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ABSTRACT: Both arylsulfonyl and alkylsulfonyl azides can be effectively activated by the cobalt(II) complexes of D,-
symmetric chiral amidoporphyrins for enantioselective radical 1,5-C—H amination to stereoselectively construct 5-membered
cyclic sulfonamides. In addition to C—H bonds with varied electronic properties, the Co(II)-based metalloradical system
features chemoselective amination of allylic C—H bonds and is compatible with heteroaryl groups, producing functionalized S-
membered chiral cyclic sulfonamides in high yields with high enantioselectivities. The unique profile of reactivity and selectivity
of the Co(II)-catalyzed C—H amination is attributed to its underlying stepwise radical mechanism, which is supported by

several lines of experimental evidence.

B INTRODUCTION

Radical reactions have been increasingly exploited as new
synthetic tools, which are complementary to ionic reactions,
for molecular construction of organic compounds." With the
aim of addressing the outstanding issues in controlling
reactivity and stereoselectivity of radical species,” metal-
loradical catalysis (MRC) has been recently introduced as a
conceptually different approach to explore the -catalytic
application of open-shell metalloradical complexes for both
initiation and regulation of homolytic radical reactions.” > To
this end, cobalt(II) complexes of porphyrins ([Co(Por)]), as
stable 15e metalloradicals, have demonstrated the capability of
activating organic azides and diazo compounds to generate the
fundamentally new a-Co(IIl)-aminyl radicals and a-Co(III)-
alkyl radicals, respectively, upon the release of N,.»*” While
the N- and C-centered organic radicals are stabilized by the
Co(III) complexes, they retain the ability to undergo common
reactions of free radicals, such as radical addition and H-atom
abstraction. More importantly, the reactivity and selectivity of
these and subsequent radical reactions can be effectively
controlled by the environment of the porphyrin ligands,
leading to new catalytic radical processes for stereoselective
organic transformations.”~"* In particular, Co(II)-based metal-
loradical catalysis (Co(I1I)-MRC) has been successfully applied
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to intramolecular radical C—H amination with different types
of organic azides as radical precursors.® Previously, the Co(1I)
complex of tetraphenylporphyrin, [Co(TPP)], was shown to
catalyze intramolecular C—H amination of arylsulfonyl azides
to generate S-membered cyclic sulfonamides but required
elevated reaction temperature.*” Subsequent employment of
amidoporphyrins as supporting ligands has enhanced the
catalytic activity of the Co(II)-based metalloradical system for
intramolecular C—H amination of sulfamoyl azides, even at
lower temperature."” This ligand-accelerated catalysis is
attributed to the potential hydrogen-bonding interactions
between the S=O acceptor of the sulfonyl unit and the N—
H donor of the amide moiety of the porphyrin ligand in the a-
Co(III)-aminyl radical intermediates.*”® Assuming the similar
ligand acceleration effect, we hoped to enhance the Co(II)-
catalyzed system for 1,5-C—H amination of sulfonyl azides by
employing amidoporphyrins as supporting ligands (Scheme 1).
Besides arylsulfonyl azides, such enhancement might even
enable the activation of the more challenging alkylsulfonyl
azides for productive C—H amination. Furthermore, consid-
ering the availability of D,-symmetric chiral amidoporphyrins
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Scheme 1. Intramolecular Radical C(sp*)—H Amination of
Sulfonyl Azides via Co(II)-Based Metalloradical Catalysis
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with tunable electronic, steric and chiral environment-
5,007 10311a7¢ the Co(II)-catalyzed C—H amination could be
potentially rendered as an enantioselective radical process
(Scheme 1). While corresponding a-Co(III)-aminyl radical
intermediates I generated from metalloradical activation of
sulfonyl azides were anticipated to undergo 1,5-H-atom
abstraction, it was unclear if the two prochiral faces of the
C-centered radical in the resulting e-Co(IIl)-alkyl radical
intermediates II, could be effectively discriminated for
controlling enantioselectivity of the C—N bond formation
during the succeeding S-exo-tet radical cyclization (Scheme 1).
If appropriate chiral amidoporphyrin ligands could be
identified to achieve the enantiocontrol, then such asymmetric
catalytic process for radical C—H amination would be desirable
as it allows for stereoselective construction of 5-membered
cyclic sulfonamides (also known as sultams), which are both
medicinally important and synthetically useful (Figure 1),"
from readily available sulfonyl azides.

Catalytic intramolecular C(sp®)—H amination, especially its
enantioselective variant, represents an attractlve strategy for the
construction of N-heterocyclic structures.'* Despite consid-

erable advancements in recent years,">~'” so far, there are only
two previous reports on stereoselective formation of chiral
cyclic sulfonamides via asymmetric intramolecular C—H
amination.'® While the first catalytic system based on Rh(II),
complexes of chiral tetracarboxylates achieved only moderate
asymmetric induction,'® the more recent Ir(III)-based system
with the use of chiral salens could catalyze intramolecular
amination of arylsulfonyl azides to form benzofused cyclic
sulfonamides with high enantioselectivity.'"®” However, the
Ir(IIT)-catalyzed amination was mainly restricted to arylsul-
fonyl a21des with only one example of cyclic alkylsulfonyl
azide."™ Evidently, there is still a need to develop new catalytic
systems, especially using base metal catalysts, for asymmetric
intramolecular C—H amination that is generally applicable for
stereoselective synthesis of valuable chiral cyclic sulfonamides
with diverse structural features. Herein, we wish to report the
development of Co(II) complexes of D,-symmetric chiral
amidoporphyrins ([Co(D,-Por*)]) as effective metalloradical
catalysts for enantioselective radical 1,5-C—H amination of
sulfonyl azides. In addition to arylsulfonyl azides, the Co(II)-
catalyzed asymmetric system is also applicable to the more
challenging alkylsulfonyl azides with different types of C—H
bonds, generating chiral S-membered cyclic sulfonamides in
high yields with high enantioselectivities. As additional
practical attributes associated with the use of organic azides,
the Co(II)-based amination system can be operated under
neutral and nonoxidative conditions without the need of any
additives, generating the environmentally benign N, gas as the
only byproduct. Furthermore, we present several lines of
experimental evidence that shed light on the unique radical
mechanism of this metalloradical system for C—H amination.

B RESULTS AND DISCUSSION

Asymmetric 1,5-C—H Amination of Arylsulfonyl
Azides. As the initial efforts for this project, we focused on
identification of a suitable D,-symmetric chiral amidoporphyrin
ligand to support the Co(II)-based catalytic system for
intramolecular C—H amination with potential asymmetric
induction. 2-Ethyl-S-nitrobenzenesulfonyl azide (1la), which
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was shown to be a challenging substrate for the existing Ir(III)-
based system because of the presence of the electron-
withdrawing nitro group,'®” was chosen as a test substrate
for the Co(II)-based metalloradical system (Table 1). On the

Table 1. Ligand Effect on Co(II)-Based Metalloradical
System for Asymmetric 1,5-C—H Amination of Arylsulfonyl
Azide”

H
N3 H H \
O\\ / 3 Me O\\S/N H
O//S o= ""'"Me
[Co(Por")] (2 mol %)
+ N, T
O,N 1a O,N 2a
entry catalyst temp (°C) solvent yield (%) ee (%)
1 [Co(P1)] 80 chlorobenzene 99 28
2 [Co(P2)] 80 chlorobenzene 99 32
3 [Co(P3)] 80 chlorobenzene 99 49
4 [Co(P4)] 80 chlorobenzene 99 84
5 [Co(P4)] 60 chlorobenzene 99 86
6 [Co(P4)] 40 chlorobenzene 63 88
7 [Co(P4)] 60 chloroform 70 89
8b [Co(P4)] 50 chloroform 96 92
Me Me Me Me Me Me Me Me

4= [Co(P1)]
(P1 = 3,5-Di'Bu-ChenPhyrin)

N [Co(P2)] = -
o (P2=2,6-DiMeO-ChenPhyrin) °
(8).~

<= [Co(P3)]
(P3 = 3,5-DiBu-ZhuPhyrin)

[Co(P4)] =
(P4 = 2,6-DiMeO-ZhuPhyrin)

“Reactions were carried out for 18 h on 0.10 mmol scale under N,;
[1a] = 0.25 M. Isolated yields Enantiomeric excess determined by
chiral HPLC. %4 mol % catalyst for 48 h.

basis of the previously established conditions,™ it was found
that first-generation chiral metalloradical catalyst [Co(P1)]
(P1 = 3,5-Di'Bu-ChenPhyrin)''* could effectively catalyze the
intramolecular amination reaction of azide la, generating S-
membered benzofused cyclic sulfonamide 2a as the exclusive
product in nearly quantitative yield with low but significant
asymmetric induction (Table 1, entry 1). Switching to catalyst
[Co(P2)] (P2 = 2,6-DiMeO-ChenPhyrin), bearing the same
chiral amide units but with more sterically hindered achiral
meso-aryl groups, led to only slight improvement in the
enantioselectivity while maintaining the quantitative yield
(Table 1, entry 2). On the hypothesis that the low asymmetric
induction may be attributed to the relative flexibility of the
chiral arms in ChenPhyrin catalysts, we decided to test Co(II)
complexes of D,-symmetric chiral amidoporphyrins containing
chiral amide units with increased conformational rigidity.
Indeed, with the use of [Co(P3)] (P3 = 3,5-Di‘Bu-ZhuPhyrin)
as the catalyst, which was previously shown to possess a more
rigid conformation as a result of the unique intramolecular O---
H-N hydrogen-bonding interactions in the (S)-(—)-2-
tetrahydrofurancarboxamide units,''” asymmetric induction
was significantly improved without affecting the excellent

yield (Table 1, entry 3). Encouraged by the positive outcome,
catalyst [Co(P4)] (P4 = 2,6-DiMeO-ZhuPhyrin),"'” which
incorporates more sterically bulky achiral meso-aryl groups
into the structure to further enhance the rigidity of the chiral
environment, was employed for the amination reaction.
Gratifyingly, desired 1,5-C—H amination product 2a was
produced with 84% ee in still quantitative yield (Table 1, entry
4). The enantioselectivity with [Co(P4)] could be further
improved by lowering the reaction temperature (Table 1,
entries S and 6). However, a much lower yield was observed
along with the higher enantioselectivity for the reaction at 40
°C (entry 6). Among the various solvents screened (see Table
S1), chloroform was identified as the optimal medium for
enantioselectivity (Table 1, entry 7). In chloroform, when the
reaction was performed at 50 °C with 4 mol % of [Co(P4)],
desired benzofused cyclic sulfonamide 2a was produced in 96%
yield with 92% ee (Table 1, entry 8).

Metalloradical catalyst [Co(P4)] was shown to be generally
effective for asymmetric intramolecular C—H amination of
various arylsulfonyl azides under the optimized conditions
(Table 2). First, it is worth noting that the same high yield and

Table 2. [Co(P4)]-Catalyzed Enantioselective 1,5-C—H
Amination of Arylsulfonyl Azides”

N3 H H
Ny} R
o//
I\ v N
_\Rz
K H
O\\ N H % N H
0= ""Me 0= (R')‘Me
(1.0 mmol)® Me0,C  (X-ray)®

ON
entry 1: (+)-2a
96% vyield; 92% ee

NC
entry 2:2 (+)-2b entry 3:7 (+)-2¢
93% yield; 93% ee 75% yield; 90% ee
0 o H
H O N_ H Os§—N

O. H O;S ""Me H

|
S -
0= [''Me @\ "Me
<‘ E; N
U

Me Me
entry 4:9 (+)-2d entry 5:9 (+)-2e entry 6:9 (+)-2f
94% yield; 90% ee 96% yield; 90% ee 90% yield; 88% ee

H
H
O\\ N H
OﬁS ;@

o, N H
entry 9:%€ (-)-2i

N
0=3 " Me
73% yield; 68% ee

Br
entry 7:9 (+)-2g
99% vyield; 88% ee

entry 8:9 (+)-2h
88% yield; 60% ee

“Reactions were carried out in chloroform at 50 °C for 48 h on 0.10
mmol scale under Ny; [1] = 0.25 M. Isolated yields enantiomeric
excess determined by chiral HPLC. ®At 1.0 mmol scale. “Absolute
configuration determined by X-ray analysis. 9At 80 °C. ‘In
chlorobenzene.

enantioselectivity for formation of benzofused cyclic sulfona-
mide 2a could also be obtained when the reaction with 1a was
scaled up 10 times to 1.0 mmol (Table 2, entry 1). In addition
to the nitro group, the Co(II)-based metalloradical amination
could also be effectively applied to 2-ethylarenesulfonyl azides
bearing other electron-withdrawing substituents such as cyano
(1b) and ester (lc) groups, allowing for high-yielding
production of functionalized benzofused cyclic sulfonamides
2b and 2c in a highly asymmetric manner (Table 2, entries 2
and 3). The absolute configuration of the newly generated

DOI: 10.1021/jacs.9b08894
J. Am. Chem. Soc. 2019, 141, 18160—18169


http://dx.doi.org/10.1021/jacs.9b08894

Journal of the American Chemical Society

chiral center in 2c was established as (R) by X-ray crystal
structural analysis. At a slightly elevated temperature (80 °C),
2-ethylbenzenesulfonyl azide (1d) and its derivatives contain-
ing different aryl substituents such as electron-donating alkyl
(le) and amino (1f) groups as well as halogen (1g) atoms
were also suitable substrates for the amination system, giving
corresponding S-membered benzofused cyclic sulfonamides
2d—2g in high yields with high enantioselectivities (Table 2,
entries 4—7). The complete regioselectivity at the benzylic C—
H position by [Co(P4)]-catalyzed amination was further
highlighted with the high-yielding formation of S-membered
benzofused cyclic sulfonamide 2h from 2-pentyl-5-
(methoxycarbonyl)benzenesulfonyl azide (1h), albeit with
lower enantioselectivity (Table 2, entry 8). The 6-membered
benzofused cyclic sulfonamide from potential amination of the
homobenzylic C—H bonds in 1h was not observed. As
expected, C—H bonds at bis-benzylic positions could also be
aminated by [Co(P4)] as exemplified with the reaction of 2-
benzyl benzenesulfonyl azide (1i), resulting in formation of
desired 2i, but in a relatively lower yield with moderate
enantioselectivity (Table 2, entry 9).

Asymmetric 1,5-C—H Amination of Alkylsulfonyl
Azides. Subsequent experiments indicated that asymmetric
intramolecular C—H amination of alkylsulfonyl azides behaves
differently from arylsulfonyl azides, presumably due to the
flexible nature of the linear alkyl chain. As illustrated in Table 3

Table 3. Ligand Effect on Co(II)-Catalyzed Asymmetric 1,5-
C—H Amination of Alkylsulfonyl Azides 3a“

H H

N3\s [Co(Por")] (2 mol %)
/I " + N2
O O
3a
entry catalyst solvent yield (%) ee (%)
1 [Co(P4)] benzene 10 90
[Co(P1)] benzene 97 48
3 [Co(P5)] benzene 99 69
4 [Co(P6)] benzene 92 94
5 [Co(P6)] chlorobenzene 95 91
6 [Co(P6)] chloroform 95 84
T Pt
AN R R
e = N L ,\‘ _,.:!
y A Replh TRl
| ur / r
P b St PN
A~ !
B { R |

X-Ray Structure of [Co(P6)]
(P6 = 2,6-DiMeO-Qing(4’-Me)Phyrin)

[Co(P5)] [Co(P6)]

(P5 = 3,5-DiBu-QingPhyrin)

“Reactions were carried out at 40 °C for 18 h on 0.25 mmol scale
under N,; [3a] = 0.10 M; isolated yields enantiomeric excess
determined by chiral HPLC.

with substrate 3-phenylpropylsulfonyl azide (3a), catalyst
[Co(P4)] was much less effective in catalyzing the reaction
of this alkylsulfonyl azide, affording S-membered cyclic
sulfonamide 4a in only 10% yield although with 90% ee
(Table 3, entry 1). Catalyst [Co(P1)] was found to be much
more effective for this reaction, generating 4a in 97% yield but
with only 48% ee (Table 3, entry 2). When second-generation
metalloradical catalyst [Co(P5)] (PS = 3,5-Di'Bu-QingPhyr-
in)"'“ was used, the enantioselectivity of this heterocyclization
reaction was increased to 69% ee while maintaining an

excellent yield of 99%. These results prompted us to develop
new metalloradical catalysts with combined features of these
existing catalysts. This effort led to the design and synthesis of
D,-symmetric chiral amidoporphyrin 2,6-DiMeO-Qing(4'-
Me)Phyrin (P6). Its cobalt(II) complex [Co(P6)], whose
structure was established by X-ray crystallographic analysis,
was found to be a superior metalloradical catalyst for
asymmetric C—H amination of alkylsulfonyl azide 3a. The
[Co(P6)]-catalyzed reaction displayed both high efficiency
and excellent stereoselectivity, affording cyclic sulfonamide 4a
in 92% yield with 94% ee (Table 3, entry 4). With [Co(P6)] as
the optimized catalyst, further solvent evaluation was
performed for intramolecular C—H amination of the
alkylsulfonyl azide (see Table S2). Among the various solvents
evaluated, benzene was identified as the optimal medium as it
gave the highest enantioselectivity (Table 3, entries 4—6).
The new metalloradical catalyst [Co(P6)] proved to be
generally effective for asymmetric intramolecular C—H
amination of alkylsulfonyl azides as demonstrated with
reactions of different propylsulfonyl azide derivatives 3 under
the optimized conditions (Table 4). Like the amination
reaction of 3a, the [Co(P6)]-based catalytic system performed
equally well for 3-arylpropylsulfonyl azides 3b—3d with various
aryl substituents at the ortho-, meta-, or para-positions,
producing corresponding S-membered cyclic sulfonamides
4b—4d in high yields with excellent enantioselectivities
(Table 4, entries 1—3). Resembling the [Co(P4)]-based

Table 4. [Co(P6)]-Catalyzed Enantioselective 1,5-C—H
Amination of Alkylsulfonyl Azides”

H H H
|
N3\s/\)<R CoPe)] @mol %) X N M
/A ——— 0=% SR+ NzT
oo
4
Br }\4 Cl
o N _H O N M
DN O;s\],
JQ g
entry 1: (-)-4b entry 2: (-)-4¢ entry 3: (-)-4d CI

88% yield; 95% ee

H b How
o, N_H o, N h (X-ray) o, N
oﬂs\j, O;s\/_7/.,, =8 f
(S)
CF3 NO,

entry 4: (-)-4e entry 5: (-)-4f entry 6: (+)-4g
94% vyield; 96% ee 89% yield; 93% ee 62% yield; 80% ee

' H H
o\\s\yH O N M s O N
o= " -8~ an =S n

= =S AN
B
¢ entry 9:%9 (+)-4j

entry 7: (-)-4h
98% vyield; 99% ee 92% yield; 93% ee
H

| H | H
O\\ N /. O/\\ N - O\ |1‘ H
0* \\_@ 0* \ <:> o o,s\jMe

entry 10:¢ (-)-4k
98% yield; 90% ee

96% vyield; 96% ee 95% yield; 96% ee

entry 8: (—)-4i
93% vyield; 92% ee

entry 11:¢ (-)-4l
83% yield; 82% ee

entry 12:59 4m
74% yield' 7% ee

66% yield; 44% ee 18% yleld 20% ee 65% yleld 36% ee 25% yleld 26% ee

“Reactions were carried out in benzene at 40 °C for 18 h on 0.25
mmol scale under Ny; [3] = 0.10 M; 1s01ated yields enantiomeric
excess determined by chiral HPLC. “Absolute configuration
determined by X-ray analysis. “Carried out on 0 10 mmol scale at 0
°C for 24 h using S mol % [Co(P6)] in PhCL “Enantiomeric excess
determined via derivatization. “Carried out for 48 h.
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catalytic system for arylsulfonyl azides 1 (Table 2), the
[Co(P6)]-catalyzed amination could also be applicable for
electron-deficient C—H bonds, as exemplified with enantiose-
lective formation of the desired cyclic sulfonamides 4e and 4f
from azide substrates bearing electron-withdrawing aryl
substituents such as trifluoromethyl (3e) and nitro (3f) groups
(Table 4, entries 4 and 5). The absolute configuration of the
newly generated chiral center in cyclic sulfonamide 4f was
established as (S) by X-ray crystal structural analysis.
Additionally, indane-derived substrate 3g was successfully
desymmetrized by [Co(P6)]-based amination to give cis-fused
cyclic sulfonamide 4g in moderate yield with good
enantioselectivity (Table 4, entry 6). Alkylsulfonyl azides
derived from indole (3h) and thiophene (3i) could also be
intramolecularly aminated to furnish desired heteroarene-
containing cyclic sulfonamides 4h and 4i, respectively (Table
4, entries 7 and 8). Furthermore, the Co(II)-based system was
shown to be capable of catalyzing intramolecular amination of
allylic C—H bonds chemoselectively without any complication
from the competitive intramolecular aziridination of C=C
bonds. For example, sulfonyl azides 3j—3l derived from both
terminal and internal olefins could be chemoselectively
aminated at the allylic C—H positions, providing correspond-
ing vinyl-substituted cyclic sulfonamides 4j—41 in high yields
with high enantioselectivities (Table 4, entries 9—11). The
[Co(P6)]-based system could be also extended for amination
of nonactivated C—H substrates such as sulfonyl azides 3m—
30, affording S-membered cyclic sulfonamides 4m—4o in good
yields (Table 4, entries 12—14). While the asymmetric
induction was low for these reactions, the enantioselectivities
of 4n and 40 were significantly higher than that of 4m,
indicating the positive effect of distal phenyl substituent. More
importantly, the formation of S-membered cyclic sulfonamide
4n as the major product (66% yield) with 6-membered cyclic
sulfonamide Sn as the minor product (18% yield) from the
reaction of azide 3n illustrated that the metalloradical catalyst
[Co(P6)] could regioselectively aminate the stronger homo-
benzylic over the weaker benzylic C—H bonds (Table 4, entry
13). The regioselective amination of stronger (bishomoben-
zylic) over weaker C—H bonds (homobenzylic and benzylic)
by [Co(P6)] was also clearly demonstrated from the formation
of S-membered cyclic sulfonamide 40 as the major product
(65% yield) with 6-membered cyclic sulfonamide So as the
minor product (25% yield) without observation of any 7-
membered product from the reaction of azide 30 (Table 4,
entry 14). This remarkable regioselectivity indicated that
corresponding a-Co(IIl)-aminyl radicals I (Scheme 1) inside
the catalyst [Co(P6)] was positioned to have a kinetic
preference for 1,5- over 1,6- and 1,7-H abstraction.
Mechanistic Studies of 1,5-C—H Amination of
Sulfonyl Azides. The profile of reactivity and selectivity
exhibited by the Co(II)-based system for 1,5-C—H amination
is consistent with the proposed stepwise radical mechanism
that involves a-Co(III)-aminyl radicals I and &-Co(III)-alkyl
radicals II as the key intermediates (Scheme 1).° To obtain
direct evidence for the proposed mechanism, a set of
mechanistic experiments was carried out (Scheme 2). First,
monodeuterated 3-phenylpropylsulfonyl azide 3ap, was used as
the substrate to determine the kinetic isotopic effect (KIE) for
the Co(II)-catalyzed intramolecular C—H amination (Scheme
2A). Using the Co(II) complex of D,;,-symmetric amidopor-
phyrin 3,5-Di*Bu-IbuPhyrin,” [Co(P7)], as an achiral catalyst,
the reaction of azide 3ap provided a mixture of cyclic

Scheme 2. Kinetic Isotope Effect of Catalytic 1,5-C—H
Amination and Spectroscopic Detection of a-Co(III)-
Aminyl Radical

A) Determination of Intramolecular Kinetic Isotope Effect
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sulfonamides 4ay and 4ap, which resulted from 1,5-C—H
and 1,5-C—D amination, respectively, in 75% combined yield.
Analysis of the product mixture by "H NMR provided a value
of 17.0 for intramolecular KIE. This high value of primary KIE
agrees well with the proposed step of C—H bond cleavage via
H-atom abstraction by a-Co(III)-aminyl radical intermediate I
(Scheme 1). Furthermore, in an effort to directly detect radical
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intermediate I, 3-nitrobenzenesulfonyl azide (1j), which
resembles azide la but lacks C(sp*)H bonds for further H-
atom abstraction, was chosen to react with [Co(P1)] for the
generation of corresponding a-Co(III)-aminyl radical L
(Scheme 2B). The isotropic EPR spectrum of the reaction
solution of [Co(P1)] with 1j was recorded at room
temperature (Scheme 2B; see the Supporting Information for
details), displaying the well- resolved 51gnals that are character-
istic of a-Co(III)-aminyl radicals." In accord with the spin
translocation from the Co(II) ion to the N atom during the
step of metalloradical activation of the azide (Scheme 1), the
observed isotropic g value of 2.00499 evidently indicated the
existence of organic radicals. Furthermore, the experimental
spectrum could be fittingly simulated on the basis of couplings
by both N (I = 1) and *Co (I = 7/2) with hyperfine
coupling constants of 39.9 MHz and 4.9 Hz, respectively.
Moreover, a-Co(IIl)-aminyl radical I;; from the reaction
mixture of [Co(P1)] with azide 1j could also be detected by
high-resolution mass spectrometry (HRMS) with ESI ioniza-
tion. The obtained spectrum (Scheme 2B; see SI for details)
clearly revealed a signal corresponding to [Co(P1)-
(NSO,C{H,NO,)]* (m/z = 1539.6703), which resulted from
the neutral a-Co(III)-aminyl radical I;; by the loss of one
electron. Both the exact mass and the pattern of isotope
distribution determined by ESI-HRMS matched nicely with
those calculated from the formula [Co(P1)(NSO,C¢H,-
NO,)J".

Further experiments were designed to trap and probe the &-
Co(Ill)-alkyl radical intermediates II generated from the
subsequent step of 1,5-H-atom abstraction by a-Co(IlI)-
aminyl radical intermediates I (Scheme 1). To this end, the
amination of allylic C—H bonds of azide (E)-3k by [Co(P6)]
was performed in the presence of TEMPO (Scheme 3A).
Remarkably, even in the presence of a large excess of TEMPO
(5.0 equiv), the S-membered cyclic sulfonamide (E)-4k was
still produced as the major product in 72% yield, indicating
highly facile formation of the C—N bond via 5-exo-tet radical
cyclization of e-Co(III)-allylic radical II(g) 3. Concomitantly,
the reaction produced (E)-Sk as a minor product in 10% yield,
which was presumably formed from the TEMPO-trapped
intermediate IIL (5 3. The fact that there was no asymmetric
induction in (E)-Sk while observing significant enantioselec-
tivity for (E)-4k in 72% ee indicates markedly different
environment for the C—O and C—N bond formation
processes. The existence of &-Co(IIl)-allylic radical inter-
mediates II could be further probed via olefin isomerization
during the catalytic reaction of azide (Z)-3k by [Co(P6)]
(Scheme 3B). Like the reaction of (E)-3k, the 1,5-amination of
allylic C—H bonds of (Z)-3k resulted in exclusive formation of
(E)-4k in 86% yield with 82% ee without forming any (Z)-4k,
representing a rare example of enantioselective allylic C—H
amination with diastereoconvergence. This result suggests that
the C—N bond formation via S-exo-tet radical cyclization
occurred much faster in the isomerized radical II(g) 3 than the
initially formed e-Co(III)-allylic radical II ;) 5, presumably
due to the steric difference between the (E)- and (Z)-olefin
units. When the cyclohexene-based azide 3p that contains an
endocyclic (Z)-olefin was employed as the substrate, the 1,5-
amination of the racemic tertiary allylic C—H bond could be
effectively catalyzed by [Co(P6)] to afford the spirobicyclic
product (Z)-4p in an excellent yield (Scheme 3C). While the
(Z)-configuration of the olefin was retained owing to incapable
isomerization of the locked endocyclic C=C bond, the fact

Scheme 3. Trapping and Probing of &-Co(III)-Alkyl
Radicals after 1,5-H Atom Abstraction in Co(II)-Catalyzed
Amination
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that (Z)-4p was obtained in 95% yield with low but significant
enantioselectivity (14% ee) implies the intermediacy of the
tertiary allylic radicals I, and IL g3, resulted from 1,5-H-
atom abstraction from the racemic tertiary C—H bond.
Furthermore, the catalytic reaction of azide 3q by [Co(P7)]
was performed to probe the existence of the corresponding é-
Co(III)-alkyl radical II;, through ring-opening (Scheme 3D).
Besides the construction of cyclic sulfonamide 4q in 50% yield
from e-Co(III)-alkyl radical II, the reaction produced
sulfonamide 6q in 30% yield directly from a-Co(II)-aminyl
radical I, Additionally, detailed analysis of the reaction
mixture by 'H NMR revealed the formation of acyclic
sulfonamide 5q as the third product in 5% yield. The identity
of product 5q was further confirmed through an independent
synthesis (see SI). Compound 5q was likely originated from
homoallylic radical intermediate III;, that was generated from
ring-opening of the cyclopropylcarbinyl radical 1L, Collec-
tively, these experimental results (Schemes 2 and 3) provided
convincing evidence for the proposed stepwise radical
mechanism of the Co(Il)-catalyzed 1,5-C—H amination of
sulfonyl azides (Scheme 1).

Scalability and Utility of Co(ll)-Catalyzed Asymmetric
1,5-C—H Amination of Sulfonyl Azides. The successful
development of asymmetric intramolecular C—H amination of
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both arylsulfonyl and alkylsulfonyl azides via Co(II)-based
metalloradical catalysis provides a practical method to access
optically active cyclic sulfonamides bearing various function-
alities, which should find applications in research and
development of pharmaceuticals. To demonstrate the
practicality of the Co(II)-based system for 1,5-C—H
amination, the catalytic reaction of 3-phenylpropylsulfonyl
azide (3a) by [Co(P6)] was scaled up 40 times from 0.25 to
10 mmol under the identical conditions (Scheme 4A). Desired

Scheme 4. Applications of Co(II)-Catalyzed
Enantioselective 1,5-C—H Amination of Sulfonyl Azides

A) Gram-Scale Asymmetric Synthesis of 5-Membered Cyclic Sulfonamide
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S-membered cyclic sulfonamide 4a was produced in multigram
quantities in 96% yield with 94% ee, which was similar to those
(92% yield; 94% ee) obtained from the corresponding small-
scale reaction (Table 3, entry 4). To showcase its synthetic
utility, resulting enantioenriched cyclic sulfonamide 4a was
employed as the key chiral synthon for the synthesis of
compound 7a in view of recent attention to the broad enzyme
inhibitory properties of enantiopure fused-cyclic sulfona-
mides.”"? As depicted in Scheme 4B, the fused-tricyclic
sulfonamide 7a could be effectively synthesized from 4a
through a 4- step sequence of N—methylatlon, ™ selenylation,”’
elimination,”’ and Diels—Alder reactions®” in an overall 64%
yield without the erosion of the original enantiomeric purity.
The stereochemistry of endo-stereoisomer 7a was unambigu-
ously established by X-ray structural analysis (Scheme 4B).

B CONCLUSIONS

In summary, we have developed Co(II)-based metalloradical
systems for asymmetric 1,5-C—H amination of both
arylsulfonyl and alkylsulfonyl azides under neutral and
nonoxidative conditions. In addition to benzylic C—H bonds
with varied steric and electronic properties, the Co(II)-
catalyzed enantioselective radical amination is highlighted
with chemoselective amination of allylic C—H bonds as well as
compatibility with heteroaryl groups, allowing for stereo-
selective construction of functionalized S-membered cyclic
sulfonamides in high yields with excellent enantioselectivities.
This work represents, to date, one of the most general and
selective catalytic systems for asymmetric intramolecular C—H
amination of sulfonyl azides. The unique profile of reactivity
and selectivity of the Co(II)-based asymmetric 1,5-C—H
amination is attributed to the underlying stepwise radical
mechanism, which is well-supported by several lines of
experimental evidence. Practically, we have demonstrated
that the Co(II)-based radical C—H amination protocol can

be operated on a multigram-scale under the same mild
conditions without affecting the high yield and excellent
enantioselectivity. To showcase its synthetic utility, the Co(II)-
catalyzed enantioselective radical amination has been applied
as the key step for the highly effective synthesis of the fused-

tricyclic sulfonamide molecule.
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