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While N-alkenoxypyridinium salts are widely used for the synthesis of «-functionalized ketones via
umpolung strategy, such approaches are usually limited to special nucleophiles at high temperatures.
Herein, we developed an alternative photoinduced N-heterocyclic carbene (NHC)- mediated functional-
ization of N-alkenoxypyridinium salts with various nucleophiles, including tetramethylammonium azide,
secondary amines, aryl and alkyl thiols, and even the challenging C(sp?)-nucleophiles, under mild con-
ditions. A cascade radical-radical coupling/nucleophilic substitution sequence was proposed, wherein the
NHC enabled the formation of a photoactive electron donor-acceptor complex for «-iodo ketone synthe-

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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«-Functionalized ketones are present in a wide range of bioac-
tive compounds and have been proven to be versatile building
blocks in organic synthesis (Scheme 1A) [1,2]. Thus, tremendous
efforts have been devoted to the development of novel method-
ologies for their synthesis. Umpolung is a fundamental concept in
organic chemistry that provides an effective tool for synthetically
important bond formations [3-6]. In recent years, the umpolung
reactions of N-alkenoxypyridinium salts have emerged as a promis-
ing alternative strategy for the preparation of «-functionalized car-
bonyl compounds. Seminal studies by Gong [7], Hashimi [8], and
Zhang [9] have established the synthetic utility of this approach
for the synthesis of benzo-fused cyclic ketones and lactones via
intramolecular reactions. In 2017, Xu and co-workers successfully
employed N-alkenoxypyridinium salts in intermolecular reactions
for the preparation of o-oxygenated ketones, «-thioketones, and
o-thio thioketals [10]. Since then, this strategy has been extended
to synthesize various «-functionalized ketones by using different
nucleophiles [11-17]. Despite these successes, limited nucleophiles
or high temperatures were generally required for these transforma-
tions, and the development of new activation modes allowing the
wider scope of nucleophiles at room temperature is thus highly
desirable. If realizable, such an approach is expected to increase
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the diversity of a-functionalized ketones and benefit the synthetic
applications of N-alkenoxypyridinium salts.

In recent years, there has been a growing interest in using N-
heterocyclic carbene (NHC)/photo dual catalysis to achieve new ac-
tivation modes for the development of alternative methods for the
synthesis of useful compounds (Scheme 1B) [18-29]. In 2012, Ro-
vis and co-workers first reported the a-acylation of tertiary amines
with aldehydes demonstrating the ability of NHC/photoredox dual
catalysis [30]. In 2019, Ye, Gao and co-workers developed an ele-
gant example of y- and ¢-alkylation of dienolates via merging of
photoredox and NHC catalysis [31-34]. The NHC/photo dual cat-
alyzed transformations of acyl azoliums were developed by re-
search groups of Scheidt [35,36] and Studer [37-39], respectively.
The photocatalyst-free, direct photoexcitation of acyl azoliums was
also realized by Chi and co-workers [40]. However, all of these
transformations are based on the NHC-based intermediates via co-
valent bonds. In our previous study, we found that the electrostatic
interaction of NHC and alkali metal was enabled to create a pho-
toactive electron donor-acceptor (EDA) complex for the iodination
of N-alkenoxypyridiniums [41]. As part of our ongoing research in
weak interaction enabled photosynthesis [29,41-44], we set out
to explore the possibility of developing an NHC-mediated func-
tionalization of N-alkenoxypyridinium salts with various nucle-
ophiles, including tetramethylammonium azide, secondary amines,
aryl and alkyl thiols, and even the challenging C(sp3)-nucleophiles
(Scheme 1C).
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Scheme 1. Motivation and synthetic strategy.
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To validate the feasibility of the proposed process, we first tar-
geted the azidation of 1 with tetramethylammonium azide under
NHC catalysis for the synthesis of a-azido ketones (Table 1), which
are very versatile and valuable synthetic intermediates [45,46]. We
were pleased to find that the reaction went well in the presence of
NHC A as the precatalyst and LiNTf, as an ion exchange additive to
increase the solubility of NHC salt, under irradiation of blue light,
and gave the desired product 2 in 78% yield (Table 1, entry 1). The
screening of the influence of solvent showed that MeCN was the
best choice (entry 2). Other NHCs, such as B, C, D, E and F, were
evaluated but gave inferior results (entry 3), and the reactivity was
decreased without NHC, LiNTf, or Nal (entries 4-6). Control exper-
iments confirmed the necessity of visible light (entry 7).

With the optimized conditions in hand, we subsequently ex-
amined the generality of the method (Scheme 2). We success-
fully converted a range of unfunctional alkenoxypyridiniums into
the corresponding «-azido ketones with acyclic and cyclic alkyl
groups (2-7). This was also true for the substrates bearing aryl
groups, providing the products 8-11 without an apparent change
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Table 1
Optimization of the reaction conditions.
| A
PPh3AuUNTf, (2.5 mol%) /\/\/
3 2 ( Me V Me *+ TRNH
: HFIP, r.t. o
NHC A (20 mol%)
LiNTf, (20 mol%)
Nsz Nal (2.0 equiv. Q
J\ NS + MegNN; ¢ quiv.) )l\/Ns
n-pentyl MeCN, rt, 12 h n-pentyl
blue LEDs (455 nm) 2
N ,N _N BF, \s o [\ o
N /N‘Ph Mes™N\ZN~Mes Mes~N2N~Mes
lPr lPr
A (78%) B (60%) c (58% D (62%)
iPr iPr
N_N-
2 E (76%) r F (35%)
cl
iPr iPr
iPr lPr
Entry Variations from standard conditions Yield (%)?
1 none 78
2 other solvent (e.g., THF, DCM, acetone) 36-52
3 other precatalysts NHC B-F varied yield
4 without NHC A 52
5 without LiNTf, 65
6 without Nal 43
7 without visible light irradiation NR

2 Yield of isolated product given.

in the yields. The substrates with various functional groups, such
as dimethyl malonate (12), esters (13-16), amide (17), ethers (18-
20) also proceeded well and afforded the desired products in
41%—90% yield. In addition, a substrate containing a complex nat-
ural product skeleton (estrone) also gave good yield (54%) of azide
product 21.

Encouraged by these results, we then turned our attention to
other a-functionalized ketones. «-Amino ketone, a-carbonyl se-
lenocyanates, thiocyanates and «-thioketones are common struc-
tural motifs found in many biologically active compounds. We
were pleased to find that all of these types of compounds (22-27)
can be got in good to high yields by using our developed proto-
col at room temperature. Notably, it is unable to get the «-alkyl
thioketones by using the traditional method under heat conditions
[16].

The construction of the C(sp3)-C(sp?) bond by using N-
alkenoxypyridinium salts is a continued challenge and cannot be
achieved under traditional heat conditions. Gratifyingly, the reac-
tion of N-alkenoxypyridinium salt and dimethyl malonate could
react smoothly and successfully constructed C(sp3)-C(sp?) bond
(Scheme 3, 28). Moreover, the 1,4-dicarbonyl compounds, which
are frequently found in many natural products and bioactive
compounds [47-49], can be easily obtained from the reaction
of trimethyl((1-phenylvinyl)oxy)silane and N-alkenoxypyridinium
salts (Scheme 3, 29-31).

A series of experiments were carried out to clarify the possi-
ble reaction pathways (Scheme 4). Pathway A, involving the for-
mation of a-iodo ketone followed by nucleophilic substitution of
azide anion was possible by the control experiments in which the
reaction of N-alkenoxypyridinium salt 1 and Nal under the reac-
tion conditions gave the «-iodo ketone in 92% yield and the «-
iodo ketone reacted well with tetramethylammonium azide to af-
ford the desired product 2 in 95% yield (Scheme 4A). Furthermore,
we studied the UV-vis absorption spectra of the reaction. While
neither N-alkenoxypyridinium salt 1 nor Nal showed significant
UV-vis absorption in the visible region of the spectra, an obvi-
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Scheme 4. Plausible pathway A.

ous red shift of absorption was observed in the spectrum of the
reaction mixture 1 and Nal, supporting the formation of an EDA
complex between them. The addition of NHC A further enhanced
the red shift of absorption, thus facilitating the EDA complex for-
mation (Scheme 4B). In addition, the Benesi—Hildebrand analysis
of 1 and Nal complex provided an association constant (Kgpa) of
8.1 L/mol in MeCN and the addition of NHC A improved the Kgpa
to 16.1 L/mol (Scheme 4C).

Pathway B involves the formation of an EDA complex with N-
alkenoxypyridinium salt 1, tetramethylammonium azide and NHC
A followed by cross-coupling of the resultant alkyl radical and
azide radical (Scheme 5). While only trace amounts of the desired
product 2 were observed for the reaction of N-alkenoxypyridinium
salt 1 and tetramethylammonium azide. The addition of NHC
A, and NHC A/LiNTf, led to 35% and 43% yield, respectively
(Scheme 5A). The UV-vis absorption spectra studies revealed the
formation of EDA complex among the N-alkenoxypyridinium salt
1, tetramethylammonium azide, LiNTf, and NHC A, where the ad-
dition of NHC A or NHC A/LiNTf, caused an obvious red shift of
absorption (Scheme 5B).
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Scheme 5. Plausible pathway B.

On the basis of our previous studies [29,41] and above stud-
ies, a possible mechanism for the «a-functionalized ketones forma-
tion process is outlined in Scheme 6. The EDA complex between
the N-alkenoxypyridinium salt and Nal is further activated by com-
plexation with an NHC. Irradiation of this proposed ternary com-
plex generates the alkyl radical, iodine radical, and 2,6-lutidine.
The following radical-radical coupling gives the iodination prod-
uct which could be attacked by the nucleophiles to afford the fi-
nal o-functionalized ketones. Concomitantly, the NHC is formed via
deprotonation of the corresponding azolium salt by the in situ gen-
erated 2,6-lutidine. In this process, the 2c—3e interaction of NHC
could stabilize the generated iodine radical, thus improving the ef-
ficiency of the iodinations. Notably, the reaction may also involve
the less effective cross-coupling of alkyl radical and azide radical
(path B).

In summary, an NHC-mediated cascade radical-radical cou-
pling/nucleophilic substitution sequence of N-alkenoxypyridinium
salts with various nucleophiles has been successfully developed.
The corresponding «-functionalized ketones, including «-azido ke-
tones, o-amino Kketone, «-carbonyl selenocyanates, thiocyanates
and «-thioketones, were obtained in moderate to good yields. In
addition, the challenging C(sp3)-C(sp®) bond formation reaction
was also successful by using this methodology. We anticipate that
the presented synthetic method could be applied in the pharma-
ceutical and organic chemistry arenas.
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