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Abstract: Chemical reactions conducted in the solid phase
(specifically, crystalline) are much less numerous than solution
reactions, primarily due to reduced motion, flexibility, and reactivity.
The main advantage of crystalline-state transformations is that
reactant molecules can be designed to self-assemble into specific
spatial arrangements, often leading to high control over product
regiochemistry and/or stereochemistry. In crystalline-phase
transformations, typically only one type of reaction occurs, and a
sacrificial template molecule is frequently used to facilitate self-
assembly, similar to a catalyst or enzyme. Here, we demonstrate the
first system designed to undergo two chemically unique and
orthogonal cycloaddition reactions simultaneously within a single
crystalline solid. Well-controlled supramolecular self-assembly of two
molecules containing different reactive moieties affords orthogonal
reactivity without use of a sacrificial template. Using only UV light, the
[2+2] and [4+4] cycloadditions are achieved
regiospecifically, stereospecifically, and products are obtained in high

simultaneous

yield, whereas a simultaneous solution-state reaction affords a
mixture of isomers in low yield. Application of dually-reactive systems
toward (supra)molecular solar thermal storage materials is also
This  work demonstrates fundamental chemical
approaches for orthogonal reactivity in the crystalline state and
highlights the complexity and reversibility that can be achieved with
supramolecular design.

discussed.

Introduction

In chemical transformations, metal-based catalysts,
organocatalysts, enzymes, and confined environments can be
used to control the spatial arrangement of reactants and influence
the regiochemical and/or stereochemical outcome of the reaction.
Cycloaddition reactions are one class of widely used chemical

transformations useful for generating pharmacophores, novel
materials, or intermediates needed in a synthetic pathway.!"l
Cycloadditions are most commonly conducted in the solution
state, with or without addition of a catalyst, and in the presence of
either heat or light (depending on the cycloaddition). In addition to
traditional catalysts, enzymes have recently been discovered that
catalyze cycloaddition reactions.?

Although solution-state cycloadditions are numerous, the
transformations can suffer from poor regiocontrol and/or
stereocontrol, affording a mixture of products. Alternatively,
cycloaddition reactions conducted in the solid state provide a
green methodology for synthesizing cyclo-organic molecules
while frequently affording control over product regiochemistry and
stereochemistry.l®! Like enzymes or confined environments (i.e.,
a ‘host’),™ solid-state reactions occur in spatially-controlled
environments. However, due to restricted motion and flexibility,
the efficiency of solid-state reactions is significantly influenced by
the orientation and proximity of the reactive groups. Specifically,
topochemical principles dictate that the reactive groups should be
arranged parallel and separated by less than ca. 4.2 A, although
exceptions to this guideline are known.®! These requirements
render most molecules unreactive in the solid (crystalline) state
because the reactive groups simply do not align in the proper
geometry to react.

To overcome limitations of solid-state reactivity and akin to
allosteric regulation in enzymes, templating strategies have been
developed that pre-organize reactive molecules into solid-state
structures suitable for chemical reactions. Templates act like an
enzyme or catalyst by providing spatial control and are not
transformed into the product. For example, templates have been
applied to direct the self-assembly of reactive olefins into
geometries suitable for solid-state [2+2] cycloadditions via
noncovalent bonds!”! (Figure 1a). Aromatic stacking of donor-
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Figure 1. Previous work in solid-state cycloaddition chemistry and the simultaneous dual solid-state reactivity described in this work. (a) Templating strategies to
facilitate [2+2] cycloaddition in unreactive olefin compounds. (b) [4+4] cycloaddition in anthracene derivatives with product formation dependent on R group
orientation. (c) Example concomitant [2+2] cycloaddition reactions with product yield in varying degrees. (d) Strategy to achieve orthogonal, simultaneous [2+2] and
[4+4] cycloaddition reactions using allosteric bonding with regiospecificity, stereospecificity, high yield, and reversibility.

acceptor pairs has also been used to self-assemble olefin-
containing molecules.®! The [4+4] cycloaddition of anthracene
derivatives is well explored in solution,['® and while solid-state
[4+4] cycloadditions have been demonstrated,®® ° several
reported anthracene derivatives crystallize in unreactive
geometries or react to afford metastable adducts® "% (Figure 1b).
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A few cases of cross cycloadditions in the solid state have been
reported, for example, a [2+2] reaction between two T-stacked
olefins containing different substituents.['"! Although there have
been significant strides in development of solid-state [2+2] and
[4+4] cycloadditions, typically only one type of reaction occurs
within a given solid.



Orthogonal reactions are rapidly becoming more common
in solution-phase reactions. Such reactions exhibit independent
chemical reactivity and can be conducted in any order, or in one
pot, to afford the same products. However, orthogonal reactions
in the crystalline phase are nearly unprecedented. There are two
studies that have demonstrated occurrence of two concomitant
[2+2] cycloadditions in the solid state, which form two distinct
cyclobutane molecules (Figure 1c). In these solids, two molecules
bearing olefins are self-assembled through hydrogen bonds. In
one example, the two cycloadditions occurred to differing degrees,
98% and 60%.'? The yields could be increased (to 100% and
92%) by performing a subsequent grinding and second UV
irradiation step.['® In a second example, the solid also contained
water and the two cycloadditions occurred to different yields and
with a mixture of products (97% as a mixture of three
stereoisomers, and 12%).0'4

Inspired by enzymatic allostery and orthogonal reactivity,
here, we demonstrate an unprecedented strategy that achieves
two chemically unique and independent cycloaddition reactions
simultaneously in the crystalline state (Figure 1d). Using UV light
as the only stimulus, four covalent bonds are formed in a single
step, affording two unique cycloadducts. This orthogonal
reactivity was achieved by installing olefin and diene moieties on
different molecules and using supramolecular self-assembly to
direct the alignment of the groups into complementary reactive
geometries without need for a sacrificial template. The
simultaneous [2+2] and [4+4] cycloadditions are regiospecific,
stereospecific, and the products are obtained in good to excellent
yield. Importantly, we show a simultaneous solution-state reaction
of the two molecular components affords a mixture of products,
including several cyclobutane stereoisomers. Dual reactivity with
regio- and stereocontrol is only achieved in the solid state wherein
the two molecules are directed to interact through hydrogen
bonds located distant from their pericyclic reaction sites, i.e.,
allosteric bonding enables chemical reactivity.

Furthermore, when the dual cyclized material is exposed to
heat, a retro [4+4] cycloaddition occurs in the solid state with
retention of the [2+2] cycloadduct. Following the retro-addition,
the anthracene moieties remain in proximity and re-exposure to
UV light affords reformation of the anthracene adduct in the solid
state. Similar materials that convert light into heat have shown
potential as molecular solar thermal storage materials.[" Here,
we discuss design strategies for supra(molecular) solar-thermal
storage, which could be harnessed to attain dynamic, multi-
temperature-responsive materials and increase storage
capacities. Overall, these results establish the first platform for
achieving chemically unique, orthogonal, and simultaneous
cycloadditions in the solid state with complete control over product
structure.

Results and Discussion

Design and Characterization of the Dually-Reactive Solid

To achieve two unique cycloaddition reactions, orthogonally,
simultaneously, and in the solid state, we selected the [2+2] and
[4+4] cycloaddition reactions. Both reactions are photochemically

3

WILEY . vcH

allowed!"! and can be achieved in the solid state upon exposure
to UV light without additional reagents or catalysts. We anticipated
the design of the material would likely require two molecular
components, and to achieve a multi-component solid, the
compounds need to interact with each other through favorable
intermolecular forces. We expected the sites for forming
noncovalent bonds should be distal to the reaction sites (i.e.,
allostery), so interference with the cycloaddition reactions would
not occur. Rather than employing a sacrificial template molecule,
we designed two molecules containing different reactive moieties
and complementary noncovalent bonding sites.

We  selected the molecular  components, 9-
anthracenecarboxylic acid (9ACA), which includes an anthracene
moiety as the [4+4] reactive component, and 4-stilbazole (SB), an
unsymmetrical olefin-bearing compound as the [2+2] reactive
species. Each molecule contains one strong hydrogen-bonding
site; 9ACA is a hydrogen-bond donor and SB is a hydrogen-bond
acceptor. Both molecules are also prone to engaging in T
stacking. These design features are important to achieve the
supramolecular assembly and alignment of reactive partners for
the cycloadditions.

Crystallization from a methanol or ethanol solution
containing a 1:1 molar ratio of the components afforded single
crystals of 9ACA-SB suitable for single-crystal X-ray diffraction
analysis."® The components crystallize in the centrosymmetric
triclinic space group P1 with two unique molecular components in
the asymmetric unit, one 9ACA and one SB molecule. As
designed, the two molecules interact through a single-point
hydrogen bond between the carboxylic acid of 9ACA and pyridyl
nitrogen of SB to form a discrete hydrogen-bonded pair [O-:-N
separation: 2.579(2) A]. The carboxylic acid group in 9ACA lies
coplanar to SB, while the anthracene moiety lies twisted from SB
by approximately 67°, forming a ‘T’ shape. Further self-assembly
through T stacking affords alignment of the reactive moieties.
Specifically, the T-shaped hydrogen-bonded pairs interdigitate
such that the SB molecules are arranged head-to-tail in a -
stacked geometry (Figure 2a). Neighboring sheets of
interdigitated hydrogen-bonded pairs are further connected
through a pair of head-to-tail -stacked 9ACA molecules (Figure
2b). For both 9ACA and SB, head-to-tail refers to the orientation
of stacked neighboring molecules, and in this geometry, the
pyridyl nitrogen atoms or acid groups of neighboring molecules
are on opposite sides.

The separation between reactive dienes in adjacent
anthracene moieties is 3.83 A and the distance between the
reactive olefins in adjacent SB molecules is 3.96 A. Thus, both
distances and geometries satisfy solid-state topochemical
reaction criteria® (Figure 2b). Moreover, every molecular
component in the solid has a reactive partner that is chemically
identical, and no cross reaction(s) would be expected. The longer
olefin separation between SB molecules within the interdigitated
stacks is 5.70 A, and, although expected to be unreactive, would
afford an identical cycloadduct.

"H nuclear magnetic resonance (NMR) spectroscopy
conducted on a bulk crystalline sample demonstrated that 9ACA
and SB crystallize in a 1:1 molar ratio (Figure S1), and powder X-
ray diffraction (PXRD) demonstrated phase purity of the bulk
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9ACA

Figure 2. Chemical and X-ray crystal structures of 9ACA-SB: (a) interdigitated T-shaped hydrogen-bonded pairs and (b) extended packing highlighting sites and
distances for dual [2+2] and [4+4] reactivity. Molecules engaged in hydrogen bonds are shown in the same color, while reactive partner molecules are shown in
different colors (blue or orange). Hydrogen bonds are shown with yellow lines. Disorder in the SB molecule is omitted for clarity.

material (Figure S8). In addition to solution growth methods,
9ACA-SB was also successfully prepared mechanochemically!'”!
using liquid-assisted grinding, offering a green synthetic path
toward the reactive crystaline material (see Supporting
Information, section 2).

Solid-State Photoreactivity

A bulk crystalline sample of 9ACA-SB was briefly ground to
generate a uniform powder and placed in a round-bottom flask
that was purged and backfiled with nitrogen. The nitrogen
environment was needed to minimize the well-known oxidation of
anthracenes to anthraquinone.['® The powder was exposed to
370 nm light for a total of 12 hours, mixed every two hours to
maximize light exposure, and a "H NMR spectrum was collected
ex situ every two hours (Figure 3a). After two hours of irradiation,
the emergence of signals at 4.58 ppm and 5.62 ppm confirmed
occurrence of the simultaneous [2+2] and [4+4] cycloaddition
reactions, respectively. The signal at 4.58 ppm corresponds to the
head-to-tail cycloadduct of SB, rctt-1,3-bis(4-pyridyl)-2,4-
bis(phenyl)cyclobutane (4-pyr-ph-cb),['® and the signal at 5.62
ppm corresponds to the head-to-tail cycloadduct dimer of 9ACA
(Di-9ACA).2% Based on 'H NMR spectroscopy, the conversion
was 67% to 4-pyr-ph-cb and 70% to Di-9ACA after 12 hr of UV
irradiation in the solid state (Figure 3a and Table S5). A larger
scale (ca. 200 mg 9ACA-SB) dual cycloaddition experiment was
conducted in the same manner, and 'H NMR spectra were
collected regularly over a total irradiation time of 54 hr. Based on
'"H NMR, the conversion was 93% for 4-pyr-ph-cb and 92% for
Di-9ACA (Figure S3 and Table S6). Irradiation for an additional
18 hr (to 72 hr total) did not result in a substantial increase in
conversion. Notably, when the conversion of 9ACA to Di-9ACA
reaches ca. 70% and beyond, signals from anthraquinone began
to appear in the NMR spectra, likely because of regularly opening
the reaction vessel to mix the solid material and remove solid
aliquots for characterization.

A solid-state UV-Vis spectrum of 9ACA-SB demonstrated
absorption signals at 256 and 328 nm (Figure S16). To investigate
if crystals remained intact during the dual cycloaddition, single
crystals of 9ACA-SB were irradiated with light of different
wavelengths (254, 350, 370, 395, and 427 nm). Unfortunately,
similar to many solid-state cycloadditions, the crystals turned
opaque, exhibited high mosaicity, and corresponding loss of
crystallinity upon irradiation (Figure S9 and Figure S14), even
when irradiation was conducted near the tails of absorbance.?"

To further confirm the structure and relevant
stereochemistry of the dual cycloaddition products, the
photodimerized solid was recrystallized from tetrahydrofuran
(THF), which afforded high quality single crystals. Notably,
solvent selection for recrystallization could be tuned if separation
of the two cycloadducts were synthetically required at this stage.
Moreover, leveraging simple acid-base chemistry to ionize one of
the components, followed by extraction, is another viable
separation pathway. Single-crystal X-ray diffraction data further
confirmed the successful [4+4] and [2+2] cycloaddition reactions.
The solid includes both head-to-tail photoproducts, the [4+4]
adduct Di-9ACA and the [2+2] adduct 4-pyr-ph-cb, in agreement
with the NMR spectroscopy data (Figure 3b). The components
cocrystallized in the monoclinic space group C2/c with one half of
each cycloadduct present in the asymmetric unit. The solid also
contained disordered THF from the crystallization solvent. Given
that the number of hydrogen-bond donors or acceptors on each
molecule has doubled, each cycloadduct engages in two
hydrogen bonds and the adducts self-assemble into an infinite
one-dimensional hydrogen-bonded polymer. The chains pack
such that they extend as parallel fibers and interact through C-
H:--O interactions (Figure 3c,d). Recrystallization of the dual
cycloadduct (Di-9ACA-4-pyr-ph-cb) from dimethylsulfoxide
afforded an identical product as characterized by single-crystal X-
ray diffraction (with dimethylsulfoxide solvent included in the solid,
Table S3). PXRD experiments on the THF solvated form of Di-



9ACA-4-pyr-ph-cb demonstrated bulk phase purity of the
recrystallized cycloadduct (Figure S10).
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Figure 3. (a) "H NMR spectra of 9ACA-SB before and after exposure to light at
different time intervals (0-12 hr). The primary peaks corresponding to the
cycloadducts are marked with symbols. (b) X-ray structure of Di-9ACA-4-pyr-
ph-cb showing one-dimensional hydrogen-bonded polymer containing both
cycloadducts. Hydrogen bonds shown with yellow dashed lines, and the
disorder in 4-pyr-ph-cb is omitted for clarity. (c-d) Extended packing of the dual
cycloadduct showing parallel arrangement of hydrogen-bonded polymer chains.
Molecules within the same chain are shown in the same color.

The simultaneous solid-state cycloadditions occur with
complete control over regio- and stereochemistry. Due to the
interdigitated packing, the [4+4] cycloaddition only yields the
head-to-tail anthracene dimer of 9ACA (Di-9ACA), and the [2+2]
cycloaddition affords only the head-to-tail cycloadduct of SB (4-
pyr-ph-cb). Moreover, no side reaction between 9ACA and SB
occurs, i.e., a possible cross [2+2] or [4+2] addition, because of
the well-controlled arrangement of the reactive groups in the solid.

Interestingly, the head-to-tail dimer of 9ACA has only been
previously prepared in solution. In the solid state as a single-
component solid, 9ACA crystallizes with the acid groups oriented
on the same side, which affords the metastable head-to-head
dimer upon irradiation!'”! (see Figure 1b example). As a single-
component solid, SB is unreactive in the solid state,??! but when
combined with suitable organic or metal-based templates,
reactivity can be achieved.['® % 231 Depending on the
arrangement of adjacent molecules, four sterecisomers are
possible, with the pyridine rings arranged either head-to-head or
head-to-tail. Based on NMR spectroscopy and X-ray
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crystallography, the reaction affords only the syn head-to-tail
product 4-pyr-ph-cb.

Dual Solution-State Photoreaction

To determine if the orthogonal reactivity, regiocontrol, and
stereocontrol was unique to the solid-state reaction, a
simultaneous solution-phase photodimerization was conducted.
An equimolar ratio of 9ACA and SB were dissolved in solvent and
exposed to 370 nm light for a period of 18 hr. Three different
experiments were conducted using different solvents, namely,
acetone, THF, and isopropanol. Unsurprisingly, the [4+4]
cycloaddition to the head-to-tail 9ACA dimer occurred in solution,
in accordance with literature.?% 241 Using isopropanol, the head-
to-tail 9ACA dimer precipitates from solution (Figure S4). A slight
amount of the head-to-head 9ACA dimer was plausible (exhibits
a singlet near 4.6 ppm in pure DMSO-ds).[2%

Notably, the [2+2] cycloaddition was significantly less
controlled in solution. A substantial amount of SB remained
unreacted, and a mixture of cyclobutane stereoisomers formed
with low overall conversion (based on crude 'H NMR
spectroscopy). In addition to the syn head-to-tail stereoisomer
obtained in the solid-state reaction above, the solution reaction
also afforded the syn head-to-head isomer (ca. 4.8-5.0 ppm),?
an anti SB cycloadduct sterecisomer (3.5-3.7 ppm),?? 2% the cis
isomer of SB (ca. 6.6 ppm),® and additional unidentified products
(Figure 4 and Figures S4-S5). Overall, the one-pot, high-yielding
dual reactivity with control over product regiochemistry and
stereochemistry attained in the solid-state transformation did not
occur in solution reactions.
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Figure 4. '"H NMR spectra of 9ACA-SB (bottom) and Di-9ACA-4-pyr-ph-cb
(top) with solution-state experiments conducted in THF and acetone. The
dashed rectangle highlights the region of the spectra where cyclobutane and
anthracene adduct signals typically appear (3.5-6.0 ppm). In the top spectrum,
the asterisk corresponds to the dearomatized hydrogen of Di-9ACA, and the
delta corresponds to the cyclobutane signal of 4-pyr-ph-cb.

Thermal Reversibility of the Cycloadduct and Outlook on
(Supra)Molecular Solar-Thermal Storage Materials

Di-9ACA is known to undergo thermal cleavage in solution by
incubating at 130 °C and affords 9ACA over ca. 20-25 hr.?81 Thus,
the thermal cycloreversibility of Di-9ACA-4-pyr-ph-cb was
assessed in the solid state using differential scanning calorimetry
(DSC). Upon heating the material to 275 °C, an exothermic signal



at 208 °C corresponding to a retro-cycloaddition was observed
with an overall enthalpy of 81 J/g. Following the retro-
cycloaddition, the resulting material melts upon reaching 240 °C,
and crystallization occurs at 132 °C when the material is cooled
(Figure 5a).
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Figure 5. (a) DSC thermogram of Di-9ACA-4-pyr-ph-cb depicting
cycloreversion of Di-9ACA component at 208 °C followed by melting (Tm) of
the material formed post-transformation (orange curve) and crystallization (Tc)
upon cooling (blue curve). (b) X-ray structure of partially cyclo-reverted material
9ACA-4-pyr-ph-cb. (c) Solid-state material transitions triggered by light and
heat stimuli.

To investigate the structure of the cycloreverted product, the
dual cycloadduct was heated to 225 °C (to avoid melting) and
cooled back to room temperature; no crystallization signal was
present (Figure S13). Subsequent 'H NMR spectroscopy
revealed retention of the signal corresponding to the cyclobutane,
loss of the singlet corresponding to the anthracene dimer, and re-
appearance of signals corresponding to 9ACA (Figure S6).
Recrystallization of this partially cyclo-reverted solid from acetone
afforded single crystals suitable for X-ray diffraction. Indeed,
single-crystal X-ray diffraction data confirmed the retro [4+4]
cycloaddition reaction. In agreement with the NMR spectroscopy
data, the solid contained 9ACA and the [2+2] adduct, 4-pyr-ph-
cb (Figure 5b). The components crystallized in the monoclinic
space group C2/c with one molecule of 9ACA and half a molecule
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of the [2+2] cycloadduct in the asymmetric unit. The
supramolecular structure of the partially reverted solid, 9ACA-4-
pyr-ph-cb, is quite similar to the dual cycloadduct. The
anthracene moieties lie in the same position, but each anthracene
molecule is planar, aromatized, and reactive groups are
separated by 3.9 A. PXRD collected on a bulk powder of the dual
cycloadduct Di-9ACA-4-pyr-ph-cb after heating to 225 °C
demonstrated good correlation with the simulated pattern of the
partially-reverted structure (9ACA-4-pyr-ph-cb, Figure S11).

Following the [4+4] cycloreversion, the solid containing
9ACA and 4-pyr-ph-cb was re-exposed to 370 nm UV light. The
[4+4] cycloaddition reaction occurred again in the solid state to
afford the dual cycloadduct with ca. 60% conversion after 18 hr of
UV irradiation (Figure S7).

Materials that convert light into heat have potential to be
used as molecular solar thermal storage materials.'* 2] The dual
cycloadduct is stable until ca. 200 °C and upon reaching the
critical temperature, the strain in the anthracene cycloadduct
bonds is released as heat. The anthracene moieties remain in
proximity in the solid state and when the solid is exposed to UV
light, the anthracene moieties re-cyclize to form the dual
cycloadduct material (Figure 5c¢). As the name reflects, molecular
solar thermal storage materials typically include one molecule that
converts solar energy to thermal energy. Although the current
material does not exhibit the highest efficiency, this system
demonstrates the untapped potential of (supra)molecular-based
solar thermal storage materials. If the material contains two
chemically-unique adducts (as shown here) and both are
thermally reversible at reasonable temperatures, solar-thermal
storage capacities could be significantly enhanced. Furthermore,
a (supra)molecular approach could be harnessed to design highly
modular and dynamic energy-storage materials  with
programmable temperature responses.

Conclusion

In this study, we demonstrated the first example of a system that
undergoes two chemically unique and simultaneous
cycloadditions in the solid state. Analogous to enzyme active sites
and molecular catalysts, the design of the molecular reactants
and supramolecular self-assembly is important to achieving the
pairing of reactive partners in the solid state. The solid-state
cycloadditions occur orthogonally, with complete control over the
regiochemistry and stereochemistry of the products, and without
use of a sacrificial template. The dual cycloadduct is thermally
stable up to 200 °C, above which cycloreversibility was attained
in the anthracene moieties, highlighting potential application as a
(supra)molecular solar thermal storage material.

This study describes a fundamental platform for
simultaneous and orthogonal chemical reactivity in the crystalline
state, which, to this point, has been nearly unprecedented. The
work highlights the untapped potential of supramolecular solids to
undergo complex and reversible transformations. The dual
reactivity concept offers exciting opportunities to design modular,
responsive systems inspired by biochemistry and achieved
through supramolecular self-assembly and noncovalent bonding.
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Simultaneous [4+4] and [2+2] cycloadditions are achieved within a single crystalline solid for the first time. The cycloadditions occur
with complete control over regiochemistry, stereochemistry, and in high yield, whereas simultaneous solution reactions afford a
mixture of isomers. Reaction reversibility and application to solar-thermal storage materials is also discussed.
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