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The first *H, 13C, *'P and *'B solid state MAS NMR studies of elec-
tron-deficient carborane-containing
complexes  [Ru/Os(p-cym)(1,2-dicarba-closo-dodecaborane-1,2-
dithiolate)] are reported. The MAS NMR data from these 16-elec-
tron complexes are compared to those of free carborane-ligand
and an 18-electron triphenylphosphine ruthenium adduct, and
reveal clear spectral differences between 16- and 18-electron
organometallic carborane systems in the solid state.

ruthenium and osmium

Introduction

The icosahedral structure of dicarba-closo-dodecaborane
(boron- and carbon-cluster; C,B;oH;,) results in a slight nega-
tive polarization of the 10 hydrogen atoms.' These clusters
contain characteristic non-classical bonding interactions: the
hexacoordination of the carbon and boron atoms results in
electron-deficient bonding and spreading of the bonding
power of a pair of electrons over more than two atoms.* The
aggregation of atoms in 3-centre-2-electron bonding compen-
sates for this low electron density.” The electron-deficient com-
plexes [Ru/Os(p-cym)(1,2-dicarba-closo-dodecaborane-1,2-
dithiolate)] (2 and 3 in Fig. 1) were reported in 2000,° and
although the osmium complex has been characterised by X-ray
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Fig. 1 Ligand and 16- and 18-electron organometallic ruthenium and
osmium dithiolato carborane complexes studied in this work.
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crystallography, there is no corresponding crystal structure of
the ruthenium analogue. Furthermore, such stable 16-electron
complexes react with Lewis bases (e.g. aromatic amines and
phosphines) to give 18-electron complexes, such as complex
[Ru(p-cym)(1,2-dicarba-closo-dodecaborane-1,2-dithiolate)(tri-
phenylphosphine)] (4, Fig. 1).°** Recently, we reported that in
dichloromethane and chloroform solutions at ambient temp-
erature, the blue 16-e complex 2 readily forms adducts with
aromatic amines to give the corresponding yellow 18-electron
adducts, and the thermal displacement of this equilibrium
results in marked thermochromic properties."?

Here, we investigate the use of 1D 'H, **C, *'P and ''B MAS,
and 2D ''B multiple quantum MAS (MQMAS) NMR spec-
troscopy to characterise 16- and 18-electron dithiocarborane
ruthenium and osmium arene complexes 2-4. This methodo-
logy is of particular interest for investigating structural and
electronic effects in arene metal carborane complexes which
are not readily crystallisable. Furthermore, this approach is
particularly useful for avoiding the coordination of donor-
solvents in solution so ensuring the integrity of the 16-electron
complexes.

Results and discussion

Free ligand 1 was synthesised by reaction of dicarba-closo-
dodecaborane with two mol equiv of n-butyl lithium (nzBuLi) in
dry THF under nitrogen and by addition of sulfur powder. After
removal of the solvent, the compound was used without further
purification. The 'H MAS NMR spectrum of 1 shows the proton
resonance of the BH vertices at 5.0 + 0.1 ppm, along with a
broad signal at 2.3 + 0.2 ppm (Table 1). Similarly, a >C MAS
NMR resonance assignable to the carborane carbon atoms was
found at 94.7 + 0.1 ppm in the spectrum of 1, similar to the
shift in solution (Table 2), while three other signals were
observed at 69.4 + 0.1, 26.0 + 0.1 and 15.1 + 0.1 ppm. No
attempt was made to assign the latter peaks, but they may
belong to other sulphide species in the reaction mixture.

The 16-electron complexes 2 and 3 were synthesised follow-
ing a published procedure,® involving the reaction of ligand 1
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Table 1 H, 1B, *C and 3P MAS NMR data for complexes 1-4 at 298 K
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13C
Compound H Carborane Aromatic arene CH and CH; PPh, B 31p
1 5.0+£0.1 94.7 £ 0.1 — — — 1.2+1 e
2.3+0.2 -49+1
—-12.5+1
2 5.9+0.2 101.8 £ 0.1 95.9 + 0.1, 90.0 + 0.1 34.7£0.1 — -9.3+0.5 —
2.4+0.3 88.5+0.1,78.9+0.1 27.0+£0.1
1.5+0.2 75.0+0.1,71.2 + 0.1 22.4+0.1
21.7 £ 0.1
3 6.3 £0.2 98.7 £ 0.1 94.9 + 0.1, 88.5 + 0.1 35.2+£0.1 — -10.3+£1 —
2.4+0.3 84.6 £0.1,82.9+ 0.1 27.5+£0.1
1.5+0.2 72.1 +0.1,64.8 + 0.1 23.0£0.1
0.2+0.2 22.2 +0.1
4 7.1+£0.3 126.5 £ 0.1 111.1+£0.1,103.1 £ 0.1 32.7+£0.1 140.8 £0.1,138.6 £ 0.1 -7.9+0.5 32.5+0.1
5.2+0.2 98.9+0.1,97.7 £ 0.1 31.1+£0.1 135.2 £0.1,133.0 £ 0.1 —-11.9 £ 0.5
2.1+0.2 94.4+0.1,91.3 + 0.1 19.6 £ 0.1 130.4 £0.1,129.3 £ 0.1
1.0+0.1 17.3+£0.1

Table 2 **C NMR chemical shifts (ppm) for 5 mM solutions of 16- and
18-electron complexes 2—4 in CDClz at 298 K

Complex  Carborane  Arene CH and CH;  PPh;

2 93.7 79.4, 81.3 20.2,23.1 —
93.88,104.1 31.9

3 95.9 72.5,74.9 20.7,23.4 —
87.6, 97.5 32.4

4 93.7 92.8,95.5 17.5,23.1 128.2,130.5
104.2,114.2 30.8 134.6,135.2

with the corresponding ruthenium or osmium dimer [Ru/Os-
(p-cym)Cl,], under a nitrogen atmosphere. After purification
by column chromatography on silica gel, the two compounds
were isolated as powders. Both "H and *C MAS NMR spectra
of 2 and 3 are characterised by similar resonances. The 'H
MAS NMR resonances of the two complexes are broad and
unresolved, but display the same overall characteristics of a

strongly dipolar-coupled system, while the corresponding *C
MAS NMR spectra are remarkably well resolved. The carbon
signals of the carborane ligand are found at 101.8 + 0.1 and
98.7 + 0.1 ppm, for 2 and 3 respectively. The CH carbon signal
of the para-cymene ligand is observed at 34.7 + 0.1 and 35.2 +
0.1 ppm for 2 and 3, respectively, while the methyl carbons of
the methyl and isopropyl groups are found at 27.0 + 0.1, 22.4 +
0.1, 21.7 + 0.1 ppm, respectively. As expected, six signals are
observed for the aromatic carbons of the arene ligand. These
data are summarised in Table 1 and shown in Fig. 2.

The 18-electron complex 4, synthesised by addition of tri-
phenylphosphine to 2, according to literature,® also exhibits a
well-resolved "*C MAS NMR spectrum showing similar signals
as 2 and 3, plus the 6 resonances associated with the triphenyl-
phosphine ligand at 140.8 + 0.1, 138.6 + 0.1, 135.2 + 0.1,
133.0 £ 0.1, 130.4 + 0.1, 129.3 + 0.1 ppm. Interestingly, the car-
borane '*C signal in 4 is shifted upfield to 126.5 + 0.1 ppm in
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Fig. 2 'H MAS and ®C CPMAS NMR spectra of free ligand 1, 18-electron complex 4 and 16-electron complexes 2 and 3. The *C resonances

between 150 and 200 ppm for 1—4 are assignable to spinning sidebands,
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as are bands between 50 and 60 ppm in the spectrum of complex 4.
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Table 3 Examples of reported SSNMR studies of ruthenium and osmium complexes and of carborane-containing molecules

Ru/Os complex/carborane Nuclei Application Ref.
Half-sandwich ruthenium complexes Bc Analysis of mixtures of diastereomers 15
Tp*RuD(THT),; Tp*RuD(D,)(THT); Tp*RuD(D,),; H; 10-300 K *H quadrupolar interaction studies and 21
Cp*RuD;(PPh;); RuD,(n*-D,),(PCy;), characterisation of *H-metal bonding
trans-[Ru(D,)Cl(PPh,CH,CH,PPh,),|PF, ’H; 5.4-320 K Observation of coherent rotational tunnelling 22
in a solid di-deuteride complex
SczRuCy; Sc;0sCy 3¢, *°Sc; 298 K Probing structure and bonding in carbides 23
Ru nanoparticles stabilised by hexadecylamine *H and *C Direct evidence for the presence of hydride 24
cross-polarisation ligands coordinated to ruthenium nanoparticles
Silyl-carborane (1,7-C,B1oH;,) hybrid 1B, ¢, and ?°Si; 298 K Structural study 25
diethynylbenzene-silylene polymers
Alkali metal dodecahydro-closo-dodecaborates 11B; 120-370 K Molecular dynamics of [B1,X;,]*~ 26

M,(B12X12), (X =H, Cl, Br, I)

Tp* = hydridotris(3,5-dimethylpyrazolyl)borate; THT = tetrahydrothiophene; Cy = cyclohexyl.

comparison to the corresponding resonances for 2 and 3
which are observed at ~100 ppm. This shift may arise from the
loss of pseudo-aromaticity between 16- and 18-electron species
and elongation of the C-S bonds. X-ray crystal structures of the
electron-deficient osmium-carborane complex 3 (CCDC
166814)"* and 18-electron ruthenium complex 4 (CCDC
136420)° have been previously reported. This carborane *C
MAS NMR resonance might therefore be a useful probe for the
16- or 18-electron configurations of an arene metal carborane
complex, and suggests that the complex 2, for which no X-ray
crystal structure is available, is indeed an electron-deficient
complex in the solid state. The chemical shifts of most of the
BC signals observed in CDCIl; solution (Table 2) are very
similar to those observed in the solid state and also are in
accord with previous SSNMR studies on arene ruthenium com-
plexes (Table 3)."

Clear NMR spectroscopic differences between 16- and
18-electron complexes are also observed from the 1D ''B MAS
and 2D ''B multiple quantum magic angle spinning (MQMAS)
NMR data of complexes 2-4 (see Fig. 3). 2D MQMAS NMR
experiments on half-integer quadrupolar nuclei often provide
increased resolution as the narrower central transition reson-
ances are distributed along a second dimension."®™'® The 2D
"B MQMAS spectrum of the free ligand 1 exhibits three well
resolved resonances with apparent shifts in the 2-13 ppm
range. Although four inequivalent B positions are expected
from the schematic representation of 1 in Fig. 1, positions
Bg,1oH and Bo ;,H are not resolved and the intensity ratio of
the manifold of resonances is 4:4:2 instead of 2:2:4:2.
Similarly, the 2D ''B MQMAS data from the 18-electron
complex 4 also exhibit three resonances with positions Bg ;oH
and B, ;,H again not being resolved. These observations con-
trast markedly with the 1D ''B MAS and 2D ''B MQMAS NMR
data from the 16-electron complexes 2 and 3 which show
single broadened resonances at —9.3 + 0.5 and —10.3 + 1,
respectively. The results for 2 and 3 suggest that significant
motional averaging is occurring on the timescale of the NMR
experiment, due to either full or restricted rotation of the car-
borane cage and its pendant metallocene linker, yielding an
averaged spectrum represented by a single broadened

This journal is © The Royal Society of Chemistry 2014

resonance. This contrasts with the unaveraged/resolved 2D "'B
MQMAS result from the 18-electron complex 4 which is un-
likely to possess the same rotational freedom due to the bulky
additional PPh; group stabilizing this structure. The
additional PPh; ligand in complex 4 is evident from the *'P
MAS NMR spectrum shown in Fig. 3 where one major reso-
nance is observed at 32.5 + 0.1 ppm; this *'P shift for PPh; is
located further downfield and deshielded in comparison to
other transition metal PPh; adducts involving Cu and Ag.'**°
This observation is also in agreement with corresponding *'P
solution NMR measurements where a similar shift at
31.19 ppm is observed for complex 4 in CDCl; solution.

Solid state MAS NMR spectroscopy has been only rarely
employed for the study of the molecular structures of ruthe-
nium and osmium complexes and carborane-containing
systems. Some reported examples of MAS and static NMR
studies for such compounds are listed in Table 3. This study
demonstrates that MAS NMR spectroscopy is a potentially
powerful tool for probing the electronic structures of arene
metal carborane complexes in the solid state, and highlights
some particular spectral characteristics, which can aid differ-
entiation between 16- and 18-electron systems. Further work is
needed to elucidate the nature of the dynamic motion which
appears to be associated with the carborane cage and its
pendant metallocene linker for the 16-electron complexes 2
and 3 (in comparison to their 18-electron counterpart 4), as
initially observed through the ''B MAS NMR studies. Further
"B, 'H and ’D solid state NMR studies should help to clarify
this phenomenon.

Conclusions

The interconversion of 16- and 18-electron organometallic
arene complexes is of particular importance in the design of
Ru catalysts, e.g. for azide-alkyne cycloaddition reactions,””
racemisation of aromatic and aliphatic secondary alcohols,?®
and for transfer hydrogenation.>® The conversion from 16- to
18-electron carborane-containing organometallic complexes
has also been shown to be a useful synthetic strategy for

Dalton Trans., 2014, 43, 4945-4949 | 4947
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Fig. 3 1D B and *'P MAS NMR, and 2D B MQMAS NMR spectra
of the free ligand 1, 18-electron complex 4 and 16-electron complexes
2, 3.

multimetallic  clusters  containing direct metal-metal
bonds.?*?! Sixteen-electron complexes are often thought to be
reactive intermediates in catalytic cycles but can be difficult to
isolate and characterise. In solution solvent molecules may
bind weakly to the vacant 6™ coordination site. Equilibria can
exist in solution between 16- and 18-electron species, for
example between electron-deficient complex [Ru(p-cym)(1,2-
dicarba-closo-dodecaborane-1,2-dithiolate)] (2) and corres-
ponding 18-electron amine and phosphine adducts (e.g. 4).
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Here we have used multinuclear solid state MAS NMR to
characterise the stable 16-electron complex [Ru(p-cym)(1,2-
dicarba-closo-dodecaborane-1,2-dithiolate)] (2) and its Os™ ana-
logue (3). The comparison of 'H, *C and ''B solid-state NMR
spectra of 16-electron ruthenium complex 2 with the 16-elec-
tron osmium complex 3 and 18-electron ruthenium complex 4,
complexes which have been characterised by X-ray crystallogra-
phy, provided a clear structural correlation between electron
deficient complexes 2 and 3, and highlighted some differences
between 16- and 18-electron complexes 2 and 4. The increased
resolution afforded by the 2D "B MQMAS NMR technique has
highlighted possible dynamic processes affecting the carbor-
ane cage in the 16- and 18-electron structures. Further ''B, "H
and D solid state NMR studies may be fruitful for charactering
such dynamics.

Experimental section
Materials

The syntheses of the ligand [(1,2-dicarba-closo-dodecaborane-
1,2-dithiolate)Li,], 16-electron precursors [Ru(n®p-cym)(1,2-
dicarba-closo-dodecaborane-1,2-dithiolate)] (2), [Os(n®p-cym)-
(1,2-dicarba-closo-dodecaborane-1,2-dithiolate)] (3), and the
18-electron complex [Ru(n®p-cym)(1,2-dicarba-closo-dodeca-
borane-1,2-dithiolate)(triphenylphosphine)] (4) were based on
a previous report.® All the complexes were purified by column
chromatography on silica gel, using a mixture 2/1 hexane-
dichloromethane. The purity of the complexes was assessed by
"H NMR spectroscopy in CDCl; and was in accord with pre-
vious reports.

Methods and instrumentation

All C MAS NMR data were acquired at 11.7 T using a Bruker
Avance III  spectrometer (13(3 Larmor frequency of
125.76 MHz). The 'H-'C cross-polarisation experiment was
used in each case, with these measurements being performed
using a Bruker 4 mm triple-channel HXY probe operating at a
MAS frequency of 10 kHz. An initial 'H /2 excitation pulse of
2.5 ps, a Hartmann-Hahn contact period of 1 ms and a recycle
delay of 3 s were used throughout. All *C isotropic chemical
shifts were referenced to the primary reference of TMS via the
secondary reference of solid alanine. The *'P MAS NMR data
for complex 4 was acquired at 14.1 T using a Bruker Avance II+
spectrometer (*'P Larmor frequency of 243.81 MHz) and a
Bruker 4 mm triple channel HXY probe operating at a MAS fre-
quency of 12 kHz. A single pulse experiment was used employ-
ing a *'P n/4 excitation pulse of 2.5 ps and a recycle delay of
30 s. *'P chemical shifts were referenced to the primary refer-
ence of 85% H;PO, via a secondary solid reference of (NH,)-
H,(PO,). The 1D "B MAS NMR data were acquired at 14.1 T
using Varian 600 spectrometer ('B Larmor frequency of
193.23 MHz) using a Varian 4 mm T3 probe operating at a
MAS frequency of 12 kHz. A single pulse experiment was used
employing a ''B /2 ‘selective’ (solids) pulse of 3 ps and a
recycle delay of 5 s. All apparent 'B chemical shifts are

This journal is © The Royal Society of Chemistry 2014
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referenced to NaBH, and do not represent isotropic values as
they remain uncorrected for second order quadrupole effects.
The corresponding 2D "B MQMAS NMR data were acquired at
14.1 T using a Bruker Avance II+ spectrometer and a Bruker
3.2 mm triple-channel HXY probe operating at a MAS fre-
quency of 20 kHz. A 3Q Z-filtered experiment was used with a
recycle delay of 4 s. Finally, all "H MAS NMR measurements
were undertaken using a Bruker Avance II+ spectrometer (‘H
Larmor frequency of 600.1 MHz) and a Bruker 2.5 mm triple
channel HXY probe operating at a MAS frequency of 30 kHz. A
single pulse experiment was used employing a 'H n/4 exci-
tation pulse of 2 us and a recycle delay of 30 s. All '"H chemical
shifts were referenced to the primary reference of TMS.
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