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Summary: The reactions of the organoantimony(I) compound
Sb,Ary (where Ar is the N,C,N chelating ligand CsHj;-2,6-
(CH,NMe;),) with elemental Se and Te give the unprecedented
monomeric compounds ArSbE (E = Se, Te) with the terminal
Sb—E bond being retained both in solution and in the solid
state.

The syntheses of stable organometallic compounds containing
double bonds between heavier main-group elements have
recently attracted considerable attention.' The majority of these
compounds were stabilized using effective steric hindrance by
several types of bulky substituents. Double-bonded systems
between heavier group 15 elements were prepared in a similar
way. Power and Tokitoh have reported the syntheses of
kinetically stabilized trans-distibenes and -dibismuthenes (trans-
RM=MR, M = Sb, Bi and R = bulky ligand; Chart 1).?
Reactions of double-bonded BbtM=MBbt and TbtM=MTbt
compounds (Bbt = 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris-
(trimethylsilyl)methyl]phenyl; Tbt = 2,4,6-tris[bis(trimethylsi-
lyl)methyl]phenyl) with elemental chalcogens give the dimeric
centrosymmetric oxides (BbtMO), and (TbtMO), with central
four-membered rings in the case of oxygen and mixtures of
cyclic sulfides and polysulfides in the reaction with sulfur.’ On
the other hand, reactions with selenium and BusPTe yielded
selena- and telluradistibarane and selena- and telluradibismirane
as examples of the heaviest three-membered heteroatom ring
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systems reported to date.** Trimeric (TbtMSe); (M = Sb, Bi)
and (BbtSbSe); compounds with a six-membered core have
recently been obtained as stable compounds.*-** Nevertheless,
any evidence for organoantimony compounds bearing an
unsupported terminal Sb—Se or Sb—Te double bond is still
missing. The presence of a terminal antimony—selenium double
bond was suggested by Breunig in the case of a tungsten
complex, (CO)sW(CH(SiMe;),)Sb=Se, in benzene solution.
However, the possibility of the dimeric nature of this complex
in solution was in fact not excluded and, furthermore, this
compound was shown to be dimeric with the central Sb,Se,
core in the solid state by X-ray studies.’

Recently, we have demonstrated that the so-called N,C,N
pincer-type ligand C¢H3-2,6-(CH,NMe,), (denoted as Ar here-
after) can be used for stabilization of low-valent metal centers
in the case of both heavier group 14 and 15 elements.® This
ligand can be used as an alternative to sterically demanding
ligands, because it also offers, in addition to its slight steric
protection, significant thermodynamic stabilization of reactive
metal centers by the coordination of its two pendant CH,NMe,
functionalities. In this study, we employed this ligand for
stabilization of terminal Sb—Se and Sb—Te bonds in the
monomeric compounds ArSbSe (2) and ArSbTe (3).

The reaction of the cyclic organoantimony(I) compound
Ar,4Sby (1)%° with an excess (~20%) of elemental selenium and
tellurium in THF (Scheme 1) gave the corresponding selenide
2 and telluride 3 in moderate yields as yellow and orange highly
air-sensitive crystalline solids, respectively.” Compound 2 melts
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(7) Data for 2 are as follows. Yield: 236 mg (55%). Mp: 174—176 °C.
Anal. Calcd for C;,H;9N,SbSe (mol wt 392.01): C, 36.8; H, 4.9. Found: C,
37.0; H, 4.7. '"H NMR (CDCl;): 6 2.57 (6H, s, (CH3),N), 2.65 (6H, s,
(CH;),N), 3.59 and 4.06 (4H, AX pattern, NCH,), 7.08 (2H, d, Ar-H3.5),
7.23 (1H, t, Ar-H4). '*C NMR (CDCl;): 6 46.06 (s, (CH;),N), 46.53 (s,
(CH;3),N), 64.26 (s, NCH,), 125.29 (s, Ar-C3,5), 129.2 (s, Ar-C4), 143.15
(s, Ar-C2,6), 151.76 (s, Ar-C1). 7’Se NMR (CDCl3): 0—197. "’Se CP/
MAS NMR: 0—153. Data for 3 are as follows. Yield: 115 mg (41%). Mp:
165 °C dec. Anal. Calcd for C,H9N,SbTe (mol wt 440.65): C, 32.7; H,
4.4. Found: C, 38.0; H, 4.7. "H NMR (THF): 0 2.55 (6H, s, (CH5),N), 2.60
(6H, s, (CH3),N), 3.52 and 3.96 (4H, AX pattern, NCH,), 7.07 (2H, d, Ar-
H3.,5), 7.17 (1H, t, Ar-H4). '>*C NMR (THF): 6 45.46 (s, (CH;),N), 47.79
(s, (CH3),N), 64.70 (s, NCH,), 125.74 (s, Ar-C3,5), 129.22 (s, Ar-C4),
144.28 (s, Ar-C2,6), 151.88 (s, Ar-C1). '*>Te NMR (THF): 5—655.
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Chart 1

CH(SiMey),

CH(SiMe,),
R = C(SiMey), (Bbt)
R = CH(SiMe,), (Tbt)

R = Me, or i-Pr

Scheme 1. Synthesis of Compounds ArSbSe (2) and ArSbTe

3)
Ar,Sb, + 4E T—T» 4ArSbE
" r.t. NWe,

E=Se (2) (55%)
Ar=
E=Te (3) (41%)
NMe,

without decomposition, but telluride 3 decomposes at elevated
temperatures. Compounds 2 and 3 were both characterized by
a combination of 'H, 13C, "’Se, and '**Te NMR spectroscopy,
elemental analysis, and X-ray crystallography (Figure 1).

The molecular structures of 2 and 3 were unambiguously
determined by X-ray diffraction techniques® (Figure 1) in the
solid state. Both compounds are monomeric. There are no close
intermolecular contacts between chalcogen atoms (Se(1) in 2
and Te(1) in 3) and other atoms in the unit cell, indicating well-
isolated and -preserved Sb—Se (2) and Sb—Te (3) terminal
bonds. The Sb(1)—Se(1) bond length of 2.4396(7) Ain2is
approximately 9% shorter than the normal single covalent bond
Sb—Se (3 cov(Sb—Se) = 2.68 A), and a similar situation was
observed also in the tellurium analogue 3 with the Sb(1)—Te(1)
bond distance 2.6620(1) A (Jcor(Sb—Te) = 2.93 A). Such a
shortening of bond lengths may be indicative of the multiple
character of chemical bonds, as was previously shown for
example in organotin selenides and also other double-bonded
main-group-element systems® (see below for further discussion).
Both Sb—Se (in 2) and Sb—Te (in 3) bond distances are slightly
shorter than those found in three-membered Sb,E rings (E =
Se, Te) and, to the best of our knowledge, represent one of the
shortest bonds between these elements detected by X-ray
diffraction to date. Some examples of analogously short bonds
were found only in the case of several Zintl phases, such as
[SbaSes]*™, [SbySes]*™, [SbTes]*”, etc.'” The N,C,N ligand is
coordinated to the central antimony atom Sb(1) in a tridentate
fashion in 2 and 3. As a consequence of the presence of strong
intramolecular Sb—N interactions (Sb—N distances 2.461(3) and
2.518(3) A in 2 and 2.448(5) and 2.526(5) A in 3; 3 ,aw(Sb—N)

(8) Data for 2: C;pH9N,SbSe, M, = 392.0, orthorhombic, Pbca, a =
9.8540(8) A, b = 15.4940(8) A, ¢ = 18.5060(19) A, V = 2825.5(4) A2 Z
=8, T=150(1) K, 25 990 total reﬂecnons 3245 independent (R;, = 0.126,
R1 (obsd data) = 0.040, wR2 (all data) = 0.061), CCDC 688753. Data for
3: C;pHyN,SbTe, M, = 440.64, orthorhombic, Pbca, a = 9.8740(9) A. b
= 15.6460(15) A, ¢ = 18.913(2) A, V=12921.8(5) A*>, Z=8, T = 150(1)
K, 10 638 total reflections, 3249 independent (R;, = 0.082, R1 (obsd data)
= 0.046, wR2 (all data) = 0.097), CCDC 688752.

(9) For example, see: (a) Saito, M.; Tokitoh, N.; Okazaki, R. J. Am.
Chem. Soc. 1997, 119, 11124. (b) Ding, Y.; Ma, Q.; Usén, L.; Roesky, H. W.;
Noltemeyer, M.; Schmidt, H. G. J. Am. Chem. Soc. 2002, 124, 8542.
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Bocarsly, A. B. Inorg. Chem. 1994, 33, 2709. (b) Jia, D.; Zhang, Y.; Zhao,
Q.; Deng, J. Inorg. Chem. 2006, 45, 9812. (c) Shreeve-Keyer, J. L.;
Haushalter, R. C. Polyhedron 1996, 15, 1213.
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= 3.74 A), the coordination polyhedron around the antimony
atoms can be described as a distorted W-trigonal bipyramid.
Both nitrogen donor atoms occupy the axial positions (N(1)—
Sb(1)—N(2) angles are 145.14(12)° for 2 and 145.70(18)° for
3; the deviation from the ideal value of 180° is caused by
significant ligand rigidity). The ipso carbon atom C(1) and
chalcogen atoms (Se(1) or Te(1)) are located in the equatorial
plane (Figure 1). The angles C(1)—Sb(1)—Se(1) = 102.90(11)°
in 2 and C(1)—Sb(1)—Te(1) = 102.69(16)° in 3 are slightly
smaller than 120°, reflecting the presence of a lone pair of
electrons on the central atom.

Compounds 2 and 3 both preserve their monomeric structure
in solution. '"H and *C NMR spectra revealed only one set of
signals, consistent with the structure found for both compounds
in the solid state. In the '"H NMR spectra, an AX pattern was
obtained for the NCH, moieties and two signals in a 1:1 intensity
ratio were detected for the NMe, groups. Similarly, two signals
for NMe, groups were present in the '*C NMR spectra.'' Only
one signal was observed in the 7’Se spectrum of 2 (—197 ppm)
and in the '»Te NMR spectrum of 3 (—655 ppm). Both values
closely resemble those found by Tokitoh in 7’Se and ' Te NMR
spectra of Sb,E ring compounds.* Unambiguous evidence that
the monomeric structure of 2 was retained on going from the
solid state to solution was provided by the ’Se CP/MAS NMR
spectra of 2 and the value 05, —153 ppm, which resembles that
found in solution (—197 ppm). This small discrepancy in 7’Se
chemical shifts between solution and the solid state might also
be caused by different strengths of the Sb—Se bond in both
phases. These findings point to an essentially identical chemical
environment around the selenium atom both in solution and in
the solid state. Analogous behavior can most probably be
expected also for compound 3, according to 'H and *C NMR
data and theoretical calculations (vide infra).'?

We have also carried out a theoretical analysis of compounds
2 and 3 by performing a geometry optimization of these
compounds, starting from their gas-phase structures. These
geometry optimizations were performed at the B3LYP'? level
of theory using the cc-pVTZ basis set'* for C, N, H, and Se
and the SDB-cc-pVTZ basis set'” for Sb and Te using Gaussian
03.'® Both optimized geometries were confirmed to be minima
on the potential energy surface by frequency analysis and
correspond well to the experimental geometries. The computed
bond length of Sb(1)—Se(1) in 2 is 2.430 A, whereas the
Sb(1)—Te(1) bond length in 3 was computed to be 2.639 A, in
very good agreement with the experimental findings (Sb(1)—Se(1)
= 2.4396(7) A, Sb(1)—Te(1) = 2.6620(1) A).

(11) If compounds 2 and 3 were dimers in solution, two sets of signal
should be detected in the 'H and '*C NMR spectra due to the possible
formation of cis and trans isomers with regard to the mutual position of
both ligands on the hypothetical central Sb,E, core, similarly to Sb,S, and
Sn,S, analogues. See: (a) Dostdl, L. et al. To be submitted for publication. (b)
Dostdl, L.; Jambor, R.; Ruzicka, A.; Jirasko, R.; Taraba, J.; Holeeek, J. J.
Organomet. Chem. 2007, 692, 3750.

(12) Similar CP/MAS NMR experiments for 3 were hampered by its
high reactivity.

(13) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (c) Stephens, P. J.; Devlin,
F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 11623.

(14) Hydrogen and first row: (a) Kendall, R. A.; Dunning, T. H.;
Harrison, R. J. J. Chem. Phys. 1992, 96, 6796. Second row: (b) Woon,
D. E.,; Dunning, T. H. J. Chem. Phys. 1993, 98, 1358. Third row: (c) Wilson,
A. K.; Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr. J. Chem. Phys.
1999, 110, 7667.

(15) Martin, J. M. L.; Sunderman, A. J. Chem. Phys. 2001, 114, 3408.
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Figure 1. ORTEP plot of molecules of 2 (left) and 3 (right) showing 50% probability displacement ellipsoids. Selected bond lengths (A)
and angles (deg): for 2, Sb(1)—Se(l) = 2.4396(7), Sb(1)—N(1) = 2.461(3), Sb(1)—N(2) = 2.518(3), Sb(1)—C(1) = 2.135(4),
N(1)—Sb(1)—N(2) = 145.14(12), C(1)—Sb(1)—Se(1) = 102.90(11); for 3, Sb(1)—Te(1) = 2.6620(1), Sb(1)—N(1) = 2.448(5), Sb(1)—N(2)
= 2.526(5), Sb(1)—C(1) = 2.133(6), N(1)—Sb(1)—N(2) = 145.70(18), C(1)—Sb(1)—Te(1) = 102.69(16).

Chart 2
NMe, NMe, NMe,
—E \-l- - - E_ \ e E *
Sb™" Sb Sb,
f f o
NMe, NMe, NMe,
A B C

Regarding the nature of the terminal Sb—E (E = Se, Te)
bonds in 2 and 3, there are two different descriptions (Chart
2A.B)."

First, both bonds can be viewed as “regular Sb=E double
bonds” (Chart 1A). The molecular orbitals describing the situ-
ation in the Sb—Se (2) and Sb—Te (3) terminal bonds are
depicted in Figure 2. In both cases, this molecular orbital is the
orbital directly below the highest occupied molecular orbital,
and the electron density distribution seems to have ;7 symmetry
in these bonds (in accord with the double-bond formulation).
Also, the significant shortening of the bond length (as deter-
mined in the solid state by X-ray studies) in comparison to the
single covalent bond length points to a double-bond character
in 2 and 3.

On the other hand, there is an alternative possibility (Chart
I1B) to describe these bonds as “polarized single bonds
Sb*—E™".'7 As is apparent from Figure 2, the electron density

(16) Frisch, M. J. ; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03,
Revision D.01; Gaussian, Inc., Wallingford, CT, 2004.

(17) We are deeply indebted to one of the referees of this manuscript
for helpful suggestions especially proposal of the second alternative
description of the nature of the Sb-Se and Sb-Te terminal bonds as strongly
polarized single bonds was really stimulating for us.

compound 2 compound 3

Figure 2. Plot of the molecular orbital corresponding to the terminal
bond between Sb and Se (left) and Sb and Te (right) in compounds
2 and 3, respectively (in both compounds, this is the orbital below
the HOMO). The value of the isosurface plotted is 0.02 au in both
cases.

is quite strongly polarized to chalcogen atoms Se (2) and Te
(3). The positive charge on the central antimony atom is then
of course reflected in the presence of strong intramolecular
Sb—N interactions present both in 2 and 3."® However, as shown
by the bond lengths Sb—N, these dative bonds are still weaker
than those observed in the true cationic species [2,6-
(CH,;NMe,),CsH3SbCI]"[CB,H,]~ (the values of Sb—N bond
lengths 2.369(8) and 2.437(7) A) and [2-(CH,NMe,)-
CeHyl,SbT[PFs]~ (2.412(3) and 2.416(4) A),'8' where the
anion is well-separated from the cationic antimony center (with
formal charge 1+ at the Sb atom). This finding, in fact, rules
out the possibility of a fully polarized single bond as depicted
in Chart 1B. In order to gain further insight into the precise
nature of the Sb—Se and Sb—Te bonding in 2 and 3, we have
performed an NBO analysis®° at the same level of theory used
for the geometry optimizations.

In compounds 2 and 3, the charges on the central Sb atom
are +0.999 and +0.854, respectively, the charges on Se and
Te amounting to —0.788 and —0.658. The NBO analysis reveals

(18) The coordination of organoantimony or organobismuth cations by
C,Y chelating ligands has been already well established. See: (a) Dostal,
L.; Novdk, P.; Jambor, R.; Ruzi¢ka, A.; Cisafova, I.; Jirasko, R.; Holecek,
J. Organometallics 2007, 26, 2911. (b) Dostdl, L.; Jambor, R.; Cisafov4,
I.; Benes, L.; Ruzicka, A.; Jirdsko, R.; Holecek, J. J. Organomet. Chem.
2007, 692, 2350. (c) Carmalt, C. J.; Walsh, D.; Cowley, A. H.; Norman,
N. C. Organometallics 1997, 16, 3597.

(19) Dostal, L. Unpublished material.
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that next to the single bond between Sb and the chalcogen (Se
or Te), there is a large back-donation of the lone-pair orbital of
the chalcogen into the empty orbital on Sb. The lone-pair orbitals
on Se and Te contain 1.738 and 1.727 electrons, respectively
(for a perfect lone pair this value should be 2); the empty lone
p orbital on Sb contains 0.513 and 0.531 electron for compounds
2 and 3.

We have also computed the Wiberg bond order*' for the
Sb—Se and Sb—Te bonds. For compound 2, the Wiberg bond
order for the Sb—Se bond order is 1.409, whereas in the case
of the Sb—Te bond it is 1.426. For a perfect ionic bond, the
Wiberg bond order should be equal to O; for perfectly covalent
single and double bonds, the values should be 1 and 2,
respectively. This result thus implies that the bonds between
Sb and Se or Te thus lie between a single and a double bond.
From this analysis, it can thus be concluded that the bonding
between Sb and the chalcogen atoms can be described as
intermediate between a polarized single bond and a double bond.
Similar bonding situations for lighter elements (Si) have been
described elsewhere.?

To summarize, taking all aforementioned experimental and
theoretical data into account, the terminal Sb—Se (2) and Sb—Te
(3) bonds are probably best described as having appreciable

(20) (a) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211.
(b) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 78, 4066. (c) Reed,
A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735. (d)
Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899. (e)
Weinhold, F. In Encyclopedia of Computational Chemistry; Schleyer, P. v.
R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H. F.,
111, Schreiner, P. R., Eds.; Wiley: Chichester, U.K., 1998; Vol. 3, pp 1792—
1811.

(21) Wiberg, K. B. Tetrahedron 1968, 24, 1083.
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double-bond character, although the electron density is strongly
polarized in the chalcogen atom direction (Chart 1C).

In conclusion, compounds 2 and 3 containing unique Sb—Se
and Sb—Te terminal bonds, which are retained both in solution
and in the solid state, were prepared and characterized. Effective
support of the N,C,N pincer type ligand seems to be crucial for
stabilization of these monomeric compounds, because using
bulky ligands gave the trimeric selenides only. Studies concern-
ing the reactivity of 2 and 3 and further utilization of the N,C,N
ligand in similar multiple or terminal bond stabilization are
currently underway in our group.
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