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Introduction

In recent decades, considerable interest has been focused on
the reactions between chalcogenocarbonyl donors LE (L=

organic framework; E= S, Se) and dihalogens XY (X, Y=

Cl, Br, I),[1] owing to their implications in different fields of
research, which span from synthetic to biological, materials,
and industrial chemistry.[2–5] Among the most commonly en-
countered products obtained from such reactions,[2a, 6] the
following can be highlighted: 1) charge-transfer (CT)
“spoke” adducts containing the linear E�X�Y group (10-X-

2 hypervalent halogen compound);[1,7,8] 2) donor oxidation
products with E�X terminal bonds (LEX);[8] 3) “T-shaped”
hypervalent chalcogen compounds (10-E-3) L�E(X)�Y, con-
taining an X�E�Y linear moiety;[9,10] 4) halonium species
coordinated by two chalcogen donors [LE�X�EL]+ ;[2d, 11]

and 5) dications containing a chalcogen–chalcogen single
bond [(LE)2]

2+ .[2f, 12]

We recently showed that the introduction of two C=E
groups in the same substrate allowed their exploitation as
versatile building blocks of supramolecular halogen-rich ar-
chitectures. In fact, the capability of CT and T-shaped ad-
ducts to exploit terminal halogen/chalcogen atoms to inter-
act with each other and with halogen units or with polyha-
lides, generated by oxidation of the starting chalcogen
donors, makes it possible to achieve extended or even infin-
ite polyhalogen/polyhalide networks.[7,13]

Although a serendipitous case of an infinite 2D polybro-
mide network, obtained from the reaction of a bis(thiocar-
bonyl) donor, 4,5,9,10-tetrathiocino[1,2b :5,6-b’]-1,3,6,8-tet-
raethyldimidazolyl-2,7-dithione (1’), with Br2, namely
[(1’·2 Br)2+ ACHTUNGTRENNUNG(Br�)2 ACHTUNGTRENNUNG(Br2)3], was reported by some of the au-
thors of this paper,[14] diiodine is the dihalogen showing the
largest aptitude to form stable catenated anionic species. In
fact, I2, I�, and I3

� subunits can interact through I···I contacts
not longer than 3.6 � to give discrete polyiodides with the
general formula In�

n+2m (n, m>0), such as I4
2�, I5

�, I7
�, up to

I29
3�.[15] The aggregation of discrete polyiodides, through

contacts ranging from 3.6 � to the sum of iodine van der
Waals radii (4.2 �), can generate very intricate infinite n-di-
mensional networks.[16]
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Recently, we reported on the products isolated from the
reactions of the bis(thiocarbonyl) donors 1–3 (1,3,8,10-tetra-
substituted 4,5,6,7-tetrathiocino-[1,2-b :3,4-b’]-diimidazolyl-
2,9-dithione; Scheme 1) with dibromine and diiodine.[10] Be-
cause the introduction of fluorine into the donor substrates
could, in principle, affect both their Lewis basicity[17] and

solid-state interactions in crystal packing,[18] we report
herein on the reactions between 1,3,8,10-tetrakis(4’-fluoro-
phenyl)-4,5,6,7-tetrathiocino-[1,2-b :3,4-b’]-diimidazolyl-2,9-
dithione donor (4) and diiodine (Scheme 1).

Results and Discussion

The bis(thiocarbonyl) donor 4 was synthesized according to
a modification of the procedures used for the synthesis of 1–
3, reported previously, from the reaction between the corre-
sponding thioparabanic acid derivative (N,N’-disubstituted
2-thioxoimidazolidine-4,5-dione) and Lawesson�s reagent
(2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-
disulfide; Scheme S1 in the Supporting Information).[19]

Compound 4 was made to react with I2 in CH2Cl2 in donor/
acceptor molar ratios ranging from 1:0.5 to 1:5. All isolated
products were characterized by elemental analysis, FTIR
spectroscopy, and FT–Raman spectroscopy, and, in the case
of 4 and the products obtained from its reactions with I2 in
1:1 and 1:5 molar ratios, also by XRD.

XRD Study

XRD analysis shows that the structural features of 4
(Figure 1) resemble closely those of previously reported tet-
rathiocino donors featuring phenyl substituents, such as 2
and 3.[10,20,21] The two imidazole rings are twisted by 61.5(4)8
around the C�C bond and the inner 4-fluorophenyl substitu-
ents form an angle of about 128 (intercentroid distance of
4.02 �).

The reactions of 4 with I2 in all molar ratios between 1:0.5
and 1:2 in CH2Cl2 yielded deep brown solutions, from which
solid products were isolated with microanalytical data that
indicated a 1:1 stoichiometry. Dark crystals were obtained
by slow evaporation of the solvent, starting from a 1:1 molar
ratio of 4/I2. These crystals were established to be 4·I2 by
single-crystal XRD (Figure 2). Compound 4·I2 consists of

a 1:1 CT adduct that features the diiodine molecule coordi-
nated by the sulfur atom S6 (S6�I1=2.736(7) �) to give an
almost linear S6�I1�I2 system. The lengthening of the
donor thiocarbonyl group (C6�S6 =1.687(16) �) with re-

spect to the free donor 4 (see above)[22] and the I�I bond
length (I1�I2=2.734(3) �; I�I distance=2.667 and 2.714 �
in the gas phase and in the solid state, respectively)[23,24] is in
agreement with a medium-strength CT interaction. Notably,
the crystal structures of 1·2I2 and 5·2I2 showed that the coor-
dinated diiodine units were elongated to a remarkably
higher extent (I�I= 2.82 and 2.84 �, respectively; 5=

4,5,9,10-tetrathiocino-[1,2b :5,6-b’]-1,3,6,8-tetrabutyl-diimida-
zolyl-2,7-dithione, Scheme 1)[25] and suggested that 4 be-
haved as a weaker Lewis base towards I2 as compared with
1 and 5.

Scheme 1. Structures of compounds 1’ and 1–5.

Figure 1. ORTEP drawing and atom labeling scheme for 4. Thermal ellip-
soids are shown at the 60 % probability level. Hydrogen atoms are omit-
ted for clarity. Selected distances [�] and angles [8]: C1�N3 1.403(3),
C2�N4 1.393(4), C1�C2 1.351(4), C6�N3 1.371(4), C6�N4 1.371(3), C6�
S6 1.667(3), C4�N1 1.387(3), C3�N2 1.391(3), C3�C4 1.360(4), C5�N1
1.369(4), C5�N2 1.378(3), C5�S5 1.662(3), C2�C3 1.457(4); S5-C5-N1
127.3(2), S5-C5-N2 128.1(2), S6-C6-N3 127.7(2), S6-C6-N4 126.8(2), N2-
C3-C2-N4 61.5(4); C12-C11-N1-C4, �82.83(4); C26-C21-N2-C3 58.8(3).

Figure 2. ORTEP drawing and atom labeling scheme for 4·I2. Thermal el-
lipsoids are shown at the 30 % probability level. Selected distances [�]
and angles [8]: I1�I2 2.734(3), I1�S6 2.736(7), C6�S6 1.686(16), N3�C6
1.419(19), N4�C6 1.344(19), N3�C1 1.361(17), N4�C2 1.411(18), C1�C2
1.39(2), C2�C3 1.42(2), C3�C4 1.365(19), N2�C3 1.401(17), N1�C4
1.389(17), N2�C5 1.376(18), N1�C5 1.387(19), C5�S5 1.660(14); I2-I1-S6
175.02(13), I1-S6-C6 89.7(7), N2-C3-C2-N4 64(2).
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No I···I interactions below the sum of the van der Waals
radii (4.2 �) are present. Weak interactions, largely involv-
ing the terminal fluorine atoms through F···H and F···S con-
tacts, join molecules in the solid state, with distances largely
below the sum of van der Waals radii and falling in the
range previously observed in similar cases (selected con-
tacts: F2···H33I 2.46(1), F4···H23II 2.60(2), F3···S6III =3.19(1),
I2···H43IV 3.043(5) �; I =x, 1+y, z ; II =�x, �y, 2�z ; III =

1�x, �1�y, 2�z ; IV =1�x, �y, 2�z ; Figure S1 in the Sup-
porting Information). Notably, no significant interaction be-
tween the fluorine atoms and the iodine molecules, which
are partially negatively charged by the CT process, occurs.

By slow evaporation of a solution containing 4 and a five-
fold molar excess of diiodine in dichloromethane, crystals of
the compound 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x= 0.70) were isolated
and characterized by XRD (Figure 3). The crystal structure

shows two diiodine molecules linearly bonded to the exocy-
clic sulfur atoms S5 and S6 and perpendicular to the planes
of the relevant imidazolidine rings. A third diiodine mole-
cule interacts with I1�I2 and results in a slight elongation
(I3�I4 2.738(2) �) with respect to uncoordinated I2. The
I2···I3 distance is remarkably short (3.182(2) �) relative to
that found in different polyACHTUNGTRENNUNG(diiodine) complexes.[26] Thus,
the moiety I1�I2···I3�I4 can be identified as an “L-shaped”
I4 neutral system, which is closely related to those character-
ized in the products obtained from the reactions between
imidazolidine-2-thione[27] and N-methylbenzothiazole-2-ACHTUNGTRENNUNG(3 H)selone[28] with I2, featuring a LSe···I2···I2 system with all
I�I distances below 3.4 �. As a further example of a recently
reported polyiodine system, compound 6·2.5 I2 (6=4,5-bis(-
benzoylthio)-1,3-dithiole-2-thione) can be mentioned, in
which different S-coordinated I2 units are bridged by diio-
dine molecules with I···I interactions of 3.464(22) and
3.497(24) � to form a sequence of 12 iodine atoms.[7]

In the crystal packing of 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x= 0.70),
clathrated molecules of dichloromethane and diiodine (I7�

I8, not represented in Figure 3) are statistically distributed
with a 0.70:0.30 molar ratio of CH2Cl2/I2. The pattern of
crystal packing is mainly controlled by long interactions that
separately involve both iodine and fluorine atoms (selected
contacts: I2···I3 3.182(2), F1···H32I = 2.60(1), F4···H23II =

2.48(1), I4···I8 =3.934(7), I6···I8 =3.907(5), I2···I7III =

3.942(3), I4···S4IV =3.738(3), I6···H26IV 3.074(1), I7···H13
3.149(4) �; I =1�x, 2�y, �z ; II = 1�x, 3�y, 1�z ; III =�x,
2�y, �z ; IV =�1+x, y, z ; Figure S2 in the Supporting Infor-
mation).

The capability of diiodine units S-coordinated by tetra-
thiocino donors to further act as Lewis bases, as found in
4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70), was also demonstratedACHTUNGTRENNUNGrecently in the case of donor 3, the reactions of which with
I2 resulted in the formation of the compounds
3·2 I2· ACHTUNGTRENNUNG(1�x)·xCH2Cl2 (x=0.94) and (3)2·7 I2·xCH2Cl2ACHTUNGTRENNUNG(x=0.66).[10]

Recently,[29] we demonstrated that three-body fragments
A-B-C, such as E-X-Y, X-E-Y, and E-X-E (E= chalcogen;
X, Y=halogen species) feature a common correlation be-
tween the two distances A�B and B�C. In fact, experimen-
tal data can be fitted according to an approximate relation-
ship derived from the bond-valence model.[30] In particular,
in the case of systems S···I�I (A=S; B= C= I), the correla-
tion given by Equation (1) can be applied:

d1 ¼ �k ln 1� e�
d2
k

h i
ð1Þ

in which d1 and d2 represent elongations of the I�I and S···I
distances, which are normalized with respect to the sum of
the covalent radii of the atomic species involved rS and rI,
given by Equation (2):

d1 ¼
dI�I � 2rI

2rI
and d2 ¼

dS���I � ðrS þ rIÞ
rS þ rI

ð2Þ

Analysis of the d1/d2 couples provided by the structural
data of the few related CT adducts that feature the S···I�I
three-body systems (Table 1) shows that I�I and S···I distan-
ces fall within the same correlation shared by the three-
body systems analyzed previously (Figure 4; k= 0.161; root-
mean-square deviation (RMSD) =3.66 � 10�3). Notably, only
the d1/d2 couple of the adduct 4·I2 represents an anomaly
with respect to all the other CT adducts derived from tetra-
thiocino donors 1–5 ; this is possibly because of the quality
of the structure refinement, as reflected in rather large stan-
dard deviation values for the S�I and I�I distances.

Quantum Mechanical Calculations

During recent years, theoretical calculations based on DFT
have been exploited largely to investigate the nature and
mechanistic aspects that lead to the final products obtained
from the reactions between various types of chalcogen
donors and dihalogens/interhalogens.[2f, 31–34] In this context,
we have underlined that the natural charge distribution on

Figure 3. ORTEP drawing and atom labeling scheme for 4·3I2 in the com-
pound 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x =0.70). Thermal ellipsoids are shown at
the 30% probability level. Selected distances [�] and angles [8]: C6�S6
1.690(9), C5�S5 1.705(9), S5�I5 2.814(3), S6�I1 2.692(3), I5�I6
2.8195(12), I1�I2 2.9137(13), I2···I3 3.182(2), I3�I4 2.7391(17); C6-S6-I1
93.5(3), S6-I1-I2 178.03(7), I1-I2-I3 92.04(4), I2-I3-I4 175.07(6), C5-S5-I5
91.3(3), S5-I5-I6 176.57(6), N2-C3-C2-N4 78.1(1).
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the hypothetical intermediate cationic species [LEX]+ (L =

organic framework; E=S, Se; X= I, Br), which is in princi-
ple derived from the heterolytic breaking of either the X�X
or E�X bonds of CT or T-shaped adducts, respectively, rep-
resents a useful tool to predict correctly the outcome of the
reactions between LE donors and halogens X2 or interhalo-
gens XY.[31,32,35]

Previously, several papers have dealt with the theoretical
characterization of CT adduct formation between thio- and

selenocarbonyl donors and I2. In particular, we reported an
experimental and theoretical investigation of the nature of
the 1:1 and 1:2 CT adducts formed between neutral bis(1,2-
dithiolene) complexes [M(R,R’timdt)2] (M=Ni, Pd, Pt;
R,R’timdt = formally monoreduced N,N’-disubstituted imi-
dazolidine-2,4,5-trithione), which are a class of bis(thiocar-
bonyl) donors.[31] With the aim of understanding the nature
of the products obtained in the particular case of the title
bis(thiocarbonyl) donors with diiodine, and to find out the
effect of the interaction of a single C=S group with I2 on the
donor ability of the second one, hybrid DFT calculations
were carried out on 4, 4·I2, and related species. Three differ-
ent density functionals were tested for the title systems,
namely, the well-known three-parameters B3LYP;[36] Adamo
and Barone�s mPW1PW,[37] and the functional B97D,[38]

which was chosen to account for dispersion effects. Selected
metric parameters optimized for 4·I2 are summarized in
Table 2. A comparison with the corresponding structural pa-

rameters determined by XRD (Figure 2) reveals very good
agreement, although the C�S bond length of the thiocarbon-
yl group is slightly underestimated and S�I distances are
overestimated. In agreement with what was previously re-
ported in the case of the T-shaped adduct formed between
4,5-bis(benzoylthio)-1,3-dithiole-2-thione and molecular bro-
mine,[7] the mPW1PW functional provides the best agree-
ment, especially as far as the distances within the >C=S···I�
I fragments are regarded, and was therefore adopted for all
calculations carried out on related systems.

The calculated Kohn–Sham (KS) HOMO (Figure 5 a) and
KS-HOMO-1 calculated for 4 at the optimized geometry[39]

are constituted by the in-phase and out-of-phase combina-
tions of the lone pairs (LPs) located on the terminal sulfur
atoms of the thiocarbonyl groups, which are disposed per-
pendicularly to the imidazole plane. Phenyl substituents
render the terminal sulfur atoms less negatively charged
than those of alkyl-substituted analogues (natural charge
QS =�0.258, �0.191, and �0.195 e for 1, 2, and 4,[40] respec-
tively); this is in agreement with the structural features of
4·I2 and 1·2 I2 discussed above and FT–Raman measure-
ments carried out on the compound 2·2 I2·2 CHCl3.

[41] Nota-
bly, a comparison of the natural charges QS calculated for 2
and 4 shows that no direct effect is achieved as a conse-
quence of the fluorination of the phenyl substituents.

A molecular orbital analysis of the hypothetical cation
[4·I]+ shows that the composition of the KS-LUMO (Fig-

Table 1. Structural I�I, S···I, and C=S distances (dI�I, dS···I, and dC�S, re-
spectively; �) of the fragments C=S···I�I and FT–Raman response n

[cm�1] for the CT adducts obtained from donors 1–5.

x dI�I dS···I dC=S n

1·2I2 2.822(2) 2.775(4) 1.70(1) 146[a,b]

2·I2 – – – 134[a]

2·2I2 – – – 171[a]

113[c]

2·2I2·2CHCl3 – – – 172[d]

114[c]

3·2I2·xCH2Cl2· (1�x)I2 0.94 2.8931(4) 2.677(29) 1.719(2) 137[a]

2.8392(3) 2.7441(9) 1.697(3)
(3)2·7I2·xCH2Cl2 0.66 2.9120(6) 2.649(1) 1.683(5) 146[a]

2.8933(7) 2.673(2) 1.696(6)
2.7502(8) – – 175
2.7343(7) – –

4·I2 2.734(3) 2.736(7) 1.686(17) –
4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 0.70 2.9137(13) 2.692(3) 1.690(9) 127[e]

2.8195(12) 2.814(3) 1.705(9) 144
2.7391(17) – – 170

5·2I2 2.840(2) 2.783(5) 1.69(2) 152[b]

[a] Ref. [10]. [b] Ref. [25]. [c] Attributed to linear symmetric I3
�, which

was possibly generated by laser decomposition. [d] Ref. [41]. [e] This
work.

Figure 4. Fitting of the d1 and d2 structural parameters [Eq. (2)] for the S-
I-I three-body systems in CT adducts characterized structurally. Structural
data reported herein are shown as open symbols and data retrieved from
the CCDC as dots. The solid curve represents the least-squares fit of all
data by adopting Equation (1) as a model (k= 0.161; RMSD 3.66 � 10�3).
The data for the entry XOVRIJ,[2d] represented by a filled rhombus, and
that of 4·I2 (open triangle) have been considered as anomalies and have
not been included in the fitted data.

Table 2. Selected bond lengths [�], angles [8], and dihedral angles [8] op-
timized at the DFT level for 4·I2 (atoms are labeled by following the
numbering scheme reported in Figure 2).

B3LYP mPW1PW B97D

I1�I2 2.840 2.801 2.887
I1�S6 2.983 2.924 2.965
C5�S5 1.655 1.649 1.657
C6�S6 1.692 1.684 1.695
I2-I1-S6 178.94 178.68 175.09
C6-S6-I1 98.15 96.88 92.22
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ure S3 in the Supporting Information) and the positive natu-
ral charge[42] on the terminal I atom (QS = ++ 0.098 e ; QI = ++

0.138 e) support only the formation of the CT-type adduct
4·I2. The CT s-interaction (net natural charge transfer=

0.253 e) between the donor LPs and the diiodine LUMO in-
duces a lengthening of the I�I distance (calculated I�I dis-
tance= 2.685 and 2.802 � in free I2 and 4·I2, respectively),
which is reflected in a lowering of the corresponding Wiberg
bond index with respect to the free components (WBII1�I2 =

1.02 and 0.755 in I2 and 4·I2, respectively; WBIC6�S6 = 1.585
and 1.684 for 4 and 4·I2, respectively). Notably, the free thio-
carbonyl group is only marginally perturbed by the forma-
tion of the adduct (C5�S5=1.649 �; QS5 =�0.179 e ; WBIC5�

S5 =1.595), and it is therefore available to further interact
with a second unit of I2 to give adducts with higher molar
iodine content, such as that found in the case of
4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70). Accordingly, the KS-
HOMO and KS-HOMO-1 calculated for the hypothetical
1:2 CT adduct 4·2 I2 are largely localized on the negatively
charged terminal iodine atoms (Figure 5 b; average natural
charge[43] on terminal iodine QI =�0.190 e), which are in
turn capable of acting as donors towards further diiodine
molecules.

The geometry of compound 4·3 I2 has been also optimized
by starting from the structural data for compound
4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70). Notably, the pattern of the
I�I bond lengths within this compound is correctly repro-
duced in the optimized geometry, with I1�I2> I5�I6> I3�I4
(2.914, 2.819, and 2.781 �, respectively; I3-I2-I1 89.298). In
fact, in agreement with the structural features discussed
above for compound 4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70), the
diiodine I1�I2, which bridges the C6�S6 donor group and
the I3�I4 unit, is the most elongated dihalogen unit, whereas
I3�I4 features the shortest bond length. Accordingly, the
corresponding WBI[44] can be strictly correlated with the ex-
perimental bond lengths (R2 =0.98). The interaction be-
tween the I1�I2 unit and I3�I4 (optimized I2···I3 distance
3.233 �) is reflected in a WBII2···I3 value of 0.237. The opti-
mized structure calculated at the same level of theory for
the L-shaped I4 system shows the two diiodine units at
a longer distance (3.556 �) and forming an I�I···I angle of
106.278, with a WBI between the interacting iodine atoms of
the two units of 0.085. This suggests that the CT process

from donor 4 to the I1�I2 unit is essential in stabilizing the
I1�I2···I3�I4 moiety.

It is worth noting that the terminal iodine atoms I4 and I6
in 4·3 I2 feature similar negative natural charges (�0.180 and
�0.187 e, respectively) and are therefore available to partici-
pate in further CT interactions, as testified by the non-stoi-
chiometric iodine content in the compound 4·3 I2·xCH2Cl2·ACHTUNGTRENNUNG(1�x)I2 (x= 0.70).

FT–Raman Spectroscopy

Low-frequency FT–Raman spectroscopy (50–500 cm�1) is
a powerful tool to detect the formation of halogen-bonded
adducts.[10,45,46] In the case of diiodine adducts, FT–Raman
spectroscopy has been shown to give reliable information on
the elongation of the I�I bond length in perturbed diiodine
molecules with respect to that measured in the free dihalo-
gen. Although fluorescence and/or fast decomposition in-
duced by laser irradiation made it difficult to record a good
quality spectrum for 4·I2, the FT–Raman spectrum of
4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x= 0.70; Figure S4 in the Supporting
Information) was in good agreement with the structural fea-
tures discussed above. In the FT–Raman spectrum a broad
structured peak, with a maximum at 170 cm�1 and a shoulder
at 188 cm�1 (see the Supporting Information; relative inten-
sities 8.9 and 10.0), can be observed, with two peaks at
lower energy falling at 144 and 127 cm�1 (relative intensities
8.1 and 8.4, respectively). The excellent agreement between
the optimized metric parameters of 4·3I2 and the structural
features of the same adduct characterized in 4·3 I2·xCH2Cl2·ACHTUNGTRENNUNG(1�x)I2 (x= 0.70) suggested the possibility of exploiting vi-
brational frequency calculations to investigate the experi-
mental FT–Raman spectrum. The Raman spectrum simulat-
ed on the basis of the scaled[47] calculated Raman-active har-
monic frequencies with the PyFreq program (Figure S5 in
the Supporting Information) featured a well-defined maxi-
mum, calculated to fall at 131 cm�1 (Raman intensity
51.2 �4/amu), which was mainly due to stretching of the I1�
I2 unit, and a broad peak that resulted from the overlap of
three harmonic frequencies with similar energies (159.6,
160.8, and 163.9 cm�1; Raman intensity 91.8, 57.2, and
47.7 �4/amu, respectively), owing to stretching vibrations of
the I5�I6 and I3�I4 molecules coupled with the torsion of
the C4S4 tetrathiocino ring and librations of the aromatic
substituents. Hence, the experimental FT–Raman spectrum
clearly reflects the order of the perturbation of the diiodine
units in 4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x= 0.70), that is, I1�I2
(2.9137(13) �, 127 cm�1), I5�I6 (2.8195(12) �, 144 cm�1),
and I3�I4 (2.7391(17) �, 170 cm�1), whereas the shoulder at
188 cm�1 can be attributed to the almost unperturbed non-
stoichiometric amount of diiodine cocrystallized in
4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70). It is worth noting that the
FT–Raman spectrum collected for 4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2

(x=0.70) falls within the framework of spectral data report-
ed so far for all CT adducts derived from donors 1–5
(Table 1), showing a roughly linear correlation between the
I�I distance of the perturbed diiodine units and their FT–

Figure 5. Isosurface of the KS-HOMOs calculated for 4 (a) and 4·I2 (b).
Contour plot 0.05 e.
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Raman response; this is in agreement with what was previ-
ously observed for different medium–weak CT adducts
formed between chalcogen donors and I2.

[48]

Conclusion

The reactivity of the fluorosubstituted tetrathiocino donor 4
towards I2 was investigated through a combined approach
based on single-crystal XRD and FT–Raman spectroscopy.
The reactions between the bis(thiocarbonyl) donor and the
dihalogen, depending upon the starting molar ratios 4/I2, led
to spoke CT adducts. The formation of the adducts could be
ascribed to CT from the upper-most filled molecular orbitals
of the donors (HOMO and HOMO-1, which were localized
on the terminal S atoms of the thiocarbonyl groups and dis-
posed perpendicularly to the imidazole plane) to the anti-
bonding LUMO of the dihalogen.

The CT adducts themselves showed donor ability through
their terminal iodine atoms, which resulted in the possibility
of forming products with complex stoichiometry, such as
4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70), and the previously reported
compounds 3·2 I2ACHTUNGTRENNUNG(1�x)I2·xCH2Cl2 (x= 0.94) and
(3)2·7 I2·xCH2Cl2 (x= 0.66).[10]

The effect of the introduction of fluorine at the phenyl
substituents did not result in direct modification of the
donor ability of the title class of bis(thiocarbonyl) donors to-
wards diiodine. Conversely, natural bond orbital (NBO) cal-
culations clearly indicated that the Lewis basicity of donor 4
was lower than that of alkyl-substituted species, such as 1,
owing to the presence of phenyl substituents, whereas on
passing from 2 to 4 no remarkable effect was predicted.

Accordingly, the I�I bond length of the coordinated diio-
dine unit in 4·I2 was elongated to a lesser extent than that
found in the case of CT adducts of related donors that fea-
tured alkyl substituents, such as 1·2 I2 and 5·2 I2.

On the other hand, the fluorine atoms of the 4-fluoro-
phenyl substituents participated in F···S and F···H interac-
tions that were co-responsible for crystal packing of the iso-
lated compounds. Such interactions represent a further tool
in the crystal engineering of ordered solid-state phases of
compounds with a high content in halogen species, thus sug-
gesting that fluoro-substituted donors could represent prom-
ising building blocks for solid-state halogen harvesting and
storage based on CT interactions.

Experimental Section

General

All solvents and reagents were purchased from Aldrich and used without
further purification. Elemental analyses were performed on a FISONS
EA-1108 CHNS-O instrument. IR spectra were recorded on a Bruker
IFS55 spectrometer at room temperature, after purging the sample cell
with a flow of dried air. Polythene pellets with a Mylar beam-splitter and
polythene windows (500–50 cm�1, resolution 2 cm�1) and KBr pellets with
a KBr beam-splitter and KBr windows (4000–400 cm�1, resolution
4 cm�1) were used. FT–Raman spectra, in the range 500–50 cm�1, were

recorded with a resolution of 2 cm�1 on a Bruker RFS100 FT–Raman
spectrometer, fitted with an In–Ga–As detector (room temperature) op-
erating with a Nd-YAG laser (excitation wavelength 1064 nm; 100 mW),
with a 1808 scattering geometry.

X-ray Crystallography

A summary of the crystal data and refinement details for compounds 4,
4·I2, and 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x= 0.70) is given in the Analytical Data
section below. Intensity data for 4 were collected on a Bruker Nonius ro-
tating anode KappaCCD area detector diffractometer by using confocal
mirrors and MoKa radiation (f scans and w scans) at 120(2) K. Data
were corrected for absorption effects with the SO RTAV software.[49] The
structure was solved and refined by using the SHELX program. The
structure contained some disordered solvent, which could not be mod-
eled satisfactorily. This contribution was hence removed by using Platon/
SQUEEZE. Intensity data for 4·I2, and 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70)
were collected at room temperature on a BrukerSmart CCD diffractome-
ter by using graphite-monochromatized MoKa radiation (l=0.71073 �).
Datasets were corrected for Lorentz polarization effects and for absorp-
tion (SADABS[50]). All structures were solved by direct methods (SIR-
97[51]) and completed by iterative cycles of full-matrix least squares re-
finement on F2

o and DF synthesis by using the SHELXL-97[52] program
(WinGX suite).[53] Hydrogen atoms, which were located on the DF maps,
with the exception of those of the clathrated solvent molecules, were al-
lowed to ride on their carbon atoms. In the case of 4·I2, several peaks of
about 1.5 e ��3 were observed in the final difference-Fourier map, owing
to the presence of disordered solvent molecules trapped in the crystal.
However, no reliable disorder models could be obtained, and thus, the
high value of the final R index in the structure refinement could be ex-
plained. For 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x =0.70), the occupancy of the clath-
rated CH2Cl2 molecules was refined. The values obtained for the latter
compounds showed that the cages occupied by these molecules contained
also statistically distributed diiodine molecules, which almost exactly
overlapped with the position of the chlorine atoms. By taking into ac-
count that the steric hindrance of a CH2Cl2 molecule was similar to that
of a diiodine molecule, and that the Cl···Cl distance was comparable to
the I�I bond length, this result was not unexpected.

CCDC 937822 (4), 937824 (4·I2), and 937823 (4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=

0.70; excluding structure factors)) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

DFT Calculations

DFT calculations were performed on 1, 1·2 I2, 2, 4, [4·I]+ , 4·I2, and 4·2I2,
and 4·3I2 with the commercial suite of Gaussian 09 software.[54] All calcu-
lations were carried out with the mPW1PW hybrid functional[36] (see dis-
cussion). The full-electron Ahlrichs pVDZ basis sets[55] were exploited
for C, H, O, N, S, and F atoms and the LANL08(d) basis set with effec-
tive core potentials (ECP)[56] was used for iodine. NBO populations[57]

and WBIs[58] were calculated at the optimized geometries, which were
verified by harmonic frequency calculations. The results of the calcula-
tions were examined with the GaussView 5[59] and Molden 5.0[60] pro-
grams. To analyze vibrational spectral data and to simulate the corre-
sponding Raman spectra, the program PyFreq was developed.[61] PyFreq
extracts the vibrational information from Gaussian output files (frequen-
cies, Raman activities, IR intensities), evidences and lists imaginary fre-
quencies, and allows the vibrational spectra to be plotted as sums of
Gaussian-shaped peaks centered at the scaled calculated frequencies.
PyFreq is a cross-platform program developed with Python 2.7 and
PyGame.

Synthesis

Compound 4 was prepared according to literature methods by treating
N,N’-bis(4’-fluorophenyl)imidazolidine-2-thione-4,5-dione (2.00 g, 6.29 �
10�3 mol) with Lawesson�s reagent[19] (2.60 g, 6.43 � 10�3 mol) in toluene
(100 mL) and heating the reaction mixture under reflux for 2 h
(Scheme S1 in the Supporting Information). The solvent was removed
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under reduced pressure and an analytically pure sample was obtained by
recrystallization from ethyl alcohol (yield: 26%). The reactions between
4 and I2 were carried out according to the following procedure: a solution
(30 mL of CH2Cl2) of a weighed amount of 4 (100 mg, 1.43 � 10�4 mol)
was made to react with a solution of I2 in 1:1 and 1:5 molar ratios
(36.3 mg, 1.43 10�4 mol for 4·I2 and 0.18 g, 7.15 10�4 mol for 4·3I2·xCH2Cl2·ACHTUNGTRENNUNG(1�x)I2 (x =0.70)). The solution was allowed to slowly evaporate in air.
After a few days, crystals of 4·I2 and 4·3I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x =0.70)
were harvested by filtration and washed with a small quantity of petrole-
um ether (b.p. 40–60 8C). Solid-state FTIR (4000–500 cm�1, KBr pellet):
ñ= 3117 (m), 3074 (s), 3060 (s), 1892 (w), 1617 (s), 1598 (s), 1508 (s),
1420 (m), 1373 (s), 1325 (s), 1289 (s), 1220 (s), 1154 (s), 1095 (m), 1070
(m), 1012 (m), 936 (w), 901 (m), 839 (s), 816 (m), 758 (m), 730 (s), 708
(m), 623 cm�1 (m); (500–50 cm�1, polythene pellet): ñ=533 (w), 517 (m),
465 (s), 444 (m), 412 (s), 390 (w), 357 (m), 315 (w), 274 (w), 237 cm�1

(m); FT–Raman (solid in capillary tube, 50 mW): ñ (%)= 484.0 (28),
433.1 (54), 408.5 (18), 391.9 (24), 343.4 (16), 254.4 (17), 229.8 (27), 206.3
(21), 175.1 (20), 155.8 (23), 141.5 (36), 126.5 (51), 110.2 (100), 84.1 cm�1

(50); elemental analysis calcd (%) for C30H16F4N4S6: C 51.41, H 2.30, N
7.99, S 27.45; found C 50.91, H 1.85, N 7.56, S 27.48.

Crystal data for 4 : C30H16F4N4S6; Mw =700.83; monoclinic; space group
P21/c ; a =11.2609(14), b =24.001(4), c=13.144(2) �; a =90.00, b=

113.540(13), g= 90.008 ; V=3256.8(9) �3; Z= 4; 1calcd =1.429 Mg m�3 ; T=

120(2) K; 27908 reflections measured; 7093 unique reflections (Rint =

0.058); R1 (observed data) =0.0522 and wR2 (all data) =0.1456.

Analytical Data for 4·I2

Solid-state FTIR (4000–500 cm�1, KBr pellet): ñ=3550 (m), 3060 (m),
3048 (m), 3030 (m), 1750 (m), 1875 (m), 1600 (m), 1552 (w), 1502 (s),
1420 (m), 1375 (m), 1360 (m), 1325 (s), 1290 (m), 1225 (s), 1160 (m),
1114 (m), 1020 (w), 1010 (w), 840 (s), 762 (m), 730 (m), 710 (m), 690 (w),
640 (w), 630 (w), 575 (m), 532 (m); (500–50 cm�1, polythene pellet): ñ=

468 (m), 448 (m), 422 (m), 398 (m), 350 (s), 346 (w), 330 (m), 320 (m),
300 (m), 286 (m), 252 (s), 220 (m), 200 (s), 196 cm�1 (m); elemental anal-
ysis calcd (%) for C30H16F4N4S6I2: C 37.74, H 1.69, N 5.87, S 20.14;
found: C 37.58, H 1.72, N 6.18, S 20.36.

Crystal data: C30H16N4F4S6I2; Mw =954.69; triclinic; space group P1̄; a=

11.333(1), b=13.320(1), c=13.611(1) �; a=96.93(1), b=110.19(1), g=

111.63(1)8 ; V=1718.7(2) �3; Z=2; 1calcd = 1.845 Mg m�3; T=293(2) K;
19117 reflections measured; 6721 unique reflections (Rint =0.037); R1

(observed data) = 0.1333 and wR2 (all data) =0.4116.

Analytical Data for 4·3 I2·xCH2Cl2· ACHTUNGTRENNUNG(1�x)I2 (x=0.70)

Solid-state FTIR (4000–500 cm�1, KBr pellet): ñ=3010 (m), 2350 (m),
1600 (m), 1502 (s), 1485 (w), 1475 (w), 1450 (w), 1418 (m), 1390 (w),
1385 (m), 1380 (s), 1290 (m), 1160 (m), 1090 (m), 846 (s), 842 (w), 486
(m), 450 (m), 435 (w), 408 (m); (500–50 cm�1, polythene pellet): ñ =392
(w), 356 (m), 225 (m), 210 (m), 190 (m), 180 (m) cm�1; FT–Raman (solid
in capillary tube, 50 mW; Figure S2 in the Supporting Information): ñ

(%)=228.5 (25), 187.6 (89), 170.0 (100), 144.2 (81), 127.3 (84), 83.6 (31),
63.4 (16); elemental analysis calcd (%) for C30.70H17.40F4N4S6I6.60Cl1.40 : C
23.08, H 1.10, N 3.51, S 12.04; found: C 22.88, H 0.89, N 3.47, S 11.96.

Crystal data: C30.70H17.40F4N4S6I6.60Cl1.40 ; Mw =1597.82; triclinic; space
group P1̄; a =11.1942(9), b =13.0498(11), c =17.7233(14) �; a=

100.96(1), b =95.72(1), g=114.79(1)8 ; V=2260.4(3) �3; Z=2; 1calcd =

2.348 Mg m�3 ; T=294(2) K; 21011 reflections measured; 6721 unique re-
flections (Rint =0.022); R1 (observed data) =0.0656 and wR2 (all data) =

0.2056.
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