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Nb and Ta Adducts: Connecting d” Metal Chlorides and Phosphorus

Sulfide Cages
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Abstract: Phosphorus sulfide cages o-
PSS, a-PSs, B-P,Ss, and B-P,S¢ and
transition-metal chlorides TaCls and
NbCls form molecular adducts in CS,/
n-hexane. The crystal structures of the
adducts  (TaCls)(a-P,S,), (TaCls)(a-
P,S;), (TaCls)(B-P.Ss), (NbCLs)(B-P.S;),
and (TaCls)(B-P,Ss) are reported and

their conformation and energetic sta-
bility are discussed on the basis of ab
initio electronic structure calculations.
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molecular adducts - niobium
phosphorus - sulfur - tantalum

Furthermore bond lengths of coordi-
nated and noncoordinated phosphorus
sulfide cages obtained from experiment
and theory are compared, emphasizing
the changes within the cages that
emerge upon coordination.

Introduction

Neutral molecules, such as Ph;P or CO, are frequently used
as ligands for metal complexes. Among the more uncommon
species of this group are cage-like nonmetal molecules that
can act as electron pair donors towards the metal. This re-
search topic has been of wide interest over recent years."!
With restriction to transition-metal halides such as TiX, or
NbX; (X=halogen), adducts such as (NbCl;),(p-P,S,) and
(NbCls)(P,Se;)? or (TiX,),(SiN,), (X=Cl, Br, I)l'**! were
reported. We are now interested whether other cages, espe-
cially phosphorus chalcogenide cages, can be used for such
purposes.
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Supporting information for this article is available on the WWW
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interaction, relaxation, and binding energies of the structures and
their coordination alternatives and interaction energies; calculated
with the X =T basis set at Hartree-Fock local (with normal and by
one-bond extended domains) and canonical MP2 levels of theory.
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Screening with different phosphorus sulfides was carried
out. They show a broader structural variety than the sele-
nides and are easier to prepare and handle, since phospho-
rus selenides tend to glass formation and are much less solu-
ble in any solvent.

In addition to the co-crystals (M,Cl,)(P,S;o).""! and the
(MCly),(B-P,Ch,) adducts™ isotypic with (NbCls),(B-P,S,)™
(M=Nb, Ta; Ch=S, Se), new adduct compounds of differ-
ent phosphorus sulfide cages could now be obtained:
(TaCls)(a-P,S,), (TaCls)(a-P,S;s), (TaCls)(B-P,Ss), (NbCls)(B-
P,S;), and (TaCly)(B-P,S¢).

To understand the nature of the binding between metal
center and cage, electronic structure calculations were per-
formed employing density functional theory (DFT) as well
as ab initio wavefunction-based methods. DFT yields ex-
ceedingly low binding energies and distances considerably
too long for the coordinative bond between metal center
and cage (in comparison to the experimental results). This
result suggests that a major fraction of the binding energy
may come from long-range van der Waals dispersion, which
is not described at all by DFT in conjunction with common
functionals. Therefore, the individual adducts were studied
also at the level of Mgller Plesset perturbation theory of
second order (MP2), the computationally cheapest method
capturing dynamical correlation effects (and thus van der
Waals dispersion). In the present study, we employed the
local MP2 (LMP2) method,'” which apart from higher com-
putational efficiency, also offers some additional benefits
over the canonical MP2 method.”"! Of course, MP2 can only
be applied if near degeneracy effects are absent. Indeed, the
adducts investigated in the present study are not multirefer-
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ence cases, as we could verify by initially performing com-
plete active space self-consistent field (CASSCF) test calcu-
lations. Hence, LMP2 appears to be a suitable method for
the present case.

Results and Discussion

Constitution and packing: Crystal-structure analysis showed
that the title compounds are small adduct molecules consist-
ing of one TaCl;s or NbCl; unit linked with a phosphorus sul-
fide cage (Figures 1-4). The constitution of the respective

P(2) 8(12)

(TaCls)(@-P,S,)

exp. B3LYP BP86 LMP2
a: -0.01/ -0.01 /-0.02 /-0.03 A
b: —0.02/ -0.02 /-0.01 /-0.02 A
e 0.04/ 0.00/ 000/ 0.01A
d: 0.02/ 0.00/ 000/ 0.01A

cI1)

(2) +11.49 kI mol™!

Figure 1. Experimental and calculated structures of (TaCls)(a-P,S,).
Phosphorus: black, sulfur: light gray, tantalum: dark gray, chlorine:
white. Left: Crystal structure; ellipsoids enclose 70% probability for
atomic displacement. Right: The four largest changes (labeled a, b, c, d)
in bond lengths from experimental results and calculations with DFT
(using B3LYP and BP86 xc functional, aug-cc-pVTZ AO basis set) and
LMP2 (by one-nearest-neighbor extended domains, aug-cc-pVDZ AO
basis set) level of theory. Bottom: coordination alternatives with relative
energies relative to coordination modes found. See Table 2.

phosphorus sulfide part does not change upon coordination.
In contrast to the starting materials, tantalum and niobium
pentachloride are monomeric in all analyzed adducts. A dis-
torted octahedron was found as the coordination sphere
around the metal atom for each adduct. The coordinative
bond towards the metal atoms is formed by a terminal
sulfur atom, if present, or otherwise by a phosphorus atom
of the cages.

The dumbbell-shaped molecules are arranged in distorted
hexagonal layers with the layers oriented parallel to the
crystallographic (001) planes in all cases (Figure 5).

In (TaCls)(a-P,S,), one of the four equivalent phosphorus
atoms of the D,;-symmetrical a-P,S, molecule is connected
to one metal chloride unit. The C; symmetry of the resulting
adduct is almost preserved in the crystal structure.

In the closely related adducts (NbCls)(B-P,Ss) and
(TaCly)(B-P,S;), one phosphorus atom of the remaining P,
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Figure 2. Experimental and calculated structures of (TaCls)(B-P,Ss); see
legend of Figure 1.

dumbbell in the C,,-symmetrical $-P,S; cage is bound to the
metal chloride unit. The deviation of the adduct molecule
from C; symmetry is a bit larger than that in a-P,S,-contain-
ing molecules. As the two (3-P,Ss-containing adducts are sim-
ilar, only the one with TaCls will be referred to further.

In (TaCls)(a-P,Ss) and (TaCls)(B-P,S), the terminal sulfur
atoms of the cages form coordinative bonds to the metal
atoms. Since the free a-P,Ss cage is entirely unsymmetrical,
the adduct molecules of (TaCls)(a-P,S;s) are unsymmetrical
as well. 3-P,S,, in contrast, exhibits C; symmetry. However,
the adduct molecules (TaCls)(B-P,Se) also have only C, sym-
metry. The two compounds crystallize with very similar
packing of the molecules. The projections of the crystal
structures along the [100] direction are given in Figure 5.

Conformation: Nonperiodic ab initio electronic-structure
calculations were performed to assess the strength of the in-
teraction between TaCls and the individual cages and to
study alternative conformers not observed experimentally.
The geometry optimizations of the individual adduct mole-
cules yielded structural parameters that are reasonably close
to those observed in the crystal structures. Therefore, the
orientations of the four equatorial chlorine atoms of the
MCl; groups (anticipated to rotate almost freely), and the
orientations of the whole MCl; units relative to the individu-
al cages (for molecules with a terminal sulfur atom at the
cages) observed experimentally are not primarily related to
crystal formation but a property of the individual adduct
molecules themselves.

Nevertheless, there are small deviations: In (TaCls)(a-
P,S,) and (TaCls)(B-P,Ss), the TaCls unit is turned out of the
“ideal” position for C, symmetry by up to 10°, which cannot
be considered as being the energetic minimum of the single
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Figure 3. Experimental and calculated structures of (TaCls)(a-P,Ss); see legend of Figure 1.

(TaCls)(B-P,Sq)
cl(13)
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Figure 4. Experimental and calculated structures of (TaCls)(B-P,S;); see legend of Figure 1.
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molecule and which therefore
has to be attributed to the influ-
ence of intermolecular forces or
packing of molecules in the
crystal.

In the two adduct molecules
with a terminal sulfur atom
connected to the metal center,
the TaCls units possess greater
flexibility because of the addi-
tional P—S, ni.a rotation axis.
Closer examination of the mo-
lecular conformation of
(TaCls)(a-P,Ss) and (TaCls)(p-
P,S¢) reveals that stabilizing in-
tramolecular interactions may
force the metal chloride units
to arrange as observed. The
closest chlorine atoms reach
more or less into a cavity of the
cage—a five-membered ring of
phosphorus and sulfur of the a-
P,Ss cage and a six-membered
ring of the B-P,S¢ cage. Thus,
comparatively short distances
between the nonbonded atoms
S(1) and Cl(14) in o-P,Ss; of
319 A (exptl)/320 A (caled)
and between S(1) and CI(12) in
B-P.Ss of 3.16 A (exptl)/3.19 A
(calcd) result. Rotation about
the P—S . mina axis leads to con-
formers that display energetic
minima as well (see below).

As already stated, the coordi-
nation octahedra of the metal
atoms formed by chlorine and
phosphorus or sulfur atoms are
distorted. The angles
(ClequamrialiTa7C1axial) are  en-
larged, which shifts the equato-
rial chlorine atoms towards the
phosphorus or sulfur atoms, so
the metal atoms lie about 0.2 to
0.4 A from the Clequatoriar Plane.
In addition, the P—Ta—Cl,;, or
S—Ta—Cl,,;, axis bends. The cor-
responding bond angles are
173.7° (exptl)/175.0° (calcd) for
the o-P,S, adduct, 175.1°
(exptl)/174.9° (calcd) for the -
P,Ss; adduct with Ta, 175.8°
(exptl)/176.3° (calcd) for the a-
P,Ss adduct, and 173.6° (exptl)/
173.5° (caled) for the P-P,S4
adduct. The distortion can be
attributed to a second-order
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Figure 5. Projection of the crystal structures of (TaCls)(a-P,S,), (TaCly)-
(a-P,Ss), (TaCls)(B-P,Ss), and (TaCls)(B-P,Se) in the [100] direction. Phos-
phorus: black, sulfur: light gray, tantalum: dark gray, chlorine: white.

Jahn-Teller effect®™! usually observed, for example, in octa-
hedral complexes of d° transition metals (e.g. Na[TaClg]).*™

Bond lengths: The experimentally obtained and the calculat-
ed distances d(P—Ta) (or d(S—Ta)), and the different bond
lengths within the individual cages of the four adducts are
compiled in Table 1. Evidently, the calculated LMP2 values
for the distances d(P—Ta) of the isolated complexes are in
good agreement with the values measured in the crystal.
They deviate by 0.017 and 0.003 A from the experimental
values for (TaCls)(a-P,S,) and (TaCls)(B-P.Ss), respectively.
For DFT, the agreement is much worse; for example, for the
B3-LYP case, the corresponding deviations amount to 0.138
and 0.133 A.

For the distances d(S—Ta) in the adducts in which the free
terminal sulfur atoms act as the donors of the cages, the de-
viations between the calculated LMP2 values and the exper-
imental values measured in the crystal increase to 0.07 A for
(TaCly)(a-P,Ss) and to 0.096 A for (TaCls)(B-P,Ss). Again,
the discrepancies for the corresponding B3-LYP results are
significantly larger, amounting to 0.178 and to 0.21 A, re-
spectively. Since the latter complexes are more flexible (see
above), the influence of crystal packing on their structural
parameters is expected to be larger than for adducts with a
direct linkage of Ta to a P atom of the cage. Hence, the
bigger discrepancies between calculated and measured
values for the distances d(S—Ta) are not surprising.

The bad performance of DFT in comparison with LMP2
indicates that van der Waals dispersion (absent in DFT cal-
culations employing the usual xc functionals) plays a crucial
role in the binding between TaCls and the individual cages.
Furthermore, if van der Waals dispersion contributes sub-
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stantially to the binding energy, then the LMP2 results are
likely to improve further when the AO basis set is extended
and the large core pseudopotential for tantalum is substitut-
ed by a small core pseudopotential (presently not available).
The importance of van der Waals dispersion in the binding
of these adducts will be discussed further in the next
section.

Coordination causes certain bonds within the individual
cages to contract or elongate, as is evident from experimen-
tal as well as theoretical data compiled in Figures 1-4 and
Table 1. As known from other adduct molecules such as
(SbCls)(S,N,)P* or (SbCls)(S30),*! the formation of the co-
ordinative bond between Lewis acid (electron-pair acceptor)
and Lewis base (electron-pair donor, phosphorus sulfide in
this case) not only weakens the adjacent bond but also
alters the bond lengths throughout the whole cage molecule
(Figure 6). In (SbCls)(S,N,), this even leads to cleavage of
the S—S bonds: the S,N, molecule connected to SbCls is
merely annular.”!!

& A

(SbCL)(S.N,)

mm

(ShCL)(S,0)

Figure 6. Molecules S4N4,[‘”J S, and adducts (SbCls)(S,N,)®) and
(SbCls)(Ss0).“" Antimony: dark gray, chlorine: white, sulfur: light gray,
nitrogen: black, oxygen: medium gray.

For the adducts presented herein, it is notable that espe-
cially the bond between phosphorus and the terminal sulfur
atoms, if present, lengthens considerably upon coordination,
as do the second nearest bonds within the cages (this situa-
tion holds also for adducts linked through phosphorus),
whereas the bonds in between are shortened slightly. In
Figures 1-4, bonds that show the strongest alterations upon
coordination of the metal chloride units are marked with a,
b, c, and d. The scheme of alternate elongation and contrac-
tion of bonds is disturbed by the shape of the cages, being
composed of concatenated rings of atoms. In (SbCls)(S;0),
the analogous sequence of bond elongation and shortening
relative to the noncoordinated SgO can be followed more
explicitly because of the ring shape of the sulfur oxide.[*"*’

The local MP2 geometries mostly confirm these subtle
changes of bond lengths (cf. Figures 1-4 and Table 1). For
(TaCls)(a-P,S,), bonds of the phosphorus atom P(4) as well
as the P(2)—S(12) bond are found to be significantly elongat-
ed, the P(1)—S(14) bond in contrast is shortened. In (TaCls)-
(B-P,Ss), bonds of the phosphorus atom P(1), which is di-
rectly connected to tantalum, is shortened, the adjacent
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Table 1. Bond lengths [A] in coordinated and noncoordinated cages.

a-P,S, (TaCls)(0-P,S,)
Bond Exptll®! B3LYP BP8 LMP2 Exptl B3LYP BP8 LMP2
P(1) —P(3) 2.3530(8)  2.410 2.420 2.403 2.340(6)  2.397 2.404 2.375
-S(12)  2.1117(7)  2.139 2.141 2.146 2.104(5)  2.124 2.129 2.123
—S(14)  2.1095(7)  2.139 2.141 2.146 2.086(6)  2.124 2.129 2.123
P(Q2) —P(4) 2.3530(8)  2.409 2.419 2.403 2.379(6)  2.416 2.429 2.415
—-S(12)  2.1068(8)  2.139 2.141 2.146 2.148(6)  2.141 2.142 2.155
—S(23)  2.1145(7)  2.139 2.141 2.146 2117(9) 2141 2.143 2.149
P(3) —=S(23)  2.1145(7)  2.139 2.141 2.146 2134(7) 2137 2.140 2.148
—S(34)  2.1068(8)  2.139 2.141 2.146 2.089(7) 2137 2.140 2.148
P4) —S(14)  2.1095(7)  2.139 2.142 2.146 2131(5) 2141 2.142 2.155
—-S(34) 2.1117(7)  2.139 2.141 2.146 2.141(7) 2141 2.143 2.149
Ta(1) —P(1) 2.737(4)  2.875 2.812 2.754
a-P,Ss (TaCls)(0-P,S5)
Bond Exptl B3LYP BP86 LMP2 Exptl B3LYP BP86 LMP2
P(1) —P(3) 2.269(1) 2.303 2.308 2.316 2.289(3) 2.314 2.324 2.330
-S(12) 2.179(1) 2.170 2.176 2.185 2.181(3) 2.180 2.185 2.196
—S(14) 2.130(1) 2157 2.159 2.156 2.134(2) 2.151 2.155 2.153
P(Q2) —P(3) 2.240(1) 2.290 2.300 2.293 2.241(2) 2.298 2.305 2.300
-S(1) 1.950(1) 1.933 1.939 1.943 2.003(2) 1.988 1.999 2.003
-S(12) 2.098(1) 2.150 2.155 2.158 2.086(2) 2121 2.125 2.126
—S(24) 2.100(1) 2.158 2.166 2.158 2.089(2) 2.133 2.138 2127
P(3) —S(34) 2.080(1) 2.089 2.086 2.097 2.076(2) 2.087 2.086 2.094
P(4) —S(14) 2.122(1) 2.145 2.149 2.149 2.134(2) 2.144 2.146 2.151
—S(24) 2.134(1) 2.142 2.142 2.147 2.147(3) 2157 2.161 2.162
—S(34) 2.145(1) 2182 2.195 2.189 2.145(3) 2.174 2.183 2.180
Ta(1) -S(1) 2.665(2) 2.843 2.779 2.735
B-P,Ss (TaCls)(B-P.Ss)
Bond Exptl B3LYP BP86 LMP2 Exptl B3LYP BPS86 LMP2
P(1) —P(3) 2.302(3) 2.346 2.361 2.343 2.304(1) 2.342 2.351 2.328
—S(12) 2.128(3) 2.144 2.145 2.150 2.092(1) 2.126 2.128 2.123
—S(14) 2.117(3) 2.144 2.145 2.150 2.090(2) 2.126 2.128 2.123
P(Q2) -S(12) 2.122(2) 2.147 2.153 2152 2.144(2) 2.153 2.160 2.166
—S(23) 2.122(2) 2.147 2.153 2152 2.126(2) 2.148 2.153 2.154
—S(24) 2.134(4) 2.163 2.167 2.164 2.120(2) 2.159 2.162 2.161
P(3) —S(23) 2.128(3) 2.144 2.145 2.150 2.118(2) 2.142 2.145 2.152
—S(34) 2.117(3) 2.144 2.145 2.150 2.113(2) 2.142 2.144 2.152
P(4) —S(14) 2.117(3) 2.147 2.153 2.152 2.131(2) 2.153 2.160 2.166
—S(24) 2.132(4) 2.163 2.167 2.164 2.116(2) 2.159 2.162 2.161
—S(34) 2.117(3) 2.147 2.153 2152 2.115(2) 2.148 2.153 2.154
Ta(1) —P(1) 2.762(1) 2.895 2.822 2.765
B-P,Se (TaCls)(B-P4Ss)
Bond Exptl! B3LYP BP86 LMP2 Exptl B3LYP  BP86 LMP2
P(1) =S(1) 1.914(4) 1.930 1.937 1.942 1.990(2) 1.977 1.985 1.992
-S(12) 2.089(4) 2.142 2.149 2.143 2.074(2) 2.125 2.129 2.124
—S(13) 2.095(4) 2.142 2.150 2.143 2.104(3) 2.125 2.130 2.123
—S(14) 2.086(4) 2.136 2.135 2.134 2.080(2) 2122 2.124 2117
P(Q2) —P(3) 2.309(4) 2.360 2.369 2.362 2.305(3) 2.356 2.365 2.356
—S(12) 2.110(4) 2.139 2.141 2.147 2.143(2) 2.148 2.150 2.159
—S(24) 2.123(4) 2.146 2.150 2.150 2.118(3) 2.143 2.147 2.146
P(3) —S(13) 2.115(4) 2.139 2.141 2.147 2.138(3) 2.146 2.149 2.156
—S(34) 2.104(4) 2.146 2.150 2.150 2.146(3) 2.142 2.145 2.149
P(4) —S(14) 2.145(5) 2.188 2.201 2.187 2.159(3) 2.193 2.201 2.192
—S(24) 2.092(5) 2.135 2.138 2.142 2.098(3) 2.136 2.139 2.144
—S(34) 2.145(5) 2.135 2.138 2.142 2.121(3) 2.135 2.138 2.141
Ta(1) —S(1) 2.702(2) 2912 2.846 2.798

[a] Experimental data taken from Ref. [43]. [b] Experimental data taken from Ref. [8].

bonds P(2)—S(12) and P(4)—S(14) are elongated, P(2)—S(24)
again is shortened. (TaCls)(a-P,Ss) and (TaCls)(B-P,S¢) show
a quite pronounced elongation of the P—S ... bonds as
mentioned earlier. Besides, bonds P(1)—P(3) and P(4)—S(24)
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in (TaCls)(a-P,Ss) and P(2)—
S(12) and P(3)-S(13) in
(TaCly)(B-P,S¢) are elongated,
bonds P(2)—S(12) in (TaCl;s)(a-
P,Ss) and P(1)-S(12) in
(TaCls)(B-P,Ss;) are shortened.
Interestingly, LMP2 and DFT
predict very similar changes in
these bond lengths, as is evident
from Figures 1-4. We conclude
that these changes are primarily
induced by the weak chemical
bond formed between TaCl;
and the individual cages, which
is properly described both by
LMP2 and DFT, whereas van
der Waals dispersion, even
though constituting an impor-
tant fraction of the overall
binding energy, does not induce
any significant changes in the
intramolecular bonds of the
cages.

Alternative coordination
modes: For all phosphorus sul-
fide cages, only one coordina-
tion type was observed experi-
mentally. In contrast, in the a-
P,Ss, B-P,Ss, and B-P,Ss cages,
there are chemically different
phosphorus atoms available as
possible bonding partners, and
all phosphorus sulfide cages
could coordinate through sulfur
atoms within the cage frame-
work as well. However, phos-
phorus atoms connected to
three sulfur atoms were not
found to form a coordinative
bond to the metal chlorides
under investigation, in contrast
to the case of P,S;.l'**°! In fact,
coordination through bridging
sulfur atoms of the cages could
not be observed at all with the
metal chlorides used, and only
one example for such coordina-
tion type is known.!"*!
Alternative coordination sites
of the phosphorus sulfides were
explored by locating the corre-
sponding minimum energy geo-

metries on the DFT and local MP2 potential energy hyper-
surfaces. Structural parameters and the related binding ener-
gies (with respect to dissociation of the adducts into their
phosphorus sulfide and the TaCl; fragments) are compiled

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Binding energies [kJ mol™'] of the structures and their coordina-
tion alternatives.

Adduct Coord.  Fig.no”  B3LYP BP LMP2U
through Evina Eyina  Ebina
(TaCl;)(a-P,S,) P 1) -8.861 —17.959 —85.914
S ) +5.638  —1.654 —74.421
(TaCls)(a-P,Ss)  S(1) ) -5759  —12382 —-76.191
S(1) 1) —9224  -16.499  —89.630
S(14) () +1391  —8.031 —85.552
P(4) (3) —1298 11368 —78.624
S(34) 5) +9.195  +1.324  —74.563
S(1) (6) —6.115  —11.964 —73.559
P(1) (7) -3.907 -18.038 —72.159
P(3) ) +6326 3462 —72.159
(TaCl;)(B-P,Ss)  P(1) 1) —9.589  —19.577  —93.096
S(12) ) +0.166  —9.646  —88.377
P(2) (3) —5295 14952 —86.529
S(24) 4) 42656  —6.179  —80.043
(TaCly)(B-P,Ss)  S(1) ) —0.610  —6.154 —75.845
P(2) 1) —6.852 17374 —93.644
S(24) ) +4.483 5058 —84.444
P(4) (3) —1.444 11854 —82.592
S(12) 4) +3452 78114
S(1) (6) —0.041  —5.485  —74.677
(TaCls), +1.859  —9.763  —80.974

[a] Numbers are given in Figure 1-4. [b] Ext. domains.

in Figures 1-4 and Tables 1 and 2. Table 3 demonstrates that
the deviations between local and canonical MP2 are rather
small, especially when extended domains are employed (as
in the present work).

The binding between the TaCls subunit and the individual
phosphorus sulfide cages is rather delicate and needs some
discussion. Comparison of the DFT and local MP2 binding
energies in Table 2 reveals that DFT grossly underestimates
the binding between the two subunits. In fact, the binding
energy predicted by DFT is even substantially smaller than
that of a hydrogen bond, occurring, for example, in the
water dimer (about 20 kJmol™"). This is particularly true for
the case of the hybrid functional, where self-interaction is
reduced owing to admixing of nonlocal (Hartree-Fock) ex-
change. At the level of Hartree—Fock theory, similar binding
energies are obtained as for DFT/B3-LYP. Nevertheless, a
weak bond is formed between TaCls; and the individual
cages at the Hartree-Fock level, which is, for example, re-
flected by the fact that the localization procedure (used for
the subsequent local MP2 treatment; see above) generates a
local bicentric orbital involving the Ta and the P (or S)
atoms of the related cage (Figure 7). The gain in energy ob-
tained by forming this bond, however, is to a large extent
offset by exchange repulsion and geometrical deformation
energies. Hence, the net energy gain due to formation of
this bond is quite small. Nevertheless, this bond appears to
be responsible for the subtle changes of the bond lengths
within the individual cages resulting from coordination (see
above).
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Table 3. Interaction energies [kJ mol™'] calculated with X=T basis set at
Hartree-Fock, local (with normal and by one-bond extended domains),
and canonical MP2 level of theory.

Coord.  Fig. HF  LMP2 LMP2" MP2
through no.!
(TaCls)(a- P (1) —29.728 —102.514 —107.752 —107.382
P,S,)
S ) —9.935 —89.782 —97.421 —97.991
(TaCls)(a-  S(1) 4  —53.992 —117.157 —123.589 —123.479
P,Ss)
S(1) (1)  —=50.559 —122.561 —127.951 —127.709
S(1) (6) —48.086 —110.063 —116.378 —116.285
P(1) (7) —19.047 -92.321 —98.138 —97.885
P(4) (3) —12.891 —89.570 —95.903 —95.804
S(14) (2) 11343 —102.668 —110.258 —110.537
S(34) 6)) —1.549 —87.345 —94.692 —95.105
P(3) @®) —4.352  —86.084 —92.486 —92.910

(TaCLy)(B-  P(1) (1)  —27.659 —106.232 —114329 —114.996
P.S;)

P(2) (3) —20223 —99.920 —105.287 —104.749

S(12)  (2) —11.868 —104.690 —112.881 —112.927

S(24)  (4) —14758 —97.414 —106424 —106.665
(TaCL)(B-  S(1) (5) —36.085 —101.883 —106.156 —106.016
P,Se)

P(2) (1)  —20.603 —107.319 —113.429 —112.913

P(4) (3) —12573 —94615 —100367 —99.935

S(12) (4  +8252 —93.683 —101.250 —101.313

S24)  (2)  —6.027 —101.071 —108202 —108.151
(TaCly), —169.072 —241.826 —246.380 —245.265

[a] Numbers are given in Figure 1-4. [b] Ext. domains.

Figure 7. Isoplot of the binding orbital between (TaCls) and (a-P,S,) frag-
ments of value 0.015. This orbital was obtained by the Pipek-Mezey lo-
calization procedure from the set of canonical Hartree-Fock orbitals.

At the MP2 level, however, substantially larger binding
energies are obtained (76-93 kJmol™'). This difference
could be attributed to long-range dispersion electron corre-
lation effects (such as van der Waals forces), which are
absent both at the Hartree-Fock level and in DFT (with
presently available exchange-correlation functionals), but
which are accounted for at the level of MP2. Considering
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the large polarizabilities of the individual subunits, notice-
able van der Waals contributions to the binding energy are
not too surprising. Taking into account the astonishingly
small DFT binding energies, one may even argue that the
major contributions to the binding energies of the individual
adducts are actually indeed of van der Waals type. Van der
Waals type interactions between closed-shell subunits are
ubiquitous in inorganic chemistry (see Ref.[44] for a
review). For example, they are clearly dominant in the auro-
philic attraction between Au' ions .[*! For a definite answer
about the role of van der Waals forces in the adducts char-
acterized in the present work, however, a more detailed
study of the interactions between the phosphorus sulfide
and the TaCls subunits is required (e.g., based on a parti-
tioning of the LMP2 correlation energy), as was done previ-
ously for dimers of coinage metal complexes .[*!

In any case, because of the poor description of the binding
of the adducts by DFT, we will focus in the following discus-
sion on the results obtained at the level of local MP2. In
Figures 1-4, the different adduct isomers are enumerated in
descending order with respect to their binding energies. For
(TaCls)(a-P,S,) the alternative coordination mode (2)
through a sulfur atom is 11.49 kJmol™" less stable than the
observed coordination through phosphorus.

For (TaCls)(B-P,Ss), the observed coordination through
one of the phosphorus dumbbell atoms leads to the adduct
with lowest energy. Coordination mode 2 through one of the
four equivalent sulfur atoms and coordination mode 3
through an isolated phosphorus atom are 4.72 kImol™' and
6.57 kJmol~!, respectively, less stable. The binding energies
of adducts coordinated through the sulfur bridge (4) de-
crease even further (by 13.05 kJmol™) relative to the global
minimum.

For (TaCls)(a-P,Ss), the coordination mode (4) through
the terminal sulfur atom, observed in the conformation in
the crystal, is according to the LMP2 calculations
13.44 kJmol ™' above the global minimum, conformation 1,
obtained from 4 by rotation about the P—S .. axis. As al-
ready stated, this rotation is not sterically hindered and re-
quires only a small activation energy. The alternative—and
most stable—conformer therefore is possibly not realized in
the crystal for packing reasons but may also be the pre-
ferred one for the a-P,Ss adduct in solution. Coordination
mode 2 through the sulfur atom S(14) is still energetically
favored relative to 4 by 9.36 kImol~!, and even the coordi-
nation through the apical phosphorus atom P(4), variant 3,
is more stable (by 2.43 kJmol™') than the observed confor-
mer. However, the coordination alternatives given as var-
iants 5, 6, 7, and 8 (i.e., isomers coordinated through S(34),
another conformational variant to the S(1) linkage) and co-
ordination through the basal phosphorus atoms P(1) or P(3)
are energetically less favored (by 1.63, 2.63, 4.03, and
4.03 kJmol~!, respectively). Notably, the three coordination
modes through the terminal sulfur atom feature stronger
binding at the (uncorrelated) Hartree—Fock level by about
20 kJmol™" relative to the remaining conformers. This result
indicates that for such coordination modes, the covalent
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bond and eventually also electrostatic interactions play a
more pronounced role in the binding than for the remaining
conformers.

Finally, the global minimum for (TaCls)(B-P,S) features
coordination through one of the phosphorus dumbbell
atoms P(2) or P(3) (variant 1). The binding energy is
17.80 kJmol ™' larger than for the experimentally observed
coordination through the terminal sulfur atom (variant 5).
For this adduct there is a significant mismatch between the
structural arrangements occurring in the crystal on the one
hand and that of the isolated adduct predicted by theory on
the other. Also, other adduct isomers coordinated through
the sulfur atom S(24) (variant 2), the apical phosphorus
atom P(4) (variant 3), or the sulfur atom S(12) (variant 4),
are energetically more stable by 8.60, 6.75, and
2.27 kJmol™!, respectively, relative to the p-P,S¢ adduct ob-
served experimentally. However, the alternative conformer
for the linkage through the terminal sulfur atom given as
variant 6 has a lower binding energy (1.17 kJmol™) and is
therefore less stable than the conformer observed.

Geometry optimizations for all possible coordination con-
formers were performed. Other coordination alternatives
not listed here were found to be even less stable. Consider-
ing the LMP2 dissociation energy of (TaCls), which
amounts to 80.97 kImol™!, the formation of all considered
species presented herein is exothermic in the gas phase.

In conclusion, there is a general preference for coordina-
tion through basal/dumbbell phosphorus atoms or terminal
sulfur atoms (if present). Structural arrangements corre-
sponding to such coordination modes are found to be most
stable. A substantial part of the binding energy between the
phosphorus sulfide cage and the TaCls subunit can be ascri-
bed to van der Waals dispersion. There is a mismatch be-
tween experimental results and theory for one case, where
the experimentally found geometry does not correspond to
the theoretically predicted global minimum. The existence
of a structure corresponding to the global minimum cannot
yet be ruled out, particularly as the differences in binding
energy for the several adduct isomers are rather small.

Conclusions

Not only the smallest phosphorus sulfide cage molecule
P,S;Y but also cage-like phosphorus sulfides with higher
sulfur content can act as ligands in metal complexes. Ad-
ducts of a-P,S,, B-P,S4, a-P,Ss, B-P.Ss, f-P,Ss, and monomer-
ic TaCls or NbCls units could be obtained so far. Phosphorus
or sulfur atoms of the sulfide cages in principle can be con-
nected to Lewis acids. We found that the coordination to
the cage molecule is favored either to phosphorus sites with
one adjacent phosphorus atom or to terminal sulfur sites.
Coordination to bridging sulfur sites or to phosphorus sites
bound to three sulfur atoms was energetically less stable.

The cage constitution is not changed upon coordination;
however, certain bond lengths within the cages change as a
result of coordination to the metal.
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Generally, bonds between phosphorus atoms and the co-
ordinated terminal sulfur site lengthen considerably. Howev-
er, bonds involving phosphorus, either directly coordinated
or adjacent to a coordinated terminal sulfur site, shorten.
The next nearest bonds then lengthen. These relative
changes of the individual bond lengths within the cages are
rather well described by both DFT and LMP2, which sug-
gests that they are primarily caused by the weak coordina-
tive bond formed between the metal center and the cage.
However, the contribution of this bond to the overall bind-
ing energy of the adduct is small, and the dominant compo-
nent appears to be long-range van der Waals dispersion. The
latter is not captured by DFT (in conjunction with the usual
functionals), which consequently leads to much too small
binding energies and too large lengths of the coordinative
bond as predicted by this method. MP2, on the other hand,
describes van der Waals dispersion at a level corresponding
to the uncoupled Hartree—Fock representation of the under-
lying dynamical polarizabilities (which usually leads to sig-
nificant overestimation of binding energy in complexes such
as the benzene dimer or argon clusters). So, although not
highly accurate, MP2 certainly paints a much more realistic
picture of the energetics than DFT in a situation in which
long-range van der Waals dispersion is of importance (of
course, we were lucky that near degeneracy effects were
absent in the present system; otherwise, perturbation theory
based on a single reference would not be applicable).
Hence, we are sure to describe the present system at least
qualitatively correct. To further improve the accuracy, cou-
pled cluster calculations with reasonably large basis sets
must be performed, which is beyond the scope of the pres-
ent study. DFT, however, qualitatively fails for the present
systems with weak coordinative bonds.

Experimental Section

Synthesis: Only a small number of the phosphorus sulfides P,S; to P,S;,
can be obtained by “classical” solid-state synthesis by annealing phospho-
rus and sulfur: namely, P,S;, o-P,S;, and P,S,. These sulfides show con-
gruent melting upon heating,”” whereas most phosphorus sulfides decom-
pose at higher temperatures or even when stored in solution at room
temperature. Thus, the preparation of these phosphorus sulfides has to
start from P,S;, o-P,S;, P,S,,, or related compounds such as iodides. In
principle, sulfur-rich cages can be desulfurized, for example, with Ph;P, or
sulfur can be added to sulfur-deficient cages using various reagents with
weakly bound sulfur, such as Ph;AsS.[%)

(TaCls)(e-P,Ss) and (TaCly)(B-P,S): Mixtures of phosphorus sulfides
were used to examine the reactivity towards the metal halides in a first
screening. Phosphorus and sulfur were weighed into fused silica ampoules
in different ratios (for example, P:S=4:4 or 4:5). The evacuated am-
poules were heated to 330°C for 2 days and then cooled to room temper-
ature. The resulting brittle yellow mass was ground and used without fur-
ther purification. As stated in the literature, phosphorus sulfide melts can
contain different types of cages, which can exchange sulfur atoms to form
an equilibrium distribution of sulfides. Starting from a phosphorus to
sulfur ratio of 4:4, 18-62 mol% P,S;, 1-3 mol% o-P,S,, ca. 2mol % f3-
P,S,, 19-30 mol % a-P,Ss, 10-46 mol% f-P,Se, and 3-7 mol % a-P,S; was
found. The composition changed to 14-29 mol% P,S;,1-2 mol% a-P,S,,
28-39 mol % o-P,Ss, 24-27 mol % B-P,Ss, and 3-33 mol % a-P,S; upon in-
creasing the sulfur content to a 4:5 ratio.”*!
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The phosphorus sulfide mixtures (ca. 90 mg), Ta,Cl;, (130-140 mg; 0.18-
0.20 mmol), and CS, (ca. 2 mL) were added to Schlenk flasks and cov-
ered with n-hexane (1.5mL) under inert conditions” After several
weeks at room temperature, the liquid phases were removed. Besides
greenish-yellow columnar crystals of (TaCls),(3-P,S,), isotypic to
(NbCl5),(B-P,S,),” a few light yellow plate-like crystals of (TaCls)(a-
P,Ss) and (TaCly)(B-P,Se) could be separated from the residue and dried
in an argon stream. (TaCl)(a-P,Ss) could also be obtained from o-P,Ss
(prepared from P,S; and sulfur in CS, according to Refs. [5,9,10]) and
Ta,Cly, or directly from P,S;, sulfur, and Ta,Cl,,. (TaCly)(B-P,Ss) could
similarly be obtained from P,S;, sulfur, and Ta,Cl,, by employing an
excess of sulfur.

Other than (NbCls),(B-P,S;), no further compounds isostructural with
niobium pentachloride were found. It is possible that the distinct reduc-
tion of niobium(V) to niobium(IV)—owing to the lower redox potential
of niobium relative to tantalum—Ieads to increased formation of chlori-
nated phosphorus or phosphorus sulfide species.

(TaCly)(a-P,S,): o-P,S, was prepared as described in Ref. [11]. P,S;
(Riedel-de Haén, 55.8 %) was purified in boiling water and recrystallized
from CS,.""! Then, a-P,S,I, was prepared from P,S; and iodine by heating
the mixture for 2 days at 170°C."! After recrystallization from CS,, a-
P,S;I, and ([CH;);Sn),S (prepared according to Ref.[13] from
(CH;);SnClI and Na,S-XH,O in ethanol) in an approximate ratio of 1:1.5
were stirred in CS, for 5 days. The product formation was monitored by
NMR spectroscopy. A yellow precipitate (a-P,S,) formed on cooling and
was filtered, washed with dry diethyl ether, and dried. a-P,S, (ca. 50 mg;
0.2 mmol) and Ta,Cl;, (ca. 100 mg; 0.14 mmol) were covered with CS,
(2mL) and n-hexane (1.5mL) in a Schlenk flask. Small orange crystals
of (TaCls)(a-P,S,) formed within a few days.

(NbCL;)(B-P,S5) and (TaCly)(B-P,Ss): a-P,S; was synthesized from P,S;
and sulfur (Alfa Aesar, 99.9995 %) by annealing the mixture at 330°C for
several days followed by slow cooling to room temperature. In a second
step, a-P,S; and triphenylphosphane Ph;P (Merck, for synthesis, >99 %)
in a molar ratio of 1:2 were heated at reflux in CS, for 1 week in an
argon atmosphere. Afterwards, the solvent was removed in an argon
stream, and the residue was washed with small portions of cold CHCI; to
extract PhyPS, filtered, and dried. The purity of the thus formed (-P,Ss
was verified by powder X-ray diffraction. 3-P,Ss (ca. 210 mg; 0.74 mmol)
and Nb,Cl;, (200 mg; 0.37 mmol) or Ta,Cl;, (265 mg; 0.37 mmol) were
filled into Schlenk flasks. Then, CS, (2 mL) and n-hexane (1.5 mL) were
added. After 2 days, dark red columnar or plate-like crystals of (NbCls)-
(B-P,Ss) and yellow columnar crystals of (TaCls)(8-P,Ss) were obtained.

All adducts are moisture sensitive and therefore must be handled under
inert conditions.

Crystal structure determination: Suitable crystals of the adduct com-
pounds were used for single-crystal X-ray structure analysis. The diffrac-
tion data were collected on an imaging plate diffraction system IPDS-I
(Stoe) at about 20°C. Numerical absorption corrections based on crystal
descriptions were applied.'* !> The structures were solved by direct meth-
ods and refined against F,> with the SHELX-97 program package.!'® All
atoms were refined using anisotropic displacement parameters. Details of
the crystal structure investigations are available from the Fachinforma-
tionszentrum Karlsruhe, p-76344 Eggenstein-Leopoldshafen, Germany
(Fax: (4+49) 7247-808-666, e-mail: crysdata@fiz-karlsruhe.de) referring to
numbers CSD-419157 (TaCls)(a-P,S,), CDS-419156 (TaCls)(a-P,S;),
CSD-419155 (TaCls)(B-P,Ss), CSD-419165 (NbCIS5)(B-P,Ss), CSD-419154
(TaCls)(B-P,Se), the name of the authors, and a citation of the paper.

Computational methods: Minimum energy geometries and relative ener-
gies of different isomers of the individual compounds were calculated by
employing DFT, as well as second-order Mgller—Plesset perturbation
theory. For the DFT calculations, the Becke-Perdew BP86Y and the B3-
LYPP¥ exchange correlation functionals were used. The MP2 calculations
were performed because van der Waals forces, which are not included in
a DFT treatment with present functionals, are likely to play a significant
role in the bonding between the cage and the TaCls subunits. Initial com-
plete active space self-consistent field test calculations, also performed in
the context of this work, indicate that a multireference treatment is not
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required for a proper description of the binding between the TaCls subu-
nit and the individual cages.

For the MP2 calculations, the local MP2 method"'*) as implemented in
the MOLPRO!"! program package was used. The density fitting (DF) ap-
proximation for the electron repulsion integrals was invoked, which
allows for much more efficient algorithms to be used (in particular also
for computing analytic energy gradients™ as required for geometry opti-
mizations) at virtually no loss in accuracy.

It was demonstrated previously that local correlation methods avoid
basis set superposition error (BSSE) effects to large extent by construc-
tion.”"! Hence, as a further bonus of local MP2, quasi-BSSE-free geome-
try optimizations can be carried out in a convenient way, that is, without
any need for counterpoise correction® of the individual energy gradients
involved.

For the tantalum atoms, the Stuttgart/Cologne ECP60MWB quasi-relativ-
istic energy-adjusted pseudopotential, which substitutes the Ta'** core or-
bitals, together with the related (8s7p6d2f1g)/®®32lel AQ basis set was
employed.”>?! For the remaining atoms, the augmented correlation con-
sistent AO basis sets aug-cc-pVXZ of Dunning?®*! were used (X=D for
geometry optimizations, X =T for single-point energies). As fitting basis
sets for the DF approximation, the auxiliary basis related to the aug-cc-
pVXZ AO sets optimized for DF-MP2! were taken for the MP2 com-
ponent of energy and gradient, while for the Hartree-Fock part the JK
fitting basis sets of Weigend® related to the cc-pV(X+1)Z AO basis
were used. For the tantalum/ECP60MWB AO basis no optimized fitting
basis set is yet available. Therefore, the fitting basis set related to the
QZVPP AO basis® was used, which should be sufficiently large to guar-
antee accurate fitting of the individual orbital product densities.

The localized molecular orbitals spanning the occupied orbital space of
the Hartree—Fock reference were generated by using the Pipek-Mezey
localization procedure.”™ Pair domains were constructed by using a com-
pleteness criterion®® of 0.98 and 0.985 for the X=D and X=T AO basis
sets, respectively. For all calculations the pair domains were further ex-
tended by all next nearest-neighbor centers.

For the DFT calculations (carried out by utilizing the TURBOMOLE
program packagel**), the same AO and auxiliary basis sets and the
same pseudopotential as for the local MP2 calculations were used. For
both geometry optimizations and single-point energy calculations X =T
was used. The final interaction energies, obtained at DFT and MP2
levels, were all counterpoise-corrected (in the case of local MP2 to
remove the BSSE of the Hartree-Fock energy) and also include the re-
laxation energies of the individual fragments.F?!
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