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Unsymmetric diaryl 1,4-diketones are valuable structural motifs in organic synthesis. Direct controlled installation of two

distinct aryl-substituted carbonyl groups is conceptually straightforward yet synthetically challenging. Herein we report an

example of unsymmetric diaryl 1,4-diketones synthesis via N-heterocyclic carbene enabled umpolung photo-carbonylation.

In this system, NHC catalysis induces umpolung reactivity while simultaneously generating Breslow intermediates in situ that

participate in the photochemical single electron transfer process as intrinsic redox mediators. In cooperation with the

photoactive aryl thianthrenium salts, this bifunctional catalytic design enables photocatalytic carbonylation under metal-

free and external-photocatalyst-free conditions without the need for stoichiometric reductants. The process overcomes the

polarity mismatch and enables regioselective carbonylation and acylation, providing a diverse array of unsymmetric diaryl

1,4-diketones with high precision. This strategy establishes a mechanistically distinct and sustainable platform for

regioselective umpolung photocarbonylation.

Introduction

Umpolung carbonylation enabled by N-heterocyclic
carbene (NHC) catalysis has fundamentally expanded the
reactivity landscape of carbonyl chemistry. Formation of the
Breslow intermediate converts electrophilic aldehydes into
nucleophilic acyl anion equivalents, enabling diverse bond-
forming processes in modern organocatalysis.’® Beyond this
classical two-electron reactivity mode, more recent mechanistic
studies have demonstrated that Breslow-type intermediates
also possess intrinsic redox activity and can engage in single-
electron-transfer (SET) processes, giving rise to radical and
radical—-polar crossover reactivity. 176564 |n particular, it has
been shown that the electron-rich nature of these
intermediates enables SET processes rather than purely
nucleophilic C-centered reactivity, consistent with their role as
redox-active species in NHC catalysis. In parallel, visible-light
photochemistry has emerged as a powerful platform for
generating reactive radical intermediates under mild
conditions, although achieving precise
regioselective control remains challenging. 1216 Collectively,
these advances suggest that Breslow-derived intermediates can
participate as intrinsic redox-active species  within
photochemical manifolds, providing a conceptual basis for
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merging NHC catalysis with light-driven SET processes under
photocatalyst-free conditions.

Carbon monoxide (CO) is an abundant and versatile C1
synthon in carbonylation chemistry.17-20 Although numerous
metal-catalyzed carbonylation reactions, metals are typically
required to activate both CO and the coupling partners.?21-2>
Cross-electrophile coupling has recently emerged as an at-
tractive alternative that avoids preformed nucleophiles but
generally relies on stoichiometric reductants such as Zn, Mg, or
Mn.2627  Selective carbonylative coupling between two
electrophiles suppressing homocoupling therefore
remains challenging. Cooperative metal catalysis, pioneered by
Weix, partially addresses this issue by employing different
metals to selectively activate each electrophile prior to
transmetalation and reductive elimination.?®31 Recent studies
by Lian further expanded this concept through dual-metal-
catalyzed cross-electrophile carbonylation using CO as the
reductant.32 More recently, Zheng and Xue reported an elec-
trochemical nickel-/cobalt-catalyzed carbonylative
electrophile coupling reaction.33 Despite these advances, radical
carbonylation of electrophilic partners remains largely
unexplored main due to the intrinsic polarity mismatch and the
limitation of intermediates lifetime. (Figure. 1.1a—b).

Unsymmetric diaryl 1,4-diketones are valuable structural
motifs widely found in pharmaceuticals and bioactive mol-
ecules and serve as versatile intermediates for the synthesis of
value-added unsymmetric aryl-substituted furans, pyrroles,
pyridazines, 1,4-diols and 1,4-enones.343° However, efficient
and selective access to these structures remains challenging,
particularly for the regioselective incorporation of two distinct
aryl groups. We envisioned that integrating NHC-enabled
polarity inversion with photochemical radical control could

while
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enable a regioselective umpolung photocarbonylation of two address the short lifetime and limited reactivjty, ©f.tbese
electrophiles under a CO atmosphere, thereby providing a intermediates, styrenes are introducdd!'d$ 18397Beldge’>54e
mechanistically distinct and sustainable strategy for the promote productive carbonylation and enabling regioselective
synthesis of unsymmetric diaryl 1,4-diketones while expanding C-C bond formation to afford unsymmetric diaryl 1,4-
the scope of radical carbonylation (Figure. 1.1b—c). diketones. This strategy overcomes key challenges in
The proposed reaction design is illustrated in Figure 1.2. electrophiles-based multicomponent carbonylation, including
Condensation of aryl aldehydes with an N-heterocyclic carbene  polarity mismatch and redox compatibility, while proceeding
generates a Breslow intermediate that undergoes base-assisted  with-out metals, external photocatalysts, or stoichiometric
deprotonation to form a nucleophilic enolate, there-by reductants. By merging aldehyde umpolung with intrinsic
achieving aldehyde umpolung.t7'! As shown in Figure 1.1c, this photochemical activation, this work establishes a
enolate functions as an intrinsically photoactive electron donor mechanistically  distinct  platform  for =~ NHC-enabled
and engages in single electron transfer (SET) with electrophilic  photocarbonylation for the synthesis of unsymmetric diaryl 1,4-
aryl thianthrenium salts*?>® (Figure 1.1d) to generate aryl diketones.
radicals. Subsequent CO capture furnishes aryl acyl radicals. To
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Figure 1. Background of NHC- and Photocatalyzed Umpolung Carbonylation.
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none
w/o NHC-3 or Light
w/o CO
w/o base
NHC-1 instead of NHC-3
NHC-2 instead of NHC-3
NHC-4 instead of NHC-3
NHC-5 instead of NHC-3
NHC-6 instead of NHC-3
NHC-7 instead of NHC-3
NHC-8 instead of NHC-3
NHC-9 instead of NHC-3
NHC-(10-13) instead of NHC-3
TT-1 instead of TT-2
TT-3 instead of TT-2
A-(2-4) instead of A-1
Single solvent PhCF3
Single solvent MeCN
PhCF3/MeCN = 0.5/0.5 mL
PhCF3/MeCN = 0.7/0.3 mL
PhCF3/MeCN = 0.02/0.98 mL
K,COj3 instead of Cs,CO3
K3PO, instead of Cs,CO3
DBU instead of Cs,CO3
BuONa instead of Cs,COj3
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N.D.
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N.D.
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33-trace
40-trace
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Figure 2. Optimization of the reaction. Reaction conditions: 1b (0.1 mmol), 2a (2.0 equiv.), 3a (3.0 equiv.), NHC-3 (15 mol%), Cs,CO3
(1.5 equiv.), PhCF; (dry, 0.98 mL), MeCN (dry, 0.02 mL), CO (50 bar), 400-500 nm, stirred at 40 2C for 24 h, GC yield. Isolated yield in
parentheses. Dipp = 2,6-diisopropylphenyl. Mess = 2,4,6-trimethylphenyl.
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4ac, 49% 4ad, 65% 4ae, 60% 4af, 68% 4ag, 72% 4ah, 63% 4ai, 61%
Figure 3. Evaluation of the NHC catalyzed umpolung photocarbonylation process. 1 (0.1 mmol), 2 (2.0 equiv.), 3 (3.0 equiv.),
NHC-3 (15 mol%), Cs,CO3 (1.5 equiv.), PhCF3 (dry, 0.98 mL), MeCN (dry, 0.02 mL), CO (50 bar), 400-500 nm, stirred at 40 °C for 24 h.
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Inspired by recent advances in NHC catalysis and thianthrenium
salts in radical chemistry,1-11 40-46 we employed an NHC catalyst as a
bifunctional mediator to realize this transformation. We initially
employed aryl thianthrenium salts 1b, benzaldehyde 2a and styrene
3a, as model substrate to find the ideal conditions, as shown in Figure
2, Table. Control experiments confirmed that light, the NHC catalyst,
and the base are all essential for the reaction (Figure 2, Table, entries
1-4). To the NHC-catalyzed umpolung
photocarbonylation of two electrophiles with styrenes for the

efficiently achieve
synthesis of unsymmetric diaryl 1,4-diketones, we first examined the
effect of different NHC catalysts, as their steric and electronic
properties significantly influenced the reactivity (Figure 2, Table,
entries 5-13). We initially evaluated commonly used NHC precursor
salts featuring N,S-containing backbones, dinitrogen backbones, and
trinitrogen frameworks. Among them, the NHC precursor NHC-3
bearing an N,S-based core, particularly incorporating a fused seven-
membered ring, proved to be most effective for the desired
transformation. Furthermore, N-aryl substituents bearing 2,6-
diisopropylphenyl groups provided the optimal steric environment.
Recent studies have revealed that Breslow-derived enolates can
display substantially enhanced reducing power, enabling SET
processes at potentials below -1.5 V vs SCE**! and aryl
thianthrenium salts (Erea & -1.5 V vs SCE),***¢ which renders the
photoinduced single-electron transfer thermodynamically feasible.
Following SET activation, the weak C-S bond of the thianthrenium
moiety undergoes rapid fragmentation, efficiently generating aryl
radicals while maintaining compatibility with the NHC-catalyzed
umpolung manifold. Next, the effects of the two electrophilic
partners were investigated in carbonylation. First, aryl thianthrenium
salts bearing different counter anions were examined under CO
atmosphere in an autoclave (Figure 2, Table, entries 14-15), and the
trifluoromethanesulfonate (OTf") salt was found to be optimal. We
then evaluated the aldehyde component. Although aryl and alkyl
aldehydes possess similar oxidation potentials for generating the
corresponding N,S-based enolate intermediates, only aryl aldehydes
afforded the desired products under the reaction conditions (Figure
2, Table, entry 16), likely due to the instability and short lifetime of
the corresponding radical enolate derived from alkyl aldehydes.
Solvent effects were subsequently examined and were found to play
a crucial role in the carbonylation process (Figure 2, Table, entries
17-21). A mixed solvent system (PhCFs/MeCN = 0.98/0.02 mL)
proved essential for controlling the reaction pathway. The polar
MeCN component facilitates photoinduced SET between the
Breslow-derived enolate and aryl thianthrenium salts, whereas the
predominantly nonpolar PhCF; environment enhances CO solubility
and promotes rapid trapping of aryl radicals by C0.53-5* This balance
between efficient radical generation and effective CO capture
selectively favors the carbonylation pathway. Finally, the choice of
base significantly affected the reaction efficiency. Cs,COs; was
identified as the optimal base, whereas alternative inorganic bases
or strong organic bases resulted in diminished reactivity (Figure 2,
Table, entries 22—-25). Under the optimized conditions, the desired
product was obtained in the highest yield (Figure 2, Table, entry 1).

This journal is © The Royal Society of Chemistry 20xx
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With the optimized NHC-catalyzed ., Wmpolung
photocarbonylation conditions in hand, We!:rAéxt)Exantinedsthe
substrate scope using aryl thianthrenium salts 1 and benzaldehydes
the
carbonylation and acylation of styrenes 3 (Figure 3). We first
investigated the scope of aryl thianthrenium salts 1. A series of para-

2 as the two electrophilic partners for regioselective

substituted aryl thianthrenium salts were compatible with the
reaction, affording the desired unsymmetric diaryl 1,4-diketones 4a—
4l in moderate to good yields (52-72%). Electron-withdrawing
substituents generally exhibited higher reactivity, delivering
products 4a and 4f-4h (p-H, F, Cl, Br) in good yields of 70-72%.
Slightly lower vyields were observed for strongly electron-
withdrawing substituents such as p-CN (4i, 68%), p-OCFs (4j, 60%),
and p-CFs; (4k, 58%). In contrast, electron-donating substituents
resulted in somewhat diminished reactivity, affording products 4b-
4e (p-Me, OMe, Pr, Et) in 52-66% vyields. Disubstituted aryl
thianthrenium salts were also tolerated, giving product 4l (3-Cl,4-Cl)
in 46% yield. However, ortho- and meta-substituted substrates were
less suitable, due to competing non-carbonylative pathways. Next,
the scope of the aldehydes component 2 was explored. Both para-
and meta-substituted benzaldehydes proved compatible with the
reaction, furnishing the corresponding products 4m-4u in moderate
yields (44-72%). Substrates bearing substituents such as p-SMe, F,
Me, ‘Bu, 'Pr, OCFs, and Cl, as well as m-Me, were successfully
converted to the de-sired products. However, benzaldehydes
bearing electron-donating substituents generally afforded lower
yields, likely due to competing non-carbonylative pathways, as
illustrated by p-SMe (4m, 44%), p-Me (40, 48%), and p-iBu (4p, 52%).
In addition, disubstituted benzaldehydes were also suitable
substrates, delivering product 4v (3-Cl,4-Cl) in 60% yield. Finally, the
scope of styrenes 3 was examined. Para-substituted styrenes bearing
both electron-withdrawing and electron-donating groups (Cl, Br, Me,
iPr, 'Bu, OMe, SMe, F) were well tolerated, furnishing the
corresponding products 4w—4ab and 4ae—4ah in 60-75% yields.
Meta-substituted styrenes also participated smoothly in the
transformation, affording 4ac (m-Cl) and 4ad (m-Me) in 49% and 65%
yields, respectively. In addition, disubstituted styrenes were
compatible with the reaction, providing product 4ai (3-Me,4-Cl) in
61% yield. Overall, the broad substrate compatibility highlights the
effectiveness of this NHC-catalyzed umpolung photocarbonylation in
enabling regioselective carbonylative acylation of styrenes using two
electrophilic partners. Notably, this strategy overcomes the inherent
polarity mismatch between electrophilic components and enables
controlled radical photocarbonylation under mild conditions without
the need for metals, external photocatalysts, or stoichiometric
reductants.

To further demonstrate the synthetic value of this umpolung
photocarbonylation  strategy, a series of downstream
transformations of unsymmetric diaryl 1,4-diketone 4 were
conducted (Figure 4).343° As versatile intermediates, these 1,4-
diketones can be readily converted into diverse heterocyclic
frameworks and functionalized motifs. For example, acid-promoted
condensation of 1,4-diketones 4 with p-toluenesulfonic acid (PTSA)

in ethanol afforded the 2,3,5-trisubstituted furan 6a. Reaction of 4

J. Name., 2013, 00, 1-3 | 5
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with aniline in toluene in the presence of PTSA delivered the 1,2,3,5-
tetrasubstituted pyrrole 6b. Treatment of 4 with ammonium acetate
in acetic acid produced the 2,3,5-trisubstituted pyrrole 6c. In
addition, reaction with hydrazine hydrate at provided the 3,5,6-
trisubstituted pyridazine 6d. Then, reduction of 4 with BHs-THF in
THF furnished the corresponding 1,4-diol 6e. Follow, treatment of 4
with amino acids in acetic acid produced the 2,3,5-trisubstituted
antimycobacterial activity of 1,2,3,5-tetrasubstituted pyrrolyl-N-
acetic acid derivatives 6f. Finally, 4 can be catalyzed by Cs,COs in
DMSO for the synthesis of unsymmetric diaryl 1,4-enones 6g. These
results highlight the synthetic versatility of the unsymmetric diaryl
1,4-diketones and further demonstrate the utility of the NHC-
catalyzed radical-mediated umpolung photocarbonylation strategy
for accessing structurally diverse and value-added molecular
scaffolds.

To evaluate the atom economy of the reaction, the recovery
of thianthrene was examined. Gratifyingly, thianthrene could
be recovered in yields of up to 90%, highlighting the high atom
economy of the process (Figure 5a). To gain insight into the
reaction mechanism, a series of control experiments were
performed (Figure 5b—g). First, radical trapping experiments
were conducted to probe the involvement of radical
intermediates. When  2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) was introduced as a radical scavenger under the
standard conditions, the formation of product 4b was
completely suppressed (Figure 5b). Instead, the Ar'-TEMPO
adduct 5a was detected by GC—MS, supporting the generation
of aryl radical intermediates. Similarly, when 1,1-
diphenylethylene (1,1-DPE) was employed as a radical trap, the
desired product 4b was also fully inhibited (Figure 5c), while the
aryl addition adduct 5b and the aryl acyl addition adduct 5c
were detected by GC—MS. These results further support the
involvement of aryl radical and aryl acyl radical species in the
reaction pathway (5d and 5e). Next, control experiments were

The Application of the Umpolung Photocarbonylation Strategy

performed to examine the role of NHC catalysis, inothe
photocarbonylation process. Further control experiments were
conducted to investigate the roles of the individual reaction
components using 1,1-DPE as a radical acceptor (Figure 5d). In
the absence of Cs,COs, none of the products 4b, 5b, or 5¢c were
detected (Figure 5d.1), indicating that the base is essential for
initiating the catalytic process. Likewise, omission of NHC-3,
aldehyde 2a, or styrene 3a resulted in only trace amounts of the
radical addition products 5b and 5c being observed (Figure
5d.2-5), suggesting that both the NHC catalytic cycle and the
complete reaction system are indispensable for efficient radical
generation. In addition, no formation of the 1,4-dicarbonyl
product 4b was detected in the absence of light (Figure 5d.6),
highlighting the critical role of photoactivation in the
transformation. Taken together with the thianthrene recovery
experiment shown in Figure 5a, these observations support a
cooperative photoredox activation pathway in which neither
the Breslow-derived intermediate nor the aryl thianthrenium
salt alone is sufficient to promote productive carbonylation.
Instead, under photoirradiation, the in situ generated Breslow-
derived intermediate and the photoactive aryl thianthrenium
salt cooperatively participate in the SET process, enabling aryl
radical formation and the subsequent carbonylation sequence.
These results suggest that the interaction between the
aldehyde and the NHC catalyst generates the key reactive
species responsible for initiating the bifunctional catalytic
process. Finally, light on/off experiments were conducted to
examine the role of photoirradiation (Figure 5e). The yield of
product 4b increased only during periods of blue-light
irradiation, whereas no further conversion was observed when
the light source was turned off while stirring continued. These
results confirm the necessity of light for sustaining the catalytic
cycle. Combined with previous literature reports,*’° these
observations support a mechanism in which in situ-generated
Breslow intermediates participate in a photoinduced catalytic
cycle.

Mutifunctional Synthetic Transformation

ic Aryl Pr

Via

©

)

E Unsymmetric aryl 1,4-diketones

> Enones Furans Pyrroles 1,4-diols
Aryl-1-H-Pyrroles Pyridazines
Pyrrolyl-N-Acetic Acids Derivatives

Ref: 34-39

1,4-diols Enones

Furans Aryl-1-H-Pyrroles Pyrroles Pyridazij

PTSA, EtOH PhNHz, PTSA, toluene NH,4O0Ac, HOAc NzH4-H,0, MeOH
Art H 3 Y ArA__O
2 Os Al i i -N, Ar °
Ar? ) Ar AN A At Noo Ar! e 7 WA HCS\)\(OH Az N A
\S\_] U )= Ar! 2 U Ar® Ar!

Ar® Ad A AP A

6a 6b 6c

Pyrrolyl-N-Acetic Acids
Amino acids, AcOH
R._-COOH

BH3 THF, THF CsCO3, DMSO

6e 6f 6g

Figure 4. Synthetic applications of the NHC catalyzed umpolung photocarbonylation strategy.
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Figure 5. Mechanistic investigations and plausible reaction mechanism.

Based on our mechanistic investigations and related lit-
erature,1-11,40-64 3 plausible catalytic cycle is proposed in Figure
5f. Initially, condensation of benzaldehyde 2 with the NHC
catalyst (NHC-A), generated from NHC-3, forms the Breslow
intermediate B. Subsequent deprotonation by Cs,CO3 affords
the corresponding enolate species C, thereby accomplishing the
umpolung activation of the aldehyde. Notably, the Breslow-
derived enolate intermediate plays a dual functional role in the
catalytic cycle. Beyond serving as the classical nucleophilic acyl
anion equivalent, the in situ generated enolate C also
participates in the photochemical SET process with aryl
thianthrenium salt 1. Upon blue light irradiation, a cooperative
photoinduced electron transfer event between C and 1 lead to
the formation of the oxidized Breslow intermediate D and the
aryl radical E. The highly reactive aryl radical E rapidly traps
carbon monoxide to generate the aryl acyl radical intermediate
F. Subsequently, a regioselective radical carbonylative acylation
process involving intermediates D and F with styrene 3 delivers
intermediate G. Finally, intermediate G undergoes further

transformation to furnish the desired unsymmetric diaryl 1,4-
diketone product 4 while regenerating the free carbene catalyst
NHC-A, thus completing the catalytic cycle.

Conclusions

In summary, we disclose a bifunctional NHC-catalyzed um-
polung photocarbonylation manifold, without the need of
metals, external photocatalysts, or stoichiometric reductants. In
this catalytic design, NHC catalysis simultaneously induces
polarity inversion of aldehydes and generates This cooperative
catalytic manifold combines classical NHC-mediated umpolung
reactivity with photoredox sensitization pathways to enable
multicomponent carbonylation. This strategy straightforward
overcomes the inherent polarity mismatch and enables
regioselective photocarbonylation. Consequently, a diverse
array of unsymmetric diaryl 1,4-diketones can be accessed with
high precision and readily elaborated into value-added
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molecular architectures. More broadly, this work demonstrates
that merging umpolung catalysis with intrinsic photochemical
activation unlocks unconventional carbonylation reactivity and
establishes a conceptual framework for NHC-enabled umpolung
carbonylation strategies.
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