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Abstract: The dicationic clusters [(CsMe;s)sIr S4)2* ([1]21) and [(CsMes)sIrsS;]2+ ([2]2%) were prepared by treatment
of [(CsMes)IrCl,], with (MesSi),S followed by ion exchange chromatography. Crystallographic characterization of
the tetrairidium cluster [1]2* reveals a cubane motif consisting of interpenetrated Ir; and S, tetrahedra. The Ir, core
is distorted from idealized tetrahedral symmetry by virtue of a single Ir'V-Ir!V bonding contact of 2.764(1) A. The
four Ir'V-Ir'!! contacts are nearly equivalent at 3.5 A, while the Irl!L..Ir!!! distance is 3.683(1) A. Variable-temperature
'H NMR studies indicate that [1]2* is fluxional with a coalescence temperature of 13 °C (400 MHz), corresponding
to AG* = 57 kJ/mol. This dynamic process is attributed to migration of the metal-metal bond arising from internal
IrtV/Irit self-exchange. Cyclic voltammetry studies of [1]2* reveal a pair of reversible one-electron reductions at -218
and —487 mV vs Ag/AgCl. Chemical reduction of [1]2* was effected with cobaltocene while the neutral cluster could
be reoxidized with HC1/O,. In the solid state [2]2* features a trigonal-bipyramidal Ir;S; core with average Ir-Ir
contacts of 2.82 A and Ir-S distances of 2.28 A. Cyclic voltammetry studies indicate that this closo dication undergoes
two single electron reductions at =712 and =993 mV. Cobaltocene reduction of [2]2* afforded dark blue crystals of
neutral [2]9. Variable-temperature 'H NMR spectra of [2]0 reveal dynamic behavior, with coalescence at 60 °C (400
MHz), corresponding to AG* = 64 kJ/mol. These structural dynamics suggest migration of the nonbonding Ir--Ir

interaction among the three edges of the Ir; triangle.

Introduction

The dynamics of chemical bonds represent a particularly
fundamental process. Cases where these dynamics are degenerate
andintramolecular are particularly instructive. A molecule which
illustrates this phenomenon is bullvalene where all ten carbon
centers equilibrate readily at room temperature, eq 1.! Cor-

responding examples of skeletal rearrangements involving metal-
metal bonds were not known when we began this work. Of course
many compounds, metal-containing and otherwise, exhibit
dynamicstructures (fluxionality), but these dynamics are almost
always coupled to or driven by changes in ligation or electron
count.2? Our interests focus on the mobility of metal-metal bonds
in the absence of other changes in the coordination environment
about the metals. The degenerate bond/no-bond interchange
within a cluster framework is the specific phenomenon of interest.

The cubane clusters (CsRs)sM4(u3-E)4 are especially appealing
subjects for the study of the dynamics of metal-metal bonds.
Clusters of this category have been prepared for many metals
and many main group vertices (E).4 Furthermore, many of these
speciesexistin multiple oxidationstates. Important for ourstudies
is the fact that this series of clusters displays systematic structural
changes which correlate to cluster electron count. Specifically,
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Figure 1. Idealized structures of (CsRs5)sM4E4and (CsRs);M;E; cluster
cores showing patterns of localized M—M bonding as a function of electron
count.

the number of metal-metal bonds in the (CsR5)4sM4(u3-E)4 clusters
corresponds well, but not perfectly,’ with cluster electron count.
In general, the intermetallic distances increase as the cluster
electron count increases from 60 to 72. The fact that this trend
is the reverse of that seen for metal radii is strong evidence for
the dominant role of metal-metal interactions. For the sulfido
cubane clusters the electron counts represent the sum of 24 e-
from the four S2- vertices and 36 ¢~ from the four CsRs ligands,
in addition to the valence d electrons associated with the four
trivalent metals. The net metal-metal bond order for the members
of this series ranges from six for the 60 e- Moy clusters to zero
for 72 e~ Cog4 species,b see Figure 1. This trend indicates that the
acceptor orbitals in these >60 e~ clusters are metal-metal
antibonding. Clusters with electron countsintermediate between
60 and 72 are expected to exhibit net metal-metal bond

(5) (CsHs)4Cr40, is antiferromagnetic: (a) Bottomley, F.; Paez, D. E.;
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Figure 2. Cyclic voltammograms of CH,Cl, solutions of [(CsMes)s-
Ir4S4] (PFg)2 (A) and [(CsMes)31rsSz] (PFe); (B) referenced to Ag/AgCl,
with a scan rate of 100 mV/s.

orders intermediate betweensix and zero. The cluster (RCsHg)s-
Fe,S,follows this pattern with twoshort (bonding) Fe-Fe contacts
of 2.6 A.78 Similar patterns are seen in other low-spin Fe-S and
Fe-Se clusters.’

Thestructures of the (CsRs)3sM;E; clusterscorrelate with their
electron counts as determined by Wade’s rules.!® Those with 48
¢~ typically exhibit three metal-metal bonds while those with 54
¢ are predicted to contain no metal-metal bonds (Figure 1). The
energetically subtle distinction between localized and delocalized
M-M interactions is illustrated by Otsuka’s 50 e~ clusters of the
type (CsRs)3Co3S,, which have been extensively studied by the
Dahl group. Such species adopt both D3, and Gy, structures
depending on the substituents on the cyclopentadienyl ligands.!!
Our experience indicates that such subtleties are less important
for clusters derived from the second- and third-row metals. This
point is illustrated by the neutral and dicationic clusters of the
type [(cymene);Ru;S,]?, which have been examined by single
crystal X-ray diffraction.!? The oxidized (z = 2+) and reduced
(z = 0) states adopt spin-paired closo (Ds;) and nido (Cu)
structures, respectively. Similar structural trends have been
observed for phosphinidene clusters of the type Fe;(PR)2(CO)s.!?

Our interests in mobile metal-metal bonds originated with the
finding that the 66 e-cluster [(RCsH,)4Ru,S4]2* adopts a localized
structure in the solid state with three Ru-Ru bonding interac-
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tions.!* Solution NMR experiments show that this same structure
exists insolution, although at higher temperatures the two different
sites equilibrate. We proposed that this equilibration involves
the shifting of metal-metal bonds within the cluster. This Rulll,-
Ru!V, system provides the only case of metal-metal bond-no
bond equilibria in clusters. Given what we believe to be the
fundamental nature of this phenomenon, we have sought other
examples of mobile metal-metal bonds. Of particular interest
was a cubane cluster featuring one bond. The synthetic method
used to achieve this goal provided a M; cluster which also exhibits
mobile metal-metal bonds.

Results

Synthesis of [(CsMes) Jr S+ and [(CsMes)sIrsS; P+, Treat-
ment of a methanol/ THF slurry of [(CsMes)IrCly]; with (Me;-
Si),S produced a mixture of water-soluble products which were
separated into green and yellow fractions using ion exchange
chromatography. Addition of excess KPF; to each fraction
precipitated CH,Cl,-soluble salts analyzing as [(CsMes);-
Ir3S,](PFs)2 ([2]2*) and [(CsMes),lreSs](PFe)2 ([1]?*) in 54and
4% yields, respectively. These formulations were supported by
FAB mass spectrometry, elemental analysis, and X-ray crystal-
lography (see below).

The formation of the Ir; cluster can be rationalized on the
basis of the stoichiometry of the reactants (eq 2). Theobservation
of the mixed valence cluster [1]2* suggests that the CH;OH/
(Me;Si),S mixture generates a species capable of oxidizing some
of theiridium to thetetravalentstate. Thisoxidationis associated
with the methanolysis of (Me;Si),S, since the reaction of [(Cs-
Mes)IrCl,], with (Me;Si),S in a THF solution affords the (Ir!!l),
cluster exclusively. The addition of oxidizing equivalents in the
form of elemental sulfur to the reaction of [(CsMe;s)IrCl,]; and
(Me;Si),S led to a 5-fold increase in the yield of [1]2* (eq 3).

3/,1(CsMeg)IrCL], + 2(Me,Si),S —
[(CsMey),Ir,S,ICl, + 4Me,SiCl (2)
[2]2+

2[(CsMeg)IrCl,}, + 3(Me,Si),S + ' /¢Sg —
[(CsMey) Ir,S,ICl, + 6Me,SiCl (3)
[1]2+

Control experiments showed that [2]2+ does not convert to [1]2*
under relevant conditions, for example [2]2* does not react with
sulfiding agents. Thus, itappearsthatthe [1]2+/[2]** distribution
isestablished early in the reaction sequence. Theadded elemental
sulfur employed in the synthesis of [1]2* is involved at an
intermediate mechanistic stage since neither [1]2* nor [(CsMes)-
IrCl;]; is reactive toward Ss.

Electrochemistry and Redox Reactions. Cyclic voltammetry
of a CH,Cl, solution of [1]2* showed 1 e~ reductions at -218 and
—487 mV vs Ag/AgCl (Figure2A). Scanning tostill more positive
potentials revealed a possible oxidation to [1]3* at 930 mV. On
the basis of the two E/»’s the conproportionation constant for the
formation of [1]* from [1]2* and [1]° was calculated to be 90.
The i,/i; ratios of 0.795 to 0.877 for the two waves suggest
electrochemical reversibility (total reversibility at an i, /i, ratio
of 1). Plots of the square root of the scan rate vs peak current
were linear over nine scan rates ranging from 25 to 500 mV
indicating that the redox events are diffusion controlled and are
not subject to rate limiting structural changes. As suggested by
the electrochemical results, solutions of [1]2* underwent reduction
by 2 equiv of (CsHs),Co affording good yields of neutral (Cs-
Mes),IrsS4 (eq 4).

(14) (a) Houser, E. J.; Amarasekera, J.; Rauchfuss, T. B.; Wilson, S. R.
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Wilson, S. R. Inorg. Chem. 1993, 32, 4069.
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The 'H NMR spectrum of this red species [1] exhibits a single
resonanceat 1.72 ppm (C¢Ds), as reported by Dobbs and Bergman
who prepared it from (CsMes),Ira(us-S),(PR3).15 The neutral
tetrairidium cluster was cleanly oxidized by HCl in air to give
[1]2*. While the optical spectrum of neutral [1] is featureless
at wavelengths above 338 nm, solutions of [1]2* are green as
indicated by a rather strong absorption at 636 nm, log ¢ = 1.99
(Figure 3).

Cyclic voltammetric studies on CH,Cl, solutions of [2]?+
revealed 1 e reductions at =712 and -993 mV (Figure 2B).
Measurements out to 1.5 V failed to show evidence for further
oxidation to the Ir!V level. The i,/i, ratios of 0.911 to 0.920 for
the two waves indicate electrochemical reversibility. The
dependence of the square root of the scan rate vs the peak current
overscan rates ranging from 25 to 500 mV was found to be linear.
The conproportionation constant for the formation of [2]* from
[2]2*and [2]°is 117. Reductionof [2]2* using 2 equiv of (CsH),-
Co gave the extremely air sensitive neutral derivative [(CsMes);-
Ir3S,]°, [2]° (eq 5).
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réi}\r —_ *kr ®
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Pyl 2

The deep blue color of this mixed valence cluster results from a
strong absorbance at 592 nm (log ¢ = 2.28), in contrast to the
pale yellow color of [2]2+ (Apax = 344 nm) (Figure 4). Results
of the electrochemical studies are presented in Table 1.

NMR Studies of [(CsMes)4IrS}". The 'H NMR spectrum of
[1]° consists of a singlet at 1.72 ppm. It appears that the four
Ir centers are equivalent as confirmed by the crystal structure
analysis described by Bergman and Dobbs.!S In contrast, the
room temperature 'H NMR spectrumof [1]2* suggested dynamic
behavior since it consisted of a very broad singlet (Figure 5).
Essentially the same spectrum is observed for aqueous solutions
of [1]Cl; and for CD3;CN and CD,Cl, solutions of [1](PFé),.
Variable-temperature measurements revealed that the broad
singlet sharpened at higher temperatures and split into two sharp
singlets at low temperatures. At 400 MHz the coalescence
temperature was 13 °C corresponding to AG* of 57 kJ/mol,
according to the Gutowsky-Holm relationship.lé The NMR
spectra were digitally simulated over a range of temperature from
-37 to 38 °C. There is a slight temperature dependence of the
chemical shifts in the experimental spectra; however, the chemical
shift difference of the two exchanging sites was assumed to be
temperature independent for the simulation. The simulations
yielded the following activation parameters: AH* = 80 = 10
kJ/mol and AS* = 82 % 36 J/(mol K). These values give a
calculated AG,95* value of 56 & 15kJ/mol, whichis inagreement
with the calculation from the coalescence temperature. The !3C-
{'H} NMR spectrum at —50 °C showed two pairs of resonances
corresponding to two sets of nonequivalent CsMes groups (Figure
6A). The exchange rates for [(CsMes)qIrsSs]2t were found to

(15) Dobbs, D. A.; Bergman, R. G. J. Am. Chem. Soc. 1992, 114, 6908.

(16) (a) Gutowsky, H. S.; Hoim, C. H. J. Chem. Phys. 1956, 25, 1228. (b)
Ebsworth, E. A. V.; Rankin, D. W. H.; Cradock, S. Structural Methods in
Inorganic Chemistry; CRC: New York, 1991.
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Figure 3. Absorption spectra of 2.45 X 10-3 M (CH;CN) solutions of
[(CsMes)aIreS4](PFe)2 (A) and (CsMes)aIrsSy (B).
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Figure 4. Absorption spectra of 1.63 X 104 M (CH;CN) solutions of

[(CsMes)3IrsS;](PFe)z (A) and (CsMes);Ir;S; (B).

Table 1. Electrochemical Data for {1]¢ and [2)? at Scan Rates of
100 mV s!

Epa(1)®  Ep(l)® En(2)* Ep(2)°
compd (mV) (mV) i/ic  (mV) mV)  ig/ic
[(CsMes)aIreSq]*  -252 -317 0.80 =515 -587 0.88
[(CsMes);IrsS;]F 679 -745 091 957 -1029 0.93

¢ Epa(1) and Epc(1) refer to the peak potentials of the anodic and
cathodic waves, respectively.

be independent of concentration, hence they are associated with
an intramolecular process.

Methylated ligands are particularly well suited for 13C NMR
analysis in the solid state by CP-MAS techniques. The spectrum
of a solid sample of [(CsMes)sIrsSs](PFs); was examined to
demonstrate the rigidity of the metal-metal bond in the solid
state. In the methyl region, the resonances at 9.99 and 9.25 ppm
were assigned to the two sets of nonequivalent CsMes groups,
while in the aromatic region a signal at 95.68 and a pair of signals
at 105.23 and 106.89 ppm were observed. The pair of closely
spaced high frequency signals are assigned to the (CsMes)Ir sites
which are slightly nonequivalent due to the low crystallographic
site symmetry (Figure 6B). For comparison, the solid-state CP-
MAS spectrum of [1]% has a singlet at 8.98 for the methyl carbons
and a singlet at 88.98 ppm for the aromatic carbons, corresponding
to equivalent CsMes groups. These measurements suggest that
the low-field CsMe; signal at 95.68 ppm in the spectrum of [1]2+
is associated with Irl!l sites.

NMR Studies of [(CsMes)sIr;S;)e. The 400-MHz 'H NMR
spectrum of a CD3;CN solution of [2]2+ consists of a sharp singlet
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Figure 5. Experimental and simulated variable-temperature 400-MHz 'H NMR spectra of [(CsMes)4IrsS4](PFs)2 (CD2Cl; solution).

T =100 °C k = 1487 51

N
N

A
Y

%

800

.
U

|

-

e, ___

260 220 180 140mm 260 220 180 140pm

Figure 6. Experimental and simulated variable-temperature 400-MHz
'H NMR spectra of [(CsMes);Ir;S;] (CsDsCD; solution). The singlet
at ~2 ppm is due to an impurity.

at 2.24 ppm indicative of equivalent CsMes groups. The 3C{!H}
NMR spectrum consists of only one signal each for the methyl
and ring carbons of the CsMes ligands. In contrast, the room
temperature 'H NMR spectrum of [2]°featured two broad singlets
(Figure 7). At 60 °C these peaks coalesce and at 100 °C the
spectrum consists of a sharpsinglet. The limiting low-temperature
TH NMR spectrum (-37 °C) consists of two sharp singlets with
integrated intensities of 2:1. These DNMR data were digitally
simulated over a temperature range of -37 to 100 °C. The
simulations gave activation parameters of AH* = 43 & 5 kJ /mol
and AS* = -72 % 15 J/(mol K) with AG* = 64 £ 7 kJ/mol (298
K).

— Y

140 120 100 80 60 40 20 O -20 ppm

! B

140 120 100 BO 60 40 20 O -20 ppm
Figure 7. 13C {1H} 100-MHz NMR spectrum of a CD,Cl; solution of
[(CsMes)aIrsS4](PFg)2 (50 °C) (A). C{'H} CP-MAS 75.5-MHz
NMR spectrum of microcrystalline [(CsMes)4IrsSq](PF¢); (B).

Crystallographic Studies on [(CsMes) JIr(S,J(PF¢).. The salt
features a distorted cuboidal (CsMes)4IrsSy cluster with well-
separated PF¢ counterions, as well as two molecules of acetone.
Crystallographic symmetry was not imposed on the cations. Of
interest are the nature and the degree of the deviations of the Ir,
core from tetrahedral symmetry (Figure 8, Table 2). The cluster
is distorted by virture of the short Ir(2)-Ir(3) contact of 2.764(1)
A resulting in a Ir, core of idealized Cy, symmetry. These two
iridium centers are assigned to the Ir!V oxidation state and the
short distance is interpreted as a direct metal-metal bond. For
comparison the Ir-Ir bonding distance in iridium metal is 2.71
A7 while the still more appropriate structural model Ir4(CO),,
has Ir-Ir contacts of 2.69 A.18 The four IrliL..Irl¥ contacts (3.563-
(1)-3.586(1) A) are assigned as nonbonding. For comparison
the six Ir-Ir contacts in the parent 72 e- cluster (CsRs)4Ir S, fall
in the narrow range of 3.584-3.602 A. The unique Irii...Jrlll
interaction in [1]2+ has the longest contact of 3.683(1) A. The

(17) (a) CRC Handbook of Chemisiry and Physics, 69th ed.; Weast, R.
C.,Ed.; CRC: Cieveland, 1988; p F-166. (b) Bondi, A.J. Phys. Chem. 1964,
68, 441,

(18) Churchill, M. R.; Hutchinson, J. P. Inorg. Chem. 1978, 17, 3528.
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Figure 8. ORTEP drawing of the dication in [(CsMes)4lrsSs[(PF),
with the non-hydrogen atoms removed for clarity.

Table 2. Selected Bond Distances (A) and Angles (deg) for
[(CsMes)alrsS4](PF¢), ([1]2F)

Irl-Ir2 3.565(1) Irl-Ir2 3.567(1)
Iri-Ir4 3.683(1) Ir2-Ir3 2.764(1)
Ir2-Ir4 3.563(1) Ir3-Ird 3.568(1)
S1-S2 3.632(7) S1-S3 33.023(8)
S1-S4 3.079(7) S2-S3 3.101(7)
S2-S4 3.063(7) S3-S4 2.991(7)
Ir2-S1 2.325(5) Ir3-S1 2.308(5)
Ir4-S1 2.308(5) Ir1-S2 2.329(5)
Ir2-S2 2.329(5) Ir3-S2 2.330(5)
Ir1-S3 2.413(5) Ir3-S3 2.384(5)
Ir4-S3 2.385(5) Ir1-S4 2.386(5)
Ir2-S4 2.378(5) Ir4-S4 2.409(5)
S-IrlV-S 80.2(2)-103.1(2)  S-If-S  77.1(2)-81.7(2)
IPMS-Irl 100.3(2)-100.4(2)  IrfV-S-IrlV  73.1(2)-73.3(1)

IFS-IrV  96.1(2)-101.9(2)

bonding Ir!-S (2.308(5)-2.413(5) A) and Ir!V-S (2.308(5)-
2.384(5) A) distances are quite similar.

Using molecular modeling techniques we examined the pos-
sibility of close H-+H contactsin [1]2*. Hydrogenatom positions
were calculated on the basis of idealized tetrahedral methyl carbon
centers and the methyl groups were rotated so as to bring the H
atoms into closest contact. The closest H-H contact is 1.23 A
between methyl groups on two Ir!Y centers. The van der Waals
radius for hydrogenis 1.2 A.17 Although these calculations show
that these methyl groups can clash sterically, they overstate any
problems since other methyl rotamers show H-H contacts beyond
the van der Waals range.

Crystallographic Studies on [(CsMes)3Ir;S;](PFg)2. The salt
features a roughly trigonal bipyramidal Ir;S; core with well-
separated PF¢~ counterions as well as one acetone molecule.
Crystallographic symmetry was not imposed on the cation
(Figure 10, Table 3). The three Ir-Ir bonds are nearly equivalent
(2.8201(7)-2.8157(7) A) as are the Ir-S distances (2.275(3)-
2.294(3) A). Thedegreeof pyramidalizationatsulfurisindicated
by the Ir-S—Ir angles (76.0-76.46°) which are larger than those
of the cobalt analog [(CsH4Me)3C03S,](SbFg), with Co-S~Co
angles of 71.6 to 74°.1¢ A space-filling diagram demonstrates
the decreased crowding in the Ir;S, molecule, with closest He-H
contacts of 1.98 A between CsMes groups and 1.66 A between
H atoms within a given CsMes ligand (Figure 11).

Venturelli and Rauchfuss

Figure 9. Space filling model of the dication in [(CsMes)4IrsSs](PFg),.
Hydrogen positions were calculated. The following van der Waals radii
(A) were used for this drawing: C, 1.60; H, 1.20; Ir, 2.30; S, 1.85. The
Ir atoms are stipled.

Figure 10. ORTEP drawing of the dication in [(CsMes);IrsS;](PFg),
with the non-hydrogen atoms removed for clarity.

Table 3. Selected Bond Distances (A) and Angles (deg) for
[(CsMes)sIr;S2](PFs)z ([2]%)

Ir1-1r2 2.8201(7) Ir1-Ir3 2.8157(7)
Ir2-Ir3 2.8169(7) Ir1-S1 2.283(3)
Ir2-S1 2.277(3) Ir3-S1 2.275(3)
Ir1-S2 2.275(3) Ir2-S2 2.294(3)
Ir3-S2 2.280(3) S1-82 3.197(5)
Ir2-Ir1-Ir3 59.98(2) Ir1-S1-Ir2 76.4(1)
Ir1-S1-Ir3 76.29(10) Ir2-S1-Ir3 76.46(10)
Ir1-S2-Ir2 76.2(1) Ir1-S2-1Ir3 76.4(10)
Ir2-S2-1r3 76.0(1)
Discussion

This project was developed to prepare and examine clusters
exhibiting mobile metal-metal bonds. Our efforts were rewarded
by a one-pot route to two types of clusters which exhibit this
property. Specifically, [(CsMes)IrCl,], was found to react with
a mixture of (Me;Si),S and elemental sulfur to give both [(Cs-
Mes);1r3S;]%* and [(CsMes)4IrsS,]%*. We propose that the two
clustersarise via the initial formation of (CsMes),Iry(u;-S),. This
same species has been invoked previously in the thermal
condensation of (CsMes),Ira(u2-S)2(PMe;s) to give (CsMes)4IrsSy
with loss of phosphine.’ Conceivably the Ir3S, cluster arises by
the complexation of (CsMes)zll’z(uz-S)g with (CsMCs)ll’Clz
followed by loss of chloride. The formation for the mixed valence
cubane cluster is not as easily explained, although our control
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experiments suggest that it is an intermediate not the starting or
final product which reacts with the added sulfur. It seems likely
that (CsMes),Iry(uy-S), would be reactive toward sulfur to give
persulfido species.!?

As seen for many other cyclopentadienyl metal sulfide clusters,
both [1]°and [2]° undergo redox reactions under conditions that
are electrochemically addressable. The results of cyclic volta-
mmetry experiments guided the selection of redox agents employed
to generate the mixed valence clusters. Within the context of
mononuclear chemistry there is no simple explanation for the
nature of the redox processes observed. In one case, the low
potential processes interrelate Ir'l! and Ir!V states while in the
second case it is the Ir'! and Ir' states that are addressed. In
each case we observe two redox events which are well separated
in potential. In this regard these Ir species differ from related
RusS,and Ru,S, clusters where the two redox steps are separated
by <100 mV.!':13 The crystallographic results show that the net
effect of the two redox steps is the making or breaking of Ir-Ir
bonds. The reversible formation/destruction of metal-metal
bonds in bimetallic complexes is well-known when the two metals
are constrained by a ligand bridge.2® The unusual aspect of [1]2+
and [2]%is that the metal-metal bonds are situated in frameworks
that allow the degenerate hopping of the bond or nonbond.

The species [(CsRs)4IrsS4]2* is an unusual example of a
cuboidal cluster with only one M—M bond. It represents a new
member of the series of clusters presented in Figure 1. Within
this family of clusters, those with cluster electron counts not
divisible by four are necessarily mixed valence and are potentially
subject to degenerate relocation of the metal-metal bond.
Indicative of the mixed valence character of [1]%* is the appearance
of a strong low-energy electronic band in contrast to the featureless
visible spectrum of the neutral homovalent cluster.

Iridium(IV) compounds are typically associated with elec-
tronegative ligands which are capable of ligand-to-metal 7-dona-
tion, such as IrClg2-.2! IrlY is also known to be stabilized by
strongly donating organic ligands as in [(CsMes),Ira(u-CH;),-
Cl,].22 Cluster [1]2* stands however as a unique example of an
IrVsulfide. The mineral IrS,24adopts a pyrite structure formally
comprised of Ir'l and persulfides, in contrast to IrTe, which
crystallizes in the CdI, motif with isolated Te-!! and Ir'V units.24
The first reported Ir cluster, Ir;N(SO4)6(H,0)35* (“Delepine’s
green salt”™), is formally described as (Ir'V),(Ir!!Y) although the
highly symmetric structure of this diamagnetic species suggests
a delocalized ground state.?’ [t is very likely that N or Ir
w-bonding plays a significant role in the stabilization of this
species, especially since the Ir-Ir separations are beyond bonding
distances.

The trimetallic cluster [(CsMes)sIryS,]?* is a highly sym-
metrical species featuring three Ir-Ir bonding interactions.
Reduction of this species to the mixed valence (Ir!f),Ir! cluster
is also accompanied by the appearance of a strong absorption
band in the visible region. The solid-state structure of this species
was not determined; however, it was assumed to be analogous to
[(cymene);Ru3S,]% which was characterized by single crystal
X-ray diffraction.!” This Rul'Rul, cluster adopts an idealized
C,,coreas seen for other five-vertex, 50 e~ clusters.!? The present
results suggest that this Rus cluster may also exhibit dynamics
associated with mobile Ru—Ru bonds.

(19) Wachter, J. Angew. Chem., Int. Ed. Engl. 1989, 28, 1613; Angew.
Chem. 1989, 12, 1645.

(20) (a) Mueller-Westerhoff, U. T.; Rheingold, A. L.; Swiegers, G. F.
Angew. Chem., Int. Ed. Engl. 1992, 31, 1352; Angew. Chem. 1992, 104, 1398.
(b) Connelly, N. G.; Lucy, A. R.; Payne, J. D.; Galas, A. M. R.; Geiger, W.
E. J. Chem. Soc., Dalton Trans. 1983, 1879.

(21) Vasquez de Miguel, A.; Isobe, K.; Taylor, B. F.; Nutton, A.; Maitlis,
P. M. J. Chem. Soc., Chem. Commun. 1982, 758.

(22) Kauffman, G. B.; Myers, R. D. Inorg. Synth. 1966, 8, 223.

(23) (a) Brown, D. B.; Robin, M. B.; McIntyre, J. D. E.; Peck, W. F. Inorg.
Chem. 1970, 10, 2315. (b) Ciechanowicz, M.; Griffith, W. P.; Pawson, D ;
Skapski, A. C.; Cleare, M. J. J. Chem. Soc., Chem. Commun. 1971, 876.
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Figure 11. Spacefillingdiagram of thedicationin [(CsMes)3Ir;S;](PFé)a.
Hydrogen positions were calculated. The following van der Waals radii
(A) were used for this drawing: C, 1.60; H, 1.20; Ir, 2.30; S, 1.85. The
Ir atoms are stipled.

The DNMR studies demonstrate the mobility of the metal—
metal bondsin [1]?* and [2]°. The DNMR patternsare consistent
with the movement of one bond or one nonbond as in the case
of [2]°. The rates are first order and the dynamics are
intramolecular since the barriers are independent of concentration.
CP-MAS measurements on [1](PFg), indicate that the cluster
core is rigid in the solid state. This is expected since the
crystallographic studies show that the single Ir-Ir bond is
associated with a substantial distortion of the Ir; core from
tetrahedral symmetry. Thus the shift of the Ir—Ir bond entails
the elongation of one bond by 0.9 A and the contraction of one
bond by the same amount, as well as 0.1 A changes associated
with the shift of the Irll...Ir! contact. Such motion is not expected
to occur in a solid where many of the atomic positions are
constrained by electrostatic and van der Waals forces.

The mechanism by which the Ir—Ir bonds and nonbonds migrate
among the equivalent sites has not been established. Thedisparate
values of the entropies of activation (+82 £ 36 J/(mol K) for
[1]* and -72 £ 15 J /(mol K) for [2]°) for the dynamics of [1]2*
and [2]%are difficult to explain. Inthe case of [1]2*, the stepwise
relocation of the Ir-Ir (non)bonding interaction to an adjacent
edge can be effected via electron transfer from one of two Ir!l
centers to one of two Ir!V sites (eq 6).

(6)

. =1 sites

O =Ir'" sites

There are four equivalent pathways for such a process. According
to this mechanism it is not possible to relocate the Ir-Ir bond in
one step across the body center of the Ir, tetrahedron. The
corresponding mechanism for the Ir; cluster invokes electron
transfer from one of two Ir!! to the unique Ir!!l center (eq 7).

e'k‘
O = I sites . =1 sites

These aforementioned mechanisms are simplified in that they
focus exclusively on the metal-metal bonds. Furthermore our
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description relies on assignments of formal oxidation states. An
alternative description of these dynamics can be developed on the
basis of molecular orbital theory. For example, Fenske and co-
workers have discussed the relationship between the electron
counts and geometry of organometallic M3S; clusters.26 On the
basis of molecular orbital calculations the Ds; core structures of
48 e- clusters like [2]2* can be rationalized, with the HOMO
consisting of nonbonding t,;-like orbitals centered on the metals.
For the corresponding 50 e~ clusters such as [2]9, the two added
electrons would occupy orbitals that transform as ¢’ and a’. This
configuration would be subject to a Jahn-Teller distortion to
give a cluster with Cy, symmetry. Under this reduced symmetry,
the HOMO then transforms as b, and is doubly occupied. If one
accepts this model, then the barrier controlling the dynamics in
[2]° is a measure of the stabilization resulting from the Jahn-
Teller distortion.?’

The present work provides particularly simple examples of
mobile metal-metal bonds in cluster frameworks. There are still
only a few examples of this phenomenon, and the factors that
control the energetics are not well understood. Experiments
designed to probe the mechanism of the dynamics are underway.

Experimental Section

Materials. The hydrated trichloride of iridium was obtained from
Johnson Matthey. [(CsMes)IrCl;];2® and (Me;Si)sS (Caution:
STENCHY!),? were prepared according to literature methods. (CsHs)a-
Co (Aldrich) was vacuum sublimed at 40 °C. Tetrahydrofuran, benzene,
and hexanes were distilled from Na/K alloy. Dichloromethane and
acetonitrile were distilled from CaH,. Methanol (Fischer) was used as
received. All solvents were deoxygenated with dry O»-free nitrogen.

Methods. Elemental analyses were performed by the University of
Illinois Microanalytical Laboratory. Positiveion FAB massspectra were
recorded on a VG ZAB-SE instrument at the SCS Mass Spectrometry
Laboratory using the “Magic Bullet” matrix (3:1 mixture of dithio-
erythritol-dithiothreitol). The results are reported for 1%Ir. Solution
IH and 3C NMR spectra were recorded on a Varian U400 spectrometer
while CP-MAS measurements employed a GE WB 300-MHz instrument.
UV-visspectra were measured ona Hewlett Packard 8452A spectrometer
using a 1 cm path length quartz cell. The data are reported with Amax
innm (logeinM-!cm1). Preparativeoperations, unless otherwisestated,
were performed under an atmosphere of nitrogen using standard Schlenk
techniques.

Electrochemistry. Electrochemical experiments were carried out on
a Bioanalytical Systems BAS-100 electrochemical analyzer. Cyclic
voltammograms were measured on ~10-* M CH,Cl, solutions with 0.1
M n-BusNPFg as the supporting electrolyte and Pt working and counter
electrodes vs Ag/AgCl. Under theseconditions, the (CsHs)sFe%* couple
was +572mV (AE,=85mYV). Tocalculate conproportionation constants
(Ko), Evj2's were taken as E°; and £°; the for the two redox events30 (E°
= (Epc + Ea)/2).

K, = exp[(E®, - E°))mn,F/RT] = ([1]%)*/([1}**)([1°) = 90

Dynamic NMR Simulations. The free energy of activation can be
calculated from the coalescence temperature (T) and A, the separation
(in Hz) between the two signals via the following equations.3!

k. =222Ay

AG.! =19.14T,[10.32 + T /k.] J/mol

(26) Rives, A. B.; Xiao-Zeng, Y.; Fenske, R. F. Inorg. Chem. 1982, 21,
2286

(27) A further refinement of this model could consider a singlet D3 transition
state (or intermediate) where the configuration of the HOMO is (/)2 or (a')2.

(28) White, C.; Yates, A.; Maitlis, P. M. Inorg. Synth. 1992, 29, 230.

(29) Armitage, D. A.; Clark, M. J.; Sinden, A. W ; Wingfield, J. N.; Abel,
E. W,; Louis, E. J. Inorg. Synth. 1974, 15, 207.

(30) Strobel, H. A.; Heineman, W. R. Chemical Instrumentation: A
Systematic Approach; John Wiley: New York, 1089, p 1116.

(31) Friebolin, H. Basic One- and Two Dimensional NMR Spectroscopy;
VCH: Weinheim, 1991; p 271.
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Figure 12. Eyring plot of the rate data from the simulated variable-
temperature 'H NMR spectra (400 MHz) of [(CsMes)4lrsS4](PFg)a.
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Figure 13. Eyring plot of the rate data from the simulated variable-
temperature 'H NMR spectra (400 MHz) of (CsMes);Ir;S,.

DNMR simulations were carried out on a VAX station using the
program DNMR3.32 The rate constants for various temperaturés were
obtained by visually matching observed and calculated spectra. For the
calculation of activation parameters, we included only data for the spectra
that exhibited significant line broadening of ~2 Hz more than the fast
exchange line width (inclusion of data beyond the fast and slow exchange
limits results in far better fits to the Eyring plots but the simulations for
these rate regimes are unreliable). The transverse relaxation times (7>
= 71 (line width)-!) for [1]2* were 0.065 and 0.082 s~! for the signals
at 1.886 and 1.657 ppm, respectively. In the case of [2]°, the T,'s were
0.180 and 0.176 s! for the 2.306- and 1.919-ppm signals, respectively.
Activation energies were obtained from plots of In(kosNh/RT) vs 1/T,
where Nis 6.02 X 1023, h = 6.63 X 10-34 J.s, and R = 8.32 J-mol-.K1,
The plots were linear over the temperature range 265-293 K for [1]2+
and 294-333 K for {2]° with correlation coefficients of 0.998 for [1]2*
and 0.999 for [2]9. These Eyring plots give slopes of ~AH*/R and
y-intercept values of AS* /R (Figures 12 and 13). Erroranalysisassumed
a 10% error in the rate constant. The temperature of the NMR probe
had been previously calibrated using a methanol standard and the error
intemperature wasestimated at 1 K. Errors were computed by Girolami’s
method.®

(32) Binsch, G.; Kleier, D. A. The Computation of Complex Exchange-
Broadened NMR Spectra Computer Program DNMR: QCPE Program No.
140, 1969; Quantum Chemistry Program Exchange, Indiana University.

(33) Morse, P. M.; Spencer, M. H.; Wiison, S. R.; Girolami, G. S.
Organometallics 1994, 13, 1646~1655.
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RT_ °T .2 2
(cAH*) = —m e {("—TT) [(1 + Tmfé)2 +

(7T )

(oAS*)? = %{(%)TT,“J“ + Tmin%%)z +

Tmin2(1 + Tmax%lj:‘)z] + (%C)Z(Tmuz + Tminz)}

where AT = (Tiax — Tmin) and AL = [In(Kmax/ Timax) — In(Xmin/ Tmin) ]

Reaction of [(CsMes)IrCl;]; with (Me3Si);S. (a) In methanol-THF:
A slurry of 0.752 g (0.944 mmol) of [(CsMes)IrCls]; in 90 mL of THF
and 20 mL of CH3;OH was treated with 0.3 mL (1.43 mmol) of (Me;-
Si)2S. The orange reaction mixture was heated under reflux for 48 h.
The resulting brown solution was evaporated to dryness. The green-
brown crude product was extracted into ~200 mL of H,O, filtered to
remove a brown residue, and loaded ontoa 10 X 1 cm column of Sephadex
CM-25 cation exchange resin (Na form). Elution with 0.05 M NaCl
gave a yellow band followed by a green band. Addition of 2 g (10.9
mmol) of KPF to each of these fractions resulted in the precipitation of
the green and yellow salts which were extracted into ~ 100 mL of CH;-
Cl,. These CH;Cl; solutions were concentrated to ~20 mL and diluted
with 50 mL of hexanes to give 0.030 g of [(CsMes)4IrsS)(PFe)2, [1]-
(PFs); (4%), and 0.457 g2 of [(CsMes)glrgsﬂ(PFs);, [2](PF6)2 (54%).

(b) In methanol-THF with added sulfur: A mixture of 0.469 g (0.589
mmol) of [(CsMe;)IrCl,]; and 9.4 mg (0.294 mmol) of Sg was slurried
in 70 mL of THF and 20 mL of methanol and then treated with 0.185
mL (0.883 mmol) of (Me;3Si),S. The mixture was refluxed for 48 h,
resulting in a brown solution. The crude product was extracted into H;O
and purified as above, resulting in 0.1087 g of 1] (PF¢)2 (22%) and 0.177
g of [2](PF¢); (38%).

(¢) In THF: A slurry of 0.50 g (0.628 mmol) of [(CsMe;)IrCl;]; in
90 mL of THF was treated with 0.176 mL (0.838 mmol) of (Me;Si),S.
The mixture was refluxed for 25 h, resulting in a color change from
orange to yellow orange. The crude product was extracted into ~200
mL of H,O and filtered to remove a brown residue. The filtrate was
worked up as above to give 0.272 g of [2](PFe)2 (47% yield).

(d) In THF, with added sulfur: A slurry of 0.50 g (0.628 mmol) of
[(CsMes)IrCl;]; and 10 mg (0.314 mmol) of Sg in 90 mL of THF was
treated with 0.20 mL (0.942 mmol) of (Me;Si):S. The reaction mixture
was refluxed for 60 h, resulting in a red solution with a yellow precipitate.
The yellow precipitate was collected and then extracted into ~200 mL
of H,O. After filtration of the extract to remove a small amount of
brown solid, the filtrate was worked up as above to give 0.096 g of [2]-
(PF¢); (18%).

[11(PF¢)2: FAB MS 1303 (M*); 'H NMR (CDCl,, 38 °C) § 1.84
(s, CsMes). 'HNMR (CD,Cl,,-37°C) 6 1.91 (s, 30H), 1.66 (s, 30H).
13C {1H} NMR (CD;Cly, 37 °C) & 105.1 (s, CsMes), 94.0 (s, CsMes),
9.63 (s, CsMes), 8.38 (s, CsMes). 13C CP-MAS § 105.23, 106.9, 95.7
(CsMes),9.99,9.25 (CsMes). UV—-vis (CH,Cl, A, log €) 336 (3.13),410
(2.64), 636 (1.99). Anal. Calcd for CyHgoFy2IrsP2S4: C, 27.80; H,
3.49; F, 13.19; Ir, 44.49; P, 3.58; S, 7.42. Found: C, 27.84; H, 3.48; F,
13.12; Ir, 44.55; P, 3.51; S, 7.45.

[2]1(PFg)2: FAB MS 1046 (M*). 'H NMR (CD;CN) § 2.25 (s, Cs-
Mes). 13BC NMR (CD,Cl,) 6 100.7 (CsMes), 11.35 (CsMes). UV-vis
(CH;C];, )\, log E) 338 (2.04). Anal. Calcd for C30H45F|zlr3PzSzZ C,
26.96; H, 3.39; Ir, 43.15; P, 4.50; S, 4.80. Found: C, 26.97; H, 3.41; Ir,
43.55; P, 4.50; S, 4.72.

[(CsMes)3Ir3S;], [2)°. A solution of 0.350 g (0.262 mmol) of [(Cs-
Mes)sIrsS;](PFg)2 in 20 mL of CH3CN was transferred via cannula to
a solution of 0.099 g (0.5238 mmol) of (CsHs)2Co in 20 mL of CH;CN.
The solution immediately turned brown. After 2 h, the solvent was
removed in vacuo. The residue was extracted into 30 mL of benzene and
the extract was filtered to remove (CsHs),CoPFg and evaporated to
dryness. The dry powder was heated in vacuo at 40 °C (1 mmHg) for
4 h to sublime unreacted (CsH;)2Co. There remained 0.263 g of an
extremely air-sensitive dark blue residue (96%). 'H NMR (C¢DsCD;,
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100 °C) 8 1.92 (br, s, 3 H). 'H NMR (C¢DsCD;, =37 °C) 6 2.29 (s,
1H), 1.90 (s, 2H). *C NMR (C¢DsCD3, -37 °C) § 8.88 (CsMes), 85.2
(CsMes), 11,98 (CsMes), 10.92 (CsMes). UV—vis(CH3;CN, A, loge) 592
(2.28). Anal. Caled for CyoHyslrsSy: C, 34.44; H, 4.33; S, 6.12,
Found: C, 34.97; H, 4.35; S, 6.02.

Preparation of [1](PFs), for DNMR Measurements. Due to difficulty
in removing trace solvent impurities from the samples prepared as above,
the DNMR sample was prepared as follows: A solutionof0.221 g(0.213
mmol) of (CsMes)4IrsSy in 10 mL of CH,Cl, was treated with 0.141 g
(0.426 mmol) of (CsH;);FePFg in 60 mL of CH,Cl,, resulting in a green
solution. After 1.5 h the solution was concentrated to 10 mL and diluted
with 60 mL of benzene to give 0.331 g of [(CsMes)4IrsS4](PFe), (90%
yield).

Crystallography of [1](PF¢)2. Crystals of [1](PF¢)2 were grown by
diffusion of hexanes into an acetone solution of the cluster. Data were
collected on an opaque green-brown plate of dimensions 0.06 X 0.2 X 0.3
mm mounted on a glass fiber. [1](PFg);crystallizesin the triclinic space
group P1 with @ = 11.447(4) A, b = 12.265(6) A, ¢ = 20.470(14) A, a
= 91,48(5)°, 8 = 95.99(4)°, v = 91.47(4)°, Z = 2, and digq = 2.009
g/cm?, 8374 unique reflections were refined to a final R = 0.0595 and
R, =0.0673. The positionsof the iridium and sulfur atoms were obtained
by direct methods. The remaining atoms were located by cycles of least-
squares refinement and difference Fourier maps using the SHELXS-76
programs (G. Sheldrick, Nicolet XRD, Madison, WI).3¢ Both PF¢-anions
were disordered in at least two positions, therefore octahedral geometry
was imposed on each disordered group and refined between two fractional
occupations. Isotropic parameters were refined for F and C atoms, with
common P-F and C~C bond lengths refined. The Ir and S atoms were
independently refined with anisotropic thermal coefficients. The highest
peak in the difference Fourier map corresponding to 2 e-was 0.95 A from
Ir(2). Selected bond distances and angles are listed in Table 3.
Calculations of H-+H contacts were made with Cambridge Scientific’s
Chem 3-D program assuming C-H distances of 0.08 A and C-C-H
angles of 109°.

Crystallography of [2](PF¢);. Crystals of [2](PFe)2 were grown by
diffusion of hexanes into an acetone solution of the cluster. An orange
crystal of dimensions 0.2 X 0.3 X 0.3 mm was mounted on a glass fiber.
[2](PFg); crystallizes in the monoclinic space group P2, /¢ with a = 13.066-
() A, b=20.088(6) A, c =16.262(4) A, a = vy = 90, 8 = 98.54°, Z
=4,and deieq = 2.103 g/cm?. Of 7088 reflections collected, 6853 unique
data were refined to a final R = 0.0445 and Ry, = 0.0465. The iridium
and sulfur positions were deduced by direct methods. The remaining
atoms were located by cycles of least-squares refinement and differences
Fourier maps using the SHELXS-76 programs.2* Hydrogen atoms were
introduced at calculated positions, used for structure factor calculations,
and refined with common isotropic thermal parameters. Both PF¢-anions
were disordered in at least two positions, therefore octahedral geometry
was imposed and the constrained groups were refined in two orientations
each. Isotropic parameters wererefined for Fand C atoms, and a common
P-F bond length was refined. The remaining atoms were refined
anisotropically. The highest peak in the difference Fourier map
corresponded to 2 ¢” in the vicinity of the disordered anions. Selected
bond distances and angles are listed in Table 4.
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