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An efficient method for the synthesis of substituted cyclobutanes from
cinnamates, chalcones, and styrenes has been developed utilizing a visible-
light triplet sensitisation mode. This reaction provides a diverse range of
substituted cyclobutanes in high yields under mild conditions without the
need of external additives. Good regioselectivity is obtained due to strong
n-n-stacking of arene moieties, whereas diastereoselectivity relies on the
electronic effects or ortho-substitution of the arene substrate. The utility
of this transformation is demonstrated by the formal synthesis of the
lignane natural product (+)-Tanegool.

Dimeric and strained cyclobutanes are prevalent structures
commonly encountered in natural products. They are found in
the plant kingdom, insects, and microbial species, many of
which possess a wide range of biological activities with
potential therapeutic applications.1 Cinnamic acid derived
dimers, such as truxinic acid, piperarborenine D, or Sagerinic
acid derivatives are prominent examples (figure 1).2 Moreover,
styrene-derived naturally occurring cyclobutanes such as
Endiandrin A, di-O-methylendiandrin A, Magnosalin (trans) or
Andamanicin (cis) are widely used as anti-inflammatory agents,
which potently bind to glucocorticoid receptors (GR).3

Various synthetic methods have been developed for the syn-
thesis of four-membered carbocycles in an atom economic
manner.”” In general, the [2+2]-cycloaddition reaction of al-
kenes by thermal methods is rare,6 while photochemical
approaches under UV irradiation have long been established.’
Alternatively, visible-light photocatalysis has emerged for this
transformation.® In particular, the group of Yoon has deve-
loped the visible-light synthesis of a wide range of cyclo-
butanes derivatives from olefins.”*

Despite the vast developments of photo mediated [2+2] cyclo-
addition reactions, surprisingly the intermolecular cycloaddi-
tion of simple cinnamates or styrenes was so far not achieved
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Figure 1 Representative
derivatives.

naturally occurring head-to-head cyclobutanes

efficiently,11 being summarised in a recent review: Only if ren-
dered intramolecular and only if the reacting centers are spa-
tially close is a [2+2] photocycloaddition with cinnamates and
other [-arylacrylic acid derivatives possible.4 Consequently, a
number of indirect approaches have been developed for such
substrates, requiring additional synthetic steps or additives:
Yoon and coworkers have introduced a redox auxiliary for a-3-
unsaturated carbonyl compounds, which upon photocyclo-
addition and subsequent cleavage affords cyclobutane carbox-
amides, esters, or thioesters.’? Beeler et al described a flow
technique for the dimerisation of cinnamates using thiourea
derived catalysts in combination with UV-light to afford ester-
substituted cyclobutanes.13

Very recently, we have demonstrated that o-bromocinna-
mates can be activated by direct electron transfer'® or by a
dual energy and electron transfer photocascade15 process.16
The later is believed to be initiated via a diradical species
through energy transfer from the excited photocatalyst, which
ultimately collapses to a vinyl radical upon bromine extrusion
in the presence of oxygen. In the absence of oxygen, however,
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Scheme 1. This work: Visible-light mediated [2+2]-cycloaddtions

Visible-light (455 nm)

" [I{dF(CF3)ppy}2(dtb-bpy)]PFe (1 mol %) R R' Rr3
R it, DMF
RJ\/ R3
Key features R K1 R3
Mild reaction conditions R
Cinnamates Broad substrate scope 30 examples
Chalcones No additives 11-99% vyields

Styrenes 1:1-99:1d.r.

only E/Z-isomerisation was observed, and, in particular, no
[2+2]-cycloadducts are formed. Thus, we questioned the utili-
sation of such diradicals for simple cinnamates, and indeed, we
demonstrate here the feasibility of a triplet sensitisation
protocol for [2+2]-cycloadditions, which not only allows the
synthesis of ester-substituted cyclobutanes but also of those
derived from chalcones and styrenes (Scheme 1).

The activation of cinnamates via electron transfer by typical
photocatalysts17 such as [Ru(bpy)s]Cl,] (bpy = 2,2’-bipyridine, —
0.81 V vs SCE)™® or [Ir{dF(CFs)ppy},(dtb-bpy)1PFs (dF(CFs)ppy
2-(2,4-difluorophenyl)-5-trifluoromethylpyridine, dtb-bpy
4,4'-di-tert-butyl-2,2’-dipyridyl, Ir-F, =0.89 V vs SCE)*® is ther-
modynamically unfavourable owing to their high reduction po-
tential (e.g. —1.79 V vs SCE for la).20 Thus, photoredox cata-
lyzed cycloadditions of these types of unsaturated carbonyl
compound is more feasible by energy transfer.”! The efficiency
of energy transfer depends on the excited state lifetime of the
photocatalyst, thus it is independent of the redox potentials of
the reacting substrates. Having these facts in mind, we
initiated our investigation by exploring [2+2]-photocyclo-
addition of ethyl cinnamate 1a in the presence of 1 mol % Ir-F
(7 = 2300 nslg) with blue light (LED,4ss) under an oxygen
atmosphere (Table 1, entry 1). Gratifyingly, only head-to-head
(d-truxinate, trans) 2a and (B-truxinate, cis) 3a isomers were
obtained in a 9:1 ratio and 63% yield. The use of neutral
fac[lr(ppy)s] (7= 1900 ns, ppy = 2-phenylpyridine, entry 2) and
[Ir(ppy),(dtb-bpy)]PFs (T = 557 ns, ppy = 2-phenylpyridine,
entry 3) gave lower yields, while [Cu(dap)ZCI]22 (7= 270 ns,
dap = 2,9-bis(para-anisyl)-1,10-phenanthroline) and
[Ru(bpy)sCl,] (7 = 1100 ns) did not provide any product under
the identical conditions (Table 1, entry 4, 5).

The best catalyst (Ir-F, Table 1, entry 1) was selected for
further optimisation: Pleasingly, the cycloaddition proceeded
much more efficiently under inert gas conditions (entry 6),
giving rise to 2a/3a (9:1) in 96% vyield. Reducing the catalyst
amount to 0.5 mol% (entry 7) gave a lower, but still respec-
table yield (78%). No reaction was observed in the presence of
the triplet sensitizer rose Bengal (entry 8), further control
experiments suggested the requirement of both, Ir-F and
visible light (entries 9, 10).

Next, the scope of the reaction was studied (Table 2). Under
the optimised conditions, methyl cinnamate (1b) provided
2b/3b in 89% vyield and 10:1 d.r., improving on a previous
report that yielded the desired cycloadduct in lower yields and
selectivity (60%; up to 4:1, Scheme 1a).13 Likewise, the
photodimerisation of 3-methyl ethyl cinnamate (1c) provides
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Table 1 Synthesis of 2a and 3a: Catalyst screening and reaction

optimisation®
@ E(coza

Reaction
Optimization

o COEt .
©/\/ (Table 1) © COLE
1a S truxinate (trans) B truxinate (cis)
2a 3a
Entry Photocatalyst Atmosphere Yielg d.r.
(1.0 mol %) (%) (3/B)°
01 [Ir{dF(CF3)ppy}.(dtb-bpy)]PFs 0, 63 9:1
02 facllr(ppy)s] 0, 44 9:1
03 [Ir(ppy), (dtb-bpy)]PFe 0, 18 9:1
04 [Cu(dap),Cl] 0, traces -
05 [Ru(bpy)sCl,] 0, traces -
06 [Ir{dF(CF3)ppy}.(dtb-bpy)]PFs N, 96 9:1
07%  [Ir{dF(CFs)ppyh(dtb-bpy)IPFs N, 78 ND'
08 Rose bengal, 530 nm N, - -
09 No catalyst N, NR? -
10 [rGF(CR)ppyhidto-bpy)IPF N, NRS i
no light

Reaction conditions: ? Ethyl cinnamate 1a (1.0 mmol), photocatalyst (1.0
mol %), dry DMF (2 mL), LEDa4ss, 72 h, LEDasss, room temperature. bsolated
yields. ¢ Determined by crude "H-NMR analysis. ?0.5 mol % photocatalyst
used. ¢ Reaction time was 84 h.” d.r. not determined. ¢ No reaction.

exclusively the o&-diastereomer 2c in 88% vyield. Para-
substituted cinnamates with donor (+I/+M) or weak acceptor
(=1/-M) groups afford the corresponding thermodynamically
favored all-trans substituted cyclobutanes in good yields and
diastereoselectivities (2d/3d to 2h/3h, Table 2). In contrast,
strong electron withdrawing substituents decrease the diaste-
reoselectivity to a great extent, presumably due to the desta-
bilisation of the radical species formed as intermediates (see
the mechanistic discussion). Substitution in ortho-position of
the arene dramatically enhances the diastereoselectivity (up to
20:1, Table 2, 2n/3n to 2p/3p). Relevant for naturally occurring
cyclobutanes (cf. Fig. 1), di- or tri-arylsubstituted cinnamates
can be employed, providing cyclobutanes 21/31 and 2m/3m. In
particular, the isolated &-isomer (31) has been shown to be a
crucial intermediate for the synthesis of lignane natural pro-
duct (J;)—Tanegool.a’23

Furan, thiophene, and N-Boc-pyrrole substituted cinnamates
were also suitable substrates,“’24 giving rise to desired head-to-
head cyclobutanes 2q-s/3g-s in good yields, however with
moderate diastereoselectivity (~1.7:1). Interestingly, for the
first two substrates, the unexpected head-to-tail dimers 4q, 4r
could also be detected in small amounts (see 'H-NMR in the
ESI), while in the case of the pyrrole derivative, only the head-
to-head dimerisation products 2s/3s were observed. A
limitation of our protocol was encountered for the indole
derivative 2t, which was obtained only in 11% yield (Table 2).
Due to a fast cis/trans isomerisation, thus causing relaxation of
the excited state, [2+2] photocycloaddition reactions of
chalcones are rare.”” Nevertheless, we were pleased to see

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Scope for cyclobutanes.”
1 Ra 1 R3

R R

R'" O standard Ar"/.tﬁ‘o Ar, o
. .

Ar)\)kR3 conditions = 0 A fo)

r R1

3

3
1 R

Ph COR  Ph, g COEt

3
fp-isomer

R = 3-Me, 2d/3d, 91% (d.r. = 3:1)
R! = 4-Lpr, 2el3e, 89% (d.r. = 5.3:1)
R! = 4-OMe, 2fi3f, 83% (d.r. = 7:1)

P CcoR P : COE
2 2 R' = 4-F, 2g/3g, 72% (d.r. =6:1)
R = Et, 2a/3a, 96% 2c, 88% R' =4-Br, 2h/3h, 49%" (d.r. = 4:1)
(d.r. =9:1) (3 isomer only) 124 i13i aEo =12
L Mo, Zo/ab, 89% RI= 4N, 213, 85% (dl;r, 1.2:1)
@r. = 101) R! =4-CO,Me, 2j/3j, 89% (d.r. = 1.5:1)
OMe R' =4-NO,, 2ki3k, 86% (d.r. =1.3:1)
HO MeO,
O e e
MeO CO,Me CO,Et COzEt
MeO CO,Me CO,Et CO,Et
Cl R?
HO MO e R2=F, 2n/3n, 74% (d.r. = 5:1)
R2= CN, 20/30, 63% (d.r. = 7.34:1)
" _a -6
21131, 65% (d.r. = 3:1) 2m/3m, 70% (d.r. = 6:1) R2= =—Ph. 2p/%p, 63% (dr. = 20:1)
/ N
] CO,E s / COEt 4
0 2Et = BoeN CO,Me COEL
= CO,Et = COzEt
P 2 NS = CO,Me 1 COzEt
. NBoc N
2q/3q, 63% (dr. = 1.7:4) 2130 77% (@r. = 1.8:1) 2573, 54% Me 2t11%
4q, 5% (head-to-tail) © 4r, 9% (head-to-tail) © (dr. = 1.4:1) (6 isomer only)

R -
o . , W
N « G TR
(0] Ph A T
0. | | T
Ph Ph - /
s . 1o
o} L T e
2u/3u, 76% (d.r. = 3:1) R - -

(Intramolecular)

-
v

R = H, 2vi3v, 80% (d.r. = 3:1)
R = Cl, 2w/3w, 74% (d.r. = 3:1)

Scope for cyclobutanes: standard conditions: ° Substrate 1 (1.0 mmol),
[Ir{dF(CF3)ppy}.(dtb-bpy)]PFs (1.0 mol %), anhydrous DMF (2 mL), LEDass, 72 h,
LED4ss, room temperature, the diastereomeric ratios were determined either by
crude *H-NMR analysis or on the basis of yield of isolated products. ® Reaction
time was 96 h. ¢ Head-to-tail products were detected by *H-NMR analysis.

(X-ray: -isomer, 2v)

that chalcones also underwent clean [2+2]-cycloaddition under
the photochemical protocol developed, giving rise to the
desired cyclobutanes (2v/3v and 2w/3w) in good yields. The -
isomer of 2v was unambiguously characterised by single X-ray
crystallography. Unfortunately, the attempted cycloaddition of
corresponding sulfone, cyano, or nitro substituted alkenes only
led to the E/Z-isomerisation of the starting materials.

Next, we explored the intermolecular [2+2] dimerisation of
styrenes 5 by energy transfer,21 given the importance of the
resulting cycloadducts for biologically active molecules (cf.
Figure 1).3 Intermolecular styrene cycloadditions by photo-
chemical alkene oxidation were reported under visible-light
conditions, but require electron rich systems.lo’26 To our
delight (Scheme 2), a number of electronically unbiased
styrenes 5a,c-e, but also the electron deficient styrene 5b
provided the corresponding head-to-head cycloadducts 6 in
high yields under our conditions.

The selective synthesis of unsymmetrical cyclobutanes is
challenging and only a few general methods are known.”” We
questioned if two electronically differentiated cinnamates
would allow cross coupling under the reaction conditions

Published on 06 October 2017. Downloaded by UNIVERSITY OF NEW ORLEANS on 06/10/2017 18:39:24.

This journal is © The Royal Society of Chemistry 20xx

View Article Online

DOI: 10.1039/C7CC06710K

Scheme 2: [2+2] cycloaddition of styrenes

A R R?
R! .
) Standard Conditions
A,)\/R A Rt R?
5 6
O,N
Q O O Q.
Me Me
Me
O2N
6a, 92% 6b, 86% 6c, 88% 6d, 84% 6e, 80%
(trans:cis = (trans:cis = (trans:cis = (trans:cis = (trans:cis =
2.57:1) 5.19:1) 2.44:1) 3.96:1) 3.38:1)

developed. Indeed, in all cases tested (Scheme 3), the desired cross
coupled products were obtained and isolated in pure form, how-
ever, no appreciable bias beyond the expected statistical
distribution towards the cross-coupled dimers was observed.

Scheme 3: [2+2] cross-cycloaddition of cinnamates

Ar‘/\/co2Et Standard Conditions Arl CO,Et
Arz/\*,/coza 0.5 mmol of each cinnamate A COME
MeOQ,
O CO4Et O CO,Et O CO,Et
| | [ |
O CO,Et O - CO,Et O CO,Et
MeO 70% (total yield) ~ MeO,C 46% (total yield) NC 81% (total yield)

7a, 35% (d.r. = 1.9:1) [cross] 7b, 32% (d.r. = 1.9:1) [cross] 7c, 54% (d.r. = 1.75:1) [cross]
2f, 24%; 2a, 11% [homo] 2j, 14%; 2a, <5% [homo] 2f, 13%; 2i, 14% [homo]

Following the rationale put forward by Haag et al for the pho-
todimerisation of cinnamates,28 we propose that the transfor-
mations described here proceed by energy transfer via
diradical formation (Figure 2).29

Figure 2: Proposed reaction mechanism

1

N xR
1 R =
N R "
RT _ 1
* diradical species

Energy
1 ) T anster IR (excited state)
blue light
R
=
N / R'
strong TT—TC
stacking
1
& R (head-to-head products)
R\

The photo-excitation of the Ir-catalyst forms the excited Ir*,
which transfers energy to the substrate 1 to form the activated
diradical species 1*, followed by dimerisation with 1 to give
rise to A. In agreement with the experimental results, the
regioselectivity (head-to-head products) can be rationalized by
strong m—7 stacking of the arene moieties. The stereoselec-
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tivity is dependent on the stabilisation of the benzylic radicals
(Figure 2, A), being more effective for electron rich substrates,
which consequently undergo slower ring closure to allow equi-
librating A to the sterically most favourable all-trans
arrangements.

In summary, we have developed an effective strategy for the
photodimerisation of cinnamates, styrenes, and chalcones
which led to the synthesis of substituted cyclobutanes in good
to excellent vyields with moderate to good diastereo-
selectivities under mild reaction conditions.
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A visible-light mediated, photocatalyzed strategy for the
efficient synthesis of substituted cyclobutanes from
cinnamates, styrenes, and chalcones is presented.
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