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Introduction

The discovery of stable transition-metal complexes with mo-
lecular dihydrogen as a side-on bound ligand by Kubas et al.
in 1983 was a breakthrough in the historical development of
coordination chemistry.[1] Since then, dihydrogen complexes

of transition metals have been the subject of considerable
interest because they present models for the metal-induced
activation of the hydrogen molecule,[2–4] either through oxi-
dative addition or heterolytic cleavage.[2,3,5–8] In general, it is
possible to obtain nonclassical metal–hydride complexes by
direct reaction with hydrogen, by protonation of hydride
complexes, or by reduction reactions.[3b] Stable coordination
between the molecular dihydrogen and a metal centre is
based on two contributions: the donation from the filled H2

s orbital to the empty d orbitals on the metal, and the back-
bonding of the d electrons to the antibonding s* orbital of
the hydrogen ligand. Thus, several factors, such as the ability
of the metal to donate electrons and the nature of the
ligand in the trans position, influence the stability and the
reactivity of the M�H2 unit.[3,4, 9] As recently highlighted by
van Leeuwen et al. , the structural demands of an ancillary
chelating ligand can also play an important role in defining
the properties of h2-H2 ligand.[10] In the present paper, we
report on the synthesis and characterisation of new non-
classical ruthenium hydride complexes with constrained
ligand geometries, which substantiate the importance of
well-defined structural features for the H2-binding mode
and reactivity.[11]

The chemistry of ruthenium complexes containing non-
classical hydride ligands was pioneered by Chaudret et al.
with the synthesis of the hexahydride complex of formula
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[Ru(H2)2(H)2ACHTUNGTRENNUNG(PCy3)2] (1) (Cy=cyclohexyl, Figure 1).[12] This
species was proven to possess a unique structure with two
classical hydrides and two molecular dihydrogen ligands in
mutually cis positions,[12c] as confirmed most recently by
neutron diffraction for [Ru(H2)2(H)2 ACHTUNGTRENNUNG(PCyp3)2] (Cyp = cy-
clopentyl).[12d] Meanwhile, several ruthenium complexes con-
taining nonclassical hydride ligands have been synthesised,
allowing a better understanding of the stability, reactivity,
and binding mode of the h2-H2 moiety.[13, 14] Complex 1 has
found application as a starting material for a variety of
ruthenium–dihydrogen complexes.[13–15] Moreover, it has
been used as a catalyst precursor for hydrogenation,[13,16] si-
lylation,[17] coupling reactions (Murai reaction),[15,18] and
metathesis.[19]

Recently, we reported the synthesis of new complexes 2
and 3, in which one or both PCy3 ligands of 1 are replaced
with strongly basic and sterically encumbered heterocyclic
carbene ligands.[20] X-ray crystal structure analysis revealed
that the arrangement of the central RuH6 core is largely re-
tained in these species. However, as a result of the specific
ligand environment, the reactivity of the carbene differs
from that of 1, including an interesting potential use in cata-
lytic H/D exchange processes.[20,21] An alternative possibility
for expansion of the structural variety of nonclassical ruthe-
nium–hydride complexes is to incorporate the donor sites
into chelating frameworks with constrained geometries.[10] In
the present work, we have therefore set out to investigate
more systematically bi- and tridentate chelating ligand
frameworks for the stabilisation of bi- and mononuclear
ruthenium dihydrogen complexes (Figure 2).

Preliminary studies from our team[11] and in industrial lab-
oratories[16] indicate that binuclear complexes of the general
formula [Ru2H6(P2)2] can be obtained with chelating ligands
P2 of type R2P ACHTUNGTRENNUNG(CH2)nPR2. Herein, we describe the synthesis
of ruthenium complexes [H(P2)Ru ACHTUNGTRENNUNG(m-H)3Ru(P2)(H2)] (4a :
P2 = Cy2PACHTUNGTRENNUNG(CH2)3PCy2 dcpp; 4b : P2 = Cy2P ACHTUNGTRENNUNG(CH2)2PCy2

dcpe) and the complete spectroscopic and crystallographic
characterisation of 4a. The ligands were chosen to largely
retain the electronic nature of the ligands in 1 while enforc-
ing a cis geometry with a defined P-M-P angle to allow sys-
tematic comparison with similar dinuclear ruthenium com-
plexes previously reported in the literature. To obtain mono-
nuclear structures we have applied PCP and PNP pincer li-

gands in complexes 5 and 6, respectively, to force a meri-
dional tridentate coordination mode. Owing to their
interesting catalytic behaviour, transition-metal complexes
containing tridentate pincer ligands have been studied ex-
tensively during the past decade.[22] However, there are lim-
ited examples of ruthenium-centred complexes, and no
ruthenium dihydrogen complexes with such ligands have
been reported so far. In contrast, a number of rhodium,
platinum, and osmium complexes containing these pincer li-
gands are known.[22,23] Recently, a ruthenium dihydrogen
complex bearing an aliphatic POP pincer was presented.[23f]

Results and Discussion

Complexes 4a and 4b are readily obtained by hydrogena-
tion of the allyl complexes 7a and 7b following a procedure
previously developed in our group (Scheme 1).[11,24] Under

optimised conditions, 4a and 4b have been isolated in fair
to excellent yields as orange microcrystalline solids directly
from the reaction mixture upon cooling and filtration. Com-
plex 4a shows high solubility in aromatic solvents and is re-
markably stable in the solid state, even in the presence of
air or under vacuum. Although the compounds are too ther-
mally labile to detect the molecular ions directly, the frag-
mentation observed in mass spectroscopic analysis confirms
a dinuclear structure for complex 4a.

The IR spectra of complexes 4a and 4b show characteris-
tic bands that are readily assigned to terminal hydrides
(Ru�H) and bridging hydrides (Ru-H-Ru), located for 4a at
ñ 1990 and 1552 cm�1, respectively. As other parts of the IR

Figure 1. [Ru(H2)2(H)2 ACHTUNGTRENNUNG(PCy3)2] (1), [Ru(H2)2(H)2ACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(IMes)] (2),
[Ru(H2)2(H)2ACHTUNGTRENNUNG(IMes)2] (3).

Figure 2. Binuclear complexes 4 and pincer-typed mononuclear com-
plexes 5 and 6. P\P = Cy2P-(CH2)n-PCy2; 4a [Ru2H ACHTUNGTRENNUNG(m-H)3(H2) ACHTUNGTRENNUNG(dcpp)2],
n = 3, (dcpp = 1,3-bis(dicyclohexylphosphino)propane); 4b [Ru2H ACHTUNGTRENNUNG(m-
H)3(H2) ACHTUNGTRENNUNG(dcpe)2], n = 2, (dcpe = 1,2-bis(dicyclohexylphosphino)ethane);
5 (E = C; L = H2): [Ru ACHTUNGTRENNUNG(dtbpmb)(H2)2H], (dtbpmb = 1,3-bis(di-tert-bu-
tylphosphinomethyl)benzol); 6 (E = N; L = H): [Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2)],
(dtbpmp = 1,3-bis(di-tert-butylphosphinomethyl)pyridine).

Scheme 1. Formation of complexes of type 4a (100%) and 4b (36%) by
hydrogenation of allyl-type complexes 7a (P2 = dcpp) and 7b (P2 =

dcpe).
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spectrum of 4a are dominated by the bands resulting from
the dcpp ligands, the IR spectrum of the corresponding deu-
terated complex [D6]-4a was also examined. The two bands
for the terminal and bridging hydrides show an isotope shift
of

p
2 in accordance with the Teller–Redlich rule.[25] In addi-

tion, a new band appears at 1719 cm�1 in the spectrum of
[D6]-4a, which can be assigned to the D�D stretching of a
coordinated D2 molecule. Even if nH�H cannot be deter-
mined exactly by the Teller–Redlich rule, which is valid for
uncoupled oscillations only, this result indicates the presence
of a s-coordinated dihydrogen molecule in 4a.

The 1H NMR spectrum of 4a shows a single averaged
signal for all hydridic ligands as a slightly broad singlet cen-
tred at d = �11.8 ppm, which integrates for six H atoms at
various relaxation delays. The chemical shift value has also
been confirmed by 2H NMR experiments with [D6]-4a.
When [D6]-4a was generated in situ by charging a solution
of 4a in [D8]toluene with D2 gas in a Young NMR tube, the
deuterium spectrum also revealed several signals between d

= 1.1 and 1.9 ppm. These signals indicate H/D exchange by
a C�H activation process at various positions of the dcpp li-
gands. The 31P NMR signal of 4a, which at room tempera-
ture is detected at d = 69.5 ppm, splits into two broad sig-
nals when the temperature is lowered to �80 8C. The high-
field proton signal does not yet show significant decoales-
cence at this temperature. Owing to the fast exchange be-
tween classical and nonclassical hydrides even at low tem-
perature, it was not possible to determine separate reso-
nance frequencies for the individual hydridic ligands or to
measure P–H coupling constants.

In order to further evaluate the nature of the hydridic li-
gands in complex 4a, the minimum relaxation time T1 ACHTUNGTRENNUNG(min)
was determined.[26] The values measured with a 400 MHz
NMR spectrometer at various temperatures are graphically
displayed in Figure 3. The T1ACHTUNGTRENNUNG(min) for 4a was determined as
53 ms at 271 K. A comparison with the values reported for
other similar complexes confirms the presence of a nonclass-
ical structure, which is usually associated with T1ACHTUNGTRENNUNG(min)<
100 ms. An H�H distance of 104 pm (�1 pm based on in-
strumental errors) can be calculated from the T1ACHTUNGTRENNUNG(min) mea-
surement. Owing to dynamic exchange with the other hy-
dride signals, this value can be regarded only as the upper
limit for the distance in the coordinated H2 moiety, howev-
er.

Additional evidence for the presence of a s-coordinated
hydrogen molecule is provided by the reaction of complex
4a with molecular nitrogen to form the complex [H-
ACHTUNGTRENNUNG(dcpp)Ru ACHTUNGTRENNUNG(m-H)3Ru ACHTUNGTRENNUNG(dcpp)(N2)] (8).[1,3,4] After exposure of a
[D8]toluene solution of 4a to a nitrogen stream in a Young
valve NMR tube, the high-field region of the 1H NMR spec-
trum shows, together with a small signal for the starting
complex, one apparent doublet at d = �9.2 ppm (Dn =

53 Hz), one broad signal at d = �15.5 ppm and one triplet
at d = �19.4 ppm (t, 2JACHTUNGTRENNUNG(H,P) = 33 Hz). The 31P NMR
shows two signals of equal intensity at d = 75.1 ppm (s) and
d = 47.1 ppm (s) and reveals 9% of the starting material at
d = 68 ppm (s). The reaction is reversible and compound
4a is quantitatively restored when the same solution is ex-
posed to hydrogen gas. Interestingly, 4a can also easily be
converted to 8 in the solid state under 14 bar nitrogen pres-
sure, indicating that the coordination sphere in both solution
and solid state is identical.

The solid-state structure of the ruthenium hydride 4a was
determined by single-crystal X-ray structure analysis. Crys-
tals of 4a, suitable for X-ray investigation, were obtained by
slow evaporation of a hexane solution under hydrogen at-
mosphere. Figure 4 depicts a graphical representation of the
molecular structure and Table 1 summarises selected bond
lengths and angles.[27] Notably, all hydrogen atoms in the co-
ordination sphere of the ruthenium centres could be located
and fully refined.

The dimeric structure of 4a is made of two slightly dis-
torted octahedra, whose centres are occupied by the two
ruthenium atoms. The phosphine groups exhibit an anticline
arrangement, which minimises the steric effect of the cyclo-
hexyl groups in the backbones. The bite angle measured for
the two dcpp ligands in 4a (�958) is slightly larger than pre-
viously reported for 7a (�91.38).[24] The distances between
the bridging hydrides and the ruthenium centres are signifi-
cantly longer than those measured for the remaining hydro-

Figure 3. Temperature-dependent evolution of the T1 values measured
for 4a. T1/ms (D3 ms) [T/K (D2 K)]: 64 [300], 56 [283], 55 [263], 65 [243],
108 [223].

Figure 4. ORTEP diagram of the molecular structure of 4a as determined
by single X-ray diffraction.
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gen atoms. Most significantly, two hydrogen atoms were lo-
cated in an arrangement characteristic of a coordinated H2

molecule at Ru1 with an H�H distance of 0.83 Q. Consider-
ing the dynamic behaviour of 4a in solution, this value is in
full agreement with the upper limit derived from T1 meas-
urements. The H2 moiety is almost fully aligned with the
plane described by the phosphorus atom P2, the ruthenium
centre Ru1, and the bridging hydride H2. This arrangement
may be explained in terms of a favourable overlap between
the s* on H2 and a filled d orbital on the metal, which
allows most efficient backbonding.

Comparison of the structure of complex 4a with the
known dimeric ruthenium hydride complexes 9 and 10, con-
taining nonchelating phosphine ligands (Figure 5)[28] contrib-
utes to a better understanding of how the electronic and
structural environment around the metal centre affects the
hydrogen coordination. It has been shown that complex 9,
with its PPh3 ligand, must be formulated as a nonclassical di-
hydrogen complex,[28a] whereas complex 10, with the PiPr3,
ligand adopts the form of a classical dihydride.[28b] Following
classical arguments, this difference arises because the stron-
ger basicity of the PiPr3 ligand favours back donation into
the antibonding orbital of the coordinated s-H2 ligand,
which leads finally to rupture of the H�H bond. However,
based on the basicity of the phosphine ligands, a classical di-
hydride structure would also be expected for complex 4a
(dcpp: pKa�10; PiPr3: pKa�8; PPh3: pKa = 2.7),[29] which
is obviously not in agreement with the experimentally deter-
mined structure in the solid state and in solution.

A closer inspection of the
molecular structures of the
three complexes reveals that
the coordination geometry in
the P-Ru-P unit plays a more
important role in defining the
bonding situation of the Ru�H2

moiety than does the ligands
basicity.[10] It is well known that
changes in P-M-P coordination
geometry can influence the
electronic properties at the
metal centre more strongly
than purely electronic factors
through changes in the hybridi-
sation[30a] or by changing the
overlap of the lone pair of the
donor with the M�P trajec-

ACHTUNGTRENNUNGtory.[30b] In the present case, the -(CH2)3- backbone in dcpp
fixes the two donor units in a cis arrangement with a bite
angle of 95.3 (P1-Ru1-P2) and 95.98 (P3-Ru2-P4), very simi-
lar to the one observed in 9b (�958). The bulky PiPr3 li-
gands in 10 maximise their distance freely, thus widening the
P-Ru-P angles to 113.10 (P1-Ru1-P2) and 106.758 (P3-Ru2-
P4). Thus, the nonclassical structure in the dimeric com-
plexes can be associated with the smaller bite angle, whereas
the dihydride structure is adopted for larger bite angles. If
the angle opens up fully to adjust a trans arrangement of the
two donor ligands, the dimeric structures break up to form
the monomeric complexes of type 1–3 in the presence of
excess hydrogen. Naturally, this is not possible if the cis ar-
rangement is permanently fixed as in the complexes with bi-
dentate ligands.

In an attempt to generate monomeric nonclassical ruthe-
nium hydride complexes with a chelating ligand framework,
we turned our attention toward pincer-type ligands that
allow a trans arrangement of two electron-rich and bulky
phosphorous donor groups. In a one pot procedure, [Ru-
ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(metallyl)2] 11 was hydrogenated (7 bar) at 50 8C in the
presence of phosphine 12. A reddish-brown solid precipitat-
ed from MeOH solution and was isolated by filtration of the
reaction mixture at room temperature.

1H NMR and 31P NMR analysis in [D8]THF solution con-
firmed the presence of the new nonclassical polyhydride
complex [Ru ACHTUNGTRENNUNG(dtbpmb)(H2)2H] 5 (dtbpmb = 1,3-bis((di-tert-
butylphosphino)methyl)benzyl) as major reaction product,
together with small amounts (<10%) of unidentified side
products. In solution the nonclassical trihyride 13 is generat-
ed owing to loss of H2 (38%). The two dihydrogen com-
plexes 5 and 13 result from coordination of the ligand and
intramolecular C�H activation at the 2-position in the aro-
matic ring (Scheme 2).[11] At room temperature the five hy-
drogen atoms in the coordination sphere of the ruthenium
centre of complex 5 give rise to an average broad signal cen-
tred at d = �9.21 ppm, while the equivalent phosphorous
atoms lead to a singlet at d = ++107.8 ppm in the 31P NMR
spectrum. 1H NMR experiments performed at low tempera-

Table 1. Selected distances and angles of complex 4a.

Distances [Q] Angles [8]

Ru1�H1 1.83 (4) H1-Ru1-H2 71.4 (15) H6-Ru1-H1 70 (2)
Ru1�H2 1.78 (3) H2-Ru1-H3 82.8 (14) H3-Ru1-H1 76.7 (16)
Ru1�H3 1.73 (3) H5-Ru1-H3 157 (2) H5-Ru1-H2 87.8 (18)
Ru1�H5 1.68 (4) H5-Ru1-H3 91.3 (18) H6-Ru1-H2 117 (2)
Ru1�H6 1.63 (6) H6-Ru1-H3 98 (2) P1-Ru1-P2 95.32 (3)
Ru2�H1 1.84 (4) P1-Ru1-Ru2 129.8 (18) P2-Ru1-Ru2 121.91 (2)
Ru2�H2 1.91 (3)
Ru2�H3 1.81 (3) H1-Ru2-H2 68.4 (15) H2-Ru2-H3 77.2 (13)
Ru2�H4 1.61 (3) H3-Ru2-H1 74.5 (16) H4-Ru2-H1 102.3 (17)
H5�H6 0.833 H4-Ru2-H2 166.4 (14) H4-Ru2-H3 90.9 (15)
Ru1�P1 2.272 (7) P3-Ru2-P4 95.91 (3) P3-Ru2-Ru1 134.73 (2)
Ru1�P2 2.274 (7) P4-Ru2-Ru1 118.21 (2)
Ru2�P3 2.266 (7)
Ru2�P4 2.254 (7) Ru1-H1-Ru2 88.8

Ru1-H2-Ru2 88.0
Ru1�Ru2 2.569 (7) Ru1-H3-Ru2 93.3

Figure 5. Dinuclear ruthenium hydride complexes 9a (R = Cy), 9b (R =

Ph), and 10 (R = iPr) containing nonchelating phosphine ligands.
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ture (�80 8C) allowed identification of the individual signals
for the Ru�H (d = �11.83 ppm, t, 2J ACHTUNGTRENNUNG(H,H) = 17.7 Hz) and
Ru�H2 (d = �7.01 and �5.04 ppm, broad signals) moiety.
The high-field 1H NMR signals for [Ru ACHTUNGTRENNUNG(dtbpmb)(H2)H] 13
also reveal Ru�H (d = �35.2 ppm) and Ru�H2 (d =

�3.67 ppm) units. The corresponding 31P resonance is found
at d = 104.3 ppm. The ratio of the nonclassical pentahy-
dride to trihydride complexes was determined to be 5 :13 =

58:42. The treatment of the NMR sample in [D8]THF with a
stream of H2 at room temperature for 10 minutes gives ex-
clusively compound 5 from 13. The reaction of 5 with

CD2Cl2 at room temperature gave the known ruthenium
complex [Ru ACHTUNGTRENNUNG(dtbpmb)HCl] 16 according to 1H and 31P
NMR (Scheme 3.[23a,31]

[Ru ACHTUNGTRENNUNG(cod)ACHTUNGTRENNUNG(metallyl)2] 11 reacts cleanly under similar condi-
tions with the direct hydrogenation route and the PNP
pincer ligand dtbpmp 17 to give the complex [Ru-
ACHTUNGTRENNUNG(dtbpmp)H2(H2)] 6 (Scheme 4). Complex 6 is isolated direct-
ly from the reaction mixture by filtration at room tempera-
ture; it is a light-brown, microcrystalline powder obtained
good yields under optimised conditions. In contrast to the
situation in complex 5, the neutral two-electron donor group
of the pyridine moiety in 17 results in the coordination of
two classical hydrides and one molecular hydrogen ligand.
At room temperature, the 1H NMR spectrum has a signal at
d = �7.3 ppm (t, 4H, 2J ACHTUNGTRENNUNG(H,P) = 13.2 Hz) and upon cooling
the sample to �80 8C the triplet changes to a broad signal.
T1ACHTUNGTRENNUNG(min) was found to be 77 ms at qmin = 228 K (Figure 6),
resulting in an upper limit of 111 pm
(� 1 pm, based on instrumental error) for the H�H distance
in the H2 moiety.

The dihydrogen ligand in complex 6 can be replaced by
N2, but the reactivity of 6 differs significantly from that of
complexes 1–4 (Scheme 5). Firstly, the ligand exchange is

relatively slow (66% conver-
sion after 90 min) and small
amounts of unreacted 6 can be
detected by 1H NMR spectros-
copy even after bubbling a
stream of nitrogen through a
solution of 6 in [D8]toluene
overnight. Furthermore, the
complex [Ru ACHTUNGTRENNUNG(dtbpmp)H2(N2)]
18 (we assume it to be mono-
meric but a dinitrogen-bridged
dimer cannot be excluded of
course; 31P NMR: d =

+99.6 ppm; 1H NMR: d = �4.6 (t, 2J ACHTUNGTRENNUNG(H,P) = 16.81 Hz)
and �12.8 ppm) appears to be unstable and converts to a
dynamic system of presumably polynuclear complexes as in-
dicated by two sets of broad signals at d = ++81–74 and
+70–65 ppm (see Supporting Information for details). This
process is fully reversible and complex 6 is restored quanti-
tatively (by NMR) under hydrogen atmosphere.

1H NMR studies of the long term stability of complex 6 in
aromatic solvents reveal an interesting H/D exchange pro-

Scheme 2. Formation of 5 by hydrogenation of [RuACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(metallyl)2] (11) in presence of the PCP pincer precur-
sor phosphine 12. The pentahydride 5 is the main product formed under hydrogen atmosphere. Trihydride 13
is generated in solution by H2 loss.

Scheme 3. Formation of [Ru ACHTUNGTRENNUNG(dtbpmb)HCl] 1) at room temperature.

Scheme 4. Direct hydrogenation of [RuACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(metallyl)2] (11) in the pres-
ence of dtbpmp (17) to give the nonclassical ruthenium hydride complex
6.

Figure 6. T1 values as a function of temperature determined for [Ru-
ACHTUNGTRENNUNG(dtbpmp)H2(H2)] 6. T1/ms (D3 ms) [T/K (D2 K)]: 209 [300], 151 [283],
104 [263], 86 [243], 73 [223], 109 [193].

Scheme 5. Reversible formation of dinitrogen complex 18 and ruthenium
clusters from 6 under N2 and H2 atmosphere.
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cess in [D8]toluene or C6D6, whereby complex 6 incorpo-
rates deuterium from the solvents into the PNP pincer back-
bone ([Dx]-6, Scheme 6). Preferably, the C4 position of the

pyridyl system (d = 6.5 ppm; >95% D) and the benzylic
positions (d = 3.1 ppm; �25% D) are deuterated within
72 h at room temperature. Interestingly, the hydride area of
the 1H NMR still shows hydridic signal at this stage. This in-
dicates that a slow H/D exchange between 6 and the solvent
is followed by a rapid exchange at the pincer backbone
from the intermediate ruthenium deuteride. After three
weeks, the sealed NMR sample also shows a decrease of
signal intensity in the tert-butyl resonances and a significant
increase of the solvent residue H signal is also detected. The
31P NMR spectra of this sample still shows mainly the signal
of 6 at d = 109 ppm (>90%), with additional small signals
between d = 107 and 88 ppm. After 3.5 months the 31P
NMR spectrum of the same sample remains identical, but
the 1H NMR spectrum shows further decrease of the signal
intensity in all molecular parts including the hydride moiety
and an increase of the solvent residue signal. In a further ex-
periment we performed the deuteration of 6 in C6D6 at
50 8C for 48 h. Analysis by 2H NMR confirmed unequivocal-
ly the incorporation of deuterium in the hydride, aliphatic,
and aromatic parts, and 1H NMR spectroscopy revealed that
>90% of the hydrogen atoms in 6 are substituted by deute-
rium in all positions.

Similar results were obtained when the complex synthesis
was performed using D2 gas instead of H2. Again the C4 po-
sition (>95% D) and the benzylic positions (�25% D)
were deuterated as indicated by comparison of the IR spec-
tra (Figure 7) and NMR of 6 and [Dx]-6. The IR spectra of

the non-deuterated complex 6 show bands characteristic of
ruthenium hydrides at 1990, 1892, and 1700 cm�1 (n ACHTUNGTRENNUNG(Ru�H))
and at 2095 cm�1 (n ACHTUNGTRENNUNG(Ru�H2)). Moreover, the spectra of
[Dx]-6 includes further bands at 2247, 2199, and 2151 cm�1

which can be assigned as n ACHTUNGTRENNUNG(CDar) bands by comparison with
the n ACHTUNGTRENNUNG(CHar) bands according to the Teller–Redlich rule.[25]

The expected bands between 1488 and 1202 cm�1 for ruthe-
nium deuterides could not be detected in the indicated area.
These results show that a synthesis of [D4]-6 seems impossi-
ble because during the synthesis under D2 gas rapid H/D
scrambling occurs and finally a partly deuterated pincer
backbone is obtained and the expected ruthenium deuter-
ides are exchanged to ruthenium hydrides.

Conclusion

In summary, we have presented the synthesis and characteri-
sation of two types of nonclassical ruthenium hydride com-
plexes containing chelating ligands with defined coordina-
tion geometries. The straightforward preparation is achieved
by hydrogenation of readily available bis-methallyl com-
plexes. Dimeric complexes of type 4 are obtained with bi-
dentate cis chelating phosphine ligands, whereas monomeric
complexes 5 and 6 can be generated with tridentate PCP
and PNP pincer ligands. The presence of coordinated dihy-
drogen molecules was confirmed by X-ray structure analysis
and IR and NMR spectroscopic techniques. The stable coor-
dination of the H2 molecule in the binuclear polyhydride
complexes is strongly influenced by the coordination geome-
try, which appears to play a more decisive role than the ba-
sicity of the P donor groups.

The monomeric complex 6 with a PNP pincer ligand
shows an interesting reactivity in particular relating to C�H
bond activation processes. Whereas it is typically the acidic
benzylic position that is activated in other ruthenium com-
plexes of this ligand class,[32] complex 6 shows a strong pref-
erence for the activation of aromatic C�H bonds. The impli-
cation of this reactivity for catalysis is currently under inves-
tigation in our laboratories and will be reported separately.

Experimental Section

General : All reactions were performed under Ar, H2, D2 or N2 atmos-
pheres using Schlenk or glove-box techniques. Solvents and substrates
were purchased from Aldrich, Acros, and Strem and were purified ac-
cording to standard procedures.[33] The PNP ligand dtbpmp 17 was syn-
thesised according to the procedure by Milstein et al.[23e] and Hartwig
and Kawatsura.[34] The allyl complexes 7a and 7b were prepared accord-
ing to a previously reported synthesis.[24] The syntheses of the ruthenium
hydrides were carried out in a modified thick-walled glass reactor (BCchi
Glas Uster Miniclave), comparable with a Fischer–Porter bottle.

SAFETY WARNING : The use of pressurised gases can be hazardous
and must only be carried out with suitable equipment and under appro-
priate safety precautions.

[H ACHTUNGTRENNUNG(dcpp)Ru ACHTUNGTRENNUNG(m-H)3RuACHTUNGTRENNUNG(dcpp)(H2)] (4a): Allyl complex 7a (259 mg,
0.4 mmol) and hexane (5 mL) were introduced in a thick-walled glass re-
actor, which was subsequently charged with H2 (7 bar). The light grey

Scheme 6. Formation of [Dx]-Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2) [Dx]-6 starting from 6
with [D8]toluene at room temperature within 72 h.

Figure 7. Comparison of the IR spectra of [Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2)] (6)
(black), [Dx]-Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2) [Dx]-6 (grey) and the free ligand
dtbpmp 17 (light grey).
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suspension was heated under stirring to 55 8C for 18 h. After cooling to
room temperature, the autoclave was vented and the solution was filtered
by cannula. Complex 4a was obtained as a dark orange powder (216 mg,
0.2 mol; >99%) after drying under H2 atmosphere. Suitable crystals for
X-ray structure analysis were obtained by slow recrystallisation from the
mother liquor. For these data, please see Supporting Information. M.p.
230 8C (decomp); 1H NMR (300 MHz, C6D6, 25 8C): d = 2.4–1.1 (m,
106H; dcpp), �11.8 ppm (br, 6H, Ru-Hn);

13C NMR (75 MHz,
[D8]toluene, 25 8C): d = 39.8 (t, 8C; PCH of Cy), 29.3 (d, 16C;, o-CH2

of Cy), 28.0 (t, 16C; m-CH2 of Cy), 27.4 (s, 8C;, p-CH2 of Cy), 24.5 (s,
2C; PCH2CH2CH2P), 24.2 ppm (t, 4C;, PCH2CH2CH2P); 31P NMR
(122 MHz, C6D6, 25 8C): d = 69.5 ppm (s); IR (KBr): ñ = 2927 (s; nCH2

),
2846 (s; nCH2

), 1990 (w; Ru-H), 1552 (w; Ru-H-Ru), 1445 (s; dCH2
),

1415 cm�1 (m; dCH2
); elemental analysis calcd (%) for C54H106P4Ru2

(1081.5): C 59.97, H 9.88, P 11.46, Ru 18.69; found: C 59.67, H 9.74, P
11.50, Ru 18.83.

[D ACHTUNGTRENNUNG(dcpp)Ru ACHTUNGTRENNUNG(m-D)3RuACHTUNGTRENNUNG(dcpp)(D2)] ([D6]-4a): Prepared as 4a by the use
of deuterium gas. 2H NMR (400 MHz, hexane, 25 8C): d = 1.48–0.68
(dcpp), �12.22 ppm (s, 6D; Ru-D); IR (KBr): ñ = 2924 (s; nCH2

), 2846 (s,
nCH2

), 2652 w, 1445 (s; dCH2
), 1415 m (s; dCH2

).

Reaction of [H ACHTUNGTRENNUNG(dcpp)RuACHTUNGTRENNUNG(m-H)3Ru ACHTUNGTRENNUNG(dcpp)(H2)] (4a) with deuterium gas
to [D6]-4a : A Young NMR tube containing a [D8]toluene solution of 4a
was cooled with liquid nitrogen. After evacuation the tube was slowly
charged with D2 (0.5 bar) and warmed up to room temperature. The 1H
NMR spectrum was measured over 10 minutes. 1H NMR (300 MHz,
[D8]toluene, 25 8C): d = 1.11–2.36 ppm (dcpp), (no hydride signal ob-
served in the hydride region); 31P NMR (122 MHz, [D8]toluene, 25 8C): d
= 68.1 ppm (s).

Reaction of [H ACHTUNGTRENNUNG(dcpp)Ru ACHTUNGTRENNUNG(m-H)3RuACHTUNGTRENNUNG(dcpp)(H2)] (4a) with nitrogen gas to
8 : A Young NMR tube containing [D8]toluene solution of 4a was slowly
charged with N2 (0.5 bar) at room temperature. 1H NMR (300 MHz,
[D8]toluene, 25 8C): d = 1.17–3.21 (br; dcpp), �9.20 (d, 2J ACHTUNGTRENNUNG(H,P) =

53 Hz; m-H), �15.50 (br; m-H.), �19.41 ppm (t, 2J ACHTUNGTRENNUNG(H,P) = 33 Hz; Ru-
Hterm.);

31P NMR (122 MHz, [D8]toluene, 25 8C): d = 47.3 (s), 75.0 ppm
(s), the spectrum also revealed 9% starting material at d = 68.0 ppm (s).

[H ACHTUNGTRENNUNG(dcpe)Ru ACHTUNGTRENNUNG(m-H)3RuACHTUNGTRENNUNG(dcpe)(H2)] (4b): Starting from the allyl precursor
7b the same procedure used for 4a was followed. Conversion: 36%. 1H
NMR (300 MHz, C6D6, 25 8C): d = 0.8–2.3 (dcpe), �11.3 ppm (br, 6H;
Ru-Hn);

31P NMR (122 MHz, C6D6, 25 8C): d = 114.3 ppm; (s); IR
(KBr): ñ = 2043 (w; Ru-H), 1653 cm�1 (w; Ru-H-Ru).

[Ru ACHTUNGTRENNUNG(dtbpmb)(H2)2H] (5): A mixture of [Ru ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(metallyl)2] (11)
(0.118 g, 0.369 mmol) and 1,3-bis(di-tert-butylphosphinomethyl)benzene
(12) (0.146 g, 0.370 mmol) in methanol (5 mL) was introduced in a thick-
walled glass autoclave, which was subsequently charged with H2 (7 bar)
and stirred for 66 h at 50 8C. After cooling to room temperature, the au-
toclave was vented and the solution was filtered by cannula and washed
twice with small amounts of methanol. Complex 5 was obtained as a red-
dish brown powder (80 mg, 43%) after drying under H2 atmosphere at
50 8C. M.p. 179.2–180.5 8C; 1H NMR (300 MHz, [D8]THF, 25 8C): d =

6.85 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.46 Hz, 2H; Ar-H), 6.57 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.46 Hz, 1H;
Ar-H), 3.33 (virtual t, 2J ACHTUNGTRENNUNG(H,P) = 4 Hz, 4H; CH2), 1.22 (virtual t, 3J ACHTUNGTRENNUNG(H,P)
= 6.10 Hz, 36H; CH3), �9.21 ppm (br, 5H; Ru-H); 31P NMR (122 MHz,
[D8]THF, 25 8C): d = 107.79 ppm; 1H NMR (300 MHz, [D8]THF,
�80 8C): d = 6.76 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.33 Hz, 2H; Ar-H), 6.50 (t, 3J ACHTUNGTRENNUNG(H,H) =

7.33 Hz, 1H; Ar-H), 3.22 (br, 4H; CH2), 1.12 (br, 36H; CH3), �5.05 (br,
2H; Ru-H2), �7.012 (br, 2H; Ru-H2), �11.8 ppm (t, 2J ACHTUNGTRENNUNG(H,H) = 17.7 Hz,
1H; Ru-H); 31P NMR (122 MHz, [D8]THF, �80 8C): d = 109.05 ppm (s);
IR (KBr): ñ = 2156 (w; Ru-H), 2084 (w; Ru-H), 2013 cm�1 (w; Ru-H);
elemental analysis calcd (%) for C24H48P2Ru (499.7): C 57.69, H 9.68, P
12.40, Ru 20.23; found: C 56.45, H 9.44, P 12.19 (sum 78.08% found);
found atom ratio number by CHN: C24H47.8P2.0 Ru1.1; detection of [Ru-
ACHTUNGTRENNUNG(dtbpmb)(H2)H] 13 in solution: 1H NMR (300 MHz, [D8]THF, �80 8C):
d = 6.94 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.33 Hz, 2H; Ar-H), 6.62 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.33 Hz,
1H; Ar-H), 3.42 (br, 4H; CH2), 1.12 (br, 36H; CH3), �3.67 (br, 2H; Ru-
H2), �35.19 ppm (br, 1H; Ru-H); 31P NMR (122 MHz, [D8]THF,
�80 8C): d = 104.30 ppm (s).

[Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2)] (6): A BCchi glass autoclave, equipped with a stir-
ring bar, was filled with [Ru ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(metallyl)2] (11) (281 mg, 0.88 mmol;

1 equiv), dtbpmp (17) (364 mg, 0.92 mmol; 1.05 equiv) and degassed n-
pentane (12 mL). The autoclave was flushed with 2 bar H2 gas (or D2

gas) at room temperature, then the temperature was increased to 55 8C
(oil bath), and the H2 pressure was stabilised at 7 bar. The reaction was
stirred for 18 h, cooled to room temperature and the H2 pressure was de-
creased to 1 bar. The red solution was filtered through a cannula under
an H2 stream and the remaining solid was washed under an H2 stream
with n-pentane to give a yellow-brown solid, which was primarily stored
under 1 bar hydrogen in the autoclave. The product was transferred into
a dry Schlenk tube using a glove box and further dried under an H2

stream. Finally it was stored under 1 bar hydrogen in an additionally
sealed (para ACHTUNGTRENNUNGfilm) Schlenk tube at �20 8C (323 mg, 74%). 1H NMR
(300 MHz, C6D6, 25 8C): d = 6.8 (t, 1H, 3J ACHTUNGTRENNUNG(H,H) = 7.7 Hz; pyridine-H4),
6.6 (d, 2H,
3J ACHTUNGTRENNUNG(H,H) = 7.9 Hz; pyridine-H3,5), 3.1 (virtual t, 4H, 2J ACHTUNGTRENNUNG(H,P) = 3.2 Hz;
CH2P), 1.3 (virtual t, 36H, 3J ACHTUNGTRENNUNG(H,P) = 6.1 Hz; PC ACHTUNGTRENNUNG(CH3)3), �7.3 ppm (t,
4H, 2J ACHTUNGTRENNUNG(H,H) = 13,2 Hz; Ru-H, Ru-H2);

13C NMR (75 MHz, C6D6,
25 8C): d = 164 (d virtual t, 2J ACHTUNGTRENNUNG(C,P) = 4.8 Hz; pyridine-C2,6), 133 (s, pyri-
dine-C4), 118 (m, pyridine-C3,5), 41 (d virtual t, 1J ACHTUNGTRENNUNG(C,P) = 4.9 Hz;
CH2P), 34 (d virtual t, 1J ACHTUNGTRENNUNG(C,P) = 6.7 Hz; PC ACHTUNGTRENNUNG(CH3)3), 30 ppm (vt,
2J ACHTUNGTRENNUNG(C,P) = 3.4 Hz; PC ACHTUNGTRENNUNG(CH3)3);

31P NMR (122 MHz, C6D6, 25 8C): d =

109.5 ppm (s); IR (KBr) ñ = 3074 (w, n ; CHar), 3041 (w, n ; CHar), 3018
(w, n ; CHar), 2983 (w, n ; CH2), 2940 (s, n ; CH2), 2893 (s, n ; CH2), 2862 (s,
n ; CH2), 2095 (w, n ; Ru-H2), 1990–1700 (m, n ; Ru-H), 1592 (m, n ; C=N),
1562 (m, n ; C=C), 1459 (s, d ; CH2), 1382 (s, d ; tBu), 1363 (s, d ; tBu), 1180
(m, n ; C-P), 833 cm�1 (s, d ; CHar); detection of T1 ACHTUNGTRENNUNG(min) of the hydride
signal: (400 MHz, [D8]toluene, 25 8C): d = �7.3 ppm (t, 4H, 2J ACHTUNGTRENNUNG(H,P) =

13.2 Hz); T1 ACHTUNGTRENNUNG(min) = 77 ms (qmin = 228 K), rACHTUNGTRENNUNG(H-H) = 111 pm; elemental
analysis calcd (%) for C23H47NP2Ru (500.7): C 55.18, H 9.46, N 2.80, P
12.37, Ru 20.19; found: C 54.11, H 9.22, N 2.64, P 11.81, Ru 19.82 (sum:
97.6% found); found atom ratio number by CHN: C23H46.7N1.0P2.0Ru1.0.

[Dx]-[Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2)] [Dx]-6 : Prepared as 6 by the use of deuterium
gas to give a yellow-brown solid (118 mg, 54%). 1H NMR (300 MHz,
C6D6, 25 8C): d = 6.8 (t, 0.1H, 3J ACHTUNGTRENNUNG(H,H) = 7.7 Hz; pyridine-H4), 6.6 (d,
2H, 3J ACHTUNGTRENNUNG(H,H) = 7.9 Hz; pyridine-H3,5), 3.1 (vt, 3H,
2J ACHTUNGTRENNUNG(P,H) = 3.2 Hz; CH2P), 1.3 (vt, 36H, 3J ACHTUNGTRENNUNG(P,H) = 6.1 Hz; PC ACHTUNGTRENNUNG(CH3)3),
�7.3 ppm (t, 4H, 3J ACHTUNGTRENNUNG(H,H) = 13.2 Hz; Ru-H, Ru-H2);

2H NMR
(600 MHz, C6D6, 25 8C): d = 6.8 (s, weak; pyridine-D4), 6.6 (s, weak;
pyridine-D3,5), 3.1 (s; CD2P), 1.3 (s; PC ACHTUNGTRENNUNG(CD3)3), �7.3 ppm (s; Ru-D, Ru-
D2);

13C NMR (75 MHz, C6D6, 25 8C): d = 133 (s; pyridine-C4), 164 (pyr-
idine-C2,6), 118 (m; pyridine-C3,5), 41 (PC ACHTUNGTRENNUNG(CH3)3), 33 (CH2P), 30 ppm
(PC ACHTUNGTRENNUNG(CH3)3);

31P NMR (122 MHz, C6D6, 25 8C): d = 109.1 ppm (s); IR
(KBr): ñ = 3012 (w, n ; CHar), 2983 (s, n ; CH2), 2946 (s, n ; CH2), 2900 (s,
n ; CH2), 2863 (s, n ; CH2), 2247 (w, n ; CDar), 2199 (w, n ; CDar), 2151 (w, n ;
CDar), 2094 (w, n ; Ru-H2), 2000–1700 (m, n ; Ru-H), 1582 (m, n ; C=N),
1546 (m, n ; C=C), 1458 (s, d ; CH2), 1362 (s, d ; tBu), 707 cm�1 (s, d ;
CHar).

Reaction of [RuACHTUNGTRENNUNG(dtbpmp)H2(H2)] (6) with C6D6 to form highly deuterat-
ed [Dx]-6 : A Young Teflon capped NMR tube was filled with 6 (20 mg,
39.9 mmol) and C6D6 (0.5 mL) was added. The red solution was stirred at
50 8C for 2 d, cooled to RT, and the 1H NMR and 31P NMR spectra were
measured manually locked on C6D6. Deuteration degree: >90%; 1H
NMR (300 MHz, C6D6, 25 8C): d = 6.8 (residue; pyridine-H4), 6.6 (resi-
due; pyridine-H3,5), 3.1 (residue; CH2P), 1.3 (residue; PC ACHTUNGTRENNUNG(CH3)3),
�7.3 ppm (residue; Ru-H, Ru-H2);

2H NMR (600 MHz, C6D6, 25 8C): d
= 6.8 (s; pyridine-D4), 6.6 (s; pyridine-D3,5), 3.1 (s; CD2P), 1.3 (s; PC-
ACHTUNGTRENNUNG(CD3)3), �7.3 ppm (s; Ru-D, Ru-D2);

31P NMR (122 MHz, C6D6, 25 8C):
d = 108.1 ppm (s).

Reaction of [Ru ACHTUNGTRENNUNG(dtbpmp)H2(H2)] (6) with nitrogen gas to form [Ru-
ACHTUNGTRENNUNG(dtbpmp)H2(N2)] (18): A Young Teflon-capped NMR tube containing a
dark red solution of 6 (20 mg, 39.9 mmol) in [D8]toluene (0.6 mL) was
slowly bubbled with N2 at room temperature. 1H and 31P NMR spectra
were measured after 90 min (red solution) and 20 h (black mixture). The
black mixture was then bubbled with H2 for 1 d and 1H and 31P NMR
spectra were recorded again. Conversion: 66% (31P NMR after 90 min);
1H NMR (300 MHz, [D8]toluene, 25 8C): d = �4.6 (t, 2J ACHTUNGTRENNUNG(H,P) =

16.81 Hz), �12.8 ppm (weak, broad); 31P NMR (122 MHz, [D8]toluene,
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25 8C): d = 99.6 ppm (br s). For further tabulated values see Supporting
Information.
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