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Cu(l)/Chiral Phosphoric Acid-Catalyzed Radical-Involved
Enantioselective Intramolecular Amination of Allylic and Benzylic

C-H Bonds

Liu Ye*, Yu Tian*, Xiang Meng, Qiang-Shuai Gu and Xin-Yuan Liu*

Abstract: Radical-involved enantioselective oxidative C-H bond
functionalization via a hydrogen atom transfer (HAT) process has
emerged as a promising method for accessing functionally diverse
enantioenriched products, while asymmetric C(sp®)-H bond
amination remains a formidable challenge. To address this problem,
we herein describe a dual Cu(l)/chiral phosphoric acid (CPA) catalytic
system for radical-involved enantioselective intramolecular C(sp®)-H
amination of not only allylic positions but also benzylic positions with
broad substrate scope. The use of 4-OMe-NHPI as a stable and
chemoselective HAT mediator precursor is crucial for the fulfillment of
this transformation. Preliminary mechanistic studies indicate that a
crucial allylic or benzylic radical intermediate resulting from a HAT
process is involved.

Radical-involved enantioselective C(sp®-H bond
functionalization via a hydrogen atom transfer (HAT) process has
recently attracted increasing attention to enable the direct
transformation of hydrocarbon feedstocks into optically pure
products. Two operative catalytic processes are commonly
involved: (a) Oxygenases-inspired biomimetic approach
characterized by an outer-sphere mechanism where a HAT step
from a C(sp®)-H bond to a high valent metal species takes place
to form a carbon-centered radical intermediate, followed by fast
radical rebound to the metal-bound ligand to produce the
corresponding products as pioneered by Groves, Katsuki, Che,
Zhang and others (Scheme 1a: path i).2 (b) The other process
starts with a single-electron transfer (SET) step between low
valent metal (M") with oxidant to generate a HAT mediator (X-)
which abstracts a hydrogen atom from sp3-hybridized carbon to
form a key alkyl radical species. Next, this species can directly
associate with different chiral metal complex (*LM"'Nu) to realize
enantioselective transformation (Scheme 1a: path ii).’! For the
latter process, Kharasch—Sosnovsky reaction with Cu/chiral
bis(oxazoline) catalyst is the early example to realize
enantioselective oxidative C-H bond functionalization of cyclic
allylic substrates.*! More recently, Liu and Stahl has made a
breakthrough in enantioselective oxidative C(sp®)-H bond
cyanation and arylation of benzylic substrates with similar
catalytic system.5! Despite these advancements, it is still eager to
develop new catalytic systems to broaden the applicability of
enantioselective oxidative C(sp®)-H bond functionalization with
broader substrate scope to construct various carbon-
carbon/carbon-heteroatom bonds.

The direct catalytic enantioselective C(sp®)—H bond amination
through transition metal-catalyzed C-H activationl® or
metallonitrene insertion”! has recently received much attention to
access chiral amines which are widely displayed in natural
products and pharmaceuticals as well as serve as important
ligands with broad utility in asymmetric synthesis.®l Although great
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endeavors have been devoted to various racemic versions of
radical-involved C(sp®)-H bond amination via a HAT process,®!
the development of catalytic asymmetric methods has proven a
formidable challenge. In this regard, Katsuki and Clark have taken
initial attempts to try asymmetric oxidative C—-H amination of
benzylic and cyclic allylic sites with peroxycarbamate as both
oxidant and nitrogen source in the presence of Cu/chiral
bis(oxazoline) catalyst (Scheme 1b).l'% However, these reactions
have encountered several major restrictions: (1) the low chemical
yield due to the inherent instability of alkoxyl radical species prone
to decomposition; (2) the poor to moderate enantioselectivity; (3)
the limitation to cyclic olefin substrates and the requirement of a
large excess of the alkenes. To address the above-mentioned
challenges and inspired by our recent work where the chiral Cu(ll)
phosphate intimately associates with alkyl radical species to
provide good chiral environment to realize radical-involved
asymmetric alkene difunctionalization,['" we wondered if the
radical-involved asymmetric amination of C(sp®-H bonds via a
HAT process could be realized by the use of redox Cu(l)/CPA
catalytic system. However, formidable challenges are
encountered due to the following factors: (a) exploration of
suitable HAT mediator to selectively abstract hydrogen of a-C-H
bond of R group over a-C-H bond of amine group!'?; (b)
identification of suitable oxidant to selectively initiate this reaction;
(c) investigation of suitable chiral catalyst to control
enantioselectivity of the highly reactive alkyl radical intermediate.
Herein we describe our efforts toward the development of the first
radical-involved intramolecular enantioselective oxidative C-H
amination of not only acyclic allylic substrates but also benzylic
substrates in a highly site- and stereoselective manner in the
presence of a dual Cu(l)/CPA catalytic system (Scheme 1c).

a) Two strategies of enantioselective C(sp3)-H bond functionalization via a HAT process
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HX H fast 7XQH “LM:X: HH

X1 B mming Nu H
RI™R2TRR

HAT RI™R2 RI™R2
path i path ii
b) Previous strategy for enantioselective Aza-Kharasch-Sosnovsky reaction via path ii

O

(5 equiv)

Cu/Box ligand NHTs Cu/Box ligand NHTs

'BuO,CONHTs 1©/v/ ‘BUO,CONHTs CONHTs

@ (5 equiv)
14%y. 70% ee 15% y. 47% ee

c) This work: catalytic radical-involved er e C(sp®)-H
9 * Main challenges:
H H Cu(l))CPA~[O] ,O:E"O ¢ selective HAT of o-C -H
§<NHPG Y . H J of R over amine
X # selective C—H amination
N\ I
H H selective HAT H>/ Cu ; ‘/,fH over C—H oxidation
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Scheme 1. Radical-involved enantioselective C(sp®)—H bond functionalization.

We initially attempted to test the possibility of enantioselective
C-H amination for acyclic alkene substrates. Alkenyl urea 1a
where alkyl amine was protected with urea group which was
supposed to deactivate a-C—H bond of amine toward HAT "3 was
chosen as model substrate (Scheme 2). A variety of oxidants was
initially explored, while no desired product was obtained (Table
S1in Sl). The failure was probably attributed to the high reactivity
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of the generated hydrogen abstractors, therefore resulting in low
selectivity between different types of C—H bonds in the substrate
1a as well as their inherent instability susceptible to fast
fragmentation.[' It is well-known that phthalimide N-oxyl (PINO)
radical derived from N-hydroxyphthalimide (NHPI) can abstract
hydrogen atom selectively from the saturated hydrocarbon to form
alkyl radical intermediate.l'S! As anticipated, the aminated product
2a was obtained when a catalytic amount of NHPI was employed
(Table S1).1'8! It was disclosed that 4-OMe-NHPI in combination
with (R)-C3 and stoichiometric amount of zinc oxidel'” in the
presence of CuTc (Tc = thiophene-2-carboxylate) at 10 °C could
achieve high level of enantioselectivity (Table S1). Interestingly,
the use of zinc phosphate could further improve the
enantioselectivity of 2a with the similar reaction efficiency (see
Table S2 and Table S3 in SI for details).["®!

I -
NH [Cu] (10 mol%), CPA (20 mol%) >@“
He H R-NHPI (20 mol%), additive =
Z OMe ™ oxidant (2.0 equiv), DCM OMe

Ar, t, 36 h

\
! H
:
i :
I N |
| R =cyclopentyl, 02 |} | __"__ B '
' bl
H o] a o} \
: Mot :
' o ° T(R: ' N-OH
H R = Me, 03 1 IMeO '
: = b
(R)-C3: Ar = 4-CF5-Ph ' R=Et 04 [ 4-OMe-NEPL__t

Scheme 2. Enantioselective C—H amination of allylic substrates

Table 1. Scope of allylic substrates®®!

Conditions A:
PG CuOAc, (R)-C3, 4-OMe-NHPI

NH Rz 03,ZnO, DCM, 10 °C, Ar, 3-7d "‘R;G\A’PGRQ
- N
It Rw\ 3 Conditions B: R! '@7&
R R® CuOAc, [(R)-C3]sZn, 4-OMe-NHPI 2w R?
1 03,DCM, 10 °C, Ar, 4-6 d (yield, er)
Lo .
NN oo L oA
>C/, H \“‘\5 I
o

A |
k©/ s \ff‘

R=35d-CFg 2a,76%, 955 e (B)  »c 0% 04:6 er (B)

R = 3,4-di-Cl, 2b, 88%, 94:6 er (A)l°]
ERSI: S, °Q
* *Ck

R = 3,5-di- CF3 2d, 76%, 93:7 er (A)

R = 4-CN, 2e, 78%, 92.5:7.5 er (A) 29, 81%, 92:8 er (B)
R = 4-NO,, 2f, 62%, 91:9 erld(A)

CF3 CN 9 /©/0Me
N/S\\
>C/ >© o

n =1, 2h, 80%, 94:6 er (B)
n =2, 2i,84%, 90:10 er (A)ld]

PN
Ph
21, 35%(75%)!®), 87:13 er (B)

2j,54%, 90:10 er (B) 2k, 25%(40%)!®), 76:24 er (A)!?

Conditions A: CuOAc (10 mol%), (R)-C3 (20 mol%), O3 (2.0 equiv), 4-OMe-
NHPI (20 mol%), ZnO (1.5 equiv), DCM (0.01 M); Conditions B: CuOAc (10
mol%), [(R)-C3]2Zn (15 mol%), O3 (2.0 equiv), 4-OMe-NHPI (20 mol%), DCM
(0.01 M). [a] Reactions were run on 0.1 mmol scale under conditions A or B. [b]
Isolated yields were shown and er value was determined by HPLC. [c] O2 (2.0
equiv) was used. [d] 25 mol% of (R)-C3. [e] Reaction conversion was shown in
parentheses. [f] CUOAc (15 mol%) and (R)-C3 (30 mol%) were used.

With the optimized conditions in hand, the generality of the
present enantioselective allylic C-H amination reaction was
explored (Table 1). The substrates bearing electron-withdrawing
groups (CF3, NO; etc.) on the aromatic rings of urea at the
different positions reacted smoothly to afford a-alkenyl
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pyrrolidines 2a—2f in 62-88% yields with 91:9-95:5 er. Various
aryl substituents (OMe, Me) at the alkenyl group are accepted to
deliver 2a—2c¢c and 2g-2i with high yields (76-88%) and good to
high level of enantioselectivity. The absolute configuration of 2c
was determined to be S by X-ray crystal-structure analysis.!"®!
Changing the dimethyl tether (1a) to cyclobutyl (1h) or
cyclopentanyl (1i) variants did not affect the reaction yield,
attaining the spirocyclic pyrrolidines 2h and 2i in 80% and 84%
yields with 94:6 and 90:10 er, respectively. Di-substituted alkene
1j was also suitable substrate to give 2j in moderate yields and
good enantioselectivity (90:10 er). Cyclic olefin substrate 1k was
also applicable for the reaction to yield 2k in acceptable yield and
enantioselectivity. The sulfonyl-protected alkenyl amines also
worked to afford the cyclized products 2l in 35% yield and 87:13
er. Notably, allylic C-H amination products were obtained
exclusively in all cases and no competitive C-H oxidation or
aziridines products were observed, further featuring the excellent
chemoselectivity of this method.

We then turned our attention to benzylic substrates due to the
similar BDE between allylic C-H bond and benzylic C-H bond.
However, the reaction efficiency of benzylic C-H amination is
lower than that observed in allylic C-H amination and the side
product 5A arising from C-H oxidation?” and the direct cross
coupling adduct 5B between benzylic radical and PINO were
obtained in some cases®®'l (see Scheme 4a and Table S4 for
details). After systematical screening of reaction parameters
(Table S4), the optimal conditions were established as follows:
CuTc (10 mol%), (R)-C3 (20 mol%), 4-OMe-NHPI (50-100 mol%),
04 (3.0 equiv) and ZnO (1.5 equiv) in DCM (0.01 M) at 20 °C for
7 days (Table 2). As shown in Table 2, benzylic substrates with
different ureas bearing electron-withdrawing groups underwent
C-H amination smoothly to yield products 4a—4c in 69-84%
yields with up to 95:5 er. Various functional groups (OMe, F, etc.)
on aryl rings are tolerated, affording 4d—4g with 61-80% yields
and excellent enantioselectivity (94:6 to 95:5 er). Notably, para-
alkenyl and alkynyl-substituted aromatic substrates were
amenable to C-H amination, yielding 4h—4o0 with excellent
enantiocontrol up to 97:3 er, and the unsaturated carbon-carbon
bonds are kept intact. Noteworthy is that chiral a-aryl pyrrolidines
with olefin or alkyne functional groups at para position are core
components of drug candidates (see Figure S1 in SI).?2 The
absolute configuration of 4m was determined to be S by X-ray
crystal-structure analysis.'" Importantly, heterocycles such as
furan and thiophene are well compatible with the transformation,
and 4p and 4q were formed in 91:9 and 94:6 er, respectively.
Furthermore, substrates with different cycle-ring tether (3r and
3s) also worked to yield spirocyclic pyrrolidines 4r and 4s with
95:5 to 92:8 er, respectively. Notably, linear substrate 3t cyclized
successfully to give the desired product 4t with 92.5:7.5 er albeit
with lower conversion. Interestingly, n-Pr at para position of
phenyl ring (3u) is also well tolerated and no competing byproduct
arising from benzylic position of n-Pr group was detected. This
excellent regioselectivity might originate from the interaction
between 4-OMe-PINO and urea moiety. Amination of a-C—H bond
of thiophenyl ring was also achieved, furnishing 4v in good yield
and moderate er.

To illustrate the synthetic applicability of this protocol, a
preparative scale of 2a was conducted and there was only
negligible erosion in the enantioselectivity, indicating this method
should be potential for large-scale chemical production (Scheme
3a). Interestingly, the product 2a was readily cyclized under
oxidative cleavage conditions to give bicyclic compound 6A in 94%
yield without erosion of the optical purity (Scheme 3b).
Furthermore, the deprotection of urea group of 2h proceeded
smoothly to give pyrrolidine 6B in 82% yield and the ee value was
almost retained (Scheme 3c).
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Table 2. Scope of benzylic substrates®!

PG
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Conditions: CuTc (10 mol%), (R)-C3 (20 mol%), 4-OMe-NHPI (0.5-1.0 equiv),
ZnO (1.5 equiv), 04 (3.0 equiv), DCM (0.01 M). [a] Reactions were run on 0.1
mmol scale and (R)-C3 (5 mol%) was added at 12 h and 36 h, respectively. [b]
Isolated yields were shown and er value was determined by HPLC. [c] Yields in
parentheses were based on recovered starting material. [d] NaSbFs (0.5 equiv)
was added. [e] 0.5 mmol scale. [f] 75 mol% of 4-OMe-NHPI. [g] 50 mol% of 4-
OMe-NHPI. [h] At 10 °C. [i] CuOAc (10 mol%) and O3 (2.0 equiv) were used.

To gain some insights into the reaction mechanism, a set of
control experiments were conducted. First, the significant
inhibition effect was observed in allylic C—H amination of substrate
1a when TEMPO or BHT was added (Scheme S1). Second, the
direct C—H oxidation byproduct 5A and cross coupling adducts 5B
and 5C were detected in the benzylic C—H amination of 3a and 3b
(Scheme 4a and Scheme S2). Collectively, these results support
the involvement of proposed allylic or benzylic radical
intermediate in this C—H amination process. Third, the measured
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intermolecular KIE data (4.2) of substrates 3a and D-3a suggests
that the HAT process is likely involved in the rate-determining step
in the catalytic cycle (Scheme 4b). Finally, a non-linear effectl?l
on the ee value of 2c was observed, which indicates that more
than one CPA molecule is involved in the enantioselective
transformation (see Figures S2 and S3 for details).

NH PG
CuOAc (10 mol%), (R)-C3 (20 mol%) >C,N @
/ 4-OMe-| NHPI (20 mol%), ZnO (1.0 equiv) e
03 (2.0 equiv), DCM (0.02 M) OMe
0°C,Ar, 6d
1a, 1.0 mmol 2a, 60%, 92:8 er
N’ i) K20sO4e 2H20, NMO- H20

Fed -

6A, 94%, 92:8 er, dr—31

citric acid, t-BuOH, H,0, rt, 24 h
OMe ii) NalO4, MeOH, H,O, rt, 3 h
2a, 92:8 er

. )

'

% NH;NH,e H,0 O@H :
DME = (O] :(C)

:

OMe! !

OMe :%L” CFy!

:

2h, 92:8 el 6B, 82%, 91.5:8.5 er '

Scheme 3. Preparative-scale reaction and versatile transformations
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Scheme 4. Mechanistic studies and proposed catalytic cycle

Based on the above mechanistic studies and previous
studies,['! we proposed a tentative mechanism for this C—H
amination (Scheme 4c). Initially, Cu(l) reacts with peroxide which
was activated by zinc complex to afford the reactive alkoxyl
radical species and the chiral Cu(ll) phosphate complex. In the
presence of 4-OMe-NHPI, conversion of highly reactive alkoxyl
radical species to relatively stable 4-OMe-PINO then occurs,?4
and it could selectively abstract a hydrogen atom from
allylic/benzylic positions (1 or 3) in the presence of chiral Cu(ll)
phosphate complex and zinc phosphate complex? to produce
the key alkyl radical intermediate 1,?81 accompanied by the
regeneration of 4-OMe-NHPI. The subsequent combination of
carbon-centered radical intermediate | with tethered nitrogen
nucleophile finally gives rise to pyrrolidine products (2 or 4), with
the concurrent liberation of ROH, which was detected after the
reaction, and Cu(l) to finish the catalytic cycle.
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In conclusion, we have developed a Cu(l)/CPA-catalyzed
asymmetric intramolecular radical-involved C-H amination of
allylic and benzylic substrates, giving facile access to chiral a-
alkenyl/a-aryl  pyrrolidines  with  excellent levels of
enantioselectivity, moderate to high efficiency, broad substrate
scope and good functional group tolerance. This is the first
example to construct C—N bond with excellent enantiocontrol
through asymmetric radical oxidative C-H bond amination.
Critical to the success of this protocol is the application of 4-OMe-
PINO as a stable and chemoselective HAT mediator to selectively
abstract H atom of allylic and benzylic positions. The fulfillment of
this asymmetric radical-involved C-H amination might provide
useful insight for radical-involved enantioselective oxidative
C(sp®)-H bond functionalization.
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