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Reaction between [PPhy][closo-4-CBgHo] and [Rus(CO)y,] in refluxing toluene affords the unprecedented hexaruthenium
metallacarborane salt [PPh,][2,3,7-{ Ru(CO)s}-2,6,11-{ Ru(CO)3}-7,11,12-{ Ru(CO)s} -3,6,12-(u-H)5-2,2,7,7,11,11-
(CO)e-closo-2,7,11,1-RusCBgHg] (1a), which contains a planar Rug ‘raft’ supported by a {CBg} monocarborane
cluster. Addition of [CuCI(PPhs)]s and TI[PF¢] to a CH,Cl, solution of la results in simple cation replacement,
forming the analogous [Cu(PPhs)s]* salt (1b). The phenyl-substituted monocarborane [NEt,][6-Ph-nido-6-CBgHi,]
reacts with [Rus(CO);] in refluxing 1,2-dimethoxyethane to afford the pentaruthenium cluster species [N(PPhs),]-
[2,3,7-{ Ru(CO)3}-3,4,8-{ Ru(CO)s} -7,8-(1-H),-1-Ph-2,2,3,3,4,4-(CO)s-hypercloso-2,3,4,1-RusCBgHg] (2), after addition
of [N(PPh3),]Cl. Treatment of 2 with [CuCl(PPhs)]; and TI[PF¢] in CH,Cl, forms the zwitterionic complex [10,12-
{ exo-Cu(PPhs)2}-2,3,7-{ Ru(CO)s} -3,4,8-{ Ru(CO)3} -7,8,10,12-(u-H)4-1-Ph-2,2,3,3,4,4-(CO)e-hypercloso-2,3,4,1-Rus-
CBsgHy] (3). Substitution of CO by PPh; with concomitant cation replacement occurs on introduction of [AuCI(PPhs)],
TI[PFg], and PPhs to a CH,Cl; solution of 2, forming [Au(PPhs),][2,3,7-{ Ru(CO),PPhs} -3,4,8-{ Ru(CO),PPhs} -7,8-
(u-H)-1-Ph-2,2,3,3,4,4-(CO)s-hypercloso-2,3,4,1-RusCBgHg] (4). Crystallographic studies confirmed the cluster
architectures in 1b, 2, and 3.

Introduction Examples of the hypercloso architecture in metalla(car)-

ini i i S5airidi 5b
For decades polyhedral heteroboranes have been a bountiporane complexes containing rhenitfrhodium= ridium,

i 5 d i ,6
ful area of research for cluster chemistBheir study led to manganes, platinum;* tungsterf;" and rutheniurt?® are

the formulation of the WadeWilliams relationship, which ~ Known. The last includes [Lj€-CeMes)-hyperclosel-
associates the geometry of cluster species with the numbefRUBsHs], which demonstrates the electronic difference
of skeletal electrons available for cluster bondiniglore between hypercloso and closo structures by undergoing a
recently, a number of compounds have been characterized€versible two-electron reduction, forming [%CsMes)-

with seemingly erroneous architectures for their Wade Closo2-RuBHq*".>Other ruthena(car)borane complexes are
Williams electron countd.A new hypercloso cluster class known to exhibit similar structural abnormalitiés The

was recognized having two fewer skeletal electrons in flexibility of electron donation by the ruthenium vertex in
comparison with the analogous closo speéies. each case is presumed to play a key role in allowing the
structural motifs observed.
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Chart 1 Table 1. Analytical and Physical Data
anal. %
compd color yield % Vma{COPlcm™t C H

la dark 30 2085s, 2054vs, 2015s, 35.5 2.8
green 2001s (35.3F  (2.7)

1b dark 76 2085s, 2056vs, 2016s, 42.5 2.7
green 2000s (42.4) (2.7)

2 violet 33 2079s, 2057vs, 2020vs, 43.8 3.1
2004vs, 1956m (4359 (2.9)

3 violet 86 2083s, 2062vs, 2026vs, 41.5 3.0
2010vs, 1963m (41.0) (2.7)

4 dark 73 2028s, 2006vs, 1980s, 48.6 3.8
green 1961s, 1932m (48.3) (3.3)

aMeasured in CKCly; a broad, medium-intensity band observed at ca.
2500-2550 cm! in the spectra of all compounds is due to-B
absorptions? Calculated values are given in parentheses. In addition, %N
for 2 = 0.9 (0.9).c Co-crystallizes with 2.5 molar equiv of acetoeCo-
crystallizes with 0.5 molar equiv of Ele.
Metallacarboranes reported in the literature are generally

those with 12-vertex icosahedral architectures, derived from ;em'?’le réalﬁur_(la_s.blPh);s;)caSI and Is)pzectro;;:foplc_ datal?are
11-vertex pido-CBrHu* (=1, 2:m = 10, 9;x = 3, 2) etailed in Tables43. Several X-ray diffraction studies on

‘carbollide’ anions’ We have been investigating transition Crystals oflaonly allowed for the formulation of a heavy
metal complexes incorporating the relatively under-repre- 10m structure. For this reasdra was treated with a source
sented 710-vertexmonaarborane clusters. To date, com- ©f {CU(PPR)}", in the expectation of forming a neutral,
plexes containing these smaller cages have been preparegWitterionic compound, possibly more amenable to crystal-
with a variety of transition metal atoni$, though such  lographic determination. However, the reaction merely
species are still by no means numerous. A proven syntheticafforded the analogous [Cu(P§4* salt (Lb) via straight-
strategy in this area is the thermally induced oxidative forward cation metathesis. An X-ray crystallographic study
insertion of zerovalent metal carbonyl fragments into closo of 1b established the structure for the anion shown in
monocarboranesHerein we extend this methodology to Figure 1 which, in conjunction with IR and NMR spectro-
include the use of Ru(CO}} moieties derived from [Ru scopic data, showed it to be identical to the anioriaf
(COMh2l. An essentially planafRug} triangular raft species is
We are unaware of any ruthena(car)borane complexesshown, ligated by a formally hypheCBgHg} "~ monocar-
containing more than three Ru atoms, either intra or extra porane fragment centered over one ‘face’ of the raft and 15
to the cluster core, despite high-homonuclearity ruthenium carbonyl groups occupying the remaining Ru atom coordina-
carbonyl complexes with a range of multidentate ligands tjon sjtes. The three central Ru atoms of thes Rwiety

having been re'ported in the Iit'erature for deca“él@ﬁawever, [Ru(2), Ru(7), and Ru(11), as shown in Figure 1 for the anion
we now describe a propensity for the formation of penta- of 1] and the associatefiCBg} unit together constitute a
and hexaruthenacarborane clusters u¢i@gn} (n = 8, 9) 12-vertex{ RusCBg} pseudo-icosahedron having a closo (

monocarborane cage substrates. The polyruthenium ‘raft’ 1 \yheren is the number of vertices) skeletal electron
moieties formed contribute to closed 12-ver§RuCBq} pair count, in compliance with the Wad#®Villiams relation-

clusters with, in some cases, hypercloso geometries. ship2 The remaining exo-polyhedraRu(CO}} moieties cap
three individual{ RuB} trigonal faces of the cluster, sup-

. . ported by two direct RetRu bonds and a 3-center, 2-electron
The formation of the hexaruthenium carborane complex g—H — Ru interaction in each case.

[PPh][2,3,7{ Ru(CO}}-2,6,11{ Ru(CO}}-7,11,12{ Ru-
(CO)}-3,6,12-1-H)3-2,2,7,7,11,11-(CQ)closo2,7,11,1-
RuCBgHg] (1a) (Chart 1) proceeds via reaction between
[Rus(CO)4] and [PPh][closa4-CBgHg] in toluene at reflux

Results and Discussion

Alternatively, the formally{hyphaCBgHg} "~ carborane
fragment can be considered a 12-electron donar (66
from 3 x B—H — Ru agostic) to th Rug} triangular raft,
which hence attains a 90 valence-electron count as predicted

(7) (a) Grimes, R. N. InComprehensie Organometallic Chemistry by ;imp!e EAN (effeCt_ive atomic number) rules. T{igue}
Wilkinson, G., Abel, E. W., Stone, F. G. A, Eds.; Pergamon Press: moiety is oriented with respect to the open face of the

Oxford, 1982; Vol. 1, Section 5.5. (b) Grimes, R. N.Gomprehensie e -
Organometallic Chemistry llAbel, E. W., Stone, F. G. A., Wilkinson, carborane cluster such that a-Bi Ru a9°§t'c b‘?”d to
G., Eds.; Pergamon Press: Oxford, 1995; Vol. 1, Chapter 9. (c) each of the three exopolyhedf&u(CO)} units is achieved.
Grimes, R. N.Coord. Chem. Re 200Q 200-202, 773. ; ; i e ; n

(8) McGrath, T. D.- Stone, F. G. Ady. Organomet. Chen2005 53, 1. This disposition is |.mpo.sed by the relatively {:ICIdIC proton

(9) For example: (a) Franken, A.; McGrath, T. D.; Stone, F. G. A. 0f the caggCH} unit being unable to engage in a€& —
OrganometallicR005 24, 5157. (b) Lu, X. L.; McGrath, T. D.; Stone, RuU interaction
F. G. A.Organometallic2006 25, 2590. (c) Franken, A.; McGrath, o ) )
T. D,; Stone, F.h G. Alnorg. Chem2006h45, 2669. (d) Franken, A.; A speculative pathway of formation for the ruthenium raft
Lei, P.; McGrath, T. D.; Stone, F. G. £hem. Commur2006 3423. : : : : " ‘

(10) Shriver, D. F.; Kaesz, H. D.; Adams, R. D.The Chemistry of Metal present mlla is depicted in Scheme 1. Initial ‘redox
Cluster Complexes/CH: New York, 1990. condensation’ of [RgCO),] molecules could form an
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Table 2. H and'3C NMR Dat&
compd 1H/6 P 13cls ©

la 8.00-7.64 (m, 20H, Ph), 3.67 (br s, 1H, cage CH), 214.8,211.5, 208.8, 208.4, 188.6 (br) (CO),
ca.—9.6 (br, 3H, B-H — Ru) 135.8-118.0 (Ph), 19.3 (br, cage C)

1b 7.48-7.07 (m, 45H, Ph), 3.70 (br s, 1H, cage CH), 214.8,211.6, 208.9, 208.4, 188.5 (br) (CO),
ca.—9.6 (br, 3H, B-H — Ru) 134.8-128.1 (Ph), 19.2 (br, cage C)

2 7.63 (m, 2H, cage Ph), 7.577.33 (m, 30H, PPh), 217.8, 206.7, 202.9, 199.2 (br), 196.0, 188.1 (br), 187.0 (br) (CO),
7.10 (m, 2H, cage Ph), 7.06 (m, 1H, cage Ph), 206.0 (br, cage C), 158.0 (ca@®Hs (ipso), 134.0-126.0 (Ph)
ca.—5.3 (br, 2H, B-H — Ru)

3 7.78 (m, 2H, cage Ph), 7.63.30 (m, 30H, PPh), 216.2, 205.5, 201.5, 198.2 (br), 195.3, 187.3 (br), 186.6 (CO),
7.15 (m, 2H, cage Ph), 7.14 (m, 1H, cage Ph), 204.7 (br, cage C), 157.1 (ca@gHs (ips0), 134.1-126.9 (Ph)
ca.—5.5 (br, 2H, B-H — Ru)

4 7.67 (m, 2H, cage Ph), 7.59.28 (m, 60H, PPh), 222.9,212.5 (dJ(PC)= 10), 209.9, 204.9, 199.7,

7.28 (m, 2H, cage Ph), 7.06 (m, 1H, cage Ph), 194.1 (br d J(PC)= 16), 193.7 (br, cage C), 159.1
ca.—4.4 (br, 2H, B-H — Ru) (cageCsHs (ips0)), 133.8-122.6 (Ph)

aChemical shifts§) in ppm, coupling constants)in Hz; measurements at ambient temperatures inGIDP Resonances for terminal BH protons occur
as broad, unresolved signals in the radgea. —1 to +3. ¢ 'H-decoupled chemical shifts are positive to high frequency of %iMe

Table 3. B and3P NMR Dat&
compd g/ b 31pj§ ©

la 51.7, 40.4 (2B)~5.7 (3B),—10.0 (2B) 235

1b 51.5, 40.5 (2B)~5.7 (3B),—10.0 (2B) 1.7 (br)

2 55.5 (2B), 18.0 (2B), 8.8 (2B), 4.9;8.6 21.2

3 52.8 (2B), 15.7 (2B), 6.6 (2B);0.4,~12.9 0.8 (br)

4 53.8 (2B), 16.6 (2B), 8.8 (2B), 2.3;8.4 44.0 (Au-P),
43.8 (Ru-P)

a Chemical shifts¢) in ppm; measurements at ambient temperatures in
CD,Cl,. ® IH-decoupled chemical shifts are positive to high frequency of

Previously, addition of suitable monocationic transition
metal fragments to anionic metallacarborane clusters has led
to the formation of neutral zwitterionic, rather than anionic,
complexes. Direct metal-to-metal bonding interactions sup-
ported by B-H — M agostic bridges often resditHowever,
as noted above, addition pEu(PPR)} * (formed in situ from
[CuCI(PPh)]4 and TI[PFK]) to 1a merely afforded cation
exchange, givindb (Chart 1). Physical and spectroscopic
data forlb are listed in Tables-23 and confirm the anionic

BF3-Et,O (external); resonances are of unit integral except where indicated. fragment therein to be identical to that foundlia The{Cu-

¢14-decoupled chemical shifts are positive to high frequency of 8%
(external).

octahedral{ Rus} fragment A),** which on six-electron
reduction by the carborane cage (breaking three-Ru
cluster bonds) forms the planar trigonal raft geomeBY. (

(PPh)3}* cation in the former is revealed in té&P{H}
NMR spectrum as a broad peak @tl.7. Characteristic
signals due to the phenyl rings are present inf@f H}
and 'H NMR spectra (Table 2). A related process was
observed on addition of PRto the zwitterionic species [2,2-

Similar mechanisms have been proposed for the formatio”(CO)Z-Y-(u-H)-ll-M-{Au(PPh}-? 11{ Rus(u-H)(CO)} -closo

of a related osmium speci&®,and for an{ Rus} clustet?®
similar to compound® (described below).

Spectroscopic data fdra are consistent with the formula-
tion given, specifically with the structure established for the
anion of the analogous sdlb. Strong stretching bands for
the 15 CO groups are observed in the IR spectrurbecdt
2085, 2054, 2015, and 2001 ch A 'B{*H} NMR study
of 1larevealed four peaks in the intensity ratio 1:2:3(21
coincidence):2, indicating that the; molecular symmetry
of the anion is maintained in solution. Accordingly, nine

2,1-RuCBgHg), forming the salt [Au(PP¥).][2,2-(CO)-7,11-
(u-H)2>-7,11{ Rw(CO)} -closo2,1-RuCBoHg]. 4

Only a handful of compounds having the essentially planar
(average angle of declination of the three ‘wingtip’ ruthenium
triangles from the central Ru(2)Ru(7)Ru(11) plane being only
1.3°in 1b) { Mg} geometry exhibited by the anion d&and
1b are known, and they are restricted to rutherfiuand
osmium?a16species. A lengthening of RtRu distances in
the central Reitriangle of the raft has been noted in these
compounds and is presumed to be as a result of electron

separate resonances for the CO groups would be expecteq),nation by peripheral ligands into an antibonding MO on

in the B3C{*H} NMR spectrum. However, only five peaks
are observed, appearing@af14.8, 211.5, 208.8, 208.4, and

188.6 (br), a discrepancy attributed to coincidence. In g
addition to those described for the CO groups, a broad peak

ato 19.3 assigned to the ca§€H} vertex appeared therein.
TheH NMR spectrum ofla contained broad peaks due to
the cagg CH} vertex ¢ 3.67) and to the threeBH — Ru

agostic interactions (an unresolved quartet centered on

—9.6). Given that only two of these agostic interactions are

the metal clustet® No such effect is apparent itb, all
nine Ru-Ru connectivities being in the range 2-75.80

In contrast to the formation ofa, treatment of the 10-
vertex carborane salt [Ngf6-Ph-nido-6-CBgH1] with [Rus-
(CO)y9] in refluxing DME (1,2-dimethoxyethane) afforded
the pentaruthenacarborane [N(BR2,3,7{ Ru(CO}}-3,4,8-
{Ru(CO}}-7,8-(u-H),-1-Ph-2,2,3,3,4,4-(C@hyperclose

expected to be electronically equivalent, this resonance iS(13) Jeliiss, P. A.; Stone, F. G. A. Organomet. Chen1995 500, 307.

assigned as a (2 1) coincidence. Data typical for a [Ph
counterion were observed in the relevant NMR spectra.

(11) Hayward, C.-M. T.; Shapley, J. Rorg. Chem.1982 21, 3816.

(12) (a) Goudsmit, R. J.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R.;
Whitmire, K. H.J. Chem. Soc., Chem. Commi&82 640. (b) Bruce,
M. I.; Matisons, J. G.; Rodgers, J. R.; Wallis, R. L.Chem. Soc.,
Chem. Commurl981, 1070.

(14) Ellis, D. D.; Franken, A.; Stone, F. G. RArganometallics1999 18,
2362.

(15) Examples include: (a) Bhaduri, S.; Sharma, K.; Jones, B. Ghem.
Soc., Chem. Commuri987 1769. (b) Bhaduri, S.; Sharma, K;
Khwaja, H.; Jones, P. Gl. Organomet. Chenml991, 412 169. (c)
Brandl, M.; Brunner, H.; Cattey, H.; Mugnier, Y.; Wachter, J.; Zabel,
M. J. Organomet. Chen2002 659, 22.

(16) For example: Goudsmit, R. J.; Johnson, B. F. G.; Lewis, J.; Raithby,
P. R.; Whitmire, K. H.J. Chem. Soc., Chem. Commu983 246.
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Figure 1. Structure of the anion dfb showing the crystallographic labeling scheme. In this and subsequent figures, thermal ellipsoids are drawn with 40%
probability, and only chemically significant H atoms are shown. Selected distances (A) are as follows:®1}23.302(8), B(3)-Ru(2) 2.260(7), B(3}

Ru(21) 2.278(8), B(3YRu(7) 2.295(7), B(6)Ru(2) 2.245(8), B(6YRu(23) 2.265(8), B(6YRu(11) 2.309(8), B(8yRu(7) 2.317(8), B(10¥Ru(11)
2.295(7), B(12y-Ru(7) 2.250(7), B(12YRu(11) 2.267(8), B(12yRu(22) 2.270(8), Ru(2Ru(7) 2.7701(7), Ru(xRu(11) 2.7720(7), Ru()Ru(21)
2.7911(8), Ru(2yRu(23) 2.7987(8), Ru(ARu(11) 2.7460(8), Ru(HRuU(21) 2.7739(7), Ru(ARu(22) 2.7879(7), Ru(1H)Ru(23) 2.7643(8), Ru(11)

Ru(22) 2.7788(7), Ru(2H)H(3) 1.69(6), Ru(22yH(12) 1.78(7), Ru(23yH(6) 1.65(6).

Scheme 1. Three Successive Two Electron Reductions of an Chart 2

Octahedral Cluster, Arbitrarily Breaking Bonds-8, 2—3, and 3-6 to
Form a Triangular ‘Raft’ Geometry

/‘r\\,ii/\

2,3,4,1-RyCBgH¢] (2) after addition of [N(PP$),]CI (Chart

2). Physical and spectroscopic data frare given in
Tables 3. A crystallographic determination @fdefined

the structure for the anion to be that shown in Figure 2. The
{Rus} unit adopts bi-edge-bridged triangular geometry, few
examples of which are knowi?1” One {BH} vertex has
been lost from the [6-Phido-6-CBgH31] ~ starting material,
affording a{ CBg} fragment, which in conjunction with the

three ‘central’ Ru atoms (Ru(2), Ru(3), and Ru(4)) of the
{Rus} moiety, constitutes a 12-vert¢RusCBg} cluster. An
exo-polyhedra Ru(CO}} fragment caps both the Ru(2)-
Ru(3)B(7) and Ru(3)Ru(4)B(8) trigonal faces, ligated via two
(17) Examples include: (a) MacLaughlin, S. A.; Taylor, N. J.; Carty, A.  direct Ru-Ru bonds and a BH — Ru 3-center, 2-electron
rJ\i.Oaf?acneg?;?%IIg%?gsasnghqﬁ;ﬁ'cs(fs)ashia?il'g;g.hI(IQ)' g;uﬁé,Tﬁ}"ﬁf' agostic interaction in each case. The formation of{tRes}
Williams, M. L.; Patrick, J. M.; White, A. HJ. Chem. Soc., Dalton  raft in 2, in preference to théRus} configuration observed
Trans.1985 1229. (d) Davies, J. E.; Nahar, S.; Raithby, P. R.; Shields, i the anjons ofLaand1b, is tentatively associated with the

G. P.J. Chem. Soc., Dalton Tran$997, 13. (e) Bruce, M. |.; Schulz, . . : .
M.; Skelton, B. W.; White, A. HJ. Cluster Sci200Q 11, 79. deboronation of the [6-Phido-6-CBgH;4] ~ starting material.
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Figure 2. Structure of the anion & showing the crystallographic labeling
scheme. Selected distances (A) are as follows. Rt@2]) 2.175(2),
Ru(4)-C(1) 2.174(2), B(5)-C(1) 1.660(3), B(6)}-C(1) 1.657(3), B(5)
Ru(4) 2.283(3), B(6YRu(2) 2.289(3), B(7yRu(2) 2.247(2), B(ARu(3),
2.292(2), B(7yRu(5) 2.298(2), B(8yRu(4) 2.243(2), B(8yRu(3)
2.300(2), B(8)Ru(6) 2.319(2), B(9)Ru(4) 2.331(2), B(11)Ru(2)
2.328(3), Ru(2yRu(3) 2.7531(3), Ru(®Ru(4) 2.8767(3), Ru()Ru(5)
2.8785(3), Ru(3yRu(5) 2.7005(3), Ru(3)Ru(6) 2.7305(3), Ru(3)
Ru(4) 2.7322(3), Ru(4)Ru(6) 2.8429(3).

Chart 3

While the {RusCBg} cluster core composition i is
identical to that found inla, the connectivity pattern is
consistent with a hypercloso rather than closo metallacar-

has not adopted the expected pseudo-icosahedral geometry.
We know of only one other example of a 12-vertex
metallacarborane having hypercloso architecture, that being
a{WC,Bg} speciest

With 74 electrons, the Ruraft moiety in2 is formally
two electrons short of the EAN prediction for a cluster
containing seven MM bonds, assuming the carborane cage
to be a 10-electron 6+ 4 from 2 x B—H — Ru agostic)
donor. The ‘wingtip’ ruthenium triangle§ Ru(2)Ru(3)-
Ru(5} and{Ru(3)Ru(4)Ru(6) are declined from the central
Ru(2)Ru(3)Ru(4) plane by 21°3and 19.3, respectively,
values comparable with previous examples of this architec-
ture12b17

The formation of2 might well proceed similarly to that
of 1a via a six-electron reduction of an octahedf{&us}
fragment. However, this hypothetical complex is evidently
disfavored and ejects one B and one Ru atom (and associated
ligands) to form the observefRus} unit with hypercloso
geometry.

The orientation of the Ruraft with respect to the open
face of the carborane cluster is again influenced by the
necessity for B-BH — Ru agostic bonds to support exo-
polyhedraf Ru(CO}} fragments, the cageCPH unit being
unable to participate in such an interaction. In addition to
the hypercloso geometry, the system is severely distorted
due to the large radii of the Ru atoms in comparison with
those of the boron and carbon atom vertices; the four-
connected C(1) vertex has averageEand C-Ru cluster
connectivities of 1.66 and 2.17 A, respectively.

A UB{H} NMR study revealed five resonances in a 2:2:
2:1:1 intensity ratio, indicating a mirror-symmetric cluster
as observed in the solid state. The carbonyl grouf2smwere
observed in the IR spectrum as strong stretching bands at
2079, 2057, 2020, 2004, and 1956 ¢mand as seven
resonances in thEC{'H} NMR spectrum over the range
217.8-187.0. Hydrogen atoms involved in the-Bl — Ru
bridges were present in the correspondiigNMR spectrum
as a broad resonance @t—5.3 having a relative intensity
equal to two protons. Both spectra contained diagnostic
signals for the cage{CPh unit and the [N(PP$,]"
counterion.

Introduction of [CuCI(PP¥)]4 and TI[PK] to a CH.Cl,

borane species. Hypercloso geometry in a 12-vertex speciesso|ution of2 yielded the neutral, zwitterionic compound [10,-
can be regarded (Chart 3) as a hypothetical breaking of the12{exoCu(PPh),}-2,3,7{Ru(CO}}-3,4,8{ Ru(CO}}-7,8,-

A—B connectivity in the closo compound, with formation
of the perpendiculaC—D connectivity, though it is not

10,12-¢-H)4-1-Ph-2,2,3,3,4,4-(C@hyperclose2,3,4,1-Ry
CBgH4] (3) (Chart 2), the molecular structure of which is

suggested that this process actually occurs. The hyperclosahown in Figure 3. The&Cs symmetry observed therein is

geometry contains the four-connected vertidesand B
(corresponding to C(1) and Ru(3) 2y and the six-connected
verticesC andD (corresponding to Ru(2) and Ru(4) @),

retained in solution, as indicated by a 2:2:2:1:1 peak intensity
ratio in the''B{*H} NMR spectrum. A Cu(PPh),;} ~ moiety
is bound exo-polyhedral to the centrffRusCBg} cluster

the remaining vertices being five-connected. Such speciessurface via two B-H — Cu agostic interactions involving

usen skeletal electron pairs for cluster bonding within a
closed deltahedron (whene is the number of verticed),
though we have found that the presence of transition metal
vertices, as well as the flexible electron contribution there-
from, can complicate skeletal electron countthdhe 12-
vertex{ RusCBg} moiety in 2 is two electrons short of the

vertices BH(10) and BH(12). The absence of resonances due
to the hydrogen atoms of these groups from ¥HeNMR
spectrum is attributed to a rapid exchange efHBbinding

sites on the NMR time scale, rendering any such peaks too
broad to be observed.The PPh units give rise to a broad
peak ato 0.8 in the 3P{H} NMR spectrum and to

expected electron count for a closo cluster and subsequentlycharacteristic phenyl group resonances in tHeand 13C-
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Figure 3. Structure of3 showing the crystallographic labeling scheme.
Only the ipso carbon atoms of phosphine phenyl rings are shown. Selected
distances (A) are as follows. B(5Ru(4) 2.248(4), B(6YRu(2) 2.250(4),
B(7)—Ru(2) 2.222(4), B(7yRu(3) 2.239(4), B(7rRu(5) 2.257(4), B(8)

Ru(4) 2.210(4), B(8)Ru(3) 2.250(4), B(8)Ru(6) 2.272(4), B(9yRu(4)
2.275(4), B(11yRu(2) 2.278(4), B(10yCu(1) 2.433(4), B(12yCu(1)
2.376(4), Ru(2yC(1) 2.140(4), Ru(2yRu(3) 2.7113(5), Ru(2)Ru(4)
2.8226(5), Ru(2rRu(5) 2.8532(5), Ru(3)Ru(6) 2.6631(5), Ru(3)

Ru(5) 2.6713(5), Ru(3)Ru(4) 2.7278(5), Ru(4)Ru(6) 2.8488(5), Ru(5)

H(7) 1.85(4), Ru(6)-H(8) 1.71(4).

{*H} NMR spectra (Table 2). Carbonyl group resonances
are present in the latter spectrumda®16.2, 205.5, 201.5,
198.2 (br), 195.3, 187.3 (br), and 186.6 (br), in addition to
a broad peak at 204.7 due to the cagéCH} vertex.
Hypercloso geometry is retained on formation 3)fand
indeed, the centrdlRusCBg} unit is essentially identical to
that in2. On comparison, higher CO stretching frequencies
for the carbonyl groups o8 reflect the net neutral charge
on the cluster versus analogous groups in the anio of
(Tables 1-3).

Whereas coordination of thECu(PPh),}* fragment to
the cluster surface via-BH — Cu interactions was expected,
the lack of formation of a direct CuRu bond was not.

Du et al.

of the Ru vertices being sterically ‘shielded’ by carbonyl
ligands, hence blocking attack by theu(PPh),} fragment.

As for the reactions of compounds and 2 toward the
{Cu(PPh)}* fragment, the behavior of the two ruthenacar-
boranes with the isoloba{ Au(PPh)}* moiety is also
different. Thus,1a gives no identifiable product, whereas
reaction betweef and{ Au(PPh)} * (generated in situ from
[AuCI(PPh)] and TI[PR]) in the presence of PRaffords
cation replacement and substitution of two CO molecules
by PPh, forming [Au(PPh)][2,3,7{ Ru(CO}PPh}-3,4,8-
{Ru(COYPPR}-7,8-(u-H),-1-Ph-2,2,3,3,4,4-(C@hyperclose
2,3,4,1-RyCBgHg] (4) (Chart 2). Details of an X-ray
crystallographic study of have been deposited as Supporting
Information. Other than substitution by Pfdt each of the
exo-polyhedral Ru atoms, the hypercld$®uCBg} cluster
core in 4 remains essentially identical to that @B as
confirmed on comparison of NMR spectroscopic data for
the two compounds. Strong CO stretching bands appear at
2028, 2006, 1980, 1961, and 1932¢nm the IR spectrum
of 4, values lower than those f& due to the presence of
the relatively electron-donating phosphine ligands3!R-
{1H} NMR study of4 revealed a peak @t 44.0 due to the
[Au(PPhy),] ™ cation, a value comparable with data previously
reported for two-coordinate Au compouridsAlso present
was a sharp peak at43.8, assigned to the phosphorus atoms
of the two Ru-bound PRhunits. The carborane moiety
gave rise to five peaks of relative intensity 2:2:2:1:1 in a
1B{*H} NMR study; chemical shift values were almost
identical to those in the analogous study2pfas expected
given the close structural relationship between the two
compounds.

Conclusion

The preparation of unusual polyruthenium raft species
supported by monocarborane clusters has been demonstrated.
Use of eithe{ CBg} or { CBg} starting materials affordsRus-

CBg} or {RuCBg} compounds, respectively. Each of the
compounds contains a different type of clo§&ilsCBg} core

and, as such, is a rare example of a 12-vertex metallacar-
borane cluster containing three transition metal vertices.
Moreover, in the pentaruthenium species, {liRssCBg} core

has the unusual hypercloso geometry. Preliminary reactivity
studies of this species provided the neutral, zwitterionic

Previously, anionic metallacarboranes have been used to greatompound3 and the phosphine-substituted speciesoth

effect in the formation of polymetallic species containing
direct metat-metal bonds; a large number of such com-
pounds have been prepared using ®e(PPh)} * synthon?a¢19

The involvement of th¢ BH} vertices most distant from the
carbon and ruthenium atoms within the cluster [BH(10) and
BH(12)] intuitively suggests them to be of most hydridic
character. The arrangement is presumably adopted as a resu

(18) (a) Cabioch, J.-L.; Dosset, S. J.; Hart, 1. J.; Pilotti, M. U.; Stone, F.
G. A. J. Chem. Soc., Dalton Trand991 519. (b) Batten, S. A,;
Jeffrey, J. C.; Jones, P. L.; Mullica, D. F.; Rudd, M. D.; Sappenfield,
E. L.; Stone, F. G. A.; Wolf, Alnorg. Chem.1997 36, 2570. (c)
Ellis, D. D.; Franken, A.; Jelliss, P. A.; Kautz, J. A.; Stone, F. G. A,;
Yu, P.-Y.J. Chem. Soc., Dalton Tran00Q 2509.

(19) Hodson, B. E.; McGrath, T. D.; Stone, F. G.@rganometallic005
24, 3386.
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also having a hypercloso geometry.

Experimental Section

SynthesesAll reactions were performed under an atmosphere
of dry, oxygen-free dinitrogen using standard Schlenk-line tech-
niques. Solvents were stored over and freshly distilled from
prropriate drying agents prior to use. Petroleum ether refers to
that fraction of boiling point 4660 °C. Chromatography columns
(typically ca. 15 cm in length and ca. 2 cm in diameter) were packed
with silica gel (Acros, 66-200 mesh). Filtration through Celite

(20) (a) Carriedo, G. A.; Howard, J. A. K.; Stone, F. G. A.; Went, M1.J.
Chem. Soc., Dalton Tran&984 2545. (b) Wynd, A. J.; Welch, A. J.
J. Chem. Soc., Chem. CommaA87, 1174. (c) Du, S.; Kautz, J. A.;
McGrath, T. D.; Stone, F. G. Anorg. Chem 2001, 40, 6563.



Carborane-Supported Polyruthenium Clusters

Table 4. Crystallographic Data for Compound$, 2, and3

1b-2CH,Cl, 2:0.5GsHs 3

formula GoH 5388C|4CU015P3R Us CsgH46BsNO12P2RUs Cs5H43BsCuOPoRUs
fw 2154.33 1602.73 1613.20
cryst syst monoclinic triclinic triclinic
space group P2:/n P1 P1
a, 22.046(2) 11.1475(9) 12.0923(9)
b, A 16.9959(16) 16.9338(17) 15.7652(13)
c, A 23.643(2) 17.2434(16) 17.6006(14)
o, deg 90 79.248(2) 75.902(4)
p, deg 114.730(3) 89.604(3) 71.283(4)
y, deg 90 83.781(2) 73.289(4)
v, A3 8046.5(13) 3178.8(5) 3001.0(4)
z 4 2 2

wR2, R1 (all dated)
WR2, R1 (ob%data)

0.1504, 0.1041
0.1232,0.0530

0.0689, 0.0441
0.0643, 0.0279

0.0811, 0.0586
0.0735, 0.0391

GOF 1.027

1.065 1.049

awR2 = [J{w (Fe® — FAZ/I3W (F)YY% R1 = S ||Fo| — |Fell/3|Fol. °Fo > 40(Fo). ¢ GOF = [S{w (Fo? — FA3/(n — p)]¥2 wheren = number of

reflections and = number of refined parameters.

typically employed a plug ca. 5 cm in length and 2 cm in diameter.
NMR spectra were recorded at the following frequencies (MHz):
1H, 360.1;1°C, 90.6;3'P, 145.8; and'B, 115.5. The reagents [Nfkt
[6-Phido-6-CBgHy1],2* [PPhy][ closa4-CBgHg],22 [CUCI(PPR)] 4,23
and [AuCI(PPh)]?* were prepared according to literature methods.
Synthesis of [PPh][2,3,7{ Ru(CO)3}-2,6,11{ Ru(CO)z}-7,11,-
12{Ru(C0O)3z}-3,6,12-ft-H)5-2,2,7,7,11,11-(CQ)closo2,7,11,1-
RusCBgHg¢] (1a). A mixture of [PPh][closa4-CBsHg] (0.45 g,
1.00 mmol) and [Rg(CO) 7] (1.41 g, 2.20 mmol) was heated in
toluene (30 mL) at reflux temperatures for 12 h, after which all

(3:1) afforded a violet band, which was collected and reduced to
dryness in vacuo to yiel@ (0.512 g) as a dark violet crystalline
solid.

Synthesis of [10,12Z-exo-Cu(PPhg)2}-2,3,7{Ru(CO)3}-3,4,8-
{Ru(CO)3z}-7,8,10,12-¢-H)+-1-Ph-2,2,3,3,4,4-(CQ}hyperclose
2,3,4,1-RyCBgH,4] (3). To a CHCI, (20 mL) solution of 2
(0.15 g, 0.10 mmol) was added [CuCI(RRh(0.22 g, 0.15 mmol)
and TI[PF] (0.21 g, 0.60 mmol) with subsequent stirring at room
temperature for 12 h. The mixture was then filtered (Celite), and
the filtrate was concentrated to ca. 5 mL in vacuo before being

volatiles were removed in vacuo. The residue was extracted into transferred to the top of a chromatography column. Elution using

CH,CI; (3 x ca. 10 mL portions), and the washings combined,

CH,Cl,/petroleum ether (2:1) afforded a violet fraction was, which

filtered (Celite) and concentrated to ca. 5 mL, and transferred to was collected and reduced to dryness in vacuo to \8€jd.14 g)

the top of a chromatography column. Elution with Hb/

petroleum ether (4:1) produced a dark green band, which was

collected and reduced to dryness in vacuo to yidd0.43 g) as
a dark green crystalline solid.

Synthesis of [Cu(PPh)3][2,3,7{ Ru(CO)3}-2,6,11{ Ru(CO)3} -
7,11,12{Ru(C0)3}-3,6,12-ft-H)3-2,2,7,7,11,11-(CQ)closc 2,7 .-
11,1-RuCBgHg] (1b). To a CHCI, (20 mL) solution of 1a
(0.15 g, 0.10 mmol) was added a mixture of [CuCI(BRh
(0.22 g, 0.15 mmol) and TI[RF (0.21 g, 0.60 mmol) with

as a black crystalline solid.

Synthesis of [Au(PPh);][2,3,7{Ru(CO),PPhs}-3,4,8{Ru-
(CO),PPhg}-7,8-(u-H)-1-Ph-2,2,3,3,4,4-(CQ}yhyperclose2,3,4,1-
RusCBgH¢] (4). To a CHCI, (20 mL) solution of2 (0.15 g,
0.10 mmol) was added [AuCI(PBh(0.30 g, 0.60 mmol), TI[PH
(0.21 g, 0.60 mmol), and PR(0.16 g, 0.60 mmol) with subsequent
stirring at room temperature for 12 h. The mixture was then filtered
(Celite), and the filtrate concentrated to ca. 5 mL before being
transferred to the top of a chromatography column. Elution with

subsequent stirring at room temperature for 12 h. The resulting CH,Cl,/petroleum ether (4:1) afforded a dark violet fraction, which

mixture was filtered (Celite), and the filtrate concentrated and
transferred to the top of a chromatography column. Elution with
CH,Cl,/petroleum ether (2:1) afforded a dark green fraction, which
was collected and reduced to dryness in vacuo to ibl(D.15 g)
as a black crystalline solid.

Synthesis of [N(PPh);][2,3,7{ Ru(CO)3}-3,4,8{ Ru(CO)3}-7,8-
(u-H)2-1-Ph-2,2,3,3,4,4-(CQyhyperclose2,3,4,1-RuCBgHg| (2).
A DME (30 mL) solution of [NEf][6-Ph-nido-6-CBgHyj]
(0.328 g, 1.00 mmol) and [R(CO)4 (1.28 g, 2.00 mmol) was
heated to reflux temperatures for 12 h. All volatiles were then
removed in vacuo and a GBI, (20 mL) solution of [N(PP¥),]ClI
(0.537 g, 1.00 mmol) added. After being stirred for 2 h, the solution

was collected and reduced to dryness in vacuo to W€id.16 g)
as a black crystalline solid.

X-ray Diffraction Experiments. Experimental data for com-
poundslb, 2, and3 are presented in Table 4. Diffraction data were
acquired at 110(2) K using a Bruker-Nonius X8 Apex area-detector
diffractometer (graphite-monochromated MaxKadiation,A =
0.71073 A). Several sets of data frames were collected at different
6 values for various initial values @f andw, each frame covering
a 0.5 increment ofp or w. The data frames were integrated using
SAINT;?® the substantial redundancy in data allowed empirical
absorption corrections (SADAB®)to be applied on the basis of
multiple measurements of equivalent reflections.

was filtered, concentrated to ca. 5 mL, and transferred to the top  The structures were solved (SHELXS-#7Yyia conventional

of a chromatography column. Elution with GEl,/petroleum ether

(21) (a) Brellochs, B. InContemporary Boron Chemistrypavidson, M.
G., Hughes, A. K., Marder, T. B., Wade, K., Eds.; Royal Society of
Chemistry: Cambridge, 2000; p 212. (b) dek, T.; Thornton-Pett,
M.; Kennedy, J. DCollect. Czech. Chem. Comm®002 67, 1035.

(22) Brellochs, B.; Backovsky, J.; ®n, B.; Jelnek, T.; Holub, J;
Bakardjiev, M.; Hnyk, D.; Hofmann, M.; Garova |.; Wrackmeyer,

B. Eur. J. Inorg. Chem2004 3605.

(23) Jardine, F. H.; Rule, J.; Vohra, G. A. Chem. Soc. A97Q 238.

(24) Bruce, M. I.; Nicholson, B. K.; Bin Shawkataly, Gorg. Synth1989
26, 325.

direct methods and were refined (SHELXL-97) by full-matrix least-
squares on a2 data using SHELXTL25 All non-hydrogen atoms
were assigned anisotropic displacement parameters. The locations
of the cage carbon atoms were verified by examination of the
appropriate internuclear distances and the magnitudes of their
isotropic thermal displacement parameters. All hydrogen atoms were
set riding on their parent atoms in calculated positions with the

(25) APEX 2,version 2.1-Q Bruker AXS; Madison, WI, 20032004.
(26) SHELXTL,version 6.12 Bruker AXS; Madison, WI, 2001.

Inorganic Chemistry, Vol. 46, No. 16, 2007 6619



Du et al.

exception of those involved in agostic bonding, whose positions ~ Acknowledgment. We thank the Robert A. Welch

were refined freely. All hydrogen atoms were assigned fixed Foundation for support (Grant No. AA-0006). The Bruker-
isotropic thermal parameters calculated @go(H) = 1.2 x Nonius X8 APEX diffractometer was purchased with funds
Usso(parent). received from the National Science Foundation Major

Smg_le crystals Oﬂb‘. 2 ands_‘ sun_table for X-ray dlffrac_:tlon Instrumentation Program (Grant No. CHE-0321214).
analysis were grown via slow diffusion of GBI,/CsHgs solutions

and petroleum ether. Compouritb co-crystallized with two
molecules of CHCI, in the asymmetric fraction of the unit cell.
One of these molecules was disordered about a 2-fold axis passin
through both chlorine atoms, leading to a 64:36 occupancy ratio
for the two alternate orientations. Each molecul@ ob-crystallized
with one-half molecule of Hg as solvate in the asymmetric unit.  1C700746J

Supporting Information Available: Full details of the crystal
structure analyses in CIF format, including data for compodind
Yhis material is available free of charge via the Internet at

http://pubs.acs.org.

6620 Inorganic Chemistry, Vol. 46, No. 16, 2007





