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ABSTRACT: The ability of 2,4,6-trihalophenols (3X-phOH) (where X =
F, Cl, or Br) to enable reactivity of 1,2-bis(4-pyridyl)ethylene (bpe) in the
solid state via cocrystallization is reported. The trihalophenols display
structure behavior defined by infinite face-to-face π···π contacts and
hydrogen bonds as pure solids that we show can be transferred to binary
cocrystals to organize bpe to undergo a solid-state photodimerization.
Cocrystals based on Cl- and Br-halophenols undergo single-crystal-to-
single-crystal photoreactions to afford rctt-tetrakis(4-pyridyl)cyclobutane
(tpcb) stereoselectively and in near quantitative yield. The use of 3X-
phOH to enable reactivity in the solid state is discussed in the context of
long-range synthon Aufbau modules.

Ganguly and Desiraju have recently introduced the
concept of long-range synthon Aufbau modules

(LSAMs) as a means to influence and control the packing of
molecules in organic solids.1 The approach relies on
identifying long-range supramolecular synthons that make up
parts of crystal structures and ultimately transferring those
LSAMs to related chemical systems to control the three-
dimensionality (3D) of a structure.2−10

As part of our efforts to utilize principles of supramolecular
chemistry to control photoreactivity in organic solids,11−14 we
report here the identification and ability of an LSAM based on
a series of 2,4,6-trihalophenols to direct a [2 + 2] photo-
dimerization in the solid state (Scheme 1). The LSAMs are
defined by one-dimensional (1D) face-to-face π-stacking of the
trihalophenols observed in the pure solid forms that we show
can be transferred to binary cocrystals to assemble an alkene to
undergo an intermolecular [2 + 2] photodimerization.
Specifically, we demonstrate the ability of LSAMs of 2,4,6-
trihalophenols (3X-phOH) (where X = F, Cl, Br, or I) to
assemble 1,2-bis(4-pyridyl)ethylene (bpe) into 1D π-stacks via
O−H···N hydrogen bonds in cocrystals of composition 2(3X-
phOH)·(bpe) to react to afford rctt-tetrakis(4-pyridyl)-
cyclobutane (tpcb) stereoselectively and in near quantitative
yield (for X = F, Cl, Br). For 3Cl-phOH and 3Br-phOH, the
photodimerizations proceed as rare single-crystal-to-single-
crystal transformations (SCSC).15 We are unaware of an
example wherein the concept of an LSAM has been exploited
to direct a chemical reaction in a solid.16

Experimental. Cocrystal Syntheses and Photochemical
Studies. Methanol (solvent) and bpe were purchased from
Sigma-Aldrich, 3F-phOH was purchased from Alfa-Aesar, and
3Cl-phOH, 3Br-phOH and 3I-phOH were purchased from
TCI Chemicals. All chemicals were used as received without
further purification. Cocrystals of 2(3F-phOH)·(bpe), 2(3Cl-
phOH)·(bpe), 2(3Br-phOH)·(bpe), and 2(3I-phOH)·(bpe)
were generated by dissolving the corresponding halophenol
(0.20 mmol) and bpe (0.10 mmol) in warm methanol (3.0
mL). Single crystals were formed upon cooling each solution
to room temperature and allowing each solution to sit for a
period of approximately 2 days. Each single crystal sample was
ground into a powder using an agate mortar-and-pestle and
then placed between two Pyrex glass plates. Photoreactions
were conducted using UV-radiation from a 450 W medium-
pressure mercury lamp in an ACE Glass photochemistry
cabinet. Single-crystal-to-single-crystal transformations were
conducted by UV-irradiating single crystals in a UV light gel
nail dryer for 48 h.17 The progress of each photoreaction was
monitored using 1H NMR spectroscopy.
X-ray Crystallography. Single-crystal X-ray diffraction

(SCXRD) data were collected on Bruker Nonius APEX II
Kappa and Nonius Kappa CCD single-crystal X-ray diffrac-
tometers using MoKα radiation (λ = 0.71073 Å). Crystals were
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Scheme 1. Trihalophenol Assemblies: (a) LSAM (Pink) Defined by One-Dimensional Face-to-Face π-Stacking of 3X-phOH as
Pure Forms for (a) X = Cl, Ia and (b) X = F, Cl, Br, and I and (c) Transferability of LSAM To Direct a [2 + 2]
Photodimerization of bpe to Form tpcb

aNote directionality of −OH groups.

Table 1. X-ray Crystallographic Data for 2(3F-phOH)·(bpe), 2(3Cl-phOH)·(bpe), 2(3Br-phOH)·(bpe), and 2(3I-phOH)·
(bpe)

crystal dataa 2(3F-phOH)·(bpe) 2(3Cl-phOH)·(bpe) 2(3Br-phOH)·(bpe) 2(3I-phOH)·(bpe)

chemical formula 2(C6H3F3O)· 2(C6H3Cl3O)· 2(C6H3Br3O)· 2(C6H3I3O)·
C10H8N2 C10H8N2 C10H8N2 C10H8N2

MW (g mol−1) 464.45 563.17 829.89 1111.89
space group P1̅ P21/c P21/n P21/c
a (Å) 3.7344(4) 14.1588(14) 4.0371(4) 4.3124(4)
b (Å) 12.9484(13) 3.9749(4) 26.040(3) 12.7537(13)
c (Å) 21.544(2) 21.837(2) 12.3632(12) 26.046(3)
α (deg) 95.280(5) 90 90 90
β (deg) 94.210(5) 90.479(5) 93.358(5) 91.532(5)
γ (deg) 91.647(5) 90 90 90
V (Å3) 1033.87(18) 1228.9(2) 1297.5(2) 1432.0(3)
Z 2 4 2 2
μ (mm−1) 0.135 0.726 9.309 6.532
ρcalcd (g cm−3) 1.537 1.560 2.160 2.611
R1
b,c 0.0488 0.0298 0.0456 0.0311

wR2
d,e 0.1156 0.0799 0.0892 0.0549

CCDC 1883873 1883874 1883875 1883876
aλMoKα = 0.71073 Å. bF0 > 2σ(F0).

cR1 = ∑|F0| − |Fc|/∑|F0|.
dAll data. ewR2 = [∑w(F0

2 − Fc
2)2/∑w(F0

2)2]1/2.
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mounted in Paratone oil on a Mitegen magnetic mount.
Lorentz and polarization corrections were applied, and
programs from the APEXII package were used for data
reduction. Structure solution and refinement were performed
using SHELXT18 and SHELXL,19 respectively within the
Olex220 and WinGX21 graphical user interfaces. Crystallo-
graphic data for cocrystals are summarized in Table 1. Powder
X-ray diffraction (PXRD) data were collected on a Bruker D8
Advance X-ray diffractometer using CuKα1 radiation (λ =
1.5418 Å) typically in the range of 5−40° 2θ (scan type:
coupled TwoTheta/Theta; scan mode: continuous PSD fast;
step size: 0.019°) (40 kV and 30 mA).
Results and Discussion. Rationale toward Design.

Halophenols are present in marine environments22 and widely
used in the manufacturing of pesticides and wood preserva-
tives.23 From a crystal engineering perspective, halophenols
have contributed to define the term “halogen bond”,24 serving
as building blocks in molecular recognition and self-

assembly.3,5,16 Halophenols have also recently presented
opportunities to influence mechanical behaviors of solids
(i.e., plastic deformation) owing to combinations of non-
covalent forces (i.e., hydrogen bonds, halogen bonds, π-
stacking) being propagated in orthogonal directions.16,25

Our efforts to utilize cocrystals based on 3X-phOH to
enable photoreactivity of bpe is inspired by work of Desiraju
who demonstrated a propensity of related 3,4,5- and 2,3,4-
trichlorophenols to assemble in the solid state with anilines by
a combination of face-to-face π···π contacts and hydrogen
bonds. The forces were propagated in 2D forming long-range
and higher-order aggregates with components in arrangements
that were shown to be transferrable to cocrystals of aniline
derivatives.5,6 The work of Desiraju prompted us to explore the
potential to employ 3X-phOH to direct an intermolecular [2 +
2] photodimerization of bpe.
Specifically, examinations of the X-ray structures of 3X-

phOH (CSD Refcodes: SILGOK (X = Cl) and BOLNEW (X
= I))26,27 (Figure 1) as pure forms revealed the molecules to
self-assemble in the solid state to form 1D face-to-face π-stacks
(Figure 1a,b). For X = Cl, the molecules interact via face-to-
face π···π contacts wherein the hydroxyl groups participate in
O−H···O hydrogen bonds (Figure 1c). Importantly, the
hydroxyl groups are oriented in the same direction along the
peripheries of the 1D stacks and are separated by 3.82 Å. For X
= I, the face-to-face π···π contacts are present, yet the hydroxyl
groups do not participate in an O−H···O hydrogen bond.
Instead, the hydroxyl groups, while also being oriented in the
same directions, have H atoms that lie in close proximity to I
atoms (Figure 1d). The hydroxyl groups are separated by 4.37
Å along the stacks. The solid-state structure for X = I is a rare
example of a solid with essentially a “free” hydroxyl group.28

Moreover, we hypothesized that the 1D packings of the
trihalogenated phenols may be exploited as LSAMs whereby
the π-stacking and hydroxyl group orientations are preserved
and transferred to form binary cocrystals wherein the LSAMs
direct face-to-face stacking of bpe. The infinite stacking of the

Figure 1. X-ray structures of pure 3X-phOH showing LSAMs: (a) X
= Cl and (b) X = I.26,27

Figure 2. X-ray structure 2(3F-phOH)·(bpe): (a) hydrogen bonds (O−H···N and C−H···F) and (b) face-to-face π-stacks of 3F-phOH and bpe
with LSAM formation (pink).
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alkene would place the CC bonds in positions to undergo
intermolecular [2 + 2] photodimerizations. The information
on the geometry (i.e., stacking distance) and regiochemistry
(i.e., hydroxyl group placement) stored in the LSAMs would,
thus, orient bpe into a geometry suitable for photodimeriza-
tion.29

X-ray Structures. The formation of cocrystals of 2(3F-
phOH)·(bpe), 2(3Cl-phOH)·(bpe), 2(3Br-phOH)·(bpe),
and 2(3I-phOH)·(bpe) were confirmed by SCXRD and

PXRD, as well as 1H NMR spectroscopy. Despite being
identical in composition save for the different halogen atoms,
we note that none of the solids were determined to be
isostructural due to differences in unit cell parameters and
crystal packing.
Coformer 3F-phOH: The components of 2(3F-phOH)·

(bpe) crystallize in the triclinic space group P1̅ to form three-
component assemblies sustained by O−H···N hydrogen bonds
(Figure 2). In the arrangement, the pyridyl and phenol rings

Figure 3. X-ray structure 2(3Cl-phOH)·(bpe): (a) hydrogen bonds (O−H···N and C−H···Cl) and (b) face-to-face π-stacks of 3Cl-phOH and
bpe with LSAM formation (pink).

Figure 4. X-ray structure 2(3Br-phOH)·(bpe): (a) hydrogen bonds (O−H···N) and (b) Br···Br halogen bonds and face-to-face π-stacks of 3Br-
phOH and bpe with LSAM formation (pink).
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are twisted from coplanarity (13.6° and 27.8°) (Figure 2a). C−
H···F contacts link the assemblies into two-dimensional (2D)
sheets that sit within the bc-plane (plane shift: 1.45 Å). The
sheets stack along the crystallographic a-axis with 3F-phOH
and bpe participating in infinite face-to-face π-stacks. The
stacking of bpe preorganizes the CC bonds parallel and
separated by 3.73 Å, which is a geometry suitable for an
intermolecular [2 + 2] photodimerization (Figure 2b).29

Coformer 3Cl-phOH: While sheets also form for 2(3Cl-
phOH)·(bpe), the three-component assemblies pack to form a
corrugated structure. The components crystallize in the
monoclinic space group P21/c (Figure 3). The pyridine and

phenol rings exhibit a slightly smaller twist (8.0°) compared to
2(3F-phOH)·(bpe) (Figure 3a). Moreover, the corrugation is
manifested along the c-axis, being sustained by C−H···Cl30
forces. The interactions are akin to a hydrophobic zone as
described by Desiraju for 3,4-di-X-phenol (X = Cl, Br).16 The
sheets organize along the b-axis (plane shift: 1.99 Å) in face-to-
face π-stacks (Figure 3b). The CC bonds are parallel and
separated by 3.98 Å, which also conforms to the postulate of
Schmidt.29

Coformer 3Br-phOH: The components of 2(3Br-phOH)·
(bpe) crystallize in the monoclinic space group P21/n to form
sheets based on three-component assemblies (Figure 4). In
contrast to 2(3F-phOH)·(bpe) and 2(3Cl-phOH)·(bpe), the
sheets are supported by type II halogen bonds9 (|θ1 − θ2| =
52.7°) with the phenol and pyridine rings exhibiting a large
twist (56.9°) (Figure 4a). Isostructural behavior that may arise
owing to the Cl/Br exchange rule16 is not observed for 2(3Cl-
phOH)·(bpe) and 2(3Br-phOH)·(bpe). The sheets organize
along the a-axis (plane shift: 1.92 Å) with the CC bonds
being parallel and separated by 4.04 Å (Figure 4b).29

Coformer 3I-phOH: The components of 2(3I-phOH)·
(bpe) crystallize in the monoclinic space group P21/c (Figure
5). The hydrogen-bonded assemblies form corrugated sheets
in the ac-plane that are supported, similar to 2(3Br-phOH)·
(bpe), by type II I···I halogen bonds9 (|θ1 − θ2| = 67.6°)
(Figure 5a). In contrast to 2(3Br-phOH)·(bpe), the phenol
and pyridine rings are twisted toward coplanarity (7.4°). The
sheets lie offset (plane shift: 2.23 Å) such that the CC bonds
are comparable yet beyond the limit of Schmidt for a
photoreaction (4.31 Å) (Figure 5b).29

Photoreactivity studies. When powdered crystalline sam-
ples of 2(3X-phOH)·(bpe) (X = F, Cl, Br) were subjected to
UV-radiation (medium power Hg lamp) for periods of up to
110 h, the formation of tpcb was evidenced by the
disappearance of the alkene (7.55 ppm) and appearance of
the cyclobutane (4.70 ppm) signals (Table 2). 2(3I-phOH)·
(bpe) was determined to be photostable upon being exposed
to UV-radiation for up to 60 h. PXRD analyses before and after

Figure 5. X-ray structure 2(3I-phOH)·(bpe): (a) hydrogen bonds (O−H···N) and (b) I···I halogen bonds and face-to-face π-stacks of 3I-phOH
and bpe with LSAM formation (pink).

Table 2. Photoreactivity Studies of Cocrystals

cocrystal exposure time (h) maximum yield of tpcb (%)

2(3F-phOH)·(bpe) 40 96
2(3Cl-phOH)·(bpe) 110 89
2(3Br-phOH)·(bpe) 110 76
2(3I-phOH)·(bpe) 60 no reaction

Figure 6. X-ray structures of partial SCSC reactions: (a) 4(3Cl-
phOH)·(tpcb) and (b) 4(3Br-phOH)·(tpcb).
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UV-radiation showed each reactive powder to undergo a
change in phase following photoreaction (see Supporting
Information for PXRD analyses).
Single-Crystal Reactivity. When single crystal samples of

2(3X-phOH)·(bpe) (X = F, Cl, Br) were irradiated with UV-
radiation (gel nail dryer) for 48 h, cocrystals 2(3Cl-phOH)·
(bpe) and 2(3I-phOH)·(bpe) retained single crystallinity as
determined using optical microscopy. Single crystals of 2(3F-
phOH)·(bpe) became opaque and turned to a powder during
the same period. SCXRD analyses of the irradiated crystals of
2(3Cl-phOH)·(bpe) and 2(3Br-phOH)·(bpe) revealed pho-

todimerizations to occur as partial SCSC transformations to
give tpcb [yield: 22% (X = Cl) and 42% (X = Br)] (Figure 6).
The O−H···N hydrogen bonds were maintained following
each photodimerization.31

Utility of LSAMs. The LSAMs based on 3X-phOH that
organize bpe in the solid state are resilient (Figure 7a−
d).26,27,29 Indeed, 1D stackings of the CC bonds are
maintained despite the presence of secondary interstack
interactions in the form of either C−H···X (X = F, Cl) or
X···X forces. The resiliency has provided a means, save for X =
I, to support photoreactivity of bpe in the solid state (Figure

Figure 7. X-ray structures 2(3X-phOH)·(bpe) showing secondary forces: (a) C−H···F interactions in 2(3F-phOH)·(bpe), (b) C−H···Cl
interactions in 2(3F-phOH)·(bpe), (c) Br···Br halogen bonds in 2(3Br-phOH)·(bpe), and (d) I···I halogen bonds in 2(3I-phOH)·(bpe).

Figure 8. Photoreactivity in cocrystals based on 3X-phOH: (a) formation of LSAMs and (b) relation of distance with reactivity.
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8a,b). We note that tpcb does not form quantitatively in each
case, which is consistent with a model of trapped monomers
between dimers.32,33

Conclusions. We have introduced the ability of 2,4,6-
trihalophenols to direct the [2 + 2] photodimerizations in the
solid state. We have shown that long-range assembly properties
for 3X-phOH (X = Cl, I) as pure forms can be transferred to
binary cocrystals and, thereby, exploited as LSAMs to achieve
the solid-state photoreactions. We are currently studying
whether LSAMs based on 3X-phOH can direct reactivity of
more complex alkenes. We are also working to identify other
molecules that exhibit similar behavior in the solid state to
facilitate the design of photoactive materials with reactivity, as
well as unique mechanical, optical. and conductivity properties.
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