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ABSTRACT: Stereodivergent catalytic asymmetric con-
jugate reactions of glycine (ket)imines with nitroalkenes
have been achieved using various chiral catalyst systems
derived from a multidentate amino alcohol (1). The
stepwise nature of the [3 + 2] cycloaddition reactions of
N-metalated azomethine ylides has also been demon-
strated by highly enantio- and diastereoselective syntheses
of exo-5 and endo-8 from the respective syn-4 and anti-7
conjugate addition products in a one-pot tandem fashion.

onjugate addition, one of the most useful carbon—carbon

bond-forming reactions in organic synthesis," plays a
pivotal role in domino (or cascade) reaction sequences,
providing facile access to complex molecular architectures
with impressive levels of stereocontrol.” Although significant
progress in the development of catalytic asymmetric conjugate
reactions has been made in the past decades,> there remains an
important challenge in diversifying the stereochemical outcome
of catalytic asymmetric conjugate reactions.®® For example,
several research groups have reported the development of
catalytic asymmetric conjugate additions of glycine (ket)imines
to f-alkyl-a,f-unsaturated esters,** f-aryl nitroalkenes, * P-aryl-
a,f-unsaturated ketones,** arylidene malonates,*f and
alkylidene bisphosphonates,*® all leading to anti-selective
conjugate reaction products (eq 1). In contrast, there are no
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examples of catalytic enantio- and syn-selective conjugate
reactions of glycine imines. As a consequence, there is a clear
void in the development of catalytic asymmetric syn-selective
conjugate reactions and the possible use of such products in
cascade reaction sequences.

In the pursuit of a solution to this stereodivergence issue,
we became interested in the stereochemical pathways of the
[3 + 2] cycloaddition reaction between glycine imines and
electron-deficient alkenes. Since the seminal contribution of
Grigg in 1991,5 significant progress on catalytic asymmetric
[3 + 2] cycloaddition reactions of N-metalated azomethine
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ylides with alkenes has been made.® The elucidation of their
reaction pathways, however, still remains challenging. Both the
concerted supra—supra mechanism’ and the stepwise mecha-
nism® have been considered as possible pathways, each with
strong computational evidence” but without clear experimental
evidence.'® The involvement of stepwise reaction mechanisms
has been suggested in the catalytic asymmetric exo-,"'*"
endo-,"'%¢ and exo'-selective''? [3 + 2] cycloaddition reactions
of N-metalated azomethine ylides and nitroalkenes (eq 2). This
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notion of a stepwise reaction process in the [3 + 2] cycloaddition
reactions of N-metalated azomethine ylides implies a new possi-
bility of developing catalytic asymmetric systems for the conjugate
reaction pathway.

We previously reported that catalyst—substrate arrangements
are controlled by multiple binding modes of multidentate
amino alcohol 1 through either metal coordination or the
hydrogen-bonding network.'> When glycine imines were
treated with various @,f-unsaturated esters under chiral
copper(I) and silver(I) catalysis, the exclusive formation of
endo-pyrrolidines was observed, possibly through a concerted
[3 + 2] cycloaddition pathway.'”® Given the possibility of
different preferential interactions between acyclic Michael
acceptors and nucleophiles under various chiral catalyst con-
ditions, we envisioned the use of nitroalkenes in our catalyst
system to develop stereodivergent conjugate addition reactions.
We describe herein the first example of such a switch in
selectivity to provide respective anti- and syn-1,4-addition
products using chiral catalyst systems derived from a single
chiral source."

Initially, we examined the copper-catalyzed asymmetric
conjugate addition of glycine imine 2 in the presence of 10
mol % ligand 1 at —15 °C (Table 1). The use of the CuCl/
Et;N catalyst system predominantly led to the decomposition
of 2 and failed to provide either conjugate addition or
pyrrolidine products (entry 1). Efforts to minimize the
decomposition of 2 using 4 A molecular sieves (MS) were
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Table 1. Optimization of Syn-Selective Conjugate Reaction
Conditions

o NO, o Ph O
thN\)kOMe + Phj % 0N \/'B\f)kowm
2 3a -15°C, 18 h NH,
{1 equiv) {1.1 equiv) syn-4a
entry metal solvent yield (%)% ee (%)Y

1 CuCl/Et;N CHCl, D —
2° CuCl/Et;N CHCl, 1D —
34 CuCl/Et;N THF NR _
4 CuOAc CHCl, 70 97
5¢ CuOAc TCE 30 25
6 CuOAc PhCH, ID -
74 CuOAc THF NR -
8 CuOAc CH,CL, 88 98
9° Cu(OAc), CH,C, 18 98

“Isolated yields after hydrolysis of imine 2. ID = imine decomposition,
NR = no reaction. “Determined by HPLC using a chiral column.
Using 4 A MS (20 wt %). 9Reaction time of 48 h. “Decomposition of 2.

not successful (entry 2). Although changing the solvent to
tetrahydrofuran (THF) resulted in a drastic improvement in
the stability of 2, no reaction was observed after a prolonged
reaction time (entry 3). We previously observed the beneficial
effect of acetate in our copper(I)- and silver(I)-catalyzed
asymmetric reactions,'>*" where acetate played the role of mild
base. To our delight, employing the chiral catalyst system
derived from CuOAc exclusively provided syn conjugate
addition products in 70% yield with 97% ee (entry 4). In a
stark contrast, solvent screening revealed that the decom-
position of 2 was the major pathway in 1,1,2-trichloroethane
(TCE) and toluene, while no reaction was observed in THF
(entries 5—7). Finally, dichloromethane was identified as an
optimal solvent, leading to the exclusive formation of syn-4 in
88% yield with 98% ee (entry 8). The importance of the
copper(I) source in the current catalyst system was further
investigated using Cu(OAc),, where high enantio- and
diastereoselectivities were observed, but with a significant loss
in the catalyst efficiency (entry 9).

With the optimized asymmetric conditions in place, the
scope of the catalytic conjugate reaction of nitroalkenes was
investigated (Chart 1). The reaction was applicable to a variety
of aryl and heteroaryl nitroalkenes with electron-donating and
electron-withdrawing groups. In general, exclusive syn-selectivity
with excellent enantioselectivity (>25:1 dr, 97—99% ee) was
observed at —15 °C. The limitation of the current asymmetric
conjugate addition reaction lies with use of aliphatic nitro-
alkenes, where no reaction was observed despite a longer
reaction time (48 h) and higher reaction temperature (23 °C).
Nevertheless, our results presented herein describe the first syn-
selective catalytic asymmetric conjugate addition reaction of
glycine imines. Our current efforts are directed toward
employing other metal salts to catalyze conjugate addition
reactions with aliphatic nitroalkenes. The relative and absolute
stereochemistry of syn-4 was confirmed to be (2R,3S) by X-ray
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Chart 1. Scope of the Syn-Selective Conjugate Reaction

1
0 NO2 40 mol% CuOAc/t B0
PN I, J|/ e e o e e
e g CH,Cl, i
s -15°C, 18-40 h NHp
2 :
(1 equiv) (1.1 equiv) syn-da-j

R!
4a 88%, 98% ee

4b 68%, 97% ee 49 55%, 97% ee

4¢ 75%, 97% ee
4h 62%, >99% ee

4d 72%, 98% ee

4e 65%, 98% ee 4i 86%, 98% ee

4f 72%, >99% ee 4j 91%, 97% ee

crystallographic analysis of the (—)-camphanyl derivative of syn-
4a [see the Supporting Information (SI) for details].

With the objective of understanding the stereochemical
outcome of the intramolecular Mannich reaction of syn-4 under
our current catalyst conditions, we raised the reaction
temperature to 23 °C after completion of the conjugate
addition reaction of 2 (Table 2). The exclusive formation of

Table 2. Optimization of the Intramolecular Mannich
Reaction of syn-4a

Ph O

o M.\a)J\OMe fomoebase 2§
(/N solvent P N\y7 “COMe
Ph 23°C, 18h H
syn-4a’, 38% ee exo-5a, 97% ee
entry base solvent yield (%)“ dr (exo:endo’)”

1 Et;N CH,Cl, 95 4:1
2 Et;N THF 15 15:1
3 Et;N CH,CN >95 >25:1
4 Et;N MeOH >95 5:1
s Et;N PhCH, - -
6 DBU CH,Cl, 85 25:1
7 £BuOK CH,Cl, 84 >25:1
8¢ DBU CH,Cl, 81 >25:1
94 Et;N CH,Cl, 57 4:1

“Isolated yields. “Determined by crude '"H NMR analysis. “Reaction
time of S h using 1 equiv of DBU. 4CuOAc-free reaction, syn-4a was
recovered in 42% yield with 97% ee.

highly enantiopure exo- and endo’-pyrrolidines § (4:1 dr) clearly
demonstrated the stepwise nature of the [3 + 2] cycloaddition
reaction of glycine imines and nitroalkenes (entry 1). A
subsequent solvent screening revealed that highly exo-selective
cyclization reactions are possible in THF and acetonitrile
solution (entries 2—3), while modest selectivity was observed in
MeOH (entry 4). Interestingly, no cyclization occurred in
toluene even using 1 equiv of Et;N (entry 5). For operational
convenience, we also investigated a one-pot cyclization of syn-
4a in CH,Cl, using different base catalysts (entries 6—8).
Pleasingly, the use of stronger bases provided the exclusive
formation of exo-5a in >25:1 dr, with the use of 1 equiv of base
shortening the reaction time to 5 h at 23 °C. The minimal
effect of the chiral copper catalyst in the stereoselective
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intramolecular Mannich reaction was obtained when a crude
reaction mixture of syn-4a that was free of chiral copper catalyst
was subjected to cyclization under catalysis by Et;N to give
identical diastereoselectivities (entries 9). The stereochemical
integrity of the recovered syn-4a was not compromised.

Chart 2 summarizes the scope of the stepwise one-pot exo-
selective [3 + 2] cycloaddition of glycine imines and

Chart 2. Scope of the Stepwise One-Pot [3 + 2]
Cycloaddition Reaction

R2 O

ON _A ON R
2 MOMe DBU (1 equiv) ‘ N
7 CHgCly Ry "COMe
R 23°C.5h H
syn-& exo-5
ON  R? ON_~ R?
pthNBW,COZMe p-CIPh " \” “COMe
H
2
R %—@ 5a81%, >25:1, 99% ee R %—@ 59 68%, >25:1, 93% e
%—@— 5b 78%, >25:1, 98% ee %—@— 5h 75%, >25:1, 96% ee
%@—F 5¢ 88%, >25:1, 99% ee é—@m 5i 71%, >25:1, 97% 66
%-QCI 5d 84%, »25:1, 97% ee %—Q 5] 65%, >25:1, 97% ee
5e 70%, >25:1,97% ee | T IooTTITTTTITTTITTTIITTTITT
! 0N, p-FPh
cl ! >\_> 5k 90%, >25:1, 99% ee
S ‘ 51 88%, 251, 99% ee | P-MePh ' S\ COMe
\ ' H
e o: \7
0N, Ph ON  p-NO,Ph ON, M=
m<CIPh "ZH)"cone o-MePh ‘ZH>"’COZM9 @""ZH)"COQMe
S

51 85%, »25:1, 98% ee 5m 79%, >25:1, 99% ee 5n 83%, 20:1, 98% ee

nitroalkenes via syn-selective conjugate addition products 4.
After reactions at —15 °C for 18—40 h, a simple addition of 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) followed by warming
the reaction mixture to 23 °C afforded the highly exo-selective
cyclization of syn-4. A wide range of syn-4 diastereomers
derived from electron-rich or electron-poor and sterically
diverse aryl nitroalkenes (Sa—f) as well as various glycine
imines (Sg—n) provided good to excellent yields with excellent
enantio- and diastereoselectivities.

After establishing this facile access to chiral pyrrolidines exo-$
through a catalytic syn-selective conjugate addition reaction, we
also investigated anti-selective conjugate addition reactions of
glycine imines that potentially lead to diastereomeric
pyrrolidines. After extensive attempts to isolate anti-selective
conjugate addition products, we found that although the highly
enantio- and diastereoselective [3 + 2] cycloaddition product
endo-Sa can be obtained,'* the transient nature of the anti-
selective conjugate addition product could not be confirmed
from the reaction of glycine imine 2 and nitroalkenes.
Pleasingly, the use of glycine ketimine 6 turned out to be a
key factor in identifying the anti-selective conjugate addition
product.15 Thus, a series of reaction optimizations was
conducted using CuOTf as a metal source with various bases,
solvents, and protic additives to provide the optimal reaction
conditions, in which the combination of DBU in THF in the
presence of t-BuOH or 2-phenyl-2-propanol led to the
formation of anti-7a in 89% vyield with 90 and 85% ee,
respectively (see the SI for details). Chart 3 summarizes the

Chart 3. Scope of the Anti-Selective Conjugate Reaction

B 0
0 N, 10moi% cuoTe opN._ A2 A
10 mol% DBU T OtBu
Ph._N \ Jomol%DBY, "%
g OtBu oy 20 mol%

Ph s 2-phenyl-2-propanol Ph
6 THF, -15 °C, 30-48 h .

(1 equiv) {1 equiv) anti-Ta-m

7a 89%, 90% ee?
7b 84%, 88% ee

Cl 7c82%, 84% ee

% q 7i 88%,80% ee?
o

F 7d68%, 80% ee? 7] 83%, 86% ee®

7e 81%, 88% ee 7k 83%, 81% ee®

7f85%, 88% ee 71 52%, 80% ee®

s
A
79 83%, 82% ee ?< 7m 49%, 80% ee?

“Reaction used 60 mol % t-BuOH. “Reaction used 20 mol % catalyst.
“No additive was used.

scope of the catalytic anti-selective conjugate addition of glycine
ketimine 6. The exclusive formation of anti-7 with high
enantioselectivity and yield was achieved for various nitroalkene
derivatives with different electronic (7a—d) and steric (7e—i)
effects. Synthetically useful levels of enantioselectivity in the
80—90% ee range were observed, although sterically demanding
substrates proved to be less enantioselective (7g—i). The use of
heteroaromatic nitroalkenes also provided satisfactory selectiv-
ities (7j, 7k) in the absence of protic additives, but lower
reactivities were observed for aliphatic nitroalkenes (71, 7m).
The relative and absolute stereochemistry of anti-7 was
confirmed to be (2R,3R) by comparison of its HPLC retention
times with those of authentic samples (see the SI for details).

The stereochemical outcome of the intramolecular Mannich
reaction of anti-7 under base catalysis was also investigated. As
anticipated, the exclusive formation of endo-8a was observed
regardless of the nature of base.'® Alternatively, the use of CuCl
led to the generation of catalytically active chiral copper
complexes that provided the [3 + 2] cycloaddition reac-
tion product, endo-8a, through a stepwise reaction sequence.'”
After some experimentation, we found that the combination of
Et;N in TCE in the presence of EtOH led to the formation of
endo-8a in 85% yield with 93% ee (see the SI for details). The
scope of the catalytic endo-selective [3 + 2] cycloaddition
reaction of glycine ketimine 6 was evaluated under the opti-
mized reaction conditions (Chart 4). The reaction was readily
applicable to a wide range of aromatic, heteroaromatic, and
aliphatic nitroalkenes. In general, exclusive endo selectivity and
high enantioselectivity were achieved for nitroalkenes with
para-substituted phenyl groups, where little electronic effect
was observed (8a—d). Nitroalkenes with ortho- and meta-
substituted aryl groups, however, exerted steric effects on the
current catalyst system, leading to lower enantioselectivities of
78—82% (8g, 8h). The use of heteroaromatic nitroalkenes was
also satisfactory (8j, 8k). Notably, aliphatic nitroalkenes were
well-tolerated in our catalyst system, providing an excellent
level of enantioselectivity (81, 8m).

In summary, we have developed a stereodivergent catalytic
asymmetric conjugate reaction of glycine (ket)imines with
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Chart 4. Scope of the Endo-Selective [3 + 2] Cycloaddition
Reaction

10mol% CuClt ~ O,N  Ph
? + NG>T4 ol EtN ;
PN | -
hig OtBu oy 20 mol% EtOH N7 CORtBU
Ph TCE, -15¢C,24-36h PN
6
(1 equiv) (1.2 equiv) endo-8a-m
Ri

8a 85%, 93% ee

8h 65%,78% ce
8i 67%,92% ee

o
HJ
s
iy
§_<:> 8190%, 91% e

i<

“After a single recrystallization from a crude mixture of 8f with 80% ee.

8b 81%, 93% ee
8¢ 84%, 94% ce
8d 77%, 93% ee 8] 73%, 87% ee
8e 88%, 83% ce

8k 68%, 87% ee

8f 70%, 92% ee?

89 83%, 74% ee 8m 86%, 90% ee

nitroalkenes, where respective syn and anti addition products
were obtained with high diastereo- and enantioselectivities. In
addition, the stereoselective formation of exo-5 and endo-8 has
also been achieved from syn-4 and anti-7, respectively, under
base catalysis, clearly demonstrating the stepwise nature of the
[3 + 2] cycloaddition reactions of N-metalated azomethine
ylides. The preparation of a diverse array of chiral compounds
using various chiral catalyst species, particularly derived from a
single chiral source, should enrich our molecular-level under-
standing of asymmetric catalysis. Mechanistic studies and the
extension of the stereodivergent catalysis approach to other
carbon—carbon bond-forming reactions are currently under-
way, and our results will be reported in due course.
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