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Supramolecular chemistry can transform organic synthesis by
revealing that crystalline materials are not static but rather
dynamic environments for controlled covalent bond formations
and manipulations. This review focuses on how supramolecular
chemistry can be developed to direct molecular synthesis in the
organic solid state, directing reliable C—C bond formations to

1. Introduction

Once dismissed as static and unreactive, organic crystals have
been regarded as “cemetery of chemistry," where chemical
reactions that form molecules were considered not possible
owing to the crystalline state being rigid and constrained. How-
ever, advancements in X-ray crystallography and the advent
of crystal engineering have transformed this view,? revealing
the organic solid state as a dynamic medium wherein cova-
lent bond-forming reactions can be accomplished with high
fidelity.3¢!

“What would happen if we could arrange the atoms one
by one the way we want them?”

- Richard P. Feynman 1959 lecture in “There’s Plenty of
Room at the Bottom”

The field of supramolecular chemistry itself has provided
powerful avenues to expand the landscape of molecular synthe-
sis. An origin of how supramolecular chemistry controls organic
synthesis is the templated formation of 18-crown-6 by K* ions
(Scheme 1).-8] The metal preorganizes ethylene glycol units to
react in the solution phase. A crystal, by contrast, exhibits a
kind of static order where it can be difficult to conceive of the
medium being used to plan and perform organic synthesis. A
crystal is a supramolecule par excellence as enunciated by Duntiz
who further iterated that the crystalline state itself is a state of
“matter” to be manipulated in and of itself.l*]

The degree of molecular order that defines the organic solid
state, however, is exploitable for organic synthesis. In addition to
being a medium where intermolecular interactions (e.g., hydro-
gen bonds, halogen bonds, metal coordination) are expressed
with near-perfect precision and fidelity,[***! as well as quan-
titatively, crystals offer positional control of reactivity such that
products difficult or completely unattainable in solution can
be created. In that way, crystals can, in principle, serve as
“molecular flasks” where functionalized reactants generate prod-
ucts that are ultimately amendable to downstream chemical
transformations (e.g., post-modifications) and applications.!™
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enable transformations difficult or impossible in solution. Spe-
cial attention is given to postsynthetic modifications that serve
to broaden the functional scope of solid-state reactivity allowing
organic crystals to be developed as molecular flasks and a form
of supramolecular matter.

It is with these ideas in mind that this review discusses
recent work of our group and others (Scheme 2), on strategies
and emerging developments to use the organic solid state as a
medium akin to a flask to perform organic synthesis. We describe
efforts involving molecular recognition and crystal engineering
to direct the [242] photodimerization in the solid state, with
an emphasis on post-modifications of resulting cyclobutanes to
allow for the solid state to be as a playground to form covalent
bonds. In that way, the solid state can be likened to a form of
supramolecular matter to support and manipulate progress in
organic synthetic chemistry.

2. Supramolecular Control of Chemical Reactivity
in Crystals

Work of Schmidt in the 1960s and 1970s involving cinnamic acids
established geometry criteria for topochemical control of chem-
ical reactivity in solid state."! Building on early crystal data
and observations of chemical reactivity,!”"! Schmidt identified
molecular orientation (i.e., parallel) and distance (i.e, < 4.2 AA)
requirements for a [24-2] photodimerization to occur in solids.!"!
The ability to achieve the geometric prerequisites, however,
beyond cinnamic acids and polymorphs (¢ and B) remained a
major challenge. When molecules assemble and pack to form
a crystal, the relative orientations of molecules are exceedingly
difficult to predict and control.?-3! The energy landscape that
describes packing of molecules in the solid state is shallow,
being driven by the anisotropic shapes and electric features of
molecules such that alkenes will usually not conform to the
geometry criteria for a reaction.32%

During the past two decades, we have described an
approach that uses small organic molecules and metal-organic
complexes to enforce a needed directional element to control
how molecules are oriented and react in the solid state.[*?>?"]
We have shown that noncovalent bonds can be exploited to
assemble, control, and dictate positional arrangements of reac-
tants whereby alkenes are enforced to react to form covalent
bonds (Scheme 2). We have used hydrogen bonding and halo-
gen bonding,1?83% as well as metal and boron coordination,3'-3¢
to direct reactivity to confront challenges of crystal pack-
ing. Chalcogen-bonding interactions have also recently been
exploited.’”) The approach permits alkenes of different sizes,
shapes, and functionalities to be deliberately assembled to
react. The method has provided access to complex organic
molecules such as ladderanes and [2.2]cyclophanes,3038-401 35
well as cubane-like cages,! that are challenging to generate in
solution.
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Scheme 1. Templated synthesis of 18-crown-6 directed by K* ion.

In our initial report,®! we directed a [2+2] photodimer-
ization of 1,2-trans-bis(4-pyridyl)ethylene (bpe) (i.e, m = 1) in
the solid state using 1,3-dihydroxybenzene (resorcinol or res)
as a template (Scheme 3). Through cocrystalllization, the four-
component assembly 2(res)-2(bpe) sustained by O—H--N hydro-
gen bonds was generated. The C=C bonds of the alkenes
were aligned and stacked parallel, being separated by 3.65 A.
The geometry satisfied the topochemical requirements for a
photoreaction.® Under UV light, the alkenes reacted to gener-
ate rctt-tetrakis(4-pyridyl)cyclobutane (tpcb) (i.e., n = 1) in 100%
yield. The pyridines essentially acted as “handles” to be “grabbed”
by the res templates for the hydrogen bonding and to allow for
the C=C bonds to be preorganized to react.

For comparisons, consider the solution and solid-state behav-
iors of bpe as a sole component. As described by Smets and
Vansant in the 1980s,%?! UV irradiation of bpe in methanol
affords a product mixture: rctt- (23%) and rtct- (6%) photodimers,
trans- (39%), and cis- (21%) isomers, as well as photoreduc-
tion and solvent photoaddition products (11%). The alkene itself
was also shown to be unreactive, with the molecule form-
ing a layered structure and the C=C bonds being separated
on the order of 572 A (CCDC ref: 1 828 730). The use of the
res template both enabled the reactivity of bpe in the solid
state and allowed the generation of a single product. The
template can be separated from the cyclobutane using basic
extraction.

We then applied res to build more complex products. Specif-
ically, we hypothesized that the templated reactivity could
coexist with added functional groups. We envisaged that the
reaction could generate highly strained concatenated cyclobu-
tane rings or ladderanes. The reaction would require the assem-
bly of added C=C groups (i.e, m = 2, 3) in the form of
polyenes. In doing so, the self-assembly process would need
to be tolerant to an increase in size of the reactants sup-
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plied by the added C=C bonds. Ladderane generation was
ultimately successful,*® with the quantitative and gram-scale
formation [3]- and [5]-ladderanes (i.e., n = 3, 5) using 5-methoxy-
res (5-OMe res) as the template (Scheme 3). We also used
other res templates, such as 4-benzyl-res (4-benz res) to build
ortho-, meta-, and para- [2.2]cyclophanes in up to quantitative
yield,'3-4%1 with an unexpected stereoisomer of the [2.2]meta-
cyclophane isomer also forming. The first complete “total syn-
theses” of a family of [2.2]cyclophanes in the solid state was
achieved.®®

3. Functional Groups and Post-modifications

Following initial reports, we turned to integrate more com-
plex functionalities (e.g., heteroatoms) into the products. It was
expected, however, that added functionality would likely inter-
fere with the hydrogen bonding between the template and
reactants. For success, the template would need to success-
fully compete with structural and electronic demands of the
added groups, and particularly those that act as hydrogen-bond
donors and/or acceptors. The problem would need to be cir-
cumvented if the crystalline state was to be generally used to
form molecules inaccessible in solution or forbiddingly difficult
without a solid-state “head start.”

Three approaches have, to date, been identified: (i) aux-
iliary group protection,** (ii) handle cleavage,*! and (jii)
handle conversion!*! (Table 1). The emergence of postsynthetic
modifications related to MOFs was an inspiration.*-2 Post-
modification involves transforming a chemical structure follow-
ing a supramolecular synthesis (e.g., crystallization) to allow for
chemical functionality to be integrated into a final product (e.g.,
MOF). For templated reactions in crystals, this would first require
alkenes to be predesigned for optimal interaction with a tem-
plate to support the assembly of the C=C bonds and C—C bond
forming photoreaction. Approaches (i) and (ii) are two-step pro-
cesses wherein a functional group is modified, or “masked’, prior
to cocrystalllization and the photoproduct is then modified post
reaction to restore original functionality. Approach (iii) is a one-
step process wherein the alkene is derivatized with a group
that both participates in the noncovalent interaction with the
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Scheme 2. Supramolecular template approach to access complex molecular architectures via the solid state (arrows show general connections of ideas and

dotted lines represent uses of similar supramolecular strategies of our group).

Scheme 3. Templated syntheses up to tricyclobutanes directed by res
templates. Cyclobutanes lined with 4-pyridyl groups.

template and is amenable to post-modification, ideally to a
variety of groups. Approach (iii) essentially involves “preprogram-
ming” the alkene for molecular recognition and a post reaction
chemical conversion.

3.1. Auxiliary Group Protection

Auxiliary group protection has, to date, involved protecting a
functional group located distal to the position of the template.
Protecting groups in organic synthesis generally allow for tem-
porary derivatization of chemical functionality within a molecule
to permit a chemical transformation to occur, effectively pre-
venting participation of the group in an undesired reaction.!**

Chem. Eur. J. 2025, 31, €202500756 (4 of 9)

Table 1. Strategies to access organic functional groups.
Post-modified Overall

Strategy group steps Installed group

Auxiliary group Ester 2 Carboxylic acid!*!

protection Phenol#4!

Handle cleavage Imine 2 Aldehydel*
Carboxylic acid!“®!

Handle conversion Aryl nitrile 1 Tetrazole!*”!
Carboxylic acid!*”!

The strategy being more associated with reactions in solution,
allows for chemical transformations to occur selectively and effi-
ciently. The plan was to protect a functional group of an alkene
that might, otherwise, disrupt the hydrogen bonding with the
template and photoreaction.

Our initial example involved a targeted synthesis of the
head-to-head cis-diacid 1a.l*! The cyclobutane possesses both
pyridyl and acid groups (Scheme 4). The pyridyl groups were
expected to form hydrogen bonds with a res template; however,
the -CO,H group was also expected to compete for hydrogen
bonding with the -OH groups of res. Carboxylic acids are well
established to form strong hydrogen bonds with pyridyls and
molecules that possess both functional groups (e.g., isonico-
tinic acid) were known to self-assemble by -CO,H--N(pyridine)
hydrogen bonds to generate highly insoluble hydrogen-bonded
polymers (Figure 1).54

Initial cocrystalllizations of res with the corresponding acrylic
acid were unsuccessful. The acid preferred to crystallize on its
own to generate a hydrogen-bonded polymer. However, when
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1a-1

Figure 1. X-ray structure showing hydrogen-bonded 1D polymer of
isonicotinic acid sustained by CO,H-pyridine hydrogen bond.

(a)
O-H---N hydrogen bond

Figure 2. X-ray structures: (a) reactive assembly 2a with parallel C=C bonds
and (b) ball-stick and space-filling views of dicarboxylate of 1a-1.

the acid group was temporarily converted precocrystallizations
to an ester (Figure 2), cocrystals of res with the ester alkene read-
ily formed (Figure 2a). Upon UV-irradiation, the alkene reacted to
generate the head-to-head diester in quantitative yield. Follow-
ing separation from res, the diester was post-modified with base
to reinstall the -CO,H groups to give 1a (Figure 2b). The initial
conversion of acid to ester, thus, allowed for the -CO,H group to
essentially be protected from participating in undesired hydro-

Chem. Eur. J. 2025, 31, €202500756 (5 of 9)
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Scheme 5. Auxiliary group protection — ester to phenol.
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Figure 3. X-ray structures: reactive assembly 2b (a) before, (b) after
photoreaction, and (c) ball-stick and space-filling views of 1b.

gen bonds with the pyridyl group. The strategy was also applied
to generate an elongated ester.

We then later applied auxiliary protection using an ester to a
phenolic alkene to synthesize the head-to-head cis-bis(phenol)
1b (Scheme 5).1*! The phenol was converted to an ester pre-
cocrystallization (Figure 3). Cocrystallization of a dihalogenated
res with the ester alkene then afforded a hydrogen-bonded
cocrystal 2b that photoreacted to give the corresponding diester
in quantitative yield (Figures 3a,b).

The targeted cyclobutane 1b was formed by converting the
ester back to phenol (Figure 3c). The photoproduct was revealed
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Scheme 6. Imine formation and metal-organic assembly generated an
aldehyde using the solid state.

to self-assemble in the solid state to give a 3D hydrogen-
bonded network that conforms to a mok topology.'*>*®! The mok
net— being akin to the structure of diamond—had only been
observed in metal-organic materials.[>~>°]

3.2. Handle Cleavage

Pyridyl groups, while reliable hydrogen-bond acceptors, or han-
dles for templates, are limited for postsynthetic modifications. A
pyridyl group is electron-deficient, which makes the ring system
less reactive, for example, in post-synthetic electrophilic aro-
matic substitutions.[®°-621 The N-atom can also coordinate with
reagents (e.g., catalysts) in a reaction and lead to undesired side
reactions. To overcome the limitation, we hypothesized that a
temporary covalent bond could be used to connect the pyridyl
group to an alkene. The pyridyl could then be removed by post
reaction to allow for installation of a different functional group.
The imine bond -C=N was identified as a temporarily point
of attachment between a pyridyl and C=C bond."*! Specifically,
we described a two-step sequence based on: 1) imine forma-
tion followed by 2) metal-coordination to assemble C=C bonds
to photoreact (Scheme 6). The approach was realized by reac-
tion of cinnamaldehyde with 4-amino-pyridine (Figure 4). The
alkene assembled with Ag(l) ions to form a 1D chain coordination
polymer 3c (Figure 4a). UV-irradiation allowed for quantitative
conversion of the alkene to the head-to-tail cyclobutane 2c
(Figure 4b). Removal of the pyridyl ring was then achieved with
acid to give a-truxilaldehyde 1c. The structure of the cyclobutane
was authenticated as the tetramethyl acetal 1c-1 (Figure 4c).
Zhu et al. later reported a handle cleavage involving coor-
dination bonds, dienes, and amides to generate cyclobutanes
decorated with carboxylic acids (Scheme 7).1%! Reaction with
bis(3-pyridyl)lamide afforded the Cd(ll) coordination polymer 2d
with dienes that photoreacted to give, following removal of the
metal ions, a [2.2]paracyclophane decorated with amide groups
(Figure 5). Hydrolysis of the cyclophane in a post-modification

Chem. Eur. J. 2025, 31, €202500756 (6 of 9)
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Figure 4. X-ray structures showing: (a) layering of 1D chains of 3¢, (b)
stacking of the C=C bonds, and c) 1c-1.
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Scheme 7. Carboxy-cyclobutane isomers were synthesized using amide
bonds and solid-state cycloaddition in coordination polymers.

installed the acid groups of 1d. The monocyclobutane 1d-1 was
also formed.

3.3. Handle Conversion

We expected an approach that involves direct conversion of the
handle used in the molecular recognition to a different func-
tional group to be attractive since a functionalization prior to
cocrystallization would be circumvented. We, thus, turned to
identify a handle that could both: (i) act as a hydrogen-bond
acceptor with a res and (ii) be easily modified post reaction.!”!
A handle with a capacity to be transformed into a variety of
functional groups would be especially desired.

Aryl nitriles were identified for handle conversion (Scheme 8).
The nitrile group is among the most versatile in organic synthetic
chemistry, able to be transformed into a variety of functionalities
(e.g., acids, aldehydes, amines, amidines, tetrazoles).1-%°! While
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Figure 5. X-ray structures: (a) coordination polymer 3d and (b)
photoproduct 2d.
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Scheme 9. Integration of aryl nitriles for solid-state construction of covalent
bonds and access to diverse chemical species by post-modification.

nitriles were known to function as a hydrogen-bond accep-
tors, general behavior in the solid state had also not been
addressed.!%6-%%]

To demonstrate the handle conversion strategy, we aimed
to synthesize the cyclobutane 2e (Scheme 9). Specifically, when
trans-bis(4-cyano)stilbene was cocrystallized with MeO-res, a

Chem. Eur. J. 2025, 31, €202500756 (7 of 9)
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Figure 6. X-ray structures: (a) photoactive assembly 3e, (b) generated
photoproduct 2e, and (c) stick (left) and space-filling (right) of tetrazole 1e.
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Scheme 10. Constructions of a tetra-acid cage in a binary cocrystal
composed of two cyclohexadienes.

binary cocrystal formed wherein the C=C bonds were preor-
ganized to react (Figure 6). UV-radiation resulted in a [242]
photodimerization that generated 2e as a single product in
quantitative yield (Figures 6a,b). Once separated from the tem-
plate, a post- modification of the cyclobutane by treatment with
azide ion afforded the corresponding tetrazole 1e (Figure 6c).
We also demonstrated conversion of 2e to the corresponding
tetracarboxylic acid 1e-1.

3.4. Cages and Cocrystals

While ditopic templates based on res provide reliable control
of reactivity in cocrystals, we have also very recently expanded
the process of cocrystallization in a different way to generate
cubanes (Scheme 10).*" In particular, we reported a cyclohexadi-
ene diacid in a binary cocrystal of two different cyclohexadienes
to react to generate the cubane-like tetraacid 1f (Figure 7).
The cocrystal consisted of chelidonic acid assembling with 2,6-
dimethyl-y-pyrone by O—H--O hydrogen bonds in a layered
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O-H---O hydrogen bond

(a)

)

(b)

Figure 7. X-ray structure: (a) stacking of the diacid in binary cocrystal, and
(b) stick perspectives (left and right) of cage 1f.

structure (Figure 7a). The structure of the cubane-like photocage
was authenticated wherein the keto groups was transformed to
gem diols (Figure 7b). The study presented the first structural
characterization of cubane-like cages obtained from organic
crystals.”!

4. Summary and Outlook

In this review, we have described advances to employ cocrys-
tals and related reactive metal-organic materials, to perform
organic synthesis in the solid state. As the research continues
to develop, we expect an increasing number of reactions in
solids to be amenable to advance uses of crystalline solids for
the synthesis of complex molecules. As reported by extensive
work by Sureshan and coworkers, the topochemical azide—
alkyne cycloaddition can be broadly employed to form polymers,
and promising to generate molecules.”"”3! Cocrystals that sup-
port more than one reaction have also now been reported.’*
The precise control of molecular arrangements combined with
abilities to introduce functional groups through postsynthetic
modifications is expected to further allow the solid state to be
used strategically to perform organic synthesis. As additional
strategies emerge and are inspired by confluences of organic
synthesis and materials chemistry, the solid state can behave
in function as a form of supramolecular matter. We expect the
inherent stability and scalability of solid-state processes to also
offer practical applications, particularly in industrial and tech-
nological settings that embody processes of supramolecular
synthesis and manufacturing./””!
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