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A combined theoretical and experimental approach is used to 
patterns which emer hen X2 (X = H-i, halo 13, etc) is added to 
patterns formed by riri which incorporate c on atoms of the fu 
to form CdaXz occu two hexagonal t&es on 
pars-positions of one of rther addition occurs to 
a very great number of isomers, but in some cases at least the pattern e 
simple. An important feature is the tendency of hexagonal faces wit 
for example C6Hz or C,Br, to add further groups to form C6H4 
feature results in the production of chains, formed by the edge 
faces, which progressively increase in length as the extent of addition increase 
stable structures are formed if these chains eliminate the chain ends to form cyclic structures. 
Examples include the skew pentagonal pyramids in C&X6, q,,Xlz and C&X18, the crowns in 
C60X18 and C&,XJ6, and the rhombicuboctahedral pattern In CoOX24. The ring compounds 
C&,(ring),_,, formed by additions to hex--hex edges, have rings occupying octahedral sites 
about the C&. 
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f y Introduction 

This review is dedicated to Professor Dr. Kees Vrieze on the occasion of the 25th 
anniversary of his appointment to the Chair of Inorganic Citemistry at the University 
of Amsterdam. 

Kees, Barry Lever, the Editor of this journal, and one of us (DLK) shared a 
laboratory at University College London in the early 1960s when we were, to quote 
one of Kees’s expressions “all bright-eyed and bushy tailed”. Our friendship included 
some collaborative work on metal-metal bonded clusters, and this review is the most 
recent example of a continuing interest in chemistry, clusters and geometry. 

There are two important questions which need to be answered concerning any 
molecule, including CgO. The first is: “What are the reactions?” Research in this area 
is developing rapidly and the reader is referred to a 1993 review by Taylor and 
Walton [l] and a 1994 monograph by Hirsch [2]. The second important question 
is: “Where are the reactions occurring ?” This question is of particular interest when 

roups are attached to the initial molecule. All chemists are aware of the 
dominant importance of such questions of isomerism and the fact that ii: abstituted 
benzene5 may exist as ortho, rnetu and pnru isomers, and that trisubstitutect benzenes 

ers, and the cis and mm isomerism in disubstituted octahedral 
the and fue isomerism in trisubstituted complexes. 

e as a shock when one starts to consider the isomerism 
metric isomers possible for C&XZ is 23, 
omers. The number of isomers increases 

on the structure 
ework in which 

nal faces (the hex-hex e 
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21 330 558 

628 330 629 
11 661 527 055 
34 932 048 763 

985 538 239 868 

n = 6 
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560 
528 
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reactions Cbu behaves as an olefin [ 1,2]. The preference of the double bonds for the 
hex-hex edges can be rationalized in terms of valence-shell electron-pair repulsion 
theory [ 4). Consider the double bond 

le 66 is expected to be less than b because of the increased electron density 
oubie bond compared with the single bonds, so that the double bond is 

project towards a pentagon (bond angle, 10X”) rather than a hexagon 

2. Addition to hex-hex ed 

sorner is that fsrme addition of Hz onto one of th 

a1 tetrahedral st~r~~chen~istry 

keal rnol-’ less stsble than tka 
1 kcal mol - * less stable than the 

Indeed, there is a direct car 

asis sets confirm 
rence of 7,6-7.8 



Fig. 2. Structure of C&Hz. For clarity, the I-K’-CH carbon atoms and bond arc shaded, A pair of 
hydrogen atoms are attached to the carbon atoms, forming (1 hex-hex ed 

present for large groups such as Br and Me destabilize the hex-hex isomer so that 
it becomes comparable in stability to the pulw-C,X2 isomer (Table 2) [ 7--91. 

These general expectations are conkmed by experlhi;:nt. C&Hz has been prepared 
by the reaction of Cfil) with M-I3 ??THF [ lO] or (C, d2W E-I K-J c 111 followed bY 
hydrolysis, or even by zinc-acid reduction [ 123. Only the hex--hex isomer has 
been found. 



H 
P=jl 
AH, ~931.2 

P=J 
AHf = 935.6 

L? 9473 f= . 
P=S 
AH, = 950.0 



Table 2 
Heats of formation, for two isomers of C&Xz 

Heat of formation (kcal mol - ’ ) B-A ( kcal mol - l) 

Hex-hex isomer (A) para-C,X2 isomer (B) 

W-b 931.2 935.6 4.4 
G& 864.8 869.0 4.2 
CtX+r, 960.7 959.5 - 1.2 
GoMe 930.9 930.7 -0.3 

There are a number of molecules of the type CsO( H)( X) [ 13,141. The addition of 
lithium alkyls or Grignard reagents to Cc0 followed by hydrolysis forms C&(H)(R), 
where R - Me, Et, Pr, Bu. Only the hex-hex isomer was obtained in each case. Even 
in the case of the bulky SnBu, group, only the hex-hex isomer of C& H)(SnBu,) 
was obtained. Amines (R,NH) readily react with Ceo to form C6,,( H)(NR,) where 
the H and NR2 groups are again attached to the two carbon atoms of a hex-hex 
edge [ 151. However, the addition of very bulky azacrown ethers, such as 
HN(CRH1603), to C& to form C,,(H)[N(C,H,,O,)] yielded two isomers, believed 
to be the hex=-hex and para-C,X2 isomers [ 161. 

reater steric interactions will occur in C&X2 if neither group is H. Electrochemical 
reduction of CaO to Cgi in benzonitrile followed by the addition of a large excess of 
methyl iodide forms CaO( Me)2. Two isomers were isolated, which are believed to be 
the hex--hex and para-C,X, isomers [ 171. 

A number of examples of the addition of rings to hex-hex edges arc discussed in 
the next section. 

2.12. Cf&YJ to C&q;? 
The number of possible mers increases rapidly as the number of 
ups attached to Cu,s incr isomers for C,0X2 to 1.2 x UVD for C,0X,2 
ble 1). It clearly becomes impossible to consider each isomer separately, The 

problem can be considerably simplified to a first approximation by rnakin 
assumptions. 

( 1) Successive addition of pairs of always occurs on a hex-hex e 
observed for C&Hz and CBO( H)(X). if this assumption is not co 
justified, it is a reasonable starting point. Even if the results are of questionable value 
for C&X,,, they will be useful in predicting the stereochemical consequences of adding 
a number of rings to the hex--hex edges of Cc,o in those cases wh 
requirements of the ring prohibit the formation of paw-6,X2 addition. 

Fig. 3. Localization of double and single bonds in C,,ollt to form six-membered quinone-type rings in 
the immediate vicinity of the hydrogen atoms. Those pentagonal faces containing double bonds arc also 
shown. The remnindcr of each structure is unaltered, with double bonds along the hex-hex edges and 
single bonds along the pent-hex edges, as in Cc,o. P is the number of bonds along pent-hex edges. Values 
of 6Wr” are in k;ul niol- I. 



tion at least has the virtue of reducing the number of possible isomers to a manageable 
size (eight for C&,X4, 46 for CMX, and 262 for CeOXS), but the numbers again become 
too large for the higher homologues: 1.3 x 103 for CdOHlo, 5.1 x lo3 for CsOXr2, 
2.5 x 10s for C&,XzO and 1.3 x 106 for &)x3o (cf- Table 1). 

(2) The positions of all X atoms in c6(& do not change when further addition 
takes place to form C60XR+2V The validity of this assumption probably depends upon 
experimental conditions. It appears to be valid for C,,H, at low temperatures, but 
it is not valid for cases such as C,,Br,, which readily and reversibly lose bromine. 

The application of these two assumptions leads to the first series of molecules. 
2 is discussed in Section 2.2, and discal ding Assumption 1 

The addition of hydrogen to C60H2 can form i possible isomers of Cc0 
with pairs of hydrogen atoms occupying hex-hex s. The AM1 calculatians 
show that the most stable isomer is the one in which the vectors joining the centre 
of the molecule to the midpoints of the two HC--CH edges form an angle of 900. 

ver, this result is of marginal significance as the heats of formation of the first 
omers are all within 0.5 kcal mol- 1 of the most stable isomer, and all eight 

-* of each other. Calculations at the Hartree--Fock 
asis sets predict that the most stable isomer is the 

rimentally, it is found that the reduction of 

e very early structures of (i8 derivatives to be determined was that af 
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octahedron. 

C,&l12 (first series). For clurity, the NC--CH cerbon atoms imd bands are shnded. 
n atoms are attached to the hex-hex edges, with the midpoints forming a regular 

More recent examples [Zl] include the addition of six 2,3-dimethyl-1,3=butadiene 
molecules to a set 9 six mutually octahedral hex-hex edges of C& to form 

c60 

6 



The addition of two, three, four or five ring systems to CeO is more complex and 
may lead to mixtures of isomers, which is consistent with the calculations described 
above for the simple hydrides, For example, diamines such as HN(CH&‘H&NH 
form C&N(CHZCH&N] with loss of hydrogen. In the case of the bisadduct 
CbO [ N ( CH2CH2 )2N]2 six different isomers were isolated, confirming the energetic 
similarity of a number of isomers [ 151. 

In C60[020~02(NC51i4B~)2]1, in which each osmium atom is connected to a 
hex--hex edge via two bridging oxygen atoms, five isomers were isolated, including 
the cis and trar4s octahedral isomers [ 221. In the case of C6J Ir(CO)Cl( PMezPh)Jl, 
in which each iridium atom is attached to a hex-hex edge, the two metal atoms are 
as far apart as possible [23], The observation of this tram isomer can be attributed 
to the much greater bulk of this organometallic group. 

The 9,lO positions of anthracene add onto hex-hex edges of CeO to form CGO 
(anthracene) and CbO (anthracene)z. The appearance of only three ‘E-l NMR and 
thirteen 13C NMR signals indicates DZh symmetry, i.e. the anthracene molecules are 
on opposite hex--hex edges to give the tram octahedral structure [24]. 

A series of compounds of the type CCIO(CRZ),,, where n = 1 to 6, are known. 
-271 and theoretical [28-XI] studies show that addition can take 

bon atom can add onto the double bond of the hex--hex edge, converting 
e bond with the formation of a cycloprop 

(b) The carbon atom can ad onto the pent-hex king this carbon- 
bond with the reation 0f a six-me ing and a seven- 

oups only forms the isomers of 

f 8 number of isomers 
yield wus the ibis oet#hcdral 

s ~&is octahedral isomer forms 
al isomer was obtained, which corresponde 

ikewise, addition of further 

t && has been referred to above, 

ZJ,3, 
Fur addition of hydrogen to 

the possibility of well-separated H 

is possible. It should be noted that 

dition of a further pair of hydrogen atoms 
is adjacent to the pair that were added when forming CGQH 14 from 



313. The structure is shown in Fig. 5 and contains a number of interestin 
Firstly, it contains three linked C6H4 rings, the linkage occurring by th 

sharing of common HC-CH edges. Secondly, there is branched aliphatic string of 
eight CH groups winding over the structure. 

This progressive growth of a chain of edge-shared CbH4 rings, or the pro 
growth of the aliphatic (CH),, string, continues with the addition of .rther 
hydrogen atoms to hex--hex edges [ 311. This process culminates at CooH24 [ 311 
(Fig. 6) in which there are nline CC,H4 ri s linked in a circle. The aliphatic string 
ClaHle forms a continuous crown sitti on top of the CCo. This crown includes 
three of the six HC--CH groups present in C60H,2. The structure has C3 symmetry, 
with the three-fold axis passing through an unhydrogenated Cc, ring at the centre of 
the crown. This Co ring is isolated from the other bare carbon atoms by the aliphatic 



bon atoms of the crown arc likd out from 
ence is that the 

nate bond orders 



Fig. 7. Structurf? of Cfj()N~~ (first 
atoms und bon& arc shaded, 

series) viewed down the two-k9ld axis. For clarity, the WC-LM carbon 

Further hydrogenation links this last HC-CH group into the string structure. The 
structure o! C 6. H 
consists of f~‘:!r 

36 is shown in Fig. 8 [ 32). This aesthetically beautiful molecule 
21aH,8 crowns fused together. he tetrahedral, rather than the 

spherical, shape of the molecule is clearly shown in Fig. 8. The vertices of the 
tetrahedron are formed by four C6H6 groups, whereas the flat faces are formed by 
four bare Cc, groups. The four &WC, rings are linked together by six HC-CH groups 
lying approximately along the tetrahedral edges. The edges of the C6H6 and C6 rings 
are twisted by about 10’ relative to the tetrahedral edges so that there are no mirror 
planes in the molecule, with the overall symmetry being T. It should be noted that 



this tetr%hedral structure of symmetry 7’ is not the same as the tetrahedral structure 
proposed by a number ST workers wh 11 has t&&e locali 

s and is less stable than the 
more detail at th end of the next section. 

the first series of fullerene 

onto hex-hex 
tsms adds ont lerene hydride, those atoms 
remain attached to those carbon atoms. This 



assumption about the non-lability of X atoms probably depends upon the experimen- 
tal conditions as well as the nature of X. 

The consequences of discarding this second assumption are examined in this 
section. This discarding increases enormously the number of possible isomers and 
there are far too many for them to be considered individually. Two general methods 
have been used to further our understanding: 

(a) an intuitive approach; 
(b) a more analytical approach. 
One success of the intuitive approach is based on the observation of the particularly 

stable structure of C60H24 in the first series of molecules, which consists of a (&H,, 
crown and three isolated HC-CH groups (Fig. 6). The question then arises as to 
whether the crown structure is stable in the absence of the three HC-CH groups. It 
turns out that this is the case [31], as the crown structure of C60H18 with 6?. 
symmetry shown in Fig. 9 is 1.5 kcal mol -’ more stable than the first-series structure 

Fig. 9. Structure of Cr,oH,H (second series) conttlining all Cl4 groups linked into a crown. For clarity. the 
HC-CW carbon atoms and bonds cue shaded. 



A second series of structures based on this crown structure of CsoHls can be 
obtained by adding successive pairs of hydrogen atoms to hex-hex edges. In this 
way structures of C60H20, &,Hz2, (&HZ4 and C60H2d, which are more stable than 
the corresponding structures of the first series, can be generated [ 3 1,321. 

It is also possible to arrange two C18H18 crowns on the surface of Cs09 as shown 
in Fig. 10 [32]. A three-fold axis passes through the C6 rings at the centres of the 
crowns at the top and bottom of the figure, The two crowns are separated by six 
C=C groups related to each other by three vertical mirror planes and three hori- 
zontal two-fold axes, with the overall symmetry being D3d. This double-crown 
structure is slightly more stable (0.8 kcal mol- l) than the fused quadruple-crown 
structure of the first series. A third series of structures can be based on this double- 
crown structure as before. 

The relative energies of the first, second and third series structures for C,OH, are 
shown in Fig. 11, plotted as (d&” + 18rl) against n. Extensive searches based on 
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975.0 

970.0 

965.0 

ifi 
+ 960.0 

$ 
955.0 

980.0 

946.0 

940.0 

Fig. 11. Heats of formation of C6&, in which pairs of hydrogen atoms add to hex-hex ed 
as (A&” -t lb) ( kcal mol- l) against n. 

further intuitive ideas on the addition of Hz to hex--hex edges, or based on the many 
structures which have been proposed in the literature, have failed to reveal any 
structures that are more stable than those in the first, second and third series 
described above. 

The more analytical approach to the search for stable structures is based on an 
extensive series of calculations which have been carried out on one of the key 



molecules in this area, &,H3+ The heats of formation of all 63 possible isomers of 
CWHS6 formed by successive addition to hex-hex edges and which contain a three- 
fold axis have been calculated [33]. This group includes both the fused quadruple- 
crown structure of T symmetry in the first series, and the two-crown structure of 
DSd symmetry in the third series. These two structures remam the most stable, and 
are over 26 kcal mol-’ more stable than any of the other 61. A listing of all isomers 
in order of increasing dH,” reveals the quahtative information that the least stable 
structures have the hydrogen atoms grouped together, leaving large patches of bare 
carbon atoms, A detailed statistical analysis in terms of the number of each of the 
12 types of polyhedral face, CsH, and &H,, which may be present shows that the 
presence of CbH4 and/or C6 faces are particularly stable, as are 2,2,3-CsHJ, 1,2-CSHz 
and C5 faces, whereas C6H6 and C5HS rings are particularly destabilizing. In broad 
terms, this result is consistent with the trend noted above, namely the importance 
of structures containing linked C6H4 rings, An extension of the statistical analysis 
shows that the stability is further enhanced by the edge-sharing of C, and 1,2,3-CSH3 
rings. This combination of features is precisely that which occurs in the Cr8H18 
crowns, 

There are a verv limited number of ways in which CsH4 rings can be linked 
et her around central ated [ 33). Only one 

is is the Dsd structure 
more stable than second-series 

18 crown and an isolated HC-CH group. 

by theory tare the quadruple fused 
the tw0+xown structure of 
re stable, but the calculated 

ibly with 8 mixture of 

dditisn to para positions of 

that the two p ferregi structures of 
on (a) a hex-hex ed or (b) the para positions of 

is a preference for e first mode of addition for 
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Fig. 12. Dsn structure of C60H20. For clarity, the WC-CH carbon atoms and bonds are shaded. 

hydrogen and fluorine, but for larger groups such as bromine and methyl there is a 
preference for the second mode of addition. 

The ass ion made in Section 2 was tha the preference for hyd ion at 
a hex-hex remained for subsequent hvdro enations up to CbOH36. sump- 
tion is te )ted in this section. It is also necessary to cons more broadly the 
bromination pattern in view of the observed structure of re which contains 
para-C6Brz and 2,3,5- rings, the struct 60Br8 which contains 

the structure of r24 which contains pea- 

The abandonment of this assumption results in an enormous increase in the 
number of possible isomers. However, considerable guidance can be obtained from 
experimental structures and by carrying out extensive searches involving hundreds 
or even thousands of isomers using simple and rapid molecular orbital methods. 
The most extensive set of calculations has been carried out on the bromides. 

Calculations [S) for CfioBrz reveal that, compared with C&HZ, two of the 23 
possible isomers are significantly destabilized. One of these has the two bromine 
atoms on a hex--hex edge and the other has the two bromine atoms on a pent-hex 
edge, with the destabilization amounting to approximately 6 kcal mol-’ and 3 kcal 
mol-l respectively. This instability is simply attributed to close Br---Br distances yf 
?.I! A and 3.16 A respectively, which also results in slight increases of about 0.01 A 
in the C--ES bond length. 



In the case of Ce0Br4, there are 46 possible isomers based on two lots of hex-hex 
addition, or one hex-hex plus one para-C6Brz addition, or two lots of para-C,Br2 
addition [ $1, Three isomers of Ce0Br4 are substantially more stable than all other 
isomers and are shown in Fig. 13. 

A statistical treatment of the calculated heats of formation reveals that, in addition 
to the expected instability associated with paru-C6Br2 addition, there is increased 
stability associated with 2,3,5-C6BrS rings (where 2,3 is the hex-hex edge), meta or 
1,3-C6Brz rings and Cs rings. The observation that stability is associated with Cg, 
C6Br2 and C6Br3 rings, but not with C6Br rings, means that for further bromination 
it is preferable to add a bromine atom onto existing C,Br or C6Br2 rings rather than 

s, This implies that bromination will occur through the formation of strings 
based on the edge-sharing of CgBg2 and C6BrJ hexagons. The number of string ends, 
i.e. C,Br rings, can be minimized by minimizing the number of strings or by forming 
the strings into loops with no ends, or lassos with one end. 

ment SC brsmina atom% in the th most stable isomers of gkl&rrl, Bromine atoms 
carbsn atoms. The broken lines connect pew pairs of bromine atoms. 
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It is not possible to continue the string of para-C,Brz rings on the surface of 
beyond CsoBr4, and for CsoBr6 it is necessary to include pneta-C6Brz or C,Br, rings, 
or to commence a new string. The four isomers calculated to be the most stable are 
shown in Fig. 14. 

The most stable structure of Ce0Br6 contains a skew pentagonal pyramidal arrange- 
ment of six bromine atoms and is also shown in Fig. 15. Five of the bromine atoms 
form a pentagonal plane and are arranged at the para positions of five edge-shared 
C6Brz rings grouped around a C5 pentagon. The sixth bromine atom is attached to 
one of the five equivalent carbon atoms of this pentagon to give a skew pentagonal 
pyramidal arrangement. There are three para-CsBrz rings and two 2,3,5-C6Br3 rings. 

This skew pentagonal pyramidal structure is observed experimentally in 

Fig. 14. The arrangement of bromine atoms in the four most stable isomers of C6&r6. Bromine atoms 
are attached to the shaded carbon atoms, The broken lines connect para pairs of bromine atoms. 
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groups attached to the para positions of five connected C6 rings as in Cbo 
the radical electron delocalized over the central pentagonal ring. 

The other three structures in Fig. 14 contain strings of CGBrz hexagons, but with 
the intervention of meta-C,Br, between some of the pairs of para-C,Br,. The second 
most stable isomer in Fig. 14 contains one vneta link (i.e. para-para-para-meta-para), 
whereas the next two isomers contain two meta link meta-para-meta-para). 
Note that all three isomers contain unfavourable stri 

A further molecule of bromine cannot readily a nto the completed skew 
pentagonal pyramidal structure of CsOBr6, so either nto the para positions 
of a C6 ring far removed from the skew pentagonal pyramid in the most stable 
structure or it continues the string pattern in the other isomers of C,,Br,. This can 
occur in a variety of ways, the two most stable being (para-para-pa:~a-vneta-para- 
vneta--para) and ( para-para-para-meta-para--para-yarn). ‘rhe experimental structure 
of C&Br8 .2Br, [ 36,371 ( para-meta-para-vneta-para-meta-para-) is related to this 
motif, but this structure has no string ends (Fig. 16). According to calculations, this 
experimental structure is 3.1 kcal mol -I less stable than the most stable string 

Fig. 16. The experimental structure ~fC’,,~$r,. Bromine atoms are connected to the shaded carbon atoms, 
The broken lines connect pm pairs of bromine atoms. 



17, The dsuble Sk nul pyrumiciul strueturc~ of CwBr,, (CTk symmetry). 



structure, but additional stability may be due to C,,BrH-Br2 interactions which are 
estimated to contribute approximately sll keul molz 1 for each Br,. 

eneral motifs are seen on furth 
two important structures for 

possible isomers containin 
ant structure is t a~para-n26rta--para--nfa 

meta-pam-weta-para) which joins ends to form a loop of &, symmetry (Fi 
Calculations show that further bromination [4Oj is dominated by two features. 

(a) 

(b) 

The structure of C&Brle containing three Br6 skew pentagonal pyramids (Fig. 19). 
Additional structures are obtained by adding pairs of bromine atoms to the 
double skew penta onal pyramid structure of CG0Br12, or by adding or removin 
pairs of bromine atoms from the triple skew pentagonal pyramid structure 
of C60Br18. 
Branched string structures based on the So loop in the string structure of C&Br12. 
Branching occurs at the meta- or 1 ,S-C6Br2 rings, converting them into 1,3,5-C,Br3 
rings. This branch then grows with a mating para-nwta links as before until it 
rejoins the SC, loop. Ultimately, at this polycyclic pattern of strin 



esvers the entire surface, when ther 

ty of the para-C,Br2 and 
mations, which are shallow 

rq and shallow chairs in 1,3, 



in this sequence that are stable with respect to disproportionation. A more erratic 
sequence of values for AI&‘=’ is observed for the skew pentagonal pyramidal isomers 
that are particularly stable at C,,Br,, C6J3r,2 and C6JSr18 which are the only 
molecules in this sequence that are stable with respect to disproportionation. 

It was shown in Section 3.1 that particularly stable structures containing one, two 
or three skew pentagonal pyramids are found for Cc,0 ro, (JOOfJr12 and CoO%jrIs. In 
an analogous fashion, the corresponding structures for CBOH6, CoOII,z and CGOH18 
are also partitiularly stable, as are molecules obtained by removing pairs of hy 
atoms from, or adding pairs of hydrogen atoms to, these basic structures [4 
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ainst !I: --I__ skew pentagonal 
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Fig. 22. Heats of formation of C&H,,, plotted as (A&” =+ 18n) (kcal mol- ‘) against II: (A) sin 
pentagonal pyramidal series; (B) double skew pentngcnul pyramid series; (@j triple skew pe 
pyramid series; (B) first series; (E) second series; ( F) third series; (G) BSd-C’60HlQ series, 

The relative energies of the fullerene hydrides obtained in the first series 
(Section 24, the second and third series (Section 2.2), the D5dCsoHzo series 
(Section 2.2) and the three skew pentagonal pyramid series (this section) are shown 
in Fig. 22. The only molecules which are stable with respect to disproportionation 



are the single skew pentagonal pyramidal C6*H6, the double skew pentagonal pyrami- 
dal &,Hr2, the triple skew pentagonal pyramidal CeoHls, CsoHz6 based on the 
C&HI8 crown of C60H18, C60H28 based on the structure of (&Hz4, which also 
contains a ClsHle crown, and the double-crown structure of &,HS6. 

3.3. Fullerenejuorides 

The fluorination of solid Cd0 has led to a variety of ill-defined products. However, 
the direct fluorination of solid CeO mixed with a large excess of sodium fluoride at 
25WC followed by extraction with CFCIJ yielded predominantly two isomers of 

QF48 [42], The 19F NMR showed eight sets of six equivalent fluorine atoms 
plying some symmetry element in addition to C1, i.e. D3 or S,. COSY experiments 

allowed structural assignment. The most xbundnnt geometric isomer, consisting of 
two optical isomers, is of D3 symmetry and has six well-separated double bonds. 
The minor isomer of S6 symmetry is closely related and can be considered as the 
171650 isomer. 

Molecular orbital calculations of all 94 isomers of C60F48 1433 with at least a CJ 
axis reveal that the two isomers found above are indeed the most stable, with the 

st stable isomers 

he existence of dou 

sssible for csmps 
are obtained for some 

f synthesis. However, it is also clear that well- 
er the appropriate conditions. 
n~bined with the calculations of the stabilities 

ructures, creates a framework in which 

swth of edge-shari 



boat of C&-I4 rings or the shallow chairs of C,Br3 rings, These non-planar conforrna- 
tions arise as a result of the tetrahedrally coordinated carbon atoms being lifted out 
of the spherical surface created by the remaining trigonally coordinated carbon 
atoms. To take the boat conformation of the pclm J3rz as an 
example, this ring shares edges with two neighbouri ch of which 
will be in a half-boat conformation. It appears that these half-boats are predisposed 
to add further bromine atoms to complete the puckering of these rings, so that there 
is a rippling effect as these non-planar rings spread across the structure. Similarly, 
for the inverted boat conformation of the C6H4 rings in the fullerene hvdrides, the 
half-boat conformation of the attached C6H2 rings preferentially ai 
hydrogen atoms. 
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