Synthesis of thiosemicarbazones and their organoiodine cocrystals: cooperative effects of halogen and

hydrogen bonding

Andrew J. Peloquin, Arianna C. Ragusa, Hadi D. Arman, Colin D. McMillen,* and William T. Pennington*

Department of Chemistry, Clemson University, Clemson, SC 29634-0973, USA

Corresponding author contacts:
William T. Pennington & Colin D. McMillen
H.L. Hunter Laboratories
Clemson, SC 29634
Tel. 864-656-2319
Fax: 864-656-6613
e-mail: billp@clemson.edu & cmemill@clemson.edu



Synthesis of thiosemicarbazones and their organoiodine cocrystals: cooperative effects of halogen and
hydrogen bonding
Andrew J. Peloquin, Arianna C. Ragusa, Hadi D. Arman, Colin D. McMillen,* and William T. Pennington*

Department of Chemistry, Clemson University, Clemson, SC 29634-0973, USA

Abstract

Utilizing the facile addition-elimination reaction of thiosemicarbazide with acetone or aldehydes, nine
thiosemicarbazones were synthesized. Aldehydes were chosen which contain additional heteroatoms to increase the
diversity of possible intermolecular interactions. Further, the thiosemicarbazone synthesis was conducted in situ
with one of the common halogen bond donors 1,2-, 1,3-, or 1,4-diiodotetrafluorobenzene, 1,3,5-trifluoro-2,4,6-
trilodobenzene, or tetraiodoethylene. These reactions resulted in the characterization of 12 new cocrystals
showcasing halogen bonding. The dimerization of two thiosemicarbazone units through a pair of N-H---S hydrogen
bonds was a universal feature of the solid-state structures in this series, with the hydrogen bond network often
extending these motifs into chains. The organoiodines serve to link chains through either I---S or I---N halogen
bonding, or less commonly, S---I chalcogen bonding. This variety of intermolecular interactions leads to the

formation of double-stranded chains, ribbons, and sheets.
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1. Introduction

Halogen bonding, defined by IUPAC as “a net attractive interaction between an electrophilic region
associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular
entity [1]” has drawn more attention in recent years [2—10]. Similar to hydrogen bonding, halogen bonding is strong,
selective, and directional. Organic iodines are among the most commonly utilized halogen bond donors [11], in large
part due to their greater polarizability. When paired with halogen bond acceptor molecules with a diversity of
heteroatoms, the cooperative effects of halogen, chalcogen, and hydrogen bonding can be revealed. One such
diverse heteroatom system is that of thiosemicarbazones, formally referred to as hydrazinecarbothioureas. The
thiosemicarbazone functionality contains a thione sulfur atom capable of acting as either a halogen bond acceptor,
chalcogen bond donor, and/or hydrogen bond acceptor. In addition, three chemically distinct nitrogen atoms are
available: the terminal, primary NHz; a secondary NH; as well as an iminium nitrogen atom. Formed from a facile
addition-elimination sequence of thiosemicarbazide and a carbonyl group, additional heteroatoms are easily
incorporated into the resulting thiosemicarbazone.[12]

Thiosemicarbazones have been investigated for a wide range of biological applications, including
antibacterial, antifungal, antiviral, and anticancer properties.[13—17] A notable example of these antitumor
properties were displayed by using aromatic-substituted thiosemicarbazones as ligands for Ni(I), Cu(I), and Ag(I)
complexes.[18-20] Depending on the identity of the ancillary ligands, the thiosemicarbazone was found to
coordinate the metal center through only the sulfur atom, or a combination of the sulfur and iminium nitrogen atoms.
This diversity of coordination behavior is an important feature of thiosemicarbazones, as it has been noted that the
biological activity of these compounds is typically enhanced upon coordination to cationic metal ions.[21, 22]
Beyond their biological applications, these diverse molecules have also been investigated for their application to ion
sensing as well as for their catalytic properties.[23, 24]

Our group has recently been interested in the role of the sulfur atom in I---S halogen and chalcogen
bonding interactions as a crystal design tool, as well as their role in the formation of deep eutectic solvents derived
from halogen bonding.[25-27] Herein, we report the solid-state structure of nine thiosemicarbazones derived from
various ketones and aldehydes (Scheme 1). Of these, seven were isolated as cocrystalline structures with
organoiodines. The crystal packing observed in this series is dominated by noncovalent interaction patterns

consisting of N—H---S hydrogen bonding, as well as both I---S halogen and chalcogen bonding.



2. Experimental

2.1 Cocrystal synthesis
(2-(1-methylethylidene)hydrazinecarbothiourea)(1,2-diiodo-3,4,5,6-tetrafluorobenzene) (1A): In a 20 mL glass
vial, thiosemicarbazide (65 mg, 0.71 mmol) and 1,2-diiodo-3,4,5,6-tetrafluorobenzene (287 mg, 0.71 mmol) were
dissolved in hot acetone (10 mL). The solvent was allowed to slowly evaporate under ambient conditions until

colorless, block-like crystals were observed.

(2-(1-methylethylidene)hydrazinecarbothiourea)(1,3-diiodo-2,4,5,6-tetrafluorobenzene) (1B): Using the same
procedure as 1A, thiosemicarbazide (61 mg, 0.67 mmol) and 1,3-diiodo-2,4,5,6-tetrafluorobenzene (269 mg, 0.67
mmol) were dissolved in hot acetone (10 mL), yielding colorless, plate-like crystals.
(2-(1-methylethylidene)hydrazinecarbothiourea)(1,4-diiodo-2,3,5,6-tetrafluorobenzene) (1C): Using the same
procedure as 1A, thiosemicarbazide (52 mg, 0.57 mmol) and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (229 mg, 0.57
mmol) were dissolved in hot acetone (10 mL), yielding colorless, plate-like crystals.
(2-(1-methylethylidene)hydrazinecarbothiourea)(1,3,5-trifluoro-2,4,6-triiodobenzene) (1D): Using the same
procedure as 1A, thiosemicarbazide (56 mg, 0.61 mmol) and 1,3,5-trifluoro-2,4,6-trifluorobenzene (313 mg, 0.61
mmol) were dissolved in hot acetone (10 mL), yielding colorless, block-like crystals.
[bis(2-(1-methylethylidene)hydrazinecarbothiourea)](tetraiodoethylene) (1E): Using the same procedure as 1A,
thiosemicarbazide (51 mg, 0.56 mmol) and tetraiodoethylene (149 mg, 0.28 mmol) were dissolved in hot acetone
(10 mL), yielding yellow, needle-like crystals of 1E and colorless, needle-like crystals of 2E.
[bis(2-(2-thienylmethylene)hydrazinecarbothiourea)][tris(1,4-diiodo-2,3,5,6-tetrafluorobenzene)] (3C): Using
the same procedure as 1A, thiosemicarbazide (71 mg, 0.78 mmol), 2-thiophenecarboxaldehyde (73 puL, 0.78 mmol),
and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (470 mg, 1.17 mmol) were dissolved in a mixture of ethanol (8 mL) and
water (2 mL), yielding colorless, plank-like crystals.
[bis(2-((4-methyl-5-thiazoyl)methylene)hydrazinecarbothiourea)](1,2-diiodo-3.,4,5,6-tetrafluorobenzene) (4A):
Using the same procedure as 1A, thiosemicarbazide (90 mg, 0.99 mmol), 4-methyl-5-thiazolecarboxaldehyde (99
puL, 0.99 mmol), and 1,2-diiodo-3,4,5,6-tetrafluorobenzene (198 mg, 0.49 mmol) were dissolved in a mixture of
ethanol (8 mL) and water (2 mL), yielding yellow, plate-like crystals.
[bis(2-((4-methyl-5-thiazoyl)methylene)hydrazinecarbothiourea)](1,4-diiodo-2,3,5,6-tetrafluorobenzene) (4C):

Using the same procedure as 1A, thiosemicarbazide (107 mg, 1.17 mmol), 4-methyl-5-thiazolecarboxaldehyde (1.07



pL, 1.17 mmol), and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (236 mg, 0.59 mmol) were dissolved in a mixture of
ethanol (8 mL) and water (2 mL), yielding yellow, block-like crystals.
[bis(2-((4-(3-pyridyl)phenyl)methylene)hydrazinecarbothiourea)](1,4-diiodo-2,3,5,6-tetrafluorobenzene) (5C):
Using the same procedure as 1A, thiosemicarbazide (96 mg, 1.05 mmol), 4-(2-pyridinyl)benzaldehyde (193 mg,
1.05 mmol), and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (212 mg, 0.53 mmol) were dissolved in a mixture of ethanol
(8 mL) and water (2 mL), colorless, plate-like crystals.
[bis(2-(3-pyridinylmethylene)hydrazinecarbothiourea)](1,4-diiodo-2,3,5,6-tetrafluorobenzene) (6C): Using the
same procedure as 1A, thiosemicarbazide (104 mg, 1.14 mmol), 3-pyridinecarboxaldehyde (107 pL, 1.14 mmol),
and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (229 mg, 0.57 mmol) were dissolved in a mixture of ethanol (8 mL) and
water (2 mL), yielding colorless, plate-like crystals.
[bis(2-((2,4,6-trimethoxyphenyl)methylene)hydrazinecarbothiourea)][tris(1,4-diiodo-2,3,5,6-
tetrafluorobenzene)] (7C): Using the same procedure as 1A, thiosemicarbazide (68 mg, 0.75 mmol), 2,4,6-
trimethoxybenzaldehyde (146.4 mg, 0.75 mmol), and 1,4-diiodo-2,3,5,6-tetrafluorobenzene (450 mg, 1.12 mmol)
were dissolved in a mixture of ethanol (8 mL) and water (2 mL), yielding colorless, prism-like crystals.
2-(benzo[b]thien-3-ylmethylene)hydrazinecarbothiourea (8): Using the same procedure as 1A, thiosemicarbazide
(114 mg, 1.25 mmol) and benzo[b]thiophene-1-carboxaldehyde (203 mg, 1.25 mmol), were dissolved in a mixture
of ethanol (8 mL) and water (2 mL), yielding colorless, prism-like crystals.
2-((4-iodophenyl)methylene)hydrazinecarbothiourea (9): Using the same procedure as 1A, thiosemicarbazide (63
mg, 0.69 mmol) and 4-iodobenzaldehyde (160 mg, 0.69 mmol), were dissolved in a mixture of ethanol (8 mL) and
water (2 mL), yielding colorless, prism-like crystals.
2.2 X-ray structure determination

For single-crystal X-ray analysis, crystals were mounted on low background cryogenic loops using
paratone oil. Data were collected using Mo Ko radiation (A = 0.71073 A) on either a Bruker DS Venture
diffractometer with an Incoatec Ius microfocus source and a Photon 2 detector, a Rigaku XtaLAB Synergy
diffractometer with a PhotonJet source and a HyPix3000 detector, or a Rigaku AFC8 diffractometer with a sealed
tube source and a Mercury CCD detector. Diffraction data were collected using ¢ and m-scans and subsequently
processed and scaled using the APEX3 (SAINT/SADABS), CrysAlis PRO 1.171.40.58, or CrystalClear software

suites.[28, 29] The structures were solved with the SHELXT structure solution program and refined utilizing



OLEX2.refine, both incorporated in the OLEX2 (v1.5) program package.[30—32] The N-H hydrogen atoms were

refined with appropriate DFIX restraints, while all other hydrogen atoms were placed in geometrically optimized

positions using the appropriate riding models. 2E was refined as a racemic twin.

Table 1. Crystallographic data and selected data collection parameters for 1A-1E & 2E

Cocrystal 1A 1B 1C 1D 1E 2E
Empirical formula C10H9F412N3S ConleghN(,Sz C10H9F412N3S C10H9F3I3N3S C10H1814N(,Sz C15H2415N35
Formula weight (g/mol) 533.06 1066.12 533.06 640.96 794.02 912.93
Crystal system triclinic monoclinic triclinic orthorhombic triclinic orthorhombic
Space group P-1 P2i/c P-1 Pca2, P-1 P212:2,
T (K) 106(9) 100.0(3) 100(2) 106(4) 153(2) 100(2)
a(A) 7.45613(9) 13.3400(2) 7.6616(6) 17.5980(2) 7.2515(15) 9.3001(13)
b(A) 8.31433(10) 32.8908(3) 13.5819(11) 11.88910(10) 8.3173(17) 16.0123(17)
c(A) 13.14247(14) 7.17590(10) 15.7300(13) 7.93190(10) 10.103(2) 17.2051(18)
a(®) 107.1070(10) 90 73.818(3) 90 86.40(3) 90
L) 103.4195(10) 101.8880(10) 89.878(3) 90 69.40(3) 90
7 (°) 95.4238(9) 90 89.311(3) 90 72.57(3) 90
V (A3 745.727(15) 3080.99(7) 1571.9(2) 1659.55(3) 543.6(2) 2562.1(5)
Pealed (g-cm3) 2.374 2.298 2.253 2.565 2.426 2.367
reflns collected 42546 210383 27596 28120 5118 57473
Independent reflns 3295 8179 6166 4133 2117 6067
R(int) 0.0379 0.0818 0.0360 0.0891 0.0414 0.0517
# parameters 195 389 389 194 121 231
R; [I>20(D)] 0.0153 0.0503 0.0351 0.0346 0.0588 0.0289
wR; [I>20(1)] 0.0351 0.1443 0.0695 0.0700 0.1505 0.0558
R; (all) 0.0161 0.0576 0.0456 0.0373 0.0705 0.0374
wR, (all) 0.0355 0.1475 0.0777 0.0724 0.1581 0.0614
GooF 1.052 1.212 1.293 1.044 1.089 1.154
Flack parameter N/A N/A N/A -0.03(2) N/A 0.49(7)
CCDC # 2117350 2117351 2117352 2117353 2117354 2117355
Table 2. Crystallographic data and selected data collection parameters for 3C, 4A, 4C, 5C, 6C, & 7C
Cocrystal 3C 4A 4C 5C 6C 7C
Empirical formula C30H14F12I6N6Ss CisHi6FalaNgSs  CisHigFaloNgSs  C3oHoaFaloNsS;  CooHigFalaNsSa  CaoHzoF12I6N6O6S2
Formula weight (g/mol) 1576.11 802.43 802.43 914.51 762.33 1744.22
Crystal system triclinic monoclinic triclinic monoclinic triclinic monoclinic
Space group P-1 P2i/c P-1 P2i/c P-1 P2i/c
T (K) 106(9) 103(5) 110(3) 99.9(6) 105(7) 100.0(2)
a(A) 8.91617(10) 19.09476(14) 6.18726(12) 16.6688(4) 7.59115(13) 11.22332(11)
b(A) 10.28733(11) 7.51016(4) 8.98119(16) 4.44440(10) 8.84386(14) 26.4822(2)
c(A) 12.31266(12) 19.40945(13) 12.7664(2) 22.2046(5) 10.38104(16) 8.77315(8)
a(°) 75.4357(9) 90 85.4575(14) 90 86.5404(13) 90
L) 80.0612(9) 111.2260(8) 81.9103(15) 90.865(2) 69.9891(15) 95.7649(9)
7 (°) 75.4231(10) 90 73.4475(17) 90 74.0906(15) 90
V (A3) 1050.66(2) 2594.58(3) 672.68(2) 1644.79(7) 629.341(19) 2594.36(4)
Pealed (g-cm3) 2.491 2.054 1.981 1.847 2.011 2.233
reflns collected 64316 170918 33002 31717 24440 91215
Independent reflns 5486 6906 3516 3596 3303 6829
R(int) 0.0947 0.1023 0.0360 0.0536 0.0414 0.0471
# parameters 274 351 389 229 121 340
R, [I>20(1)] 0.0276 0.0221 0.0272 0.0285 0.0486 0.0213
WR; [I>20(1)] 0.0561 0.0494 0.0540 0.0538 0.1153 0.0431
R, (all) 0.0380 0.0256 0.0513 0.0399 0.0763 0.0258
wR; (all) 0.0670 0.0508 0.0682 0.0567 0.1493 0.0450
GooF 1.121 1.033 1.134 1.043 1.035 1.045
Flack parameter N/A N/A N/A N/A N/A N/A
CCDC # 2117356 2117357 2117358 2117359 2117360 2117361



Table 3. Crystallographic data and selected data collection parameters for 8 & 9

Cocrystal 8 9
Empirical formula CioHoN3S; CsHsIN;S
Formula weight (g/mol) 235.32 305.13
Crystal system monoclinic orthorhombic
Space group P2i/c Pbca
T (K) 105(8) 106(9)
a(A) 7.6620(2) 8.37047(9)
b(A) 25.6544(4) 8.39907(9)
c(A) 5.79570(10) 30.0387(3)
a(°) 90 90
L) 105.487(2) 90
y(°) 90 90
V (A% 1097.86(4) 2111.85(4)
Pealed (g-cm3) 1.424 1.919
reflns collected 70858 67914
Independent reflns 2879 2806
R(int) 0.2034 0.0614
# parameters 148 130
R; [I>20(D)] 0.0565 0.0202
WR; [I>20(1)] 0.1448 0.0469
R, (all) 0.0703 0.0226
WR; (all) 0.1512 0.0481
GooF 1.043 1.087
Flack parameter N/A N/A
CCDC # 2117362 2117363
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Scheme 1. Scope of thiosemicarbazones synthesized and organoiodines utilized for cocrystallization
3. Results and Discussion
3.1 Synthesis and Structures
Conveniently, acetone can be utilized as the reaction solvent, as well as carbonyl source, to yield 2-(1-
methylethylidene)hydrazinecarbothiourea, 1. Slow evaporation of these acetone solutions with organoiodines 1,2-,

1,3- and 1,4-diiodotetrafluorobenzene (A—C), 1,3,5-trifluoro-2,4,6-triiodobenzene (D), and tetraiodoethylene (E)



resulted in cocrystals for structural characterization (Figure 1). The three isomers of diiodotetrafluorobenzene each
provide 1:1 cocrystals. In each case, dimers of thiourea molecules are formed through N-H---S hydrogen bonding.
These dimers are connected through I---S halogen bonds, where the long-range packing motif varies based on the
diiodotetrafluorobenzene isomers. In 1A, thiourea H-bonded dimers are doubly bridged by 1,2-diiodo-3,4,5,6-
tetrafluorobenzene (A) to form infinite chains in the [1 1 1] direction. The plane of the hydrogen bonding dimer is
approximately perpendicular to the plane of molecules of A. The structure of 1B contains two unique molecules of 1
and two unique molecules of 1,3-diiodo-2,4,5,6-tetrafluorobenzene (B), contributing to a more complex halogen
bonding pattern. The formation of a thiourea hydrogen bonding dimer is still observed, with a C—I---S halogen bond
occurring to each sulfur atom of the dimer, forming a basic building block of the dimer and two organoiodine
molecules. In contrast to all the other cocrystals of 1, the second C-I bond of each diiodotetrafluorobenzene
molecule does not link to the next dimer through C—I---S halogen bonding. In 1B, one of these C-I iodine atoms
links to the next unit through C-I---I halogen bonding, while the C—I iodine atom at the other end of the building
block links to the next building block via a bifurcated set of C—I---I and C-I---S halogen bonds. This combination of
interactions forms a two-dimensional sheet-like motif. While the arrangement of two C—I---S halogen bonds around
each sulfur atom in 1C appears similar to those of 1A, the para geometry of the iodine atoms in 1,4-diiodo-2,3,5,6-
tetrafluorobenzene (C) results in an entirely different long-range packing motif. Sheets of edge-sharing rectangles
are formed via the I---S interactions, with thiourea hydrogen bonding dimers occupying the corners of the
rectangular substructure, and molecules of C spanning the edges (Figure SI16). The molecules of 1 extend above
and below the plane of the rectangle and interject into the center of the adjacent rectangles. Cocrystal 1D provides
an example of ribbons formed via thiourea hydrogen bonding with 1, where ribbons propagate along the ¢ axis and
are formed through the cooperation of hydrogen atoms from both the primary and secondary nitrogen atoms to form
asymmetric dimers. Neighboring ribbons are connected along the b axis through C—I---S halogen bonding. The third
iodine atom of the 1,3,5-trifluoro-2,4,6-triiodobenzene (D) then provides halogen bonding connectivity along the a
axis by C-I---I halogen bonding. The reaction of tetraiodoethylene (E) produced a mixture of two cocrystalline
products. The first cocrystal, 1E, the product of the expected addition of acetone to thiosemicarbazide, includes two
molecules of 1 and one molecule of E in the asymmetric unit and represents the only 2:1 cocrystal of the acetone
series. Thiourea dimers are connected through C—I---S halogen bonds involving trans iodine atoms of each molecule

of E, forming chains. This is a common halogen bonding pattern for E.[33-35] The second product results from the



formal addition of one equivalent of thiosemicarbazide and four equivalents of acetone. This formation of this
unexpected reaction product has not previously been reported in the literature and is likely facilitated by the iodine
produced from the in-situ decomposition of E. Our group has previously reported bond-forming reactions facilitated
by similar TIE decomposition.[36] Halogen bonds between each C—I iodine atom and an iodide anion form sheets in
the ab plane (Figure SI17). The primary interactions to 2 include an S---I chalcogen bond to an iodine atom of E, as
well as a pair of hydrogen bonds between both N—H hydrogen atoms in 2 and the iodide anion. It is these
interactions to 2 which connect the TIE/iodide sheets in the a direction to form a long-range three-dimensional

framework.

1D 1E 2E
Figure 1. Halogen and hydrogen bonding in 1A-2E. Intermolecular interactions are shown as dotted lines.

Hydrogen atoms, except those bound to nitrogen atoms, are omitted for clarity. Atomic displacement ellipsoids are
shown at the 50% probability level.

The thiosemicarbazones 2-(2-thienylmethylene)hydrazinecarbothiourea (3) and 2-((4-methyl-5-
thiazoyl)methylene)hydrazinecarbothiourea (4), both of which have been previously reported in the literature,[37,
38] provide the opportunity to study the influence of additional sulfur atom-containing heterocyclic components on

the resulting cocrystalline structure (Figure 2). Cocrystal 3C, obtained by the in-situ reaction of thiosemicarbazide,

10



2-thiophenecarboxaldehyde, and 1,4-diiodotetrafluorobenzene (C) yields a 2:3 cocrystal. Hydrogen bonding dimers
are observed between molecules of 3, in this case involving the sulfur atom and the secondary N—H hydrogen atom.
Each sulfur atom acts as a halogen bond acceptor in a pair of bifurcated halogen C-I---S halogen bonds. An
additional C—I---S halogen bond occurs to the thiophene sulfur atom. There are one- and one-half unique molecules
of C within the asymmetric unit, resulting in two molecules of C which link thiophene sulfur atoms to thione sulfur
atoms, with the third full molecule of C linking two thione sulfur atoms. This combination of halogen bonding
interactions contributes to the formation of chains along the ¢ axis. The addition of a nitrogen atom within the
pendant heterocycle, along with a methyl group, in 4 results in significantly different halogen bonding behavior
compared to 3. Formed from the in-situ reaction of thiosemicarbazide, 4-methyl-5-thiazolecarboxaldehyde, and the
appropriate diiodotetrafluorobenzene, cocrystals 4A and 4C do not display halogen bonding to the heterocyclic
sulfur atom. In 4A, a 2:1 thiosemicarbazone:diiodotetrafluorobenzene cocrystal, a chain-like substructure is formed,
propagating along the b axis by a combination of N-H---S hydrogen bonding. Here, the thione sulfur atom acts as
the hydrogen bond acceptor, and both the primary and secondary N—H hydrogen atoms act as hydrogen bond
donors. With the heterocyclic sulfur atom not participating in significant intermolecular interactions, it is the
heterocyclic N-H that acts as a hydrogen bond donor to the thione sulfur atom of a neighboring chain, serving to
link chains along the ¢ axis and form hydrogen-bonded sheets of 4. A C-I---S halogen bond links one of the iodine
atoms of each molecule of A to the thione sulfur atom of one of the unique molecules of 4, as decorations to the
hydrogen-bonded sheets, with the second iodine atom not involved in any significant halogen bonding interactions.
4C, which is again a 2:1 thiosemicarbazone:diiodotetrafluorobenzene cocrystal, displays coplanar thiourea dimers
involving the thione sulfur atom and a primary N-H hydrogen atom, similar to those observed in the cocrystals
involving 1. The dimers are fused into chains by the continuation of N-H:---S interactions, this time between the
secondary N-H hydrogen atom and the thione sulfur atom (S---N = 3.632(3) A). A weak C—H--S interaction (S---C
=3.707(4) A), similar in length to the N-H---S hydrogen bond, is also observed from the same sulfur atom and the
methine C—H which is B to the secondary nitrogen atom. These chains of dimers are linked to one another into
sheets by C—I---N halogen bonding, with the heterocyclic nitrogen atom acting as the halogen bond acceptor. Unlike
the previous cocrystals in this study, here the thione sulfur atom does not participate in any halogen bonding
interactions and is wholly occupied by hydrogen bonding. As in 4A, the heterocyclic sulfur atom in 4C also does not

participate in intermolecular interactions to extend the structure.
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Figure 2. Halogen and hydrogen bonding in 3C, 4A, and 4C. Intermolecular interactions are shown as dotted lines.
Hydrogen atoms, except those bound to nitrogen atoms, are omitted for clarity. Atomic displacement ellipsoids are
shown at the 50% probability level.

Both containing pyridine functionality, the semicarbazones 2-((4-(3-
pyridyl)phenyl)methylene)hydrazinecarbothiourea (5) and 2-(3-pyridinylmethylene)hydrazinecarbothiourea (6),
both of which have long been known in the literature, provide further examples of the role of additional hydrogen or
halogen bond acceptors beyond the thiourea in the resulting crystal packing (Figure 3).[39, 40] The in situ reaction
of 4-(2-pyridinyl)benzaldehyde, thiosemicarbazide, and 1,4-diiodotetrafluorobenzene (C) results in the 2:1
semicarbazone: | ,4-diiodotetrafluorobenzene cocrystal. In SC, the thiourea dimer is formed through a pair of N—

H---S hydrogen bonds involving the secondary N-H hydrogen atom. These dimers are then linked to one another
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through C—I---S halogen bonding into the halogen bonding chain substructure propagating in the [1 1 0] direction.
The pyridine nitrogen atom acts as a hydrogen bond acceptor to a hydrogen atom of the primary NHz, thus forming a
hydrogen bonding chain substructure in the ¢ direction and creating the two-dimensional cooperative framework.
The chain substructures that connect into the sheets are rotated by approximately 80° to one another. Although 6
differs from 5 in the position of the pyridine nitrogen atom relative to the thiosemicarbazone functionality, as well as
the lack of the additional six-membered ring, a similar tendency of cooperative hydrogen bonding and halogen
bonding is observed in 6C, formed by the in-situ reaction of 3-pyridinecarboxaldehyde, thiosemicarbazide, and C.
Again a 2:1 cocrystal, the thiourea dimers are formed between the thione sulfur atoms and the secondary N-H
hydrogen atoms, just as in SC. The pyridine nitrogen atom functions as a hydrogen bond acceptor to a hydrogen
atom of the primary nitrogen atom, forming double-stranded chains propagating in the [-1 1 0] direction (Figure

SI18). Neighboring double-stranded chains in the [1 1 0] direction stack into sheets via C—I---S halogen bonding.

®

6C

Figure 3. Halogen and hydrogen bonding in SC and 6C. Intermolecular interactions are shown as dotted lines.
Hydrogen atoms, except those bound to nitrogen atoms, are omitted for clarity. Atomic displacement ellipsoids are

shown at the 50% probability level.
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Representing the only oxygen atom-containing thiosemicarbazone in this study, 7 is formed from the
reaction of thiosemicarbazide with 2,4,6-trimethoxybenzaldehyde (Figure 4 & SI19). This compound has been
previously reported in the literature, but no cocrystalline structures incorporating it have been reported.[41] By
converting the benzaldehyde addition to thiosemicarbazide in situ in the presence of 1,4-diiodotetrafluorobenzene
(C), the 2:3 thiosemicarbazone:1,4-diiodotetrafluorobenzene cocrystal 7C was obtained. The crystalline packing in
this structure is dominated by N—H---S hydrogen bonding, with the sulfur atom participating in a pair of hydrogen
bonds resulting in chain formation along the c axis. Neighboring chains of hydrogen-bonded molecules are linked in
the a direction through a C—I---S halogen bond to one side of an organoiodine molecule of C, and a weak S---1
chalcogen bond to the other side of the same molecule of C. The third stoichiometric equivalent of C in the cocrystal
serves to reinforce the packing in the b direction by linking molecules of C through C-I---I halogen bonds,

extending the cooperative hydrogen-halogen-chalcogen bonding network to be three dimensional.
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(m
Figure 4. Hydrogen (I) and halogen (II) bonding in 7C. Intermolecular interactions are shown as dotted lines.
Hydrogen atoms, except those bound to nitrogen atoms, are omitted for clarity. Atomic displacement ellipsoids are
shown at the 50% probability level.

Despite the presence of the nitrogen, sulfur, and iodide atoms outside of the thiosemicarbazone, all attempts
to isolate  cocrystals of = 2-(benzo[b]thien-3-ylmethylene)hydrazinecarbothiourea (8) and  2-((4-
iodophenyl)methylene)hydrazinecarbothiourea (9) with halogen bond donors were unsuccessful (Figure 5). The
synthesis of each of these compounds has been previously reported, but the solid-state structures have not.[42—44] In
contrast, the sulfur atom of the pendant benzo[b]thiophene group in 8 does not significantly contribute to the
hydrogen bonding pattern. Alternating pairs of N-H---S hydrogen bonds form ribbons in the [1 0 1] direction, with
the benzo[b]thiophene groups alternating sides as the chain propagates. An N-H---S hydrogen bond involving the
second hydrogen atom of the primary nitrogen NH> links adjacent chains. Finally, the structure of 9 features a

pendant C—I bond, which, perhaps surprisingly in the context of the above cocrystals, does not participate in any

15



significant halogen bonding interactions to the thione sulfur atom. Thiourea hydrogen bonding contributes to the
formation of ribbons propagating in the ¢ direction. The iodine atoms, which are on the outside edges of these
ribbons, consolidate the packing of adjacent ribbons through a C—I---x interaction (3.4559(13) A). This interaction

places alternating layers of chains along the ¢ axis roughly perpendicular to one another.

!«V

Figure 5. Halogen and hydrogen bonding in 8 and 9. Intermolecular interactions are shown as dotted lines.
Hydrogen atoms, except those bound to nitrogen atoms, are omitted for clarity. Atomic displacement ellipsoids are
shown at the 50% probability level.
3.2 Structural Trends and Cooperative Tendencies

As demonstrated by this series of structures, thioamide dimerization is the prevailing hydrogen-bonding
motif observed in thiosemicarbazone-containing molecules. Dimerization is possibly utilizing either the terminal,
primary NH> group or the secondary NH. A search of the Cambridge Structural Database for organic-only

thiosemicarbazone dimers reveals nearly an even split between these two dimerization modes, with 206 and 202
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structures deposited with dimerization involving the primary and secondary nitrogen atoms respectively.[45] A
similar ratio is observed in this study. The structure of 1 has been previously published, where the primary
dimerization occurs through the primary nitrogen atom, with dimers combining into ribbons via weaker interactions
involving the secondary nitrogen atom.[46] In adding an organoiodine, halogen bonding serves as the primary
interaction for consolidating the packing of the thioamide dimers in four of the five structures in this study. The
structure of 3 has also been previously reported in the literature, again with primary dimerization through the
primary nitrogen with an extension of the packing through interaction to the secondary nitrogen.[47] Halogen
bonding in 3C overrides the hydrogen bonding interaction to the secondary nitrogen, with primary 2-dimensional
packing driven by I---S halogen bonding. This trend holds across the series of halogen bonding cocrystals in this
study. Hydrogen bonding thioamide dimerization dominates, with extension into 2- or 3-dimensional packing often
provided by halogen bonding. The shortening of one interaction type is also often accompanied by a lengthening of
the other. For example, in 6C, which shows the shortest N---S distance (3.343(5) A), also displays a relatively long
C-I---S distance (3.4455(14) A). An exception to this is observed in 4A, in which both the hydrogen and halogen
bonding distances are relatively long (>3.5 A). In this structure, the thioamide dimerization is out-of-plane with
respect to the thiosemicarbazone plane, likely influenced by both the methyl substitution, as well as the pendant
nature of the halogen bonding. Other interaction types, such as C—S---I chalcogen bonding and C-I---I halogen
bonding are less frequently observed.

Table 4. Selected intermolecular hydrogen and halogen bond parameters (A, ©)

Compound ID N-H-S C-1---S C-S-1 C-I-N C-I-1 N-H--1 N-H--N
A 3.4608(17) 3.2371(5) _ _ _
172.6(19) 168.70(5) - -
- 3.430(7) 3.131(2) _ _ _ _ _
175(13) 177.2(2)
1c 3.382(7) 3.2183(17) _ _ _ _
169(7) 174.96(14) -
D 3.347(7) 3.327(2) _ _ 3.8507(7) _ _
167(12) 171.9(2) 161.7(2)
IE 3.470(11) 3.197(3) _ _ _ _ _
154(6) 177.73)
»E _ _ 3.627(3) _ 3.5746(10) 3.505(7) _
71.08(19) 177.1(2) 143(11)
3C 3.479(4) 3.2719(11) _ _ _ _ _
142(4) 161.52(10)
A 3.5017(13) 3.5815(5) _ _ _ _ 3.072(2)
162(2) 170.71(6) 161(2)

17



3.469(4) 2.844(2)

4c 171(5) o T 176.07(12) o T T

5C 3.432(3) 3.1890(9) . . . . 2.950(4)
165(3) 171.51(8) 163(3)

6C 3.343(5) 3.4455(14) . . o o 2.884(7)
160(7) 162.94(19) 165(8)

7C 3.489(2) 3.1949(6) . . o o o
167(2) 168.89(6)

8 3.354(2) . . . . . .
162(2)

0 3.3481(16) . . _ _ _ _
168(2)

Note: In the event of multiple interactions of a given type, the one with the shortest distance is tabulated. When the
contact involves a hydrogen atom (X—H---Y), the distance is calculated as X---Y. In 1E, only distances involving
the primary TIE disorder component are tabulated.
4. Conclusions

This study presents the convenient in-situ reaction of thiosemicarbazide with carbonyls in the presence of
organoiodines to provide hydrogen and halogen bonded cocrystals. Hydrogen bonding is observed in all structures,
in the form of thioamide dimers, with further extensions into chains or ribbons due to the presence of multiple protic
nitrogen atoms. The presence of halogen bond donors typically serves to extend the dimensionality of hydrogen
bonding motifs through C—I---S halogen bonds. In the thiosemicarbazones with additional nitrogen or sulfur atom-
containing functionality, the halogen bonding remains to the thione sulfur atom. The pendant nitrogen and/or sulfur
atoms contribute to the dimensionality of further packing through hydrogen bonding. The cooperative and versatile
nature of these interactions suggests rich supramolecular chemistry, suitable for further study and application to
crystal design.
5. Data Availability
The crystallographic data including CIF and fcf files have been deposited into Cambridge Crystallographic Data
Centre. CCDC 2117350 through 2117363 contain the crystallographic data. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
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Table SI1. Bond lengths and angles of thiosemicarbazones (A, °)

S
R2 N3 ; H
\CZ// \NZ/ \N'l/
ROh
Compound D N'—C' C'-NZ  N2-N3  N3=C?2 N'-C'-NZ  C'-N-N3  N2-N3=CZ
1A 1.327(2) 1.347(2) 1.393(3) 1.281(2) 117.2(2) 119.44(15) 115.95(15)
1.326(10) 1.353(9) 1.380(9) 1.290(9) 116.8(7)  119.5(6)  116.4(7)
® 1.314(11) 1.355(9) 1.388(9) 1.294(9) 117.4(7)  118.8(6)  116.0(6)
1.333(8) 1.343(7) 1.392(7) 1.288(8) 116.5(5)  118.5(5)  117.0(6)
¢ 1.332(8) 1.339(8) 1.392(6) 1.294(9) 117.7(5)  119.1(5)  116.3(6)
1D 1.340(11) 1.354(10) 1.395(10) 1.274(10) 117.1(7)  117.7(6)  116.8(6)
1E 1.314(14) 1.350(16) 1.387(17) 1.278(16) 117.4(12)  118.9(9)  116.8(9)
3C 1.320(5) 1.338(5) 1.375(4) 1.282(5) 117.4(3)  120.5(3)  113.8(3)
1.325(2) 1.350(2) 1.377(2) 1.287(2) 116.96(18) 119.95(13) 114.40(14)
“a 1.327(2) 1.352(2) 1.383(3) 1.286(2) 117.30(19) 119.99(14) 114.83(14)
4C 1.314(6) 1.344(4) 1.376(4) 1.284(4) 117.5(3)  120.4(3)  114.4(3)
5C 1.324(4) 1.347(4) 1.381(3) 1.282(4) 117.1(3)  119.8(2)  114.5(2)
6C 1.319(8) 1.349(7) 1.373(6) 1.274(7) 1182(5)  118.9(5)  116.8(5)
7C 1.324(3) 1.337(3) 1.387(3) 1.286(3) 117.1(2) 119.19(17) 112.56(17)
8 1.321(2) 1.345(3) 1.381(3) 1.281(3) 117.7(2) 119.07(14) 115.35(16)
9 1.320(2) 1.348(2) 1.378(2) 1.280(2) 117.46(16) 118.33(15) 116.52(15)
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Figure SI1. Asymmetric unit (top) and unit cell packing (bottom) of 1A. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI2. Asymmetric unit (top) and unit cell packing (bottom) of 1B. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI3. Asymmetric unit (top) and unit cell packing (bottom) of 1C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure Sl4. Asymmetric unit (top) and unit cell packing (bottom) of 1D. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.

SI6



Figure SI5. Asymmetric unit (top) and unit cell packing (bottom) of 1E. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI6. Asymmetric unit (top) and unit cell packing (bottom) of 2E. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI7. Asymmetric unit (top) and unit cell packing (bottom) of 3C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI8. Asymmetric unit (top) and unit cell packing (bottom) of 4A. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure S19. Asymmetric unit (top) and unit cell packing (bottom) of 4C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI10. Asymmetric unit (top) and unit cell packing (bottom) of 5C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.

SI12



=

\ /4
Claen C5
“ A
CCF N -

Figure SI11. Asymmetric unit (top) and unit cell packing (bottom) of 6C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI12. Asymmetric unit (top) and unit cell packing (bottom) of 7C. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI14. Asymmetric unit (top) and unit cell packing (bottom) of 8. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI15. Asymmetric unit (top) and unit cell packing (bottom) of 9. Hydrogen atoms are omitted for
clarity. Atomic displacement ellipsoids are shown at the 50% probability level.
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Figure SI16. Halogen and hydrogen bonding network in 1C. Atomic displacement ellipsoids are shown at
the 50% probability level.
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Figure SI17. Halogen bonding sheets in 2E. Atomic displacement ellipsoids are shown at the 50%
probability level.
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Figure SI18. Halogen and hydrogen bonding network in 6C. Atomic displacement ellipsoids are shown at
the 50% probability level.
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Figure SI19. Halogen and hydrogen bonding network in 6C. Atomic displacement ellipsoids are shown at
the 50% probability level.
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