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Deprotonation of [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-nido-7,8-C2B9H9] (1a) and its C,Cdiphenyl analogue (1b) affords the anions [3,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H11]− (2a) and [1,2-Ph23,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H9]− (2b), respectively. Dehalogenation of 2b in the presence of
one equivalent of tBuNC yields [1,2-Ph2-3,3-(tBuNC)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (3), and if
2b is dehalogenated in the presence of CO a very similar compound, [1,2-Ph2-3,3-(CO)2-3-PPh3pseudocloso-3,1,2-RuC2B9H9] (4), is formed. Treatment of 2b with Ag+ in the absence of a donor
ligand affords, amongst a number of products, the compound [{1,2-Ph2-pseudocloso-3,1,2RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5) in which two different {RuPh2C2B9H9} units both
achieve electronic and coordinative saturation at their Ru centres by η6-coordination of a Ph ring on
the other cluster in a symbiotic manner. Compounds 1b, 3, 4 and 5 were fully characterised,
including by crystallographic studies.
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1. Introduction

Left; the bicapped square-antiprismatic structure of the 10-vertex 11-SEP species [closo(CpCo)2C2B6H8], [Co]=CpCo. Right; the structure of the 10-vertex 10-SEP species
[hypercloso-(CpFe)2C2B6H8], [Fe]=CpFe.
Topologically the structure of the
ferracarborane is derived from that of the cobaltacarborane by the application of a
single diamond-square-diamond rearrangement.
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Fig. 1.
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The structures of the vast majority of polyhedral boranes, carboranes and their metal derivatives
are governed by the Polyhedral Skeletal Electron Pair Theory [1], relating structure to the number of
polyhedral vertices (n) and the number of skeletal electron pairs (SEPs) that the cluster possesses. In
contrast to the large and well-known families of closo (n+1 SEPs), nido (n+2 SEPs) and arachno (n+3
SEPs) polyhedra, an interesting smaller group is the hypercloso family, having only n SEPs.
Hypercloso metallacarboranes often have structures based on those of closo analogues but which
have undergone a single diamond-square-diamond (d-s-d) rearrangement which typically decreases
the degree (connectivity number) of at least one cage C atom whilst increasing the degree of a
transition metal vertex. An excellent example of this is afforded by a comparison of the structures of
[closo-(CpCo)2C2B6H8] [2] and [hypercloso-(CpFe)2C2B6H8] [3], Fig. 1.
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In considering deliberate and potentially general synthetic routes to hypercloso
metallacarboranes one option would be to introduce either one 1-vertex 0-electron (1-v 0-e) metal
fragment or two 1-v 1-e metal fragments into a {C2BxH2+x} or {C2BxHxR2} framework, and we recently
described examples of the latter approach in the synthesis of the first 14-v 14-SEP heteroboranes
[4]. An alternative approach is “ligand manipulation” by which we mean the removal of a 2-e ligand
from a 1-v 2-e metal fragment in a closo metallacarborane precursor, converting the metal to a 1-v
0-e fragment and the metallacarborane from n+1 SEP closo to n SEP hypercloso. Within the context
of ligand manipulation, however, it is important to consider the nature of the ligands remaining on
the metal centre since if these include CO then “carbonyl-stealing” by the putative hypercloso
metallacarborane can occur to regenerate a closo metallacarborane [5].
To avoid CO-stealing we have instead focussed on metallacarboranes with halide and phosphine
ligands, identifying the anionic ruthenacarborane 2 (Scheme 1) as an attractive potential precursor
to hypercloso metallacarboranes by loss of Cl− on treatment with Ag+. Moreover, to encourage the
anticipated d-s-d transformation we have focussed initial attention on the C,C-diphenyl derivative
2b. This is because it is well-established that C,C-diphenyl 3,1,2-MC2B9 metallacarboranes with a
bulky ligand set are prone to adopt structures in which the Ph substituents, forced to lie nearly coplanar by steric congestion, push against each other and stretch the C1−C2 connecKvity aﬀording
“pseudocloso” geometries [6] which can be considered as half-way-houses in the d-s-d
rearrangement of closo to hypercloso. Herein we describe the zwitterionic exo-nido compound 1b
as a precursor to 2b and the reactions of 2b with Ag+ in both the presence and absence of 2-e
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ligands. Whilst this manuscript was in preparation Kostyukovich et al. independently reported the
synthesis of 1b [7].

SC

Scheme 1. Deprotonation of the exo-nido species [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-nido-7,8C2B9H9] (1a) and [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-7,8-Ph2-nido-7,8-C2B9H7] (1b) to
afford the closo anions [3,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H11]− (2a) and [1,2-Ph2-3,3(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H9]− (2b) respectively.
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2. Results and Discussion
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Concurrently with Kostyukovich, Chizhevsky and co-workers [7] we prepared [exo-5,6,10{RuCl(PPh3)2}-5,6,10-(µ-H)3-7,8-Ph2-nido-7,8-C2B9H7] (1b) from the reaction between K[7,8-Ph2-nido7,8-C2B9H10] and [RuCl2(PPh3)3] in THF, achieving a yield of 78%. Our sample is spectroscopically
identical to that prepared by our Russian colleagues but, in addition, we also characterised the
product crystallographically, and a perspective view of a single molecule is shown in Fig. 2. As
discussed for the parent, non C,C-diphenyl derivative 1a, these exo-nido compounds exist in solution
at room temperature as an equilibrium mixture of symmetric and asymmetric hydrido RuIV species
[8]. In the solid state, however, 1a has a 5,6,10-(µ-H)3 structure and a formally RuII exo-nido metal
centre [8] and the same is true of 1b. The Cl ligand is positioned opposite the open face of the
carborane affording the structure as a whole approximate Cs molecular symmetry. Bond distances in
1b are in close accord with those reported for 1a with the exception of the C7−C8 connecKvity,
which is ca. 0.1 Å longer in 1b at 1.646(5) Å presumably as the result of crowding between the Cbound Ph rings. In C-aryl carboranes and their derivatives it is instructive to define the orientation of
the aryl ring in terms of θ, the modulus of the average Ccage−Ccage−C−C torsion angle [9]; if θ=90° the
plane of the aryl ring contains the Ccage−Ccage vector and if θ=0° it stands perpendicular to it. For 1b θ
for Ph on C7 is 5.5(4)° and for Ph on C8 it is 5.7(4)°.

ACCEPTED MANUSCRIPT
Fig. 2.

Perspective view of [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-7,8-Ph2-nido-7,8-C2B9H7]
(1b). Displacement ellipsoids are drawn at the 50% probability level except for H atoms.
Selected molecular parameters (Å; °): Ru−B5 2.392(4), Ru1−B6 2.391(4), Ru1−B10
2.288(4), Ru1−P1 2.3193(9), Ru1−P2 2.2968(9), Ru1−Cl1 2.3935(8), C7−C8 1.646(5); θ(Ph
ring on C7) 5.4(4), θ(Ph ring on C8) 5.7(4).
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We targeted the exo-nido zwitterion 1b as a potential precursor to closo 2b which we intended
then to use in halide abstraction reactions. Anion 2b is currently unknown but the parent species 2a
(as the [NEt4]+ salt) has been reported from the reaction between [HNMe3][nido-7,8-C2B9H12] and
[RuH(Cl)(PPh3)3] in the presence of [NEt4]Cl [10]. We hypothesised that a potentially simpler route to
2a (or 2b) would be removal of the endo-proton of 1a (or 1b) resulting in subsequent capitation of
the open C2B3 face of the carborane by the {RuCl(PPh3)2} fragment (Scheme 1). To test this
hypothesis, compound 1a in THF at 0 °C was treated with one equivalent of nBuLi and the resultant
dark-red product was shown to be identical to [NEt4]2a [10] by 11B{1H} spectroscopic analysis. Anion
2a is, however, highly sensitive to traces of air or moisture, and assuming that 2b would be similarly
reactive we have not attempted to isolate 2b but rather we have used it directly in subsequent
reactions.
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Our initial halide abstraction reaction was treatment of Li[2b], prepared in situ from the
deprotonation of 1b with nBuLi as described above, with Ag[BF4] in the presence of one equivalent of
t
BuNC. This would serve not only to confirm that loss of Cl− from anion 2b was achievable but would
also afford a novel route to mixed-ligand (PPh3)yLzRuC2B9 species [10,11]. We expected that the
product of this reaction would have y=2 and z=1 but it was immediately apparent from elemental
analysis, mass spectrometric and NMR spectroscopic study of the only isolatable product (following
work-up involving column chromatography) that, in fact, y=1 and z=2. Thus the species formed is
[1,2-Ph2-3,3-(tBuNC)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (3) resulting from replacement of Cl− by
t
BuNC and displacement of one PPh3 ligand by a second mole of tBuNC, even though only one
equivalent of tBuNC was used (Scheme 2). The yield is 34% based on 1b but 68% based on tBuNC. In
the 1H NMR spectrum of 3 a broad singlet at δ 1.17 integrates for 18H (2×tBuNC ligands) versus 25H
for phenyl protons (1×PPh3 ligand + 1×Ph2C2B9 ligand). In the 11B{1H} NMR spectrum are six
resonances between +24 and -20 ppm with integrals in the relative ratio 1:1:2:2:2:1 from high
frequency to low frequency, corresponding to time-averaged Cs molecular symmetry. The weightedaverage 11B chemical shift, <δ(11B)>, is +5.8 ppm. This is reminiscent of <δ(11B)> in typical
pseudocloso compounds of diphenylcarborane [12] and, indeed, the pseudocloso structure of 3 was
confirmed by a crystallographic study as shown in Fig. 3.
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Scheme 2. Dehalogenation of [1,2-Ph2-3,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H9]− (2b) in the presence

of tBuNC yielding [1,2-Ph2-3,3-( tBuNC)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (3).
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Perspective view of [1,2-Ph2-3,3-(tBuNC)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (3).
Displacement ellipsoids as in Fig. 2. Selected molecular parameters (Å; °): Ru3−C1
2.244(5), Ru3−C2 2.222(5), Ru3−B 2.236(6)-2.284(6), Ru3−P1 2.3625(13), Ru3−C31
2.001(6), Ru3−C32 1.955(5), C31−N31 1.157(7), C32−N32 1.163(7), C1···C2 2.521(7),
Ru3···B6 3.021(6); Ru3−C1−B6 98.4(3), C1−B6−C2 93.1(4), B6−C2−Ru3 98.5(3),
C2−Ru3−C1 68.72(19), θ(Ph ring on C1) 86.6(5), θ(Ph ring on C2) 30.9(6).
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Fig. 3.
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In the solid state molecules of 3 are asymmetric with one tBuNC ligand lying over the square face
formed by Ru3, C1, B6 and C2 that is characteristic of pseudocloso metallacarboranes [6]. The
diagonals of this face are C1···C2 2.521(7) Å and Ru3···B6 3.021(6) Å. The Ph ring on C1 adopts a θ
value of 86.6(5) ° because of the demands of the ligand set on the Ru vertex (and there is evidence
for π-π stacking with one Ph ring of the PPh3 ligand) whilst the Ph ring on C2 is at an intermediate θ
value, 30.9 °. Dimensions within the Ru3-C-N sequences reflect the relative Structural Trans Effects
(STEs) of the cage atoms they lie opposite [13]; Ru3−C31 (trans to B) is signiﬁcantly longer (and
therefore weaker) than Ru3−C32 (trans to C). A reverse paXern exists in the C31−N31 and C32−N32
distances, although the difference here is not statistically significant.
In solution at room temperature compound 3 is clearly fluctional since the 11B NMR spectrum is
consistent with mirror symmetry and there is only one resonance for the tBuNC protons in the 1H
NMR spectrum. This is consistent with rotation (or at least significant libration) of the
{Ru(PPh3)(tBuNC)2} fragment about the metal-cage axis. That the tBuNC resonance is broad,
however, implies restricted rotation and we suggest a simple oscillation of ca. 120 ° that exchanges
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the positions of the tBuNC ligands above the RuCBC square face. A 1H NMR spectrum recorded at
203 K shows that this oscillation is frozen out and two sharp singlets are observed for the tBuNC
protons.
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We assume that the unexpected loss of a PPh3 ligand (replaced by tBuNC) in the synthesis of 3 is a
consequence of unacceptable steric crowding in the anticipated product [1,2-Ph2-3,3-(PPh3)2-3t
BuNC-3,1,2-RuC2B9H9]. Even so, 3 itself is clearly still sterically-crowded, as evidenced by its
pseudocloso structure and the restricted rotation of the {Ru(PPh3)(tBuNC)2} fragment. Consequently
our next reaction was to mimic the synthesis of 3 replacing tBuNC by the smallest L-type ligand, CO.
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The reaction of Ag[BF4] with deprotonated 1b in an atmosphere of CO (Scheme 3), followed by
work-up involving preparative thin-layer chromatography (TLC) afforded [1,2-Ph2-3,3-(CO)2-3-PPh3pseudocloso-3,1,2-RuC2B9H9] (4) as the only isolatable product. The fact that 4 has again lost one
PPh3 ligand and is thus the dicarbonyl compound is readily apparent from elemental analysis, mass
spectrometry, IR spectroscopy (symmetric and antisymmetric C-O stretches) and NMR spectroscopy;
in the last the 1H{11B} spectrum clearly shows evidence for only one PPh3 ligand relative to the
{Ph2C2B9H9} fragment. The 11B{1H} NMR spectrum appears as a 2:2:2:2:1 pattern (high frequency to
low frequency) between δ +18 and -18 ppm, with <δ(11B)> +4.4 ppm again implying a pseudocloso
structure. This was subsequently confirmed by crystallographic analysis showing that a single
molecule of 4 (Fig. 4) is practically identical to that of 3 in which the tBuNC ligands have been
replaced by CO. In detail, however, the Ph ring on C2 is less flattened by the smaller adjacent CO
ligands [θ=18.4(2) °] and so the repulsive interaction with the Ph ring on C1 is reduced and the
consequent pseudocloso distortion is somewhat less pronounced. In compound 4 C1···C2 is 2.457(3)
Å and Ru3···B6 is 3.094(2) Å, and compared to 3 the Ru3-C1-B6-C2 unit is less deformed into a
square, with somewhat wider angles at C1 and C2 and narrower angles at Ru3 and B6. Similarly to 3,
the Ru−CO and C−O distances in 4 reflect the cage atoms to which the CO ligands lie opposite.
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C32O32 (trans to C) is the stronger bound ligand with significantly shorter Ru−CO and signiﬁcantly
longer C−O bonds than C31O31 (trans to B).

Scheme 3. Dehalogenation of [1,2-Ph2-3,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H9]− (2b) in the presence
of CO to afford [1,2-Ph2-3,3-(CO)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (4).
Thus even with the small CO ligand it appears that the species [1,2-Ph2-3,3-(PPh3)2-3-CO-3,1,2RuC2B9H9] is too sterically-crowded to be isolated, resulting in displacement of one PPh3 by CO and
the formation of compound 4 (note that the less-crowded non-C,C-diphenyl analogue, [3,3-(PPh3)2-3CO-closo-3,1,2-RuC2B9H11] is a known species [10, 11b,d] as is its 2,1,7-isomer [2,2-(PPh3)2-2-COcloso-2,1,7-RuC2B9H11] [11a]. One positive implication of this, however, is that the hypothetical
hypercloso species [1,2-Ph2-3,3-(PPh3)2-3,1,2-RuC2B9H9] might be sufficiently sterically-protected at
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the Ru centre to be isolated; the less-crowded analogous species [2,2-(PPh3)2-hypercloso-2,1,7RuC2B9H11] has been reported from thermal dehydrogenation of [2,2-(PPh3)2-2,2-(H)2-closo-2,1,7RuC2B9H11] [14, 11a] but not characterised crystallographically.
Perspective view of [1,2-Ph2-3,3-(CO)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (4).
Displacement ellipsoids as in Fig. 2. Selected molecular parameters (Å; °): Ru3−C1
2.2391(18), Ru3−C2 2.2678(18), Ru3−B 2.251(2)-2.278(2), Ru3−P1 2.3781(5), Ru3−C31
1.953(2), Ru3−C32 1.8976(19), C31−O31 1.125(2), C32−O32 1.140(2), C1···C2 2.457(3),
Ru3···B6 3.094(2); Ru3−C1−B6 101.96(11), C1−B6−C2 90.35(13), B6−C2−Ru3 100.17(11),
C2−Ru3−C1 66.06(7), θ(Ph ring on C1) 86.7(2), θ(Ph ring on C2) 18.4(2).
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Fig. 4.

AC
C

Consequently Li[2b] in the non-donor solvent DCM was treated with Ag[BF4] in the absence of a
donor ligand (Scheme 4). Work-up by preparative TLC afforded numerous coloured mobile bands
the most abundant of which, an orange band, was collected yielding [{1,2-Ph2-pseudocloso-3,1,2RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5) as an orange solid. Microanalysis was consistent
with the empirical formula C14H19B9Ru and 31P{1H} NMR spectroscopy quickly revealed the absence
of phosphine ligands. In the 1H NMR spectrum is a series of thirteen multiplets from δ 7.7 to 5.0 and
in the 11B{1H} NMR spectrum are thirteen distinct resonances. Collectively these suggest that the
molecular formula must be some multiple of the empirical formula, subsequently confirmed by the
mass spectrum which displays a molecular ion corresponding to (C14H19B9Ru)2.
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Scheme 4. Dehalogenation of [1,2-Ph2-3,3-(PPh3)2-3-Cl-closo-3,1,2-RuC2B9H9]− (2b) in the absence
of a donor ligand yields the symbiotic compound [{1,2-Ph2-pseudocloso-3,1,2RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5).
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The nature of compound 5 was revealed by a crystallographic study (Fig. 5). The molecule
consists of two {RuPh2C2B9H9} units, one (unprimed) of 3,1,2-RuC2B9 architecture and the other
(primed) having isomerised to a 2′,1′,8′-RuC2B9 architecture. The unprimed cage is pseudocloso due
to the high θ values of the Ph rings on C1 and C2; C1···C2 is 2.491(4) Å and Ru3···B6 2.933(4) Å. In
contrast the primed cage has a conventional closo distorted icosahedral geometry since there is no
steric repulsion between the non-adjacent rings on C1′ and C8′. Most importantly, the Ph ring on C1′
acts as an η6-ligand to Ru3 whilst the Ph ring on C1 acts in a similar fashion to Ru2′, resulting in 18-e
configurations at each metal centre and 13 SEP counts for each 12-vertex ruthenacarborane cage.

Fig. 5.

Perspective view of the symbiotic compound [{1,2-Ph2-pseudocloso-3,1,2RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5). Displacement ellipsoids as in Fig. 2.
Selected molecular parameters (Å; °): Ru3−C1 2.135(3), Ru3−C2 2.147(3), Ru3−B
2.199(4)-2.222(3), Ru3−C (Ph ring on C1′) 2.194(3)-2.388(3), C1···C2 2.491(4), Ru3···B6
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2.933(4), Ru2′−C1′ 2.176(3), Ru2′−B 2.149(4)-2.196(4), Ru2′−C (Ph ring on C1) 2.203(3)2.281(3); Ru3−C1−B6 98.31(18), C1−B6−C2 91.9(2), B6−C2−Ru3 97.46(18), C2−Ru3−C1
71.12(12), θ(Ph ring on C1) 79.3(3), θ(Ph ring on C2) 56.6(3).
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This unusual structure demonstrates a unique way in which the target molecule [1,2-Ph2-3,3(PPh3)2-hypercloso-3,1,2-RuC2B9H9] avoids its inherent electron deficiency – by loss of both PPh3
ligands and two {RuPh2C2B9H9} units coming together to provide 6-e to the Ru atom of the other
cluster via η6-ligation of a Ph substituent. Borrowing a term from biology, we describe compound 5
as a symbiotic cluster. There is a small number of examples in the literature of compounds in which
an aryl substituent on a (hetero)carborane acts as an η6-ligand to a transition metal atom [15], and
even fewer cases in which that metal atom is itself part of a metallacarborane [15c, 16]. Of the
latter group only one example, [{(MeC6H4)Rh(C2B9H9C6H4Me)Rh(C8H12)}2] [16b], is a symbiotic species
similar to compound 5.

3. Experimental
3.1. Synthesis
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In conclusion, we have shown that the highly reactive anions 2a and 2b can be formed from
simple deprotonation of the exo-nido precursors 1a and 1b, respectively, and that dehalogenation of
2b in the presence of only one equivalent of tBuNC results in loss of a PPh3 ligand and the formation
of the pseudocloso bis(tBuNC) species 3. Performing the dehalogenation in the presence of CO
affords a very similar product (4). If 2b is dehalogenated in the absence of donor ligands, however,
one of several products formed is the unusual symbiotic species 5 in which the Ru centres have lost
both PPh3 ligands but achieve electronic saturation from η6-ligation of a Ph substituent of the
complementary cluster. This interesting last result demonstrates how the targeted hypercloso
metallacarborane [1,2-Ph2-3,3-(PPh3)2-hypercloso-3,1,2-RuC2B9H9] was able to take advantage of a
source of additional electrons and so avoid being hypoelectronic. Current studies are directed
towards the synthesis of hypercloso metallacarboranes in which such sources of additional electrons
are unavailable.
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Experiments were performed under dry, oxygen-free, N2 using standard Schlenk techniques,
although subsequent manipulations were sometimes performed in the open laboratory. Solvents
were freshly distilled under nitrogen from the appropriate drying agent [THF and 40-60 petroleum
ether (petrol) from sodium wire, and CH2Cl2 (DCM) from calcium hydride] and were degassed
(3×freeze-pump-thaw cycles) before use. Deuterated solvents for NMR spectroscopy (CDCl3, CD2Cl2,
CD3CN) were stored over 4 Å molecular sieves. Preparative TLC employed 20×20 cm Kieselgel F254
glass plates and column chromatography used 60 Å silica as the stationary phase. Elemental
analyses were conducted using an Exeter CE-440 elemental analyser. The IR spectrum was
measured on a Nicolet iS5 FT-IR spectrometer. NMR spectra at 400.1 MHz (1H), 162.0 MHz (31P) or
128.4 MHz (11B) were recorded on a Bruker DPX-400 spectrometer from CDCl3 solutions at room
temperature unless otherwise noted. Electron impact mass spectrometry (EIMS) was carried out
using a Finnigan (Thermo) LCQ Classic ion trap mass spectrometer at the University of Edinburgh.
The starting material [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-nido-7,8-C2B9H9] (1a) was made by the
method of Chizhevsky and co-workers [8] and the C,C-diphenyl analogue [exo-5,6,10-{RuCl(PPh3)2}5,6,10-(µ-H)3-7,8-Ph2-nido-7,8-C2B9H7] (1b) by an analogous method. All other reagents were
supplied commercially.
3.1.1. Deprotonation of [exo-5,6,10-{RuCl(PPh3)2}-5,6,10-(µ-H)3-nido-7,8-C2B9H9] (1a)

ACCEPTED MANUSCRIPT
Compound 1a (0.100 g, 0.126 mmol) was dissolved in THF (12 mL) and nBuLi (0.05 mL of a 2.5 M
solution in hexanes, 0.126 mmol) added at 0 °C. The solution was stirred for 0.5 h to afford a dark
red solution. An aliquot (0.5 mL) of this solution was then transferred to a J. Young NMR tube
containing CD3CN (0.2 mL). 11B{1H} NMR; δ -1.5 (1B), -5.8 (1B), -8.4 (1B), -10.9 (1B), -12.3 (2B), -23.3
(1B), -24.5 (2B), essentially identical to the chemical shifts and integrals reported for [3,3-(PPh3)2-3Cl-closo-3,1,2-RuC2B9H11]− (2a) as its [NEt4]+ salt [10].
3.1.2. [1,2-Ph2-3,3-(tBuNC)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (3)
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Compound 1b (0.210 g, 0.222 mmol) was dissolved in THF (18 mL) and cooled to 0 °C and to this
stirred solution was added, dropwise, nBuLi (0.09 mL of a 2.5 M solution in hexanes, 0.225 mmol).
After stirring at room temperature for 0.5 h the dark red solution of Li[2b] was transferred by
cannula to a second Schlenk tube containing Ag[BF4] (0.045 g, 0.231 mmol) and tBuNC (0.03 mL,
0.266 mmol). After stirring for 0.5 h volatiles were removed in vacuo to afford a dark brown solid.
This was dissolved in DCM (20 mL) and filtered through Celite. The resulting brown solution was
then concentrated and purified by column chromatography on silica, eluting with DCM:petrol 1:1.
This yielded a yellow mobile band, isolation of which afforded the product [1,2-Ph2-3,3-(tBuNC)2-3PPh3-pseudocloso-3,1,2-RuC2B9H9] (3) as a yellow solid. Yield 0.062 g, 0.076 mmol, 34%.
C42H52B9N2PRu requires C 62.0, H 6.44, N 3.44; found C 62.5, H 5.94, N 2.73%. 1H NMR; δ 7.41-7.35
(m, 10H, C6H5), 7.35-7.30 (m, 5H, C6H5), 7.23-7.18 (m, 10H, C6H5), 1.17 (br. s, 18H, CH3). 1H NMR
(CD2Cl2, 203 K); δ 7.85-6.70 (br. hump with four groups of sharp multiplets superimposed, 15H,
C6H5), 1.20 (s, 9H, CH3), 1.09 (s, 9H, CH3). 11B{1H} NMR; δ 23.6 (1B), 15.1 (1B), 12.7 (2B), 4.5 (2B), -0.6
(2B), -19.9 (1B). 31P{1H} NMR; δ 41.2 (s, PPh3). EIMS; envelope centred on m/z 814 (M+).
3.1.3. [1,2-Ph2-3,3-(CO)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (4)

AC
C

EP

TE
D

A THF (30 mL) solution of Li[2b] was prepared by deprotonation of compound 1b (0.299 g, 0.316
mmol) as described above. This was frozen at -196 °C and to it was added Ag[BF4] (0.074 g, 0.379
mmol). The Schlenk tube was then charged with an atmosphere of CO and allowed to warm to room
temperature with stirring. Finally, CO gas was bubbled through the resultant solution for 16 h
resulting in an opaque mustard-yellow solution. This was filtered through Celite, all volatiles
removed under vacuum, the solids redissolved in DCM, and the solution filtered again. Preparative
TLC eluting with DCM:petrol 1:1 revealed a yellow mobile band (Rf 0.80), isolation of which afforded
[1,2-Ph2-3,3-(CO)2-3-PPh3-pseudocloso-3,1,2-RuC2B9H9] (4) as a bright-yellow solid. Yield 0.055 g,
0.078 mmol, 25%. C34H34B9O2PRu requires C 58.0, H 4.87; C34H34B9O2PRu·C4H8O requires 58.8, 5.45;
found C 57.8, H 5.41%. ATR-IR; νmax 2534 (B-H), 2049 (C-O), 2002 (C-O) cm−1. 1H NMR δ 7.47-7.31
(m, 19H, C6H5), 7.21-7.11 (m, 6H, C6H5). 1H{11B} NMR δ 7.47-7.30 (m, 19H, C6H5), 7.23-7.12 (m, 6H,
C6H5), 4,62 (br. s, 1H, BH), 3.04 and 3.01 (overlapping br. resonances, 2H, 1H, BH), 2.78 (br., 4H, BH),
2.15 (br. s, 1H, BH). 11B{1H} NMR; δ 17.8 (2B), 7.1 (2B), 3.7 (2B), 0.1 (2B), -18.0 (1B). 31P{1H} NMR; δ
38.8 (s, PPh3). EIMS; envelopes centred on m/z 704 (M+), 676 (M+−CO), 648 (M+−2CO).
3.1.4. [{1,2-Ph2-pseudocloso-3,1,2-RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5)
A THF (25 mL) solution of Li[2b] was prepared by deprotonation of compound 1b (0.500 g, 0.528
mmol) as described above. After stirring for 0.5 h volatiles were removed under vacuum and the
solids redissolved in DCM (20 mL), and this solution was transferred by cannula to a second Schlenk
tube containing Ag[BF4] (0.140 g, 0.719 mmol). Stirring for 0.5 h resulted in a dark-brown
suspension subsequently filtered through Celite to afford a dark-brown solution. This was
concentrated, applied to preparative TLC plates and eluted with DCM:petrol 1:1, revealing ca. ten
mobile bands the most abundant of which (Rf 0.62) was collected. From this was isolated [{1,2-Ph2-
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pseudocloso-3,1,2-RuC2B9H9}{1′,8′-Ph2-closo-2′,1′,8′-RuC2B9H9}] (5) as an orange solid. Yield 0.025 g,
0.032 mmol, 6%. C28H38B18Ru2 requires C 43.6, H 4.97; found C 43.9, H 5.09%. 1H NMR (CD2Cl2); δ
7.67-7.63 (m, 2H, C6H5), 7.53-7.43 (m, 4H, C6H5), 7.39-7.33 (m, 1H, C6H5), 7.28-7.22 (m, 3H, C6H5),
7.05 (d, 1H, C6H5), 6.98 (d, 1H, C6H5), 6.77 (t, 1H, C6H5), 6.43-6.34 (m, 2H C6H5), 6.21 (app. t, 1H, C6H5),
6.15 (d, 1H, C6H5), 5.87 (app. t, 1H, C6H5), 5.80 (app. t, 1H, C6H5), 5.06 (app. t, 1H, C6H5). 11B{1H} NMR
(CD2Cl2); δ 29.4 (1B), 18.0 and 16.8 (overlapping resonances, 2B), 12.6 (1B), 3.0 to -6.4 (overlapping
resonances with maxima at 0.8, -0.8, -3.0 and -4.5, 8B), -8.5 (2B), -14.8, -15.8 and -17.3 (overlapping
resonances, 3B), -19.9 (1B). EIMS; envelope centred on m/z 771 (M+).
3.2. Crystallography
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Single crystals of 1b, 3 and 5 were grown by diffusion of a DCM solution of the compound and
petrol at -20 °C, whilst crystals of 4 were afforded by diffusion of a THF solution and petrol, also
at -20 °C. Diffraction data were collected on a Rigaku Oxford Diffraction SuperNova diffractometer
at 120 K (Cu-Kα X-radiation; compound 1b), a Rigaku FR-E+ diffractometer at 100 K (Mo-Kα; 3) or a
Bruker X8 APEXII diffractometer at 100 K (Mo-Kα; 4, 5) from crystals mounted in inert oil on a
cryoloop and cooled in a stream of cold N2. Using OLEX2 [17] structures were solved using the
SHELXS [18] or SHELXT [19] programme and refined by full-matrix least-squares using SHELXL [18].
Compound 4 crystallises with one partially-disordered molecule of THF per molecule of
metallacarborane, and 5 with one (also partially disordered) molecule of DCM per molecule of
metallacarborane. For 1b there is also disordered solvent in the lattice but since it proved
impossible to model this satisfactorily the intensity contribution of the solvent was removed using
the BYPASS procedure [20] implemented in OLEX2. The total electron count of the solvent was 163
e per unit cell (corresponding to four DCM molecules) located in two voids of ca. 477 Å3 each. H
atoms bound to cage B atoms were allowed to refine positionally whilst other H atoms were
constrained to idealised geometries with Cphenyl−H 0.95 Å, Cphenyl−H (η-bound to Ru) 1.00 Å,
Csecondary−H 0.99 Å, Cprimary−H 0.98 Å. All H displacement parameters were constrained to be 1.2×Ueq
(bound B or C) except Me H atoms 1.5×Ueq (Cmethyl). Table 1 contains further experimental details.
Structures have been deposited with the Cambridge Crystallographic Data Centre, CCDC 15900181590021.
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Crystallographic data.
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5·CH2Cl2
C28H38B18Ru2·CH2Cl2
856.23
monoclinic
P21/n
14.1714(9)
14.3879(10)
18.3408(14)
90
104.213(4)
90
3625.2(4)
4, 1
1704
1.569
Mo-Kα
0.71073
1.006
28.59
67222
9460
0.0866
0.0397, 0.0833
1.053
519
0.71, −0.78
-
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4·C4H8O
C34H34B9O2PRu·C4H8O
776.04
monoclinic
P21/c
15.0547(5)
13.6097(5)
18.2327(7)
90
96.913(2)
90
3708.5(2)
4, 1
1592
1.390
Mo-Kα
0.71073
0.504
32.05
96122
12831
0.0739
0.0400, 0.0901
1.037
506
0.59, −0.77
-

SC

3
C42H52B9N2PRu
814.18
tetragonal
P41
11.41683(8)
11.41683(8)
31.9871(5)
90
90
90
4169.32(9)
4, 1
1688
1.297
Cu-Kα
1.54178
3.637
68.23
19497
6614
0.0505
0.0382, 0.0918
1.024
529
0.71, −0.37
−0.020(8)
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1b·CH2Cl2
C50H50B9ClP2Ru·CH2Cl2
1031.57
monoclinic
P21/n
11.7427(5)
19.9771(9)
22.2816(8)
90
90.735(4)
90
5226.5(4)
4, 1
2112
1.311
Mo-Kα
0.71073
0.549
29.75
59685
13334
0.0837
0.0632, 0.1163
1.060
598
0.67, −0.52
-
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Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
U/Å3
Z, Z′
F(000)/e
Dcalc/Mg m−3
X-radiation
λ/Å
µ/mm−1
θmax/°
Data measured
Unique data
Rint
R, wR2 (obs. data)
S
Variables
Emax, Emin/e Å−3
Flack parameter
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Chlorobis(phosphine)ruthenacarborane anions from deprotonation of exo-nido precursors
Reaction with Ag+ and L yields pseudocloso [L2(PPh3)RuPh2C2B9] even for L=CO
Reaction with Ag+ in absence of L yields symbiotic [{RuPh2C2B9H9}2] species
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