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ABSTRACT: There have been significant advancements in
radical-mediated reactions through covalent-based organocatalysis.
Here, we present the generation of iminyl and amidyl radicals via
N-heterocyclic carbene (NHC) catalysis, enabling diastereoselec-
tive aminoacylation of trisubstituted alkenes. Different from
photoredox catalysis, single electron transfer from the deproto-
nated Breslow intermediate to O-aryl hydroxylamine generates an
NHC-bound ketyl radical, which undergoes diastereocontrolled
cross-coupling with the prochiral C-centered radical. This opera-
tionally simple method provides a straightforward access to a
variety of pyrroline and oxazolidinone heterocycles with vicinal
stereocenters (77 examples, up to >19:1 d.r.). Electrochemical
studies of the acyl thiazolium salts support our reaction design and
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highlight the reducing ability of Breslow-type derivatives. A detailed computational analysis of this organocatalytic system suggests
that radical—radical coupling is the rate-determining step, in which 7—7 stacking interaction between the radical intermediates subtly

controls the diastereoselectivity.

B INTRODUCTION

Nitrogen-centered radicals are versatile reactive intermediates
with broad applications in the synthesis of N-containing
heterocycles,”* which are ubiquitous structural motifs in
natural products and pharmaceuticals.’ Pre-functionalized
oximes are excellent precursors for iminyl radicals owing to
their weak N—O bond.”* To supplement the classical methods
for N—O bond cleavage via microwave™ (>160 °C) or UV
irradiation, "™ recent developments in the field of photoredox
catalysis™® provided an attractive way to access iminyl radicals
from oxime ethers® and acyl oximes’ under mild conditions
(Figure 1A). These N radicals may undergo S-exo-trig
cyclization onto tethered alkenes, providing access to pyrro-
lines (Figure 1B).®”" Studer and Leonori have shown,
independently, that the resultant C-centered radicals could
be intermolecularly captured by Michael acceptors®™ or
SOMOphiles6C to form C—C, C—N, and C—halide bonds.
However, daunting challenges remain in the cyclization with
1,2-disubstituted alkenes, which generated a prochiral carbon-
centered radical.® "¢ The diastereoselectivity is not controlled
in the following radical-involved process due to nominal
interaction between the photocatalyst and radical-based
intermediates, which undergo reaction with minimal activation
barriers. One of the key breakthroughs in this field can be
traced to a recent report by Yu and co-workers, who achieved
diastereoselective imination of this type by careful selection of
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vinyl boronic acid as the radical acceptor.® In this context, the
development of an appropriate catalytic system capable of
controlling diastereoselectivity in radical—radical coupling
reactions is highly desirable and would be of great synthetic
importance. In contrast to the use of a photoredox catalyst, we
envisioned that covalent-based organocatalysis could provide
an opportunity to control the stereochemistry in radical-
involved reactions’ due to the strong interaction between the
catalyst and the reactant.

N-Heterocyclic carbenes (NHCs) are well-known as
nucleophilic organocatalysts'® for the umpolung of aldehydes
via Breslow intermediates.'’ Moving from traditional ionic
chemistry logic to a radical approach, recent electrochemical*
and methodological studies'”'* revealed that the reduction
potential of deprotonated Breslow intermediate A was
sufficiently negative to perform single electron transfer
(SET) with various single electron acceptors, such as
TEMPO,"** nitro compounds,"*™" and polyhalides'**"
(Figure 1C). Pioneering studies from Ohmiya’s group reported
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Figure 1. (A) Generation of iminyl radicals via N—O bond homolysis.
(B) Access to the pyrroline derivative with vicinal stereocenters. (C)
Radical NHC catalysis. (D) Diastereoselective iminoacylation of
trisubstituted olefin.

NHC-catalyzed radical decarboxylative coupling of aldehydes
with redox-active esters, allowing for the rapid assembly of
functionalized ketones." In these processes, the deprotonated
Breslow intermediate A can serve as both a single electron
donor and an acyl radical equivalent for subsequent C—C bond
formation. In the past few years, the synthetic potential of
NHC radical catalysis was significantly extended to a number
of SET-mediated transformation processes.'”'® It is worth-
while mentioning that this attractive strategy provides the
possibility for stereocontrolled radical reactions, since the
NHC catalyst is associated with the C-centered radical B
through a covalent bond.

Herein, based on the above hypothesis, we report the
development of an NHC-catalyzed process capable of
generating N-centered radicals and achieving diastereoselective
aminoacylation under metal- and light-free conditions. As
illustrated in Figure 1D, single electron reduction of oxime
ether I by the electron-rich Breslow intermediate A triggered
the formation of C-centered radical C after S-exo-trig
cyclization. We envisioned that the resulting NHC-bound
ketyl radical B could differentiate competing stereomeric
transition states of the prochiral radical C and allow
diastereoselective radical—radical coupling. This organocata-
lytic protocol afforded access to functionalized pyrrolines,
which can be further transformed to interesting oxazinanone
and indolizidine heterocycles. Moreover, we recognized an
opportunity for amidyl radical generation and used them in
diastereoselective amidoacylation of tethered alkenes.”"’
Integrated experimental and computational studies revealed

that the precise stereocontrol is attributed to steric hindrance
on the NHC organocatalyst and 7—n stacking interaction
between radicals B and C.

B RESULTS AND DISCUSSION

Reaction Development. We envisioned a prospective
catalytic cycle for the NHC-catalyzed olefin iminoacylation as
shown in Figure 2. We anticipated that the deprotonated
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Figure 2. Prospective catalytic cycle.

Breslow intermediate A would be generated from a thiazolium-
type NHC and aldehyde II in the presence of a base. The
subsequent SET event between the enolate A and oxime ether
I would produce the ketyl radical B and iminyl radical D after
homolysis of the N—O bond. Next, in accordance with
literature precedent,””” we expected the iminyl radical D to
perform S-exo-trig cyclization to furnish a new C—N bond and
the prochiral C-centered radical C, which would undergo
diastereoselective radical cross-coupling with B. Finally,
elimination of NHC from intermediate E would regenerate
the organocatalyst and afford the desired pyrroline product III
with vicinal stereocenters.

Inspired by Leonori’s pioneering studies on the electron-
poor O-aryl oximes,”® we began our reaction condition
optimization with NO,-substituted oxime la due to its ease
of SET reduction (Table 1). Initially, the iminoacylation
reaction with aromatic aldehyde 2 was performed in the
presence of DBU and N-2,4,6-trimethylphenyl-substituted six-
membered ring fused thiazolium salt N1 (20 mol %). As
shown in Table 1, we were pleased to find that the desired
pyrroline 3 was obtained in good yield with S:1 d.r. (entry 1).
Encouraged by this result, the diastereoselective iminoacylation
was evaluated by other NHC precursors. Gratifyingly,
diisopropyl substituted thiazolium salt N2 significantly
improved the diastereoselectivity, furnishing 3 in 79% yield
with >19:1 d.r. (Table 1, entry 2). Further investigation of the
backbone moiety revealed that the seven-membered ring fused
thiazolium salt N4 was more efficient, increasing the yield to
91% as well as retaining excellent diastereoselectivity (Table 1
entry 4). The N-neopentyl-substituted NS showed comparable
reactivity, but it induced lower diastereoselectivity (entry ).
Other NHCs bearing triazolium (N6) or imidazolium (N7)
structures were ineffective under otherwise identical conditions
(entries 6 and 7). The substituent on the O-aryl oxime was also
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Table 1. Optimization and Control Studies”

Ph
NHC (20 mol%)

)\/\)\ DBU 50 _DBU(s0mol%) SNO
"DMSO, N, 30°C 7 Sar
Ph
1a: Ar = 4-NO»-CgH, CO:Me

3
1b: Ar = 2,4-(NO,),-CgHs Ar = 4-MeOOC-CgH,

NHC Catalysts

B B 9@ N

ClO4; Mé€ CIO4 iPr Clo,~ Mé' CIO4 |Pr
N4
Q _N Me, /_\ Me
SVN)(:E{ BF; Mej Me
N5

entry NHC catalyst solvent yield (%)b dr”
1 N1 DMSO 68 S:1
2 N2 DMSO 79 >19:1
3 N3 DMSO S1 S:1
4 N4 DMSO 91 >19:1
S NS DMSO 92 2.5:1
6 N6 DMSO trace
7 N7 DMSO trace
8 N4 DMSO 28 >19:1
9 N4 DMF 68 >19:1
10 N4 CH;CN 35 >19:1
11 N4 CH,Cl, 4 >19:1
12¢ N4 DMSO 91 >19:1

“Reactions were carried out with la (0.1 mmol), 2 (0.1S mmol),
NHC catalyst (20 mol %), and DBU (0.5 equiv) in 1.0 mL of solvent
at 30 °C for 12 h. ®Yields of isolated products “Diastereomeric ratio
(d.r.) values were determined by 'H NMR. “1b was used instead of
1a. “S mol % N4 was used.

critical for this reaction. When 2,4-dinitro-substituted aryl
oxime 1b was subjected to the reaction conditions, 3 was
formed in a much lower yield (entry 8 versus entry 4). Further
evaluation of the solvents led to inferior yield (entries 9—11).
Pleasingly, the amount of NHC precatalyst could be reduced
to 5 mol % without any loss in the yield and diastereose-
lectivity (entry 12).

Substrate Scope. With the optimized conditions in hand,
we next explored the generality of the iminoacylation of
trisubstituted alkenes. The observed excellent diastereoselec-
tivity led us to first examine the reaction of O-aryl oxime la
with various aldehydes (Scheme 1). To our delight, the
developed NHC-catalyzed radical reaction was effective over a
wide range of aryl aldehydes to furnish the pyrroline products
3—23 in satisfying yields with excellent diastereoselectivity. It
needs to be mentioned that the outcome was influenced a little
by the electronic nature of the substituents on the aromatic
ring. Generally, electron-deficient aryl aldehydes gave the
desired products (3—9) with better yield and lower catalyst
loading than the electron-rich ones (10—14). Additionally, the
relative stereochemistry of the functionalized pyrroline was
established by X-ray diffraction analysis of 13. The
diastereoselective transformation also proceeded smoothly
with naphthyl (17) and various heteroaryl aldehydes such as
substituted quinoline (18), pyridine (19—21), furan (22), and
thiophene (23). In addition to aromatic aldehydes, we found
that this strategy is amenable to aliphatic aldehydes (24—28)
employing less sterically demanding N5 instead of N4.'*°

Notably, diverse functionalities including nitrile, thioether,
alkyne, and boronic ester were all competent (29—34). The
broad functional group compatibility of the reaction
encouraged us to investigate its practicality for the late-stage
functionalization of natural products. (—)-Menthol, estrone,
and cholesterol-derived aldehydes were all compatible with the
reaction conditions, providing the corresponding products
(35—37) in 75—91% yield with complete diastereoselectivity.
Furthermore, this iminoacylation reaction can be conducted on
a gram scale, enabling the practical synthesis of pyrroline
derivatives. The synthesis of pyrroline 3 and 15 was scaled up
to give 1.1 gram of product in 88 and 75% yield, respectively.

Having investigated the aldehyde scope, we were interested
in exploring the synthetic robustness of this diastereoselective
iminoacylation reaction with other iminyl radical precursors.
To this end, a variety of oxime ethers were prepared and tested
with the NHC-catalyzed reaction. As shown in Scheme 2, the
steric and electronic properties of the substituents on the aryl
group (R;) had a slight influence on the reaction outcomes
(38—44). Fused-ring, furan, and thiophene-substituted oximes
were viable substrates for producing cyclic products in good
yields with >19:1 d.r. (45—47). Notably, the catalyst system
was also effective with alkyl and alkenyl-based substrates (48—
50). With respect to the pendant alkene moiety, a variety of
trisubstituted olefins with different substitutes on the aromatic
ring (R,) were successfully accommodated (51—56). For the
substrates containing disubstituted olefin (58), diastereoselec-
tivity was low due to enolized racemization.”® Dimethyl
substituted alkene could also be used as an acceptor, albeit
with a lower yield for the target 59. Unfortunately, oxime with
a terminal double bond (60) was not successful, presumably
due to the instability of the primary radical generated by
cyclization. In addition, oxime substrates that contain gem-
dimethyl substituents at the alpha-position of the C=N
double bond (R, = Ry = Me), worked smoothly to deliver
product 61 in high yield. When tetralin oxime was used,
tricyclic product 62 was obtained in 84% yield, albeit with
lower diastereoselectivity.

Synthetic Applications. To further demonstrate the
synthetic utility of this reaction, the conversion of product
15 into various derivatives was examined. As shown in Scheme
3, the functionalized pyrroline derivative 15 can further
participate in several carbonyl-based transformations, including
the Wittig reaction to form alkene 63, and Baeyer—Villiger
oxidation to afford carboxylic ester 64. Hydrogenation of the
imine offers opportunities to generate pyrrolidine derivatives.
The pyrrolidine derivative 65 could be converted into 3-amino
alcohol 67 under reductive conditions. Cyclization of 67 with
1,1’-carbonyldiimidazole (CDI) in THF at reflux temperature
gave the 1,3-oxazinan-2-one derivative 68 in 84% yield without
any loss of diastereoselectivity. The structure of cycloadduct 68
was unambiguously confirmed by an X-ray crystallographic
analysis. Furthermore, acylation of 65 followed by the ring-
closing Wittig reaction yielded the indolizidine derivative 70,
which is an important framework of many natural products. 21

Experimental Investigations on the Reaction Path-
ways. Upon exploration of the diastereoselective iminoacyla-
tion to display a broad scope and high synthetic applicability,
we were encouraged to investigate mechanistic details (Scheme
4). In order to investigate the redox properties of Breslow-type
derivatives, a series of acyl thiazoliums F were synthesized for
cyclic voltammetry studies.'**** As shown in Scheme 4A, scan
of F1 in CH;CN containing 0.1 M nBu,NPF4 produced two
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Scheme 1. Scope of Aldehydes”
N4 (5 mol%) P
mol%;
N-OA o) DBU (50 mol%) =N O _ /.
Ph Z>pn H™ "R DMSO, Nz, 30°C 7R SY/N\@
Af = 4-NO- Ph ClO, iPr
1a: Ar = 4-NO,-CgH,
Aldehyde Scope
Ph COOMe Br cl F CFs
% % % Br Kt % %
7 R 3, 1.08 g, 88% yield? 4, 84% yield 5, 90% yield® 6, 83% vyield 7, 84% yield 8, 95% yield
Ph 91% yield, >19:1 d.r. >19:1 dor. 15:1 d.r. >19:1 dor. >19:1d.r. >19:1 dor.

AL

9, 93% yield 10, 66% yield?
15:1dr. >19:1 d.r.

JL O

14, 73% yield?

b

11, 64% yield?
>19:1d.r.

Q

g

15, 1.06 g, 75% yield*® 16, 70% yield®

OMe
Noy

12, 58% yield?
>19:1 d.r.

Ph ‘HL

17, 85% yield?

L= 1, \\,{\.x’g

13, 74% yield?

. Y5
>19:1d.r. .i;—‘{—;g/e\f\jz\\ (X-ray)
N\
L0 0 O

18, 75% yield 19, 53% yield? 20, 75% yield?

>19:1d.r. 79% yield®, >19:1 d.r. >19:1 d.r. >19:1 d.r. >19:1dr. >19:1 d.r. >19:1 d.r.
SN
2 0 B R o SN
% %0 ¥ s

21, 90% vyield®
>19:1d.r.

22, 42% yield?
>19:1d.r.

CN HO
o 1 10
% %
28, 79% yieldf 29, 79% yield 30, 88% vyield®
251 d.r. >19:1 d.r. 3:1dr

23, 57% yield?
>19:1d.r.

24, 90% yield’
4:1d.r. 4:1d.r. 4:1d.r. 3:1dr.

jealiNee

% %

31, 77% yield?
>19:1d.r.

25, 85% yield’ 26, 83% yield' 27, 91% vyield'

o, ,0

N
S

o ot

33, 75% yield®
>19:1d.r.

32, 87% yield
>19:1d.r.

34, 65% yield?
>19:1d.r.

Late-stage Modification

35, 91% yield, >19:1 d.r.
from (-)-Menthol

36, 75% yield9, >19:1 d.r.
from Estrone

37, 81% yield9, >19:1 d.r.
from Cholesterol

“Reaction conditions: O-aryl oxime 1a (0.1 mmol), aldehyde (1.5 equiv), NHC precatalyst N4 (5 mol %), DBU (50 mol %) in DMSO (1.0 mL) at
30 °C for 12 h. Isolated product yields. Diastereomeric ratio (d.r.) values were determined by 'H NMR. ?3.0 mmol of 1a was used. “10 mol % of
catalyst was used. 920 mol % of catalyst was used. “4.0 mmol of 1a was used. TReaction was performed with NHC precatalyst N5 (20 mol %) and
Cs,CO; (50 mol %) at 60 °C. ¥Reaction was performed in DMSO/CH,Cl, (4.0 mL, v/v = 1:1).

successive reversible reduction waves. It features a reversible
first reduction wave at E},, = —0.53 V versus SCE, which
corresponds to the reduction of F1 to ketyl radical BI.
Importantly, further single-electron reduction of persistent
radical Bl afforded enolate Al with significantly lower
potentials (E;,[B1/A1] = —1.32 V vs SCE). The electronic
properties of the substituents on the aryl group had a slight
influence on the reduction potentials (E},[B2/A2] = —1.36 V
vs SCE; Ej,[B3/A3] = —129 V vs SCE). These results
highlight the strong reducing ability of Breslow-type
derivatives, thus making the ground-state SET with oxime

ether 1a (EP/2 la/la~] = —1.04 V vs SCE) exergonic (AGgpr
~ —5 kcal mol™!).>>**

To further probe the involvement of NHC-bound ketyl
radical B, a chiral NHC precatalyst N8'° was tested under the
reaction conditions (Scheme 4B). We envisioned this may
facilitate the enantioselective iminoacylation of olefins.
However, the coupling product 3 was obtained as a racemic
mixture (eq 1), presumably due to the influence of a racemic

stereocenter in the coupling partner C.**> Thus, we prepared
oxime 71, and tested it with benzaldehyde and N8 (eq 2). In
this case, we proposed that the iminyl radical would undergo
intramolecular 1,5-hydrogen atom abstraction (HAT) rather
than cyclization, delivering the acyclic radical G.>8 As the
result, 1,5-dione 72 was isolated with 16% ee. This outcome
supports our hypothesis of the formation of the NHC-bound
ketyl radical B and its participation in the radical—radical
coupling step. Meanwhile, a radical trapping experiment was
conducted (Scheme 4C). In the presence of 3.0 equiv of
PhSeSePh, the standard reaction of la and 2 furnished the
selenide 73 in 63% yield. Moreover, oxime ether 74, which
bears a 2-phenylcyclopropyl group, was synthesized as a radical
clock (Scheme 4D). In this event, the NHC-catalyzed reaction
gave the expected fragmentation product 75 as a mixture of
diastereomers. Pleasingly, two of the isomers were isolated in
30% vyield and fully characterized, which provided strong
support for the formation of the C-centered radical C.
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Scheme 2. Scope of Oximes”
Nl‘oAr Rs o N4 (5 mol9%) Q
R1WR2 + A DBU 20 otk D
r R, DMSO, Ny, 30 °C < _\m@
1: Ar = 4-NO,-CgH, 2: Ar = 4-MeOOC-CgH, 2 Cl0, iPr
Oxime Modifications
% % % % %

“Ph
Ar = 4-MeOOC-CgH,

38, 83% vyield
>19:1 d.r.

A0

45, 87% yield
>19:1d.r.

39, 91% yield
>19:1 d.r.

P

% 0

46, 77% yield
>19:1dr.

OMe
L

44, 86% yield
>19:1d.r.

40, 92% yield

41, 95% yield 42, 94% yield 43, 87% yield

>19:1 d.r. >19:1d.r. >19:1 d.r. >19:1 d.r.
oD 0
-,zL s -EL -,ZL/\/Ph -.,ZL/\/Ph
47, 91% yield 48, 72% yield 49, 73% yield 50, 75% yield
>19:1 d.r. >19:1dr. >19:1dr. 12:1dr

Tether Modifications

LU

51, 81% yield
>19:1 d.r.

L

52, 84% yield
>19:1d.r.

Ph
=N O
Ar

59, 35% yield®

Ar = 4-MeOOC-CgH,

Ph
=N O =N O
7 CAr Ar
Ph

Et" Ph

Ph

57, 25% yield? 58, 99% yield
>19:1d.r. 2:1d.r.

"LL/©\OM9

53, 83% vyield
>19:1 d.r.

OMe
L

54, 85% yield
>19:1d.r.

o

55, 91% yield
>19:1d.r.

L0

56, 98% yield
>19:1d.r.

Ph
SN O

Ar
H H

60, not detected 61, 84% yield 62, 86% yield

>19:1dr. 3:2d.r.

“See Scheme 1 and SI for detailed procedures. Isolated yields. Diastereomeric ratio (d.r.) values were determined by 'H NMR. %20 mol % of

catalyst was used. “S0 mol % of Cs,CO; was used instead of DBU.

Scheme 3. Synthetic Transformations of 9*

Ph
=N NH OH _ f
7 “Ph
Ph

63
78% yield, >19:1 d.r. 73% yleld >19 1dr

T é e
Ts
N0
7 “Ph
Ph
83% yleld >19 1dr

66
83% yield, >19:1 d.r.
b lg

e 1

63% yleld >19 1dr

68
84% yield, >19:1 d.r.

70
90% yield, >19:1 d.r. 69% yield, >19:1 d.r.

“Reaction conditions: (a) PPhyCH,Br, n-BuLi, THF, —78 °C to r.t;
(b) m-CPBA, NaHCO;, CH,Cl,, r.t; (c) 10% Pd/C, H, (1 atm.),
EtOAG, r.t,; (d) TsCl, Et;N, CH,ClL, r.t.; (e) NaBH,, MeOH, 0 °C to
r.t; (f) CDI, THF, reflux; (g) bromoacetyl bromide, Et;N, CH,Cl,, 0
°C to r.t; and (h) PPh,, THF, r.t,, then NaH, THF.

Computational Studies. To better understand the
mechanistic details, energy profiles of the proposed pathways
were evaluated by density functional theory (DFT) calcu-
lations (Scheme S). Addition of NHC catalyst N4’ to m-
anisaldehyde 13’ occurs via TS1 (21.0 kcal/mol) to form
INT1, which is further deprotonated by DBU to form Breslow
intermediate INT2 and DBU-H'. Oxime la and Breslow
intermediate INT2 undergo SET to generate reduced oxime
INT3 and oxidized Breslow intermediate INT4. Then,
fragmentation occurs from the radical anion of oxime INT3
to produce N-radical intermediate INT7 and phenoxide INTS
that forms phenol INT6 by protonation with DBU-H'. N-
radical intermediate INT7 cyclizes via TS2 (—11.2 kcal/mol)
in order to form cyclized radical intermediate INTS8. Oxidized
Breslow intermediate INT4, which was generated by SET,
undergoes coupling with cyclized radical intermediate INT8
via TS3 (—15.9 kecal/mol) to produce coupling intermediate
INT9. NHC elimination via TS4 (—21.7 kcal/mol) from
intermediate INT9 generates product and regenerates NHC
catalyst N4'. The overall reaction progress is exergonic by 50.1
kcal/mol. Based on the computational results, the radical
coupling step is the rate-determining step. While radical
coupling often occurs with very low barriers, both of these
radicals are stabilized and sterically hindered.

Since the radical coupling step is the rate-determining step,
cyclized radical 1ntermed1ate INT8 or oxidized Breslow
intermediate INT4>° can be trapped by radical traps such as
PhSeSePh. As shown in Scheme 4C, experimental mechanistic
studies observed radical trapping of cyclized radical inter-
mediate INT8 by PhSeSePh. Both computational and
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Scheme 4. (A—D) Experimental Mechanistic Studies

A) Cyclic voltammetry experiments?
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-1.36
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ketyl radical Breslow intermediate

C) Radical trapping experiment

N4 (20 mol%)
DBU (50 mol%
PhSeSePh (3.0 equw)

DMSO, Ny, 30 °C

1a + 2

73, 63% yleld 6 1dr 3, trace

Ph
=N O
S Ph
© 7 Ar
Ph

B) Reaction with chiral NHC

Ph :
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o Ph% Phw
[ iminyl radicals G Ph
Racemic intermediate Acyclic intermediate
Ph
.OAr o} N8 (20 mol%) ~
N J_ DBU(50 mal%) Mo
= + H r (1)
Ph Ph DMSO, N,, 30 °C 7 Ar
Ph
1a: Ar = 4-NO,-CgHs  2: Ar = 4-MeOOC-CgH, 3 81% vyield

3% ee, >19:1d.r.

-OAr NHC (20 mol%)
N yoe Q 085C04 (50 mol) Q Q (2)
B ——
Ph H” PR CHyCN/H,0 = 9:1 F’h)l\/\(lL Ph
Ph No, T Ph
71: Ar = 4-NO,-CeH, 72

NHC T yield ee
Ph N4 80°C 51% 0%
—\ N8 80°C 54% 0%

s_N

cio=2* Me N4 30°C  12% 0%

N Son N8 | 30°C  10% 16%

D) Radical clock experiment
N-OA N4 (20 mol%) 0w Ar
1 DBU (50 mol%) =N
= Ph + 2 —— >

Ph DMSO, Ny, 30 °C Z Ph

74: Ar = 4-NO,-CgHy, 75, 30% yield

“Cyclic voltammetry of 1 mM F in CH;CN with 0.1 M nBu,NPF, electrolyte at a 100 mVs™' rate. Each voltammogram was obtained

independently.

experimental studies support that the rate-determining step is
the radical coupling step.

In addition to describing the overall reaction pathway, we
explored the origin of diastereoselectivity in radical coupling.
We found TS3, which forms the experimental product that is
confirmed by X-ray crystallography, and TS3' forming its
diastereomer (Scheme S). TS3 is favored by 1.5 kcal/mol
compared to TS3’, which is close to the experimental outcome
(>19:1 d.r., approximately 1.7 kcal/mol). We think that the
energy difference between TS3 and TS3' is caused by
favorable 7—r interactions, likely mainly dispersive attraction
between the phenyl of the cumene substructure and thiazole of
the NHC substructure in TS3 (Scheme SC). In contrast to
TS3, n—n interactions are not involved in TS3' (Scheme SE).
TS3' is a perfectly staggered conformation as is generally
favorable, but TS3 can bring the two aromatics into
appropriate attractive distances. For the validation of our
hypothesis of 7—r interaction involvement in the diaster-
eoselectivity-determining step, we conducted single-point
calculations of TS3a and TS3a’ with the phenyl substituent
replaced by H (Scheme SD). Here, TS3a became disfavored
by 1.4 kcal/mol due to the unfavorable eclipsed structure. It
shows that the role of #—n interactions by the phenyl
substituent is important to control the selectivity. Thus, we
suggest that 7—n interactions contribute to lowering the
energy of TS3 relative to TS3'.

Further Classes of Reactivity. Building on the mecha-
nistic understanding of this NHC-catalyzed radical reaction, we
decided to evaluate whether this strategy could be applied to
the generation of amidyl radicals. Gratifyingly, the diaster-

22772

eoselective amidoacylation of olefins was achieved (Scheme 6).
We hypothesized that electron-poor aryloxy-amide 76a (R =
Ph, E,, = —0.97 V vs SCE) would be an ideal amidyl radical
precursor.lgb’d Upon SET reduction and homolysis of the N—
O bond, the amidyl radical H is expected to undergo S-exo-trig
cyclization. The resultant C-centered radical I subsequently
engages in radical—radical coupling with B to form the desired
oxazolidinone derivative and regenerate the NHC catalyst. We
anticipated that the NHC-bound ketyl radical B would
differentiate the stereochemistry of I, affording the cyclic
carbamate with excellent diastereoselectivity.

The desired transformation was feasible to afford the
coupling product by employing reaction conditions similar to
the ones presented above. However, we realized that the
amidyl radical may undergo HAT to provide the amide
byproduct 77 owing to its electrophilic nature.”” This
competing pathway led to a decrease in the formation of
amidoacylation products. Scope investigation demonstrated
that a series of aldehydes bearing electron-rich or electron-
deficient groups at the para- and meta-positions were
compatible with the reaction, giving 78—90 in good yields.
Additionally, the oxazolidinone 91 generated from 2-
naphthaldehyde afforded a single crystal, enabling X-ray
structure determination to confirm the relative stereo-
chemistry.”® In regard to the R on the alkene moiety in 76,
several phenyl rings were applicable to the reaction.
Importantly, we obtained oxazolidinone derivatives with
excellent diastereoselectivity, further demonstrating the sig-
nificance of this organocatalytic system.
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Scheme 5. (A—E) Computational Mechanistic Studies”

A) Energy profile of the overall reaction
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“Computational studies are performed with (u)a)B97X-D/def2-tzvpp/ SMD=DMSO//(u)wB97X-D/ def2-svp/SMD=DMSO at 298.15 K. The
unit of Gibbs free energies is kcal/mol.
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Scheme 6. Diastereoselective Amidoacylation of Olefins®
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(42% yield)
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89, 48% yield
(32% yield)

90, 50% yield
(30% yield)

91, 54% yield
(24% yield)

Br . /©/CF3

94, 53% yield
(31% yield)
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“Reaction conditions: O-aryl carbamate 76 (0.2 mmol), aldehyde (1.5
equiv), NHC precatalyst N4 (20 mol %), Cs,CO; (50 mol %) in
DMSO (2.0 mL) at 80 °C for 12 h. Isolated product yields.
Diastereomeric ratio (d.r.) values were determined by 'H NMR.
Yields of the amide byproduct are given in parentheses.

g
e

95, 55% yield
(25% yield)

Bl CONCLUSIONS

In summary, we have developed a synthetic method for the
diastereoselective iminoacylation and amidoacylation of
trisubstituted alkenes under covalent-based NHC radical
catalysis. Central to the success of this strategy is the formation
of a thiazolium-derived Breslow intermediate with proper
sterics, which not only promotes single-electron transfer but
also controls the diastereoselectivity. This approach provides
ready access to functionalized pyrrolines, which are easily
elaborated to the synthesis of pyrrolidines. The combined
experimental and computational investigations of this organo-
catalytic system provide an understanding of how diaster-
eoselective radical—radical coupling occurs and suggest that
the radical coupling step is the diastereoselectivity- and rate-
determining step. A series of acyl thiazoliums, the most
oxidized Breslow-type derivatives, were synthesized for cyclic
voltammetry studies, indicating redox potentials as negative as
—1.36 V versus SCE. Further application of this strategy to

enantioselective radical-involved transformations is anticipated
in view of the tremendous success of chiral NHC in
asymmetric organocatalysis.
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