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The first template-assisted olefin [2 + 2] photocycloaddition per-
formed in a ball mill is reported. Using catalytic amounts of
template resorcinol (as low as 10 mol%) enables rapid, quantitative
and stereoselective dimerisation of trans-1,2-bis(4-pyridyl)ethene.
In situ Raman monitoring of the photomechanochemical reactions
reveals sigmoidal reaction profiles for olefin consumption, which
were analyzed using the Finke—Watzky and JMAK kinetic models.

One of the most extensively studied reactions involving reactive
supramolecular assemblies is the template-assisted olefin
photodimerization.”” This long-known*™® [2 + 2] cycloaddition
typically requires a pre-formed co-crystal of the olefin with a
template, where the molecules are pre-aligned in the Schmidt
orientation.” Conventional methodologies rely on irradiating
these photoactive co-crystals, often with periodic pauses to
manually mix the sample.®** This human intervention limits
scalability and reproducibility of the reaction.®™>**°

Resorcinol (res) derivatives are efficient templates for olefin
photodimerisation.*™"® Until now, res-assisted cycloaddition of
olefins has been carried out using manual'®'' or vortex'>"?
mixing. The lowest reported template loading to achieve near-
quantitative yield was 10 mol%, but it required 80 hours of
irradiation with intermittent mixing.'® More recently, 50 mol%
of a res derivative enabled dimerisation in just 30 minutes in
the vortex."® Despite these advances, real-time monitoring of
the solid-state reaction remains challenging.

Ball milling'* has emerged as a sustainable alternative to
conventional solution-based protocols’®'® and has recently
extended into the area of photochemistry.'” Since the initial
breakthroughs in 2017,'®'? solid-state photochemical transfor-
mations under ball-milling conditions have become an exciting
field of research.>*>* Ball milling offers advantages such as
reproducibility, solvent-free conditions, and the ability to moni-
tor reactions in real time without interrupting milling by solid-
state Raman spectroscopy.'*%?°
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In this study, we report the first example of a template-assisted
olefin [2 + 2] photocycloaddition performed in a ball mill. Using as
little as 10 mol% of res as a supramolecular catalyst, trans-1,2-bis-
(4-pyridyl)ethene (bpe) was quantitatively and stereoselectively con-
verted to rctt-1,2,3,4tetrakis(4-pyridyl)cyclobutane (tpcb) within
2 hours, without any need for manual workup (Scheme 1). The
reported solid-state approach is fast and simpler than previously
reported methods.'®"® The reactions were monitored in situ using
Raman spectroscopy. Conversion profiles for bpe in reactions with
10-50 mol% of res showed sigmoidal kinetics dependent on the
template amount, with 25 mol% res yielding the fastest transfor-
mation. Kinetic analysis using the Finke-Watzky (FW) and the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) models>® revealed how
template loading influences the reaction dynamics.

The olefin bpe and the template res (10-100 mol% relative to
bpe) were milled under simultaneous irradiation for 3 hours.
Quantitative photodimerisation was confirmed by powder X-ray
diffraction (PXRD) and "H NMR analysis of the crude reaction
mixtures. Reactions with catalytic amounts of res (10-50 mol%)
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Scheme 1 The studied photo-mechanochemical olefin [2 + 2] cyclo-
addition. Ball-milling experiments were performed at ambient temperature
controlled by air conditioner using an IST500 mixer mill with a built-in fan
operating at 30 Hz. Reactions were conducted in 14 mL poly(methyl
methacrylate) (PMMA) jars. One zirconium oxide (ZrO,, 10 mm in diameter,
3.4 g) milling ball was used. The sample was irradiated by a module with
five 365-367 nm light-emitting diodes (LEDs) (optical power 2-3 W).
Distance of the LEDs from the jar was set to ca. 3 cm (Fig. S1). Heating
of the LEDs and the jar during the reaction was modulated by a fan blowing
between the jar and the LED module.
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Fig.1 Photo-mechanochemical reaction of bpe and res in a 1:1 molar
ratio: (a) experimental (blue) and simulated (red) PXRD patterns of the
obtained product res-tpcb, (b) 2D plot of the in situ Raman monitoring with
insets showing fast formation of res-bpe, and (c) experimental (blue) and
calculated (red) Raman spectra of res-bpe and res-tpcb. Raman experi-
ments were performed following the previously described method® using
a portable Raman system with the PD-LD (now Necsel) BlueBox laser
source (785 nm excitation wavelength), equipped with the B&W-Tek fibre
optic Raman BAC102 probe and coupled to the OceanOptics Maya2000-
Pro spectrometer. Raman spectra were collected automatically for 8
seconds every 16 seconds, with a laser power of 400 mW and a probe
distance of approx. 0.5 cm from the jar with a focus placed 1 mm inside the
jar. For the reaction duration of 3 hours, 675 Raman spectra were collected.

proceeded faster than that with the equimolar res/bpe mixture,
with 25 mol% res giving the fastest conversion. PXRD showed that
the formed cyclobutane product tpcb was either unbound (CSD
code: PYRBTA®’) or part of a restpch assembly (CSD code:
ABELAU®), with the ratio of these two depending on the res
loading. At 100 mol% res, all product existed as res-tpch
(Fig. 1a) while at lower loadings, all res was bound in res-tpcb,
and the excess tpcb remained unbound. Isolation of pure tpcb
after the catalytic reactions asks for a solvent-based work-up®® or
sublimation.*® Similarly, milling res and bpe in a 1:2 molar ratio,
yielded only a 1:1 co-crystal of res and bpe (res-bpe, CSD code:
ABEKUN®) and the unreacted bpe according to PXRD of the crude
reaction mixture. When res-tpcb was milled with bpe in a 1:2
molar ratio, only res-bpe and tpcb were detected by PXRD,
showing the higher stability of res-bpe over res-tpcb.

In situ Raman monitoring during milling revealed two dis-
tinct steps (Fig. 1b). First, the co-crystal res-bpe forms within five
minutes, evidenced by a blue shift in key Raman bands of bpe at
1599 and 1636 cm ™' to 1606 and 1646 cm . This intermediate
was previously shown to form readily under mild conditions.’
Similar was observed for the mechanochemical formation of the
H-bonded assembly of phenylboronic acid and 4,4'-bipyridine.*
The second, slower step involves the photodimerisation of bpe
within the co-crystal, as seen by the gradual loss of C—C-related
Raman bands at 1646 and 1200 cm™ " and the appearance of new
bands at 997, 1066, 1101 and 1139 cm ' corresponding to the
cyclobutane product (Fig. 1c).

Calculations were used to check the feasibility of formation
of various H-bonded assemblies and assign the Raman spectra.
Results support the experimental findings and are in line
with the available report.’® Both applied functionals identify
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Fig. 2 Possible steps leading to the res-catalysed photodimerisation of
bpe. Calculations were performed in the gas phase at B3LYP-D3(bj)/
def2tzvp and wB97X-D/def2tzvp (in parentheses) levels of theory using
the programme package Gaussian16.5! The reported free energies are in
kcal mol~? relative to reactants at 298.15 K and 1 atm without corrections.
More details are listed in the SI.

the res-bpe assembly as the most stable H-bonded assembly
(Fig. 2). H-bonding between tpcb and res to form res-tpeb is
also favourable, explaining why res is observed exclusively as
res-tpcb after the reaction under catalytic conditions. The res-
bpe assembly is significantly more stable than res-tpcb suggest-
ing that, in presence of the unbound bpe, res-bpe can regen-
erate from res-tpcb, enabling catalytic turnover.

The catalytic reaction likely involves a series of bpe/tpcb
exchanges accompanied by changes in the H-bonding of res.
Among the possible pathways, the formation of the most stable
supramolecular assembly, the “closed” assembly res-bpe, should
be involved in the preferred pathway. As outlined in Fig. 2, the
plausible catalytic cycle begins with photoreaction of res-bpe to
form res-tpcb. Subsequent binding of bpe to res-tpcb yields the
“open” intermediate (res),(bpe)(tpcb), which undergoes transition
first to the more stable “closed” (res),(bpe)(tpcb) and then to
“open2” upon binding another bpe, and finally closes again to
regenerate res-bpe, releasing tpcb and completing the cycle.

While the route similar to the simplified pathway shown in
Fig. 2 likely prevails, alternative routes may also contribute
depending on the reaction conditions and the solid-state
environment, particularly at low res loadings. These include
direct photocyclisation in “open” assemblies such as “openi” or
“open2”, or tpcb-to-bpe exchange in “openi1” prior to cyclisation.
In these intermediates, bpe is positioned similarly as in “open2”
and, as suggested by previous studies,*** may still engage in
the template-assisted reaction. We note that ex situ monitoring
of the reactions by PXRD and NMR methods showed no
unidentified species in crude mixtures preventing further
analysis.

Chem. Commun., 2025, 61,17934-17937 | 17935
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Fig. 3 Kinetic profiles for bpe obtained from in situ data for reactions
using different res loadings: (a) 100 mol% res (compared to the reaction of
res-bpe), (b) 10-50 mol% res, and (c) 5 mol% res-tpcb (compared to the
reaction with 10 mol% res). FW (red) and JMAK (blue) analysis: (d) fits using
data for 25 mol% res, and (e) results according to the equations in (d).
Processed Raman data was used for kinetic analysis. Contribution of the
PMMA jar was subtracted from the obtained spectra using the most
intense PMMA band at 2955 cm™! as a scaling reference. The spectra
were truncated to region 1765-930 cm. Baseline correction was per-
formed using the ALS algorithm. Normalization was carried out using the (2
(Euclidian) norm. The Raman band in the region between 16201660 cm~*
of each spectrum was fitted with a pseudo-Voigt function and the area
beneath the fitted function was calculated using the trapezoidal rule.
Eventual outliers were detected and corrected using a Hampel filter with
a window length of 20 data points and a Sigma value of 2. The obtained
curves were normalized between 0 and 1 and used for kinetic analysis.

In reactions with equimolar mixtures of res and bpe, or with
pre-formed co-crystals res-bpe, the reaction starts quickly due to
the (almost) immediate presence of the reactive intermediate.
However, some of this intermediate may be trapped inside parti-
cles, inaccessible to light.***” This might explain the partially
sigmoidal reaction profile of bpe determined from Raman changes
in the 1620-1660 cm™" region (Fig. 3a). During the first hour, the
reaction appears light-limited, resembling first-order behaviour. In
the second hour, the reaction accelerates as mechanical action
exposes more reaction sites by fracturing particles and continu-
ously generating new reactive surfaces. This can be tentatively
connected to grinding as well as to accumulation of stress, strain
and defects introduced by formation of the photoproduct.®?®
These observations align with an earlier report showing that
macro-sized res-bpe crystals tend to crack under irradiation,
whereas smaller micro- or nanometre-sized crystals undergo
single-crystal-to-single-crystal (SCSC) transformations.*®
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Ex situ monitoring of repeated irradiation and manual mix-
ing with catalytic res-loadings showed an almost linear progres-
sion of bpe photodimerisation,'® while the data for the 50 mol%
template reaction under vortex conditions was best described by
the A2 kinetic model.'> In situ Raman monitoring of our
reactions with 10-50 mol% res performed in a ball mill revealed
characteristic sigmoidal profiles for bpe (Fig. 3b). These curves
show an initial induction phase with minimal product for-
mation, which becomes significantly longer as the template
loading decreases. This is followed by a rapid conversion phase
and then a plateau, indicating reaction completion.

The observed sigmoidal kinetics suggests an autocatalytic
component, possibly due to the product itself accelerating the
reaction. To test this, a control reaction was conducted using
5 mol% of res-tpcb. The obtained kinetic profile is highly similar
to that of the reaction using 10 mol% of res (Fig. 3c). This
confirmed that the exchange of bound molecules on the template
is fast, and that the induction period is changed more likely due to
nucleation and growth processes rather than molecular exchange.

The reaction occurs at supramolecular sites formed by the
template. At low res loadings, the limited number of active sites
slows the reaction. At high loadings, some res-bpe assemblies
may become inaccessible to light, which may also hinder the
conversion. An optimal balance between these effects likely
reflects in the fastest reaction using 25 mol% of res.

To better understand the solid-state dynamics, the kinetic
data for the reactions using catalytic amounts of res was fitted
using two common models: the Finke-Watzky (FW) and the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) models,*® both
previously applied to mechanochemical transformations.*®

FW modelling (data in red, Fig. 3e) revealed that nucleation
(characterized by k;), which dominates in the initial period,
slows with lower res loading, likely due to fewer reaction sites.
In contrast, the growth phase (characterized by k,) was faster at
lower template concentrations (from 50 to 14.3 mol%), possibly
because the limited res is more efficiently used at the particle
surface. The reaction may benefit from enhanced local concen-
tration of bpe, rapid product-template exchange, and mechan-
ical effects such as cracking and fragmentation that expose new
reactive surfaces.

JMAK analysis complemented the FW findings (data in blue,
Fig. 3e). At 50 mol% res, the Avrami exponent 7 is 2.0, suggest-
ing a 1D process possibly related to growth of the product and/
or erosion of product from bpe grain surfaces. At 10 mol% res,
the Avrami exponent increases to 4.0, indicative of random
nucleation and 3D growth. This shift suggests that under dilute
conditions, the reaction proceeds uniformly across the powder,
exploiting random nucleation and unhindered growth, with
milling aiding in continuous exposure of fresh surfaces.™

The sigmoidal profiles reported here are not due to thermal
runaway or “snowballing”*° effects often seen in highly exother-
mic or paste-forming reactions. The powders remained free-
flowing during milling, and the initial temperature increase was
attributed to LED illumination and mechanical agitation, not
the reaction itself. No temperature rise was observed during the
production phase of the reaction.

This journal is © The Royal Society of Chemistry 2025
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In conclusion, this study demonstrates that precise control
of the template loading is key to optimizing the kinetics of
solid-state olefin photodimerization in a ball mill. Using ball
milling and just 10 mol% of the resorcinol template enables
clean and stereoselective cyclobutane formation without metal
catalysts or solvents that is significantly faster than in the only
previously reported work with template loading below 50
mol%."° The described fully automated method, with real-
time Raman monitoring, is the first to combine low loadings
of the template (catalyst) with rapid, quantitative conversion
and kinetic analysis. Together, these advances provide a sus-
tainable and efficient solution to long-standing challenges in
the solid-state photochemical dimerization of olefins.
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