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Abstract: Herein, we describe a Cu(l)/phosphoric acid cata-
lyzed intramolecular radical tertiary C(sp®)—H amination of N-
chlorosulfonamide, providing an applicable route to the
pyrrolidine structural motifs bearing an a-quaternary stereo-
center (>20 examples with up to 94% yield). Mechanistic
studies indicate that the reaction involves an intramolecular
1,5-hydrogen atom transfer process to form the key tertiary

C-centered radical followed by a C—N bond formation. The
corresponding enantioselective amination is accordingly
disclosed by Cu(l)/chiral phosphoric acid catalyst to afford the
chiral products with up to 81 % enantiomeric excess (ee). This
strategy is anticipated to facilitate the development of
tertiary C(sp®)—H functionalization.

Introduction HNOC

. . N CF
Pyrrolidines are not only key structure elements in a large E\\\MN 3
number of natural products and pharmaceutical agents™ but N 0% N el

. . . . . Me H N
also broadly presented in various privileged chiral organo-
catalysts in organic synthesis.? As a specific collection of shihunine veliparib (ABT-888) rolapitant (Varubi ™)
biologically active pyrrolidines, the a-quaternary containing antipyretic poly(ADP-ribose) neurokinin-1 receptor
activity polymerase inhibitor antagonist

ones have also aroused considerable interest®® Shown in
Figure 1 are some typical examples of a-quaternary pyrrolidines
with attractive pharmacological activities, such as shihunine,”
veliparib,®’ and rolapitant,® etc. Given their promising biological
properties and diversified molecular structures, the develop-
ment of efficient synthetic methods for pyrrolidines has there-
fore stimulated intensive attention from organic chemists.
Traditional approaches have been extensively studied,"? such
as the 1,3-dipolar cycloadditions of azomethine ylides with
alkenyl dipolarophiles.”” Other alternative synthetic strategies
have also been developed for producing pyrrolidines of differ-
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Figure 1. Bioactive molecules containing a-quaternary pyrrolidines.

ent structural skeletons.® Nonetheless, developing mechanisti-
cally distinct methods for the expedient synthesis of a-
quaternary containing pyrrolidines under mild conditions still
remains desirable.

The classic Hofmann-Loffler-Freytag (HLF) reactions, involv-
ing the remote radical C(sp®)~H amination process,” have
proven to be a potential platform for accessing functionally
diverse cyclic amines from simple hydrocarbon feedstocks
(Scheme 1a). Over the past decade, the renewed research
interests from Muhiz, Yu, Lei, Nagib, and others have unveiled
the attractive versatility of the HLF and related reactions."” As
such, significant progress in this aspect has already overcome
the conventionally required harsh condition limitation,"” and
thus serves as a complementary strategy to transition metal-
catalyzed C—H functionalization.'”? Although great endeavors
have been devoted to achieving the aminations of various
secondary C—H bonds by the HAT process,"™® there are only a
few reports aiming at tertiary C(sp®)—H amination."® More-
over, the enantioconvergent! amination of racemic tertiary
C—H bonds represents a formidable challenge that mainly rests
on the intrinsic chirality retention feature of such a process.!**'
In 2019, Arnold, Liu, and co-workers pioneered this area by
achieving the first intramolecular enantioconvergent tertiary
C(sp’)—H amination of sulfamoyl azide with enzymatic catalysis
to afford chiral a-quaternary cyclic sulfamides (Scheme 1b)."*?
In 2020, Zhang and co-workers described this intramolecular

© 2023 Wiley-VCH GmbH
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a) The classic Hofmann-Loffler—Freytag (HLF) reaction Results and DiSCUSSiOI‘]

R R R

| | ! 1

N<y heatorhv | N 15HAT NH - HX Q’R We began our study using N-chlorosulfonamide A1 as the
L/\Rz L/(Rz - R2 R model substrate to probe the racemic tertiary C(sp’)-H

b) Enantioconvergent amination of racemic tertiary C(sp®)-H bonds by 1,6-HAT amination reaction (Table 1). In the presence of A92C03

o0 M (0.6 equiv) as an additive to quench the insitu generated

R\N/\\S//_}:‘3 [M] = Fe, Co R\N:\Sﬁ_ﬁ‘ 1,6-HAT R\N)\SIQN,H chloride anion, a mixture of A1 (0.10 mmol), Cul (10 mol %), and
K/*\Rz \/*\Rz M"RZ phosphoric acid PA1 (12 mol%) in 1,4-dioxane (2.0 mL) was

R! R! R stirred at room temperature for 24 h. The reaction afforded the

® Enzymatic catalysis (Arnold and Liu, 2019, ref 15a) Chiral cyclic sulfamides

® Co(ll)-based metalloradical catalysis (Zhang, 2020, ref 15b)
c) Our previous work: radical enantioconvergent tertiary C(sp®)-H amination

desired product 1 in 65 % yield, along with the by-products BP1

and BP2 in 7% and 18% yield, respectively (Table 1, entry 1).

S Control experiments indicated that Cul catalyst was indispen-

O RZ,  (1)R*NHNH, R1<,N/*|{\1’R4 ,,xo\\.é,v sable for initiating the reaction, while the absence of PA1 or
"”R2

~,

refl 00

R1M:3 m L, N |I,O additive leads to a significant decrease in the product yield and
Chiral pyrazolines uRZ an increase in by-product yields (Table 1, entries 2-4). To further

 Dual copper/CPA catalysis (Liu, 2020, ref 15c) R R3 improve the reaction efficiency, a survey of reaction parameters
d) This work: catalytic intramolecular amination of tertiary C(sp®)-H bonds was conducted. Other phosphoric acids such as PA2 and PA3
R \-SOAr R $SOAr R - SO2Ar both gave comparable results with PA1 in terms of product 1
R>C’\ SutyPA_ RﬁN'C[ Cutycra_ R>Cf< , yields (60% and 56%, respectively) (Table 1, entries 5 and 6).
R R? H R R._ We next screened different combinations of silver salts and

R! R? Chiral pyrrolidines . .
o Racemic reaction o Asymmetric version copper catalysts (Table 1, entries 7-14) and the results unveiled

21 examples, up to 94% yield 6 examples, up to 81% ee that the combination of AgOTf (1.2 equiv) and CuTc (10 mol %)
afforded 1 in 95% yield (92% isolated yield) with exclusive
reactivity (delivered the by-products in marginal yields). Among

Scheme 1. Radical intramolecular HAT enabled C—H amination.

enantioconvergent 1,6-amination of similar substrates with their | Table 1. Survey on the model reaction conditions.”
Co(ll)-based metalloradical catalytic system (Scheme 1b)."*" SOAr
' Cu] (10 mol%), L (12 mol% Naecal
Meanwhile, our group disclosed a decoupled intramolecular M [Cul (10 mol%), L (12 mol%) >CF
1,5-HAT strategy for direct radical enantioconvergent tertiary » additive, 1,4-dioxane, rt, 24 h by, Me
C(sp’)—H amination of racemic ketones using dual copper/chiral A:"e (Ar =4-CFaCeHa) 1
phosphoric acid (CPA) catalysis, providing facile access to a R Som T SO}
. r.
range of chiral a-quaternary pyrazolines (Scheme 1¢)."* De- ; N_f_l ' N—i{ | R g oH OO
spite these advances, it is still highly demanded in developing Me R 0.p20
catalytic enantioselective amination of ubiquitous tertiary C—H Bh oh | PA1 (R=OPh) OO 0" “oH
bonds for accessing diverse amines of different structural .....Bp1 ] BP2 ) PA2(R=Ph) PA3
skeletons bearing a-quaternary stereocenters. Additive Yield (%)™
( ' i Entry [Cu] L ; 1 BP1 BP2
With our continuous endeavors in copper-catalyzed enan- (equiv)
tioselective radical reactions,"® we have discovered that chiral 1 Cul PAT  Ag,CO,(06) 65 7 18
copper catalysis provides a practical avenue for the enantiose- § . PA1 292283 Egg; " . s
: . . s [15¢17) u - 9,03 (U
lective C—H amination and alkynylation. As such, we 2 Cul PAT - 51 32 6
envisioned that a coupled 1,5-HAT process and intramolecular 5 Cul PA2  Ag,CO,(06) 60 <5 26
amination of remote tertiary C(sp®)—H bonds in N-halogenated 6 Cul PA3  Ag,CO; (06) 56 <5 32
amides"™ could provide an applicable approach to forge the 7 cul PA1  AgiPO, (04) 66 > o
! uld provi ppli pp 9 8 Ccul PA1T  AgOAc(12) 11 10 64
synthetic valuable a-quaternary pyrrolidines (Scheme 1d). How- 9 Cul PAT  AgNO;(1.2) 22 8 31
ever, this strategy encountered two considerable challenges: a) 10 Cul PA1  AgBF, (1.2) 78 5 6
tential i ‘i h the hal . 11 Cul PA1  AgOTf(1.2) 85 8 <5
potential competing reactions such as the halogen atom 12 CuBr PAT  AgOTF(12) 64 17 <5
transfer pathway"? and the thus-generated tertiary alkyl radical 13 CuOAc  PA1  AgOTf(1.2) 50 13 <5
being quenched or overoxidized to carbocation should be 14 CuTc PAT ~ AgOTf(1.2)  95(92) <5  trace
inhibited. b) th ti trol bl f tric terti 151 CuTc PA1 AgOTf (1.2) 72 14 trace
inhibited. e enantiocontrol problem of asymmetric tertiary 169 CuTe PAT  AgOTf(1.2) 19 21 trace
C—H functionalization to access quaternary stereocenters."” 179 CuTc PA1 AgOTf (1.2) 84 9 <5
Herein, we document our efforts toward the development of a 18" CuTe PA1  AgOTf(1.2) 21 27 9
Cu(l)/phosphoric acid (PA) catalyzed radical intramolecular [a] Reaction conditions: A1 (0.10 mmol), [Cu] (10 mol %), L (12 mol %), and
amination of tertiary C(Sp3)—H bonds under ambient conditions. additive in 1,4-dioxane (2.0 mL) at room temperature (rt) for 24 h under
. B X
This method also provides a general and practical tool to access argon. [b] Yields were based on "F NMR analysis of the crude product
) ) p g o P using (trifluoromethyl)benzene as an internal standard. Isolated yield in
enantioenriched a-quaternary pyrrolidines enabled by the dual parenthesis. [c] THF was used. [d] CH,Cl, was used. [e] EtOAc was used. [f]
Cu(l)/CPA catalysis. Chlorobenzene was used. Tc, 2-thiophenecarboxylato.
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the solvents tested, 1,4-dioxane remained the best one (entries
15-18). As such, the optimal reaction conditions were estab-
lished as those listed in entry 14 of Table 1.

With the optimal reaction conditions being established, we
next investigated the generality of the reaction, and the results
are summarized in Scheme 2. In regard to the aryl-substituted
sulfonyl scope, a variable range of differently unsubstituted and
substituted phenyls having different electronic and steric
properties were compatible with this reaction, affording the
corresponding products 1-11 in moderate to excellent yields.
Notably, 2,4,6-trichloro-substitution (3) was well tolerated, and
the substrate with strong electron-donating methoxyl group (8)
gave lower yield in comparison to those bearing electron-
withdrawing functionalities, such as trifluoromethyl (1 and 6),
halo (3-5), nitro (9) and cyano (10), which provided their
products in good to excellent yields. By changing the dimethyl
tether group to a linear chain, the substrate proceeded well
under the standard conditions to give the corresponding
product 12 in 68% yield. In addition, replacing the tether with
cycloalkyl groups, such as cyclopropyl and cyclopentyl tethers
delivered the amination products 13 and 15 in moderate yields.
However, a cyclobutyl variant had no significant influence
compared with the model substrate and the spirocyclic a-
quaternary pyrrolidine 14 was efficiently obtained in 93 % yield.
To further investigate the reaction scope, we tested the

R SOAr 0,0
R N-CI CuTc (10 mol%), PA1 (12 mol%) R N’S\Ar
H AgOTf (1.2 equiv), 1,4-dioxane R R2
R! R2 r, 24 h R
A 1-21
Scope for
NSOz 2
Me }LI }ZZ
Ph o
1, 92% 2, 75% 3, 69%
1-1
4,65% 5, 90% 6, 81% 7, 79%
8,41% 9, 86% 10, 92% 1, 72%
Scope for R (Ar = 4- CF3CGH4)
\\ // \\ /, \\ // O\\S/,O
Me
Ph
12, 68% 13, 50% 14, 93% 15, 55%
Scope for R1 R? (Ar = 4-CF3CgH,) o
N
00 /S\
\\ © 17, R = 4-FCH,, 86% N A
., Ar 18, R' = 4-CICgH,, 94%
her 19, R' = 4-MeCgH,, 93%
16, 52% 1 20, R" = 4-OMeCgH,, 90% 21, 92%

Scheme 2. Scope for intramolecular amination of tertiary C(sp®)—H bonds.**!
[a] Standard conditions: A (0.10 mmol), CuTc (10 mol %), PA1 (12 mol %),
and AgOTf (1.2 equiv) in 1,4-dioxane (2.0 mL) at rt for 24 h under argon. [b]
Yields were isolated.
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generality of the tertiary C(sp’)—H moieties and found the
simple unfunctionalized linear alkyl group was viable in the
reaction, giving the product 16 in moderate yield. Furthermore,
the substrates bearing electron-withdrawing or -donating
groups on the aromatic rings (R') all reacted smoothly to afford
the a-quaternary pyrrolidines 17-20 in excellent yields (86—
94%). Noteworthy is that the substrate containing a tertiary
C(sp®—H bond on a cyclohexane ring also underwent the
reaction to afford the spirocyclic product 21 in 92 % yield. These
results suggested the intramolecular amination of tertiary
C(sp’)—H bonds has a broad substrate scope and accordingly
provides facile access to many a-quaternary pyrrolidines.

Given the importance of chiral a-quaternary pyrrolidines,
we further investigated the corresponding enantioselective
intramolecular amination of tertiary C(sp®)—H bonds to access
enantioenriched a-quaternary pyrrolidines." After systematic
screening of reaction parameters (see Table S1 in the Support-
ing Information), the preferred reaction conditions were identi-
fied as follows: N-chlorosulfonamide A1 (0.10 mmol), CuCN
(10 mol %), (R)-CPA1 (12 mol%) and Ag,CO; (0.6 equiv) in 1,4-
dioxane (2.0 mL) at room temperature for 24 h, providing 1
with 80%ee albeit in relatively low isolated yield (33 %) for the
time being (Scheme 3). The absolute configuration of 1 was
determined to be S by X-ray crystallographic analysis®”
(Scheme 3 and Figure S1 in the Supporting Information), and
those of other products were assigned by analogy. The
preliminary result on asymmetric tertiary C(sp®)—H amination
encouraged us to expand the scope of this methodology. As
shown in Scheme 3, N-chlorosulfonamide A bearing different
aryl-substituted sulfonyl groups all underwent this asymmetric
intramolecular amination smoothly to give the enantioenriched
products 2, 4, 8, 10, and 11 with 61-81%ee, however, the
yields are still poor (17-35%) with alkene as the major by-
product (see TableS1 in the Supporting Information), and
further optimization is currently ongoing in our laboratory.

To illustrate the practicality and utility of this method, we
then performed a gram-scale synthesis of pyrrolidine 1 from N-

S|02 N
N-CI CuCN (10 mol%), CPA1 (12 mol%) >C,Is\
H Ag,CO3 (0.6 equiv), 1,4-dioxane Me
Ph Me rt, 24 h Ph
A 1,2,4,8,10, 11
sl \f
s
2 NP
O: \,O J K AV S
0" "OH :%z Y ¢
OO 1 X-ray of 1 2

R CPA1 339, 80%ee (CCDC 2256562) 23%, 63% ee
(R = 9-phenanthryl)

& & 2 3
4 8 10 1"
25%, 72% ee 17%, 61% ee 35%, 81% ee 31%, 65% ee

Scheme 3. Scope for enantioselective tertiary C(sp®)—H amination.®” [a]
Standard conditions: A (0.10 mmol), CuCN (10 mol %), CPA1 (12 mol %), and
Ag,CO; (0.6 equiv) in 1,4-dioxane (2.0 mL) at rt for 24 h under argon. [b]
Yields were isolated. Ee values were determined by chiral HPLC analysis.

© 2023 Wiley-VCH GmbH
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chlorosulfonamide A1 (3.0 mmol) under standard conditions,
which delivered 1.02 g of product 1 in 86% yield (Scheme 4a).
Notably, the current methodology is compatible with a
sequential one-pot protocol for the direct use of readily
available sulfonamide BP1 in the reaction without the need for
isolating the N-chlorosulfonamide intermediate. Thus, the
sulfonamide BP1 sequentially underwent N—H chlorination in
the presence of tert-butyl hypochlorite and further intra-
molecular tertiary C(sp®)~H amination under the standard
conditions to generate 1 in 76 % yield (Scheme 4b). In addition,
the sulfonyl protecting group in pyrrolidine 1 is readily

a) Gram-scale synthesis

SO,Ar Q.0
L CuTc (10 mol%), PA1 (12 mol%) e
N—CI N~ \Ar
H AgOTf (1.2 equiv), 1,4-dioxane, rt, 24 h
P Me (Ar = 4-CF3CgH,) pp e
A1 (3.0 mmol) 1,1.02 g, 86% yield
b) One-pot protocol
SOLAr 0o 0
I ‘BuOCI (1.0 equiv), DCM, 0°C to rt, 1 h e
N—H N”>Ar
H then, standard conditions
P Me (Ar = 4-CF3CgHy) pp,Me
BP1 (0.10 mmol) 1, 76% yield
c) Synthetic application
o 0 o)
l\s/’ HPPh,, KOH, DMSO, 90 °C N)kph
M then, BzCl, EtzN, DCM, rt >C{\M
e
Ph o (Ar = 4-CF3CqHy) Ph
1 (0.25 mmol) 22, 65% yield

Scheme 4. Scalability and synthetic utility.

a) Control experiment

N

“Ar

\//
Standard conditions

N/S\Ar
+ BP2
(Ar = 4-CF3CgHy) Me

Ph Ph 100%
BP2 (0.10 mmol) 1, 0% yield recovered

N
H

b) Radical inhibiting experiment

SOAr
Ill—CI Standard conditions ArOZS\ {}
e aa— 1t HN N
H TEMPO (5.0 equiv.) ;\/'\\Aéé
Ph

PH e (Ar=4-CFsCeHs)  trace
A1 (0.10 mmol) 23 (detected by HRMS)

c) Proposed mechanism

soAr A NS0T

N Cl
= R2 1,5-HAT
A R1 R2

_SO,Ar

[ou)+ AT — outyn t
,SOZAr
>C{\ AFOQS JH- O /D

Scheme 5. Mechanistic investigation.
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convertible to the common acyl group through a tandem two
steps one-pot procedure, and thus affording the corresponding
N-benzoyl pyrrolidine 22 in 65% vyield (Scheme 4c). These
transformations further strengthen the applicability of this
intramolecular amination in the synthesis of structurally diverse
a-quaternary pyrrolidines.

Regarding the mechanism of this reaction, we initially
conducted a control experiment using terminal alkene by-
product BP2 (from Table 1) as the substrate under otherwise
standard reaction conditions and failed to afford product 1
(Scheme 5a). This experiment excluded the formation of the
amination products directly from intramolecular hydroamina-
tion of alkenes.®®” |n addition, a completely inhibition effect
was observed when TEMPO was added into the model reaction
and the formation of TEMPO-trapped product 23 was detected
by high-resolution mass spectrometry (HRMS) analysis (Sche-
me 5b). This result supported the involvement of a tertiary C-
centered radical specie under the current reaction conditions,
which is likely yielded from the in situ generated N-centered
radical via a fast intramolecular 1,5-HAT process.""

Based on our mechanistic studies and previous reports,
we tentatively proposed a plausible mechanism for the reaction
as depicted in Scheme 5c. The reaction sequence should be
initiated with the generation of the N-centered radical specie |
and Cu(ll) phosphate by a single-electron transfer process of
the corresponding Cu(l) and PA catalyst with N-chlorosulfona-
mide A. The thus formed chloride anion is scavenged by Ag(l)
salt along with the concurrent liberation of insoluble AgCl in
organic solution. The subsequent intramolecular 1,5-HAT proc-
ess of radical | produces the crucial tertiary C-centered radical
intermediate Il, which associates with the Cu(ll) phosphate via
the in situ generated intermediate lll and promotes the intra-
molecular C—N bond formation to give the amination product
and regenerate the Cu(l)/PA catalyst. During this course, the
chiral Cu(ll) phosphate from a Cu(l)/CPA catalytic system could
control the enantioselectivity of the amination reaction.

[ns]

Conclusion

In summary, we have developed a Cu/PA catalyzed intra-
molecular radical amination of tertiary C(sp®)~H bonds in N-
chlorosulfonamide, giving facile access to structurally diverse a-
quaternary pyrrolidines with moderate to excellent yields. This
strategy features a sequential radical intramolecular 1,5-HAT
and C—N bond formation that enables the challenging tertiary
C—H functionalization. In addition, the preliminary success of
enantioselective tertiary C(sp®)—H amination with a dual Cu/CPA
catalysis showcases the potential of this method for rapidly
achieving enantioenriched pyrrolidines bearing a-quaternary
stereocenters. Further investigations on the improvement of
the asymmetric transformations are currently underway in our
laboratory.
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* Asymmetric version, 6 examples, up to 81% ee R1R

1-7

The direct functionalization of molecular 1,5-HAT process/C—N Copper-Catalyzed Intramolecular
tertiary C—H bonds is a challenging formation. The asymmetric version is Radical Amination of Tertiary
task in organic synthesis. We disclose also enabled by dual Cu/chiral C(sp®)—H Bonds to Access a-Qua-
a Cu/phosphoric acid-catalyzed intra- phosphoric acid catalysis to afford ternary Pyrrolidines
molecular radical amination of tertiary enantioenriched a-quaternary pyrroli-
C(sp®)—H bonds in N-chlorosulfona- dines.

mides via a sequential radical intra-
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