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[(η6-C6Me6)RuOB9H13], obtained in trace yield from the reaction between [{RuCl2(η6-C6Me6)}2]
and the [arachno-B6H11]– anion, has been shown by DFT calculations of structure and of
boron-atom nuclear shielding to be of an arachno eleven-vertex cluster geometry that is de-
rived by the removal of adjacent six-connected and five-connected vertices from a closed
thirteen-vertex deltahedral 1:6:5:1 stack. The results lead to further considerations in
oxaborane chemistry, which are explored and consolidated by calculation. Additional products
from the reaction include [4-(η6-C6Me6)-n-arachno-4-RuB8H14], also substantiated by DFT cal-
culations, and several four-, five-, six-, nine- and ten-vertex ruthenaboranes that are either
known compounds or simple variants of known compounds.
Keywords: Borane cluster; Oxaboranes; Oxametallaboranes; DFT calculations; Ruthena-
boranes; Metallaboranes; Crystal structure; X-ray diffraction.

Polyborane-based boron-containing cluster compounds that also contain
oxygen as a cluster constituent are rare, although the few examples that are
known are generally stable and can be readily manipulated in the labora-
tory without recourse to rigorous anaerobic techniques. The known exam-
ples are limited to two oxaborane anions, specifically the nineteen-vertex
[OB18H21]– anion (species 1) (schematic cluster structure I), in which the
oxygen atom has a cluster connectivity-number of two1, and the nido-type
twelve-vertex [OB11H12]– anion 2 (schematic cluster structure II), in which
the oxygen atom has a cluster connectivity-number of three2–6, together
with four neutral oxametallaboranes in all of which the oxygen atom has a
cluster connectivity-number of three6–10.

These last four consist of nido-type twelve-vertex [(η5-C5Me5)RhOB10H9Cl-
(PMe2Ph)] 3 (schematic cluster structure III)6,7 and [(η5-C5Me5)RhOB10H10-
(NEt3)] 4 (schematic cluster structure IV)6,8, both closely related to anion 2
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(schematic II), nido ten-vertex [(η6-C6H3Me3)FeOB8H10] 5 (schematic cluster
structure V)9, and arachno-type ten-vertex [(PMe2Ph)2PtOB8H10] 6 (schematic
cluster structure VI)10. We now report the isolation and characterisation of
a new oxametallaborane, a species of formulation [(η6-C6Me6)- RuOB9H13] 7,
that has a new eleven-vertex arachno-type cluster geometry (schematic clus-
ter structures VII A and VII B) and that also exhibits an oxygen-to-cluster
connectivity-number of three.

RESULTS AND DISCUSSION

Some time ago we reported the species [1-(η6-C6Me6)-nido-1-RuB9H13] 8
(nido ten-vertex numbering system) (Fig. 1 (left), schematic cluster structure
VIII) as a yellow crystalline solid11, characterised by single-crystal X-ray
diffraction analysis and NMR spectroscopy. Of formal nido ten-vertex {MB9}
cluster constitution, the solid-state molecular structure exhibits an anoma-
lously long B(5)–B(10) interatomic distance of 2.497(7) Å. This distance is
well outside bonding range, and gives compound 8 a much more open clus-
ter aspect than is commonly associated with the ten-vertex nido-decaboranyl
constitution. For example, its 2-isomer, [2-(η6-C6Me6)-nido-2-RuB9H13] 9
(schematic cluster structure IX), has a much shorter interboron distance of
1.96(1) Å for the equivalent site11, comparable to that in nido-B10H14 itself
of 1.973(4) Å 12.
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The NMR characteristics of compound 8 (Table I) are in accord with the
crystallographically determined nido ten-vertex cluster structure. Com-
pound 8 can be obtained, albeit in modest yields of ca. 9%, from the reac-
tion of [{RuCl2(η6-C6Me6)}2] either with the nido five-vertex [B5H8]– anion11,
or with the arachno six-vertex [B6H11]– anion as described below. From the
second of these two reactions, viz. the reaction between [{RuCl2(η6-C6Me6)}2]
and the [arachno-B6H11]– anion followed by chromatographic separation
and purification in air, we now report the isolation of trace quantities (ca.
0.2% yield) of an interestingly related species 7, also a deep yellow crystal-
line solid, of formulation [(η6-C6Me6)RuOB9H13]. NMR spectroscopic experi-
ments carried out on solutions of compound 7 (Table I and Fig. 2) indicate
the same {(η6-C6Me6)RuB9H13} content, connectivity and symmetry as that
of [1-(η6-C6Me6)-nido-1-RuB9H13] 8, but the 11B and 1H chemical shifts of
the {B9H13} cluster unit are quite differently ordered, and the mean 11B nu-
clear shielding of the cluster boron atoms differs by some 16 ppm per atom
site. Mass spectrometry gave a molecular ion for 7 that is 16 mass units in
excess of a {(η6-C6Me6)RuB9H13} formulation, which in turn suggests the
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FIG. 1
Crystallographically determined molecular structure11 for [1-(η6-C6Me6)-nido-6-RuB9H13] 8
(left-hand diagram) and the calculated molecular structure (DFT; B3LYP/6-31G*) for
[1-(η6-C6H6)-nido-6-RuB9H13] 8A (right-hand diagram). For selected dimensions see Table III.
In the crystallographic solution for compound 8, methyl hydrogen atoms were not located11



oxide formulation [(η6-C6Me6)RuOB9H13]. This conclusion is also consistent
with high-resolution mass spectrometric experiments that gave values for
the highest mass isotopomers of 394.22404 and 378.22987 Da for 7 and 8,
respectively, in reasonable correspondence with the calculated values of
394.225460 and 378.230456 Da, respectively. It thence seemed reason-
able to postulate a structure related to that of 8, but with an oxygen atom
(i) that is contiguously bound to the cluster on the symmetry-plane
through the metal atom, and (ii) that is associated with the metal atom and
accommodated on the cluster open face within the B(5)–B(10) gap (nido-
decaboranyl numbering) (schematic cluster structure VII B; see also VII A
above and VII C below).
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TABLE I
Measured (CDCl3, 294–300 K) and calculated NMR chemical shifts δ(11B) and δ(1H) for
[(η6-C6Me6)RuOB9H13] 7

Position

NMR chemical shifts, ppm

δ(11B) ∆δ(11B) δ(1H) ∆δ(1H)

calculated measured difference calculated measured difference

(2,4) –24.8 –26.2 +1.6 +1.67 +1.09 +0.56

(3) +28.6 +26.1 +2.5 +4.39 +3.65 +0.79

(5,10) +11.2 +14.0 –2.8 +3.80 +3.41 +0.39

(6,9) –23.9 –25.7 +1.8 +2.13 +1.49 +0.64

(7,8) –16.0 –16.5 +0.5 +2.20 +1.79 +0.40

(5,6;9,10) – – – +0.38 +0.15 –0.25

(6,7;8,9) – – – –5.25 –5.64 –0.39

C6Me6 – – – +2.05 +2.15 –0.10

VII B VIII



The few crystallographically confirmed single-cluster oxaborane skeletons
that have been previously established also have their oxygen atoms in
similar open-face positions of cluster-connectivity of three (schematics II
to VI above)7–10. In particular there is a good parallel with the configur-
ation about the metal–oxygen site in the nido-type ten-vertex species
[(η6-(C6H3Me3)FeOB8H10] (compound 5)9 (schematic cluster structure V
above).

We have been able strongly to support the proposed formulation and
structure of compound 7 by the use of DFT calculations of structure and
thence of the nuclear magnetic shielding of the cluster boron atoms, of
which the latter compare well with the experimentally observed δ(11B)
NMR chemical shift values. Thus we found that structural calculations at
the B3LYP level of theory, using 6-31G* basis sets for C, H, B and O and the
LANL2DZ basis set for ruthenium, indeed minimised at a structure of sche-
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FIG. 2
Stick representations of the relative intensities and chemical shifts in 11B NMR spectra, as
calculated for [(η6-C6H6)RuB9H13] 8A (top), as measured for [(η6-C6Me6)RuB9H13] 8 (upper centre),
and as measured 7 (lower centre) and as calculated 7A (bottom) for [(η6-C6Me6)RuOB9H13]
(compound 7). Hatched lines join equivalent positions in the two species



matic skeletal configuration VII, as illustrated in Fig. 3. Interestingly, in this
calculated structure of the oxametallaborane 7, the oxygen atom has in fact
fitted very nicely into the {Ru(1)B(5)B(10)} cleft in compound 8, with the
B(5)–B(10) distances for 7 (calculated) and 8 (experimental) being similar at
2.656 and 2.497(7) Å, respectively. There is a more exact match with the
calculated structure 8A, rather than experimental structure, for the
non-oxygenated compound 8 (see the next paragraph below), in that 8A
has a distance of 2.672 Å for the B(5)–B(10) separation. Here it may be
noted that it is unlikely that small variations in the non-bonded B(5)–B(10)
distance in the non-oxygenated species 8 will be energetically significant.
In any event, GIAO nuclear shielding calculations on the calculated struc-
ture for 7 thence gave the calculated values of δ(11B) as summarised in
Table I. It can be seen that these closely mimic the observed values, tending
to confirm the overall structural supposition.

To increase confidence in the validity of such calculations, we performed
similar calculations for the non-oxygenated [1-(η6-C6Me6)-nido-1-RuB9H13]
compound 8, using the [1-(η6-C6H6)-nido-1-RuB9H13] analogue 8A as a rea-
sonable model, from which the calculated results for both the basic molec-
ular structure and the 11B nuclear shielding thence closely mimic those de-
termined experimentally for 8 (Fig. 1 (right), Fig. 2 and Table II).

Also, because oxygen is now involved in the cluster, it was of interest
to carry out similar calculations for the oxaplatinaborane [(PMe2Ph)2-
PtOB8H10] 6 (Fig. 4 (left)), for which a crystallographically determined mo-
lecular structure and cluster 11B NMR chemical shifts have been estab-
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FIG. 3
Calculated (DFT; B3LYP/6-31G*) molecular structure for [(η6-C6Me6)RuOB9H13] 7. For ease of
comparison, the numbering follows that in [1-(η6-C6Me6)-nido-1-RuB9H13] 8, rather than an
arachno eleven-vertex numbering scheme. For selected dimensions see Table III



lished10. In this case, however, although the gross structure was reproduced
(Fig. 4 (right)), there was some discrepancy, around the metal atom, be-
tween the calculated structure 6A and the crystallographically determined
structure 6. Thus, in the calculated structure 6A, the distances from Pt(9) to
P(1), P(2) and B(4), respectively, at 2.395, 2.377 and 2.237 Å, were all signif-
icantly longer than the experimentally derived respective distances of
2.299(2), 2.300(2) and 2.198(7) Å. The rest of the structure, however,
showed a close correspondence, particularly around the oxygen atom. The
calculated boron nuclear shielding for the B(8,10) positions adjacent to the
Pt(9) site was also significantly different from that measured experimentally
(see caption to Fig. 4), with a value for δ(11B)(8,10) of –15.7 calculated for
6A, versus a value of –22.6 as measured for 6. The other boron sites, includ-
ing B(4) next to Pt(9), however, showed good agreement, with a maximum
disagreement of 1.5 ppm. We have observed similar structural and mag-
netic shielding discrepancies for sites around the metal atom in test calcula-
tions with other quasi-square-planar {Pt(PR3)2} borane species. Thus, for ex-
ample, we have noted this type of behaviour in calculations of the boron
nuclear shieldings on minimised structures for [L2PtB8H12], where L is a

Collect. Czech. Chem. Commun. (Vol. 70) (2005)

416 Bould, Bown, Kennedy:

TABLE II
Measureda NMR chemical shifts for [1-(η6-C6Me6)-nido-6-RuB9H13] 8 and calculated shifts for
[1-(η6-C6H6)-nido-6-RuB9H13] 8A

Position

NMR chemical shifts, ppm

δ(11B) ∆δ(11B) δ(1H) ∆δ(1H)

calculated measured difference calculated measured difference

(2,4) –24.5 –24.8 +0.3 +1.48 +0.16 +1.32

(3) +26.4 +26.2 +0.2 +5.46 +4.29 +1.16

(5,10) +49.8 +52.9 –3.1 +6.04 +5.07 +0.96

(6,9) +5.7 +6.6 –0.7 +3.73 +3.54 +0.19

(7,8) –19.0 –18.6 –0.4 +2.20 +1.66 +1.54

(5,6;9,10) – – – –2.77 –2.58 +0.19

(6,7;8,9) – – – –2.68 –2.49 +0.19

C6Me6 – – – – +2.11 –

a Measured data taken from lit.11; CDCl3, 294–300 K.



triorganylphosphine ligand (unpublished observations). Other basis sets, or
the inclusion of relativistic factors, may be more appropriate for such con-
figurations of this third-row transition-element centre.

In any event, for further confidence we also performed these types of
calculations for the non-metallated oxaborane anion [OB11H12]– 2 (Fig. 5
and schematic cluster structure II) and the oxaferraborane [(η6-(C6H3Me3)-
FeOB8H10] 5 (Fig. 6 and schematic cluster structure V), using the
{Fe(η6-C6H6)} analogue [(η6-(C6H6)FeOB8H10] 5A as a reasonable model for
5. Of these two, compound 5/5A exhibits the most closely related structural
precedent to the new oxaruthenaborane 7.
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TABLE III
Measureda interatomic distances for [1-(η6-C6Me6)-nido-6-RuB9H13] 8 and calculated dis-
tances for [1-(η6-C6H6)-nido-6-RuB9H13] 8A, together with the calculated distances for
[(η6-C6Me6)RuOB9H13] 7 (in Å)

Atoms

Compound 7 Compound 8

calculated calculated measured

Ru(1)–B(3) 2.226 2.197 2.181(9)

Ru(1)–B(2) 2.297 2.252 2.220(9)

Ru(1)–B(4) 2.294 2.250 2.214(7)

Ru(1)–B(5) 2.390 2.111 2.086(7)

Ru(1)–B(10) 2.390 2.111 2.084(8)

B(5)–B(10) 2.656 2.672 2.497(8)

B(7)–B(8) 1.828 1.804 1.835(13)

B(5)–B(6) 1.806 1.742 1.745(11)

B(9)–B(10) 1.805 1.739 1.717(12)

B(2)–B(6) 1.749 1.748 1.735(12)

B(4)–B(9) 1.749 1.745 1.721(12)

B(6)–B(7) 1.848 1.846 1.823(14)

B(8)–B(9) 1.803 1.845 1.793(14)

B(5)–H(5,6) 1.600 1.390 1.13(4)

B(6)–H(5,6) 1.240 1.307 1.25(3)

B(7)–H(6,7) 1.323 1.312 1.22(3)

B(6)–H(6,7) 1.322 1.326 1.11(3)

a Measured data taken from lit.11; CDCl3, 294–300 K.
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FIG. 4
The crystallographically determined10 molecular structure of [9,9-(PMe2Ph)2-arachno-
9,6-PtOB8H10] 6 (left-hand diagram) and its calculated molecular structure 6A (DFT;
B3LYP/6-31G*) (right-hand diagram). Selected interatomic distances, ordered as measured [cal-
culated], are as follows: Pt(9)–P(1) 2.299(2) [2.395], Pt(9)–P(2) 2.300(2) [2.377], Pt(9)–B(4)
2.198(7) [2.237], Pt(9)–B(10) 2.232(7) [2.254], Pt(9)–B(8) 2.236(7) [2.250], B(5)–B(10) 1.84(1)
[1.850], B(7)–B(8) 1.84(1) [1.853], B(7)–O(6) 1.508(9) [1.508], O(6)–B(5) 1.504(9) [1.506] and
O(6)–B(2) 1.559(8) [1.553] Å. Boron magnetic nuclear shieldings, as calculated by GIAO tech-
niques, and expressed as δ(11B) values, are as follows: B(8,10) –15.7, B(1,3) –26.5; B(5,7) –0.5,
B(4) +35.1 and B(2) +6.6 ppm; the corresponding measured values10 are: B(8,10) –22.6, B(1,3)
–26.5; B(5,7) +0.4, B(4) +33.9 and B(2) +5.1 ppm

FIG. 5
Calculated molecular structure (DFT; B3LYP/6-31G*) for the [OB11H12]– anion 2. Selected inter-
atomic distances are as follows: O(12)–B(7) 1.497, O(12)–B(8) 1.465 and O(12)–B(9) 1.497;
B(8)–B(7) 1.939, B(8)–B(9) 1.940, B(8)–B(2) 1.760, B(10)–B(11) 1.798 and B(7)–B(11) 2.027 Å



The structure of the anionic species 2 has not been determined crystallo-
graphically, although its structure had been calculated at the AM-1 level for
thermodynamic stability comparisons5. No corresponding calculations of
boron nuclear shieldings have previously been reported, so in a limited
sense the structure is hitherto not rigorously confirmed. However, the pres-
ent DFT/GIAO calculations for 2 now give 11B nuclear shieldings that do
closely match those obtained experimentally (Table IV), thereby giving
additional support for this structure, as well as the additional confidence
in the applicability of these types of calculations for polyhedral oxaborane
species in general.

In contrast to anion 2, the molecular structure of the oxaferraborane 5
has been determined experimentally, and, again, our calculated structural
results for the model species [(η6-(C6H6)FeOB8H10] 5A closely mimic those
obtained experimentally for [(η6-(C6H3Me3)FeOB8H10] 5 (Fig. 6). There are
no significant discrepancies around the metal atom, in contrast to our find-
ings for the platinum species 6. However, for 5, no experimentally deter-
mined boron nuclear shieldings are available, presumably because the trace
quantities of 5 that were obtained experimentally were too small to permit
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FIG. 6
Drawings of the crystallographically determined molecular structure for [(η6-C6H3Me3)-
FeOB8H10] 5 (left-hand diagram)9; and the calculated molecular structure (DFT; B3LYP/
6-31G*) for the [(η6-C6H6)FeOB8H10] model compound 5A (right-hand diagram). Selected in-
teratomic distances, ordered as measured for 5 [calculated for 5A], are as follows: Fe(2)–B(1)
2.086(6) [2.121], Fe(2)–B(3) 2.072(8) [2.120], Fe(2)–B(5) 2.054(6) [2.076], Fe(2)–O(6) 1.942(3)
[1.965], Fe(2)–B(7) 2.053 (7) [2.073], O(6)–B(5) 1.423(7) [1.444], O(6)–B(7) 1.428(8) [1.445] and
B(5)–B(10) 1.91(1) [1.930] Å. Interestingly, the calculated interatomic distances seem to be pre-
dominantly at the outer edge of the standard uncertainties (3σ) for the measured values.
Boron magnetic nuclear shieldings, as calculated by GIAO techniques, and expressed as δ(11B)
values, are as follows: B(5,7) +13.27, B(1,3) +13.31; B(9) +10.39, B(8,10) –3.38 and B(4) –36.49
ppm



NMR measurements with instrumentation then available9. Nevertheless our
calculated boron nuclear shielding values (see caption to Fig. 6) may be of
use for future correlation and comparison work.

In sum, the formulation and the structure of the oxaruthenaborane
[(η6-C6Me6)RuOB9H13] 7 are both reasonably substantiated. In terms of
isolobal analogy, if the {Ru(η6-C6Me6)} vertex is regarded as a {BH} vertex-
mimic13, and the {O} vertex as a {BH2}– mimic that contributes two orbitals
and two electrons to the cluster bonding proper9,13, then compound 7 is an
eleven-vertex [arachno-B11H16]– cluster-equivalent. Consistent with this, an
arachno descriptor for the eleven-vertex {MOB9} skeleton of 7 (schematic VII C)
would be in accord with the Williams/Wade structure-geometry/cluster-
electron-count paradigm13–16 in that it is generated by the removal of two
adjacent vertices from the closo thirteen-vertex 1:6:5:1 stack (schematic XI).

The substantiation of another of these rare and sporadically encountered,
but nevertheless quite stable, contiguous oxaborane species may be of some
portent, in that it suggests that reasonably extensive larger oxaborane fami-
lies are potentially stable and isolatable. In this regard it may be noted that
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TABLE IV
Measureda and calculated NMR chemical shifts δ(11B) for the [OB11H12]– anion 2

Position Calculated Measured Difference

B(1) +11.52 +11.3 +0.2

B(10,11) +11.02 +12.8 –1.8

B(8) +2.87 +4.3 –1.4

B(7,9) –6.48 –7.0 +0.5

B(2,5) –15.36 –14.1 –1.3

B(3,4) –17.07 –16.4 –0.7

B(6) –29.20 –29.1 –0.1

a Measured data taken from lit.2,4; CDCl3, 294–300 K.

VII C XI



the cluster incorporation of sulfur, the closest Group-16 congener of oxy-
gen, engenders extensive borane-cluster flexibility, and sulphur is conse-
quently a component of an increasingly large and versatile series of thia-
boranes and thiametallaboranes17–20. Stoichiometric reactions with po-
tential oxygen-atom sources such as hydroxides, oxides, peroxides and
superoxides may constitute suitable entries to designed oxaborane synthe-
ses. Here the requirement for an exact reagent stoichiometry may well be
critical: essentially universally in previously reported reactions of poly-
hedral boron-containing cluster compounds with such oxygen-containing
reagents, these reagents have been used in excess, rather than stoichio-
metrically, generally resulting in general nucleophilic or oxidative cluster
dismantlings, ultimately to give mononuclear oxyborates, and thence
inherently precluding the incorporation of single oxygen atoms into the
cluster.

The mechanism of formation of the oxametallaborane species 8 is at pres-
ent necessarily obscure, particularly in view of the very low yield and the
large variety of other products in the reaction product mixture from which
8 was isolatable (see below). In this context, however, it may be noted that
there is a recent report of a well-defined and stoichiometric uptake of
dioxygen at a metallaborane metal site, specifically by twelve-vertex
[(PMe2Ph)4Pt2B10H10] 10 21. This occurs very readily, and readily reversibly,
to give the peroxidic dioxygen–dimetallaborane complex [(PMe2Ph)4(O2)-
Pt2B10H10] 11. However, the structure of the last compound 11 is quite dif-
ferent to that of [(η6-C6Me6)RuOB9H13] (species 7): it exhibits an exo-cluster
peroxide-like dioxygen bridge across two mutually bonded metal atoms,
rather than oxygen assimilation by the cluster to give a contiguous oxa-
metallaborane cluster assembly as in the schematics I–VII above. On the
other hand, the initial dioxygen adduct 11 readily decomposes at room
temperature in solution to give as yet uncharacterised platinaborane species
that may contain oxygen atoms incorporated into their cluster matri-
ces21,22. It will be of interest to elucidate these species.

In summary, although contiguous oxaborane cluster species are few in
number, the stability of those that are known portend a more extensive
oxaborane and oxametallaborane chemistry. In this context it is noted that
the thiaborane and thiametallaborane chemistry of sulfur, the closest
Group IV congener of oxygen, is increasingly recognised for its variety and
flexibility23.

Incidental to the novelty of the oxaruthenaborane 7 and its implications,
to complete this report it is apposite to include a brief listing of the other
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products of the reaction between the arachno six-vertex [B6H11]– anion and
[{RuCl2(η6-C6Me6)}2] that yields compounds 7, 8 and 9. Preliminary reports
of some aspects have been published previously11,24. Initially, deproton-
ation of nido-B5H9 to give the [nido-B5H8]– anion was effected by the use of
KH in THF solution at low temperature, and thence the addition of B2H6
gave the [arachno-B6H11]– anion25. Addition of CH2Cl2 and thence [{RuCl2 -
(η6-C6Me6)}2], still at low temperature, followed by warming to, and further
reaction at, room temperature gave a mixture of many products, of which
most were in low yield, some very low. Chromatographic separation thence
resulted in the isolation of compounds 7 (0.2%), 8 (ca. 9%) and 9 (ca. 5%),
as just mentioned above, together with three previously described23,26,27

species [2-(η6-C6Me6)-2-Cl-arachno-RuB3H8] 12 (schematic cluster structure
XII)26 (occasional incidence in low yield), [2-(η6-C6Me6)-n-arachno-2-RuB8H14]
13 (schematic cluster structure XIII)23 (0.5%), and [5-(η6-C6Me6)-nido-
5-RuB9H13] 14 (schematic cluster structure XIV)27 (ca. 5%), readily identi-
fied by spectroscopic comparison with the literature data. Five other
isolatable compounds were previously undescribed species. Two of these,
[2-(η6-C6Me6)-nido-2-RuB4H8] 15 (schematic cluster structure XV) (ca. 1.5%)
and [4-(η6-C6Me6)-nido-4-RuB5H9] 16 (schematic cluster structure XVI) (ca.
5.5%), were variants on well-known species28–30, and were readily character-
ised by spectroscopic comparison (see Experimental). Three other new spe-
cies were present in sub-milligram quantities only (<0.1%). The very small
quantities permitted only provisional characterisation, but nevertheless we
present the results here. Two of the three were tentatively identified as the
commo-2-Ru-bi(nido-six-vertex) species [H10B5RuB5H10] 17 (schematic cluster
structure XVII) and as [1-(η6-C6Me6)-1-H-arachno-1-RuB4H9] 18 (schematic
cluster structure XVIII); again these two were simple variants on reported
species31–37, allowing their identification by spectroscopic comparison (see
Experimental). The remaining compound is proposed to be [4-(η6-C6Me6)-
n-arachno-4-RuB8H14] 19 of previously unreported nine-vertex metalla-
borane configuration XIX, isomeric with the previously reported23 com-
pound [2-(η6-C6Me6)-n-arachno-2-RuB8H14] 13 (schematic cluster structure
XIII) mentioned above. The empirical formula of 19 is consistent with the
results of multinuclear NMR spectroscopy and mass spectrometry, and the
11B nuclear shieldings as calculated for the DFT-minimised molecular struc-
ture of the [4-(η6-C6H6)-n-arachno-4-RuB8H14] analogue 19A (Fig. 7 (left))
reasonably match those determined experimentally (see Experimental). The
exception to this generalisation is for the B(3) position, which is in an ex-
posed {BH2} grouping adjacent to the Ru(4) centre, and which has a discrep-
ancy between observed and calculated 11B nuclear magnetic shieldings of
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8.3 ppm. Elements of this discrepancy may arise because of steric or elec-
tronic affects associated with the adjacent C6Me6 ligand in 19 versus the
C6H6 ligand in 19A. In any event, all the other shieldings correspond
within 2.8 ppm, which is not unreasonable for a metallaborane of a second-
row transition element for calculations at the B3LYP/6-31G* level of theory
used, and the experimentally observed 11B shielding values are fundamentally
different from those calculated for the only other isomeric possibility, the
[5-(η6-C6H6)-n-arachno-5-RuB8H14] isomer 20 (Fig. 7 (right)).
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FIG. 7
Drawings of molecular structures calculated using DFT at the B3LYP/6-31G* level. The left-
hand diagram is for the [4-(η6-C6H6)-n-arachno-4-RuB8H14] model compound 19A. The calcu-
lated 11B nuclear shieldings for this structure closely match those observed experimentally for
compound 19 of proposed formulation [4-(η6-C6Me6)-n-arachno-4-RuB8H14] (see Experimen-
tal), which in turn do not correspond to those calculated for the [5-(η6-C6H6)-
n-arachno-5-RuB8H14] model 20A (right-hand diagram) of the only other isomeric possibility
[5-(η6-C6Me6)-n-arachno-5-RuB8H14] 20

XII XIII XIV XV

XVI XVII XVIII XIX



These yields for the fourteen compounds 7–20 given here are typical, al-
though it is emphasised that, in our hands, the ratio of the products varied
considerably from reaction to reaction, even when carried out under osten-
sibly identical conditions: for example, the incidence of compound 16 var-
ied from 5–26%. This may be due to subtle variations in the exact prove-
nance of the starting materials used, a phenomenon often noted in reac-
tions that give several low-yield metallaborane products38. However, in the
present case the number of major products isolated was essentially invari-
ant.

EXPERIMENTAL

General

Preparative thin-layer chromatography (TLC) was carried out using 1 mm layers of silica gel
G (Merck, type GF254), made from water slurries on glass plates of dimensions 20 × 20 cm,
followed by drying in air at 80 °C. Eluted TLC components were extracted from the silica
matrix with CH2Cl2, and evaporated to dryness for further examination and/or manipula-
tion. HPLC was performed on a 16 mm × 25 cm column (Knauer, Lichosorb Si60, 7 mm) us-
ing a flow rate of 10 ml min–1, with detection by change in the UV absorption of the eluate,
as monitored at λ 254 nm. NMR spectroscopy was performed at ca. 2.3 and 9.4 T (fields re-
spectively corresponding to nominal 100 and 400 MHz 1H frequencies) using commercially
available instrumentation and using techniques and procedures as adequately described and
enunciated elsewhere39–44. Spectra were recorded at 294–297 K for solutions in CDCl3.
Chemical shifts δ are given in ppm relative to Ξ = 100 MHz for δ(1H) (±0.05 ppm) (nomi-
nally TMS) and Ξ = 32.083972 MHz for δ(11B) (±0.5 ppm) (nominally Et2OBF3 in CDCl3)29.
Ξ is as defined by McFarlane45. Cluster 11B and 1H NMR data are presented in the order:
assignment δ(11B) (δ(1H) of directly bound terminal hydrogen atom in square brackets). Mass
spectrometric data are from positive-ion 70 eV electron-ionisation spectra. As mentioned in
the discussion above, the yields of the metallaboranes varied among repeated experiments;
the following describes typical results from the sequence of reaction and isolation.

Reaction of the [arachno-B6H11]– Anion with [{RuCl2(η6-C6Me6)}2]

The [arachno-B6H11]– anion was initially made in situ essentially according to the procedure
of Johnson, Geanangel and Shore25. Thus, using standard vacuum-line technique, B5H9
(17.9 mmol) and THF (100 ml) were condensed onto KH (70% active, 1.02 g, corresponding
to 17.9 mmol KH) in a reaction vessel equipped with a magnetic stirrer-bar and a tipper-tube
containing [{RuCl2(η6-C6Me6)}2] (800 mg, 1.2 mmol). The reaction mixture was stirred at
–78 °C for 1 h to give a solution of the K+ salt of the [nido-B5H8]– anion. B2H6 (8.9 mmol)
was then condensed into the reaction mixture at –78 °C and the mixture then stirred at –78 °C
for 40 min to give a solution of the K+ salt of the [nido-B6H11]– anion. The [{RuCl2(η6-C6Me6)}2]
was then added from the tipper-tube, and the mixture was then warmed to –25 °C and
stirred at –25 °C for 2 h. It was then warmed to room temperature, and exposed to air. Sub-
sequent manipulations were carried out in air. The mixture was filtered through silica, first
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with the aid of CH2Cl2, and then with MeCN. The CH2Cl2 extract was evaporated to dry-
ness, and the residue redissolved in CH2Cl2 (ca. 5 ml) and applied to preparative TLC plates,
which were then developed using CH2Cl2/hexane (50:50) as the liquid phase. This gave four
major components: A, colourless (detected under UV illumination), RF ca. 0.8, identified by
NMR spectroscopy as nido-B10H14; B, yellow, RF around 0.65, a complex mixture, which
overlapped with C, yellow, RF ca. 0.6, identified by NMR spectroscopy as the previously de-
scribed species [5-(η6-C6Me6)-nido-5-RuB9H13] 14 27 (46 mg, 5.1%), and D, yellow, RF ca. 0.5,
identified as [4-(η6-C6Me6)-nido-4-RuB5H9] 16 (41 mg, 5.3%) as described below. An occa-
sional trace product E, yellow, RF ca. 0.1, was identified by NMR spectroscopy as the previ-
ously described species [2-(η6-C6Me6)-2-Cl-arachno-RuB3H8] 12 26. NMR spectroscopy showed
that the boron-containing components of the MeCN extract were principally the [arachno-
B3H8]– and [arachno-B9H14]– anions, presumably with K+ as counter-cation.

The complex mixture B was then separated by HPLC, using CH2Cl2/hexane (30:70) as
liquid phase, to give eight yellow components: F, RT ca. 5 min, tentatively characterised as
the commo-2-Ru-bi(nido six-vertex) species [H10B5RuB5H10] 17 by the data described below
(<1 mg, trace quantity); G, RT ca. 7 min, tentatively characterised as [4-(η6-C6Me6)-n-arachno-
4-RuB8H14] 19 by the data described below (<1 mg, trace quantity); H, RT ca. 7.5 min, identi-
fied by NMR spectroscopy as the previously described species [2-(η6-C6Me6)-nido-2-RuB9H13]
9 11 (42 mg, 4.7%); I, RT ca. 11.5 min, identified by NMR spectroscopy as the previously de-
scribed species [1-(η6-C6Me6)-nido-1-RuB9H13] 8 11 (42 mg, 4.7%); J, RT ca. 12 min, identified
by NMR spectroscopy as the previously described species [2-(η6-C6Me6)-n-arachno-2-RuB8H14]
13 23 (4 mg, 0.5%); K, RT ca. 14 min, characterised as [2-(η6-C6Me6)-nido-2-RuB4H8] 15 as de-
scribed below (11 mg, 1.5%); L, RT ca. 14.5 min, characterised as [1-(η6-C6Me6)-1-H-arachno-
1-RuB4H9] 18 as described below (<1 mg, trace quantity); and M, RT ca. 19 min, character-
ised as [(η6-C6Me6)RuOB9H13] 7 as described above in the main body of the text (2 mg,
0.2%).

Characterisation Data for New Species 15 and 16

[2-(η6-C6Me6)-nido-2-RuB4H8] 15. NMR data, presented as δ(11B) (δ(1H) of directly bound
exo hydrogen atom in square brackets): BH(4) +2.9 [–3.86], BH(2,5) –12.2 [+1.84] and BH(1)
–18.4 [+1.01], with δ(1H) for µH(2,3)(2,5) –11.43, µH(3,4)(4,5) –2.93 and {C6Me6} +2.25;
compare reported data for other known nido-2-metallapentaboranes such as [2-(η5-C5H5)-
nido-2-CoB4H8] and related species28,29. The mass spectrum exhibited a highest m/z cut-off
corresponding to the highest isotopomer of the molecular ion M+. For {C12H26B4Ru} calcu-
lated: 45.8% C, 8.3% H, 11.6% B; found: 47.6% C, 8.4% H, 10.6% B.

[4-(η6-C6Me6)-nido-4-RuB5H9] 16. NMR data, presented as δ(11B) (δ(1H) of directly bound
exo hydrogen atom in square brackets): BH(1) –17.7 [–1.04], BH(2,6) +20.2 [+4.41] and
BH(3,5) +40.1 [+5.59], with δ(1H) for µH(2,3)(5,6) –2.89, µH(2,3)(5,6) –2.89 and {C6Me6}
+2.28; compare reported data for [4,4,4-(CO)(PPh3)2-nido-4-RuB5H9] 30. The mass spectrum
exhibited a highest m/z cut-off corresponding to the highest isotopomer of the molecular
ion M+. For {C12H27B5Ru} calculated: 44.1% C, 8.2% H; found: 43.0% C, 8.2% H. Addi-
tionally, a single-crystal X-ray diffraction study of the molecule is reported elsewhere in a
more general structural context46.
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Characterisation Data for New Species 17, 18 and 19

These three very low-yield product species, tentatively formulated as the commo-2-Ru-
bi(nido-six-vertex) species [H10B5RuB5H10] 17, as [1-(η6-C6Me6)-1-H-arachno-1-RuB4H9] 18,
and as [4-(η6-C6Me6)-n-arachno-4-RuB8H14] 19, were only obtainable in sub-milligram quan-
tities in the pure state. The tentative formulations of 17 and 18 are based principally on
comparison of NMR parameters with known structural analogues. Compound 19, with no
direct structural analogue, is formulated on the basis of DFT calculations of structure (Fig. 7)
and thence calculated 11B nuclear shieldings that match those observed experimentally.

[H10B5RuB5H10] 17. NMR data only: the iron analogue [H10B5FeB5H10] is known31, and the
NMR spectra may be assigned on the basis of the reported spectra for [H6C6FeB5H10] and
related cobalt and manganese congeners32–34. Cluster NMR data are presented in the order:
assignment δ(11B) (δ(1H) of directly bound terminal hydrogen atom in square brackets):
BH(1) –49.0 [–0.49], BH(4,5) +10.1 [+4.10] and BH(3,6) +36.9 [+6.26], with δ(1H) for
µH(2,3)(2,6) –12.79, µH(3,4)(5,6) +0.02 and µH(4,5) –1.13; no signal for any C6Me6 protons
was present.

[1-(η6-C6Me6)-1-H-arachno-1-RuB4H9] 18. Cluster NMR data are presented in the order:
assignment δ(11B) (δ(1H) of directly bound terminal hydrogen atom in square brackets):
BH(2,5) –8.4 [+1.60 (2 H), +1.98 (2 H)] and BH(3,4) +0.2 [+1.99 (2 H)], with δ(1H) for µH(3,4)
–3.92, µH(2,3)(4,5) –4.40, {C6Me6} +2.20 and RuH –11.17 (apparent 1:2:1 triplet, repeated
splitting ca. 10 Hz from inter-proton couplings; also some unresolved coupling to 11B(2,5));
compare reported data for [1,1,1,1-(CO)(PMe3)2H-arachno-1-IrB4H9] 35,36 and for arachno-
B5H11 itself37. The mass spectrum exhibited a highest m/z cut-off value corresponding to the
highest isotopomer of the molecular ion M+; the highest-mass envelope also contained sig-
nificant contributions from (M – 1)+ and (M – 2)+ ions, indicating ready hydrogen loss.

[4-(η6-C6Me6)-n-arachno-4-RuB8H14] 19. NMR data only; cluster NMR data are presented in
the order: assignment δ(11B)(observed) (δ(11B)(calculated for [4-(η6-C6H6)-n-arachno-
4-RuB8H14] 19A at the B3LYP-631G* level in braces) (δ(1H) of directly bound terminal hydro-
gen atom in square brackets): BH(1) +13.9 {+11.1} [+3.06], BH(2) –49.0 {–51.1} [–0.52], BH(3)
–6.8 {–15.2} [+1.71 (exo) and +0.31 (endo)], BH(5) +1.9 {+3.5} [+2.54], BH(6) +0.6 {–0.9}
[+3.23], BH(7) +9.0 {+6.5} [+3.63], BH(8) +6.4 {+7.4} [+3.41] and BH(9) –6.8 {–5.0} [+2.18],
with δ(1H) for {C6Me6} +2.15, µH(3,4) –13.30; also (assignments tentative) µH(5,6) and
µH(6,7) –2.70 and –1.45, µH(7,8) –2.14 and µH(3,9) –3.85. Seven [11B-11B]-COSY correlations
were observed as follows: B(1)–B(2) w, B(1)–B(5) s, B(1)–B(8) m, B(1)–B(9) s, B(2)–B(7) w,
B(2)–B(8) m and B(2)–B(6) s. The possibility that this may be the 5-isomer, viz.
[5-(η6-C6Me6)-n-arachno-5-RuB8H14] 20, is discounted on the basis that the 11B shieldings, as
calculated for the DFT-calculated energetically minimum molecular structure of the
{Ru(C6H6)} analogue [5-(η6-C6H6)-n-arachno-5-RuB8H14] 20A (Fig. 7 (right)) are at consider-
able general variance to those observed experimentally, taking the following δ(11B) values:
B(1) +24.8, B(2) –26.3, B(3) –6.7, B(4) –26.0, B(6) +20.9, B(7) +6.0, B(8) –9.9 and B (9) –35.7.

Structural and Shielding Calculations

For the density-functional theory (DFT) calculations structures were initially optimised with
the STO-3G* basis set for B, C, P, H and O and with the LANL2DZ basis set for the metal
atom in the metallaboranes, using standard ab initio methods as incorporated in the Gaussian-98
package47. The final optimisations, including frequency analyses to confirm the true
minima, together with GIAO NMR nuclear-shielding predictions, were performed using
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B3LYP methodology, again with the 6-31G* basis set for B, C, P, O and H, but now with
the LANL2DZ basis set for the metal atom. For compound 7, a structure to represent
[1-(η6-C6Me6)-nido-1-RuB9H13] was initially optimised starting from the {Ru(η6-C6H6)} ana-
logue 7A of compound 7, with an approximate geometry as represented in schematic VII
that was derived by the positioning of an oxygen atom on the crystallographically estab-
lished11 structural co-ordinates of [1-(η6-C6Me6)-nido-1-RuB9H13] 8 (Fig. 1). The final optimi-
sation for compound 7 thence started from this initially optimised geometry for 7A, but
now with the incorporation of six methyl groups to give a {Ru(η6-C6Me6)} unit rather than
{Ru(η6-C6H6)}. The energetic minimum is represented in Fig. 3 as a molecular structure, and
the boron nuclear shieldings, expressed as δ(11B) values, are summarised and compared with
the experimentally measured values in Table I. Similar procedures were used for the calcula-
tions on the other compounds. Drawings of molecular structures were made using the
ORTEP-3 program48.

SUPPLEMENTARY DATA

Calculated atomic coordinates (DFT; B3LYP/6-31G*) for the [OB11H12]– anion 2 and (DFT;
B3LYP/6-31G*, LANL2DZ) for [(η6-C6H6)FeOB8H10] 5A, [(PMe2Ph)2PtOB8H10] 6, [(η6-C6Me6)-
RuOB9H13] 7, [(η6-C6H6)RuB9H13] 8A and [4-(η6-C6H6)-n-arachno-4-RuB8H14] 19A. These are
available on http://cccc/uochb.cas.cz/Vol/70/No04/20050410.html.
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