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ABSTRACT: In N-heterocyclic carbene (NHC) catalysis, the reduction of NHC-bound acyl azolium species is achieved with
progress limited to the generation of ketyl radical intermediates. Here, we report a novel NHC-catalyzed reductive mode for acyl
azolium intermediates, which accept a hydride to generate the Breslow intermediate. Then, the reaction of the Breslow intermediate
with chalcone results in the formation of cyclopentene, demonstrating a classic umpolung transformation. We expect that this
catalytic reductive mode will open new avenues for synthetic transformations.

eduction is a basic transformation in chemical and
biological processes with enormous applications at
'™ For instance, the Old Yellow Enzyme
(OYE) family,*"? a class of flavin-dependent redox enzymes,
has found extensive industrial uses for the reduction of
activated alkenes.''™'* In 1995, Massey'* reported that OYE
ene-reductases reduce activated alkenes."*~'? In this process,
p-nicotinamide adenine dinucleotide phosphate
(NADPH)?>*?* serves as both a cofactor and a reductant,
transferring a hydride during the reaction. More recently,
Gruber™ and Kroutil”* reported the reduction of imines to
their corresponding amines using NADPH. Their theoretical
calculations revealed an unusual hydride transfer mechanism
for imines bearing electron-withdrawing groups, such as
ketones and carboxylic esters. Notably, they found that the
N-terminus of the imine moiety is more electrophilic than the
C-terminus, and this electrophilic N-terminus acts as the
hydride acceptor during the enzymatic reduction.”> Paul and
co-workers later reported the reduction of a,f-dicarbonyl
compounds by OYEs and NADPH, in which the carbonyl
oxygen is proposed to act as the electrophilic site, accepting a
hydride from NADPH (Figure 1a),”® which is very similar to
Gruber’s findings.” These enzymatic reactions suggest an
unusual umpolung reduction of activated imines and carbonyl
compounds, providing valuable inspiration for the develop-
ment of new catalytic chemical transformations.

various scales.
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Our interests in this direction were drawn to the design of
N-heterocyclic carbene (NHC) organic catalysis for uncom-
mon transformations.”’ ' In this arena, the oxidation of
NHC-bound Breslow intermediates to the corresponding acyl
azolium® ¢ or ketyl radical intermediates®’~*" has been well
established (Figure 1b). In contrast, the reduction of NHC
catalyst-bound intermediates (e.g., acyl azolium intermediates)
is much less studied, and the limited success in these reductive
NHC catalyses only correspond to ketyl radical intermediates
for further single-electron-transfer reactions (Figure 1b). e
Inspired by enzymatic reactions”*’~* and earlier NHC-
mediated oxidative transformations,>”*°%*! here, we disclose
that the acyl azolium intermediate can act as a weak oxidant to
accept a hydride from a suitable reductant (Figure 1c). The
key process is believed to involve a hydride transfer to the
oxygen atom of the acyl azolium carbonyl, mimicking the
OYE/NAD(P)H enzymatic process. In the process, S,10-
dihydro-phenazine (DHP) was used as a FMNH,-type””~>*
reductant to reduce the acyl azolium intermediate. Notably,
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Figure 1. Common redox reactions and new acyl azolium reductive
mode.

DHP served as a reductive precursor and must be
deprotonated to generate the DHP anion, which acted as the
actual reductant. Then, the DHP anion reduced acyl azolium
intermediate I to Breslow intermediate II through hydride
transfer. Subsequently, the Beslow intermediate reacted with
chalcone, leading to the formation of cyclopentene. The
desired cyclopentene product serves as a landmark, indicating
the successful execution of the classic umpolung reaction
(Figure 1c). To the best of our knowledge, our study
constitutes the first success in transforming (unsaturated)
carboxylic esters to the corresponding (unsaturated) Breslow
intermediates, a challenge that remains formidable in the area
of NHC catalysis. This new protocol can promote the
carboxylic acid, and its derivates readily convert to various
value-added fine chemicals.

Our study starts with activated carboxylic ester la and
chalcone 2a as the model substrates to search for the suitable
hydride donors (Scheme 1). Inspired by the biocatalyzed
reduction approaches, various common reductants were
explored, such as hydrogen (H-1), sodium borohydride (H-
2), triphenylphosphine (H-3), and the reduced state of oxidant
DQ (H-4). Meanwhile, other hydride donors, dihydropyridine
analogues (H-5, H-6, H-7, and H-8), DHP analogues (H-9
and H-10), Vitamin C analogues (H-11, H-12, and H-13), and
pinacolborane (H-14), were also evaluated in reaction.
However, only a trace amount of desired product 3a could
be observed by using H-2, H-4, and H-8 as hydride donors
(Scheme 1, entries 2, 4, and 8). To our surprise, the reaction
efficiency was notably improved when H-9 and H-10 were
used as hydride donors; practically, the desire product 3a was
obtained with 24% yield and 9:1 diastereomeric ratio (d.r.) via
hydride donor H-9. This was an encouraging result and
indicated a preliminary validation of our hypothesis.

We next performed the reactions with H-9 as hydride donor
to further search for optimal conditions under various NHC
catalysts; the key results are summarized in Scheme 2. First,
different NHC catalysts A, B, and C were investigated. The

Scheme 1. Initial Studies of Hydride Donors®
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entry hydride donor yield(%)” dr.e

1 H-1 nr -
2 H-2 <5% -
3 H-3 nr -
4 H-4 <5% -
5 H-5 nr -
6 H-6 nr -
7 H-7 nr -
8 H-8 <5% -
9 H-9 24 9:1
10 H-10 15 5:1
11 H-11 nr -
12 H-12 nr -
13 H-13 nr -
14 H-14 nr -

“Unless otherwise specified, the reactions were carried out using la
(0.12 mmol, 1.20 equiv), 2a (0.10 mmol, 1.00 equiv), base (0.12
mmol, 1.20 equiv), pre-NHC (0.02 mmol, 0.20 equiv), hydride donor
(1.00 mmol, 1.00 equiv), and solvent (20 mL) at 30 °C for 12 h
under the condition of a N, atmosphere. 4A MS = 100.0 mg. nr = no
reaction. “Isolated yield of 3a. “The diastereomeric ratio (d.r.) of 3a
was estimated by '"H NMR analysis.

yields of desired product 3a decreased rapidly when triazolium
B and C were employed (Scheme 2, entries 2 to 3). These
results showed that pre-NHC A could be the most suitable
catalyst to optimize the reaction conditions. Several organic
and inorganic bases were examined here; the lower yields of
product 3a were obtained when Cs,CO; was replaced by DBU
and K;PO, (Scheme 2, entries 4 to S). Meanwhile, a diverse
set of solvents was explored, and it was found that the yield of
3a did not improve under other solvents (Scheme 2, entries 6
to 7). Subsequently, based on the result in Scheme 2, entry 1,
reaction temperature was increased to 60 °C while increasing
the equivalents of substrate 1la (0.20 mmol), Cs,CO; (0.22
mmol), and H-9 (0.20 mmol). Afterward, the amount of
solvent was also reduced (EA, 1.0 mL) (Scheme 2, entries 8 to
10). The target product 3a was provided in 68% isolated yield
and 8:1 d.r. (Scheme 2, entry 10).

With optimal reaction conditions (Scheme 2, entry 10) in
hand, we explored the reaction scope of both activated
carboxylic ester 1 and chalcone 2. Initially, examples of the
different ester substrates were examined (Scheme 3). The
structure of 3a was confirmed through X-ray diffraction
analysis. The yield of the corresponding product was barely
affected when the ester substrate was substituted with an
electron-donating group (3b). Meanwhile, the phenyl ring was
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Scheme 2. Optimization of Reaction Conditions”
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A B [ H H-9
entry NHC base solvent  yield(%)" d.r.c
1 A Cs,COs EA 24 9:1
2 B Cs,COs EA 7 5:1
3 C Cs2CO3 EA 8 8:1
4 A DBU EA 14 4:1
5 A K3PO4 EA 5 1311
6 A Cs>CO;  Toluene 10 >20:1
7 A Cs,COs THF 18 6:1
8¢ A Cs,COs EA 31 6:1
9de A Cs,COs EA 45 12:1
10%¢/ A Cs,CO3 EA 68 8:1

“Unless otherwise specified, the reactions were carried using 1a (0.12
mmol, 1.20 equiv), 2a (0.10 mmol, 1.00 equiv), base (0.12 mmol,
1.20 equiv), pre-NHC (0.02 mmol, 0.20 equiv), hydride donor (1.00
mmol, 1.00 equiv), and solvent (2.0 mL) at 30 °C for 12 h under the
condition of a N, atm. 4A MS = 100.0 mg. bIsolated yield of 3a. “The
diastereomeric ratio (d.r.) of 3a was estimated by 'H NMR analysis.
9Reaction temperature: 60 °C. “1a (0.20 mmol, 2.00 equiv), Cs,CO4
}0.22 mmol, 2.20 equiv), and H-9 (0.20 mmol, 2.00 equiv) were used.
EA = 1.0 mL.

substituted with electron-withdrawing groups such as chrolo-
and bromo-atoms and a trifluoromethyl group, and the
corresponding products were synthesized (3¢ to 3h).
Replacement with a naphthyl group afforded 3i in 57% yield
with a high d.r. value. Then, heterocyclic groups such as
thiophene and furan were also evaluated in these reactions,
obtaining acceptable yields and good d.r. values (3j to 3k).
The examples of the substituent chalcones were also examined,
and the corresponding product 31 was obtained with good
yield and dr. value when the R®> group was a methyl
substituent. The higher yields can be observed when the
para-position of the phenyl ring was substituted with electron-
withdrawing groups (up to 84% yield) (3m to 3p). At the
same time, various R’ groups were also studied, and the
corresponding products with electron-donating groups (3q to
3t) were successfully obtained. Furthermore, it showed high
reactivity for substrates with electron-withdrawing groups (3u
to 3x). It is worth noting that the heteroaromatic groups were
also tolerated in chalcone with the reaction conditions and the
yields of desired products were acceptable (3y to 3z, 3aa to
3ab). Meanwhile, multisubstituted chalcone substrates were
also investigated, and higher to excellent yields were obtained
(3ac to 3ae).

Furthermore, using the triazolium pre-NHC H (0.02 mmol)
gave product 3ae* in 61% yield (7:1 d.r.) and 70:30 e.r., which
implies the possibility but challenge for the enantioselective
reactions (Scheme 4). Then, the model reaction was
successfully scaled up 10 times using la (0.54 g, 2.00 mmol)
and 2a (021 g 1.00 mmol); under the model reaction
conditions, 3a can be obtained in 48% yield and S5:1 d.r. In
addition, we have successfully realized the reduction of the
double bond in 3a to give cyclopentane 4 in quantitative yield
(Scheme 5).

To understand the mechanism, liquid chromatography-high
resolution mass spectroscopy (LC-HRMS) was employed to
detect key intermediates in the model reaction (Figure 2a).
The acyl azolium intermediate presents three possible hydride
acceptor sites, leading to the formation of three isomers
(intermediates II, III, and III’). Under the modified model
reaction condition (w/o chalcone), the total ion chromato-
gram (TIC) of crude reaction was recorded, and the extracted
ion chromatogram (XIC) was obtained by extracting m/z =
437.2587 (S ppm), which corresponds to the exact mass-to-
charge ratio of the Breslow intermediate II. According to above
result, two peaks, A (R, = 7.01 min) and B (R, = 8.47 min)
were observed in the extracted ion chromatogram at m/z =
437.2587 (£S ppm). However, the intermediates II, III, and
III" were isomers; it was difficult to directly distinguish these
intermediates based solely on the mass-to-charge ratio.
Fortunately, in our previous work, it was demonstrated that
the Breslow intermediate could be synthesized using DBU as a
strong base to avoid S-protonated byproducts (Supporting
Information).>> >’ This method allowed for the unambiguous
detection of the Breslow intermediate via LC-HRMS.”® Peak A
can be identified as Breslow intermediate IT (R, = 7.01 min),
and additional experimental and computational mechanistic
studies were performed to identify the remaining possible
isomers.

Furthermore, three possible reaction pathways were
evaluated through theoretical calculations,”” ™" as shown in
Figure 2b. Hydride transfer to the oxygen atom of carbonyl in
acyl azolium intermediate I to afford Breslow intermediate II
was found to be the most favorable, with a Gibbs free energy
barrier of TS1 (AG¥ = 5.1 kcal/mol). In addition, the carbonyl
carbon inacyl azolium intermediate I could not serve as the
hydride acceptor, with the corresponding Gibbs energy barrier
(AG* = 26.6 kcal/mol) being unfavorable. Meanwhile, the
C=C double bond in acyl azolium intermediate I could be
reduced, and the energy barrier of TS4 (AG* = 13.8 kcal/mol)
was slightly higher than that of TS1. To further confirm the
possibility of hydride transfer to the C=C double bond,
deuterium-labeled substrate la (D) was synthesized and
employed to react with chalcone 2a under model reaction
conditions. The desired product 3a (D) was obtained in 60%
yield (10:1 d.r.), with 80% deuterium rate remaining at the
corresponding position (Figure 2c). The results indicated that
the C=C double bond in the acyl azolium intermediate I
could not be reduced by hydride donor H-9. Therefore, peak B
in Figure 2a may be identified as intermediate III’, which was
generated via protonation of Breslow intermediate II. Mean-
while, the D-labeled hydride donor H-9 (D) (40% D) was
synthesized. Then, H-9 (D) was used in model reaction access
to product 3a (58% yield and 7:1 d.r.); it indicated that the
deuterium could not be found in product 3a (Figure 2c).
According to this result, the hydride transfers to the oxygen
atom of the carbonyl in the acyl azolium intermediate, which is
consistent with our proposed reaction mechanism.

Based on the above experimental and computational results,
the proposed mechanism is shown in Figure 2d. In this
reaction, the NHC catalyst reacted with a,f-unsaturated
carboxylic ester 1a to generate the corresponding acyl azolium
intermediate I. Meanwhile, 5,10-dihydro-phenazine (H-9),
DHP, can be deprotonated to form the DHP anion, which was
employed as the hydride source. Furthermore, the acyl azolium
intermediate I was reduced by a DHP anion to afford the
Breslow intermediate II via hydride transfer. Subsequently, a
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Scheme 3. Examples of Ester and Chalcone Substrates®
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“Reaction conditions as stated in Scheme 2, entry 10. Yields are isolated yields after purification by column chromatography, and d.r. values are
determined via '"H NMR analysis. “In the ORTEP drawing, thermal ellipsoids are shown at 50% probability (CCDC 2421061).
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activated carboxylic esters reacted with the NHC catalyst to
form an acyl azolium intermediate. The FMNH,-type
reductant DHP was employed as the hydride source to reduce
the acyl azolium intermediate, and the key process was
Scale up synthetic of 3a believed to involve a hydride transfer from DHP to the oxygen
o 0o (Scheme 2, entry 10) Ph t f th 1 li b 1 d te th
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findings, ongoing studies in our group focus on the in situ
carbene-catalyzed reduction of carboxylic acids and their

Scheme 5. Synthetic Application
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a) Key intermediates of model reactlon confirmed via LC HRMS.

c) Control experiments.

o Ph
/\i _who chalcone Mes Mes OH Mes L N
X Ph/\)\( or Ph/\/)\( Ph/\)\( Ph Ph 5 .
Ph OAl (Schemez entry 10) 3a(D) 80% D
d W J J (Scheme 2, entry 10) o 3a(D), 60% D
1a W oyes™s /M Ph o e0% ,10:1 d.r.
o) kD " Ph
I B PO N oA 22 j:%ph
Ph OAr " s
OH  Mes (Scheme 2, entry 10) PN 3a, 0% D,
/\)\( Ri=8.47 min 1a H H-9 (D), 40% D 58%, 7:1 d.r.
- -
\/} @ Calc: 4372567 d) Proposed pathway of reductive reaction.
Found: 437.2583 Ph A:

Error: 0.9 ppm

Mes~n~"\-Mes (o]

R¢=7.01 min \ D’Ph — PhMOA
Calc: 437.2587 o 3a T .
CO, 1a
Found: 437.2576 A
Error: 2.5 ppm Ph Ph
o ArOH
Ph Mes
- - . v 0o A)K(
b) Gibbs free energy profile for reductive steps (kcal/mol). J
NHC N
acyl azolium r({ \/ Lactone Mes™\ ()
intermediate | _THO, pathway _ AGt =541 formation @: ]@
9—13 \ (favorable) Classic umpolung ~ Reduction
» 2\ Ph process process T
\ > Ph 0 Mes Hydride transfer
TS1 X, OH Mes /(g?
(favorable) H J~ N o AN ?\?) 0 N // OH  Mes
@/N k% '\%e(unfavorable) N\/) Ph™ YN i‘/}
Mes’
N@@ Breslow Aldol (Homoenolate Mes’N M
H. TSZ intermediate 11 addition equivalent) (1
o X Ph O@ deceted by
Oy~ DHP anion Mes LC-HRMS.
Cg«O N Michael o}
J addition ~A
.‘% % (unfavorable) Mes @ (Iv) Ph 2a Ph
Ph

Figure 2. Additional supporting mechanistic experiments and proposed catalytic cycle.

derivatives to aldehydes, with the goal of applying this new
reductive protocol to the synthesis of pharmaceuticals and
agrochemicals.

Methods

General Procedure for the Enantioselective Synthesis
of 3. To a dry 4.0 mL vial equipped with a magnetic stir bar,
carboxylic ester 1 (0.20 mmol, 2.00 equiv), chalcone 2 (0.10
mmol, 1.00 equiv), pre-NHC A (0.02 mmol, 0.20 equiv), and
Cs,CO; (0.22 mmol, 2.20 equiv) were added. The vial was
then sealed, purged, and backfilled with N, three times in a
glovebox before adding H-9 (0.20 mmol, 2.00 equiv), 4 A MS
(100.0 mg), and dry ethyl ester (1.0 mL). The reaction mixture
was then stirred at 60 °C in an oil bath for 12 h (monitored by
TLC). The mixture was concentrated under reduced pressure.
The crude residue was purified via column chromatography on
silica gel (petroleum ether) to afford the desired product 3.
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