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The complexes [Ru(Tai)Cl{=C(H)Ph}(PCy3)] (4) and [Ru(PhBai)Cl{=C(H)Ph}(PCy3)] (5) [where Tai =
HB(7-azaindolyl)3 and PhBai = Ph(H)B(7-azaindolyl)2] have been prepared and structurally
characterised. The borohydride unit is located in the coordination site trans to the chloride ligand in
both complexes. The degree of interaction between the borohydride group and the metal centre was
found to be significantly large in both cases. Thermolysis reactions involving complex 4 led to a
dehydrogenation reaction forming [Ru(Tai)Cl{PCy2(h2-C6H9)}] (6) where the benzylidene group acts as
a hydrogen acceptor.

Introduction

The introduction of new generation of ‘flexible scorpionate
ligands’,§ has added a new dimension to the field of scorpionate
based chemistry. The first examples were developed by Reglinski,1

providing a rapid expansion and diverse reactivity within the
coordination and organometallic chemistry in compounds of this
type.2 The implications of such flexibility were realized by the
isolation of metallaboratrane complexes;3 the first complexes to
authenticate metal-to-borane dative interactions.4,5 Since their
discovery in 1999, metallaboratrane complexes have attracted
considerable attention.6–12 Until recently, the majority of examples
have been focused on soft donor atom scaffolds such as sulfur8,9,11

and phosphines12 (Fig. 1). Over the past few years we have reported
a number of examples involving nitrogen based donors.10 During

Fig. 1 Sulfur, nitrogen and phosphine based scaffolds.
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these investigations, we have been interested in exploring transition
metal-borane complexes as potential ‘hydride stores’ via a process
involving transfer of hydride between metal and boron centres.10b,13

Such compounds could have a number of applications in catalysis
and in hydrogen storage technologies.

We have carried out a number of investigations on the
relatively new ligand Tai14 [Tai = HB(7-azaindolyl)3], a flex-
ible analogue of Trofimenko’s ubiquitous ligand, Tp [Tp =
hydrotris(pyrazolyl)borate].15 To date, little investigation has been
carried out on Tai.14,16,17 In one example, Kuwata and Ikariya have
reported the interconversion between two coordination modes of
Tai (k3-NNH and k2-NH) by addition and removal of carbon
monoxide (Scheme 1).16

Scheme 1 Interconversion between the k3-NNH and k2-NH coordination
modes of Tai.

We set out to explore the hydride migration properties of this
novel flexible scorpionate ligand and have reported a series of
group 9 transition metal complexes containing both Tai and PhBai
[PhBai = Ph(H)B(7-azaindolyl)2].10b,18 Such complexes revealed
k3-NNH coordination modes in all cases for those complexes
where the B–H bond is present. The degree of interaction of
the borohydride group and the metal centre can vary in strength
and involve three-centre-two-electron M ◊ ◊ ◊ H–B interactions. In
an attempt to further understand the specific conditions required
for hydride migration between the boron and metal centres, we
began to investigate a series of ruthenium compounds containing
the Tai and PhBai ligands. During the course of these investigations
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we obtained evidence for strong ruthenium-hydride character
within the borohydride interaction with the ruthenium centre,
providing insight into the processes involved in hydride migration
(i.e. from borohydride to metal-hydride). Herein, we wish to
report details from these investigations including i) the synthesis
and characterisation of a number of novel ruthenium complexes
containing the 7-azaindole based ligands Tai and PhBai and ii)
the observation of unusually large upfield chemical shifts for
the BH resonances in the 1H NMR spectra, indicating a very
strong agostic-type interaction between the B–H moiety and the
ruthenium centre.

Results and discussion

Synthesis of ruthenium benzylidene complexes 4 and 5

We have recently reported a ‘scorpionate sting’ on Grubbs’
first generation catalyst involving its reaction with the flexi-
ble scorpionate ligand dihydrobis(methimidazolyl)borate (Bm)
(Scheme 2).13 In this reaction a transfer of a hydride from boron
occurred resulting in an unusual rearrangement and transfer of
the former benzylidene fragment to the boron centre (Scheme 2).
Isolation and characterisation of the resulting species 3 revealed
a compound where the newly formed borohydride species was
‘frozen’ at an intermediate point of transfer between the boron
and ruthenium centres.

Scheme 2 Reaction of Na[Bm] with Grubbs’ first generation catalyst to
form 3.

In order to explore the reactivity of the ‘flexible scorpionates’
with Grubbs’ based compounds further, we set out to investi-
gate their reactivity with Tai and PhBai. These nitrogen based
scorpionates might show a similar reactivity to that found in
the case of Tp.19 The reactions were initially attempted using
[RuCl2{= C(H)Ph}(PCy3)2] as the precursor (see ESI for details).
Reactions involving this starting material showed incomplete
conversions to the desired products, leading to decomposition
after prolonged periods of heating. From one mixture involving
Tai, it was possible to isolate green crystals. The structure revealed
these single crystals to be co-crystals of two independent com-
plexes; one being the target complex [Ru(Tai)Cl{=C(H)Ph}(PCy3)]
(4) and the other [Ru(Tai)Cl(azaindole)(PCy3)] (4¢). Further
details of this reaction together with the crystal structure of
4¢ are provided in the ESI. In view of the low reactivity
of [RuCl2{=C(H)Ph}(PCy3)2] with these ligands, an alternative
precursor [RuCl2{=C(H)Ph}(PCy3)(pyridine)2]20 was employed
(Scheme 3). In this case, the reactions proceeded at room
temperature and the 31P{1H} and 11B{1H} NMR spectra in-
dicated that the reactions were complete within three hours.
The expected products, [Ru{Tai}Cl{=C(H)Ph}(PCy3)] (4) and
[Ru{PhBai}Cl{=C(H)Ph}(PCy3)] (5) were obtained as green solids
in moderate yields.

Table 1 11B{1H} NMR and infrared spectroscopic data for scorpionate
complexes of 7-azaindole based ligands

Complex

11B{1H}
(ppm) 1JB–H (Hz)

B–H ◊ ◊ ◊ Ruf

(cm-1)

[Ru(Tai)Cl{=C(H)Ph}(PCy3)] (4) -0.8a 49 1929
[Ru(Tai)Cl{PCy2(h2-C6H9)}] (6) -0.3b 54 d

[Rh(COD)(k3-NNH-Tai)]g -2.2b 78 2106
[Rh(NBD)(k3-NNH-Tai)]h -1.6a, -1.5c 78 2015
[Ir(COD)(k3-NNH-Tai)]g 2.1b 59 2102
[Ru(PhBai)Cl{=C(H)Ph}(PCy3)] (5) -1.1a unresolvede 1922
[Rh(COD)(k3-NNH-PhBai)]h -4.6b unresolvede 2117
[Rh(NBD)(k3-NNH-PhBai)]h -3.5b unresolvede 2022
[Ir(COD)(k3-NNH-PhBai)]h -0.3b unresolvede 2004

a C7D8, b C6D6, c CD2Cl2, d not determined, e the B–H coupling constant
was unresolved due to the broadness of the signal, f powder film, g reference
10b, h reference 18; COD = 1,5-cyclooctadiene, NBD = norbornadiene.

Scheme 3 Reaction of K[Tai] and Li[PhBai] with [RuCl2{=C(H)Ph}-
(PCy3)(pyridine)2] (N–N represents 7-azaindolyl units).

The new complexes were fully characterised by spectroscopic
and analytical methods. The 11B{1H} NMR spectra revealed
single peaks at -0.8 ppm [h.h.w. 58 Hz] and -1.1 ppm [h.h.w.
246 Hz] in C7D8 for 4 and 5 respectively. In the corresponding
11B NMR experiments, the signal appeared as a doublet in the
case of 4 (1JBH = 49 Hz) as a result of coupling to the adjacent
hydrogen atom. As found in all other cases involving PhBai, the
boron signal for complex 5 was too broad to resolve coupling
to the adjacent hydrogen [h.h.w. 274 Hz]. The 1H and 13C{1H}
NMR data for 4 were consistent with the formation of [Ru{k3-
NNH-HB(azaindolyl)3}Cl{=C(H)Ph}(PCy3)]. The presence of the
benzylidene group was confirmed by a characteristic signal at 19.3
ppm (d, 3JPH = 9.3 Hz) in the 1H NMR spectrum and a signal at
320.3 ppm in a 13C{1H} NMR experiment.¶ The NMR spectra of
4 is consistent with a static coordination of the ligand with three
different chemical environments of the azaindolyl rings. The 1H
and 13C{1H} NMR data for 5 were also consistent with the forma-
tion of [Ru{k3-NNH-Ph(H)B(azaindolyl)2}Cl{=C(H)Ph}(PCy3)].
Of particular note was the Ru ◊ ◊ ◊ H–B resonances for both complex
4 and 5 which were located as doublet signals at -14.30 ppm
(2JPH = 13.8 Hz) for 4 and -14.20 ppm (2JPH = 13.3 Hz) for 5 in
the 1H{11B} NMR spectra. The unusually large upfield chemical
shifts are suggestive of a considerable interaction of this group with
the ruthenium centres. The formation of complexes 4 and 5 was
also supported by IR spectroscopy which showed characteristic
bands corresponding to the ruthenium-borohydride stretching
frequencies. In the solid state, bands at 1929 cm-1 (nRu..H–B) and
1922 cm-1 (nRu..H–B) were observed for 4 and 5 respectively (Table 1).
These are lower than those found in the previously reported group
nine complexes10b,18 and are comparable to ruthenium–hydride
stretching frequencies.21

¶This signal was located indirectly by a gc2hsqcse correlation experiment.
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Table 2 Selected bond distances (Å) and angles (◦) for complexes 4, 5 and 6

Bonding distance/Angle 4 5a 6a ,b

Ru(1)–N(2) 2.263(2) 2.234(2)/2.245(2) 2.154(3)/2.156(3)
Ru(1)–N(4) 2.160(2) 2.185(2)/2.163(2) 2.154(3)/2.149(3)
Ru(1)–P(1) 2.3732(7) 2.3640(7)/2.3675(7) 2.2981(12)/2.2975(11)
Ru(1) = C(H)Ph 1.902(2) 1.885(3)/1.888(3) —
Ru(1)–Cl(1) 2.4031(6) 2.4128(6)/2.3951(6) 2.4312(12)/2.4251(12)
Ru(1)—h2–C Cc — — 2.210(4)/2.224(4)
Ru(1)—h2–C Cc — — 2.209(4)/2.234(4)
B(1)–N(1) 1.527(4) 1.539(4)/1.535(4) 1.515(6)/1.506(6)
B(1)–N(3) 1.518(4) 1.528(4)/1.541(4) 1.527(6)/1.526(6)
B(1)–N(5)/B(1)–C6H5 1.527(3) 1.606(4)/1.605(4) 1.509(6)/1.510(6)
B(1)–H(1) 1.28(3) 1.25(4)/1.27(4) 1.43(4)/1.14(4)
Ru(1)–H(1) 1.63(3) 1.64(4)/1.68(4) 1.54(4)/1.83(4)
Ru(1)–B(1) 2.673(3) 2.694(4)/2.675(4) 2.769(4)/2.766(4)
N(3)–B(1)–N(1) 114.7(13) 111.7(2)/112.0(2) 111.9(4)/112.3(4)
N(4)–Ru(1)–N(2) 81.11(8) 82.84(8)/80.82(8) 91.69(14)/92.87(14)
P–Ru(1)–N(2)d 102.26(5) 103.18(6)/102.51(6) 93.87(10)/93.60(10)
Ru(1)–H(1)–B(1) 134(2) 136(2)/130(2) 138(3)/136(3)

a Two independent molecules in the same structure, b one molecule of toluene solvent of crystallisation, c the two ruthenium-carbon distances for each
independent molecule are provided in the table, d where phosphine and azaindole groups are mutually cis transposed.

Reactivity of complexes 4 and 5

It was of interest to explore the potential activities of complexes
4 and 5 within olefin metathesis. Accordingly, following Grubbs’
standard system for evaluating olefin metathesis catalysts,22 these
complexes were tested for ring closing metathesis of diethyl diallyl
malonate. Unfortunately, neither of these complexes showed any
signs of activity under reflux in DCM, even after prolonged periods
of time or heating up to 65 ◦C (Young’s NMR tube). This is
perhaps unsurprising in view of the chemical environment of the
borohydride moiety (vide infra). Octahedral complexes such as
[RuCl(Tp){=C(H)Ph}(PCy3)] have previously been found to be
inactive compounds since they do not allow access to the 14-
valence electron active species.19,23,24

A toluene-d8 solution of complex 4 was heated up to 85 ◦C over a
period of 48 h after which time the 31P{1H}, 11B{1H} and 1H NMR
spectra revealed complete consumption of the starting material
(Scheme 4). The 31P{1H}NMR spectrum showed one major signal
at 57.1 ppm. A small crop of yellow crystals was obtained from this
mixture by slow diffusion of pentane into the solution. The isolated
crystalline material (6) was analyzed by X-ray crystallography (see
below for details) and by NMR spectroscopy. The 11B{1H} NMR
spectrum of 6 revealed a single peak at -0.3 ppm [h.h.w. 53 Hz]. The
signal appeared as a doublet (1JBH = 54 Hz) in the corresponding
11B NMR experiment confirming the presence of the BH group in
complex 6.

Scheme 4 Thermolysis reaction of 4 leading to the formation of one
equivalent of toluene.

The 1H NMR spectrum was notable for the absence of the
benzylidene proton in the expected region of the spectrum. The
corresponding phenyl protons were also absent from the spectrum
suggesting that this functional group had been lost from the
complex. Additionally, a BH resonance was located as a broad
signal at -9.01 ppm. This signal resolved into a broad doublet (d,
2JPH = 3.5 Hz) in the 1H{11B} NMR spectrum indicating coupling
to the phosphine ligand. The small coupling constant suggests
that the phosphine and BH group were mutually cis disposed.
Finally, the signals corresponding to the PCy3 group integrated
for a total of 31 protons rather than the expected 33 protons. Two
of these signals were observed at 3.49 ppm and 4.05 ppm, which is
typical for coordinated alkene protons.25 The molecular structure
of complex 6, shown below, confirms the dehydrogenation of the
cyclohexyl group and loss of the benzylidene group (Scheme 4).

Leung has recently reported a similar reactivity where the
benzylidene fragment from the complex is lost as toluene via the
transfer of two hydrogen atoms from a tricyclohexylphosphine
ligand to the metal centre.25 The dehydrogenation of PCy3 and
related ligands has previously been observed in many examples.26

The majority of other examples involving PCy3 require the
presence of a hydrogen acceptor such as CH2 CHtBu. In complex
6, it appears that the benzylidene group acts as a hydrogen
scavenger although it is unclear whether the B–H group is involved
in the transformation of complex 4 to 6.

X-ray crystallography

Single crystals were obtained for each of the complexes 4, 5
and 6 and the molecular structures are provided in Fig. 2, 3
and 4, respectively. A further structure, consisting of co-crystals
of 4 and a side product [Ru{k3-NNH-HB(azaindolyl)3}Cl{k1-N-
azaindole)(PCy3)] (4¢) was also obtained and is presented in the
ESI. Selected bond lengths and angles for complexes 4, 5 and 6
are presented in Table 2.

All complexes adopt octahedral geometries at the ruthenium
centres and feature the ligands Tai or PhBai with a k3-NNH
coordination mode. This coordination motif consists of two

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 951–958 | 953
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Fig. 2 Molecular structure of [Ru{k3-NNH-HB(azaindolyl)3}Cl-
{= C(H)Ph}(PCy3)] (4). Hydrogen atoms with the exception of H1 and H22
have been omitted for clarity (thermal ellipsoids drawn at 50% probability
level).

Fig. 3 Molecular structure of [Ru{k3-NNH-Ph(H)B(azaindolyl)2}Cl-
{= C(H)Ph}(PCy3)] (5). Hydrogen atoms with the exception of H1 and H21
have been omitted for clarity (thermal ellipsoids drawn at 50% probability
level).

azaindolyl moieties coordinating through the nitrogen atom of the
pyridine heterocycles and a B–H interaction at an apical site on
the ruthenium centre. A similar coordination motif (i.e. k3-NNH)
has also been reported by Kuwata and Ikariya in the molecular
structure of [Ru(Cp*){k3-NNH-HB(azaindolyl)3}].16 Complexes 4
and 5 are further coordinated by a chloride ligand, which is located
trans to the B–H group, in addition to a tricyclohexylphophine

Fig. 4 Molecular structure of [Ru{k3-NNH-HB(azaindolyl)3}Cl{PCy2-
(h2-C6H9)}] (6). The solvent molecule and hydrogen atoms with the
exception of H1 have been omitted for clarity (thermal ellipsoids drawn at
50% probability level).

ligand and a benzylidene group (which are located cis relative
to each other and cis to the chloride ligand). The structure
for complex 5 consists of two independent molecules in the
unit cell. Finally, complex 6 is also further coordinated by a
chloride ligand, which is located trans to the B–H group, in
addition to a tricyclohexylphosphine ligand where two hydrogen
atoms have been eliminated from one of the cyclohexyl groups.
The new ligand, P(Cy)2(C6H9) coordinates with a k1-P-h2-C C
coordination mode.

The nature of the boron–hydrogen ◊ ◊ ◊ ruthenium interaction

The nature of the boron–hydrogen ◊ ◊ ◊ transition metal interac-
tions within scorpionate complexes has been studied for some
time.2,15 Some examples have shown reactivity of the B–H bond
within the original rigid type scorpionates (such as Tp and
its derivatives). For example, the insertion of fragments such
as acyl, iminoacyl, thioacyl, alkoxide and cumulene into the
B–H bond of dihydrobis(pyrazolyl)borate complexes.27 However,
recent investigations have revealed significant differences between
the rigid scorpionates compared to the new generation flexible
scorpionates. This is exemplified in the large number of recent
reports highlighting the activation of this bond to form new metal–
borane (metallaboratrane type) complexes8–11 as well as other
activation products.13,28

There are over 21 structurally characterised ruthenium com-
plexes which contain either the original type or new generation
flexible scorpionate ligands with k3-NNH or k3-SSH coordination
modes reported in the chemical literature to date (further details
are provided in Table S3 of the ESI). The proton chemical shifts
of the Ru ◊ ◊ ◊ H–B group, in complexes of the type {Ru ◊ ◊ ◊ H–BNn

(where n = 2 or 3)} span a wide range (1.47 to -18 ppm). It
has previously been noted that the high field shielding effects on
terminal transition metal hydrides are highly dependent on the
coordination environment at the metal centre and the ligand trans
to the hydride has an influence on its chemical shift.21 The two

954 | Dalton Trans., 2011, 40, 951–958 This journal is © The Royal Society of Chemistry 2011
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complexes with the highest recorded Ru ◊ ◊ ◊ H–B upfield shifts,
[Ru(k3-NNH-BpCF3)Cl(tBuNH2)2] {(7), (-15.9 ppm)} and [Ru(k3-
NNH-BpCF3)I(tBuNH2)2] {(8), (-18 ppm)}29 however appeared to
be isolated cases since all other complexes were reported to be
downfield of -11 ppm.30 The complexes which contain halides in
the trans position relative to this group appear to possess chemical
shifts outside the range of the other structurally characterised
Ru ◊ ◊ ◊ H–B compounds. In our previously reported complex 3
(Scheme 2), where the hydride was located at an intermediate
point between the boron and ruthenium centres the Ru ◊ ◊ ◊ H–B
signal was found at -15.3 ppm.13 The complexes which are trans
to strong sigma donors such as hydride or methyl have chemical
shifts which generally fall within the range from 1.47 ppm to -5.7
ppm (Table S3). The chemical shift of the Ru ◊ ◊ ◊ H–B group is
clearly dependent on the ligand in the trans site and the hydrogen
atom has greater ruthenium–hydride character (i.e. Ru–H ◊ ◊ ◊ B)
when trans to a halide. This is supported by the significantly low
frequency bands found in the infrared spectra of both complexes
4 and 5 (see Table 1).

The 1JBH coupling constants can be determined by boron-
coupled (11B) NMR experiments and can provide further informa-
tion regarding the strength of the Ru ◊ ◊ ◊ H–B interaction. In some
cases, where the multiplicity is resolved, a 1H NMR experiment
can also provide this constant.30,31 Unfortunately this information
is limited within the chemical literature due, in part, to the broad
unresolved signals typically observed within the 11B NMR spectra
of compounds of this type. As indicated in Table 1, all of the 11B
NMR spectra for the complexes involving PhBai are too broad
to resolve this coupling constant. On the other hand, the signals
for the complexes containing Tai are sharp enough to resolve the
1JBH coupling constants. It was seen that the coupling constant
is significantly lower in complexes 4 (49 Hz) and 6 (54 Hz) than
the previously reported rhodium complexes, [Rh(COD)(k3-NNH-
Tai)] and [Rh(NBD)(k3-NNH-Tai)]10b,18 (78 Hz) (Table 1). These
data provide further evidence to a significant weakening of the B–
H bond in the cases where the BH group is situated trans to a halide
ligand. A possible explanation for this is the p-donation effect
of the halide which pushes electron density into the antibonding
orbital (s*) of the B–H bond.

The flexible scorpionates such as Tai and Tm show a general
preference for k3-NNH and k3-SSH coordination modes over
their respective k3-NNN and k3-SSS coordination modes on the
basis that two six-membered rings are formed instead of three-
eight membered rings (Fig. 5). There are limited examples of the
k3-NNN coordination mode14 for Tai, however this is perhaps a
consequence of the limited exploration of this ligand to date. On
the other hand, there are a number of examples of the k3-SSS
coordination for the sulfur based flexible scorpionate Tm and its
derivatives,2 although only two examples involving a ruthenium
metal centre.32 The ring size formed upon chelation is only one

Fig. 5 k2-NN, k3-NNH, k2-NH and k3-NNN coordination modes of Tai.

factor in determining the mode of coordination.2,33,34 Additionally,
the strength of the transition metal ◊ ◊ ◊ H–B interaction can be
particularly strong and play an important role in some cases. As
previously described, Kuwata and Ikariya had shown the loss of
an azaindole ring from the coordination sphere in preference to
loss of the borohydride interaction (Scheme 1).16

Concluding remarks

In summary, a number of ruthenium complexes have been
prepared based on the flexible scorpionate ligands Tai and
PhBai. A comparison has been made to the original nitrogen
based scorpionate ligands based on pyrazole rings in addition
to the sulfur ligands based on 1-methyl-imidazole-2-thione and
their derivatives. It was found that in the majority of cases the
flexible type ligands adopt k3–NNH or k3–SSH coordination
modes within ruthenium complexes and exhibit strong Ru ◊ ◊ ◊ H–
B interactions. In complexes where the B–H group is situated
in a position trans to a halide ligand, the Ru ◊ ◊ ◊ H–B motif
exhibits strong ruthenium–hydride character as determined by IR
and NMR spectroscopy. The Ru ◊ ◊ ◊ H–B interaction within these
complexes provides highly stable octahedral complexes which, in
the case of the benzylidene examples, limits their activity in the
olefin metathesis reaction investigated.

Experimental

General considerations

All manipulations were performed in a Braun glovebox with an
O2 and H2O atmosphere of below 5 ppm or by using standard
Schlenk techniques. [RuCl2(py)2PCy3{= C(H)Ph}]20 was prepared
according to literature procedures. Grubbs’ 1st generation catalyst
was purchased from Aldrich and was used as received. Solvents
(toluene, THF, DCM) were dried using a Grubbs’ alumina system,
and were kept in flame-dried Young’s ampoules under N2 over
molecular sieves (4 Å). Dry n-pentane (<0.05 ppm H2O) was
purchased from Fluka and was kept in a flame-dried Young’s
ampoule under N2 over molecular sieves (4 Å). Deuterated toluene
and C6D6 was degassed by three freeze-thaw cycles, dried by
refluxing over Na or Na/benzophenone respectively for 12 h,
vacuum distilled and kept in a flame-dried Young’s ampoule over
4 Å molecular sieves under N2. Deuterated DCM was degassed
by three freeze-thaw cycles, dried by refluxing over CaH2 for 12
h, vacuum distilled and kept in a Young’s ampoule over 4 Å
molecular sieves under N2. 1H-NMR, 11B{1H}-NMR, 11B-NMR
and 31P{1H}-NMR spectra were recorded on a JEOL ECP300
spectrometer operating at 300 MHz (1H). 13C{1H}-NMR spectra
and correlation experiments were recorded on a Varian VNMR
S500 operating at 500 MHz (1H). The spectra were referenced
internally, to the residual protic solvent (1H) or the signals of
the solvent (13C). 11B{1H}-NMR and 11B-NMR spectra were
referenced externally relative to BF3·OEt2. 31P{1H}-NMR were
referenced externally relative to 85% H3PO4 in D2O. Mass spectra
were recorded on a VG Analytic Quattro in ESI+ mode. Elemental
analyses were performed at the microanalytical laboratory of
the School of Chemistry at the University of Bristol. Infrared
spectra were recorded on a Perkin–Elmer Spectrum 100 FTIR
spectrometer (solid state, neat) from 4000 cm-1 to 650 cm-1.
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[Ru{j3-NNH-HB(azaindolyl)3}Cl(= CHPh)(PCy3)] (4). In the
glovebox 100 mg (0.14 mmol) [RuCl2(=CHPh)(PCy3)(pyridine)2]
and 56.3 mg (1 mol eq) K[Tai]16 were charged in a Schlenk tube.
This was connected to a Schlenk line and THF (approximately
15 mL) was added at room temperature to give a deep green
solution. This was stirred at room temperature for approximately
3 h upon which time it adopted a brown-green hue. The volatiles
were removed under vacuum and the residue was extracted with
n-pentane (3 ¥ 20 mL) and filtered through a glass-microfibre can-
nula. Volatiles were removed to approximately half, upon which
time a yellow-brown precipitate started forming. Evaporation was
stopped and the Schlenk was placed under N2 and gently warmed
until a homogeneous solution had formed. This was placed in the
freezer (-30 ◦C) to give 4 as an olive-green microcrystalline solid,
which was isolated by filtration, washed with 2 ¥ 3 mL n-pentane
and dried under vacuum. Yield: 42 mg (34%).

1H-NMR (d C7D8, 300 MHz): -14.30 (1H, broad s, BH), 0.72
(6H, broad m, Cy), 1.02 (6H, broad m, Cy), 1.25 (3H, m, Cy),
1.42 (8H, broad d, Cy), 1.50 (4H, broad s, Cy), 1.72 (2H, broad d,
Cy), 1.84 (2H, broad s, Cy), 1.98 (2H, broad m, Cy), 5.84 (1H, d,
3JHH = 3.67 Hz), 6.17 (1H, d, 3JHH = 3.67 Hz), 6.37 (1H, dd, 4JHH =
1.83 Hz, 3JHH = 7.33 Hz), 6.66 (1H, d, 3JHH = 3.67 Hz), 6.77 (1H,
d, 3JHH = 2.75 Hz) 6.83 (2H, m), 6.96 (1H, d, 3JHH = 4.58 Hz), 7.02
(1H, broad s), 7.06 (1H, m), 7.16 (1H, d, 3JHH = 2.75 Hz), 7.36
(1H, dd, 4JHH = 1.83 Hz, 3JHH = 7.33 Hz), 7.76 (2H, m), 8.39 (1H,
dd, 4JHH = 1.33 Hz, 3JHH = 4.58 Hz), 8.65 (2H, d, 3JHH = 7.33 Hz),
9.67 (2H, ddd, 4JHH = 1.83 Hz, 3JHH = 5.50 Hz, 3JHH = 7.33 Hz),
19.3 (1H, d, 3JPH = 9.26 Hz, [Ru] = C(H)Ph); 1H{11B} (d C7D8, 300
MHz): -14.3 (d, 2JPH = 13.8 Hz); 13C{1H}-NMR (d C7D8, 125.71
MHz): 26.77 (s, CH2 of Cy), 27.71 (d, JPC = 8.80 Hz, CH2 of Cy),
27.91 (d, JPC = 9.78 Hz, CH2 of Cy), 29.08 (s, CH2 of Cy), 29.8
(CH2 of Cy), 36.52 (d, 1JPC = 19.6 Hz, CH of Cy), 102.68, 103.02,
103.49, 114.68, 115.33, 116.52, 122.11, 122.37, 122.55, 124.33,
128.03, 128.46, 128.71 (appears in the DEPT-135), 129.62, 130.33,
130.44, 130.59, 132.31, 140.88, 142.33, 142.81, 153.53, 154.50,
155.19 (aromatics), 320.3 (detected indirectly by a gc2hsqcse
experiment, [Ru]=C(H)Ph) (the ipso carbon in [Ru]=C(H)C6H5

could not be located); 31P{1H}-NMR (d C7D8): 42.2 (s, [Ru]PCy3);
11B{1H}-NMR (d C7D8): -0.82 (s, Dn1/2 = 57.6 Hz); 11B-NMR (d
C7D8): -0.82 (d, 1JBH = 49.4 Hz); MS (ESI)+: Low resolution:
871.3 [M+H]+, 835.3 [M-Cl]+, 744.3 [M-Cl-benzylidene]+; High
resolution: Calcd for [C46H55BClN6PRu+H]+: 871.3106; Found:
871.3124; Elem. Anal.: Found: C 63.87; H 7.26; N 9.04 Calcd for
C46H55BClN6PRu.0.5 pentane: C 64.27; H 6.78; N 9.23; IR (neat):
1929.3 cm-1 (nRuH–B).

[Ru{j3-NNH-Ph(H)B(azaindolyl)2}Cl(=CHPh)(PCy3)] (5).
In the glovebox 100 mg (0.14 mmol) [RuCl2(=CHPh)(PCy3)-
(pyridine)2] and 57.4 mg (1 mol eq) [Li(THF)][PhBai]10b were
charged in a Schlenk tube. This was connected to a Schlenk
line and DCM (approx. 15 mL) was added at RT to give a
green solution. This was stirred for 3 h or until the solution
adopted a brown-green colouration, upon which time complete
conversion of the starting materials was evidenced by 31P{1H}
and 11B{1H}-NMR spectroscopy. Volatiles were removed under
reduced pressure and the yellow-brown residue was extracted with
n-pentane (3 ¥10 mL) and filtered through a microfiber canulla
to give a brown-green filtrate. This was reduced to approximately
1/3 of volume upon which time it was stored at -30 ◦C overnight

to give an orange microcrystalline precipitate. This was separated
from the mother-liquor by filtration and the brown-green filtrate
was further reduced to almost half, and placed in a 5 ◦C for 36 h,
upon which time dark olive-green crystals were formed. These
were isolated from the supernatant by filtration, washed twice
with 2 mL of n-pentane and dried in vacuum overnight to give 5
as the pentane solvate. Yield: 52 mg (40%).

1H-NMR (d C7D8, 500 MHz): -14.20 (1H, broad s., BH), 0.78
(m, 3H, Cy), 0.95 (2H, m, Cy), 1.05 (6H, m, Cy), 1.19 (m, 2H Cy),
1.36 (3H, m, Cy), 1.47 (6H, m, Cy), 1.6 (3H, broad d, Cy), 1.81 (6H,
m, Cy), 2.05 (2H, m, Cy), 5.91 (1H, d, 3JHH = 3.50 Hz), 6.21 (1H,
d, 3JHH = 3.11 Hz), 6.40 (1H, ddd, 4JHH = 1.17 Hz, 3JHH = 4.45 Hz,
3JHH = 5.62 Hz), 6.82 (1H, dd, 3JHH = 5.45 Hz, 3JHH = 7.79 Hz), 6.85
(1H, dd, 4JHH = 1.17 Hz, 3JHH 7.79 Hz), 6.90 (1H, broad d), 6.92
(1H, broad d), 7.05 (1H, m), 7.04 (1H, t, 3JHH = 7.04 Hz), 7.21 (1H,
d, 3JHH = 3.50 Hz), 7.38 (1H, dd, 4JHH = 1.56 Hz, 3JHH = 7.79 Hz),
7.41 (1H, m), 7.48 (2H, m), 8.10 (2H, dd 4JHH = 1.56 Hz, 3JHH =
8.18 Hz), 8.45 (2H, d, 3JHH = 5.45 Hz), 9.67 (1H, dd, 4JHH = 1.56 Hz,
3JHH = 5.45 Hz), 9.79 (1H, ddd, 4JHH = 1.56 Hz, 4JHH = 2.34 Hz,
3JHH = 4.19 Hz), 18.72 (1H, dd, 4JHH = 1.56 Hz, 4JPH = 8.57 Hz,
[Ru] = C(H)Ph); 1H{11B} (d C7D8, 300 MHz): -14.2 (1H, d, 2JPH =
13.3 Hz); 13C{1H}-NMR (d C7D8, 75.42 MHz): 26.81 (CH2 of Cy),
27.81 (d, JPC = 6.45 Hz, CH2 of Cy), 27.87 (d, JPC = 7.40 Hz, CH2 of
Cy), 29.09 (CH2 of Cy), 29.55 (CH2 of Cy), 36.32 (d, 1JPC = 20.3 Hz,
CH of Cy), 102.86, 103.22, 114.73, 115.04, 122.21, 122.86, 125.37,
128.03, 128.21, 128.70, 128.74, 129.13, 129.48, 130.59, 130.80,
134.69, 140.80, 141.93, 154.27, 155.56, 156.61, 319.00 (broad d,
2JPC = 18.4 Hz, [Ru]=C(H)Ph), (the quaternary aromatic carbon
of ipso b–C could not be located); 31P{1H}-NMR (d C7D8): 39.5 (s,
[Ru]PCy3); 11B{1H}-NMR (d C7D8): -1.09 (broad s, Dn1/2 = 245.7
Hz); 11B-NMR (d C7D8): -1.09 (broad s, Dn1/2 = 273.5 Hz); MS
(ESI)+: 515.1 [M-Cl-PCy3]+, 704.28 [M-Cl-benzylidene]+, 795.3
[M–Cl]+, 837.3 [M–Cl+CH3CN]+; Elem. Anal.: Found: C 66.91; H
7.45; N 6.48 Calcd for C45H55BClN4PRu.pentane: C 66.55; H 7.48;
N 6.21; IR (neat): 1922 cm-1 (nRuH–B). NOTE: The compound is air
sensitive in the solid state. Nevertheless its solution in d8-toluene
seems to be stable enough provided it is kept at -30 ◦C for longer
periods of time.

Thermolysis of [Ru{j3-NNH-HB(azaindolyl)3}Cl(=CHPh)-
(PCy3)]. A Young’s NMR tube was charged with 25 mg
(0.029 mmol) of complex 4 and toluene (0.7 mL). The tube was
placed in a thermostated oil bath and monitored by 1H, 31P{1H},
11B{1H}-NMR spectroscopy. It was heated at 55 ◦C (14 h), 65 ◦C
(2 h), 75 ◦C (12 h), and finally 85 ◦C (12 h) until no starting
material was detected by 31P{1H}, 11B{1H}-NMR spectroscopy
and the benzylidene proton could not be detected in the 1H-
NMR spectrum. The reaction upon completion adopted a yellow-
orange colouration. Due to the complexity of the reaction mixture,
pentane was slowly diffused into the d8-toluene solution to yield
overnight a small crop of yellow needles of 6, which were isolated
from the mother-liquor carefully by means of a syringe and washed
with 1 ml of n-pentane and dried in vacuum.

1H-NMR (d C6D6, 500 MHz): -9.01 (1H, broad s, BH), 0.01
(1H, broad s, Cy), 0.43 (2H, broad s), 0.56 (1H, broad s), 0.64
(3H, broad s), 1.07 (4H, m), 1.24 (2H, broad s), 1.39 (2H, m), 1.49
(2H, m), 1.58 (1H, broad s), 1.66 (1H, broad s), 1.81 (4H, broad
s), 1.89 (1H, m), 1.97 (2H, m), 2.24 (2H, m), 2.56 (1H, broad s),
3.49 (1H, broad s, CH CH), 4.05 (1H, broad s, CH CH), 6.33
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(2H, m), 6.38 (1H, dd, 3JHH = 6.15 Hz, 3JHH = 7.42 Hz), 6.69 (1H,
d, 3JHH = 3.39 Hz), 6.81 (1H, m), 7.05 (1H, dd, 3JHH = 7.63 Hz,
4JHH = 1.27 Hz), 7.23 (1H, broad s), 7.26 (1H, dd, 3JHH = 7.63 Hz,
4JHH = 1.27 Hz), 7.32 (1H, broad s), 7.51 (1H, broad s), 7.74 (1H,
dd, 3JHH = 7.85 Hz, 4JHH = 1.70 Hz), 7.81 (1H, broad s), 8.28 (1H,
broad d, 3JHH = 4.24 Hz), 9.56 (1H, broad d, 3JHH = 5.30 Hz),
9.78 (1H, broad s); 1H{11B} (d C6D6, 300 MHz): -9.0 (broad d,
2JPH = 3.5 Hz) 11B{1H}-NMR d (C6D6): -0.33 (s, Dn1/2 = 52.7 Hz);
11B-NMR d(C6D6): -0.33 (d, 1JBH = 54.1 Hz); 31P{1H}-NMR (d
C6D6): 57.1; 13C{1H}-NMR data could not be collected as the
compound decomposes at room temperature. Elemental analysis
and accurate mass spectra could not be obtained due to the low
yield of the reaction and the thermal instability of the compound.

Crystallography

Single crystals of 4 and 5 were obtained by slow evaporation of a
saturated toluene solution of 4 or by cooling a pentane solution
of 5 at 5 ◦C overnight. A summary of the crystallographic data
collection parameters and refinement details for 4, 5 and 6 are
presented in the ESI (Table S2). Anisotropic parameters, bond
lengths and (torsion) angles for these structures are available from
the cif files (see ESI). All data were collected at 100 K on a Bruker
Apex II diffractometer with a Mo-Ka (wavelength 0.71073 Å)
radiation source and an Oxford Cryosystems Cryostream low
temperature device. Collections of all data were performed using
a CCD area detector from a single crystals mounted on a glass
fibre. Intensities were integrated35 from several series of exposures
measuring 0.5◦ in w or f. Absorption corrections were based
on equivalent reflections using SADABS,36 and structures were
refined against all Fo

2 data. All hydrogen atoms were refined using
a riding model using SHELX,37 except for those attached to boron,
which were found in the difference map and their positions allowed
to refine freely with thermal parameters limited to 1.2 times that
of the boron atom.
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