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Abstract: The quantitative addition of
pyrazole (Hpz) to the 44 valence-elec-
tron, triangular cluster anion [Re3(�3-H)-
(�-H)3(CO)9]� gives the novel unsatu-
rated anion [Re3(�-H)4(CO)9(Hpz)]� (1,
46 valence electrons), which contains a
pyrazole molecule that is terminally
coordinated on a cluster vertex. Solid-
state X-ray and IR analyses reveal a
rather weak hydrogen-bonding interac-
tion between the NH proton and one of
the hydrides bridging the opposite
triangular cluster edge (�H��
�3.1 kcalmol�1 from the Iogansen
equation). Both IR and NMR data
indicate that such a proton ± hydride
interaction is maintained in the major
conformer present in CD2Cl2, but also
provide evidence of the presence of
minor conformers of 1 in which the

NH proton is involved in an intermolec-
ular hydrogen bond with the solvent.
The �-H ¥¥¥ HN bond length evaluated in
solution through the T1 minimum value
(2.07 ä) and that determined in the solid
state by X-ray diffraction (2.05 ä) are in
good agreement. NMR experiments
show that, in acetone, intermolecular
N�H ¥¥¥ solvent interactions replace the
intramolecular dihydrogen bond. At
room temperature in CH2Cl2, the pyr-
azole ligand in 1 is labile and 1 slowly
™disproportionates∫ to [Re3(�3-H)-
(�-H)3(CO)9]� and [Re3(�-H)3(CO)9-

(�-�2-pz)(Hpz)]� , with H2 evolution.
Slow H2 evolution also leads to the
formation of the anion [Re3(�-H)3-
(CO)9(pz)]� (5), in which the pyrazolate
anion adopts a novel �3-�2-coordination
mode, as revealed by a single-crystal
X-ray analysis. The analysis of the bond
lengths indicates that the pyrazolate
anion in 5 acts as a six-electron donor,
with loss of the aromaticity. The forma-
tion of 5 from 1 is much faster in
solvents with a high dielectric constant,
such as acetone or DMF. Anion 5 was
also obtained from the reaction of
pyrazole with [Re3(�-H)3(CO)9(�3-
CH3)]� through the intermediate forma-
tion of two isomeric addition derivatives
and following CH4 evolution.
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Introduction

The relevance of hydrogen bonding in many fields of
chemistry, particularly in supramolecular chemistry and in
biochemistry, is well known.[1] In the past ten years, several
new types of hydrogen bonding have been identified that
involve transition metals or their complexes, such as the
X�H ¥¥¥M, M�H ¥¥¥X or M�H ¥¥¥H�X interactions (X most
often being N, O, or S).[2] Particular attention has been

devoted to the last type of interaction,[3] in which a � M�H
bond acts as the electron donor (or the hydrogen bond
acceptor). These interactions, for which the term ™dihydrogen
bond∫ has been coined,[4] were found to be fairly strong (up to
7.0 kcalmol�1, with H ¥¥¥H bond lengths as low as 1.7 ä),
sometimes competing favourably with conventional hydrogen
bonds. The first examples of these interactions involved
proton donors belonging to ligands bound to the same metal
centre that also carried the hydrido ligand.[5] Subsequently, a
number of intermolecular H ¥¥¥H proton ± hydride interac-
tions have been evidenced,[3, 6] and it has been suggested that
they play an important role as intermediates in the proto-
nation pathway to form dihydrogen complexes.[7]

A particular type of intramolecular dihydrogen bond is that
occurring in transition metal clusters, in which the hydrogen
bond donor and acceptor moieties are bound to different
metal atoms, but are in a definite mutual relationship, being
confined by the cluster skeleton. A few examples of such
interactions have been reported so far,[8] and it has been
shown that they are able to direct the stereochemistry of the
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reactions, to dictate the conformation of the ligand and to
influence its dynamics and reactivity.
Previously, we reported the spectroscopic and diffracto-

metric characterisation of the trirhenium carbonyl cluster
anion [Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]� , in which we ob-
served that the preferred conformation of the terminal
pyrazole ligand arose from a hydrogen bond between the
NH proton of the pyrazole ligand and the aromatic �-
electrons of the pyrazolato ligand bridging on the opposite
edge of the same cluster.[9] We report here on a new solid-state
and solution study concerning a trirhenium cluster containing
a terminally coordinated pyrazole, namely the anion [Re3-
(�-H)4(CO)9(Hpz)]� (1). The X-ray and NMR data have
shown that in this species the preferred conformation of the
pyrazole ligand, both in the solid state and in solution, is also
attributable to an intramolecular hydrogen bond, which in this
case involves a nonclassical H ¥¥¥ H interaction between the
NH proton of pyrazole and one of the two hydrides bridging
the basal edge of the triangular cluster anion. This proton ±
hydride interaction slowly gives rise to H2 evolution, to
produce the [Re3(�-H)3(CO)9(pz)]� anion, stabilised by the
novel coordination mode of the pyrazolate anion, �3-�2, that
bridges the three cluster vertices.

Results and Discussion

The addition of a slight excess of pyrazole to a solution of the
™super-unsaturated∫ triangular cluster anion [Re3(�3-H)-
(�-H)3(CO)9]� (2, 44 valence electrons)[10] in CH2Cl2 at room
temperature gives a quantitative yield of the novel unsatu-
rated anion [Re3(�-H)4(CO)9(Hpz)]� [1, 46 valence electrons,
Eq. (1)], containing a pyrazole molecule terminally coordi-
nated on a cluster vertex (Scheme 1).

[Re3(�3-H)(�-H)3(CO)9]��Hpz� [Re3(�-H)4(CO)9(Hpz)]� (1)

Scheme 1.

The 1H NMR spectrum (CD2Cl2, 298 K) shows only one set
of hydridic signals (three resonances at ���7.73, �9.03 and
�9.68, ratio 1:1:2), attributable to the axial derivative shown
in Scheme 1. The solid-state conformation of pyrazole has
been revealed by a single-crystal X-ray diffractometric
analysis (and confirmed by IR data), while the solution
conformation in different solvents has been investigated by IR
and NMR spectroscopy.

Solid-state characterisation of the anion [Re3(�-H)4-
(CO)9(Hpz)]� (1):

X-ray crystal structure of [PPh4]1: The molecular structure of
anion 1, as determined in a crystal of its [PPh4]� salt, is
depicted in Figure 1 (with a partial labelling scheme). A
selection of bond parameters is reported in Table 1.

Figure 1. ORTEP drawing of the [Re3(�-H)4(CO)9(Hpz)]� anion (1) with a
partial labelling scheme. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms were given arbitrary radii.

Anion 1 possesses an overall idealised Cs symmetry and
contains a metal core of three Re atoms arranged as an
isosceles triangle, nine terminal carbonyls, three to each
rhenium atom, a pyrazole moiety and four edge-bridging
hydrido ligands. With reference to the related cluster [Re3-
(�-H)4(CO)10)]� ,[11] one axial carbonyl of the [Re(CO)4] vertex
is actually replaced by a monodentate N-coordinated pyrazole.
With regard to the bonding interactions around the rhenium
atoms, if the direct metal ±metal interactions are neglected,
each metal attains a distorted octahedral coordination.
Cluster 1 shows two long Re�Re distances (mean value

3.196 ä) and one shorter interaction (2.820 ä) in correspond-
ence with the Re(�-H)2Re formal double bond; a similar
pattern has been observed in the related unsaturated clusters
[Re3(�-H)4(CO)9L]� (L� carbonyl, pyridine, or triphenyl-
phosphine).[11, 12]

As shown in Figure 1, the HN(2) proton of the pyrazole
ligand bound to Re(1) forms a hydrogen bond with the
hydride H(3), bridging the opposite cluster edge
Re(2)�Re(3). Dihydrogen bonds involving bridging hydrides
are uncommon; a search in the Cambridge Structural Data-
base[13] for crystal structures exhibiting (N,O,S)�H ¥¥¥ (�-H)
contacts shorter than the sum of van der Waals radii (2.34 ä)
led to three matches only,[14] in which the d(H ¥¥¥H) ranges
from 1.72 to 2.06 ä.[15] In anion 1, the distance between HN(2)
and H(3) is 2.047 ä; this distance has been computed with
idealised positions[16] for both the hydrogen atoms, even if
they were clearly evidenced in a difference Fourier map, in
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order to avoid the systematic errors associated with hydrogen
atom positions determined by X-ray diffraction.
The presence of this dihydrogen-bonding interaction is

confirmed by the sterically unfavourable conformation as-
sumed by the pyrazole ligand, which, lying in the idealised
mirror plane of the molecule, strongly interacts with the
diagonal carbonyl ligands bound to the Re(�-H)2Re moiety.
This interaction results in a significant tilting of the coordi-
nation octahedra at the rhenium atoms, as evidenced by the
large mean value of the Re(1)-Re(2,3)-C(22,32) angles
(111.7�, to be compared to 103.8� in the parent compound
[Re3(�-H)4(CO)10]�). Indeed, in the closely related complex
[Re3(�-H)4(CO)9(py)]� ,[12] in which a N�H ¥¥¥H dihydrogen
bond cannot occur, the pyridine ligand lies perpendicular to
the idealised mirror plane of the molecule, assuming a
conformation that minimises the interaction with the
[(CO)3Re(�-H)2Re(CO)3] moiety. An analogous sterically
unfavourable conformation of a pyrazole ligand has been
reported for the anion [Re3(�-H)3(CO)9(�-�2-pz)Hpz]� ,[9] in
which the pyrazole NH hydrogen atom is likewise involved
in a hydrogen-bonding interaction with the � electrons
of the pyrazolato ligand bridging the opposite edge of the
cluster.

Crystalline [PPh4]1 presents additional interesting structur-
al features. A short intermolecular N�H ¥¥¥O hydrogen-
bonding interaction is observed between the hydrogen atom
of the pyrazole ligand and one carbonyl ligand of a symmetry-
related anion, resulting in the formation of a dimer linked by
two bifurcated hydrogen bonds (Figure 2). The structural
parameters of this interaction are listed in Table 2.

Figure 2. Hydrogen-bonding interactions in the crystal structure of
[NEt4][Re3(�-H)4(CO)9(Hpz)].

Table 1. Selected bond lengths [ä] and angles [�] for the trinuclear complexes 1 and 5.

1 5 1 5

Re(1)�Re(2) 3.1969(16) 3.1801(12) Re(2)�C(22) 1.907(6) 1.908(15)
Re(1)�Re(3) 3.1961(16) 3.1631(12) Re(2)�C(23) 1.926(6) 1.933(12)
Re(2)�Re(3) 2.8198(12) 2.9536(11) Re(3)�C(31) 1.916(6) 1.865(13)
Re(1)�N(1) 2.201(4) 2.171(8) Re(3)�C(32) 1.911(6) 1.929(13)
Re(2)�N(2) 2.236(7) Re(3)�C(33) 1.925(6) 1.889(11)
Re(3)�N(2) 2.252(8) N(1)�N(2) 1.336(5) 1.367(11)
Re(1)�C(11) 1.910(6) 1.913(12) N(1)�C(3) 1.349(6) 1.310(12)
Re(1)�C(12) 1.912(6) 1.880(12) N(2)�C(1) 1.325(6) 1.354(12)
Re(1)�C(13) 1.918(6) 1.868(11) C(1)�C(2) 1.361(7) 1.329(18)
Re(2)�C(21) 1.925(6) 1.897(12) C(2)�C(3) 1.387(7) 1.398(19)

Re(2)-Re(1)-Re(3) 52.346(11) 55.502(11) C(21)-Re(2)-C(23) 92.5(2) 89.7(5)
Re(1)-Re(2)-Re(3) 63.81(4) 61.957(13) C(22)-Re(2)-C(23) 89.6(2) 91.6(6)
Re(1)-Re(3)-Re(2) 63.84(4) 62.541(13) Re(1)-Re(3)-N(2) 63.1(2)
Re(2)-Re(1)-N(1) 94.50(10) 64.2(2) Re(1)-Re(3)-C(31) 96.64(15) 109.6(4)
Re(2)-Re(1)-C(11) 83.57(15) 108.8(3) Re(1)-Re(3)-C(32) 112.83(15) 95.9(4)
Re(2)-Re(1)-C(12) 107.28(15) 104.0(4) Re(1)-Re(3)-C(33) 156.21(16) 158.0(4)
Re(2)-Re(1)-C(13) 161.07(15) 155.4(4) Re(2)-Re(3)-N(2) 48.60(19)
Re(3)-Re(1)-N(1) 93.89(10) 63.3(2) Re(2)-Re(3)-C(31) 133.59(15) 127.7(4)
Re(3)-Re(1)-C(11) 83.79(15) 107.6(3) Re(2)-Re(3)-C(32) 135.69(15) 139.8(3)
Re(3)-Re(1)-C(12) 159.06(15) 156.4(4) Re(2)-Re(3)-C(33) 94.38(16) 98.8(4)
Re(3)-Re(1)-C(13) 109.41(15) 104.0(4) N(2)-Re(3)-C(31) 172.5(4)
N(1)-Re(1)-C(11) 177.59(18) 170.4(4) N(2)-Re(3)-C(32) 91.9(4)
N(1)-Re(1)-C(12) 92.51(18) 98.7(5) N(2)-Re(3)-C(33) 96.2(4)
N(1)-Re(1)-C(13) 91.64(18) 95.5(4) C(31)-Re(3)-C(32) 90.3(2) 90.5(5)
C(11)-Re(1)-C(12) 89.5(2) 89.3(5) C(31)-Re(3)-C(33) 91.9(2) 90.8(5)
C(11)-Re(1)-C(13) 89.7(2) 89.4(5) C(32)-Re(3)-C(33) 89.2(2) 91.8(5)
C(12)-Re(1)-C(13) 90.3(2) 92.3(5) Re(1)-N(1)-N(2) 125.8(3) 110.1(5)
Re(1)-Re(2)-N(2) 62.8(2) Re(1)-N(1)-C(3) 130.2(3) 141.6(9)
Re(1)-Re(2)-C(21) 94.59(16) 108.8(3) Re(2)-N(2)-Re(3) 82.3(2)
Re(1)-Re(2)-C(22) 110.48(15) 98.0(4) Re(2)-N(2)-N(1) 108.6(5)
Re(1)-Re(2)-C(23) 158.62(15) 159.1(3) Re(2)-N(2)-C(1) 129.6(7)
Re(3)-Re(2)-N(2) 49.1(2) Re(3)-N(2)-N(1) 105.2(5)
Re(3)-Re(2)-C(21) 132.64(16) 126.1(3) Re(3)-N(2)-C(1) 121.7(7)
Re(3)-Re(2)-C(22) 136.01(16) 142.1(4) N(2)-N(1)-C(3) 103.9(4) 108.3(9)
Re(3)-Re(2)-C(23) 96.83(16) 99.5(3) N(1)-N(2)-C(1) 113.2(4) 106.2(8)
N(2)-Re(2)-C(21) 171.3(4) N(2)-C(1)-C(2) 107.0(5) 111.2(12)
N(2)-Re(2)-C(22) 93.7(4) C(1)-C(2)-C(3) 105.3(5) 104.5(10)
N(2)-Re(2)-C(23) 98.1(4) N(1)-C(3)-C(2) 110.7(5) 109.9(12)
C(21)-Re(2)-C(22) 90.2(2) 89.7(5)
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Infrared evidence of the dihydrogen bond : The solid-state IR
spectrum shows that the �(NH) band of [NEt4]1 (3288 cm�1,
��1/2� 41 cm�1) is broader and shifted to a lower frequency
with respect to that of a bona fide model compound that
contains a pyrazole molecule coordinated to a rhenium
cluster and not involved in hydrogen-bonding interactions
(3436 cm�1, ��1/2� 21 cm�1).[17] As a model compound, we
have synthesised the new complex [Re3(�-H)3(CO)11(Hpz)]
(3) (see the Experimental Section): this species contains a
pyrazole molecule terminally coordinated to a vertex of a

triangular rhenium cluster, but,
with respect to 2, the three
hydrides lie far away from the
NH proton of the ligand and
therefore no N�H ¥¥¥ hydride
interaction can be present in 3.
The hydrogen bond strength

can be estimated from IR data
through an empirical equation proposed by Iogansen
[Eq. (2)],[18] which correlates the enthalpy of the hydrogen
bond with the change in position of the proton-donor
stretching band (��� �(NH)free� �(NH)bonded) upon hydro-
gen-bond formation.

��H�� 18��

�� � 720
(2)

In the present case, ��� 148 cm�1 (if 3 is used as the
™hydrogen-bond free∫ reference compound), and therefore
�H���3.1 kcalmol�1. Such a value, being at the lower end of
the range of values found for a nonclassical X�H ¥¥¥H�Y
hydrogen bond (3 ± 7 kcalmol�1),[2, 3] indicates a rather weak
interaction. Therefore, we have also investigated the possible
persistence of such an interaction in solution.

Solution characterisation of the anion [Re3(�-H)4-
(CO)9(Hpz)]� (1):

Infrared evidence : At room temperature, in dilute solutions of
1 in CH2Cl2 (�0.02�), the �(NH) band of 1 (3326 cm�1,
��1/2� 58 cm�1) is shifted to lower wavenumbers and broad-
ened with respect to pure pyrazole in the same conditions of
solvent, temperature and concentration (3459 cm�1, ��1/2�
27 cm�1).[19] Moreover, at further variance with the behaviour
of free pyrazole, the position and the bandwidth of the �(NH)
band of the anion 1 do not change with the concentration
(from 0.012 ± 0.11�). This data suggests that the intramolec-
ular dihydrogen bond also exists in solution.

In all the samples of 1 examined in CH2Cl2 (including
isolated crystals, salts of either [NEt4]� or [PPh4]�), a second
weaker band is also observed at �� 3421 cm�1 (Figure 3c).
The position of this additional absorption is almost identical
to that of [Re3(�-H)3(CO)11(Hpz)] (3) in CH2Cl2 (Fig-
ure 3b).[21] Such a band is therefore attributable to the
�(NH) of different conformers of 1, in which the NH proton
is involved in intermolecular hydrogen bonding with the
solvent.

Figure 3. IR spectra in the �(NH) region in CH2Cl2 solution: a) free
pyrazole (�0.02�); b) the model compound [Re3(�-H)3(CO)11(Hpz)] (3);
c) the anion [Re3(�-H)4(CO)9(Hpz)]� (1), 0.024� at room temperature;
d) the anion 1 at 223 K.

Variable-temperature measurements showed that the ratio
between the integrals of the two bands varied with the
temperature, on passing from �4 at room temperature to �9
at 223 K. This ratio can be viewed as the constant of
the equilibrium from minor conformers to the major one,
and a van×t Hoff plot provided the thermodynamic data of
such an equilibrium: �H���1.3(1) kcalmol�1, �S��
�1.6(1) calmol�1 K�1. Assuming any other factors affecting
the stability of the different conformers to be negligible, this
�H� value would provide the enthalpy difference between the
intramolecular nonclassical N�H ¥¥¥H�Re interaction and the
intermolecular classical N�H ¥¥¥ Cl�C hydrogen bond.

NMR studies : NMR solution experiments have provided
further evidence of the presence of dihydrogen bonding
within the cluster. At 298 K in CD2Cl2, the chemical shift of
the protonic NH resonance of 1 (�� 10.24) is similar to those
of free pyrazole and of pyrazole coordinated in the reference
compound 3 (�� 10.36 and 10.12, respectively, at the same
concentration). However, the temperature dependence of the
chemical shifts is quite different in the three species (Table 3),
since the � value of 1 remains substantially unchanged, whilst
those of the other two compounds undergo a downfield shift
when the temperature is decreased. For free pyrazole the
marked decrease is mainly attributable to the formation of
oligomers,[20, 22, 23] while the (smaller) shift observed for
pyrazole coordinated in 3 is in agreement with the expected
increase of intermolecular N�H ¥¥¥ ClCH2Cl interactions on
lowering the temperature. In contrast, the invariance of the
chemical shift in anion 1 is what is expected for a proton
involved in an intramolecular hydrogen-bonding interaction.

Table 2. Relevant hydrogen bond parameters (bond lengths [ä] and
angles [�]) for [PPh4]1.[a]

N(2)�H(N2) 1.024
H(N2) ¥¥ ¥ H(3) 2.047
H(N2) ¥¥ ¥ O(32�) 2.291
N(2) ¥¥ ¥ H(3) 2.937
N(2) ¥¥ ¥ O(32�) 3.046(6)
N(2)�H(N2) ¥¥ ¥ H(3) 143.8
N(2)�H(N2) ¥¥ ¥ O(32�) 129.5
H(3)�H(N2) ¥¥ ¥ O(32�) 86.6

[a] Primes refer to symmetry-related atoms (�x, �y, 2� z).
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Furthermore, a two-dimensional NOESY experiment at
298 K shows that the NH proton (�� 10.24) exhibits strong
anti-phase cross-peaks not only with the � hydrogen of the
pyrazole ligand (�� 7.40), but also with two of the three
hydridic signals (Figure 4). The stronger correlation is ob-
served for the signal of intensity 1 at higher field (���9.03),
and this allows its assignment to the Hb hydride bridging the

Figure 4. Relevant traces of a 1H two-dimensional NOESY experiment
performed on a CD2Cl2 solution of anion 1: a) reference one-dimensional
1H spectrum; b) row corresponding to the NH resonance; c) row corre-
sponding to Hb (4.7 T, 298 K, �m� 1.0 s).

base of the triangle in the syn position with respect to the
pyrazole molecule (Scheme 1). The weaker correlation (vol-
ume ratio of the relevant cross-peaks �3) is observed for the
signal assigned to the two Hc hydrides that bridge the cluster
edges (���9.68). These results prove that the intramolecular
dihydrogen interaction is also maintained in solution at room
temperature.
The longitudinal relaxation times, T1, for the cluster

hydrides and the NH proton, measured from 183± 273 K,
are reported in Table 4 and plotted as lnT1 versus 1/T in
Figure 5. The T1 measured for the bridging hydride Hb are
always shorter than those of all the other hydrogen atoms and,
in particular, shorter than those of the Ha hydride, located in
the opposite side of the cluster plane, away from the pyrazole.
This indicates the presence of an extra contribution to the

Figure 5. Temperature dependence of the longitudinal relaxation times of
the hydridic and NH resonances in anion 1 (4.7 T, CD2Cl2): � Hb, � Hc, �
Ha, and � NH.

relaxation of Hb, probably the dipolar effect of the close NH
hydrogen of pyrazole. The difference between the relaxation
rate of Hb and that of Ha gives an estimate of the dipolar
contribution of the pyrazole NH to the relaxation of Hb. The
occurrence of a minimum in the temperature course of T1×s
and, therefore, the knowledge of �c[24] allowed the calculation
of the distance rH�H between the NH proton and the syn
hydride. The obtained value, 2.07(8) ä, gives good agreement
with that obtained in the solid state by X-ray diffraction
(2.05 ä).
Careful inspection of 2D-NOESY experiments performed

at 298 K in CD2Cl2 with various mixing times (1 ± 3 s), also
shows weaker nOe cross-peaks between the � proton of
pyrazole (�� 7.66) and the Hc hydrides bridging the cluster
edges, together with another, even weaker, peak with the syn
Hb hydride.[25] These correlations suggest that, as observed in
IR measurements, under these conditions minor amounts of
other conformers exist in which the pyrazole ligand is rotated
around the Re�N bond to allow the formation of an
intermolecular hydrogen bond between the NH proton and
solvent molecules.

Solvent dependence of the preferred conformation in 1: The
preferred conformation of the pyrazole ligand in solution is
solvent dependent. Indeed, in a proton-acceptor solvent such
as acetone, all the NMR parameters described above reveal a
different balance between inter- and intramolecular interac-
tions.

Table 3. Variable-temperature 1H NMR data for the NH resonance of free
or bound pyrazole in different complexes (concentration �0.025� for all
the species).

T [K] CD2Cl2 [D6]acetone
Free Hpz [PPh4]1 3 Free Hpz [NEt4]1

298 10.36 10.24 10.12 12.06 11.86
273 10.52 10.26 12.21 12.08
253 10.85 10.26 12.32 12.26
243 10.34
213 12.41 10.23 10.57 12.54 12.60
193 13.42 10.21 12.63 12.76

Table 4. Temperature dependence of T1 values [ms] for the hydrides and
the NH proton of anion 1 in CD2Cl2 (4.7 T).

T [K] NH Ha Hb Hc

273 930 595 440 585
253 625 402 297 398
223 320 237 168 221
213 274 196 142 180
203 227 162 117 151
193 205 147 108 132
183 210 140 110 126
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A two-dimensional NOESY experiment performed at
300 K (Figure 6) shows that Hb has comparable correlation
cross-peaks with the NH or the � protons of bound pyrazole,
indicating that in this solvent comparable amounts of differ-
ent conformers are present, in some of which the pyrazole

Figure 6. Relevant traces of a 1H two-dimensional NOESY experiment
performed on a [D6]acetone solution of anion 1: a) reference one-dimen-
sional 1H spectrum; b) row corresponding to the NH resonance; c) row
corresponding to Hb (7.1 T, 298 K, �m� 2.0 s). The asterisks indicate
resonances of the anion 5, which forms rather quickly from 1 in acetone.

molecules engage in hydrogen bonds with the solvent
molecules.[26] In agreement with this, the chemical shift of
the NH resonance of 1 exhibits a temperature dependence
quite similar to that of free pyrazole (Table 3),[27] namely, the
downfield shift with decreasing temperature, which is typical
of intermolecular hydrogen-bonding interactions with the
solvent.[28]

Moreover, at low temperatures, the T1 values of the three
hydrides are almost identical (Table 5) and only small differ-
ences are observed on increasing the temperature; this is
probably caused by unfavourable entropic contributions to
intermolecular interactions.

Lability of the pyrazole ligand in 1 in solution : At room
temperature, the anion 1 is not stable in dichloromethane:
1H NMR spectra show the slow appearance of the ™dispro-
portionation∫ reaction depicted in Equation (3) and in

2[Re3(�-H)4(CO)9(Hpz)]� �
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]�� [Re3(�3-H)(�-H)3(CO)9]��H2

(3)

Scheme 2, which affords the starting anion 2 and the
previously reported[9] anion [Re3(�-H)3(CO)9(�-�2-pz)-
(Hpz)]� (4). After 10 hours at room temperature, the amount

Scheme 2.

of each of the two products corresponded to �2.5% and it
was roughly doubled after 20 hours.
A two-dimensional NOESY experiment at 300 K shows

exchange cross-peaks between the hydridic signals of 1 and
those of 2. This exchange implies lability of the pyrazole
ligand in 1, namely fast reversibility of reaction (1). Such
lability provides a reasonable two-step mechanism for the
disproportionation process of reaction (3). Indeed, the mol-
ecules of free pyrazole, generated by the dissociation of 1, in
addition to re-reacting with 2 according to Equation (1), can
also react with 1 (less reactive but present in a much higher
concentration) according to the previously reported reaction
given in Equation (4),[9] which affords the anion 4.

[Re3(�-H)4(CO)9(Hpz)]��Hpz�
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]��H2

(4)

This slow but irreversible reaction consumes pyrazole
molecules and causes the progressive increase of the concen-
tration of the anions 2 and 4, according to the overall
Equation (3).

The novel anion [Re3(�-H)3(CO)9(�3-�2-pz)]� (5): The
1H NMR spectra of CD2Cl2 solutions of the anion 1 show
the slow formation not only of the anions 2 and 4, but also of
another pyrazole-containing species with a single hydridic
resonance at ���11.71 (molar fraction �0.12 after
20 hours). The formation of such a species is much faster in
acetone, in which it becomes the main product after several
hours (molar fraction �0.7 after 20 hours).[29] The NMR data
of the novel species 5 indicate that it contains three hydrides
and one ™symmetrical∫ pyrazolato ligand (two signals in the
ratio 2:1). It is therefore formulated as the [Re3-
(�-H)3(CO)9(pz)]� anion, formed according to Equation (5).
The evolution of H2 has been confirmed by the growth of its
signal at �� 4.5.

[Re3(�-H)4(CO)9(Hpz)]� � [Re3(�-H)3(CO)9(pz)]��H2 (5)

Further support of this hypothesis has been provided by the
synthesis of 5 through a different pathway that involved the
reaction of one equivalent of pyrazole with the [Re3-

Table 5. T1 values [ms] for hydrides and NH proton of anion 1 at different
temperatures in [D6]acetone (7.1 T).

T [K] NH Ha Hb Hc

253 1350 740 648 685
223 655 360 320 330
203 507 253 226 232
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(�-H)3(CO)9(�3-CH3)]� anion, which contains a methyl group
bridging the three metal atoms of the triangle.[30] In this case,
the reaction is also fast in CH2Cl2 and affords 5 as the main
reaction product in a few hours at room temperature,
according to Equation (6). 1H NMR spectra show the

[Re3(�-H)3(CO)9(�3-CH3)]��Hpz� [Re3(�-H)3(CO)9(pz)]��CH4 (6)

intermediate formation of two species, tentatively formulated
as the syn and anti isomers of the adduct [Re3(�-H)3(CO)9-
(�-CH3)(HPz)]� (6a, 6b) shown in Scheme 3. The faster
formation of 5 in reaction (6) with respect to reaction (5)
indicates that the bridging methyl group of 6 is more
susceptible toward electrophilic attack by the acidic pyrazole
proton than the bridging hydrides of 1.

Scheme 3.

X-ray diffraction analysis of crystals of the [NEt4]� salt of 5
has confirmed its structure and revealed that the pyrazolate
anion bridges all three Re atoms of the triangular cluster, as
depicted in Scheme 3 and Figure 7.

Figure 7. ORTEP drawing of the [Re3(�-H)3(CO)9(�3-�2-pz)]� anion (5)
with a partial labelling scheme. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms were given arbitrary radii.

The Cs symmetry revealed by the solid-state structure (see
below) would imply two hydridic resonances in a 1:2 ratio.
The presence of only one hydridic resonance, even at a very
low temperature (193 K),[31] indicates the fast rotation of the
pyrazolato ligand on the surface of the triangular cluster,
through the interchange of the bridging and terminal coordi-
nation modes of the two pyrazole nitrogen atoms.
In the presence of donor ligands, the novel �3 coordination

of pyrazole is replaced by the more common � coordination,
as shown by the reaction of 5 with pyrazole; this occurs
instantaneously and quantitatively at room temperature,
according to Equation (7).

[Re3(�-H)3(CO)9(�3-�2-pz)]��Hpz�
[Re3(�-H)3(CO)9(�-�2-pz)(Hpz)]�

(7)

To understand which parameter induces the large change
observed in the rate of reaction (5) on passing from CH2Cl2 to
acetone, we performed the same reaction (under the same
conditions of temperature and concentration) in two other
solvents, namely [D8]tetrahydrofuran (THF) and [D7]dime-
thylformamide (DMF). 1H NMR monitoring shows that, in
the former solvent, the formation of the anion 5 is about as
slow as in CH2Cl2. While in [D7]DMF, the disappearance of 1
is very fast and after 10 minutes the 1H NMR spectrum shows
essentially only one species, which can be formulated as the
triangular cluster anion [Re3(�-H)3(CO)9(�-�2-pz)(DMF)]�

(7); this anion contains a (deuterated) DMF molecule
terminally coordinated to the cluster vertex opposite to the
edge bridged by the pyrazolato ligand (see the Experimental
Section). The anion 7 can be considered to be a solvent-
stabilised form of the anion 5, formed in reaction (8),
analogous to reaction (7). Indeed, the reaction mixture
exhibits a very weak hydridic resonance at ���11.73,
attributable to 5 (�2.5%, on the base of the integrated
intensities) in equilibrium with 7 [Eq. (8)]. Solvent removal
(by evaporation to dryness) and dissolution in CD2Cl2 affords
a solution that exhibits only the resonances of anion 5. The
latter reaction provides the best preparative route to anion 5
(see the Experimental Section).

[Re3(�-H)3(CO)9(�3-�2-pz)]��DMF �
[Re3(�-H)3(CO)9(�-�2-pz)(DMF)]�

(8)

X-ray crystal structure of [NEt4]5 : The structure of crystals
of the [NEt4]� salt of anion 5 consists of discrete anions and
cations packed with normal van der Waals contacts. The
molecular structure of anion 5 is depicted in Figure 7 (with
a partial labelling scheme). A selection of bond parameters is
reported in Table 1.
Anion 5 possesses an overall idealised Cs symmetry and

contains a metal core of three Re atoms arranged as an
isosceles triangle with all edges bridged by one hydrido ligand.
Each of the rhenium atoms also bears three terminal carbonyl
ligands with facial coordination. With regards to the bonding
interactions around the rhenium atoms, each metal attains a
distorted octahedral coordination given by three carbonyls,
two hydrides and one nitrogen atom, if the direct metal ±
metal interactions are neglected. With reference to the parent
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compound 1, the Re(2) ±Re(3) edge, originally bridged by
two hydrides, is now spanned by a hydride and the N(2)
nitrogen atom of the pyrazole ligand, which is itself bound
through N(1) to Re(1) (see Figure 7). An analogous �3-�2

coordination for a pyrazolato ligand has been previously
reported for very few lanthanide and alkaline metal com-
plexes.[32] However, anion 5 constitutes the first example in
which this coordination mode is obtained on a triangular
cluster face made up of transition metal atoms of the d block.
The two long hydrogen-bridged Re(1)�Re(2,3) bonds

(mean value 3.172 ä) fall into the range usually found for
Re(�-H)Re interactions. The short Re(2)�Re(3) bond length
(2.954 ä) is longer than that usually found for formal Re-
(�-H)2Re double bonds[11, 12] and closer to that typical of Re-
(�-H)(�-X)Re bonds in which a more-than-two-electron
donor atom X has replaced a hydride, as in [Re3-
(�-H)3(CO)9(�3-�2-2-amido-6-methylpyridine)]� (2.927(1) ä),[33]

in [Re3(�-H)3(CO)10(�-2-propanolato)]� (2.930(1) ä),[34] and
in [Re3(�-H)3(CO)10(�-Cl)]� (2.995(2) ä).[35]

The donation of more than two electrons by atom N(2)
implies a loss of aromaticity of the pyrazolato moiety; in
particular, double bonds should be localised between
C(1)�C(2) and N(1)�C(3). Indeed, in anion 5 the C(1)�C(2)
bond length (1.329 ä) is shortened, while the C(2)�C(3) bond
length (1.398 ä) is lengthened, with respect to the values
typical[13] for an aromatic �-�2-pyrazolato ligand (d(C�C)�
1.364 ä). Similar considerations can be made for the N�C
bond lengths: the N(1)�C(3) bond (1.310 ä) is shortened,
while N(2)�C(1) (1.354 ä) is lengthened, with respect to the
values typical for an aromatic pyrazolato ligand (d(N�C)�
1.340 ä).[36]

The Re�N bond lengths in 5 are normal and show, as
expected, an increased value for the bridging N(2) atom
(mean value 2.244 ä) with respect to the terminal-bonded
N(1) atom (2.171 ä). In both 1 and 5, the carbonyl ligands
are linear with Re-C-O angles between 176.2(4)� and
179.8(6)�. The pyrazole and pyrazolato moieties in anions 1
and 5 are planar within the limits of experimental error, the
maximum deviation out of the root-mean-square plane being
0.007 ä.

Conclusion

In the first part of this work we have presented the character-
isation and the reactivity of an unconventional intramolecular
hydrogen bond in which a hydrido ligand bridging a cluster
edge acts as proton acceptor from a NH group. The short bond
length obtained from T1 data in a dichloromethane solution is
in good agreement with that estimated in the solid state. This
evidence, as well as the nOe and the IR data, indicate that this
rather weak interaction (�3 kcalmol�1) is also maintained in
solution, leading to the stabilisation of one rotational con-
former of the axial isomer of anion 1. In contrast, in solvents
able to act as proton acceptors, a classical intermolecular
N�H ¥¥¥O hydrogen bond replaces the intramolecular dihy-
drogen bond.
It has been previously suggested that intermolecular

M�H ¥¥¥H�X attractive interactions between one hydride

and one Br˘nsted acid play an important role in the
protonation pathway affording dihydrogen complexes, and/
or eventually H2 evolution.[3, 6, 7] In the case of the anion 1, the
intramolecular dihydrogen bond does not seem to provide a
very efficient pathway for the hydrogen transfer process, since
H2 evolution (leading to the formation of 5) occurs very slowly
in CH2Cl2. As a matter of fact, it is this sluggishness of such a
hydrogen transfer that makes the anion 1 stable enough to be
accurately characterised, even at room temperature. By
contrast, the much faster proton transfer from pyrazole to
the bridging methyl group in anions 6 [Eq. (6)] made the
characterisation of these transient intermediates difficult.
In fact the bridging coordination of the proton-acceptor

hydride is expected to reduce not only its thermodynamic, but
also its kinetic ™hydricity∫ with respect to a terminal hydride,
because of the instability of the expected transition state (an
until now unknown bridging dihydrogen molecule). The
marked increase of the rate in donor solvents, such as acetone
or DMF, might support the hypothesis that H2 evolution
occurs through a two-step process in which the solvent acts as
a nucleophile by coordinating to the unsaturated anion 1 to
give a saturated derivative with a terminal hydrido ligand,
which in turn is highly susceptible to protonation by the acidic
NH proton. However, the behaviour of 1 in THF (a donor
solvent as good as acetone) conflicts with this hypothesis.
Therefore, it is likely that a key role is played by the

dielectric constant of the solvent, which is high for acetone
and DMF and much lower for THF and CH2Cl2. Indeed, a
highly polar transition state is expected for rate-determining
ionisation of the N�H bond (either intra- or inter-molecular).
In the latter hypothesis, the solvent or adventitious water[37]

would play the role of a proton carrier from the pyrazole to
the hydride.
Whatever the actual mechanism of H2 evolution, the

protonation of the hydride and the hydrogen loss creates a
vacant coordination site and prompts the pyrazolate anion to
adopt the novel coordination mode in which it acts as a
bridging ligand toward three metal centres. This finding
confirms the capability of metal clusters to favour polycentric
interactions and unusual pathways for the activation of
organic substrates.

Experimental Section

General : The reactions were performed under N2 with Schlenk techniques.
Solvents were dried and deoxygenated by standard methods. Pyrazole
(Fluka) was used as received. Published methods were used for the
syntheses of [NEt4][Re3(�3-H)(�-H)3(CO)9],[38] [Re3(�-H)3(CO)11-
(NCMe)][39] and [PPh4][Re3(�-H)3(CO)9(�3-CH3)].[30] The NMR spectra
were acquired on Bruker AC200 or DRX300 spectrometers. Infrared
spectra were obtained with a Bruker Vector 22FT instrument. Low-
temperature IR spectra were acquired on a variable-temperature Graseby
Specac cell P/N21525.

Synthesis of [NEt4][Re3(�-H)4(CO)9(Hpz)] ([NEt4]1): A sample of
[NEt4][Re3(�3-H)(�-H)3(CO)9] (33.2 mg, 0.0351 mmol) in THF (4 mL)
was treated at room temperature with pyrazole (3 mg, 0.044 mmol), causing
a sudden change of colour from sun yellow to green yellow. IR monitoring
after 15 minutes showed the completion of the reaction. The solution was
evaporated to dryness, the residue dissolved in CH2Cl2 and treated with n-
hexane to give a pale yellow precipitate, which was dried under vacuum
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(30.2 mg, 0.0297 mmol. Isolated yield: 85%); IR (CH2Cl2): ��(CO)� 2036
(m), 2004 (vs), 1914 cm�1 (s); 1H NMR (CD2Cl2, 298 K): �� 10.24 (s, 1H;
NH), 7.76 (1H; H�), 7.40 (1H; H�), 6.26 (1H; H	), �7.73 (s, 1H; Ha), �9.03
(s, 1H; Hb), �9.68 ppm (s, 2H; Hc); 1H NMR ([D6]acetone, 298 K) ��
11.86 (s, 1H; NH), 7.70 (1H; H�), 7.68 (1H; H�), 6.25 (1H; H	), �7.62 (s,
1H; Ha), �8.71 (s, 1H; Hb), �9.64 ppm (s, 2H; Hc); 13C NMR (CD2Cl2,
295 K): �� 197.82 (2C; CO), 196.08 (2C; CO), 194.21 (1C; CO), 192.45
(2C; CO), 189.42 (2C; CO), 145.90 (1C; C�pz), 129.95 (1C; C�pz),
107.18 ppm (1C; C	pz); elemental analysis calcd (%) for C20H28N3O9Re3
(1013.4): C 23.70, H 2.78, N 4.15; found: C 24.04, H 2.75, N 4.45.

[PPh4][Re3(�-H)4(CO)9(Hpz)] ([PPh4]1): The [PPh4]� salt of anion 1 was
obtained in the same way as the [NEt4]� salt from [PPh4][Re3(�-H)3(�3-
H)(CO)9]. Crystals of [PPh4]1 that were suitable for X-ray analysis were
obtained by slow diffusion of n-hexane into a concentrated solution of
[PPh4]1 in CH2Cl2.

Substitution of MeCN by Hpz in [Re3(�-H)3(CO)11(NCMe)]: A solution of
[Re3(�-H)3(CO)11(NCMe)] (13 mg, 0.013 mmol) in CH2Cl2 (2 mL) was
treated with pyrazole (10.5 mg, 0.154 mmol) and stirred overnight at room
temperature. The colourless solution was evaporated to dryness, and the
residue was washed with water to remove the excess pyrazole and
crystallised from CH2Cl2/n-hexane, affording 8.7 mg (0.008 mmol) of
spectroscopically pure 3. IR (CH2Cl2, 298 K): ��(CO)� 2115 (w), 2092
(m), 2032 (vs), 2018 (s), 2005 (s), 1967 (m), 1933 (m), 1919 cm�1 (mw);
1H NMR (CD2Cl2, 298 K): �� 10.12 (s, 1H; NH), 7.76 (1H; H�,�), 7.61 (1H;
H�,�), 6.39 (1H; H	), �13.58 (s, 2H), �17.20 ppm (s, 1H).
Variable-temperature T1 and nOe measurements on 1 in CD2Cl2 and
[D6]acetone : A solution of [PPh4]1 (15.0 mg, 0.0123 mmol) in CD2Cl2
(0.5 mL) in an NMR tube was degassed through repeated freeze ± thaw
cycles. 1H NMR variable-temperature spectra were acquired on a Bruker
AC200 spectrometer at 183 ± 298 K. In the same range of temperatures, 1H
T1 values were obtained by the three-parameter fit of the intensities of the
signals in the spectra recorded with the standard nonselective inversion
recovery pulse sequence with 12 variable delays. The results are reported in
Tables 3 and 4 and the estimated accuracy is better than 5%. The same
sample was also used for nOe experiments performed at 223 K. Saturation
radio-frequency fields were applied for 100 ms on and off resonance with
respect to the selected signal. The acquisitions were cycled until a good
signal-to-noise was achieved in the spectra obtained through the Fourier
transform of the difference on the free induction decays (FIDs). Irradiation
of the NH signal resulted in a significant enhancement of the signal of Hb
and in a much smaller one of the signal of Hc. A corresponding
enhancement of the intensity of NH proton resonance was observed when
both the latter signals were irradiated. The variable-temperature 1H
chemical shift and T1 values in [D6]acetone from 183 K to 298 K were
obtained at 7.1 T, on a sample of [NEt4]1 (11.8 mg, 0.0116 mmol) dissolved
in the solvent (0.5 mL; Tables 3 and 5). For T1 measurements 16 variable
delays were employed and the results analysed as described above.

Two-dimensional NOESY experiments on [NEt4]1 in different solvents :
The 1H two-dimensional NOESY phase-sensitive experiment shown in
Figure 4 was performed on a solution of [NEt4]1 (17.5 mg, 0.0172 mmol) in
CD2Cl2 (0.5 mL) at 300 K (4.7 T, �m� 1 s, 32 FIDs, sweep width (SW)
� 4587 Hz, 1 K data points for 420 experiments). Shifted sine-bell functions
were applied in both dimensions before the Fourier transform and after
zero-filling to 1 K in F1. Other 1H two-dimensional NOESY phase-
sensitive experiments at 300 K in CD2Cl2 were performed at 7.1 T (22.2 mg,
0.0219 mmol, �m� 3 s, 16 FIDs, SW� 10482 Hz, 1 K data points for
512 experiments) and transformed as above. The experiment shown in
Figure 6 was performed at 298 K at 7.1 T on a sample of [NEt4]1 (11.8 mg,
0.0116 mmol) dissolved in [D6]acetone (0.5 mL) with �m of 2.0 s (16 FIDs,
SW� 10482 Hz, 1 K data points 512 experiments) and transformed as
above.

Reaction of [PPh4][Re3(�-H)3(CO)9(�3-CH3)] with Hpz : A solution of
[PPh4][Re3(�-H)3(CO)9(�3-CH3)] (7.0 mg, 0.0060 mmol) in CH2Cl2 (2 mL)
was treated with pyrazole (86 �L of a solution 0.067� in CH2Cl2,
0.0058 mmol). The mixture was stirred at room temperature for about
15 minutes and then evaporated to dryness. The residue was dissolved in
CD2Cl2 (0.5 mL) and the progress of the reaction was monitored by
1H NMR spectroscopy at 300 K. After 20 minutes, and in addition to the
signals of the starting material (12.3% of the mixture), the spectrum
showed the following hydridic resonances: ���2.79 (s, 3H; CH3), �10.82

(s, 1H), �12.67 ppm (s, 2H) and ���3.91 (s, 3H; CH3), �9.89 (s, 1H),
�12.20 ppm (s, 2H), attributable to the two isomers of adduct 6 (4.1% and
12.3%, respectively); ���11.71 ppm (3H) assigned to anion 5 (46.6%);
���9.80 (s, 2H), �11.18 (s, 1H), and ���10.70 (s, 2H), �11.78 ppm (s,
1H) attributable to the syn and anti isomers of the anion [Re3-
(�-H)3(CO)9(�-�2-pz)(Hpz)]� (4) (overall amount 24.6%). After 2.5 h,
the spectrum indicated the following composition of the mixture: starting
material 4.7%; 5 74%; 4 20.5%. Addition of further 100 �L of the pyrazole
solution completed the conversion of both the starting material and the
anion 5 into the anion 4.
1H NMR monitoring of the behaviour of [NEt4]1 in different solvents at
room temperature : A sample of [NEt4]1 (6.8 mg, 0.0067 mmol) was
dissolved at room temperature in [D6]acetone, directly in an NMR tube.
The solution was kept at 273 K until it was introduced into the NMR probe
thermostated at 300 K. Automatic acquisition of the spectra every hour was
performed for 20 hours. Other spectra were acquired at irregular intervals
for three further days. The same procedure was followed for the experi-
ments in CD2Cl2 and in [D8]THF, with isolated crystals of [NEt4]1 (�7 mg).
Isolated crystals (5.6 mg) were also used for the experiment in [D7]DMF. In
this case, however, the disappearance of 1 was very fast and after
10 minutes the spectrum showed only two hydridic signals: at ���8.43
(2H) and �11.16 ppm (1H), attributed to [Re3(�-H)3(CO)9(�-�2-
pz)(DMF)]� , whose pyrazole signals were at �� 7.15 (2H), 5.85 ppm
(1H). The sample was evaporated to dryness and the residue was dissolved
in CD2Cl2 at room temperature. The 1H NMR spectrum of this solution
showed the presence of the anion 5 only.

Synthesis of [PPh4]5 : A sample of [PPh4]1 (23 mg, 0.0188 mmol) was
dissolved in DMF (1 mL). The colour of the solution rapidly faded and IR
monitoring after 20 minutes showed a novel set of �(CO) bands,
attributable to the anion 7 (2029 (m), 1999 (vs), 1905 (br, vs), 1870 cm�1

(sh)). The solution was evaporated to dryness and the residue dissolved in
CH2Cl2. Addition of n-hexane gave an oily precipitate that became solid
after vigorous stirring for 2 h. The cream precipitate was crystallised from
CH2Cl2/n-hexane, affording analytically pure [PPh4]5 (16.1 mg,
0.0132 mmol, isolated yields 70.2%). Elemental analysis calcd (%) for
C36H26N2O9PRe3 (1220.5): C 35.43, H 2.15, N 2.30; found: C 35.39, H 1.95, N
2.07; IR (CH2Cl2): ��(CO)� 2008 (vs), 1916 cm�1 (br, vs); 1H NMR
(CD2Cl2, 298 K): �� 7.37 (2H; H�,�), 6.16 (1H; H	), �11.81 ppm (s, 3H).
The same procedure was used for the synthesis of [NEt4]5. Crystals of the
latter salt suitable for single crystal X-ray analysis were grown from
CH2Cl2/n-hexane at 248 K.

X-ray structural analysis :

Collection and reduction of X-ray diffraction data : Suitable crystals were
mounted on a glass fibre tip and affixed to a goniometer head. Single-
crystal X-ray diffraction data were collected on a Siemens SMARTCCD
area detector diffractometer, with graphite-monochromated MoK� radia-
tion (
� 0.71073 ä) at room temperature (295(2) K) for [NEt4]5 and at
173(2) K for [PPh4]1. Unit cell parameters were initially obtained from
�100 reflections (5��� 25�) taken from 45 frames collected in three
different � regions, and eventually refined against a large number of
reflections (�8000). For [PPh4]1, a full sphere of reciprocal space was
scanned by 0.3� � steps, collecting 2500 frames each at 15 s exposure and
keeping the detector at 5.50(2) cm from the sample. For [NEt4]5, a full
sphere of reciprocal space was scanned by 0.3� � steps, collecting
2000 frames each at 60 s exposure and keeping the detector at 3.00(2) cm
from the sample. Intensity decay was monitored by recollecting the initial
100 frames at the end of data collection and analysing the duplicate
reflections. The collected frames were processed for integration
(SAINT[40]); an empirical absorption correction was made on the basis of
the symmetry-equivalent reflection intensities collected (SADABS[41]).
Crystal data and data collection parameters are summarised in Table 6.

Structure solution and refinement : The structures were solved by direct
methods (��� 97[42]� and subsequent Fourier synthesis; they were refined by
full-matrix least-squares on F 2 (����	 97[43]� by using all reflections.
Scattering factors for neutral atoms and anomalous dispersion corrections
were taken from the internal library of ����	 97. Weights were assigned
to individual observations according to the formula w� 1/[2(F 2o� � (aP)2],
where P� (F 2o � 2F 2c �/3; the parameter a was chosen to give a flat analysis
of variance in terms of F 2o. Anisotropic displacement parameters were
assigned to all non-hydrogen atoms. To correctly assign atoms N(2) and



Hydride Ligands 5340±5350

Chem. Eur. J. 2002, 8, No. 23 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0823-5349 $ 20.00+.50/0 5349

C(3) in [PPh4]1, a refinement was made in which a mixed occupation of the
number two site by nitrogen and carbon was allowed. The refinement
resulted in an occupation of the site labelled N(2) and C(3) by 100%
nitrogen and 100% carbon, respectively. An attempt to refine a model with
the opposite occupation resulted in an unrealistically large (small) thermal
factor for the hypothetical nitrogen (carbon) atom. Moreover, the assign-
ment is fully consistent with the expected values for N(1)�N(2) and N(1)
�C(3) bond lengths. Hydrido ligands were initially evidenced by a
difference Fourier map; their positions were in agreement with the local
stereogeometry around the metal centres. They were eventually con-
strained in more accurate positions (calculated with the program
HYDEX,[44] with d(Re�H)� 1.85 ä) with a common refined isotropic
displacement parameter. Hydrogen atoms of the tetraphenylphosphonium
and tetraethylammonium cations, as well as those of the pyrazole and
pyrazolato ligands, were placed in idealised positions and refined riding on
their parent atom with an isotropic displacement parameter 1.2 times that
of the pertinent carbon or nitrogen atom. The crystal of [NEt4]5 was a
racemic twin, and the ratio of the twin components refined to
0.579(18):0.421(18).[45] The final difference electron-density maps showed
no features of chemical significance, with the largest peaks lying close to the
metal atoms. Final conventional agreement indexes and other structure
refinement parameters are listed in Table 6.

CCDC-184549 ([PPh4]1) and CCDC-184548 ([NEt4]5) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).
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number of refined parameters.
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