
peak. Both the  splitting constants and spec- 
tral shapes show that PFPE is present as a n  
organized assembly. In  contrast, the  motion 
of the probe in water-saturated C02 (with- 
out surfactant) is isotropic. 

A t  COZ densities >13 M ,  the  apparent 
A N  in the  surfactant solution drops to  near 
that  in neat  C02.  Thus,  the  observed AN 
results predominately from the  presence of 
4-hydroxy-TEMPO molecules found out- 
side the  ~nicroemi~ls ion droplets. T h e  
shapes of the  spectra support this explana- 
t ion. T h e  lack of a polar environment for 
4-hydroxy-TEMPO is a result of the  rapid 
reduction of the  nitroxide by reaction 
with N H q l  within the  polar microemul- 
sion core. T h e  reduction in  dense C 0 2  
surfactant solutions follows ~ s e u d o  first- 
order kinetics with a n  apparent rate con- 
stant,  k, of 6.8 X s-'. For compari- 
son, k is equal to 2.0 X 10-' s-' for 
solutions of 4-hvdroxv-TEMPO in  triflu- 
oroacetic acid a h  amlionium acetate ( p H  
3.0). T h e  much larger rate constant may 
be attributed, in  part, t o  a h igh degree of 
nitroxide orientation in  the  restricted en-  
vironment of the  microemulsion core. T h e  
strong sensitivity of the  reaction rate to 
C02  density is due to  the  requirement tha t  
a water pool be present before significant 
ionization and subsequent reduction reac- 
t ion can  occur. 

Our  FTIR, ultraviolet-visible absor- 
bance, fluorescence, and EPR experiments 
demonstrate the  existence of a n  aaueous 
domain in C 0 2  with a polarity approach- 
ing that  of bulk water. Thus,  no t  only do  
PFPE-based microemulsions offer a ther- 
~nodvnamicallv stable aqueous domain in a 
C O ~ '  phase, but they aiso appear to  offer 
simultaneously a microenvironment that  
may not  alter significantly the  conforma- 
t ion of sequestered proteins. By comparing 
these results with those of ~ r e v i o u s  stud- 
ies, t he  successfi~l formation of a micro- 
emulsion with  PFPE mau be attributed to  
the  weak van  der Wai l s  forces of the  
s ~ ~ r f a c t a n t  tail, the  strong tendency of t h e  
ionic head group to  leave COZ, the  CF, 
branching and  the  small size of the  head - 
group, which favor bendlng of the  inter- 
face about water, and the  low solubllitv of 
t h e  fluoroether tails in  water. Given these 
guidelines, it should be possible to  synthe- 
size additional surfactants for environmen- 
tally benign applications in dense C02.  
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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. 

H o m o l e p t i c  molecules, which have only 
one kind of lipand surrounding a central u u 

atom, are important for checking bond the- 
ory against experimental data because struc- 
ture, stability, and reactivity are not influ- 
enced bv different ligands. T h e  methvl 
group is ;he simplest oyganic ligand in 0;- 

ganometallic chemistry, and permethyl 
metal derivatives are often surprisingly sta- 
ble because P eliminations are impossible. 
However, only three neutral hexamethyl 
compounds are known to  exist: W(CH3), ,  
Re(CH,),, and Te(CH,),. Te(CH,),  has 
only recently been prepared (1 ) and has an  
octahedral structure (Z), as expected. 

lnstitut fur Anorganische und Analytsche Chem~e. Fre~e 
Universitat Be rn ,  Fabeckstrasse 34-36, D-I4195 Berlin, 
Germany. 

*To whom correspondence should be addressed. 
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W(CH,),  and Re(CH,), are unstable com- 
pounds that were first synthesized (but not 
structurally characterized) by W i l k i ~ ~ s o ~ ~  and 
colleagues (3). The  finding that isoelectronic 
Zr(CH,),'- in [Li(CH,)2N-CHZ-CHZ- 
N(CH,)21]2Zr(CH3),2 is trigonal prismatic 
(4) led to increased interest in the structures 
of hexarnethyl compounds, especially because 
it had been theoretically predicted that cer- 
tain hexacoordinative d%omplexes may not 
be octahedral (5-9). This prediction mas sup- 
ported by the results of a recent gas phase 
structure determination by electron diffrac- 
tion, which showed W(CH,), to be trigonal 
prismatic (1 L1). 

Crystallographically, W(CH,), and 
Re(CH,), posed a challenge. The  compounds 
are thermally unstable, even explosive, if 
pure; Re(CH,), is even more sensitive than 
W(CH,),. Moreover, crystals from solutions 
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Fig. 1. (A) Orientation of W(CH,),-I (@) and 
Wl(CH,),-I (2) in the attce, shown as a projecton 
into the ab plane. Both types of molecules form 
layers that are approximately separated by c/4. The 
1AI(CH3),-I layer at z - 1/4 resembles a nearly 
square grid. whereas the 1Al(CH3),-I molecules at z - 0 form a nearly hexagonal layer. The diagram 
also gives an impresson of the intermolecular dis- 
tances w~thin each layer: distances between layers 
are of sim~lar magnitude. (B) Packing of the 
Re(CH,), molecules as projected into the ab plane. 
Here, all layers of molecules are nearly hexagonal. 

in nentane or isonentane nere found to be 
plastic in character, w ~ t h  very l~ttle x-ray Jlf- 
fraction ~ntensity. Only recrystallizatlon from 
acetone at -90°C yielded needle-shaped sin- 

gle crystals for both compounds that diffracted 
very well at - 163°C (1  1 ) .  

The ~11nit cell of W(CH,), contains two 
crystallographically different molecules, I 
and 11, that are very much alike a~nd differ 
only in their paclc~ng (Fig. 1.4). No crystal- 
lographlc symmetry IS e~iforced on either 
molec~~le. LVe were surprised to find that 
W(CH,)(, does ~ i o t  have the tr~gonal pris- 
matic (D,,,) structure, as proposed by the 
electron diffraction experiment ( I  0); rather, 
the observed structure can be derlved from 
D,,, by openlng up one triplet of luethyl 
groups to C-W-C angles of 93.3" to 96.9" -t 
0.5' and closing the otlier triplet to C-W-C 
angles of 75.4" to 76.2" 1 0.4" (Figr. 2 and 
3) .  The bonds between the latter three 
methyl groups and tungsten are lo~iger than 
those betxeen the other three methyl 
groups and tungsten. The resulting geometry 
has C3; symmetry, if small bond length and 
angle differences between the metliyl groups 
In each trinlet are ipnored. This nlolec~llar " 
shape has one open face, ~vhlch \vould be 
well su~ted for a weak contact to a neleli- u 

bor~ng molecule. The sliortest nonhonding 
W C contacts fou~id are 456.3, 462.1, 
465.0, and 468.6 pm; the corresponding 
LV . H distances are at best 100 pm less. 

Fig. 2. Molecular structure of W(CH,),. (A) View perpendicular to the threefold molecular axis: (6) view 
down ths  axis. The thermal ellpsoids are drawn at 50% probabity. Bond dstances (in picometers) are 
shown for W(CH,),-I (upper numbers) and for Wl(CH,),-I (lower numbers, In parentheses). Bond angles 
are as follows [those for W(CH,),-I are in parentheses]: C-1 1 -LA]-1 -C-12, 76.7' (77.9'): C - I  I -1W-I-C- 
13, 76.6' (77 9"); C-12-VlJ-1-C-13, 75.4' (78.2"): C-14-W-I-C-15. 94.9' (95.8'): C-14-W-1-C-16. 
93.8" (95.3'); and C-15-W-I-C-16. 96.9" (93.3'). Errors are 0.1 pm for a bond distances and 0.4" to 
0.5' for all angles. 

Neither these nor any of tlie ex-en longer 
contacts occupy the open face position; 
rather, they approach the molecule from the 
faces p e r p e ~ i d ~ c ~ ~ l a r  to the C3 axis. 

This finding, together x i th  the appear- 
ance of tnic allllost   den tical C, structures. 
leads us to the co~iclus~on that n.e have 
determined the true molec~~lar  structure of 
LV(CH3),. This structure ~vould allol\. a 
~ l i~ i l t i t~ lde  of lntra~liolec~llar rearrangements 
in s o l ~ ~ t ~ o n  or in the gaseous state, such as a 
movement of the t ~ ~ n e s t e n  atom on the 
threefold axis tov\,ard the longer bonded 
metliyl groups, so that the t\vo methyl t r ~ p  
lets seem to ~nterclia~ige. The res~lltillg mol- 
ecule n.oulcl have the same svmmetrv, mir- 
rored in a plane perpend~cular to the three- 
fold axls. A11 averaged structure of this non- 
rigid molecule \vould have D,;, symmetry, as 
\vas found In the gas phase. It remains to be 
seen whether the electron d~ffraction data 
can he fitted to tliis dynam~c Dih model, or 
even to a static C3; 1l10Jel. 

For Re(CH,),, for n41ich no previous 
structural lnfor~liat~on 1s ava~lable. we de- 
term~ned a structure less distorted from D,;, 
symmetry (Figs. lB, 3 ,  and 4) .  Again, three 
metliyl groups have shorter bonds and 
slightly larger angles betn.een each otlier 
[8 i . j0  to 87.2" 1 0.6'1 t h a ~ i  do the otlier 
three methyl groups [79.5" to 80.4" 1 0.6"j, 
result~ng in a C3;, structure. No crystallo- 
graphic symmetry or iliterlnolec~llar forces 
are ~~nposed  on the structure. 

A sat~sfactory theoretical bond model 
must explain the observation that the dl 

c o m p o ~ ~ ~ ~ d  Re(CH,), is closer to a regular 

of tliis model. The VSEPR model worlts 
n.ell widely alllong main group compounds, 
as long as coordi~iat~on numbers of 6 are not 
exceeded, and ~t predicts correctly the oc- 
tahedral geometries of WF,, W(OR)(,,  and 
LV(NR2), (13). I11 contrast to LV(CH,),> 
these ligands contain "nonbond~ng" elec- 
trons, a~nd the bonds between the lieands 
a~nd tuigsten are polarized, w ~ t h  the nega- 
tlr7e charge located on the ligand. The neg- 
ative charge on the I~gands may explain the 
success of tlie VSEPR model in these cases, 
and its failure for W(CH,) ,  and Re(CH,), 
may even he ~ndicative of an inverted po- 
larity of tlie bonds. Recently, the VSEPR 
model was extended by assuming that the 
core of a 8 t ransi t~on ruetal atoll1 (where 
all valence electrons have heen removed) 
I S  ~ i o  longer spherical, as it is 111 main 
grou~, atonis (14) .  It remains to be seen 
v\.lietlier a nonspherical core can he estab- 
lished as a phys~cal reality. In that case, at 
least a aualitat~ve nredict~on of the influ- 
ence of a nonspherlcal core on  the molec- 
~11al structure \vould be desirable 

Because nonbond~ng electrons located at 
the liealid atoms ~nfluence the overall struc- 
ture greatly, an all electron lnodel 1s replred. 

, . 
structure than is the d' compo~111d 
W(CH,),.  The valelice shell electron pair Fig. 3. Schematic representation of the C,, dis- 

toried trigonal prism found for W(CH,), and 
rep~llsion model (VSEPR) fails to esplain Re(CH3),, For of angles and bond 

f indl l l~s  (12). Eve11 a D;,, geometry lengths, the C,, dstoriion has beet- exaggerated. 
violates tlie VSEPR model; the small bond Averaaed bond lenaths ( n  oicometers) and anclles , ,  
angles on one side of the molecule 111 the are shown for IAl(CH,!, (upper numbers) andfor 
C,, molecule lead to even greater violations Re(CH,), (lower numbers. In parentheses!. 
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Fig. 4. Molecular structure of Re(CH,),. (A) Vew perpendicular to the threefold moecuiar axs: (B) view 
dov~in this axls. The thertna eilipsods are drawn at 5096 probablity. Bond angles are as follows: 
C-I-Re-C-2, 85.5": C-I-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 0.6c for all angles. 

The valence electroll counts for \yl(CH3), 
and Re(CH,), are 12 and 13, far from the 
13-electron configi~ration in \V(CO), (or in 
WF,, \\,here, in addlt~on to the SIX fully occu- 
pied a molecular orbitals, tlie ~i donor char- 
acter of the F ligands also ensures full occu- 
pancy of the T bonding molecular orbitals). 
LW(CH,), and Re(CH ,), are thus to be con- 
sldered as highly electroll deflclent, lead~ng to 
a specific, but so far ~nsufflciently in\-estigat- 
ed, chemistry. An ah inltio calculation of tlie 
~lnkno~vn WIH, molecule has slio~vn the C3,. 
type structure to be the glohal minilnull1 (8, 
9). However, the calculated structure of WH, 
differs in several \iiays from the structure of 
',Xj(CH,), iietermiiied here: The aligles he- 
tween the liga~lds of one triplet were predicted 
to he smaller (61" to 62")  than those o b s e ~ e d  
in LW(CH,), ,(-75"), and the angles between 
the ligands ot the other triplet were predictecl 
to be larger (116") than those in Vi/(CH3), 

Fig. 5. Qualrtatrve tnolecular orbital dragrarn for 
dWL, compounds (where M IS the tnetal and L 
is the igand) (7). Occupation of the empty a '  
orbital rn the C,, structure L V I I  drive the structure 
back to D,,,. 

(-95'). Lloreover, tlie W-H bonds In the 
triplet that form the s~naller angles are pre- 
dicted to be shorter,  herea as in LW(CH,), the 
correspond~~~g bo~lds are the longer ones. 
Tliese discrepancies may he a consequence of 
the relative sues of the llgands. A recent ah 
11litlo calculation on ',Xj(CM,), predlcts a reg- 
ular trigo~nal prismatic structure (9).  Different 
C,: dex- ati ions \yere found to have li~gher 
energies. It remallis to be seen whether more 
sopliisticated calculations, especially 111 terlns 
of electron correlation, [nay change thls pre- 
diction, especially no\v that experimental data 
are available. 

The qualitative molecular orbital diagram 
is shou~n in Fig. 5 (7). With decreasing sym- 
metry, e n e r y  is gained for the lower orbitals 
and lost for tlie h~glier orbitals. Tlierefore, 
occuuation xi th feiv electrons should result 
in the lower symmetry, a complete occupa- 
t ~ o n  sho~lld result in an 0,. svmmetrv, and ,, , 
D,;, symmetry should be observed for inter- 
niedlate occupation. It can then be predicted 
that the unkno~vn O S ( C H ~ ) ~  lnolecule 
should have Dji, symmetry, whereas octahe- 
dral symmetry slio~~lcl be ohserl-eii in 
Pt(CH,) , '  (15). Unknown compounds 
\vlth iliter~necliate electron configuration, 
such as Re(CH,),'- or LVF2(CH,),, may 
represent interesting borderline states be- 
tnreen D3;, and Oil. It also seems that the C,, 
and D,/,  structures are close in eneyy (5). 
This may explain n.hy Zr (CH,) , '  is D,;., 
and 11ot C,l, because the negative charge, 
located mostly on the ligands, n.111 drive the 
geometrv away from tlie estrelnelv ~uiifal-or- 
able (in'  terlns of liqa~lcl repulsiol;) C,, ge- 
ometry. Also, pronounced cation-anion 111- 

teractions in [Li(CH3)ZN-CHI-CH2- 
N(CH3)I]IZr(CH,), lnay account for the 
Dji, instead of C,,, structure. The electron 
deficiency of the central atolns in LV(CH,)(, 
and Re(CH,), may result in i~ltralnolec~~lar 
bridge bonLiing of the hydrogen atoms, to- 
ward tlie metal atonls (so-called "agostic" 
hydrogen atoms) or in other structural ah- 
iiorlnalities of the ~nethyl groups. Some of 

the methyl erouns were f o ~ ~ n d  to be tilted a 
L 

few degrees to\$ a ~ d  the ce~itral atom, but no 
W-C-H angles smaller than 99" wele found 

L 

However, ~t 1s questionable whether the 
small electron density of the C-H bond can 
he located precisely enough with the x-ray 
~netkod in the ~ieighhorhood of the heavy 
central atom to address this question. 
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