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In light of the burgeoning biological applications associated with xanthones, the development of highly
efficient synthetic methodologies for their production has emerged as a pivotal objective of chemical
research. Amidst the array of available protocols, the oxidative carbonylation of diaryl ethers with carbon
monoxide (CO) stands out as a notably uncomplicated route, often necessitating stoichiometric oxidants.
Herein, we present a feasible approach employing unsymmetrical-waveform alternating current (AC)
electrolysis to facilitate Pd-catalysed oxidative C—H/C-H carbonylation. Leveraging a straightforward
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catalytic system, we demonstrate the conversion of diverse diaryl ethers into xanthones with moderate to
commendable yields. Our mechanistic investigations illuminate the indispensable role played by 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the electrochemical system, particularly its ability to
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Xanthones play a pivotal role within the realms of medicine,
biology, and pharmacology, attributable to their distinctive
heterocyclic architectures (Fig. 1a).' This particular structural
motif is recognized as a “privileged structure”, endowed with
the capacity to engage with a diverse spectrum of
biomolecules.”® Consequently, substantial attention has been
devoted to the synthesis of this structural moiety.® Traditional
methods for the assembly of xanthone frameworks encompass
nucleophilic cyclization of 2,2'-dioxygenated benzophenones,’
electrophilic cycloacylation of 2-aryl oxybenzoic acids,® and
cyclization of 2-arylcarboxaldehydes or 2-arylbenzaldimines
through C-H activation.”® In contrast to these methodologies,
which necessitate rigorous conditions and result in the gene-
ration of chemical waste, the oxidative carbonylation utilizing
carbon monoxide (CO) emerges as one of the most straight-
forward approaches for carbonyl compound construction.™**
Within the context of our ongoing exploration into transition-
metal-catalysed oxidative carbonylation, we have pioneered the
inaugural palladium-catalysed oxidative carbonylation of diaryl
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recycle heterogeneous palladium species within the solution.

ethers, facilitating the synthesis of xanthones (Fig. 1b).'?
However, the submillimole reaction scale of this carbonylative
strategy restricts its application because heterogeneous palla-
dium species - “Pd black” - are difficult to convert to the
active catalyst under stoichiometric oxidant conditions.'®'”
Exploiting the efficient recycling of heterogeneous palladium
species will be much more appealing.

In light of the advancements in electrosynthesis and Pd-cat-
alysed oxidative coupling reactions,"®® we anticipate that sub-
stituting external stoichiometric oxidants with anodic oxi-
dation presents a more environmentally sustainable
protocol.”’*° Nonetheless, during the course of the direct
current (DC) electrolysis, the generation of low oxidation state
palladium, stemming from reductive elimination or cathodic
reduction, may lead to the formation of substantial-sized
particles.*’*> Such Pd-containing particles prove to be resist-
ant to direct oxidation by electrodes.>** Therefore, the cata-
Iytic process necessitates the presence of an appropriate
mediator and an efficient electrolytic system capable of re-oxi-
dizing Pd(0) species (Fig. 1c, left). The realm of alternating
current (AC) electrosynthesis has emerged as a burgeoning
area within the domain of organic synthesis.*>*® In contrast to
the conventional DC electrolysis, alternating current electroly-
sis introduces novel parameters, including waveform, fre-
quency, and the duty ratio (i.e., the proportion of the positive
half-period to the entire period) (Fig. 1c, right).>” These para-
meters endow researchers with the prospect to tune the course
of the reaction precisely. Furthermore, the reductive metal foil
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Fig. 1 AC-promoted Pd catalysed C—H/C—-H carbonylation (a) Bioactive
molecules with xanthone skeletons. (b) Known synthetic methods of
xanthones. (c) Unsymmetrical AC electrolysis recycles and activates
heterogeneous palladium species.

present on the electrode’s surface undergoes re-oxidation
when the direction of the current changes.*®*™*° Consequently,
both electrodes become available for oxidation and reduction,
effectively doubling the active surface area of the electrodes
and thereby enhancing reactivity.!* In this work, we present an
AC electrolytic strategy for the attainment of oxidative C-H/C-
H carbonylation under mild conditions, minimizing the for-
mation of heterogeneous palladium species.

Results and discussion

We started our research by applying 4-tolyl ether (1a) as a
model substrate for palladium-catalysed electrochemical oxi-
dative carbonylation reaction. By utilizing PdCl, as the catalyst
and BQ as the mediator, 2,7-dimethyl-9H-xanthen-9-one 2a
was obtained with alternating current supply (square wave,
10 mA, 1/180 Hz and 50% duty ratio) in TFA at 50 °C for 2.0 h
(Table 1, entry 1). Various palladium catalyst precursors were
tested to improve reaction efficiency. Pd(PPh;),Cl, was not
suitable for this transformation (Table 1, entry 2). Pd(OAc),
was found to be the most suitable catalyst (Table 1, entries 3
and 4). In the next step, optimization of mediators was carried
out (Table 1, entries 5-7). Reaction results showed that DDQ
was an appropriate mediator, which furnished 2a in 64% yield
(Table 1, entry 7). Investigation of supporting electrolytes was
also carried out (Table 1, entries 8-10), indicating that LiClO,,
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Table 1 Screening of the catalyst, mediator and electrolyte for
C—-H/C-H carbonylation?

AC electrolysis: Pt | Pt o IImA,
HH 7.5 mol% [Pd] 10 —_—
7.5 mol% mediator
90 180 s
o 1/180 Hz, D = 50% O
10 mA, 2 h, 2.5 F/mol
1a

electrolyte, TFA
balloon 2a

Entry [Pd] Mediator Electrolyte Yield® (%)
1 PdCl, BQ KPFq Trace
2 Pd (PPh;),Cl, BQ KPF, Trace
3 Pd(TFA), BQ KPF, 54

4 Pd(OAc), BQ KPF; 57

5 Pd(OAc), KI KPF, Trace
6 Pd(OAc), TEMPO KPFg 41

7 Pd(OAc), DDQ KPF, 64

8 Pd(OAc), DDQ NH,PF, 11

9 Pd(OAc), DDQ Et,NPF, 4

10 Pd(OAc), DDQ LiClO, n.d.
11 None DDQ KPFq n.d.
12 Pd(OAc), None KPF, Trace

“1a (0.30 mmol), [Pd] (7.5 mol%), mediator (7.5 mol%), electrolyte
(0.20 mmol) and TFA (1.5 mL) in an undivided cell with two Pt plates
as electrodes, CO balloon, 1/180 Hz, D = 50%, 10 mA, 2.0 h, 50 °C.
b The yield of 2a was determined by GC analysis with biphenyl as
internal standard. n.d.: not detected, TFA: trifluoroacetic acid, BQ:
p-benzoquinone, TEMPO: 2,2,6,6-tetramethylpiperidinyl-1-oxide.

NH,PFs, and Et,NPFs were ineffective to promote the trans-
formation. Control experiments revealed that both the palla-
dium catalyst and the mediator were indispensable to afford
the product (Table 1, entries 11 and 12).

Intrigued by the impact of AC parameters on the electrolytic
process, initial endeavors concentrated on optimizing current
and duration (Table 2, entries 1-5). These investigations
revealed that a current of 14 mA and a duration of 1.5 hours
formed a optimal combination, yielding compound 2a in a
noteworthy 67% yield (Table 2, entry 5). Subsequently, various
frequencies were explored to enhance reactivity; however, these
efforts failed to yield favorable outcomes (Table 2, entries 6-8).
It was imperative to emphasize that the adjustment of the duty
ratio from 50% to 67% elicited a notable improvement, elevat-
ing the isolated yield of the desired product to an impressive
82% (Table 2, entries 9 and 10). It was pertinent to mention
that reasonably respectable yields were also achievable via
room-temperature AC electrolysis (Table 2, entry 12).
Furthermore, AC electrolysis displayed significantly superior
efficiency compared to its DC counterpart (Table 2, entry 11).
Control experiments unequivocally established the indispens-
able role of electricity in effecting this transformation (Table 2,
entry 13).

To gain a deeper insight into the reaction mechanism, a
series of experiments were conducted. The yield comparison of
the desired product 2a and the gravimetric comparison of Pd
species between AC, AC (w/o DDQ), and DC conditions were
shown in Fig. 2a. The absence of DDQ and the DC condition
both resulted in remarkably decreased yield of xanthone 2a.
Gravimetric experiments demonstrated that the content of
homogeneous palladium in the reaction solvent under AC con-
ditions was much higher than the others (Fig. 2a, ny/n,,), indi-
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AC electrolysis: Pt | Pt
7.5 mol% Pd(OAc),

HH
7.5 mol% DDQ
—__75ma%DbDQ
\@ Jg/ rooco KPFs, TFA
0
1a

Table 2 Screening of the AC parameters for C—H/C—H carbonylation®
frequency, duty ratio

o
current, time

balloon 2a

I/mA, I/mA, IImA,

10 1u— 1of - — 10 E—
50 180 —us o T T 120180 0 s
entries 1-5 entries 6-8 entries 9-11

Entry Current, time Frequency Duty ratio Yield® (%)
1 10mA, 2 h 1/180 Hz 50% 64
2 14mA, 2 h 1/180 Hz 50% 69
3 18mA, 2 h 1/180 Hz 50% 52
4 14mA,1h 1/180 Hz 50% 44
5 14 mA, 1.5 h 1/180 Hz 50% 67
6 14 mA,1.5h 1/30 Hz 50% 48
7 14 mA,1.5h 1/90 Hz 50% 59
8 14 mA,1.5h 1/270 Hz 50% 55
9 14mA, 1.5 h 1/180 Hz 67% 78 (82)°
10 14 mA,1.5h 1/180 Hz 83% 50
11 14 mA, 1.5 h 0 Hz (DC) 100% 21
12 14 mA,1.5h 1/180 Hz 67% 574
13 Turn-off, 1.5 h — — 14

“1a (0.30 mmol), Pd(OAc), (7.5 mol%), DDQ (7.5 mol%), KPFs
(0.20 mmol) and TFA (1.5 mL) in an undivided cell with two Pt plates
as electrodes, 1 atm. CO, X Hz, D = Y%, Z mA, W h, 50 °C. ? The yield
of 2a was determined by GC analysis with biphenyl as the internal
standard. ‘ Isolated yield. “ Room temperature.
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Fig. 2 Mechanistic insight. (a) The yield and Pd species comparison
between DC and AC electrolysis. ng/n,,, the ratio of Pd species in solu-
tion (ng; mole) to whole Pd catalyst (n,,; mole); n4/n,, the ratio of Pd
deposition (existed on the electrodes and sink to the bottom (n4; mole))
to whole Pd catalyst. (b) CV for 5.0 mM Pd(OAc),, 5.0 mM DDQ and
their mixture, scan range: 1.5-0.5-15 V, scan rate: 100 mV s™*. (c)
Current variations under the constant-potential AC electrolysis with 0.4,
1.0 V working potentials and their product yields.

cating that both the presence of DDQ and the AC electrolysis
were indispensable to minimize the reduction or agglomera-
tive deposition of the palladium catalyst. Moreover, it was

This journal is © The Royal Society of Chemistry 2024
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observed that palladium species was deposited on the electro-
des under DC and AC (w/o DDQ) conditions. The contents of
palladium in the precipitation after reaction were also rela-
tively higher than the standard AC condition (Fig. 2a, n4/ny,),
which agreed with the observed phenomena.

To verify the role of AC electricity in the reaction system,
cyclic voltammetry (CV) experiments were meticulously con-
ducted to shed light on the mechanistic intricacies of this
carbonylation reaction, as delineated in Fig. 2b. Initially, an
exhaustive examination encompassed DDQ, Pd(OAc), and
their mixture. Investigations were focused on the oxidation
potentials (E.y) of the existent species. Pd(OAc), displayed a
distinct oxidation peak during positive scan within the —0.5 V
to 1.5 V potential window (Fig. 2b, 0.24 V vs. Ag/AgCl ref., red
line). Notably, an inconspicuous peak at 1.03 V manifested for
DDQ (Fig. 2b, vs. Ag/AgCl ref., blue line). It is noteworthy that
the premixing of Pd(OAc), with DDQ showed two distinct
peaks at 0.13 V and 0.72 V, respectively (Fig. 2b, green line).
This potential shift upon the amalgamation of Pd(OAc), and
DDQ prompted a series of constant-potential AC electrolytic
experiments conducted under various applied working poten-
tials. As shown in Fig. 2c¢, 0.4 V was selected as a working
potential to drive the electrochemical carbonylation since it
was greater than Eypgoypan. Only trace amount of desired
product 2a could be obtained by GC analysis. This result indi-
cated that catalytic Pd species was difficult to be formed by
direct anodic oxidation (red line). Notably, as the working
potential was elevated to 1.0 V, surpassing the E,; of the Pd
(OAc), and DDQ mixture, product 2a materialized with a 33%
yield (blue line). These findings collectively signified that the
catalytically active Pd(u) species predominantly emanated from
the mediation of DDQ. It is noteworthy that the application of
AC electricity served a multifaceted purpose: it facilitated the
re-oxidation of Pd foil on the electrode surface, recycled the
mediator DDQ, and concurrently liberated hydrogen.

Encouraged by these results, the oxidative carbonylation of
an array of diaryl ethers was systematically examined (Fig. 3).
For 4,4'-substituted diaryl ethers, halogen moieties, namely F,
Cl, and Br, were all well-tolerated in the formation of
xanthones, thereby affording enticing prospects for late-stage
functionalization (Fig. 3, 2b-2d, 2s). Likewise, diaryl ethers
bearing diverse alkyl and aryl substituents exhibited compat-
ibility with this AC electrolysis, yielding the coveted products
in yields ranging from 82% to 49% (Fig. 3, 2a, 2e, 2f, 2i, 2m).
Treatment of ethers featuring electron-donating or electron-
withdrawing groups yielded the desired products in yields
between 49% and 31% (Fig. 3, 2g, 2h). Furthermore, multi-sub-
stituted ethers displayed facile reactivity toward CO, as evi-
denced by the formation of products 2j and 21 (Fig. 3).
1-Phenoxy naphthalene also underwent carbonylation, furnish-
ing the corresponding product with a commendable 69% yield
(Fig. 3, 2k). In an effort to comprehensively investigate the
breadth of the reaction’s scope, a range of mono-substituted
diaryl ethers were subjected to scrutiny. Substrates bearing
substituents such as methyl, ethyl, tert-butyl, and methoxyl
groups demonstrated a harmonious coalescence with the AC-
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Fig. 3 Substrate scopes and reaction expansions. Reaction conditions:
diphenyl ethers (0.3 mmol), Pd(OAc), (7.5 mol%), DDQ (7.5 mol%), KPFg
(0.2 mmol), TFA (1.5 mL) in an undivided cell with two Pt plates as elec-
trodes, 1/180 Hz, D = 67%, 14 mA, 50 °C, 90 min, (2.6 F mol™), isolated
yields. 0.2 mL DCE and 1.3 mL TFA. 2.5 h (4.4 F mol™). © Gram-scale
conditions: 1a (5.0 mmol), Pd(OAc), (7.5 mol%), DDQ (7.5 mol%), KPFg
(0.4 mmol), TFA (30.0 mL), Pt and Pt electrode couples, 1/180 Hz, D =
67%, 50 mA, 50 °C, 7 h (2.6 F mol™). 9 Detailed conditions are described
in ESI Fig. S11, S12 and S15.F

promoted methodology, yielding the target products with dis-
tinction (Fig. 3, 2n-2r). Even non-substituted diphenyl ether
yielded a xanthone product, albeit with a modest yield of 31%
(Fig. 3, 2t). Two regioselective products were isolated in 35%
and 24% yields when the diaryl ether had a substituent at the
meta-position of phenyl ring (2u and 2u’). Compared to stan-
dard conditions using CO balloon as CO source, blowing CO
could further increase yield by 17%. In a deliberate expansion
of the synthetic domain, a 5 mmol scale electrolysis was under-
taken to underscore the practical utility of this electrochemical
approach. Notably, under the 50 mA conditions (2.6 F mol™),
a reaction involving 1a yielded the corresponding xanthone
(2a) with a noteworthy 65% yield. Moreover, this AC-promoted
Pd catalytic system could also be extended to intermolecular
oxidative C(sp*)-H/C(sp®)-H cross-coupling and C(sp®)-H/C
(sp*)-H reactions, and targeted products could be obtained in
moderate to good yields but in only poor efficiencies using DC
and AC (w/o mediator) electrolysis (4a-4b).*>*?

M8O | Green Chem., 2024, 26, T77-11181

View Article Online

Green Chemistry

Conclusions

In summary, we have pioneered a transformative approach in
the form of palladium-catalysed electrochemical oxidative
carbonylation, specifically targeting diaryl ethers for the syn-
thesis of xanthones through AC electrolysis. Leveraging a
suitabe catalytic system, we achieved the conversion of a
diverse spectrum of diaryl ethers into xanthones. Notably, this
method facilitates the construction of xanthones under mild
conditions, obviating the necessity for external oxidants, and
thus rendering a substantial contribution to the overall sus-
tainability. The implementation of this AC-driven methodology
highlights the substantial benefits conferred by Pd-catalysed
conversions in comparison to traditional DC electrolysis,
thereby emphasizing the pragmatic virtues inherent in our
approach.
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