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Extended investigations of the reaction sequence
[Cp’2Nb(Te,)H]/CH3Li/[Co,(CO)g] (Cp’ = tBuCsH,) led to the
identification of Li,[3] {3 = [CogTes(CO)gl; n = 1, 2} salts
through their transformation with [PPN]|CI into [PPN],[3]
(PPN = Ph3PNPPh;). These compounds form in the solid state
columnar ([PPN][3]) or undulated 2D ([PPN],[3]) supramolec-
ular networks. Electrochemical studies of [Cp*,Nb(CO),][3]
(Cp* = CsMe;) or [Na(THF)g][3] revealed the presence of the
redox couples [3]7/[3]%/[3]>/[3]*/[3]° regardless of the na-
ture of the cation, whereas in the anodic part oxidative de-
gradation of the cluster takes place. This behavior is in
agreement with the observation that [3]" containing salts
form with PPh3;AuCl or dppe decomposition products like
[(PPh3),Au][CoCl3PPhj] or [Co(CO),dppel.(it-Te). A neutral

cluster comprising the Co@Cog(p,-Te)g core formed in the re-
action of [Cp*,Nb(CO),][Co1,Te;(CO) 9] with PPhsAuCl,
which gave [CogTeg(CO)4(PPhs),] (4) after oxidative cluster
degradation and CO substitution. 4 was characterized by X-
ray crystallography. DFT calculations carried out on all mem-
bers of the [3]" (n = +1 to -5) family and on related species
indicate that there is no significant Jahn-Teller distortion
(and therefore no connectivity change) for any of the consid-
ered electron counts. Magnetic investigations on [PPN][3]
show that the ground state of [3]” is a spin triplet with spins
interacting antiferromagnetically in a 1D space.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Hexacapped cubic transition metal clusters cover a wide
range of electron counts.['! Only a limited set of metals (M
= Ni, Pd) and ligands (E = GeEt, As, Te) is available for
metal-centered hexacapped Mo(s-E)sLg clusters.”] In these
clusters 120 to 130 metal valence electron (MVE) counts
are observed. Only little is known on their reactivity except
that some of these compounds exhibit at least three stable
reversible or quasi-reversible redox systems.*! An important
prerequisite for electron-sponge behavior in transition-
metal clusters is associated to the lack of any significant
Jahn-Teller instability for a range of electron counts, the
upper limit of which being generally that which satisfies the
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closed-shell principle.'*!4] Whereas thermal stability gen-
erally arises when the closed-shell principle is satisfied, this
is most often not the case in molecular compounds for
lower electron counts for which first- or second-order Jahn—
Teller distortions are anticipated. However, in the case of
compact clusters, the high atomic connectivity can cancel
or render negligible the expected Jahn-Teller distortion,
leading to stability for electron counts not satisfying the
closed-shell principle.

We have recently reported on the electron-sponge be-
havior of cluster anions [Co;;Te;(CO);o]* ([1]) and
[Coy1Tes(CO); 51" (n = 1,2) built up of the pentagonal-pris-
matic Co@Co;, polyhedron and shells of pu- and ps-Te
bridges and terminal or bridging CO groups (Figure 1).[]
These anions form in the reaction of [Cp*,NbTe,H] (Cp*
= CsMes) with [Co,(CO)g]. The appropriate cation is the
very stable [Cp*,Nb(CO),]*. A salt containing the hexa-
capped cubic [CoyTeg(CO)s]*> anion formed also in this re-
action, but could be established only crystallographically
(Figure 1).1%81 Electron-sponge properties were expected for
this compound but could not yet be verified because of the
lack of pure material.

The search for related cluster salts containing the Cp’
(Cp" = tBuCsHy) ligand was obviously handicapped by in-
sufficient stability of the still elusive [Cp'>Nb(CO),]* cat-
ion.”l A first hint for the formation of [CogTes(CO)s]" con-
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Figure 1. Structural motifs of [1]* (a) and [3]" (b) (n = 1,2)
anions.[>-l

taining salts was obtained in the reaction of [Co,(CO)g]
with CH;Li-reduced [Cp’,NbTe,H] (2),3°I which proceeds
via highly reactive intermediates.[']

In this work we describe the preparation and supra-
molecular structures of the salts [PPN],[3] {PPN =
Ph3;PNPPh;; 3 = [CogTes(CO)g]; n = 1,2}, which complete
the product variety in the reaction sequence 2/CH;Li/
[Co,(CO)g]. We also report on the redox behavior of the
[3]" anion, its magnetic properties and the electron struc-
tures of differently charged [3]" (n = +1 to —5) clusters, and
reactivity studies on salts containing [3] are described.

Results and Discussion

Synthesis and Characterization

The reaction of the solution of 2 in THF with two equiv-
alents of CH;3Li at room temperature proceeds via forma-
tion of, among others, [Cp’,Nb(Te)CH;], [Cp’'>Nb(H),-
TeCHj], and [Cp’>,Nb(TeCHj3),].[' Subsequent addition of
[Co,(CO)g] to the reduced solution gave neutral [Coo(jiy-
TeR)>(pa-Te)4(CO)s] [R = Cp’>Nb(CO)] and [Cp’>Nb(p-
TeCH;),Co(CO),]'% along with a slightly oily mixture.
This mixture was supposed to contain ionic compounds of
composition [Li],[CogTegs(CO)g] (r = 1, 2). Salt metathesis
of the latter with [PPh4]Cl gave products that were obsti-
nately contaminated by [PPhy4]CI.

Dissolving the brown [Li],[3] mixture in aqueous ethanol
and stirring with excess [PPN]CI (PPN = Ph;PNPPh;) gave
a voluminous precipitate. The IR spectrum of the crude ma-
terial reveals a strong v(CO) absorption at 1890 cm !, typi-
cal of the dianionic cluster, and a comparably weak band at
1935 cm™!, characteristic of the monoanionic cluster. This
1960
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means, following a correlation of the v(CO) absorptions
with the charge (see below), that the crude precipitated salt
consists mainly of [PPN],[3].

Recrystallization of [PPN],[3] (n = 1,2) from CH,Cl,
gave dark needles of [PPN][3] in about 28% yield (with re-
spect to 2). This yield was obtained by repeated precipi-
tation of crystalline material from the mother liquors. The
IR spectrum shows one strong v(CO) absorption at
1935 cm™!, elemental analysis is in agreement with a 1:1
salt. Only in one case a few crystals of [PPN],[3] were iso-
lated in low quantity, which was not sufficient for complete
characterization. These observations support the electro-
chemical finding that there is a slow conversion of [3]* to
[3] in solution (see below).

The NI-ESI-MS of analytically pure [PPN][3] reveals a
peak centered at m/z 1520.1 (I 100%) characteristic of
[3]". Another peak at m/z 760.7 corresponds to the dianion
[CoyTes(CO)s]>. The intensity ratio between both peaks is
dependent on the capillary temperature.®!

The crystal structure of [PPN][3] contains in the triclinic
cell one pair of [PPN]" and [3] ions in the molecular unit
(Figure 2). The structure of the cluster anion is composed
of a Cog cube with an interstitial Co atom, six capping piy-
Te ligands and terminal CO ligands at each of the Co verti-
ces. The bond parameters of [3] are typical of the 122-
MVE cluster anion (Table 1).[81 As in [Na(THF)(][3] a dis-
torted CsCl lattice is observed. This kind of packing may
be promoted by overall diameters of cations (ca. 10.6 A)
and anions (12.6-12.8 A) of approximately the same order.
The linear P-N-P arrangement along with the staggered
conformation of the phenyl groups in the cation results in
optimum space-filling. A further stabilization effect may be
ascribed to C-H---O interactions between phenyl hydrogens
and CO ligands in the range of 2.5-2.8 A (Figure 2). The
importance of this kind of hydrogen-bonding for crystal
packing has been discussed elsewhere.[''-1?] In our case it
may be intensified by electrostatic forces.

Figure 2. Projection of the unit cell of [PPN][3] on the b¢ plain,
with O-H interactions between 2.50 and 2.80 A as dotted lines;
grey: Co, blue: Te, red: O, black: C, dark blue: N, violet: P.
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Table 1. Comparison of important bond lengths [A] of [PPN][3], [PPN][3], 4 and 5:3Cr(CO)s.

[PPN],[3]
123

5-3Cr(CO)47
124

2.525(1)-2.539(1)
2.979(1), 2.999(1)
2.759(1)-2.793(1)
2.399(1)-2.405(1)

2.474(3)-2.505(3)
2.912(4)-2.956(5)
2.741(8)-2.778(9)
2.381(6)-2.412(5)

4 [PPN][3]
MVER 121 122
pa-Te—Co 2.520(3)-2.543(3) 2.519(2)-2.538(2)
Te-COcentr 2.974(4), 2.9874(4) 2.980(2)-2.981(2)
Co-Co 2.769(4)-2.797(4) 2.773(2)-2.793(3)
Co-COeents 2.395(4)-2.428(8) 2.401(2)-2.414(2)
PN 1.568(4)
Co P 2.199(8), 2.228(9)

1.586(3)

[a] Metal valence electrons.

Crystals of [PPN],[3] were accidentally obtained in the
first fraction. The IR spectrum exhibits a strong v(CO) ab-
sorption at 1885 cm™!, thus serving as a reference frequency
for [3]*". X-ray diffraction analysis shows that the mono-
clinic cell is composed of two molecular units and each mo-
lecular unit contains two [PPN]" cations and one [3]*~ di-
anion (Figure 3). The CogTes cube contains an inversion
center. The bond parameters of the 123-MVE cluster
(Table 1) are similar to those in [PPN][3]. The only striking
difference between both structures is the bent [PPN]* cation
with a P-N-P angle of 141°, and the phenyl rings are ar-
ranged in an eclipsed conformation. The resulting packing
may be described by undulated 2-D layers of cations being
well separated by the large anions (Figure 3). The different
packing in [PPN],[3] and [PPN][3] demonstrates for the first
time that the crystal lattice may be affected by the charge
of the cluster anion. This finding is in striking contrast to
the supramolecular chemistry of PPN salts in which the in-
dividual cationic structure motif is unaffected by the charge
of the anion.l'?!

Figure 3. Crystal packing repeat of [PPN],[3], view down the ¢ axis.
The grey cubes symbolize the Co@Cog polyhedron, the meaning
of the other colors is the same as in Figure 2.

Cluster Reactivity

Following the CO-substitution/cluster-oxidation pathway
of the reaction of phosphanes with [1]*~ anions,®! the for-
mation of neutral PRs-substituted clusters was attempted
by reacting [Cp*,Nb(CO),]|[3] with bis(diphenylphos-
phanyl)ethane (dppe). Whereas at room temperature there
was no reaction, in boiling THF [{Co(CO),(dppe)}.(u-Te)]
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formed among other, not identified compounds. From X-
ray crystallography the molecular structure consists of two
trigonal-pyramidal Co(CO),(dppe) moieties being linked by
a Te bridge.['¥ As it was impossible to separate the different
products either by chromatography or by crystallization
reasonable spectroscopic data are not available.
Surprisingly, a cluster compound of composition
[CogTes(CO)4(PPh3),] (4), (Figure 4) was obtained from the
reaction of [Cp*,Nb(CO),][1] with PPh3AuCl in boiling
THF. The compound is extremely air-sensitive in solution
and under FD mass spectrometric conditions. The IR spec-
trum reveals one strong CO stretching frequency at
1922 cm™!. Single crystals were obtained by recrystalli-
zation, but always contaminated by varying amounts of
grey tellurium powder. For this reason no sufficient analysis
is available. The important bonding parameters of 4 are
closely related to those of [3]" and [3]*> anions (Table 1).
The corresponding relation between cluster charge and dis-
tances will be discussed below. As by-product [Cp*,Nb-
(CO),][PPh3CoCl;5] was obtained as green needles by direct
recrystallization of the reaction mixture.!4!

Figure 4. Structure of [CogTes(CO)4(PPhs)y] (4). A threefold axis
passes through P(1), Co(2), Co(l), Co(5) and O(2); the interstitial
Co atom is Co(1).

The formation of 4 is unprecedented in that a pseudo-
protonation!! of one of the nucleophilic ps-Te bridges of
the Co;,Te; skeleton was expected. However, attempts to
prepare neutral analogues of 4 from [3] salts and
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PPh;AuCl gave a mixture containing blue [(PPhs),Au]-
[CoCl3PPh;],'4  green [Cp*,Nb(CO),][PPh;CoCl;] (see
above) and black microcrystalline material of still unknown
nature. The formation of the Te-free anions may be ex-
plained by the easy and irreversible oxidation of the cluster
core as found in electrochemical experiments (see below).
It may be noted that pseudo-protonated clusters with the
Co@CogTes core exist (Scheme 1): [CogTes{ps-Cp'>Nb-
(CO)Te},(CO)5]® is one of the products of the title reaction
described previously,®! whereas [CogTes{ps-Cp’>,Nb(CO)-
Te}3(CO)g] (5) forms in the reaction of 2 with [Co,(CO)g]
in boiling toluene.[”)

¥
D 45
@ = Cog(u4-Te)s(CO)g

Scheme 1. Schematic representation of pseudo-alkylated CogTeg-
(CO)g cluster derivatives with R = Cp’,Nb(CO).

Electrochemical Investigations

In a previous work we have shown that the pentagonal-
prismatic [Co;;Te;(CO);o]-skeleton behaves like an elec-
tron-sponge.’) Such properties have also been predicted for
[3] but could not be verified due to lack of material.[¥! The
isolation of analytically pure [Cp*,Nb(CO),][3] by
chromatography on SiO, allowed us to investigate its elec-
trochemical properties by using cyclic voltammetry, rotating
disk electrolysis (RDE) voltammetry and electrolysis meth-
ods.

The cyclic voltammogram of [Cp*,Nb(CO),][3] on car-
bon electrode in THF contains six systems in the cathodic
area: Aj/A’|, AyJA',, C/C'y, Cy/C'5, As/A’s and A /A,
with E. =-0.38V, -1.16 V, -1.43, -1.73, -1.97 and -2.48 V,
respectively (Figure 5). When starting at —0.1V, three
irreversible oxidation peaks E’;, E’, and E’; were found at
+0.5, +0.75 and +1.24 V, respectively. The total height of
waves E’|, E’» and E’; is approximately ten times higher

Figure 5. Cyclic voltammogram of [Cp*,Nb(CO),][3] on carbon
electrode in THF (0.2 mol L' of [NBu4]PFg, scan rate 100 mVs');
starting potential —0.1 V.
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than that of wave A;. After 9-e~ oxidation (n7ex, = 8.6 ¢7) at
the potential of wave E’; the color of the solution turned
from maroon to almost colorless, which may be interpreted
as oxidative degradation of the cluster anion. Indeed, cat-
ionic cobalt species have been found in diverse substitution
reactions of [Cp*,Nb(CO),][3] (see above).

The peaks A/A’|, A5/A'; and A3/A’; may be assigned
to the reversible reduction of [3] according to Equation
(1), whereas peaks C;/C’; and C,/C’, are consistent with
reversible reduction of the [Cp*,Nb(CO),]" cation. The sys-
tem A4/A’, is tentatively assigned to the reduction of [3]*
which means that [3]°~ is sufficiently stable on the time scale
of cyclic voltammetry. The corresponding RDE voltammo-
grams are shown in Figure 7.

-0.38V -1.16V -1.97V -248V

3T 31 37"
AJA, Ay/A

31+ [31>

Ay/AY AyAY

)

This assignment is supported by the cyclic voltammo-
gram of [Na(THF)¢][3], which exhibits only the systems A,/
A'y, A5/A',> and As/A’; (Figure 6). The peaks C; and C,
are not observed, A4 does not appear, instead Na* is re-
duced before. Other cations like [PPh,]* (~1.68, —2.07 V1))
or [PPN]* (-2.07 V in THF/DMF) exhibit reduction waves
in the same range.

Izw\ A3

Ao

Ad

Figure 6. Cyclic voltammogram of [Na(THF)¢][3] on carbon elec-
trode in THFE.

Electrolysis of [Cp*,Nb(CO),][3] at —0.7 V (plateau of
wave A,) consumes 1 F (ngx, = 0.97 F). The RDE voltam-
mogram of the resulting solution exhibits the oxidation
wave A’ and the reduction waves A,, C;, C, and A5 (Fig-
ure 7, b). This result is in agreement with the quantitative
formation of the dianion according to the reaction [3] + e~
— [3]>". The dianion is very stable since no evolution occurs
even after several hours. Further electrolysis at —1.3 V (pla-
teau of wave A,) gives after consumption of 0.5 F an RDE
voltammogram which exhibits oxidation wave A’y and re-
duction waves A,, C;, C, and As. Interestingly, the height
of wave C; has decreased (Figure 7, ¢). This result suggests
that the electrogenerated trianion [Equation (2a)] interacts
with the [Cp*,Nb(CO),]* cation [Equation (2b)].
B +e =3 (2a)

3P + [Cp*;NB(CO).]* = [3P + “Cp*,Nb(CO),” (2b)

Eur. J. Inorg. Chem. 2008, 19591968
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Figure 7. RDE voltammogram of [Cp*,Nb(CO),][3] on carbon
electrode in THF (0.2 molL™! of [NBuy]PFg; scan rate 20 mVs™'):
(a) initial voltammogram; (b) after electrolysis at —0.7 V and con-
sumption of one electron; (c) after electrolysis at —1.3 V and con-
sumption of 0.5 F.

Reaction (2b) is thermodynamically unfavorable but can
be explained by an outer-sphere electron-transfer reaction
since the potential difference of 0.27 V between C; and A,
is small. The resulting neutral “Cp*,Nb(CO),” is supposed
to be unstable because of its 19-e” configuration. A similar
transfer reaction has been postulated for the interaction of
[1]* with [Cp*,Nb(CO),]*.[>

Reduction of [3] at —1.7 V consumes 3 F (n¢xp, = 2.96 F).
The resulting solution exhibits an RDE voltammogram
with two oxidation waves A’; and A’, and one reduction
wave A3,l171 which are characteristic of the quantitative for-
mation of the trianion [Equation (3)]. The trianion [3]*~
is moderately stable even in the presence of additional
water.

[Cp*;Nb(CO),][3] + 3e = [3] + “Cp*,Nb(CO),” A3)

When the reduction of monoanion is performed at
-2.2'V (plateau of wave Aj) the current decreases from
0.7 mA to 0.2 mA. Then it is stable even after consumption
of an important quantity of electricity (e, = 11.9 F). By
RDE voltammetry, only waves A’;, A, and Aj are present
indicating that the dianion is formed.['l As wave A’, ap-
pears with very low intensity, the trianion is also observed
in trace amounts. The quantity of electricity consumed may
be seen as the beginning of a catalytic process where the
tetraanion reduces a substrate present in solution ([NBu,]*
or residual water). This first hypothesis cannot be verified
using NaBPh, instead of [NBuy]PFy since Na* is reduced,
as mentioned above, at a less negative potential than —2.2 V.
In the presence of additional water, no modification of
waves A and A, are observed, but the height of the wave
Aj increases in agreement with a fast reactivity of the tet-
raanion towards water.

In summary, the anionic species [3]" (n = —1 to —4) are
stable on the time scale of CV. In contrast only the dian-
ionic species is very stable on the time scale of electrolysis.
The trianion generated from electrolysis is moderately
stable even in the presence of water, whereas the tetraanion
is very unstable.

Eur. J. Inorg. Chem. 2008, 1959-1968

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

Electronic Structures of [3]"

Differently charged and substituted carbonyl cobalt tel-
luride clusters belonging to the type of cubic Mg polyhedral
geometry are described. Electrochemical studies reveal the
presence of the anionic species [3]” (n = —1 to —5) in solu-
tion. The corresponding electron counts are 122 to 126
MVE. Although there is no electrochemical proof of a 121-
MVE cluster, an uncharged species [3]° may be obtained by
degradation of the Coy;Te; of [1]” and concomitant substi-
tution of four CO by PPh; ligands. By this way, crystallo-
graphic data are now available for clusters with 121, 122
and 123 MVE. This range may be extended to 124 MVE
with  [CogTes{ps-Cp’,Nb(CO)Te}3(CO)s-3Cr(CO)s]  {[5
3Cr(CO)s]}, which is a pseudo-protonated derivative of the
[3]* anion. The cluster bears three additional Cr(CO)s frag-
ments for the purpose of better crystallization (Figure 8).

Figure 8. CogTeg-core of [5:3Cr(CO)s] with attached “Cr” and
“Nb”, that symbolize Cr(CO)s and Cp’,Nb(CO) fragments.[”]

Previous theoretical investigations of the electronic struc-
ture of transition-metal centered cubic clusters of the type
Mo(ps-E)sLs (M = Ni, Pd; E = GeEt, As, Te) have shown
that the best favored closed-shell electron count for such
species is 124 MVE.['>-1d] This situation (Figure 9) origi-
nates from the best closed-shell electron count of the non-
centered Mg(us-E)gLg species which is 120 MVE. With this
electron count, a significant HOMO-LUMO gap is gen-
erally found for Mg(pus-E)sLg clusters.! When an ad-
ditional metal atom is placed in the middle of the cube,
only three (of t,, symmetry) among its five low-lying d-type
orbitals can significantly interact with low-lying counter-
parts on the Mg(ps-E)sLs cage. Indeed, contrarily to the e,
manifold, these three AOs provide a good overlap match
with the Mg cube. As a result, the e, d-type AOs of the
central metal are weakly perturbed and remain at low en-
ergy. Thus, the closed-shell principle requires their occupa-
tion, leading to the MVE count of 120 (empty cage) + 4
(central M) = 124, the corresponding electron configuration
being in the following noted [120](e,)*. A typical example
of this closed-shell count is Nig(s-GeEt)o(CO)s.['¥1 How-
ever, it has also been shown that in the particular case
where E is a bare main-group atom, the 124-MVE closed-
shell configuration is not always ensured, due to the lone
1963
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HOMO for 124 MVEs

tog

HQMO for 120 MVEs

On

Mo(ng-E)sLs
Oh Oh

Mg(ng-E)sls

Figure 9. Schematic interaction MO diagram between the frontier orbitals of an Mg(uy-E)¢Lg cage and its pig-M host. In the more general
case, the best favored MVE counts (large HOMO-LUMO gaps) are 120 and 124 for the empty Mg(uy-E)sLg and the centered Mo-

(14-E)eLg clusters, respectively.

pair effect of the bare py-E atom. Indeed, these lone pairs,
which span into a;,+t;, +e, combinations in the cluster O,
symmetry, tend to destabilize the occupied cluster levels of
the same symmetries, especially in the case of heavy main-
group E atoms which have diffuse lone pairs, able to provide
long distance overlap. As a result, the HOMO-LUMO gap
is reduced, with a high-lying e, HOMO which in some cases
can cross the LUMO and transfer its electrons into it.['"]
Alternatively, significant destabilization of this e, orbital
may favor its depopulation, i.e., favor the 120-MVE closed-
shell configuration [120](e,)’, secured by the existence of a
substantial HOMO-LUMO gap.

These previous results were obtained from calculations
on Group 10 clusters.'?l We have first in the present work
tested their validity for the less electronegative cobalt case
by carrying out DFT calculations on the [3]" (n = +1 to -5)
series and then on closely related species. The MO diagram
of the 124-MVE anion [3]* is shown in Figure 10 and some
important computed data are given in Table 2. The ground-
state level occupation corresponds to the above predicted
electronic configuration [120](e,)* and is consistent with the
qualitative diagram of Figure 9. However, the computed
HOMO(e,)-LUMO(t,,) gap is not very large (0.32 eV) and
the triplet state is computed to be only 0.39 eV less stable
than the singlet state. Clearly, the rather high energy of the
e, HOMO results from the E = Te lone-pair effect described
above. This is also exemplified by the plots of the e,
HOMOs (Figure 10) which show Co(central)-Te antibond-
ing character. Similar results, i.e., a singlet ground state as-
sociated with a moderate HOMO-LUMO gap were found
for the 124-MVE cluster [Coo(Te)s(CO)4(PH3)4> ([4'])
taken as a simplified model for a hypothetical reduced form
of 4 (see Table 2).

1964
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Figure 10. The MO diagram of [3]* (124 MVE) with plots of the
e, HOMOs.

The Te lone-pair effect in [3]*>~ can be switched off by
“complexing” the lone pairs, for example by H*. The corre-
sponding 124-MVE model [Coy(TeH)s(CO)g]** exhibits a
substantial HOMO(e,)-LUMO(t,,) gap of 0.88 ¢V in its
singlet ground-state, whereas its triplet state is computed to
be 0.91 ¢V less stable. Complexing the Te lone pairs by
Cr(CO)s groups, i.e., calculating [Cog{TeCr(CO)s}¢(CO)g]*
leads to similar results, with a significant HOMO (e,)-
LUMO (t,) gap of 0.95 eV (Table 2). This computed model
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Table 2. Selected data for the computed ground-states of the series [CogTeg(CO)g]” ([3]"; n = +1 to —5) and related clusters; bond lengths

are given in A.

Compound (symmetry) MVE  Electron Spin  HOMO-LUMO Co-Co Co-Te Co-C C-O  Lowest
configuration state  gap (cube edge) vibrational
frequency
[CoyTeg(COXs]™, [31F (Op) 120 [120](e)(t;)° s 0.67 eV 2.898 2.529 1810 1154 33 cm™! (ty,)
CoyTeg(CO)s, [31° (05) 121 [120](ey)'(t1)° d 2.886 2535  1.791 1.161 46 cm! (ty,)
[CogTes(CO)gl, [3] (O)) 122 [120](ex)(t1)° t 2.853 2559  1.764 1.167 41 cm™ (tyy)
[CooTeg(CO)e)*, 31> (Op) 123 [120](ex)*(t1)° d 2.843 2.569  1.759 1.176 55 cm™ (ty,)
[CooTeg(CO)gJ*, [BF (Op) 124 [120](ex)*(t1)° s 0.32 eV 2.851 2.574  1.756 1.184 54 cm! (ty,)
[CooTes(CO)J*, [B]* (Op) 125 [120](ex)*(t1o)" d 2.878 2.589  1.750 1.194 57 cm™! (ty,)
[CooTeg(CO)e]>, B (Op) 126 [120](ex)*(t1 ) (t2p)° ¢ 2918 2,610 1.743 1203 54 cm™! (ty)
[CooTeg(CO)4(PH3),1%, [4] (Cs,) 121 [120](e;)'(e1)° d 2,874 2,543 1,776k 1.1658 54 cm! (a,)
Co-P: 2.1884
[CooTes(CO)(PH3) 1, [47F (C3,) 124 [120](e1)*(er)° s 041 eV 2,833 257611 17561 1.187@ 56 em™! (ay)
Co-P: 2,135
[Coo(TeH)s(CO)J** (O;) 124 [120](ex)* (t1p)° s 0.88 eV 2.860 2532 1.842 1.146 44 cm! (o)
[Cog{TeCr(CO)s}¢(CO)s]* (Oy) 124 [120](ex)*(t1o)° s 0.95 eV 2.818 2.561  1.783 1.166  not computed
Te-Cr:
2.865

[a] Average value.

is closely related to the structure of [5-3Cr(CO)s], in which
Te lone-pairs are alternatively complexed by Cp’,Nb(CO)
or Cr(CO)s moieties (Figure 8).[7]

We investigate now the electronic structure of the 120- to
126-MVE series [3]" (n = +1 to -5). Selected computed data
are provided in Table 2. The MO level ordering of the 120-
MVE [3]* cation is similar to that of the 124-MVE [3]*~
species and therefore has an empty e, LUMO, i.e., the
[120](e,)° configuration. Its singlet ground-state is secured
by a substantial HOMO-LUMO gap (0.67 eV). Thus, this
hypothetical species should be diamagnetic. The 121- to
124-MVE species correspond to the occupation of the e,
level, i.e., to the configurations [120]e,* (x = 1 to 4). Sur-
prisingly, the O, structure does not exhibit any Jahn—Teller
instability in the cases of x = 1 and 3, as shown by the
absence of any imaginary computed vibrational frequencies.
Clearly, the high connectivity of the cluster prevents any
(even weak) Jahn-Teller distortion, at least at the consid-
ered level of calculations. Small distortions away from the
octahedral framework have not to be completely excluded
however. This is suggested by our partial exploration of
their potential energy surfaces which were found quite flat
around their minimum and by the particularly small values
of their lowest vibrational frequencies (Table 2). The 121-
MVE cluster [Coy(Te)s(CO)4(PH;),] ([4']°) taken as a sim-
plified model for 4 was also computed (Table 2). It exhibits
rather similar electronic and structural features as its iso-
electronic relative [3]°. The fact that 4 is more stable than
the elusive [3]° species can be rationalized by the fact that
the spin density is more concentrated on the interstitial Co
atom in the case of 4 (1.02 and 1.15 for [3]° and [4']°,
respectively) and by the steric protection offered by the
phosphane ligands in the case of 4.

Filling the e, level results in a regular decrease of the
Co—Co cube edge, due to the fact that this level is weakly
bonding along this edge. Conversely, the distance between
the encapsulated metal and the Te atoms increases due to
the antibonding character of the corresponding contacts
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(Table 2). The 125- and 126-MVE species are computed to
adopt the configuration [120]e,*t;,* (x = 1 and 2) in their
ground states. As for their 121- and 123-MVE relatives, they
were found to be Jahn-Teller resistant. The 126-MVE clus-
ter [3]° is computed to have a triplet ground state. The
singlet state is found to be only 0.15eV above and also
maintains the octahedral symmetry. Clearly, this [3]" elec-
tron-sponge family does not want to change its connectivity
upon changing its electron count. Going from 124 to 126
MVE results in the lengthening of both Co—Co and Co--Te
contacts, in agreement with the weak antibonding character
of the t,, level on the corresponding contacts.

Magnetic Behavior of [PPIN][3]

In order to get a better insight into the electronic struc-
ture of the [3]” series, we have investigated the magnetic
properties between 2 K and 300 K of [PPN][3]. At room
temperature the compound is paramagnetic with an effec-
tive magnetic moment z.;r = 4.65 pg. In considering the free
electron Zeeman factor (g = 2.00), uqgr is close to the value
we can expect for isolated spin quintuplet (e = 4.90 pp)
while calculations indicate a triplet ground state at 0 K. The
quintuplet state was then calculated and found to be
0.96 eV above the ground state. On cooling, u.s decreases
slowly down to 100 K, with a value still higher than that of
the spin only value for a triplet state (2.83 pp), then it de-
creases more and more rapidly. The temperature depen-
dence of the molar magnetic susceptibility, yu;, is plotted in
Figure 11.

On cooling, the susceptibility increases continuously but
not monotonically. It is highly improbable that the shoulder
which shows up at around 5 K is of intramolecular origin.
Indeed, this would suggest that there is an intramolecular
equilibrium between singlet and triplet states, the singlet sit-
ting few Kelvin lower in energy than the triplet while calcu-
lations found that the singlet is 0.37 ¢V (= 4300 K) above
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Figure 11. Temperature dependence of the molar magnetic suscep-
tibility of a powdered sample of [PPN][3]; (0) experimental points
(-) best fitted curve.

the triplet. Therefore, we conclude that the low temperature
behavior is the result of antiferromagnetic intermolecular
interactions. Looking at the crystal packing, short intermo-
lecular contacts take place between Te2 atoms of neigh-
boring clusters along the « axis. Indeed, the distance Te2-
Te2 is equal to 4.051(23) A while the van der Waals radius
of tellurium is equal to 2.06 A. Additionally the DFT calcu-
lations show that some spin density (= 0.11 electron) is lo-
cated on the tellurium atoms. Then, direct spin-exchange
can occur between clusters along the ¢ axis. From a mag-
netic point of view the system may be described by chains
of S = 1 spins antiferromagnetically coupled. The exchange
Hamiltonian of a chain constituted by N spins within a
magnetic field is written as

HZ_EJS,' “Sias +igﬁH'Si
i=l i=1

with J the exchange interaction parameter, S; the spin oper-
ator at site 7, g the Zeeman factor, f and H the Bohr magne-
ton and the magnetic field respectively. For spins larger
than Y5, there is no analytical expression for N—o to de-
scribe the thermal dependence of the molar magnetic
susceptibility. However, an expression (valid for J < 0) fit-
ting the numerical results of ring chain calculations has
been proposed for S = 1 (see equation).['”]

202 2 2 n2
7 =(I—x)Ng B 2.0+0.0194x+0;777x : +xNg B S(S+1)+T.LP.
! kT 3.0+4.346x+3.232x" +5.834x 3kT
ool
with x=-—
kT

In the equation we have included a temperature-indepen-
dent contribution (7.1 P). Also, it is necessary to include
contributions x from paramagnetic entities, which are sup-
posed to follow the Curie law, in order to take into account
the increase of yy at very low temperature. The best agree-
1966
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ment between theory and experiment is obtained with
[/ = 2.286*0.030cm™, g = 2.500+0.007, TLP =
4.93+0.01 X103 cm*mol ! and x = 12.0 + 0.3% with R?> =
0.9992. The fitted and experimental curves are in excellent
agreement (Figure 11). The T P, is very large with respect
to values commonly observed for transition metal ions
(about 103 cm®*mol").2% However, such large values have
been already reported in metal clusters.”!'! The existence of
low-lying excited states which can couple to the ground
state through Zeeman perturbation can induce such large
van Vleck contribution.?”! Also, the admixture between the
ground state and excited states can give rise to g values
significantly larger than 2.00 through spin-orbit coup-
ling.l'! It should be noted that the meaning of x is more
subtle than that of a simple sample pollution by paramag-
netic impurities. Indeed, in the crystals incorporated dichlo-
romethane is easily lost from the solid (especially under vac-
uum) inducing symmetry breaking in the chain structure
and creating chain fragments of various lengths. The ends
of the chain fragments, which can be considered as isolated
paramagnetic centres at low temperature, are expected to
contribute significantly to the overall magnetism.

Conclusions

In this work we have shown that reduction of
[Cp'>NDb(Te,)H] with CH3Li and the subsequent reaction
[Co,(CO)g] in THF gave aside from [Cp’,Nb(TeCHj3),Co-
(CO),] the salts Li,[3] (n = 1, 2) which were transferred by
metathesis reactions with [PPN]CI into stable compounds
crystallizing in supramolecular networks. The crystallo-
graphic study of the packing in both [PPN],[3] and [PPN][3]
demonstrates that the crystal lattice is affected by the charge
of the cluster anion. This finding is in striking contrast to
the supramolecular chemistry of PPN salts in which the in-
dividual cation structure motif is unaffected by the charge
of the anion.l'?!

Electrochemical studies prove the existence of redox cou-
ples [3] /[31> /[3]* /[3]* /[3]> regardless of the nature of the
cation. Whereas oxidation of [3] proceeds under decompo-
sition, a neutral derivative of [3]°, 4, was prepared by the
unusual cluster degradation of the pentagonal-prismatic
cluster [1]". Concomitantly, four CO groups were substi-
tuted by four PPh; ligands. The metal valence electron
(MVE) counts for the members of the whole series range
from 120 for [3]* to 126 MVE for [3]°. DFT calculations
indicate that the octahedral architecture of the hexacapped
centered cubic structure is conserved over all this range of
electron counts. Most of these species have open-shell con-
figuration. Because of the high molecular connectivity and
of the weak bonding/antibonding nature of the frontier
MOs, they do not afford any Jahn-Teller distortion. Such
a situation is reminiscent of solid-state chemistry. Further-
more, this electron-sponge behavior is unique within the
family of metal-centered hexacapped Moy(py-E)sLg clus-
ters.”]  Magnetization measurements on [PPN][3] un-
ambiguously reveal a triplet ground state for the 122-MVE
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count with antiferromagnetic exchange type interaction
in one dimension between clusters within the crystal struc-
ture.

Experimental Section

General: All procedures were carried out under N, using dry sol-
vents and glove box and Schlenk techniques. Elemental analyses
(C,H) were performed by the Mikroanalytisches Laboratorium,
Universitdt Regensburg. IR spectra were obtained with a Bio Rad
FTS 155 spectrometer. ESI mass spectra were measured on a
ThermoQuestFinnigan TSQ 7000 spectrometer. Electrochemical
experiments were carried out as described in ref.[58-5b]

Computational Details: Density functional theory calculations were
carried out using the Amsterdam Density Functional (ADF 2006)
package developed by Baerends and co-workers,[??) assuming the
Vosko-Wilk—Nusair parametrization®? for the local density
approximation of electron correlation and the nonlocal density
approximation of Beckel”*! and Perdew!>"! (BP86) for the exchange
and correlation energies, respectively. The standard TZP basis set
of the ADF program!®?! was used for the atoms constituting all the
computed compounds. The frozen-core approximation was used to
treat the core electrons. Full geometry optimization was carried
out for all the computed species.!'”? All the optimized geometries
discussed in this paper (except that of [Coy{TeCr(CO)s}¢(CO)s]>")
were characterized as true minima on the potential energy hyper-
surface by calculations of normal mode vibrational frequencies (see
Table 2).

Magnetic Measurements: The magnetizations have been recorded
with a Quantum Design MPMS SQUID magnetometer operating
in the temperature range 2-300 K with a DC magnetic field up to
5 T. The experimental data have been corrected from the diamagne-
tism of the sample holder and the intrinsic diamagnetism of the
materials evaluated with Pascal’s tables.

European Journal
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[Cp*,Nb(CO),J[3]: A mixture of [Cp*,NbTe,H] (329 mg,
0.53 mmol), [Co(CO)g] (342 mg, 1.00 mmol) and toluene was re-
fluxed for 3 h. After cooling the dark precipitate was separated
from the supernatant yellow solution and washed several times with
toluene. Then, the dark brown residue was dissolved in CH,Cl,
(25mL). Chromatography on SiO, (activity II/III; column
15X 3 cm) gave after elution with CH,Cl, red-brown [Cp*,Nb-
(CO),][1].%4 Continuous elution with a large volume of CH,Cl,
was applied until another red-brown band appeared containing
analytically pure [Cp*,Nb(CO),][3] (80 mg, 7.8%). Complex
[Cp*,NDB(CO),][3]: C30H30CooNbOoTes (1939.43): caled. C 18.57,
H 1.56; found C 18.53, H 1.60, NI-ESI-MS (from CH;CN) 1521
{[Coo'*8Tes(CO)s] = 1520}; PI-ESI-MS (from CH;CN) 419.0
([C2H3oNbO,]*). IR (KBr): ¥ = 2014 m, 1936 cm™! vs (veo).

Preparation of [PPN],[3] (n = 1,2): Reaction of a THF solution
(100 mL) of [Cp',NbTe,H] (300 mg, 0.50 mmol) with CH;Li
(0.7 mL, 1.1 mmol in diethyl ether) gave a red-violet solution,!'”) to
which [Co,(CO)g] (342 mg, 1.0 mmol) was added under spontane-
ous gas evolution. Then, the dark mixture was refluxed for 18 h.
After evaporation of the solvent the residue was dissolved in tolu-
ene/acetone (2:1; v/v) transferred to SiO, (column 20 X 3 cm) and
eluted with the same mixture to remove [Cp’,Nb(TeCHj3),Co-
(CO),].1"1 Elution with acetone gave a dark brown oily material
(244 mg) composed of [Li][3] and some diacetone alcohol.
Recrystallization of this oily material from THF gave [Na(THF)g4]-
[CooTeg(CO)g] in modest yield.!®! If this material was dissolved in
30 mL of ethanol and treated with a solution of [PPN]CI (270 mg,
0.53 mmol) in H,O (30 mL) a brown precitipitate formed, which
was filtered and washed with H,O (5X15mL) and ether
(2X5mL) and then dried in vacuo. The remaining brown solid
(362 mg) contains according to IR spectroscopy a mixture of
[PPN],[3] (n = 1, 2). Recrystallization of this mixture from CH,Cl,
at —25 °C gave after 1 d a few crystals of [PPN],[3], while crystals
of [PPN][3] were obtained from the mother liquor in subsequent
fractions (total yield 100 mg, 28% with respect to 2). [PPN][3]:

Table 3. X-ray crystallographic data for complexes [PPN][3], [PPN],[3] and 4.

Formula [PPN][3]‘2CH2C12 [PPN]2[3]'2CH2C12 C75H60C09O4P4T36'3C7H8
M,, 2228.5 2767.0 2725.4

Crystal size /mm 0.24<0.16 X 0.04 0.48<0.16 X0.09 0.25x0.18 X0.15
Crystal system triclinic monoclinic trigonal

Space group P1 P2,/c R3¢

alA 9.300(1) 13.678(1) 20.748(2)

bIA 12.701(2) 18.570(2)

clA 13.194(2) 18.482(1) 39.162(2)

al® 100.5(0)

pre° 92.2(0) 107.9(0)

y[° 101.2(0) 120

v IA3 1498.8(4) 4467.7(6) 14599(2)

Z 1 2 6

Pealed. /gem™3 2.469 2.057 1.860

/. [Mo-K,, /A] 0.71073 0.71073 0.71073
Instrument STOE-IPDS STOE-IPDS STOE-IPDS

T /K 173 173 173

Scan range 2.06<0<25.67 1.91<e<25.86 2.51<@<25.91
Reflections collected 10870 37945 44911
Reflections unique 5302 8297 6265
Reflections observed [1>20(1)] 3108 6948 3706
Parameters refined 346 526 315
Absorption correction none numerical analytical
Transmission 0.808/0.349 0.728/0.508 0.684/0.527
Max./min. residual density /e A~ 2.226/-1.597 1.415/-0.769 1.226/-0.708
R1 0.063 0.029 0.080

wR2 0.168 0.057 0.083
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C44H30CooNOgP,Tey (2056.7): caled. C 25.67, H 1.47; found C
25.68, H 1.92. NI-ESI-MS (from CH;CN; tube lens 32 V) 1520.1
{I = 100%; [Coo'?Tes(CO)g] = 1520}, 760.7 {I = 91%;
[Coo'?2Tes(CO)s)*}. IR (KBr): ¥ = 1935 cm™! vs (v¢o). Spectral
data for [PPN],[3]: IR (KBr): v = 1884 cm™! vs (vco).

Reaction of [Cp*,Nb(CO),][1] with PPhzAuCl: A THF (30 mL)
solution of [Cp*,Nb(CO),][1] (200 mg, 0.09 mmol) was slowly
dropped to the solution PPh3;AuCl (80 mg, 0.16 mmol) in THF
(20 mL). The mixture was refluxed for 18 h and the solvent re-
moved in vacuo after cooling to room temperature. The brown mix-
ture was dissolved in toluene (20 mL) to give a soluble fraction and
an insoluble residue. Chromatography of the soluble part (SiO»;
column 15X 3 ¢cm) gave upon elution with toluene a brown band
containing 4. Black prisms were obtained from toluene at —24 °C.
The residue was dissolved in acetone (5 mL) and then layered with
pentane (5 mL). Recrystallization at —24 °C gave green needles of
[Cp*>Nb(CO),][PPh;CoCl;] along with attached small cubes of
[Cog(CO)3(PPh3)sTeg], both  identified  crystallographically.
[Cp*,Nb(CO),][PPh3CoCls]: CyoH,5Cl;CoNDbO,P (847.0): NI-ESI-
MS (from acetone) 163.8 ([CoCls]” = 163.8), PI-NI-ESI-MS (from
acetone) 419.1 ([C5,H3oNbO5]*). IR (KBr): v = 2014 s, 1950 cm!
8 (Vco)-

Crystal Structure Determination of [PPN][3], [PPN],[3] and 4: Crys-
tal data and details of the measurements are summarized in
Table 3. The structures were solved by direct methods and least-
squares refinement. The program package SHELXTL PLUS - Re-
lease 4.2/800 was employed using all unique reflections. Non-hydro-
gen atoms were refined anisotropically, and hydrogen atoms were
added in calculated positions.

CCDC-601485 (for [PPN],[3]), -601486 (for [PPN][3]) and -670174
(for 4) contain the crystallographic data (excluding structure fac-
tors). These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates for all the optimized structures
and RDE voltammograms of [Cp*,Nb(CO),][3] after three and
twelve electron reduction.
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