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ABSTRACT: A single-crystal-to-single-crystal solid-state reaction
of vinylogous donor−acceptor cyclopropanes is documented. The
enantiospecific synthesis of new products, distinct from those
obtained in solution, is achieved for the target compounds.
Photopolymerization occurred upon X-ray exposure to the crystals.
Notably, in one case, this reactivity exhibits selectivity since an
ordered arrangement of polymers and unreacted cocrystallized
monomeric conformers has been observed. Structural character-
ization of the complete transformation monitored through single-
crystal X-ray diffraction and supported by molecular dynamics
simulations sheds light on the subtle role of crystal packing in the
reaction process. Moreover, the X-ray diffraction (XRD)-resolved
structure of a donor−acceptor cyclopropane intermediate reveals
an elongation in bond length that corroborates the existence of the so-called “push−pull effect”.

■ INTRODUCTION
Reactivity in crystals proves to be a powerful tool when
chemical phenomena can be initiated in situ; it becomes
possible to characterize structurally and finely, on the same
sample, the initial and final steps of the process and sometimes
even the reaction intermediates. While this is well established
for biological crystals, numerous reactions have also been
documented on porous crystals (such as host−guest
compounds, MOFS, cryptants, etc.) and on dense organic/
inorganic phases.1−9 The most frequently observed reactivity
remains polymerization, facilitated by the stacking of
precursors, the suitable orientation of the reaction sites, and
the dynamic nature of molecules in crystals10a phenomenon
known as topochemical polymerization.11−18

In the realm of topochemical photopolymerization, single-
crystal-to-single-crystal (SCSC) transformations present a
unique avenue and offer distinct advantages over liquid-state
reactions. SCSC transformations ensure precision, preserving
the original crystal structure and minimizing environmental
impact.18−20 The solid-state nature reduces reliance on
solvents, simplifying purification and enhancing our under-
standing of reaction mechanisms and kinetics. Specific
reactions that may be inaccessible through conventional
solution-phase synthesis can be achieved in the solid
state.11,22−24 Moreover, they can be directed toward the
formation of different products than those obtained in
solution.19−21,25 This approach, alongside its application in

various crystal systems, stands as a promising strategy for
advancing precise synthesis in materials science.26−30

In this study, we present the structural analysis of a series of
donor−acceptor cyclopropane (DAC) molecules and their
crystal-to-crystal transformation, revealing differences in
reactivity between the solid state and in solution. We
characterized an unexpectedly selective photopolymerization
of one of the two cocrystallized conformers in a crystal using
X-rays. To the best of our knowledge, there are only two
known cases of a comparable phenomenon: a photopolyme-
rization involving two out of three cocrystallized monomers31
and a cyclization involving one out of two cocrystallized
monomers.32,33 The comparison of the crystal packing of
different compounds within the family, supported by molecular
dynamics (MD), highlights the role of the crystal’s plasticity in
the reaction process. Thus, we demonstrate that crystal
packing influences reactivity and that the framework
constraints act as a reaction parameter, guiding the formation
of nanostructures through the stereoisomerically controlled
self-sorting assembly.
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DACs represent extraordinary chemical structures.34−39

Accordingly, the opposing electronic characteristics of
neighboring substituents, coupled with the inherent ring strain
of the cyclopropane (around 27.5 kcal·mol−1), not only guide
but also ease the process of bond cleavage.40,41 In this context,
our research contributes to the ongoing exploration and
understanding of the “push−pull” dynamics of DACs.

■ RESULTS
Through conventional solution-phase synthesis, the in-house
vinylogous DAC derivatives efficiently produced the corre-
sponding challenging all-carbon eight-membered rings with
dia- and regioselectivity.42 Typically, a solution of DAC pF in
o-xylene at 100 °C selectively afforded the cyclooctenone 1
(Figure 1a). A careful selection of substituents and control of
the relative stereochemistry on the starting material resulted in
a substrate prone to thermal rearrangement without requiring
any catalyst or reagent.
To secure the structure and the stereochemistry of the

precursor pF in the synthesis of the cyclooctenes (Figure 1),
we crystallized and measured by single-crystal X-ray diffraction

(SCXRD), the racemic DAC derivative pF at room temper-
ature using Cu radiation. Interestingly, we promptly observed
broadening and splitting of the diffraction spots after a few
minutes of irradiation, but as the crystal kept diffracting, we
decided to complete the measurement and successfully solved
the structure. An unexpected and unique feature emerged: the
final crystal packing exhibited a structure with alternated layers
of pF monomers and of a polymeric structure resulting from
the reaction between adjacent monomers (Figure 1b).
We thus decided to investigate the reaction process in the

crystalline state and measured first a new sample at a lower
temperature (150 K). In contrast to the previous experiment,
the final resolution of the crystal, pF-150 K, showed the
presence of two independent monomeric conformers in the
asymmetric unit: pF-m and pF-p (Figure 2a). A comparison of
both conformers shows that they are almost superimposable,
with a root-mean-square deviation of 0.33 Å considering all
non-H atoms. The main difference between them arises from a
rotation of approximatively 65° of the terminal CH2−CH3
substituent of the vinyl ester (see Figure S1). Expanding the
crystal packing along the direction of the previously detected

Figure 1. Solution-phase reactivity (a) vs solid-phase reactivity (b) of vinylbiscyclopropane pF. In (b), the nonactive monomers and the polymers
are colored blue and green, respectively.
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Figure 2. SCXRD observation of pF at different temperatures. (a) At 150 K showing the pF-m monomer and two adjacent proactive monomers
pF-p. (b) Structures of pF-p in ball and stick and electron-density maps (contour level of 1.5 e/Å3) are shown for measurements at 150−200 K
(top left), 250 K (bottom left), and 296 K (right: only two monomers of the polymer are represented).
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polymerization (crystallographic axis a, Figure 1b), we also
observed that the pF-p monomers were nicely oriented,
facilitating topochemical polymerization among all identical
subunits of the crystal cells (Figure 2a). Indeed, the two mean
planes containing the substituents of the active sites, i.e., the
benzylic carbon C7 and the para-fluorobenzene, and the vinyl
ester from the adjacent symmetrically related molecule i
(symmetry code i: −1 + x, y, z), are almost parallel with an
angle of about 2°. Moreover, the distance between the two
reactive carbons C7 and C14i is equal to 4.324(2) Å.
Measurements at 200, 250, and 295 K were then performed

on the same sample and revealed that no reaction occurred up
to 200 K. At 250 K, we observed a change in the diffraction
pattern once again, accompanied by a slight but significant
modification of some cell parameters and an approximately 5%
increase in the unit cell volume (see Table S1). Subsequently,
all structures were solved and refined, enabling us to capture
some snapshots of the reaction process (Figure 2b).
In every measurement, the pF-m conformer remains

unaffected by irradiation. However, at 250 K, the cocrystallized
conformer pF-p initiated a reaction. The structure reveals the
presence of a mixture of the precursor and an intermediate of
the reaction sharing the same site, each with an occupation
factor of 0.5 (Figure 2b left). In the intermediate, the two
cyclopropane rings have opened. The C14i carbon atom of the
reacting vinyl ester adopts a pyramidal conformation,
characteristic of sp3 hybridization. Additionally, the para-
fluorobenzene plane is distorted toward a half-chair con-
formation to bring the reacting C7 carbon closer to the

neighboring unit, resulting in a shortened distance of C7−C14i
to 1.63(1) Å (see Figure S2). At 295 K, the regio-, diastereo-,
and enantiospecific reactions are completed, and the pF-p site
is fully occupied by the final polymer (Figure 2b right and
Figure S3). The remarkable ability of the DAC pF compound
to selectively react within the crystal is attributed to the specific
molecular-packing structure, wherein two conformers cocrys-
tallize to form alternating nanolayered structures. This
arrangement suggests that the first layer of the nonreacting
conformer acts as a template or stabilizing matrix, thus
enabling the second one to undergo the reaction (Figure
1b).32,33
We also tested other activation sources, including SCXRD

using Mo radiation, ultraviolet−visible (UV−vis), laser, or
microwaves, to attempt polymerization of our compound.
However, none of these approaches proved successful as no
crystal transformation was observed (see the Supporting
Information (SI)). Additionally, the wavelength and intensity
of the X-ray source emerged as crucial factors influencing the
reactivity (see the SI).
To investigate whether the nature or position of the halogen

atom on the benzene ring could influence the outcome of the
polymerization, we examined the behavior of the para-
chlorobenzene and meta-fluorobenzene DAC derivatives
using Cu radiation.
The crystal structure of the para-chlorobenzene DAC

derivative, pCl, at 150 K, showed the presence of only one
conformer in the asymmetric unit, which was positioned
favorably for topochemical polymerization, with a distance of

Figure 3. SCXRD observation of pCl at different temperatures. The structures in ball and stick and electron-density maps (contour level of 1 e/Å3)
are shown for measurements at 150−200 K (left) and at 270 K (right: only two monomers of the polymer are represented). The elongated inner
C−C bond of the cyclopropane is colored blue.
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4.118(2) Å between the two reactive carbons. No significant
changes were observed up to 200 K as in the case of pF

(Figure 3). However, at 250 K, a mixture of two reaction
intermediates was observed in a 2/3:1/3 ratio. In the major

Figure 4. Molecular dynamics on pF and pCl.
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occupied site, the structure revealed an elongation of the inner
C−C bond of the cyclopropane ring linked to the alkene
moiety with a length of 1.713(9) Å, which is the bond of the
donor−acceptor cyclopropane involved in the “push−pull”
effect.43 In the minor occupied site, this cyclopropane ring
remained closed, with the same elongated bond as in the major
one, but the cyclopropane ring connected to para-chlor-
obenzene was fully opened. Moreover, polymerization along
the crystallographic axis b was completed, and the DAC
monomers are all linked together with a C−C bond distance
equal to 1.56(2) Å (see Figure S6). At 270 K, the process
continued with a mixture of the two intermediates sharing the
same site, each with an occupation factor of 0.5. For the first
bond, the inner bond of the cyclopropane ring linked to the
alkene is further elongated to 1.87(1) Å. The second
intermediate exhibited the same structural characteristics as
in the sample measured at 250 K but in a greater proportion
(50%), indicating an ongoing transformation. Finally, measure-
ments were no longer feasible at 290 K as the sample lost its
crystallinity.
We pursued our study by focusing on the meta-

fluorobenzene derivative, mF. Unlike pF, its crystal structure
at 150 K showed the presence of only one conformer in the
asymmetric unit (see Figure S7). Despite the DAC molecules
appearing to be in a favorable position for topochemical
polymerization (the distance between the proactive carbons is
only 3.613(4) Å), no reaction occurred at higher temperatures.
In summary, the three derivatives, all favorably oriented for a

topochemical reaction, exhibited different behaviors under
irradiation. Polymerization kept the crystal intact in the case of
pF but with a selective reactivity on only one of the two
cocrystallized conformers. For pCl, polymerization led to the
destruction of the crystal, and no polymerization occurred for
mF. The polymerizing crystals responded similarly to the stress
induced by the reaction process by twinning and expanding
their unit cell volume by about 5% for pF and 8% for pCl (see
Tables S1 and S2). The examination of other polymorphs, as
well as other halogen-substituted and non-halogen-substituted
DACs, reveals that no polymerization occurs (see the SI for
more details) since they are not oriented in a position
favorable for topochemical polymerization. The same holds
true for each separated enantiomer of the pF DAC, meaning
that the enantiopurity clearly influences the packing of the
crystal.
To conclude, based on initial experimental and observational

data, the most noteworthy aspect here is that polymerization
and crystal integrity in the pF case are closely tied to both the
chirality of the monomer/conformer pair and their packing
process. The stereoisomerically supramolecular structure
controls the self-sorting assembly. In other words, the chirality
of the supramolecular edifice drives the formation of the
nanostructure.

■ DISCUSSION
To delve deeper into understanding the phenomena
influencing the distinct reactivity of the three crystal phases
described above, we conducted computational theoretical
studies examining the role of (i) the nature and position of
the halogen atom and (ii) the crystal packing.
We first computed a pathway at the density functional

theory level in the gas phase for pF, pCl, and mF to propose a
plausible mechanism for the formation of the C−C bond
between two monomers. However, the results showed

substantial equivalence in terms of barrier and reaction
energies and could not justify their distinct behaviors (see
the SI). This suggests that the differences are related to the
constraints imposed by the packing in the crystal and their
dynamic behavior. This last outcome prompted us to further
analyze and compare the packing in the crystals. However,
examination of the packing of the three crystals through
Hirshfeld surface analysis44,45 and void detection did not reveal
major differences (see Figures S12−S15). Molecular dynamics
(MD) simulations, on the other hand, enable the examination
of the dynamic properties of microscopic systems and the
exploration of molecular details that cannot be assessed
through real experiments. Therefore, we conducted MD
studies to track the movement of the molecules. While these
calculations do not capture bond breaking and formation, they
allow the evaluation of the physical motion of atoms and
molecules in the crystals during the early stage of polymer-
ization. MD simulations were conducted on the pF, mF, and
pCl crystals using GROMACS46 © software with GAFF47
force field (SI for details). We initially determined the
equilibrated volumes at two different temperatures, 150 and
300 K. The calculated volume expansions ΔVth from 150 to
300 K are in very good agreement with those observed
experimentally in the three crystals (computed values are 4.88,
0.12, and 8.5% compared to 5.32, 0, and 8.39% in the
measured pF, mF, and pCl crystals, respectively).
To illustrate the molecule displacements within the crystals,

Figure 4a,c presents the SCXRD structures obtained at 150 K,
alongside the snapshot pictures of the equilibrated structures
after 1 ns MD simulations at 150 and 300 K, for pF and pCl
crystals, respectively. The crystalline order is maintained for
the pCl structure during the MD simulations, while greater
plasticity emerges for the pF structure. Additionally, we
observe that the plasticity appears to be more significant in the
zone corresponding to the pF-p conformers (in green). On the
other hand, there are almost no movement observed for mF
(see the SI).
To appreciate and quantify the dynamic behavior of the pF-

m and pF-p conformers within the crystal, displacements
between the adjacent molecules stacked along the polymer-
ization axis were calculated along the MD trajectory (Figure
4b) at 300 K, using the geometrical centers of the molecules as
reference points. The movements along all three coordinates
were analyzed. Only the y and z components (b and c unit cell
directions in the crystals) are presented here as the x direction
component is nearly zero. These displacements are more
significant for pF-p: indeed, the time-averaged value along y
(removing the first 200 ps MD) is twice as significant for the
pF-p conformer (1.45 Å) than for pF-m (0.7 Å). We observed
the same trend along the z direction (0.75 Å for pF-p and 0.14
Å for pF-m). The average displacements of the geometrical
centers of the pCl molecule were also calculated for
comparison (see the SI), and it can be noted that the
displacements are almost zero along the x and z directions and
of the order of 1 Å along the y direction (y being the direction
of polymerization of pCl-250 K).
Based on these calculations and observations, it becomes

evident that the position and orientation of the topochemical
polymerization precursors are necessary but not sufficient to
sustain the reaction after the opening of the cyclopropane
rings. Some degrees of freedom are necessary, and in the case
of pF, the required movements occur in the plane
perpendicular to the direction of polymerization. Moreover,
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this plasticity enables the crystal to maintain a certain level of
integrity. In the case of pCl, the movement is limited to the
direction of polymerization, and the insufficient free space in
the perpendicular direction results in the ultimate destruction
of the crystal lattice. As far as our knowledge extends, the
utilization of molecular dynamics (MD) in comprehending the
crystal-to-crystal transformations has been notably scarce
within purely organic systems.48−50

■ CONCLUSIONS
Solid-state synthesis provides an exceptional reaction micro-
environment that yields reactivity distinct from that of
conventional solution-phase methods. This solid-state poly-
merization presents a stark contrast to the bulk-solvent
intramolecular reactivity, allowing for the formation of
molecular complexity not previously attained. Particularly
noteworthy is the enantiospecific transformation of only one
cocrystallized conformer in the para-fluoro derivative case,
leaving the second intacta rarity with only two reported
instances in the literature. This observation underscores the
significant influence of the crystalline environment on the
chemical reactivity.
Structural analysis using SCXRD revealed the necessity of a

topochemical arrangement of molecules to initiate the
polymerization process. However, this alone proved insuffi-
cient, and molecular dynamics further illustrated that polymer-
ization necessitates crystal plasticity. This grants molecules the
freedom to expand and allows for the opening of the
cyclopropane rings and ensuing reactivity. This utilization of
MD in our study is particularly noteworthy as it is uncommon
to employ such simulations in systems of this nature.
Moreover, our findings with the para-fluoro derivative

demonstrate that the first layer of the nonreacting conformer
functions as a crucial template, ensuring crystal integrity and
stabilizing the matrix. Exposure to the constraints of the
framework influences both stability and reactivity; thus, the
molecular edifice can be considered as an additional reaction
condition, akin to classical factors such as temperature or
pressure, for example.
The combined use of SCXRD to monitor reaction

transformations and MD simulation provided a detailed
understanding of the reaction mechanisms at the atomic scale.
SCSC chemical reactions, initiated and monitored through

X-rays, provide valuable snapshots capturing the interplay
between reactive sites. They can give access to reaction
intermediates within the solid crystalline state. In this case,
data collected during the topochemical polymerization process
of the para-chloro derivative offered interesting perspective
from a fundamental point of view. For the first time, we could
visualize the so-called “push−pull effect” imparted by the
neighboring donor and acceptor substituents on the cyclo-
propane, with all of the precautions that need to be taken with
interpretations based solely on SCXRD.51,52
Topochemical reactions are intricately tied to the molecular

packing within the crystal lattice and, consequently, to the
proximity and proper orientation of the reactive groups. Unlike
traditional chemical reactions, which primarily hinge on the
chemical structure, topochemical reactions are heavily
influenced by the crystallization process of a molecule.
Predicting such reactions solely based on chemical composi-
tion remains an elusive objective. However, the utilization of
structurally constrained molecules, such as cyclopropane
substituted by two electronically antagonistic substituents,

can significantly enhance the likelihood of bimolecular
reactions in the solid state by facilitating strain release
provided that the aforementioned prerequisite parameters
(proximity, orientation, and plasticity) are met.
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