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The [2 + 2] photodimerization of cinnamic acid derivatives to
afford enantiopure cyclobutanes has been investigated. The use of
a chiral auxiliary represents a convenient and straightforward
method to exert enantiocontrol on the reaction. By exploiting
Evans oxazolidinones, the stereoselective light-driven cyclisation
affords a functionalised cyclobutane ring with up to 99% enantio-
control after removing the chiral auxiliary. In-flow experiments
allowed us to improve further the efficiency of the methodology,
leading to high conversion and excellent enantioselectivity.

Strained carbocycles are an intriguing class of molecules,
thanks to their unusual structural motifs. They can be found
in a variety of complex natural molecules, and many of them
are endowed with biological activity. The possibility of opening
the rings and releasing the strain energy makes them ideal
candidates for further transformations.! In particular, complex
natural products containing the cyclobutane ring can be exten-
sively found in nature and exhibit fascinating architectures
and attractive biological properties (Fig. 1).

The synthesis of such molecules, however, remains quite
unexplored compared to their homologues.” The reason for
this gap is mainly due to their high strain energy, about
26.7 kecal mol™,* which makes the synthesis of the four-mem-
bered ring quite challenging. The development of efficient
methods to exert stereocontrol over the formation of the
stereocenters of the ring is highly desirable since it would
afford enantiomerically pure cyclobutanes.” [2 + 2] photo-
catalytic cycloaddition represents one of the most popular
strategies to build cyclobutanes,’ and in the last few years, fol-
lowing the seminal studies by Bach® and Yoon,” some enantio-
selective photocatalytic reactions have been reported,® either
using metals or organocatalysts.” Dual catalysis is another
powerful methodology for developing stereoselective photo-
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catalytic reactions, in which a photocatalyst is used to generate
reactive intermediates and a second catalytic species is used to
direct the reactivity of the photogenerated intermediates.'
This synergy enables new interesting transformations, which
would not be otherwise possible.!*

Despite the great progress of the last decade, the develop-
ment of efficient enantioselective catalytic systems is ham-
pered by some issues, such as short lifetime and high reactiv-
ity characteristic of the photogenerated reactive intermediates,
and, in general, the need for highly precise design of catalyst
architectures that can provide effective enantiocontrol in a
photochemical reaction. Indeed, for the [2 + 2] photocatalytic
cycloaddition of cinnamic ester derivatives, a very limited
number of asymmetric catalytic reactions are known. The use
of a bisthiourea catalyst in a stereoselective reaction, of a chiral
Rh catalyst and of a chiral Lewis acid system, and, more
recently, of a chiral phosphoric acid has been reported.'

In 2017 Reiser and co-workers introduced a simple and
straightforward methodology™® for building cyclobutane rings
by [2 + 2] photodimerization. Cinnamic esters easily under-
went cycloaddition after treatment with UV-light (450 nm) in
the presence of an Ir(m) catalyst ([Ir{dF(CF;)ppy}.(dtb-bpy)]
PF¢), affording the desired cyclised products as shown in
Scheme 1a. The reaction proceeded smoothly in excellent
yields, with high diastereoselectivity in favour of the trans
compound.

According to the authors, the [2 + 2] photodimerization of
cinnamic esters proceeded by energy transfer via diradical for-
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Fig. 1 Four-membered ring natural products.
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Scheme 1 [2 + 2] photodimerization of cinnamic esters.

mation. The Ir(m) catalyst is photo-excited and transfers energy
to the substrate, which dimerizes via the diradical activated
species.'* We reasoned that by the introduction of a chiral
auxiliary on the cinnamic derivative to be cyclized, a stereo-
selective synthesis could be realised, which would provide an
easy and practical method for the synthesis of enantioenriched
cyclobutane derivatives (Scheme 1b)."

We have recently developed a stereoselective visible light-
catalyzed cyclization of bis(enones) as a viable approach for
the synthesis of enantiomerically enriched cyclopentane rings
by inserting a chiral auxiliary on the bisenone to be cyclized.'®
This offered a straightforward and convenient option to exert
stereocontrol on the light-driven cyclization through a syn-
thetic protocol that was also efficiently implemented under
continuous flow conditions,"”” in a home-made coil photo-
reactor and a custom-made, 3D-printed photoreactor.'® The
aim of this work was the synthesis of cinnamic derivatives
bearing Evans oxazolidinones as chiral auxiliaries, and the
study of their [2 + 2] photocatalytic dimerization, both in batch
and under flow conditions, to afford, upon chiral auxiliary
removal, enantioenriched functionalised cyclobutanes
(Scheme 1b).

The insertion of the chiral auxiliary in the scaffold was
easily achieved using a well-established procedure (Fig. 2)."°

A small library of cinnamates 2a-d bearing different chiral
oxazolidinones was synthesised in excellent yields, by the treat-
ment of cinnamic acid with SOCl,, followed by the reaction
with the enantiopure oxazolidinone. Substrates 2a-d were then
subjected to [2 + 2] photodimerization, under the reaction con-
ditions previously developed by Reiser,'® using a Penn PhD
photoreactor M2, operating with a blue LED at 450 nm, DMF
as the solvent and [Ir{dF(CF;)ppy}.(dtb-bpy)|PFs as the photo-
catalyst to afford compounds 3a-d (Table 1).

The reaction afforded the desired products in good yields
after 8 hours, which favourably compares to 72 h reaction time
of the work by Reiser. The products were obtained as a
complex mixture of stereoisomers, which made the reaction
crude difficult to analyse. Therefore, in order to remove the
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Fig. 2 Synthesis of N-cinnamoyl-oxazolidinones 2a—d.

Table 1 Photodimerization of N-cinnamoyl-oxazolidinones 2a—d

[0}
o*} R
o o Ph ./~0
Ph/\)LN/[{o Ir cat 1 mol% _NaOwe P
/" bige LED, P PO MeOH,
R DMIF, 1, 8h YN -5°C, 4h /l/ N
el
> 98% Yield
2a-d 3a-d 4 (trans) 5 (cis)
Entry” 2 R 3a-d yield (%) 4:5 ratio” 4 ee (%)
1 2a Ph 73 88:12 91°¢
2 2b Bn 58 89:11 67
3 2¢ tBu 71 93:7 80
4 2d iPr 70 91:9 95
“penn PhD photoreactor M2, 450 nm LED, 3.4 W cm™, ? Determined
by 'H NMR. ‘Enantiomer with the opposite configuration was
obtained.

chiral oxazolidinone unit, the crude obtained from the photo-
cyclization was rapidly filtered over a short pad of silica, and
treated with NaOMe at —5 °C, to afford the corresponding
methyl ester in quantitative yields. The product was obtained
as a mixture of trans-cyclobutane 4 and cis-cyclobutane 5 (meso
form) typically in a 90 : 10 ratio (see Table 1).

The HPLC analysis of the chiral stationary phase showed
that the trans-cyclobutane 4 was obtained with good to excel-
lent ee (Table 1).>° The best result was obtained with (S)-iPr-
substituted oxazolidinone (starting compound 3d) that led to
the desired cyclobutane with 95% ee. The absolute configur-
ation was determined by the measurement of the optical
rotation value of product 4, obtained from entry 4 ([a]X =
—8.26° ¢ = 0.25 in acetone), and comparison with the optical
rotation value reported in the literature ([a]X = —11.1 ¢ = 12.3
in acetone), which allowed us to establish the absolute stereo-
chemistry for the major enantiomer of product 4 to be
(1R,2R,35,4S), as shown in the structure in Table 1.
Noteworthily, with (S)-Ph-substituted oxazolidinone 2a product
ent-4 was obtained as the major isomer with 91% ee (entry 1,
Table 1).

This journal is © The Royal Society of Chemistry 2023
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The scope of the reaction was then investigated on different
substrates bearing (S)-isopropyl-oxazolidinone as the chiral
auxiliary. A collection of cinnamoyl derivatives exhibiting
different steric and electronic properties were prepared in high
to excellent yields from the corresponding cinnamic acids
(Fig. 3). The substrates were subjected to [2 + 2] photodimeri-
zation under the previously described conditions. The purified
mixture was then treated with NaOMe in MeOH to afford the
desired methyl ester derivatives, as described in Fig. 4.

To maximise the yield, the reactions were performed for
72 h; moreover, to conduct more experiments simultaneously,
a home-made, multi-vial reactor, equipped with a blue LED,
was fabricated and used (see the ESIt for further details). The
multi-vial reactor was first benchmarked with the model sub-
strate, leading to comparable results with those obtained with
the Penn PhD photoreactor M2.

All the substrates afforded the products 18-29 in excellent
yields, generally higher than 85%, and trans/cis diastereo-
selectivities ranging from 70/30 to 99/1 (only heteroaromatic
derivatives 28 and 29 were obtained as a 1:1 mixture).
Enantiomeric excesses from 80% to 95% were typically
observed, but some compounds, like 22, 25, and 29, were
obtained in >99% ee. Both electron-donating and electron-
withdrawing groups on the aryl moiety were well tolerated in
the reaction.

The [2 + 2] photodimerization was then studied under con-
tinuous flow conditions. The flow set-up is illustrated in
Scheme 2 (see the ESIf for the assembly of the photoreactor
and further details): a 76 pl HPFA tubing reactor was wrapped
around the blue-LED photoreactor; a DMF solution of sub-
strate 2d and the photocatalyst was fed using a syringe pump
for the given residence time.

In the first attempt, we tried to translate the batch reaction
conditions to the flow set-up. The use of the same concen-
tration of the starting material solution (0.5 M) and 30 min
residence time led to the isomerization of the double bond
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Fig. 3 Synthesis of differently substituted N-cinnamoyl-oxazolidinones
6-17.
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Fig. 4 Scope of the reaction. Synthesis of enantioenriched cyclobu-
tanes 18—29.

a)

Syringe 1

Ir(I11) 1mol%,
DMF

b) Blue LEDs 3d

Entry | Concentration | Residence Time NMR yield*
1 0.5M 30 min <5%
2 0.5M 60 min 43%
3 2M 30 min 41%
4 2M 60 min 73%
5 4M 30 min 43%
6 4M 60 min 88%

Scheme 2 (a) Schematic representation of the flow process; (b) optimi-

sation table. ? Determined by *H-NMR using 1,3,5-trimethoxybenzene as
the internal standard.

only, with no formation of the desired product 3d (entry 1). By
increasing the residence time to 60 min, 3d was obtained in
43% yield (entry 2), as assessed by 'H-NMR using 1,3,5-tri-

Org. Biomol. Chem., 2023, 21, 2899-2904 | 2901
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methoxybenzene as the internal standard. Better yields were
observed by increasing the concentration of the starting
material solution. Using a 2 M solution, 3d was produced in
41% yield within 30 min (entry 3) and in 73% yield within
60 min (entry 4). By further increasing the concentration to 4
M we were able to obtain the desired product in 88% yield in
60 min residence time (entry 6). The crude obtained from
entry 6 was treated with NaOMe/MeOH solution and the puri-
fied methyl ester was analysed by HPLC, allowing us to deter-
mine the enantiomeric excess to be 93%.

Then a preliminary in-batch two-step one-pot procedure
was performed, where the NaOMe/MeOH solution was directly
added to the crude of the photocyclisation reactor. The reac-
tion worked well, and afforded the expected product in 77%
overall yield, 9:1 trans: cis ratio and 91% ee for compound 4
(Scheme 3).

In an attempt to realize a telescoped process, after the in-
flow photodimerization, a CSTR reactor was used to perform
the removal of the chiral auxiliary in continuo.>* The represen-
tation of the experimental setup is illustrated in Scheme 4: a
DMF solution of substrate 2d and the photocatalyst was fed
using a syringe pump into the photoreactor; the output of the
photoreactor was directed into a 1.5 ml CSTR, where, simul-
taneously, the NaOMe/MeOH solution and a filling solvent
were added. The use of the filling solvent was necessary to
limit the amount of the costly Ir(ur) photocatalyst used in the
reaction. MeOH proved to be the best solvent to fill the CSTR
volume; however, this led to a dilution of the reaction mixture
and a lower yield. To overcome this inconvenience, a higher
amount of NaOMe (7 eq.) was added to the CSTR. Under these
conditions dimethyl ester 4 was isolated in 45% yield and 77%
ee, while cycloadduct 3d was recovered in 35% yield. Under
these harsher conditions, it cannot be excluded that the lower

o o
/\)L J( 1) Ir(111), DMF, Blue LED, rt Ph
Ph NL/
2) NaOMe, MeOH, -5°C
) //’ N
2d 4
77% overall yield
9:1 trans:cis; 91% ee for 4
Scheme 3 In batch two-step one-pot reaction.

Syringe 2

NaOMe
MeOH Kept at
-5°C
Syringe 1 -
[e] 0 ==
Ph/\)J\N/l(O
L collecting vial
\ 3d + 4
2d Blue LEDs 35%  45% yield
77% ee.
Ir(lll) 1mol%,
DMF MeOH

Syringe 3

Scheme 4 A schematic representation of the in-flow two-step reac-
tion, using a combination of the coil reactor and a CSTR.
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DMF Product 4: 72% yield, 87% ee.

Scheme 5 A schematic representation of the successful in continuo
two-step flow/batch reaction.

Table 2 Comparison of productivity and space—time yield of the two
reactors and normalized relative factors

Productivity” [mmol Rel. STY” [mmol Rel.
Method h™'] factor mL™" h™] factor
Batch  3.7x1072 1 4.8x107° 1
Flow 2.1x107" 5.8 3.52 73

“Productivity: moles of the product (calculated from the isolated yield)
divided by the collection time requ1red to collect the product obtained
by the reaction of 0.38 mmol of 2d. ” Space-time yield: moles of the
product in the reactor, divided by residence time and reactor volume
(for details on calculations, see the ESIf).

ee (77% ee compared to 91% ee of Scheme 3) might be due to
a partial epimerization.>”

With the aim of increasing both the yield and enantio-
selectivity, in another experimental setup, the output of the in-
flow photocatalytic reaction was collected in a flask where a 1
M solution of NaOMe in MeOH was continuously fed to main-
tain a constant 1:2 ratio of 3d : NaOMe (Scheme 5). After 1 h
collection time, the reaction mixture was stirred for an
additional 1 h. After purification, product 4 was obtained in
72% yield and 87% ee.

A comparison between the photodimerization conducted in
batch and the reaction in the microreactor is reported in
Table 2. Productivity and space-time yield were calculated for
the two reactors, with a method already established in the lit-
erature.?® Thanks to the shorter residence time, the microreac-
tor provided a productivity that was almost 6-times higher
than that of the batch reactor. This improvement was further
evidenced by considering the space-time-yield (STY), a useful
metric to compare reactors of different volumes. With a small
microreactor (76 pl) it is possible to obtain product 3d at
3.52 mmol mL™" h™", a value that is 73-times higher than the
one afforded by the batch reaction.

Conclusions

In conclusion, we have developed a stereoselective [2 + 2]
photodimerization of cinnamic acid derivatives to afford
enantioenriched cyclobutanes. The use of the chiral auxiliary
provided functionalized cyclobutane rings in up to 99% ee.
The synthetic methodology was then implemented under con-

This journal is © The Royal Society of Chemistry 2023
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tinuous flow conditions, obtaining the products in high yields
and enantioselectivity.
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