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ORGANIC CHEMISTRY

Multicatalysis protocol enables direct and versatile
enantioselective reductive transformations

of secondary amides

Hang Chent, Zhi-Zhong Wut, Dong-Yang Shao, Pei-Qiang Huang*

The catalytic asymmetric geminal bis-nucleophilic addition to nonreactive functional groups is a type of highly
desirable yet challenging transformation in organic chemistry. Here, we report the first catalytic asymmetric
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reductive/deoxygenative alkynylation of secondary amides. The method is based on a multicatalysis strategy that
merges iridium/copper relay catalysis with organocatalysis. A further combination with the palladium-catalyzed
alkyne hydrogenation allows the one-pot enantioselective reductive alkylation of secondary amides. This versa-
tile protocol allows the efficient synthesis of four types of a-branched chiral amines, which are prevalent structural
motifs of active pharmaceutical ingredients. The protocol also features excellent enantioselectivity, chemoselec-
tivity, and functional group tolerance to be compatible with more reactive functional groups such as ketone and
aldehyde. The synthetic utility of the method was further demonstrated by the late-stage functionalization of two
drug derivatives and the concise, first catalytic asymmetric approach to the k-opioid antagonist aticaprant.

INTRODUCTION

Despite the substantial advance made over the past decades on the
catalytic asymmetric reactions, the catalytic enantioselective reduc-
tive functionalization of nonreactive functional groups at a high ox-
idation state such as amides and nitriles remains highly challenging
(Fig. 1A). The challenge originates not only from the low reactivity
of those functional groups but also from the need to undertake a gem-
inal bis-addition of two different nucleophiles onto the same car-
bon in a highly enantioselective manner [>90% enantiomeric excess (ee)]
and in one pot. For the functionalization of nitriles, Hoveyda and col-
leagues reported in 2019 an elegant catalytic enantioselective reductive
allylation methodology to yield chiral a,B-disubstituted homoallylic
primary amines (cf. Fig. 1A) (1).

The catalytic, asymmetric reductive functionalization of highly
stable amides represents an unsolved challenge. Because of the de-
localization of the nitrogen lone pair into the carbonyl group, the
carboxamide group is known as one of the least electrophilic car-
boxylic acid derivatives. Hence, the amide group is prevalent in proteins,
peptides, medicinal agents, and materials (2). Amides are readily avail-
able from natural sources and through a variety of established meth-
ods from carboxylic acids and amines, as well as recently developed
strategies such as amide-directed C—H bond activation and asym-
metric coupling (3-5). These salient features of amides make them
highly attractive starting materials for organic synthesis (6-12).
Nevertheless, the inertness of amides renders the direct and chemo-
selective transformation of amides (9, 13, 14) a long-standing chal-
lenge in organic synthesis and multistep protocols have to be used
(6, 7). This is the case of the reductive alkylation of amides, an indis-
pensable transformation for the synthesis of many biologically active
alkaloids (6-12). During the past decade, considerable advancements
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on the direct transformations of amides have been achieved (14-18)
either via the electrophilic activation of amides (19-31) or via cata-
lytic partial reduction of amides (32-40). However, very few examples
of the asymmetric transformations of amides have been reported
(41-44), and those involving the catalytic asymmetric reductive trans-
formation of the amide group itself is even more scarce (42, 43).
Recently, we disclosed the catalytic asymmetric reductive cyanation
and phosphonylation of secondary amides using iridium/chiral thiourea
relay catalysis (42). More recently, a highly enantioselective, catalytic
reductive alkynylation of tertiary benzamides has been achieved by
the collaborative research of Wang’s and Huang’s groups (43). The
method consists of Vaska’s complex [IrCI(CO)(PPhs),]-catalyzed
hydrosilylation of amides with tetramethyldisiloxane, followed
by Cul/chiral diphosphine ligand-catalyzed asymmetric alkynyl-
ation of the iminium ion intermediates (i) to give tertiary propar-
gylamines in up to 98% ee (Fig. 1B). Despite these notable progresses,
several limitations exist, including the failure on secondary amides,
incompatibility with the synthesis of a-branched chiral primary, sec-
ondary, and cyclic tertiary amines, and moderate functional group
tolerance (43). These limitations originate from the fact that ter-
tiary, secondary, and primary amides behave differently in many
reactions. Many transformations developed for tertiary amides are
not applicable to secondary amides (3, 19, 23, 25, 26) and vice versa
(4,5,21, 22, 24).

Thus, the catalytic, asymmetric reductive alkynylation and reduc-
tive alkylation of secondary amides remain unconquered. Never-
theless, such transformations are in high demand, given the easy
availability (4, 5, 45, 46) and widespread use of secondary amides in
organic synthesis (7), and the presence of chiral o-branched sec-
ondary propargylamines (47-51) and chiral o-branched secondary
amine motifs (52) in many medicinal agents (Fig. 1D) (53), bioac-
tive alkaloids (54), and chiral catalyst (55). In the list of the top 200
brand-name drugs by total U.S. prescriptions in 2021, 26 contain a
chiral secondary amine motif (53). Moreover, the chiral o-branched
secondary propargylamines could be converted in one pot into chi-
ral a-branched primary amines or cyclic tertiary amines (Fig. 1C),
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Fig. 1. The challenge and significance of the topic. (A) The challenge. (B) State of the art. (C) This work: versatile catalytic enantioselective transformations of secondary
amides. (D) Significance of structurally diverse o-branched amines for medicinal chemistry/pharmaceutical industry. GARPHOS, ligand containing the skeleton of

(4,4,6,6'-tetramethoxy-[1,1-biphenyl]-2,2"-diyl)bis(diphenylphosphane).

namely, nitrogen heterocycles, which are also active pharmaceu-
tical ingredients (APIs) (Fig. 1D). The importance of the latter is
highlighted by the fact that in U.S. Food and Drug Administration-
approved drugs, 59% of unique small-molecule drugs contain a ni-
trogen heterocycle (56).
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On the basis of abovementioned considerations, we decided to ex-
plore a catalytic, enantioselective reductive alkynylation of secondary
amides. However, such transformations present several challenges: (i)
After the planned Ir-catalyzed hydrosilation of a secondary amide, the
presumed imine intermediate is much less reactive than the iminium

20f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

ion (iin Fig. 1B) generated from a tertiary amide; (ii) the compatibility of all RESULTS

the reagents used in a one-pot environment to realize the fully catalyticand ~ Development of an enantioselective reductive alkynylation
highly chemo- and enantioselective reaction; and (iii) high versatilityand  of secondary amides

functional group tolerance are needed to cover both aromatic (benzamide- ~ To tackle the abovementioned multiple challenges, a multicatalysis (57-60)
type) and aliphatic amides and diverse functionalized terminal alkynes.  approach was envisioned. The multicatalysis is an emerging strategy

Table 1. Optimization of reaction conditions.

Ar =

ii) copper catalyst (5 mol%) ‘
Ph” N

H N-protected-L-proline (30 mol%)
! additive (10 mol%) H

CH,Cl,, 25 °C, 1.5 h

i) [IrCI(COE),], (0.3 mol%) Ph
a

I ‘
Ph)]\N O '
H
1a-1

0 °C, 2 days 3a

---------------- Brensted organocatalyst ----------------¢ N
9 Y Ph™ N~ Ar

(ii-a)

via

------- Additive ------

Nine P-additives
screened (cf. SM,
Table S3) including
the following:

@)

C1 HO

t-Bu OPiv
<;>‘C02H A1:P=Ac A4:P=Boc

B A2:P=Bz A5:P=Cbz
N-protected L-proline A3: P =Piv A6: P =Fmoc

P1: P(1-naphthyl);
P2: P(2-naphthyl);
P3: P(o-tolyl);
P4: P(c-hex)s

Entry Cu catal. Organocatal. Additive Yield (%)* ee %'
1 CuOTf C1 - (84) -
14(Cu0m2to|uene A4 p1 73 93
‘|6(CuOTf)4PF6 A4 p1 77 93

foimiNio v i Wi

*Determined by GC using n-dodecane as an internal standard. tDetermined by chiral high-performance liquid chromatography. $The imine intermediate obtained
in 84% yield. §The imine intermediate obtained in 76% yield. |[Twenty mole percent of additive was used. qThe imine intermediate obtained in 87% yield.
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for developing unprecedented and challenging transformations that could
not be achieved by a single catalytic system. Here, we disclose the results
of this investigation, which include the first direct asymmetric transfor-
mation of secondary amides into a-chiral secondary propargylamines

or chiral a-branched secondary amines. The methodology relies on the catal-
ysis in trio or in quartet, namely, by merging Ir/Cu relay catalysis with
Cu/N-protected L-proline cooperative catalysis, or further with sequential
Pd-catalyzed hydrogenation of the chiral propargylamines (Fig. 1C).

i) [IFCI(COE),], (0.3 mol %)
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1 = . H
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1a H  N-Boc-L-proline (30 mol %) H O ! :
2a P(1-naphthyl); (10 mol %) 3 L ______________________ :
0°C, 2 days
Ph Ph Ph Ph Th
I I I I I
: : : : MeO . .R
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H H H H
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H
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N R N N N
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3k H BulOOC MeOOC
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3p 3q 3r 3s 3t 3u 3v
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98% ee 99% ee >y T 93% eel e 62% V'e';i 65% vield
90% ee ° 89% ee 90% ee 90% ee®

Fig. 2. Scope of secondary amides. The structures of all amides and alkynes used are listed in tables S1 and S2. Reaction conditions: amide (0.25 mmol), [Ir(COE),Cl],
(0.3 mol %), Et,SiH; (0.5 mmol), CH,Cl, (1.25 ml), 25°C, 1.5 hours, then (CuOTf),stoluene (5 mol %), N-Boc-L-proline (30 mol %), P(1-naphthyl); (10 mol %), alkyne (1.0 mmol),
0°C, 2 days. +CuOTf instead of (CuOTf),+toluene. §Cu(OTf); instead of (CuOTf),stoluene. ||Cu(MeCN)4PFq instead of (CuOTf),+toluene. ITime for the Ir-catalyzed reduction:
0.5 hour. #0.5 mol % of [Ir(COE),Cl], used. PMP, p-methoxyphenyl.
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In view of the frequent occurrence of N-naphthylmethyl and N-
benzyl secondary amine motifs in medicinal agents (cf. Fig. 1D), we opted
for the reductive alkynylation of N-(naphthalen-1-ylmethyl)benzamide
(1a) with phenylacetylene (2a) as the model reaction. Jacobsen’s chiral
thiourea C1 and chiral phosphoric acid C2 were first evaluated as
organocatalysts (42, 57) in our multicatalysis strategy (Table 1). Disap-
pointedly, the desired propargylamine 3a was not observed, only
the imine intermediate was obtained in 84 and 76% yield, respectively
(Table 1, entries 1 and 2). Encouragingly, when N-Ac-L-proline (A1) was
used both as a chiral catalyst and as an imine activator, the desired
deoxygenative alkynylation reaction occurred to give the o-chiral
propargylamine 3a in 47% yield with 63% ee (Table 1, entry 3).

Notably, when P(1-naphthyl); was introduced as an additive,
an excellent ee of 91% and a good yield of 52% were obtained
(Table 1, entry 4). A survey of the effect of other N-protected L-proline
derivatives A2 to A6 showed that all were effective affording 3a in
good to excellent ee’s (76 to 93%). However, eight other P additives
(cf. P2 to P4 and table S3 in the Supplementary Materials) turned
out to be less effective for the reaction. Further examining the effect
of copper catalyst showed that many copper salts such as CuOTf,

(CuOTH1),-toluene, Cu(OTf),, and Cu(MeCN)4PF; were equally effec-
tive for the reaction, affording propargylamine 3a in excellent ee’s
(92 to 93%) and good yields (70 to 78%). Unexpectedly, CuBr, which
is the catalyst of choice for the deoxygenative alkynylation of tert
amides (38), was totally ineffective for the current reaction. The strik-
ing difference between CuBr and CuOTf in the asymmetric induc-
tion may be explained by the acidity of corresponding acid (HBr
versus TfOH) generated from an alkyne and CuBr/CuOTf. TfOH
(pK, = —15) is a much stronger acid than HBr (pK, = —9) and forms a
strong H-bond with the carbonyl of N-Boc-L-proline (A4). This hy-
drogen bonding enhances the imine N---H hydrogen bonding in the
intermediate vii, thus enhancing the asymmetric induction (Fig. 8A).
Assessment of other reaction parameters including the amounts of re-
agents and additive, catalyst loadings as well as reaction temperature and
time allowed defining the optimal reaction conditions (Table 1, entry 14).
Several N-protected proline derivatives (entries 4 and 7 to 9) and cop-
per salts (entries 13 to 16) are promising and efficient in catalyzing
the enantioselective reaction. These results showed that the reaction is
robust. Because (CuOTf),-toluene is cheaper than the other copper
salts and a stable solid, it was used for the subsequent investigations.

i) [ICI(COE),], (0.3 mol %)

R’ Et,SiH, (2.0 equiv)
CH,Cl,, 25°C, 1.5 hours

R!

i) (CuOTf), toluene (5 mol %)

I i
S OUeR _
Ph E R= § O

H
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a 2 P(1-naphthyl)z (10 mol %)
0°C,2days o TTTommmmmmmmmmmmmmeeo
Me OMe
Me OMe
(E/ ?\Me % % OMe
: : : : R R
R _R _R R N N
Ph N PN Ph N Ph N Ph™ N Ph™ N
H H H H
3w 3x 3y 3z 3aa 3ab

89% vyield, 94% ee 82% yield, 94% ee 79% vyield, 92% ee 90% vyield, 94% ee 84% yield, 93% ee 81% yield, 93% ee

Alkynes with functional groups
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3ac 3ad H H H H
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94% oo 04% ce | 83% vield, 95% ee 82% yield, 92% ee 80% yield, 93% ee 61% yield, 94% ee

Ph>
HN,
R 3ai
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Ph

3aj

81% vyield, 96% ee

Fig. 3. Scope of alkynes. For reaction conditions, see footnote in Fig. 2.
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Scope of the reaction and chemoselectivity

With the optimal reaction conditions in hands, we turned our atten-
tion to examine the reaction scope of this catalytic enantioselective
reductive alkynylation reaction. The scope with respect to the amide
was first examined. As shown in Fig. 2, the reaction proceeded with
simple aryl amides such as p-tolyl (1a-2) and m-tolyl (1a-3) and was
compatible with benzamides bearing either strong electron-donating

i) [ICI(COE)4l, (0.3 mol %)
Et,SiH, (2.0 equiv)
CH,Cly, 25°C, 1.5 hours m

-
)

ii) (CuOTf),toluene (5 mol %)
N-Boc-L-proline (30 mol %) R N Ph
1b P(1-naphthyl) (10 mol %) H
0°C, 2 days

N T

Ph

I
m /@ANAPh
| H
e X

H X = CF3, 3am: 71% yield, 91% ee
H Ph 3al X=F, 3an:88% yield, 90% ee
. X =Br, 3ao:75% yield, 92% ee
3ak 63% yield, 90% ee ’ NN
’ X=1, 3ap: 87% yield, 91% ee
86% yield, 91% ee p:87% ¥t °

Ph
I \M I

IS NG R A
H
Me’ 3aq
81% yield, 92% ee 82% yield, 91% ee 88% yleld, 91% ee
[a]p?® +71.1 (c 0.8, CHCl3, 92% ee)

1it.07) [a]p2® +76.3 (¢ 0.8, CHCl3, 93% ee)

Fig. 4. The catalytic asymmetric reductive alkynylation of N-benzyl amides.
For reaction conditions, see footnote in Fig. 2.

(1a-4 to 1a-6) (the structures of all amides used are listed in table S1)
or electron-withdrawing groups (1a-7 and 1a-8) at the para- or meta-
position of the phenyl ring providing the corresponding propargyl-
amines 3b to 3h in good to excellent yields (68 to 95%) and with
high enantioselectivities (90 to 95% ee). Heteroaromatic amides were
also viable substrates providing the corresponding a-chiral propargyl-
amines (3i and 3j) in 68 and 64% yields and with high enantioselectiv-
ity (93% ee). The reaction of 2-methylbenzamide also proceeded
smoothly to give the desired propargylamine (3k) in excellent enantio-
selectivity (80% yield, 95% ee). In view of the importance of trifluoro-
methyl, fluoro, and heteroaromatic groups in biological and medicinal
chemistry as well as in the agrochemical field, the smooth enanti-
oselective synthesis of amines 3g to 3j is of value. The enantioselective
reductive alkynylation reaction showed remarkable chemoselectivity
and functional group tolerance. For example, the amide substrates
containing an ester moiety (1a-13 and 1a-14) or a keto group (1a-
15) took place chemoselectively at the less electrophilic amide
group, leaving the more reactive ester and ketone groups intact. The
CuOTf, Cu(OTf),, and Cu(MeCN),PFs catalyzed syntheses of 3a,
3b, 3d, and 3g showed that they are also effective catalysts for the
alkynylation.

The catalytic reductive alkynylation of aliphatic amides in high
enantioselectivity presents a formidable challenge because of the
absence of a rigid aromatic ring that appears to be a valuable control
element for the enantioselective addition. Moreover, for a-hydrogen-
containing amides, the situation may be further complicated by the pos-
sible isomerization of the imine intermediates to unreactive enamines.
The reported enantioselective reductive alkynylation of tertiary amides
is only compatible with benzamide derivatives (43).

To our delight, the current catalytic enantioselective reaction
tolerated both a,B-unsaturated amide 1a-12 and aliphatic amides.
For 1a-12, alkenyl propargylamine 31 was obtained in 74% yield with
96% ee (Fig. 2). For aliphatic amides, not only hindered pivalamide
la-16 and adamantane-1-carboxamide 1a-17 but also less hindered
o-hydrogen-containing secondary amides 1a-18 to 1a-22 reacted
to afford the desired secondary propargylamines 3p to 3v in good
yields (62 to 76%) and excellent enantioselectivities (89 to 99% ee)

A B
o i) [IrCI(COE),], (0.3 mol %) 10% Pd/C
)L ‘ Ph Et,SiH, (2.0 equiv) °
o N O I CH,Cly, 25°C, 1.5 hours \ \ Ha, 6 MPa
H +
ii) (CuOTf),toluene (5 mol %) Ph A 0 N AcOH
2 1a-1 H  N-Boc-L-proline (30 mol %) MeOH, H,0
with 2a 7‘21601 g“g‘)m scale . p(1-naphthyl)s (10 mol %) 3a
’ 0°C, 2 days 68% yleld (2.359 g), 93% ee ~ph
D Standard conditions Hy ( J, Lindlar L@ wt %) c <
H——= 2 (1 atm), Lindlar's catal. (4 wt % PAN
T g DMF, RT, EDA (3 equiv), 20 min PR7(S) NHz
(S)-4
¢l 86% yield, 93% ee
(S) (Z) [a]p?® = -9.8 (¢ 1.0, CHCIg)
‘ Lit. [a]p?® = +9.1 (c 0.5,
PAIC. Hy: (S) N CHCl3, 97% ee (for R-
Ph R R N 2 enantiomer, cf. SM, p.17)
3av 84% yleld 93% ee

68% vyield, 96% ee

81% yield, 94% ee

Fig. 5. Synthetic applications of the reaction. (A) Multigram-scale synthesis. (B) Determination of absolute configuration of propargylamine 3a. (C) Selective synthesis of

allylic amine (S)-
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5. (D) Two-step synthesis of 2-substituted piperidine (S)-6. wt %, weight %. DMF, Dimethylformamide; RT, room temperature; EDA, ethylenediamine.

60f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

%‘

1a-23

An am|de derivative of SR11237,
the first RXR-selective agonist

Standard
one-pot
condltlons

78% vyield, 90% ee

Ph

Standard

one-pot

conditions le OO

MeO 1a-24
An amide derivative of adapalene (differin), MeO
clinically useful in the treatment of 73% y|e|d 94% ee
acne and psoriasis
One-pot EtO.__OEt

i) [IrCI(COE),], (0.3 mol %)
Et,SiH, (2.0 equiv)
CH,Cl,, 25°C, 1.5 hours

T

Q* O 0 ”

Me 1a-25

ii) (CuOTf),toluene (5 mol %)
N-Boc-L-proline (30 mol %)

2u P(1-naphthyl); (10 mol %)
-10°C, 2 days
3% yield, 88% ee
Me
One-pot o
i (s) (61) (S)
i) 10% Pd/C, H, _(6n
MeOH/HCI (1 m) = 2:1 w0 S1ops
if) NaOH Me  (sy7 (for racemate)
84% yield OH (5)-8

Aticaprant
(x-opioid antagonist)

Fig. 6. Synthetic applications of the reaction to drug molecules. (A) Late-stage functionalization of drug derivatives and (B) catalytic asymmetric formal synthesis of

the key intermediate of k-opioid antagonist aticaprant. RXR, retinoid X receptor.

(Fig. 2). To the best of our knowledge, the synthesis of 3r to 3v represents
the first examples of catalytic asymmetric synthesis of a-hydrogen-
containing secondary propargylamines in high enantioselectivity.
Note that for the syntheses of 3i and 3r to 3t, the reaction time of
the Ir-catalyzed hydrosilylation was shortened to 0.5 hours to avoid
over reduction.

Scope of alkynes and functional group tolerance

of the reaction

The alkyne coupling partner also tolerated variation. The reactions were
compatible with phenylacetylene derivatives bearing substituents at
the para- (2b, 2e, and 2i), meta- (2c, 2f), and ortho-position (2d and
2g) of the benzene ring and 2-ethynylthiophene (2h) (Fig. 3) (the
structures of all alkynes used are listed in table S2). Notably, phenyl-
acetylene derivatives that contain on the benzene ring a chloro (2j),
trifluoromethyl (2k), ester (21), or even an aldehyde (2m) group all
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reacted successfully to give the desired products 3ae to 3ah in good
yields and excellent enantioselectivities. Last, alkylacetylenes (2n and
20) were proven to be viable substrates.

Extension to N-benzylamides

Besides N-(naphthalen-1-ylmethyl)amides, N-benzylamides were
also suitable substrates for the catalytic enantioselective reductive
alkynylation reaction to afford the corresponding chiral propargyl-
amines (3ak to 3as) in 63 to 88% yields and 90 to 92% ee (Fig. 4).
The absolute configuration of the propargylamines was determined
as R by comparing the specific optical rotation data of amine 3aq
with that reported in (51).

Synthetic applications of the reaction
The practical utility of our method was demonstrated by the preparation
of propargylamine 3a in multigram scale. The 10-mmol scale reaction
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Fig. 7. One-pot, chemoselective, catalytic enantioselective reductive alkyla-
tion of secondary amides. Reaction conditions: amide (0.5 mmol), [Ir(COE),Cl1,
(0.3 mol %), Et,SiH, (1.0 mmol), CH,Cl, (2.5 ml), 25°C, 1.5 hours, then (CuOTf),-toluene
(5 mol %), N-Boc-L-proline (30 mol %), P(1-naphthyl); (10 mol %), alkyne (2.0 mmol),
0°C, 2 days, and then 10% Pd/C, H,, MeOH.

afforded 2.359 g of 3a (68% yield) without losing enantioselectivity
(93% ee) (Fig. 5A). The absolute configuration of propargylamine
3a, a representative of the series of N-(naphthalen-1-ylmethyl)-
propargylamines, was determined as R by comparing the specific
optical rotation data of its hydrogenation product (S)-4 (Fig. 5B)
with that reported for its enantiomer (see the Supplementary Mate-
rials). To showcase the versatility of propargylamines in organic syn-
thesis, derivatization of 3a was performed. Thus, 3a was partially
hydrogenated with Lindlar’s catalyst to allylic amine (S)-5 in 84%
yield and 93% ee (Fig. 5C). By using functionalized alkyne 2t, the
resulting propargylamine 3av was synthesized in excellent ee (96%)
(Fig. 5D), which was further converted, in one pot, into 2-substituted
piperidine (S)-6 in 94% ee, demonstrating the value of current method
for the asymmetric synthesis of chiral, cyclic tertiary amines in high
enantiomeric excess. Note that motifs such as a-substituted tertiary
amine (S)-6 are inaccessible by the method previously developed
for tertiary benzamides (43), and the present synthesis is among the
most efficient methods for its asymmetric synthesis in high enan-
tiopurity (52).

To further demonstrate the synthetic utility of the method, the
late-stage deoxygenative alkynylations of amide derivatives (1a-
23 and 1a-24) of two drugs SR11237 and adapalene were under-
taken. Under the standard conditions, the catalytic asymmetric
alkynylation reactions proceeded without incident to yield the
desired propargylamines 3at and 3au in 78 and 73% yield and in
90 and 94% ee, respectively (Fig. 6). Next, we addressed the cata-
lytic asymmetric synthesis of aticaprant (S)-8 (formerly known as
LY-2456302 and CERC-501), a high-affinity and selective k-opioid
receptor antagonist (61, 62). Under standard conditions, the cat-
alytic asymmetric reductive alkynylation of functionalized amide
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1a-25 with 3,3-diethoxyprop-1-yne (2u) produced the desired prop-
argylamine 3aw in 63% yield and in 88% ee. Pd/C-catalyzed catalytic
hydrogenation, hydrogenolysis, and reductive alkylation under acidic
conditions proceeded in tandem to afford 2-arylpyrrolidine (S)-
7 in 84% yield. Because racemic 7 has previously been converted into
aticaprant (S)-8 by a two-step protocol followed by resolution (61, 62),
this work constitutes the first formal catalytic asymmetric total syn-
thesis of aticaprant (S)-8.

Catalytic enantioselective reductive alkylation

of secondary amides

Considering that the catalytic asymmetric alkylation of amides remains
unknown, we investigated the catalytic alkynylation, followed by
complete reduction in one pot. Thus, after the catalytic alkynylation
under standard conditions, the resulting reaction mixture was sub-
jected to Pd/C-catalyzed hydrogenation under H, (1 atm). In this
manner, o-substituted chiral amines 9a to 9f were obtained in good
yields and excellent enantioselectivity (Fig. 7). Notably, more reac-
tive functional groups such as ester, ketone, and aldehyde on the
amide or alkyne coupling partner were tolerated.

Plausible mechanism of the reaction

Plausible mechanisms for the multicatalysis-based asymmetric re-
ductive alkynylation/alkylation of secondary amides are outlined in
Fig. 8A. For the asymmetric reductive alkynylation of secondary
amides, it involves three catalytic cycles: (i) Ir-catalyzed hydrosilyla-
tion of a secondary amide with diethylsilane to give O-silyl hemi-
aminal intermediate iii, which eliminates diethylsilanol to generate
imine intermediate ii; (ii) copper-catalyzed in situ generation of
nucleophilic Cu-alkynylide species vi; and (iii) N-Boc L-proline-
catalyzed asymmetric alkynylation of imine ii in which N-Boc-1-
proline (A4) serves as a Bronsted acid to activate the nonreactive
imine intermediate ii via hydrogen bonding (see vii) and as an
asymmetric inducer to block re-face of vii. The addition of Cu-
alkynylide vi to reactive intermediate vii then occurs preferentially
from si-face to afford (R)-propargylamine 3. Further merging of this
tris-catalysis with Pd-catalyzed hydrogenation of the alkynyl group
affords o-alkylated amine 7 in one pot.

To confirm the dual roles of N-Boc-L-proline (A4), we carried out the
reductive alkynylation reactions of secondary amide 1a-1 with N-
Boc-L-proline methyl ester or L-proline instead of N-Boc-L-proline
(A4) (Fig. 8B-1). In the first case, the expected propargylamine 3a
was obtained in only 18% yield in racemic form along with imine ii-a in
63% vyield (Fig. 8B-1). In the second case, only imine ii-a was ob-
tained in 86% yield (Fig. 8B-2a). To increase the solubility of proline,
in the alkynation step, a 20% (v/v) of dimethyl sulfoxide was added
as a cosolvent. However, only imine was formed in 69% yield (Fig. 8B-
2b). These control experiments showed that neither Boc-L-proline
methyl ester nor L-proline (being a zwitterion in the reaction medi-
um) can promote the alkynylation or provide any asymmetric in-
duction even when the alkynylation occurs as a side reaction, likely
because none of them can activate imine ii through H-bonding. An
additional evidence for the H-bond asymmetric catalysis was provided
by the catalytic reductive alkynylation of o-methoxybenzamide
1a-26, a substrate bearing an additional H-bond acceptor (OMe)
at the ortho-position of the phenyl group (Fig. 8B-3). This amide
reacted with moderate stereoselectivity (65% ee) reflecting the
competing H-bonding effect of the appropriately positioned OMe
(Fig. 8B-3).
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Fig. 8. Plausible reaction mechanisms. (A) Plausible mechanisms for the multicatalytic, one-pot asymmetric reductive alkynylation/alkylation of secondary amides.
(B) Control experiments to probe the dual roles of N-Boc-L-proline (A4) in the catalytic asymmetric reductive alkynylation of secondary amides. DMSO, dimethyl sulfoxide.

DISCUSSION

By designing a multicatalysis system, we have achieved the direct
asymmetric reductive alkynylation and reductive alkylation of
secondary amides to yield chiral a-branched secondary propargyl-
amines and a-branched secondary amines, respectively. The method
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is characterized by mild reaction conditions, wide scope for both
amides and alkynes, good yields, and high enantioselectivities. An-
other notable feature of our method is the exceptional chemoselec-
tivity and functional group tolerance to allow the reactions to take
place preferentially at the less reactive amide group over the more
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reactive ester, ketone, and aldehyde moieties. The observed unusual
chemoselectivity can be understood from two aspects. First, the
multicatalysis protocol avoids the direct nucleophilic addition to
amides, instead, it involves an Ir-catalyzed O-silylation of the amide
carbonyl (partial reduction) as the first step of the reaction se-
quence. Second, due to the delocalization of the nitrogen lone pair
of an amide, the oxygen of the amide C=O0 is more electron rich as
compared with those of aldehyde, ketone, and ester and thus is
more reactive vis-a-vis electrophilic silyl species (34). Consequent-
ly, the amide carbonyl can be chemoselectively hydrosilylated, leading
to the chemoselective asymmetric alkynylation reaction. The prod-
ucts can be elaborated in one step into two other types of o-branched
amines: chiral primary amines and chiral tertiary aza-heterocycles.
This method is expected to find applications in the total synthesis of
alkaloids and N-containing medicinal agents, and the multicatalysis
strategy will be useful for the catalytic asymmetric transformations
of other carboxylic acid derivatives.

MATERIALS AND METHODS

General procedure A (catalytic asymmetric reductive
alkynylation of secondary amides)

In a glove box, to a stirring solution of a secondary amide 1 (0.25 mmol,
1.0 equiv) and [IrCI(COE),], [0.75 umol, 0.3 mole percent (mol %)]
(0.5 mol % for amides 1a-21 and 1a-22) in anhydrous CH,Cl,
(1.25 ml, 0.25 M) was added Et,SiH, (0.5 mmol, 2.0 equiv, 65 ul) at
room temperature under an Ar atmosphere. After being stirred for
1.5 hours (30 min for amides 1a-9, 1a-18, 1a-19, and 1a-20), the re-
sulting mixture was transferred out of the glove box and added to a
mixture of N-Boc-L-proline (0.075 mmol, 30 mol %), (CuOTf),-toluene
(0.0125 mmol, 5 mol %), and P(1-naphthyl); (0.025 mmol, 10 mol %)
and stirred for 30 min at 0 °C. To the resultant mixture, an alkyne
(1.0 mmol, 4 equiv) was added, and the reaction mixture was stirred
at 0 °C for 2 days. The solvent was evaporated under vacuum, and
the residue was purified by flash column chromatography on silica
gel to give the desired enantioenriched a-chiral propargylamine 3.

General procedure B (catalytic asymmetric reductive
alkylation of secondary amides)

In a glove box, to a stirring solution of a secondary amide (0.25 mmol,
1.0 equiv) and [IrCI(COE);]; (0.75 umol, 0.3 mol %) in anhydrous
CH,Cl, (1.25 ml, 0.25 M) was added EtSiH, (0.5 mmol, 2.0 equiv, 65 ul)
at room temperature under an Ar atmosphere. After being stirred for
1.5 hours, the resulting mixture was transferred out of the glove box
and added to a mixture of N-Boc-L-proline (0.075 mmol, 30 mol %),
(CuOTf),-toluene (0.0125 mmol, 5 mol %), and P(1-naphthyl)s
(0.025 mmol, 10 mol %) and stirred for 30 min at 0 °C. To the resultant
mixture, an alkyne (1.0 mmol, 4 equiv) was added, and the reaction
mixture was stirred at 0 °C for 2 days. Then, CH,Cl, was removed,
and Pd/C (10 weight %) and MeOH (2 ml) were added. The mixture
was stirred under a H, atmosphere at room temperature until the
propargylamine intermediate was completely consumed. The solvent
was removed under vacuum, and the residue was purified by flash
column chromatography on silica gel to give the desired enantioen-
riched chiral a-branched amine 7.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.ade3431
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