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Asymmetric intermolecular allylic C-H amination of
alkenes with aliphatic amines
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Aliphatic allylic amines are found in a great variety of complex and biorelevant molecules. The direct
allylic C-H amination of alkenes serves as the most straightforward method toward these motifs.
However, use of widely available internal alkenes with aliphatic amines in this transformation remains
a synthetic challenge. In particular, palladium catalysis faces the twin challenges of inefficient
coordination of Pd(ll) to internal alkenes but excessively tight and therefore inhibitory coordination

of Pd(ll) by basic aliphatic amines. We report a general solution to these problems. The developed
protocol, in contrast to a classical Pd(ll/0) scenario, operates through a blue light-induced Pd(0/1/11)
manifold with mild aryl bromide oxidant. This open-shell approach also enables enantio- and

diastereoselective allylic C-H amination.

liphatic amines are prevalent motifs in

natural products and pharmaceuticals.

Allylic amines in particular are espe-

cially attractive synthetic targets as they

possess diverse bioactivities and are
also versatile synthons for downstream man-
ipulations (Fig. 1A). One traditional approach
toward aliphatic allylic amines is nucleophilic
displacement using prefunctionalized alkenes
(Fig. 1B, top left). Although this method is
straightforward, it is usually accompanied by
issues such as double allylation. Further,
achieving high efficiency and selectivity in
analogous substitution with secondary allyl
electrophiles is often problematic. As a general
solution, the Tsuji-Trost reaction represents
the most versatile platform for allylic substi-
tution (7), providing high regio-, diastereo-,
and enantio-control (Fig. 1B, bottom left).
Accessing complex allyl electrophiles, how-
ever, is no trivial task and consequently a
direct oxidative allylic C-H amination ap-
proach that eliminates the need to prefunc-
tionalize the alkene has become a rigorous
field of study. Along these lines, considerable
progress has been made since the seminal
contributions of White and Liu on palladium-
catalyzed allylic C-H amination (2, 3). However,
to date, most of the transition metal-catalyzed
protocols employ nitrogen pronucleophiles
such as sulfonamides and carbamates (4-10)
and are restricted to certain substitution pat-
terns on alkenes, thus hampering the explora-
tion of chemical space. Although there is a
wealth of reports on alternative strategies
proceeding through nitrene intermediates

IDepartment of Chemistry and Biochemistry, The University
of Texas at Dallas, Richardson, TX 75080, USA. “Department
of Biochemistry, The University of Texas Southwestern
Medical Center, Dallas, TX 75390, USA.

*Corresponding author. Email: vlad@utdallas.edu

Cheung et al., Science 378, 1207-1213 (2022)

(11-17), the employment of prefunctionalized
nitrogen sources such as tosyl azides and di-
oxazolones inevitably precludes the installation
of an alkyl amine moiety. As such, the direct
construction of aliphatic allylic amines using
aliphatic amines, especially pharmaceutically
valuable heterocycles such as piperidines and
piperazines (I18), remains a substantial challenge.

Recent advances in photocatalysis and elec-
trochemistry have pushed forward the state of
the art. In 2020, Ritter et al. used aminium
radical addition (19) to establish the C-N bond
(20). This iminothianthrene-based method,
however, requires extra synthetic effort and
is intrinsically limited to synthesis of sec-
ondary allylic amines, as in the case of metal
nitrenes. Complementary chemistry using sec-
ondary amines was recently achieved by
Lei et al. (21), though this reaction typically
requires more than 20 equivalents of alkene.
Moreover, construction of the C-N bond in a
stereoselective manner still remains elusive.
Recently, Wickens et al. developed a one-pot
two-step electrochemical Z-selective approach
toward tertiary allylic amines (22). This pro-
tocol enables the direct use of secondary ali-
phatic amines but is incompatible with internal
alkenes. Thus, despite these major breakthroughs
a general platform that accommodates alkenes
of different substitution paterns—as well as
primary and secondary aliphatic amines—has
not been realized.

To address these limitations, we revisited
the well-established Pd II/0 mechanistic man-
ifold, where the major challenge revolves
around the use of a PA(II) catalyst (Fig. 1C).
First, the C-H cleavage step en route to the key
n-allyl PA(IT) complex is preceded by Pd(II)-
alkene coordination, which situates the metal
center close to the C-H bond. Consequently,
palladium catalysis is chiefly confined to the
least congested, mono-substituted alkenes, and
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hence incorporation of the sterically more de-
manding internal congeners still remains elu-
sive. These alkenes can also undergo undesired
isomerization (23), which further complicates
the reaction profile. Further, PA(IT) salts are prone
to bind with Lewis basic aliphatic amines—
particularly primary amines (24-28)—leading
to, in this case, catalyst deactivation. Accord-
ingly, using internal alkenes and aliphatic
amines concurrently in one transformation
becomes much more arduous. Taken together,
conventional palladium catalysis does not ap-
pear to be mechanistically viable for this pro-
cess. White and Jiang independently showed
very recently that linear tertiary allylic amines
can be obtained from BF;-complexed or sim-
ple secondary aliphatic amines (29, 30) (Fig.
1B, top right). However, employment of pri-
mary amines is still problematic as it leads to
uncontrolled double allylation products (29).
Moreover, substrates containing multiple ste-
rically accessible amine moieties remain un-
explored. In addition, the requisite coordination
of alkenes with electrophilic Pd(II) catalysts
still confines the scope to monosubstituted
alkenes, thus offering minimal variations around
the allylic amine motif and to electron-neutral
and electron-rich alkenes only (Fig. 1C). We
therefore wondered whether a complementary
redox cycle could circumvent the involvement
of the PA(II) catalyst, thereby obviating the
substrate-catalyst precoordination and substan-
tially expanding the scope of alkenes.

In 2016, we reported a photocatalytically
generated hybrid aryl Pd(I) radical capable of
intramolecular hydrogen atom transfer (HAT)
from aliphatic C(sp®)-H sites (31). The large
difference in bond dissociation enthalpy (BDE)
between aryl and aliphatic C-H bonds (32)
enders this elementary step thermodynamically
favorable. This driving force is further aug-
mented in the case of activated C-H bonds and
has been exploited recently by several research
groups using the respective aryl halides (33-36).
‘We turned our attention to this homolytic mode
of allylic C-H bond cleavage as an alterna-
tive to the heterolytic counterpart that oper-
ates through Pd(IT)-alkene coordination. With
this in mind, we hypothesized a reaction se-
quence relying on an uncommon role for aryl
bromide as an oxidant in palladium cataly-
sis, with the first oxidation occurring at the
metal center through photoinduced single
electron transfer, followed by a subsequent oxi-
dation of an alkene by means of intermolecular
HAT (37, 38) (Fig. 1D). The formed hybrid allyl
Pd(I) radical intermediate would collapse to
a classical, closed-shell w-allyl PA(II) complex
upon the third formal oxidation at palladium
through a radical-polar crossover (39-41) sce-
nario. The latter could then be intercepted by
an aliphatic amine to afford the desired C-H
amination product, meanwhile returning the
palladium catalyst to its original redox state
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Fig. 1. Background and reaction design. (A) Representative examples highlighting diverse bioactive aliphatic allylic amines. (B) General methods toward aliphatic
allylic amines and this work. (C) Challenges in palladium catalysis. (D) Reaction design and development. DMBQ, dimethylbenzoquinone; SFL, sulfolane; TBAB,
tetrabutylammonium bromide. HAT, hydrogen atom transfer; SET, single electron transfer; RPC, radical-polar crossover.

to close the cycle. Under this mechanistic
manifold, a Pd(0/1/1I) cycle is operative, which
is fundamentally distinct from the common
PA(II/0) paradigm. We reasoned that the Pd(I)
intermediates, formed in this catalytic sys-
tem, would have attenuated Lewis acidity,

Cheung et al., Science 378, 1207-1213 (2022)

thereby minimizing isomerization of alkenes
and interaction with aliphatic amines. Never-
theless, the use of an aryl radical introduces
several pitfalls associated with its high reac-
tivity, including interruption by solvent mol-
ecules through radical addition or HAT, as
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well as Heck reaction with the alkene sub-
strate. Striking a balance between selectivity
and reactivity of the aryl radical is thus cru-
cial to an efficient transformation. Herein,
we report a general photocatalytic platform
for intermolecular allylic C-H amination of
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Fig. 2. Scope of the inter-
molecular allylic C-H
amination. (A) Alkene scope.
(B) Aliphatic amine scope. *
0.5 equivalents of TBAB; 1,
1.5 equivalents of Br-12;

1, 10 mol% Pd(PPhs), and
Xantphos; §, 0.7 equivalents
of Br-12; 9, 3.0 equivalents of
alkene; #, see supplementary
materials for detailed reac-
tion conditions.
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differently substituted alkenes with primary
and secondary aliphatic amines to access
branched allylic amine products (Fig. 1B, bottom
right). We also describe the enantio- and dias-
tereoselective variants of this protocol (42-45).

In line with our proposal, we first investi-
gated the C-H amination of (E)--ethylstyrene
with piperidine (Fig. 1D). A reaction system
composed of catalytic Pd(PPhs),/Xantphos,

Cheung et al., Science 378, 1207-1213 (2022)
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bromobenzene, and cesium carbonate upon
irradiation with blue LED light for 15 hours at
room temperature in benzene provided the
desired allylic amine product 1 in 4% yield. In
keeping with the aforementioned potential
pitfalls (Fig. 1D), formation of substantial
amounts of side products, stemming from
radical addition to benzene and substrate to
give biphenyl and Heck product, respectively,
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was observed. We therefore began the optimi-
zation by surveying a range of aryl bromides
and found that Br-9, in which the isopropyl
groups would inhibit radical addition by shield-
ing the formed aryl radical, substantially en-
hanced the yield of 1 to 41% (table S1). Further
evaluation of reaction parameters revealed the
importance of a polar medium and the bene-
ficial effect of tetrabutylammonium bromide
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Fig. 3. Late-stage functionalization and synthesis of complex amines. (A) Scope of drug fragments and natural product derivatives. (B) Scope of complex
aliphatic amines. * 1:1 diastereomeric ratio; 1, 3.0 equivalents of alkene; f, Product:desaturated product = 2.6:1, see supplementary materials for details; §, 10 mol%

Pd(PPhs)4 and Xantphos; |, 2.5 equivalents of alkene.

(TBAB) as an additive, which collectively in-
creased the yield to 71% (tables S2 and S5). To
further capitalize on this result, we screened
several other aryl bromides. Optimization
studies identified Br-12, which can be ob-
tained in multigram scale in one step through

Cheung et al., Science 378, 1207-1213 (2022)

Friedel-Crafts bromination of commercially
available 1,3-di-tert-butyl-5-methylbenzene, as
the most effective aryl bromide (table S8). As
outlined in Fig. 1D, we reasoned that Br-12
exhibited better performance as one of the
large alkyl substituents was replaced with a

16 December 2022

smaller methyl group to compensate for the
lowered reactivity resulting from increased
steric hindrance. The two bromine atoms in
one arene core enhance reactivity as well as
atom economy. After further fine tuning of
the reaction parameters, we were able to

4 of 7



RESEARCH | REPORT

Pd(PPhs)4 (10 mol%) i-Pr
(R)-BINAP (15 mol%)
H g ; e o Br
N .\N/. Br-9 (2 equiv) N A
M H Cs,CO0;3 (2 equiv) M >
PhH/SFL 4:1 or 7:1 (0.4 or 0.25 M) -Pr Pr
rt, 16 h, Blue LED Br-9
A O\ j-Pr Me n-Pr /MLe
H
H H H ~
N CO,Et N7 CoMe S /'\ . N7 Co,Me N Ph
/\/\/Me
F'h/\/L Ph ph/\/L Ph ph/\)\ Ph Meozc/\/'\ Ph 7
110, 71%", 92:8 dr 111, 43%" 12, 75%" 113, 68% 14, 43%t > 05:5 dr
w/ Xantphos: 69:31 dr > 95:5 dr > 95:5 dr 91:9 dr N | aE.ap
w/ (S)-BINAP: 30:70 dr L-valine methyl ester L-norvaline methyl ester P anphios: ,65':_;5 c
4 w/ (R)-BINAP: 27:73 dr
L-proline ethyl ester
H\ _ tBu
ar o Me n-Pr
H __ site-selective ____ H{ N /'\ Ph H{ N CO,Me O‘ W
_ HAT : A 2
Ph A Et AR Et
SN 2 PN .
115, 56%* 116, 46%* 17, 47%4
84:16 dr >95:5 dr 84:16 dr
L-norvaline methyl ester Me 3% Me ergosterol derivative

N i-Pr

B (0]
O Et Me\ _Bn n-Bu H

(R)-35, 85%*S 118, 94%*$ 119, 73%*$ (R)-70, 59%*$ 120, 94%*S 121, 38%*S1 122, 40%*S (R)-76, 60%*S

93:7 er 96:4 er 97:3 er 92:8 er 96:4 er 97:3 er 97:3 er >99:1 er
H. _iPr
H. - FBu _iPr &
A
/\)\ T™S
+BuO,C Ph Ph
124, 40%
123, 68% . 93Ter 125, 55% 126, 42%
88:12 er pitavastatin fragment 86:14 er 85:15 er
HO R H{ N F-Pr a-alkyl naftifines

site-selective ___

) _ bRy /\/k/ /\/k/
Ph”™ a

127, 43%
90:10 er, 10:1 r*

/IPr /IPI'

/\/'\//\)\/\//\/'\/\/\)\/\//\)\/

129, 55%
93:7 er, 5:1 ri*

130, 48%
89:11 er, 10:1 r*

128, 52%
90:10 er, 8:1 r*

/IPI‘

131, 58%
90:10 er, 3:1 r*

(5)-109, 43%**
87:13 er, 5:1 r*

Me _ X
h/WOPh

133, 44%1T
88:12 er, > 19:1 r*

132, 43%**
92:8 er, 10:1 r*
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obtain 1in 90% isolated yield. Only two equiv-
alents of the alkene partner are needed for
this transformation, in comparison to previ-
ous reports on aryl radical-mediated reactions
which require large excess (typically =5 equiv-
alents) of substrate. A reaction using one
equivalent of alkene afforded the product in
59% yield (table S9). Control experiments es-
tablished that both palladium catalysts and
visible light are essential components for this
protocol. We also found that the reaction of
isomeric (3-ethylstyrene (2.8:1 E/Z) was almost

Cheung et al., Science 378, 1207-1213 (2022)

as efficient, yielding 1in a stereoconvergent
manner. Besides, we observed no side pro-
ducts originating from a-C-H abstraction
of piperidine, indicative of a chemoselective
intermolecular HAT process. Other delete-
rious pathways such as alkene dimerization
were also minimal, as reflected by the high
material balance based on unreacted alkene
(fig. S1).

We found that the optimized conditions
were efficient with a wide range of alkenes
(Fig. 2A). The scope was first evaluated by dec-
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orating the phenyl ring of the benchmark
alkene with an array of substituents (2 to 26).
A substrate containing a nucleophilic phenol
moiety was chemoselectively aminated in good
yield (4). Versatile latent coupling function-
alities, such as aryl chlorides (12 and 21), bro-
mides (13), mesylates (14:), and boronates (15),
were also compatible. Notably, the steric hin-
drance of Br-12 prevents otherwise expected
radical addition to a terminal double bond,
thus allowing for the efficient preparation of
synthetically useful styrene derivative 16. We
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also found that both electron-rich and electron-
deficient heteroaryl analogs could be employed,
as exemplified by several N- (27 to 29), O- (30),
and S-based (31 and 32) heterocycles. Other
modifications of alkene, such as extending
the alkyl chain (33) and shuffling the methyl
group (34 and replacing it with a phenyl group
(35), were also successful. Michael acceptors,
which are not applicable in the traditional
approach as a result of their electron-deficient
nature (vide supra), efficiently underwent
chemoselective C-H amination over 1,4-
addition (36 and 37), further highlighting
the generality of this methodology. We also
found that a substrate bearing a pendant non-
congested tertiary aliphatic amine moiety
was compatible with our reaction conditions
(38). In addition to activated alkenes, ali-
phatic alkenes were also compatible reaction
partners (39 to 42). Lastly, in the case of
aliphatic alkenes containing distinct allylic
C-H sites, this aryl radical-based approach
enabled the site-selective amination of stron-
ger primary C-H bonds over weaker yet less
accessible tertiary or secondary sites, in con-
trast to most intermolecular HAT reactions,
which preferentially target weaker C-H bonds
(43 to 45). Likewise, in the presence of mul-
tiple secondary C-H sites of different steric
environments, a selective amination occurred
at the less hindered position (46). In most cases
where lower yields were obtained, presumably
due to catalyst deactivation, we observed in-
complete reactions even with prolonged reac-
tion times.

We next examined the scope of aliphatic
amines (Fig. 2B). Cyclic amines of different
ring sizes, including aziridines, azetidines,
pyrrolidines, and azepanes, proved to be viable
nucleophiles, albeit with diminished yield
compared with piperidine (47 to 52). A range
of piperidine and piperazine derivatives were
also prepared in good yields (53 to 62). Pro-
tecting one of the nitrogen atoms of pipera-
zine with an electron-withdrawing group is
not necessary, as illustrated by the efficient
synthesis of 57 to 60, including two N-alkyl
piperazines. Other heterocyclic amines, such
as morpholine and thiomorpholine, were also
competent coupling partners (63 to 65). Acyc-
lic secondary amines, though less effective,
could also be used for this reaction (66 to 70).
Notably, product 68 was obtained in respect-
able yield despite the strong chelating charac-
ter of ethylenediamines. We also found that
this protocol could be extended to primary
amines (71 to '76), including pharmaceuti-
cally relevant cyclopropylmethyl and cyclo-
butyl amines 71 and '72. This method is also
efficient with terminal alkenes (%77), which
are the exclusive substrates for allylic C-H
amination under the classical Pd(II/0) cata-
Iytic cycle. Likewise, various nonaliphatic
nitrogen nucleophiles, such as anilines, sul-

Cheung et al., Science 378, 1207-1213 (2022)

fonamides, carbamates, imides, as well as
aromatic N-heterocycles, are all competent
nucleophiles in this transformation (78 to 83).
As a general observation, substrates bearing
o-hetero (3, 10, 28, 36, 38, 57 to 61, 63 to 65,
68, 74, 78, 80, and 82) and a-carbonyl (7, 56,
69, 75, and 81) aliphatic C-H bonds were well
tolerated. Notably, even benzylic (5, 24, 52,
and 53) and doubly activated (62 and 67)
systems, which possess BDEs comparable to
that of allylic C-H bonds, were found to be
compatible, illustrating the robustness of the
disclosed method.

We also evaluated the applicability of this
photocatalytic process in a more complex set-
ting (Fig. 3). As a demonstration of potential
late-stage functionalization, drug fragments
and natural product derivatives were success-
fully aminated (84 to 87). Given the medicinal
significance of piperidine and piperazine cores,
we tested a broad range of drugs (or their
fragments) containing these motifs in this
amination reaction, which led to the corre-
sponding complex allylic amines in good yields
(88 to 100). In particular, product 97—a key
intermediate to a histone deacetylase inhibitor
(Fig. 1A)—was obtained in 46% yield, com-
pared with 8% through traditional reductive
amination routes (42). To further illustrate
the utility of this protocol, we showed that
various cyclic (101 and 102) and acyclic bio-
active amines (103 to 10%7) also underwent
smooth transformations. Notably, this method
enables access to a-substituted analogs of known
pharmaceutical agents, such as flunarizine
(108) and naftifine (109), wherein the latter
was obtained through a site-selective HAT of
an alkene possessing three distinct secondary
allylic C-H sites.

The construction of enantio-enriched alipha-
tic allylic amines through palladium-catalyzed
allylic substitution of the respective prefunc-
tionalized allyl electrophiles is well documented
(I). Unfortunately, this valuable transform-
ation has not been translated to the realm of
C-H amination, mostly due to the limitations
of the alkenes and invariably leading to linear
products lacking stereogenic centers. Because
our method delivers branched allylic amines
with a new stereocenter, we aimed to de-
velop this transformation in a stereocon-
trolled fashion.

First, diastereoselective reactions were exam-
ined (Fig. 4A). Amination of 1,3-diphenylpropene
with proline ester, an abundant chiral amine,
in the presence of achiral Xantphos ligand
smoothly produced 110, albeit with low di-
astereocontrol. The diastereoselectivity was
substantially improved under a double stereo-
differentiation scenario with the use of Pd/(R)-
BINAP catalyst system. Employment of (S)-BINAP
less selectively produced another diastereo-
mer. Other chiral amines were equally effi-
cient toward allylic amines (111 and 112).

16 December 2022

Good stereocontrol was also achieved in a
more challenging case proceeding through
unsymmetrical n-allyl PA(II) intermediate
(113). All these products (110 to 113) possess
an aryl group o-to the N-atom. Analogous
alkyl substituted product 114« was also acces-
sible through this approach. As in the former
case, employment of the achiral Pd/L cat-
alyst system delivered the product in low
diastereoselectivity. In this case, however,
the S-enantiomer of BINAP was superior. This
catalyst system was also successfully used for
site- and diastereoselective amination of an
alkene possessing multiple accessible allylic
C-H bonds (115 and 116). Moreover, ergosterol
derivative 117 could be selectively obtained
through reaction of the respective chiral alkene
and achiral amine.

Next, we examined the more challenging
enantioselective version of our protocol. Nota-
bly, amination of the symmetrically substi-
tuted allylic system proceeded well, producing
the respective amines with excellent enantio-
control [(R)-35, (R)-70, (R)-76, 118 to 122].
Good enantioselectivity was also observed with
unsymmetrical allylic systems, possessing ester-
(123), multisubstituted heteroaryl- (124), and
silyl (125 and 126) groups. Finally, we em-
barked on the enantioselective amination of
the most challenging substrates possessing
multiple allylic C-H sites. Notably, a site-
specific HAT occurred at the a-C-H site of the
alkene to produce allylic amines 127 to 131, as
well as drug analogs (S)-109, 132, and 133, with
high enantiocontrol and good regioselectivity.
The latter reflects regiocontrol of the ami-
nation step. Overall, these results substanti-
ate the feasibility of merging excited-state
radical chemistry with ground state asym-
metric processes with a single catalyst, which
to date has not been achieved within photo-
excited palladium catalysis (43-46).
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Illuminating C—N bond formation

Forming carbon-nitrogen (C—N) bonds is integral to pharmaceutical synthesis. Palladium (Pd) catalysis is an especially
efficient means to this end, but alkyl amines can deactivate the catalyst by tight binding. Several recent approaches

to circumventing this problem in allylic amination have focused on modifying either the amines or the Pd coordination
environment. Cheung et al. report a distinct protocol that operates through photoinduced electron transfer to form
versatile Pd(l) intermediates. This method is also compatible with more densely substituted carbon frameworks and
can selectively produce just one of two mirror image products. —JSY
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