
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 8
:0

9:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enantioselective
School of Natural Sciences, Department Ch

Technische Universität München, 85747

bach@ch.tum.de; Fax: +49 89 28913315; Te

† Electronic supplementary information (E
full characterization for all starting m
experiments, NMR spectra, GLC and HPL
crystallographic data in CIF or o
10.1039/d2sc00113f

Cite this: Chem. Sci., 2022, 13, 2378

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 7th January 2022
Accepted 1st February 2022

DOI: 10.1039/d2sc00113f

rsc.li/chemical-science

2378 | Chem. Sci., 2022, 13, 2378–23
crossed intramolecular [2+2]
photocycloaddition reactions mediated by a chiral
chelating Lewis acid†

Thomas Rigotti, Daniel P. Schwinger, Raphaela Graßl, Christian Jandl
and Thorsten Bach *

In intramolecular [2+2] photocycloaddition reactions, the two tethered olefins can approach each other in

a straight or in a crossed fashion. Despite the fact that the latter reactionmode leads to intriguing, otherwise

inaccessible bridged skeletons, there has so far not been any enantioselective variants thereof. This study

concerned the crossed [2+2]-photocycloaddition of 2-(alkenyloxy)cyclohex-2-enones to bridged

cyclobutanes. It was found that the reaction could be performed with high enantioselectivity (80–94%

ee) under visible light conditions when employing a chiral rhodium Lewis acid as a catalyst (2 mol%).
Introduction

Intramolecular [2+2] photocycloaddition reactions have been
found extremely useful for the construction of cyclobutane rings
and they have seen a multitude of applications in the synthesis
of natural products.1 In contrast to intermolecular reactions,
they display a more reliable and predictable regioselectivity
which is determined by the length of the tether linking the two
olenic reaction partners. Typically, the photoexcited olen is
embedded in a ve- or six-membered ring to avoid the rapid
decay of its excited state by double bond rotation.2 In this
scenario, if the tether is linked to one of the olenic carbon
atoms of the chromophore (Scheme 1), product formation can
occur either to a product in which this carbon atom and the
internal carbon atom of the tethered alkene are connected in
a 1,2-fashion (A, straight product) or in a 1,3-fashion (B, crossed
product). It has been realized very early that a tether with three
atoms leads preferentially to the straight product, establishing
a ve-membered ring in the course of the cycloaddition.3 This
preference reects the nature of the rst step of the photo-
cycloaddition which can be envisioned for triplet reactions as
a radical type addition4 to the tethered double bond leading to
a 1,4-diradical intermediate. If the tether contains only two
atoms, four-membered ring formation is avoided and the
reaction proceeds to crossed products B. Although the rst step
in this case is also a ve-membered ring formation it occurs
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between atoms a/b0 or a0/b but not at a/a0. From a synthetic
perspective, the crossed reaction pathway is particularly
rewarding because it enables to establish a bond set which is
very difficult to attain in a thermal reaction.

To name a few notable examples, Hiemstra, van Maarseveen,
and co-workers employed a crossed [2+2] photocycloaddition
reaction to key intermediate 1 (Fig. 1) as pivotal step in the
synthesis of the complex terpene natural product solanoeclepin
A.5 The group of Kwon demonstrated that benzobicyclo[3.1.1]
heptanones such as rac-2 can be cleanly obtained by a visible
light-mediated, crossed [2+2] photocycloaddition employing an
iridium complex as sensitizer.6 A photochemical access to
strained, saturated bioisosteres of ortho-disubstituted
benzenes, e.g. rac-3, was recently accomplished by Mykhailiuk
and co-workers from 1,5-dienes.7

It is very clear from these and many other studies,8 that
crossed [2+2] photocycloadditions do not represent laboratory
curiosities but rather play an important role in the toolbox of
synthetic chemists. Despite their potential use and despite the
Scheme 1 In intramolecular [2+2] photocycloaddition reactions, two
regioisomeric products A and B are possible. The photoexcited olefin
is often embedded in a ring to avoid competitive E/Z isomerization
(dotted line). If the tether is attached to the reactive olefin components
as shown, product A is called the straight and product B the crossed
photocycloaddition product.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Examples for intramolecular crossed [2+2] photocycloaddition
products 1,5 rac-2,6 and rac-3 7 (Bn ¼ benzyl, Pin ¼ pinacolate, TBS ¼
tert-butyldimethylsilyl).

Table 1 Optimization of the crossed [2+2] photocycloaddition of 2-
(allyloxy)cyclohex-2-enone (4a) to product 5a catalyzed by chiral
Lewis acid 6

Entrya Solvent l [nm] Conv.b [%] Yieldc [%] % eed

1 MeCN 425 2 — —
2 PhMe 425 11 11 15
3 THF 425 11 11 20
4 CH2Cl2 425 85 22 87
5 DCE 425 83 61 91
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fact that catalytic, enantioselective [2+2] photocycloaddition
reactions have received increased attention in recent years,2,9 it
is surprising that the enantioselective synthesis of crossed
photocycloaddition products from achiral precursors has not
been addressed.10 In this contribution, we present our results
on the intramolecular, crossed [2+2] photocycloaddition of 2-(20-
alkenyloxy)cyclohex-2-enones which we found to proceed
enantioselectively in the presence of a chelating Lewis acid.
6e DCE 425 91 68 87
7f DCE 425 95 86 85
8 DCE 437 93 86 92
9e DCE 437 73 55 90
10g DCE 437 79 64 94
11h DCE 437 89 78 87
12i DCE 437 72 70 87

a All reactions were performed under anaerobic conditions employing
a light emitting diode (LED) in a previously described set-up.19 b The
conversion (conv.) was determined by NMR analysis. c All yields refer
to isolated material. d Enantiomeric excess (ee) as determined by GLC
analysis on a chiral stationary phase. e The reaction was performed in
the presence of air. f The reaction time was 24 hours. g The catalyst
loading was 4 mol%. h The reaction was performed at 0 �C. i The
substrate concentration was 4 mM.
Results and discussion

Recently, we revisited earlier work by Ikeda et al. who had re-
ported the crossed [2+2] photocycloaddition of 2-(alkenyloxy)
cyclohex-2-enones by excitation with a UV source (high-
pressure mercury lamp, l > 280 nm).11 We found the reaction
to be possible upon visible light irradiation (l ¼ 420 nm) in the
presence of thioxanthen-9-one (TXT) as the sensitizer and we
studied the inuence of substituents and of the enone ring
size.12 The oxygen substituent attached to the carbon atom in a-
position to the carbonyl group represents a remarkable and
distinct feature of the substrates. Since the formation of ve-
membered chelates is well established with bidentate Lewis
acids,13 we wondered whether it would be possible to employ
a chiral Lewis acid for an enantioselective reaction of 2-
(alkenyloxy)cyclohex-2-enones. Based on previous work with
chiral Lewis acids as catalysts for photochemical reactions,14 we
had reason to believe that a catalytic enantioselective reaction
would be possible if the Lewis acid induced a long wavelength
absorption that could be selectively addressed by a proper light
source. As indicated above, the selection of possible Lewis acids
is extremely wide and we screened several compound classes for
this purpose. Bisoxazoline-based metal salts had been previ-
ously applied to a related chromophore15 but gave no enantio-
selectivity in the present case. Likewise, Lewis acids with
a binol- or binap-derived ligand failed as did the monodentate
boron catalysts we had successfully used for the reaction of
enones.14 Eventually, we resorted to the chiral-at-metal Lewis
catalysts which had been introduced byMeggers and co-workers
and which have been shown to offer a broadly applicable
bidentate binding.16 Specically, we focussed on chiral rhodium
complex 6 which can be readily prepared by a published
procedure17 and which we had recently used in an intermolec-
ular [2+2] photocycloaddition.18 2-(Allyloxy)cyclohex-2-enone
(4a) served as the test substrate which undergoes a clean
crossed [2+2] photocycloaddition at l ¼ 420 nm to product rac-
5a under sensitizing conditions.12 If irradiated under the same
© 2022 The Author(s). Published by the Royal Society of Chemistry
conditions, there was no background reaction as veried in the
present set of experiments by irradiation with a light emitting
diode (LED) at l ¼ 425 nm. A rst screen in different solvents
(Table 1, entries 1–4) with a catalyst loading of 2 mol% gave
a promising enantioselectivity (ee ¼ enantiomeric excess) in
dichloromethane (entry 4) at ambient temperature. However,
the yield remained low despite the fact that the conversion was
high aer a reaction time of 16 hours. The major breakthrough
was achieved when employing 1,2-dichloroethane (DCE) as the
solvent which not only led to an increase in yield but also in
enantioselectivity (entry 5). Subsequent modications of the
reaction conditions included the presence of air (entries 6 and
9), a longer reaction time (entry 7), a different excitation wave-
length (entry 8), a higher catalyst loading (entry 10), a lower
reaction temperature (entry 11), and a lower substrate concen-
tration (entry 12). The only signicant improvement was ach-
ieved when an LED was employed which emitted at a longer
irradiation wavelength (entry 8). When the reaction was per-
formed at l ¼ 437 nm instead of l ¼ 425 nm (entry 5) the yield
increased by more than 20% (to 86%) without compromising
the enantioselectivity (92% ee).

Having established optimal conditions for the enantiose-
lective crossed [2+2] photocycloaddition reaction, other
possible substrates were tested. The compounds were readily
Chem. Sci., 2022, 13, 2378–2384 | 2379
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Scheme 2 Intramolecular crossed [2+2] photocycloaddition of
various substituted 2-(20-alkenyloxy)cyclohex-2-enones 4 to bridged
tricyclic products 5. Yields refer to isolated products. The ee was
determined by GLC or HPLC analysis on a chiral stationary phase.

Fig. 2 Molecular structure of hydrazone 7 in the solid state with
ellipsoids set at the 50% probability level (one out of two independent
molecules in the asymmetric unit). The structure displays an intra-
molecular hydrogen bond to the oxygen atom indicating its intrinsic
basicity. The structure also served to establish the absolute configu-
ration by anomalous dispersion.

Scheme 3 The Lewis acid-catalyzed, intramolecular [2+2] photo-
cycloaddition of (E)- and (Z)-substituted 2-(20-butenyloxy)cyclohex-
2-enones (4m) proceeds stereoconvergently to a single product 5m.
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available from the respective 1,2-diketones or a,b-epoxyketones
(see the ESI† for details).12,20 Scheme 2 summarizes the reac-
tions which delivered the desired bridged tricyclic products 5.
We found substitution at the internal carbon atom of the
tethered olen (R1) and at its terminal carbon atom (R2)
compatible with the reaction conditions. Products 5b–5f were
obtained in moderate yields but with consistently good to
excellent enantioselectivity. Functional group compatibility
with an aryl ring (products 5d, 5f), a bromine substituent
(product 5f) and a methoxy group (product 5e) was demon-
strated. Substitution at carbon atoms C5 and C6 within the
cyclohex-2-enone ring was well tolerated (products 5g–5l)
although the ee suffered in some cases slightly (80–90% ee). A
salient feature of the reaction is the fact that its regioselectivity
and diastereoselectivity are very high. Up to four stereogenic
centres are created in a single reaction and all products were
obtained free of any isomers.

Limitations of the reactions are intrinsic to the photo-
cycloaddition itself but not to the catalytic conditions. In
previous work,12 we had already seen that cyclopent-2-enones
were not suitable for the reaction nor was it possible to obtain
cyclobutanes from substrates with a two-fold substitution at the
terminal carbon atom of the tethered olen. A cyclohex-2-enone
with a two-fold substitution at carbon atom C4 had in the
racemic series already given a poor yield (38%) and failed to give
any products under the catalytic conditions.

To establish the absolute conguration of the products,
various derivatization methods were tried because none of the
products, not even bromophenyl-substituted product 5f, gave
2380 | Chem. Sci., 2022, 13, 2378–2384
suitable crystals for X-ray crystallographic analysis. Eventually,
the classical way via the respective hydrazone was viable and
compound 7 was obtained from product 5a in 73% yield upon
treatment with para-nitrophenylsulfonylhydrazide in CH2Cl2
solution. The crystal structure (Fig. 2) not only facilitated the
assignment of the absolute conguration but also conrmed
the Lewis basicity of the ether oxygen atom.21 Indeed, product 7
was formed exclusively as (E)-isomer presumably because
a hydrogen bond between the hydrazone NH and the oxygen
atom stabilizes this diastereoisomer. Regarding the absolute
conguration, the products are apparently formed as a result of
an attack at the cyclohexenone double bond from the top face
which in turn is the Si face relative to carbon atom C2.

The experimental observation, whether the double bond
conguration of an olenic reaction partner is retained or not,
has an implication for mechanistic analysis. Singlet reactions
are concerted and occur stereospecically, e.g. an (E)-congu-
ration of the dienophile in the Diels–Alder reaction translates
into a trans-conguration in the respective cyclohexene product.
If the relative conguration is not retained, the reaction is not
concerted but an intermediate must be involved in which the
steric information is erased. Photocycloaddition reactions on
the triplet hypersurface are known to proceed non-stereospe-
cically.22 In the current case, this issue was addressed by
subjecting the (E)- and (Z)-isomer of substrate 4m in separate
experiments to the conditions of the enantioselective photore-
action (Scheme 3). In both experiments, a single diastereo-
isomer was isolated to which the depicted relative conguration
was assigned based on NOESY data. The assignment of the
absolute conguration rests on analogy to product 5a. The
reactions proceeded stereoconvergently to the formal cis-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV/vis spectra of substrate 4a (blue), racemic Lewis acid rac-6
(red) and an equimolar mixture (green) of substrate 4a and rac-6 (c ¼
0.5 mM in CH2Cl2). The wavelength region from 350–450 nm is
enlarged in the inset.
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product, irrespective of whether the (E)- or (Z)-isomer (E)-4m or
(Z)-4m was used as the starting material.

The observed enantioselectivity for the reactions 4 / 5
indicates that there is a binding of the substrate to the catalyst
during or even before the photochemical event (vide infra). UV/
vis spectra were recorded to possibly identify a change of
absorbance upon substrate coordination. Enone 4a is trans-
parent at a wavelength l > 400 nm. Catalyst rac-6 is coloured and
its most red-shied absorption stretches into the visible region.
An equimolar mixture of both components (4a/rac-6) showed
only a minor change as compared to the spectrum of the cata-
lyst itself (Fig. 3). A bathochromic shi of the longest wave-
length absorption is notable but small. Compared to previous
photocycloaddition reactions catalysed by compound 6,16a there
was little change in the absorbance nor a pronounced bath-
ochromic absorption shi.

The UV/vis data indicated that the association between
catalyst and substrate was weak. NMR titration studies
remained unsuccessful but it was tried to evaluate the efficiency
of the catalyst from the quantum yield of the reaction 4a / 5a
(Scheme 4). The intrinsic quantum yield of the reaction was
accessed by direct excitation at l ¼ 368 nm. Although the np*
band of the cyclohex-2-enone is symmetry-forbidden, it leads to
rapid population of the reactive T1 state which has pp*
Scheme 4 Quantum yields as determined for the reaction 4a / rac-
5a under different conditions: while 9-thioxanthenone (TXT) as
sensitizer delivers identical quantum yields as the uncatalyzed reac-
tion, the catalysis by Lewis acid rac-6 is inefficient.

© 2022 The Author(s). Published by the Royal Society of Chemistry
character.23 The fact that the quantum yield (0.321 � 0.034)
is smaller than 1 can be accounted for by other decay
pathways but also by an initial cyclization to an unproductive
1,4-diradical (vide infra).12 More or less the same value
(0.316 � 0.011) was obtained if a sensitizer24 was used
(l ¼ 382 nm) suggesting that sensitization leads with high
quantum yield to the reactive T1 state. In order to allow for
a comparison with the conditions of the Rh-catalysed reaction
the quantum yield measurements were performed at
l ¼ 424 nm in DCE as the solvent with a lower sensitizer
loading. The value (0.299� 0.055) was – within the error margin
– identical to the value recorded at l ¼ 382 nm in CH2Cl2 at
a higher catalyst concentration. In all cases, racemic product
(rac-5a) was obtained.

In comparison to the sensitized conditions, the reaction with
chiral catalyst rac-6 was inefficient. The quantum yield was
almost a factor 100 lower than the intrinsic quantum yield of
the reaction. Although several deactivation pathways may
contribute to the loss in efficiency, the most likely explanation
for the low quantum yield appears to be a decreased population
of the reactive triplet state. The hypothesis is in accord with
recent studies by Baik and co-workers25 who collected evidence
that rhodium catalyst 6 – as opposed to the related iridium
catalyst – does not operate by sensitization but rather by acti-
vating the substrate directly within a catalyst–substrate
complex. Mechanistically, a picture emerges which includes
a productive cycle involving the complex between the catalyst
and the substrate, and an unproductive cycle for the catalyst
Scheme 5 Mechanistic picture of the crossed intramolecular [2+2]
photocycloaddition catalysed by Rh complex 6: (top) most photons
are absorbed by complex 6 but not by complex 8 between cationic
rhodium fragment [Rh]+ and substrate 4a. If excited, complex 8* reacts
via 1,4-diradical intermediates 9 or 90 to product 5a. (Bottom) simpli-
fied structure of complex 8 from the side and from the top illustrating
that access onto the enone double bond from the Si face (relative to
C2) is preferred. The first C–C bond forming step establishes the
absolute configuration in 9 or 90.

Chem. Sci., 2022, 13, 2378–2384 | 2381
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Scheme 6 Consecutive reactions of tricyclic photocycloaddition
products 5: (a) diastereoselective reduction to products 10, (b)
opening of the six-membered ring by ozonolysis to product 13, and (c)
formation of cyclobutanone 15.
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itself (Scheme 5). If a substrate, such as 4a, successfully
displaces the acetonitrile ligands from complex 6, an interme-
diate 8 is formed in which chirality can be transferred from the
catalyst to the substrate. The importance of this ligand
exchange is apparent from the result obtained in acetonitrile as
the solvent (Table 1, entry 1). No reaction occurred because
there was no ligand exchange and light absorption led only to
an energy dissipation within the unproductive cycle. In complex
8, however, which may benet from an irradiation at long
wavelength (Fig. 3; Table 1, entry 5 vs. entry 8: l¼ 425 nm vs. l¼
437 nm), excitation of the substrate within the complex is
possible. The stereoconvergent reaction course (Scheme 3)
indicates that the ensuing photocycloaddition occurs on the
triplet manifold which in turn means that intersystem crossing
(ISC) precedes the rst carbon–carbon bond forming step.

Irrespective of which bond formation occurs rst, the absolute
conguration is established with the rst carbon–carbon bond.
The C2-symmetric rhodium complex shields the Re face (bottom
face) of the olenic double bond. Accidently, the top face is the Si
face for both prostereogenic centres C2 and C3. Attack at C2 leads
to 1,4-diradical 9 while attack at C3 produces the regioisomeric
radical 90.26 As previously mentioned there is a diastereomeric
form of radical 90 in which the hydrogen atom at C3 and the
adjacent methylene group are cis- but not trans-oriented. This
diastereoisomer is not productive but will cleave to the starting
material aer ISC or lead to side products. In general, any
constitutional or congurational 1,4-diradical isomers which can
for steric reasons not lead to bond formation can decay to the
ground state by retrocleavage. The observed quantum yields for
the uncatalysed process (Scheme 4) indicate that only one out of
three photons induces product formation. If possible on steric
grounds, the reaction is completed by the second carbon–carbon
bond forming event which can take place within the complex as
depicted. Release of product 5a is required before a new substrate
molecule can enter the catalytic cycle. The fact that the reactions
did not go to completion under any of the reaction conditions
(Table 1) hints at a non-negligible product inhibition.

In a nal set of experiments, we performed some consecutive
reactions with the enantioenriched cyclobutanes 5 obtained by
the crossed [2+2] photocycloaddition (Scheme 6). The reduction
with diisobutylaluminium hydride (Dibal-H)11b exemplies the
high diastereoselectivity that can be achieved within the con-
formationally restricted tricyclic skeleton. Alcohols 10a and 10b
were isolated as single diastereoisomers since the hydride
nucleophile approaches the cyclohexanone in its locked chair
conformation exclusively in an equatorial fashion.

Conversion of ketone 5a to triate 11 was achieved by
treatment with lithium hexamethyldisilazide (LHMDS) and
PhNTf2 (Tf ¼ triuoromethanesulfonyl).27 The triate in turn
was used as a coupling partner in a Suzuki cross-coupling.28 A
representative aryl boronic acid served as nucleophilic reagent
delivering trisubstituted olen 12 as the only product and
without interference with the adjacent stereogenic centre.
When subjected to an ozonolysis29 the oxabicyclo[2.1.1]hexane
core remained intact and the dicarbonyl compound 13 was
isolated in high yield and with preserved enantiomeric purity
(92% ee). Ikeda et al. had already shown that racemic
2382 | Chem. Sci., 2022, 13, 2378–2384
photocycloaddition products analogous to rac-5 underwent
a stereospecic Baeyer–Villiger oxidation.11 Under the same
conditions, compound 14, was obtained in enantioenriched
form and served as a useful precursor to 2,3-disubstituted
cyclobutanones such as compound 15 (92% ee).

Conclusion

In summary, we have shown that crossed [2+2] photo-
cycloaddition reactions of cycloalkenones can be performed
enantioselectively in the presence of a chiral Lewis acid. In the
present case, the additional oxygen substituent invited the use
of a chelating, C2-symmetric Lewis acid. One key feature of the
reaction is its high enantioselectivity which is testimony to the
enantiodifferentiating power of the ligand framework around
the stereogenic rhodium centre. A second key feature is the
unique structure of the products which is difficult if not
impossible to establish by thermal methods. The products
display not only a bridged structure but also a tertiary oxygen
substituted carbon atom in a-position to the carbonyl group.
Future research efforts aim at possible applications of enan-
tioselective, crossed [2+2] photocycloaddition reactions to the
total synthesis of natural products.
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