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The key intramolecular [2 + 2] photochemical cycloaddition step in
the synthesis of dimethyl cubane-1,4-dicarboxylate is performed
with substoichiometric amounts of the photosensitizer benzophe-
none. The reaction proceeds via a Dexter energy transfer process
between the triplet excited state benzophenone and a well-known
cubane precursor diene. The use of the cheap and widely available
benzophenone as the photosensitizer enables lower energy light
to be used than the traditional photochemical process.

Cubane was first theorized to exist by Thorpe and Beesley" over
100 years ago and consists of eight nominally sp*-hybridized
carbon atoms bonded together to produce a highly strained
cubic structure.” Cubane is not only interesting because of its
peculiarity as a hydrocarbon Platonic solid, but it is also a
useful bioisostere for the benzene ring due to its similar size
and shape (Scheme 1A).°” Therefore the 1,4-substitution
pattern of a cubane molecule could replace a para-substituted
phenyl ring in a molecule and potentially offer improved pro-
perties including a departure from “flat-land”.® Furthermore,
there are other uses for cubane and its derivatives such as its
ability to rearrange into cunenes,’ its utilization in explosives®
and its incorporation into polymers.’

The first successful synthesis of cubane was accomplished
by Eaton and Cole'® to give dimethyl cubane-1,4-dicarboxylate
1 in 8 steps with a 12% overall yield from cyclopentenone.
Subsequent routes by Chapman'' and Tsanaktsidis"* allowed
for cyclopentanone to be used as starting material at compar-
able synthetic efficiency and overall yield. Further optimi-
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zations of Tsanaktsidis’s route by Linclau and co-workers
allowed for the synthesis of decagram quantities of 1 in overall
yields of between 33-40%."% Despite extensive work, current
synthetic routes to 1 rely upon the synthesis of key building
block dibromo-dione 2 from cyclopentanone in 5 steps
(Scheme 1B). Dione 2 can then undergo an intramolecular
photochemical [2 + 2] cycloaddition, which is promoted by the
use of either a high-powered Hg lamp or a UV-B lamp (dexc =
311 nm) under acidic conditions and has been successfully
scaled-up using continuous flow photochemistry."* After being
refluxed in water to hydrolyse any methyl ketals, 3 can then be
transformed into the cubane scaffold using a Favorskii
rearrangement to give cubane-1,4-dicarboxylic acid 4, which is
then esterified and isolated as 1.

While these synthetic routes have been refined over
decades and can now be scaled-up to efficiently produce large
quantities of 1, the key [2 + 2] cycloaddition step still requires
the use of UV-B lamps and specialist glassware. With this in

A
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B ref 13:
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5 Steps H,SO,4, MeOH
58% overall y:eld then reflux, Hzo
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2 O MeCN,dge=390nm 3 O
Br_O CO,H CO,Me
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Scheme 1 (A) Body diagonals of cubane and benzene. (B) Overall syn-

thesis for dimethyl cubane-1,4-dicarboxylate.
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mind, we set out to identify and optimize alternative con-
ditions that would allow for lower energy light to be used. Two
different strategies to achieve this were considered: the use of
Lewis acid coordination to 2 to bathochromically shift the
absorption into the visible region where it could be directly
photoexcited, or the use of an appropriate photosensitizer to
generate the same excited state intermediate required but via
Dexter energy transfer (DET) instead of direct photoexcitation.

Initial exploration focused on the use of Lewis acids to shift
the absorption spectra of 2 closer to the visible region. This
has been demonstrated previously for simpler o,{3-unsaturated
ketones by Bach and coworkers'* using oxazaborolidine-based
catalysts for enantioselective reactions and boron trichloride in
the racemic version, which achieved bathochromic shifts of
nearly 70 nm. To test if this was possible for 2, UV-vis absorp-
tion spectra were obtained in the presence and absence of
BCl; (Fig. 1). Without BCl;, 2 shows a band with a peak
maximum, A,ps, of 250 nm. Pleasingly, in the presence of BCl;
a new band appears at s of 300 nm and with a tail into the
visible region (Fig. S1t). However, attempts at direct photo-
excitation of 2 in the presence of boron trichloride with a
370 nm LED showed no reactivity and only returned unreacted
starting material. Therefore, even though the Lewis acid does
shift the absorption of 2 as hypothesized, this strategy did not
prove productive, and investigation turned to the use of a
photocatalytic DET reaction.

A DET reaction is possible if there is spectral overlap
between the S, — T, absorption spectrum of the acceptor and
the T; — S, emission spectrum of the donor.'> However, such
absorption spectra are not easily obtained, so instead the
triplet energies (Er) of the donor and acceptor are often used
as a rough predictive guide. If Er(donor) > Ey(acceptor) then
the DET is predicted to occur. Density functional theory (DFT)
calculations were therefore employed to predict the Ey of 2. A
small validation study was undertaken to determine the best
combination of functional and basis set to accurately model

2+BCl,
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Fig. 1 Absorption spectrum of 2 with and without BCls.
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the triplet energy of the system by cross-comparison with the
experimentally determined E;. Cyclohexenone was chosen as
the test molecule as it has a similar structure to 2 and has an
experimentally determined triplet energy (Er = 62.4 kcal
mol™)."® The most accurate methodology used was at the
BLYP/6-31G(d,p) level of theory, which predicted an Er of
62.5 kecal mol™" (Table 1, entry 1). Other functionals tested
included B3LYP and PBEO but they significantly overestimated
the Ey (Table 1, entries 2 and 3). The Ey of 2 was thus calcu-
lated at the BLYP/6-31G(d,p) level to be 67.3 kcal mol™*
(Table 1, entry 4). While this value makes it a more challenging
substrate than cyclohexenone to engage in DET, we hypoth-
esized that the commonly used and commercially available
photosensitizer, benzophenone (Ey = 69.0 kcal mol™),"” could
promote the DET and subsequent cyclisation of 2 to 3.

Based on these calculations, a solution of 2 and 25 mol% of
benzophenone in MeCN was irradiated with a 390 nm LED
over 24 h (Table 2, entry 1). Pleasingly, partial conversion to
the desired product (3) was observed using our standard
photoreactor (Fig. S1 and S21). Increasing the catalyst loading
gave increased product conversion over the same period but
fell short of complete conversion to 3 (Table 2, entries 2 and
3). To achieve full conversion, an alternative reaction set-up
that involved direct irradiation rather than the use of a photo-
reactor (see ESI}) was employed that provided more intense
irradiation (Table 2, entries 4-6). At this point, control reac-
tions were carried out to confirm the necessity of benzophe-
none. When using the photoreactor in the absence of benzo-
phenone, no conversion to the desired product was observed,
which is consistent with our previous attempts with BCl;
(Table 2, entry 7). However, upon direct irradiation, a modest
conversion to 3 was observed in the absence of benzophenone
(Table 2, entry 8). This suggests that if the light is sufficiently
intense, then photoirradiation at 390 nm should promote the
[2 + 2] cycloaddition via direct excitation of 2, albeit much less
efficiently. To obtain useful quantities of 3 the reaction was
scaled up to a 0.5 mmol scale. Similar results were observed,
with full conversion to 3 requiring 0.5 equivalents of benzo-
phenone (Table 2, entries 9-11). Further increase in scale to a
1.0 mmol reaction could also be achieved using the same con-
ditions and an NMR yield of 93% was observed (Table 2, entry
12).

With optimized conditions for the synthesis of 3 in hand
(Table 2, entry 12), the synthesis of dimethyl cubane-1,4-dicar-
boxylate was then completed (Scheme 2). Linclau and co-

Table 1 Optimization of functional to calculate Et

Entry Functional Compound Er/kcal mol™"
1 BLYP Cyclohexenone 62.5
2 B3LYP Cyclohexenone 72.4
3 PBEO Cyclohexenone 73.1
4 BLYP* 2 67.3

% Calculations at the same level of theory for benzophenone underesti-
mate Ey at 62.5 kecal mol™.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Optimization of the photocatalyzed intramolecular [2 + 2]
cycloaddition?

(0] Benzophenone

Br MeCN (0.1 M) B0
g —_—
Br  Mexc=390nm Br
2 4 i, 24 h 30
Entry Amount of 2/mmol  Catalyst loading/mol% Conversion”/%
1° 0.1 25 66
2°¢ 0.1 50 73
3¢ 0.1 100 95
4 0.1 25 93
5 0.1 50 100
6 0.1 100 100
7° 0.1 0 0
8 0.1 0 28
9 0.5 25 87
10 0.5 50 100
11 0.5 100 100
12 1.0 50 100 (93)¢

“Conditions: 2, benzophenone, MeCN (0.1 M), N,, LED (dexe =
390 nm), rt. ” From crude "H NMR. ¢ Reaction performed in a photo-
reactor (see Fig. S11). Y "H NMR yield using 1,3,5-trimethoxybenzene as
the internal standard.

Q B Benzophenone (0.5 equiv.) Br_O
r MeCN (0.1 M) S

Br lexe=390nm g

2 0 t,24 h 30
NaOH, aq.
Br_O (25% wiv) CO,H CO,Me
> 16 h, reflux HCI, MeOH
B then HCI 16 h, reflux
r MeO,C
30 HO,C 4 e0) 1

20% over three steps

Scheme 2 Synthesis of 1.

workers™ reported that crude 3 could only be subjected to the
Favorskii rearrangement conditions after being refluxed in
water to hydrolyse any methyl ketals present. As our method
avoids the formation of any methyl ketals, crude 3 could
undergo the desired Favorskii rearrangement without the
water hydrolysis step to give crude 4. To allow for facile purifi-
cation, 4 was then converted to the methyl ester using an
acidic methanol solution to give the final compound 1 in 20%
yield over three steps from 2. Although this represents a lower
overall yield than the 54% achieved by Linclau and co-
workers,"? considering the high conversion and NMR yield for
the formation of 3 through [2 + 2] cycloaddition we hypoth-
esise this is due to difficulties in precipitating 4 on a much
smaller scale.

Having completed the synthesis of 1, our attention turned
to the photocatalytic functionalization of cubane using cubane
carboxylic acid 5 as a convenient cubyl radical precursor. First,
5 was synthesised via hydrolysis of 1 in 50% yield, with 44% of
the unreacted diester being recovered (Scheme 3A). Then, 5

This journal is © The Royal Society of Chemistry 2023
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CO:Me NaOH (2.2 M, MeOH) COMe
THF, 24 h, rt _
MeO,C ) then HCI HO205
B 50%
CO2Me [Ir(dF(CF3)ppy)(dtbbpy)]1(PFe) (2 mol%) COM
(NH,),8,05 (3.0 equiv.), . 2vie
HO,C 2,4,6-collidine (3.0 equiv.)
5 DMSO, Aexc = 427 nm, 24 h 6
Trace
Scheme 3 (A) Hydrolysis of cubane. (B) Attempted photocatalytic

hydrodecarboxylation of cubane.

was subjected to a photocatalytic decarboxylation procedure
known to work efficiently with other tertiary carboxylic acids
such as 1-adamantylcarboxyclic acid;'® however, only trace
amounts of the desired product, 6, was observed (Scheme 3B
and Fig. S15}). Other methodologies'®*® were also applied to
this reaction but did not achieve any detectable conversion to
6.

In summary, we have developed a synthetic route to
dimethyl cubane-1,4-dicarboxylate where the key photochemi-
cal [2 + 2] cycloaddition is catalysed by the cheap and widely
available photosensitizer benzophenone to give near quantitat-
ive yields of the desired product 3 from dione 2. This allowed
for the use of much lower energy light (lex. = 390 nm) than pre-
vious direct excitation methods that required a high-power Hg
lamp or UV-B irradiation. Issues involving scale-up should be
remedied using flow chemistry to allow for the photocatalysed
[2 + 2] cycloaddition to be performed on a much larger scale.
Finally, attempts at photocatalytic decarboxylation of 5 were
attempted using conditions known to work for tertiary car-
boxylic acids; however, these were unsuccessful, with further
work towards the photocatalytic functionalization of cubane
derivatives ongoing.
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