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FOREWORD

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could not
be accommodated in the Society’s journals. It provides a me-
dium for symposia that would otherwise be fragmented, their
papers distributed among several journals or not published at
all. Papers are reviewed critically according to ACS editorial
standards and receive the careful attention and processing
characteristic of ACS publications. Volumes in the ADVANCES
IN CHEMISTRY SERIES maintain the integrity of the symposia
on which they are based; however, verbatim reproductions of
previously published papers are not accepted. Papers may
include reports of research as well as reviews since symposia may
embrace both types of presentation.
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PREFACE

esearch in transition metal hydride chemistry is currently being
R conducted at a very vigorous pace. Covalent metal hydride complexes have
been implicated as intermediates in homogeneous catalytic reactions, ternary
metal hydrides are being actively investigated as potential hydrogen storage
devices, and cluster hydride complexes have been synthesized whose cores re-
semble little fragments of metals with hydrogen atoms attached. Crystallo-
graphic methods are extending the limits of accuracy by which hydrogen positions
can be determined, and new forms of metal-hydrogen bonding are being dis-
covered. It was against such a backdrop that a symposium on Transition Metal
Hydrides was organized at the Joint American Chemical Society/Chemical In-
stitute of Canada Meeting in Montreal earlier last year (May 30-June 2, 1977).
This book represents the proceedings of that symposium.

This volume summarizes recent results of some of the leading investigators
in transition metal hydride research. Readers interested in more extensive
background material are urged to consult some of the many excellent books on
the subject, such as “Transition Metal Hydrides™ edited by E. L. Muetterties
(Marcel Dekker, Inc., New York, 1971), which covers covalent metal hydride
complexes, and “Metal Hydrides” edited by W. M. Mueller, J. P. Blackledge,
and G. G. Libowitz (Academic, New York, 1968), which comprehensively covers
work in binary and ternary metal hydrides. Also available in the covalent metal
hydride area are excellent reviews by Ginsberg [ Transition Metal Chemistry
(1965) 1, 112], and Kaesz and Saillant [Chemical Reviews (1972) 72, 231]. In
this book we have not tried to be comprehensive; rather, our purpose is to update
recent developments in both major areas of metal hydride research.

I wish to thank the Inorganic Division of the American Chemical Society for
providing partial financial support for holding the Symposium, and above all,
I would like to thank the contributing authors, without whose help this book would
obviously not have come into existence.

University of Southern California ROBERT BAU
Los Angeles, California
December, 1977
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In Transition Metal Hydrides, Bau, R.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1978.
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Relationships between Carbonyl Hydride
Clusters and Interstitial Hydrides

P. CHINI, G. LONGONI, S. MARTINENGO, and A. CERIOTTI

Istituto di Chimica Generale dell'Universita e Centro del CNR, Via G. Venezian 21,
20133 Milano, Italy

Carbonyl hydride clusters based on small isolated polyhedra
have not been found to contain interstitial hydride, whereas
hydrogen atoms have been found to occupy partially the inter-
stitial positions in clusters based on multihole polyhedra, such
as [Rh13(CO)g4Hs— "~ (n = 2,3,4) and [Ni o(CO)21H4—n "~ (n
= 2,3). This behavior parallels that of simple metallic intersti-
tial hydrides and suggests a strong competition between
metal-metal and metal-hydrogen bonds into the hole. For
hydrogen, this competition is particularly severe because of the
limiting conditions imposed by its orbital’s s character, al-
though interstitial hydrides are expected to be exceptionally
stable in the presence of a high number of u and us ligands.

Potentially, four metal atoms give rise to the simplest closed
polyhedron, the tetrahedron, that could accommodate a hydrogen atom in
an interstitial position, and nearly 40 different examples of tetranuclear carbonyl
hydride clusters are known (1, 2), as shown in Table . However, steric crowding
between the carbonyl groups will prevent the formation of a tetrahedron in tet-
ranuclear clusters containing 16 and 15 carbonyl groups (1), and open structures
have been found by x-ray analysis for [Re4(CO);5H4J2™ (3), [Re4(CO)1612~ (4),
and ReOs3(CO);sH (5). These open structures are also in agreement with the
excess deviation from the magic number of 60 valence electrons.

With 13 carbonyls, the metal atoms can adopt the usual tetrahedral ar-
rangement although considerable steric crowding occurs with the smallest metal
atoms, as shown in the short contacts present in the dianion [Fe4(CO);3)2~ (6).
(The shortest van der Waals contacts between the carbon atoms have been found
experimentally to depend strongly on the relative inclination of the carbonyls:
parallel carbonyls present a minimum distance of 3.0-3.1 A, while this distance
decreases to 2.5-2.6 A at the relative angle of 90°-110°; this effect is clearly re-
lated to the expected oval shape of the ligand (1).) Cluster opening occurs by

0-8412-0390-3/78/33-167-001/$05.00/0
© American Chemical Society
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2 TRANSITION METAL HYDRIDES

Table I. The Tetranuclear Carbonyl Hydrides (1, 2)

[Re4(CO)16(OCH3)H4)%~ (68)¢
RezRU2(CO)16H2 (64)
MnOs3(CO),H (64)
Re0s3(CO),6H (64)
[Res(CO)1sH4J2~ (64— 1t + 3p)
ReOs3(C0O),sH (62; >s1t)
[Re4(CO)13H,4)2~ (60;T;4u)
MnOs3(CO),3H3 (60)
ReOs3(CO)y3H;3 (60)
Fe4(CO)y3H, (60)
Ru,(CO),3H, (60;T;2u)
0s4(CO),3H, (60)
FeRu3(CO),3H, (60;T;2u)
FeOs3(CO),3H, (60)
FeRuy0s(CO);3H, (60)
FeRuOsy(CO);3H, (60)
[Fe4(CO)y3H|~ (62; D)
[Ruy(CO)12(RCoR)H] (60)
[Re4(CO);oHg]2~ (60;T;6u)
Re4(CO)12H, (56;T;4us)®
Ru4(CO)12H, (60)
Ru4(CO)12-,LnHy (60;—;4u)
0s4(CO)12H, (60)
FeRu3(CO),2H, (60)
FeOs3(CO),2Hy (60)
[Rus(CO)12H;)~ (60)
002082(C0)12H2 (60)
[Irs(CO)12Ho)2* (60)
[Ir4(CO)gL4H,) 2+ (60)
FeCo3(CO),oH (60)
FeCo3(CO)12-,L,H (60;T;1u3)®
RuCo3(CO),oH (60)
0sCo3(C0O)2H (60)
[FeaNi(CO)le]' (60)
Iry(CO)11H, (60)
[Irs(CO) H]- (60;T;1¢)
[Ir4(CO)1oH2) %~ (60;T;2t)
OsoPto(CO)gLoHo (58)
Coy4(n-CsHs)sHy (60;T;4us3)
Nig(n-CsHs)4Hs (63;T;3u3)®

2 Number of valence electrons; cluster structure from x-ray, T = tetrahedron; number and type
of H bonds.
b Neutron diffraction data.

protonating [Fe4(CO);3]2~ to give the monoanion [Fes(CO);3H]~, which adopts
a butterfly structure (7) (Figure 1). This particular reaction indicates that there
is no space for the incoming proton either on the surface or in the interior of the
cluster, and it disproves previous claims that the hydrogen was interstitial (8).
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Figure 1. Structural change associated with [Fe4(CO),3)~ dianion
protonation

Similarly, the much-debated case of FeCos(CO),2H has been settled by a low
temperature x-ray diffraction study (9) of its derivative, FeCos-
(CO)g[P(OMe)3]3H, and has been confirmed recently by neutron diffraction (10).
This study shows that the hydrogen is under the basal plane.

Whereas edge- and face-bridging hydrogen atoms are associated mainly
with metal-metal orbitals already present in the tetrahedral skeleton (see last
section) and therefore have limited steric requirements, terminal hydrides occupy
a full coordination position. It is not surprising then that the only examples of
tetrahedral species with terminal hydrides contain 11 and 10 carbonyls,
[Ir4(CO);1H]~ and [Irg(CO);0Hj2~. (The assignment for [Ir4(CO);H]" is based
on the structure determination of the analogous [Ir4(CO);;Br]|~ and on the sim-
ilarity of the ir spectra of the two species (11).)

Penta- and hexanuclear carbonyl hydrides are much less common. Only

Table II. Penta-, Hexa-, and Heptanuclear Carbonyl Hydrides

Carbonyl Structure from Number and Type
Hydride X-ray of H Bonds Ref.
Os5(CO)y5H, trig. bipyr. 2u 12
[Os5(CO)15H]~ trig. bipyr. m 12
Rug(CO),sH, octah. 2us 13
Os6(CO),18H2 capped square pyramid  u + u3(?) 14
[Rug(CO)1gH]~  octah. formyl type 15
)t = —6.5)¢
[Ose(CO)1gH]~  octah. us 14
[Cos(CO)1sH]~  octah.(?) 0O---H---0 16,17
(r = —13.2)°
[Rhg(CO)sH]~  octah.c terminal 16, 18
Os7(C0O)39(C)H;  capped trig. prism u+ term.(?) 19

@ Athough an interstitial position has been assigned to the [Rus(CO)wH]' anion hydride (75),
the cxpcnmcntal data are more compatible with a formyl situation.
¢ Hydrogen bonding to oxygen atoms in the [Cos(CO);sH|™ anion is suspected because of ex-
tremely low field position of the signal (27).
< Based on the structure of the analogous [Rhg(CO);sI]™ anol 'H NMR data.
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Figure 2. The hcp structure of the anions [Rhy3(CO)ggHs—p|" (n = 2,3,4)

nine different species (Table II) have been reported. A new situation where the
hydride is associated with one or more carbon atoms to give a formyl situation
(20) or with hydrogen bonding to the oxygen atoms (21) is recognized readily
from the particular low field position of the 'H NMR absorptions. In these cases,
deprotonation is facile in Lewis basic solvents and results in loss of the 'H NMR
signal because of exchange with the solvent. Sometimes the ir spectrum in so-
lution can correspond to the deprotonated species. This situation is probably
more common than the tables indicate.

In the penta-, hexa-, and heptanuclear carbonyl hydride clusters, terminal
hydrides are observed only in the less crowded species, and again no evidence
for the presence of interstitial hydride is found.

Our inability to observe interstitial hydride in simple, isolated carbonyl
hydride polyhedra is in contrast with the situation in larger multihole polyhedra.
In the twinned cube-octahedron of [Rhj3(CO)24Hs—r )"~ (n = 2,3,4) (22) in
Figure 2, 'H NMR spectra show conclusively the interstitial nature of the hydride
(23). In the distorted icosahedron of [Ni}o(CO)21H4—p ]~ (n = 2,3), the same
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conclusion has been reached more directly from neutron diffraction data (24).
These five hydrides have a 'H NMR signal in the usual high field region (28-39
7), supporting our previous assignment of the low field signals reported in Table
II. Inall these cases, the occupation of holes leads to a significant increase in the
corresponding metal-metal distances, parallel to the general trend observed in
the simpler u and ug hydrides (25, 26).

Features of Simple Metallic “Interstitial” Hydrides

The examples in Table II1, show that the hydrogen atoms occupy tetrahedral
holes at the beginning of the transition series. As we move along the transition
series, we observe the interstitial hydride shift toward octahedral holes and the
hydrides of the heavier elements become progressively unstable. Palladium is
exceptional since it is the only heavy element of group VIII that gives a simple
hydride. Hydride formation is accompanied in most cases by a change in me-
tallic lattice type and in all cases by a considerable increase in metal-metal dis-
tances.

The shift from tetrahedral to octahedral interstitial position is accompanied
by a considerable increase in the hydride atom’s apparent dimension, which can
indicate that the late transition metals are more electron rich and more prone
to give up a partial negative charge in favor of the electronegative interstitial
atom.

Table III.  Structural Features of Representative Interstitial

Hydrides (27, 28)¢
Ti TiD,; 97 Cr CrH Ni NiHos
hep ccp bee hep cep ccp
2935  3.14% 2.49% 2.710 2.49% 2.64%
rH = 0.35 tet. rH = 0.55 oct. rH = 0.55 oct.
AH® = —-29.6 AHO = -2.1
kcal mol—1
Hf HfD, 63 Pd PdHq
hep ccp ccp ccp
3.16> 3.31° 2.75% 2.890
rH = 0.37 tet. rH = 0.60 oct.
AH® = -33 AH® = -10
La LaHs¢ LaHjg90,¢ Ce CeH, CeHo g9
hep X 2 ccp ccp hep ccp ccp
3.742% 4.019% 3.973% 3.936% 3.958% 3.928%
rH = 0.51 tet. tet. + oct. rH = 0.46 tet. tet. + oct.
increase in R increase in R
_) _)
~106 ochm-cm ~104 ohm-cm

@ H positions based on neutron diffraction data. In cp structures: 2 tetrah. holes (r + R = 1.225
R) and 1 octah. hole (r + R = 1.414 R).

b Metal-metal distances, A.

¢ H positions based on NMR data.
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In all these cases, hydride formation corresponds to partial occupation of
the available holes, reminiscent of multihole polyhedra behavior. Occupation
of all available holes would require a limiting stoichiometry MH3, and would
correspond to occupation of the unique hole in isolated polyhedra. This situation
is known for some rare earth hydrides (see Table I1I). Significantly, transfor-
mation of the metallic dihydride to the trihydride occurs with a decrease in ap-
parent metal-metal distances and with a large increase in resistivity. These
observations indicate a salt-like character and the disappearance of metal-metal
bonds (27).

Finally, the heavier group VIII transition metals’ reluctance to form stable
interstitial hydrides could be related to the higher values of the metal-metal in-
teractions (1), as discussed in the following section.

Competition between Metal-Metal and Metal-Hydrogen Bonds

We have shown that: A) interstitial hydride formation is observed only with
partial occupation of the available holes, B) occupation of the interstitial position
in isolated polyhedra is not observed, and C) occupation of all the holes in a
close-packed lattice cancels metal-metal interactions. Therefore, it seems that
interstitial hydrogen can be tolerated only in a fraction of the total number of
holes, and with the weakening of metal-metal interactions. This behavior in-
dicates strong competition between metal-metal and metal-hydrogen bonds,
which is unique for hydrogen because interstitial carbon can stabilize some un-
usual arrangements in carbonyl carbide clusters (29, 30).

Table IV. Symmetry Relation.

S Alg
Six metal Pz Ay
atoms of d,? Ag
the octa- dy2— y2 Agg
hedron dy
d;; + dy.
pPx + Py
54 MO = 34, + Ay
Topological center Ay
correspond- 8 faces Ay,
dence 12 edges Ay,
34, +
8 Ay
Atom in px +py + p;
the hole d;2+ dy2-y2

dey + dys + dys
9A0 = Ay
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Figure 3. Representation of the metallic field in an octahedral hole:
(A) void and (B) filled

In a simple triangulated polyhedron, an octahedron for instance, electronic
density distribution among the center, the triangular faces, and the edges is ex-
pected to be related to the number and values of the Coulombic fields, Figure
3A. Introduction of an extra atom into the hole would give a new potential well
(Figure 3B) mainly because the triangular and edge fields would change into

ships in an Octahedral Hole (Oy,)

Eg T

128 qnlu

IZg qalu

E, To
Aoy E, Tog

Twlg Tnzg T1u Tou
Ty Tog T Tou

+ Ay + 4Eg +E, + 2T1g + 3T2€ + 5Ty, + 3T,

Ay, Tog T
Igg Tng Tiu Tou
Ay, + lEg + 2f1wzg + 2Ty, + To
Twlu
E,
To

+ E, + Tog + T
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tetrahedral and triangular fields displaced towards the octahedron interior. At
the same time, the original central field will increase because of the addition of
the central positive nucleus, but its behavior in the central region will depend
strongly on the electronic population of the added atom’s subshell. The result
will be a more homogeneous and localized field in a new internal region where
the added atom will now interact with most of the metal-metal bonds.

As shown in Table IV, only 21 of the 54 MOs derived from the six metal
atoms at the corners of an octahedron bear a topological correspondence (31) to
the fields previously considered in Figure 3A and therefore are expected to be
most responsible for the metal-metal bonds system. An extra central atom will
introduce, in the intermediate region sketched in Figure 3B, further limitations
depending on the symmetry of the available orbitals. Hydrogen is unique be-
cause the 1s orbital can only match the A, combinations; all the other MOs in-
volved in the metallic bonds will become nonbonding in the region around the
octahedron center, and their electrostatic repulsion with the A, electronic density
will decrease substantially the amount of metal-metal interactions. This result
can be proved by considering the symmetry products involved in the electronic
interactions (32).

The insulator effect on metal-metal bonding for the interstitial hydrogen
atom in an octahedral hole can be extended readily to other geometries. Table
V shows that a similar effect is expected in a tetrahedral hole.

The same effect could be involved in the increase of the metal-metal dis-
tances observed in the presence of u and ug hydrogen atoms (0.05-0.40 A) (25,
26) because in Cy, and Cg, symmetries, only the A combinations are hydro-
gen-allowed. In these cases, however, geometric considerations indicate only
partial disturbance of the metal-metal interactions.

Table V. Symmetry Relationships in a Tetrahedral Hole (Tq4)

S A 1 T2
Four metal atoms p: Ay Te
of the d,2 A, Ty
tetrahedron dy2—y2 + d,, E T, T,
px + py E T Ty
ds. + dy. E T, T,
36 MO = 3A| + 3E + 3T1 + 6T2
center Ay
Topological 4 faces A To
correspondence 6 edges A, E T,
3A, + E + 2T,
S A 1
Atom in the dr2—y2 + d,2 E
hole d;y +d,. +d,, T,
pPx + py + p; T

9A0 = A, + E + 2T,
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The only authentic example of an interstitial hydride in an isolated poly-
hedron is the noncarbonyl cluster NbgI;;H (33), better described by the formula
[Nbg(us-I)sH](u-I)6/2. In the isomorphous Nbgl,}, eight iodides are face bridging
over the eight octahedral faces, and each apex is occupied by an iodide common
to two octahedra (34, 35). In this compound, the eight ug iodides are expected
to counteract the interstitial hydrogen atom since these face bridging iodides will
distort the main metal-metal field outside the octahedron and make it much less
sensitive to the interstitial hydride. This situation is reminiscent, for instance,
of the contemporary presence of both a bridging carbonyl and a bridging hydride
between the same metal atoms. In this sense, other exceptionally stable interstitial
hydrides are expected in the presence of many 3 or u ligands.
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Single-crystal neutron diffraction studies were performed for
Moy(n3-CsHs)o(CO)y(ug-H)(na-P(CHs)s) and the [Et4N]+ and
((PhgP)oN 1+ salts of the [Cro(CO)1o(ue-H)]~ monoanion to ob-
tain detailed structural information on the M-H-M bond.
Results for the molybdenum complex provided the first evi-
dence that a bridging hydrogen atom can be located symmetri-
cally within a bent M- H-M bond even without crystallograph-
ically imposed symmetry. Neutron diffraction studies of the
[Et4N|* salt surprisingly show that the bridging hydrogen
atom is disordered between two symmetry-related sites and
displaced ca. 0.3 A from the crystallographic center of symme-
try; the Cr-H-Cr bond angle is 158.9(6)°. The large, aniso-
tropic thermal ellipsoid found for the bridging hydrogen atom
in the [(Ph3P)yN 1+ salt prevented an unambiguous interpreta-
tion of the Cr-H-Cr geometry at room temperature.

K a result of the recognized role of transition metal hydrides as
reactive intermediates or catalysts in a broad spectrum of chemical reactions
such as hydroformylation, olefin isomerization, and hydrogenation, transition
metal hydride chemistry has developed rapidly in the past decade (1). Despite
the increased interest in this area, detailed structural information about the nature
of hydrogen bonding to transition metals has been rather limited. This paucity
of information primarily arises since, until recently, x-ray diffraction has been
used mainly to determine hydrogen positions either indirectly from stereo-
chemical considerations of the ligand disposition about the metals or directly from
weak peaks of electron density in difference Fourier maps. The inherent limi-

0-8412-0390-3/78/33-167-011/$05.00/0
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tations of x-ray diffraction methods prevent us from giving a precise represen-
tation of the hydrogen bonding in these systems.

To extend our fundamental understanding of the stereochemical aspects
of metal-hydrogen interactions, a collaborative effort to examine the structures
of a carefully selected number of metal hydrides via single-crystal neutron dif-
fraction methods has been initiated at Argonne National Laboratory. Since the
neutron-scattering cross section for the hydrogen atom is of the same order of
magnitude as those for the heavier transition metals, neutron diffraction provides
the opportunity to resolve not only the nuclear position but also to obtain
meaningful thermal parameters for each hydrogen atom in complexes containing
metal-hydrogen bonds.

In particular, we have been interested in metal hydrides in which the hy-
drogen atom occupies a bridging position between at least two metal atoms. To
date, two hydride systems containing metal-hydrogen-metal bonds have been
studied by neutron diffraction at Argonne. Mog(73-CsHs)o(CO)4(po-H)(uo-
P(CHj);) and the [Cra(CO)0(ue-H)]~ monoanion were selected because they
represent two possible geometries for the bridging hydrogen atom in a metal-
hydrogen-metal bond. From earlier x-ray work, the Mo-H-Mo bond in the
former complex (2) was assumed to be bent whereas the Cr-H-Cr bond in the
latter (3, 4) was presumed to be the first example of a linearly protonated
metal-metal bond. Suitable crystals of both materials were obtained from sat-
urated solutions by slow solvent evaporation, and the necessary neutron diffraction
data were measured with the automated neutron diffractometer located at the
CP-5 reactor at Argonne National Laboratory. Computer analysis of the data
was carried out using the IBM 370/195 system at Argonne.

Neutron Diffraction Study of Mog(n3-CsHjs)o( CO)y(ug-H)us-P(CH3))

A single-crystal neutron diffraction investigation of Mog(n®-CsHs)o(CO)4-
(ng-H)(uo-P(CHg)s) was performed to determine precisely the location and
thermal motion for the bridging hydrogen atom. Previous x-ray work by Doe-
dens and Dahl (2) provided the first evidence for the existence of symmetric
three-center, electron pair metal-hydrogen-metal bond in this particular hydride
complex. Assuming that the bridging hydrogen atom occupies a distinct coor-
dination site, they concluded that because of the equivalent electronic environ-
ment of the two molybdenum atoms, the hydrogen atom was associated equally
with both molybdenum atoms in a bent Mo-H-Mo bond. Although the two
molybdenum atoms are chemically equivalent, the fact that they are not crys-
tallographically related avoids the intrinsic uncertainty problem that is en-
countered when the hydrogen atom is constrained by crystallographically im-
posed site symmetry. This problem has been discussed previously by Ibers (5,
6, 7) for several different hydrogen-bonded systems and makes it difficult to
distinguish between a truly symmetric single-well potential as opposed to a sta-
tistically symmetric (or time-averaged) double-well potential for a crystallo-
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graphically symmetric hydrogen atom. However, under more favorable con-
ditions such as those that exist for the bridging hydrogen atom in Mog(n%-
CsHs)o(CO)4(ue-H)(uo-P(CHs)y), a neutron diffraction study often gives the
opportunity to differentiate between a symmetric single-well and a statistically
symmetric double-well hydrogen bond in the absence of any imposed site sym-
metry. Since the x-ray study (2) shows no indication of any crystal order—disorder
phenomenon associated with the nonhydrogen atoms, the molecular structure
is well behaved. Counsequently, one expects that the neutron-determined hy-
drogen position and thermal parameters should provide a clear picture of the
nature of the Mo—-H-Mo bond.

The molecular configuration for Mog(n®-CsHs)o(CO)4(uo-H)(uo-P(CHs)g),
as determined by our neutron diffraction study (8), is illustrated stereographically
in Figure 1. The determined position of the bridging hydrogen atom, H(17),
demonstrates that the hydrogen atom occupies a distinct coordination site. The
molecular configuration possesses a pseudotwofold axis that passes through the
bridging phosphorus and hydrogen atoms that link together the two Mo(n°-
CsHs)(CO), moieties. The molecular packing of the four molecules in a non-
standard C1 triclinic cell, that is shown stereographically in Figure 2, indicates
the absence of any abnormal intermolecular interactions which possibly could
affect the environment of the bridging hydrogen atom.

A least-squares plane through the four atoms in the Mog(ue-H)(u2-P) core,
as depicted in Figure 3, shows that they are coplanar within 0.02 A. The bridging

Figure 2. Stereoscopic view of the four Mog(n3-CsHs)o(CO)s-
(uo-H)(ug-P(CHs)g) molecules in the triclinic unit cell of symmetry C1
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2.432(3) 84.8(m° 2.411(3)

3.267(2)

122.9(2)°

Figure 3.  The Mog(us-H)(ue-P) plane with appropriate
internuclear separations and bond angles and their
corresponding standard deviations

hydrogen atom within the bent Mo—H-Mo system of angle 122.9(2)° is essentially
equidistant from the two molybdenum atoms with Mo(1)-H(17) and Mo(2)-
H(17) distances of 1.851(4) and 1.869(4) A, respectively. The small and statis-
tically borderline difference of 0.019(7) A (i.e., 2.70) between the two Mo-H
distances can be attributed to a slight asymmetry in the potential energy surface
associated with the bridging hydrogen nucleus. This asymmetry might result
from the inseparable electronic and steric effects imposed by the small asymmetry
of the bridging phosphorus atom, as manifested by Mo(1)-P and Mo(2)-P bond
distances of 2.432(3) and 2.411(3) A, respectively, that differ by 0.021(4) A (i.e.,
5.3 ). In general, one should expect that the asymmetry observed for a M-H-M
bond will strongly depend on the asymmetric effects dictated by the metal atoms
and other ligands in the molecule. The slightly longer Mo(1)-Mo(2) distance
of 3.267(2) A, when compared with the corresponding value of 3.235(1) A for
unprotonated Mog(15-CsHs)o(CO)s, is consistent with the findings from other
structural studies (9, 10, 11, 12, 13) which have shown that bridging hydrogen
atoms involving analogous bent M-H-M systems produce comparably longer
metal-metal bond lengths. The markedly smaller CsHjs (centroid)-Mo-H angle
of 110.5° (av) compared with the CsHs(centroid)-Mo-CO angles of 119.8° (av)
and 122.5° (av) and the CsHs(centroid)-Mo-P angle of 124.9° (av) is consistent
with a previously discussed observation by Frenz and Ibers (14), who have pointed
out that ligands adjacent to a hydride ligand are displaced toward the hydrogen
atom.

By examining the size, shape, and orientation of the thermal ellipsoid asso-
ciated with the bridging hydrogen atom, we concluded that the hydrogen atom
in the bent Mo—-H-Mo system is described preferably as an effectively symmetric
atom oscillating around a single equilibrium point rather than being randomly
distributed between two equilibrium positions in the crystal lattice. The thermal
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motion of the bridging hydrogen atom compares in magnitude with that for the
molybdenum and phosphorus atoms in the Mog(ug-H)(us-P) core and indicates
a relatively rigid structure. The low thermal motion supports the premise of a
single equilibrium site since a composite of the thermal motion around two rea-
sonably separated equilibrium sites would produce a much larger and elongated
thermal ellipsoid. Information regarding the shape and orientation of the
thermal ellipsoid of the bridging hydrogen atom can be extracted by comparing
the root-mean-square components and directions of the thermal displacement
for the bridging hydrogen and phosphorus atoms. The thermal ellipsoids of both
the hydrogen and phosphorus atoms are positioned symmetrically with respect
to the Mog(uo-H)(ug-P) fragment, with the largest principal axis component es-
sentially perpendicular to the Mog(ue-H)(uo-P) plane (viz., within 2(3)° for the
hydrogen atom and 16(4)° for the phosphorus atom). Within the plane, the
thermal ellipsoids of the four atoms are essentially isotropic within experimental
error. Despite the greater mass and additional coordination to two methyl
groups, the estimated isotropic thermal displacement component of 0.156 A for
the phosphorus atom within the Mog(us-H)(uo-P) plane is only slightly smaller
than the corresponding value of 0.192 A for the hydrogen atom. If the hydrogen
atom were disordered between two equilibrium sites in a symmetric double-
minimum potential well, the rms thermal displacement components should in-
dicate a high degree of thermal anisotropy in the plane. Moreover, the maximum
thermal displacement for the hydrogen and phosphorus atoms of 0.270(5) A and
0.185(4) A, respectively, (perpendicular to the plane) are much greater than the
estimated isotropic thermal cross sections in the plane. Consequently, a detailed
analysis of the thermal ellipsoids for the bridging hydrogen and phosphorus atoms
in Mo(n%-CsHs)o(CO)4(ug-H)(uo-P(CHg),) provides definitive evidence that the
bridging hydrogen atom resides in a symmetric, single-minimum potential well
and is vibrating with its primary direction of thermal motion normal to the
Mog(ug-H)(us-P) plane.

~.
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C ~
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Figure 4. The two possible geometries that have been observed for the
[M2(CO)io(ue-H)|~ monoanion—the linear-eclipsed (left) and bent-staggered
(right) configurations
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Figure 5. Architecture of the [Cro(CO) o(ug-H)]~ monoanion of

crystallographic Ci-1 symmetry showing the approximate Dy, ge-

ometry of the metal carbonyl framework and the two centrosym-

metrically related (half-weighted) sites of the bridging hydrogen

atom in the bent Cr-H-Cr molecular fragment. Internuclear dis-

tances and bond angles are given with their estimated standard de-
viations.

0(2) 0(3)

c(y 1.904(3)
1.827(3)

Neutron Diffraction Studies of the [ Cry(CO),¢(ug-H)]~ Monoanion in the
Tetraethylammonium and Bis(triphenylphosphine)iminium Salts

The outcome of several x-ray diffraction studies (3, 4, 15) of the [Ms-
(CO)10{n2-H)]~ monoanion (M = Cr, Mo, W) has indicated that the overall metal
carbonyl framework can adopt either a bent-staggered or linear—eclipsed
configuration as shown in Figure 4. In particular, from an earlier x-ray dif-
fraction study, (3, 4), the Cr-H-Cr bond in the tetraethylammonium salt of
[Cry(CO)10(ke-H)]~ was presumed to be the first example of a linearly protonated
metal-metal bond. Although the intrinsic limitations of the x-ray photographic
data did not allow direct determination of the bridging hydrogen position in the
monoanion, its proposed location along the metal-metal axis was based on the
idealized D4j, geometry of the nonhydrogen atoms, the crystallographic C;
symmetry imposed on the monoanion, and the assumption that the metal-coor-
dinated hydrogen atom occupies a regular octahedral metal coordination site.
Within these considerations, the hydrogen atom could lie on the crystallographic
center of symmetry equidistant from the symmetry-related metal atoms or could
be statistically averaged because of a random distribution over equivalent sites
displaced from the center of symmetry along the metal-metal axis. Neutron
diffraction was used to investigate the presumed linearity of the Cr-H-Cr linkage
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and to determine whether the bridging hydrogen atom resides in a symmetric
single-well or symmetric double-well potential.

The neutron diffraction-determined molecular configuration (16) of the
[Cro(CO)10(u2-H)]~ monoanion for the tetraethylammonium salt is shown in
Figure 5. Rather surprisingly, at room temperature the Cr-H-Cr bond is non-
linear, with the bridging hydrogen atom randomly disordered between two
centrosymmetrically related sites. This bent, disordered structure results in a
significant displacement of the two half-weighted hydrogen positions by ca. 0.3
A from the crystallographic center of symmetry and thereby produces a nonlinear
Cr-H-Cr bond angle of 158.9(6)°. A symmetric disposition of the bridging
hydrogen atom around the two chromium atoms is indicated from the experi-
mentally equivalent Cr-H internuclear separations of 1.707(21) and 1.737(19)
A. When compared with the other four carbonyl groups (with average Cr-C
and C-O internuclear separations of 1.898(3) and 1.137(1) A, respectively), the
carbonyl group trans to the bridging hydrogen atom reflects considerable =-
backbonding with the chromium atom, as indicated by the significantly shorter
Cr-C(1) distance of 1.827(3) A and longer C(1)-O(1) separation of 1.156(3) A.
Although the differences between the axial vs. equatorial metal-carbon and C-O
distances are more pronounced in this case, similar results (10, 11, 17-21) have
been observed for octahedrally coordinated metal carbonyls of the type M(CO)sX,
where X is a poorer electron acceptor than the CO ligand.

Another view of the [Cry(CO);o(ue-H)]~ monoanion is illustrated stereo-
graphically in Figure 6. This view, approximately along the metal-metal axis,
reveals that the two coplanar, bent Cr-H-Cr moieties are staggered with respect
to the eclipsed array of equatorial carbonyl ligands. The plane of each of the
two coplanar Cr-H-Cr fragments is oriented at angles of 44.2° and 45.9°, with
respect to the two perpendicular mean planes that pass through two chromium
atoms and two axial and four equatorial carbonyl ligands. As was found pre-
viously (8) for the bridging hydrogen atom in Mog(3-CsHs)a(CO) 4(e-H)(uo-
P(CH3),), the maximum rms component of thermal displacement (viz., u(3) =
0.441(11) A) for the bridging hydrogen atom in the [Crz(CO),0(re-H)]™ mo-
noanion also is directed normal to the metal-hydrogen-metal plane (viz., 85(4)°).
Although the hydrogen disorder does not sufficiently alter the overall pseudo
D4, geometry of the metal carbonyl framework, an examination of the sizes,
shapes, and orientations of the nuclear thermal ellipsoids of the axial carbonyl
atoms reveals that the thermal anisotropy observed for the nonhydrogen structure
most likely results from a crystal disorder involving the near superposition of two
slightly bent; identical [Cry(CO),o(ue-H)|~ structures of idealized Cy,, geometry.
In contrast to the direction of u(3) for the bridging hydrogen atom, the maximum
rms components of thermal displacement for the axial carbon and oxygen atoms
(viz., u(3) = 0.287(3) A and u(3) = 0.391(4) A, respectively) are essentially directed
parallel to the Cr-H-Cr plane. (The acute angles between the directions of u(3)
for the bridging hydrogen atom and u(3) for the axial carbon and oxygen atoms
are 86(4)° and 87(4)°, respectively.) Although a corresponding twofold disorder
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of the single independent, axial carbonyl group is not resolved, the observed
thermal anisotropy may be explained as a composite of two half-carbon and two
half-oxygen atoms, each displaced ca. 0.08 and 0.15 A from their respective
neutron-determined positions. These estimated displacements were calculated
by assuming that the two half atoms for the axial carbon and oxygen atoms can
be represented with an isotropic thermal displacement of 0.20 and 0.24 A, re-
spectively, which are approximately equal to the mean value of the thermal
displacements normal to the corresponding maximum displacement, u(3). An
idealized representation of this composite model is illustrated in Figure 7 for the
atoms contained in the Cr-H-Cr plane. Since the axial O-C-Cr bond angle
is nearly 180° (i.e., 179.0(2)°), the overlap region in the bond (determined from
the extrapolated intersection points of the directed vectors from the two sets of
opposite, half-weighted axial carbonyls) is estimated to be nearer to the centro-
symmetric midpoint of the Cr-Cr line than to the half-weighted hydrogen atom
positions. This result arises from the estimated displacements of the half-
weighted carbon and oxygen atoms being smaller than the ca. 0.3 A displacement
of the half-weighted, bridging hydrogen atom from the crystallographic center
of symmetry and is in accord with the three-center, electron pair Cr-H-Cr in-

H
teraction bei losed- . i
eraction being a closed-type M—um bond. The results provide

further support that the bridging hydrogen atoms in bent M—-H-M fragments
are unlike terminal hydrogen atoms since they do not occupy regular metal
coordination sites. For example, Bau and co-workers (22, 23, 24) have shown
from their neutron diffraction studies of W5(CO)g(NO)(uz-H) and Wo(CO)s-
(NO)(P(OCHg)s)(ug-H) that predicting the location of the bridging hydrogen
atom based on an idealized octahedral geometry leads to an overestimation of
the W-H-W bond angle and an underestimation of the W-H bond lengths.
The observation of a bent Cr-H-Cr bond in the tetraethylammonium salt
without an accompanying substantial deformation of the linear architecture of
the nonhydrogen atoms in the [Cry(CO),o(1o-H)|~ monoanion reflects the in-
herent flexibility of the bond. The deformability of the[My(CO),o(pe-H)|™
monoanion species to adopt an appreciably bent, staggered carbonyl structure
was first reported by Bau and co-workers (23) from neutron diffraction studies
of two crystalline modifications of the electronically equivalent, neutral
Wy(CO)g(NO)(12-H) molecule. Subsequent x-ray diffraction studies (15) of the
analogous [Wg(CO);o(u2-H)]~ monoanion found that the nonhydrogen backbone
can have either an appreciably bent structure for the bis(triphenylphosphine)-
iminium salt or a linear structure for the tetraethylammonium salt, with the W-w
separation 0.11 A less in the bent form. Crystal packing forces probably were
responsible (15) for the different molecular configurations of the monoanion in
the two lattices. In solution, however, all known salts of the [Wo(CO)1(uo-H)]™
monoanion exhibit the same three-band carbonyl ir absorption spectrum char-
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acteristic of the eclipsed carbonyl geometry which suggests an inherent stability
of the eclipsed structure for the [Mg(CO),o(u2-H)]™ species in solution.

For the [Mg(CO);0(re-H)]~ monoanion, a qualitative understanding of the
bonding can be rationalized in terms of a three-center molecular orbital repre-
sentation involving two o-type metal hybrid orbitals and the hydrogen 1s atomic
orbital. For a linear, nonhydrogen backbone with the metal hybrids of primarily
d.2 and p, character directed along the M-M internuclear vector, a small per-
pendicular displacement of the bridging hydrogen atom would be expected to
destabilize the a; bonding molecular orbital (MO) because of the subsequent
reduction of the orbital overlap between the metal and hydrogen centers.
However, as the M-H-M fragment moves from a linear to an appreciably bent
configuration, an accompanying decrease in the metal-metal separation should
provide better metal-metal overlap. This produces a net energy stabilization

iH

+0.084
@-fb@(%*@:@ +0.154
0 C Cr " Cr C 0

Figure 7. Idealized model of the thermal anisotropy of the atoms
located in the Cr-H-Cr plane based on the representation of the
nuclear thermal ellipsoids of axial carbonyl atoms as composites of
two half-carbon and half-oxygen atoms, each displaced from their
neutron-determined positions by ca. 0.08 and 0.15 A, respectively.
The estimated overlap region in the bond lies near the centrosym-
metric midpoint of the Cr-Cr line in accord with a closed-type,

H
Cr* Cr bond.

of the a, bonding MO relative to that for the linear Cr-H-Cr bond. A subtle
balance of electronic effects must be present in the [Cro(CO);o(u2-H)]™ anion
since the Cr-H-Cr bond can bend without an accompanying twisting distortion
of the entire linear, eclipsed carbonyl structure toward an appreciably bent,
staggered configuration.

In the solid state, crystal packing forces should be considered since they can
appreciably affect the crystal structure. For example, as previously mentioned,
the replacement of the tetraethylammonium cation by the bis(triphenylphos-
phine)iminium cation for the [Wy(CO),¢(ro-H)]~ species dramatically changes
the solid-state structure of the monoanion. For further insight into the possible
influence of packing forces on the nature of the Cr-H-Cr bond in the [Crs-
(CO)10{ue-H)]~ monoanion, a neutron diffraction study of the corresponding
bis(triphenylphosphine)iminium salt, that has been shown by x-ray diffraction
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methods (25) to possess a linear D, nonhydrogen backbone for the monoanion
(essentially identical to that in the tetraethylammonium salt), has been performed.
A complete set of neutron data was collected out to 20 = 70° at T = 22° £ 2°C.
Because of the high percentage of hydrogen in the unit cell and the relatively
high overall molecular thermal motion, reflections measured at higher 20 values
were generally quite weak. A total of 2357 independent reflections with F§ >
0 was used to refine the structure with a final data-to-parameter ratio of 5.7:1.
Our analysis of the neutron data for the bis(triphenylphosphine)iminium salt is
illustrated in Figure 8, which depicts two different views of the monoanion, and
in Figure 9, which represents a stereographic drawing of the packing in the unit
cell. In contrast to the twofold, disordered structure found for the bridging
hydrogen atom of the tetraethylammonium salt, only one position corresponding
to the bridging hydrogen atom was located in this case, with the maximum nu-
clear density being at the crystallographic center of symmetry rather than being
displaced from it. As shown in these two orientations of the [Cry(CO)o(ug-H)|™
monoanion, the large, highly anisotropic, thermal ellipsoid of the bridging hy-

Figure 8. The molecular structure
of the [Cry(CO)1o(ue-H)]|~ anion
for the bis(triphenylphosphine)-
iminium salt showing: (a) a view
normal to the Cr-Cr axis; (b) a
view looking down the Cr-Cr axis.
The Cr-Cr internuclear separation
15 3.349(13) A. The thermal ellip-
soids of nuclear motion for all
atoms are scaled to enclosed 50%
probability.
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drogen atom indicates considerable vibrational motion normal to the Cr-Cr axis.
Although the Cr-H-Cr bond appears to be linear, the large amplitudes of the
two rms components of thermal displacement normal to the Cr-Cr vector (i.e.,
u(2) = 0.422(38) A and u(3) = 0.532(25) A) do not rule out the strong possibility
of a radially disordered, bridging hydrogen atom. Therefore, within the limi-
tations of our room-temperature neutron data, one cannot differentiate a truly
linear bond from a composite of slightly bent structures. The axial carbonyl li-
gands for the bis(triphenylphosphine)iminium salt do not clearly indicate a dis-
ordered structure, as in tetraethylammonium salt. However, the smaller axial
C-O bond distances of 1.140(7) A in the [(PhsP);N]* salt do reflect a small degree
of thermal shortening. Attempts to produce a slightly bent Cr-H-Cr structure
by disordering the hydrogen position off the crystallographic center of symmetry
were not successful. Although these differences are not sufficient to substantiate
a linear structure for the Cr-H-Cr bond in the [(PhgP)sN]* salt, they suggest that
crystal packing forces are sufficiently different in the two crystalline environments
to affect the solid state structure of the monoanion.

To investigate the general applicability of laser Raman spectroscopy to
structural studies of transition metal hydrides, Shriver and co-workers (26) per-
formed low-temperature (10°K) studies on deuterated salts of the [M,-
(CO)10{u2-H)]~ monoanion. Their work indicated a dependence between the
frequency of the asymmetric symmetric mode for the M—D-M group and the
M-D-M bond angle. For an appreciably bent bond, such as that found in the
[(PhgP)oN]* salt of [Wo(CO)0(ke-D)]™, a significant decrease in the asymmetric
stretching frequency is observed. However, for more nearly linear structures,
such as those found for the [Cro(CO);o(ug-D)]~ monoanion, a force-field analysis
shows that the vibrational frequency is quite insensitive to small bond angle de-
formations. The observed vibrational frequencies measured at 10°K for the
[Et4N]* and [(Ph3P)oN]* salts of 1274 and 1270 cm™!, respectively, indicate that
the two salts possess a similar Cr-D-Cr structure at this temperature.

From our neutron diffraction of the [Cry(CO),0(u2-H)|™ monoanion, we
see that although the bridging hydrogen atom is symmetrically disposed between
the two chromium atoms, the crystalline environment influences the solid state
structure of the Cr-H-Cr bond. For the tetraethylammonium salt, a disordered,
slightly bent Cr—H-Cr structure has been resolved while for the bis(triphenyl-
phosphine)iminium salt, the highly anisotropic nature of the thermal motion of
the bridging hydrogen atom prohibits an unambiguous interpretation of the
Cr-H-Cr geometry at room temperature. In either case, however, the potential
energy surface associated with the hydrogen nucleus appears to be sufficiently
shallow to facilitate an easy bending of the Cr-H-Cr fragment without appre-
ciably perturbing the eclipsed arrangement of the carbonyl ligands. To better
understand the nature of the metal-hydrogen-metal bond in this intriguing series
of complexes, further theoretical and experimental studies based upon our
structural findings are in progress.
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Location of Terminal Hydride Ligands in
Transition Metal Hydrides

JAMES A. IBERS
Department of Chemistry, Northwestern University, Evanston, IL 60201

The location of the positions of terminal hydride ligands in
transition metal complexes using x-ray diffraction techniques
is examined by reference to some recent structure determina-
tions. These include studies of the complexes RuHX(CO)-
(PPhg);, where X = ToINNNTol and TolNCHNTol,
Rqu(NzB 10HgSM€9)(PPh3)3'3C6H6, OSH(CSSMe)(CO)z-
(PPh3)2°1/2C6H6, [PtH(PhHNNCMez)(PPhs)z][BF4], and
[ Pt((tert-Bu)oP(CHy)sP(tert-Bu)s) Jo.

onfusion over the stereochemical role of the hydride ligand was
largely cleared up some 12 years ago (see for example Ref. 1). The location

from x-ray diffraction data of the hydride position in RhH(CO)(PPhs)s (2, 3)
was a crucial step in this process since this was the first example of the location
of a hydride ligand in the presence of other, bulkier ligands on a transition metal.
The Rh-H bond length of 1.60(12)A, a value that remains reasonable today, was
determined by Fourier methods based on room-temperature diffraction data
whose intensities had been estimated visually. The notion that the hydride ligand
is “buried” in the metal orbitals, though seriously undermined by this structure
determination, was finally put to rest with the determination of the Mn-H dis-
tance of 1.602(16)A by using neutron diffraction techniques (4). Since then the
determination of the position of a terminal hydride ligand in a transition metal
hydride complex by x-ray diffraction methods has become rather routine. In
favorable cases, the position of the hydride ligand can be determined by least-
squares procedures to an apparent accuracy of about + 0.05A from x-ray intensity
data collected by diffractometer methods at room temperature. But not all cases
are favorable. The purpose of this present chapter is to present some recent
experiences from our laboratory on the determination of hydride positions in
various transition metal hydrides (5-10). Inso doing, we hope to point to some
of the potential problems involved. Since this book is devoted to transition metal
hydrides, the reasons for our studying the specific compounds discussed below
will be given with utmost brevity. But we emphasize that in these days of the

0-8412-0390-3/78/33-167-026/$05.00/0
© American Chemical Society
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ubiquitous hydride ligand, the fact that the compounds studied happened to be
hydrides was incidental to our chemical interests.

Experimental Procedures

The experimental procedures followed in collecting the diffraction data
were standard in this laboratory (see for example Ref. 11). Diffraction data were
obtained at room temperature on a Picker FACS-I diffractometer using either
filtered copper radiation or monochromatized molybdenum radiation. Efforts
were made to collect as large data sets as possible. All data sets were corrected
for absorption effects. The compounds to be discussed have molecular weights
in the range 880-1070 amu, primarily because they contain PPhs or related
phosphine groups. All least-squares refinements of these structures were carried
out by full-matrix methods. Where there were no complicating features, the
hydride positions were included as part of the refinement, with their positional
and isotropic thermal parameters being varied. Phenyl groups were refined as
rigid groups by using techniques first developed for RhH(CO)(PPhs)s (3).
Abbreviations used in this chapter are: Ph = phenyl, Tol = p-tolyl, Me = methyl,
Et = ethyl, tert-Bu = tert-butyl, and Cy = cyclohexyl. Unless otherwise stated,
these group atoms were constrained to vibrate isotropically. Table I lists selected
information on the various compounds to be discussed, including some details
on data collection and on M-H Egnd lengths.

Discussion

RuHX(COXPPhs);. The compounds X = TolNNNTol (triazenido) and
ToINCHNTol (amidinato) are prepared as shown in Reactions 1 (12) and 2 (6,
13). These compounds were studied because of our interest in the diverse
bonding patterns of the triazenido and isoelectronic amidinato ligands.

RuHjy(CO)(PPhs); + ToINNHNTol —
RuH(ToINNNTol)(CO)(PPhs), + Hy (1)

Rqu(CO)(PPhs)z + ToIN=C=NTol —
RuH(ToINCHNTOol)(CO)(PPhg), (2)

The inner coordination spheres of these two complexes are presented in
Figure 1. While the Ru-H distance is well defined in the amidinato, it is not in
the triazenido complex. Yet reference to Table I indicates that the triazenido
structure is “better” if one uses the unreliable criterion that the lower the R index,
the better the structure. In this instance, the low R index in the triazenido
complex results from an elaboration of the usual group refinement model (3),
allowing for anisotropic motion of the group atoms. This elaboration introduces
a large number of additional variables and provides us with an opportunity to
lower the R index! More importantly, we established that the other features of
the structure were virtually unaffected by this elaboration. We conclude that
with problems of this type, such an elaboration probably is not justified by the
expense involved. Why can’t the hydride position be located accurately in the
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Figure 1. (top) The inner coordination sphere of RuH-

(ToINNNTol{COXPPhg)s; (bottom) the inner coordination

sphere of the isoelectronic RuH(ToINCHNTol)CO)-
(PPhs)s.

triazenido while it was refined isotropically in the amidinato complex? In this
instance the reason is clear: in the triazenido structure there is a CO-H disorder
with about 80% of the CO at the position shown in Figure 1 (top). The overlap
of the 20% CO with the 80% H is sufficient to obscure the position of the hydride
ligand. This disorder is not imposed crystallographically. On the other hand,
the amidinato structure, which crystallizes in a different space group, is perfectly
ordered.
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In the triazenido complex, there is a slight trans labilizing effect of the hy-
dride over the carbonyl, as reflected in the trans Ru-N distances. This effect
is much more pronounced in the amidinato complex because of the absence of
disorder and perhaps because the four-membered ring has opened up so that atom
N(2) is more nearly trans to the hydride ligand.

These two structures illustrate a fundamental and disturbing point about
diffraction experiments. It is not until the late stages of refinement, after con-
siderable time and money has been spent on the experiment, that one sometimes
discovers his inability to define accurately a salient feature of the structure—in
this instance the hydride position in the triazenido complex. There is no way
from the formula, space group, or films to have predicted this; nor are there any
usefully consistent methods that enable one to predict, especially in common
low-symmetry space groups, when disorder will occur.

RuHg(N3B;oHgSMeaXPPhj);*3Cg¢Hg. The synthesis of this compound is:

TH
Rqu(Ng)(PPhs)g + 1,10-N2B10H88M82 (14) _i
1 hr under N2
(vNN = 2240 cm™})
Rqu(NzBlngsMez)(PPhs)g (15)
(vnN = 2060 cm‘l)

The compound is of interest to us because of our studies of the varying bonding
modes of the NoR species. From the very high value of the NN stretching fre-
quency, we believed (and confirmed) that the complex represents the first ex-
ample of the linear attachment of an RN, group to a transition metal. The
structural study (Table I) was straightforward, and the inner coordination sphere
is shown in Figure 2. The R index is somewhat higher than expected, probably
because of some residual electron density in the region of the SMe; group.
Nevertheless, the two hydride positions refined successfully. The resultant Ru-H
distances, insignificantly different from one another, are as expected. The
trans-labilizing effect of the hydride ligand relative to a triarylphosphine group
is apparent.

(3)

Figure 2. The inner coordin(;tioz s)phere of RuHy(NyBoHgSMey)-
PPhg)s
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Table I. Some Experimental Details

Formula
Space Units/

Compound Group Cell
RuH(ToINNNTol)(CO)(PPhjy). Cl-P1 2
RuH(ToINCHNTol)(CO)(PPhs), Cax® — C2/c 8
Rqu(NgB10HBSM82)(PPh3)3-3CGH6 Cil -P1 2
OSH(CSSMe)(CO)2(PPh3)2‘1/2C6H6 C,’l - PT 2
[PtH(PhHNNCMe,)(PPhj)][BF4) Con5 = P2)/c 4
[Pt((tert-Bu)oP(CHy)sP(tert-Bu)s)]o Cyn6 — C2/c 4b

@ R(Fo) = Z||Fo| — |Fc||/Z|Fol.

OsH(CSSMe)CO)y(PPh3)e-/oC¢Hg. This compound was synthesized by
the following route (16):

0Os(C,H,xCO),(PPh,), + CS, —> 0s(CS,)(CO),(PPh,),

lMel

(€))]

The compound is interesting to us because of the novelty of the CSSMe ligand
and the possibility of varying modes of attachment of this ligand to transition
metals.

The structural study was completely straightforward (see Table I) and the
inner coordination sphere is shown in Figure 3. Note, in particular, the successful
refinement of the hydride position (and isotropic thermal parameter) in the
presence of a third-row element. As judged by the agreement among what are
expected to be chemically equivalent distances within the complex, the assigned
standard deviations are reasonable; hence, the Os-H distance has been determined
to £0.06 A. The complex itself contains 50 nonhydrogen atoms and 36 hydrogen
atoms in addition to the hydrogen atom of the hydride ligand. As a result, the
compound would present a formidable neutron diffraction study. Such a study
might not lead to a much better determination of the hydride position. In our
opinion, a neutron diffraction study is not justified on a transition metal hydride
containing only a terminal hydride if this hydride position has been reasonably
well defined from an x-ray study. It is wiser to apply the limited neutron dif-
fraction resources to the study of structures involving bridging hydride ligands
where small positional changes may affect our interpretation of the bonding.
Note the trans-labilizing effect of the hydride ligand relative to the CSSMe

group.
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on Selected Transition Metal Hydrides

No. of sinf No,
Obser' (T) max Of .
vations Vari- M-H
(A-1) ables R(Fo)@ (4) Ref.
5847 0.562 436 0.038 ? 5
5805 0.576 192 0.063 1.58(7) 6
6544 0.479 324 0.072 1.74(7) 7
1.53(7)
7005 0.627 182 0.036 1.64(6) 8
5635 0.559 214 0.046 ? 9
5350 0.700 204 0.030 No H 10

% The dimer has crystallographically imposed (", symmetry.

[PtH(PhHNNCMegXPPhs)s][BF]. The synthesis of this compound is
(9):

CH.CI,
trans-PtHCI(PPh,), + H.NNHPh + NaBF, —— PtH(H.NNHPh)PPh,).*

laceume

trans-PtHCI(PPh,), + AgBF, + PhHNNCMe, o> PtH(PhHNNCMe,XPPh,).*

Because there are at least three ways in which the hydrazone ligand could attach
itself to a transition metal and because hydrazone complexes of transition metals
barely have been investigated, this type of compound is interesting to us.

As contrasted with the studies discussed above, we were unable to locate and
refine the hydride position in this compound (see Table I). The inner coordi-
nation sphere (Figure 4) shows the hydride ligand drawn at an assumed position.
The reasons for our failure are not clear, but we are led to the sobering conclusion
that success cannot always be guaranteed in studies of this kind. One might ask
if intrinsic differences in the M~H bond might affect our ability to locate the
hydride ligand. Obviously, as one goes in a formal sense from M*-H~ to
M~-H, that is, if the hydride were to lose its electron, the hydride ligand would
become transparent to x-rays. In principle, then, our inability to locate hydride
positions in certain complexes might correlate with such a hypothetical electron
transfer. But spectroscopic differences also should manifest themselves. The
spectroscopic properties of the Pt-H bond in this hydrazone complex are normal.
Thus, vpy_ = 2220 cm~! and 7p,_y = 27.36 ppm. (Compare these values with
those of 2119 cm™~! and 23.37 ppm in the amidinato complex above where the
hydride position was located without difficulty.) We believe it to be far more
likely that failure to locate the hydride position in this hydrazone complex results
from undetected errors in our data or in our model and not from an intrinsic
property of the Pt-H bond.

[Pt((tert-Bu)eP(CHz)3P(tert-Bu))le. We end this brief summary of recent
structural studies in our laboratory by discussing a compound that apparently
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Figure 3. The inner coordi-
nation sphere of OsH-

is not a hydride. We attempted the preparation of the new complexes M(PP),
where PP represents a bidentate phosphorus ligand constrained by geometry to
present cis phosphorus atoms to the metal M. The resultant bent M(PP) complex
should exhibit high reactivity and unusual chemistry. In the course of this work,
the dimeric compound [Pt((tert-Bu)oP(CHy)3P(tert-Bu)s)], precipitated and
was characterized (10). The preparative scheme is:

PtCl,(diphos) %’ cis-PtH,(diphos)
—H,n+H, (6)
i[Pt(diphos)], == {Pt(diphos)}
diphos = (tert-Bu),P(CH,),P(tert-Bu),

The inner coordination sphere of the dimer is shown in Figure 5. By the normal
rules of electron counting, the rare-gas configuration is obeyed at platinum if
a Pt=Pt double bond is invoked. Yet the Pt-Pt distance of 2.765(1)A is a normal
or slightly long, single bond. One thus wonders if the compound might be a
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1/2[Pt(diphos)]2 + Dy — PtDz(diphOS)
PtHD (diphos)
PtH, (diphos)

oluene
[Pt(diphos)]; + CHCl; t—> PtCl, (diphos) + CHyCls

(8)
40% 92%

hydride. Some chemistry of this dimer (Reactions 7 and 8) suggests that it could

be a hydride, presumably containing Pt-H-Pt bridges.

As we noted above, there are instances where one fails to locate the hydride
position in a known transition metal hydride. Consequently, failure to locate
residual electron density in positions thought to be reasonable for hydride ligands
hardly can be taken as strong evidence against a given compound being a hydride.
The classic diagnostic tool for detecting hydrides has been the high-field shift
of the hydride proton in the NMR spectrum. The present dimer shows no such
shift; nor is there ir evidence for the presence of hydride bridges. However,
Haymore (17) and Stone (see Chapter 8) (18) have demonstrated that the proton
signal in the NMR spectrum is not always found at high field but rather may be
found at low field. Stone’s example, in fact, is the compound [Pt(u-H)(SiEts)-
(PCys)]2, a compound closely related to the present one. No x-ray evidence for

Fiiure 4. The inner coordination sphere of PtH(PhHNNCMeg)PPhg)o* .
The hydride ligand was not located but is shown at an assumed position.
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137(2)°
nra(4’

M) g@ N =Y '

e
-

Figure 5. The inner coordination sphere of [ Pt((tert-Bu)oP(CH3)sP(tert
Bu)s)],

bridging hydrides was found there. But there was ir evidence for Pt-H bond-
ing—evidence that was later corroborated by the successful location of the hy-
dride signal in the NMR spectrum. There is x-ray, NMR, and ir evidence to
support bridging hydrides in the similar compound [Ni(u-H)(Cy2P(CHzg)sPCys2)ls
(19). In both of these verified bridging hydride structures, the LML/LML in-
terplanar angles are near 23°. In our dimer, this angle is 82°. In essence then,
there is negative diffraction and spectroscopic evidence for the presence of hy-
dride bridges in the present complex, but negative evidence is never fully satis-
factory. Here we must appeal to stereochemical arguments that if the compound
were a hydride, the PPtP/PPtP interplanar angle would be close to 0°. This
example illustrates, particularly for transition metal complexes containing or
possibly containing bridging hydride ligands, that x-ray diffraction and spec-
troscopic results may not always lead to a totally satisfying conclusion.
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Conclusions

In this short chapter, I have attempted to provide an overview of the types
of results that one can expect to obtain from x-ray diffraction studies of transition
metal hydride complexes. The salient points seem to me to be: (1) one cannot
predict at the outset whether one will be successful in locating the hydride position
or, in fact, a given feature of a structure owing to the possibility of disorder and,
at times, to unknown causes; (2) in favorable cases, the hydride position can be
located to an accuracy commensurate with or exceeding our ability to use such
information in theoretical models; (3) our expectations concerning the stereo-
chemistry of transition metal hydrides that contain terminal hydride ligands have
changed little in the 12 years since the determination of the structure of
RhH(CO)(PPhg)s; hence it is unlikely that the study of such structures in them-
selves is a fertile field of structural chemistry.
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Molecules with Bridging Hydride
Ligands

Direct Comparisons of M(u-H)M Bonds with M-M or
M(u-CI)M Bonds

MELVYN ROWEN CHURCHILL
Department of Chemistry, State University of New York, Buffalo, NY 14214

A series of trinuclear osmium carbonyl derivatives that contain
single unsupported equatorial up-hydride ligands, including
(no-HXH)Os3(CO)y1, (ne-HYH)Os3(CO)1o(PPhg), “Osg(CO)e-
(EtC=CH)y", and (nz-H)3Os3Reo(CO)q0, have been investi-
gated. The Os(u-H)Os distances range from 2.989(1) to
3.083(3) A, as opposed to a normal Os-Os bond length of
2877(3) A in OSg(CO)lz. In (ug-H)zOSs(CO)lo, the dihydrido-
bridged Os-Os bond is 2.681(1) A in length while in (us-H)-
Os3(CO)1o(ne-CH-CHg-PMe3Ph), the dibridged Os-Os bond
distance is 2.800(1) A. Similar effects are noted for ruthenium
complexes based upon studies on Rug(CO)2, (ne-H)Rus-
(CO)\o(ne-C=NMey,), and (us-H)sRu4CO) o(diphos). In the
dinuclear species [(n5-CsMes)MCl]o(u-X)u-Cl) (M = Rh, Ir;
X = Cl, H), the us-hydrido-us-chloro-bridged complexes have
M-M separations of 2.906(1) A (M = Rh) and 2.903(1) A (M =
Ir) whereas the di-uy-chloro-bridged species have increased
nonbonding MM distances of 3.719(1) A (M = Rh) and
3.769(1) A (M = Ir).

Hydride complexes of the transition metals occupy a central role
in contemporary chemistry, both because of their importance as catalytic
or stoichiometric reagents for fundamental organic transformations (e.g., the
catalytic hydrogenation of unsaturated systems) and because of their chemical
interest per se.

The structural chemistry of these species has been the subject of a remarkable
number of misconceptions and only now is beginning to emerge as a coherent,
ordered discipline. Thus, prevailing attitudes on the nature of even the simplest

0-8412-0390-3/78,/33-167-036/$06.25 /0
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system, the terminal hydride ligand, have undergone almost an entire cycle of
change, as illustrated by the following approximate chronology.

(1) Prior to 1960. The metal-hydrogen bond was believed to be very short (1).
As such, the hydrogen atom was viewed as being buried in the metal d-orbitals
and having, in essence, a negative or close-to-zero covalent radius. As a result
of electron diffraction studies on HCo(CO)4 and HoFe(CO)4 (2), in which the
carbonyl ligands were shown to have a tetrahedral disposition around the central
metal atom, the hydride ligand also was believed to exert no stereochemical in-
fluen§e (i.e., it was thought not to occupy a regular coordination site on the metal
atom).

(2) ca. 1960-1970. Because of a series of x-ray diffraction studies beginning with
HPtBr(PEtg), (in which the hydrogen atom was not located directly) (3) and
HRh(CO)(PPhs); (in which the hyfrogen atom was located directly) (4, 5) and
a unique early neutron diffraction study of Ko[ReHg] (6), attitudes changed
drastically. The revised credo was that the metal-hydrogen bond was entirely
normal (i.e., could be predicted safely to be close to (r(M) + 0.3) A in length,
where r(M) is the covalent radius appropriate to the metal under consideration,
and 0.3 A is the approximate covalent radius for hydrogen) and that the hydride
ligand occupied a regular stereochemical site in the coordination sphere of the
transition metal.

(8) ca. 1970-present. The view currently accepted is that the metal-hydrogen
distance will be normal unless otherwise affected by external factors (e.g., a ligand
of extremely high trans effect). The categorical statement as to the hydride li-
gand occup inia regular stereochemical site should be viewed circumspectly.
This is usuaﬁy the case, but a caveat must be issued that bulky ligands may en-
croach upon the cone-angle of space formally allotted to the coordination site
of the hydride liﬁand. Perhaps the most flagrant examples of this violation occur
in the HRh(PPhg), (7) and HRh(PPhs)3(AsPhs) (8) molecules; here, the tri-
phenylpnicogen ligands occupy essentially regular tetrahedral sites around the
central Rh(I) atom, but the hydride ligands can be detected spectroscopically
and are believed to occupy sites directly trans to PPhg or AsPhs ligands (two
rhodium-hydrogen stretches are observed for the mixed ligand complex). A
similar, but far %ess severe, case occurs in the HMn(CO)s molecule; here the
((eg)uatorial ligands are displaced by only 6-8° toward the terminal hydride ligand

The structural chemistry of species containing bridging hydride ligands has
lagged behind that of the terminal hydride complexes, partly because of the later
realization of their synthesis and partly because of the greater complexity of the
molecules involved. [A consistent problem for x-ray studies is that the electron
density for a hydrogen atom (Z = 1) is far smaller than that for a transition metal
(Z = 21-29 for a first-row transition metal, 39-47 for a second-row metal, and
71-79 for a third-row metal). The hydride ligand thus may be obscured by
background noise on an electron density map.] The first x-ray structural analysis
on one of these species was that by Doedens and Dahl (10) on the molecule
[(1°-CsHs)Mo(CO)so(po-H)(ug-PMeg). Although the bridging hydride ligand
was not located in this study, its location was deduced by comparison with related
structures. The structure was described at the time as containing a localized,
bent, three-center metal-hydrogen-metal bond without a metal-metal bond.
Thus, despite a molybdenum-molybdenum distance of only 3.262(7) A [cf. the
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molybdenum-molybdenum single bond distance of 3.235(1) A in [(#5-CsHs)-
Mo(CO)s]z (12)), the core of this us-hydrido species was drawn originally as that
in Structure 1; i.e., without any direct metal-metal interaction. A similar sit-
uation arose in the duo of complexes Feg(CO),2 (13, 14) and [HFe3(CO);;7] (15).
While these were formally illustrated as Structures 2 and 3, the iron-iron distances
of note are 2.558(1) A for the Fe(uy-CO)oFe system in Feg(CO), 5 and 2.577(3)
A for the Fe(ug-H)(up-CO)Fe system in the [HFeg(CO);,~] ion. Thus, within
this formalism, a change from a formal metal-metal single bond to a formal
no-bond situation is accompanied by a change in metal-metal distance of only
0.019 A. Clearly, the original description of these bent metal-hydrogen-metal
bonds needed some modification.

H
(CO); _CO (CO); _H
/ \ Fea/ Fea/

Mo Mo / /
\P/ (OC),Fe{—‘&’\Fe(CO)J (OC)4Fe—/——k_ Fe(CO),
PN / Cé

Me Me CO
1 2 3

A final important structure in the early days was [HCro(CO);0~]. The
Cr--Cr distance here was 3.406(9) A, i.e., some 0.44 A longer than in the conjugate
base, [Cra(CO),02~], where the chromium-chromium bond length is 2.97(1) A
(16, 17). A unique feature of the [HCry(CO),0~] ion was the eclipsed arrange-
ment of equatorial carbonyl ligands on the two chromium atoms. It is interesting
to note that the [HCro(CO),0~] ion lies on a crystallographic center of symmetry.
For some ten years this molecule was believed to be the archetypal example of
a molecule with a truly linear metal-hydrogen-metal system. This now has been
shown not to be the case. A neutron diffraction study shows the bridging hydride
ligand to be disordered (18) and displaced from co-linearity with the Cr---Cr
vector.

Early Studies on Rhenium-Carbonyl-Hydride Clusters and Related
Species

Our initiation into the field of transition metal hydride chemistry resulted
from collaborative research with H. D. Kaesz on the structures of a series of
rhenium-carbonyl-hydride complexes. Single-crystal x-ray diffraction studies
of HResMn(CO),4 (19, 20) and derivatives of the [HgRes(CO)2~] (21),
(HRe3(CO)1227] (22, 23), [HeReq(CO) 1227 (24), and [Res(CO)16%7] (25, 26)
anions led to our proposing some rules whereby the positions of bridging hydride
ligands could be determined indirectly. (We note parenthetically here that our
equipment and data were not, at this time, good enough to enable us to locate
hydride ligands directly.) These simple, empirical rules were as follows:

(1) A normal nonbridged rhenium-rhenium linkage was about 3.00 A in
length in a rhenium carbonyl cluster. This distance expanded by about 0.15 A
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Figure 1. Interatomic distances and angles within the

equatorial planes of (top) [ HoReg(CO),o~ ] (see Ref. 21) and

(bottom) [ HRe3(CO) 2%~ ] (see Ref. 22, 23). Approximate

locations of the hydride ligands are shown. Note the in-

creased rhenium-rhenium distances and the displacement

of equatorial carbonyl ligands associated with the presence
of the uo-hydride ligands.

39
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Figure 2. The HyRug(CO) s mol-
ecule, projected onto one of its large
open f}:zces (cf. Ref. 27,28).

Six of the eight faces of the Rug octahe-
dron each have three axial carbonyl li-
gands associated with them. The other
two faces (those lying in the plane of the
figure) have no truly axial carbonyl li-
gands and are defined by ruthenium-
ruthenium distances of 2.952(3)-2.95%(3)
as opposed to ruthenium-ruthenium
distances of 2.858(3)-2.874(3) A for the
remaining metal-metal bond lengths.
The hydride ligands are believed to oc-
cupy pg-bridging positions over the large
open faces—they are shown as dashed

circles.

to ca. 3.15 A for a mono-ug-hydrido-bridged rhenium-rhenium vector in a tri-
angulated cluster complex and to about 3.40 A for a close-to-linear rhenium-
hysrogen—rhenium system.

(2) In addition to (1), it was found that ligands adjacent to bridging hydride
ligands suffered repulsive displacements such that the locations of the bridging
hydride ligands were perceivable as holes in the coordination surface of the
cl):lster. The species [HzRe3(CO);2~] and [HReg(CO);92~] effectively demon-
strate this and are illustrated in Figure 1.

These studies also were extended successfully to the cases of HgRug(CO)15
(believed to contain two us-bridging hydride ligands—see Figure 2) (27, 28) and
HgCug(PPhg)g (believed to contain six uo-bridging hydride ligands—see Figure
3) (29, 30).

It should be noted here that our work to this point led only to the identifi-
cation of the metal-metal vector (or triangular cluster face) with which the hy-
dride ligand was associated. Dahl and co-workers extended this idea to estimate
the actual position of the bridging hydride ligand (31). Their work was based
on a consideration of metal cluster complexes in which each metal atom had
octahedral coordination geometry. The missing bridging hydride ligand then
could be assigned to the point of intersection of the OC — M vectors from car-
bonyl ligands trans to the hydride location. This, while valuable, has been shown

to be an over simplification of the true state of affairs. Thus, the estimated
tungsten-hydrogen-tungsten angle for (ug-H)Wo(CO)o(NO) is 159°, whereas
the angle determined by neutron diffraction isonly 125.5° (32). Thus, the hy-
dride ligand apparently is displaced outward from the position pointed to by the
axial ligands; i.e., it is displaced further away from the metal-metal vector. This
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strongly suggests the the metal-hydrogen-metal system is a closed rather than
an open, two-electron, three-center bond (i.e., Structure 4 rather than Structure

5).

Current Studies on Species with Bridging Hydride Ligands

Our current research work is proceeding along two principal routes.

(1) Characterization of trinuclear and larger polynuclear osmium (and to
a lesser extent, ruthenium) carbonyl derivatives containing bridging hydride li-
gands; this work is a result of an on-going collaborative effort with J. R. Shapley.
Our principal aims here are: (a) to identify the sites of the bridging hydride li-
gands directly (by difference-Fourier maps and least-squares refinement of
hydrogen atom positions) if possible and indirectly (as outlined above for rhenium
clusters) when the direct approach fails; (b) to determine the effect of bridging
hydride ligands and other bridging ligands on the length of an osmium-osmium
linkage.

(2) Characterization of binuclear species containing bridging hydride li-
gands and comparison of their geometry with that of related species in which
the hydride ligand is replaced with an electron-precise ligand such as a bridging
chloride ligand; our efforts have concentrated on rhodium and iridium complexes,
with a brief excursion into tungsten chemistry. These studies are detailed

below.

Inorganic Chemistry

Figure 3. Bond lengths within the PgCusg core of

HgCug(PPhs)s (Ref. 29, 30). The six hydride li-

gands are believed to occupy po-bridging positions
over the six long copper-copper vectors.
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Inorganic Chemistry

Figure 4. Molecular geometry of (ug-H)(H)-
Os3(CO), (see Refs. 33 and 35) with hydride ligands
in their deduced positions

Osmium-Carbonyl-Hydride Clusters and Related Ruthenium Com-
plexes. Our investigation of these species began with a study of the species
(me-H)(H)Osg(CO);, prepared from Osg(CO);o via the unsaturated species
(ug-H)o0s3(CO)10 (33) (see Reaction 1).

A +CO
Os3(CO)1g —> (pa-H)20s3(CO) 10 —> (o-H)(H)Os3(CO)11 (1)
Hg
The structure of (ug-H)(H)Os3(CO)y; is, unfortunately, subject to some
disorder and it was not possible to locate the hydride ligands by direct methods.
However, their locations could be determined unambiguously from the geometry
of the cluster; the derived ordered structure is illustrated in Figure 4. The position

oL 412,00
2989 )
Q

Inorganic Chemistry

Figure 5. Distances and angles

within the equatorial plane of

(ne-H)H)Os3(CO)y,, with the hy-

dride ligand shown as a dashed

circle in its probable location (see
Ref. 35)
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Inorganic Chemistry

Figure 6. Molecular geometry of Os3(CO);q (see
Ref. 35)

of the bridging hydride ligand was determined indirectly from the longer
Os(1)-Os(2) distance and from the abnormally large Os(2)-Os(1)-CO(14) and
Os(1)-0s(2)-CO(23) angles adjacent to this vector (see Figure 5). A pleasant
bonus was in store for us, since we found the (uo-H)(H)Osg(CO);; molecule to
be isomorphous with Os3(CO);s (previously studied by Corey and Dahl (34)).
We now accurately redetermined the structure of Os3(CO), 3 (35) (see Figures
6 and 7). The isomorphous nature of (uo-H)(H)Os3(CO);; and Os3(CO);2 means

Inorganic Chemistry

Figure 7. Distances and angles within the
equatorial plane of Os3(CO)); (see Ref. 35)
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that external effects on geometry are cancelled. Any differences in the observed
intramolecular geometry therefore are attributable to the substitution of one axial
carbonyl ligand in Os3(CO),2 by one terminal and one bridging hydride ligand
to form (uo-H)(H)Os3(CO);;.  Furthermore, since the terminal hydride ligand
occupies the same stereochemical site as the replaced axial carbonyl ligand, any
changes in osmium-osmium bond length or Os-Os-CO angles between the two
complexes may be attributed primarily to the presence or absence of a bridging
hydride ligand!

A detailed comparison of Figures 5 and 7 thus provides perhaps the most
thorough assessment available for the stereochemical influence of a single
equatorial po-bridging hydride ligand.

We now turned our attention to the complex (uo-H)(H)Os3(CO);0(PPhs),
prepared as indicated in Reaction 2. This structure was found to be ordered,
with the PPhg ligand occupying an equatorial site (36). The overall geometry
is shown in Figure 8. Both hydride ligands were located directly by differ-
ence-Fourier methods, and their positions were refined by the method of least
squares. The Os-H(T) distance is 1.52(7) A, while the bridging hydride ligand
is characterized by bond lengths of Os(1)-H(B) = 1.74(6) A and Os(2)-H(B) =
2.00(6) A and an angle of Os(1)-H(B)-Os(2) = 107.5(28)°. Distances and angles
in the equatorial plane are illustrated in Figure 9.

(ug-H)20s3(CO)10 + PPhg — (ko-H)(H)Os3(CO)1o(PPhs) (2

)
We note here that the normal osmium—osmium distance is taken as 2.877(3)
A (the average of the three osmium-osmium bond lengths in Os3(CO); (35)),

Inorganic Chemistry

Figure 8. The overall molecular geometry of (uq-H)-
(H)Os3(CO),o(PPhg) (see Ref. 36). Both hydride ligands
were located directly.
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Inorganic Chemistry

Figure 9. Distances and angles within the equatorial
plane of (ue-H)YH)Os3(CO),o(PPhs) (see Ref. 36)

Figure 10. Overall molecular geometr

showing the equatorial location of the uo-
Ref. 37)

Z’ of Os3(CO)o(EtC=CH),

idging hydride ligand (see

45
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and that a singly hydrido-bridged Os---Os distance (with the hydride ligand in
the equatorial plane) is increased to 2.9886(9) A in (ug-H)(H)Osg(CO),; and
30185(6) A in (uz-H)(H)OSs(CO)lo(PPhs).

We next investigated the species Os3(CO)g(EtC=CH); prepared as in Re-
action 3. The determined structure (see Figure 10) shows that two ethylacetylene
moieties and one carbonyl ligand have interacted to form a trisubstituted
n-cyclopentadienyl system, and that one of these ethylacetylene fragments also
has become involved in oxidative addition of a carbon-hydrogen bond to a
transition metal. The bridging hydride ligand was located (albeit not very
precisely); it lies essentially in the plane of the triosmium cluster. Despite being
bridged also by the four-membered C(6)-C(2)-C(1)-O(1) system, the ug-hy-
drido-bridged Os(1)-Os(3) bond length here is 3.007(1) A as opposed to Os(1)-
0Os(2) and Os(2)-Os(3) distances of 2.819(1) A and 2.889(1) A, respectively
(37).

(ug-H)90s3(CO)10 + 2EtC=CH — Os3(CO),o(EtC=CH),
A
—> Os3(CO)o(EtC=CH); (3)

Very recently we have become interested in the structure, stereochemistry,
and connectivity of a series of mixed osmium-rhenium carbonyl hydride cluster
complexes. These were first reported by Knight and Mays (38) as part of a study
on the reaction of M3g(CO);3(M = Fe, Ru, Os) clusters with the pentacarbonyl-
metallate anions, [M’(CO)s~] (M’ = Mn, Re). While very few complexes were
obtained analytically pure, the stoichiometry of the identified products suggests
that the overall reaction sequence is something like that represented by Scheme
1. The structure of the 62-electron complex HOsgRe(CO);5 has been determined
(39) and is shown in Figure 11. The structure suffers from a fourfold pattern
of disorder; nevertheless, the observed metal-metal distances (2.944(1)-2.957(1)
A) and the angular distribution of ligands around the metal atoms militate against

Scheme I

OSJ(CO)]Q + [Re(CO)o_]
l-co

[Os;Re(COYs™] > HOs,Re(CO)s
1—co

[Os;Re(CO)s™] >  HOs,Re(CO),s
l—zco, +2e”

[0s:Re(C0O);*"] 2> H,08,Re(CO); ( + intermediate
anionic hydrides?)
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Figure 11. The molecular geometry of HOs3Re(CO);5 (39) as
deduced from deconvolution of a fourfold disordered structure.
(The hydride ligand was not located.)

the presence of a bridging hydride ligand and in favor of the presence of a ter-
minal hydride ligand on a bridgehead osmium atom.

A second route to this class of complexes recently has been discovered by
Shapley and co-workers (40). In particular, the species HoOsgReg(CO)go can
be synthesized as shown in Reaction 4. A structural analysis of this complex has
been undertaken (41). There is a strange crystallographic complication in that
the complex crystallizes in the noncentrosymmetric space group Cc with two
molecules in the asymmetric unit; furthermore, these molecules are interrelated
by a local center of symmetry, but there is no general crystallographic center of
symmetry. The overall molecular geometry of this species is indicated in Figure
12. The hydride ligands were not located directly, but their positions are defined
unambiguously both by the metal-metal distances [Os(1)-Os(2) and Os(2)-Os(3)
distances in the two independent molecules range from 3.058(3) to 3.083(3) A
while the nonhydrido-bridged Os(1)-Os(3) distances are each 2.876(3) A, and
osmium-rhenium bondlengths range from 2.946(4) A to 2.982(3) A] and by the
angular arrangement of ligands in the equatorial belt around the central trios-
mium triangle.

benzene
Os3(C0O)10(CsH14)2 + 2HRe(CO)s —> HpOsgRey(CO)go + 2CsHiy  (4)

The geometry of triosmium derivatives containing a single unsupported
(equatorial) bridging hydride ligand thus appears to be self consistent and pre-
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Society Library
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Figure 12. Molecular feometry of HyOsgReo(CO)qp (40) with hydride ligands
s

own in their deduced positions

ol4
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022 032
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Inorganic Chemistry

Figure 13. ~ The overall molecular geometry of (us-H)s0sg(CO),o (45).
Hydride ligands were not locate§ reliably and are shown in their
probable positions.
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dictable. We now turn our attention to related species in which a given os-
mium-osmium vector of a triangular array of osmium atoms is associated with
two simple bridging ligands. The trio of complexes (ug-H)Os3(CO);0 (Structure
6), (no-H)(ue-SEt)Os3(CO)1o (Structure 7), and (ue-OMe)oOsz(CO), o (Structure
8) were initially studied by Mason and co-workers (42, 43). The pattern of dis-
tances for the dibridged osmium-osmium vectors was of very great interest, for
it was the first clear demonstration that a bridging hydride ligand had a net
bonding effect on the appropriate metal-metal vector. While there has been
considerable disagreement as to the precise nature of this bonding interaction

Inorganic Chemistry

Figure 14. Dimensions within the equatorial plane of
(n2-H)30s3(CO);0 (45)
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Figure 15. An overall view of (us-H)Osgs-
(CO)\o(pe-CH-CHy-PMeyPh) (46) showing the
location of the bridging hydride ligand

(43, 44), one may, to a first approximation, view a Ma(ugo-H)Mp system as con-
taining a protonated metal-metal bond. Since the hydrogen atom uses only its
spherically symmetric 1s orbital in bonding, the orbital on M, that interacts with
the hydrogen atom also must be of appropriate symmetry to interact with the
orbital on Mg that also is interacting with the hydrogen atom. (The only un-
known is the My — Mg overlap integral!) Such a system thus contains a closed
two-electron, three-center bond and as such will be associated with a metal-metal
distance that must by definition be longer than a nonprotonated, two-electron
(two-center) metal-metal o-bond in an otherwise identical chemical environment.
A M(uo-H)oM system may well have a metal-metal distance that is shorter than
a normal metal-metal single bond. However, such a system is viewed formally
as a doubly protonated double bond and as such is correctly compared only with
a metal-metal double bond. Similar arguments apply, mutatis mutandis, to
M(u2-H)sM, M(uo-H)4M, and (us-H)Mg systems.

While admitting that a full molecular orbital treatment may be necessary
to describe accurately the bonding in these species, our simple arguments above
provide (at least) an accurate prediction of trends in hydrido-bridged metal-metal
distances.
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We very recently have reexamined the structure of (ug-H)2Os3(CO);0, and
the detailed molecular geometry is illustrated in Figure 13. Dimensions of in-
terest within the equatorial plane are shown in Figure 14 (45). One point worthy
of note is that there is no observable repulsion of ligands adjacent to the di-ue-
hydrido-bridged osmium-osmium vector. This is presumably because neither
the po-hydride ligands nor the adjacent carbonyl ligands lie directly in the
equatorial plane of the molecule. Interligand repulsions are then relatively
unimportant.

The final osmium hydride complex that we have examined is the species
(ue-H)Os3(CO)10(no-C~H-CHg-P*MeyPh) (46) that is prepared as shown in
Reaction 5 (47). The molecular stereochemistry of this interesting 1,3-dipolar
species is shown in Figures 15 and 16. A particular point of interest is that the
dibridged osmium-osmium vector, Os(1)-Os(2), is only 2.8002(6) A in length
whereas the nonbridged osmium-osmium bond lengths are Os(1)-Os(3) =
2.8688(6) A and Os(2)-Os(3) = 2.8729(6) A. At first sight, this would appear
to contradict our arguments above. However, this apparent discrepancy is in-
terpreted easily. The second bridging ligand, the uo-C~H-CH2-P*MePh ligand,
also clearly exerts an influence on the osmium-osmium distance. In fact, in
common with all bridging ligands with carbon as the single bridge atom, the
uz-C"H-CHg-P*MeoPh ligand exerts a pronounced bond-shortening influ-
ence.

Inorganic Chemistry

Figure 16. A further view of (ug-H)Os3(CO)yo(pe-CH-
CHy-PMeyPh)(46) showinj the relative juxtaposition of the
po-bridging ligands
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CaH2
(n2-H)20s3(CO)10 —> (uo-H)Os3(CO) (0, 7-CH=CHy)

PMegPh
—> (u2-H)Os3(CO);o(ne-C~H - CHy - P*MegPh)  (5)

Our investigations of trinuclear and tetranuclear ruthenium complexes began
with a study of (ug-H)Rug(CO),o(ug-C—NMey), prepared by Abel and co-workers
(48) as indicated in Reaction 6. This molecule nominally contains a 1,2 dipolar
(or ylid) > C~=N*Me, ligand. There are two crystallographically indepen-
dent (but chemically equivalent) molecules in the asymmetric unit. The ge-
ometry of one such molecule is illustrated in Figure 17. As with the (ug-H)-
Os3(CO)10(ue-C~H-CHg-P*MeoPh) molecule above, the dibridged ruthen-
ium-ruthenium linkages are slightly, but significantly, shorter than the non-
bridged metal-metal bonds (49). Precise distances are 2.7997(5) and 2.8016(6)

Inorganic Chemistry

Figure 17. A view of a (po-H)Rug(CO) o pe-
=NMe,) molecule (49), showing the location
of the po-hydride ligand

A for the dibridged vectors and from 2.8316(6) to 2.8336(6) A for the normal
nonbridged ruthenium-ruthenium bond lengths. Once again, the explanation
is that the bond-lengthening influence of the uo-bridging hydride ligand is more
than counterbalanced by the bond-shortening effect of the bridging > C=NMe,
ligand. It should be noted that the bridging hydride ligands were located, with
individual ruthenium-hydrogen distances ranging from 1.80(3) to 1.93(5) A and
averaging 1.85 A. The ruthenium-hydrogen-ruthenium bridge angles in the
two independent molecules were 95(2)° and 101(2)°.
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Figure 18. The overall molecular structure of Rus(CO);2 (50)

Inorganic Chemistry

Figure 19. Dimensions within the equatorial plane of
Rug(CO);2 (50)
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R03(CO)12 + Messn-CHzNMez - HRU{;(CO)]Q(C=NM82)
+ (Me3Sn)eRu(CO)s+ ... (6)

Our recent redetermination of the structure of Rug(CO);s (50) (see Figures
18 and 19) leads to the normal (unperturbed) ruthenium-ruthenium distance
being defined as 2.854(5) A. The effect of single bridging hydride ligands on
the length of ruthenium-ruthenium bonds can be seen most clearly from our
study of the species (uo-H)4Ruy(CO),0(diphos) (51). The core of this molecule
is illustrated in Figure 20. The hydride ligands were all accurately located, in-
dividual ruthenium-hydrogen distances ranging from 1.64(6) to 1.81(4) A and
averaging 1.76 A, with bridge angles of Ru(1)-H(12)-Ru(2) = 116(3)°, Ru(1)-
-H(13)-Ru(3) = 115(2)°, Ru(1)-H(14)-Ru(4) = 120(3)°, and Ru(2)-H(23)-Ru(3)
=110(2)°. The nonbridged ruthenium-ruthenium bondlengths are 2.785(1)
and 2.796(1) A while the four hydrido-bridged ruthenium-ruthenium distances
are 2.931(1), 2.946(1), 2.998(1), and 3.006(1) A. These last data also suggest that
the M-H-M system is soft (easily deformed). However, a far more striking ex-
ample of this phenomenon has heen reported by Bau and co-workers (52) from

03l

Journal of the American Chemical Society

Figure 20. A portion of the structure of (us-H)sRu4(CO)o(diphos) (51)
showing the positions of the hydride ligands
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Figure 21. The [(n5-CsMes)IrCl ]o(u-Cl)e mole-
cule, projected onto its Ir(u-Cl)ylr plane (see Ref.
585. Note the obtuse Ir-Cl-Ir angles.

studies of [(PPhg)eN*] and [EtyN*] salts of the anion [(uo-H)Wo(CO)10~). [The
all-trans OC-W..W-CO system is linear with d(W-+W) = 3.504(1) A in the
[Et4N+]salt and is bent by 15° with d(W--W) = 3.391(1) A in the [(PPh3);N*]
salt.]

Binuclear Complexes. While the work on (principally) trinuclear com-
plexes described above has, indeed, enabled us to locate and to characterize
structurally the hydride ligand in a variety of chemical environments, it is ap-
parent that the M(uo-H), M system under investigation is also subject to an ad-
ditional restraint that essentially has been ignored. Thus, for example, the
Os(ug-H)oOs bridge in (uo-H)2Os3(CO);o suffers from the restriction that it is
bridged by a further group, namely the -Os(CO);- entity. Clearly then, if one
is to see the full geometric effect of bridging hydride ligands, attention must be
restricted to binuclear species.
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We have begun recently a series of studies on the species [(n>-CsMes)-
MXa(ke-X)2 and [(7°-CsMes)MX Jg(uo-H)(ue-X) (M = Rh, Ir; X = halogen).
Some of these species originally were synthesized by Maitlis and co-workers (53),
as shown in Reactions 7 and 8, and are of additional interest because of their ef-
ficacy as catalysts for the homogeneous hydrogenation of olefins etc. (54, 55).
The active catalyst is, in fact, the u-hydrido-pu-chloro species. However, this
can be generated in situ from the di-u-chloro species by the heterolytic cleavage
of dihydrogen under the experimental conditions for hydrogenation.

2(Dewar-C6Me6) + 2MC13 . 3H20 + 4MeOH — [(ns-CsMes)MCllz(ﬂz-C])z
+ 2MeCH(OMe); + 2HCI + 6H,0 (7)

[(n5-CsMes)MCllg(ug-Cl)e + Hg — [(n3-CsMes)MCl]a(ug-Cl)(ue-H) + HCI
(8)

To date, we have completed single-crystal x-ray diffraction studies on four
of these species, [(7>-CsMes)RhCl]a(ug-Cl)z (56), [(7°>-CsMes)RhCl]a(ue-H)(ro-Cl)
(57), [(n>-CsMes)IrCl]a(ug-Cl)2 (58), and [(n3-CsMes)IrCl]a(ue-H)(uo-Cl) (58).
The two iridium species are pictured in Figures 21 and 22. (The rhodium
complexes are isomorphous with their appropriate iridium complex.) Geometric
details of these four structures are compiled in Table I. There are some re-
markable changes as one replaces a bridging chloride ligand with a bridging
hydride ligand. Thus (using the parlance of Mason (43)), the nonbonding Rh--Rh
and Ir--Ir distances in the electron-precise di-u-chloro complexes are 3.719(1)
and 3.769(1) A, respectively. The corresponding rhodium-rhodium and irid-
ium-iridium distances in the electron-deficient, u-hydrido-u-chloro species are
contracted from these previous values by close to one Angstrom unit, the resulting
bonding distances being 2.903(1) and 2.906(1) A, respectively. This contraction

Inorganic Chemistry

Figure 22. The [(75-CsMes)IrCl],-
(u-H)Yu-Cl) molecuye, projected onto
its Ir(u-HY u-Cllr plane (see Ref. 58).
Note the acute Ir-Cl-Ir angle. The
hydride ligand was located.



Published on June 1, 1978 on http://pubs.acs.org | doi: 10.1021/ba-1978-0167.ch004

4. CHURCHILL  Molecules with Bridging Hydride Ligands 57

Table I. Comparative Geometry of M(u-X)(u-Ch)M Bridges in
[(n*-CsMe5)MCl]o(u-X)u-Cl) Molecules (M = Ir, Rh; X = H, Cl)

Ir(u-H)(u-CD)Ir Rh(u-H)(p-Cl)Rh Ir(u-Cl)olr Rh(u-Cly)Rh

Complex Complex Complex Complex
(A) Distances, A
M..M 2.903(1) 2.906(1) 3.769(1) 3.719(1)
M-CI(B) 2.451(4) 2.437(2) 2.453(5) 2.459(9)
M-CIK(T) 2.397(4) 2.393(2) 2.387(4) 2.397(1)
M-H(B) 1.939(65) 1.849(47) — —
M-C, av 2.155 2.151 2.132 2.128
(B) Angles, deg
M-Cl(B)-M’ 72.65(8) 73.20(6) 100.45(12)  98.29(3)
M-H(B)-M’ 96.9(25) 103.6(37) — —
Cl(B)-M-H(B) 95.2(17) 91.6(10) — —
Cl(B)-M-CI(BY — — 79.55(12)  81.71(3)

in metal-metal distance is associated with numerous other geometric changes;
in particular, there is a significant decrease (i.e., more than 25°) in the rho-
dium-chlorine-rhodium and iridium-chlorine-iridium bond angles. This can
be seen clearly in Figures 21 and 22 and is indicated quantitatively by the data
in Table I It is interesting to note that a structural study on the related species
[(ug-H)slra(H)o(PPhg)s*] has been reported (59); here the tri-u-hydrido-bridged
iridium-iridium distance is reduced to 2.518 A. Such a linkage can (in keeping

01 ol
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Figure 23. Geometry of the [(uo-H)o-
W (CO)g2~ ] ion (see Ref. 61). Hydride
o1’ 01 ligands were located.
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with our discussion above) be viewed in a formal sense as a triply protonated triple
bond.

The final structure with which we have been concerned is the anionic species
[(ue-H)eWo(CO)g2~]. This was isolated as the [Et4N*] salt by Davison and co-
workers (60), and the crystal structure was determined by our research group
(61). The hydride ligands were located directly (W-H = 1.86(6) A and the
W-H-W angles are 108.6(52)°). The molecule is shown in Figure 23. The
W-W bond length is 3.0162(11) A and is some 0.2 A shorter than the W-W sin-
gle-bond length of 3.222(1) A in [(#3-CsHs)W(CO)sle (12). The [(ug-H)o-
W4(CO)g2~] anion is isoelectronic with the neutral (uo-H)sReo(CO)s molecule
that Bennett and co-workers found (62) to have a Re-Re bond length of 2.896(3)
A (i.e., some 0.1 A shorter than a Re-Re single bond). Of course, each of these
dihydrido-bridged systems can be regarded formally as containing a diprotonated
double bond.

Finally, we note here that Bau and co-workers have discovered a Re(ug-
H)4Re system in the (us-H)sReo(H)4(PEtoPh)s molecule (63). Such a system
can be viewed formally as a quadruply protonated quadruple bond and is char-
acterized by a very short Re-Re separation of 2.538(4) A.
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Neutron Diffraction Studies of
Tetrahedral Cluster Transition Metal
Hydride Complexes: HFeCos3(CO)g-
(P(OCH3)3)3 and H3N14(C5Hj)4

THOMAS F. KOETZLE and RICHARD K. McMULLAN-Department of
Chemistry, Brookhaven National Laboratory, Upton, NY 11973

ROBERT BAU, DONALD W. HART, RAYMOND G. TELLER, DONALD L.
TIPTON and ROBERT D. WILSON!-Department of Chemistry, University of
Southern California, Los Angeles, CA 90007

Structures of the tetrahedral cluster transition metal hydride
complexes HFeCog(CO)o(P(OCH3)3)3 and H3Nig(CsHs)s have

been investigated by low-temperature neutron diffraction
techniques. Both complexes have approximate Cg, symmetry.
In HFeCo3(CO)o(P(OMe)s)s, the hydride ligand is found out-
side the FeCog cluster, 0.978(3) A from the Cos face and essen-
tially on the molecular threefold axis, triply bridging the cobalt
atoms. In H3Niy Cp)s, the three hydride ligands are face
bridging, and their mean displacement from the faces of the
cluster is 0.90(3) A. The H3Ni, core may be envisaged as a dis-
torted cube with one vertex unoccupied. The observed geome-
tries of the two clusters considered here suggest a plausible
model for chemisorption of hydrogen on {111} or {001} surfaces
of ccp or hep metals, respectively, in which hydrogen atoms are
located approximately 1 A above the centers of triangles of
metal atoms.

A/ariety of factors contribute to the great current interest in
polynuclear metal hydride complexes. These include the novel geometries
found in these systems and their usefulness as models for the bonding of hydrogen
to metals, such as may occur in catalysis (1) or hydrogen-storage applications (2).
A comprehensive review of metal hydride complexes, in which polynuclear
species are included, has been published by Kaesz and Saillant (3).

1 Present address: Department of Chemistry, Northwestern University, Evanston, IL 60201.
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Direct location of hydride ligands in metal complexes by x-ray diffraction
may be difficult, especially in the case of bridging hydrides commonly occurring
in polynuclear systems. Several cases have been reported where the hydride
was found successfully despite this difficulty. For example, Churchill and De-
Boer have located the bridging hydride in HOsg(CO);o(CHCHPMegPh) (4)
while we have used a Fourier-averaging technique to locate the face-bridging
hydrogen atoms in HyRe4(CO),2 (5). However, x-ray diffraction studies cannot,
in any event, be expected to provide metal-hydrogen bond lengths of accuracy
much better than £0.1 A. Thus, precise information on geometries of metal
hydride complexes has depended on neutron diffraction. The sensitivity of
neutron diffraction to light atoms in general and hydrogen in particular is caused
by the large relative cross sections of these atoms compared with those of heavy
atoms. For example, the ratio ¢(H):6(Os), is 0.12 for neutrons and 1.7 X 10™4
for x-rays (20 = 0°). Thus, the relative contribution of hydrogen in a structure
containing osmium will be roughly three orders of magnitude greater in neutron
than in x-ray diffraction.

In this chapter we briefly review some results of prior neutron diffraction
studies and present new results for two tetrahedral cluster.complexes with face-
bridging hydride ligands: HFeCog(CO)g(P(OMe)s); and H3Nig(Cp)s. (Ab-
breviations used in this paper are as follows: Me-methyl, Et-ethyl, Cp-cyclo-
pentadienyl, and Ph-phenyl.) In addition to these tetrahedral complexes, sin-
gle-crystal, neutron diffraction data currently are available for the triangular
ruthenium and osmium species HRug(CO)g (C=C-C(Me)s) (6), HOs3(CO)9R,
R = H, vinyl (7), and HDOs3(CO),0:(CHD) (8), as well as for the dodecanickel
cluster anions [HNi;9(CO)g; 3~ and [HNi 2(CO)2112~ (9). A neutron powder
diffraction study of HNbgl,; also has been reported (10). The hydride ligand
was located at the center of the octahedral Nbg cluster, similar to the situation
in the dodecanickel anions mentioned above where the hydride ligands occur
in octahedral sites in the nickel framework.

Prior Neutron Diffraction Work on Transition Metal Hydride Complexes

The first neutron diffraction study of a transition metal hydride complex
was that of KsReHg (11), reported in 1964, that showed that the [HgRe]?~ dianion
forms a tricapped trigonal prism with a mean rhenium-hydrogen bond distance
of 1.68(1) A. This investigation, together with subsequent x-ray (12) and neutron
(13) diffraction studies of HMn(CO)s, demonstrated unequivocally that hydrogen
is a stereochemically active ligand in the latter complex, and that terminal
metal-hydrogen distances correspond to those expected for normal covalent
bonds. More recently, a substantial body of accurate data on terminal and
bridging metal-hydrogen bonds has emerged based on neutron diffraction studies
of 23 complexes, listed in Table . We have published a review covering this work
up to 1976 (26), and results for polyhydride complexes are discussed in an ac-
companying article (27).

In Transition Metal Hydrides, Bau, R.;
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Table I. Transition Metal Hydride Complexes Studied by Neutron
Diffraction?

A. Mononuclear

HMn(CO)5(13)
HZnN(Me)C,H4N(Me), (14)
DyMo(Cp); (15)

HyMo(Cp), (16)

H3Ta(Cp), (17)
K2+[H9Re]2‘ (11)
H4OS(PM€2Ph)3 (18)

B. Binuclear

[EtsN]*[HCr(CO)10]~ (19)
[(Ph3P)oN]*[HCry(CO) 1)~ (20)
HMo,(Cp)2(CO)4(PMey) (21)
HW,(CO)g(NO) (22)
HW,(CO)s(NO)(P(OMe)s) (23)
HgRes(PEtyPh), (24)
[HsIra(CsMes)q] *BF 4~ (25)

C. Polynuclear

HFeC03(P(OMe)3)3

H;3Niy(Cp)g
[(Ph3P)oN]3*]HNi;2(CO)21]3~ (9)
[(Ph3P)oN]o* [HoNipo(CO) ]2~ (9)
HNbgl;; (10)
HRu3(CO)g(C=C-C(Me)3) (6)
H30s3(CO)16 (7)
HOs3(C0)10(C2H3) (7)
HDOs3(C0O),0(CHD) (8)

4 Me: methyl; Et: ethyl; Cp: cyclopentadienyl; Ph: phenyl.

The studies of HMog(Cp)o(CO)4(PMes) (21), HW,(CO)g(NO) (22), and
HW,(CO)s(NO)(P(OMe)g) (23) are of particular significance and provide de-
finitive evidence that metal-hydrogen-metal bridges in these binuclear species
are best described as closed, three-center bonds with significant metal-metal
interaction (22). It is not surprising that this is the case since metal orbitals of
proper symmetry that interact with H(1s) also can interact with one another, as
has been pointed out by Hoffmann (28). In HWy(CO)s(NO)(P(OMe)s) (Figure
1), the tungsten-hydrogen—tungsten bridge was found to be slightly asymmetric
with the hydride ligand displaced toward the W(CO)s group, as could be pre-
dicted on electron-counting considerations. It is likely that such asymmetry also
exists in HW5(CO)g(NO), but the effect could not be measured since both crys-
talline forms of this latter complex exhibit disorder with rotation of the molecule
around the pseudo twofold axis passing through the hydrogen atom.
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Figure 1. View of HW (CO)g(NOXP(OMe)s)

Experimental

A powdered sample of HFeCog(CO)g(P(OMe)s)s was supplied by H. D.
Kaesz and B. T. Huie of the University of California, Los Angeles, and recrys-
tallized from a hexane:CHyCl; (6:1) mixture. Single crystals of H3Nis(Cp)s were
supplied by J. Miiller of The Technical University of Berlin. Large single crystals
of both compounds were affixed to aluminum pins and mounteg in cryostats on
an automated four-circle diffractometer (29, 30) at the Brookhaven High Flux
Beam Reactor. HFeCog(CO)g(P(OMe)3)3 was studied at 90°K, and H3Nig(Cp)4
?It 81°K. Crystal data and experimental parameters are summarized in Tagle

Table II.  Crystal Data and Experimental Parameters

HFeCos3(CO)o-
(P(OMe)3)s H3Niy(Cp)as

Space group P2,/c C2/c
Cell parameters a 15.957(8) A 28.312(13) A

b 10.611(5) 9.234(5)

c 18.383(9) 14.783(7)

B 98.70(2)° 103.35(2)°
Cell vol 3077(3) A3 3760(3) A3
No. of molecules per unit cell (Z) 4 8
Mol wt 858.0 498.2
Calc. density 1.85 g/cm? 1.76 g/cm3
Absorption coefficient (u)@ 1.54 cm™! 1.94 cm™!
Wavelength 1.1598(1) A 1.0183(1) A
Sample vol 31.2 mm3 12.5 mm3
Data collection temp 90.0(4)°K 81(1)°K
Data collection limit (sinf/\) 0.68 A-1 0.68 A-1
No. of reflections used in structure analysis 8229 2656
Final agreement factors® Rr =0.070 Rr =0.107

Ryr = 0.035 R,r = 0.067

4 Calculated assuming an incoherent scattering cross section for h)'drogcn of 40 barn.
bRF= Z|F, — |F£|I/2Fo Rur= {Zwlpo - |F£'|2/2wpoz /2,
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For HFeCog(CO)g(P(OMe)s)s, starting phases were calculated based on the
positions of nonhydrogen atoms determined from a prior x-ray analysis (31), and
all hydrogen atoms were then located in a difference-Fourier synthesis. Initial
refinement was carried out with an automated procedure using differential-
Fourier syntheses (32), followed by full-matrix least-squares based upon Fo?,
including reflections with Fo2 < 0. Parameters were blocked into groups of ca.
250, and anisotropic thermal factors were used for all atoms. Satistactory con-
vergence was achieved, and all bond distances were determined with precision
better than 0.004 A.

For H3Niy4(Cp)s, the initial phasing model consisted of the nickel and carbon
atoms at positions determined in an earlier x-ray study (33, 34), with cyclopen-
tadienyl hydrogen atoms in calculated positions. The hydride ligands were lo-
cated in a difference-Fourier synthesis, and the structure was refined by least-
squares procedures, including only reflections with Fo2 > 1.50(F¢2). The rela-
tively high discrepancy between calculated and observed structure factors (see
Table II) results from the fact that a large fraction of the reflections were mea-
sured to have very low intensitz, i.e. 3478 of a total of 5633 unique reflections
were observed wit% Fo? < 30(F¢?). However, chemically equivalent bond lengths
in the H3Niy4 core agree to within 0.04 A. Anisotropic thermal factors refined
to quite large values for certain atoms in the Cp rings, as might be expected if
the barrier to rotation of the rings in the solid state is assumed to be low.

Results

HFeCo3(CO)(P(OMe)s)s. This complex is found to possess essentially Cs,
symmetry, with the geometry shown schematically in Figure 2. Figure 3 illus-
trates the molecular structure with thermal ellipsoids and gives the atomic
numbering scheme. The hydride ligand is located outside the FeCos cluster,
0.978(3) A from the Cos face, triply bridging the cobalt atoms. Excluding the
cobalt-cobalt bonds, the environment of each cobalt atom is approximately oc-
tahedral, and the position of the hydride ligand might be inferred by the presence
of one vacancy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>