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A Unique Case of Oxidative Addition of Interhalogens IX (X=Cl, Br) to
Organodiselone Ligands: Nature of the Chemical Bonding in Asymmetric
I—Se—X Polarised Hypervalent Systems
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Abstract: The reactivity of the imida-
zoline-2-selone derivatives 1,1’-methyl-
enebis(3-methyl-4-imidazoline-2-

selone) (D1) and 1,2-ethylenebis(3-
methyl-4-imidazoline-2-selone)  (D2)
towards the interhalogens IBr and ICl
has been investigated in the solid state
with the aim of synthesising “T-
shaped” hypervalent chalcogen com-
pounds featuring the extremely rare
linear asymmetric I-E—X moieties
(E=S, Se; X=Br, Cl). X-ray diffrac-

tained of discrete molecular adducts
containing [-Se—Br and I-Se—Cl hy-
pervalent moieties following a unique
oxidative addition of interhalogens IX
(X=Cl, Br) to the organoselone li-
gands. In all asymmetric hypervalent
systems isolated, a strong polarisation
was observed, with longer bond lengths
at the selenium atom involving the

Keywords: charge transfer - density
functional calculations - halogens -

most electronegative halogen. A topo-
logical electron density analysis on
model compounds based on the quan-
tum theory of atoms-in-molecules
(QTAIM) and electron localisation
function (ELF) established the three-
centre—four-electron (3c—4e) nature of
the bonding in these very polarised se-
lenium hypervalent systems and new
criteria were suggested to define and
ascertain the hypervalency of the sele-
nium atoms in these and related halo-

tion analysis and FI-Raman measure-
ments provided a clear indication of
the presence in the compounds ob-

Introduction

It is well known that chalcogen(II) halides (EX,; E=S, Se,
Te; X=F, Cl, Br, I) are generally unstable under ambient
experimental conditions and therefore their chemistry has
not been widely studied. However, it is also known that they
can be stabilised as adducts of Lewis bases!! The most
common synthetic approach to such adducts is the reduction
of chalcogen(IV) halides or organohalides in the presence
of electron-pair donors that may also act as reducing
agents.”! An alternative synthetic method involves the oxi-
dative addition of dihalogens, X,, to chalcogen-containing
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oxidative gen and interhalogen adducts.

donor molecules.?*! For example, the addition of Cl, to 1,3-
dimethylimidazoline-2-thione® and of Br, to 1,3-dimethyli-
midazoline-2-selone® affords stable compounds featuring
linear CI-S—Cl and Br—Se—Br groups, respectively, that are
perpendicular to the imidazoline ring. These products can
also be formally regarded as adducts between 1,3-dimethyl-
imidazoline-2-ylidene and SCl, or SeBr,.*! Adducts of this
kind are commonly referred to as “T-shaped” hypervalent
chalcogen compounds featuring a linear X—E—X moiety
(X=(l, Br, I). With donors of the type R,C=E (E=S, Se),
the “T-shaped” nature of the corresponding adducts derived
from the oxidative addition of a molecule of X, to the chalc-
ogen atom is well explained by the VSEPR model,"”! ac-
cording to which the geometry at the chalcogen atom is
pseudo-trigonal-bipyramidal (tbp) with the halogen atoms
occupying the apical positions (two lone pairs and one bond-
ing pair in the plane perpendicular to the X—E—X direc-
tion). The geometry is disphenoidal in the case of R,E
donor molecules (one lone pair and two bond pairs in the
plane perpendicular to the X—E—X direction). These com-
pounds are also commonly reported as 10-E-3 (R,C=E
donors) or 10-E—4 (R,E donors) hypervalent systems, which
indicates that the chalcogen atom, E, is formally associated
with five electron pairs (10 electrons), only three or four of
which, respectively, are bond pairs."'2l' As for trihalides,
X5, the chemical bond in the linear X—E—X fragment can
be described by using the 3c—4e bonding scheme, the simpli-
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fied MO diagram of which can be constructed by combining
the p, atomic orbitals of the central chalcogen and those of
the two terminal halogen atoms: four electrons occupy the
bonding and non-bonding orbitals, thus conferring a total
bond order of 1 (0.5 for each E—X bond).'"*¥) This descrip-
tion agrees with the observation that the experimental E—X
bond lengths in X—E—X fragments are about 10% longer
than normal single chalcogen—halogen bonds. Furthermore,
on decreasing the electronegativity difference between the
halogen and the chalcogen, starting from the reaction be-
tween chalcogen donors, in particular donor molecules con-
taining the >C=E (E=S, Se) groups, and dihalogens, X,,
charge-transfer (CT) adducts bearing the linear E—X—X
group are formed in preference to “T-shaped” adducts. In
fact, no “T-shaped” sulfur adducts with I, have so far been
reported, whereas three with Br, have been structurally
characterised.®”'¥ On the other hand, analogous selenium
adducts with Br, are numerous,'*!* whereas only three ex-
amples with I, have been reported.'® Hypervalent sulfur
and selenium compounds containing the linear CI-E—CI
(E=S, Se) group are very well known.'*"! In principle, hy-
pervalent chalcogen compounds should also be isolable
from the reactions of chalcogen donors with interhalogens
IX (X=Cl, Br), but in fact, after the first compound bearing
the linear I-Se—Br group that we prepared from D2
(Scheme 1) following this very synthetic procedure,'” no
further “T-shaped” adducts featuring [-=E—X (E=S, Se; X=
Cl, Br) moieties have been characterised, which indicates a
very low tendency of interhalogens to undergo oxidative ad-
dition to chalcogen donor atoms and in particular to chalco-
gen carbonyl >C=E groups. As proved in the only case
known of oxidative addition of IBr to a selone group,'” “T-
shaped” adducts featuring I-E—X (E=S, Se; X=Cl, Br)
moieties should in principle be characterised by a strong po-
larisation of the E—X bond, thereby establishing appreciable
ionic character in this bond with the chalcogen atom still re-
maining in a hypervalent state and the E—I bond order
moving from 0.5 towards 1.7

Through this paper we contribute to this area of chemistry
by reporting a complete survey of the reactivity of imidazo-
line-2-selone derivatives D1 and D2 (Scheme 1) towards IBr
and ICl. Unprecedented oxidative addition products have
been isolated in which chalcogen--halogen soft-soft interac-
tions contribute to the self-assembly of interesting supra-
molecular structures. X-ray diffraction analysis, FT-Raman
spectroscopy and DFT QTAIM studies were used to deter-
mine the nature of both the overall structures of the com-
pounds isolated and the chemical bonding in I-Se—X (X=
Cl, Br) and related moieties.

/
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Scheme 1.
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Results and Discussion

Synthesis and X-ray diffraction analysis: It is well known
that the reaction of dihalogens, X,, with donor molecules
containing the >C=E (E=S, Se) group can afford a great
variety of products (i.e., CT and “T-shaped” adducts, [>C—
E-E-C<]** dicationic species and [>C-E-X-E-C<]*"
and [>C—E-X]* cations) with different structural arche-
types depending on both the acid/base nature of the reac-
tants and the experimental conditions used.'*?"! The goal of
this work was to gain an understanding not only of the
chemical bond in the species formed,[' but also of the pos-
sible pathways that allow the interconversion between the
various species in equilibrium.['**?2%] For this, a wide survey
of the reactivity of different chalcogenone donors featuring
>C=E (E=S§, Se) groups towards dihalogens and interhal-
ogens under different experimental conditions is necessary.

Some years ago we studied the reactivity of imidazoline-
2-selone derivatives D1 and D2 (Scheme 1) towards I, and
Br,.[*1%] Hypervalent 10-Se-3 “T-shaped” compounds bear-
ing Br—Se—Br groups were isolated from the reactions of
these two selenium donors with Br,. Structurally analogous
I, adducts were isolated only in the case of D2, whereas a
CT adduct featuring a Se—I-1 group was obtained in the
case of D1. We moved on, therefore, to consider the reactiv-
ity of D1 and D2 towards interhalogens IX (X=CIl, Br) in
the hope of isolating hypervalent oxidative addition prod-
ucts bearing I-Se—X moieties.!'”!

From the reaction of IBr with D2 in a 2:1 molar ratio in
CH;CN, we isolated the compound D2-2IBr (III), which rep-
resents the first and so far only example of a “T-shaped” I—
Se—Br adduct.!'”! In III the general structural features of the
two [=Se—Br groups are not very different from those found
for the I-Se—I and Br—Se—Br groups in the “T-shaped” ad-
ducts of D2 with I, and Br,, respectively® %! (they are ap-
proximately linear and perpendicular to the associated or-
ganic penta-atomic ring, see the Supporting Information),
with the important difference that in III the Se—I bonds are
significantly shorter than the Se—Br bonds. DFT calculations
in the gas phase indicated a more ionic character for the
Se—Br bond compared with the Se—I bond and supported
for each linear I-Se—Br group in III a bonding situation in-
termediate between a pure covalent 3c—4e system and an I—
Se*-Br~ ionic couple, the chalcogen atom, therefore, still
being in a hypervalent state.'”! Intramolecular hydrogen
bonds involving bromine atoms and soft-soft I--Br contacts
between two symmetry-related units of III to form dimeric
assemblies (see the Supporting Information) certainly con-
tribute in the solid state to a further polarisation of the Se—
Br bond in the I-Se—Br systems of III in such a way as to
reverse, at the end, the order of the Se—Br and Se—I bond
lengths that would be predicted on the basis of the atomic
radii of the species involved and that is calculated in the gas
phase [d(Se—Br) < d(Se—T1)].l""

The reactions of D1 with IBr in molar ratios of 1:2 and
1:4 in CH;CN afforded compounds I and II, respectively,
which gave slightly different elemental analysis results. X-
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ray diffraction analysis confirmed in both cases the forma-
tion of “T-shaped” hypervalent adducts at both chalcogen
sites of the donor. In each case, during the structure refine-
ment using a Br—Se—Br model for the two hypervalent moi-
eties in the asymmetric unit, an anomalous displacement pa-
rameter for one of the bromine sites in both hypervalent
moieties suggested that these bromine sites might be partial-
ly replaced by iodine. The refinement of the disordered
models, in which the simultaneous presence of these two
halogens in the same site was considered, gave the best fit-
ting to the data with I/Br occupancies of 0.42/0.58 and 0.67/
0.33 for sites 1 and 4, respectively, in I (Figure 1) and 0.53/
0.47 and 0.17/0.83 for sites 1 and 4, respectively, in II (see
the Supporting Information).

Therefore, compounds I and II must be formulated as
D1:Br, 4,1, and D1-Br;;0l,50, respectively, in good agree-
ment with the microanalytical data. Because the electron
density corresponding to the hypervalent systems in I and II
is an average of the contents of all unit cells in the crystals,
the fitting of the data with mixed I/Br occupancies is unable
to give a clear indication of the presence in the crystals of I
and II of discrete molecular adducts containing the I-Se—Br
or Br—Se—Br hypervalent moieties. In both compounds the
Br—Se—X (X =1I/Br) hypervalent moieties are almost linear
[Br—Se—X ranging from 172.97(5) to 176.50(5)°] and roughly
perpendicular to the average plane of the imidazolidine
moiety [N(1/3)—C(1/6)—Se(1/2)—X ranging from 77.2(8) to
87.2(9)° (absolute values)]. As reported for D2-2IBr (III),"7”
in both I and II the Se—Br distances are longer than those
of Se—X (X=1/Br). The conformations of the adduct mole-
cules are determined by two weak intramolecular hydrogen-
bonding interactions (shown as dotted lines in Figure 1),

C2 N2

N(4) c(8)

C(9)

Figure 1. View of I showing the numbering scheme adopted. For clarity
only those hydrogen atoms involved in intramolecular hydrogen bonds
(dotted lines) are shown. Bond lengths [A] and angles [°]: C(1)—Se(1)
1.883(10), Se(1)—X(1) 2.593(3), Se(1)-Br(2) 2.673(3), C(6)—Se(2)
1.893(10), Se(2)—Br(3) 2.739(2), Se(2)—X(4) 2.627(2), C(1)—Se(1)—X(1)
90.1(3), C(1)-Se(1)-Br(2) 83.4(3), C(6)—Se(2)-Br(3) 84.2(3), C(6)—
Se(2)—X(4) 94.3(3), X(1)-Se(1)-Br(2) 173.46(5), Br(3)—Se(2)—X(4)
176.50(5); Br(2)--H(7) 2.95, Br(2)—C(7) 3.836(10), C(7)—-H(7)-Br(2) 155;
Br(3)--H(3) 2.99, Br(3)-C(3) 3.904(11), C(3)-H(3)—Br(3) 161 [X(1)=
Br(1)0.ss/T(1)o.42 X(4) =Br(4)35/1(4)o.7] -
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each one involving the site fully occupied by the bromine of
the hypervalent moieties. These bromine atoms are also in-
volved in an intricate network of intermolecular hydrogen-
bonding interactions. On the other hand, in both compounds
(see Figure 2 for I and Supporting Information for II), only

ii
se") ~
’ L7 Brid'v14h

/
Br(4)/1(4) 7 /
-

Figure 2. Partial view of the crystal packing in I showing the selenium--
halogen contacts (dashed lines). Bond lengths [A] and angles [°]:
Se(19)--X(4) 3.576(2), Se(2")--X(4) 3.610(3), Se(1)—X(4)—Se(2") 141.48(5),
Se(2)~X(4)—-Se(1) 123.97(6), Se(2)—X(4)—Se(2") 86.34(7), X(4)—Se(2)—
X(4% 93.66(7) [X(4)=Br(4)y33/1(4)p¢;]. Symmetry codes: i=—x, —y, —z;
ii=1-x, —y—1, —z.

one of the two mixed occupied I/Br sites is involved in two
intermolecular Se--X contacts with two symmetry-related
adduct units, with distances ranging from 3.564(2) to
3.610(3) A. In this way, chain-like supramolecular arrays of
adduct molecules of I or II are formed by different types of
“T-T” associations between the “T-shaped” hypervalent
moieties and involving I/Br-bridging soft—soft interactions,
each selenium atom resulting in a square planar 14-Se—4 hy-
pervalent environment.”! The products T and II isolated
from the reactions of D1 with IBr in different molar ratios
in CH;CN clearly illustrate an additional complication
through the possibility of obtaining a “T-shaped” I-E—X
(X=Br, Cl) adduct by direct reaction of chalcogenone
donor molecules with IX (X=Cl, Br) interhalogens by oxi-
dative addition, that is, the tendency of interhalogens to dis-
proportionate giving rise to I, and X, molecules.***?!

The great importance of the experimental conditions and
the nature of the reactants in determining the outcome of
the reactions between dihalogens or interhalogens and
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donor molecules containing the >C=E (E=S, Se) group is
also proved in the case of the reaction of D1 or D2 with
IBr. In fact, by using a 1:4 molar ratio of D2/IBr, a [D2]**
dication featuring an intramolecular Se—Se bond and bal-
anced by two linear trihalides [a symmetric IX,” (X=13,/
Bry;) located in a special position and an asymmetric
BrIX~ (X=1I4/Brys;), both with mixed occupied halogen
sites] was isolated from CH;CN (compound IV, see
Figure 3). Both selenium atoms in the cyclic [D2]** dication
are involved in soft-soft Se--X interactions with the coun-

Br2'/1(2"
T
\

13)

\ Se
/ Bri(S)

Bri2)g 79/12)5 39

M
\__/ Bridlg 53/114)q 47

Figure 3. View of IV showing the numbering scheme adopted. Bond
lengths [A] and angles [°]: C(1)—Se 1.894(7), Se—Se' 2.3602(14), I(1)—
Br(5) 2.7539(13), 1(1)—X(4) 2.7768(12), 1(3)—X(2) 2.7752(10), C(1)—Se—
Se' 97.64(19), Br(5)-1(1)—X(4) 180.0, X(2)~1(3)-X(2) 178.49(4) [X(2)=
Symmetry code:

Br(2).70/1(2)0.305
71/2 —Z.

X(4)=Br(4)0.53/1(4)o.47] - i=—x,

13)

ter-anions to form continuous undulating two-dimensional
layers (Figure 4). Each layer consists of sinusoidal polymeric
successions of alternating head-to-tail interacting dications
and IX, units [Se--X 3.396(1) A] cross-linked by the
BrIX units through Se--X bridging interactions [Se-X
3.711(2) A; Figure 4].

Many authors have attempted to judge whether the differ-
ent products obtainable from the reactions of chalcogenone
donor molecules [>C=E (E=S, Se)] with halogens or in-
terhalogens would originate from a common intermediate
species. In particular, Husebye proposed that this species
would be the [>C-E—X]* cation (E=S, Se; X=I, Br),
which can undergo attack from an appropriate nucleophile
either on the chalcogen or halogen site.?? If the nucleophilic
species is a chalcogenone donor, both a [>C-E-E-C<]**
dication and a [>C-E—X—-E—C<]* monocation can be
formed. In the case of X~ as nucleophilic species, CT and
“T-shaped” hypervalent adducts are possible as products.??
Whether this cation really forms in solution has not been
proved in all cases considered, but it has been observed that
the charge distribution calculated on [>C—E—X]* can be of
great help in predicting the nature of the final pro-
ducts [14:23b]

With the aim of synthesising the first example of a “T-
shaped” I-Se—Cl hypervalent adduct by oxidative addition
of ICI to chalcogenone donor molecules, we treated D1 and
D2 with ICl under different experimental conditions. The re-
actions of D1 with ICl in a molar ratio of 1:4 in CH;CN
gave compound V, which yields microanalytical data slightly
different from those expected for the formulation D1-Cl,. X-

Y
) fpr(4)/|(4)

Br(2)/1(2) e
-~ /

™
NPLN

~

Figure 4. Partial view of the crystal packing in IV showing the selenium--halogen contacts (dashed lines). Bond lengths [A] and angles [°]: Se-X(4)
3711(2), Se-X(2) 3.396(1), Se--X(4) 3.711(2), Se-X(2) 3.396(1), Se=X(2)-1(3) 120.38(3), Se—X(4)-Se'i 145.13(4) [X(2)=Br(2)os/I(2)oz0 X(4)=
Br(4)os3/1(4)047]. Symmetry codes: i=—x, y, —'h—z;ii=—x, y, 'h—z;ili=—1+x,y, —'h—2z.
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ray diffraction analysis confirmed the formation of a “T-
shaped” hypervalent adduct featuring a Cl-Se—Cl moiety at
one chalcogen site of the donor molecule and a Cl-Se—X
(X=Clys6/1y14) moiety at the other chalcogen site (Figure 5),

C(4)

C(8)

Figure 5. View of V showing the numbering scheme adopted. For clarity
only those hydrogen atoms involved in intramolecular hydrogen bonds
(dotted lines) are shown. Bond lengths [A] and angles [°]: C(1)—Se(1)
1.882(5), Se(1)—X(1) 2.425(2), Se(1)—Cl(2) 2.548(2), C(6)—Se(2) 1.881(6),
Se(2)—Cl(3) 2.473(2), Se(2)—Cl(4) 2.361(2), C(1)—Se(1)—X(1) 92.01(18),
C(1)—Se(1)—CL(2) 82.96(18), ClL(2)—Se(1)—X(1) 174.76(5), C(6)—Se(2)—
Cl(3) 82.87(18), C(6)—Se(2)—Cl(4) 88.51(18), Cl(4)—Se(2)—CI(3)
171.55(6); CI(2)--H(7) 2.89, CI(2)—C(7) 3.784(5), C(7)—H(7)—Cl(2) 156;
CI(3)--H(3) 2.90, CI(3)-C(3) 3.769(6), C(3)~-H(3)—CI(3) 153 [X(1)=
Cose/I(Doal-

in agreement with a similar or even higher tendency of ICl
to disproportionate in comparison with IBr. Both hyperva-
lent groups in V are asymmetric as a result of the polarisa-
tion determined by weak intramolecular hydrogen-bonding
interactions similar to those observed in I-III (see Figures 1
and 5) and the mixed I/Cl occupancy observed at one halo-
gen site in one of the two hypervalent moieties (see the dis-
cussion above). Interestingly, within the same molecule of
adduct V, the overall length of the Cl-Se—X (X=CI/I)
group is longer than the corresponding distance in the Cl—
Se—Cl fragment (Figure5), with the Se—X bond length
shorter than the Se—Cl distance within the Cl-Se—X group,
analogously to what was observed for the [-Se—X (X =Br/I)
groups in I-III. “T-T” associations between the “T-shaped”
hypervalent moieties of different units of V, and involving I/
Cl-bridging Se--X soft-soft interactions, give rise to chain-
like supramolecular assemblies in the crystal lattice similar
to those observed in the cases of I and II (see the Support-
ing Information).

Two different compounds, forming as orange and black
crystals were obtained from a CH;CN solution of D2 and
ICI (molar ratio of 1:4) after slow evaporation of the solvent
at room temperature. X-ray diffraction analysis of both
types of crystals was undertaken to ascertain their nature.
The orange crystals, which are the minor reaction product,
were found by crystallographic analysis to be the adduct
D2.Cl, (VI); this features two almost linear “T-shaped” Cl—
Se—Cl hypervalent moieties (Figure 6). The two hypervalent

Chem. Eur. J. 2011, 17, 11497-11514

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Figure 6. View of VI showing the numbering scheme adopted. For clarity
only those hydrogen atoms involved in intramolecular hydrogen bonds
(dotted lines) are shown. Bond lengths [A] and angles [°]: C(1)—Se(1)
1.901(5), Se(1)—Cl(1) 2.3858(13), Se(1)—Cl(2) 2.5071(13), C(7)—Se(2)
1.879(5), Se(2)—Cl(3) 2.3746(16), Se(2)—Cl(4) 2.5089(15), C(1)—Se(1)—
CI(1) 8829(14), C(1)-Se(1)-Cl(2) 86.00(14), CI(1)—Se(1)—Cl(2)
174.20(5), C(7)-Se(2)—CI(3) 86.22(15), C(7)-Se(2)-Cl(4) 84.84(15),
CI(3)—Se(2)—Cl(4) 171.04(5); Cl(2)-~-H(6b) 2.86, CI(2)—C(6) 3.719(5),
C(6)-H(6b)—Cl(2) 145; CI(2)--H(8) 2.69, CI(2)—C(8) 3.520(5), C(8)—
H(8)—Cl(2) 146; Cl(4)--H(3) 2.93, Cl(4)—C(3) 3.766(5), C(3)—H(3)—Cl(4)
147.

fragments are asymmetric, with the longer Se—Cl distances
associated with the halogen atoms involved in intramolecu-
lar hydrogen bonds, similarly to what we have already ob-
served for I-III and V (see Figures 1, 5, 6 and the Support-
ing Information). Interestingly, and as already observed in
other asymmetric X—E—X hypervalent systems (E=S, Se;
X =Br, I),l*"! the shorter chalcogen—halogen distances in VI
are those associated with the halogen atoms involved in in-
termolecular soft-soft selenium--halogen contacts. In the
case of VI, “T-T” pair-wise adduct associations through
Se-Cl contacts lead to ladder-like supramolecular assem-
blies through the formation of square-planar 12-Se—4 hyper-
valent arrangements (Figure 7).

The black crystals, which constitute the major product of
the same reaction affording VI (see above), were shown by
crystallographic analysis to consist of co-crystallised D2-Cl,
adduct units and diiodine molecules having the formulation
D2.Cl,I, (VII), in good agreement with elemental analysis
results. Both the hypervalent adduct and the diiodine mole-
cules are located on crystallographic inversion centres, the
Cl—Se—Cl fragments being asymmetric [Se—CI(1) 2.3793(7),
Se—ClI(2) 2.4763(7) A]. The D2-Cl, and I, units interact
head-to-tail through Cl--I soft-soft interactions of
3.249(1) A involving the chlorine atom [CI(2)] associated
with the longest Se—Cl bond length in the hypervalent frag-
ment, thus forming extended chains. These chains are cou-
pled pair-wise by Se--Cl “clip contacts” of 3.231(1)A at
square-planar 12-Se—4 hypervalent arrangement joints
(Figure 8). The resulting ribbons interact through Cl--Cl

— 11501
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cI(3")

Figure 7. Partial view of the crystal packing in VI showing the sele-
nium-~halogen contacts (dashed lines). Bond lengths [A] and angles [°]:
Se(1)--CI(1Y) 3.259(1), Se(2)--Cl(3%) 3.617(2), Cl(1)—Se(1)—CI(1}) 88.13(3),
Cl(2)=Se(1)—CI(1Y) 97.49(4), CI(3)-Se(2)—CI(3") 107.43(4), Cl(4)—Se(2)—
CI(3") 81.42(4). Symmetry codes: i=x, 1y, z—'/; ii=x, 1-y, z+ ).

contacts of 3.465(1) A that involve the symmetry-related
chlorine atoms [CI(1)--CI(1%), iii=—x, y, —'/—z] associated
with the shortest Se—Cl distance in the hypervalent frag-
ments of the D2-Cl, unit to give supramolecular two-dimen-
sional layers (Figure 8).

Interestingly, the reaction of D2 with ICl (molar ratio of
1:2) in CH,Cl, afforded compound VIII featuring a Cl—Se—
X (X=Cly,/1yg) moiety at one chalcogen site of the donor
molecule and an X—Se—X' (X=Clyss/Tpes; X =Clyse/Io14)
moiety at the other (Figure 9). The two hypervalent groups
are approximately linear and perpendicular to the associated
organic penta-atomic ring. Furthermore, the Se—X (X=Cl/
I) bonds [2.5988(6)-2.6409(10) A] are shorter than the Se—
Cl distance [2.7590(11) A], with the Se—X distance decreas-
ing with increasing I content in the mixed occupied X posi-
tions [Se—X(3) >Se—X(4) >Se—X(1), see Figure 9] and fol-
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Figure 8. Partial view of the crystal packing in VII showing the sele-
nium--halogen and halogen--halogen contacts (dashed lines). The num-
bering scheme adopted for carbon atoms is the same as in Figure 6. Bond
lengths [A] and angles [°]: C(1)~Se(1) 1.893(3), Se(1)—Cl(1) 2.3793(7),
Se(1)~Cl(2) 2.4763(7), I(1)-1(1%) 2.7002(4), CI(1)--CI(1") 3.465(1),

CI2)-1(1)  3249(1), Cl2)-Se(1") 3231(1), Se(1)~Cl(1)—-CI(1%)
144.06(3), Se(1)-Cl(2)-Se(1™) 119.48(3), Se(1")-Cl(2)—I(1) 135.44(2).
Symmetry codes: i=—x, y, 'p—z; ii=1—x, 1-y, 1—z; iii=—x, y, —'h—2;
iv=x, 1-y, 'h+z.

lowing the same trend observed in I-1II and V, leading to
the conclusion that in 10-Se-3 Y—Se(—C<)—X (X#Y=I,
Br, Cl) hypervalent systems, the longer distance to the cen-
tral selenium atom is that involving the most electronegative
halogen site. This polarisation can also be the result of intra-
molecular hydrogen bonds and soft-soft selenium--halogen
or halogen--halogen interactions between hypervalent moi-
eties. In VIII, soft-soft X--X contacts between mixed occu-
pied halogen sites of two symmetry-related adduct units
form dimeric assemblies similar to those observed in the
case of III (see Figure 9 and the Supporting Information).
Furthermore, in VIII, the CI(2)—Se—Cl(1),,0/I(1)y5, moiety,
on the basis of the iodine content at the disordered halogen

Chem. Eur. J. 2011, 17, 1149711514



Oxidative Addition of Interhalogens to Organodiselone Ligands

Cltg 50/ 80
ci3h/ush

Cl4"/114"

e

Figure 9. View of a dimeric unit of VIII showing the numbering scheme
adopted. For clarity only those hydrogen atoms involved in intramolecu-
lar hydrogen bonds (dotted lines) are shown. Bond lengths [A] and
angles [°]: C(1)—Se(1) 1.880(4), Se(1)-X(1) 2.5988(6), Se(1)—Cl(2)
2.7590(11), C(7)—Se(2) 1.880(4), Se(2)—X(3) 2.6409(10), Se(2)—X(4)
2.6115(7), C(1)=Se(1)—X(1) 95.08(13), C(1)-Se(1)-Cl(2) 82.54(13),
X(1)-Se(1)—C1(2) 175.72(3), C(7)-Se(2)—X(3) 84.07(13), C(7)—Se(2)—
X(4) 89.70(12), X(3)—Se(2)—X(4) 173.70(3); C1(2)--H(8) 2.62, C1(2)—C(8)
3.529(5), C(8)-H(8)—Cl(2) 161.2; X(3)--H(3) 2.82, X(3)—C(3) 3.687(5),
C(3)-H(3)—X(3) 152.3; X(3)--X(1) 3.547(1), Se(1)~X(1)—X(3") 169.32(2)
[XM1)=Cl(Do2/I(Doso,  X(3)=Cl(3)os6/1(3)01s,  X(4)=Cl(#)035/1(4)oss]-
Symmetry code: i=1-x, 1-y, —z.

site, can be considered the closest ever reported to a pure
Cl—Se—I 10-Se-3 hypervalent system.

FT-Raman spectroscopy: The presence of independent hy-
pervalent adducts with Br—Se—Br or Br—Se—I moieties in
crystalline I and II can be assessed by FT-Raman spectros-
copy. The observed complexity of the FT-Raman spectra of
these two compounds in the low frequency region reflects
the disorder in their crystal structures and supports the si-
multaneous presence of different hypervalent systems in the
solid state (see the Supporting Information). The vibrational
properties of a Br—Se—Br system have been shown to re-
semble those of the [Br—X—Br]|~ (X=1, Br) anion.['2%26:27)
In fact, as already observed for selenium hypervalent Br, ad-
ducts, the FT-Raman spectrum of a symmetrical Br—Se—Br
group shows only a single peak near 160 cm™', as found in
symmetric Br;~ and [Br—I-Br]|~ anions. Asymmetric Br—Se—
Br groups display an additional and less intense peak at
around 190 cm™!, as found in asymmetric Br;~ and [Br—I—
Br]™ anions [calculated normal mode frequencies for XBr,~
(X=1, Br) anions in the gas phase are 89 (x,), 156 (o,) and
181 (0,) em™ for Bry~ (D) and 76 (), 153 (0,) and 163
(0,) em™ for IBr,” (D.;)].”* Similar considerations can be
applied to the vibrational properties of an [-Se—Br group,
which should resemble those of an [[-Br—Br]™ anion, for
which normal mode stretching frequencies have been calcu-
lated at 131 and 174 cm™" (I-Se—Br and [[-Br—Br]~ three-
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body systems can both be described within the same MO
bonding scheme (3c—4e) and show similarities in mass). Un-
fortunately, in I, II and III (the only example of a pure sele-
nium hypervalent IBr adduct so far reported),!'”! the Se—Br
distances are profoundly affected by an intramolecular hy-
drogen bond (see Figure 1 and the Supporting Information),
thus preventing a direct structural/vibrational comparison
with other selenium hypervalent Br, adducts or Br;~ and
IBr,” (DL, C.,) trihalides. However, the presence in the
FT-Raman spectra of I-III (see the Supporting Information
for II) of peaks that roughly correspond to the expected
stretching frequency modes either for the asymmetric Br;~
and [Br—I-Br]™ anions or for the [[-Br—Br]~ anion strongly
indicates the simultaneous presence of Br—Se—Br and Br—
Se—1 hypervalent systems in the crystal lattices of these
compounds.

Unfortunately, no vibrational spectroscopic data are avail-
able in the literature for chalcogen-hypervalent Cl, adducts
and, therefore, no structural/vibrational comparison of the
CI-E—Cl (E =S, Se) framework with the anions [CI-X—Cl]~
(X=I, Br) has been possible so far. The FT-Raman spec-
trum of compound VI, featuring Cl—Se—Cl moieties in
which the halogen sites are fully occupied by chlorine, is do-
minated by a broad band centred at 267 cm™; this can be as-
signed to the symmetric stretching vibration mode of the hy-
pervalent three-body system. A band at 251 cm™ is also
present in the FT-Raman spectrum of compound VII, but
this is dominated by a peak at 177 cm ™' due to the stretching
of the slightly perturbed diiodine molecule.’® The assign-
ment of the band at 267 cm™' in the case of VI and at
251 cm ™ in the case of VII is consistent with those previous-
ly reported for ICl,” salts characterised by Raman peaks in
the range 265-270 cm™ and attributed to the symmetric
stretching mode of the anion [calculated normal mode fre-
quencies for XCl,~ (X=I, Br) anions in the gas phase are
109 (), 218 (o,) and 249 (0,) cm™" for ICl,” (D) and 123
(m,), 232 (0,) and 249 (o,) cm ™ for BrCl,” (D,,)].* In the
FT-Raman spectrum of compound V, therefore, the peaks at
275 (very intense), 218 and 106 cm™ can be respectively at-
tributed to the o, and o, stretchings and the m, bending vi-
bration modes of the Cl—Se—Cl frameworks. However, three
other peaks, at 182, 131 and 75 cm™, are clearly visible in
this spectrum, with the first being more intense than the
second (see the Supporting Information). These peaks were
tentatively assigned to the symmetric and anti-symmetric
stretching and bending vibration modes, respectively, of the
Cl—Se—1 fragment which, according to structural data (see
above), should be present in the crystal lattice as a conse-
quence of the disorder observed at one halogen site
(Figure 5). The positions of these peaks agree fairly well
with the calculated normal mode frequencies of the anion
[I-Br—Cl]~ [94 (=), 150 (0,) and 217 (o,) cm '], considering
also that in V one Se—Cl distance in both hypervalent frame-
works is remarkably affected by an intramolecular hydrogen
bond (Figure 5), whereas the Se—X (X =Cl/I) moieties are
involved in intermolecular selenium--halogen interactions,
analogously to what happens in I and II for the Se—X (X=

— 11503

www.chemeurj.org



CHEMISTRY

V. Lippolis et al.

A EUROPEAN JOURNAL

Br/I) moieties (see Figure 2 and the Supporting Informa-
tion). The same criteria can be used for the interpretation of
the FT-Raman spectrum of compound VIII, which is domi-
nated by two broad partially-overlapping bands centred at
190 and 174 cm™'. Furthermore, the presence of peaks at
around 250, 224 and 112 cm™' indicates the simultaneous
presence of Cl-Se—Cl, Cl-Se—I and I-Se—I hypervalent sys-
tems in the crystal lattice of VIII, in agreement with the
structural data.

DFT calculations: Over the last few years, we have tried to
provide an answer to the question of whether chalcogen
compounds featuring either a linear I-Se(—C<)—X (X=(l,
Br) or a linear NC—Se(—C<)—X (X=Cl, Br, I) moiety
would be better considered as strongly polarised 10-Se—3
hypervalent compounds or [>C—Se—I]*-~X~ and [>C—Se—
CN]*-X~ ionic pairs."”*! Structural and theoretical evi-
dence tends to suggest the presence of partial covalent char-
acter in the Se—X bond and, therefore, a hypervalent nature
of the central selenium atom in these asymmetric systems as
compared with the symmetric X—Se(—C<)—X (X =1, Br, Cl)
moieties. The linearity observed for the [-Se—X [NC—Se—X]
groups so far structurally characterised could support this
view, although this is not direct evidence for the hypervalen-
cy of the selenium atom. In fact, also in the case of [>C—
Se—I]*--X"~ ionic pairs, the electrostatic interaction between
the two fragments is expected to be higher along the Se—I
vector. In our previous studies we observed that the widen-
ing of the >C—Se—X angle represents the most significant
change in the optimised structural parameters upon length-
ening one of the Se—X bonds of a symmetric X—Se—X (X=
I, Br) hypervalent system leading towards the [>C—Se—X]*
cation, all the other structural parameters being only slightly
changed.* 1721 In TII, the experimental >C—Se—T angles,
when compared with the calculated ones, are in agreement
with a different degree of covalency and, therefore, to a dif-
ferent degree of hypervalency in the two I-Se—Br groups,
which adopt intermediate situations between the two limit-
ing cases, namely purely ionic [[-Se]*-Brand covalent 3c-
4e I-Se—Br."”

DFT calculations so far performed on [>C—Se—X]?* cat-
ions (X=1I, Br, Cl) indicate a o* nature of the LUMO with
respect to the Se—X vector and the presence of a higher pos-
itive charge on the chalcogen atom with respect to the halo-
gen. Therefore, in terms of a
CT or donor-acceptor model
for the chemical bonding, the

Se—X distances found in the solid state for the I-Se(—C<)—
X moieties (X=Br, Cl), a donor—acceptor interaction be-
tween the lone pair of a halide ion X~ (X=Br, Cl) and the
LUMO of the cation [>C—Se—I]* would be possible and it
would give a linear, highly polarised I-Se—X moiety, the
amount of charge transferred from the X~ ion into the
LUMO of the cation [>C—Se—I]* mainly depending on the
electronegativity of the former.**'”:%*! Similarly, [>C~E—
CN]* cations (E=S, Se) from 1,3-dimethylimidazoline-2-
chalcogenone donors are characterised by a LUMO having
o* character with respect to the E-C—N vector and are sym-
metry-allowed to accept charge density from donor halides
trans-disposed to the cyano group to give highly polarised
NC—Se(—C<)—X (X=Cl, Br, I) three-body systems.”?”!

Analysis of the QTAIM properties at the BCPs of Se—C/
Se—X bonds in 1-17: To better establish the degree of hy-
pervalency of the selenium atom in chalcogen compounds
featuring either a linear I-Se(—C<)—X (X =Br, Cl) or linear
NC—Se(—C<)—I moiety and, therefore, the 3c—4e nature of
these compounds, we performed a topological electron den-
sity analysis on model compounds 1-17 (Scheme 2) based
on the quantum theory of atoms-in-molecules (QTAIM)P
approach developed by Bader and already applied with suc-
cess to other types of hypervalent systems.”) Non-hyper-
valent compounds 1-5 have also been considered as refer-
ence compounds for comparing QTAIM parameters (see
below). The structures of 6-17 were previously optimised at
the DFT level by using the LanL.2DZ basis set with effective
core potentials (ECP) for halogen atoms,!'*>!7%4 but in this
work d,p polarisation functions were also added. This im-
proved the match of the experimental Se—X bond lengths
(where available) with the corresponding calculated distan-
ces, although in general these continue to be slightly overes-
timated. Selected experimental and optimised geometric pa-
rameters for 1-17 and the Z matrices of optimised structures
have been deposited as Supporting Information.

According to QTAIM, any bonded atoms are connected
by a single line, “bond path”, of locally maximum electron
density, p, that originates a bond critical point (BCP), which
represents a minimum of p along the bond path. The exis-
tence of a BCP between two atoms, and consequently the
existence of a bond path, has been proposed as a universal
indicator of bonding interactions between pairs of atoms."")

two limiting cases for a linear x 1+ X’X

[-Se(-C<)-X (X=Cl, Br) Se Se Se” Se” X—Se—X X—Se-1
moiety, covalent and ionic, Se I N “N— \N/LN/ \N)\N/ \N)\N/ \N)\N/
would correspond, respectively, 7 “x g H \—/ \—/ \/ \/ \_/
to two and zero electrons re-

versed from X~ into the x=c1 1 4 5 X=cCl 6 X=Cl 9 X=Cl 12 X=Cl 15
LUMO of the cation [>C-Se= ) X=Br 7 X=Br 10 X=Br 13 X=Br 16
I]*, all possible intermediate

charge-transfer situations being X~ 3 X=I 8 X=1 1 X=I 14 X=CN 17
conceptually possible. At the Scheme 2.
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The sign of the Laplacian, 5?0, of the electron density at a
BCP indicates two limiting situations: 1) a negative value of
°p indicates a local charge concentration, which means
that the interaction is a covalent bond, and 2) a positive
value of /%o indicates charge depletion, which means a
closed-shell interaction as found in ionic bonds. It is also
possible to find a positive /%0 and a relatively high p at the
BCP, which indicates a covalent polar bond. Another impor-
tant parameter is the local electronic energy density at BCP,
H. The sign of H indicates whether charge accumulation at
the BCP stabilises (H <0) or destabilises (H>0) the bond-
ing interactions. Thus, a value of H <0 indicates that the in-
teraction shows a significant covalent contribution and,
therefore, a lowering of the potential energy associated with
the concentration of charge between the nuclei.*

The delocalisation index, 6(A,B), is a measure of the total
Fermi correlation shared between atoms A and B and indi-
cates the extent to which electrons are delocalised over any
pair of atoms and allows the determination of a bond order
for the A—B bond in which such atoms are connected by a
BCP.F" In the particular case of a formal 3c—4e bond (A—
B—C), Molina-Molina and Dobado used the index 6(A,C)
to determine the existence of such a hypervalent bond.F!

In this section, the QTAIM properties at the BCPs of all
bonds involving the selenium atoms in 1-17 are analysed.

The QTAIM properties at the BCPs of the Se—C bonds in
4-17 were calculated and the main results are summarised
in Table 1. The values of the calculated electron density, p,
at the BCP range from 0.15282 to 0.19604 au, whereas the
values of 7’0 range from —0.05735 to 0.04616 au with H
values all negative and ranging from —0.09123 to
—0.15221 au.

It is important to underline the following aspects/trends
of the calculated QTAIM electronic properties of the Se—C
bond in 4-17.

Table 1. QTAIM analysis of the Se—C bonds in 4-17.

FULL PAPER

1) The nature of the Se—C bond changes on going from 4 to
5. Bond distances, calculated charges on the atoms and
QTAIM parameters are considerably different for the
two compounds and the best summary parameter for this
change is the value of d(Se,C), which decreases from
2.07 in 4 to 1.41 in 5, with a change in the sign of the
charge on the carbon and selenium atoms [¢(C) and
q(Se), respectively].

2) In general, the Se—C bonds in the halogen adducts show
lower values of 6(Se,C) than in compound 5. Further-
more, it is possible to distinguish between the CT adducts
9-11, with values of around 1.20, and the “T-shaped” ad-
ducts 12-17 or cation derivatives 6-8 with 6(Se,C) values
close to unity.

3) The /%o values are negative for 4, 6-8 and 12-17, and
positive for 5 and 9-11. This observation is significant be-
cause the sign of /%o at the BCP of the Se—C bond
could represent an indirect criterion for classifying and
distinguishing different types of compounds (in particular
CT adducts from “T-shaped” hypervalent systems).

4) The local electronic energy density at the BCP, H, is neg-
ative in all cases, in agreement with a significant covalent
character of the Se—C bond in all examples considered.
Figure 10 shows the correlation between the calculated
Se—C bond length and the delocalisation index, 6(Se,C),
for 4-17. Accordingly, the strength of the Se—C bond in
these compounds can be considered to vary from very
strong (4) and strong (5) to intermediate (CT adducts),
and it is typical of a single bond for “T-shaped” adducts
and cations of the type [>C—Se—X]*.

The QTAIM properties at the BCPs of the Se—X bonds in
1-3 and 6-17 were also calculated and the main results are
shown in Table 2. Non-hypervalent compounds 1-3 were
used as references for comparison of the QTAIM parame-

ters. The p values calculated at
the BCP range from 0.02760 to
0.13330 au (o calculated at the

Bond 0 7% . H q(Se)t! g(O) 5(Se,C)t! BCP of the Se—CN in 17),
length [A] [au] [au] [au] whereas the values of %o
4 1753 019604 —0.05368 0.133 —0.15221  0.187 (0.151)  —0.330 (—0.519) 2.07 (2.03) Tange from —0.00655 to
5 1.830 0.16421  0.04616 0073 —0.10911 —0.181 (—0264)  0.627 (0220)  1.41(1.37) 0.07123 au, with the H values
all negative and ranging from
6 1897 015453 —0.04311 0164 —0.09294  0.565 (0.492) 0.689 (0189) 108 (LO4) o050 2003 nu
7 1898 015373 —0.03877 0149 —0.09213  0.457 (0.396) 0.692 (0.196)  1.09 (1.05) Hoes H7UZS atl.
8 1.899 015282 —0.03340 0.130 —0.09123  0.283 (0.255) 0.692 (0203)  1.10(1.05)  We wish to underline the fol-
lowing aspects/trends of the cal-
9 1867 015712 001142 0088 —0.09860  0.095 (0.058) 0.690 (0239) 121 (117) culated QTAIM electronic
WO O oo b oo OOCIN  DAS0D LA e of te Se-x bon
' ' ’ ’ ' ' ' ' ' ’ ’ in 1-3 and 6-17.
12 1.897 015476  —0.03625 0215 —0.09360  0.555 (0.466) 0758 (0262)  1.05 (1.03)
13 1.895 015483 —0.03387 0180 —0.09378  0.455 (0.357) 0.755 (0263)  1.06 (1.03) 1) The electronic parameters
14 1892 015492  —0.03039 0147 —0.09406 0310 (0.224) 0.746 (0.265)  1.07 (1.04) (0, 7, H, 8(SeX)) of the
15 1.893 015533 —0.03411 0169 —0.09445  0.421 (0.336) 0.758(0.266)  1.05 (1.03) Se~X bonds in non-hyperva-
16 1.893 015499 —0.03185 0.159 —0.09409  0.379 (0.286) 0751 (0.264)  1.06 (1.04) lent compounds 1-3 are
17 1.904 015427 —0.05735 0163 —0.09244  0.616 (0.494) 0.750 (0.267)  1.01 (1.00) very similar to those in cat-

[a] QTAIM net charge. The NPA charge [au] is shown in parentheses. [b] Delocalisation index for bonded

two-centres (QTAIM). The Wiberg index (NBO) is shown in parentheses.

Chem. Eur. J. 2011, 17, 11497-11514

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ionic species 6-8. The calcu-
lated 0(Se,X) values for 1-3
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Figure 10. Calculated Se—C bond length versus delocalisation index,
0(Se,C), for 4-17 (the inset shows the distribution of “T-shaped” adducts
12-17 and cations 6-8).

Table 2. QTAIM analysis of the Se—X bonds in 1—3 and 6-17.

the CT adducts exhibit lower values for p and 6(Se,X)
than the corresponding symmetric “T-shaped” adducts.
The reverse trend is observed for /%0 and H. In princi-
ple, it should also be possible to distinguish between CT
adducts and symmetric “T-shaped” adducts on the basis
of the delocalisation index 6(Se,X), which is about 0.60
for the former and around 0.74 for the latter.

3) In asymmetric I-Se—X “T-shaped” adducts 15 (X=Cl)
and 16 (X=Br) the calculated Se—I bond lengths are
shorter and the Se—X distances longer than the corre-
sponding bonds calculated for symmetric “T-shaped” ad-
ducts (12-14). This is reflected in the delocalisation
index 0(Se,X), which is close to about 0.80 for the Se—I
bonds and to about 0.70 for the Se—X (X =Cl, Br) bonds
(Table 2) in 15 and 16 as compared with the mean value
of 0.74 found for symmetric “T-shaped” adducts 12-14.
In agreement with the negative value calculated for the
QTAIM parameter H (Table 2), both Se—X bonds in the
asymmetric [-Se—X “T-shaped” adducts have a covalent

nature with a higher polar
character for the bond with

the more electronegative

Se—X  Bond 2 e H X)lal o(Se,X)Mb! o(X,X)l
length [A] ’E)au] [valﬁ [au] 1) (SeX) (X.X) halogen atom. Therefor.e
1 Se—Cl 2.197 0.10836  0.04754 0.153 —0.04262 —0270 (—0.205) 122 (0.98)  0.15 (0.09) these systems can be classi-
2 Se-Br 2362 0.09380  0.00810 0.124 —0.03496 —0.169 (—0.111) 126 (1.01)  0.16 (0.10) fied as 3c—4e systems, analo-
3 Se-l 2558 0.07944 —0.00586 0.086 —0.02732  0.001 (0.034) 130 (1.03) 0.7 (0.11) gously to CT adducts and
symmetric “T-shaped” ad-
6 Se—Cl 2214 0.10627  0.03543 0.136 —0.04101 —0231(—0.173) 1.18 (0.95) ducts.
7 Se-Br 2379 0.09213  0.00084 0.118 —0.03397 —0.113 (—0.074)  1.20 (0.97 .
8 Se-1 2576 0.07754 —0.00655 0.091 —0.02647  0.083 50.082)) 122 20.98; 4) We recently elucidated the
crystal structure of com-
9 Se—Cl 2616 0.05083  0.07123 0.073 —0.00649 —0.148 (—0.206)  0.65 (0.42)  0.26 (0.31)¥ pound 17, which represents
10 Se—Br 2.808 0.04163 0.05269 0.070 —0.00516 —0.095 (70.145) 0.60 (0.37) 0.22 (0.26)[d] a rare case of an asymmetric
11 Se-T  3.024 0.03439  0.04134 0.068 —0.00389 —0.031 (—0.078) 0.55 (0.31)  0.17 (0.21)¥ “T-shaped” adduct formally
12 Se—Cl 2489 006214 006982 0145 —0.01328 —0.530 (=0.507) 0.74 (0.51)  0.15 (0.18) derived from the oxidative
13 Se-Br 2.670 0.05356  0.04755 0129 —0.01084 —0.478 (—0.453) 0.73 (0.51)  0.19 (0.24) addition of ICN to 5.”) We
14 Se-1  2.886 0.04598  0.03231 0.112 —0.00846 —0.395(—0.380) 074 (0.49)  0.25 (0.32) described the system as a
strongly polarised selenium
15 Se-Cl 2532 0.05736  0.07087 0.124 —0.01081 —0.536 (—0.518)  0.68 (0.44)  0.20 (0.24) hypervalent adduct on the
15 Se-1 2842 0.04969  0.02809 0.128 —0.01030 —0.385 (—0.368)  0.80 (0.57) ! e
16 Se—Br 2.691 0.05141  0.04982 0.119 —0.00974 —0.488 (—0.464) 070 (0.46)  0.22 (0.28) basis of the directionality of
16 Se-T  2.863 0.04791  0.02977 0.121 —0.00941 —0.385 (—0.366)  0.77 (0.54) the I-~-Se—CN moiety, the
17 Se—CN 1.950 0.13330  0.02119 0228 —0.07093 —0.499 (—0.399)I! 0.97 (0.87)1 0.08 (0.14)'! value of the angle C—Se—
17 Se-1 3158 0.02760  0.03864 0.019 —0.00220 —0.631 (—0.662) 0.4 (0.23) CN, charge distribution and
[a] QTAIM net charge. The NPA charge [au] is given in parentheses. For calculated QTAIM (NPA) charges nature of the LUMO orbital
on selenium [g(Se)] in 6-17 see Table 1; g(Se)=0.540 (0.410) (1), 0.338 (0.222) (2), —0.001 (—0.069) (3). in the cation [S-CN]*.

[b] Delocalisation index for bonded two-centres (QTAIM). The Wiberg index (NBO) is given in parentheses.
[c] Delocalisation index for non-bonded non-adjacent two-centres (QTAIM). The equivalent Wiberg index

QTAIM calculations appear

(NBO) is given in parentheses. [d] 6(Se,X’). The Wiberg index (NBO) is given in parentheses. [e] QTAIM to confirm this view, with
(NPA) net charge on CN [au]. [f] 5(Se,C). The Wiberg index (NBO) is given in parentheses. [g] 0(I,C). The values of 0.97 and 0.44 for
Wiberg index (NBO) is given in parentheses.

2)

and 6-8 (formally all non-hypervalent selenium com-
pounds) range from 1.18 to 1.30, the highest values
within the families of compounds considered, and typical
of polar-covalent and covalent bonds.

CT adducts 9-11 and symmetric X—Se—X “T-shaped” ad-
ducts 12-14 (X =Cl, Br, I) are also characterised by simi-
lar QTAIM parameters for the Se—X bonds. However,

the delocalisation index and

negative values of —0.07093

and —0.00220 for H calcu-
lated for the Se—CN and Se—I bonds, respectively (see
Table 2).

A clear trend can be established between the QTAIM pa-
rameters calculated at the BCPs of both Se—C and Se—X
bonds on passing from CI to I in each type of compound
considered. Furthermore, the observations underlined for
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the delocalisation indexes d(Se,C) and d(Se,X) apply also to
the calculated Wiberg indexes for the Se—C and Se—X
bonds (see Tables 1 and 2), although the values of the latter
indexes are slightly smaller.

Another important QTAIM parameter is the ellipticity, e,
at the BCP, which is a measure of the cylindricity of the
charge distribution in a bond and, therefore, a measure of
the & character in a bond.”” & values close to zero indicate
an axial symmetry (usually a single or triple bond) whereas
higher values indicate partial ; character. Calculated ¢
values at the Se—X BCP of model compounds 1-3 and 6-8
are very similar and decrease in both series on passing from
Cl to Br and I. As compared with 1-3 and 6-8, the CT ad-
ducts 9-11 are characterised by smaller ¢ values, whereas
the “T-shaped” adducts 12-16 have ¢ values higher than the
CT adducts and similar to those calculated for the model
compounds 1-3 (Table 2). Ellipticity cannot be used to de-
termine the hypervalent character of a bond but, in this
case, it appears useful to indirectly distinguish a Se—X bond
from a “T-shaped” or CT adduct. Similar conclusions can be
drawn from the analysis of the & values at the Se—C BCP
(Table 1).

The delocalisation index o0(X,X) (see Table 2) for non-
bonded non-adjacent atoms has also been used previously to
characterise 3c—4e systems.”!! In our case, a slight increase is
observed for this calculated parameter on passing from non-
hypervalent selenium compounds 1-3 to CT and “T-shaped”
adducts 9-17 (Table 2). These values for 0(X,X), although
quite low, do not lie close to zero, and this could already be
considered an indication of a 3c—4e bond nature of the X—
Se—X (X=1, Br, Cl) and I-Se—X (X=Br, Cl, CN) moieties
in 12-14 and 15-17, respectively. However, the variation in
the calculated values of 6(X,X) does not permit a clear dis-
tinction between genuine non-hypervalent compounds (1-3)
and hypervalent systems. It appears that Wiberg bond in-
dexes (see Table 2) are slightly more sensitive to the nature
of the bond and could better distinguish hypervalent from
non-hypervalent systems.

Therefore, we have calculated a three-centre (3c) delocali-
sation index 6(A,B,C) for 1-17, which should be a better in-
dication of 3c—4e bonding in selenium hypervalent systems
within the QTAIM framework. Selected values of 6(A,B,C)
are reported in Table 3 (see the Supporting Information for
calculated 6(A,B,C) indexes for 9-17). The negative values
of this index for the Se—X—X and X—Se—X (X=I, Br, Cl)
moieties in 9-11 and 12-17, respectively, indicate 3c—4e bon-
ding.®®¢ For 2c—2¢ non-hypervalent compounds 1-3, the
much lower absolute values calculated for 6(X,Se,X) clearly
indicate the utility of this parameter for distinguishing be-
tween hypervalent 3c—4e compounds and 2c-2e systems. In-
terestingly, for CT adducts 9-11, the index 6(Se,X,X) de-
creases with decreasing electronegativity difference between
the selenium and halogen atoms; the reverse trend is ob-
served in the corresponding “T-shaped” adducts 12-14. In
all cases, except for 12 and 17, the highest calculated 3c
index 6(A,B,C) corresponds to that in Table 3. For 12 and
17, the highest 3c delocalisation indexes were calculated for
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Table 3. Values of the three-centre delocalisation index (A,B,C)P® for
selected moieties in compounds 1-3 and 9-17.

0(X,Se,X) 0(Se,X,X) 0(Se,C\N)
1 —0.075
2 —0.081
3 —0.070
9 —0.354
10 —0.293
1 —0.192
12 —0.147
13 —0.209
14 —0.282
15 —0.203
16 —0.243
17 —0.074% —0.063

[a] The reported value refers to 6(1,Se,C).

the C—N—C frameworks in the penta-atomic ring, and are
around —0.15. In 17, the calculated 3c delocalisation index
0(1,Se,C) is much lower than d(Se,X,X) for 9-11 and
0(X,Se,X) for 12-16. However, its negative value indicates a
3c—4e nature for this very polarised system with marked
ionic character of the Se—I bond (see the Supporting Infor-
mation for the p(r) and /°o(r) contour plots around the Cl—
Se—1I, Br—Se—1 and I-Se—CN moieties in 15, 16 and 17, re-
spectively).

Overall we can draw the same conclusions about the
nature of the bonds involving the selenium atom in the com-
pounds considered, especially those highly polarised (15-
17), by taking into account the electron population in the
natural molecular orbitals involved in the chemical bonding
of the hypervalent moieties (Table 4). In particular, it is im-
portant to compare the amount of charge transferred to the
anti-bonding MO (0%*,3) in the case of 2c-2e (1-3) and 3c-
4e bonds (9-17) with different degrees of polarisation.

Table 4. Electron occupancies of the three valence NBOs 0,5, 0%, and
n, participating in the chemical bonding of the hypervalent moieties.

A-B-C Oap 0%z n, Total®!
1 Cl-Se—Cl 1.997 0.058 1.935 3.990
2 Br—Se—Br 1.997 0.059 1.934 3.990
3 [-Se—1 1.998 0.056 1.938 3.992
9 ClI-Cl-Se 1.993 0.518 1.345 3.856
10 Br—Br—Se 1.994 0.430 1.416 3.840
11 I-1-Se 1.993 0.331 1.482 3.805
12 Cl-Se—Cl 1.973 0.416 1.538 3.927
13 Br—Se—Br 1.964 0.477 1.483 3.924
14 I-Se—1 1.951 0.546 1.411 3.909
15 [-Se—Cl 1.954 0.413 1.550 3917
16 [-Se—Br 1.953 0.468 1.494 3915
17 NC—Se-1 1.976 0.204 1.715 3.895

[a] Total electron occupancy: G+ 0% 45+ 1.

Topological analysis of the electron-localisation function:
The topological analysis of the electron-localisation function
(ELF) provides a picture of the electron-pairing regions in
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the molecular space for a given distribution of nuclei and as-
sociated electron density.® The ELF distributes the elec-
tron density within basins that can be classified as either
core or valence basins. The core basins correspond to the
core shells of electrons for each atomic species in the mole-
cule, the valence basins correspond to the bonding and non-
bonding valence electrons and are organised around and/or
between core basins. Valence basins closely match the elec-
tronic domains defined by Gillespie and Hargittai in the
VSEPR model.l"!

The number of core basins, C(A), connected to a given
valence basin determines its synaptic order: the valence
electrons shared by two interacting atoms, A and B, define a
disynaptic valence basin, V(A,B); the lone pairs around a
given core basin C(A) are denominated monosynaptic va-
lence basins, V(A). The proton is a special case because it
has no core electrons.”” Figure 11 shows the localisation
basins for molecules 1-17. Around the selenium atom in
each compound considered except for 5, 9-11 and 17, two
well-separated monosynaptic valence basins can be recog-
nised (Figure 11). Compound 5 exhibits a toroidal shape for
the single V(Se) monosynaptic basin corresponding to the
two selenium lone pairs, which therefore, cannot be distin-
guished. Analogously, the only valence basin V(Se) calculat-
ed around the selenium atoms in the CT adducts 9-11 can
be considered as a toroid with a section removed corre-
sponding to the bond with the dihalogen.

Compounds 1-3 and 6-8 (2c-2e systems) have a distorted
tetrahedral (disphenoidal) disposition of the V(A) and

H&dy T s}
-2k Ak
FLop o
a@’ @l"%t ozg"

Hca) V(C.H) HV(AB) BV(A)

Figure 11. Electron localisation function (ELF) for 1-17 (the isosurfaces
include points at which the localisation domain for the ELF is set equal
to 0.7 for all molecules).
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V(A,B) disynaptic valence basins around the selenium
atom, whereas in 12-14 (3c—4e systems), 15, 16 (polarised
3c—4e systems) and 17 (a very polarised 3c—4e system), the
disposition is trigonal bipyramidal (tbp). The disposition of
the valence attractors around the selenium atom in the CT
adducts 9-11 (3c—4e systems) is more difficult to define due
to the shape of the V(Se).

Test control compounds 1-3 have different forms for the
valence basins V(Se,X) (X=Cl, Br, I, green in Figure 11)
depending on the halogen atom. The V(Se,Cl) in compound
1 merges with V(CI). This type of topology in ELF is ob-
served for large central atoms bound to very electronegative
ligands and corresponds to bonds characterised by a marked
ionic character.*!) The V(Se,Br) and V(Se,I) basins in com-
pounds 2 and 3, respectively, are situated between C(Se)
and C(X). The same situation is observed for cations 6-8.
We also found that the V(LI) in compound 11 merges with
the C(I) of the terminal iodine."*!!

Topological analysis of the ELF, therefore, better reveals
the distribution of the non-bonding electron-pairs around
the selenium atom, which depends on the nature (2c—2e or
3c—4e) of the compound formed. The V(Se) in CT adducts is
a half-toroid, which reveals a delocalised non-bonding elec-
tron density like that in compound 5. On the other hand,
the V(Se) in compounds 1-3, 6-8 (2c—2e systems) and in 12—
16 (3c—4e systems) shows two better-defined lobes, which
clearly establishes the geometry around the selenium atom.
The ELF analysis for compound 17 is quite interesting as it
clearly reveals for V(Se) a shape intermediate between that
observed for a “T-shaped” compound (12-16) and that for a
pure ionic fragment (6-8).

The ELF analysis permits core basins to be distinguished
from valence basins and to calculate the electron population
in such basins. N,(Se) represents the number of electrons in
the valence shell (shared and unshared electrons) of seleni-
um atoms of 1-17 (see the Supporting Information). This
parameter could help to differentiate the hypervalent bond
formation. By definition, hypervalent atoms do not obey
Lewis’ octet rule and thus, for them, the number of elec-
trons in the valence shell would be larger than 8. Examina-
tion of the N,(Se) values from the ELF analysis of com-
pounds 1-17 reveals that only compounds 1-3 and 6 would
obey the octet rule. On the other hand, compounds 4, 5, 7
and 8 have N,(Se)>8, even though the selenium atoms in
these compounds are involved in 2c—2e bonds and are not in
a hypervalent state. According to Silvi and co-workers,*!
this non-fulfilment of the octet rule would occur for two rea-
sons: 1) the small difference in electronegativity between
the selenium and the atoms bound to it and 2) the involve-
ment of selenium 3d electrons.

According to our ELF analysis of 1-17, the number of
electrons calculated in the core basin of the selenium atom,
C(Se), falls between 26.5 and 27.5, and therefore below the
theoretical value of 28. This means that core electrons are
“migrating” to the valence basins, V(Se) (unshared elec-
trons) or V(Se,X) (shared electrons). Therefore N,(Se) does
not clearly indicate when the selenium atom is in a hyperva-
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lent state and involved in a 3c—4e bond, as has already been
demonstrated.P4

However, some interesting trends can be observed from
the graph of XV(Se) versus XV(Se,X) derived from the
ELF analysis of our compounds 1-17 (Figure 12).

unshared e-
increase
shared e- shared e+
decrease increase
unshared e-
2 decrease
=
©
<@ 15
@ 8
= v
L v
2 17
s 7 ]
Al
N,(Se)=9.95
N,(Se)=8.07
N,(Se)=6.55
1 4 5

3
TV(Se,X), electrons

Figure 12. Distribution of the electron populations of the valence basins
(see the Supporting Information) for the selenium atoms in compounds
1-17. Diagonal lines represent the value of N,(Se). The grey zone shows
the limit within which the 3c—4e compounds appear.

CT and “T-shaped” adducts gather in the grey zone of the
graph with 23<X¥V(Se,X)<3.3, 5.7<XV(Se)<6.6 and
8.1 < N,(Se) <10.0. Considering the series 1-3 (non-hyperva-
lent compounds, blue line), an increase in the number of
electrons in both the V(Se) and V(Se,X) valence basins is
observed on decreasing the electronegativity of the halogen.

Compounds 4 and 5 feature almost the same number of
electrons in V(Se,C). On the other hand, there are about 1.5
more electrons in the V(Se) in 5 than in 4. These additional
1.5 electrons in the V(Se) of 5 could come from the imida-
zoline ring, but the calculated electron population of the se-
lenium core basin (27.3 and 26.5 for 4 and 5, respectively)
clearly indicate that core electrons contribute to the popula-
tion of V(Se) in 5.

The series of ionic compounds 6-8 (yellow line in
Figure 12) is quite different from the series 1-3. On decreas-
ing the electronegativity of the halogen atom only the elec-
tron population of V(Se,X) changes by increasing from 1.6
to 4.1, whereas the population of V(Se) (unshared electrons)
remains nearly constant.

On passing from 5 to 6-8, therefore, a decrease in the un-
shared electrons on the selenium atom is observed. If the
halogen is more electronegative as chloride, the formation
of cation 6 also produces a reduction in the shared electrons
around the selenium atom. However, if the halogen is
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iodine the shared valence basin V(Se,X) increases its popu-
lation.

On passing from 5 to CT (9-11) and “T-shaped” (12-16)
adducts a redistribution of electrons in both valence basins
V(Se) and V(Se,X) is observed depending on the nature of
the adduct. In particular, “T-shaped” adducts undergo a
more marked reduction of the electron population in V(Se)
compared with CT adducts. The formation of 17 causes a re-
duction of the electron population in the V(Se) of 5 to the
level of that calculated for 6-8 but a remarkable increase of
the population in V(Se,X). It can be seen that CT and “T-
shaped” dihalogen adducts and “T-shaped” interhalogen ad-
ducts of §, in terms of the electron population of the valence
basins V(Se) and V(Se,X), are disposed inside the triangle
defined by the vertices 5-6-8 and the edges 5-9-6, 6-7-8 and
5-11-8 (Figure 12).

Energetics of the reactions of imidazoline-2-selone donors
and halogens and interhalogens: In previous work we per-
formed DFT calculations to gain a deeper insight into the
kinetic and thermodynamic aspects of the reaction pathways
that lead to the formation of CT or “T-shaped” adducts
from the reactions of donor molecules containing the >C=
E (E=S, Se) group and halogens X, (X=Cl, Br, ).
Hypervalent “T-shaped” adducts are generally more stable
than CT adducts and the formation of the [>C—E-X]*
cation as an intermediate in the process leading to the dif-
ferent types of products was proved not to be strictly neces-
sary because the direct interconversion of the CT into the
“T-shaped” adducts is directly accessible.”* As a conclusion
of our analysis of the nature of the bonds in 9-17 according
to QTAIM theory, we wanted to see whether thermodynam-
ic parameters related to the formation of CT and “T-
shaped” adducts could be correlated with parameters from
the QTAIM analysis, in particular, the energy density at the
Se—X BCP. The theoretical gas-phase enthalpy changes at
298 K and 1 atm for the reactions depicted in Scheme 3 are

X
/X
S|e Sé
reactions \N)\N/ + X, \N)\N/
a—-c \__/ .
1 X=Cl
10: X =Br
11: X=1
ﬁc X—Se—Y
reactions SNTONT + XY — \NJ\N/
d-i \—/ \—/
12: X, Y=Cl
13: X,Y = Br
14: X, Y =1
15: X=CLY=1
16: X=Br,Y=1
17: X=CN,Y =1
Scheme 3.
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reported in Table 5. The “T-shaped” conformers 12-14 are
more stable than the corresponding CT adducts 9-11 by
24.8, 11.3 and 1.4 kcalmol ™!, respectively. The energy differ-

Table 5. Theoretical gas-phase enthalpy change for the reactions depict-
ed in Scheme 3 at 298 K and 1 atm.

Reaction Product AH?® [kcalmol ']
a 9 —14.3
b 10 —14.7
c 11 —13.6
d 12 —39.1
e 13 -26.0
f 14 —-15.0
e 15 238
h 16 -20.1
i 17 32

[a] Basis set superposition error (BSSE) corrections by the counterpoise
method have been applied.[*>*!

ence between the “T-shaped” and CT adducts decreases
with decreasing halogen electronegativity or increasing halo-
gen atomic number, as has previously been reported.**>!
Furthermore, the second-order perturbation analysis of the
Fock matrix in the NBO basis was carried out and the nc—
o*,p delocalisation interactions and stabilisation energies
AEI(.]?) were evaluated for 1-3 and 9-17 (see the Experimen-
tal Section). Interestingly, AEEJ.Z) (see the Supporting Infor-
mation) significantly decreases on going from 9 to 11 (CT
adducts), whereas a slight increase is observed on going
from 12 to 14 (“T-shaped” adducts). Furthermore, the
second-order stabilisation energies calculated for the 2c—2e
systems 1-3 are much lower than those calculated for the
3c—4e systems 9-16; in the case of 17, AEE/.Z), although much
lower than the values found for 9-16, is still about three
times higher than for 1-3. Interestingly, both theoretical
AH?* (Table 5) and AE(” (see the Supporting Information)
are correlated with the energy density at the Se—X BCP (H,
from the QTAIM analysis) with a discontinuity in the trends
observed on passing from CT to “T-shaped” adducts (see
Figure 13), which at the moment is not easy to explain (this
difficulty arises mainly from the fact that the AIM proper-
ties are highly localised). However, this could represent a
further way to differentiate CT from “T-shaped” adducts be-
tween donor molecules containing >C=E (E=S, Se)
groups and dihalogens X, (X=ClI, Br, I) or interhalogens IX
(X=Cl, Br).

Interestingly, a linear relationship is observed in the case
of halogen and interhalogen “T-shaped” adducts between
the calculated gas-phase enthalpy change, AH>*® (reactions
d-h in Scheme 3 and Table 5), and the energy density, H, at
the BCP of Se—X. AH>® decreases (the formation reaction
is more exothermic) with decreasing H (higher covalent
contribution at the BCP of the Se—X bond, in the case of
asymmetric “T-shaped” adducts the H value in Figure 13 is
the mean of the H values calculated for each of the two Se—
X bonds). The correlated decrease of both AH>® and H fol-
lows the increase in the electronegativity of the halogen, in
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Figure 13. a) Theoretical gas-phase enthalpy change (AH>* Table 5) for
the formation of 9-16 (Scheme 3) and b) the second-order stabilisation
energy (AEE/Z), see the Supporting Information) versus energy density at
the Se—X BCP (H, from the QTAIM analysis, Table 2).

agreement with the experimental observation that “T-
shaped” adducts are formed in preference to CT adducts on
increasing electronegativity difference between the halogen
and the chalcogen (see above). The formation of CT adducts
is characterised by similar calculated AH>*® values (—14.3 to
—13.6 kcalmol "), higher than those calculated for “T-
shaped” adducts, despite the H values decreasing with in-
creasing halogen electronegativity. Presumably in this case,
the formation of the Se—X bond is not determinant in defin-
ing AH?® in contrast to what is expected on the basis of
chemical intuition. Although the discontinuity observed in
the correlation of AE[ versus H is also not easy to explain,
we wish to underline it because possible correlations be-
tween different experimental (or calculated) physicochemi-
cal quantities and AIM properties at BCPs are starting to
attract the attention of many researchers.™! Interestingly, al-
though for “T-shaped” adducts AE,(.]?) does not change signif-
icantly on changing H (85-105 kcalmol™, the highest value
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is for the least electronegative halogen), for CT adducts a
significant linear increase in AEEJ.” is observed with decreas-
ing H, always following the increase in the electronegativity
of the halogen. Therefore the stabilisation energy associated
with delocalisation from “filled” (donor) Lewis-type NBOs
to “empty” (acceptor) non-Lewis NBOs (nx—o%*g x and
ng, —0*x_x for “T-shaped” and CT adducts, respectively) ap-
pears to be more strongly correlated in the case of CT ad-
ducts to the energy density, H, at the Se—X BCP derived
from the AIM analysis, in agreement with the donor—accept-
or nature of these compounds.

Conclusion

“T-Shaped” adducts featuring I-Se—X (X =Cl, Br) moieties
are extremely rare. As part of a comprehensive study of the
reactivity of the interhalogens IBr and ICI towards imidazo-
line-2-selone derivatives, we have isolated and fully charac-
terised the first examples of this class of compound, which
in the solid state feature interesting supramolecular arrays
through chalcogen--halogen and halogen--halogen secon-
dary bonds (soft-soft interactions). Although the adopted
synthetic strategy suffers from a tendency of interhalogens
IX (X=Cl, Br) to disproportionate, giving rise to I, and X,
molecules that in turn can also undergo oxidative addition
to the organic substrate, it has proved to be successful and
facile approach, and it has allowed the preparation of the
first examples of I-Se—X (X =Cl, Br) hypervalent systems.
Although the structural data indicate a strong polarisation
of the I-Se—X (X =Cl, Br) three-body systems, with Se—X
distances being longer than the Se—I ones, an analysis of the
QTAIM properties at the BCPs of the Se—I and Se—X
bonds in model compounds in the gas phase clearly still in-
dicates a 3c—4e bond nature for these kinds of systems with
a partial degree of hypervalency for the central selenium
atom. Therefore the nature of the bond in the I-Se—X (X =
Cl, Br) moieties in the isolated compounds can be consid-
ered as intermediate between the limiting cases of purely
[[-Se]*-X" ionic couples and covalent 3c4e I-Se—X “T-
shaped” adducts. On the basis of the QTAIM theory and
topological analysis of the electron localisation function
(ELF), different criteria are suggested to ascertain the hy-
pervalent nature of the selenium atoms in the compounds
considered and to distinguish CT from “T-shaped” adducts,
such as the three-centre delocalisation index 6(A,B,C), the
correlation between the stabilisation energy, AE;”, and the
energy density at the Se—X BCP (H, from the QTAIM anal-
ysis), and the electron distribution in the valence basins
around the selenium atom from the ELF analysis. In fact,
the hypervalency of the central selenium atom in the X—Se—
X (X=I, Br, Cl) and I-Se—X (X=Br, Cl) moieties, rather
than be defined by the total number of electrons in the va-
lence basins following the classic octet rule, could be better
defined by precise limits in the electron population of the
disynaptic and monosynaptic valence basins V(Se) and
V(Se,X), respectively.
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Experimental Section

General methods and materials: Microanalytical data were obtained by
using a Fison EA CHNS-O instrument (7=1000°C). FT-Raman spectra,
in the range 500-50 cm!, were recorded with a resolution of 2cm™! on a
Bruker RFS100 FT-Raman spectrometer fitted with an In-Ga—-As detec-
tor (room temperature) operating with a Nd-YAG laser (excitation
wavelength 1064 nm; 100 mW) with a 180° scattering geometry. All re-
agents were purchased from Sigma-Aldrich and were Ultrapure grade.
1,1'-Methylenebis(3-methyl-4-imidazoline-2-selone) (D1) and 1,2-ethyl-
enebis(3-methyl-4-imidazoline-2-selone) (D2) were prepared according
to literature methods.*!

Synthesis of D1-Brol;4 (I), D1-Bryzly; (ID), D2-Br,l, (III), [D2]**
(Brys3l1.47)” (Briglie)” (IV), D1-Clygely 4 (V), D2-Cl, (VI), D2-CLIL, (VI)
and D2-Cl, 41,5 (VIII): Compounds I-VIII were prepared from CH,Cl,
or CH;CN solutions of D1 or D2 (0.075 mmol) and IBr in molar ratios of
1:2 or 1:4 by slow evaporation at room temperature.

D1:Br, 1,0 (I): Prepared from a molar ratio of 1:2 of D1/IBr in CH;CN
solution, 58%  yield; elemental analysis caled (%) for
CoH,,Br, g1, oN,Se,: C 15.33, H 1.72, N 7.95; found: C, 1523, H 1.69, N
7.90.

D1:Br; 31,5 (II): Prepared from a molar ratio of 1:4 of D1/IBr in CH;CN
solution, 48%  yield; elemental analysis caled (%) for
CoH,,Br;501,70N,Se,: C 15.74, H 1.76, N 8.16; found: C 15.78, H 1.79, N
8.13.

D2:Br,I, (II): Prepared from a molar ratio of 1:2 of D2/IBr in CH;CN
solution, 33 % yield; elemental analysis calcd (%) for C,H,Br,I,N,Se,:
C 15.77, H 1.84, N 7.35; found: C 15.55, H 1.80, N 7.25.

[D21** (Brys3l;.47)” (Bryglig) (IV): Prepared from a molar ratio of 1:4 of
D2/IBr in CH;CN solution, 65% yield; elemental analysis calcd (%) for
C,oH,,Br,03157N,Se,: C 12.35, H 1.45, N 5.76; found: C 12.40, H 1.40, N
5.78.

D1:Cls g6l 14 (V): Prepared from a molar ratio of 1:4 of D1/ICI in CH;CN
solution, 41%  yield; elemental analysis caled (%) for
CoH ,Cl3g610.14N,Se,: C 22.12, H 2.47, N 11.46; found: C 22.10, H 2.48, N
11.44.

D2-Cl, (VI) and D2-CLJ, (VII): A CH;CN solution of D2 and ICI (1:4 re-
action molar ratio) afforded a few orange crystals of D2-Cl, (VI) and
black crystals of D2-Cl,I, (VII) in a yield of 30% after slow evaporation
at room temperature.

D2-Cl, (VI): Elemental analysis calcd (%) for C,,H;,CI,N,Se,: C 24.51, H
2.88, N 11.43; found: C 24.48, H 2.86, N 11.44.

D2.CLL, (VII): Elemental analysis caled (%) for C,,H,,CLL,N,Se,: C
16.15, H 1.90, N 7.53; found: C 16.13, H 1.92, N 7.51.

D2:Cly 1,5y (VIII): Prepared from a molar ratio of 1:2 of D2/ICI in
CH,Cl, solution, 32% yield; elemental analysis caled (%) for
CoH14ClL 41 50N, Se,: C 18.91, H 2.22, N 8.82; found: C 18.86, H 2.20, N
8.78.

Crystallography: A summary of the crystal data and refinement details
for the compounds discussed in this paper are given in Table 6. Diffrac-
tion data for D1-Bry 1,4 (I), D1-Brssl,5 (IT), D2-Br,I, (I),"” [D2]+
(Bryssligr) (Briglie) (IV) and D1-Cliglyy, (V) were collected at
150(2) K using w-0 scans on a Stoé Stadi-4 four-circle diffractometer
equipped with an Oxford Cryosystems open-flow cryostat using graphite-
monochromated Moy, radiation (1=0.71073 A). Diffraction data for
D2.Cl, (VI), D2-.CL,I, (VII) and D2.Cl, 1,5 (VIII) were collected at
150(2) K using w scans on a Bruker SMART1000 CCD area detector dif-
fractometer equipped with an Oxford Cryosystems open-flow cryostat
using graphite-monochromated Moy, radiation (1=0.71073 A). Datasets
were corrected for Lorentz and polarisation effects and for absorption:
numerical absorption corrections by face-indexing were applied to I-V,
whereas multi-scan corrections were applied to VI-VIIL*>** All the
structures were solved by direct methods using SHELXS97,4) except
that of VI, which was solved by heavy atom methods, and completed by
iterative cycles of full-matrix least-squares refinement and AF syntheses
using SHELXL97 with non-hydrogen atoms refined with anisotropic
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Table 6. Summary of the crystallographic data for I, I and TV-VIIL

I I v \% VI viI VIII
formula CoH;Bryg1l109NsSe;  CoHypBrssolg70NoSe;,  CigHpuBrogsls pNuSe,  CoHpClygelo1aNuSe,  CioH 1y CLNLSe,  CyoH s CLILN,Se,  CygH 4Cly 411, 590N Se,
M, 705.01 686.68 972.13 488.75 489.97 743.77 635.01
crystal system triclinic triclinic monoclinic triclinic monoclinic monoclinic triclinic
space group P1 (No. 2) P1 (No. 2) P2/c (No. 13) P1(No. 2) Cc (No. 9) C2/c (No. 15) P1(No. 2)
a[A] 7.478(5) 7.454(4) 7.734(3) 7.197(3) 20.987(3) 17.4265(11) 7.5921(6)
b [A] 10.871(4) 10.876(3) 11.160(2) 10.747(4) 10.227(2) 15.1154(9) 9.7528(8)
c[A] 12.264(7) 12.230(5) 12.800(2) 11.790(8) 7.8043(12) 8.1058(5) 13.2881(11)
a [’ 65.48(3) 65.03(3) 63.80(4) 96.870(1)
B 79.90(6) 79.81(4) 94.71(2) 80.46(4) 90.062(2) 102.441(1) 105.774(1)
v [°] 85.56(4) 85.73(3) 86.83(3) 105.637(1)
VA 893.0(9) 884.6(6) 1101.1(5) 806.7(7) 1675.1(5) 2085.0(2) 891.84(13)
zZ 2 2 2 2 4 4 2
Peatea [gem™] 2.622 2.578 2.932 2.012 1.943 2.369 2.369
u (Mog,) [mm™] 12.527 12.846 12.977 5.481 5.047 7.020 7.270
absorption numerical®’! numericall®’! numericall®’! numericall*’! multi-scan“!  multi-scan!*’! multi-scan™“!
corrections
min/max 0.259/0.527 0.379/0.609 0.068/0.423 0.332/0.663 0.185/0.348 0.376/0.583 0.272/0.483
transmmission
unique reflns/ 3539/0.043 3462/- 2174/0.030 3172/0.057 2895/0.028 2505/0.031 4083/0.026
Rim
observed reflns 2781 2738 1795 2528 2641 2220 3653
[Foz40(F,)]
goodness of fit  1.19 1.06 1.14 1.10 1.00 1.02 1.06
R,/wR, (all data) 0.0557/0.1346 0.0469/0.1414 0.0371/0.0977 0.0442/0.1150 0.0304/0.0731  0.0239/0.0611 0.0350/0.0949
largest diff. peak 1.52 to —1.77 1.17 to —1.32 1.21 to —1.67 1.11 to —0.95 0.50 to —0.60  0.83 to —1.17 1.94 to —1.40

A

[a] Crystallographic data for compound III are reported in ref. [17].

displacement parameters. Hydrogen atoms were introduced at calculated
positions and refined by using a riding model, apart from those on the
methyl groups of D1 and D2, which were located from difference maps
and refined as part of rigid groups. During the early stages of the struc-
ture refinements of I and II using a Br—Se—Br model for the two hyper-
valent moieties in the asymmetric unit, one of the bromine sites in both
hypervalent moieties showed an anomalous displacement parameter,
which suggests that these sites may be partially replaced by iodine. A
competitive refinement was carried out to investigate this possibility and
a final model with the following mixed-site occupancies was found to
give the best fit to the data: for I the I/Br occupancies were 0.418(12)/
0.582(12) and 0.674(12)/0.326(12) for sites 1 and 4, respectively, and for
II 0.528(11)/0.472(11) and 0.170(11)/0.830(11) for sites 1 and 4, respec-
tively. An analogous disorder was observed for V and VIIL In particular,
for V only one out of four halogen sites using a Cl-Se—Cl starting model
for the two independent hypervalent moieties showed an anomalous dis-
placement parameter and following a similar treatment the occupancies
were refined to 0.140(3) for I and 0.860(3) for Cl at this disordered site.
For VIII, three out of four CI sites were found to be disordered and this
was modelled as for V for the independent hypervalent moieties, giving
ClVI occupancies of 0.199(3)/0.801(3), 0.860(2)/0.140(2) and 0.355(3)/
0.645(3) for sites 1, 3 and 4, respectively, whereas site 2 was found to be
a fully-occupied Cl. Finally, an analogous disorder was observed for one
of the bromines in both counter-anions (one lying across an inversion
centre) of the [D2]** dication in IV, initially refined by using a [Br—I—
Br]” model. A similar refinement led to Br[0.697(8)]/1[0.303(8)] and
Br[0.531(10)]/1[0.469(10)] occupancies at the disordered sites 2 and 4, re-
spectively. In all cases the positions and the anisotropic displacement pa-
rameters of the different halogen components at each of the disordered
sites were constrained to be the same.

CCDC-816168 (I), 816169 (II), 816170 (IV), 816171 (V), 816172 (VI),
816173 (VII), and 816174 (VIII) contain 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.

Theoretical calculations: Quantum chemical calculations were performed
on 1-17 (Scheme 2) and on the BrCl,” (D, point group) and [I-Br—Cl|~
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anions by using the commercial suite of program Gaussian 03 (Rev.
E.01)! at the DFT level®™ with the hybrid B3LYP functional."!! Al-
though the use of all-electron basis sets (BSs) provides better accuracy,
pseudo-potential techniques are useful when relativistic effects must be
taken into account. Thus, the double-C plus polarisation all-electron
(pVDZ) BSs by Schifer, Horn and Ahlrichs were used for carbon, hydro-
gen, nitrogen and selenium,®” whereas the LanL2DZ(dp) basis set with
effective core potentials (ECP)** was adopted for the halogen atoms. Vi-
brational analyses were used to check the nature of the stationary points
and none of the optimised geometries presented imaginary frequencies at
the DFT level (global minima). Theoretical gas-phase enthalpy changes
for the reactions of 5 with halogens and interhalogens to give 9-17 were
calculated at the same level of theory. Electronic properties for 1-17
were studied by single-point energy calculations carried out at the opti-
mised geometries (see above) adopting 6-311+ + G(d,p) basis set for all
atomic species but iodine, for which the 6-311G(d,p) basis set was used
instead.®***! This procedure was adopted to prevent the failure of the
topological analysis of the coreless electron densities obtained from a
pseudo-potential calculation.™!

The QTAIMP” study on 1-17 was performed by using AIMAILF”
AIM2000°™! and XAIM.F™) NPA charges, Wiberg indexes and second-
order analysis of the Fock matrix energies were calculated by using NBO
Version 3.1.%1 The analysis of the ELF function was carried out with
ToPMoDP %! and the ELF isosurfaces were visualised with Molekel.l°!}
O(A,B) values were determined from AIMAIl calculations whereas
6(A,B,C) values were obtained from GaussPop as a Mulliken-like three-
centre bond index (RHF/6-311G(d,p) for all atoms).* The second-order
perturbation analysis of the Fock matrix in the NBO basis®® was also car-
ried out and the n.—0*,5 delocalisation interactions in compounds 1-3
and 9-17 were examined. The stabilisation energy, AEf/.z), due to electron
delocalisation from the donor NBO (i) to the acceptor NBO (j) was esti-
mated to be AEY =q,[F(i,j)’]/(A—4;), in which g, is the donor orbital oc-
cupancy, A; and }; are the diagonal elements (orbital energies) and F(i,j)
is the off-diagonal NBO Fock matrix element.

Chem. Eur. J. 2011, 17, 1149711514
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