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PEG-b-PLA polymersomes are used as nanoreactors for the photo-
dimerization of acenaphthylene (ACE), increasing reaction rate
significantly. The reaction steered towards almost exclusive for-
mation of anti product (94:6). This selectivity is remarkable, as
other known systems commonly mediate formation of the syn
product.

A primary goal in the field of artificial nanoreactors is to achieve
control over the stereochemistry of a catalytic reaction, a function
that natural enzymes exhibit."™ Furthermore, stereochemical
photocatalysis in aqueous media is of particular interest due to
its sustainable and green impact.> However, controlling the stereo-
chemical structure of the product in asymmetric photoreactions is
still challenging due to the often highly reactive intermediates®
which tend to react in any conformation. In recent decades,
great effort has been devoted to photocatalytic synthesis.”®
However, still few methods are known on controlling stereo-
chemical configuration.

A promising solution to this problem is to template the
reactants as a way to force the formation of a single product,
similar to enzymes.’ In the world of supramolecular catalysis
many systems have been investigated in the past few
decades.'®™*? To this end, scientists have been able to control
stereochemistry of photoreactions by creating (supramolecular)
reactors,'® such as organic hosts,'* metal-organic cages'>™*® and
enzyme mimics.’®*° Intermolecular reactions can be accelerated
and controlled due to the immensely increased concentration
and the specific orientation of the substrates. Focus on these
types of reactors is usually placed on cage-like molecules, while
only few examples exist of self-assembled nanoreactors used for
photoreactions.”** Our group has developed polymersomes,
artificial bilayer vesicles that can be used as nanoreactors, made
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from biodegradable poly(ethylene glycol)-b-poly(p,L-lactide) (PEG-
b-PLA) block copolymers (Fig. 1A).>* The block copolymers self-
assemble in aqueous solutions into spherical vesicles. Depending

1) THF : Dioxane
4:1 (v/v) 1mL

2) Ultrapure water
0.5 mL, 30 min

hv, 0.5 h, H:O:MeOH 1:3

Fig.1 Schematic of the polymersome nanoreactors. (A) Polymersomes
are made via self-assembly upon slow addition of water (0.5 mL, 1 mL h™3)
to PEG-b-PLA in THF/1,4-dioxane (4:1 v/v). (B) Photodimerization of
acenaphthylene (ACE) can lead to two possible products, syn and anti.
(C) Using UV-light, ACE is selectively converted to the anti product via
insertion into the polymersome membrane.
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on the solvent, the membrane of these vesicles can be rigid or
flexible.>**® By controlling these conditions, the inner membrane
of a polymersome can be accessed by substrates.*® Polymersomes
can be applied for the encapsulation of biological compounds,*”*
mimicking cells,* creating artificial organelles,*® catalysis,***
for drug delivery.***

Herein we demonstrate the capabilities of PEG-b-PLA poly-
mersomes as a nanoreactor for stereoselective reactions. To
investigate the effect of spatial orientation within PEG-b-PLA
nanostructures on chemical reaction taking place within the
membrane, we performed the [2+2] photocycloaddition of ace-
naphthylene (ACE), a simple and well-known reaction’® that has
been studied in various media yet still desires a high degree of
stereo- and regiochemical control.’” The [2+2] photocycloaddi-
tion of olefins is a well-known model photoreaction,’ but also an
important one for natural products synthesis, and drug
discovery.’®**° In this reaction, both the syn and anti product
can be formed based on the orientation of the reactants (Fig. 1B).
In our system, we successfully obtained chirality control by the
aid of the polymersome membrane without any additional
complementary interacting sites or functional groups. Although
most nanoreactors in literature facilitate the formation of syn, we
observed high configurational selectivity for the anti form in
excellent yield, while the reaction was also accelerated signifi-
cantly (Fig. 1C).

Three different PEG-b-PLA polymers were synthesized using
Ring Opening Polymerization (ROP); mMPEG,,-b-PDLLA,s,
MPEG;,-b-PLLA,;5s and mPEG,,-b-PDLA,s. The product compo-
sitions were calculated from their respective "H-NMR and GPC
spectra. The polymers were used separately to create two
different nanostructures; polymersomes for the atactic and
diamond shaped lamellar structures for the isotactic polymers
respectively. This was done by dissolving 10 mg of the polymer in
organic solvent (THF/1,4-dioxane, 4 : 1 v/v). An equivalent of water
was added slowly at 1 mL h™", inducing self-assembly into
spherical polymersomes or lamellar structures as shown by
Transmission Electron Microscopy (TEM) (Fig. 2A and B). Shape
transformation of polymersomes into somatotypes and rods was
also performed in order to apply these morphologies in the
dimerization experiments. Shape transformation was performed
by dialyzing previously formed polymersomes against a NaCl
solution of 10 and 50 mM respectively. The expected morphol-
ogies were successfully formed (Fig. 2C and D).

Before performing the photodimerization of ACE in the self-
assembled structures, first a suspension of ACE in different
solvents was irradiated at 250-385 nm. For quantitative analysis
of yield and syn/anti ratio, quantitative "H NMR in CDCl; was
applied using 1,3,5-trimethoxy benzene as an internal standard
(Fig. S1, ESIt). Results of the control photodimerization reactions
are summarized in Table S1 (ESIf). As expected, the reactions
proceed poorly. The observed effects of solvent on yield and syn/
anti ratio are in accordance with literature.”* Long exposure to
the light source is required, with little conversion or selectivity.

To perform the reaction with polymersomes present, a
suitable solvent is required. This solvent must be able to retain
the polymersome structure, as it could redissolve over time if

and
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Fig. 2 TEM images mPEG,,-b-PDLLA,s (A) polymersomes and mPEGg;-
b-PLLA4s (B) lamellar structures. Shape transformation of the polymer-
somes yielded (C) stomatocytes and (D) rods. Staining was used to make
the structures more visible on TEM (A, C and D). Scale bar: 500 nm.

too much organic solvent is used (Fig. S2, ESIt). However, it
must also be able to dissolve the ACE. For this reason, a water
and methanol mixture was chosen, and the ratio was optimized
(Tables S2 and S3, ESIT). The experiments were carried out both
with and without polymersomes present, and were irradiated
for 15 minutes. Water has a smaller effect on the glass transi-
tion temperature (T,) of PEG-b-PLA compared to organic sol-
vents, thus making the membrane less permeable.*” It is also
not a good solvent for ACE, driving it into the membrane.
Methanol can still keep the polymersome structure stable, but
lowers the T, significantly to around 5 °C (Fig. S3, ESIt), making
the membrane more flexible at room temperature so ACE can
enter it (Fig. S4, ESIT). It is however also a good solvent for ACE,
which could keep the substrate in solution instead of in the
membrane. As expected, we found almost no yield in pure water
and methanol. This can be explained as only water does not
solubilise ACE, making it unable to undergo the reaction. Our
PEG-b-PLA is also known to have a T, slightly above room
temperature in water, explaining why the substrate cannot
enter the membrane.** In pure methanol, ACE stays dissolved
instead of entering the membrane, thus similar results are
found compared to the absence of polymersomes. We found
that for a methanol content between 25-75% in water, the yield
is increased significantly when polymersomes were present.
Without polymersomes, only a small increase in yield was
observed together with a preference towards the syn product.
To prove that ACE can enter the PLA membrane of the
polymersomes when methanol is present, "H NMR kinetics experi-
ments were conducted. If exchange of ACE between the solution
and polymersomes would occur, the 7} relaxation should decrease
when polymersomes are added, as the membrane disturbs the
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magnetization of ACE during exchange.** T; was measured for
ACE with and without a 5 mg mL™" polymersome solution in
CD;0OD:D,0 3:1 at 40 °C. It was found that the T; relaxation of
ACE in solution was 9.0 s, while with polymersomes present this
number decreased to 1.4 s, indicating a rapid exchange with the
polymersome membrane (Fig. S5, ESIT). Additionally, we followed
the conversion of ACE over time with PEG-b-PLA polymersomes
present (Fig. S6, ESIT). When PEG-b-PS polymersomes were added
instead, which do not allow the substrate to enter the membrane,
no conversion was observed (Fig. S7, ESIt).

When a water/methanol ratio of 25/75 is used as solvent with
polymersomes present, we found that the reaction was driven
towards almost exclusive formation of anti product. anti for-
mation typically occurs when heavy atom solvents are added,
due to an increased population of triplet states.>’***! Compar-
ing the samples with and without polymersomes present, it is
clear that the polymersome drives the reaction towards the anti
product. The reaction in 25/75 H,O/MeOH was then tracked
over time to investigate the speed of the formation of ACE
dimer over time. The result is displayed in Table S4 (ESIY).
Conversion plateaued after 30 minutes of irradiation, which is
significantly faster than the reaction in solvent, and even
compared to other nanocages.”"*>*°

Finally, we used a variety of morphologies to investigate
what influence they held over the reaction, as seen in Table S5
(ESIt). It can be concluded that the morphology has no influ-
ence on the photodimerization reaction in the presence of
mPEG-b-PLA nanostructures. It was found that the different
morphologies of mPEG,,-b-PDLLA,s; polymersomes, stomato-
cytes and rods, all gave similar outcomes. Also by using a more
tactic polymer, similar conversion was obtained. However, if
PEG-b-PS polymersomes are applied, the high conversion and
anti selectivity is not observed anymore. The T, of PS is
significantly higher than that of PLA, making it harder for
substrate to enter the membrane, showing the necessity of PLA
in this reaction.>* The reaction appears to proceed mostly in
solution in this system, resulting in comparable observations to
that of the reaction in solvent. An overview of the reactions is
given in Table 1.

Table 1 Summary of photodimerization results for different systems,
irradiated for 30 minutes

— H H — — HH —
. mosn & WA, \_/
Oe \_/ N\ 7/ N\ / =N\ 7/
HH H A
Syn Anti
Medium Conversion% anti% syn%
H,0 0 - =
MeOH 15.5 24.0 76.0
25:75 H,O:MeOH 30.8 26.9 73.1
mMPEG,,-b-PDLLA,;5 polymersomes 25:75 82.2 94.1 5.9
H,0: MeOH
MPEG,4-b-PS;¢ polymersomes 25:75 31.2 20.6 79.4
H,O0: MeOH
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The product formed during the photodimerization is highly
dependent on a number of factors. Increased local concentration
greatly enhances yield, and the excited singlet state yields the syn
dimer while the triplet state yields both syn and anti dimers, with
the latter as the major product.*"*° It is well known that in
organic solvents the ratio of syn to anti dimers, apart from the
concentration of acenaphthylene, depends on the formation of
singlet or triplet excited states. Since we perform this reaction
under an argon atmosphere, no oxygen is present to quench the
triplet state. Depending on the solvent polarity, the acenaphthy-
lene triplet can give both syn and anti dimers. A high polarity
results in increased stabilization of the transition state leading to
the syn dimer, while lower polarity leads to the anti dimer.*' The
inner membrane of the polymersome is hydrophobic, and we
believe this can provide an environment in which dimerization is
driven towards anti product formation. This is contrary to other
nanoreactors used throughout literature to optimize this reac-
tion, which mainly result in syn formation.>"**”*° For instance
nano-cages® and sodium dodecyl sulfate micelles®® can also
provide a fast conversion, but with high selectivity only for the
syn product. In dendrimeric systems>® and nanocapsules,’* this
conversion can take up to 12 hours. In some systems, space
constraints are used to align ACE in a favorable position to for the
syn or anti variant. For example, in y-cyclodextrin thioethers the
cavity hosts two ACE molecules which can only react to exclu-
sively form the anti product.>*>® Though effective, these reactions
take many hours and only get a very low conversion (<29%).
Comparatively, our polymersome nanoreactor can form the anti
product near selectively in 30 minutes.

In conclusion, we have shown PEG-b-PLA self-assembled
nanostructures can be used as reactors to promote intermolecular
[2+2] photodimerization of acenaphthylene. By varying the solvent,
reaction time and nanostructure we have been able to optimize the
selectivity of the reaction. By performing the reaction in 3:1
MeOH:H,0, the reaction rate is increased significantly as
membrane of the mPEG-b-PLA nanostructures become accessible
to the substrate. Specifically, the reaction is steered towards almost
exclusive formation of anti product with a 94% anti formation over
syn and a total yield of 82%, not yet seen before in literature. We
believe selectivity and enhanced reactivity during direct excitation
can be attributed to the hydrophobic membrane of the nanor-
eactor, which localizes the substrate and enhances anti formation.
This selectivity is remarkable compared to other systems used in
the photocatalysis of ACE, which commonly mediate the for-
mation of syn product.
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