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have been paid for by the Royal Society
of Chemistry The recent promising applications of deuterium-labeled pharmaceutical compounds have led to an urgent
need for the efficient synthetic methodologies that site-specifically incorporate a deuterium atom into
bioactive molecules. Nevertheless, precisely building a deuterium-containing stereogenic center, which
meets the requirement for optimizing the absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties of chiral drug candidates, remains a significant challenge in organic synthesis.
Herein, a catalytic asymmetric strategy combining H/D exchange (H/D-Ex) and azomethine ylide-
involved 1,3-dipolar cycloaddition (1,3-DC) was developed for the construction of biologically important
enantioenriched a-deuterated pyrrolidine derivatives in good yields with excellent stereoselectivities and
uniformly high levels of deuterium incorporation. Directly converting glycine-derived aldimine esters into
the deuterated counterparts with D,O via Cu(l)-catalyzed H/D-Ex, and the subsequent
thermodynamically/kinetically favored cleavage of the a-C-H bond rather than the «-C-D bond to
generate the key N-metallated o-deuterated azomethine ylide species for the ensuing 1,3-DC are crucial
to the success of a-deuterated chiral pyrrolidine synthesis. The current protocol exhibits remarkable
features, such as readily available substrates, inexpensive and safe deuterium source, mild reaction
conditions, and easy manipulation. Notably, the synthetic utility of a reversed 1,3-DC/[H/D-Ex] protocol
has been demonstrated by catalytic asymmetric synthesis of deuterium-labelled MDM2 antagonist
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Introduction

Deuterium as one of the readily accessible and nonradioactive
atoms plays crucial roles in life science because of its ability to
promote the discovery and development of drugs,"™ to study the
reaction mechanisms,>® and to be as an ideal internal standard
for mass spectrometry.” Particularly, incorporating a deuterium
atom into the stereogenic center of a chiral drug candidate can
not only stabilize its structure®'? but also improve the metabolic
profile.*>** For example, the deuterated analogue of (—)-CC-122,
a compound currently in human clinical trials for hematolog-
ical cancers and solid tumors, exhibits higher in vitro anti-
inflammatory and in vivo antitumorigenic effects with the
enhanced configuration stability.>® To suppress the disfavored
epimerization of telaprevir without losing activity against the
hepatitis C virus NS3-4A protease, the proton at the easily-
epimerized stereogenic center was replaced with deuterium."
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The incorporation of a deuterium-containing stereogenic center
into erythromycin B led to a remarkable reduction of acid-
promoted enol ether formation without compromising the
antibacterial effect." The enantioenriched 5-deuterated (R)-
pioglitazone proves to be a better therapeutic agent than non-
deuterated pioglitazone and racemic mixtures of deuterated
counterparts (Fig. 1).*

[D4]-telaprevir

[D4]-erythromycin B

Fig.1 Representative drug molecules bearing a deuterium-containing
stereogenic center.
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Accordingly, much attention has been paid to exploit various
methods for the incorporation of a deuterium atom into the
stereogenic center of chiral pharmaceutical molecules or their
key building blocks.*>?* Catalytic asymmetric synthesis, as one
of the most straightforward approaches towards this goal,
mainly focuses on asymmetric reduction and asymmetric
deuteration of prochiral compounds®=° (Scheme 1a). In
contrast, catalytic asymmetric 1,3-dipolar cycloaddition reac-
tions,*** occupying an important position in the field of
organic synthesis and medicinal chemistry, have never been
documented to install a deuterium-containing stereogenic
center in heterocyclic adducts presumably due to the difficulty
and unavailability of generating the corresponding deuterium-
containing starting materials or key intermediates. Therefore,
developing a novel synthetic strategy capable of precisely
incorporating a deuterium-containing stereogenic center into
biologically active and therapeutically-relevant heterocyclic
scaffolds via a catalytic asymmetric cycloaddition reaction is of
great significance and urgent demand.

On the other hand, optically active pyrrolidines are prevalent
core structures found in many biologically active natural products
and pharmaceutical molecules.***®* However, only sporadic
studies on the preparation of deuterated counterparts have been
reported so far*** In 1994, Beak and co-workers disclosed
a sequential asymmetric deprotonation-deuteration of N-Boc-
pyrrolidine in the presence of excess amount of (—)-sparteine,
affording enantioenriched a-deuterated N-Boc-pyrrolidine using
MeOD as the electrophile and deuterium source.* In another
example, based on the modified Pieters's protocol,* the team of
Roche documented that stereoretentive a-deuteration of L-proline
could be achieved using ruthenium on a carbon catalyst with
deuterium oxide as the deuterium reagent.** Despite these
advances, such methods suffered from harsh reaction conditions,

a) Catalytic asymmetric strategy for the construction of deuterium-containing stereocenter
- H X
N/ D" D& : X "D"
/—X E——— 7Tx‘ : U\ L Ny
o i 7Y o

via catalytic asymmetric reduction via catalytic asymmetric deuteration

b) Our design: catalytic asymmetric synthesis of enantioenriched pyrrolidines bearing a
deuterated stereocenter via H/D-exchange/1,3-dipolar cycloaddition

catalytic asymmetric 1,3-DC

a-D pyrrolidine

Challenges

cost and efficiency high D-content stereoselectivity Ease of manipulation

Scheme 1 Strategies for catalytic asymmetric construction of
a deuterium-containing stereocenter.

4042 | Chem. Sci, 2022, 13, 4041-4049

View Article Online

Edge Article

non-catalytic asymmetric process or extremely narrow substrate
scope, which would limit their practical application.

In view of the importance of deuterium-labelled chiral N-
heterocycles and our continuing interest in the catalytic asym-
metric construction of enantioenriched pyrrolidine derivatives
with azomethine ylide,*"***> we envisioned that merging the H/
D-exchange (H/D-Ex) protocol* with the 1,3-dipolar cycloaddi-
tion reaction would meet this great challenge in a catalytic
asymmetric manner and exactly cater for the ever-growing
demand of deuterated bioactive heterocyclic molecules in the
pharmaceutical industry.*® As shown in Scheme 1b, we
proposed that base-promoted and/or transition metal-catalyzed
H/D-exchange of readily available glycine-derived aldimine ester
with certain deuterium reagent would deliver the corresponding
deuterated intermediate 1-d, (n = 1 or 2);**** the deuterated
aldimine ester could coordinate with the transition-metal
cation to form the key N-metallated azomethine ylide bearing
a deuterium atom at the a-position. Subsequently, catalyst-
controlled asymmetric cycloaddition of the generated p-azo-
methine ylide with dipolarophiles provides a-deuterated enan-
tioenriched pyrrolidine derivatives. While this reaction design
is conceptually straightforward, there are still some significant
challenges associated with this proposal: (1) driving keto-enol
tautomerization towards the deuterated intermediate 1-d,, could
be theoretically achieved by the formation of a slightly more
stable C-D bond versus the C-H bond and by adding a large
excess of certain polar deuterium reagent,*® nonetheless, we
cognized that such a thermodynamic process could be
complicated by the level of deuterium-enrichment of aldimine
esters and the ensuing de-deuteration or de-protonation to form
the key N-metallated p-azomethine ylides with metal cations; (2)
whether or not the employed polar deuterium reagent deterio-
rates the efficiency and diastereo-/enantioselectivity control of
transition metal-catalyzed asymmetric 1,3-dipolar cycloaddi-
tion, since less polar and anhydrous solvents, such as
dichloromethane, toluene or tetrahydrofuran, were commonly
used in the established catalytic systems.

Herein, we report the development of an efficient synthesis
of a-deuterated enantioenriched pyrrolidine derivatives via the
strategy of combining H/D-exchange with catalytic asymmetric
1,3-dipolar cycloaddition of azomethine ylides. This protocol
enables us to directly convert glycine derived aldimine esters to
the deuterated counterparts employing relatively safe, low-cost
and operationally convenient D,O as the deuterium source
under mild reaction conditions, and therefore provides a facile
access to a-deuterated chiral pyrrolidines with high function-
ality, multiple stereocenters and uniformly high levels of
deuterium incorporation for the first time.

Results and discussion
Reaction development and optimization

We initiated our investigations into the H/D-exchange perfor-
mance of glycine-derived aldimine ester. In order to get insight
into the H/D exchange process of aldimine ester 1a, a series of
'"H NMR experiments were carried out with inexpensive and
easy to handle D,O as the deuterium reagent in the presence of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 H NMR studies on the level of deuterium incorporation of
aldimine ester 1la with D,O. (A) Monitoring the content of aldimine
ester 1a, 1la-d; and la-d, when the different amount of D,O was used.
(B) Studying the effect of reaction parameters such as chiral copper
complex, reaction time and temperature on the content of aldimine
ester 1a. (C) Studying the effect of reaction parameters such as chiral
copper complex, reaction time and temperature on the content of
intermediate 1a-d;. (D) Studying the effect of reaction parameters such
as chiral copper complex, reaction time and temperature on the
content of intermediate 1la-d-.

a catalytic amount of chiral metal complex Cu()/(S)-TF-
BiphamPhos as the catalyst and Et;N as the base.*> As shown
in Fig. 2A, along with the addition of the increased amount of
D,O (monitored with 'H NMR at the indicated time intervals
with 3, 5, 7, 14, 28 and 56 equiv. of D,O, respectively, see the
ESIf for details), the starting material aldimine ester 1a was fast
consumed and converted into two deuterated intermediates 1a-
d, and 1a-d,, and the content of intermediate 1a-d,; showed
a fast increase and then a slow decrease in this H/D exchange
process. The whole deuterium enrichment of aldimine ester 1a
improved gradually with the increased excess of D,O. When the
amount of D,0 was increased up to 28 equivalents, the ratio of
the two species 1a-d; and 1a-d, tends to be stable. However, the
complete a-deuteration of 1a cannot be reached even with 56
equivalents of D,O. The ratio of 1a and two deuterated species
la-d; and 1a-d, did not show any remarkable changes when the
amount of D,0 was increased from 28 equiv. to 56 equiv., and
the resulting mixture still contained a considerable amount of
la-d; and a small amount of 1a.

Furthermore, the effect of other reaction parameters, such as
chiral copper complex, temperature and time, on the H/D
exchange performance was also investigated with 28 equiv. of
D,O0 being added. It is worth noting that metal complex Cu(1)/
(S)-TF-BiphamPhos significantly promotes the H/D exchange of
aldimine ester 1a. As shown in Fig. 2B-D, removing the chiral
copper complex from the above condition seriously decayed the
rate of H/D-exchange. A comparative H/D-exchange level could

© 2022 The Author(s). Published by the Royal Society of Chemistry
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not be reached even with a prolonged reaction time or at an
elevated reaction temperature in the absence of the copper
complex. These control experimental results revealed that the
chiral copper complex served as a crucial factor to promote the
H/D-exchange of aldimine ester 1a. When the process of H/D-
exchange was monitored over time (8 min, 16 min, 24 min,
32 min, 40 min, and 48 min), the kinetic curve of 1a, 1a-d;, and
1a-d, gradually became steady at 32 min, which suggested that
the mixed system reached an equilibrium and thus introducing
dipolarophiles at this time point would be suitable for the
ensuing construction of enantioenriched a-deuterated pyrroli-
dines via 1,3-dipolar cycloaddition. Accordingly, the amount of
28 equiv. of D,O might be the compromise choice for H/D-
exchange of aldimine ester, although leaving an uncertainty
on whether a high level of deuterium incorporation could be
achieved or not in the final pyrrolidine products, which to
a great extent depends on the iz situ formation of the deuterated
azomethine ylide species via the selectivity of de-deuteration or
de-protonation of aldimine ester 1a-d;.

Since the complete a-deuteration of aldimine ester 1a into
1a-d, could not be reached with 28 equiv. of D,O, the subse-
quent investigation commenced with the hope that a slightly
more stable C-D bond would thermodynamically and kineti-
cally favor the cleavage of the a-C-H bond rather than the a-C-D
bond to form the key N-metallated a-deuterated azomethine
ylide with a synthetically useful level of deuterium-enrichment.
To explore the selectivity issue of de-deuteration or de-
protonation, we started to investigate the model reaction of
aldimine ester 1a and dimethyl maleate 2a for optimization of
reaction conditions.

As shown in Table 1, aldimine ester 1a was pre-stirred in
a mixture of dichloromethane and D,O (28 equiv.) for 30 min in
the presence of Cu(1)/(S)-TF-BiphamPhos (5 mol%) and Et;N (1
equiv.) at 5 °C. To eliminate the disfavored interference of polar
deuterium solvent in the stereoselectivity of cycloaddition, 3 A
MS (200 mg) was added to remove the remaining D,O/DHO from
the system, and then dimethyl maleate 2a was introduced at
room temperature. The reaction finished smoothly to give
cycloadduct endo-3a in 92% yield with an exclusive diaster-
eoselectivity (>20 : 1 dr), excellent enantioselectivity (99% ee) and
96% deuterium incorporation (Table 1, entry 1). This excellent
deuterium enrichment confirmed that the cleavage of a-C-H in 1-
d, is kinetically more favored than that of the C-D bond even in
the presence of a chiral copper catalyst. Further the control
experiment revealed that removing the remaining D,O/DHO is
crucial to enhancing the reactivity and diastereoselectivity (entry
2). Using a lower amount of D,O (7 or 14 equiv.) led to a signifi-
cantly reduced deuterium-incorporation level (entries 3 and 4).
Increasing the amount of D,O to 56 equiv. could not improve the
deuterium-incorporation level further (entry 5), which is fully
consistent with the observation in "H NMR experiments (vide
supra). When D,O was replaced with another commonly-used
deuterium reagent MeOD, a high level of deuterium-
incorporation could still be achieved albeit with unsatisfactory
yield and diastereoselectivity, which is probably caused by the
incompatibility of the polar solvent in the catalytic asymmetric
cycloaddition step (entries 6 and 7). Therefore, D,O was chosen

Chem. Sci., 2022, 13, 4041-4049 | 4043
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Table 1 Exploration and optimization®
CF;
Br
fOMe MeO,C,  CO,M
e0,C, K e
< Cu(l)(S)-L1 (5 mol %) MeO,C. A 2a 2%, &2 i i
P o D 3 2
p-Cl-CeHy” "N~ ~CO,Me DY F.C NHPPh
i DCM, D,0 (28 equiv.) p-CICeH™ N~ “CO,Me 3 2
EtzN, 5 °C, 30 min; H
then 3 A MS, 10 min endo-3a Br
CF3 (S)-L1
Entry Derivation from standard conditions Yield” (%) dr* (endo : exo) D° (%) ee’ (%)
1 None 92 >20:1 96 99
2 Without 3 A MS 82 15:1 96 99
3 D,0 (7 equiv.) instead of D,O (28 equiv.) 94 >20:1 78 99
4 D,0 (14 equiv.) instead of D,0 (28 equiv.) 93 >20:1 91 99
5 D,0 (56 equiv.) instead of D,O (28 equiv.) 92 >20:1 97 99
67 MeOD as solvent 85 3:1 96 9%
7¢ Vbem : Vameon = 10 : 1 as the solvent 80 17:1 95 99

“ All reactions were carried out with 0.2 mmol of 1a, 0.3 mmol of 2a, and 0.2 mmol of Et;N in 2 mL of DCM and 0.1 mL of D,O for 3-6 h, see the ESI
for details. ? Yields refer to isolated yields of deuterated products. © The dr value was determined by crude 'H NMR. D refers to D-incorporation
percentages based on the calculations described in the ESIL The ee value was determined by HPLC analysis. ¢ Without 3 A MS.

as the optimal deuterium-donor due to the inexpensiveness,
safety and convenient operation of this material.

Substrate scope

With the optimized reaction conditions established, we turned
our attention to investigating the scope and generality of the

Table 2 Substrate scope of aldimine esters®

current catalytic system with regard to aldimine esters. The
representative results are shown in Table 2. A range of para- and
meta-substituted aryl aldimine esters bearing electron-deficient
(1a, 1c, 1d, and 1e), electron neutral (1f), or electron-rich (1g, 1i,
and 1j) groups on the arene ring performed well to afford the
corresponding a-deuterated products endo-3a-3j in high yield

PN Cu(l)(S)-L1 (5 mol %)

CO,Me

MeO,C._~ 2a MeOzc,”' ‘\\\COZMe

R N7 CO,Me

1 DCM, D,0 (28 equiv.)

Et;N, 5 °C, 30 min
then 3 A MS, 10 min

%
R™ Ny~ CO,Me

N
H

endo-3

Entry R 3 Yield? (%) dr’ (endo : exo) D¢ (%) ee’ (%)
1 p-CICeH, 3a 92 >20:1 96 99
2 0-CICgH, 3b 74 14:1 95 99
3 m-ClCeH, 3¢ 67 >20:1 95 99
4 p-BrCgH, 3d 95 17:1 96 99
5 P-FCH, 3e 90 13:1 96 99
6 Ph 3f 89 19:1 94 99
7 p-MeCgH, 3g 88 17:1 96 99
8 0-MeCgH, 3h 57 19:1 96 99
9 m-MeCgH, 3i 71 13:1 96 97
10 p-MeOCgH,y 3j 90 13:1 94 99
11 1-Naphthyl 3k 63 13:1 93 99
12 2-Naphthyl 3l 56 17:1 95 99
13 2-Furyl 3m 66 9:1 96 98
14 Cyclohexyl 3n 45 >20:1 92 95
154 p-CIC4H, 3a 95 >20: 1 96 99

@ All reactions were carried out with 0.2 mmol of 1, 0.3 mmol of 2, 0.01 mmol of Cu(1)/(S)-L1, and 0.2 mmol of Et;N in 2 mL of DCM and 0.1 mL of
D,O for 3-6 h, see the ESI for details. ? Yields refer to isolated yields of deuterated products. © The dr value was determined by crude *H NMR. D
refers to D-incorporation percentages based on the calculations described in the ESI. The ee value was determined by HPLC analysis. ¢ 1.0 mmol

scale.
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(57-95%) with excellent stereoselectivity (13 : 1-20 : 1 dr, 97-
99% ee) and uniformly high levels of (94-96%) deuterium
incorporation (Table 2, entries 1, 3-7, 9 and 10). Notably,
sterically hindered ortho-methyl and ortho-chloro substituted
aldimine esters 1b and 1h were well compatible with this
catalytic system, leading to the desired a-deuterated cyclo-
adducts 3b and 3h in good to high yields with perfect diastereo-/
enantioselectivities and excellent levels of deuterium incorpo-
ration (entries 2 and 8). Aldimine esters with fused aromatic
rings (1k and 11) or heteroaryl group (1m) are also well tolerated

Table 3 Substrate scope of dipolarophiles®

View Article Online
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in this sequential H/D-exchange/1,3-dipolar cycloaddition
process. Remarkably, the challenging and less reactive alkyl
aldimine ester 1n derived from cyclohexanecarbaldehyde is
aviable substrate in this transformation, furnishing the desired
a-deuterated endo-product (3n) with a high enantioselectivity
(95%) and excellent deuterium incorporation (92%) with
a moderate yield (45%) (entry 14). Comparable reactivity, ster-
eoselectivity and deuterium-enrichment level were maintained
when the reaction was carried out at 1.0 mmol scale (entry 15).

[MJ/L* (5 mol %)

0O

no
Q.

PATZ

€ asG z,C i
X i
R”N">CoMe — NN — 2 ;/,,,D | 0 PAr
DCM, D0 (28 equiv.) ! RN~ “COMe | { O
1 EtsN, 5 °C, 30 min 2 H ' e}
then 3 A MS, 10 min endo-Alexc:d | DTBM-Segphos (S)-L2
| (Ar = 3,5-tBuy-4-MeO-CgHy)
Ph o
MeO,C, ~ SO;Ph BUO,C, Oy M0 oy o 7> ph
@D OD [ B D
R™NN “COMe R™NN CO,Me LY Gl ;' R™SN7"COMe
H 2! H 2 R™ N :,,COZMe R" N ICOZMe H 2!
H H
IMIL*: Ag(l)/(S)-L1 [MIL*: Cu(l)/(S)-L1 IMJL*: Ag(l)/(S)-L1 IMJ/L*: Cu(I)/(S)-L1 IML*: Cu(1)/(S)-L1
(R =p-ClCgH,) (R =p-ClCgHy) (R =p-CICgHy) (R = p-ClCgHy) (R = p-ClCgH,)

entry 1: endo-4a
81% yield, 94% D
>20:1 dr, 95% ee

entry 2: endo-4b
70% yield, 97% D
>20:1dr, 91% ee

entry 3: endo-4c
88% yield, 91% D
>20:1 dr, 90% ee

entry 4: endo-4d
87% vyield, 96% D
>20:1 dr, 94% ee

entry 5: endo-4e
88% vyield, 94% D
>20:1 dr, 90% ee

MeO,C, LOMe MeO,C,

N N
H H

[M]/L*: Cu(l)/(S)-L2
(R = p-ClCgHy)
entry 6: exo-4f

70% vyield, 93% D
>20:1 dr, 98% ee

[MJ/L*: Cu(1)/(S)-L2
(R=Ph)

entry 7: exo-4g
58% vyield, 95% D
>20:1 dr, 98% ee

MeOZC,
()
PR Ly
Z H
(o]

[MJ/L*: Cu(1)/(S)-L1
entry 11: endo-4k, 74% yield, >20:1 dr, 99% D

LOsMe
\ ,D
“CO,Me

i MeO,C, LOMe

X
DL @S s gttt
B H
(¢}

[M]/L*: Cu(l)/(S)-L2
entry 13: exo-4k, 53% yield, >20:1 dr, 94% D

PhO,S,

R CO,Me R CO,Me R CO,Me

[M)/L*: Cu(l)/(S)-L2
(R =Ph)
entry 8: exo-4h
79% vyield, 94% D
>20:1 dr, 98% ee

RSy e0zMe R™N\ ~COMe
H H
[MI/L*: Cu(l)/(S)-L2 [MY/L*: Cu(l)/(S)-L2
(R=Ph) (R = p-CICgH4)
entry 9: exo-4i entry 10: exo-4j

72% vyield, 94% D
>20:1 dr, 98% ee

94% vyield, 93% D
>20:1 dr, 99% ee

MeO,C, CO,Me

O
QPR D Oy o
H
o

[MJ/L*: Cu(l)/(R)-L1
entry 12: endo-4k’, 70% yield, >20:1 dr, 98% D

Tt

H M902C
DAl L
0 . O NN COMe
B H
(6]

[MJ/L*: Cu(l)/(R)-L2
entry 14: exo-4k', 51% yield, >20:1 dr, 97% D

CO,Me

“ All reactions were carried out with 0.2 mmol of 1, 0.3 mmol of 2, 0.01 mmol of [M]/L, and 0.2 mmol of Et;N in 2 mL of DCM and 0.1 mL of D,O for
3-6 h, see the ESI for details. Yields refer to isolated yields of deuterated products. The dr value was determined by crude 1H NMR. D refers to D-
incorporation percentages based on the calculations described in the ESI. The ee value was determined by HPLC analysis.
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Motivated by the excellent performance of various aldimine
esters in the synthesis of a-deuterated chiral pyrrolidines, we
were interested in exploring the feasibility of various electron-
deficient alkenes such as dipolarophiles in this catalytic asym-
metric deuteration system. As depicted in Table 3, employing
(2)-B-sulfonyl acrylate 2b as the dipolarophile and aldimine
ester 1a as the ylide precursor with the AgOAc/(S)-L1 complex as
the chiral catalyst under otherwise identical reaction condi-
tions,** the desired cycloadduct a-deuterated endo-4a was iso-
lated exclusively in 81% yield with 95% ee and 94% deuterium
incorporation (entry 1). Subjecting tert-butyl acrylate 2c to the
standard reaction conditions,** the corresponding a-deuterated
endo-adduct 4b was obtained in good yield with excellent ster-
eoselectivity and a high level of deuterium incorporation (97%)
(entry 2). Moreover, good yield and high enantioselectivity with
91% deuterium incorporation could be achieved when N-phenyl
maleimide 2d was employed as the reactant partner with
AgOAc/(S)-L1 as the metal complex (entry 3). When introducing
some trisubstituted cyclic electron-deficient alkenes into the
current cycloaddition reaction, highly a-deuterated endo-4d and
endo-4e bearing a unique spiro quaternary carbon center were
formed in good yield with excellent selectivity, respectively
(entries 4 and 5). When using Cu(1)/(S)-DTBM-Segphos-L2 as the
chiral catalyst and dimethyl maleate 2a as the dipolarophile,*”**
the corresponding o-deuterated exo-selective cycloadduct 4f
could be separated in 70% yield with 98% ee and 93% deute-
rium incorporation (entry 6). In addition, this exo-selective
catalytic system was also highly compatible with a series of
olefines bearing a single substitute such as 2g, 2h and 2i,
leading to formation of the desired a-deuterated cycloadducts
exo0-4g, exo-4h and exo-4i in good yield (58-79%) with excellent
ee values (97-98%) and deuterium incorporation (94-95%)
(entries 7-9). Similarly, highly a-deuterated spirocyclic exo-4j
could be obtained in good yield with excellent stereoselectivity

MeO,C,  CO;Me MeO,C,  CO;Me
D-Cl-CeH™ Ny "'on/oxr'\"e p-CI-C6H4’%/OYMS
H 0 coMme H o0 cowNe

endo-6, 81% yield
>20:1dr, 93% D

ex0-6, 85% yield
>20:1dr, 93% D

_te
. OO\‘C/O’\:Me _le

of

o rp

NS
Cl-CgHs~ N

MeO,C,  CO,Me MeO,C,  CO,Me
D D
D-Cl-CaH™ N7 Ny O~ Me p-Cl-CeHa™ Ny 'w,n/o\r'\/'e
O CO,Me H o0 cowNe

endo-6', 83% yield
>20:1dr, 93% D

exo-6', 86% yield
>20:1dr, 94% D
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control (entry 10). To further demonstrate the scope of this
methodology, we introduced a structurally complex molecular
unit with biological activity into a-deuterated chiral pyrroli-
dines. When employing Cu(1)/(S)-L1 as the metal complex, the
reaction of cholesterol derived aldimine ester 1k with 2a under
the standard reaction conditions, the corresponding endo-
selective a-deuterated product 4k could be separated in a good
yield (74%) with an excellent diastereoselectivity (>20 : 1) and
high deuterium incorporation (98%) (entry 11). Furthermore, by
selecting suitable chiral ligands ((R)-L1, (S)-L2, or (R)-L2) instead
of (S)-L1, controllable syntheses of the other three deuterated
diastereoisomers (endo-4K/, exo-4k, and exo-4k’) could be facilely
accessed with satisfactory results (entries 12-14), which
demonstrated that the local stereochemical information on the
imine moiety of aldimine esters results in negligible effects on
the H/D-exchange and asymmetric induction in the ensuing
cycloaddition reaction.

Subsequently, we turned our attention to whether the above
catalyst-controlled protocol for diastereodivergent synthesis of
endo-/exo-isomers of a-deuterated pyrrolidines could be further
extended to the precise construction of up to eight deuterated
endo-/exo-stereoisomers. As shown in Scheme 2, the reaction of
(S)-(—)-lactate derived aldimine ester 5 with 2a was performed
with appropriate copper(i)/chiral ligand complexes under the
standard reaction conditions, and four desired a-deuterated
diastereoisomers (endo-6, endo-6', exo-6, and endo-6') were
successfully prepared in good yield (81-86%) with excellent
diastereoselectivity (>20 : 1 dr) and high deuterium incorpora-
tion (93-94% D). As expected, using (R)-(—)-lactate derived
imine ester ent-5 as the starting material, the remaining four
complementary a-deuterated diastereomers (ent-endo-6, ent-
endo-6', ent-exo-6, and ent-endo-6') could be readily achieved
with similar results via the same protocol.

MeO,C,  ,COMe MeO,C.  .CO,Me

D D
p-CHCHI™ 7 N O e P-CHCeH™ Sy D e
H o GCoMe H 0 GoMe

ent-endo-6, 73% yield
>20:1dr, 93% D >20:1dr, 93% D

OL O _ Me —To

NS
p-Cl-csH{\N/\[( .

O éOzl\/Ie
o ent-5 6

ent-exo-6, 82% yield

MeO,C,  CO,Me MeO,C,  CO,Me
“ -~ D % ?\\D
p-CI-CeH4“‘"(N>"”'11/O\E/Me p-Ch-CaH™ 7 Ny O M

H O Co,Me H O CoMe

ent-endo-6', 75% yield
>20:1dr, 92% D

ent-exo-6', 81% yield
>20:1dr, 93% D

[ (1) cu(l)/(S)-L1 (2] Cu(l)/(R)-L1

(3) Cu(l)/(S)-L.2 (4] Cu(l)/(R)-L2 ]

Scheme 2 Access to enantioenriched pyrrolidines endo-6, endo-6', exo-6, and exo-6/, and the enantiomers.
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a) Catalytic asymmetric synthesis of deuterated MDM2 antagonist RG7388 with the protocol of [H/D-Ex]/[Cu-catalyzed 1,3-DC}/[H/D-Ex]
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b) Catalytic asymmetric synthesis of deuterated MDM2 antagonist RG7388 with the protocol of [Cu-catalyzed 1,3-DC]/[H/D-Ex]
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Scheme 3 The catalytic asymmetric construction of deuterated MDM2 antagonist RG7388.

Synthetic applications

Encouraged by the above investigations on the asymmetric
synthesis of enantioenriched a-deuterated pyrrolidines via
sequential H/D-exchange/1,3-dipolar cycloaddition process, we
questioned whether such protocol could be utilized for the
preparation of deuterium-labelled bioactive pharmaceutical
molecules. For example, MDM2 antagonist idasanutlin
(RG7388), discovered by Roche, is a chiral pyrrolidine carbox-
amide in phase III clinical trials.* As shown in Scheme 3a,
through integrating the H/D-exchange strategy into Cu(OAc),/
(R)-BINAP-catalyzed asymmetric 1,3-dipolar cycloaddition of
nitrile olefin 7 and aldimine amide 8,* the corresponding o-

© 2022 The Author(s). Published by the Royal Society of Chemistry

deuterated pyrrolidine carboxamide D-exo-9 could be isolated in
63% yield with 18 : 1 diastereoselectivity and 95% ee albeit with
unsatisfactory 42% deuterium incorporation at the o-position
of ester. However, further isomerization of compound D-exo0-9
with aqueous sodium hydroxide through a base-promoted ring-
opening/[H/D-Ex]/cyclization pathway®* led to idasanutlin 12
without any a-deuterium being detected albeit with retention of
the configuration at the a-position of the pyrrolidine ring, and
the key keto-enol tautomerization resulted in the complete loss
of deuterium in a regular protic solvent. In consideration of the
correlation between the deuteration of unlabeled compounds in
deuterium solvents and the reverse de-deuteration of labelled
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compounds in common solvents®® and the previous "H NMR
experimental results of the a-hydrogen atom of aldimine esters
could be partially deuterated with D,O in the presence of weak
organic base Et;N (vide supra, Fig. 2), we reasoned that using
a stronger inorganic base (aqueous sodium hydroxide), it would
be possible to install a deuterium atom onto the a-position of
idasanutlin with a synthetically useful deuteration level via
a reversed 1,3-DC/[H/D-Ex] protocol. As shown in Scheme 3b,
Cu(1)/(R,Rp)-L3-catalyzed 1,3-dipolar cycloaddition between
nitrile olefin 7 and aldimine amide 8 proceeded smoothly in
THF to provide the regular compound exo0-9 in 88% yield with
an exclusive diastereoselectivity (>20 : 1 dr) and 96% ee.*” The
ensuing isomerization was successfully carried out in a mixed
solution of NaOH/D,O (10 M), leading to the a-deuterated ida-
sanutlin D-12 (D-RG7388) in 75% yield with a high level of
deuteration incorporation (95% D) and excellent stereo-
selectivity (>20 : 1 dr, 95% ee).

Conclusions

In summary, a wide range of enantioenriched pyrrolidine
derivatives with a high level of deuteration incorporation have
been efficiently synthesized for the first time via the strategy of
merging H/D exchange with the transition-metal catalyzed 1,3-
dipolar cycloaddition reaction. Directly converting glycine-
derived aldimine esters into the deuterated counterparts with
D,0 by virtue of Cu(1)-catalyzed H/D-exchange and subsequent
thermodynamically/kinetically favored cleavage of the a-C-H
bond rather than the a-C-D bond are crucial to generate the key
N-metallated o-deuterated azomethine ylide species, which
enables the success of a-deuterated chiral pyrrolidine synthesis
with a high level of deuterium incorporation. The cost-effective
and operationally simple protocol not only precisely installs
a unique deuterium-containing stereogenic center but also
makes contributions to the development of deuterated hetero-
cycle chemistry. The application of such a strategy was further
demonstrated through a catalytic asymmetric synthesis of
deuterium-labelled MDM2 antagonist idasanutlin (RG7388) via
a reversed 1,3-DC/[H/D-exchange] protocol. We anticipate that
the current method will be helpful in the construction of
deuterated chiral heterocycles to enable new drug discovery.
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