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Important Steric Effects Resulting from the Additional Substituent at Boron
within Scorpionate Complexes Containing x3-NNH Coordination Modes
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The complexes [Ru(Tai)H(PPhj),] (4) [Tai = HB(7-azaindol-
yl)s] and [Ru(**Bai)H(PPhs),] [“*Bai = Ar(H)B(7-azaindolyl),;
Ar = phenyl (5), mesityl (6) and 2-naphthyl (7)] have been
prepared and fully characterised. Structural characterisation
of complexes 4, 5 and 7 confirmed the expected x3-NNH co-
ordination mode of the azaindolyl-based ligands. In all com-
plexes, the borohydride unit is located trans to the hydrido

ligand, and the two triphenylphosphane ligands occupy sites
trans to the two nitrogen donors. The strong Ru---H-B inter-
action means that the third substituent at the boron atom is
held in close proximity to the ruthenium centre. In the case
of complex 7, rotation of the naphthyl group about the boron
centre is hindered by the triphenylphosphane substituents.

Introduction

Over the course of the past few years we have carried out
a wide range of investigations focused on the coordination
chemistry and subsequent reactivity of Tai [tris(azaindolyl)-
hydridoborate] (Figure 1) originally developed by Wang
and co-workers in 2005.1" This ligand is one of a new gener-
ation of flexible scorpionates!?) that have displayed new and
exciting reaction pathways as well as activation of the
boron-hydrogen bond (Figure 2).13 This reactivity provided
the first synthetic route to the elusive transition-metal-bo-
rane complexes.*71 Additional synthetic routes have sub-
sequently been developed;!®°! this field has recently been
reviewed.!'%! For some time now we have been interested in
potential applications resulting from the reversible acti-
vation of the metal-boron bond.[*!'! In one recent develop-
ment we have shown that it is possible to “recharge” the
borane group with additional hydrogen by a 1,2-addition of
H, across the metal-borane bond. ]
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Figure 1. Four flexible scorpionate ligands based on 7-azaindole.

To date only a handful of ligand systems have been re-
ported in which the N-L group, as shown in Figure 2, con-
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tains a three-atom bridge. Although x*-LLH coordination
motifs are commonly observed for the archetypal Trofi-
menko-type scorpionate ligands,'?! they do not exhibit the
reactivity shown in Figure 2, as this would lead to four-
membered rings. The various three-atom bridging groups
that have been developed and investigated are shown in Fig-
ure 3.
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Figure 2. Hydride migration between boron and transition-metal
centres (N-L = three-atom bridge in which L and L’ are donor

groups).
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Figure 3. Current three-atom bridging groups that have been uti-
lised to support transition-metal-borane complexes (* additional
bonding interactions are involved in the reported examples featur-
ing this group).

Our recent investigations have focused on obtaining a
better understanding of the factors that govern hydride mi-
gration. We have studied a range of ligand systems and pre-
pared a number of derivative ligandst®!!-11dl based on the
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parent ligand Tai (Figure 1).[! Replacing one of the aza-
indole rings with an aryl group appears to inhibit hydride
migration in the resulting compounds as it has not been
observed in any of the A"Bai (Ar = phenyl, 2-naphthyl, mes-
ityl) derivatives. A key difference between Tai and A"Bai is
the replacement of an electronegative nitrogen substituent
at the boron atom by a carbon-based substituent. To ex-
plore this further we expanded the range of compounds to
gain further insight into potential B-H activation. Herein,
we report the synthesis and characterisation of a number of
ruthenium complexes containing the four 7-azaindole-
based ligands Tai, P"Bai, M*Bai and N*P""Bai. Three of
these complexes have been structurally characterised and
compared with previously reported examples to determine
how the B-H-+-Ru interaction varies between the range of
complexes. In the case of N*PM"Baj, hindered rotation of the
naphthyl group, which is held in close proximity to the
metal centre due to a strong B-H---Ru interaction, is ob-
served resulting from a steric clash with the triphenylphos-
phane co-ligands.

Results and Discussion

Synthesis and Characterisation of 4-7

We recently reported the benzylidene-ruthenium com-
plexes  [RuCl{x’-NNH-R(H)B(azaindolyl),} {=C(H)Ph}-
(PCy3)] [R = azaindolyl (1), phenyl (2)] and [RuCl{x>-
NNH-HB(azaindolyl);} {PCy,(CsHo)}(PCy3)] (3; Fig-
ure 4).1''l Within these complexes very strong interactions
were observed between the ruthenium centre and the
borohydride units, as confirmed by their spectroscopic and
structural characterisation (Table 1). A comparison of these
compounds and other literature examples revealed that
such interactions are particularly strong in those cases in
which the borohydride unit is located trans to a halide or
similar n-donor ligand."'!°! This is in contrast to examples
in which the borohydride unit is located trans to a strong
c-donor such as hydride or alkyl groups. In these cases the
interaction appears to be weaker. We suggested that a -
donation effect of the halide pushes electron density into
the antibonding orbital (6*) of the B-H bond. To explore
this concept further we prepared a range of complexes anal-
ogous to 1-3 in which the borohydride unit would be posi-
tioned trans to a hydrido ligand to allow a direct compari-
son.
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Figure 4. Previously reported complexes 1-3 (N-N = azaindolyl).

The complexes [Ru{x*-NNH-HB(azaindolyl);} H(PPhs),]
(4) and [Ru{x3-NNH-Ar(H)B(azaindolyl),} H(PPh;),] [Ar =
phenyl (5), mesityl (6), naphthyl (7)] were prepared by the
reaction of stoichiometric quantities of K[Tai] and Li[*"Bai]
(Ar = phenyl, mesityl, naphthyl), respectively, with
[RuCl(H)(PPhs)5]!"3 in THF (Scheme 1). The resulting mix-
tures were heated at reflux until all of the starting materials
had been consumed (as determined by 3'P{'H} and
""B{'H} NMR spectroscopy). The 3'P{'H} NMR spectra
of the mixtures indicated the formation of the target prod-
ucts together with a signal corresponding to free tri-
phenylphosphane. The uncoordinated triphenylphosphane
proved difficult to remove from the products during their
isolation. To achieve this separation, the free phosphane
was oxidised in situ by the addition of H,O, in the case of
4 or treated with an excess of Mel (to form [Ph;PMe]l) in
the cases of 5, 6 and 7. Complexes 4-7 were subsequently
separated from Ph;P(O) or [Ph;PMe]l by passing a DCM
solution of these mixtures through a plug of silica gel or
neutral alumina.
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Scheme 1. Synthesis of complexes 4-7.

The four complexes 4-7 were fully characterised by spec-
troscopic and analytical methods. Table 1 provides a sum-
mary of selected characterisation data along with those of
the analogous complexes 1-3. The ''B{'H} NMR spectrum
of 4 reveals a single peak at 0 = —0.4 ppm (h.h.w. = 35 Hz).

Table 1. NMR and IR spectroscopic data for ruthenium complexes containing 7-azaindole-based ligands.

Complex 6 [ppm] Jp.u [Hz] ¥ [em ]
'H (Ru-H)  'H (B-H~Ru) g B-H-Rull  Ru-HI

[Ru(Tai)Cl{=CHPh}(PCy,)] (1)"" - 1430 0.8 49 1929 -
[Ru{(""Bai)Cl{=CHPh} (PCys)] ()" - ~14.20 1110 wrk 1922 -
[Ru{Tai} Cl{PCy,(12-CeHo)}] (3! - —9.01 0.3 54 e -
[Ru(Tai)H(PPh,),] (4)") 13.44 244 0.4 76 2076 1899
[Ru(*"Bai)H(PPhs),] (5)!1 13.63 293 22 .k 2068 1897
[Ru(MesBai)H(PPh,),] (6) ~13.9314 2,034 0.8l wrk 2078 1895
[Ru(=P"vBai)H(PPhs),] (7)) ~13.95 215 18 Wk 2080 1899

[a] Powder film. [b] NMR experiment carried out in [Dg]toluene. [c] The B-H coupling constant was unresolved due to the broad nature
of the signal. [d] NMR experiment carried out in [Dg]benzene. [e] Not determined. [f] NMR experiment carried out in [D,]DCM.
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The 'Jgy coupling constants were determined by a boron-
coupled (!'B) NMR experiment and can provide further
information regarding the strength of the Ru--*H-B interac-
tion. In the ''B NMR experiment of 4, the signal appears
as a doublet ('Jgy = 76 Hz) as a result of coupling to the
adjacent hydrogen atom. The coupling constant observed
for complex 4 is significantly larger than those of complexes
1 and 3 [cf. 49 (1) and 54 Hz (3)], which suggests a marked
reduction in the B-H--Ru interaction in 4. Thus, it appears
that there is a weakening of the B-H bond as a result of a
stronger Ru-*H-B interaction in those cases in which the
BH group is situated trans to a chlorido ligand. In the cases
of the A™Bai complexes 5-7, the "B{'H} NMR spectra
show broader signals at 6 = -2.2 (h.h.w. = 134 Hz), 1.8
(h.h.w. = 260 Hz) and 1.8 (h.h.w. = 210 Hz) ppm, respec-
tively. Unfortunately, this means that the one-bond B-H
coupling constant could not be determined from the boron-
coupled experiment. An increased linewidth of the boron
signal is typical in complexes of this type and has previously
been observed in other complexes containing aryl-substi-
tuted ligands.#&11e-11dl The 3'P{'H} NMR spectra of 4-6
show singlet resonances between 6 = 66.3 and 68.8 ppm.
Conversely, the 3'P{'H} NMR spectrum of 7 shows two
broad resonances at ¢ = 66.1 and 70.3 ppm, which suggests
fluxional behaviour within this complex at ambient tem-
peratures. This is discussed in further detail below. The 'H
and '3C{'H} NMR spectroscopic data for 4 are consistent
with the formation of [Ru{x3-NNH-HB(azaindolyl);}-
H(PPhs),]. In contrast to previously reported rhodium and
iridium (d®) complexes,[*®11&.11dl the NMR spectra of 4 re-
veal a static structure at room temperature, which indicates
that the coordinated azaindolyl rings do not exchange with
the uncoordinated ring at room temperature. The RuH res-
onances for 4-7 appear as broadened triplet signals between
0 =—13.44 and —13.95 ppm. These signals are more resolved
in the corresponding 'H{!'B} NMR spectra. In the case of
4, the expected BH resonance appears as a 1:1:1:1 quartet
at 6 = -2.44 ppm ('Jgy = 75.6 Hz) in the standard 'H NMR
experiment, whereas the corresponding signals for 5-7 are
unresolved. The resolution of the BH signal within the 'H
NMR spectrum of complex 4 is generally only observed
within highly symmetrical compounds; however, a similar
observation has previously been recorded in a related com-
plex.['41 The most significant difference in the spectroscopic
data for complexes 1-7 is the 'H chemical shift of the BH
unit. In complexes 4-7, in which the Ru--H-B interaction
is trans to the hydride, the BH signals are found between o
= -2.03 and -2.93 ppm. For complexes 1-3, in which it is
trans to a chlorido ligand, the signals are observed signifi-
cantly shifted upfield [0 = —14.30 (1), —14.20 (2) and -9.01
(3) ppm]. The signals for complexes 1 and 2 are further
upfield than those found for the terminal ruthenium hy-
dride chemical shifts in 4-7 (Table 1). The formation of
complexes 4-7 is also supported by the IR spectra, which
show characteristic bands corresponding to both ruthe-
nium-hydride and B-H---Ru stretching frequencies. In the
solid state, bands ranging between 1895 and 1899 cm ™! are
observed for the terminal hydride stretches, whereas bands
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between 2068 and 2080 cm ™! are observed for the B-H+Ru
stretches (Table 1). These data all support the ¥3-NNH co-
ordination mode of the four ligands in 4-7. Finally, the mo-
lecular compositions of the complexes were confirmed by
elemental analysis and mass spectrometry.

Variable-Temperature NMR Spectroscopy

Puerta and Valerga and co-workers recently reported a
similar ruthenium hydride complex based on the sulfur-
based ligand [HB(mt);]" (mt = N-methyl-2-mercaptoimid-
azolyl).['>] Within the complex [Ru{HB(mt);} H(PPhs),] (8)
a k3-SSH coordination mode is observed in the complex.
Puerta and Valerga observed a solvent-dependent mixture
of stereoisomers of 8 in which the terminal hydride is lo-
cated either cis or trans to the B-H unit, the frans isomer
being the dominant isomer in the solvents investigated. We
found no evidence of this isomerisation within any of the
complexes 4-7. Although the 'H NMR spectra of com-
plexes 5 and 6 reveal one chemical environment for the
azaindole units at ambient temperature, the corresponding
spectrum for complex 7 shows particularly broad signals
at these temperatures (Figure 5), which suggests fluxional
behaviour. The aromatic region of this spectrum consists of
six very broad signals integrating for 10 protons, corre-
sponding to the two azaindole ring environments, and three
broad resonances integrating for a total of 30 protons, cor-
responding to the two triphenylphosphane ligands. Seven
comparatively sharp signals are also present in the same
region, each integrating for one proton, corresponding to
the naphthyl group.'® The '3C{'H} NMR spectrum of 7
also shows broad signals at ambient temperatures, particu-
larly those signals corresponding to the azaindole carbon
atoms. As described above, the *'P{'H} NMR experiment
shows two broad signals, which indicates the slow rotation
of the naphthyl group. This rotation slowed further as the
temperature was lowered, leading to two chemical environ-
ments for the two mutually cis-transposed triphenylphos-
phane ligands. Selected *'P{'H} NMR spectra recorded at

90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 7S 74 73 72 71 70 69 68 67 66 65 64 63 62 6.1 60 59 S8 57 56 S5

Figure 5. '"H NMR spectra of [Ru{i3-NNH-BH(naphthyl)(aza-
indolyl),} H(PPhjs),] (7) recorded at —50 (top) and 22 °C (bottom).
Signals assignment: squares = azaindolyl, dots = naphthyl, tri-
angles = triphenylphosphane; * [Dg]toluene.
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various temperatures are highlighted in Figure 6. As the
temperature is lowered, the two signals resolve into two
doublets, which confirms the distinct chemical environ-
ments of the phosphane ligands (Figure 7). At —50 °C the
2Jpp coupling constant was found to be 32.6 Hz. In a sim-
ilar way, the '"H and '3C{'H} NMR spectra became more
resolved as the temperature was lowered. At —50 °C, both
spectra clearly show the two chemical environments of the
azaindole ring in addition to the two chemical environ-
ments of the triphosphane ligands. The assignments of the
'H and "*C{'H} NMR spectra at —50 °C are given in the
Experimental Section below.

).

5 74 7 7 7 7 6 3 67 L3 65 6 63 62 61

Figure 6. 3'P{'"H} NMR spectra of [Ru{x*-NNH-BH(naphthyl)-
(azaindolyl),} H(PPhs),] (7), showing the different chemical envi-
ronments for the two PPhj ligands, recorded at —50, -20, 0 and
22 °C (top to bottom) in [Dg]toluene.
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Figure 7. Rotation of the naphthyl group about the boron—carbon

bond. The rotation is slow at room temperature and is slowed down
further at lower temperatures (see main text for details).

X-ray Diffraction Studies

X-ray single-crystal diffraction studies were performed to
further characterise our complexes and to establish the ori-
gin of the fluxional behaviour found in complex 7. Single
crystals of 4, 5 and 7 were obtained by slow concentration
of a saturated toluene solution of 4, by leaving a pentane
solution of 5 to stand at room temperature overnight and
by leaving a saturated toluene solution of 7 to stand over-
night. The molecular structures confirm the coordination
5236
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of the azaindole-based ligands in each case (Figures 8, 9
and 10). Selected bond lengths and distances for 4, 5 and 7
are highlighted in Table 2. Full details and crystallographic
parameters are presented in Table 4. Although the isolated
solid is spectroscopically and analytically pure, the single
crystals of complex 5 contain some disordered chlorine
atoms at the site of the hydrido ligand (see Crystallography
in the Exp. Sect. for details), which indicates a chemical
reaction involving the solvent (DCM) during the crystallisa-
tion of this compound. The transformation of transition-

Figure 8. Molecular structure of [Ru{x3-NNH-HB(azaindolyl);}-
H(PPhs),] (4). The solvent molecule, phenyl groups from PPh; and
hydrogen atoms, with the exception of H(t) and H(b), have been
omitted for clarity (thermal ellipsoids drawn at the 50% probability
level).

Figure 9. Molecular structure of [Ru{x3-NNH-Ph(H)B(azaindol-
y1)>} H(PPh;),] (5). The phenyl groups from PPh; and hydrogen
atoms, with the exception of H(t) and H(b), have been omitted for
clarity (thermal ellipsoids drawn at the 50% probability level).

Eur. J. Inorg. Chem. 2011, 5233-5241
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metal hydride species to transition-metal chloride in chlori-
nated solvents has previously been observed.l'”! Each com-
plex adopts an octahedral geometry featuring the ligands
Tai, P"Bai or N2PMhBaj with a «3-NNH coordination mode.
This coordination motif consists of two azaindolyl moieties
coordinating through the nitrogen atom of the pyridine het-
erocycles and a B-H interaction at an apical site on the
ruthenium centre. The complexes are further coordinated
by a hydrido ligand, which is located trans to the B-H

Figure 10. Molecular structure of [Ru{x3-NNH-Naphth(H)B(aza-
indolyl),} H(PPhs),] (7). The solvent molecule, the three phenyl
groups from one PPh; and hydrogen atoms, with the exception of
H(t) and H(b), have been omitted for clarity (thermal ellipsoids
drawn at the 50% probability level).

Table 2. Selected bond lengths and angles for complexes 4, 5 and 7.1

European Journal
of Inorganic Chemistry

group, and two triphenylphosphane ligands, which are lo-
cated cis to each other and cis to the hydrido ligand. The
angles involving the nitrogen and phosphane donor substit-
uents, which are mutually cis-disposed, range between
84.45(4) and 97.332(13)° in the three structures. The small-
est angles are found for N(2)-Ru(1)-N(4), whereas the
largest angles are observed for P(1)-Ru(1)-P(2). This is ex-
pected for the bulky triphenylphosphane ligands.

The two six-membered rings formed by the x3-NNH co-
ordination motif of the azaindole-based ligands mean that
the additional substituent at the boron atom is pulled
towards the ruthenium centre. The extent to which this oc-
curs is dictated by the strength of the interaction between
the metal centre and the B-H group, which in turn is affec-
ted by the steric demands of the additional substituent. This
can be seen when comparing the Ru-+B distances in 8 and
[Ru{H,B(mt),} H(PPhs),]!'"¥ (9). In these examples, the B—
H unit is able to approach the metal centre more closely
when the additional substituent is a hydrogen atom [cf.
2.931(8) A for 8 and 2.774(3) A for (9)]. This may have im-
portant consequences as to whether hydride migration to
the metal centre is possible or not with various groups at
the boron atom. The orientation of the substituent is also
likely to be an important factor. In those cases, in which
hydride migration is not observed, a x¥3-NNH coordination
motif is always found. In the parent ligand Tai, which con-
tains a third azaindolyl group, the heterocycle is found to
be almost parallel to the B-H--metal direction in the
group nine complexes [Rh(Tai)(cod)] (10), [Ir(Tai)(cod)]
(11) and [Rh(Tai)(nbd)] (12) (cod = 1,5-cyclooctadiene; nbd
= 2,5-norbornadiene). The torsion angles (defined by
M:--B-N-C) for 10-12 were found to be 0.8(3), 1.0(5) and
0°, respectively. Within these complexes the diene co-ligands
do not provide significant steric hindrance, and therefore
the orientation of the heterocycle is not limited by steric

Bond lengths [A] and angles [°] 4iv] 5kl 7l
Ru(1)-N(2) 2.124(3) 2.1467(17) 2.1331(11)
Ru(1)-N(4) 2.136(3) 2.1482(17) 2.1384(12)
Ru(1)-P(1) 2.3046(10) 2.2874(7) 2.2864(4)
Ru(1)-P(2) 2.2764(11) 2.2981(6) 2.2948(4)
Ru(1)-H(t) 1.61(3) 1.56(3)l 1.524(18)
Ru(1)-+H(b)B(1) 1.71(4) 1.85(2) 1.87(2)
B(1)-N(1) 1.532(6) 1.553(3) 1.5558(19)
B(1)-N(3) 1.542(5) 1.542(3) 1.543(2)
B(1)-N(5)/B(1)-C(15) 1.524(5) 1.611(3) 1.618(2)
N(1)=B(1)=N(5)/N(1)-B(1)-C(15) 109.6(3) 113.44(18) 111.25(12)
N(3)-B(1)-N(5)/N(3)-B(1)-C(15) 111.4(3) 112.16(17) 114.68(12)
N(4)-Ru(1)-N(2) 85.31(11) 85.80(6) 84.45(4)
P(2)-Ru(1)-N(2) 90.90(8) 89.82(5) 88.15(3)
P(1)-Ru(1)-N(4) 86.50(8) 89.18(5) 89.62(3)
P(1)-Ru(1)-P(2) 97.29(4) 94.92(2) 97.332(13)
Ru(1)-H(1)-B(1) 129(2) 132(2) 132(1)

>, of angles of non-hydrogen substituents at B 330.0 335.1 332.0
Position of Ar group at Bl 73.0(5) 80.6(3) 79.2(2)

[a] Additional distances and angles for 4, 5 and 7 can be found in Table 3. [b] This structure contains one molecule of toluene as solvent
of crystallisation. [c] This complex was recrystallised from DCM and contains disordered chloride (in a CI/H ratio of 15:85) in the
position of H(t). [d] This structure contains one molecule of disordered toluene solvent of crystallisation. [e] Defined by the modulus of
the smallest torsion angle M+B-C,,;,~C,, (for *Bai) or M+*B-N-C (for Tai).
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Table 3. Distances [A] and angles [°] for various azaindole-based ruthenium complexes containing a k*-NNH coordination mode.

Complex Ru-B N-B-N Ref.
[Ru(Tai)Cl{=C(H)Ph}(PCy;)] (1) 2.673(3) 114.7(13) fi1e]
[Ru(P"Bai)Cl1{=C(H)Ph}(PCys)] (2)& 2.694(4)/2.675(4) 111.7(2)/112.0(2) fi1e]
[Ru(Tai)Cl{PCy,(n>-CsHy)}] (3)*"] 2.769(4)/2.766(4) 119.9(4)/112.3(4) fi1e]
[Ru(Tai)H(PPh;),] (4) 2.776(5) 109.0(3) this work
[Ru(P"Bai)H(PPh;)] (5) 2.864(2) 109.45(18) this work
[Ru(NarhthBaj)H(PPhs),] (7) 2.865(2) 106.03(11) this work
[Ru(Tai)(Cp*)] 2.786(6) 112.1(5) [1v]

[a] Two independent molecules within the same structure. [b] This structure contains one molecule of toluene solvent of crystallisation.
[c] The B-H interaction with the metal centre is trans to disordered Ru—H and Ru—Cl within the structure.

bulk. In complex 4 and the previously reported complexes
1 and 3, however, the corresponding torsion angles are dif-
ferent [cf. 73.0(5) (4), 73.5(3)° (1) and 73.1(5) and 77.0(5)°
for the two independent molecules found in the unit cell in
3]. In NaPhthBaj the azaindole ring has been replaced by a
naphthyl group and was originally chosen to mimic the
steric properties of the azaindole ring. For the complex
[Rh(N2phthBai)(NBD)], the naphthyl group is orientated
with torsion angles 69.1(5), 49.4(5) and 73(2)° for the three
independent molecules in the unit cell. In 7, the correspond-
ing torsion angle is 79.2(2)°. Even though the solid-state
structures reveal quite similar parameters for complexes 4
and 7 (Table 2), the solution-state NMR spectra are dif-
ferent (i.e., the rotation of the additional substituent is hin-
dered in the case of naphthyl but not in the case of azaind-
olyl). This is intriguing, because the Ru(1)--B(1) distance is
longer for 7 [2.839(2) A] than it is for 4 [2.777(5) A]. There
is only a small difference in the steric space occupied be-
tween an azaindole and naphthalene ring, although the CH
group (C23) of the naphthyl group points towards the bulky
triphenylphosphane ligand (Figure 10). There are no clear
indications from the two structures to confirm a significant
difference between them. Finally, in the case of 5, the
phenyl group is orientated at an angle similar to that found
in the group nine complexes [Rh(*"Bai)(cod)] [cf. 80.6(3)
with 82.9(4)°] and [Ir(*"Bai)(cod)] [73.7(5)°] as well as in
complex 2 [72.4(4)° and 73.4(3)°, two independent mole-
cules in the unit cell].

As described above, the B-H---Ru interaction is depend-
ent on the nature of the ligand trans to it. It is particularly
strong when the B-H unit is located trans to a m donor. The
characterisation of complexes 4-7, in which the B-H unit
is trans to a hydrido ligand, allows for a direct comparison
with complexes 1-3 in which the unit is #rans to a chlorido
ligand. The pertinent distances and angles for these com-
plexes are provided in Table 3 along with those of related
literature compounds. The Ru--B distances are generally
longer for the ruthenium hydride complexes. Furthermore,
the corresponding N(3)-B(1)-N(1) angles are larger in
those complexes in which the B-H group is trans to chloride
rather than hydride [cf. 111.7(2)-114.7(13)° for complexes
1-3 to 106.03(11)-109.44(19)° for 4, 5 and 7.

Conclusions
A series of bis(triphenylphosphane)ruthenium hydride
complexes containing the recently reported azaindolyl-
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based scorpionate ligands Tai, P"Bai, M*Bai and N2PhthBai
have been synthesised and characterised. The ligands coor-
dinate to the ruthenium centres through a x3-NNH coordi-
nation mode. The interaction of the borohydride group with
the metal centre is strong — however, not as strong as that
found in ruthenium complexes containing a chlorido ligand
trans to the BH unit. In addition, the strong k*>-NNH coor-
dination mode pulls the additional substituent at the boron
atom towards the bulky triphenylphosphane ligands, as evi-
denced by the hindered rotation of the naphthyl group in
7. Further investigations are underway to explore the steric
effects of the additional substituent on the propensity of
the borohydride function to undergo hydride migration.

Experimental Section

General: All manipulations were performed in a Braun glovebox
with an O, and H,O atmosphere of below 5 ppm or by using stan-
dard  Schlenk techniques. [RuCI(H)(PPh;);],[13  K[Tai],['*]
Li[P"Bai],*a] Li[MesBai]l''Yl and Li[N*PhthBai]''4) were prepared ac-
cording to literature procedures. The solvents (toluene, THF,
DCM) were dried by using a Grubbs’ alumina system. Dry n-pen-
tane (< 0.05 ppm H,0O) was purchased from Fluka. Deuteriated
toluene and benzene were degassed by three freeze-thaw cycles,
dried by heating at reflux in the presence of Na or Na/benzophe-
none, respectively, for 12 h, vacuum distilled and stored over 4 A
molecular sieves. Deuteriated DCM was dried by heating at reflux
in the presence of CaH, for 12 h. 'H, "B{'H}, "B and 3'P{'H}
NMR spectra were recorded with a JEOL ECP300 spectrometer
operating at 300 MHz ('H). '*C{'H} NMR spectra and correlation
experiments were recorded with a Varian VNMR S500 spectrome-
ter operating at 500 MHz ('H). The spectra are referenced intern-
ally to the residual protic solvent ('H) or solvent signals (}3C).
"B{'H} and "B NMR spectra are referenced externally relative to
BF;OEt,. *'P{'H} NMR spectra are referenced externally relative
to 85% H;3PO,4 in D,O. The atomic labelling for the azaindolyl
(Aza), mesityl (Mes), phenyl (Ph) and naphthyl (Nap) groups in
the ligands are shown in Figure 11. Mass spectra were recorded

2 3
4, 5 \3
a a
N
3 6 —~
B
4
7a/
2
8a 7 N\ 5
8
6
B

Figure 11. Numbering scheme for azaindolyl (Aza), mesityl (Mes),
phenyl (Ph) and naphthyl (Nap) groups.
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with a VG Analytic Quattro spectrometer 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 with a Perkin—Elmer Spectrum 100 FTIR spectrom-
eter (solid state, neat) in the range 4000-650 cm .

[Ru{x3-NNH-B(H)(azaindolyl);}H(PPh;),] (4): A Schlenk tube in a
glovebox was charged with [RuHCI(PPhs);] (153.8 mg,
0.166 mmol) and K[Tai] (67.5 mg, 0.166 mmol). THF (15 mL) was
then added to give a purple suspension. The reaction mixture was
heated at 70 °C for 20 min after which time a yellow solution was
obtained. The 3'P{'H}, "B{'H} and "B NMR spectra revealed
complete conversion of the starting materials. The mixture was co-
oled to 0°C, and H,O, (200 pL, 30wt.-% solution) was added
through a microsyringe. The mixture was warmed to room tem-
perature after which all volatiles were removed under reduced pres-
sure. The residue was then extracted with hexane (3 X 15 mL) and
filtered through Celite™. The hexane extracts were contaminated
with approximately 5% of triphenylphosphane oxide. All volatiles
were removed, and the residue was redissolved in DCM (15 mL).
The solution was passed through a plug of silica and washed with a
further portion of DCM (15 mL). Again, all volatiles were removed
under reduced pressure, and the residue was washed with n-pentane
(5 mL) to provide 3 as a pale-yellow powder. Yield: 115 mg (70%).
'"H NMR (C;Dg): 6 = -13.44 [1 H, unresolved triplet (see 'H{''B}
NMR data below), RuH], -2.44 (q, 'Jgy = 75.6 Hz, 1 H, B-H),
5.87 (dd, *Jyuy = 7.7, 3Juy = 5.5 Hz, 2 H, Aza 5-H), 6.13 (d, *Jygn
= 3.3 Hz, 2 H, Aza 3-H), 6.66 (overlapping signals, virtual t, Jpy
= 7.2 Hz, 12 H, p-PC¢Hs and 1 H, Aza 3'-H), 6.78 (virtual t, Jpy
= 7.0 Hz, p-PC4Hs), 6.90 (dd, *Jyy = 7.7, “Jyn = 1.4 Hz, 2 H, Aza
4-H), 6.94 (dd, 3Jyy = 7.8, 3Juuy = 4.7Hz, 1 H, Aza 5'-H), 7.44
(overlapping signals, m, 12 H, 0-PC4Hs and 2 H, Aza 2-H), 7.81
(d, 3Juu = 3.5Hz, 1 H, Aza 2’-H), 7.93 (dd, 3Jyy = 7.8, *Jyu =
1.8 Hz, 1 H, Aza 4'-H), 8.16 (dd, *Jyy = 4.7, *Juyy = 1.8 Hz, 1 H,
Aza 6'-H), 8.46 (d, 3Jyy = 5.7 Hz, 2 H, Aza 6-H) ppm; the signals
corresponding to Aza 2-H and 3'-H were located in an HMQC
experiment. 'H{!"B} NMR: § = —-13.44 (t, 2Jpy = 26.6 Hz, 1 H),
~2.44 (br. s, B-H) ppm. '*C{'H} NMR: 6 = 101.6 (Aza C-3"), 102.3
(Aza C-3), 114.5 (Aza C-5), 115.5 (Aza C-5'), 123.2 (Aza C-7a)
123.9 (Aza C-7a’), 126.9 (virtual t, Jpc = 4.5 Hz, m-PCgHs),!8]
127.0 (Aza C-4), 127.3 (Aza C-4'), 128.1 (p-PC4Hs, located in a
DEPT-135 experiment), 131.3 (Aza C-2), 133.1 (Aza C-2'), 134.5
(virtual t, Jpc = 5.2 Hz, 0-PCcHs),['81 141.8 (Aza C-6"), 149.5 (Aza
C-6), 153.2 (Aza C-3a’), 154.0 (Aza C-3a) ppm; i-PC4H; signal not
located. 3'P{'H} NMR: J = 68.8 (s, PPh;) ppm. '"B{'H} NMR: §
= —0.44 (s, Av;» = 35Hz) ppm. "B NMR: 6 = -0.44 (d, Jgy =
75.6 Hz) ppm. IR (neat): v = 1899.1 (Vrun), 2075.8 (vgy) cm™L. MS
(EST"): m/z = 989.2 [M + H]*, 727.16 [M + H - PPhj]*.
Cs;7H,47BNgP,Ru (989.87): caled. C 69.16, H 4.79, N 8.49; found C
69.60, H 4.82, N 8.91.

General Procedure for the Preparation of [Ru{x3-NNH-B(H)(azaind-
olyl),(Aryl)} H(PPh3),] (5-7): In a glovebox, a Schlenk tube was
charged with [RuCI(H)(PPhs);]-toluene (150 mg, 0.148 mmol) and
[Li(THF)][*"Bai] (1 mol equiv.) and connected to a Schlenk line.
Anhydrous THF (10 mL) was added at room temperature, and the
purple suspension was heated at 65 °C for 1 h, upon which time a
yellow solution was obtained and no starting material was detected
by 3'P{'H} and '"'B{'H} NMR spectroscopy. The mixture was al-
lowed to equilibrate at room temperature after which it was treated
with Mel (3.22 mmol, 200 pL) and stirred at room temperature un-
til no free PPh; could be detected in the 3'P{'H} NMR spectrum
(approximately 1.5 h). All volatiles were removed from the filtrate
to give a yellow residue, which was extracted with DCM
(3X 10 mL) and filtered through a short plug of neutral alumina
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(5X 5 cm) above a short plug of Celite, which were then washed
with DCM until the washings were colourless. All volatiles were
removed from the extracts, and the residue was washed with n-
pentane (5 mL) and dried in vacuo to yield the products as yellow
microcrystalline solids.

[Ru{k>-NNH-B(H)(azaindolyl),(phenyl)}H(PPhy),]  (5):  Yield:
85mg (61%). 'H NMR (CD,Cl,): § = —13.63 [unresolved t (see
'H{!'B} data below), 1 H, Ru-H], -2.93 (br., 1 H, B-H), 6.15 (dd,
3Jun = 7.7, 3Jun = 5.1 Hz, 2 H, Aza 5-H), 6.20 (d, 3Jyy = 3.3 Hz,
2 H, Aza 3-H), 6.80 (virtual t, Jpy = 7.0 Hz, 12 H, p-PC4Hs), 6.98
(virtual t, 6 H, Jpy = 7.3 Hz, p-PC¢Hs), 7.08 (m, 12 H, 0-PC¢Hs),
7.29 (dd, *Jyun = 7.7, “Jun = 1.5 Hz, 2 H, Aza 4-H), 7.35 (d, *Juu
= 3.3Hz, 2 H, Aza 2-H), 7.45 (m, 3 H, BC¢Hs), 7.73 (m, 2 H,
BC¢Hs), 8.31 (d, *Jyu = 5.1Hz, 2 H, Aza 6-H) ppm. 'H{''B}
NMR: 6 = -13.6 (t, 2Jpy = 26.4 Hz, Ru-H), -2.93 (br. s, BH) ppm.
BC{'H} NMR: § = 101.9 (Aza C-3), 114.9 (Aza C-5), 123.2 (Aza
C-7a), 126.7 (p-BC¢Hs), 127.2 (two overlapping signals, virtual t,!'8]
Jpc = 4.4 Hz, m-PC4Hs and s, m-BCgHs), 127.9 (Aza C-4), 128.3
(p-PC¢Hs), 131.9 (Aza C-2), 134.33 (virtual t, Jpc = 5.2 Hz, o-
PC¢Hjs).,1'81135.6 (0-BC4Hs), 137.7 [two overlapping signals, d, Jpc
= 38.3 Hz, i-PC4H; and br. s, i-BC¢Hj5 (tentatively assigned)], 149.5
(Aza C-6), 155.5 (Aza C-3a) ppm. 3'P{'"H} NMR: 6 = 68.8 ppm.
HB{'H} NMR: 5 = -2.19 (s, Av;;» = 133.9 Hz) ppm. ''B NMR: §
= -2.19 (s, Av;» = 184.5 Hz) ppm. IR (neat): ¥ = 2068.4 (vgp),
1897.0 (Vrun) cm'. MS (ESI*): m/z = 949.2 [M — H]*, 973.2 [M +
Na]*, 990.2 [M — H + CH;CN]*. CssH47BN,4P>Ru (949.84): calcd.
C 70.81, H 4.99, N 5.90; found C 70.64, H 5.20, N 6.02.

[Ru{x3-NNH-B(H)(azaindolyl),(mesity)} H(PPhs),]  (6): Yield:
59 mg (40%). '"H NMR (C¢Dg): 6 = ~13.93 (t, 2Jpy = 28.3Hz, 1
H, Ru-H), -2.03 (br., 1 H, BH), 2.10 (s, 6 H, 2,6-Me), 2.46 (s, 3 H,
4-Me), 5.94 (dd, 3Jyy = 7.6, 3Jun = 5.4 Hz, 2 H, Aza 5-H), 6.13
(d, 3Jun = 3.5 Hz, 2 H, Aza 3-H), 6.70 (virtual t, Jpy = 7.4 Hz, 12
H, m-PC¢Hs),['81 6.82, (virtual t, Jpy = 7.3 Hz, 6 H, p-PCcHs),l'8]
7.01 (dd, 3Jyy = 7.6, *Jyy = 1.2 Hz, 2 H, Aza 4-H), 7.10 [s, 2 H,
CeH,(CH3)s), 7.29, (d, 3Jyu = 3.5Hz, 2 H, Aza 2-H), 7.36 (br.,
virtual t, Jpy = 8.2 Hz, 12 H, 0-PC¢H5),['®1 8.50 (d, 3Jyy = 5.5 Hz,
2 H, Aza 6-H) ppm. BC{'"H} NMR (C¢Dy): 6 = 21.6 (Mes 4-CHj),
26.4 (Mes 2,6-CHj3), 102.5 (Aza C-3), 114.8 (Aza C-5), 123.8 (Aza
C-7a), 127.1 (Aza C-4), 127.5 [virtual t, Jpc = 4.9 Hz, m-P-
(CeHs)3].[81 128.6 [s, p-P(C¢Hs)s, overlapping with solvent peaks
observed by a DEPT-135 experiment], 130.7 (Aza C-2), 133.2 (Aza
C-6), 134.9 [virtual t, Jpc = 4.4 Hz 0-P(C4Hs);],[' 135.7 (Mes C-
2,6), 138.2 [m, i-P(C4Hs)3], 144.8 (Mes C-4), 150.1 (Mes C-3,5),
154.9 (Aza C-3a) ppm; carbon ipso to boron signal not observed.
SIP{TH} NMR (C;Dg): 6 = 66.3 ppm. "B{'H} NMR (C;Dyg): =
~1.8 (s, Avy» = 260 Hz) ppm. "B NMR (C;Dg): 6 = ~1.8 (s, Av;
=295 Hz) ppm. MS (EST"): m/z = 992.3 [M]*. IR (neat): ¥ = 2078
(ven), 1895 (Vrun) cm !, CsoHs3BN4P,Ru-4/3CH,Cl, (1105.15):
caled. C 65.57, H 5.07, N 5.80; found C 65.90, H 4.99, N 5.79.

[Ru{x3-NNH-B(H)(azaindolyl),(2-naphthyl)} H(PPhs),] (7): Yield
77 mg, (48%). NMR spectra recorded at —50 °C. '"H NMR (C;Dy):

= —13.95 (t, 2Jpy = 26.4 Hz, 1 H, Ru-H), -2.15 (br., 1 H, BH,
Avy, = 67 Hz), 5.81 (dd, 3Jyy = 7.9, 3Jun = 5.5Hz, 1 H, Aza 5-
H), 6.10 (overlapping with adjacent signal, dd, 3Jyy = 7.3, 3Jyy =
5.1 Hz, 1 H, Aza 5'-H), 6.12 (d, 3Jyy = 3.7 Hz, 1 H, Aza C-3),
6.23 (d, 3Jyn = 2.9 Hz, 1 H, Aza 3-H), 6.52 (virtual t, Jpy = 7.0 Hz,
6 H, p-PC4H;),!'81 6.64 (overlapping with adjacent signal, m, 1 H,
Nap 3-H), 6.77 (m, 12 H, m-PC¢Hs), 6.89 (d, 3Jyy = 7.9 Hz, 1 H,
Aza 4-H), 6.93 (d, 3Jyy = 2.9 Hz, 1 H, Aza 2-H), 6.96 (d, 3Jyuy =
7.3 Hz, 1 H, Aza 4'-H), 7.23 (virtual t, Jyy = 7.3 Hz, 1 H, Nap 6-
H), 7.37 (br., 12 H, 0-PC¢Hs), 7.80 (d, *Jyy = 3.7Hz, 1 H, Aza
2'-H), 7.91 (two overlapping signals, m, 2 H, Nap 5-H and Nap 7-
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Table 4. Crystallographic parameters for complexes 4, 5 and 7.

4 5 7
Colour, habit colourless, block yellow, lath yellow, block
Size [mm] 0.24X0.14x0.11 0.27x0.07 x0.03 0.32X0.26 X0.17
Empirical formula C64H55BN6P2RU, C56H46‘86BC]0A14N4P2RU, C67H57BN4P2RU,
M, 1081.96 954.72 1091.99
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n P2,/n P2/c
a[A] 11.5818(4) 11.300(2) 21.7462(9)
b [A] 36.4348(12) 23.663(5) 11.9883(5)
c [A] 12.3247(4) 16.800(3) 20.7455(9)
L] 92.457(2) 94.275(4) 90.744(2)
V [A3] 5196.0(3) 4479.8(15) 5407.9(4)
Z 4 4 4
u [mm1] 0.412 0.474 0.396
T [K] 100 100 100
Ormin.max [°] 2.09, 24.80 1.49, 32.81 1.94, 33.56
Completeness 0.997 to 0 = 24.80° 1.000 to 0 = 27.48° 1.000 to 6 = 27.50°
Reflections: total/independent 100073/8943 48815/13780 205850/17693
Ry 0.1252 0.0534 0.0338
Final R1 and wR2 0.0506, 0.1009 0.0415, 0.0910 0.0315, 0.0851
Largest peak, hole [e A 0.590, —0.959 0.821, -1.172 0.837, —0.498
Pealed. [gem ] 1.383 1.416 1.341

H), 8.04 (two overlapping signals, m, 2 H, Nap 2-H and Nap 4-H),
8.24 (br. d, 3Jyy = 5.1 Hz, 1 H, Aza 6'-H), 8.72 (d, 3Jyu = 7.3 Hz,
1 H, Nap 8-H), 8.84 (br. unresolved d, 1 H, Aza 6-H) ppm.
I3C{'H} NMR: ¢ = 102.2 and 102.4 (Aza C-3 and C-3"), 114.2 and
114.6 (Aza C-5 and C-5'), 122.7 and 122.9 (Aza C-5 and C-5'),
123.4 (Nap C-3), 124.6 (Nap 6-H), 125.4 (overlapping with solvent
peaks observed by a DEPT-135 experiment, Nap C-7), 126.6, 126.7
[m, m-P(C¢Hs)s], 128.1 (overlapping with solvent peaks observed
by a DEPT-135 experiment, Nap CH), 128.4 [m, p-P(C¢Hs)s], 128.6
(Nap C-5), 130.4 (Nap CH), 132.2 (Aza CH), 132.3 (Aza CH),
133.8 (Nap C-8), 133.9 [d, 2Jpc = 9.9 Hz, 0-P(C¢Hs)s], 134.3 [d,
2Jpc = 10.7 Hz, 0-P(C4H5)s3], 136.6 [d, 'Jpc = 38.8 Hz, i-P(CsHs)s],
137.2 [d, "Jpe = 37.2 Hz, i-P(C¢Hs)s], 137.8 (Aza CH), 147.9 and
150.1 (Aza C-6 and C-6'), 153.9 and 154.8 (Aza C-3a and C-3a’)
ppm; a number of signals were not located or could not be as-
signed. 3'P{"H} NMR: 6 = 62.2 (d, 2Jpp = 32.6 Hz, PPh3), 71.3 (d,
2Jpp = 32.6 Hz, PPh;) ppm. "B{'H} NMR: 6 = —1.3 (v. br., Av;;,
= 1120 Hz) ppm. NMR spectra recorded at 22°C: 'H NMR
(C/Dy): 6 = —14.0 (t, 2Jpy = 26.6 Hz, 1 H, Ru-H), -2.10 (v. br., 1
H, BH, Av, = 145 Hz), 5.88 (v. br., 2 H, Aza 5-H), 6.10 (v. br., 2
H, Aza 3-H), 6.68 (v. br., overlapping signals, 18 H, p-PC¢Hs, Nap
3-H and m-PC¢Hs), 6.94 (br., overlapping signals, 3 H, Aza 4-H
and Aza 2-H), 7.20 (m, 1 H, Nap 6-H), 7.33 (br., 12 H, 0-PC¢Hs),
7.67 (v. br., 1 H, Aza 2'-H), 7.77 (m, 1 H, Nap 7-H), 7.88 (d, 3Juu
= 8.1 Hz, 1 H, Nap 5-H), 8.00 (d, *Jyy = 8.1 Hz, 1 H, Nap 4-H),
8.08 (d, 3Juu = 8.8 Hz, 1 H, Nap 2-H), 8.32 (v. br., 1 H, Aza 6-
H), 8.57 (d, *Juy = 6.7 Hz, 1 H, Nap 8-H), 8.65 (v. br., 1 H, Aza
6'-H) ppm. 'H{!'B} NMR: § = 2.10 (br., 1 H, BH, Av,,, = 15 Hz)
ppm. BC{'H} NMR: § = 102.3 (br., Aza C-3), 114.7 (br., Aza C-
5), 123.2, 123.6 (Nap C-3), 124.7 (Nap C-6), 125.4 (overlapping
with solvent peaks observed by a DEPT-135 experiment, Nap C-
7), 126.8 [m-P(C4Hs)s], 126.9 (Aza C-2), 128.5 (overlapping with
solvent peaks observed by a DEPT-135 experiment, Nap CH),
128.2 [p-P(C¢Hs);], 128.6 (Nap C-5), 130.7 (Nap CH), 132.6, 134.4
[v. br., a number of overlapping signals including 0-P(C¢Hs); and
Nap C-8), 135.0, 138.2 [m, i-P(C¢Hs)], 148.6 (v. br.), 150.2 (v. br.),
154.8 (v. br.) ppm; a number of signals were not located or could
not be assigned because the spectrum, particularly the azaindolyl
signals, were broad at this temperature. 3'P{'"H} NMR: 6 = 66.1
(br., PPhs, Avy, = 79 Hz), 70.3 (br., PPhs, Av,, = 79 Hz) ppm.
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UB{'H} NMR: 5 = -1.8 (s, Av;» = 210 Hz) ppm. "B NMR: § =
1.8 (s, Avy» = 295 Hz) ppm. IR (DCM): ¥ = 2079.82 (vgy) cm .
IR (neat): ¥ = 2079 (vgn), 1899 (Vrun) cm'. CeoHiBN,P,Ru
(999.89): caled. C 72.07, H 4.94, N 5.60; found C 71.38, H 5.33, N
5.54. MS (EST*): m/z = 999.3 [M - H]*.

Crystallography: All data were collected at 100 K with a Bruker
Apex II diffractometer with an Mo-K, radiation source (wave-
length: 0.71073 A) and an Oxford Cryosystems Cryostream low-
temperature device. All data were collected by using a CCD area
detector from single crystals mounted on a glass fibre. Intensities
were integrated!'”) from several series of exposures measuring 0.5°
in w or ¢. Absorption corrections were made by using SADABSI?]
and were based on equivalent reflections, structures were refined
against all F,?> data. All hydrogen atoms were refined by using a
riding model using SHELXL,?!! except for those attached to B,
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. Complex 4 displayed disorder in one of the
phenyl rings of the triphenylphosphane ligand. The atoms C40-
C45 (phenyl) were modelled as riding over two positions. The two
phenyl groups were constrained to adopt ideal six-membered ring
geometry. Although, the isolated solid was spectroscopically and
analytically pure, the single crystals of complex 5 contained some
disordered chlorine atoms at the site of the hydrido ligand. The
chlorido and hydrido ligands were refined together for the occu-
pancy of Cl = x and the occupancy of H = 1 — x, having previously
established the free refinement of the occupancy of the chlorine
atom in an almost identical value (0.14 cf. 0.16). A summary of the
crystallographic data collection parameters and refinement details
for 4, 5 and 7 are presented in Table 4. CCDC-839327 (for 4),
-839328 (for 5), -839329 (for 7) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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