peak. Both the splitting constants and spec-
tral shapes show that PFPE is present as an
organized assembly. In contrast, the motion
of the probe in water-saturated CO, (with-
out surfactant) is isotropic.

At CO, densities >13 M, the apparent
Ay in the surfactant solution drops to near
that in neat CO,. Thus, the observed Ay
results predominately from the presence of
4-hydroxy-TEMPO molecules found out-
side. the microemulsion droplets. The
shapes of the spectra support this explana-
tion. The lack of a polar environment for
4-hydroxy-TEMPO is a result of the rapid
reduction of the nitroxide by reaction
with NH,* within the polar microemul-
sion core. The reduction in dense CO,
surfactant solutions follows pseudo first-
order kinetics with an apparent rate con-
stant, k, of 6.8 X 107* s~!. For compari-
son, k is equal to 2.0 X 107° s7! for
solutions of 4-hydroxy-TEMPO in triflu-
oroacetic acid and ammonium acetate (pH
3.0). The much larger rate constant may
be attributed, in part, to a high degree of
nitroxide orientatjon in the restricted en-
vironment of the microemulsion core. The
strong sensitivity of the reaction rate to
CO, density is due to the requirement that
a water pool be present before significant
ionization and subsequent reduction reac-
tion can occur.

Our FTIR, ultraviolet-visible absor-
bance, fluorescence, and EPR experiments
demonstrate the existence of an aqueous
domain in CO, with a polarity approach-
ing that of bulk water. Thus, not only do
PFPE-based microemulsions offer a ther-
modynamically stable aqueous domain in a
CO, phase, but they also appear to offer
simultaneously a microenvironment that
may not alter significantly the conforma-
tion of sequestered proteins. By comparing
these results with those of previous stud-
ies, the successful formation of a micro-
emulsion with PFPE may be attributed to
the weak van der Waals forces of the
surfactant tail, the strong tendency of the
ionic head group to leave CO,, the CF;
branching and the small size of the head
group, which favor bending of the inter-
face about water, and the low solubility of
the fluoroether tails in water. Given these
guidelines, it should be possible to synthe-
size additional surfactants for environmen-
tally benign applications in dense CO,.
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Crystal and Molecular Structures of
Hexamethyltungsten and Hexamethylrhenium

Valerie Pfennig and Konrad Seppelt*

The structure of hexamethyltungsten, W(CH,),, was determined by x-ray single-crystal
diffraction at —~163°C. The molecule has a strongly distorted trigonal prismatic structure
with C,, symmetry. This irregular structure is not a result of intermolecular forces, but
rather represents its true molecular structure. A similar structure, which deviates less from
the ideal trigonal prismatic structure, was determined for hexamethylrhenium, Re(CH,),.
Although these structures violate the simplistic models used to predict the geometry of
molecules, they are at least in part explainable by the molecular orbital model.

Homoleptic molecules, which have only
one kind of ligand surrounding a central
atom, are important for checking bond the-
ory against experimental data because struc-
ture, stability, and reactivity are not influ-
enced by different ligands. The methyl
group is the simplest organic ligand in or-
ganometallic chemistry, and permethyl
metal derivatives are often surprisingly sta-
ble because B eliminations are impossible.
However, only three neutral hexamethyl
compounds are known to exist: W(CHj),
Re(CH,;),, and Te(CH,)s. Te(CH,)4 has
only recently been prepared (1) and has an
octahedral structure (2), as expected.
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W(CH,;)s and Re(CH,)4 are unstable com-
pounds that were first synthesized (but not
structurally characterized) by Wilkinson and
colleagues (3). The finding that isoelectronic
Zr(CH;)¢~ in  [Li(CH,),N-CH,-CH,~
N(CHj;),*1,Zt(CH,)4* is trigonal prismatic
(4) led to increased interest in the structures
of hexamethyl compounds, especially because
it had been theoretically predicted that cer-
tain hexacoordinative d® complexes may not
be octahedral (5-9). This prediction was sup-
ported by the results of a recent gas phase
structure determination by electron diffrac-
tion, which showed W(CH,), to be trigonal
prismatic (10). ‘

Crystallographically, ~ W(CH;), and
Re(CH;),4 posed a challenge. The compounds
are thermally unstable, even explosive, if
pure; Re(CH,), is even more sensitive than
W(CH,)s. Moreover, crystals from solutions
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Fig. 1. (A) Orientation of W(CH,).-| (@) and
WI(CH,)s-1I (O) in the lattice, shown as a projection
into the ab plane. Both types of molecules form
layers that are approximately separated by c/4. The
W(CH,)g-I layer at z ~ 1/4 resembles a nearly
square grid, whereas the W(CH,)4-Il molecules at z
~ 0 form a nearly hexagonal layer. The diagram
also gives an impression of the intermolecular dis-
tances within each layer; distances between layers
are of similar magnitude. (B) Packing of the

Re(CH,), molecules as projected into the ab plane.
Here, all layers of molecules are nearly hexagonal.

P

in pentane or isopentane were found to be
plastic in character, with very little x-ray dif-
fraction intensity. Only recrystallization from
acetone at —90°C yielded needle-shaped sin-
gle crystals for both compounds that diffracted
very well at —163°C (11).

The unit cell of W(CH,;)4 contains two
crystallographically different molecules, 1

and II, that are very much alike and differ .

only in their packing (Fig. 1A). No crystal-
lographic symmetry is enforced on either
molecule. We were surprised to find that
W(CH,;)4 does not have the trigonal pris-
matic (D;,) structure, as proposed by the
electron diffraction experiment (10); rather,
the observed structure can be derived from
D;, by opening up one triplet of methyl
groups to C-W-C angles of 93.3° to 96.9° =
0.5° and closing the other triplet to C-W-C
angles of 75.4° to 78.2° = 0.4° (Figs. 2 and
3). The bonds between the latter three
methyl groups and tungsten are longer than
those between the other three methyl
groups and tungsten. The resulting geometry
has C;, symmetry, if small bond length and
angle differences between the methyl groups
in each triplet are ignored. This molecular
shape has one open face, which would be
well suited for a weak contact to a neigh-
boring molecule. The shortest nonbonding
W -+ C contacts found are 458.3, 462.1,
465.0, and 468.6 pm; the corresponding
W +--H distances are at best 100 pm less.

Fig. 2. Molecular structure of W(CH_)e. (A) View perpendicular to the threefold molecular axis; (B) view
down this axis. The thermal ellipsoids are drawn at 50% probability. Bond distances (in picometers) are
shown for W(CH,)4-I (upper numbers) and for W(CH,)-1l (lower numbers, in parentheses). Bond angles
are as follows [those for W(CH_,)s-Il are in parentheses]: C-11-W-1-C-12, 76.7° (77.9°); C-11-W-1-C-
13, 76.6° (77.9°); C-12-W-1-C-183, 75.4° (78.2°); C-14-W-1-C-15, 94.9° (95.8°); C-14-W-1-C-16,
93.8° (95.3%); and C-15-W-1-C-16, 96.9° (93.3°). Errors are 0.1 pm for all bond distances and 0.4° to

0.5° for all angles.

Neither these nor any of the even longer
contacts occupy the open face position;
rather, they approach the molecule from the
faces perpendicular to the C; axis.

This finding, together with the appear-
ance of two almost identical C;, structures,
leads us to the conclusion that we have
determined the true molecular structure of
W(CH,)s. This structure would allow a
multitude of intramolecular rearrangements
in solution or in the gaseous state, such as a
movement of the tungsten atom on the
threefold axis toward the longer bonded
methyl groups, so that the two methyl trip-
lets seem to interchange. The resulting mol-
ecule would have the same symmetry, mir-
rored in a plane perpendicular to the three-
fold axis. An averaged structure of this non-
rigid molecule would have D5, symmetry, as
was found in the gas phase. It remains to be
seen whether the electron diffraction data
can be fitted to this dynamic D5, model, or
even to a static C;, model.

For Re(CH,),, for which no previous
structural information is available, we de-
termined a structure less distorted from Dy,
symmetry (Figs. 1B, 3, and 4). Again, three
methyl groups have shorter bonds and
slightly larger angles between each other
[85.5° to 87.2° = 0.6°] than do the other
three methyl groups [79.5° to 80.4° + 0.6°],
resulting in a Cj, structure. No crystallo-
graphic symmetry or intermolecular forces
are imposed on the structure.

A satisfactory theoretical bond model
must explain the observation that the d!
compound Re(CH,), is closer to a regular
structure  than is the d° compound
W(CHj;)g. The valence shell electron pair
repulsion model (VSEPR) fails to explain
our findings (12). Even a D, geometry
violates the VSEPR model; the small bond
angles on one side of the molecule in the
C;, molecule lead to even greater violations
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of this model. The VSEPR model works
well widely among main group compounds,
as long as coordination numbers of 6 are not
exceeded, and it predicts correctly the oc-
tahedral geometries of WF,, W(OR),, and
W(NR,), (13). In contrast to- W(CHj;),,
these ligands contain “nonbonding” elec-
trons, and the bonds between the ligands
and tungsten are polarized, with the nega-
tive charge located on the ligand. The neg-
ative charge on the ligands may explain the
success of the VSEPR model in these cases,
and its failure for W(CH,;), and Re(CH,),
may even be indicative of an inverted po-
larity of the bonds. Recently, the VSEPR
model was extended by assuming that the
core of a d° transition metal atom (where
all valence electrons have been removed)
is no longer spherical, as it is in main
group atoms (14). It remains to be seen
whether a nonspherical core can be estab-
lished as a physical reality. In that case, at
least a qualitative prediction of the influ-
ence of a nonspherical core on the molec-
ular structure would be desirable.

Because nonbonding electrons located at
the ligand atoms influence the overall struc-
ture greatly, an all electron model is required.

95°
(86.6°)

212.3 pm
(208.8 pm)

217.9 pm
(219.6 pm)

77.1°
(80.0°)

Fig. 3. Schematic representation of the Cj, dis-
torted trigonal prism found for W(CH,)s and
Re(CH,)g. For illustration of the angles and bond
lengths, the C,, distortion has been exaggerated.
Averaged bond lengths (in picometers) and angles
are shown for W(CH,)s (upper numbers) and for
Re(CH,)5 (lower numbers, in parentheses).
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Fig. 4. Molecular structure of Re(CHy),. (A) View perpendicular to the threefold molecular axis; (B) view
down this axis. The thermal ellipsoids are drawn at 50% probability. Bond angles are as follows:
C-1-Re-C-2, 85.5° C-1-Re-C-3, 87.1° C-2-Re-C-3, 87.2°; C-4-Re-C-5, 80.4°; C-4-Re-C-6,
79.5°% and C-5-Re-C-6, 79.7°. Errors are 0.6° for all angles.

The valence electron counts for W(CHj,),
and Re(CH,)¢ are 12 and 13, far from the
18-electron configuration in W(CO), (or in
WE,, where, in addition to the six fully occu-
pied ¢ molecular orbitals, the 7 donor char-
acter of the F ligands also ensures full occu-
pancy of the m bonding molecular orbitals).
W(CH,), and"Re(CHj;); are thus to be con-
sidered as highly electron deficient, leading to
a specific, but so far insufficiently investigat-
ed, chemistry. An ab initio calculation of the
unknown WH, molecule has shown the C;,
type structure to be the global minimum (8,
9). However, the calculated structure of WEH,
differs in several ways from the structure of
W(CH,;)4 determined here: The angles be-
tween the ligands of one triplet were predicted
to be smaller (61° to 62°) than those observed
in W(CH,), (~75°), and the angles between
the ligands of the other triplet were predicted
to be larger (116°) than those in W(CH;)4

\ N
\ —
X=X — 7
~ P “ \
O, Dgy, Csy

agt————— 8 —— @

Fig. 5. Qualitative molecular orbital diagram for
d® ML, compounds (where M is the metal and L
is the ligand) (7). Occupation of the empty a’
orbital in the C,, structure will drive the structure
back to D,
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(~95°). Moreover, the W-H bonds in the
triplet that form the smaller angles are pre-
dicted to be shorter, whereas in W(CH,), the
corresponding bonds are the longer ones.
These discrepancies may be a consequence of
the relative sizes of the ligands. A recent ab
initio calculation on W(CHs)4 predicts a reg-
ular trigonal prismatic structure (9). Different
C,, deviations were found to have higher
energies. [t remains to be seen whether more
sophisticated calculations, especially in terms
of electron correlation, may change this pre-
diction, especially now that experimental data
are available.

The qualitative molecular orbital diagram
is shown in Fig. 5 (7). With decreasing sym-
metry, energy is gained for the lower orbitals
and lost for the higher orbitals. Therefore,
occupation with few electrons should result
in the lower symmetry, a complete occupa-
tion should result in an O, symmetry, and
Dy, symmetry should be observed for inter-
mediate occupation. It can then be predicted
that the unknown Os(CH;), molecule
should have Dj; symmetry, whereas octahe-
dral symmetry should be observed in
Pe(CH,) "~ (15). Unknown compounds
with intermediate electron configuration,
such as Re(CH,)¢*~ or WF,(CH;),, may
represent interesting borderline states be-
tween D5, and O,. It also seems that the C;,
and Dj; structures are close in energy (5).
This may explain why Zr(CH,)¢*~ is Dy,
and not C,, because the negative charge,
located mostly on the ligands, will drive the
geometry away from the extremely unfavor-
able (in terms of ligand repulsion) C;, ge-
ometry. Also, pronounced cation-anion in-
teractions  in  [Li(CH;),N-CH,~-CH,~
N(CH,;),),Zt(CH,)¢ may account for the
D,, instead of C;, structure. The electron
deficiency of the central atoms in W(CH;),4
and Re(CHj;), may result in intramolecular
bridge bonding of the hydrogen atoms, to-
ward the metal atoms (so-called “agostic”
hydrogen atoms) or in other structural ab-
normalities of the methyl groups. Some of
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the methyl groups were found to be tilted a
few degrees toward the central atom, but no
W-C-H angles smaller than 90° were found.

“However, it is questionable whether the

small electron density of the C-H bond can
be located precisely enough with the x-ray
method in the neighborhood of the heavy
central atom to address this question.
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