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ABSTRACT: This work demonstrates the photocatalytic cyclization of 2-phosphinobiaryls to dibenzophospholes. Using mild
conditions, readily available 2-phosphinobiaryls were converted into trivalent P-alkyl- and P-aryl-dibenzophospholes. In
this process, a P-substituent was lost from the starting phosphine in the form of a radical with preferential elimination of
alkyl groups rather than aryl groups. Mechanistic experiments and quantum chemical calculations suggested that the 2-
phosphinobiaryl undergoes a single electron oxidation by the excited photocatalyst to form a phosphine radical cation that
then converts to the dibenzophosphole via a radical chain mechanism. Computational and experimental explorations of sin-
gle electron transfer events uncovered two “hidden” radical-termination pathways, one regenerating the 2-phosphinobiaryl
starting material and the other giving a phosphonium side product. These pathways explain the low quantum yield of the

reaction and the need to use a photoredox catalyst with both oxidizing and reducing abilities.

INTRODUCTION

Dibenzophosphole and its derivatives have emerged as a
fascinating class of organophosphorus compounds exhibit-
ing distinctive electronic and photochemical properties,
and so are promising candidates for various applications.
3 The properties of such compounds are known to be af-
fected by the valency of the phosphorus atom and by the
specific substituents.* In particular, it would be desirable
to devise methods for the synthesis of trivalent dibenzo-
phospholes that enable facile modification of the phospho-
rus center. At present, these compounds are typically syn-
thesized via the nucleophilic substitution reactions of di-
chlorophosphines with 2,2’-dilithiobiaryls generated by
halogen-lithium exchange with the corresponding dihalo-
biaryls and alkyllithium reagents.5 In contrast, the cycliza-
tion of 2-phosphinobiarylsé- through direct C-H function-
alization could potentially allow the synthesis of dibenzo-
phospholes. Available C-H activation methods were ap-
plied solely to the production of pentavalent dibenzophos-
phole derivatives such as phosphole oxides!®-17 and phos-
pholanium salts8-21 until Tobisu and Chatani introduced
the palladium-catalyzed cyclization of 2-
(diarylphosphino)biaryls based on a C-H/P-Ar double
activation as a means of synthesizing trivalent dibenzo-
phospholes (Figure 1a and 1b).22 Even so, the construction
of P-alkyldibenzophospholes using this palladium-
catalyzed approach requires a phosphine with three dif-
ferent P-substituents as a starting material and thus far
only a single example of this process has been reported.

During our work on developing new reactions for the
molecular-editing of tertiary phosphines,?3-27 the photo-
catalytic cyclization reactions of 2-phosphinobiaryls were
found to produce dibenzophospholes (Figure 1c). In con-
trast to the palladium-catalyzed method, this process is
applicable to 2-P,P-diorganobiaryls having alkyl or aryl
substituents on the phosphorous atom of the diorgano-
phosphino core. Hence, a range of structurally diverse P-
alkyl- and P-aryl-dibenzophospholes can potentially be
obtained.

Photoredox catalysis has brought about a renaissance in
synthetic organic chemistry. However, the underlying re-
action mechanisms involving single-electron transfer
pathways remain elusive. In the present work, we tackled
this issue with a comprehensive mechanistic investigation
through a combined approach of computational and exper-
imental studies. As a result, a radical-chain mechanism
initiated by the single electron oxidation of the starting
phosphine was suggested for the photocatalytic cyclization
of diorganophosphinobiaryls to the corresponding triva-
lent dibenzophospholes. Additional computational and
experimental exploration uncovered two off-cycle chain
termination pathways respectively giving the original 2-
phosphinobiaryl and a phosphonium side product. In this
process, the photocatalyst both oxidizes the starting sub-
strate to initiate the radical chain reaction and reduces the
phosphonium side product such that it reenters the radical
chain reaction cycle.
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Figure 1. Cyclization of 2-phosphinobiaryls to dibenzophos-
phole derivatives. (a) Oxidative cyclization. (b) The palladium-
catalyzed approach. (c) The photocatalytic approach (this
work).

METHODS

Typical procedure for the synthesis of 4a. To an oven-
dried 4 mL vial equipped with a stirrer bar, Irl (1.1 mg,
0.001 mmol, 1.0 mol%) and 2-phosphinobiaryl 1a (29.8
mg, 0.10 mmol) were added. The vial was purged with ar-
gon gas and was taken into a nitrogen-filled glove box. In
the glove box, isopropyl alcohol (1.0 mL) was added to the
vial. The vial was capped and taken out of the glove box,
and the solution was stirred under photoirradiation (470
nm) at ambient temperature for 15 h. After irradiation, the
solvent was removed under reduced pressure. Acetone (1
mL) and a few drops of an aqueous solution of H202 (ca.
30%) were sequentially added to the residue, and the mix-
ture was stirred at room temperature for 0.5 h. Then, the
resulting mixture was concentrated under reduced pres-
sure. The crude mixture was purified by preparative thin-
layer chromatography (CH2Clz/CHsOH = 97:3) to give 4a as
white solids (20.0 mg, 0.078 mmol, 78% yield).

RESULTS AND DISCUSSION

Reaction Development. Initial work employed the
commercially available compound 2-(di-t-
butylphosphino)biphenyl (1a), otherwise known as a
Buchwald-type JohnPhos ligand,?8 as the starting substrate.
In these trials, a solution of 1a (0.1 M) was irradiated with
blue light-emitting diodes (LEDs, 470 nm) in the presence
of the photocatalyst [Ir(dFCFsppy).dtbbpy]PFs (Ir1, 1
mol%) at ambient temperature for 15 h. The resulting
yield of dibenzophosphole 2a was determined by analysis
of the crude reaction mixture using *H NMR. The reaction
in toluene afforded a small amount of 2a (10%) but the
majority of the starting phosphine was recovered (Table 1,
entry 1). The use of more polar solvents such as acetoni-
trile (CHsCN) and tetrahydrofuran (THF) improved the
yield of 2a (entries 2 and 3). Further screening of solvents

revealed that protic solvents were best suited to this pro-
cess. The reaction in methanol (CHsOH) afforded the target
product (2a) in an 83% yield (entry 4). Finally, isopropyl
alcohol (i-PrOH) was found to be the most effective, giving
2aina93% yield (entry 5).

Table 1. Optimization of the photocatalytic cyclization

reaction of 2a.2
p

catalyst (1 mol%)
_—m
solvent, rt, 15 h

p tBu blue light (470 nm) ’
B t-Bu
1a 2a
(Eprz = +0.65 V) O O
+
R -
t+Bu \t-Bu X
3a
entry catalyst solvent yield of 2a
1 Irl toluene 10%
2 Irl CHsCN 40%
3 Irl THF 56%
4 Irl CHs0H 83%
5 Irl i-PrOH 93%
6 Ir2 i-PrOH 96%
7 Ir3 i-PrOH 0%
8 Ir4 i-PrOH 5%?9
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I
[Ir(dFCFappy)Zdtbbpy]PFe Ir2

Eqp(IM™/Ir'Y): +0.66 V

(Ir1)
Eqp(™/r'): +1.21 V Eqpp(Ir): 1,51 v

Eqp(Irir): —1.37 v

Ir3 Ir4
Eqp('™/Ir): +0.35 V Eqp(™/Ir): +1.68 V
Eqp(irir): —2.19 v Eqpo(Irir'): ~0.69 V

a1a (0.10 mmol), catalyst (0.001 mmol, 1 mol%), solvent (1
mL), blue LEDs (470 nm), rt, 15 h. Yields determined by 'H
NMR using 1,1,2,2-tetrachloroethane as an internal standard.
A 7% yield of 3a was observed.

A series of iridium photocatalysts having different redox
characteristics was subsequently examined. Photocatalyst
Ir2 [E1/2 (Ir'"/IrY) = +0.66 V vs SCE in CH3CN]?° produced
2a in a yield comparable to that obtained using Irl [E1,2
(Irm*/Ir") = +1.21 V vs SCE in CH3CN]3° whereas the reac-
tion did not proceed with the weakly oxidizing catalyst Ir3
[E1/2 (Ir'™/Ir") = +0.35 V vs SCE in CH3CN]3! (Table 1, en-
tries 6 and 7). Considering the oxidation potential of 1a
(Ep/2 = +0.65 V vs SCE in CH3CN), these results suggested
that electron transfer from 1a to the excited photocatalyst



was involved in the reaction mechanism. Product 2a
showed a higher oxidation potential (Ep/2 = +1.43 V vs SCE
in CHsCN), indicating that product oxidation is unlikely to
occur under these reaction conditions. It should also be
noted that the use of the strongly oxidizing catalyst Ir4
[E1/z (Ir'™/Ir) = +1.68 V vs SCE in CH3CN]32 resulted in a
very low conversion of the starting phosphine and gave
phosphonium salt 3a as a side product (entry 8).

Derivatization of Dibenzophosphole. The product 2a
could be derivatized to produce various other compounds
through modification at the phosphorus atom (Scheme 1).
As an example, treatment of crude 2a with an aqueous
solution of hydrogen peroxide (H:02)afforded phosphine
oxide 4a in a 78% yield. Phosphine sulfide 5a and phos-
phonium salt 6a were also synthesized in trials using ele-
mental sulfur (Ss) and methyl iodide (Mel), respectively. In
addition, treatment with BH3-THF provided the borane
adduct (7a) in a 71% yield.

H,0, aq (3 drops)

acetone, rt, 30 min

Sg (1.5 equiv)
/ THF, rt, 48 h 7\
Ir1 (1 mol%)

o 2]

i-PrOH, rt, 15 h
blue light (470 nm)
Mel (2.0 equiv)

toluene, 40 °C, 24 h

6a, 70%

BH3THF (1.5 equiv)
R

THF, rt, 15 h

HE tBu
7a,71%

Scheme 1. Derivatization of 2a.

Substrate Scope. Various 2-phosphinobiaryls were also
applied to the present photocyclization reaction. The pres-
ence of secondary alkyl moieties such as isopropyl and
cyclohexyl groups as P-substituents on the 2-(P,P-dialkyl-
phosphino)biphenyl was found to be tolerated and the
corresponding P-alkyldibenzophosphole oxides (4b and
4c) were obtained in 88% and 77% yields, respectively,
after oxidation of the trivalent phospholes. In contrast, P,P-
diethylphosphinobiphenyl reacted more slowly, affording
the cyclized product 4d in a moderate yield. The reaction
also proceeded in the case that PP-
diphenylphosphinobiphenyl (1e) was employed, produc-
ing dibenzophosphole 4e via the elimination of one of the
phenyl groups. Thus, both P-alkyl and P-phenyl substitu-
ents could be eliminated during the present photocatalytic
reaction. This process is evidently superior to existing pal-
ladium-catalyzed reactions in which only aryl moieties can
function as leaving groups. The effects of the substituent
on the terminal phenyl ring of the starting phosphinobiaryl
were also examined. Substrates having one or more methyl

groups at the para, ortho or meta positions of the terminal
phenyl ring were found to participate in this reaction (4f-
4h). The presence of a fluorine atom also did not affect the
reaction efficiency (4i) whereas a C-Cl bond was found to
be labile, undergoing dehalogenative decomposition under
these reaction conditions (4j). Electron-withdrawing func-
tional moieties such as trifluoromethyl, cyano and amide
groups were all tolerated (4K, 41 and 4m). The reaction
also proceeded with electron-donating methoxy and 4-
carbazoyl groups on the starting phosphinobiaryl (4n and
40). Finally, this technique could be used to synthesize
dibenzophospholes having extended m-systems (4p, 4q
and 4r).

Using the same substrates, the resulting dibenzophos-
pholes could also be isolated as borane complexes through
reaction with BH3-THF. Borane complexes 7b, 7f, 7i, 7K,
70 and 7p were obtained in yields comparable to those of
the corresponding phosphine oxides, demonstrating the
practicality of this method for synthesizing trivalent
dibenzophospholes.

The reaction of a phosphinobiphenyl bearing a methyl
group at the meta position of the terminal phenyl ring (1s),
which had two possible sites for C-P bond formation, af-
forded a mixture of 4s and 4s’ in 44% yields with no site-
selectivity (4s/4s’ 50:50). In contrast, a substrate with a 9-
carbazoyl substituent at the meta position (1t) gave the
corresponding products (4t and 4t’) in a ratio of 62:38,
suggesting that the electronic properties of meta-
substituent can affect the site-selectivity of the cyclization.

Dibenzophosphole derivatives with electron-donating
substituents are expected to function as photoluminescent
materials.33 Thus, the optical properties of the carbazole-
substituted dibenzophospholes produced in this work (4o,
4t and 4t’) were assessed. Although all these compounds
produced similar emission spectra (Amax = 425, 422 and
432 nm, respectively), 4t showed significantly weaker
luminescence compared with the other compounds (See
Supporting Information for details). This outcome is as-
cribed to the lack of effective conjugation between the
dibenzophosphole ring and the carbazolyl group in 4t’.

When the reaction was conducted with a phosphinobi-
phenyl possessing t-butyl and phenyl groups as two differ-
ent P-substituents (1u), the t-butyl group was preferential-
ly eliminated such that only P-phenyldibenzophosphole 4e
was produced. We assumed that a P-substituent was lost
from the starting phosphine in the form of a radical with
preferential elimination of a t-butyl group rather than a
phenyl group. This result is in contrast to the selective P-
C(phenyl) bond cleavage that occurs in the case of the pal-
ladium-catalyzed reaction to give a P-alkyl dibenzophos-
phole.22



Table 2. Substrate scope.®

H20; aq

_/R2 —)_R2 | acetone, rt, /R2 /R2
\ "~/ Ir1 (3 mol%) \ 30m|n
S —
Rt i-PrOH, rt, 24 h P R
;R blue light (470 nm) R BHs THE "\ HsB ¥
R 5 THF, rt, 15 h 4 7
“ Me
/,\
Nipr O Cy J Et d Ph I-Pr
4b 4c 4d 4e 4f 49
88%° 77%P 66% 67% 76% 0%
// \, pr M ,.pr /-Pr I Pr // \/-Pr /-Pr
4h 4| 41 4k al 4m
89% 55% 10% 60% 70% 62%
“ Qg Q) Q
I-Pr I-Pr // \I Pr // \ // \ Q
4n 4o 4p
80% 69% 63% 40% 35%
H,B " :-Pr H,B H,B 33" /Pr 3|3" :—Pr B" lPr
7b 7f 7i 7k
57%P 65% 59% 89% 619%P 56%
R yield (4+4°)

44%b

(4s/4s’ 50:50)

IPI‘OH r, 24 h acetone, rt,

Jp—iPr blue light (470 nm) 30 min ,_pr /-Pr N 76%
FPr 4sor 1t 4 o (av/at 62:38)
I @mory _ HOsaq
Y PrOH, rt, 24 h acetone, rt, P p
Ph/P ®BU biue light (470 nm) 30 min d ‘eh J Meau
1u 4e 4a
84% not detected

a1) 1 (0.10 mmol), Ir1 (0.003 mmol, 3 mol%), i-PrOH (1 mL), blue LEDs (470 nm), rt, 24 h; 2) For phosphine oxide: H202 (several
drops of a 30% aqueous solution), acetone (1 mL), rt, 30 min. For phosphine-borane: BH3-THF (1.5 equiv), THF (1 mL), rt, 15 h.
Isolated yields are shown. » Ir1 (0.001 mmol, 1 mol%), 15 h.

Synthetic Applications. The reaction was scalable. precursor with the phosphine ligand 2v took place, form-
When a 1 mmol quantity of 1a was used, trivalent diben- ing gold complex 2v-AuCl in quantitative yield.
zophosphole 2a was obtained in 96% yield simply by ex-
traction from a crude residue with hexane (Scheme 2a).

The 2-phosphinobiaryl moiety is a privileged molecular
framework found in Buchwald-type phosphine ligands.28
The present protocol was found to transform bis(2-
biphenyl)-t-butylphosphane (1v)34 directly into a new
Buchwald-type ligand (2v) featuring a dibenzophosphole
as the coordination site (Scheme 2b). This product was
found to be sufficiently stable in air to be isolated in the
form of a trivalent phosphine. The complexation of a gold
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Scheme 2. Synthetic applications.

Mechanistic Experiments. Subsequent to the above,
the reaction was performed in a sealed NMR tube to allow
the analysis of volatile byproducts. A trial using 1a in deu-
terated acetonitrile (CD3CN) generated isobutane (¢-Bu-H)
along with 2a (Scheme 3a). In contrast, a reaction in meth-
anol-ds (CD30D) yielded isobutane deuterated at the me-
thine carbon (¢-Bu-D, >95% D) (Scheme 3b). It was also
found that the reaction proceeded much more rapidly in
methanol than in acetonitrile. The use of CD30H resulted in
the formation of non-deuterated isobutane (t-Bu-H)
(Scheme 3c), indicating that the hydrogen atom at the me-
thine carbon of the isobutane was derived from the hy-
droxy group of the alcoholic solvent.

a) Reaction in CD3CN

Q82 S
CD CN, rt, 48 h + t-Bu—H

t—Bu’,P H blue light (470 nm)

26%
B t- Bu ©
1a 2a, 66%

b) Reaction in CD3OD
+ t-Bu—-D
CD oD, 1t, 8 h
48% (> 95% D)

P—t-Bu blue light (470 nm)
/

t-Bu tBu
1a 2a, 66%

c) Reaction in CD30H
+ tBu—H
CDy OH 1, 8h

P—t-Bu blue light (470 nm) 4%
4

t-Bu t-| BU
1a 2a, 76%

Scheme 3. Mechanistic Experiments.

The results detailed above suggested that the P-
substituent of the phosphine substrate was eliminated as a
radical species on the basis of homolytic C-P bond cleav-

age. To test this hypothesis, the reaction of 2-(di-t-
butylphosphino)biphenyl (1a) was conducted in the pres-
ence of activated alkenes intended to trap any eliminated
tert-butyl radicals via C-C bond formation (Scheme 4). The
irradiation of a 1:1 mixture of 1a and benzyl acrylate with
blue LEDs in the presence of photocatalyst Irl gave the
expected tert-butylated product 8 in an 87% yield along
with the quantitative formation of 2a. The tert-butylated
product was also obtained in a trial with diisopropyl
fumarate and with the electronically neutral 1,1-
diphenylethylene, affording 9 and 10, respectively. These
observations provided support for the formation of ¢t-butyl

radical species as intermediates.

P—tBu E
t-Bu o t-Bu
1a Ir1 (1 mol%) 2a, > 95%

—_—
CHsCN, rt, 15 h
blue light (470 nm)

R! t-Bu
"X A

+

R? R3
(1.0 equiv) H R2
tBu O t-Bu O t-Bu
i-Pro Ph
oBn ' \n)\(u\o,'-Pr S(
O H H Ph
8, 87% 9, 79% 10, 93%

Scheme 4. Photocatalytic reactions of 1a with alkenes.

Computational Study. Quantum chemical calculations
were also carried out to model the reaction forming diben-
zophosphole 2a, working at the ®wB97X-D/6-
31+G(d,p)/SMD(CH30H) level of theory with an empirical
correction for translational and rotational entropies3>
(Figure 2a). The results confirmed the feasibility of a radi-
cal chain reaction mechanism initiated with phosphine
radical cation A. In this process, A is generated via the sin-
gle-electron oxidation of 1a by the excited state photocata-
lyst.36 This cation (0.0 kcal mol-3, all other Gibbs free ener-
gies are relative to this point) then undergoes a facile 5-
endo-trig cyclization and appends to the terminal phenyl
ring to form cyclohexadienyl radical species B (-8.7 kcal
mol-1) with a free energy barrier of 4.0 kcal mol-! (TS1).
The proton of B adjacent to the phosphorous atom subse-
quently undergoes a solvent-mediated abstraction by an-
other molecule of 1a through trimolecular transition state
TSz (10.7 kcal mol-1). In this manner, the electronically
neutral radical species C with pseudo Cz2y symmetry is gen-
erated along with the protonated phosphine (1a-H*) (-
11.1 kcal mol-1). The direct transfer of a proton from B to
1a involves a higher activation energy of 24.4 kcal mol-?,
which explains why the reaction was accelerated when
performed in an alcohol. The spin density, originally local-
ized at one of the two six-membered rings of the cyclohex-
adienyl radical intermediate B, is equally delocalized on
the two benzene rings in C (Figure 2b). One of the C(sp3)-P
bonds of C then becomes elongated until a t-butyl radical
(t-Bue) is lost in conjunction with the formation of a van
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Figure 2. (a) Energy diagrams calculated at the wB97X-D/6-31+G(d,p)/SMD(CH30H) level. All Gibbs free energies, incorporating
an empirical correction for translational and rotational entropies,1” are relative to A + 1a + methanol and are in kcal mol-! (see
Supporting Information). Methanol molecules are omitted in the figure. (b) Spin densities of selected intermediates and transition

state (indicated by the red mesh).

der Waals complex with 2a (2a---t-Bue, -17.4 kcal mol-
1).3738 This process involves a free energy barrier of 13.3
kcal mol-1. The decomplexation of 2a---t-Bue affords 2a
and a t-butyl radical (t-Bue) with a tiny change in free en-
ergy. The t-butyl radical then accepts a hydrogen atom
from the protonated phosphine (1a-H*) to afford isobutane
(t-Bu-H) with the concurrent regeneration of A. All the
elementary steps in this process are exergonic, with a total
stabilization energy (the energy difference between 1a and
2a+t-Bu-H) as high as 20.4 kcal mol-1.

The formation of t-Bu-D during the reaction using
CDs30D as the solvent (Scheme 3b) can be explained as fol-
lows. When the reaction is carried out in CD30D, a deuteri-
um atom is attached to the phosphorus atom to give 1a-D+
via a solvent-mediated proton transfer (TSz-d4). This deu-
terium is eventually abstracted by a t-butyl radical (t-Bue)
to produce the deuterated isobutane (t-Bu-D).

Although the computational studies provided a mecha-
nism for the radical chain pathway, the quantum yield of
the photocatalytic reaction of 1a was determined to be just
0.1 using potassium ferrioxalate as an actinometer
(Scheme 5).3940 This low quantum yield suggested the pos-
sibility of radical termination pathways in the reaction
mechanism. For this reason, the likelihood of single elec-
tron transfer (SET) events aside from the radical chain
reaction cycle was assessed.

Q O Ir1 (1 mol%) O O
lPrOH rt,3h
P—t-Bu blue light (405 nm,
/

+BU 4.8x107° einstein/s) £Bu

1a 2a, 5%
®=01

Scheme 5. Quantum yield (®) of the photocatalytic
cyclization reaction.

The SET processes occurring between a photoredox cat-
alyst and substrates/intermediates can involve a crossing
of potential energy surfaces,*!-4° equivalent to the seam of
crossing (SX) in the Marcus theory.50-55 In this work, possi-
ble SET events proceeding through SXs were examined
using a computational approachs¢ based on the energy-
shift method>758 implemented in the GRRM program.>®
Specifically, minimum energy SXs were explored for all the
calculated structures shown in Figure 2 over the potential
energy range from -2.0 V (55.9 kcal mol-1) to +1.0 V (125.0
kcal mol-1) (see Supporting Information for details). The
reduction potential for the Irl photocatalyst that was ex-
perimentally determined to be optimal [- 1.37 V (70.4 kcal
mol-1)] exhibited a minimum energy SX near the structure
of radical cation B (with a calculated electronic energy
barrier of < 0.1 kcal mol-t). This finding indicated that a
SET from the reduced state photocatalyst ([Ir]) to B can
occur to give cyclohexadienyl anion D along with the pho-
tocatalyst in the ground state ([Irl"]+), thus terminating the



radical chain process (Scheme 6a). Following this step, D
spontaneously undergoes a ring-opening reaction to re-
generate 1a, with a low Gibbs energy barrier (2.6 kcal mol-
1

).

The additional computational exploration of SET path-
ways indicated that B could also be reduced by C to pro-
duce phosphonium salt 3a and D without regeneration of
the photocatalyst. This involves a calculated Gibbs energy
barrier of 3.0 kcal mol-! (Scheme 6b).60

a) SET path from Ir to B

" [lr”']*_> . .

tBu /\
tBu tBu \tBu

B D 1a

b) SET path from Cto B
tBu/ \

t-Bu?
tBu tBuD , tBu ~tB
tBu’ “tBu C tBu’ “tBu 3a tBL( “tBu 3a

Scheme 6. Predicted SET pathways.

Experimental Supports for SET Pathways. To obtain
experimental support for the formation of the zwitterionic
species D as an intermediate, the protonating photocata-
lytic reaction of phenanthrene-substituted phosphine 1r
was performed (Scheme 7). This process was expected to
generate a more stable zwitterionic intermediate. In this
experiment, a solution of 1r was irradiated in the presence

of Irl and ammonium tetrafluoroborate as a proton source.

Phosphonium salt 11 was obtained in a 45% yield as the
primary product and the molecular structure of this com-
pound was unambiguously determined by single crystal X-
ray diffraction (CCDC: 2365577). This outcome suggested
that D was formed during the catalytic process.

O Ir1 (1 mol%)

O O NH,BF, (2.0 equiv)
—_—

Q CH4CN, 1t, 15 h
blue light (470 nm) N

/ H .
i-Pr Pripr
11, 45%

P’ \i—Pr

Scheme 7. Protonation trapping of the dearomatized
intermediate.

If the electron transfer process converting C to 3a that is
shown in Scheme 6b occurs, the photocatalytic reaction
would be expected to terminate prematurely because it
does not regenerate the ground state photocatalyst
([Ir'1]+). The fact that the reaction proceeded to comple-

tion with the appropriate catalyst implies the existence of
a pathway that allows 3a to reenter the radical chain pro-
cess (see Scheme 8). Consequently, the likelihood of this
backward reaction, meaning the reduction of 3a to C, was
investigated using a reduced state photocatalyst ([Ir!]).
This photocatalyst could be generated in situ by a reaction
with an amine reductant. In these trials, a mixture of
3a'BF4 (Ep/2 = -1.60 V vs SCE in CH3CN) and benzyl acry-
late was irradiated with blue LEDs in the presence of a
photocatalyst and N,N-diisopropylethylamine (i-Pr:NEt) as
a reductant (Table 3). The catalysts Ir1, Ir2 and Ir3 were
all found to reduce 3a'BFs to phosphine 2a under these
conditions.t1-68 The t-butyl radical eliminated in each ex-
periment was then trapped by the alkene to form 8 (Table
3, entries 1-3). In contrast, the weakly reducing catalyst
Ir4 [E1/2(Ir'"/Ir") = -0.69 V vs SCE in CH3CN] failed to give
2a and the original 3a-BFs could be recovered (entry 4).
This outcome was consistent with the observation that Ir4
was an inefficient catalyst for the formation of dibenzo-
phospole 2a and instead gave the phosphonium side prod-
uct 3a (Table 1, entry 8). These results suggested that a
photocatalyst possessing sufficient reducing ability was
required to bring 3a back into the radical chain process.

Table 3. Effects of various photocatalysts on the reduc-
tion of 3a.

O D . &

catalyst (2.0 mol%)
i-ProNEt (2.0 equiv)
—_—

OBn CHsCN, 1t, 40 h

B \t-Bu BF, (2.0 equiv) blue light (470 nm)
3a‘BF,
(Epjz =—1.60 V) ._’
CI$2) g
™~ o
t- Bu 8
2a
Eip
entry catalyst I/ It yield of 2a yield of 8

1 Ir1 1.21V -1.37V 53% 42%
2 Ir2 0.66 V -1.51V 92% 39%
3 Ir3 035V -2.19V 92% 33%
4 Ir4 1.68V -0.69V 0% 0%

a3a*BF4 (0.10 mmol), catalyst (0.002 mmol, 2 mol%), benzyl
acrylate (0.20 mmol, 2.0 equiv), i-Pr2NEt (0.20 mmol, 2.0
equiv), CH3sCN (1 mL), blue LEDs (470 nm), rt, 40 h. Yields
determined by 1H NMR using 1,1,2,2-tetrachloroethane as an
internal standard.
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Scheme 8. Proposed reaction mechanism.

Proposed Mechanism. Based on the results of the ex-
perimental and computational mechanistic studies de-
tailed above, a mechanism for the photocatalytic reaction
of 2-(dialkylphosphino)biaryls (1) to produce dibenzo-
phospholes (2) was developed, as shown in Scheme 8. In
this mechanism, the photocatalyst ([Irl']+) is initially ex-
cited by photoirradiation and the excited compound
([Ir'1]+*) subsequently oxidizes the starting phosphine (1)
to generate phosphine radical cation A along with the tran-
sition of the photocatalyst to the reduced state ([Ir""]). Rad-
ical cation A then undergoes 5-endo-trig cyclization to
form dearomatized intermediate B. Following this, the
deprotonation of B with phosphine 1 occurs, mediated by
the alcoholic solvent, affording the reduced dibenzophos-
pholanium C along with the protonated phosphine 1-H+*.
The electronically neutral intermediate C subsequently
loses a substituent from the phosphorous atom in the form
of a carbon radical (Re) to furnish dibenzophosphole 2
Finally, the transfer of a hydrogen atom from 1-H* to Re
gives a hydrocarbon byproduct (R-H) along with another
phosphine radical cation A. This radical chain process can
be terminated by two major SET events. One is the single-
electron reduction of the dearomatized intermediate B by
the reduced state of the photocatalyst ([Ir']]), giving rise to
cyclohexadienyl anion D. Following this, D spontaneously
undergoes ring opening to regenerate the starting phos-
phine 1. The other pathway involves a SET from electroni-
cally neutral radical species C to radical cation B to furnish
phospholanium 3 and D. Phospholanium salt 3 then re-
ceives a single electron from the photocatalyst in the re-
duced state ([Ir"]) and reenters the radical chain process
as intermediate C along with the regeneration of the
ground-state photocatalyst ([Ir']+).

CONCLUSIONS

The photocatalytic cyclization of 2-phosphinobiaryls to
trivalent dibenzophospholes was developed. This reaction
proceeded under simple conditions and afforded a variety
of P-alkyl- and P-aryldibenzophospholes that could be di-
rectly derivatized through modification at their trivalent
phosphorus atoms. A series of mechanistic experiments

[|rlll]+ [ll‘“]
SET

and theoretical calculations suggested that this reaction
mechanism is initiated by the single-electron oxidation of
the starting phosphine by the photoexcited catalyst. It also
appears that the phosphine radical cation generated in this
reaction is converted into the dibenzophosphole through a
radical chain mechanism. Calculations based on the ener-
gy-shift method further revealed that this radical chain
process is accompanied by two radical-terminating elec-
tron transfer reactions that respectively regenerate the
starting phosphine and produce a phosphonium side
product. These computational results combined with addi-
tional mechanistic experiments explain the low quantum
yield of the reaction and the necessity of a photoredox cat-
alyst with both oxidizing and reducing abilities. This work
demonstrates the utility of the quantum chemical mecha-
nism elucidation in the study of photoredox catalysis.
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