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Abstract: A green method to synthesize cyclobutane derivatives has been developed over the past
three decades in the form of solid-state [2+2] photochemical reactions. These solid-state reactions
also play a major role in the structural transformation of hybrid materials. In this regard, crystal
engineering has played a major role in designing photoreactive molecular systems. Here, we report
three novel binuclear Cd(II) complexes with the molecular formula [Cd2(4spy)sLs], where 4spy = 4-
styryl pyridine and L = p-toluate (1); 4-fluorobenzoate (2); and 3-fluorobenzoate (3). Although three
different benzoates are used, all three complexes are isostructural, as corroborated through SCXRD
experiments. Structural analysis also helped in identifying two potential photoreactions. These are
both intra- and intermolecular in nature and are driven by the head-to-head (HH) and head-to-tail
(HT) alignment of 4spy linkers within these metal complexes. 'TH NMR spectroscopy studies showed
evidence of a quantitative head-to-head photoreaction in all these three complexes, and SCXRD
analysis of the recrystallization of the photoproducts also provided confirmation. TGA studies of
these photoreactive complexes showed an increase in the thermal stability of the complexes due to
the solid-state photoreaction. Photoluminescence studies of these complexes have been conducted,
showing a blue shift in emission spectra across all three cases after the photoreaction.

Keywords: [2+2] cycloaddition; isostructural complexes; Schmidt’s criteria; HH and HT alignments;
0D to 0D transformation

1. Introduction

Solid-state [2+2] photoreactions are of great interest due to their use of light energy
to prepare strained organic molecules that are difficult to obtain through traditional
routes, especially with quantitative yields [1-8]. Designing these solid-state reactions is
traditionally done through non-covalent interactions and coordination bonds, among oth-
ers [9-14]. In metal complexes, the coordination bond is important in aligning reactive
centers and their reaction upon photoirradiation.

The criteria of solid-state [2+2] cycloaddition were postulated by Schmidt, wherein
the photoreactive linker of neighboring groups is aligned in a ready-to-react manner to
form a highly strained cyclobutane ring [15]. Most of these solid-state reactions are often
used in structural transformations, where the specific reactions are executed through spe-
cific structural transformations to obtain regio- and stereo-specific products with quantita-
tive yields. Obtaining these photoproducts in a similar regio- and stereo-specific manner
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with quantitative yields is challenging or almost impossible in regular solution-state syn-
thesis [16-20]. It is very rare to observe the competition between the head-to-head and
head-to-tail alignment of photoreactive linkers in a single complex. Observing these dif-
ferent alignments and studying these photoreactions is very difficult without the aid of
single-crystal structural analysis. At the same time, single-crystal to single-crystal trans-
formation is challenging because, during the structural change, the strain developed in-
side a single crystal causes it to pop violently so as to release the strain, thus resulting in
the loss of its crystallinity [21-23]. The plausible photoreaction in these simple complexes
is important mainly due to the better design and understanding of photoreactions, as well
as the control over photo-transformation reactions [5,24,25].

Isostructural compounds and the study of their properties are highly significant,
mainly due to the possibility of finetuning the materials' properties without introducing
significant structural changes. This is also one of the prerequisites for solid solutions,
which are known for their capacity to finetune the properties of materials without signif-
icant modifications in structure—property relations. Metal ions with diverse geometries are
valuable for constructing metal complexes and coordination polymers, offering properties
such as optical characteristics, robustness and flexible frameworks [26,27]. Cadmium is
particularly intriguing due to its ability to adopt various coordination modes and form
complexes with diverse ligands. This flexibility stems from its capacity to exhibit different
coordination numbers and predictable geometries, enabling the design of complexes with
flexible structures and the finetuning of electronic properties and stability in coordination
polymers [28]. Additionally, the diamagnetic nature of Cd(II) is advantageous for moni-
toring the photoreaction of olefin groups using NMR studies [29-31].

In this article, we studied the photoreactivity of three binuclear Cd(II) metal com-
plexes in the context of solid-state [2+2] photochemical reactions, using p-toluate (p-tol)
and 4- and 3-fluorobenzoates as the carboxylate linkers, and 4spy as the photoreactive
linker (Figure 1). All three complexes are isostructural in nature. The 4spy photoreactive
linkers are aligned in both head-to-head and head-to-tail manner and follow Schmidt’s
criteria. The photoirradiation of these compounds showed only head-to-head photoreac-
tions between the 4spy linkers, which was confirmed both via the quantitative photoreac-
tion and through single-crystal XRD analysis. Photoluminescence studies confirmed the
blue shifting of the fluorescence peaks after the photoreaction. In addition, an increment
in the thermal stability of the compounds was observed due to the photoreaction.

5585

3FBA 4FBA p-tol 4spy

Figure 1. Structural diagrams of benzoate derivatives and linker 4spy.

2. Results and Discussions
2.1. Structural Description of [Cd2(p-tol)a(4spy)4] (1)

Block-shaped yellow single crystals of 1 were obtained from the slow evaporation of
a methanolic solution of Cd(ClO4)2:6H20, p-tol and 4spy in 1:2:1 molar ratios, respectively,
after a few days. The structure of this compound has been characterized through single-
crystal XRD analysis. The results confirm that this compound is crystallized in the triclinic
P-1 space group with Z = 1. The asymmetric unit constitutes exactly half the formula unit
of the compound. The Cd(II) atoms are coordinated by five oxygen atoms from three p-tol
linkers at equatorial positions, where four O-atoms from two p-tol linkers are chelated
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around one metal center, while the fifth O-atom bridges between two Cd(II) metal centers,
as shown in (Figure 3a). The center of symmetry of this compound is present in the middle
of the two Cd(II) atoms. The apical sites of this Cd(II) pentagonal planar geometry are
bonded by two 4spy linkers through N-atoms. This bimetallic node, commonly observed
with Cd(Il) atoms, is one of the most prevalent and well-documented nodes [29-31]. The
phase purity of the compound has been characterized through the comparison of PXRD
data (see Figures S1-S3 in Supplementary Material).

Figure 3. Crystal structure of [Cdz(p-tol)s(4spy):] (1). (a) Metal complex of 1. (b) Alignment of pho-
toreactive linker in 1. (c) Extended head-to-head and head-to-tail alignment. All H-atoms are omit-
ted for clarity. Color codes: C = golden; N = dark blue; O =red; Cd = green.

Due to the bimetallic nature of the metal complex, with the distance between the
Cd(II) atoms of 3.86 A, the 4spy linkers are expected to be present in close proximity. As
per expectation, the centers of olefinic units of the photoreactive linkers are arranged in a
head-to-head (HH) manner and separated by a distance of 3.89 A (Figure 3b,c). The ole-
finic hydrogen and the hydrogen of phenyl group interact with the carboxyl oxygen of p-
tol (C-H-~O=2.42 A and C-H--O =251 A, 2.49 A respectively). Also, the phenyl group of
p-tol interacts with the phenyl hydrogen of 4spy (C-H-7t =2.88 A). The intramolecular 7
T interactions between the pyridyl group and the phenyl group, with distances 3.77 A and
3.86 A, respectively, are observed (Figure S8).

Further analysis of the structure revealed that one of the two 4spy linkers that are
attached to the Cd(II) atoms are aligned with the neighboring molecule’s 4spy linker in a
head-to-tail (HT) manner, where the centers of the olefin groups of these 4spy linkers are
separated by a distance of 4.23 A (Figure 3c). Both the head-to-head and the head-to-tail
alignments of the olefin groups are near or within Schmidt’s topochemical criteria [15].
These criteria have been mainly established through the observation of the photoreactivity
of various cinnamic acid derivatives, as well as the separation of olefins and their photo-
reaction. Meanwhile, this criterion also suggests that there is a significant interaction
among the p: orbitals of olefin carbons within 4.2 A; hence, the observation of photoreac-
tion is facilitated under UV illumination. Thus, the photoreaction of olefins in these com-
plexes can occur through two possibilities, based on the alignment of 4spy linkers and
their reactive olefin units.

The first possibility is the photoreaction of 4spy linkers at the intramolecular level,
and the other possibility is the photoreaction of the 4spy linkers between the neighboring
molecules (Figure 3c). In the first case, the transformation is a 0D to 0D transformation,
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whereas the second transformation could lead to the photo-polymerization of metal com-
plexes to a 1D coordination polymer (CP) (0D to 1D transformation). In the case of photo-
polymerization of metal complexes, only one of the 4spy linkers that is attached to the
Cd(Il) is aligned and could undergo photoreaction; this photo-transformation could lead
to only a 50% photoreaction, whereas another 4spy linker is expected to be inert (Figure
3c, blue shade). However, in the case of the intramolecular photoreaction, both linkers
that are attached to Cd(I) would undergo photo-cycloaddition (Figure 3c, orange shade).
This 0D-to-0D transformation results in a quantitative photoreaction. In other words, the
percentage of the photo-cycloaddition reaction could help in the assessment of the type of
photoreaction and reactive linkers in the metal complexes [37-40].

2.2. Photoreactivity of 1

To confirm the quantitative head-to-head photoreaction, UV-irradiated powdered
samples of 1 were carried out in a LUZCHEM photoreactor at different time intervals, and
a '"H NMR study was performed by dissolving the sample in DMSO-ds. The formation of
the photoproduct was confirmed by the shift of pyridyl protons from 8.56 ppm to 8.33
ppm and the appearance of the characteristic cyclobutane peak near 4.5 ppm, as observed
from the time dimerization NMR plot shown in (Figure 4).
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Figure 4. Time dimerization 'H NMR of 1.

To further confirm the quantitative photoreaction and HH photoreaction, the photo-
product of 1, 4 (photoproduct of 1) is recrystallized from a DMF-methanol solution in a
2:1 ratio. This recrystallized photoproduct has the molecular formula [Cdz(p-tol)s(rctt-
ppcb)2(H20)2] (4r, the recrystallized compound of 4). The SCXRD analysis confirmed that
the asymmetric unit consists of exactly half of the formula unit, and that the compound is
crystallized in the orthorhombic Pca2: space group with Z = 4. This recrystallized com-
pound is a binuclear complex, where the two Cd(II) atoms are present in pentagonal bi-
pyramidal geometry, and the equatorial sites are coordinated by four O-atoms from p-tol
in a chelated manner, and N-atoms from rctt-ppcb (Figure 5a). The axial sites are coordi-
nated by N-atoms from rctt-ppcb and aqueous molecules, which is significantly different
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from its precursor, 1. In addition, the long-range arrangement of 4r shows an ABAB type
of pattern (Figure 5b).
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Figure 5. Crystal structure of [Cdz(p-tol)s(rctt-ppcb)2(H20):2] (4r). (a) Photoproduct of 1 and (b,c) dif-
ferent perspectives of the arrangement of 1.

2.3. Structural Description of [Cd2(4FBA)«(4spy)4] (2)

The block-shaped, yellow-colored single crystals of 2 were obtained by following the
similar procedure as 1, using 4FBA instead of p-toluate. The compound was crystallized
in the triclinic P-1 space group with Z =1, and this structure is isostructural to 1 (Figure
56). The comparison of unit cell parameters also shows that both of these compounds are
isostructural. This is further confirmed by comparing the molecular arrangement and
packing behavior. The alignment of the 4spy molecules is also very similar, with the cen-
troids of the olefin units of 4spy linkers separated by a distance of 3.88 A and 4.23 A in the
case of HH and HT, respectively. The olefinic hydrogen and the hydrogen of the phenyl
group interact with the carboxyl oxygen of 4FBA (C-H--O =2.34 A and C-H~O =252 A,
respectively). Also, the pyridyl hydrogen and phenyl hydrogen of 4spy interact with the
fluorine atom of 4FBA (C-H-F =2.56 A and C-H--F =2.52 A, respectively) The photore-
activity of this compound is also very similar to that of 1, confirming the intramolecular
photoreaction. This confirmation is supported through the quantitative photoreaction
analysis of 2 (Figure S4).

2.4. Structural Description of [Cd2(3FBA)a(4spy)4] (3)

The block-shaped, yellow-colored single crystals of 3 were obtained by following a
similar synthetic protocol, by using 3FBA instead of 4FBA. The compound was crystal-
lized in the triclinic P-1 space group with Z =1 (Figure S57). However, after a detailed
analysis of the compound and its packing, it can be easily observed that this compound
also has very similar packing to that of 1 and 2. The alignment of the 4spy linkers is also
very similar, whereby the centroids of the olefins that are aligned in HH are separated by
4.06 A, and those in HT are separated by 3.94 A. The olefinic hydrogen and the hydrogen
of the phenyl group interact with the carboxyl oxygen of 3FBA (C-H-O=2.42 A and C-
H-0=2.62 A, respectively). Also, the olefinic hydrogen of 4spy interacts with the fluorine
atom of 3FBA (C-H--F=2.55 A) (Figure 59). The photoreaction of this compound also has
been studied, similar to the previous compounds (Figure S5). This compound also shown
quantitative intramolecular photoreaction, confirming the photoreaction within the com-
plex (0D to 0D), and no polymerization has taken place.
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2.5. Photoluminescence

Photoluminescence studies have been performed for all these three compounds, both
before and after UV-irradiation. Compound 1 showed a fluorescence emission peak at 405
nm when excited using a 310 nm wavelength. After UV-irradiation, this luminescence
peak shifted to a lower wavelength at 395 nm, showing a blue shift in the emission peak
due to the photoreaction. A similar blue shift was observed for both compounds 2 and 3.
For 2, the emission peak also shifted from 405 nm to 395 nm (Aex= 310 nm) after the pho-
toreaction, and, in the case of 3, the emission peak at Amax~420 nm (Aex= 310 nm) shifted to
a lower wavelength at ~390 nm again, showing a blue shift, as shown in Figure 6. This
luminescence behavior is mainly due to the charge transfer between the metal-ion and
pyridyl part of the 4spy linker. The photoreaction in this 4spy linker leads to the disrup-
tion of delocalization, resulting in a change in charge-transfer behavior and causing a blue
shift in luminescence after the photoreaction [41-43].

Intensity (a.u.)

T d T ’ T N
350 400 450 500 550 600

Wavelength (nm)

Figure 6. PL spectra of compound 1, 2 and 3 (before photoreaction) and 4, 5 and 6 (photo products
of 1, 2 and 3., respectively) when excited at 310nm. Inset shows photos of powders 1 and 4.

2.6. Thermal Stability

Meanwhile, TGA studies have been performed for all the three compounds: 1, 2 and
3. Compound 1 started to decompose at 200 °C and 2 decomposed at 195 °C, while 3 de-
composed at 195 °C, as shown in (Figure 7). After the photoreaction, the decomposition
temperatures of the three compounds, labelled as 4r, 5 and 6, have increased up to 280 °C,
285 °C and 235 °C, respectively. This further indicates that the enhanced thermal stability
of the compound might be due to the formation of a cyclobutane derivative, rctt-ppcb.
These photoproduct molecules, having larger molecular weight, contribute to enhanced
thermal stability when compared to the unreacted or monomer counterparts of the com-
pound.
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Figure 7. TGA curves of compound 1, 2 and 3 (before photoreaction) and 4, 5 and 6 (photo products
of 1, 2 and 3, respectively).

3. Materials and Methods

3.1. General

All the chemicals and solvents were of reagent grade, purchased from different com-
mercial sources and used without any further purification. Powder X-ray diffraction
(PXRD) data were recorded on a Bruker Advance X-ray diffractometer with graphite mon-
ochromatized Cu Ka radiation (A = 1.54056 A) at room temperature (298 K). Range: 5-50°,
step size: 0.02, number of steps: 2250 and time per step: 0.5 s. 'H NMR spectra were rec-
orded on a 400 MHz Bruker DRX 400 spectrometer by calibrating the residual solvent as
the reference in DMSO-ds solution. The photoluminescence spectral measurements were
conducted on a HORIBA Jobin Yvon FluoroMax-4 spectrofluorometer by packing the
ground single crystals between the slides, which were placed vertically in the sample
holder using Aex = 310 nm. All UV-irradiation investigations were accomplished using a
LUZCHEM UV reactor with the Aex =365 nm. Approximately 10 mg of powdered crystal-
line powder was packed between the glass slides and held vertically inside the photore-
actor to ensure uniform exposure to UV radiation from both sides.

3.2. X-ray Crystallography

Suitable crystals of 1, 2, 3 and 4r were selected and mounted on a Mitegen loop using
Paratone-N oil on a SuperNova, Dual, Cu at home/near, AtlasS2 diffractometer. The crys-
tal was kept at 100(1) K during data collection. Using Olex2 [32], the structure was solved
with the SHELXT [33] structure solution program, using Intrinsic Phasing, and refined
with the SHELXL [34] refinement package, using Least Squares minimization. The CIF
files have been deposited with the CCDC and can be accessed free-of-charge.

Table 1. Crystal and experimental data and refinement parameters of 1, 2, 3 and 4r.

1 2 3 4r
CCDC 2294502 2294503 2294504 2294505
Empirical formula CssH7»Cd2N4Os CsoHeoCd2F4N4Os CsoHeoCd2F4N4Os Cs4H76Cd2N4Ono
Formula weight 1490.25 1506.12 1506.12 1526.28
Temperature/K 99.97(10) 99.96(11) 292.32(13) 99.9(6)
Crystal system triclinic triclinic triclinic orthorhombic
Space group P-1 P-1 P-1 Pca2:
a/A 10.5703(2) 10.64970(10) 11.00600(10) 14.7172(2)
b/A 11.2955(2) 10.86120(10) 11.18380(10) 14.2024(2)
/A 15.7407(3) 15.7523(2) 16.00910(10) 33.0645(5)
af° 106.856(2) 106.3610(10) 94.0310(10) 90
p/e 92.083(2) 92.6840(10) 106.6310(10) 90




Molecules 2024, 29, x FOR PEER REVIEW

8 of 12

v/° 109.025(2) 110.9190(10) 112.9150(10) 90
Volume/A3 1682.51(6) 1610.79(3) 1701.83(3) 6911.13(17)
z 1 1 1 4
Quale g/cm? 1.471 1.553 1.470 1.467
u/mm-! 5.570 5.919 5.603 5.460
Goodness-of-fit on F2 1.047 1.063 1.065 1.051
_ , Ri=0.0349, Ri=0.0328, R1 = 0.0409, Ri = 0.0674,
Final R indexes [I>20(])] wR> = 0.0923 wR> = 0.0877 wR> =0.1090 wR> = 0.1851

3.3. Synthesis of 4spy Linker

4spy (4-styrylpyridine) was prepared following a reported procedure (Figure 2)
[35,36]. The synthesis involved refluxing a mixture of 4-picoline and benzaldehyde in 1:
1.5 molar ratios with acetic anhydride (20 mL) in a sealed pressure tube at 140 °C and 550—
600 rpm for 48 h. At the end of the reflux process, major amounts of acetic acid and acetic
anhydride were removed through the addition of an excess amount of water. The mixture
was made basic and filtered. The yellow solid compound was collected, dried and puri-
fied using column chromatography.

N
O._H |
|N\ Ac,0, 140 °C 4
C,0,
oF X
550-600 rpm, 48 hours

1eq. 1.5eq

4spy

Slow Evaporation

0.0
Cd(Cl0,),. 6H,0 + + N:’ \> / < > MeOH: EtOH= 3:1
— = [Cdy(p-tol)y(4spy)4]

12.6 mg p-tol dspy
(0.03 mmol) 54 mg
10.4 mg (0.03 mmol)

(0.06 mmol)

Figure 2. Schematic view showing the synthetic procedure of the 4spy linker (above) and the metal
complex, 1 (below).

3.4. Preparation of Salts

p-tol, 4FBA and 3FBA salts were synthesized in bulk amounts by combining equimo-
lar ratios of potassium hydroxide with the respective acid solutions. The solution mixture
was adjusted to a medium basic pH and kept at 110 °C in a hot air oven for 72 h. The salt
was collected after the complete evaporation of the solvent.

3.5. Preparation of [Cdz(p-tol)s(4spy)] (1)

Block-shaped yellow single crystals of 1 were obtained through the slow evaporation
method, where Cd(ClOs)2:6H20 (12.6 mg, 0.03 mmol), potassium salt of p-toluate (10.4 mg,
0.06 mmol) and 4spy (5.4 mg, 0.03 mmol) were mixed in 2 mL of 3:1 MeOH/EtOH solution.
The crystals were collected before all the solvent evaporated to avoid impurities. 'H NMR
analysis was conducted (DMSO-ds, 400 MHz, 298 K): d 8.57 ppm (d, 4H, pyridyl protons
of 4spy), 7.22 ppm-7.89 ppm (m, 7H, aromatic protons of 4spy). Elemental analysis was
conducted: C, 67.70; H, 4.87; N, 3.76 (calculated); C, 60.70; H, 4.54; N, 3.38 (measured).
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3.6. Preparation of [Cd2(4FBA)4«(4spy)4] (2)

Block crystals were obtained through the slow evaporation method, containing
Cd(ClOs)2 (12.6 mg, 0.03 mmol), potassium salt of 4FBA (10.5 mg, 0.06 mmol) and 4spy
(5.4 mg, 0.03 mmol) in 2 mL of MeOH/EtOH solution. The crystals were collected before
all the solvent evaporated to avoid impurities. 'H NMR analysis was conducted (DMSO-
ds, 400 MHz, 298 K): © 8.55 ppm (d, 4H, pyridyl protons of 4spy), 7.19 ppm-7.66 ppm (m,
7H, aromatic protons of 4spy). Elemental analysis was conducted: C, 63.80; H, 4.02; N, 3.72
(calculated); C, 62.40; H, 3.88; N, 3.34 (measured).

3.7. Preparation of [Cd2(3FBA)4«(4spy)4] (3)

Block crystals were obtained through the slow evaporation method containing
Cd(ClO4)2 (12.6 mg, 0.03 mmol), potassium salt of 3FBA (10.44 mg, 0.06 mmol) and 4spy
(5.4 mg, 0.03 mmol) in 2 mL of MeOH/EtOH solution. 'H NMR analysis was conducted
(DMSO-ds, 400 MHz, 298 K): 0 8.55 ppm (d, 4H, pyridyl protons of 4spy), 7.19 ppm-7.66
ppm (m, 7H, aromatic protons of 4spy). Elemental analysis was conducted: C, 63.80; H,
4.02; N, 3.72 (calculated); C, 63.14; H, 3.89; N, 3.56 (measured).

3.8. Preparation of [Cdz(p-tol)s(rctt-ppch)2(H20):] (4r, Recrystallized Compound of 4 (Photo-
product of 1))

Powdered 1 (5 mg), placed between two glass slides, was irradiated inside a UV re-
actor of wavelength 365 nm for 48 h. Further, the irradiated sample was dissolved in a 2:1
ratio of DMF-methanol solution. The crystals were collected before all the solvent evapo-
rated to avoid impurities. 'H NMR analysis was conducted (DMSO-ds, 400 MHz, 298 K):
0 8.55 ppm (d, 4H, pyridyl protons of 4spy), 7.19 ppm-7.66 ppm (m, 7H, aromatic protons

of 4spy).

4. Conclusions

To sum up, we have successfully synthesized three novel binuclear Cd(Il) isostruc-
tural complexes using three benzoate derivatives (two para-derivatives, and one meta-
derivative) as co-linkers, with 4spy serving as the photoreactive ligand. All these three
complexes are isostructural in nature, confirmed through the careful analyses of unit cell
parameters, as well as the packing arrangement and alignment of 4spy systems. In all
these three complexes, the 4spy system is aligned both in HH and in HT manners, and the
olefins of these 4spy linkers follow Schmidt’s criteria. The percentage of photoreaction has
been used as a tool to confirm the photo-transformation in an HH manner (0D to 0D),
unlike the photo-polymerization of metal complexes. In addition, this HH photoreaction
also has been confirmed through the recrystallization of the photoproduct. This [2+2] pho-
toreaction led to an increment in the thermal stability of the compound, confirmed
through TGA analysis. The fluorescence studies of these compounds showed the blue
shift of the luminescence peaks during the photoreaction.

Supplementary Materials: The following supporting information can be downloaded
at: www.mdpi.com/xxx/s1, Figure S1: Comparison of SCXRD simulated & experimental
PXRD pattern of 1.; Figure S2: Comparison of SCXRD simulated & experimental PXRD
pattern of 2.; Figure S3; Comparison of SCXRD simulated & experimental PXRD pattern
of 3.; Figure 54: Time-dependent 1H NMR plot of 2.; Figure S5: Time-dependent 1H NMR
plot of 3.; Figure S6: Crystal structure of [Cd2(4FBA)4(4spy)4] (2). (a) Metal complex of 2.
(b) Alignment of the photoreactive linker in 2. (c) Extended head-to-head and head-to-tail
alignment. All H-atoms are omitted for clarity. Colour codes: C = golden; N = dark blue; O
= red; F= cyan; Cd = green.; Figure S7: Crystal structure of [Cd2(3FBA)4(4spy)4] (3). (a)
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Metal complex of 3. (b) Alignment of the photoreactive linker in 3. (c) Extended head-to-
head and head-to-tail alignment. All H-atoms are omitted for clarity. Colour codes: C =
golden; N = dark blue; O =red; F= cyan; Cd = green.; Figure S8: Depiction of non- covalent
interactions in [Cd2(p-tol)4(4spy)4] (1). (a) -7t interactions are shown as blue shade. C-H-
-1t interactions are shown as green dashed line. C-H---O interactions are shown as
blue.(dark and light) and red dashed line. (b) Enlarged view of photoreactive linker de-
picting non- covalent interactions. All H-atoms are omitted for clarity. Colour codes: C =
golden; N = dark blue; O = red; Cd = green.; Figure S9: Depiction of non- covalent interac-
tions in [Cd2(3FBA)4(4spy)4] (3). (a) C-H---F interactions are shown as blue dashed line.
C-H---O interactions are shown as black and green dashed line. (b) Enlarged view of pho-
toreactive linker depicting non- covalent interactions. All H-atoms are omitted for clarity.
Colour codes: C = golden; N = dark blue; O = red; F= cyan; Cd = green. Table S1: Bond

lengths along the coordination geometry of Cd(II) ion.

Author Contributions: Conceptualization: I.-H.P. and R.M.; Data curation: A.E., A.C.,, A.D., N.H.
and R.M.; Formal analysis: A.E., A.C. and R.M.; Funding acquisition: I.-H.P. and R.M.; Methodol-
ogy: A.E., A.C.,, AD. and N.H.; Project administration: I.-H.P. and R.M.; Resources: A.E., I.-H.P.
and R.M,; Software: A.E., A.C. and M.S.; Supervision: R.M.; Validation, A.E., A.C. and M.S.; Visual-
ization: A.E., A.C. and M.S.; Writing —original draft: A.E., A.C.,, M.S,, L-H.P. and R.M.; Writing—
review & editing: A.C., M.S., I.-H.P. and R.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by IIT Bhilai, IBITF for funding (the project code: 4007600) and
the NRF of Korea (2021R1C1C1006765 and 2022R1A4A1022252).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Materials.

Acknowledgments: We thank Dr. Veera Reddy Yatham at IISER Trivandrum for his continuous
support in conducting NMR measurements.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rath, B.B,; Vittal, ].J. Photoreactive Crystals Exhibiting [2 + 2] Photocycloaddition Reaction and Dynamic Effects. Acc. Chem. Res.
2022, 55, 1445-1455.

2. Medishetty, R.; Park, L-H.; Lee, S.S.; Vittal, J.]. Solid-state polymerisation via [2 + 2] cycloaddition reaction involving coordina-
tion polymers. Chem. Commun. 2016, 52, 3989-4001.

3. Vittal, ].J. Supramolecular structural transformations involving coordination polymers in the solid state. Coord. Chem. Rev. 2007,
251, 1781-1795.

4. Khan, S.; Dutta, B.; Mir, M.H. Impact of solid-state photochemical [2 + 2] cycloaddition on coordination polymers for diverse
applications. Dalton Trans. 2020, 49, 9556-9563.

5. Biradha, K; Santra, R. Crystal engineering of topochemical solid state reactions. Chem. Soc. Rev. 2013, 42, 950-967.

6. MacGillivray, L.R.; Papaefstathiou, G.S.; Frisci¢, T.; Hamilton, T.D.; Bucar, D.-K.; Chu, Q.; Varshney, D.B.; Georgiev, I.G. Supra-
molecular Control of Reactivity in the Solid State: From Templates to Ladderanes to Metal-Organic Frameworks. Acc. Chem.
Res. 2008, 41, 280-291.

7. MacGillivray, L.R. Organic Synthesis in the Solid State via Hydrogen-Bond-Driven Self-Assembly. ]. Org. Chem. 2008, 73, 3311—
3317.

8.  Georgiev, 1.G.; MacGillivray, L.R. Metal-mediated reactivity in the organic solid state: From self-assembled complexes to metal-
organic frameworks. Chem. Soc. Rev. 2007, 36, 1239-1248.

9. Kole, GK; Vittal, J.J. Solid-state reactivity and structural transformations involving coordination polymers. Chem. Soc. Rev.
2013, 42, 1755-1775.

10. Vittal, ].J.; Quah, H.S. Photochemical reactions of metal complexes in the solid state. Dalton Trans. 2017, 46, 7120-7140.



Molecules 2024, 29, x FOR PEER REVIEW 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

Medishetty, R.; Yap, T.T.S.; Koh, L.L.; Vittal, ].J]. Thermally reversible single-crystal to single-crystal transformation of mononu-
clear to dinuclear Zn(ii) complexes by [2 + 2] cycloaddition reaction. Chem. Commun. 2013, 49, 9567-9569.

Yadava, K; Gallo, G.; Bette, S.; Mulijanto, C.E.; Karothu, D.P.; Park, I.-H.; Medishetty, R.; Naumov, P.; Dinnebier, R.E.; Vittal,
J.J. Extraordinary anisotropic thermal expansion in photosalient crystals. ILICr] 2020, 7, 83-89.

Georgiev, I.G.; MacGillivray, L.R. Metal-mediated reactivity in the organic solid state: From self-assembled complexes to metal—
organic frameworks. Chem. Soc. Rev. 2007, 36, 1239-1248.

Vittal, ].J.; Quah, H.S. Engineering solid state structural transformations of metal complexes. Coord. Chem. Rev. 2017, 342, 1-18.
Schmidt, G.M.]. Photodimerization in the solid state. Pure Appl. Chem. 1971, 27, 647-678.

Kole, G.K.; Mir, M.H. Isolation of elusive cyclobutane ligands via a template-assisted photochemical [2 + 2] cycloaddition reac-
tion and their utility in engineering crystalline solids. CrystEngComm 2022, 24, 3993-4007.

Hu, F.-L.; Mi, Y.; Zhu, C.; Abrahams, B.F.; Braunstein, P.; Lang, J.-P. Stereoselective Solid-State Synthesis of Substituted Cyclo-
butanes Assisted by Pseudorotaxane-like MOFs. Angew. Chem. Int. Ed. 2018, 57, 12696-12701.

Wang, M.-F.; Deng, Y.-H.; Hong, Y.-X,; Gu, J.-H.; Cao, Y.-Y,; Liu, Q.; Braunstein, P.; Lang, J.-P. In situ observation of a stepwise
[2 + 2] photocycloaddition process using fluorescence spectroscopy. Nat. Commun. 2023, 14, 7766.

Xue, X.-R.; Cao, C.; Ge, Y.; Li, Q.-Y.; Zhang, M.-].; Liu, Q.; Lang, J.-P. Carboxylic acid and metal ion co-driven assembly of triene
coordination polymers for [2 + 2] photocycloaddition. Inorg. Chem. Front. 2023, 10, 4102—-4108.

Yang, Z.-Y.; Sang, X,; Liu, D.; Li, Q.-Y.; Lang, F.; Abrahams, B.F.; Hou, H.; Braunstein, P.; Lang, ].-P. Photopolymerization-
Driven Macroscopic Mechanical Motions of a Composite Film Containing a Vinyl Coordination Polymer. Angew. Chem. Int. Ed.
2023, 62, €202302429.

Fernandez-Bartolome, E.; Martinez-Martinez, A.; Resines-Urien, E.; Pifieiro-Lopez, L.; Costa, ]J.S. Reversible single-crystal-to-
single-crystal transformations in coordination compounds induced by external stimuli. Coord. Chem. Rev. 2022, 452, 214281.
Morimoto, K; Kitagawa, D.; Bardeen, C.J.; Kobatake, S. Cooperative Photochemical Reaction Kinetics in Organic Molecular
Crystals. Chemistry 2023, 29, €202203291.

Lancia, F.; Ryabchun, A.; Katsonis, N. Life-like motion driven by artificial molecular machines. Nat. Rev. Chem. 2019, 3, 536-551.
MacGillivray, L.R.; Papaefstathiou, G.S.; Frisci¢, T.; Hamilton, T.D.; Bucar, D.-K.; Chu, Q.; Varshney, D.B.; Georgiev, I.G. Supra-
molecular Control of Reactivity in the Solid State: From Templates to Ladderanes to Metal-Organic Frameworks. Acc. Chem.
Res. 2008, 41, 280-291.

Kole, G.K.; Mir, M.H. Isolation of elusive cyclobutane ligands via a template-assisted photochemical [2 + 2] cycloaddition reac-
tion and their utility in engineering crystalline solids. CrystEngComm 2022, 24, 3993-4007.

Zhao, Z.-H.; Zhang, Q.; Liu, Y.-F.; Gu, ].-Z.; Shi, Z.-F. Fabrication, Crystal Structures, Catalytic, and Anti-Wear Performance of
3D Zinc(Il) and Cadmium(II) Coordination Polymers Based on an Ether-Bridged Tetracarboxylate Ligand. Crystals 2023, 13,
1681.

Kim, J.; Na, C,; Son, Y.; Prabu, M.; Yoon, M. Stilbene ligand-based metal-organic frameworks for efficient dye adsorption and
nitrobenzene detection. Bull. Korean Chem. Soc. 2023, 44, 507-515.

Balendra; Sanyukta; Ali, M.; Murugavel, S. Cadmium-Based coordination polymers (CPs) constructed from two different V-
Shaped dicarboxylate Ligands: Synthesis, structure and dielectric properties. Inorg. Chem. Commun. 2023, 148, 110280.

Li, N.-Y,; Liu, D.; Ren, Z.-G,; Lollar, C; Lang, ].-P.; Zhou, H.-C. Controllable Fluorescence Switching of a Coordination Chain
Based on the Photoinduced Single-Crystal-to-Single-Crystal Reversible Transformation of a syn-[2.2]Metacyclophane. Inorg.
Chem. 2018, 57, 849-856.

Calahorro, A.J.; San Sebastian, E.; Salinas-Castillo, A.; Seco, ].M.; Mendicute-Fierro, C.; Fernandez, B.; Rodriguez-Diéguez, A.
Effect of m—m stacking interactions on the emission properties of cadmium metal-organic frameworks based on 1,4-bis(4-
pyridyl)-2,3-diaza-1,3-butadiene. CrystEngComm 2015, 17, 3659-3666.

Karbalaee Hosseini, A.; Tadjarodi, A. Sonochemical synthesis of nanoparticles of Cd metal organic framework based on thiazole
ligand as a new precursor for fabrication of cadmium sulfate nanoparticles. Mater. Lett. 2022, 322, 13248]1.

Dolomanov, O.V.; Bourhis, L.].; Gildea, R.J.; Howard, ].A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42, 339-341.

Sheldrick, G. SHELXT —Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A 2015, 71, 3-8.
Sheldrick, G. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 2015, 71, 3-8.

Horwitz, L. Notes—Studies in cis- and trans-Stilbazoles. ]. Org. Chem. 1956, 21, 1039-1041.

Williams, J.L.R.; Adel, R.E; Carlson, ].M.; Reynolds, G.A.; Borden, D.G.; Ford, J.A., Jr. A Comparison of Methods for the Prep-
aration of 2- and 4-Styrylpyridinesl. ]. Org. Chem. 1963, 28, 387-390.

Medishetty, R.; Tandiana, R.; Wu, J.; Bai, Z.; Du, Y.; Vittal, ].J. A Step-by-Step Assembly of a 3D Coordination Polymer in the
Solid-State by Desolvation and [2 + 2] Cycloaddition Reactions. Chem. Eur. ]. 2015, 21, 11948-11953.

Medishetty, R.; Koh, L.L.; Kole, G.K.; Vittal, J.J. Solid-State Structural Transformations from 2D Interdigitated Layers to 3D
Interpenetrated Structures. Angew. Chem. Int. Ed. 2011, 50, 10949-10952.

Medishetty, R.; Sahoo, S.C.; Mulijanto, C.E.; Naumov, P.; Vittal, J.J. Photosalient Behavior of Photoreactive Crystals. Chem. Ma-
ter. 2015, 27, 1821-1829.

Yadava, K;; Vittal, ].J. Photosalient Behavior of Photoreactive Zn(Il) Complexes. Cryst. Growth Des. 2019, 19, 2542-2547.
Allendorf, M.D.; Bauer, C.A.; Bhakta, R.K.; Houk, R.J.T. Luminescent metal-organic frameworks. Chem. Soc. Rev. 2009, 38, 1330—
1352.



Molecules 2024, 29, x FOR PEER REVIEW 12 of 12

42. Samanta, P; Let, S.;; Mandal, W.; Dutta, S.; Ghosh, S.K. Luminescent metal-organic frameworks (LMOFs) as potential probes
for the recognition of cationic water pollutants. Inorg. Chem. Front. 2020, 7, 1801-1821.
43. Cui, Y.; Yue, Y,; Qian, G.; Chen, B. Luminescent Functional Metal-Organic Frameworks. Chem. Rev. 2012, 112, 1126-1162.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



