.5, 113.3, 64.3, S1.5,
50.2, 43.9, 39.8, 35.1, 24.6, 22.7, 22.3. HRMS (ESI*) caled for
C,3H;N;0,": 380.2338, found 380.2324.
1-[3-((S)-1-Hydroxy-4-methyl-2-pentanylamino)-3-oxoprop-
yl-3-benzilbenzimidazolium Bromide (2j). Colorless liquid (276
mg, 60%). '"H NMR (CDCly): 5 10.80 (s, 1H), 7.84—7.82 (m, 1H),
7.82 (m, 2H), 7.63—7.59 (m, 1H), 7.55—4.48 (m, 4H), 7.40—7.35 (m,
3H), 5.81 (d, J = 15.1 Hz, 1H), 5.74 (d, ] = 15.1 Hz, 1H), 5.01—4.94
(m, 1H), 4.76—4.71 (m, 1H), 3.94—3.86 (m, 1H), 3.60—3.53 (m, 3H),
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3.47-3.38 (m, 2H), 3.09-3.03 (m, 1H), 1.52—1.43 (m, 1H), 1.39—
1.32 (m, 1H), 1.22—1.14 (m, 1H), 0.83 (d, ] = 6.4 Hz, 3H), 0.80
(d, J = 6.4 Hz, 3H). 3C NMR: § 168.9, 142.4, 132.4, 131.8, 130.8,
129.3, 129.1, 1282, 1282, 127.1, 127.0, 113.5, 113.3, 64.4, S1.6, 50.2,
44.0, 39.8, 35.3, 24.6, 22.7, 22.2. HRMS (ESI*) calcd for
C,;H3N;0,*: 380.2338, found 380.2325.
1-[3-((S)-1-Hydroxy-4-methyl-2-pentanylamino)-3-oxoprop-
ylI-3-benzilbenzimidazolium lodide (2k). Colorless liquid (391 mg,
77%). '"H NMR (DMSO): 6 9.93 (s, 1H), 8.09 (d, ] = 7.8 Hz, 1H),
791 (d, ] = 7.8 Hz, 1H), 771 (d, ] = 7.8 Hz, 1H), 7.68—7.60
(m, 2H), 7.51-7.47 (m, 2H), 7.42—7.35 (m, 3H), 5.78 (s, 2H), 4.78—
4.71 (m, 2H), 4.58 (t, ] = 5.6 Hz, 1H), 3.76—3.67 (m, 1H), 3.22—3.12
(m, 2H), 2.90—2.76 (m, 2H), 1.28—1.06 (m, 3H), 0.70 (d, ] = 6.3 Hz,
3H), 0.66 (d, ] = 6.3 Hz, 3H). '*C NMR: § 168.4, 143.0, 133.9, 131.1,
130.5, 128.8, 128.6, 128.2, 128.0, 126.5, 113.9, 113.7, 63.5, 49.7, 48.7,
43.5, 40.1, 39.9, 39.7, 39.5, 39.2, 39.0, 38.8, 34.0, 24.0, 23.0, 21.6.
HRMS (ESI*) caled for Cyp3H;oN;0,": 380.2338, found 380.2337.
1-[3-((S)-1-Hydroxy-2-butanylamino)-3-oxopropyll-3-benzil-
benzimidazolium lodide (2I). Colorless liquid (369 mg, 77%). 'H
NMR (DMSO): § 9.91 (s, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.90 (d, ] =
8.2 Hz, 1H), 7.73 (d, ] = 8.2 Hz, 1H), 7.68—7.60 (m, 2H), 7.48—7.46
(m, 2H), 7.40—7.34 (m, 3H), 5.77 (s, 2H), 4.75 (t, ] = 6.4 Hz, 1H),
4.60 (t, ] = 5.5 Hz, 1H), 3.59-3.49 (m, 1H), 3.26—3.17 (m, 2H),
2.89-2.76 (m, 2H), 1.47—-1.37 (m, 1H), 1.22—1.09 (m, 1H), 0.59
(t, J = 7.3 Hz, 3H). 3C NMR: § 168.6, 143.0, 133.9, 131.1, 130.6,
128.9, 128.6, 113.9, 113.8, 62.6, 52.2, 49.7, 48.5, 43.5, 34.0, 234, 10.1.
HRMS (ESI*) caled for CyH,6N;0,": 352.2025, found 352.2021.
1-[3-((5)-1-Hydroxy-3,3-dimethyl-2-butanylamino)-3-oxo-
propyll-3-benzilbenzimidazolium lodide (2m). Colorless liquid
(309 mg, 61%). "H NMR (CDCL): § 10.52 (s, 1H), 7.92 (d, ] = 8.2 Hz,
1H), 7.61-7.57 (m, 1H), 7.51-7.48 (m, 4H), 7.38—7.33 (m, 3H),
722 (d, ] = 9.6 Hz, 1H), 5.79 (d, J = 15.1 Hz, 1H), 5.73 (d, J = 15.1
Hz, 1H), 5.02—4.95 (m, 1H), 4.90—4.84 (m, 1H), 3.84—3.80 (m, 1H),
3.70-3.62 (m, 3H), 3.17-3.10 (m, 1H), 0.84 (s, 9H). 3C NMR
(DMSO): & 164.7, 143.5, 133.9, 131.6, 130.4, 129.0, 128.7, 128.1,
126.7, 126.6, 113.8, 113.6, 60.2, 59.7, 49.7, 48.7, 41.5, 33.6, 26.8.
HRMS (ESI*) caled for Cy3H;oN;0,™: 380.2338, found 380.2327.
1-[3-((S)-1-Hydroxy-4-methyl-2-pentanylamino)-2,2-dimeth-
yl-3-oxopropyl]-3-benzilbenzimidazolium Chloride (10i). Col-
orless liquid (159 mg, 37%). '"H NMR (DMSO): § 10.28 (s, 1H), 8.04
(d, J = 8.2 Hz, 1H), 7.78=7.75 (m, 1H), 7.59—7.55 (m, SH), 7.42—
7.35 (m, 3H), 5.81 (s, 2H), 4.73 (t, J] = 5.5 Hz, 1H), 3.79 (br, 1H),
3.27-3.15 (m, 2H), 1.98 (s, 3H), 1.92 (s, 3H), 1.26—1.10 (m, 3H),
0.68 (d, ] = 2.3 Hz, 3H), 0.67 (d, ] = 2.3 Hz, 3H). *C NMR: § 169.1,
143.0, 134.0, 131.2, 130.1, 128.8, 128.5, 1282, 126.3, 1262, 114.9,
114.1, 64.8, 63.4, 50.0, 49.8, 25.1, 24.6, 24.0, 23.2, 21.6. HRMS (ESI*)
caled for C,,H3 N30,": 394.2495, found 394.2491.

General Procedure for Cu(OTf),-Catalyzed Asymmetric
Reaction of Enone with Et,Zn (Method A). To a solution of
azolium salt (0.045 mmol) in THF (9 mL) were added Cu(OTY),
(0.06 mmol, 21.7 mg) and enone (1 mmol). After the mixture was
cooled to 0 °C, Et,Zn (3 mmol, 1 mol/L in hexanes, 3 mL) was added
to the reaction vessel. The color immediately changed from yellow to
dark brown. After stirring at room temperature for 3 h, the reaction
was quenched with 10% HCI aq. The resulting mixture was extracted
with diisopropyl ether and dried over Na,SO,. The product was
purified by silica gel column chromatography (hexane/EtOAc).
Enantiomeric excess was measured by chiral GLC.

General Procedure for Cu(acac),-Catalyzed Asymmetric
Reaction of Enone with Et,Zn (Method B). To a solution of
azolium salt (0.045 mmol) in THF (9 mL) were added Cs,CO, (0.08
mmol, 26.0 mg) and Cu(acac), (0.06 mmol, 15.7 mg), and then the
mixture was cooled to 0 °C. Then, Et,Zn (3 mmol, 1 mol/L in
hexanes, 3 mL) was added to the reaction vessel, and the mixture was
stirred at room temperature for 15 min. The color changed from blue
to dark brown. Then, enone (1 mmol) was added. and the reaction
mixture was stirred at room temperature for 3 h.
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