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ABSTRACT: The photocatalytic alkene-migrative chain elongation reaction of 2-phosphinostyrenes with aldehydes under
mild conditions in response to blue light was demonstrated. A broad range of aldehydes, both aliphatic and aromatic, partic-
ipated in this reaction to afford alkene-phosphine oxides in a Z-selective manner. Mechanistic experiments suggested the
formation of benzophospholene-based ylide intermediates via photocatalytic cyclization of phosphinostyrenes followed by

solvent-mediated proton transfer under base-free reaction conditions.

Alkenes are important starting materials for the synthe-
sis of a wide range of organic compounds.! Alkene elonga-
tion reactions are of particular interest because such reac-
tions can increase molecular complexity and diversity
while retaining the carbon-carbon double bond. Conven-
tional methods for elongating simple alkenes include those
based on transition metal catalysis such as the Heck reac-
tion? and olefin metathesis,? which preferentially produce
E-alkenes in most cases.* However, recent advances in the
field of photoredox catalysis have produced new ap-
proaches to elongating the carbon chains of alkenes.
These new techniques allow the selective synthesis of Z-
alkenes through the photosensitized E to Z transition of
the product (Figure 1a).6 Unfortunately, the use of radical
precursors with leaving groups (LGs) tends to generate a
significant waste stream and reduces the atom efficiencies
of these processes.

In prior work, the authors showed that reactions be-
tween phosphines and alkenes utilizing a photoredox cata-
lyst can induce novel skeletal transformations to produce a
structurally diverse range of organophosphorus com-
pounds.” Based on this knowledge, the authors investigat-
ed the reactivity of 2-phosphinostyrenes, which incorpo-
rate both a phosphine group and an alkene moiety within
the same molecule. Such work demonstrated that these
compounds will undergo photocatalytic carbon chain
elongation reactions with aldehydes (Figure 1b). These
reactions proceed in an atom-efficient manner in conjunc-
tion with a single photocatalyst to afford elongated alkene-
phosphine oxides with Z-selectivity. Mechanistic experi-

ments confirmed the formation of benzophospholene-
based phosphonium ylides as intermediates. These species
are generated via the photocatalytic cyclization of 2-
phosphinostyrenes followed by solvent-mediated proton
transfer under base-free conditions. This process differs
from the conventional Wittig reaction using photocatalysts,
in which the presence of a base is required to generate
phosphonium ylides from phosphonium intermediates.8

a) Previous photocatalytic approach

photocatalyst R/\

A+ R
RO LG~ light

photo-

¢ LG-
[R/\ R —=» R/\/R l
_ H* sensitization

b) This work

@\/\ R photocatalyst @\/\)
+
/P\ O H Ilght P/
PH Ph
i - base-free
via +F’ Z-selective
~Ph

Ph Ph
/

Ph

Figure 1. Photocatalytic carbon chain elongation of alkenes.

Specifically, the reaction of 2-phosphinostyrene 1a (0.10
mmol) with cyclohexanecarboxaldehyde (2a, 2.0 equiv) in
2-propanol (i-PrOH, 2 mL) in the presence of
[Ir(dFCF3ppy)2dtbbpy]PFs (Ir catalyst, 3 mol%)°® under 470
nm radiation provided by a blue light emitting diode (LED)



at room temperature (rt) for 15 h afforded chain-
elongated phosphine oxide 3aa in 72% yield with high Z-
selectivity (E/Z 7:93)10 (Table 1, entry 1). The use of meth-
anol (CH3OH) instead of i-PrOH slightly decreased the yield
(entry 2). In addition, aprotic solvents such as dichloro-
methane (CH:Cl2) and acetonitrile (CH3CN) were found not
to effectively promote the reaction, with 3aa being ob-
tained in yields of just 13% and 33%, respectively (entries
3 and 4). Thus, the use of a protic solvent is crucial to this
process.

Table 1. The effect of the solvent on the carbon chain
elongation reaction of 1a with 2a.2

T
oy PFg
|
N

©\/\ . 9 Ir catalyst (3 mol%) Z
A blds Tght (70 nm) R?°
1P: PR O 2aH 9 PH Ph
(2.0 equiv) 3aa
entry solvent yield of 3aa
1 i-PrOH 72% (E/Z 7:93)
2 CHsOH 63%
3 CHzClz 13%
4 CHsCN 33%

a 1a (0.10 mmol), 2a (0.20 mmol, 2.0 equiv), Ir catalyst
(0.003 mmol, 3 mol%), solvent (2 mL), blue LED (470 nm), rt,
15 h. Yields determined by H NMR analyses using 1,1,2,2-
tetrachloroethane as an internal standard. » The E/Z ratio of
3aa as determined by 1H NMR analysis.

The scope of aldehydes that could be applied to this reac-
tion was investigated with the results shown in Scheme 1a.
The reaction of cyclohexanecarboxaldehyde (2a) proceed-
ed even on the 1 mmol scale to give 3aa in 69% yield with
high Z-selectivity (E/Z 7:93). Other secondary alkyl alde-
hydes such as piperidinecarboxaldehyde (2b) and cycla-
men aldehyde (2c) also underwent the chain elongation
reaction to form alkene-phosphine oxides 3ab and 3ac
with high Z-selectivity. A sterically more demanding ter-
tiary alkyl aldehyde, pivalaldehyde (2d), afforded Z-alkene
3ad exclusively, while the primary alkyl aldehyde 2e gave
the corresponding product (3ae) with good yield and se-
lectivity. The naturally occurring compound citronellal (2f)
and its derivative 2g also participated in the reaction, fur-
nishing the corresponding products (3af and 3ag), demon-
strating good functional group tolerance. Although the
reaction with a simple primary alkyl aldehyde, octanal
(2h), resulted in a diminished yield, the Z-selectivity (E/Z
17:83) was comparable to that obtained with other prima-
ry alkyl aldehydes.

Aromatic aldehydes were also acceptable substrates.
The reaction of 1a with p-tolualdehyde (2i) proceeded,
generating phosphine oxide 3ai in 63% yield in a Z-
selective manner (E/Z 30:70). The sterically hindered
compound o-tolualdehyde (2j) afforded the corresponding
alkene (3aj) with higher Z-selectivity (E/Z 10:90), albeit
with a lower yield (53%). The reaction was also found to
be applicable to aromatic aldehydes possessing electron-
donating or withdrawing functional groups such as meth-
oxy (2Kk), acetylamino (21), methoxycarbonyl (2m) and
trifluoromethyl (2n) groups. The C(sp?)-halogen bonds in
p-fluoro- (20), p-chloro- (2p), and p-bromobenzaldehyde
(2q) were also tolerated, affording phosphine oxides 3ao-
3aq in yields ranging from 63% to 69%. Additionally, the
heteroaromatic aldehyde 2-thiophenecarboxaldehyde un-
derwent photocatalytic alkene elongation to produce the
phosphine oxide 3ar.

The alkene homologation of 1a could be achieved with
paraformaldehyde (2s) as a reaction partner, giving alkene
3as in 20% yield (Scheme 1b, top). Ketone 4 was also an
acceptable substrate, affording trisubstituted alkene 5 in
12% yield (Scheme 1b, bottom).

The effects of substituents applied to the 2-
phosphinostyrene were also investigated (Scheme 1c). The
reaction of a-methylstyrene (1b) with cyclohexanecarbox-
aldehyde (2a) proceeded with high Z-selectivity (E/Z <
5:95), forming the disubstituted alkene 3ba in 55% yield.
The compound B-methylstyrene (1c) was less reactive
with 2a, likely because of steric effects, but reacted with
the less sterically hindered aldehyde 2t to afford the tri-
substituted alkene 3ct in a good yield, albeit with no E/Z-
selectivity.

Some synthetic applications of this process are demon-
strated in Scheme 2. As shown, using a previously reported
method, 3aa could be reduced to the alkene-phosphine 6
while retaining its alkene geometry and in 75% yield.!! In
addition, 3aa could be converted into cis-epoxide 7 with
retention of stereochemistry via a reaction with m-
chloroperbenzoic acid (mCPBA).

Scheme 2. Synthetic applications.

O,N o
Q.8
O" ~
&) OH
P 9

OoN (7.5 mol%)

P//O (Et0),MeSiH (4.0 equiv)

—_—

PH 'Ph toluene, 110 °C, 24 h -

3aa (E/Z 7:93) 6
75% (E/Z 8:92)

=
mCPBA(1 5 equiv) 0
/0 /0
DCM rt, 15 h

PH Ph PH F’h

3aa (E/Z 7:93) 7
69% (trans/cis 6:94)



Scheme 1. Substrate scope.®
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a1 (0.10 mmol), 2 (0.20 mmol, 2.0 equiv), Ir catalyst (0.003 mmol, 3 mol%), i-PrOH (2 mL), blue LED (470 nm), rt, 15 h. Isolated
yields. E/Z ratios determined by 1H NMR analyses of isolated products. »1a (1.0 mmol), 2a (2.0 mmol, 2.0 equiv), Ir catalyst (0.03

mmol, 3 mol%), i-PrOH (18 mL), blue LED (470 nm), rt, 24 h.

Additional experiments were conducted to elucidate the
associated mechanism. The photocatalytic reaction of 1a
with ammonium hexafluorophosphate (NH4PF¢) instead of
the aldehyde gave the cyclic phosphonium salt 8 in 67%
yield (Scheme 33, top). The subsequent Wittig reaction of 8
with aldehyde 2a under basic conditions generated 3aa in
60% yield with an E/Z ratio of 7:93 (Scheme 3a, bottom).12
This ratio is identical to that observed under the standard

reaction conditions. These results suggest a cyclic phos-
phonium ylide intermediate.

In other trials, the photoreaction of 1a with a Brgnsted
acid was performed in deuterated methanol (CD30D). As a
consequence, a deuterium atom was introduced at the
benzylic position of the cyclic phosphonium salt 8-d, indi-
cating that protonation of the corresponding benzylic ani-
on was involved in the catalytic process (Scheme 3b, top).
The lack of deuterium incorporation at the carbon atom «
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to the phosphorus atom suggested that the phosphonium
ylide was not generated under acidic reaction conditions.
The role of the solvent in the chain elongation reaction was
clarified by performing the reaction of 1a with aldehyde
2h using the standard conditions but in CD30D. The deu-
terated product (3ai-d) was obtained in 24% yield and
deuterium atoms were incorporated both at the benzylic
methylene carbon and the neighboring sp2-carbon atom to
a significant extent (91%D) (Scheme 3b, bottom). From
these data, it is evident that the alcohol used as a solvent
participated in multiple proton transfer processes and
likely facilitated the generation of the cyclic phosphonium
ylide intermediate.

Scheme 3. Mechanistic experiments.
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Based on the mechanistic experiments, the reaction
pathway shown in Scheme 4 is proposed. In this mecha-
nism, the photocatalyst ([Ir']+) is excited upon photoirra-
diation and oxidizes the starting phosphine (1) to produce
phosphine radical cation A and a reduced state of the pho-
tocatalyst ([Ir""]).13 Following this, A undergoes 5-endo-trig
cyclization to form benzylic radical intermediate B. A sin-
gle-electron transfer from [Ir'] to B subsequently occurs
to form benzylic anion C along with regeneration of the
ground state photocatalyst ([Ir'']+). C is then protonated
by the alcohol serving as the solvent, producing cyclic
phosphonium D and an alkoxide anion. A deprotonation
reaction at the a-proton of D with the alkoxide anion gives
rise to phosphonium ylide E. This proton transfer process
is reversible, causing proton exchange at the position a to
the phosphorus atom. Finally, the Wittig reaction between
the non-stabilized ylide E and the aldehyde furnishes car-

bon chain-elongated phosphine oxide 3 with preferential
generation of the Z isomer.

Scheme 4. Proposed reaction pathway.

[|rIII]+
[Ir"']*‘* [ ()
o @@_. A
/\Ph
Ph Ph Ph Ph
B
H
[|rll] [|rlll]+ _
i-PrOH mH
P —i-Pro” P<
P Ph Ph/ Ph
Cc D
/PrO i-PrOH H
PH Ph
3

In conclusion, photocatalytic carbon chain elongation
reactions of 2-phosphinostyrenes with aldehydes were
demonstrated. These reactions involve a single photoredox
catalyst and do not require stoichiometric additives while
affording alkene-elongated phosphine oxides in a Z-
selective manner. Mechanistic investigations established
the role of the solvent in facilitating proton transfer to
form a cyclic phosphonium ylide intermediate under base-
free conditions.
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