
presence of H, could contribute to 
cometary activity at large heliocentric dis- 
tances. Finally, the Hz may also have sig- 
nificant effects on the chemistry associated 
with the gas and solid phases in these 
environments. Ultimately, the importance 
of frozen Hz will depend on its ~~biquity in 
space. Although difficult, the detection of 
the 4141-cm-' Hz feature along additional 
lines of sight, especially those having more 
normal, smaller column densities, is clearly 
of importance. 
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Closely Approaching the Silylium Ion (R,Si+) 

Christopher A. Reed,* Zuowei Xie, Robert Bau, Alan Benesi 
The crystal structure of the tri-isopropyl silyl species, i-Pr3Si(Br,-CB,,H,), where the 
brominated carborane Br,-CB,, H,- is perhaps the least nucleophilic anion presently 
known, has revealed the highest degree of silylium cation character (R3Sit) yet observed. 
The average C-Si-C angle is 11 7", only 3" short of the planarity expected of a pure silylium 
ion (1 20"). This value compares to 1 14" recently reported for a toluene-solvated silyl cation, 
[Et,Si(toluene)]+ by Lambert and co-workers. The greater silylium ion character of 
i-Pr3Si(Br,-CB,, H,) versus [i-Pr3Si(toluene)lt is also reflected in the larger downfield shift 
of the silicon-29 nuclear magnetic resonance, 109.8 versus 594.0 parts per million. The 
unusual bonding of toluene to R3Sit in Lambert's compound is reinterpreted as a signif- 
icant covalent .rr interaction. 

There has been recent progress in the long 
search for a three-coordinate silicon cation 
(R3Sif, silylium ion) analogous to widely 
known carbocations (R3C+). Lambert et al. 
(1) have determined the crystal structure of 
the triethylsilyl cation with no coordination 
of the anion and weak coordination of the 
solvent (toluene). Indeed, the coordination 
of toluene with a long Si-C distance of 2.18 
A is unprecedented in silicon chemistry. It is 
not. however. un~recedented in silver chem- , L 

istry. In a so-called rl'-benzene complex of 
silver(1). a similar a-com~lexation of an arene ~ , ,  

solvent molecule has been observed and struc- 
turally characterized (2). The silver ion in 
Ag(benzene) (CB, ,HI,) sits almost directly 
over one carbon atom of the benzene ring at 
an Ag€ distance of 2.40 A. This a-bonding 
distance is -0.2 A longer than typicai Ag-C 
a bonds (2.13 to 2.25 A) (3). The 2.18 A 
S i x  distance to toluene in [Et3Si(toluene)lf 
(Et, ethyl) is -0.3 A longer than a typical 
average S i x  a bond, - 1.87 A (ranging from 
1.80 to 2.03 A) (4). We therefore conclude 
that the S i x  bond in [Et,Si(toluene)]+ is 
close to what should be expected for a-arene 
coordination to silicon. 

The reality and significance of this co- 

C. A. Reed, Z. Xie, R Bau  Department of Chemistry, 
University of Southern California, Los Angeles CA 
90089-0744. 
A. Benesi, Department of Chemistry, Pennsylvania 
State University, University Park, PA 18602 
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valent bonding is reflected in the pyrami- 
dalization of the triethylsilyl moiety. The 
average CSi-C angle of the a bonds in 
[Et3Si(toluene)lf is 114", well short of the 
120" expected of a discrete sp2 R,Si+ ion and 
is, in fact, comparable to other solvent-coor- 
dinated species such as [i-Pr,Si(acetonitrile)] + 

(1 15") (i-Pr, isopropyl) (5). Although there is 
good reason to expect planar R3Sif to be 
readily deformable, particularly with bulky 
ligands like a-arenes, to suggest that covalent 
bonding may be absent and that the silicon is 
essentially three-coordinate (1, 6) overstates 
the case. Nevertheless, the structure has im- 
portant novelty as a model for intermediates 
in electrophilic aromatic substitution, partic- 
ularly since one might have expected a a-type 
structure (known as a "Wheland intermedi- 
ate") like that observed in the heptamethyl- 
benzenium ion (7).  Of the two idealized ~, 

contributing resonance structures indicated 
below, a T-complex with spf carbon and a 
a-complex with sp3 carbon, the best single 
description is as a T-complex. 

a-Complex 0-Complex 
"Wheland intermediate" 
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Fig. 1. Perspective vlew (ORTEP) of i-Pr,Si(Br,- 
CB,,H,). Bond distances (errors in last digits in 
parentheses): Si-Br = 2.479(9) A (dashed); Si- 
C(2) = 1.860(27) A; SGC(5) = 1.908(27) A; and 
Si-C(8) = 1.799(35) A. Bond angles: C(2)Si- 
c(5) = 120.2(12)"; C(2)Si-C(8) = 11 1.2(14)"; 
and C(5)Si-C(8) = 11 9.6(13)". 

The key dimension is the Si-C-C,,,, an- 
gle: 90" in the idealized a-complex and 
125.3" in the idealized a-complex. It is 
94" for the analogous Ag-C-C angle in 
thesilver-benzenecomplex, - 10O0inEt3Si- 
(toluene)+, but is 124" for the correspond- 
ing C-C-C angle in the heptamethylben- 
zenium ion. This result sueeests that the -- 
silicon-toluene bonding, although closer 
to the a formalism, is actually of some a / u  
hybrid character. We also note that a 
bonding of both benzene to silver, and 
toluene to silicon. uroduces a barelv detect- , L 

able pert~lrbation in the structuri of the 
arene. The bonded carbon atom essentially 
retains its sp2 planarity and, in contrast to 
the heptamethylbenzeni~lm ion, which has 
sp3 tetrahedrality, there is no significant 
alternation of the C-C bond lengths in the 
arene ring. As a consequence, the structure 
of the a-coordinated arene is not a partic- 
ularly good indicator of the strength of a 
predominantly a-type of interaction. 

We reuort the svnthesis and character- 
ization of 'an ionic-lke tri-isopropylsilyl spe- 
cies havine a verv weak anion-cation inter- 
action. B; threi important criteria-the 
average C-Si-C angle, the out-of-plane 
displacement of the silicon atom, and the 
29Si nuclear magnetic resonance (NMR) 
chemical shift-this species more closely 
approaches a free silylium ion than does its 
arene-coordiilated counterpart. 

The successfill synthesis of R3Sit in a 
condensed phase remains thwarted by reac- 
tivity toward the solvent (1, 5, 8, 9) or the 
counterion (5, 8, 10, 11). Not only is 
minimal nucleophilicity important but so is 
chemical inertness. In the choice of sol- 
vent. we have staved with aromatic hvdro- 
carbons. A l t h o ~ ~ ~ h  they express a nuLeo- 
~hilicitv toward silicon. thev are more 
chemically inert than halocarbons and are 
superior in dissolving the reagents. In our 
search for the least nucleophilic anion, we 

have found a possible candidate in the large 
12-vertex frameworks of boron chemistrv. 
The hexabrominated closo-carborane Br6- 
CB, ,H6- (1 2) is larger than the previously 
introduced 10-vertex Br5-CB9H5- ( 5 )  and 
hence is less nucleophilic. It has the added 
advantage of extremely high chemical sta- 
bility. We find no evidence for bromide 
abstraction from Br6-CB, ,H6- analogous to 
fluoride abstraction from fluorinated tetra- 
phenylborates (8, 9). This property is par- 
ticularly important, given the electrophilic- 
ity expected of R3Si+. 

Equimolar treatment of i-Pr,SiH with 
[Ph3C+] [cbso-7,8,9,10,11, 12-Br6-CB11H6-] 
(Ph, phenyl) (12) in dry toluene gives a pale 
yellow solution from which i-Pr3Si(Br6- 
CBllH6) can be isolated in good yield (13). 
Single crystals for x-ray diffraction were grown 
from toluene by n-hexane vapor diffusion 
(14). The molecular strdcture (Fig. 1) is 
q~lalitatively similar to that obtained with the 
10-vertex carborane anion Br5-CBl,H5- (5) 
but we now have metrical accuracy that 
reliably reflects the developing cationic 
character at silicon. The average C-Si-C 
bond angle is 117.0°, more than two- 
thirds of the way from tetrahedral to trig- 
onal planar. The Si atom is 0.30 A out of 
the plane of its three bonded carbon at- 
oms, -0.1 A less than in any previously 
reported trialkylsilyl structure. The weak 
binding of the anion is reflected in the 
long Si-Br bond of 2.479 k 0.009 A. This 
is 0.24 A longer than a typical Si-Br bond 
(2.24 A in Me3SiBr) (15). A further probe 
of the ionic-like character of this species is 
to compare the coordinated B-Br bond 
length (2.05 2 0.03 A) to the other four 
noncoordinated bonds in the pentagonal 
belt of the anion (1.93 to 2.02 k 0.03 A).  
This result shows, at most, a marginal 
extension due to bonding to silicon and 
reflects a well-developed ionicity in the 
silicon-bromine interaction. These fea- 
tures, and the relatively small degree of 
pyramidalization at silicon, suggest that 
there is little in the way of bromoni~lm ion 
character in this species, that is, little 
delocalization of positive charge onto the 
bromine atom. 

The developing positive charge at sili- 
con is reflected in the downfield 29Si NMR 
chemical shift. Indeed, in the solid state, 
where there can be no ambig~lity about 
anion versus solvent coordination, the 
chemical shift of 109.8 pprn downfield 
from tetramethylsilane is the largest yet 
observed for a tri-isopropylsilyl species. It 
is essentially matched by i-Pr3Si{B(C6F5)4) 
at 107.6 pprn (1 1). We assume in this 
solvent-free species that the perfluorinated 
tetraphenylborate anion, the other most 
promising candidate for the least nucleo- 
philic anion, is coordinated to the silicon 
via a fluorine atom or atoms. This has 

been structurally proven in a related ionic- 
like thorium species (1 6). The downfield 
shifts of both silyl species are attenuated 
by dissolution in toluene: 105 pprn for the 
Br6-CBllH6- species and 94.0 pprn for the 
B(C6F5)4- species (5). This result is con- 
sistent with partial solvent displacement 
of the anion according to the following 
equilibrium 

i-Pr3Si(anion) + toluene 
= [i-PrjSi(toluene)] + + anion- 

Paradoxically, Br6-CBllH6- dissociates 
less in toluene than does B(C6FJ4- even 
thoueh the 29Si shifts of the bound suecies - 
suggest that the carborane is slightly less 
nucleouhilic toward silicon than the bo- 
rate. This difference may simply reflect the 
role of solvation energy in the equilibri- 
um. The aromatic B(C6FJ4- anion is 
expected to be the better solvated anion in 
an aromatic solvent. The 29Si shift of 94.0 
pprn for B(C6FJ4- system in toluene rep- 
resents a maximum value for the toluene- 
coordinated species [i-P,r3Si(toluene)] +. 
This is because the ea~lilibrium mav not be 
biased completely td  the right-hand side 
and the measured chemical shift will cer- 
tainly be a weighted average of the anion- 
coordinated and toluene-coordinated spe- 
cies in solution. The low value for the 
toluene-coordinated cation reflects the 
greater pyramidalization of silicon or the 
greater electron density at silicon relative 
to the anion-coordinated species or both 
effects. This suggests' that species with 
very weakly coordinated anions structural- 
ly approach a true silylium ion more close- 
ly than do their toluene-coordinated 
counterparts. 

It is ~lseful to view the present structure 
as an ionic-like species that lies along a 
continuum that ranges from four-coordi- 
nate covalent to trigonal-planar ionic. U1- 
timate success in achieving truly ionic 
three-coordination will require some com- 
bination of sterically more demanding and 
electronically more donating carbon sub- 
stituents on silicon, a less nucleophilic sol- 
vent, and a more weakly coordinating an- 
ion. Alternatively, the u-bonded carbon 
substit~~ents on silicon can be replaced by 
heteroatoms capable of stabilizing the pos- 
itive charge through T-donation. Tilley 
and co-workers have recentlv demonstrated 
this conclusively by using tiansition metal 
and thiolate substituents (1 7). The silylium 
ion character of the present anion-coordi- 
nated species is manifest in their highli; 
electrophilic chemistry. The carborane spe- 
cies abstracts chloride from dichloro- 
methane and fluoride from fluorobenzene 
but is stable in dry toluene for weeks. The 
perfluorinated borate specles seems to be 
less stable, eventually decomposing to some 
i-Pr3SiF. 
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Production of Perfluoroalkylated Nanospheres 
from Buckminsterfullerene 

Paul J. Fagan,* Paul J. Krusic,* C. N. McEwen, J. Lazar, 
Deborah Holmes Parker,"f. Herron, E. Wasserman 

Perfluoroalkylated nanospheres have been prepared by reaction of fullerenes with avariety 
of fluoroalkyl radicals. The latter are generated by thermal or photochemical decomposition 
of fluoroalkyl iodides or fluorodiacyl peroxides. Up to 16 radicals add to C,, to afford easily 
isolable fluoroalkylated derivatives. The monosubstituted radical adducts were detected by 
electron spin resonance in the early stages of the fluoroalkylation reactions. These sphe- 
roidal molecules are thermally quite stable, soluble in fluoroorganic solvents, chemically 
resistant to corrosive aqueous solutions, and more volatile than the parent fullerenes. Films 
of the sublimed material display properties typical for a perfluoroalkylated material. 

Since the discovery of the large-scale 
synthesis of C,, ( 1 ) '  the fluorination of 
this molecule and the properties of C6,Fn 
materials have aroused keen interest (2). 
There was the potential that unique, 
chemically resistant "fluorinated balls" 
would result that might have interesting 
physical properties (3). However, C6,Fn 
comvounds are unstable with resvect to 
hydrolysis and readily lose fluoride ions, 
generating HF (4). We reasoned that per- 
fluoroalkylation of C,, might provide the 
necessary stability against hydrolysis yet 
oresent a chemicallv resistant. fluorinated. 
kydrophobic surface to the external envi: 
ronment (5). High thermal stability might 
be expected for such materials because 
both perfluoroalkanes and C,, are excep- 
tionally thermally stable. 

We prepared such perfluoroalkylated 
nanospheres by adding perfluoroalkyl free 
radicals to C,,. These are generated by 
thermal or photochemical decomposition of 
radical precursors such as fluoroalkyl io- 
dides, R,I, and fluorodiacyl peroxides, Rf-  
C(0)O-O(0)C-Rf.  We also report the 
electron spin resonance (ESR) detection of 
the radical species Rf-C,,' formed in the 
early stages of these reactions by addition of 
a single fluoroalkyl radical to C,,. The 
behavior of these reaction intermediates is 
similar to that recently delineated for their 
hydrocarbon analogs (6). This similarity 
includes the tendency to form weakly bond- 
ed, dumbbell-shaped dimers Rf-C6,-C6,-Rf 
for which the dimer bond strength can be 
determined by ESR (7). 

Heating C,, and excess perfluorohexyl 
iodide in 1,2,4-trichlorobenzene at 200°C 

Central Research and Development Department, E. I, with exclusion of oxygen produced after 
du Pont de Nemours & Company, Experimental Sta- work-up a dark-brown glassy solid for which 
tion, P.O. Box 80328, Wilmington, DE 19880-0328. elemental analvsis afforded the formula 
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tPresent address: Procter and Gamble Company, 
Sharon Woods Technical Center. Cincinnati, OH capture mass spectrum this (9)3  

45241 -9974 facilitated by the remarkable volatility of 

the material, showed the addition of 6 to 12 
perfluorohexyl groups to C,, (Fig. 1A). 
Although the relative intensity distribution 
varied somewhat for scans taken at different 
probe temperatures, the most intense peak 
always corresponded to 10 perfluorohexyl 
addends, consistent with the elemental 
analysis. 

From 13C nuclear magnetic resonance 
(NMR) spectra, evidence was obtained for 
an average of 8 to 10 perfluoroalkyl groups 
on each C,,. A broad resonance from 160 
to 130 parts per million (ppm) was attrib- 
uted to unreacted C=C double bonds on 
C,,; broad and sharp resonances from 125 
to 105 ppm were assigned to perfluoroalkyl- 
group carbon resonances; finally, a broad 
resonance centered at 62 ppm was attribut- 
ed to C,, carbons bearing perfluoroalkyl 
groups. The ratio of the intensity of this last 
resonance to that of the broad resonance 
between 160 and 130 vom was about 6: l .  

A L 

appropriate for an average of 8 to 10 per- 
fluoroalkyl substituents on each C,,. A very 
small extent of hydrogen incorporation was 
indicated by the expansion of each mass 
spectral peak. The expanded peak corre- 
sponding to C,, with 10 perfluorohexyl 
grouos was simulated as a mixture of 
E60iRf)10-, C60(Rf)10H-3 C60(Rf)10HZ-> 
C,, (R,) and C6,(Rf) in the 
ratios 1.0:0.78:1.0:0.78:0.11 (Fig. lA ,  in- 
set). Consistent with this finding, 'H NMR 
did show a broad resonance from 5.5 to 3.8 
ppm, which we attribute to hydrogens on 
the C,, sohere. The 19F NMR was more 

"V I 

informative with resonances in the CF, 
chemical shift region and a single resonance 
in the CF, region (1 0). 

Substantial coverage of C,, with fluoro- 
alkyl groups can also be achieved at room 
temverature bv vhotolvsis of verfluoroalkvl , A 

iodides. For example, a saturated benzene 
solution of C,, with excess trifluoromethyl 
iodide was irradiated with ultraviolet light 
in a sealed quartz tube for 30 min. Electron- 
capture mass spectrometry showed addition 
of up to 13 CF, groups to C,, (Fig. 2A). 
Unlike the relative shar~ness of the mass 
spectrum discussed above, each CF, adduct 
showed up as a cluster of masses, as wide as 
30 mass units, indicating substantial hydro- 
gen atom incorporation that progressively 
increased with the number of CF, groups. 
Negative-ion Fourier transform mass spec- 
tra (FTMS). exvanded in the mass region , ,  - 
appropriate for the addition of two and 
three CF, groups, peaked at compositions 
corresponding to C,,(CF,),H,- and C6;- 
(CF,),H4- (Fig. 2A, inset). The peaks of 
all mass clusters were appropriately shifted 
toward higher masses when perdeuterio- 
benzene was used as the solvent. The 
hydrogen transfer from benzene most like- 
ly occurs in two steps: addition of CF,' 
radicals to benzene to yield a CF,-substi- 
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