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ABSTRACT: Indanone-3-carboxylates are key organic synthetic intermediates for a range of bioactive molecules. However, their
efficient synthesis, particularly for structurally complex indanone-3-carboxylates, still faces challenges such as cumbersome steps and
harsh conditions. Herein, we report a photocatalytic imidazolium ester- and phosphine-mediated dehydroxylative cyclization/
acylation of 2-vinylbenzoic acids. This radical relay strategy enables the efficient preparation of structurally diverse indanone-3-
carboxylates from readily available 2-vinylbenzoic acids and nitrogen heterocyclic carbene (NHC)-based azolium salts under mild
conditions. The reaction exhibits broad substrate scope and, notably, allows facile access to carbon-cycle-fused indanone-3-
carboxylate scaffolds that are challenging to obtain using conventional methods. Preliminary bioactivity assays reveal that several
products possess good antifungal activity, demonstrating the potential of this method to advance the development of indanone-3-

carboxylate-related bioactive molecules.

Indanone-S-carboxylates are a key synthetic intermediate for
a range of bioactive molecules such as antitumor,’
antidiabetic,” and antinociception® (Figure 1a). Convention-
ally, its synthesis relies on the Friedel—Crafts acylations of pre-
prepared 2-arylsuccinic acid.” However, the electronic affinity
of Friedel—Crafts acylations significantly limited the product’s
structural diversity (Figure 1b, top left). Transition metal
catalysis has long been used to synthesize indanone-3-
carboxylates. For instance, Larock and co-workers reported a
straightforward synthetic method via palladium-catalyzed
decarbonylative cyclization of unsaturated aryl iodides under
40 atm CO (Figure 1b, bottom left).” Li and co-workers
reported an elegant rhodium-catalyzed cyclization reaction
between a-diazo esters and phenacyl ammonium salts to afford
the precursor of indanone-3-carboxylates (Figure 1b, top
right).’ Recently, Zhu reported a photocatalytic synthesis of
indanones via a novel hydrogen radical-shuttle process, which
was successfully extended to preparing indanone-3-carbox-
ylates (Figure 1b, bottom right).7 A combined Brensted base-
promoted CO, fixation into benzylic C—H bonds was also
used for indanone-3-carboxylates synthesis (Figure 1b, middle
right).® Despite these advances, the reported strategies suffer
from inefliciency and challenges, especially for preparing
structurally complex indanone-3-carboxylates due to the
requirement of pre-prepared substrates, harsh conditions,
limited functional group tolerance, and restriction on the
substrate’s structure. Therefore, the development of practical
and reliable synthetic methods for constructing structurally
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complex indanone-3-carboxylates is highly desirable and
meaningful.

Radical relay reactions have attracted substantial attention
due to their capability to construct two or more bonds in one
step, enabling a significant increase in molecular complexity.”
Recently, radical nitrogen heterocyclic carbene (NHC)
catalysis has emerged as a mild and powerful radical acylation
strategy for ketone or ester synthesis (Figure 1c).'” Key steps
of these reactions involve the radical cross-coupling of the
persistent NHC-bound ketyl radical and a transient carbon-
centered radical species.'’ The field has achieved significant
advancements'” since the pioneering work of Ohmiya et al. in
2019, including the extension of this strategy for the
synthesis of carboxylic esters'* and in radical relay reactions.
On the basis of our experience in radical NHC catalysis,"> we
hypothesize that a radical relay reaction that involves the above
cross-coupling process as the acylation step would provide an
efficient process for preparing indanone-3-carboxylates. The
required acyl radical species for generating the benzylic radical
of l-indanone can be formed from 2-vinylbenzoic acids via a
phosphine-mediated dehydroxylation process, which was
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Figure 1. Background and design of photocatalytic imidazolium ester-
and phosphine-mediated synthesis of indanone-3-carboxylates.

disclosed independently by the groups of Zhu and Doyle in
2018,'° with substantial applications in the synthesis of
valuable molecules.'"” Herein, we report a photocatalytic
imidazolium ester- and phosphine-mediated dehydroxylative
cyclization/acylation of 2-vinylbenzoic acids. This radical relay
reaction enables the efficient preparation of a range of
structurally diverse indanone-3-carboxylates from readily
available 2-vinylbenzoic acids and imidazolium esters under
mild reaction conditions. Notably, the reaction is competent
for constructing carbon-cycle-fused indanone-3-carboxylates,
which are challenging or impossible to prepare through
previously reported strategies. Preliminary bioactivity assess-
ments indicated that some of the products exhibited good
antifungal activity, demonstrating the potential utility of our
reaction for agrochemical development.

Reaction Optimization

To pursue our hypothesis, 2-vinylbenzoic acid (1a, 0.1 mmol)
and imidazolium ester (2a, 0.15 mmol) were selected as the
model substrates. The optimized reaction conditions involved
1.5 equiv of tri(o-tolyl)phosphine (P1) as an oxygen-atom
transfer reagent, 1 mol % of PC1 as the photocatalyst, 1.2
equiv of CsF as a base, acetonitrile as the solvent, and
irradiation with blue LEDs. In this case, the desired product
was obtained in 36% yield (Table 1, entry 1). Replacing the
current PC1 with other photocatalysts resulted in lower yields
(entries 2—5). Switching from acetonitrile to other solvents
resulted in lower yields as well (entries 6—8). Among the bases
tested, 1.5 equiv of K,CO; gave the best result (entries 9—13).
Replacement of triphenyl phosphine (PPh;) with P1 decreased
the yield, whereas methyldiphenylphsphine (MePPh,) afforded

Table 1. Optimization of the Reaction Conditions”

COOCH;

oy

PC1 (1 mol %), CsF (1.2 equiv)
tri(o-tolyl)phosphine (1.5 equiv)
MeCN (2.0 mL), 450~455 nm, rt

PC1:R"= By, R?=F, R¥= CFy PC2:R'=H,R2=R3=F, R¢= CFy 4CzIPN
PC3:R'= Bu,R?= Ri=H PC4R'=Bu R2=R*=R¢=H PC5
Entry Variation from the initial conditions 3a [%]”

1 none 36

2 PC2 instead of PC1 30

3 PC3 instead of PC1 15

4 PC4 instead of PC1 n.d.

S PCS instead of PC1 30

6 DCM as a solvent 28

7 DME or DMSO as a solvent 10

8 THF or EA as a solvent 16, 15

9 NaHCOj; as a base 12

10 DMAP as a base 20

11 Li;PO, as a base trace

12 K,COj as a base 44

13 K,CO; (1.5 equiv) as a base S0

14 As entry 13, PPh; instead of P1 36

1S As entry 13, MePPh, instead of P1 52

16 As entry 15, MeCN (5.0 mL) instead 60

17 As entry 16, 1a (0.12 mmol), 2a (0.1 mmol) 72

18 As entry 17, extend the reaction time to 17 h 78 (75°)

19 no PC or no light 0

“Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), P1 = tri(o-
tolyl)phosphine (0.15 mmol), CsF (0.12 mmol), PC1 (1 mol %),
MeCN (2 mL), irradiation with 450—455 nm, rt, 10 h. “Yield was
determined by NMR using 1,1,2,2-tetrachloroethane as the internal
standard. “Isolated yield.

a 52% yield (entries 14—1S5). Increasing the acetonitrile
volume to 5.0 mL further improved the yield (entry 16). The
molar ratio of 1a to 2a was also investigated, and a 1.2:1 ratio
was found to be optimal (entry 17). Extending the reaction
time from 10 to 17 h further enhanced the yield to 78% with
an isolated yield of 75% (entry 18). Notably, 20% yield of 2,3-
dihydro-1H-inden-1-one was detected as a side product.
Control experiments indicate that both light and the
photocatalyst are crucial for a successful dehydroxylative
cyclization/acylation (entry 19).

Substrate Scope

With the optimized reaction conditions (Table 1, entry 18) in
hand, we next investigated the scope of variously substituted 2-
vinylbenzoic acid substrates (1) using the imidazolium esters
2a (Table 2) as the model reaction partner. In general, both
electron-donating and electron-withdrawing functional groups
at the 3-, 4-, S-, or 6-position of the 2-vinylbenzoic acid were
compatible (3a—3q). Notably, this strategy enabled the
synthesis of compound 3i, as traditional Friedel—Crafts
acylation is typically infeasible when the benzene ring contains
a deactivating group (trifluoromethyl). Disubstituted 2-vinyl-
benzoic acids, such as 3,4-difluoro- and 4,5-dimethoxybenzoic
acid, smoothly afforded the corresponding esters 3r and 3s in
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Table 2. Substrate Scope”

R? Me O PC1 (1 mol %) Rr2 5

N \@ MePPh, (1.5 equiv) ¢ COOR
R * ﬁ: o OF? K,CO5 (1.5 equiv) R
OH 2L 03 (1.

Z \_n_otf MeCN (5.0 mL) 7

o Me hv (A = 450~455 nm), rt o)

1 2 3
scope of
COOCH, COOCH; COOCH,8 COOCH;

TR

3a:R= H 75% (58%P) 3f: R = CHs, 60%

3b: R = CHj, 63/ 3g: R = OCHj3, 54%
3c:R=0CH;, 45%  3p: R = Ph, 69%

oy

3k:R= CH3 67%
31: R = OCHj,, 63%
3m:R=F, 63%

X

30: R F, 43%
3p: R = CHs, 58%
3q: R = OCH,,41%

3d:R=F, 47% i R= 9 3n:R = CI, 50%
3e: R = Cl, 38% R n »50%
COOCH
COOCH; COOCHs COOCH3 °
H3CO a
s
3co Y
3r:33% 3s: 41% 3t: 55% 3u30%
$OOCH, R_COOCH; P9 oﬁ\Q
ipr 3w:R=Ph, 48% |
EEE\} @f\} 3x:R = CHy, 87% | OMe
3y: R = CyHly, 88%
v 570 3z R='Pr,64% ! %
----- Vol .. scope of:m:dazolrum esters.-------1 3aa: 63%
=, O
§ S o o§o O§O
HsC : \Z
3 Y o o
3ab: 71% 3ac: 69% 3ad: 65% 3ae: 59%
Me\ G( /I@ M@CHS
3af: 64% (dr =1:0.8) 3ag: 10% 3ah:19%

“Reaction conditions: 1a (0.12 mmol), 2a (0.1 mmol), PC1 (1 mol
%), MePPh, (0.15 mmol), irradiation with a blue LED, rt, and 17 h.
©1.0 mmol scale experiment.

slightly lower yields. Gratifyingly, this reaction was also
tolerant of fused-ring aromatic carboxylic acids, such as
naphthalene, affording the product 3t in a moderate yield.
Besides aromatic ring substrates, heteroaromatic ring sub-
strates also underwent this transformation smoothly to afford
3u, albeit in a lower yield. In addition, a series of a- or f-
substituted 2-vinylbenzoic acids, bearing either aryl or alkyl
groups, afforded compounds 3v—3z in moderate to excellent
yields.

Having demonstrated the success of our strategy for the
synthesis of indanone-3-carboxylates, we next examined the
current reaction for 2-vinylbenzoic acid (1a) with various
imidazolium esters (2). A variety of esters derived from
primary and secondary alcohols were obtained (3aa—3af) in
moderate to good vyields. Imidazolium esters bearing
functionalities such as alkene and ester groups are competent
substrates for the current reactions, albeit with remarkably low
yields (3ag—3ah). It is worth noting that, when starting with
an enantiopure imidazolium ester, the product was obtained
with complete retention of stereochemistry (3af).

Applications

To further demonstrate the power of the current method, we
applied it in the synthesis of polycyclic indanone-3-

carboxylates (Table 3), which are challenging or impossible
to obtain via previously reported methods. Pleasingly, a diverse

Table 3. Application in Polycyclic Compounds®

o]
PC1 (1 mol %) H;CO -
W)LOC Ha MePPh; (1.5 equiv)
N OTf K;CO3 (1.5 equiv)
MeCN (5.0 mL)
o hv (A = 450~455 nm), rt o)
1 2a 3
o o} O CHs
Hscoé Hscoé : Hacoé i Hscog l
0] (]
3ai: 79% 3aj’81% 3ak: 73% (dr = 1:1) 3al: 72%
H;CO H;CO H;CO H;CO
CzHs
3am: 65% 3an: 76% (dr = 3.6:1) 3ao: 56% 3aq: X ‘0 96% dr 5:1)

“Reaction conditions: 1a (0.12 mmol), 2a (0.1 mmol), PC1 (1 mol
%), MePPh, (0.15 mmol), irradiation with a blue LED, rt, 17 h.

range of endocyclic alkenes was successfully converted to
carbon ring-fused products. For example, carbocyclic sub-
strates, including six-, seven-, and eight-membered carbocycles,
were well tolerated in this transformation, affording the desired
products (3ai—3ak) in good yields. Additionally, six-mem-
bered rings bearing alkyl or aryl substituents proceeded
smoothly to give polycyclic compounds (3al-3ao)
moderate to good yields. More importantly, six-membered
heterocycles containing oxygen or sulfur atoms were also
compatible, delivering the target compounds 3ap and 3aq in
excellent yields (Table 3). These examples highlight this
protocol for the practical synthesis of polycyclic indanone-3-
carboxylates.

To demonstrate the utility of this method, product
derivatization was performed (Scheme 1la). Hydrolysis and
reduction of product 3j afforded indane-1-carboxylic acid §,
which possesses anti-inflammatory activity.'® The ketone
moiety of compound 3m underwent condensation with
hydroxylamine hydrochloride to give oxime 6 in a 79% yield.
Compound 6 serves as an important intermediate in the
synthesis of a novel regulator.'” Product 3a underwent
hydrolysis (dilute HCI) and subsequent selective halogenation
with Br, at room temperature to afford compound 7 in an
acceptable yield. Compound 7 is a vital precursor for the
synthesis of aspartic protein inhibitors.”

As part of our continuous interest in the design and
preparation of structurally innovative small molecules with
biological activity in agricultural applications, we evaluated the
antifungal activity of the synthesized products against
Ralstonias solanacearum (R.s.) and Phomopsis sp (P.s.). The
commercial bactericide azoxystrobin was used as a positive
control. As shown in Scheme 1b, several compounds exhibited
excellent inhibitory activity against Rs. and P.s. at 50 ug/mlL,
outperforming the commercial fungicide azoxystrobin. This
result highlights the potential of this synthetic methodology in
agrochemical development.
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Scheme 1. Synthetic Applications and Antifungal Activity
Investigation”
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“All data were obtained as the average of three replicates; the
commercial bactericide azoxystrobin was selected as the positive
control.

Mechanistic Investigations

To gain insight into the reaction mechanism, several
experimental studies were conducted (Figure 2). First, a
radical trapping experiment was performed under standard
reaction conditions, and traces of 3a were detected in the
presence of 3.0 equiv of TEMPO, indicating that a radical
process might be involved (Figure 2a). Next, a 2-(1-
cyclopropylvinyl)benzoic acid lar was synthesized and

a. Radical trapping experiment

Standard conditions
+ > < + HsC. J\
OH [ OCH TEMPO (3.0 equiv) (3.0 equiv) 35; Qi? 5 %;g

HsCO'
1a 2a 3a: trace
8: calcd for [M+H]*: 288.1958, found: 288.1954

detected by HRMS
9: caled for [M+H]*: 216.1594, found: 216.1599

b. Radical clock experiment o
2 Me o [ {
OH N® o \‘V/] }
+ [ \>—< Standard conditions + )
NM SO%CHs COOCH, cho»,‘/
1ar 2a 3ar: 75% 3ar": not detect

c. Stern-Volmer quenching experiments

5000 — rom
P(1x10° M)
——P@x10°M) 134
P (3x10° M)
P (@x10° M)

—— P,y = 0.06799x+1.02094, R* = 0.97619

Emission Intensity

1 2 3
Quencher concentration (mM)

500 55(
Wavelength (nm)

Figure 2. Mechanistic studies.

employed in a radical clock reaction under standard conditions
(Figure 2b). Interestingly, product 3ar was obtained rather
than ring-opening product 3ar’. This may be attributed to the
stability of the benzylic radical intermediate and a faster
radical—radical coupling process than the ring-opening
process.”’ Although the ring-opening product was not
obtained, the acyl and alkoxycarbonyl radicals were both
trapped by TEMPO, and the corresponding adducts were
detected by ESI-HRMS (Figure 2a). These results indicate that
an acyl radical pathway could be possible.”* Next, the Stern—
Volmer fluorescence quenching experiments were performed
with the MePPh, and the photocatalyst (Figure 2c, left). The
results showed that the photoexcited PC1* could be quenched
efficiently by MePPh,, exhibiting a linear relationship (Figure
2¢, right). At last, light on—off experiments revealed that the
product accumulates only during the illumination period
(Supplementary Figure 3). In addition, the quantum yield was
measured (¢ = 0.011) and clearly indicated that the successful
progression of the reaction requires continuous light
irradiation. Nonetheless, these results can not exclude the
contribution of short radical chain propagation processes to
product formation.*’

Based on the results of the mechanistic studies and
previously reported literature, we proposed a possible reaction
pathway for the current reactions (Scheme 2). The photo-

Scheme 2. Possible Reaction Pathway

Me

Ne o %
Q iy O g E povl
N OCH; radical OCH;
Me upling ire
\\/ v it

0 ET NHC
Me o
N‘ o
@ [Ir“] >«
NOTfOCH3
o I Ph coocm3
2a
|
Ph’w‘Ph
P EBase r‘ \ _radical _
Ph” | Ph ﬁsclsslon & cychzanon
Ph” |

excited”* *Ir(dF(CF;)ppy),(dtbbpy)PFy can undergo single-
electron transfer (SET) oxidation with MePPh, (I) to form the
phosphine radical cation (II), Wthh could trigger the
proposed radical deoxygenation.”> This radical cation (II)
then reacts with the carboxylate anion to generate the
phosphoryl radical (III), followed by f-selective C(acyl)—O
bond cleavage, driven by the thermodynamic impetus for the
formation of diphenylmethylphosphine oxide. This process
releases the acyl radlcal (IV), which undergoes a S-endo-trig
radical cyclization”® to afford the benzyl radical 1ntermed1ate
(V). Meanwhile, the reduction of 2a by the reduced Ir" species
generates the stabilized alkoxycarbonyl radical'™ (VI).
Radical—radical coupling between the benzylic radical (V)
and alkoxycarbonyl radical (VI) delivers the tetrahedral
intermediate (VII). Finally, elimination of the carbene from
fragmentation VII results in the desired product (3a).

Conclusion

In summary, we established a photocatalytic imidazolium ester-
and phosphine-mediated dehydroxylative cyclization/acylation
of 2-vinylbenzoic acids and imidazolium esters. This trans-
formation proceeds via a radical relay involving the
deoxygenation of carboxylic acid, intramolecular radical
cyclization, and radical—radical coupling. This protocol enables
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the efficient and facile synthesis of diverse carbocycle-fused
indanone-3-carboxylates, which are challenging to access with
previous methods. Moreover, this reaction features mild
reaction conditions, a broad substrate scope, and excellent
functional group tolerance. We believe that the current strategy
will bring new ideas for the design of functionalized indanone-
3-carboxylate derivatives.
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