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ABSTRACT: Crystals undergoing tandem reactions where the first transformation enables the second one are rare. Using
photoreactive Dewar benzene 3,4,5,6-tetramethyl-1,2-dicarboxylic diacid (DB) as a hydrogen-bonding template for the [2π+2π]
photodimerization of trans-4,4′-bipyridyl-ethenes (BPE), we obtained crystals DB-BPE-NT with a DB:BPE = 2:1 stoichiometry
with double bonds at a nonreactive distance of 5.957 Å. Exposure to UV light resulted in valence bond isomerization to Hückel
benzene 3,4,5,6-tetramethyl-1,2-dicarboxylic acid (HB) by a quantum chain reaction that triggered the sought-after topochemical
[2π+2π] photodimerization reaction. Notably, crystals HB:BPE-T with the Hückel benzene isomer and BPE adopted a 2:2
stoichiometry and displayed an efficient topochemically templated photodimerization reaction.

The scope of photochemical reactions in crystals1−3

continues advancing rapidly. Examples include mecha-
nistic,4−6 methodological,7 and synthetic applications,8 as well
as the transduction of molecular-level structural changes into
macroscopic mechanical action.9 While reactive intermediates
provide reliable means to engineer unimolecular rearrange-
ments,10 the use of supramolecular templates provides a robust
strategy to engineer bimolecular reactions in crystals.11 A
relatively unexplored frontier entails the design of crystals with
competing12 and/or sequential cascade reactions13,14 where
one reaction enables another.15,16 Herein we report a design
intended to display two distinct and consecutive photo-
reactions using a reliable unimolecular rearrangement and
MacGillivray’s supramolecular templating strategy.7,11

As shown in Scheme 1, we selected a photoreactive 3,4,5,6-
tetramethyl-Dewar benzene-1,2-dicarboxylic acid17 (DB,
Scheme 1b) that transforms into 3,4,5,6-tetramethyl-Hückel
benzene-1,2-dicarboxylic acid (HB),18 and trans-4,4′-bipyridyl-
ethylene (BPE), which forms [2π+2π] dimer BPED (Scheme
1b). As shown in Scheme 1c, we envisioned hydrogen-bond
complexes DB:BPE-T and HB:BPE-T, with the “T” encoding
their ability to template the dimerization of BPE (blue ellipses)
into the corresponding BPED dimers (green objects). We also
expected the Dewar benzene (black ellipses) in DB:BPE-T
and DB:BPED-T to undergo valence-bond isomerization to
form Hückel benzene (red circles) complexes HB:BPE-T and
HB:BPED-T. Given that Dewar benzenes undergo efficient
quantum chain reactions giving multiple products per photon
absorbed,19−21 we expected rapid isomerization of DB to be
followed by a slower of BPE dimerization (Scheme 1c, thick
arrows). Quantum chains depend on adiabatic reactions, where
the photoproduct is formed in the excited state (DB* → HB*)
and can transfer its excitation to a new reactant that continues
the chain (HB*+DB → HB + DB*). Termination occurs

when either excited state decays. We have shown that quantum
chains in crystals are facilitated by exciton delocalization in the
energy transfer step.22

While dual reactivity was observed, it took place by an
unexpected cascade reaction.14,15 Crystals of DB and BPE
formed the CHCl3-containing nontemplating (NT) 2:1
complex, DB:BPE-NT, which does not enable the desired
topochemical dimerization (Scheme 1d and Figure 1a).
However, photoisomerization of the Dewar benzene in
DB:BPE-NT and loss of solvent (see below), led to a new
templating phase HB:BPE-T(I) that enabled dimerization to
final product HB:BPED-T(I). By contrast, crystallization of
HB and BPE formed the 2:2 templating complex, HB:BPE-T,
with photodimerization taking place in a single crystal-to-single
crystal manner.
Samples of DB were prepared as reported previously,17 HB

by photoisomerization of DB, and BPE was obtained from
commercial sources. Crystalline complexes were grown by slow
evaporation from a 1:3:3 mixture of MeOH, CHCl3 and
hexane. Single crystal X-ray analysis of crystals grown from HB
and BPE confirmed the templating 2:2 stoichiometry with the
double bonds at a distance of 3.717 Å in HB:BPE-T (Figure
1b, Scheme 1c). By contrast, DB and BPE assembled into the
nontemplating complex DB:BPE-NT with a 2:1 stoichiometry
with one CHCl3 molecule per asymmetric unit, and double
bonds at a distance of 5.957 Å, which is well beyond the
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topochemically allowed limit of ca. 4.2 Å (Figure 1a, Scheme
1d).
Differences in complexation between DB and HB (Figure

1a/b) can be traced to their hydrogen bonding characteristics
in relation to those of phthalic acid in Figure 1c. The latter is
distinguished by a strong intramolecular H-bond that increases
its acidity to pKa = 2.92,23a a value that is lower than that of
protonated pyridinium (pKa = 5.20)23b that results in proton
transfer. With only one acidic site available for complexation,
phthalic acid is unable to template two BPEs and forms a 2:1
complex. In contrast, the methyl groups at positions 3 and 5 in
HB disfavor the intramolecular H-bond and make the two
carboxylic acids available for neutral C(O)O−H···N H-bonds
that help form the templating 2:2 complex (Figure 1b). The
bent structure of DB mitigates the steric repulsion between
methyl and carboxyl acids, such that they can engage in
intramolecular H-bond and proton transfer (ArC(O)O−H···O
= C(Ar)O−+H−N) and, like phthalic acid, form nontemplating
2:1 complexes with BPE (Figures 1a/c).24 Importantly, a
pyridinium nitrogen was confirmed in DB:BPE-NT by a
characteristic 15N CP/MAS NMR shift of 212 ppm (Figure
S18).25

Photochemical experiments were carried out with dry
powders between glass slides and as hexane suspensions of
submicron sized crystals using a medium pressure Hg lamp
with a λ>340 nm filter. Suspensions were obtained by grinding
single crystals and suspending them in hexane, knowing that
crystals with sizes approaching the excitation wavelength (ca.
200−500 nm) are exposed to light more homogeneously and
react more efficiently.26 Irradiation of HB:BPE-T for 24 h

proceeded to 94% in a clean solid-to-solid reaction (SI, Figure
S12).27,28 PXRD analysis showed a decrease in the peaks
assigned to the reactant (Figure 2, black stars) with the

concomitant growth of peaks assigned to the product
(HB:BPED-T, red stars). Notably, this transformation is a
single crystal-to-single crystal reaction (page S31 and Figure
S40). The time evolution of a microcrystalline suspension of
DB:BPE-NT exposed to UV light was significantly more
complex as shown by 1H NMR, solid state 13C CP/MAS NMR
(SI, Figure S15), and PXRD.

Scheme 1

Figure 1. X-ray structures with distance between the BPE double
bonds of (a) the DB:BPE-NT 2:1 complex with CHCl3. (b)
HB:BPE-T 2:2 complex. (c) Reported 2:1 Complex of phthalic acid
and BPE.24 (d) Calculated structure of intermediate phase of
HB:BPE-T(I) that allows for a topochemical reaction.

Figure 2. Photoreaction of a microcrystalline suspension of HB:BPE-
T monitored by PXRD with selected peaks of the reactant (black
asterisks) and product phase (red asterisks) indicated.
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As shown in Figure 3, while isomerization of Dewar benzene
reaches ca. 60% in 15 min, the [2 + 2] photoisomerization

proceeded to ca. 7%. A decrease in the methyl signals of DB at
δ = 1.19 and 1.54 is accompanied by an increase of HB at δ =
2.20 and 2.21. While isomerization was nearly complete (ca.
95%) after another 15 min, dimerization only advanced to
13%. The growth and accumulation of the BPED product was
determined by integration of the cyclobutane hydrogens at δ =
4.67. After 24 h, the dimerization improved to ca. 86% yield.
There was a striking difference between reactions carried out

with dry and suspended solids (SI, Figure S14). Red circles
and black squares in Figure 4 show the rapid formation of HB

and BPED with suspended solids. Sluggish reactions in dry
powders are shown as green stars and blue triangles.
Importantly, the loss of CHCl3 from crystals of DB:BPE-NT
results in a new phase where the efficient reactivity of DB
remains, but the yield of BPED declines (SI, Figure S11). This
provides a plausible explanation for the low dimerization
efficiency with dry DB:BPE-NT (Figure 4, blue triangles).
Regardless, these results suggest that fast isomerization of DB
leads to structural changes that make an otherwise unfavorable
dimerization reaction possible. Knowing that optically dense
nanocrystalline suspensions make it possible to measure the
quantum yield of solid-state reactions using calibrated chemical
actinometers,24,29 we determined the quantum yield of DB
isomerization to be Φ = 22, in agreement with previous
observations for nonsensitized reactants.19 By contrast, the
quantum yield for the photodimerization of BPE was
estimated to be Φ = 0.42 (SI, page S26).
Evidence for product-induced phase changes in Scheme 1d

was obtained by solid-state 13C CP/MAS NMR and PXRD.
The 13C CP/MAS NMR spectra of DB, BPE and DB:BPE-
NT (Figure 5) confirmed that the spectrum of the complex is

different from the ones of the components. Carbonyl signals at
δ = 163 and 167 reflect the intramolecular hydrogen bond
present in both DB diacid (Figure 5a) and DB:BPE-NT
complex (Figure 5c). Broad aromatic signals in the spectrum of
BPE (Figure 5b) shift and sharpen in DB:BPE-NT, where a
new signal at δ = 78.3 ppm corresponds to the CHCl3 in the
lattice. Changes observed after the loss of CHCl3 are shown in
Figure S16. The Dewar benzene isomerization results in the
disappearance of the quaternary carbon at 55.2 ppm and
formation of the broad cyclobutane dimer signal at 42 ppm in
HB:BPED-T(I) (Figure 5d) and HB:BPED-T (Figure 5e).
Different product phases are obtained from two consecutive
reactions in HB:BPED-T(I) (Figure 5d) or a single
dimerization in HB:BPED-T (Figure 5f).
A detailed evolution of the PXRD from the crystal phases

involved as a function of reaction shows that changes occurring
within the first 15 min are relatively modest despite 60%
isomerization of DB to HB (Figure 6). We propose that the
first reaction occurs within the original, metastable phase of the
reactant.22 The yield of HB jumps to 95% after another 30
min, and some of the most intense peaks of the original phase
disappear. It is beyond this conversion that new peaks begin to
grow, marking the evolution of the first reaction metastable

Figure 3. 1H NMR analysis (400 MHz, 298 K, DMSO-d6) of the
solid-state double photoreaction of complex DB:BPE-NT showing
the formation of both HB and BPED.

Figure 4. Reaction of DB to HB and dimerization of BPE to BPED in
nanocrystalline suspension are colored red and green, respectively.
Results from analogous experiments carried out with dry solids are
shown in black for HB and blue for BPED.

Figure 5. Solid state 13C CP/MAS NMR spectra (150 MHz, 298 K)
of (a) DB, (b) BPE, (c) DB:BPE-NT (2:1), (d) DB:BPED-T(I)
(2:1) after 24 h irradiation, (e) HB:BPE-T (2:2), and (f) HB:BPED-
T after 24 h irradiation.
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phase HB:BPE-NT(I) into the templating (T) topotactic
phase of the first photoproduct, HB:BPE-T(I). The new phase
grows within ca. 12 h as the two consecutive reactions are
completed and transforms into the final product phase
HB:BPED-T(I).
Key to this interpretation is that rearrangement from

HB:BPE-NT(I) to HB:BPE-T(I) changes the distance of
the double bonds from unreactive to reactive, while keeping a
favorable parallel orientation. Support for this hypothesis was
obtained by density functional theory (DFT) calculations
using the CP2K v2023.1 software package with the PBEsol-D3
functional and the DZVP-MOLOPT-SR-GTH basis set to
model phases DB:BPE-NT, HB:BPE-NT(I) and HB:BPE-
T(I) using a periodic boundary condition. We started with the
crystal structure coordinates of solvate DB:BPE-NT (CHCl3),
transformed Dewar into Hückel benzene, and optimized the
structure to emulate solvated complex HB:BPE-NT(I)
(CHCl3). Next we removed the solvent and allowed the
structure to relax in all three dimensions under no constraints
to generate a model for HB:BPE-T(I), where the double
bonds are at a distance of 4.171 Å, as required for
topochemical dimerization (Figure 1d). Experimental support
was obtained from the good match observed between the
PXRD simulated from calculated and experimental phases
(Figures S30 and S31), which includes a sample of pure
HB:BPE-NT(I) obtained by irradiation of BD:BPE-NT at 0
°C with no dimerization but CHCl3 trapped in the metastable
crystal, and a sample of pure HB:BPE-T(I) obtain by
spontaneous loss of solvent at ambient temperature.
In conclusion, a design intended to form a dual-reactivity

hydrogen-bonding complex between a Dewar benzene-1,2-
dicarboxylic diacid and trans-4,4′-bipyridyl ethylene unexpect-
edly formed a 2:1 complex with the two double bonds at a
distance well beyond the 4.2 Å limit required for topochemical
control. However, a remarkably fast quantum chain reaction
from Dewar to Hückel benzene resulted in a spontaneous
phase change that brought the double bonds close together
and enabled the [2π+2π] photodimerization in a rare example
of a solid-state cascade reaction.15 This work highlights the
potential of extending the number of components and
reactions under crystal control.
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