Journal Name

Cite this: DOI: 10.1039/X0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

RSC

Hydrogen- and halogen-bond cooperativity in
determining the crystal packing of dihalogen Charge-
Transfer adducts: a study case from heterocyclic
pentatomic chalcogenone donors’

Riccardo Montis,*" Massimiliano Arca,® M. Carla Aragoni,* Antonio Bauza,” Francesco
Demartin,® Antonio Frontera,”” Francesco Isaia,* Vito Lippolis*

Three new molecular CT adducts with dihalogens, based on 5,5-dimethyl-2-thiohydantoin (dth) and 1,5,
5-trimethyl-2-thiohydantoin (mdth) donor molecules have been synthesised and characterised by single
crystal X-ray diffraction and their crystal structures compared with those of previously published
analogous compounds to assess the role of molecular shape of the donors, and cooperativity and
competition between hydrogen-bonds (HBs) and halogen-bonds (XBs) in defining the observed
supramolecular architectures at the solid state.The study of the role played by these factors was
supported by several computational tools. The structural features at the base of the crystal packings
observed is the formation of dimers of donor molecules via complementary N—H---O or N-H---S HBs.
These dimers are arranged in space in 2D architectures via further interactions involving the S/Se---1-
I/Br XBs. Interestingly, in most of the cases the XB interactions strengthens upon formation of the self-
assembled H-bonded dimers, indicating a favourable cooperativity effect which is at the base of the

supramolecular architectures formed.

Introduction

Among the different non-covalent forces involved in the
formation of crystalline materials from molecular synthons,
strong and directional interactions such as hydrogen-bonds
(HBs) and halogen-bonds (XBs) have received much attention
in recent years,® due to the fact that the supramolecular
architectures resulting from these interactions are quite robust
and their topology can in theory be predicted.

However, it is also known that crystal structures are the result
of a complex equilibrium among several factors, and small
variations on the molecular shape and the strength and
directionality of the intermolecular interactions involved can
result in dramatic structural differences, thus influencing the
predictability of a given supramolecular architecture.?
Especially in the case of HBs and XBs,® which in some cases
can show similar order of strength,® competition and
cooperativity between these interactions can even more
complicate the matter, being decisive in driving the outcome of
a given crystal packing.* Moreover, substituent effects are also
very important in determining the energies of halogen bonding
interactions and, therefore, the competition with other type of
interactions.*® The understanding of all these factors is then of
primary importance to design new crystalline materials and to
control their physical properties.®
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Crystal structure comparison, especially when applied to family
of related compounds, is an useful approach to investigate the
tendency of a given molecule to form specific supramolecular
architectures and in particular to understand how subtle
variations in the molecular skeleton might affect the geometry
and the hierarchy of intermolecular interactions influencing the
resulting crystal structure.® In this respect, several studies have
been recently published” and some of them have also applied
the use of specific automated software to search for structural
similarities.?

Neutral Charge Transfer (CT) adducts between dihalogens, XY
(X=Y =1, Br; X=1,Y = Cl, Br), and molecules containing
chalcogen donor atoms, E (E = S, Se), represent an important
and extensively investigated class of compounds formally
featuring an E---X-Y halogen-bond (one of the earliest to be
studied).® They have attracted much interest, due to their
potential relevance to material chemistry, biology and
pharmacological activities, including anti-fungal and anti-
bacterial properties, and particularly for their involvement in

the mechanism of action of anti-thyroid drugs.*°
However, the reaction between molecules containing chalcogen

donor atoms and dihalogens can afford a great variety of
products depending on the experimental conditions used,
including the polarity of the solvents, the reaction molar ratio,
the acid-base nature of the starting materials, and the chemical
environment of the donor atoms.® ! Beside neutral “spoke” CT
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adducts featuring an almost linear E-X-Y moiety and formally
a XB, insertion adducts containing a “T-shaped” X-E-X
fragment and oxidation products of the donor molecules
balanced by polyiodides of different complexity can also be
obtained and their formation is not always predictable.® !
Interestingly, structural evidences suggest a common nature of
the chemical bond in linear three-body systems involving either
halogens, X—X-X (X = Br, 1), or halogen(s) and chalcogen(s)
atoms, E-X-Y, X-E-Y, and E-X-E (E=S, Se; X =Y = Cl,
Br, I; X =1,Y =ClI, Br, 1) such as those in the above “spoke”
and “T-shaped” dihalogen adducts, which can be successfully
explained using the charge-transfer and 3c-4e models, thus
supporting a covalent nature of the halogen-bond.*

CT adducts can be furthermore classified into four main groups
depending on their structural features and stoichiometries. They
can be simple (E-X-Y) or bridging adducts (E-X-Y-E), in
both the chalcogen donor atom(s) interacts with the dihalogen
molecule via XBs forming a 1:1 or 2:1 donor-to-dihalogen
molecule stoichiometry, respectively. On the other hand, if the
E---X interaction in a simple adduct is strong enough to
determine a strong polarization of the dihalogen moiety (E-X%*
---Y%) the partially negative terminal halogen atom can act as
donor, interacting with another dihalogen molecule, thus
forming more complex systems defined as amphoteric adducts
(E-X-Y-X-Y) or bridging amphoteric adducts [E-(X-Y),—E],
respectively, with different pathways in the halogen-halogen
and chalcogen-halogen bond lengths.® 1+ 12

Generally, the structural features and supramolecular
architectures of dihalogen CT and “T-shaped” adducts are also
determined by  soft---soft chalcogen---halogen  and
halogen---halogen interactions in cooperation with XBs,** and
the understanding of the interplay of all these interactions in
connection with the molecular donor shape could be of help in
predicting either the archetypes of products ensuing from the
reaction of dihalogens and chalcogen donors or their crystal
packing features.

Starting from these considerations and bearing in mind the structural
complexity of the supramolecular architectures in dihalogen CT
adducts of chalcogen donor molecules, we decided to study the
crystal structure of a family of related molecular adducts based on
chalcogen donors and dihalogens, with the aim to investigate the
competitive and/or cooperative role of HBs and XBs and to explore
the influence of differences at molecular level in the resulting crystal
structures. Here we report the synthesis and the structural
comparison of three new molecular CT adducts with dihalogens (1-
3), based on 5,5-dimethyl-2-thiohydantoin (dth) and 1,5,5-trimethyl-
2-thiohydantoin (mdth) donors.®> We have extended the structural
comparison to related adducts previously reported by some of the
authors that from a search in the Cambridge Structural Database
(CSD: ConQuest version 1.19, 2016)™ result to be the only
published crystal structures of analogous derivatives. The search was
performed on all molecular adducts with a common dimethyl-
imidazolidine skeleton substituted in the positions 2 and 4 of the
pentatomic ring with any chalcogen (O, S, Se, Te), finding a total of
four additional crystal structures (4-7) based on 5,5-
dimethylimidazolidine-2,4-dithione (ddth), 5,5-dimethyl-2-
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thiohydantoin (dth) and 5,5-dimethyl-2-selenoimidazolidine-4-one
(dsh) donors (CSD ref codes: KUWDEL, KUWDIP, KUWDOV and
KUWDUB)® as reported in Scheme 1. The search was also
extended to adducts of related dialkyl-imidazolidines, but no
additional items were found. Finally, we have analyzed energetically
the HBs and XBs in these compounds using ab initio calculations,

focusing on cooperativity effects between both types of interactions.
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Scheme 1. Family of CT dihalogen adducts with donor molecules containing
chalcogen atoms considered in this paper.

Results and discussion

Structural analysis: molecular units. Crystals of compounds
1-3 suitable for X-ray diffraction analysis were obtained from
CH,CI, solutions of the appropriate donor and dihalogen
molecules by slow evaporation (see Experimental Section).
Micro-analytical data indicated a 1:1 donor/dihalogen
stoichiometry for 1 and 2, and a 2:1 stoichiometry for 3. The
presence of only one main peak in the FT-Raman spectra of 1-3
at values (v = 179, 152, and 173 cm™, respectively) lower than
those corresponding to the stretching frequencies of the solid I,
and IBr (v = 180 and 216 cm™, respectively), indicated the
formation of CT adducts having weak or medium-weak nature
with Ad(I-Y) lower than 0.18 A [Ad(I-Y) = d(1-Y)addquet —
d(1-Y)gas phase] > An X-ray diffraction analysis was, therefore
undertaken to ascertain the nature of compounds 1-3.

Crystal data and other experimental details are summarized in
Table 1S (Electronic Supplementary Material, ESI) together
with the basic unit cell parameters, including the
donor/dihalogen stoichiometry of the previously published
selected structures 4-7.

The X-ray analysis confirmed the stoichiometry and the CT
adduct nature for 1-3. Both 1 and 2 are discrete CT adducts in
which the S atom binds the dihalogen molecule in the plane of
the pentatomic ring to give a linear S-1-Br and S-I-I
arrangement, respectively [S---1 2.587(3), I-Br 2.744(2) A, S-
I-Br 173.43(6)°, for 1; S---1 2.818(2), |-l 2.795(1) A, S—I-I
178.03(3)° for 2] (Table 1, Fig. 1S, ESI) . In both compounds
the 1-X (X = Br for 1, and | for 2) bond distance is lengthened
with respect to the gaseous IX molecule,*® as a result of the
electron density donation from a non-bonding orbital of the
chalcogen donor atom into the o* LUMO of the IX molecule
lying along the I-X axis. In 3, the 2:1 donor/dihalogen
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stoichiometry is confirmed via the formation of a bridging CT
adduct lying on an inversion center with the 1, molecule being
almost perpendicular to the plane of the pentatomic rings and
weakly interacting at the S atoms of two donor molecules [S---1
3.171(1), I-1' 2.751(1) A, S-I-1 175.83(2)°, i = 1-x, 1-y, 2-7]
(Table 1, Fig. 1S, ESI) . As expected, the dative influences of
the two donor molecules are mutually exclusive and leave the
bridging 12 molecule in 3 only slightly perturbed with respect
the case of a simple or 1:1 “spoke” adduct such as 2.’

In order to have a better idea of the factors determining the
crystal packing in these compounds, a comparison with the
adducts 4-7 featuring a similar hydantoin-like skeleton for the
donor molecules was performed.

Although the CT adduct units in 1-7 have both a similar
molecular shape (Scheme 1), and a similar set of HBs and XBs
donors and acceptors, the seven structures exhibit major
differences in the crystal packing (see below).

First of all, the small differences at molecular level of the donor
molecules in 1-7 seem to have a significant influence on the
geometry of the E-I-Y moiety within the CT adduct units. In
the majority of the structures the E---1-Y interaction lies on the
same plane as the pentatomic ring of the hydantoin framework,
differing only for the orientation of the E-I-Y axis (Fig. 1a-g),
which is on the same side of the C=0 group for structure 2 (Fig.
1b) and on the opposite side of the C=0 (or C=S in position 4
of the ring) group for the structures (1, 4, 6, 7). In compound 5
(Fig. 1e), both C=S groups interact with one I, molecule in the
plane of the pentatomic ring.

Table 1. Distances, geometry, sum of the van der Waals radii
(rw E + 1y, X)) and reduction of the sum of the van der Waals
radii (Rygw %) for the E-X-Y halogen bonds. For structure 5
details are reported for both halogen bonds observed (a and b
respectively).?

E-X(A) [ X-YA) [EXY(O[rE+rXA) |[RvdW %
T | 2587(3) |2.744(2) | 17343(6) |3.65 29
2 [2818(2) |2.795(1) | 178.03(3) |3.78 25
3 |3471(1) |2.751(1) |175.83(2) |3.78 16
4 [2.748(1) |2817(1) | 176.88(2) |3.78 27
5(a) | 2.738(1) | 2.848(1) | 177.94(4) |3.78 28
5(a) | 2.843(1) | 2.767(1) | 173.74(4) |3.78 25
6  |2.773(1) |2.802(1) |176.14(2) |3.78 27
7 |2.699(1) |2.962(2) |173.84(2) |3.88 30

the van der Waals radii considered are those reported in ref. 18.

The different conformation observed in 2 depends on the
presence of a methyl group attached to the nitrogen atom N(2)
that forces the formation of the ancillary N-H---1 bond at the
N(1) side (Fig. 1S)T. In 3, the S—I-I axis lies approximately
perpendicular to the pentatomic ring (Fig. 1 c¢) resulting in an
“orthogonal” conformer.

The observation of “parallel” and “orthogonal” conformers is
not uncommon in CT adducts of dihalogens and heterocyclic
chalcogen donors,®*® however the major differences between 2
and 3, both featuring the common mdth moiety as donor,
confirm the structural unpredictability in this class of
compounds.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. Geometry of the CT adducts units viewed along two orthogonal directions
for compounds 1-7 (a-g, respectively). XBs and ancillary N-H---X interactions are
indicated as red and black dashed lines, respectively.

As described below, the energies calculated for the two
conformers show similar values and the different situation
observed in 2 and 3 might be related to the different
stoichiometry adopted by the two complexes (1:1 and 2:1
donor/dihalogen, respectively).

In particular, to form a 2:1 stoichiometry adopting a “parallel”
conformation for the S—1-I frameworks, the system would have

J. Name., 2012, 00, 1-3 | 3



to break the centrosymmetric dimer of donor molecules in 2
(see below) and this could not be energetically favorable,
making the “orthogonal” conformer more suitable for this
stoichiometry in 3.

The intramolecular distances for the structures 2 and 4-6 lie in
the range 2.738(1)-2.843(1) A for the S---X interaction, and
2.751(1)-2.848(1) A for the I-1 bond length (Table 1). This is
not the case for structures 1 and 7 which show very short S---1
and Se---1 distances, respectively, and for structure 3, in which
the S---1 distance is significantly longer indicating a weaker CT
interaction. The reduction of the sum of the van der Waals radii
(RvdW %) for the E---1 interaction vary from 16% in 3 to 30%

in 7 (Table 1).
In 1, the observed strong S---1 interaction might be explained
considering that differently from the other structures

considered, this is the only one involving the Lewis acid 1-Br
that is a better acceptor than I2.9 In fact, as described below, in
this case the higher electronegativity of the Br atom increases
the partial positive charge on the ¢ hole of the I atom, which
consequently forms a stronger interaction with the S donor
atom. In the case of 7, the shorter E---I distance if compared to
6 might depend on several reasons. However, it interesting to
note that the Lewis basicity of C=Se group is generally higher
than C=S donors, as also confirmed by calculations (see
below). In the case of 3, the only one in the family featuring a I,
unit bridging two donor molecules, the increased S---1 distance
is in agreement with previous studies for bridging I, adducts
and with the Charge Transfer model for the explanation of the
nature of the chemical bonding in these systems.®

In all structures, but 3, the E.---I-Y XB is assisted by an
intramolecular ancillary N-H---X HB interaction [N---X
distances in the range 3.474(5)-3.697(6) A, Table 2S]". This
interaction is not observed in adduct 3 which adopts an
“orthogonal” conformation which seems to be stabilized by a
weak C—H---1 intramolecular interaction with the adjacent
methyl group [C---1 distance 3.959(3) A, Table 2S]", as shown
in Figure 1c, and confirmed by theoretical calculations (see
below).

Structural analysis: crystal packings. In all structures (1-4, 6-7)
with the only exception of 5, donor molecules arrange in
centrosymmetric dimers via N—H---E HB interactions involving the
imidazolidine H-donor NH in position 3 and the H-acceptor C=E in
position 4 (where E= 0O or S, see scheme 1). This is not observed in
5 since both C=S groups are involved in the formation of a XB with
I, giving a 1:2 donor/dihalogen adduct. For the structures 1-3, 6 and
7, featuring the C=0 group in position 4 of the donor molecules, the
N-H---O distances are in the range 2.00-2.15 A [the range for N---O
distance is 2.848(11)-2.935(5) A, Table 25 in the ESI]". In the case
of 4, the N-H---S distance [2.58(3) A] is slightly longer [N---S
distance 3.362(3) A] (Table 2S, ESI)". The dimeric arrangements of
donor molecules further interact via XBs and HBs determining
different types of supramolecular architectures in the crystal lattice.
As suggested by theoretical calculations (see below), the formation
of N-H---E H-bonded dimeric arrangement of donor molecules
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results in a reinforcement of the E---X-Y XBs thus suggesting the
existence of a cooperative effect in most of the structures between
these two kind of main interactions.

In 1, the dth dimers are connected to each other by C-H---O
interactions of 2.55 A [C---O distance is 3.413(15) A, Table 2S]" to
form zig-zag chains developing along the a direction (Figs. 2a and
2b). These chains are connected to adjacent chains through the
dihalogen moiety by S---1 XBs, and N-H---Br HBs [N---Br 3.480(9)
A] resulting in 2D sheets (Fig. 2a) which are packed along the third
dimension (Fig. 2b) by weak C-H---Br interactions [C---Br
distances is 3.749(12) A, Table 25]".

v
o
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e

Fig. 2. Partial view of 2D sheets in 1; (a) the 2D arrangement is viewed along two
orthogonal directions; (b) propagation of the 2D sheet along the b-c direction.
XBs and HBs are indicated as red and black dashed lines, respectively.

An identical assembly is observed in 7 which basically adopts
the same crystal packing of 1. Similarly to 1 (Fig. 2a and Fig.
3a), in 7 the centrosymmetric dimers of dsh molecules develop
along the a direction via weak C—H---O interactions of 2.74(5)
A forming zig-zag chains [C---O distance 3.076(7) A, Table
29]".

Fig. 3. Partial view of 2D sheets in: (a) 1; (b) 7; (c) th (THHYDTO02); (d) dsh (FILXIH)
and (e) amth (DIKWAW). S—I XBs and HBs are indicated as red and black dashed
lines, respectively.

Adjacent chains are bridged by I, moieties along the b-c
direction, to form the 2D arrangement reported in Fig. 3b. The
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2D sheets are connected along the third dimension via two

weak C—-H---l interactions involving the I, and the methyl
groups [C---I distances are 4.124(7) and 4.148(5) A, Table
29]".

Similar 2D arrangements (Fig. 3 c-e) are also observed in the crystal
packing of three imidazolidine derivatives having a skeleton similar
or equal to that of the donor molecules in the CT adducts 1-7: 2-
thioxoimidazolidin-4-one (th),® 5,5-dimethyl-2-
selenoxoimidazolidin-4-one  (dsh)®* and  1-acetyl-5-methyl-2-
thioxoimidazolidin-4-one (amth)? (CSD ref codes: THHYDTO02,
FILXIH and DIKWAW, respectively). With reference to the crystal
structures of th and dsh, the coordinated IBr and I, molecules in 1
and 7, respectively, simply act as bridges between adjacent 1D zig-
zag chains of donor molecule dimers, formally by insertion in the

N—H---S/Se HBs which held the 2D sheets of th and dsh dimers in
the structures THHYDTO02 and FILXIH, and thus forming N—H---1—

I/Br---S/Se arrangements. The IBr and I, molecules behave as XB
donors on one side towards the chalcogen atom, and as HB acceptor
on the other side towards the NH group, thus mimicking the set of
inter-chain HBs observed in THHYDTO02 and FILXIH [N—H-:--S for
THHYDTO02 and N—H---Se in FILXIH are 2.402(1) and 2.54(17) A,

respectively]. Our calculations (see below) show that the insertion of
I, molecules in the N-H---Se dimers observed in FILXIH to form the

N-H---1-1---Se bridged dimers observed in 7 is energetically
favourable. Presumably, this common 2D arrangement is the result
of the similar strength and directionality of the cooperative set of N—
H---1=1/Br---S/Se in 1 and 7 and the N—H-:--S/Se HBs in

THHYDTO02, FILXIH and DIKWAW, combined with the similar
molecular shape of the donor molecules.
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Fig. 4. Main intermolecular interactions connecting centrosymmetric adduct
dimers in 6. (a) N-H::O and C—H--O weak HBs viewed along two orthogonal
projections (b) S-:I-I---H-C bridges. N—H---:O and C-H---O interactions are
indicated as black and cyan dashed lines, respectively. S--:I-I---H-C interactions
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are indicated as red dashed lines. 2, screw axes and center of inversion are also
reported.

This is not a general rule, as shown by the structure of 6. In this case
in fact, though the crystal packing shows common features with
those of both 1 and 7, including a very similar set of intermolecular
interactions, the resulting supramolecular architecture is consistently
different.

Similarly to structures 1 and 7, the centrosymmetric N-H---O
bonded dimers [N---O distance 2.874(4) A, Table 2S]' of dth units
in 6 interact with adjacent dimers via two main set of interactions:
weak C—H---O HBs[(C---O distance 3.559(6) A] and a cooperative
pair of XBs and HBs within S—I-I---H-C frameworks [C- -1 distance
3.682(5) A, Table 2S]" involving the dihalogen moieties as bridges
(Fig. 4). However, instead of forming flat 2D sheets, the molecules
are assembled adopting a herringbone type packing, with different
dimers related by 2, screw axes (Fig. 4b).

(@) P ©

Fig. 5. Main intermolecular interactions in 4. (a) Projection of the 1D chain
viewed along the two directions: a (top) and ¢ (bottom); (b) connected adjacent
1D chains viewed down the c direction; (c) packing of 1D chains viewed down the
c direction. C-H--:l and C-H---S interactions are indicated as cyan dashed lines,
S-I-1 halogen bonds are indicated as red dashed lines, and N-H:--O hydrogen
bonds as black dashed lines.

In 4, the centrosymmetric N-H---S [N---S distance 3.362(3) A]
bonded dimers of ddth donor molecules are assembled along the a-
¢ direction via C-H---S interactions involving the methyl groups and
the sulfur atoms [C---S distance is 3.570(4) A], supported by weak
C-H---I interactions [C---I distance is 4.177(4) A, Table 2S]" to
form a 1D arrangement similar to the zig-zag chains described for 1
and 7 (Fig. 5a). The terminal iodine atoms of the coordinated I,
molecules are also involved in bridging different instances of this 1D
arrangement via C—H---1 HBs interactions which lie parallel to the
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S---I-l axis [C---1 distances 3.634(4) A]. The relative orientation of
adjacent instances of the 1D chains is approximately perpendicular
resulting in a 2D herringbone motif, which develops along the b
direction (Fig. 5b). These 2D arrangements develop along the a
direction (Fig. 5¢) via a set of C-H---S and C—H---1 interactions still
involving the methyl groups [C---S distance is 3.998(5) A; C---I
distances are 4.154(4) A and 4.217(4) A, Table 25]".

When the ddth donor interacts with two equivalents of I, the
resulting crystal structure of the 1:2 adduct, 5, shows a different
arrangement in the solid state compared with the 1:1 analogue
adduct 4. In this case the formation of the N-H---S centrosymmetric
dimer is not allowed because both C=S groups are involved in XBs
with I, molecules. A view of 5 with hidden I, molecules (Fig. 6a)
evidences adjacent ddth molecules connected via a set of C-H---S
interactions [C---S distances are 3.951(7) and 4.110(8) A,
respectively] to form a 2D herringbone arrangement parallel to the
bc plane. These 2D sheets are bridged each other along the a
direction by the two bonded halogen molecules (Fig. 6b) which
interact via a set of N-H---1 interactions [N---1 distances are
3.748(5) and 3.903(5) A, respectively] that for one dihaalogen
molecule are also supported by a set of weak C—H---1 interactions
[C---1 distance is 4.058(7) A, Table 25] .

We have also compared the structures of 4 and 5 with that of the
donor molecule ddth (ref. CCDC code FILXED).? Differently from
the case of structures 1 and 7 which show a common 2D architecture
similar to that observed in the crystal structure of the donor molecule
dsh (Fig. 3), in the case of ddth, the absence of I, as compared to 4
and 5 determines major differences in the crystal packing (see Figs.
25d and 2Se, ESI)", The only common feature observed in 4 and
ddth is a similar stack along the a direction of centrosymmetric
N-H---S bonded dimers of ddth and ddth-l, units, respectively
(Figs. 2Sd and 2Se, ESI)".

In 2, the presence of the methyl group bound to the nitrogen atom
N(2) and consequently the different geometry adopted by the S—I-I
framework (Fig 1) strongly influences the possibility of assembling

mdth dimers in zig-zag chains or 1D architectures analogous to
those described above.

g : “ (b)
(a)

Fig. 6. Main intermolecular interactions in 5. (a) 2D herringbone arrangement of
ddth units connected via C—H:-:S interactions (I, molecules omitted) viewed
along the a direction (top) and along the b direction (bottom); (b) packing of the
2D herringbone arrangements of the CT adducts along the a axis viewed along
the b direction. N=H---1 and C—H--| HBs are represented as black dashed lines,
S---1 XBs are represented as red dashed lines.
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The conformation adopted by the S—I-I framework with respect to
the plane of the pentatomic ring prevents any HB interaction along
directions parallel to the pentatomic ring, exception made for the N—
H---O interactions forming the centrosymmetric mdth dimers. As a
consequence in structure 2 the centrosymmetric mdth dimers are
uniquely bridged by I, molecules via a set of weak S---1 XBs [S---I
distance is 3.751(2) A] supported by weak C-H---1 interactions
[C---1 distances are 4.275(5) A, 4.159(5) A and 4.125(4) A, Table
2S]". Adjacent dimers develop along the b and the ¢ directions,
related by 2, screw axes and by c-glides, respectively, to form a 2D
herringbone arrangement (Fig 7a). This is then assembled along the
a direction by bridges of I, (Fig 7 b) connecting adjacent instances of
the 2D arrangement.

It is worth noting how a small difference in the molecular skeleton of
the donor molecule can generate dramatic structural differences
between structure 2 and the two structures 1 and 7 described above
(Fig. 2 and 3).
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Fig. 7. Main molecular arrangement observed in 2. (a) 2D herringbone
arrangement viewed along the a direction ; (b) crystal packing of 2 viewed along
the c direction. C-H--| interactions are indicated as cyan dashed lines, N-H:--O
and N-H--l HBs are represented as black dashed lines and S-:I XBs are
represented as red dashed lines.

- Differently from 2, in 3 the “orthogonal” conformation adopted by

the S—I-1 framework exposes the C=S group and the methyl CHs
along directions approximately parallel to the plane of the
pentatomic ring. This allows the centrosymmetric mdth dimers to
interact each other via weak C-H---S interactions [C---S distance
3.907(3) A] to form 1D rows propagating along the a direction,
similar to those observed for 1 and 7, but differing on the relative
shifting of the molecules along the direction of propagation (Fig. 8a).
Adjacent 1D rows are bridged by the I, molecules via S---1 XBs (see
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Table 1) supported by weak C-H---1 interactions involving the
methyl groups [C---I distances are 3.959(3) A] to form a corrugated
2D arrangement approximately parallel to the ac plane (Fig. 8b)
which are then stacked along the b direction (Fig. 8c), connected
each other via a set of C-H.--S, C-H---O and C-H---I weak
interactions [C---S distances are 3.952(4), C.--O distances are
3.399(4) and 3.553(4) A, C---I distances are 3.973(3) A, Table 25]".

(a) (]
Fig. 8. Main molecular arrangements observed in 3. (a) 1D row of mdth dimers
viewed approximately along the [111] direction (top) and along the a direction
(bottom); (b) corrugated 2D arrangement of the CT adducts viewed along the a
direction; (c) portion of the packing of 3 viewed along the a direction. N-H---O
and C-H:--O interactions are represented as black dashed lines, S--:1 XBs as red
dashed lines, C-H---S and C-H::I as cyan dashed lines.

ARTICLE

calculated distances differ because the crystal environment has not
been considered in the calculations. However, it is very relevant that
the binding modes of the fully relaxed complexes are almost
identical to those found in the crystal structures since it indicates that
these are strong binding motifs controlling the crystal growth. This
notwithstanding, from the inspection of the energetic results
summarized in Fig. 10, several issues arise. First, the binary adduct
1 (Fig. 10a) presents the largest donor/dihalogen binding energy (-
12.1 kcal/mol) and the shortest equilibrium S---1 distance in line
with the more positive MEP value calculated at the I atom c-hole of
IBr (15.7 kcal/mol) as compared to the value calculated in the case
of I, (14.4 kcal/mol). Second, the binding modes of mdth with 1,
observed in the solid state of compounds 2 and 3 (see Figs 10b,c)
exhibit almost identical interaction energies.

Theoretical study. We have focused our theoretical study to analyse
energetically the remarkable halogen bonding interactions (XBs)
observed in the solid state architecture of complexes 1-7. As
commented above the combination of XB and HB (hydrogen
bonding) governs the crystal growth of the title compounds. In this
theoretical study we have investigated XBs between I,/IBr and the
heterocyclic chalcogenone donor in their geometric and energetic
aspects. Moreover, we have analysed cooperativity effects,
particularly the influence of HBs on the strength of the XBs using
several computational tools. First of all, we have computed the
molecular electrostatic potential (MEP) surface plots of the
heterocyclic chalcogenone donors and their self-assembled H-
bonded dimers. The results are gathered in Fig. 9 and it can be
observed that MEP value at the S/Se lone pair is similar in all
compounds ranging from =31 to -28 kcal/mol. Interestingly, in the
dimers, where two self-complementary HBs are formed, the MEP
value at the lone pair becomes more negative, thus increasing the
Lewis basicity of the chalcogen atom. Therefore the dimer formation
likely enhances the strength of the XBs in the solid state. The MEP
value at the NH group that does not participate in the formation of
the self-assembled dimers (see Figs. 9a,c,d) slightly decreases upon
formation of the dimer.

We have fully optimized the dihalogen adducts of chalcogenone
donors both as monomers and also as H-bonded dimers at the RI-
MP2/def2-TZVP level of theory (see Table 3S for Cartesian
coordinates of optimized structures, ESI)". The geometric and
energetic results for compounds 1-3 are given in Fig. 10. It is worthy
to emphasize that the optimized 1:1 complexes are similar to the
motifs found in the crystal structures. The experimental and
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kcal/mol

dsh

—40 +60

Figure 9. MEP surface plots of the heterocyclic chalcogenone donors and their
self-assembled H-bonded dimers. The MEP values at selected points of the
surface are indicated.

Third, in all cases the donor/dihalogen interaction energy
becomes more favorable if the self-assembled donor dimer is

J. Name., 2012, 00, 1-3 | 7



considered, thus revealing a reinforcement of the XB by the
HBs responsible of the dimers formation (these interaction
energies have been computed considering the H-bonded dimer
previously formed, thus only the interaction with the dihalogen
is evaluated). This effect is also revealed by I---S equilibrium
distances calculated in all cases to be shorter in the ternary
assemblies than in the binary adducts.

.

9
-12.1 keal/mol

—-13.0 kcalimol &

.\* _2.847

9.2 kecal/mol =9.7 kcal/mol

(c)

-9.3 keal/mol -10.0 kealimol

Figure 10. RI-MP2/def2-TZVP optimized dihalogen adducts for compounds 1-3,
equilibrium distances (A) and interaction energies (BSSE corrected) are also
given.

For comparison purposes, we have carried out a similar study
for compounds 4-7 and the results are given in Figure 11.
Interestingly, in all cases the XBs strengthen upon formation of
the self-assembled H-bonded dimers, indicating a favorable
cooperativity effect. Moreover, the Se---1 interaction (Fig. 11d)
is more favorable than the S---1 one (Fig. 11c) in agreement
with the MEP analysis discussed above, since the MEP value at
the Lone Pair (LP) of Se is more negative than that at the LP of
S. Finally, the energetic analysis of the KUWDIP (5) structure
(Fig. 11b) shows that both the S---1 and N-H---I interactions in
the 1:1 adduct (Fig. 11a left) are modestly weakened (longer
distances; 0.14 and 0.15 A, respectively) upon the formation of
the additional S- -1 interaction involving the second sulfur atom
of the ring (see Fig 11b). Consequently, the interaction energy
becomes slightly less favorable (by 0.7 kcal/mol). In short, the
formation of self-assembled H-bonded dimers (compounds 1-4,
6 and 7) tends to slightly strengthen the XB interaction and,
conversely, the formation of additional XB+HB interactions in
compound 5 causes an opposite, albeit minimal, anti-

8| J. Name., 2012, 00, 1-3

cooperativity effect. We have used the Bader’s theory of atoms
in molecules (AIM) that provides an unambiguous definition of
chemical bonding (both covalent and noncovalent) to further
characterize the XBs described above. In Fig. 12 we have
represented the AIM distribution of bond critical points (BCPs)
and bond paths for the 1:1 adducts and the corresponding
adducts of donor dimers (ternary assemblies) of compounds 1,
3 and KUWDIP, 5, (as representative examples of compounds
1-7, see Tables 4S-11S for calculated AIM parameters, ESI)T.
In the 1:1 adduct 1 (see Fig. 12a), the XB is characterized by
the presence of a BCP (red sphere) connecting the | atom to the
S atom. Moreover, the ancillary N-H---1 is also characterized
by a BCP connecting the H to the | atom. As a consequence of
the formation of a supramolecular ring due to the
halogen/hydrogen bonding interaction, the formation of a ring
CP (yellow sphere) is also observed. In the ternary assembly,
the interaction of the dth dimer with IBr is characterized by the
same distribution of critical points.

-10.5 keallimol

(b) 3.126

s
" 2.844 T
N ~. 2751

KUWDIP
q .-"2.989
]
S
-8.1 keal/mol

2.1 ?3\ 1 3

HE

KUWDOV
- 4
2127
3
¥ -10.0 keal/mol -10.7 kealimol  Jg
2918
Se '———Q

KUWDUP

=11.8 kecal/mol =12.7 kecal/mol Se

Fig. 11. RI-MP2/def2-TZVP optimized adducts for compounds KUWDEL (4),
KUWDIP (5), KUWDOV (6) and KUWDUB (7), equilibrium distances (A) and
interaction energies (BSSE corrected) are also given.
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It has been demonstrated that the value of the charge density at the
BCP is a convenient indicator of the interaction strength. It can be
observed that the value of p(r) at both BCPs that characterize the
XBs/HBs increases in the ternary assembly with respect to the binary
adduct, thus confirming the reinforcement of both XB and HB
interactions (synergetic effect).

In compound 3 (Fig. 12b), BCPs are calculated for both the XB
interactions between I, and the mdth donor, and the two ancillary
C-H---1 interactions which also contribute to the stabilization of the
binding mode of I, perpendicular to the ring plane. In the
corresponding ternary assembly, the XB is significantly reinforced
with respect to the binary adduct as indicated by the increase in the
value of p(r) at the BCP, whilst the two ancillary C-H--:I
interactions basically remain unaltered (slight variation of p(r)).

-

0. 0423 0.0449

*—e g ..
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Fig. 12. Distribution of critical points and bond paths in the adducts considered
for 1, 3 and KUWDIP (5). Bond and ring critical points are represented by red and
yellow spheres, respectively. The bond paths connecting bond critical points are
also represented. The value of the density at the bond critical points in a.u. is
also indicated.

Finally, the distribution of BCPs in the 1:2 I, adduct of ddth, 5 (Fig.
12c¢), reveals that both XB interactions are characterized by a BCP
and a bond path connecting the S and the | atoms. The ancillary HB
interactions are also characterized by the presence of a BCP and a
bond path inter-connecting the H and | atoms. Furthermore, ring CPs
are also generated as a consequence of the formation of
supramolecular rings (yellow sphere in Fig. 12c). Moreover, it can
be observed that the p(r) value at the BCP that characterizes the XB
interaction decreases in the ternary assembly (Table 11S)" as
compared to the binary adduct (Table 10S)", indicating a weakening
of the interaction, in agreement with the longer S---I distance
observed in the ternary assembly (see Fig. 11b ) and the slight anti-
cooperativity effect commented above.

This journal is © The Royal Society of Chemistry 2012

It should be mentioned that although the Laplacian of p(r) at the
S—1 BCP is positive in all complexes gathered in Fig. 12, the
local electronic energy density, H, is negative, thus indicating
that the XB interaction shows a significant covalent
contribution and, therefore, a lowering of the potential energy
associated with the concentration of charge between the
nuclei.'?

We have also analyzed theoretically the formation of N-H---1-
I---Se arrangements in 7 following the insertion of I, molecules
in the N—H---Se HBs holding dimers of dsh units in the crystal
structure (FILXIH) of the donor molecule (Fig. 3).

The insertion of two |, molecules in a self-assembled N-H---Se H-
bonded dimer of dsh units in FILXIH to form the N-H---1-I---Se
supramolecular assemblies observed in 7 is energetically favourable
(-27.6 kcal/mol) (Fig. 13). Moreover, the formation of the 1-1---Se
bond drastically affects the MEP value at the c-hole of I, (see Fig.
13b), which changes from positive to negative (see Fig. 13c) upon
the formation of the I---Se halogen bond, thus favouring the N-H---1
interaction.

—_—l
FILXIH —27.6 kcal/mol

Fig. 13. (a) Evaluation of the I, insertion into an H-bonded self-assembled dimer
in FILXIH (geometries and energies at MP2/def2-TZVP level of theory). (b) MEP
surface plot of I,. (c) MEP surface plot of the molecular unit in 7. The MEP values
at selected points of the surface are indicated in the case of I, and the molecular
unitin 7.

Conclusions

In this manuscript we report the synthesis and X-ray
characterization of three new molecular adducts with di-
halogens (1-3), based on 5,5-dimethyl-2-thiohydantoin (dth)
and 1,5,5-trimethyl-2-thiohydantoin (mdth). These three new
structures were compared with those of similar dihalogen CT
adducts reported before. We also compared their energetic and
geometric features by means of ab initio calculations and
analyzed cooperativity effects, particularly the influence of HB
interactions on the strength of the XB using several
computational tools.

The results confirms the complexity and unpredictability of
supramolecular architectures in dihalogen CT adducts of
chalcogen donor molecules evidencing that small differences at
molecular level of the donor molecules can significantly
influence the geometry of the E-X-Y XBs. However, some
common features can be identified. Despite the energy
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calculated for the “parallel” and *“orthogonal” conformers
(compare compounds 1, 2, 4-7 with compound 3) show similar
values, the majority of the dihalogen CT adducts shows a
preference for the former conformation. Nevertheless changes
in the stoichiometric ratio of dihalogen CT adducts can also
have dramatic influence on the geometry of the XBs
interactions and, consequently, on the resulting supramolecular
architectures.

The crystal packing analysis and ab initio calculations show the
existence of cooperativity effects between the HB and XB
interactions. In particular, in most of the cases the formation of
N-H---E centrosymmetric donor dimers (with E = O, S, Se)
enhances the strength of the XB interaction, indicating a
favorable cooperativity effect, which is at the base of the
supramolecular architectures formed. We also observed that in
some cases the pair of cooperative N-H---X-Y---E HB and XB
interactions can mimic a simpler N-H---E HB, promoting
analogous supramolecular architectures in the solid state
structures of dihalogen CT adducts and the corresponding
donor molecules (see Fig. 3).

Experimental

Materials and instruments.

Reagents and solvents of reagent grade purity were used as
received from Aldrich. The compounds dth and mdth were
prepared as described previously.'® The reactivity of both dth
and mdth towards I, and IBr was tested in CH,CI, (the use of
more polar solvents can favor the formation of products
different from CT adducts, which are out the aim of the present
work)® ! using both a 1:1 and a 1:2 donor-to-dihalogen molar
ratio. Only in the case of 1-3 solid products were isolated (see
below). In the case of 1, crystal growth was performed at —10
°C to favor the formation of bigger crystals. In the case of 2 and
3, no significant effects were observed on the size of the
crystals formed by performing the crystallization at a low
temperature.

FT-Raman spectra (resolution +4 cm™) were recorded on a
Bruker RFS100 FTR spectrometer fitted with an indium-
gallium arsenide detector (room temp) and operating with an
excitation frequency of 1064 nm (Nd:YAG laser). The power
level of the laser was tuned between 20-40 mW. No sample
decomposition was detected during the experiments.

[(dth)IBr] (1).

5,5-dimethyl-2-thiohydantoin (100 mg, 0.694 mmol) in CH,ClI,
(10 mL) and IBr (158 mg, 0.76 mmol) in CH,CI, (10 mL) were
reacted at 10 °C for 15 min, then the filtered solution was
allowed to stand at —10 °C for 7d. The product was obtained as
dark-orange crystals, washed with a mixture CH,Cl,/n-hexane
1:10 v/v (10 mL) (10 mL, 0°C) and stored under nitrogen
atmosphere. Yield: 207 mg, 85%. CsHgBrIN,OS (350.84
g/mol): caled. C 17.10, H 2.30, N 7.98, S 9.11); found C 17.0,
H 2.3, N 8.0, S 9.3). FT-Raman: v = 178.5s [v(I-Br)] cm™.

[(mdth)1;] (2).

10 | J. Name., 2012, 00, 1-3

1,5,5-trimethyl-2-thiohydantoin (100 mg, 0.633 mmol) in
CH,CI, (15 mL) and 1, (161 mg, 0.633 mmol) in CH,ClI, (35
mL) were reacted at 20 °C for 15 min, then the filtered solution
was allowed to slowly concentrate to air. The product was
obtained as dark-red crystals, washed with a mixture CH,Cl,/n-
hexane 1:9 v/v (10 mL) and stored under nitrogen atmosphere.
Yield: 237.1 mg, 91%. CgHy,l,N,OS (411.86 g/mol): C 17.48,
H 2.45, N 6.80, S 7.76); found C 17.3, H 2.4, N 6.7, S 7.6). FT-
Raman: v =152.3s [v(I-1)] cm™.

[(mdth), 1] (3).

1,5,5-trimethyl-2-thiohydantoin (100 mg, 0.633 mmol) in
CH,CI, (15 mL) and 1, (81 mg, 0.316 mmol) in CH,CI, (25
mL) were reacted at 20 °C for 15 min, then the filtered solution
was allowed to slowly concentrate to air. The product was
obtained as dark-red crystals, washed with a mixture CH,Cl,/n-
hexane 1:9 v/v (10 mL) and stored under nitrogen atmosphere.
Yield: 306.6 mg, 85%. Ci,Hyl,N40,S, (569.91 g/mol): C
25.27, H 3.54, N 9.83, S 11.22, found C 25.4, H 3.6, N 9.9, S
11.4). FT-Raman: v = 172.7s [v(I-1)] cm™.

X-ray crystallography

The single-crystal data collection for 1-3 were performed at
room temperature on an Enraf-Nonius CAD4 diffractometer
using graphite-monochromatized Mo-Ka radiation (A = 0.71073
A), and © scans. The crystals used were coated with
cyanoacrylate glue in order to prevent decomposition due to
loss of I, or IBr during data collection. After standard data
collection procedures, the datasets were corrected for Lorentz
polarization effects and for absorption by using multi-scan
semiempirical methods (y-scans). The structures were solved
by direct methods using SHEL XS-97 and refined by full matrix
least squares on F? using SHELXL-97.2® All non-hydrogen
atoms were refined anisotropically, all hydrogen atoms were
placed in idealized positions and refined using a riding model.
X-ray crystallographic data in CIF format have been deposited with
the Cambridge Crystallographic Data Centre, CCDC no. 1536513-
15366515.

Theoretical methods.

The geometries of all complexes were optimized at the RI-
MP2/def2-TZVP level of theory by means of the Turbomole
7.0 software.?* It has been previously demonstrated that this
level of theory is adequate for studying halogen bonding
interactions since it gives energies comparable to those using
the CCDC(T) method.?® Moreover, it has been also shown that
it is of higher quality than any pure or hybrid DFT-D3
method.?® For the iodine atom we have used the def2-TZVPP
basis set than includes two sets of polarization functions.
Moreover, both the def2-TZVP and def2-TZVPP basis sets
include for 5p and 6p block elements effective core potential of
46 electrons (ECP-46).%° The nature of all the energy minima
were verified by a vibrational analysis. The interaction energies
were calculated with correction for the basis set superposition
error (BSSE) by using the Boys-Bernardi counterpoise
technique.?’ No symmetry constrains were imposed in the
optimizations of the complexes. The Bader’s "Atoms in
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molecules"” theory has been used to study the halogen bonding
interactions discussed herein by means of the AlMall
calculation package.® The MEP surface analysis was
performed at the same level of theory and the MEPS figures
have been generated using GaussView.?
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A favorable synergic cooperation between HB and XB interactions is at
the base of the supramolecular architectures in dihalogen CT adducts of
hydantoin-like chalcogen donors.
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