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Photoirradiation of a binary cocrystal composed of two different
cyclic dienes generates a highly-symmetric cubane-like tetraacid
cage regioselectively and in quantitative yield. The cage forms by a
double [2+2] photodimerization of one of the diene cocrystal
components. The second diene while photostable in the cocrystal
reacts in a double [2+2] photodimerization as a pure form
quantitatively to form a tetramethyl cubane-like cage. The
stereochemistry of the cage is structurally authenticated.

Cocrystals are proving successful to support the assembly of
alkenes in the solid state that undergo intermolecular [2+2]
photocycloadditions.! In addition to rules on geometry criteria
for a photocycloaddition to occur as delineated by Schmidt,? the
last century witnessed work that described the formation of
rigid three-dimensional (3D) cubane-like cages from
photodimerizations of cyclic dienes, and more specifically
pyrones, in the solid state.> Uses of cocrystals to enable
photodimerizations in organic solids have typically involved
linear alkenes cocrystallized with photoinert coformers (e.g.,
resorcinols),* and there has been only a single report on the
formation of a cage using the cocrystal approach.®

Here we report a novel binary cocrystal composed of two
cyclic dienes with one component that reacts to generate the
photodimeric cubane-like tetraacid cage CG1.® The cocrystal
consists of chelidonic acid (CA) and 2,6-dimethyl-4-pyrone
(DMP) with the diacid undergoing a double [2+2]
photodimerization to generate CG1 regioselectively and in
quantitative yield (Scheme 1). We are unaware of a cocrystal
composed of two 4-pyrones. We also report on the first
structural authentication of the cubane-like tetramethylated
cage CG2 that has hitherto remained unreported and is
generated from pure solid DMP.32 3¢

Cubanes,” and cubane-like cages (i.e., tetraasterane,®
hexaprismane,® basketanel®), are important constructs!! and
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structural motifs in organic synthesis,’> medicinal chemistry,*3
and material science.® Carboxylic acid functionalized cubanes,
for example, can find applications as crosslinking agents for
drug delivery.!> Despite many efforts, however, accessibility to
cage compounds analogous to cubane and related
hydrocarbons remains limited.’? Indeed, efforts toward the
syntheses of highly functionalized cubane structures can offer
new opportunities to pharmaceutics and beyond.
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Scheme 1 Solid-state constructions of CG1 (binary cocrystal) and CG2 (pure solid).

We initially determined diacid CA (Honeywell Research
Chemicals) to be photostable as a pure form. When CA (55 mg,
0.30 mmol) was crystallized from tetrahydrofuran (THF) (5 mL),
colorless irregular prisms of CA-THF formed upon slow
evaporation over a period of 2 days.
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A single-crystal X-ray analysis (SCXRD) (150 K) showed CA
and the THF molecules to crystallize in the monoclinic space

b

group P2,/c (Fig. 1). The asymmetric unit contains one CA and
one THF molecule that interact via O-H(acid)---O(pyran)
hydrogen bonds (04---07 2.581(2) A). The diacids self-assemble
as bent dimers that form a tape structure sustained by O-H---O
hydrogen bonds (02---03 2.560(2) A) (Fig. 1a). The tapes run
parallel to the b-axis with neighboring CA molecules stacked
offset face-to-face and head-to-tail (ht). The shortest distance
between two stacked CA rings is 5.33 A (plane-to-plane) (Fig.

1b).
Fig. 1 X-ray structure DMP-THF: (a) tape and (b) ht-stacked CA of adjacent tapes.
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photodimerization.2 CA molecules also participate in offset
face-to-face stacks with neighboring DMP molecules, beingin a
head-to-head (hh) geometry with C=C bonds separated by 4.52
and 4.71 A (centroid—centroid). Overall, the structures display
offset ABBA-like stacking (dark/light gray) approximately
parallel to the ab-plane (Fig. 2c).

When a powdered crystalline sample of CA-DMP-2H,0 was
subjected to UV-radiation (450 W medium pressure Hg lamp)
for a period of 90 hours, the C=C bonds of CA reacted
quantitatively. The generation of a photoproduct was
evidenced in an 'H NMR spectrum by disappearance of the
olefinic signal of CA at 7.01 ppm and appearance of a
cyclobutane signal at 3.56 ppm in D,O (Fig. S3, ESIT). The
position of the cyclobutane peak is consistent with a double

photodimerization of CA to form CG1.16
Fig. 2 X-ray structure CA-DMP-2H,0: (a) hydrogen-bonded layer, (b) ht stacking of CA,
and (c) space-filling of diene stackings (CA pairs highlighted dark).

CA-THF loses the entrapped THF solvent molecules under
ambient conditions to generate non-solvated CA within periods
of minutes. Powder X-ray diffraction (PXRD) showed the
resulting solid to be of the same crystalline phase as the
commercial solid (Fig. S4, ESIt). When subjected to UV-
radiation (150 h), both the desolvated and commercial solids
were photostable (Fig. S1, ESIT).

By contrast, cocrystalllization of CA with DMP affords the
cocrystal dihydrate CA-DMP-2H,0 wherein CA is photoactive.
Single crystals as colorless prisms were obtained by slow
evaporation of a MeOH/H,0 (1:1) solution of CA (50 mg, 0.27
mmol) and DMP (33.7 mg, 0.27 mmol) over a period of 3 days.
The composition of CA-DMP-2H,0 was confirmed by SCXRD and
1H NMR spectroscopy (Fig. S3, ESIT).

The components of CA-DMP-2H,0 crystallize in the triclinic
space group P-1 (Fig. 2). The asymmetric unit consists of one CA,
one DMP and two H,O molecules. CA and DMP interact via a
combination of O-H---O (04---07 2.451(3) A) and C-H---O
(C14---03 3.390(3) A) hydrogen bonds. The primary CA---DMP
unit is extended along the c-axis to form a planar structure with
hydrogen-bonded water dimers in interstices, interacting by O-
H---0 (09---010 2.653(2) A) hydrogen bonds (Fig. 2a). CA also
interacts with one water molecule by an O-H---O (01:--09
2.471(2) A) hydrogen bond. Adjacent planar structures
assemble such that CA molecules stack face-to-face and in a ht
geometry (Fig. 2b). The C=C bonds of each ht stacked CA pair lie
approximately parallel and separated by 3.65 A (centroid—
centroid), which conforms to the criteria for a [2+2]
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The stereochemistry of CG1 was confirmed by SCXRD.
Specifically, when the photoreacted solid (40 mg) was
recrystallized in hot MeOH and benzene (2:1, v/v), single
crystals as colorless plates formed over a period of 3 days.

The crystallization resulted in the hydration of the keto
groups of CG1 to form crystalline (CG1-H)-6H,0. The cage and
water molecules assemble in the triclinic space group P-1 with
half a CG1-H molecule and three waters in the asymmetric unit.
The cubane-like cage, which sits on a crystallographic center of
inversion, is defined by four oxane rings interlinked by two
parallel cyclobutane rings (Fig 3a). The oxane rings are in an
approximate boat-shaped conformation, with the four
carboxylic acid groups pointing away at the corners. CG1-H

interacts with the water molecules via a network of O-H---O
hydrogen bonds to give a 3D hydrogen-bonded framework (Fig.
3b) (O1---03A 3.124(4) A; 01---02A 3.233(5) A; 02---01A
2.623(2) A; 03---03A 2.801(6) A; 04---02A 2.688(7) A; O5---03A
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2.657(5) A; 05---:07 2.605(5) A; 06---02A 2.871(6) A; 07---03A
3.151(5) A; 07---05 2.605(5) A).

While DMP is photostable in CA-DMP-2H,0 and effectively
serves to enable photoactivity of CA, as a pure solid is
photoactive. DMP (CSD refcode: HAXDAL)'? stacks face-to-face
in a ht orientation with the C=C double bonds parallel and
separated by 3.46 A. When pure DMP was irradiated for a
period of 140 hours CG2 formed in quantitative yield, which
contrasts the original report (yield: ca. 30%).32 3¢

When the photoreacted solid (20 mg) was recrystallized
from chloroform (5 mL), colorless prisms formed. A SCXRD
analysis revealed CG2 to crystallize in the orthorhombic space
group Cmce (Fig. 3c). Similar to CG1-H, CG2 is composed of two
cyclobutane rings and four boat-shaped pyrone rings. In
contrast to CG1-H, adjacent CG2 cages interact through
intermolecular C-H---O hydrogen bonds (01---C6 3.652(2) A;
07---C3 3.537(3) A; 01---C5 3.527(2) A; 01---C6 3.745(2) A;
01---C6 3.652(2) A) to form, as compared to CG1-H, a 3D
hydrogen-bonded framework (Fig. 3d).

Fig. 3 X-ray structures cubane-like cages: a) CG1-H, b) hydrogen-bonded framework of
CG1-H with water, c) CG2, and (d) hydrogen-bonded framework of CG2.

In conclusion, we have revealed the solid-state construction
of a cubane-like tetraacid cage CG1l from CA, which is
photostable as a pure solid, via a binary cocrystal composed of
two cyclic dienes. While DMP is photostable in the cocrystal,
pure DMP reacts to generate the cage CG2. The orthogonal
reactivities of the dienes provide an intriguing example of a
relationship between structurally similar molecules with a
capacity to photodimerize as pure solids versus cocrystals. We
expect our study to expand fundamental principles and
applications of cocrystals as organic materials to access complex
cyclobutane products, and particularly cubanes. We are
currently exploring the crystal landscape of cocrystals based on
cyclic dienes and higher-order cyclic alkenes.

We gratefully acknowledge the National Science Foundation
(LRM DMR-1708673 & CHE-1828117) and University of lowa
Graduate College (CAL Fellowship) for financial support.

Conflicts of interest

This journal is © The Royal Society of Chemistry 20xx

ChemComm

The authors declare no conflicts of interest.

References

1.

ow

% N

o

13.

14.

15.

16.

17.

(a) L. R. MacaGillivray, J. L. Reid and J. A. Ripmeester, J. Am. Chem.
Soc., 2000, 122, 7817-7818; (b) S. Ohba, H. Hosomi and Y. Ito, J.
Am. Chem. Soc., 2001, 123, 6349-6352; (c) X. Mei, S. Liu and C.
Wolf, Org. Lett., 2007, 9, 2729-2732; (d) B. R. Bhogala, B. Captain,
A. Parthasarathy and V. Ramamurthy, J. Am. Chem. Soc., 2010,
132, 13434-13442; (e) S. d'Agostino, F. Spinelli, E. Boanini, D.
Braga and F. Grepioni, Chem. Commun., 2016, 52, 1899-1902; (f)
C. Li, G. Campillo-Alvarado, D. C. Swenson and L. R. MacGillivray,
CrystEngComm, 2021, 23, 1071-1074.

G. M. J. Schmidt, Pure Appl. Chem, 1971, 27, 647-678.

(a) P. Yates and M. J. Jorgenson, J. Am. Chem. Soc., 1963, 85,
2956-2967; (b) D. Valentine, N. J. Turro and G. S. Hammond, J.
Am. Chem. Soc., 1964, 86, 5202-5208; (c) P. Yates and M. J.
Jorgenson, J. Am. Chem. Soc., 1958, 80, 6150-6150; (d) A.
Hilgeroth, U. Baumeister and F. Heinemann, J. Mol. Struct., 1999,
474, 267-274.

(a) J.-G. Yu, M.-M. Gan, S. Bai and Y.-F. Han, CrystEngComm,
2019, 21, 4673-4683; (b) Y. Sonoda, Molecules, 2011, 16, 119-
148.

Q. Fan, X. Duan and H. Yan, CrystEngComm, 2018, 20, 1151-1157.
For a metal-organic approach, see: J. F. Eubank, V. C. Kravtsov
and M. Eddaoudi, J. Am. Chem. Soc., 2007, 129, 5820-5821.

P. E. Eaton and T. W. Cole, J. Am. Chem. Soc., 1964, 86, 962-964.
A. Hilgeroth and U. Baumeister, Angew. Chem. Int. Ed., 2000, 39,
576-578.

T. D. Golobish and W. P. Dailey, Tetrahedron Lett., 1996, 37,
3239-3242.

. A. P. Marchand, Chem. Rev., 1989, 89, 1011-1033.
. (a) S. Pekker, E. Kovats, G. Oszlanyi, G. Bényei, G. Klupp, G. Bortel,

I. Jalsovszky, E. Jakab, F. Borondics and K. Kamaras, Nat. Mater.,
2005, 4, 764-767; (b) S. R. Peurifoy, J. C. Russell, T. J. Sisto, Y.
Yang, X. Roy and C. Nuckolls, J. Am. Chem. Soc., 2018, 140, 10960-
10964; (c) E. N. Hancock and M. K. Brown, Chem. Eur. J. 2021, 27,
565-576.

. (a) P. E. Eaton, Angew. Chem. Int. Ed., 1992, 31, 1421-1436; (b) K.

F. Biegasiewicz, J. R. Griffiths, G. P. Savage, J. Tsanaktsidis and R.
Priefer, Chem. Rev., 2015, 115, 6719-6745.

(a) T. A. Reekie, C. M. Williams, L. M. Rendina and M. Kassiou, J.
Med. Chem., 2018, 62, 1078-1095; (b) J. Wlochal, R. D. Davies and
J. Burton, Org. Lett., 2014, 16, 4094-4097.

(a) A. Sikder and N. Sikder, J. Hazard. Mater., 2004, 112, 1-15; (b)
Y. P.Wu, J. W. Tian, S. Liu, B. Li, J. Zhao, L. F. Ma, D. S. Li, Y. Q. Lan
and X. Bu, Angew. Chem. Int. Ed., 2019, 58, 12185-12189.

(a) M. Mahkam, N. S. Sanjani and A. A. Entezami, J. Biomed.
Mater. Res., 2000, 15, 396-405; (b) M. Mahkam, Drug Deliv.,
2010, 17, 158-163.

P. Yates, M. J. Jorgenson and P. Singh, J. Am. Chem. Soc., 1969,
91, 4739-4748.

G. Bandoli and A. Dolmella, J. Crystallogr. Spectrosc. Res., 1993,
23, 759-761.

J. Name., 2013, 00, 1-3 | 3



