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Abstract: A visible-light organophotocatalytic [2+2] cyclo-
addition of electron-deficient styrenes is described. Photo-
catalytic [2+2] cycloadditions are typically performed with
electron-rich styrene derivatives or α,β-unsaturated carbonyl
compounds, and with transition-metal-based catalysts. We
have discovered that an organic cyanoarene photocatalyst is

able to deliver high-value cyclobutane products bearing
electron-deficient aryl substituents in good yields. A range of
electron-deficient substituents are tolerated, and both homo-
dimerisations and intramolecular [2+2] cycloadditions to
fused bicyclic systems are available by using this method-
ology.

Introduction

Cyclobutanes are strained four-membered rings that are
frequently encountered in natural products,[1,2] as synthetic
intermediates[3] and within pharmaceutical and agrochemical
compounds.[4] They are highly valuable building blocks in the
pharmaceutical industry, where interest in nonplanar com-
pound cores has recently increased.[4,5] Their high strain energy
(ca. 26–27 kcal mol� 1)[6] makes them highly reactive but also
results in a high energetic cost associated with their synthesis.
The direct photochemical excitation of alkenes and their
subsequent participation in [2+2] cycloaddition reactions was
first reported by Liebermann in 1877[7] and is conceptually the
simplest route to cyclobutanes (Scheme 1, top).[8] However,

direct alkene excitation usually requires UV light, and the
drawbacks associated with this include limited scalability and
poor functional group tolerance. This has led to the develop-
ment of alternative photochemical protocols. Visible-light-
mediated energy transfer[9] and photoredox[10] catalysis methods
have become extremely useful alternatives which avoid some
of these problems. However, photoredox-catalysed [2+2] cyclo-
additions operating under oxidative pathways are typically
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Scheme 1. Photochemical [2+2] cycloadditions of alkenes; [PC] -
=photocatalyst.
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limited to electron-rich substrates such as anisole derivatives,
proceeding via a radical cation,[11,12] and reductive pathways are
typically limited to α,β-unsaturated carbonyl compounds,
proceeding via the enolate-based radical anion.[13] A more
general approach has been found with visible light energy
transfer catalysis which typically tolerates both styrene and α,β-
unsaturated carbonyl compounds, among others.[14] An early
example by Lu and Yoon demonstrated the utility of this
approach in the intramolecular [2+2] cycloaddition of various
styrenes of different electron character and an electronically
unbiased alkene.[15] Despite these developments, an approach
aimed at the intermolecular cycloaddition of simple electron-
deficient styrene derivatives has, to the best of our knowledge,
not been described.[16] The use of organic dyes rather than
transition-metal complexes as photocatalysts is also under-
reported for these reactions. The possibility to use organic dyes
provides benefits in terms of cost, toxicity, and sustainability for
these useful processes.[17,18] In this report, we disclose a visible
light-mediated organophotocatalytic [2+2] cycloaddition reac-
tion that allows the cycloaddition of electron-deficient styrenes
(Scheme 1, bottom).

Results and Discussion

In the course of another project, we observed the [2+2]
cycloaddition of para-nitrostyrene (1a) using the cyanoarene
organophotocatalyst 4CzIPN. 93% conversion of 1a was
estimated by 1H NMR, and cyclobutane 2a was formed in a 3 :1
trans:cis ratio (Scheme 2). Recognising the unusual reactivity of
the electron-deficient substrate with the organophotocatalyst,
we decided to explore how general these reaction conditions
were. We now report our findings.
Initial investigations indicated that simple and commercially

available styrene (1b) could also undergo 4CzIPN-catalysed [2+

2] cycloaddition to cyclobutane 2b. Full details of the
optimisation of this reaction, including catalysts and solvents
screened, are provided in the Supporting Information. Key
control experiments are highlighted here. The previously used
transition-metal photocatalyst [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 was
less effective under our reaction conditions (entry 2).[19] DMF,
previously used for the Iridium-catalysed [2+2] cycloadditions,
led only to very low levels of product (entry 3).[16a] Using freshly
opened HPLC grade THF led to a small decrease in yield
compared to using rigorously dry solvent, but was nonetheless
still effective (entry 4). Degassing the solvent to remove oxygen

was more critical; performing the reaction under air without
freeze–pump–thaw degassing led to a much-reduced yield of
23% (entry 5). Sparging the solvent with a stream of argon
restored some of the reactivity but was still not as effective as
freeze-pump-thaw (entry 6). Both photocatalyst (entry 7) and
irradiation (entry 8) were critical for the reaction. Scaling up the
reaction to 1.00 mmol required a longer reaction time and a
more concentrated reaction mixture, but homodimer 2b could
still be isolated in 56% yield (entry 9).
With optimised conditions in hand, we began to explore the

scope of the reaction, with a focus on more electron-deficient
styrenes (Scheme 3). All reactions were performed on
1.00 mmol scale. Typical electron-withdrawing groups such as
nitro (in 2a) and nitrile (in 2c) were well tolerated and
carbonyl-based functionality including aldehydes (in 2d),
Weinreb amides (in 2e), and esters (in 2f) could also be
incorporated. Using deuterated styrene [D2]-1f, tetradeuterated
cyclobutane [D4]-2f could also be prepared in 83% yield. A
variety of halogen-based substituents were also investigated.
Fluoride (in 2g) and chloride (in 2h) substituted cyclobutanes
could be produced in good yields. Bromide 2 i was prepared in
slightly lower yield with some decomposition observed in the
1H NMR of the crude reaction mixture. para-Trifluorometh-
ylstyrene (1 j) and pentafluorostyrene (1k) were less reactive,
but the corresponding cyclobutanes could still be isolated in
useful yields. Indene (1 l) performed well under the reaction
conditions and afforded pentacycle 2 l in 88% yield. Biphenyl-
substituted cyclobutane 2m and pyridine-substituted cyclo-
butane 2n were also isolated in 79% and 62% yield
respectively. Cinnamates have previously been shown to be
excellent [2+2]-cycloaddition precursors and proved to be so
under our conditions too.[16] Cinnamate esters bearing electron-
deficient nitro and trifluoromethyl groups could be converted
to cyclobutanes 2o and 2p in 93 and 91% yield, respectively,
and cyclobutane 2q, from unsubstituted cinnamate ester 1q,
could also be prepared in 78% yield. Groups with more
electron-donating character were also tolerated by our proce-
dure, with methyl substituted cyclobutanes 2r and 2s isolated
in 52 and 54% yield, respectively. para-Methoxyphenyl sub-
stituted cyclobutane 2t was isolated in 44% yield and meta-
methoxyphenyl-substituted cyclobutane 2u in 45% yield.
Finally, silyl-substituted cyclobutane 2v was obtained in 26%
yield. Some styrenes were less successful, including those with
ortho substitution such as ortho-nitrostyrene (1w) and mesity-
lene 1x. α-Substituted styrenes 1y and 1z were also unreactive.
Additionally, heterodimerisation could not be achieved with
useful selectivity (see the Supporting Information for further
details).
We were then interested to see whether these conditions

could be applied to intramolecular cycloaddition reactions to
provide valuable fused bicyclo[3.2.0]heptane frameworks
(Scheme 4).[20] The necessary hepta-1,6-dienes 3 were readily
prepared (see the Supporting Information) and subjection of α-
substituted styrene 3a to the reaction conditions successfully
afforded fused bicycle 4a in 96% yield. Interestingly, α-
substituted styrene 1y had failed to react in an intermolecular
reaction (Scheme 3). β-Substituted styrene 3b could also be

Scheme 2. Preliminary result. The diastereoselectivity was determined by 1H
NMR spectroscopy of the crude reaction mixture; NR2=carbazole.
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converted to fused bicycle 4b in 63% yield. Finally,
trifluoromethyl-substituted bicycle 4c was obtained in 38%
isolated yield.
Mechanistically, the reaction is likely to proceed through an

energy-transfer pathway (Scheme 5).[9] 4CzIPN (E(PC*/PC*� )= +

1.43 V vs. SCE; E(PC*+/PC*)= � 1.18 V vs. SCE)[21] is unlikely to be
able to oxidise the styrenes (styrene (1b): E(1b+/1b)= +1.97 V
vs. SCE[22]; para-nitrostyrene (1a): E(1a+/1a)= +1.68 V vs.
SCE[15]), or reduce them (styrene (1b) has a reduction potential
of E(1b/1b� )= � 2.65 V vs. SCE)[23] but has a high enough

excited-state energy (2.67 eV)[21] to allow energy transfer with a
styrene (excited-state energy~2.6 eV).[24] Experimental support
for this mechanism was obtained by performing the cyclo-
addition of styrene (1b) in the presence of the triplet quencher
isoprene. A reduced yield of 23% was determined by 1H NMR,
compared to the yield of 83% obtained in its absence (Table 1,
entry 1). For further details, see the Supporting Information. The

Scheme 3. Scope of photocatalytic [2+2] cycloaddition. Reactions were
performed on a 1.00 mmol scale. The diastereoselectivity was determined by
1H NMR spectroscopy of the crude reaction mixture. [a] Ellipsoids drawn at
50% probability level. [b] 144 h reaction time.

Scheme 4. Scope of intramolecular photocatalytic [2+2] cycloaddition to
fused bicyclic compounds. The diastereoselectivity was determined by 1H
NMR spectroscopy of the crude reaction mixture. [a] 90 h reaction time.

Scheme 5. Proposed energy-transfer reaction mechanism; [PC] -
=photocatalyst.

Table 1. Optimisation of photocatalytic [2+2] cycloaddition.[a]

Deviation from standard conditions dr (trans:
cis)[b]

Yield
[%][c]

1 none 3.6 :1 83
2 [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (1 mol%) 3.3 :1 41
3 DMF 1.6 :1 6
4 HPLC grade THF 3.3 :1 71
5 under air 3.2 :1 23
6 argon sparged THF 3.5 :1 63
7 no 4CzIPN n.d. <5
8 Reaction in the dark n.d. <5
9 0.5 mol% 4CzIPN, 1.00 mmol 1b, 4 M,
48 h

3.4 :1 56[d]

[a] The reaction mixture was degassed by three freeze–pump–thaw cycles
prior to irradiation. For further details see the Supporting Information. [b]
Diastereoselectivity was determined by 1H NMR spectroscopy of the crude
reaction mixture. [c] Yield estimated from the 1H NMR of the reaction
mixture relative to 1,3,5-trimethoxybenzene as internal standard. [d]
Isolated yield.
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mechanism begins by excitation of the photocatalyst at
456 nm. Energy transfer to styrene 1b gives excited state 1b*
from which dimerisation likely occurs stepwise. First, diradical 5
is formed and free rotation about the C� C single bonds then
allows ring-closure to both trans and cis-2b. trans-2b is
favoured, likely on steric grounds. The preference for head-to-
head regioselectivity (i. e., 2b rather than 2b’) likely arises, at
least in part, due to the favoured formation of more the stable
benzylic radicals in 5 compared to 5’.[16b] Previous work by Wu
and co-workers also suggested a beneficial pre-associative π-
stacking interaction between two styrene molecules prior to
energy-transfer.[16b] Our observations of improved reactivity and
appearance of a new lower energy absorption band in the UV-
Vis spectrum (see the Supporting Information) at high concen-
trations of styrene would be consistent with this hypothesis.

Conclusion

In summary, we have developed a visible-light-mediated
organophotocatalytic [2+2] cycloaddition reaction that oper-
ates well with electron-deficient styrene derivatives to deliver
cyclobutanes bearing electron-deficient aromatic substituents.
The cyanoarene photocatalyst enables a departure from the
current literature, which has generally focused on electron-rich
aryl and α,β-unsaturated carbonyl compounds, and allows the
incorporation of typical electron-withdrawing functionality such
as esters, nitriles and nitro groups. We hope this method proves
useful to synthetic practitioners.

Experimental Section
General procedure for photochemical dimerisation: A 10 mL
Schlenk tube was charged with alkene (1 equiv.), 4CzIPN (0.5–
1 mol%) and anhydrous THF (4 M with respect to the alkene) and
the reaction mixture was subsequently deoxygenated by three
freeze–pump–thaw cycles. The reaction mixture was irradiated with
456 nm LEDs for 48 h (or as indicated). See the Supporting
Information for details of the photochemical setup. The reaction
was concentrated in vacuo and directly purified by flash column
chromatography (SiO2) to afford the title compound(s).
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