as well as ligand substitution and decomposition mechanisms
for NaHFe,(CO)g will be reported subsequently.

Note Added in Proof. We have found that at higher HOAc
concentrations, protonolysis of III becomes kinetically im-
portant.
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The Molecular Structure of HyRe4(CO);,. Evidence for
Face-Bridging Hydrogen Atoms
Sir:

HuRe4(CO);,! is unusual among metal cluster compounds
in that it is one of the few non-EAN, or “unsaturated”,? car-
bonyl clusters known to exist. To account for the unsaturation
and for the high symmetry? of the compound, resonating
multiple-bonded structures (I) were proposed.! The high

symmetry of the molecule also suggested triply bridging
(face-bridging) positions for the hydrogen atoms.

Re Re

Re
/ -~ L o 4
Re /Re Re\ Re Re Re
Re

Re Re (1)

In earlier papers we and others have shown how bridging
hydrogen positions can be inferred from distortions in metal-
metal distances.*-¢ In this communication we show that in
certain instances the orientation of carbonyl groups can con-
stitute a powerful indication of hydrogen positions in a metal
cluster. We also introduce in this work a Fourier-averaging
method that can be used to derive average hydrogen positions
in molecules of high symmetry.

H4Re4(CO),, was prepared by pyrolyzing HsRe3(CO)y»
in refluxing n-octane for 2 h.! Recrystallization from CH,Cl,
afforded small dark red crystals having the following unit cell
parameters: space group P2/c (monoclinic); a = 14.449 (3),
b =10.103 (2),c = 13.860 (3) A; 8 =110.66 (1)°; V = 1893.1

3, Z = 4. One quadrant of data was collected on an auto-
mated Nonius CAD-3 diffractometer with Mo K« radiation
up to a 26 maximum of 45°.7 The structure was solved by heavy
atom methods. All non-hydrogen atoms were located and re-
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Figure 1. A molecular plot of H4Res(CO)2,
atoms.

showing non-hydrogen

fined to give a final R factor of 7.2% for 1539 nonzero reflec-
tions.®

The molecular geometry of H4Re4(CO) 5, which is essen-
tially tetrahedral, is shown in Figure 1. The individual Re-Re
distances are 2.945 (3), 2.930 (3), 2.904 (3), 2.901 (3), 2.900
(3), and 2.896 (3) A, and other distances and angles (aver-
aged) in the molecule are: Re-C = 1.90 (2) A, C-0 = 1.16 (2)
A, Re-C-0=174.2(7)°, C-Re-C = 86.0 (4)°, Re-Re-C =
92.9 (6)° and 136.9 (5)°. The most interesting feature of the
molecule is the fact that the carbonyl groups are eclipsed with
respect to the M-M edges (II), in contrast to those of
Ir4(CO)1»!3 and [HgRes(CO)y2]%,° which are in a staggered
conformation (III). The disposition of the carbonyl groups in

I M
0
: c/ \,
4 VC
/.oC 2N é\M

(1m) (nn

I is strongly indicative of the presence of face-bridging hy-
drogen atoms (IV). Since the ‘“‘saturated” complex
[HgRes(CO) 2]~ is believed to have edge-bridging hydrides
(V),itis apparent that the 60° rotational difference of the

c'> I\
OCQ ] ACO
A \H
< _C__ >
¢ Re

(1v) (v)

Re(CO)3 moiety in the two compounds is necessitated by the
approximately octahedral H3;Re(CO)3 coordination about
each rhenium atom. Other tetrahedral metal clusters with
face-bridging ligands such as Os404(CO);;,!11 Rey(CO)yo-
(SCH3)4,14 and HyW4(CO)12(OH)4!5 also have carbonyl
groups disposed as in II.

The positions of the hydrogen atoms were confirmed by a
subsequent search in difference Fourier maps. Anticipating
that the successful location of individual hydrogen atoms si-
multaneously bonded to three rhenium atoms would prove
extremely difficult, we decided to synthesize composite dif-
ference maps, superimposing the electron density functions
calculated for the six mirror planes of the tetrahedron. The
idea, of course, was that with this “image-enhancing” approach
random noise would be hopefully canceled out while true peaks
would be enhanced. The result (Figure 2) nicely shows a

oX oy

Figure 2. A composite difference Fourier map synthesized by superim-
posing and averaging the individual maps calculated for the six mirror
planes of the HyRe4(CO); tetrahedron. X represents the centroid of the
Re, tetrahedron and Y represents the midpoint of a Re~-Re edge. This map
was calculated using data having a (sin 6/\) maximum of 0.45 A-!.
Contours are drawn at 0.4, 0.6, 0.8, and 1.0 eA~3. The measured H position
corresponds to a H-Re distance of 1.75-1.79 A, and is about 0.3 Ko ut of
plane of a tetrahedral face. Note how the H peaks are collinear with the
Re-X vectors, as is to be expected. Also note the complete absence of a
peak at the edge-bridging position (slightly to the left of the midpoint of
the vertical Re~Re bond). This map demonstrates the usefulness of “image
enhancing” techniques in molecules of high symmetry in cases where
conditions for locating individual H atoms are unfavorable.

well-resolved hydrogen atom at the expected position with a
measured H-Re distance of 1.75-1.79 A, in reasonably good
agreement with known M-H(br) bond lengths.!® No attempt
was made to refine this idealized H position.

The average Re-Re distance in H4Res(CO)p2 (2.913 (8)
A) is significantly shorter!” than the single-bonded Re-Re
distance in Res(CO) 10 (3.02 A)!18 and is in fact very close to
that found in the “double bonded” complex H,Re;(CO)g
(2.896 (3) A).19 One can rationalize this in terms of the un-
saturated nature of the cluster as dipicted in I, or by geometric
considerations: the shortness of the Re-Re distance in
H Re4s(CO);; may simply be a reflection of the fact that the
rhenium atoms have to approach each other closely to form
four HRes 4-center bonds. The exact nature of the multiple
bonding between hydrogen-bridged metal atoms is somewhat
ambiguous, as has been pointed out by Bennett and Graham!®
and by Churchill?? in discussing the structures of H,Rez(CO)s
and [HaW>(CO)g]2~. In our recent neutron-diffraction
analysis of the W-H-W bridge bond in HW,(CO)o(NO)?2!
we presented evidence that there is substantial M-M bonding
character in a M-H-M bridge bond, and that the original
picture of such a bond as a “‘protonated M-M bond’’ may not
be too far from the truth. An alternative way of looking at the
multiple bonding in HyRes(CO);», then, is to imagine the
M-M overlap as being part of the HRes four-center bonds
themselves. Conceptually this corresponds to a distorted cubic
model in which direct metal-metal bonding is replaced by the
framework of HRe; four-center overlaps (VI).2?2

The calculated density of HsReq(CO) 2, 3.806 g cm™3,
makes this complex one of the densest metal carbonyl cluster
compounds known. The external array of oxygens defines a
truncated tetrahedron, as opposed to the oxygen atoms of
Ir4(CO) > and [HgRes(CO);2]2~ which are arranged in the
form of a cubo-octahedron.’-!3
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It is interesting to compare the structures of the “unsatu-
rated” cluster HyRes(CO)y» with that of the “saturated”
cluster HiRus(CO)y5. In H4Ru4(CO)y5, the prediction that
the hydrogens are edge-bridging?? has been confirmed by a
single-crystal structure determination on the derivative
H4Ru4(CO),P(OCH3);, which shows the presence of four
long and two short Ru-Ru distances.?*
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Mechanism of the Olefin Metathesis Reaction. 4.!
Catalyst Precursors in Tungsten(VI) Based Systems
Sir:

Tungsten hexachloride is the most common transition metal
reagent used in catalyst recipes for the olefin metathesis re-
action. Using this compound as an invariant reagent in our own
mechanistic study of the metathesis reaction, we had en-
countered difficulties in reproducing the level of catalyst ac-
tivity.!-3 In attempts to minimize variability in catalyst activity
we sought high purity in solvents and reagents and a reaction
atmosphere free of water and oxygen. With such experimental
precautions, we discovered that WClg, in combination with
different alkylmetal compounds, is inactive at 25° as a catalyst
precursor in the metathesis reaction at least for acyclic internal
olefins. Reactions conducted identically except allowing for
entry of trace amounts of air were catalytically active. We
demonstrate below that WOClI, is an active catalyst precursor
for metathesis of internal olefins under conditions in which
oxygen and water are rigorously excluded and that the catalyst
ligand requirements in tungsten(VI)-based systems include
chlorine and oxygen atoms. Additionally, we have established
that the WOCI4~C,HsAICI; system® is an especially distinc-
tive catalyst because of its high activity, long lifetime, and
minimal tendency to promote olefin isomerization and solvent
alkylation side reactions.

Literature descriptions of metathesis experiments on
WClg-based systems typically refer to syringe-septum tech-
niques.® This procedure would appear to provide good but not
total exclusion of atmospheric oxygen and water. To stan-
dardize our experimental procedures, we had sought to mini-
mize all potential sources of oxygen. Solvent (benzene) and
olefin (cis-2-pentene) were dried by reflux over CaH; and Na,
respectively, distilled under N,, and stored over activated®
alumina. Tungsten hexachloride’ was purified by careful
sublimation® to remove the ubiquitous WOCIl, and WO,Cl,
impurities. Reagents were stored, and reaction solutions were
then prepared, in an inert atmosphere chamber maintained at
<5 ppm oxygen and water.” Reactions were conducted either
(A) in the inert atmosphere chamber or (B) in glass vessels,
tightly capped with new rubber septa and under positive ni-
trogen pressure, that were “out’ on the laboratory bench. In-
vestigated as the initiating (alkylating) reagents were
C,H;5AICL,, Zn(CHj3),, and LiC4Hs. In procedure A, with
rigorous oxygen exclusion, these recipes were inactive as olefin
metathesis catalysts (a low level of activity observed for the
LiC4Hy system is ascribed to the known presence of small
quantities of lithium butoxide!!). In procedure B, the “careful”
experimental condition, all metathesis recipes were active and
the earlier established activity series of Al > Li > Zn prevailed
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