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Abstract: Metal hydrides are of fundamental importance in
chemistry, both as solid-state materials and molecular com-
pounds. The first low-valent molecular metal cluster containing
an interstitial four-coordinate hydride in a tetrahedral site is
decribed, which undergoes hydride migration from the surface
to the tetrahedral cavity of the cluster upon coordination of
a [AuPPh3]

+ fragment. The [HFe4(CO)12(AuPPh3)2]
� mono-

anion, which contains a surface m3-H, was obtained from the
reaction of [HFe4(CO)12]

3� with two equivalents of [Au-
(PPh3)Cl]. This is, in turn, transformed into the neutral
[HFe4(CO)12(AuPPh3)3] upon addition of a third [AuPPh3]

+

fragment, with concomitant migration of the unique hydride
from the surface of the cluster to its tetrahedral cavity. All of
these species have been fully characterized in solution by
means of IR and multinuclear NMR spectroscopy, and in the
solid state by single-crystal X-ray diffractometry.

Metal hydrides are of fundamental importance in chemis-
try, both as solid-state materials and molecular com-
pounds.[1–3] They are key intermediates in various catalytic
reactions and have promising applications for hydrogen
storage.[4–7] Moreover, hydrogen displays an unique chemistry,
in view of its small mass, the presence of a single 1s valence
orbital, the absence of core and non-bonding valence
electrons, and an anomalously high electronegativity.[8]

Four-coordinate hydrogen in tetrahedral sites and six-
coordinate hydrogen in octahedral sites are those most
commonly observed in intermetallic hydrides.[9] The first
molecular hydride complexes, [HCo(CO)4] and [H2Fe(CO)4],

were reported by Hieber et al. in the 1930s,[10] even if their
nature has been fully elucidated only much later. Today
thousands of molecular metal hydrides compounds are
known,[11] including mononuclear complexes, polynuclear
compounds, and clusters.[12,13]

Metal clusters and nanoparticles are intermediate species
between mononuclear complexes and bulky materials.[14]

Hydride atoms in molecular clusters may display several
coordination modes, as they can be coordinated to the
surface of the cluster as terminal, edge or face bridging
ligands, as well as located in semi-interstitial, for example,
[H2Rh13(CO)23]

3�,[15] or fully interstitial positions. Concerning
fully interstitial hydrides, for very long-time only molecular
clusters containing six-coordinate hydrogen in an octahedral
cavity were known,[16–18] and it was only in 2008 that the first
molecular species containing a four-coordinate hydrogen in
the tetrahedral cavity of [(C5Me4SiMe3)YH2]4(thf) was fully
characterized.[19] Some other examples of tetrahedral m4-H are
also known,[20,21] including [{PhP(CH2)3Fe}4(m4-H)]� ,[22] but
they are all compounds containing metals in positive oxida-
tion states.

Herein, we report the first example of a low-valent
transition-metal cluster containing an interstitial hydride
enclosed within a tetrahedral cavity, namely [HFe4(CO)12-
(AuPPh3)3]. This species originates from the addition of
a [AuPPh3]

+ fragment to [HFe4(CO)12(AuPPh3)2]
� with con-

comitant migration of the unique hydride from a triangular
face of the Fe4 cage to the interstitial tetrahedral cavity.
Hydride migration from the surface to the inside of the cluster
may be related to the high fluxionality observed in solution
for these species and, more in general, to hydrogen diffusion
in metal clusters, nanoparticles, and bulk materials. All of the
species reported herein have been fully characterized in
solution by means of IR and multinuclear NMR spectroscopy,
and in the solid state by single-crystal X-ray diffractometry.
The system has been further investigated by means of DFT
and deuterium-labeling studies.

The [HFe4(CO)12(AuPPh3)2]
� mono-anion was obtained

in moderate yields from the reaction of [HFe4(CO)12]
3� [23]

with two equivalents of [Au(PPh3)Cl] (experimental details
are given in the Supporting Information), according to
Equation (1):

½HFe4ðCOÞ12�3� þ 2 AuðPPh3ÞCl! ½HFe4ðCOÞ12ðAuPPh3Þ2�� þ 2 Cl�

ð1Þ

[*] Dr. M. Bortoluzzi
Dipartimento di Scienze Molecolari e Nanosistemi
Ca’ Foscari University of Venice
Dorsoduro 2137, I-30123 Venezia (Italy)

Dr. I. Ciabatti, Dr. C. Femoni, Dr. M. Hayatifar, Prof. M. C. Iapalucci,
Prof. G. Longoni, Prof. S. Zacchini
Dipartimento di Chimica Industriale “Toso Montanari”
Universit� di Bologna
Viale Risorgimento 4, I-40136 Bologna (Italy)
E-mail: stefano.zacchini@unibo.it

[**] Funding by Fondazione CARIPLO, Project No. 2011-0289, is heartily
acknowledged. The University of Bologna is acknowledged for
financial support to this work (FARB—Linea d’Intervento 2,
“Catalytic transformation of biomass-derived materials into high
added-value chemicals”, 2014-2016). We thank one of the referees
for the useful suggestions in revising the manuscript.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201403538.

Angewandte
Chemie

7361Angew. Chem. 2014, 126, 7361 –7365 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201403538


The new compound has been fully characterized by means
of IR and 1H and 31P{1H} NMR spectroscopy, and ESI-MS.
13C{1H} NMR data were obtained on a 13CO-enriched sample,
[HFe4(

13CO)12(AuPPh3)2]
� (13CO ca. 30 %), prepared from

[HFe4(
13CO)12]

3�.[23] Moreover, its molecular structure has
been fully elucidated by X-ray crystallography on single
crystals of [NEt4][HFe4(CO)12(AuPPh3)2] (Figure 1). The

{HFe4Au2} hydride-metal core with labeling is shown in
Figure 2; a detailed list of the main bonding distances is
included in the Supporting Information, Table S1.

The cluster is composed of a tetrahedral [HFe4(CO)12]
3�

core decorated by two [AuPPh3]
+ fragments. The former

retains the tetrahedral structure of the parent cluster with
a m3-H hydride. Conversely, the stereochemistry of the CO
ligands is changed to permit the coordination of the two
[AuPPh3]

+ fragments. The hydride ligand has been located in
the final Fourier difference map and its position is in
correspondence with the minimum of the non-bonded
potential energy surface of the cluster as located by the
program XHYDEX.[24] The hydride atom has been included
in the final refinement of the structure. The hydride location

has been also confirmed by means of geometry optimizations
carried out at DFT level, starting from the experimental X-
ray diffraction structure. In particular, EDF2[25] calculations
have been carried out on the [HFe4(CO)12(AuPPh3)2]

� anion,
while the hyper-GGA M06 functional[26] has been used for the
optimization of the model system [HFe4(CO)12(AuPH3)2]

� .
More computational details are collected in the Supporting
Information. As seen from the Supporting Information,
Figures S4 and S5, the computed geometries are comparable
to the experimental geometry. Despite a slight underestima-
tion of the Fe�H distances with respect to the X-ray data
(Supporting Information, Table S2), DFT optimizations con-
firm the position of the hydride as surface m3-H.

Au1 is m3-coordinated to the Fe1-Fe2-Fe4 face of the
tetrahedron, adjacent to the face capped by the m3-H hydride.
Au2 is then added to the nearby Au1-Fe1-Fe4 face, resulting
in a Fe2Au2 tetrahedron. In this respect, the cluster may be
viewed as a Fe4Au trigonal bipyramid capped by Au2, or as
composed by three face-sharing tetrahedra (Fe4, Fe3Au, and
Fe2Au2). In all cases, it obeys to the inert gas rule, which
predicts 60 cluster valence electrons (CVE) for a tetrahedron,
and 84 CVE for a mono-capped trigonal bipyramid.[27]

The 12CO ligands bonded to the four Fe atoms of
[HFe4(CO)12(AuPPh3)2]

� are all terminal, even if two may be
considered as very unsymmetrically edge-bridging. By com-
parison, the parent [HFe4(CO)12]

3� presented 9 terminal and 3
edge bridging carbonyl ligands. Furthermore, there are seven
weak Au···CO interactions (2.605(17)–3.010(18) �, average
2.82(5) �), represented as fragmented lines in Figure 1.

The Fe�Fe contacts are rather spread (2.6539(9)–
2.9671(9) �, average 2.795(2) �), and a considerable swelling
of the Fe4 tetrahedron is observed after coordination of
the two [AuPPh3]

+ fragments; for comparison, the parent
[HFe4(CO)12]

3� cluster displayed Fe�Fe contacts in the range
2.5218(12)–2.6337(12) � (average 2.580(7) �).[23]

The Fe�H distances (1.812(10)–1.820(9) �, average
1.816(16) �) are slightly longer than in other m3-H-bonded
Fe clusters, namely 1.71(3)–1.75(4) � (average 1.72(9) �) in
[HFe4(CO)12]

3�, 1.745(10)–1.749(10) � (average 1.75(2) �) in
[H2Fe4(CO)12]

2�, and 1.70(3)–1.84(5) � (average 1.75(7) �)
in [HFe5(CO)14]

3�.[23,28] It must be remarked that
[HFe4(CO)12(AuPPh3)2]

� is the fourth case of an iron cluster
containing a m3-H ligand to be structurally characterized,
whereas more than 100 examples are present within the
Cambridge Crystallographic Database displaying m-H edge-
bridging hydrides.[29]

The cluster contains five Au�Fe contacts (2.679(2)–
2.764(2) �, average 2.727(4) �) and one Au�Au bond
(2.9560(9) �). For comparison, the sum of the covalent radii
are 2.84 � for Au�Fe and 3.00 � for Au�Au, respectively.[30]

The tendency of AuI ions to form interactions in the range
between 2.7 and 3.3 � is well-documented in the literature,
and this phenomenon is commonly referred as “aurophilic-
ity”.[31–34] This phenomenon could not be explained by
conventional descriptions of chemical bonding, but is now
well described as dispersion-driven and enhanced by relativ-
istic effects.[35] Aurophilic interactions also play a fundamental
role in determining the structures of molecular cluster
containing two or more AuI fragments.[13]

Figure 1. Molecular structure of [HFe4(CO)12(AuPPh3)2]
� with key

atoms labeled. Fe–Fe 2.648(3)–2.893(3) �, average 2.738(7) �; Au–Fe
2.679(2)–2.764(2) �, average 2.727(4) �; Fe–H 1.812(10)–1.820(9) �,
average 1.816(16) �; Au1–Au2 2.9560(9) �; Au···C 2.605(17)–
3.010(18) �, average 2.82(5) �.

Figure 2. a) The HFe4Au2 hydride–metal core of [HFe4(CO)12-
(AuPPh3)2]

� and b) the HFe4Au3 hydride–metal core of [HFe4(CO)12-
(AuPPh3)3] with labeling.
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The presence of a hydride ligand is confirmed by a singlet
at dH �19.5 ppm in the 1H NMR spectrum of [HFe4(CO)12-
(AuPPh3)2]

� in deuterated acetone. The hydride displays
a long longitudinal relaxation time (T1 = 23 s), as also found in
the parent [HFe4(CO)12]

3� (T1 = 21 s).[23] Allowing a long
delay between scans (200 s) the expected 30:1 ratio between
the integrals of the phenyl protons and hydride atom has been
measured (Supporting Information, Figure S2). Both 31P{1H}
and 13C{1H} NMR spectra (in the carbonyl region) show only
one singlet each at all temperatures considered (193–298 K),
that is, dP 57.3 ppm and dCO 222.4 ppm (at 298 K), indicating
a very rapid exchange of the ligands at all of the temperatures.
As suggested by the structure of the [HFe4(CO)12(AuPPh3)3]
neutral mono-hydride discussed below, this rapid exchange is
likely to occur via the movement of the hydride from one
triangular face to the other of the Fe4 cage passing through its
tetrahedral cavity with concomitant rearrangement of the
[AuPPh3]

+ fragments and CO ligands.
Aiming at preparing a purported [H2Fe4(CO)12(AuPPh3)2]

neutral di-hydride, we have investigated the reaction of
[HFe4(CO)12(AuPPh3)2]

� with one equivalent of H+ in
CH3CN. Unexpectedly, this resulted in the [HFe4(CO)12-
(AuPPh3)3] neutral mono-hydride species, which can be
recovered in moderate yields after work-up (see the Support-
ing Information for details). The use of a deuterated acid such
as D2SO4 results in the same [HFe4(CO)12(AuPPh3)3] hydride
and not in the [DFe4(CO)12(AuPPh3)3] deuteride. This
indicates that the hydride ligand remains bonded to the
cluster during the reaction.

It is likely that the acid causes the decomposition of part
of the starting cluster with release of some [AuPPh3]

+

fragments, which are intercepted by the unreacted
[HFe4(CO)12(AuPPh3)2]

� cluster. The resulting [HFe4(CO)12-
(AuPPh3)3] species is not soluble in CH3CN and precipitates
out, preventing further decomposition. The same neutral
cluster may be also obtained by reacting [HFe4(CO)12-
(AuPPh3)2]

� with a mild oxidant, such as [C7H7][BF4] in
CH3CN. Alternatively, [HFe4(CO)12(AuPPh3)3] is formed
after the addition of [Au(PPh3)(NO3)] to [HFe4(CO)12-
(AuPPh3)2]

� , further confirming that the origin of the hydride
ligand is endogenous.

The new [HFe4(CO)12(AuPPh3)3] cluster has been fully
characterized by spectroscopic methods (IR; 1H, 31P{1H}, and
13C{1H} NMR) and its structure crystallographically deter-
mined (Figures 2b and 3). X-ray crystallographic studies have
been performed both at 295 and 100 K, giving almost
coincident results. As above, the presence of a hydride
ligand is confirmed by a singlet at dH �19.1 ppm in the
1H NMR spectrum of [HFe4(CO)12(AuPPh3)3] in CD2Cl2,
whereas VT 31P{1H} and 13C{1H} NMR studies indicate
fluxionality in solution, which makes the PPh3 and CO
ligands equivalent at all temperatures (dP 56.4 ppm and dCO

218.0 ppm at 298 K).
Dissociation to [HFe4(CO)12(AuPPh3)2]

� and [AuPPh3]
+

occurs in solution depending on the polarity of the solvent
(Supporting Information, Figure S1). Thus, [HFe4(CO)12-
(AuPPh3)2]

� is the main species in polar solvents such as
acetone, whereas [HFe4(CO)12(AuPPh3)3] is predominant in
CH2Cl2. A dissociative mechanism may be invoked to explain

the fluxionality of this neutral cluster. The hydride of
[HFe4(CO)12(AuPPh3)3] also shows a rather long longitudinal
relaxation time (T1 = 16 s), and reliable integrals between the
phenyl protons and hydride (experimental 47.5:1; expected
45:1) have been obtained using 200 s delay between scans
(Supporting Information, Figure S3).

The molecular structure of [HFe4(CO)12(AuPPh3)3] may
be derived from the one of [HFe4(CO)12(AuPPh3)2]

� after the
addition of a third [AuPPh3]

+ fragment. This is m3-coordinated
to the Fe1-Fe3-Fe4 face, to which the hydride was coordi-
nated in [HFe4(CO)12(AuPPh3)2]

� . As a result, the hydride
ligand is forced to move in the center of the Fe4 tetrahedron.
As above, the hydride ligand has been located in the final
Fourier difference map and its position is in correspondence
with the minimum of the non-bonded potential energy
surface of the cluster as located by the program
XHYDEX.[24] The hydride atom has been included in the
final refinement of the structure. As for [HFe4(CO)12-
(AuPPh3)2]

� , the hydride location has been confirmed by
means of DFT calculations on both [HFe4(CO)12(AuPPh3)3]
and [HFe4(CO)12(AuPH3)3]. Pictures of the DFT-optimized
structures are given in the Supporting Information, Figures S6
and S7. The computed Fe�H average distances are closely
comparable to the experimental data (Supporting Informa-
tion, Table S3).

[HFe4(CO)12(AuPPh3)3] is the first low-valent cluster that
contains a hydride ligand within a tetrahedral cavity. The Fe�
Fe (Fe�Fe 2.6539(9)–2.9671(9) �, average 2.795(2) �) and
Fe�H contacts (1.65(5)–1.78(5) �, average 1.72(10) �) are
very similar to those previously reported for [{PhP(CH2)3Fe}4-
(m4-H)]� (Fe�Fe 2.78–2.82 �; Fe�H 1.71 �),[22] even if the
latter contains FeII ions whereas the oxidation state of Fe is
formally negative in the present case.

Figure 3. Molecular structure of [HFe4(CO)12(AuPPh3)3] with key atoms
labeled. Fe–Fe 2.6539(9)–2.9671(9)(3) �, average 2.795(2) �; Au–Fe
2.6655(7)–2.9193(7) �, average 2.783(2) �; Fe–H 1.65(5)–1.78(5) �,
average 1.72(10) �; Au1–Au2 2.9083(3) �; Au2–Au3 2.8766(3) �; Au···C
2.583(5)–2.940(5) �, average 2.718(14) �.

Angewandte
Chemie

7363Angew. Chem. 2014, 126, 7361 –7365 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


The addition of a third [AuPPh3]
+ fragment as well as the

presence of an interstitial m4-H causes a further swelling of the
Fe4 tetrahedron compared to the parent anion [HFe4(CO)12-
(AuPPh3)2]

� .
[HFe4(CO)12(AuPPh3)3] shows two Au�Au bonding con-

tacts (Au1�Au2 2.9083(3) �; Au2�Au3 2.8766(3) �) as well
as eight weak Au···CO interactions (2.583(5)–2.940(5) �,
average 2.718(14) �). 11 CO ligands are terminal, one edge-
bridging. The coordination site of Au3 is dictated by steric
effects as well as aurophilic interactions.

If partitioned into a [HFe4(CO)12]
3� tetrahedron deco-

rated by three [AuPPh3]
+ fragments, the former possesses 60

CVE as expected for a tetrahedral cluster. Alternatively,
[HFe4(CO)12(AuPPh3)3] may be viewed as composed of five
tetrahedra (Fe4, Fe3Au, Fe2Au2, Fe2Au2, Fe3Au) sharing five
triangular faces and resulting in a pentagonal bipyramid. It
displays 96 CVE, as previously found in the isostructural
[Ru5(CO)15Au2(dppm)],[36] [Ru3Ir(CO)12(AuPPh3)3],[37]

[Os5(CO)15Au2(dppm)], and [Os4Ru(CO)12(C6H6)Au2-
(dppm)].[38]

In conclusion, we have reported the first example of a low-
valent transition-metal cluster containing an interstitial four-
coordinate hydrogen in a tetrahedral site, namely
[HFe4(CO)12(AuPPh3)3]. It originates from the addition of
a [AuPPh3]

+ fragment to [HFe4(CO)12(AuPPh3)2]
� , which

causes the migration of the unique hydride atom from the
surface to the inside of the tetrahedral Fe4 cage of the cluster.
This point has been corroborated by means of deuterium-
labeling studies. Steric effects as well as aurophilicity seem to
play a fundamental role in this process. The presence of
hydride atoms in the tetrahedral cavities of low-valent
transition-metal clusters and hydride migration on and
through their metal cages may help the understanding of
the structures of larger clusters and nanoparticles, as well as
the mechanism of their interaction with hydrogen.
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