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d enantioselective carbonylation
toward a-chiral secondary amides†

Yang Yuan,a Fengqian Zhaoa and Xiao-Feng Wu *ab

Secondary amides are omnipresent structural motifs in peptides, natural products, pharmaceuticals, and

agrochemicals. The copper-catalyzed enantioselective hydroaminocarbonylation of alkenes described in

this study provides a direct and practical approach for the construction of a-chiral secondary amides. An

electrophilic amine transfer reagent possessing a 4-(dimethylamino)benzoate group was the key to the

success. This method also features broad functional group tolerance and proceeds under very mild

conditions, affording a set of a-chiral secondary amides in high yields (up to 96% yield) with

unprecedented levels of enantioselectivity (up to >99% ee). a,b-Unsaturated secondary amides can also

be produced though the method by using alkynes as the substrate.
Introduction

Transition-metal-catalyzed hydrocarbonylations are one of the
most fundamental and ideal reactions for the synthesis of
numerous value-added carbonyl containing compounds from
readily available alkenes.1 Within this class of reactions,
hydroaminocarbonylation, also called hydroamidation, repre-
sents a straightforward route for the conversion of alkenes into
amides.2 The original catalytic systems for hydro-
aminocarbonylations based on cobalt,3 nickel,4 iron,5 and
ruthenium complexes6 require severe conditions such as high
temperatures and high pressures and are oen accompanied by
aminoformylation side reactions, thus leading to poor chemo-
selectivity and limited substrate scope. Palladium-catalyzed
hydroaminocarbonylation reactions have been extensively
developed over the past few decades. Recently, ligand-
controlled regiodivergent palladium-catalyzed hydro-
aminocarbonylations, to access either linear or branched
amides under relatively mild conditions, which involved
palladium-hydride species, have been independently developed
by the groups of Beller,7 Cole-Hamilton,8 Liu,9 Huang,10 and
Alper11 (Fig. 1a).12 Despite these advances, asymmetric Pd-
catalyzed hydroaminocarbonylations of alkenes with control
of the regio- and enantio-selectivity are still less explored, and
the substrate scope of amines is limited to arylamines. The only
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elegant work was reported by the Guan group, who presented
a novel asymmetric Markovnikov hydroaminocarbonylation of
alkenes with anilines enabled by Pd-monodentate phosphor-
amidite catalysis.13
Fig. 1 (a) Traditional hydroaminocarbonylation. (b) Cu-catalyzed
hydroaminocarbonylation: synthesis of branched tertiary amides. (c)
Selective molecules with a secondary amide motif. (d) Synthesis of a-
chiral secondary amides and a,b-unsaturated secondary amides (this
work).
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Table 1 Screening of amine transfer reagentsa

a Standard conditions: 1a (0.12 mmol, 1.5 equiv.), 2 (0.1 mmol, 1.0
equiv.), [SiH] (0.2 mmol, 2.0 equiv.), CuCl (10 mol%), ligand
(10 mol%), LiOtBu (0.3 mmol, 3.0 equiv.), CO (10 bar), DCE (0.5 mL),
50 �C, 16 h; yields are determined by GC analysis using hexadecane as
an internal standard.
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In general, the use of monodentate ligands favors Markov-
nikov selectivity in palladium-catalyzed hydro-
aminocarbonylations for the formation of branched
amides.7c,9,10b,11,14 However, the challenge of monodentate
ligand-assisted Pd-catalyzed enantioselective carbonylations is
the critical competitive coordination between CO and chiral
ligand-palladium species, resulting in no “chelate effect”,
especially under high temperatures and pressures.15 To resolve
this issue, an alternative approach is to change palladium into
a metal with slightly weaker coordination ability to carbon
monoxide and copper might be a choice. Recent developments
in copper hydride chemistry have enabled a new approach to
the hydroamination of alkenes based on the hydrocupration of
the alkene and subsequent amination of the reactive alkyl
copper intermediate with electrophilic amine reagents.16 We
proposed to carry out the hydrocupration of alkenes with amine
electrophiles under a CO atmosphere to achieve a selective
hydroaminocarbonylation reaction. Indeed, we do realize that
this Cu-catalyzed hydroaminocarbonylation reaction will
prepare branched tertiary amides (Fig. 1b).17 Nevertheless, this
approach to hydroaminocarbonylation has been limited to the
synthesis of tertiary amides with hydroxyamines (R2NOBz, R ¼
alkyl) as the dialkylamine transfer reagents.

Secondary amides (–NH–CO–), including chiral secondary
amides, are omnipresent structural motifs in peptides, natural
products, pharmaceuticals, and agrochemicals (Fig. 1c).18 It is
therefore highly desired to develop an efficient and practical
methodology that can achieve secondary amides with high
regio- and enantio-selectivity by using cheap catalysts under
mild conditions. Herein we report the development of a copper-
catalyzed hydroaminocarbonylation process to directly synthe-
size a-chiral secondary amides from alkenes and modied
amine transfer reagents. The method can also be extended to
the synthesis of a,b-unsaturated secondary amides by using
alkynes as the substrate (Fig. 1d).

Results and discussion

We began our work by studying the reaction between styrene 1a
(1.2 equiv.) and O-benzoyl-N-benzylhydroxylamine 2a [BnN(H)
OBz, 1.0 equiv.] utilizing our previously reported conditions
(Table 1). Unfortunately, only a trace amount of the desired
secondary amide 3 can be detected. We reasoned that this result
might be caused by the poor stability of amine transfer reagent
2a, and the rapid nonproductive consumption of 2a by LCuH
diminished the yield. Thus, we tested different amine transfer
reagents for this hydroaminocarbonylation under the same
conditions. The results are summarized in Scheme 1. We found
that the use of 2d, an amine transfer reagent bearing a 4-
(dimethylamino)benzoate group, delivered the desired
secondary amide 3 in the highest yield, albeit the direct C–N
coupling product 30 was also generated in 18% yield.

Aer determining the best amine transfer reagent 2d, we
started to investigate the reaction by using chiral ligands for
constructing a-chiral secondary amides. As shown in Table 2,
chiral ligands L1–L3 only gave a trace amount of product 3.
Bulky (S)-DTBM-Segphos (L4) and (S,S)-BDPP (L5) delivered the
© 2021 The Author(s). Published by the Royal Society of Chemistry
desired product in very low yields. The use of (S,S)-QuinoxP* L6
leads to 14% yield of the desired product 3 with moderate
enantioselectivity (Table 2, entry 4, 73% ee). (S,S)-BenzP* (L7),
L8, (R,R)-Me-DuPhos (L9), and (S,S)–Me-BPE (L11) were inef-
fective for this reaction. Fortunately, using (R,R)-Ph-BPE (L10) as
the ligand provided 3 in 62% yield with excellent enantiose-
lectivity (Table 2, entry 8, 99% ee). From these results, especially
compared with the result between L9 and L11, we believe that
the bite angle and the basicity of the ligand applied are crucial
for the success of this transformation. Then different kinds of
silane were tested, and low or no yield of product 3was observed
when Et3SiH, PMHS, or (EtO)2MeSiH was applied. Excellent ee
of the carbonylated product can be obtained when Ph2SiH2 was
used, but the yield of 3 decreased to 47%. Changing the amine
transfer reagent 2d to 2e, the desired product 4 can be afforded
in 89% yield with 95% ee (Table 2, entry 10). Notably, the yield
of 4 would not be diminished by decreasing the catalyst loading
to 5.0 mol%, and a trace amount of 40 was detected (Table 2,
entry 11, 91% yield, 96% ee). Surprisingly, lowering the
temperature to room temperature (26 �C), the reaction could
still proceed well, giving product 4 in 83% yield (Table 2, entry
12, 96% ee).

Aer identication of the optimal conditions, we next
investigated the generality of this asymmetric Cu-catalyzed
hydroaminocarbonylation reaction. The reaction efficiency
was rst evaluated under the optimal reaction conditions with
the scope of alkenes. As shown in Scheme 1, styrenes bearing
different electron-donating or electron-withdrawing groups at
the para position were successfully converted into the a-chiral
secondary amides 4–13 in high yields and excellent enantio-
meric ratios (73–91% yield, 85–99% ee). Meta-F, meta-Me, and
ortho-OBn-substituted styrenes gave the corresponding prod-
ucts 14–16 in 64–93% yields and 94–98% ee, thus indicating
that the reaction is insensitive to the steric conguration of the
styrenes. Di- and tri-substituted styrenes also proceeded
smoothly to generate the desired products 17–20 with high
enantioselectivities (72–75% yield, 90–99% ee). To our delight,
1-vinylnaphthalene, 2-vinylnaphthalene, 2-methoxy-6-
vinylnaphthalene, 5-vinylbenzo[d][1,3]dioxole, and 5-
Chem. Sci., 2021, 12, 12676–12681 | 12677
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Scheme 1 Substrate scope of alkenes. Standard conditions: 1 (0.12 mmol, 1.2 equiv.), 2 (0.1 mmol, 1.0 equiv.), MePhSiH2 (0.2 mmol, 2.0 equiv.),
CuCl (5.0 mol%), L10 (5.0 mol%), LiOtBu (0.3 mmol, 3.0 equiv.), CO (10 bar), DCE (0.5 mL), 50 �C, 15 h, isolated yields. ee values are determined by
chiral-phase HPLC. a40 �C. brt (room temperature, 26 �C). cEthene gas (2 bar) was used instead of styrenes.
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vinylbenzo[b]thiophene converted efficiently in the reaction
even at room temperature (20–24, 64–77% yield, 80–90% ee).
Gratifyingly, excellent enantiomeric ratios were observed even
when using functionalized styrenes as the coupling partners
(25–31, 62–95% yield, 85–95% ee). Moreover, the late-stage
functionalization of bioactive molecules has been investi-
gated. Nerol, (�)-borneol, and diacetonefructose derived
styrenes all reacted well, generating the corresponding
secondary amides in good yields and high er values (32–34, 51–
71% yield, 90–99% ee). Furthermore, internal styrenes were also
proved to be compatible in the catalytic system; trans-b-
12678 | Chem. Sci., 2021, 12, 12676–12681
methylstyrene afforded product 35 in 59% yield with 97% ee,
cis-b-methylstyrene gave 35 in 50% yield with >99% ee, product
36 can be delivered in good yield and excellent enantiose-
lectivity (60% yield, 97% ee). When 1,2-dihydronaphthalene was
employed, the desired product 37 was isolated in 62% yield with
93 : 7 er. The bicyclic strained alkene could also provide 38 in
63% yield but with moderate enantioselectivity (57% ee).
Meanwhile, ethene gas can be applied as well and high yields of
the corresponding products (39, 40) were achieved under stan-
dard conditions, which further demonstrated the generality of
the reaction. However, no desired product could be detected
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the reaction conditionsa

Entry 2 Ligand Yield (%) ee (%)

1 2d L1–L3 Trace (3/30) —
2 2d L4 8/6 (3/30) n.d
3 2d L5 10/7 (3/30) n.d
4 2d L6 14/2 (3/30) 73 (3)
5 2d L7 Trace (3/30) —
6 2d L8 Trace (3/30) —
7 2d L9 Trace (3/30) —
8 2d L10 62/9 (3/30) 99 (3)
9 2d L11 Trace (3/30) —
10b 2e L10 89/Trace (4/40) 95 (4)
11bc 2e L10 91/Trace (4/40) 96 (4)
12b,c,d 2e L10 83/Trace (4/40) 96 (4)

a Standard conditions: 1a (0.12 mmol, 1.2 equiv.), 2d (0.1 mmol, 1.0
equiv.), [SiH] (0.2 mmol, 2.0 equiv.), CuCl (10 mol%), ligand
(10 mol%), LiOtBu (0.3 mmol, 3.0 equiv.), CO (10 bar), DCE (0.5 mL),
50 �C, 15 h; yields are determined by GC analysis using hexadecane as
an internal standard. Ee values are determined by chiral-phase HPLC.
n.d. ¼ not determined. b Using 2e as a substrate, isolated yield.
c CuCl (5 mol%), ligand (5 mol%). d rt (room temperature, 26 �C).

Scheme 2 Substrate scope of hydroxylamines. Reaction conditions: 1
(0.12 mmol, 1.2 equiv.), 2 (0.1 mmol, 1.0 equiv.), MePhSiH2 (0.2 mmol,
2.0 equiv.), CuCl (5.0 mol%), L10 (5.0 mol%), LiOtBu (0.3 mmol, 3.0
equiv.), CO (10 bar), DCE (0.5 mL), 50 �C, 15 h, isolated yields; ee values
are determined by chiral-phase HPLC, diastereoselectivities deter-
mined by 1H NMR analysis. art (room temperature, 26 �C).
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when the other aliphatic alkenes were tested, but the decom-
position of the hydroxylamine starting material.

We then turned our attention to the compatibility of
hydroxylamine electrophiles and were pleased to nd a broad
substrate scope. The reactivities of various mono alkyl-
substituted amine transfer reagents were investigated for the
synthesis of a-chiral secondary amides (Scheme 2). We observed
that cyclic amine sources were tolerated with ve-, seven-, and
even twelve-membered rings, affording the desired products 41,
43, and 44 with high yields and excellent enantioselectivities
(70–92% yield, 88–93% ee). The absolute conguration of 44
was conrmed by X-ray crystallographic analysis,19 and the
conguration of the other compounds described in this work
was assigned in analogy to 44. The (S)-conguration product 42
can be obtained in 83% yield (�90% ee) by using (S,S)-Ph-BPE.
© 2021 The Author(s). Published by the Royal Society of Chemistry
In the current system, amine transfer reagents were well toler-
ated regardless of the bulky adamantyl group (45), heterocyclic
group (46), and indanyl group (47). An amine transfer reagent
with a tertiary alkyl group substituent was a competent
substrate, delivering product 48 in good yield and enantiose-
lectivity (76% yield, 91% ee). Additionally, desired products 49–
51 can also be isolated in 74–84% yields with indicated diaste-
reomeric ratio (dr) values. In these cases, there are ee values, but
we were not able to measure the values. Additionally, several
other examples of substrates were prepared and tested as well,
but very low or no desired product could be detected. This
might be due to the decreased stability of the corresponding
amine substrates. The attempt to prepare a substrate related
with an aniline derivate failed.

As a demonstration of the robustness and practicality of this
method, the hydroaminocarbonylation process could be easily
conducted on the 1.0 mmol scale with styrene and hydroxyl-
amine electrophiles 2h (Table 3, eqn (1)). Using reduced catalyst
loading, 2.5 mol% CuCl and (R,R)-Ph-BPE-phos, 44 could be
synthesized in 87% isolated yield with high stereoselectivity
(92% ee). Furthermore, the (R)-52 product (52 is an 11b-HSD1
inhibitor)18b can also be obtained easily in 69% yield and 96%
ee by using trans-b-methylstyrene and 2i under standard
conditions (Table 3, eqn (2)).
Chem. Sci., 2021, 12, 12676–12681 | 12679
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Table 3 Scale-up reaction and the synthesis of 52a

a Isolated yield, ee values are determined by chiral-phase HPLC.

Scheme 4 Substrate scope of alkynes. Reaction conditions: alkynes
(0.1 mmol, 1.0 equiv.), 2 (0.12 mmol, 1.2 equiv.), MePhSiH2 (0.2 mmol,
2.0 equiv.), CuCl (5.0 mol%), L10 (5.0 mol%), LiOtBu (0.3 mmol, 3.0
equiv.), CO (10 bar), DCE (0.5 mL), 40 �C, 15 h, isolated yields.
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The reaction mechanism is proposed according to previous
literature (Scheme 3).16,20 Initial formation of (L)CuOtBu from
Cu(I), ligand, and LiOtBu, followed by reaction with [Si]H,
generates an active copper hydride species, (L)Cu–H. Subse-
quently, (L)Cu–H insertion into an alkene provides alkylcopper
intermediates A. Aer oxidative addition with electrophile
hydroxylamine, the intermediates B is formed, which
undergoes CO insertion to give intermediates C. Then, reduc-
tive elimination occurs to deliver the desired product, together
with an (L)Cu–X complex, D. Finally, ligand exchange with
LiOtBu regenerates the (L)CuOtBu species for the next catalytic
cycle.

Alkynes are synthetically versatile and useful starting mate-
rials, because they can be prepared by a range of strategies.21 In
addition, the potential reactivity of the two p-bonds increases
their exibility in multistep reaction sequences. Naturally, we
then applied alkynes as the substrate in a similar catalytic
system. A series of desired a,b-unsaturated secondary amides
can be successfully delivered in moderate yields (53–59) as we
anticipated and, as shown in Scheme 4, the products were
produced as single geometric isomers.

Conclusions

In conclusion, we have developed a copper-catalyzed regiose-
lective and enantioselective intermolecular
Scheme 3 Proposed catalytic cycle.

12680 | Chem. Sci., 2021, 12, 12676–12681
hydroaminocarbonylation of alkenes with electrophilic
hydroxylamines. An electrophilic amine transfer reagent pos-
sessing a 4-(dimethylamino)benzoate group was the key to this
process. The use of these reagents enabled the development of
a general method to directly convert styrenes and even chal-
lenging b-substituted styrenes to a-chiral secondary amides.
The method displays broad functional group tolerance and
proceeds under very mild conditions, producing the desired a-
chiral secondary amides in high yields with excellent enantio-
selectivities (up to >99% ee). We believe that this Cu-catalyzed
enantioselective synthesis of a-chiral secondary amides will
provide a new idea in the study of asymmetric hydro-
aminocarbonylation. Furthermore, alkynes were also compat-
ible substrates in this catalytic system, giving the corresponding
a,b-unsaturated secondary amide products.
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