
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

6.
10

.2
02

4 
22

:2
8:

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Diastereoselectiv
aRoy and Diana Vagelos Laboratories, D

Pennsylvania, 231 South 34th Street, Phila

E-mail: gmolandr@sas.upenn.edu
bDepartment of Chemistry, Zhejiang Univers

† Electronic supplementary information (
and crystallographic data in CIF or
10.1039/d0sc01459a

Cite this: Chem. Sci., 2020, 11, 4131

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th March 2020
Accepted 1st April 2020

DOI: 10.1039/d0sc01459a

rsc.li/chemical-science

This journal is © The Royal Society o
e olefin amidoacylation via
photoredox PCET/nickel-dual catalysis: reaction
scope and mechanistic insights†

Shuai Zheng, a Shuo-Qing Zhang, b Borna Saeednia, a Jiawang Zhou, a

Jessica M. Anna, a Xin Hong *b and Gary A. Molander *a

The selective 1,2-aminoacylation of olefins provides opportunities for the rapid construction of nitrogen-

containing molecules. However, the lack of CO-free acylation reactions has limited their application. By

using photoredox proton-coupled electron transfer (PCET)/Ni dual-catalysis, a highly regio- and

diastereoselective amidoacylation of unactivated olefins has been developed. Various acyl electrophiles

are compatible, including alkyl- and aryl acyl chlorides and anhydrides, as well as in situ activated

carboxylic acids. Hammett studies and other mechanistic experiments to elucidate features of the

diastereoselectivity, a transient absorption study of the PCET step, as well as computational evidence,

provide an in-depth understanding of the disclosed transformation.
Introduction

Transition-metal catalyzed 1,2-difunctionalizations of unac-
tivated olens have emerged as powerful methods for the
elaboration of commodity chemicals over the past decades, with
attractive capabilities for rapidly building molecular
complexity.1–5 Multiple strategies have been employed to ach-
ieve selectivity in the heterodifunctionalization, such as
directed migratory insertion,6 nucleometalation,7 radical-polar
crossover of activated olens,8 utilization of bulky coupling
partners and/or polarity reversal,9–13 as well as kinetically
favorable radical cyclization approaches.14,15 Among these
transformations, carboamination has received signicant
attention because of the prevalence of nitrogen-containing
small molecules and heterocycles in bio-active and drug-like
molecules.16 Progress has been achieved using amines as
nucleophilic species for directed aminopalladation6,17 or trap-
ping of cationic species aer C–C bond formation.8,18 Efforts
have also been made to utilize prefunctionalized, reductively
generated amidyl- and iminyl radicals19–21 to improve efficiency
and selectivity, while the oxidative proton-coupled electron
transfer (PCET) approach has been utilized to generate N-
centered radicals directly from N–H functional units.14,15,22–25
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Although b-amino ketone structures are reasonably preva-
lent among bioactive molecules (Fig. 1A), aminoacylation reac-
tions and aminocarbonylative transformations of olens appear
relatively rare (Fig. 1B). Early efforts were focused on net-
oxidative transformations, rendering b-amino esters as the
nal product,26,27 while the Lambert group accessed amidoacy-
lation products by tethering a Pd-catalyzed carbonylation
process with a Lewis acid-catalyzed Friedel–Cras acylation of
electron-rich (hetero)aromatic systems.28 Later, others utilized
an Umpolung approach using a tethered oxime ester as an
electrophilic nitrogen source and disclosed iminoacylation
transformations using tetraaryl borates or organozinc
reagents.29,30 In a more recent report,31 such transformations
were achieved with aryl iodides using an 8-aminoquinoline
directing group.

Together, these approaches provide a powerful suite of
methods for the synthesis of N-heterocycles as well as b-amino
ketone structures, yet many challenges remain to be addressed.
One common feature of these transformations is the need for
CO gas, which, although inexpensive and abundant, is toxic and
ammable. Additionally, the majority of present trans-
formations require aryl electrophiles or nucleophiles, while
alkyl electrophiles remain challenging to incorporate. Because
of their good commercial availability and convenient prepara-
tion, acyl (pseudo)halides are useful surrogates to consider in
such transformations.32

As attractive as the utilization of N-centered radicals might
be,20,33–35 the application of such intermediates in transition
metal catalysis still remains rare (Fig. 1C). Apart from several
reports facilitating direct C–N bond construction,36 transition
metal-catalyzed cascade transformations, where C-centered
radicals were generated via either 1,5-HAT37,38 or 5-exo-trig
Chem. Sci., 2020, 11, 4131–4137 | 4131
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Fig. 1 Amidoacylation of olefin species.
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cyclization,15,20 to this point are scarce, possibly because of
potential selectivity issues and the incompatibility between
transition metal catalysts and N-radical generation. Therefore,
inspired by our recent efforts to meld photoredox PCET with
nickel catalysis for amidoarylation of olens,15 we sought to
address the challenges of amidoacylation by utilizing acyl
electrophiles in photoredox PCET/Ni dual-catalyzed olen
difunctionalization (Fig. 1D).
Results and discussion

To test this strategy, an investigation was initiated using N-
phenyl hex-4-enamide and benzoyl chloride as cross-coupling
partners (Scheme 1). Previous reports pointed to 1,2-dichloro-
ethane (DCE) as a potential solvent for photoredox PCET/Ni
dual catalysis,15 which indeed rendered a 46% yield in the
Scheme 1 Reaction Optimization. aPerformed on 0.1 mmol scale.
bIsolated yield.

4132 | Chem. Sci., 2020, 11, 4131–4137
initial attempt (Scheme 1, entry 1). Although it is noteworthy
that the less expensive organic photocatalyst 4CzIPN gave
a comparable yield (entry 3), neither this nor a more oxidizing Ir
photocatalyst ([Ir-2], entry 2) signicantly improved the yield.
Several ligands successfully promoted the reaction, with the
electron-rich dMeObpy being most appropriate (entries 1, 4, 5).
A careful examination of the reaction prole indicated a signif-
icant amount of hydroamidation byproduct, likely caused by
hydrogen atom abstraction from the solvent,23 which led us to
a further solvent optimization. Acetonitrile was eventually
identied as the most suitable solvent, rendering a 75% yield of
1 (entry 7). Owing to the vast availability of carboxylic acid
functional groups in a variety of commodity chemicals, we also
examined the possibilities of employing in situ activation of
carboxylic acids as the source of the acyl electrophile.39 Aer
several attempts (entries 8–11), oxalyl chloride was identied as
an appropriate activator, affording a 73% yield.

With proper conditions in hand, an exploration of the scope
of the reaction was initiated. The developed reaction conditions
allowed excellent functional group tolerance. For substituted
benzoyl chlorides, electron-rich, electron-neutral, and electron-
poor substrates all rendered reasonably good yields (Scheme 2,
entries 1–7). Interestingly, even though the terminal methyl
group on the alkene seemed rather sterically undemanding,
exceptional diastereoselectivities were observed in all of these
examples. Other types of electrophiles, such as acyl anhydrides
(8) and alkyl acyl halides (9–11), are also compatible, despite
leading to a lower diastereoselectivity in some cases. Perhaps
most importantly, in situ activation of carboxylic acids did not
lead to a compromise in either the yield or dr of the reactions
(12, 13), and interesting substructures, such as substituted
cyclopropyl (14) and diuorobenzodioxolyl (15), were installed
with reasonable yields directly from the corresponding carbox-
ylic acids.

Various anilide- and alkenyl backbones were next examined,
and their inuence in this reaction was tested both to expand
the scope and to shed light on the diastereoselectivity. For
aniline derivatives bearing different substituents (16–22),
although the yields varied, the diastereoselectivities, where
relevant, remained consistent. Substrates leading to primary
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Reaction scope. aReaction conditions: amide S1–S42 (0.36 mmol, 1.2 equiv.), acyl (pseudo)halides (0.3 mmol, 1.0 equiv.), Bu4N
[OP(O)(OBu)2] (0.75mmol, 2.5 equiv.), Ni(dMeObpy)Cl2 (0.018mmol, 6mol%), [Ir-1] (0.009mmol, 3mol%), blue LED, 6mLMeCN. bA 1 : 1 mixture
of two diastereoisomers originating from the acyl coupling partner. c0.006 mmol, 2 mol% of Ni precatalyst was used.
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alkyl radicals were generally compatible in the reaction (21, 24–
30), and although both methyl and a bulky Boc-protected amino
group at the a-carbonyl position induced diastereoselectivity to
some extent (29, 30), substitution b to the carbonyl seemed to
have minimal inuence (28). Therefore, it seems that substi-
tution d to the carbonyl, where the alkyl radical is generated
aer cyclization, is crucial for the high diastereoselectivity
observed. Not surprisingly, polycyclic structures retain their
high diastereoselectivity in the reaction (37–39).

Several functional groups were incorporated to test
compatibility, including thioether (32), ether (33), and pendant
olen (34) groups, as well as protected primary- (35) and
secondary (36) amines, all showing excellent dr and good to
excellent yields. The applicability of the protocol for
This journal is © The Royal Society of Chemistry 2020
amidoacylation of alkenyl carbamates was also examined,
which initially led to a diminished yield (20%) of 40, with 35%
of N-phenyl benzamide byproduct. This byproduct likely results
from an SN20-type oxidative addition by the Ni(0) catalyst to the
ene carbamate,40 with loss of CO2 and capture of the resulting
aniline with the acid chloride. Lowering the loading of Ni pre-
catalyst to 2% improved the yield of 40 to 42%. Interestingly,
under standard reaction conditions, such a side reaction was
not observed in monosaccharide-derived substrates (41, 42),
rendering C-acyl aminoglycosides diastereoselectively in good
yields.

Several experiments were performed to aid in deciphering
the mechanism of the reaction. First, control experiments
suggested that nickel, Ir photocatalyst, light, and base are all
Chem. Sci., 2020, 11, 4131–4137 | 4133
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Fig. 2 Transient absorption studies on PCET-mediated N-radical
generation at 10 ms time delay.
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essential for the transformation (see ESI† for further details).
Radical probe substrate 23 supported the proposed reaction
pathway and indicated that the reaction indeed underwent
a single electron transfer process. To rule out the possibility of
energy transfer mechanism as seen in related systems,41 we
performed a transient absorption spectroscopy study of the
PCET step (Fig. 2). By comparing the well-studied triethanol-
amine (TEOA) system (black trace, Fig. 2), which is known to
reduce the excited state of the Ir photocatalyst,42,43 with
substrate 1a in the presence of base [Bu4N[OP(O)(OBu)2] (red
Scheme 3 Experimental mechanistic insights.

4134 | Chem. Sci., 2020, 11, 4131–4137
trace, Fig. 2), the resulting spectrum suggested an evident
generation of reduced [Ir-1] photocatalyst, supporting the
proposed electron transfer mechanism, generating an N-
centered radical. Then, considering the versatility of different
electrophilic species, the nature of the actual electrophile in the
reaction was sought. Aer stirring a 1 : 1 mixture of benzoyl
chloride and Bu4N[OP(O)(OBu)2] in CH2Cl2 for 20 min, the
mixed benzoic-phosphonic anhydride was isolated and sub-
jected to the reaction conditions, rendering a 73% yield and
a comparable diastereoselectivity to that observed under the
normal reaction conditions (Scheme 3a). Further computa-
tional studies also provide support that, compared to benzoyl
chloride, the benzoic-phosphonic anhydride appears to be
amore stable species (see ESI† for further details). Interestingly,
a diminished yield was observed when an alkyl acyl chloride was
used under the same protocol.

The origin of the high diastereoselectivity of this reaction
was next explored. To investigate the stability of both stereo-
isomers, a synthesis of the opposite diastereoisomer was carried
out. Thus, by applying the hydroamination reaction developed
by Knowles et al.,23 the designed substrate S10 led to diastereo-
isomer 10. This isomer was subsequently subjected to the
standard reaction conditions, and no isomerization to 1 was
observed (Scheme 3b). Further investigation revealed a depen-
dence between the electron density on the ligands and the dr
values (Scheme 3b). When an analysis was performed relating
log dr to s+ parameters,44 a good linear correlation was found.
The negative r value from this plot indicated that higher elec-
tron density on the ligand, which stabilizes the putative Ni(III)
intermediates in the catalytic cycle, will lead to a higher dia-
stereoselectivity in this transformation. Taken together, these
results suggested that the high dr must originate from the
catalytic process and not epimerization aer product
formation.45

To gain deeper insights on the diastereo-determining step,
the investigation was continued using computational tools.
First, the free energy calculation of 1 and 10 indicated that 10 is
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Free energy difference between 1 and 10. (b) Proposed reaction mechanism of the acylation between 1a and 1b. (c) DFT computed free
energy diagram between 1a and 1c of the thermochemical part (from C to F) of the catalytic cycle calculated at B3LYP-D3(BJ)/def2-TZVPP-
SMD(MeCN)//B3LYP-D3(BJ)/def2-SVP.

Fig. 4 3D renderings of diastereoselectivity-determining radical
bound transition states TS5 and TS9 calculated at B3LYP-D3(BJ)/def2-
TZVPP-SMD(MeCN)//B3LYP-D3(BJ)/def2-SVP. Trivial H atoms are
omitted for clarity.
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the thermodynamically more favorable isomer (Fig. 3a).
Therefore, the diastereoselective formation of 1 is a kinetically
controlled process. Although either a Ni(0)–Ni(I)–Ni(III) mecha-
nism,46 where radical addition takes place before oxidative
addition of acyl halide, or a Ni(0)–Ni(II)–Ni(III) mechanism
appear viable, because Bz–X is in much higher concentration
than the photogenerated radicals A and B, the major reaction
pathway proposed is one in which oxidative addition of Bz–X to
a catalytically active nickel complex that initiates the process.
Regardless of the mechanistic pathway, the diastereo-
determining step will be the addition of radical B to nickel
complex D (vide infra). Thus, Ni(0) catalyst C rst undergoes
oxidative addition to Bz–X, forming Ni(II) species D, which
subsequently binds the radical B generated through a kineti-
cally favorable 5-exo-trig cyclization.46 The formed Ni(III) species
E then undergoes reductive elimination, releasing product 1
and generating Ni(I) species F. Further SET between F and
reduced photocatalyst [PC]c� regenerates active Ni(0) catalyst C.

Based on the proposed reaction mechanism in Fig. 3b, the
most favorable computed free energy pathway for the thermo-
chemical part (B to F) of the catalytic cycle calculated by density
functional theory (DFT) is shown in Fig. 3c. Although both BzCl
and Bz-[P] (1c) exhibited reasonable reactivity toward oxidative
addition, the mixed anhydride Bz-[P] was applied as the initial
point because of its greater stability and ease of formation (see
ESI† for further details). The active triplet Ni(0) catalyst int1 is
oxidized by Bz-[P] (1c) via an open-shell singlet (OSS) transition
state TS2, which is quite facile, with a free energy barrier of only
17.0 kcal mol�1. This generates closed-shell Ni(II) species int3.
This step is strongly exothermic and thus irreversible as
proposed. Ligand exchange between the Cl� anion and the [P]�
This journal is © The Royal Society of Chemistry 2020
anion then generates a more stable Ni(II) species int4. The
subsequent radical binding step between int4 and int5 via TS6
is also very fast, with a free energy barrier of only 4.7 kcal mol�1,
generating doublet Ni(III) species int7. Further irreversible and
highly exothermic reductive elimination via TS8 possesses a free
energy barrier of 8.0 kcal mol�1, generating product 1 and
doublet Ni(I) species int9.

Somewhat surprisingly, TS6 is calculated to be 3.6 kcal mol�1

higher in energy than TS8, and conversion of int7 through TS8
is fast and irreversible. Thus, it is the radical binding step via
TS6 that determines the observed diastereoselectivity. As shown
in Fig. 4, TS10, which leads to the diastereomeric product 10, is
1.0 kcal mol�1 higher in energy than TS6, which is in good
agreement with the observed dr of 9 : 1 using bpy as ligand. The
highlighted steric issues between the Me and Ph groups elevate
Chem. Sci., 2020, 11, 4131–4137 | 4135
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the free energy TS10 and is responsible for the observed
diastereoselectivity.
Conclusions

In conclusion, we have disclosed a photoredox PCET/Ni dual-
catalyzed diastereoselective amidoacylation of unfunctional-
ized olens. Various acyl electrophiles, including alkyl- and aryl
acyl chlorides and anhydrides, as well as carboxylic acids acti-
vated in situ, are incorporated and retain excellent dr values in
most of the examples. Thanks to the mild conditions, various
functional groups, such as thioethers, protected amines, and
saccharide derivatives are compatible. Transient spectroscopy
provides strong support for electron transfer between the amide
substrates and the Ir photocatalyst in the presence of phosphate
base. Other mechanistic experiments indicate that the diaster-
eoselectivity originates in the Ni-catalytic cycle, while the
Hammett plot as well as a detailed computational study provide
insight into the electronic and steric effects that lead to the
diastereo-determining step toward the kinetic product. This
study not only provides a powerful tool toward olen hetero-
difunctionalization, but also sheds light on future reaction
development.
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