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1,2-Bis(3-methyl-imidazolin-2-ylium
iodobromoselenanide)ethane: Oxidative
Addition of IBr at the Se Atom of a > C=Se
Group**
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Alexander J. Blake, Francesco A. Devillanova,* Wolf-
Walther du Mont, Alessandra Garau, Francesco Isaia,
Vito Lippolis,* Gaetano Verani, and Claire Wilson

It is well known that chalcogen(i1) halides can be stabilized
as adducts of Lewis bases.l The most common synthetic
approach to such adducts is the reduction of chalcogen(1v)
halides in the presence of electron pair donors that may also
act as reducing agents.”)’ An alternative method to such
adducts is the oxidative addition of halogens to chalcogen-
containing molecules.>4 As an example, addition of Cl, to
1,3-dimethylimidazoline-2-thionel®) gives a stable 10-S-3 hy-
pervalent®$ “T-shaped” compound featuring a linear CI-S-Cl
group: the product can also be regarded as an adduct between
1,3-dimethylimidazolin-2-ylidene and SCl,.* - 191

No “T-shaped” S adducts with I, have so far been reported,
whereas two with Br, have been structurally characterized
only very recently.l' On the other hand, analogous Se adducts
with Br, are numerous,'*' and examples with I, have
recently been reported.['> 1l However, the reaction of halo-
gens (X,) with donor molecules containing the > C=E (E =S,
Se) group do not systematically give 10-E-3 hypervalent “T-
shaped” compounds, instead a great variety of products can be
isolated depending on the identity of the halogen, the
chemical environment around the chalcogen carbonyl group
and, in some cases, the nature of the solvent and the reaction
conditions. In addition to adducts featuring approximately
linear E-X-X groups and X-E-X groups, [>C—E-E-C < >+
dicationic species containing a chalcogen—chalcogen bond,
and [>C—E—X-E—-C < |" cations featuring a central X" ion
linearly coordinated by two chalcogenone molecules have
also been described.! Compounds belonging to the afore-
mentioned structural archetypes can also be isolated from
reactions with interhalogens IX (X = Br, Cl), but surprisingly
no “T-shaped” adducts featuring I-E-X (E =S, Se) moieties
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have been reported so far, indicating a very low tendency of
interhalogens to undergo oxidative addition to chalcogen
donor atoms and in particular to chalcogen carbonyl > C=E
groups.

Recently, we have studied the reactivity of imidazoline-2-
selone derivatives 1-3 towards LI"*¥ and Br,.* Hypervalent
“T-shaped” compounds containing Br-Se-Br groups were

N N N N\ _N N
YT ety
Se Se Se

2 (n=1)
3 (n=2

isolated from the reaction of the three donors with Br,.
Structurally analogous I, adducts were isolated only with 1
and 3, whereas a charge transfer adduct featuring Se-I-I
groups was obtained in the case of 2. We report herein the
results of our studies on the reactivity of 1,2-bis(3-methyl-
imidazoline-2-selone)ethane (3) with IBr.

The reaction of 3 with IBr in MeCN solution in a 1:2 molar
ratio gives red-orange crystals of 3-2IBr after slow evapo-
ration of the solvent. X-ray structure analysis!'”] reveals that
the compound is the first “T-shaped” selenium adduct
featuring I-Se-Br groups (Figure 1). The two I-Se-Br groups
are approximately linear; the Se—I bonds are unexpectedly
shorter than the Se—Br bonds. Moreover, while the two Se—I
bond lengths are similar (2.606(2) in unit A and 2.629(2) A in
unit B, Figure 1), the lengths of the two associated Se—Br
bonds differ considerably (2.897(2) in unit A and 2.766(2) A

Figure 1. View of a dimeric unit of 3-2IBr with the numbering scheme
adopted. For clarity only those atoms involved in intramolecular hydrogen
bonds are shown. A refers to the I-Se-Br system having the longer Se—Br
bond (double dashed lines), B to the one with the shorter Se—Br distance.
Single dashed and dotted lines denote intermolecular I--- Br contacts and
intramolecular hydrogen bonds, respectively. Selected bond lengths [A]
and angles [°]: C1-Sel 1.894(9), C7-Se2 1.890(9), Sel-Brl 2.897(2), Se2-Br2
2.766(2), Sel-11 2.606(2), Se2-12 2.629(2); C7-Se2-Br2 83.2(3), C1-Sel-11
95.6(3), C7-Se2-12 90.6(3), I1-Sel-Brl 175.52(5), 12-Se2-Br2 173.80(5);
symmetry code i:2—x,1—y, 1 —z.
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in unit B (shown as double dashed lines in Figure 1)). The
conformation of the molecule is determined by two intra-
molecular hydrogen bonding interactions (shown as dotted
lines in Figure 1) that involve the two bromine atoms (Br1 -
H82.743 A, Brl--- H8-C8 160°; Br2 ---H32.855 A, Br2 --- H3-
C3 155.1°). Furthermore, two symmetry-related 3-2IBr
adduct units interact through I---Br contacts (I1---Br2
3.601(2) A shown as single dashed lines in Figure 1) to form
dimeric assemblies. The packing of these dimers is determined
by long I---T and I--- Se contacts that range from 3.992(2) to
4.115(3) A.

Since in 3-21Br the order of Se—Br and Se—I bond lengths
is reversed with respect to that expected on the basis of the
atomic radii, density functional theory (DFT) calculations?’!
were carried out on the I,, Br,, and IBr, Se-hypervalent
adducts of 1 as model compounds and on the cations [1-X]*
(X =1, Br) to understand the nature of the chemical bond in
X-Se-Y systems (X, Y =1, Br) and their donor-acceptor and
vibrational properties. On the whole, a very good agreement is
found between the optimized geometries of the organic
frameworks and the corresponding experimental structural
data for 1-Br,,[%® 1-1,5 3.2Br,,l% and 3-21Br (see
Supporting Information for calculated data). The Se—Br bond
length calculated for 1-Br, (2.602 A) is quite close to the
mean value observed in the structure of 1-Br, (2.575 A)l13
and 3-2Br, (2.591 A),13%3 whereas the Se—I bond length
calculated for 1-1, (2.983 A) is longer than those found in the
structures of 1-1, and 321, (mean values 2.812 and 2.821 A,
respectively).a As expected the Se—I distance (2.964 A) is
calculated to be longer than the Se—Br distance (2.794 A) in
1-1Br. The Se—X bond lengths calculated for the [1-X]* ions
(2539 (X=Br), 2.722 A (X=I)) are shorter than those
calculated for the hypervalent systems, and this shortening is
accompanied by an opening of the C-Se-X angle, which
increases from 84.3° in 1-Br, to 97.2° in [1-Br]* and from
85.4° in 1-1, to 98.3° in [1-I]*. The widening of this angle
seems to represent the most sensitive structural variation
induced in the Se-hypervalent system upon lengthening of one
Se—X bond towards the formation of the [>C—Se—X]" ion. In
this respect unit A in 3-21IBr (Figure 1), which has a C-Se-I
angle of 95.6(3)°, very close to the value of 98.3° calculated for
the cation [1-1I]*, can be considered as a [>C—Se—I]" ion
interacting with a Br~ ion through the chalcogen (Se---Br
2.897(2) A). Unit B, which features a shorter Se—Br bond
length (2.766(2) A) and a C-Se-I angle of only 90.6(3)°, can be
regarded as being closer to a purely covalent “T-shaped”
system.

On passing from the [1-X]* ions to the corresponding “T-
shaped” adducts the calculated natural bond orbital (NBO)
charges (Table 1) on the organic frameworks remain almost
unaltered; the selenium atom is partially positively charged in
all cases, while the charges on the halogens become consid-
erably negative. In 1-1, and 1- Br, the terminal halogen atoms
carry a negative charge (—0.393 for 1-1, and —0.449 e for 1-
Br,; see Table 1) equally distributed over the two halogen
atoms. In the case of 1-IBr a negative charge of —0.834 ¢ is
unevenly distributed over two halogens with —0.447 e on the
more electronegative Br (Table 1). Therefore, the charge
distribution calculated on the I-Se-Br moiety in 1-IBr
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Table 1. Calculated NBO charges (e) on the N, C, Se, and halogen atoms in
1,1-1,,1-Br,, 1-IBr, and [1-X]* (X =1 and/or Br).?

1 [M1-Br]* 1-Br, [1-I* 1.1,  1-IBr
N 0438 —0376 —0340 —0379 —0392 —0.392/—0.391"
C 0225 0216 0224 0226 0271 0275
Se —0268 0355 0354 0244 0212 0259
I 0051 —0393 —0.387
Br 0074  —0.449 —0.447

[a] Although the trend in the calculated NBO charges accounts fairly well
for the different polar nature of the Se—I and Se—Br bonds, the natural
bond orbitals are not well-suited for getting reliable information on Se—X
bond orders, since this localized-bond model tends to give limiting ionic
forms according to a Lewis formalism. [b] The I-Se-Br moiety is not exactly
perpendicular to the ring plane (Br-Se-C-N dihedral angles 97.27 and
—81.40°). Therefore a slight difference in the charge on the two nitrogen
atoms is observed.

indicates a more ionic character for the Se—Br bond compared
to the Se—I bond.

In 3-21Br, the intramolecular Br---H hydrogen bonding
interactions (Figure 1) contribute to a further polarization of
the Se—Br bond by stabilizing an increased electronic charge
on the Br atom, which leads to the formation of the
[>C—Se—I]*--- Br~ ionic pair. In particular, the two different
intramolecular hydrogen bonds stabilize the Br atom at
different distances from the selenium atom in units A and B
(see Figure 1). In agreement with the calculations, the more
ionic the Se—Br bond the shorter the Se—I bond length; in 3-
21IBr the two Br-Se-I groups adopt different intermediate
situations between the two limiting cases: purely ionic
[[=Se]*---Br~ and purely covalent I-Se-Br. In both systems
the polarization of the Se—Br bond is such as to reverse the
order of the Se—Br and Se—I bond lengths predicted for a
purely covalent model.

The intermolecular I---Br contacts responsible for the
formation of the dimeric units in the crystal structure of 3-
21IBr are consistent either with the calculated charge distri-
bution on the model adducts 1-IBr (Table 1) or the more
ionic character for the Se-hypervalent system in unit A
(Figure 1). Indeed, these contacts involve I1, an atom which
should carry a small positive charge (see [1-I]*ion in Table 1),
and Br2i, which belongs to the less ionic Se-hypervalent
system of the symmetry-related adduct molecule, an atom
which should carry a partial negative charge (see 1-Br,and 1-
IBr in Table 1). The directionality of these intermolecular I ---
Br contacts (Se2-Br2 - -- 111 86.84(4)°) can be explained by the
nature of the calculated Khon-Sham HOMO and LUMO
(Figure 2) on the basis of a donor/acceptor interaction
between the m*-HOMO centered on the Se-hypervalent
system in unit A of one adduct molecule and the o*-LUMO
centered on the more ionic I-Se-Br system in unit B of the
symmetry-related adduct molecule.

Confirmation of the different bonding situations in the two
I-Se-Br systems in 3-21Br is provided by FT-Raman and FT-
IR spectra (300—-100 cm™') of powdered crystals (Figure 3).
Owing to the complexity of both spectra, we have calculated
the normal vibrational modes for [1-I]* and 1-IBr and
simulated the sum of their IR (Figure 4) and Raman spectra
to make assignments. In the IR spectrum three main groups of
bands, centered at 270, 185, and 130 cm~!, can be identified for
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Figure 2. The Kohn-Sham HOMO (a) and LUMO (b) calculated for 1-
IBr. Neither of them contain any contribution from d orbitals of the Se
atom. Therefore, from a Lewis point of view, there is no formal octect
expansion and both chalcogen —halogen bond orders have to be considered
less than one. The same orbital composition is calculated for 1-Br, and 1-
L.

both [1-1]* and 1-IBr. The group with the highest frequency
can be attributed mainly to a C-Se-I bending mode (279 for
[1-1]* and 268 cm™! for 1-1Br). The envelope of very strong
bands at about 185 cm™! in the simulated spectrum is due to an
N-C-Se bending mode in the imidazoline ring plane
(196 cm™!) and to the same vibration coupled to the Se-Br
stretch (185 cm™') for 1-IBr. The contribution of the N-C-Se
bending mode of the cation to this envelope is very small. The
two weak bands calculated at 140 and 120 cm™! for [1-I]* and
1-IBr, respectively, are mainly due to rotation of the methyl
groups coupled with a stretching vibration of the I-Se-Br
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Figure 3. Experimental FT-IR (top) and FT-Raman spectra (bottom) for
3-1IBr in the low frequency region (100-300 cm™).

moiety for 1-IBr. Examination of the recorded vibrational
spectra for 3-2IBr (Figure 3) indicates a good correspond-
ence between the IR and Raman bands, with interesting
similarities with the simulated spectrum of Figure 4 (red line),
thereby confirming the different nature of the bonds in the
two I-Se-Br groups. Evidently, an exact match between the
calculated and experimental spectra would be unrealistic
because the organic frameworks of 1 and 3 are different, and
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Figure 4. Simulated IR spectrum (100-300 cm~!) based on normal mode DFT calculations for 1- IBr (green line), [1-1]* (blue line), and sum of the two (red

line), together with representations of the calculated normal modes.
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[1-I]* and 1-IBr represent the two extremes in the bond
nature of these new “T-shaped” adducts: ionic [>C-Se-I]*---
Br~ and covalent I-Se-Br.?!

Received: May 21, 2001
Revised: August 6, 2001 [Z17146]

[1] K.J. Wynne in Sulfur Research Trends, Advances in Chemistry Series

[10

(11

[12

[13

[14

[15

[16

(17

4232

]

]

]

]

]

]

]

110 (Eds.: D.J. Miller, T. K. Wiewiorowski), American Chemical
Society, Washington, DC, 1972, p. 150.

B. Krebs, F.-P. Ahlers, Adv. Inorg. Chem. 1990, 35, 235.

K. J. Wynne, P. S. Pearson, M. G. Newton, J. Golen, Inorg. Chem. 1972,
11, 1192.

D. J. Williams, K. J. Wynne, Inorg Chem. 1976, 15, 1449.

A.J. Arduengo, E. M. Burgess, J. Am. Chem. Soc. 1977, 99, 2376.
The currently used notation 10-E-3 hypervalent adducts for X-E(R)-X
“T-shaped” systems (R = organic framework), proposed by Arduengo
et al.,l”l implies that 10 electrons are formally associated with E, to
which three atoms are bonded. This notation identifies this class of
compounds properly and concisely, considering that the term hyper-
valent not necessary requires the involvement of a d orbital from the
central E atom for explaining the bond nature of the X-E(R)-X
system.l]

C. W. Perkins, J. C. Martin, A.J. Arduengo, W. Lau, A. Alegrie, J. K.
Kocki, J. Am. Chem. Soc. 1980, 102, 7753.

Chemistry of hypervalent compounds (Ed.: K.-y. Akiba), Wiley-WCH,
New York, 1999.

N. Kuhn, H. Kotowski, T. Kratz, G. Henkel, Phosphorus Sulfur Silicon
Relat. Elem. 1998, 136, 517.

a) A.J. Arduengo III, K. U. R. Dias, R. L. Harlow, M. Kline, J. Am.
Chem. Soc. 1992, 114, 5530; b) A. J. Arduengo III, H. V. Rasila Dias,
J. C. Calabrese, Chem. Lett. 1997, 143, and references therein.

a) P. S. Skabara, N. Bricklebank, R. Berridge, S. Long, M. E. Light,
S.J. Coles, M. Hursthouse, J. Chem. Soc. Dalton Trans. 2000, 3235;
b) M. C. Aragoni, M. Arca, F. Demartin, F. A. Devillanova, A. Garau,
F. Isaia, F. Lelj, V. Lippolis, G. Verani, Chem. Eur. J. 2001, 7, 3122.
a) M. Godfrey, C. A. McAuliffe, R. G. Pritchard, S. Sarwar, J. Chem.
Soc. Dalton Trans. 1997, 1031; b) S. M. Godfrey, S. L. Jackson, C. A.
McAuliffe, R. G. Pritchard, J. Chem. Soc. Dalton Trans. 1998, 4201.
a) F. Bigoli, P. Deplano, F. A. Devillanova, V. Lippolis, M. L. Mercuri,
M. A. Pellinghelli, E. F. Trogu, Eur. J. Inorg. Chem. 1998, 137, b) D. J.
Williams, D. Venderveer, B. R. Crouse, R. R. Raye, T. Carter, K. S.
Hagen, M. Brewer, Main Group Chem. 1997, 2, 61.

M. C. Aragoni, M. Arca, F. Demartin, F. A. Devillanova, A. Garau, F.
Isaia, V. Lippolis, G. Verani, Trends Inorg. Chem. 1999, 6, 1, and
references therein.

a) F. Bigoli, P. Deplano, F. A. Devillanova, F. Isaia, V. Lippolis, M. L.
Mercuri, M. A. Pellinghelli, E. F. Trogu, Gazz. Chim. Ital. 1994, 124,
445; b) N. Kuhn, T. Kratz, G. Henkel, Chem. Ber. 1994, 127, 849.
W.-W. duMont, A. Martens-von Salzen, F. Ruthe, E. Seppild, G.
Mugesh, F. A. Devillanova, V. Lippolis, N. Kuhn, J. Organomet. Chem.
2001, 623, 14.

Crystals of 3-2IBr were grown by slow evaporation of a MeCN
solution of 3 and IBr in 1:2 molar ratio. 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. Crystal structure analyses: Stoé Stadi-4 four-circle diffractom-
eter, graphite-monochromated Moy, radiation, 7=150(2) K, 6,,.,=
26°. The structure was solved by using direct methods!'®! and all non-
hydrogen atoms were located in subsequent difference Fourier
syntheses.'”) Hydrogen atoms were placed in calculated positions
and were allowed to ride on their parent atoms during refinement. 3-
21Br: C,H,,Br,I,N,Se,, M,=761.79, triclinic, P1 (no. 2), a=7.767(4),
b=9.940(3), c¢=13.524(5) A, a=96.41(3), B=106.23(3), y=
106.49(4)°, V'=940.4(7) A3, Z=2, F(000) =692, Pcyeq=2.690 gcm 3,
u(Moyg,)=11.460 mm~!, dark red trigonal prism (0.27 x 0.27 x
0.16 mm?). Numerical absorption corrections (7. =0.200, Ty =
0.0807), 3693 unique reflections, of which 3124 had [>20(I). The
weighting scheme w™'=[d*(F2) + (0.070P)*> + 15.93P], P=
13[MAX(F20) + 2F?], was applied. At final convergence R, = (/>

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

[21]

(22]

[23]

[24]
(25]

[26]

1433-7851/01/4022-4232 $ 17.50+.50/0

20(1)) =0.0515, wR, (all data)=0.1322 for 183 refined parameters,
S=1.045, (A/0)pex=0.347, Appsx=195e¢A-3 (near heavy atoms).
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-163716. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

SHELXS-97: G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.
G. M. Sheldrick, SHELXL-97, Universitdt Gottingen, Germany, 1997.
Quantum-chemical calculations on isolated molecules of 1-1,, 1- Br,,
1-IBr, and [1-X]*(X =1, Br) were carried out according to DFT?!J
using Gaussian 94,72 with the hybrid Becke3LYP functional.? The
basis sets for the calculations on [1-X]*, 1-1,, and 1-IBr were the
Schafer, Horn, and Ahlrichs pVDZ basis??! for C, H, N, and Se, while
for I and Br we used the Hay - Wadt LANL2DZ basis sets together
with effective core potentials.”! The all-electron former basis set is
available for Se and Br but not for the heavier iodine atom. Therefore,
in order to be able to compare Se—halogen bonds, the same Hay—
Wadt LANL2DZ ECP basis was used for the halogen atoms. In the
case of 1-Br,, SCF convergence problems were found, and although
several alternative convergence methods were tried, we were able to
achieve convergence only with the 6-31G** basis set. Harmonic IR
and Raman frequencies were obtained for 1-1, and [1-X]" by using
the second derivatives of the DFT energy, computed by numerical
differentiation of the DFT energy gradients.’” Finally, NBO calcu-
lations”®! were performed for each molecule using the converged
density matrix corresponding to the equilibrium geometries. Molden
3.617) was used to investigate the shape of the calculated Kohn—Sham
orbitals. Calculated unscaled harmonic frequencies were extracted
from the output file and converted into a simulated spectrum with the
TABFREQ program, using DFT-calculated intensities and a half
bandwidth of 10 cm~!. Analysis and drawings of molecular vibrations
were performed with the program Molekel.*®!

a) T. Ziegler, Can. J. Chem. 1995, 73, 743; b)J. Labanowsky, J.
Andzelm, Density Functional Methods in Chemistry, Springer, New
York, 1991.

a) M. J. Frisch, G. W. Trucks, H.B. Schlegel, P.M. W. Gill, B.G.
Johnson, M. W. Wong, J. B. Foresman, M. A. Robb, M. Head-Gordon,
E.S. Replogle, R. Gomperts, J. L. Andres, K. Raghavachari, J. S.
Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J. Baker,
J.J.P. Stewart, J. A. Pople, Gaussian94/DFT, Gaussian, Inc., Pitts-
burgh, PA, 1994; b) Gaussian98 (Revision A.7), M. J. Frisch, G. W.
Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
V. G. Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S.
Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O.
Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y.
Ayala, Q. Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L.
Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A.
Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G.
Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S.
Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998.

a) A. D. Becke, J. Chem. Phys. 1993, 98, 1372. b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785.

A. Schafer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571.

a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299; b) J. V. Ortiz,
P.J. Hay, R. L. Martin, J. Am. Chem. Soc. 1992, 114, 2736.

A. E. Reed, L. A. Curtiss, F. Weinholt, Chem. Rev. 1988, 88, 899.

G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Des. 2000, 14,
123.

S. Potmann, H. P. Liithi, Chimia 2000, 54, 766.

In this respect, also the sum of the simulated Raman spectra for [1-I]*
and 1-IBr agrees reasonably well with the experimental Raman
spectrum of 3-2IBr. Details are available from the authors on request.

Angew. Chem. Int. Ed. 2001, 40, No. 22



