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Hydrogen atoms location in [Re4(m3-H)4(CO)12] by joint X-ray single-crystal
and neutron powder diffraction analysis
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The hydrogen atom locations in [Re4(m3-H)4(CO)12] are
accurately determined by joint X-ray single-crystal and
time-of-flight neutron powder diffraction analysis; this new
methodology does not require large crystals of several mm
dimensions but only a sizeable amount of monophasic
microcrystalline sample.

A number of different methodologies are available to solve
structural problems, whatever the aggregation state of the
sample.1 Surely single-crystal (SC) X-ray (X) diffraction is the
easiest, quickest and most definitive method. However, when (i)
suitable crystals are unavailable or (ii) the relative atomic
scattering powers in the sample are too different (hampering, for
instance, the location of hydrogens in the presence of heavy
atoms) or (iii) too similar (inhibiting the distinction of
neighbouring elements), the power of XSC weakens and other
techniques are better suited. While it has been known for a long
time that neutron (N) diffraction on relatively large SCs offers
an elegant, although expensive, solution to point (ii), only
recently powder (P) diffraction has been shown to overcome
point (i) (at least for moderately complex structures).2 As large
SCs needed for neutron diffraction are often not available, we
propose, to tackle point (ii) [and (iii)], a joint XSC, NP approach
which relies, for the burden of the structure determination, on
XSC data, while subtle structural details are essentially rescued
from NP measurements, the final model being validated by
simultaneous refinements on both data sets. A similar approach
has been used in studying the cation distribution in doped
KTiOPO4

3 and the incommensurately modulated structure of
Bi2Sr2CaCu2O8+y.

4

The combined use of different radiations as well as of
different spectroscopic and computational methods, under the
assumption that ‘different’ biases may cancel out, likely affords
results of higher quality than those obtainable from the
individual techniques, allowing to refine more complex struc-
tures. This approach has been pioneered, within the crystallo-
graphic community, by the combined use of X–N data (from
either two SC datasets5 or two P diffraction experiments6), by
the introduction of steric energy contributions into protein
structure refinements7 or, more frequently, by the sagacious use
of stereochemical knowledge (by imposing geometrical re-
straints) in complex refinements. Combined EXAFS and
powder diffraction analyses have been recently reported.8 The
proposed methodology differs from other more conventional
complementary X–N studies, in which juxtaposition of in-
dividual results leads to a unitary interpretation; moreover, even
if it can be exemplified on a high symmetry crystal phase, it may
not necessarily require simple systems (like other powder
diffraction methods), since XSC data should grant superior
convergence properties to the joint least-squares refinement.

Despite the relevance of transition-metal hydrides in modern
inorganic chemistry, the ubiquitous hydrido ligand is still the
most poorly structurally characterised. Even if its coordination
behaviour and/or classical/non-classical nature can be qual-
itatively retrieved from a number of experimental techniques

(X-ray diffraction, IR, NMR, inelastic neutron scattering), the
only definitive technique is neutron diffraction. Compounds
containing face-bridging (m3) hydrides are much less common
than those with edge-bridging (m) or terminal hydrides, with
only five NSC crystal structures reported in the
literature, [FeHCo3(CO)9{P(OMe)3}3],9 [Ni4H3(C5H5)4],10

[Rh4H4(C5Me5)4][BF4]2,11 [HCu{P(p-C6H4Me)3}]6
12 and

[Cr4(m-H)5(m3-H)2(C5R5)4],13 none of them regarding third-row
transition elements. [Re4(m3-H)4(CO)12] 1 is unusual among
metal cluster compounds, being one of the few known
‘unsaturated’ carbonyl clusters (56 vs. 60 CVEs); its XSC
structure has been previously reported and the m3-H character
inferred from local stereochemical considerations and an
‘image enhanced’ (i.e. symmetry averaged) difference Fourier
map (estimated average Re–H 1.77 Å).14 Here we present the
complete structural characterisation, from XSC and TOF NP
diffraction data,† of the new 1·2C6D6 crystal phase which is the
major product of the standard synthetic approach to 1,‡ but has
never been recognized before. The availability of sizeable
amounts of this phase (but not of large SC) and our experience
with XP on coordination and organometallic systems15

prompted us to attempt the viability of the above mentioned
method.

TOF neutron scattering measurements (Fig. 1) easily afford
powder patterns with good counting statistics (if compared to
the constant wavelength mode); however, their analysis in
conjunction with conventional laboratory X-ray diffraction data
needs some extra care. Since the very same structural model
(coordinates and Uij values) is being refined simultaneously on
X and N diffraction data, but there are intrinsic differences in
physical interactions, size of the samples and experimental
geometries, one must ensure that systematic errors have been
properly corrected. In particular, since absorption effects may
lead to fake, incongruent thermal parameters, a q-dependent

Fig. 1 Final Rietveld refinement plot for TOF neutron data, in the range 1.2
< d < 6.0 Å. Peak markers and difference plot at the bottom. For sake of
clarity, the high d-values section (6.0 < d < 9.0 Å, with only two
reflections) has been omitted from the plot.
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(spherical—on top of y-scans, XSC) and a d-dependent (NP)
corrections have been carefully applied. In addition, in order to
deal with the different interactions of X and N beams (with
electrons and nuclei, respectively) and the off-centre polarisa-
tion of H-valence electron(s) due to the metal–H bond(s), a
split-atom H refinement has been performed, defining two
pseudoelements [Hx and Hn] with null contribution to the N and
X structure factors, respectively. This makes, inter alia, the Hn
location substantially insensitive to the intrinsic ‘overweight-
ness’ of the X data set (in terms of quality and, perhaps, number
of observations).

Our results show that [Re4(m3-H)4(CO)12] in 1·2C6D6 has a
crystallographically imposed Td symmetry (see Fig. 2), with a
Re4(CO)12 core virtually identical to that found in 1, and
confirm the m3-nature of the hydrido ligands as originally
proposed by Wilson and Bau;14 however, significant differ-
ences are observed in the H-bonding parameters [Re–Hx
1.88(12) vs. 1.77 Å, Re–Hn 1.993(17) Å]. As for the precision
of our results, our study shows that the (room temp.) esd values
related to the Hn atoms are about three to five times poorer than
those from conventional NSC data (mostly collected at
temperatures below 90 K), but one order of magnitude smaller
than those concerning Hx. Unfortunately, in assessing the
accuracy of this work we lack the internal consistency check
with the C–D distance because the clathrated C6D6 molecules
are rotationally disordered; however, since the observed D(Re–
Hx, Re–Hn) value (0.11 Å) is within the range found in most
structural comparisons between X- and N-SC results, we think
that the actual Re–Hn bond distance should not be affected by
severe systematic errors. The observed M–H value might look
slightly longer than that in [Rh4H4(C5Me5)4][BF4]2

11 (58
CVEs, av. Rh–H and Rh–Rh 1.86 and 2.76 Å, respectively);
however, a much larger apparent metal radius [Re–Re 2.924(2)
Å] partially accounts for the observed difference.

Footnotes and References

* E-mail: angelo@csmtbo.mi.cnr.it
† Crystal data for 1·2C6H6: C24H16O12Re4, M = 1241.2, cubic, Pn-3m,
a = 11.1774(5) Å, U = 1396.4(1) Å3, Z = 2, Dc = 2.951 g cm23. XSC data
were collected on a 0.15 3 0.15 3 0.15 mm crystal with Mo-Ka radiation

on an Enraf-Nonius CAD4 diffractometer (6 < 2q < 54°); 316 unique data
[230 with Fo

2 > 3s(Fo
2)], corrected for Lorentz, polarisation and

absorption effects (y-scan + spherical corrections, mR = 2.0, min. max.
transmission factors = 0.061, 0.093); NPD data (1.0 < d < 10 Å) were
collected on the TOF neutron diffractometer ROTAX at the spallation
source ISIS at the RAL (UK). 600 mg of finely ground sample, containing
100% perdeuteriated benzene (as checked by 1H NMR of dissolved
material), were enclosed in a vanadium can with a drop of C6D6 (to ensure
crystal stability) under an N2 atmosphere. Structure solution was performed
by Patterson, difference Fourier and least-squares techniques using the XSC
dataset. The combined use of X-ray and neutron data and the Fourier
routines for powder diffraction data implemented in GSAS16 allowed
unambiguous location of the hydrogen atom of the organometallic cluster
and of the deuterium atom bound to the benzene molecules clathrated in the
crystal lattice. Fig. 1 shows the final Rietveld refinement plot for TOF data;
final agreement factors: (XSC) Rw(F2) 0.048; R(F2) 0.042; R(F) 0.023;
(NP) Rwp 0.040, Rp 0.028. The C6D6 molecule was found to be disordered
in two in-plane orientations [30° off, with refined populations of
0.65(2) : 0.35(2)]; its refinement required the use of geometrical restraints,
making any internal accuracy assessment on the C–D distance meaningless.
CCDC 182/584.
‡ [Re4H4(CO)12] was prepared by hydrogenation of [Re2(CO)10] (1.214 g)
at 165 °C in decalin and isolated as a deep red solid by addition of benzene
to the solution, according to a literature method.17 In the original paper, the
presence of solvated decalin was reported, while the solid we have obtained
in this way contained benzene (as indicated by 1H NMR and X-ray
analyses). Four cycles of dissolution in CH2Cl2 and evaporation to dryness
enabled complete elimination of benzene. [Re4H4(CO)12]·2C6D6 (615 mg)
was obtained by slow precipitation with C6D6 (3 ml) from a CH2Cl2 solution
(150 ml).
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Fig. 2 An ORTEP drawing of the [Re4H4(CO)12] molecule, showing the Hn

atom position at 1.99(2) Å from the rhenium atoms. Selected bond distances
(Å) and angles (°): Re–Re 2.924(2), Re–C 1.912(8), C–O 1.14(1), Re–Hx

1.88(12), Re–Hn 1.99(2); Re–C–O 178(1), C–Re–C 86.9(4), Hn–Re–Hn

85.(1), C–Re–Hn 93.8(6) and 179.0(9), Re–Hn–Re 94.(1), Re–Re–C 92.2(3)
and 136.5(2).
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