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Radical impurity mechanisms for incorporating He into C,, have been examined by semiempirical (MNDO) 
and density functional (BLYP/3-21G) calculations. The key step in these mechanisms is the insertion of He into 
C,,X or C,,X, intermediates generated by adding the impurity X to C,, (X = H, Me in our model study). 
Contrary to C,,, several window-type structures with one broken C,C bond exist as local minima on the MNDO 
potential surfaces of C,,X and C6,X,, but they are mechanistically irrelevant due to extremely facile ring closure. 
Effective activation barriers for the penetration of He through intact hexagons and various windows are reported 
for 65 different pathways in C,,X and C,,X,. Window-type transition states are stabilized significantly when there 
is a C-X bond involving a C-atom from the broken C,C bond. The corresponding barriers in C,,X and CsOX, 
are much lower than in C,, . This provides some theoretical support for the suggested impurity mechanisms even 
though the computed barriers for X = H, Me are still higher than indicated by the experiment (X unknown). 

Introduction. - Endohedral He@C,, compounds with He inside buckminster- 
fullerene have been generated by high-energy collisions in a mass spectrometer [l -51 and 
by heating C,, in a He atmosphere [6], preferably under high pressure [7-91. Possible 
mechanisms for He incorporation into C,, include the direct penetration through a 
hexagon [5] [lo-121 and the insertion through windows where one or more bonds are 
broken reversibly to open a temporary hole in the C,, cage allowing easy incorporation 
of guests [6], with a possible involvement of triplets through an intersystem crossing [6] 
[13]. In a recent computational study of these mechanisms [14], the corresponding 
barriers were found to exceed 200 kcal/mol for each of the 21 pathways considered in the 
lowest singlet and triplet state. Barriers of this magnitude can be overcome in high-energy 
collisions [l- 51, but not in the thermal high-pressure reactions [7-91 (typically at 600°, 
up to 3000 atm). Therefore, these reactions must follow a different mechanism [14]. 

The observed yield of He@C,, in the high-pressure experiments is very low [7-91 
(normally around 0.1 %). Hard-sphere estimates of the available volume in the C,, cage 
[6], and model potential studies [15] indicate that the equilibrium yield of He@C,, 
should be much higher. The application of a suitable statistical-mechanics treatment [15] 
with state-of-the-art quantum-chemical potentials for He inside C,, leads to equilibrium 
yields of 10-21 YO under typical experimental conditions [16]. This confirms that the 
high-pressure reactions do not reach equilibrium and are indeed far from equilibrium. 
The large discrepancy between the observed yields and the predicted equilibrium yields 
(two orders of magnitude) may also suggest that impurities can play an important 
mechanistic role [14]. 

Experimental evidence for the importance of impurities comes from a recent study 
[17] of the release of noble-gas atoms from endohedral fullerene compounds. The Arrhe- 
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nius activation energy for He release from C,, has originally been reported [6] to be ca. 
80 kcal/mol which would imply a similar barrier for He insertion into C,,, if these 
reactions proceed according to He@C,, He + C,, (best ab initio binding energy of 
He@C,,:2 kcal/mol [16]. However, in the case of Ne@C,,, it has been shown recently 
[17] that most of the observed Ne release is due to the thermal decomposition of C,, 
which can be substantially faster if traces of trapped solvent are not removed. The rate 
of Ne release strongly decreases upon careful purification (sublimation) of Ne@C,, . 
These observations have led to the conclusion [17] that the incorporation and release 
processes studied [6-91 [17] require the presence of impurities, also in the case of He 
release [18]. This suggests a mechanism [14] [17] where radical impurities X add to the 
fullerene, thereby weakening the bonds in the cage and allowing an easier insertion of a 
noble-gas atom. The endohedral C,, compound could then be generated by eliminating 
the impurity again. In the case of He, this mechanism can be summarized as follows: 

C,, - C,,X - He@C6,X 5 He@C,, (1) 
+ X  + He 

Since the intermediate C,,X may be susceptible to an attack by a second radical X, there 
may be an alternative pathway with two additional steps: 

~ , , - - - - - - t ~ , , ~ f l L , ~ , , ~ , ~ ~ ~ @ ~ , o ~ , ~ ~ ~ @ ~ 6 0 ~ ~  + X  -X He@C,, (2) 

The present paper reports a theoretical investigation of such radical impurity mecha- 
nisms using the H-atom and the Me' radical as the simplest models for an impurity 
(X = H, Me). Different mechanisms for He incorporation into C,,X and C6,X2 are 
studied. The results are compared with those for He insertion into C,, [14]. 

Computational Details. - The computational methods employed were the same as in 
[14] : MNDO with standard parameters [12] [19] and density-functional theory (DFT) 
[20] using the 3-21G basis set [21]. In the DFT calculations, the standard local functional 
[22] was augmented by nonlocal corrections for exchange [23] and correlation [24] 
(BLYP). Singlet states (He + C,,H,) were described by closed-shell wave functions 
(MNDO, DFT). In the case of doublet states (He + C,,H), an unrestricted treatment 
was applied at the DFT level (UBLYP) whereas a restricted open-shell Hartree-Fock 
(ROHF) treatment [25] was chosen at the MNDO level, for reasons discussed previously 
[14]. In the MNDO calculations, the molecular geometries were fully optimized and 
characterized as minima or transition states by force-constant analysis. Single-point 
energy calculations at the optimized MNDO structures were carried out using BLYP. 
The accuracy of this computational approach has been established through comparisons 
with experimental data and high-level ab initio results [14]. 

The semiempirical calculations were performed using a modified MND094 program 
[26] with analytical derivatives of the half-electron ROHF energy [27]. The DFT calcu- 
lations employed the GAUSSIAN94 program [28]. 

Results and Discussion. - The present investigation considers He insertion into five 
simple hydrogenated derivatives of buckminsterfullerene C,, (l), i.e., into the radical 
C,,H (2) in its doublet ground state and into the four most stable C,,H, isomers 3-6 
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Fig. 1, MNDO-Optimizedgeometries for the reference molecules. Positions of the H-atoms are indicated by arrows. 

in their singlet ground states (see Fig. I ) .  There are 23 possible C6& isomers [29] [30]. 
Previous calculations have established [29 -311 that the most stable ones are those 
originating formally from C,, by H, addition to a 6-6 bond shared by two hexagons (3), 
to a hexagon in 1,4 position (4), to a 5-6 bond shared by a pentagon and a hexagon (S), 
and to two adjacent hexagons in 2,6 position (6). Both the monoadduct C,,H (2) and the 
most stable C,,H, isomer (3) have been observed experimentally [32-341. 

The analogous Me derivatives of buckminsterfullerene are also studied presently, i.e., 
C,,Me (2/m) and the corresponding C,,Me, isomers (3/m, 4/m, S/m, and 6/m). We 
generally adopt the notation of appending /m to designate the replacement of H by Me. 

Table 1 lists theoretical results for the energies of these reference molecules. The 
MNDO and BLYP//MNDO predictions for the relative energies of the C,,H, isomers 
3-6 are close to each other and to previous theoretical predictions [29-311, isomer 3 
being most stable in all cases. By contrast, 4/m is slightly favored over 3/m (by 0.8 kcal/ 
mol according to BLYP//MNDO), probably due to smaller steric repulsions between the 
Me groups in 4/m. 

It is obvious from Table1 that the C-H bond in C,,H is quite weak (MNDO 
55  kcal/mol, BLYP//MNDO 49 kcal/mol), and that the C-Me bond in C,,CH, is even 
weaker (MNDO 32 kcal/mol, BLYP//MNDO 37 kcal/mol). MNDO Reaction profiles 
indicate that the addition of H to C,, (1) requires a small barrier, which, however, 
disappears at the more reliable BLYP//MNDO level. The first step of the mechanism 
proposed in Eqn. 1 will thus occur easily, and the activation barrier for the last step will 
essentially be given by the dissociation energy of the C-X bond in C,,X (X = H, Me) 
which is low enough to make this step feasible under the conditions of the thermal 
high-pressure experiments [7-91. 
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Table 1. Theoretical Results fir the Reference Systems 

Label Point group MNDO') BLYP~)  

AH, Ere, Em, E r e ,  

H 
He 
'60 1 
',OH 2 
',OH, 3 
',OH, 4 
',OH, 5 

C6OMe 2lm 
'60Me2 3/m 
C,OM% 4lm 
C,iIMe, 5lm 
'60Me2 6lm 

',OH, 6 
Me 

52.1 
0.0 

I h  869.3 
c, 865.9 
G" 828.3 
cs 831.5 
c, 844.4 
c2 841.5 
D3* 25.8 
c, 863.4 
c2, 834.8 
cs 826.0 
cs 847.8 
c2 836.0 

- 5 5 . 5 C )  
-89.7d) 

3.2') 
16.1 ') 
13.2e) 

-31.7') 
- 54.43 
- 8.8h) 

1.2h) 
13.0h) 

- 0.4921 9 

-2212.76065 
-2273.33106 
- 2273.9481 5 
- 2213.94147 
- 2273.92308 
-2273.92235 

-39.58856 
-2312.40734 
- 2352.09222 

- 2.87628 

-2352.09352 
- 2352.07010 
-2352.07735 

-49.1") 
- 78.4d) 

4.2e) 
15.7e) 
16.27 

-36.5') 
-60.4g) 
- 0.8 h, 

13.9 h, 

9.3h) 

Heats of formation A H f  [kcal/mol] and corresponding relative energies Ere, [kcal/mol]. All MNDO structures 
are minima according to force constant analysis. 
Total BLYP/3-21G energies E,, [Hartree] and corresponding relative energies &, [kcal/mol] evaluated at 
MNDO optimized geometries. 
Relative to C,, + H. 
Relative to C,,H + H. 
Relative to the most stable isomer 3. 
Relative to C,, + Me. 
Relative to C,,Me + Me. 
Relative to the isomer 3/m. 

Analogous remarks apply to the C,,H, isomers. Their first C-X dissociation ener- 
gies are significantly higher (see Table I ; BLYP//MNDO: 78 kcal/mol for X = H, 
60 kcallmol for X = Me), but still small enough that the elimination steps in Eqn. 2 are 
possible under typical experimental conditions [7-91. 

Hence, the insertion of He into the fullerene cage is expected to be the rate-determin- 
ing step both in Eqns. I and 2. Direct insertion may proceed through a hexagon or a 
pentagon. The latter pathway requires much more activation in the case of C,, [14] and 
will, therefore, not be considered presently. Hexagons in C,,X and C,,X, which do not 
carry the group X should be similar to hexagons in c60 so that there is no need to study 
the direct penetration of He through these hexagons. The most favorable path should 
involve the insertion of He through a hexagon with a C-X bond. The corresponding 
transition structures are denoted by a, e.g., 2a in the case of He + C,,H (see below). Due 
to the presence of two groups X in C,,X,, there will generally be more than one such 
transition structure for the C6,XZ isomers, which are then numbered consecutively, eg. ,  
4al  and 4a2 in the case of He + C,,H, (4). 

Our previous study on C,, [14] has addressed one-bond and two-bond window 
mechanisms where one or two C,C bonds are broken reversibly to allow He incorpora- 
tion through a temporary hole in the cage. Since the two-bond window mechanisms 
generally have slightly higher barriers in c60 1141, they will be disregarded in C,,X and 
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C,,X,. Due to symmetry, there can only be two different one-bond windows in buckmin- 
sterfullerene which are obtained by breaking a 5-6 or 6-6 bond, respectively. There are 
many more possibilities to generate one-bond windows in C,,X and C,,X,. We shall 
only consider one-bond windows where the group X is bound to a C-atom in the window 
moiety and can, therefore, assist in lowering the barrier for He insertion through such 
a window. This gives rise to eight distinct window structures in C,,X, five of which are 
formed by breaking a 5-6 bond, and three by breaking a 6-6 bond. Fig. 2 illustrates the 
possible one-bond window moieties in the corresponding transition states 2 b-2i for 
He + C,,X (2) and indicates the chosen labeling. The corresponding window species 
themselves (without He) are denoted by 2B-21 (e.g., 2D corresponding to 2d). In the 
case of the C,,H, isomers, the presence of a second group X may generate additional 
possibilities which will again be numbered consecutively (if necessary), e.g., 4dl and 4d2 
for He + CsoH, (4). 

499 

Fig. 2. One-bond window substructures in zhe transition states for He + C,,X (2). The position of X is denoted by 
b-f in the 5-6 window (left) and by g-i  in the 6-6 window (right). 

In C,,, neither 5-6 nor the 6-6 one-bond window is a local minimum on the MNDO 
singlet potential-energy surface [14], whereas the triplet surface is rather flat in the 
vicinity of the 5-6 window (no proper minimum) [14]. By contrast, four window struc- 
tures have been located for C,,H on the MNDO doublet potential-energy surface which 
are genuine minima according to force constant analysis (2D, 2E, 2F, 2G; see Fig. 3 and 
Table 2). The most stable of these species is 2D, containing a 5-6 window with a C-H 
bond situated at the breaking C,C bond (68 kcal/mol above 2 according to MNDO). In 
the singlet CsoH, isomers, a low-energy window species is, therefore, expected to occur 
when a 5-6 window can be stabilized by two C-H bonds adjacent to the breaking C,C 
bond. This is indeed found: 5D lies only 41 kcal/mol above 5 (MNDO). In the corre- 
sponding Me compounds, window structures analogous to 2D and 5D are also local 
minima on the MNDO potential surface (2D/m and 5D/m, see Table 2). 

Fig. 4 shows the MNDO reaction profiles for the formation of the window structures 
that have been identified in C,,X and C6,X2. It is obvious that the window species 
occupy very shallow minima on the MNDO potential surface, with barriers to ring 
closure which are below 5 kcal/mol in all cases (see Table 2). This raises the question 
whether they remain local minima at higher theoretical levels. BLYP Geometry optimiza- 
tions of the most stable window species (2 D and 5D) starting from the optimized MNDO 
structures indeed converge to the parent compounds (2 and 5, resp.) indicating that 2 D 
and 5D do not exist as minima on the BLYP potential surface. In any event, the window 
species discussed cannot be relevant mechanistically: even if they correspond to shallow 
minima as suggested by MNDO, they will be in rapid equilibrium with the parent 
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2D 2E 2F 

2G 5D 
Fig. 3. MNDO-Optimizedgeometries for the window structures in C,,H and C,,H,. Reaction coordinates used to 

open the window are indicated by dashed arrows. Positions of the H-atoms are indicated by arrows. 

Table 2. Relutive Energiesa) for the Doublet C,,X and Singlet C,,X, Window Structures and the Corresponding 
Transition Structures .for Window Openinx (X = H, Me) 

Label Point Window structures Transition structures Remarks 
group 

M N D O ~ )  BLYP~) R,-,~) MNDOe) BLYP") Rc_cd) 

Windows in C6,R 
2D C, 67.8 64.1') 2.455 69.7g) 55.3 - 2.260 5-6 windows 
2D/m C, 67.4 72.8 2.560 70.9g) 60.4 - 2.330 
2E C, 119.0 118.3h) 2.707 121.3 97.5 2.500 
2 F  C, 118.5 120.1') 2.686 123.2*) 104.8 - 2.500 
2G C, 134.8 138.2j) 2.680 136.6 119.1 2.500 6-6 window 

Windows in C6,R, 
5 D  C, 40.7 32.7k) 2.448 44.4 27.6 2.267 5-6 windows 
5D/m C, 42.5 47.5 2.633 42.7 40.7 2.500 

Energies [kcal/mol] relative to the parent C6,X or C6,X2 compound, computed at the same level. 
All MNDO window structures are true minima according to force constant analysis. 
Single-point BLYP/3-21G calculation at the optimized MNDO geometry. 
Distance [A] between C-atoms where a bond has been broken to open the window. 
All MNDO transition structures are first-order saddle points according to force constant analysis unless 
indicated otherwise. 
BLYP/3-21 G Geometry optimization starting from the optimized MNDO structure converges to 2. 
Highest point on the corresponding MNDO reaction path, not a stationary point. The orbital occupancy 
changes in the vicinity of this structure. 
S 2  = 0.94 
S 2  = 0.89. 
Sz = 0.81. 
BLYP/3-21G Geometry optimization starting from the optimized MNDO structure converges to 5 .  
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Fig. 4. MNDO Reaction paths for window opening in C6,H (ZD, ZE, ZF, ZG), C,,H, (SD), and selected C6,Me 
(ZD/m) and C,,Me, (SDjm) isomers. See Fig. 3 for definition of the reaction coordinates. Reaction coordinates 

for 2D/m and 5D/m were selected in analogy to 2 D  and SD. 

compounds under typical experimental conditions so that the activation barriers for 
inserting He through such a window must refer to the parent compound. 

Fig. 5 shows the optimized MNDO transition structures 2a-2i for He incorporation 
into C,,H. The corresponding activation energies are given in Table3. According to 
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Fig. 5. Transition slructures for C,,H (2) + He.  MNDO-Optimized geometries are shown. Positions of the 
H-atoms are indicated by arrows. 

Table 3. Relative Energiesa) for the Doublet C,,H 4- He Transition Structures 

Label Point group MNDOb) BLYP') Label Point group MNDO b, BLYP') 

Insertion into the intact cage 
2a Cl 243.4 210.0 2g c, 225.1 224.1 

Insertion through a 6-6 one-bond window 

2h Cl 
2i cs Insertion through a 5-6 one-bond window 

2b C. 265.7 241.0d) 

232.9 222.17 
182.9 177.9 

2c Cl 259.3 238.7e) 
2d Cl 200.0 18 5.6 f, 
2e CI 213.6 215.1 
2f c, 226.1 223.2') 

") Energies [kcal/mol] relative to C,,H (2) with He at infinite distance, computed at the same level. 
window structures are first-order saddle points according to force constant analysis. 
calculation at the optimized MNDO geometry. f, S2 = 0.80. 
h, S2 = 0.92. 

b, All MNDO 
') Single-point BLYP/3-21G 

g, S2 = 0.90. d, S2 = 1.80. ') S2 = 1.31. 
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BLYP//MNDO it is more facile to insert He through a 6-6 window (2i: 178 kcal/mol) or 
a 5-6 window (2d: 186 kcal/mol) than through an intact hexagon (2a: 210 kcal/mol). The 
barriers for the window mechanisms strongly depend on the position of the H-atom (see 
2b-2f and 2g-2i). They are lowest when the H-atom is attached to a C-atom from the 
C,C bond that has been broken. In the transition state, this C-atom has three c bonds 
and may serve as a radical center. It is qualitatively reasonable that C-H bonds at the 
positions undergoing the largest change in the bonding situation (2d, 2i) are more 
stabilizing than at other positions. 

Figs. 6-9  illustrate the optimized MNDO transition structures for He insertion into 
the four C,,H, isomers considered. Table 4 lists the associated barriers, i.e., MNDO 
values for all reactions and selected BLYP//MNDO values for those reactions which are 
relatively favorable according to MNDO. Consistent with the results for C,,H, the 
lowest barriers are found when both C-atoms in the breaking C,C bond carry a stabiliz- 
ing C-H bond. This is realized for isomer 3 in transition structure 3i with a 6-6 window 
(BLYP//MNDO: 171 kcal/mol) and for isomer 5 in transition structure 5d with a 5-6 
window (BLYP//MDNO: 153 kcal/mol). The barriers for the isomers 4 and 6 without 
vicinal H-atoms are significantly higher than those for 3 and 5 (see Table 4) .  

3a 3b 3c 3d 

3f 3g 3i 

Fig. 6. Transition structures for C,,H, (3) + He. MNDO-Optimized geometries are shown. Positions of the 
H-atoms are indicated by arrows. 

Table 5 demonstrates for selected examples how Me substitution affects the calculat- 
ed MNDO barriers. In all mechanistically important cases studied, the barriers are 
reduced which may be rationalized by the fact that Me groups are better suited than the 
H-atoms to stabilize any radical centers that may be generated during the course of the 
reaction. In C,,Me (2/m) the computed barriers are lowered by ca. 2, 5, and 10 kcal/mol 
for He insertion through an intact hexagon, a 5-6 window, and a 6-6 window, respective- 
ly. These reductions are even higher in the dimethyl compounds (up to ca. 20 kcal/mol 
in 3i/m, see Table 5). This can be attributed to the presence of two stabilizing Me groups 
(rather than one) and partly also to the relief of steric repulsions between the vicinal Me 



504 HELVETICA CHIMICA ACTA - Vol. 80 (1997) 

4al 

4c2 

4e2 

4a2 4b 4el 

4dl 

4f 

4hl 

4d2 4e 1 

4h2 

Fig. 7. 77ansition structures for C,,H, (4) + He. MNDO-Optimized geometries are shown. Positions of the 
H-atoms are indicated by arrows. 

groups in 3 and 5. Although the effects of Me substitution have only been evaluated at 
the MNDO level, it seems reasonable to expect similar changes in the corresponding 
BLYP barriers. 

Table 6 compares the lowest barriers for different He insertion mechanisms in C,, 
[14], C,,H, and C,,H,. Going from C,, to C,,H lowers the computed barriers substan- 
tially, by ca. 20 kcal/mol for the direct insertion mechanism and ca. 60 kcal/mol for the 
window mechanisms. The transition from C,,H to C,,H, leads to further reductions in 
the barrier, ranging approximately between 5 and 30 kcal/mol. These results confirm the 
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5c 

5f 

5h2 

Fig. 8. Transition srructures for C,,H (5) + He. MNDO-Optimized geometries are shown. Positions of the 
H-atoms are indicated by arrows. 

basic assumption of the proposed radical impurity mechanisms that He insertion into 
C,,X and c6ox2 intermediates is significantly more facile than into C60, since the bonds 
in the fullerene cage are weakened by the addition of X. 

Even in the lowest barrier in Table 6 are still very high. Two points should be kept 
in mind however: first, comparison with high-level ab initio results for small model 
systems indicates [14] that our most reliable theoretical approach (BLYP//MNDO) is 
expected to overestimate the barriers for these insertion reactions, probably by ca. 
10 kcal/mol or even somewhat more. Second, the barriers in Table 6 refer to X = H and 
will be lower by up to 20 kcal/mol for X = Me (see Table 5). Taking these two factors into 
account yields approximate barrier estimates of ca. 160 and 130-140 kcal/mol for He 
insertion into C,,Me and C,,Me,, respectively. It does not seem unlikely that these 
barriers may still be lower for other impurities X and/or for other addition patterns. 

Conclusions. - The computational exploration of a large number of insertion path- 
ways (21 for c6, [14], 8 for C,,H, 49 for C,,H,, 3 for C,,Me, and 4 for C,,Me,) provides 
evidence in favor of the proposed radical impurity mechanism: the relevant barriers are 
much lower in C,,X and C,,X, than in C,,, but still higher than implied by the 
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6al 6a2 6b 6cl  

6c2 6dl  6d2 6el  

6e2 6fl 6f2 

6g2 6hl  6h2 6i 

. 9. Transition structures f o r  C,,H, (6) + He. MNDO-Optimized geometries are shown. Positions of the 
H-atoms are indicated by arrows. 

experiment [7-91. Further theoretical work would seem practical only when there is 
experimental information on the nature of the impurity X, because this would allow a 
targeted investigation rather than a combinatorial approach. 

This work was supported by the Swiss National Science Foundution. Parts of the computations were per- 
formed at the Competence Center for Computational Chemistry at ETH-Zurich. 
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Table 4. Relative Energiesa) for the Singlei C,,H, + He Pansition Structures 

507 

~ 

Label Point MNDOb) BLYP') Label Point M N D O ~ )  BLYP') 
group group 

Insertion into C6,H, (3) 
3a  c* 229.8 
3 C  c, 259.5 
3 f  Cl 278.0d) 
3 i  c, 180.1 

Insertion into C6,H, (4) 
4 a l  c, 241.3 
4 b  Cl 267.4 
4 c2 Cl 259.3 
4 d2 Cl 236.6 
4 e2 Cl 257.2 
4 g l  Cl 231.9 
4 h l  c, 234.9 

Insertion into C,,H, (5) 
5 a1 c, 234.6e) 
5 b  Cl 264.3 
5d  c* 169.3 
5e2 Cl 254.5 
5 g l  Cl 275.5 
5 h l  Cl 210.0 

Insertion into C6,H, (6) 
6 a l  Cl 247.1 
6 b  Cl 266.0 
6 c2 Cl 257.7 
6 d2 c, 234.8 
6e2 Cl 256.9 
6f2 Cl 277.6 
4g2 CI 235.1 
6 h2 Cl 232.8 

194.5 3b  
3d 
3 g  

171.4 

4 a2 
4 c l  
4 d l  
4 e l  
4 f  

4 h2 
4 g2 

198.5 5 a2 

152.6 5 e l  
5 c  

5 f  
5 g2 

186.5 5 h2 

6 a2 
6 c l  
6 d l  
6 e l  
6 f l  

6 hl  
6i 

6 g l  

268.7 
234.5 187.5 
236.2 225.6 

242.1 
257.0 
243.6 
231.3 211.6 
277.9 
236.6 
232.3 223.6 

244.0 
235.gd) 
230.3 
279.9d) 
238.1 
232.0 

241.5 
257.9 
222.9 206.6 
226.9 210.6 
265.4 
273.5 
233.9 
212.8 191.7 

~ 

") 

') 

') 
") Second-order saddle point. 
') 

Energies [kcal/mol] relative to the parent C,,H, isomer with He at infinite distance, computed at the same 
level. 
Unless noted otherwise, all MNDO window structures are first-order saddle points according to force 
constant analysis. 
Single-point BLYP/3-21G calculation at the optimized MNDO geometry. 

Second-order saddle point. The second imaginary frequency corresponds to the opening of the C(H)-C(H) 
bond, leading to 5d. 

Table 5. Lowering of' Activation Barriers [kcal/mol] upon Me  Subsiitution 

Label MNDO Insertion through Label MNDO Insertion through 

2 ajm 2.0 hexagon 3 ijm 20.4 6-6 window 
2 djm 4.7 5-6 window 5 d/m 12.3 5-6 window 
2i/m 10.3 6-6 window 5hl/m 11.0 6-6 window 
3d/m 12.07 5-6 window 

") Lower limit since the structure for R = Me is a second-order saddle point. 
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Table 6. Comparison of Lowest Barriers [kcal/mol] for He Insertiona) 

Mechanism Fullerene Label MNDO BLYP//MNDO 

Through hexagon ‘60 (13s) 265 229 

C 6 8 2  3a 230 195 

Through 5-6 window G O  (15s) 259 252 
‘,OH 2d 200 186 
‘,OH, 5d 169b) 153 b, 

‘,OH 2a 243 210 

Through 6-6 window ‘60  (16s) 237 235 
‘,OH 2i 183 178 
C,OH, 3i 180 171 

~ ~~ ~ 

”) 

b, 

Data for C6, from [14], for C,,H from Table 3, and for C6,H, from Table 4. Labels for C,, (in parentheses) 
from [14]. 
Barriers relative to the most stable C6,H, isomer (3): MNDO 185 kcal/mol, MNDO//BLYP 168 kcal/mol. 
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