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ABSTRACT: Benzo[b]phosphole oxides are important P-hetero-
cycles that find applications in optoelectronics due to their inherent
photophysical properties. Traditional routes for the synthesis of
such molecules from readily available precursors require stoichio-
metric amounts of transition metal salts, bases, oxidants, and
additives, thereby lacking efficiency. Photochemical pathways still
need a terminal oxidant to complement the photocatalytic cycle,
whereas electricity may be a viable oxidant. Hence, photo-
electrochemistry (PEC), combining photocatalysis and synthetic
organic electrochemistry, was used to simplify the synthetic
protocols. We use the potency of 4CzIPN for the consecutive
P—H/C—H bond functionalizations for preparing benzo[b]-
phosphole oxides from secondary phosphine oxides and non-
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4} Photoelectrochemical P-H/C-H Bond Activation <> Broad Substrate Scope
4} Synthesis of Optoelectronic Molecules <> Highly Sustainable Approach

{} Elimination of Sacrificial Oxidants <> Diverse Functional Group Tolerance

activated internal alkynes with up to 93% yields and with good functional group tolerance. Detailed mechanistic investigations
confirm an intermolecular electron transfer between 4CzIPN and aryl secondary phosphine oxides upon photoexcitation. The

photocatalyst is regenerated by anodic oxidation.

KEYWORDS: photoelectrochemistry, organocatalysis, annulation, photoredox, C—P bond formation

B INTRODUCTION

Organophosphorus compounds are important organic com-
pounds found in the skeletal framework of DNA with
phosphodiester bonds and phospholipids, various insecticides,
and warfare agents." Among them, phosphorus heterocycles find
application in synthesis, pharmaceuticals, and material science.”
Benzo[b]phosphole, the P-analogue of indole, and its derivatives
are widely applied in photovoltaics, organic optoelectronic
materials, and bioimaging probes. The tetrahedral geometry of
the phosphorus atom in 7-conjugated ring systems results in
o*—n* interactions which lowers the energy of the lowest
unoccupied molecular orbital (LUMO) giving rise to unique
electronic and photophysical properties.” Typical approaches
for the synthesis of benzo[b]phosphole oxides start with
prefunctionalized substrates such as alkynylphosphine oxides
which are treated with stoichiometric quantities of a strong base
and transition metal catalysts.* Recent reports show that this
transformation can be achieved by intermolecular oxidative
annulation protocols, employing secondary phosphine oxides
and internal alkynes with considerably excess amounts of
transition-metal-based oxidants, strong bases, and additives
(Scheme 1).° Depicting a plausible mechanism reveals a radical
pathway that initiates with the formation of phosphinoyl radicals
upon oxidation of the secondary phosphine oxides by sacrificial
Mn(III)-, Cu(II)-, Ag(I)-based or non-metal-based oxidants at
typically high temperatures. Phosphinoyl radicals react with
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alkynes to produce alkenyl radicals, whose fate lies in the
intramolecular addition step. Subsequent oxidation and
deprotonation furnishes the benzo[b]phosphole oxide products.
However, these protocols are limited in their functional group
tolerance and the substrate scope.

Current reports have shown that the addition of phosphinoyl
radicals to alkynes is feasible at room temperature and high
temperature is only required for the generation of the former by
different oxidants.” Lakhdar et al. used Eosin Y as a photocatalyst
in an oxidative quenching cycle to reduce an organic oxidant,
which in turn generates its active form to perform HAT with
phosphine oxides producing the phosphinoyl radical.” This
protocol avoids the use of metal oxidants but still requires
stoichiometric amounts of an organic oxidant, base, and rather
long reaction time.

Photoredox catalysis (PRC) has enabled researchers to
explore otherwise challenging reactions in simpler ways by
harnessing the power of the energy from photons, thereby
transforming it into chemical potential.’ The excited state of a
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Scheme 1. Importance of Organophosphorus Chemistry and Benzophospholes, Conventional Routes toward Benzophosphole
Oxides, Organic Photoelectrochemistry (PEC), and Our Approach
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photocatalyst serves as the juncture of multiple kinetic processes
occurring within a span of picoseconds to seconds by changing
electronic configurations.” On the other hand, synthetic organic
electrochemistry (SOE)'? serves as an efficient tool in organic
reactions, to avoid stoichiometric sacrificial oxidants or
reductants utilizing electrical energy to create a pool of electrons
and electron holes."" Independently PRC and SOE being
extensively studied are also associated with some drawbacks. To
utilize the advantage of PRC, and to expand the operational
redox window of SOE, organic photoelectrochemistry (PEC)
has been established (Scheme 1)."

We perceived that the route toward the synthesis of
structurally diverse benzo[b]phosphole oxides might be made
more economical and sustainable by PEC. Hence, we
hypothesized the use of 4CzIPN as the molecular organo-
photocatalyst for the intermolecular single electron transfer to
generate phosphinoyl radicals from secondary phosphine oxides
under blue light irradiation. To eliminate the sacrificial terminal
oxidants and stoichiometric amounts of additives as used in
previous reports' for this synthetic transformation, we instead
used electricity for the oxidation steps in the transformation
making the methodology more efficient and simpler.

B RESULTS AND DISCUSSION

Our investigations commenced by employing diphenylphos-
phine oxide la and diphenylacetylene 2a as the model
substrates. We electrolyzed a solution of 0.2 mmol of 2a with
2 equiv of 1a, S mol % of 4CzIPN (PC,), and 1 equiv of
tetrabutylammonium hexafluorophosphate (TBAPF) as the
conducting electrolyte in 4 mL of MeCN using an undivided cell
ata constant voltage (CV) of +1.8 V under the irradiation of blue
light (456 nm Kessil lamp).

Employing graphite electrodes as both cathode and anode,
only 27% of the desired product 3a was achieved after 3 h (Table
1, entry 1). On changing the solvent from MeCN to DMF, we
observed an increase in the yield of 3a to 42% (Table 1, entry 2).
We found no significant improvement when we varied the
solvent to MeOH, MeCN-H,0, and MeCN-MeOH (see SI).
We also planned to incorporate mild bases such as NaHCO;,
K;PO,, and Et;N, but failed to observe any remarkable benefit
for the reaction (see the SI). On employing graphite as the
anode and Pt foil as the cathode, in MeCN, we obtained around
20% of 3a (Table 1, entry 3). Nonetheless, we saw substantially
lower yields using solvent mixtures like DMF-H,0, DMEF-
MeOH, and MeCN-MeOH (Table 1, entries 4—6). Shifting the
solvent to DMA enhanced the yield of 3a to 68% (Table 1, entry
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Table 1. Optimization of the Reaction Conditions for Photoelectrochemical P—_H/C—H Functionalizations”

PC (5 mol%), undivided cell

O\\P,Ph Ph TBAPFg (1 equiv.) (\)\,Ph
\ M@
o e O
Ph
4 mL solvent, 28°C, 3 h
Constant Voltage (CV) = 1.8V Ph
1a 2a 456 nm Kessil Lamp 3a
Sv? (]
N N N
AN
Y L
N
I ' O !
o,
PC, PC,
entry electrodes (+1—) solvent yield (%)”

1 graphitelgraphite CH,CN 27
2 graphitelgraphite DMF 42
3 graphitelPt CH;CN 20
4 graphitelPt DMF:H,0 = 4:1 (v/v) 34
5 graphitelPt DMF:MeOH = 4:1 (v/v) 18
6 graphitelPt CH,CN:H,0 = 4:1 (v/v) 19
7 graphitelPt DMA 68
8 graphite|Pt DMF 93
9° graphitelPt DMF 10
107 graphitelPt DMF 14
11° graphitelPt DMF 8
12/ graphitelPt DMF 5

“Standard reaction condition unless otherwise specified: 1a (0.4 mmol), 2a (0.2 mmol), PC, (S mol %), TBAPF; as electrolyte (1.0 equiv), solvent
(4 mL), light irradiation from 456 nm Kessil lamp, electrolysis by using constant voltage (CV) of +1.8 V in an undivided cell equipped with anode
(+) and cathode (=) for 3 h. *Yield determined by gas chromatography with reference to benzophenone as internal standard. “Using PC, instead

of PC,. “No electricity. “In dark. /No PC,.

7). Notably on using only DMF as the solvent, to our delight, we
observed a significant increase in the yield of 3a to 93% (Table 1,
entry 8) at a constant voltage of +1.8 V for 3 h (2.4 F/mol). We
also explored the well-known Mes-Acr* (PC,) as the photo-
catalyst, but it furnished only 10% of 3a (Table 1, entry 9) under
our condition. The significant roles of electricity, light, and the
presence of a photocatalyst were confirmed by control
experiments in their absence under the standard PEC
conditions, yielding only 14, S, and 8% of 3a, respectively
(Table 1, entries 10—12).

With the optimized conditions of the photoelectrochemical
protocol, we explored the substrate scope. We applied the PEC
protocol to a series of substituted secondary diarylphosphine
oxides, alkyl arylphosphine oxides, and alkyl arylphosphinates
(Table 2) to test for the tolerance of the presence of various
functional groups.

The unsubstituted product 3a was isolated in 87% yield under
the optimized reaction conditions. Secondary phosphine oxides
with bisfunctionalized aryl rings gave rise to the formation of
regioisomeric benzo[b]phosphole oxides in most cases. We tried
the PEC protocol on compounds bearing the electron-donating
Me groups in the C4- and C2-positions of the P-aryl rings, and
the reaction proceeded smoothly delivering regioisomeric
mixtures 3b, 3b’ (2.5:1) and 3¢, 3¢’ (1:2.5) in 92 and 78%
yields, respectively (ratio of regioisomers calculated from 3'P

NMR). The bis-3,5-diMe-substituted secondary phosphine
oxide furnished 88% 3d as an exclusive product. tert-Butyl
substitution in the C4-position was well tolerated and gave 3e,
3e’ (1:0.8) in 86% yield. Electron-withdrawing C4-halo (4-Cl
and 4-F) substitution provided the respective regioisomeric
products 3f, 3f' (1:0.6) and 3g, 3g” (1:0.54) in good yields of 82
and 74%, respectively. The products can be further function-
alized in cross-coupling reactions. The presence of electron-rich
bis-4-methoxy and bis-2-methoxy substitutions on the P-aryl
rings gave products 3h, 3h’ (1:0.6) and 3i, 3i’ (1:6) in 89 and
73% vyields, respectively. The electron-deficient bis-4-trifluor-
omethyl-substituted diphenylphosphine oxide was found to be
amenable under our conditions and delivered 72% of 3j, 3j’
(1:0.4). Di-a-naphthyl and di-B-naphthylphosphine oxides were
converted in our protocol furnishing 68% of 3k and 75% of 31,
31’ (1:0.3), respectively.

Ethyl phenylphosphinate was employed in our protocol
(Table 3) with various alkynes and found suitable for the PEC
conditions furnishing moderate to excellent yields of the desired
products (3m, 79%; 3n, 81%; 30, 77%; 3p, 74%). Furthermore,
alkyl arylphosphine oxides were reacted. Methyl phenyl
phosphine oxide and ethylphenyl phosphine oxides reacted
with diphenylacetylene and di-p-tolylacetylenes affording the
corresponding products in very good yields respectively (3q,
82%; 3r, 85%; 3s, 79%; 3t, 80%). Diphenylphosphine sulfide

https://doi.org/10.1021/acscatal. 4c06292
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Table 2. Substrate Scope for the Photoelectrochemical Dehydrogenative Annulation with Various Substituted Diarylphosphine
Oxides™”

PC4 (5 mol%), undivided cell \
/}ID Ph ' TBAPF, (1 equiv.) 0 )= N _N
Q R
N A o\ A
_ O 5 i
AN R * / F?] 9 O+ _ / Ph

= DMF (4 mL), 28°C, 3 h
Constant Voltage (CV) = 1.8 V Ph
456 nm Kessil Lamp

1 2a 3 (a-)

ha
3
%

@ Scope of Diarylphosphine oxides - P(V) Scope @

L I T D 0
1] 1\ 1} \ 1}
P P P P P
@Ph mPh mph ) —Ph ) —Ph
Ph Ph Ph

Ph Ph
3a 3b:3b'=25:1 3c:3c'=1:25
87%, 2.4 F/mol 92% 78%
Bu Bu X X
2 563 56! S 0
P P Bu P P X P
Y, Ph / Ph / Ph / Ph / Ph
Bu X
Ph Ph Ph Ph Ph
3e:3e'=1:0.8 X=Cl,3f:3f=1:0.6,82%
88% 86% X=F,3g:3g" =1:0.54, 74%
OMe OMe

/@’ /@/ MeO MeO
(o] o) OMe
‘g MeO L i ‘
Y, Ph Y, Ph / Ph ©12—
MeO

OMe

Ph Ph
3h:3h'=1:0.6 :3i'=1:6
89% 73%

0 Q 0 Q Ph—# "P=
\l\D FaC ‘|5 \\ \\

/ Ph / Ph / Ph O / Ph

FsC
Ph Ph Ph
3j:3j'=1:04 3k 31:3'=1:03
2% 68% 75%

“Standard reaction condition unless otherwise specified: 1 (0.4 mmol), 2a (0.2 mmol), PC, (5 mol %), TBAPF; as electrolyte (1.0 equiv), DMF (4
mL), light irradiation from 456 nm Kessil lamp, electrolysis by using constant voltage (CV) of +1.8 V in an undivided cell equipped with a graphite
anode (+) and a Pt foil cathode (=) for 3 h. “Isolated yield of two successive batches.

reacted in the PEC protocol, giving the products 3u in 61% yield (Table 4). The reactions of 1,2-di-p-tolylethyne and 1,2-bis(4-

and 3v in 67% yield. ethylphenyl)ethyne yielded the products 4a (93%) and 4b
Next, we explored the reactions of nonactivated internal (86%). Electron-rich 1,2-bis(4-methoxyphenyl)ethyne pro-
alkynes in our scheme and started with symmetrical alkynes duced 4c in 82% yield, while the electron-deficient halo
17961 https://doi.org/10.1021/acscatal.4c06292
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Table 3. Substrate Scope for the Photoelectrochemical Dehydrogenative Annulation with Ethyl Phenylphosphinate, Alkyl

Arylphosphine Oxides, and Diphenylphosphine Sulfide™”

PC, (5 mol%), undivided cell

: o) 5
Y\\P/o TB?I’»FS(1\e'q'U|v.) \l‘D/O E N\\ //N
M * ‘/é// — ] &— :
’ { (P D
DMF (4 mL), 28°C, 3 h .
Constant Voltage (CV) = 1.8V '
" e Lo L 0 O
1 2 3 (m-v) E O O
(Y=0,8) :
: PC;
@ Scope of Ethyl Phenylphosphinates - P(V) Scope @
o] o] 0 o]
\'\D,OEt \lé),OEt E)/OEt ‘}é)/OEt
/ Ph Y TMS Y Me /
Ph Ph Ph
3m 3n 30 3p
79% 81% 7% 74%
@ Scope of Alkyl Arylphosphine Oxides - P(V) Scope @
n, (\)‘/ e (\)‘/Et Q‘/ t
R P P P
< U< OO O
3q 3r 3s 3t
82% 85% 79% 80%

S Ph

3u
61%

@ Scope of Diphenylphosphine Sulfides - P(V) Scope @

S Ph
P
/

3v
67%

“Standard reaction condition unless otherwise specified: 1 (0.4 mmol), 2 (0.2 mmol), PC; (5 mol %), TBAPF; as electrolyte (1.0 equiv), DMF (4
mL), light irradiation from 456 nm Kessil lamp, electrolysis by using constant voltage (CV) of +1.8 V in an undivided cell equipped with a graphite
anode (+) and a Pt foil cathode (=) for 3 h. “Isolated yield of two successive batches.

derivatives 1,2-bis(4-fluorophenyl)ethyne, 1,2-bis(4-
chlorophenyl)ethyne, and 1,2-bis(4-bromophenyl)ethyne gave
the respective benzo[b]phosphole oxide products 4d in 71%, 4e
in 83%, and 4f in 78% yield, respectively. 1,2-Bis(4-
(trifluoromethyl)phenyl)ethyne, bearing strongly electron-with-

drawing trifluoromethyl substituents, furnished 4g in an
excellent yield of 89%. Employing 1,2-bis-
(diphenylphosphaneyl)ethyne as the alkyne partner, we
obtained 71% of oxidized product 4h. 4-Octyne was well
tolerated under our conditions and gave 75% of product 4i. 1,2-

17962 https://doi.org/10.1021/acscatal.4c06292
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Table 4. Substrate Scope for the Photoelectrochemical Dehydrogenative Annulation with Various Symmetrical Internal

Alkynes™"”
PC; (5 mol%), undivided cell
(o) TBAPFg (1 equiv.)
“ _Ph

DMF (4 mL), 28°C, 3 h

Constant Voltage (CV) =1.8 V

456 nm Kessil Lamp

e —

0
\ﬁ),Ph N N

N

1a 2 4 (a-l)
PC,
@ Scope of Symmetrical Internal Alkynes @
Q_Ph Q_Ph Q_Ph Q_Ph

O~ 1y
O

R OMe

0,
4a, R=Me, 93% 4c, 82%

4b, R=Et, 86%

4k, 84%

O

4i, 75%

CF;

4d, X=F, 71%
4e, X=Cl, 83%
4f, X=Br, 78%

4g, 89%

§ )P

Q Pn

1y
»

Ph
4j, 89%

41:4I'=1:0.54
78%

“Standard reaction condition unless otherwise specified: 1a (0.4 mmol), 2 (0.2 mmol), PC, (5 mol %), TBAPF; as electrolyte (1.0 equiv), DMF (4
mL), light irradiation from 456 nm Kessil lamp, electrolysis by using constant voltage (CV) of +1.8 V in an undivided cell equipped with a graphite
anode (+) and a Pt foil cathode () for 3 h. bIsolated yield of two successive batches.

Di([1,1'-biphenyl]-4-yl)ethyne resulted in product 4j in a very
good yield of 89%. 1,2-Di(thiophen-2-yl)ethyne was amenable
under the PEC conditions and delivered product 4k in 84%
yield. Surprisingly, using the diyne 1,4-bis(phenylethynyl)-

benzene resulted in bisannulation using the double amount of

diphenylphosphine oxide to furnish products 41, 41' (1:0.54) in
78% yield.

After exploring the tolerability of symmetrical alkynes, we
moved on to study the substrate spectrum by employing a series
of unsymmetrical alkynes (Table 5). We began with prop-1-yn-
1-ylbenzene and but-1-yn-1-ylbenzene as the annulation

https://doi.org/10.1021/acscatal. 4c06292
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Table S. Substrate Scope for the Photoelectrochemical Dehydrogenative Annulation with Various Unsymmetrical Internal

Alkynes™"”
PC; (5 mol%), undivided cell
(@) TBAPFg (1 equiv.)
\ _Ph

DMF (4 mL), 28°C, 3 h
Constant Voltage (CV) = 1.8 V
456 nm Kessil Lamp

s i

4m, R=Me, 86% 40, R=Me, 61%
4n, R=Et, 82% 4p, R=Et, 67%

(0]
\|‘3’Ph
Qg
OMe
4s :4s'=1:0.84,57%

Q Pn

W,
P
O Y OH

4u, 68%

e —

@ Scope of Unsymmetrical Internal Alkynes @

?:\),Ph
NO,

\)

4 (m-v)
PC,
Q_Ph Q Ph
C P (@) P 0]
7 (e} 7 o—
Vi N
) )
Cl
4q, 69% 4r, 56%
Q_Ph
P
O Y TMS
4t, 84%

O

4av, 74%

“Standard reaction condition unless otherwise specified: 1a (0.4 mmol), 2 (0.2 mmol), PC, (5 mol %), TBAPF as electrolyte (1.0 equiv), DMF (4
mL), light irradiation from 456 nm Kessil lamp, electrolysis by using constant voltage (CV) of +1.8 V in an undivided cell equipped with a graphite
anode (+) and a Pt foil cathode (=) for 3 h. “Isolated yield of two successive batches. Reaction proceeds with good regioselectivity, only for

compound 4s, a mixture of regioisomers is obtained.

partners and obtained a very good yield of the products 4m and
4n in 86 and 82%, respectively. Employing the methyl and ethyl
esters of 3-phenylpropiolic acid, we were able to isolate the
respective products in moderate yields (40, 61%; 4p, 67%).
Ethyl 3-(4-chlorophenyl)propiolate and methyl 3-(pyridin-2-
yl)propiolate were also tolerated well and delivered the products
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(4q, 69%; 4r, 56%). A combination of both electron-donating
and -withdrawing substituents was present in the alkyne, 1-
methoxy-4-((4-nitrophenyl)ethynyl)benzene which furnished
the regioisomeric products 4s, 4s’ (1:0.84) in S7% vyield.
Trimethyl(phenylethynyl)silane gave an excellent yield of 84%
of product 4t in our PEC protocol. In addition, tertiary

https://doi.org/10.1021/acscatal. 4c06292
ACS Catal. 2024, 14, 17958—17971


https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=tbl5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Scheme 2. Scale-Up Reactions and Radical Inhibition Studies”
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“(a) Gram-scale reaction, (b) one-pot batch scale-up of 3a (sustainability of PC, and recyclability of electrodes), (c) radical scavenging
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Figure 1. (a) Stern—Volmer plots for the fluorescence quenching of PC, with 1a (black line) and 2a (red line). (b) Cyclic voltammetric plots of the
starting materials 1a (black trace), 2a (red trace), PC, (green trace), and the reaction mixture (blue trace).
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Figure 2. (a) EPR analysis of the reaction mixture. (b) EPR analysis of the phosphinoyl radical trapped with DMPO. () In situ spectroelectrochemical
UV—vis data for reversible le~ reduction of PC,. (d) UV—vis spectra of a 1:1 mixture of PC, and 1a under intervals of light irradiation. (e) Light on—

off experiment. (f) Electricity on—off experiment.

propargylic alcohols and alkynones were found to be suitable for
our transformation and delivered good yields of the products
(4u, 68%; 4v, 74%). However, phenylacetylene and enynes did
not provide the desired product under our optimized conditions.
The regioselectivity of the products was governed by the stability
of the alkenyl radical intermediate formed during the PEC
process (vide infra).

We scaled the standard reaction to 10 times (Scheme 2a) and
obtained an excellent yield of the intended product 3a (598 mg,
79%). In addition, the photocatalyst 4CzIPN was recycled
through single catalyst loading for a one-pot batch scale-up using
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the same electrodes. For this, we performed the first batch of the
photoelectrochemical reaction with 1a (0.4 mmol), 2a (0.2
mmol), PC, (5 mol %), and TBAPF; (1 equiv) in 8 mL of DMF
for 3 h. Then, we introduced a further 0.4 mmol of 1a, 0.2 mmol
of 2a, and electrolyte (20 mol %) and ran the second batch of the
reaction. The successive addition of the third batch of reactants
was done, and the reaction was performed until completion,
giving after 9 h the desired product 3a in 82% yield (Scheme 2b).

To support the proposed mechanism, we performed some
controlled experiments. We noted that the model reaction was
completely suppressed when performed along with radical
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Scheme 3. Plausible Mechanism for the Photoelectrochemical Dehydrogenative Annulation
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scavengers, namely, 2,2,6,6-tetramethylpiperidin-1-yl-oxidanyl
(TEMPO) and 2,6-di-tert-butyl-4-methylphenol (BHT). The
BHT-adduct and TEMPO-adduct fragments of diphenylphos-
phine oxide were detected in HRMS, thereby validating the
radical intermediacy of the reaction (Scheme 2c).'”

To gain more insight into the mechanistic details of our
scheme, we recorded the UV—vis spectra of PC, and the starting
materials. We could not find any relevant ground-state
interaction between PC, with 1a/2a (see the SI). Then, we
measured the steady-state emission spectra of PC, and observed
fluorescence quenching by stepwise addition of the reactants to a
1.5 uM solution of PC, excited at 450 nm. From the resulting
Stern—Volmer plot, it was evident that 1a was the primary static
quencher (Figure 1a) and that a reductive quenching pathway
between PC,; and 1a can be formulated. Furthermore, the cyclic
voltammetric studies (Figure 1b) disclosed that PC, (E,,,* =
+1.49 V vs SCE) can photo-oxidize 1a (EP,a =121V vsSCE) to
furnish radical ion pairs PC,*” and 1a** (see the SI). These
radicals were also examined via EPR measurements of the
reaction mixture to obtain PC,*~ (g = 2.004) and DMPO (5,5-
dimethyl-1-pyrroline-N-oxide) trapped 1a** (Figure 2a,b)."*
These hypotheses were supported by the spectroelectrochem-
ical data from le” reduction of PC, (Figure 2c) and UV—vis
analyses of a 1:1 mixture of PC; and 1a under constant intervals
of light irradiation where the isosbestic point near 340 nm
reveals the formation of the radical ion pairs (Figure 2d). Light
on—off and electricity on—off experiments were performed to
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validate the continuous prerequisite roles of both light irradiance
and a constant supply of electricity through constant voltage
mode throughout the reaction (Figure 2e,f).

Based on the spectroscopic studies and the controlled
experiments, we were able to delineate in detail a plausible
mechanistic picture (Scheme 3). Initially, photoexcited PC,*
oxidizes 1a by a single electron transfer (SET) process. The key
role of electricity comes into action by regenerating the active
form of catalyst PC, by anodic oxidation of PC,*". 1a®*, thus
formed gets deprotonated in situ by the solvent, as DMF can act
as a weak base to generate the stable double benzylic P-centered
radical intermediate I. Then, alkynes 2 react with I to produce
the second alkenyl radical intermediate II. In the case of
unsymmetrical alkynes, the more stable alkenyl radical with
resonance stabilization is formed regioselectively. The fate of IT
lies in either S-exo-trig or 4-exo-trig cyclizations. The delocalized
cyclohexadienyl radical intermediate IIla is formed upon S-exo-
trig cyclization which is further oxidized to cationic intermediate
IVa either by the excited photocatalyst (Path A) or through
anodic oxidation (Path B). The reversible 4-exo-trig cyclization
of II on the ipso-carbon atom results in the formation of
spirocyclohexadienyl radical intermediate IIIb which can either
revert back to II based on the steric nature of the substituents
present in the P-aryl rings or can undergo ring expansion to form
the radical intermediate IIlc which gets oxidized in a similar
fashion to that of IlIa to produce the cationic intermediate IVb.
Subsequent deprotonation and rearomatization of IVa/b
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Scheme 4. Intermolecular Competition and Kinetic Isotopic Experiments”
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“(a) Intermolecular competition between electron-rich and electron-deficient alkynes. (b) Intermolecular competition between aromatic and
aliphatic substituted alkynes. (c) Intermolecular competition between diarylphosphine oxide and alkyl arylphosphine oxide. (d) Kinetic isotopic

experiment.

furnish the desired benzo[b] phosphole oxide products 3, 3’, or
4. To maintain the electrical neutrality of the solution, protons
are reduced in the cathode to produce H, gas which was
detected by GC-TCD analysis of the reaction mixture headspace
(see the SI). The regioisomeric ratios of the products in the
scope of substituted diarylphosphine oxides indicate that the S-
exo-trig cyclization of II is the dominant pathway in the major
cases. However, in the case of the phosphine oxides having
ortho-substituents on the P-aryl rings (3¢, 3i), the formation of
the intermediate IIIa would suffer from steric repulsions, which
in turn can be avoided on the formation of the spirocyclohex-
adienyl radical intermediate IIIb, hence preferring the 4-exo-trig
pathway to produce the other regioisomer selectively in excess.

Intermolecular competitive photoelectrochemical annula-
tions were performed with alkynes and phosphine oxides,
specifically with different electronic properties. Electron-rich 2¢
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and electron-deficient 2g furnished similar yields of respective
products, while 2c¢ and 2i in competition formed 3a
predominantly over 4i. Diarylphosphine oxide 1a dominated
over alkyl arylphosphine oxide 1t to produce 3a as the major
product (Scheme 4a,c). Kinetic isotopic studies reveal that the
formation of a phosphinoyl radical is involved in the rate-
determining step. The ratio of ky;/kp, was found to be 3.72, when
the standard reaction was performed with deuterodiphenyl-
phosphine oxide (la-d;) which indicates a primary kinetic
isotopic effect (Scheme 4d)."°

The benzo[b]phosphole oxide products have attracted
attention in their applications in organic light-emitting diodes
(OLEDs), organic photovoltaic solar cells (OPVs), cell imaging
dyes, fluorescent probes, and block copolymers. The synthesized
products 3a, 4j, 4k, and 41 are some of the most common
examples, demonstrating the synthetic value and practical

https://doi.org/10.1021/acscatal. 4c06292
ACS Catal. 2024, 14, 17958—17971


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c06292/suppl_file/cs4c06292_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06292?fig=sch4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

applicability of this PEC methodology. The photophysical
properties of some of the products were determined for their
applications (see the SI).

B CONCLUSIONS

In summary, we have established a sustainable and scalable
photoelectrochemical strategy to construct diverse benzo[b]-
phosphole oxides by eliminating the conventional use of
stoichiometric transition-metal oxidants, sacrificial additives,
and bases. The photocatalytic pathway triggers a radical
mechanism that initiates an intermolecular SET between the
organophotocatalyst 4CzIPN and secondary phosphine oxides.
Electrochemistry serves as a greener oxidant. Moreover, detailed
mechanistic investigations based on cyclic voltammetry,
spectroelectrochemistry, fluorescence quenching, EPR spectro-
scopic, and kinetic isotopic studies experimentally support the
proposed reaction pathway. A wide functional group tolerance
and a one-pot batch scale-up were observed due to the
reusability of the photocatalyst and the electrodes. The fusion
of PRC and SOE for sequential P—H/C—H functionalization
was achieved, allowing a simpler protocol to synthesize
benzo[b]phosphole oxides, a class of molecules with eminent
importance in the domain of material science.

B MATERIALS AND METHODS

Materials. The chemicals were obtained from commercial
sources and were used as received unless otherwise specified
(see the SI for more details).

Methods. An oven-dried ElectraSyn vial (S mL) equipped
with a magnetic stirring bar was charged with secondary
phosphine oxide 1 (0.4 mmol, 2.0 equiv), alkyne 2 (0.2 mmol,
1.0 equiv), PC; (5 mol %, 0.01 mmol), and TBAPF (0.2 mmol,
1.0 equiv). Exactly 4 mL of DMF was added to the ElectraSyn
vial. An ElectraSyn vial cap equipped with Graphite SK-50 as an
anode and IKA Platinum foil as a cathode was fitted tightly to the
reaction vial. The reaction mixture was then stirred vigorously
for 10 min to make the mixture homogeneous. The reaction
mixture was simultaneously electrolyzed for 3 h by applying 1.8
V constant potential with 1200 rpm magnetic stirring under
irradiation with a Kessil PR160—456 nm lamp. After completion
of the reaction, the reaction mixture was extracted and purified
by column chromatography (see the SI for more details).

B ASSOCIATED CONTENT
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