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Circumtrindene, a §H;, open geodesic dome with alternating five- and six-membered rings, is of interest as

a vesicle for carrying out chemical reactions and also as a model for certain carbon nanotube caps. Here the
addition of an oxygen atom to circumtrindene is examined by means of density functional calculations. O-atom
addition to a G-C bond shared between the central and adjacent hexagons gives an epoxide structure while
O-atom addition to a €C bond shared by the central hexagon and an adjacent pentagon results in cleavage

of the C-C bond and an RO—R insertion product. Despite their structural dissimilarity, the two oxidation
products are predicted to be of comparable stability (with binding energies74f9 and—78.7 kcal/mol,
respectively), and to have a large (55.7 kcal/mol) barrier for interconversion.

Introduction Computational Methods

Circumtrindene, (Figure 1a,b), as@l» geodesic dome The calculations on circumtrindenesg-corannulene, and
comprised of fused five- and six-membered rings, was recently their oxides were carried out using density functional theory
synthesized in high yield by Ansems and Sédgircumtrindene  (DFT)** with the Becke3LYP® exchange-correlation func-
may be viewed as representing 60% of thg mJCkyba” but tional. Minimum energy and transition state structures were
with the dangling bonds around the perimeter terminated with opfumlzed without constraints. The nature of ke_y stationary
H atoms. As such, it has the same arrangement of five- and points was ascertained by perfc_)rmlng harmor_nc frequel_'lcy
six-membered rings as what is believed to be the most stableC@lculations. Most of the calculations were carried out using
cap for the (5,5) armchair and (9,0) zigzag single-walled carbon the 6-31G(d) basis sét.However, the opfimization of the

nanotubes (Figure 1&)Hence, in addition to being of interest transition state for O-._atom migration inef> made use ofa
L . . . . mixed basis set treating the oxygen atom and eight nearby
in its own right, circumtrindene can be viewed as a model

. . . carbon atoms with the 6-31G(d) basis set and the remaining
system for understanding the chemical react|V|ty.of carbon carbon atoms with the 3-21Gbasis set.
nanotube caps. Carpp N nanotubes as grown are b_eheved _to have To calibrate the reliability of the Becke3LYP functional for
cgpped ends, requmngShea_t tre_atm_ent or chemical cutting to characterizing the oxides of circumtrindene and related mol-
yield open-ended tubés® Oxidation is one of the commonly ¢ 65 the oxides of corannulene were also considered. For this
used methods for cutting carbon nanotubétihas been shown  grajer system it was possible to also carry out wave function-
that oxidation of closed multiwalled nanotubes occurs prefer- pacaq MP2 calculations. To gauge the importance of higher-
entially at the curved surfaces of the cdp¥) and this is  rger correlation effects, a smaller model, consisting of two six-
believed to also be the case for single-walled nanotéb¥s.  membered and two five-membered rings, was constructed (cut
Thus oxidation opens the tubes, greatly affecting their ability out) from the Becke3LYP-optimized circumtrindene and cir-
to adsorb chemical speciésin addition, oxygen-containing  cumtrindene-oxide structures. For this model system, Becke3LYP,
functional groups left behind by oxidative purification and MP2 and CCSD(T¥ single-point energy calculations were
cutting procedures can drastically modify the electronic and carried out. The sensitivity of the results to the basis set was
other properties of the nanotubkes. also examined by performing Becke3LYP and MP2 calculations

In this work we carry out electronic structure calculations to With both the 6-31G(d) and 6-311G(28)basis sets. All

examine the chemical interaction of circumtrindene with oxygen calculations were performed using the Gaussian 98 progtam.
atoms to gain insight into the reactivity of this novel species as
well as into the oxidation of carbon nanotube caps. For Results

comparative purposes, we also consider reaction of O atoms (yidation of Circumtrindene. Circumtrindene hasCs,

with the G fullerene and corannulene molecules. symmetry with the central hexagonal ring bounded by alternating
pentagons and hexagons. The € bonds shared between the
* Author to whom correspondence should be addressed. central hexagon and adjacent hexagons are designategl’,'6
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Figure 1. Circumtrindene: top (a) and side (b) views. (9,0) Zigzag nanotube with the most stable cap structure (c).

and those shared between the central hexagon and adjacentABLE 1: Calculated Binding Energies for Products of
pentagons are designated-6". The Becke3LYP DFT calcula- 8;‘%’%?&@:}%? Attack on Circumtrindene, Ceo, and
tions predict the 66 and 6-5 C—C bond lengths to be 1.39

and 1.45 A, respectively. binding energy
In examining the products of O-atom attack on circumtrin- (kcal/mol)
dene, reactions at both the-6 and 6-5 sites and on the inside site of attack ~ species Becke3LYP MP2
and outside of the dome were considered. Finally, both spin circumtrindene 66 site, outside ~ singlet  —74.9
singlet and triplet states were examined. The calculated binding triplet -29.0
energies are presented in Table 1. The singlet products formed 6—6 site, inside  singlet 15.2
by O-atom addition on the outside of the dome are described 65 site. outside tr!sri)ftlet _;'g-g
first. Attack at the 6-6 site led to the epoxide structure (Figure ' triple% _349
2a), whereas attack at the-6 site led to cleavage of the-€C 6-5 site, inside  singlet 324
bond and O-atom insertion, to give an-R—R type product triplet 38.4
(Figure 2b). (As will be discussed below, an analogous situation on-top, outside triplet —325
has been reported for oxidation 0§29 Ceo 6—6 site, outside  singlet —76.4
The two oxide products are of comparable stability, with the 6—5 site, outside  singlet  —78.5
binding energies being74.9 and—78.7 kcal/mol, at the 66 corannulene 66 site, outside  singlet  —55.9 —55.0
and 6-5 sites, respectively. All binding energies are referenced 6—5 site, outside  singlet —61.4 —59.7

relative to the singlet ground state of the hydrocarbon pldB)O(
Negative binding energies indicate that the binding of the O
atom is thermodynamically favored. These binding energies are  With the exception of the-65 inside site, the triplet oxidation
larger in magnitude than that calculated for epoxide formation products are much less stable than their singlet counterparts.
at a graphitic surface{53.1 kcal/mol) but are comparable to The binding energies of the triplet oxidation products formed
that calculated for epoxide formation at the outer wall of a (8,0) by attack at the 66 and 6-5 sites of the outside of the
single-walled carbon nanotuBgCalculation of the vibrational circumtrindene molecule are predicted to-b29.0 and—34.9
frequencies in the harmonic approximation confirms that both kcal/mol, respectively, at the Becke3LYP/6-31G(d) level. The
of these oxidation products of circumtrindene are indeed local calculations also revealed a spin triplet product with the O atom
minima on the potential energy surface. on the outside of the dome, directly above a carbon of the central

a All results obtained using the 6-31G(d) basis set.
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Figure 2. Adducts of attack by oxygen on circumtrindene. Attack at thé& ®ond from the outside, epoxide product (a); attack at the Bond
from the outside, RO—R product (b); attack at the central hexagon, “on-top” triplet product (c); attack attBeb6nd from the inside, epoxide
product (d); attack at the-656 bond from the inside, epoxide product (e).

hexagon (Figure 2c). This species is calculated to be bound byof CsO have been observed experimentddy® In their

—32.5 kcal/mol, which is similar in stability to the external theoretical investigation of g, Raghavachari and Sosa used

epoxide and RO—R triplet products. the semiempirical MNDG/ local density DFT, and Hartree
O-atom attack at both-66 and 6-5 sites on the inside of  Fock methods.

the circumtrindene dome leads to epoxide products (Figures 2d To facilitate comparison with our results for circumtrindene,

and 2e). However the formation of these species, both singletwe have optimized the geometry oggand of the two GO

and triplet, is predicted to be endothermic. isomers at the Becke3LYP/6-31G(d) level of theory. The
Comparison with Oxides of Gso. The finding that O-atom optimized structures of the oxide species are shown in Figure

attack at the 66 and 6-5 sites of circumtrindene gives epoxide 3, and the associated binding energies are listed in Table 1. In

and R-O—R structures, respectively, is reminiscent of the agreement with Raghavachari and Sosa, we find that attack at

situation for Gg, for which Raghavachari and Sosa predicted a 6-6 bond gives an epoxide product, while attack at-e66

an epoxide product for O-atom attack at the@bond and an bond gives an RO—R insertion product. As seen from Table

R—O—R product for attack at the-56 bond??24Both isomers 1, the O-atom binding energies for the twg,Q isomers are
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TABLE 2: Calculated Geometrical Parameters of the
Oxides of Circumtrindene, Cgo, and Corannulene

bond lengths (&)

species 65C-C 6-6C-C C-0O
circumtrindene RO—R 2.12 1.37 1.40
TS 1.52 1.49 1.37
epoxide 1.48 1.53 1.42
Cso R-O-R 2.14 1.38 1.38
TS 1.56 1.52 1.35
epoxide 1.49 1.53 1.42
corannulene RO—-R 2.08(2.06) 1.38(1.39) 1.38(1.39)
TS 1.49 (1.47) 1.50(1.48) 1.37 (1.40)

epoxide 1.47 (1.46) 1.51 (1.51) 1.41, 1.47 (1.42, 1.48)

2 Results in parentheses from MP2/6-31G(d) optimizations. All other
results were obtained from Becke3LYP optimizations. A mixed
6-31G(d)/3-21G basis set was used fap@ the 6-31G(d) basis set
was used for the circumtrindene and corannulene oxRigse 6-5
and 6-6 C—C bonds separate a hexagon from an adjacent pentagon
or hexagon, respectively, as described in the text. In thedORR
adduct, the first distance reported is that between the two carbons
formerly joined by the 65 bond. The two €O bonds in the 66
oxide of corannulene are unequal.

Figure 4. Specification of the mixed basis set used for optimization

Figure 3. Adducts of attack by oxygen at@ and 6-5 bonds of Go. of the transition state and minimum energy structures 0©Gn the

; . calculation of the activation energy. The oxygen atom and the eight
Qt%fstg?jdﬁg ?t?)r.\d, epoxide product (a); attack at thessbond, carbon atoms described with the 6-31G(d) basis set are depicted as

spheres; the remaining carbon atoms were described with the 3-21G

similar to those in the analogous circumtrindene oxides. basis set.
Additionally, the structures (i.e., key-&C and C-O distances,
presented in Table 2) of thes6© oxides differ only slightly The key geometrical parameters as well as the activation and
from those of the analogous circumtrindene oxides. reaction energies are summarized in Tables 2 and 3. The

Rearrangement Pathways of the Oxides of Circumtrin- activation energy for rearrangement from the5to the 6-6
dene and Go. The transition states for the rearrangement oxide of circumtrindene is calculated to be 55.7 kcal/mol and
between the singlet RO—R and epoxide isomers of cir- that for the rearrangement from the-6 to the 6-6 form of
cumtrindene and § were optimized using the Becke3LYP CgO is calculated to be 52.8 kcal/mol.
functional. In the case of the circumtrindene oxide system, the Raghavachari and Sosa reported that MNDO-level calcula-
6-31G(d) basis set was used. For the larggfOCsystem, the tions of the reaction path for interconversion between the two
6-31G(d) basis set was used only for the O atom and eight Cs0O isomers gave a stable “on top” intermediate structure with
nearby carbon atoms (see Figure 4) and the remaining carborthe oxygen atom located above the carbon atom that is shared
atoms were described with the 3-21G basis set. For the purposédy the 6-6 and 6-5 bonds. This intermediate was calculated
of calculating the activation energies, the-®—R oxide and to be about 60 kcal/mol higher in energy than the epoxide and
epoxide species ofdgwere reoptimized using the mixed basis R—O—R species. Using the MNDO method, we located “on
set. top” intermediates for both O and circumtrindene oxide

In the transition state structure for both circumtrindene oxide systems. However, in both cases, a Beck3LYP optimization
and GO, the oxygen atom is located above a carbon atom that starting from the MNDO-optimized geometry of the intermediate
is common to the €5 and 6-6 bonds. The transition state for relaxed to the 66 epoxide species. In the case of circumtrin-
the circumtrindene oxide rearrangement is shown in Figure 5. dene, we also carried out transition state optimizations using
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51.9 kcal/mol

55.7 kcal/mol

3.8 kcal/mol

Figure 5. Rearrangement between the two oxides of circumtrinden®&. B—O—R isomer (a); transition state (b);® epoxide isomer (c).

TABLE 3: Calculated Energy Differences (kcal/mol) for Calibration of the DFT Results. To establish the reliability
Rearrangements between Oxides of Circumtrindene, £, of the Becke3LYP method for describing the oxidation of
and Corannulene circumtrindene and related molecules, it is desirable to carry
barrier height reaction energy out high-level, wave function-based calculations. However, for
Becke3LYP ~ MP2  Becke3LYP  MP2 the circumtrindene oxides ands¢® species, MP2 or higher-
circumtrindene 55.7 - 3.8 - level calculations would be computationally prohibitive. For this
Cso 52.8 - 2.1 - reason we have considered corannulene, a dome-shaped poly-
corannulene 42.6 54.2 5.5 4.7 cyclic aromatic molecule consisting of a central pentagon
aThe activation barrier and reaction energies are given for re- surrounded by six hexagons and terminated at the edges by
arrangement from the RO—R oxide to the epoxide® A mixed hydrogen atoms. Thus, in common with circumtrindene aggl C

6-31G(d)/3-21G basis set as described in the text was used for corannulene possesses both66and 6-5 sites, making it an
calculating the GO reaction barrier; the 6-31G(d) basis set was used ideal test system for establishing the reliability of density
for calculating the other energy differences. functional methods for describing O-atom interactions at these
the Becke3LYP functional starting from the two distinct Sites. Products of O-atom attack at the@and 6-5 sites of
transition states located using the MNDO method. These corannulene as well as the transition state for the rearrangement
optimizations both converged at the single circumtrindene oxide between the oxides were optimized using the Becke3LYP and
transition state described above. We conclude therefore that théVIP2 procedures with the 6-31G(d) basis set. From the geo-
prediction of two transition states and a stable “on-top” inter- metrical parameters indicated in Figure 6, it is seen that the
mediate in the 65 to 6-6 rearrangement for circumtrindene two methods give similar geometrical structures. Moreover, the
oxide and for GuO is an artifact of the MNDO method. geometrical parameters for the corannulene oxide system are
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6-5C-C
1.49
(1.47)

c-0
1.38
(1.40)
6-6 C-C
1.50
(1.48)
b)
37.7 kcal/mol
42.6 kcal/mol
6-5C-C
1.47
5.5 kcal/mol (1.46)
6_5 C_C k/'
ol -
(2:06) 1.41, 1.47
(1.42, 1.48)
c-0
1.38 . .
(1.39) : _ 6-6 C-C
1.50
c) (1.48)
6-6 C-C

1.38
a) (1.39)

Figure 6. Rearrangement between the two oxides of corannuleng. B—O—R isomer (a); transition state (b);:® epoxide isomer (c). The
energies differences are from Becke3LYP calculations. Both Becke3LYP and MP2 bond lengths (in A) are reported, with the latter being given in
parentheses.

similar to those obtained forggD and the circumtrindene oxides, suited for describing O-atom reactions with corannulene,
as may be seen from the results reported in Table 2. This circumtrindene, and related systems. However, to establish this
supports the use of corannulene as a test system for the reliabilityconclusively, it is necessary to consider the sensitivity of the
of theoretical methods for describing the interaction of O atoms results to the inclusion of higher-order correlation effects, e.g.,
with the larger G and circumtrindene molecules. by means of the coupled-cluster CCSD(T) method and the use
The binding energies for the oxidation products and the of more flexible basis sets. Large basis set CCSD(T) calculations
energy differences for rearrangements between the oxides ofwould be computationally prohibitive even for corannulene, and
corannulene are reported in Tables 1 and 3. For the corannulenénstead we carried out such calculations for O-atom reactions
test system, the Becke3LYP binding energies differ by less thanwith a model for the part of the circumtrindene molecule
2 kcal/mol from the MP2 values. On the other hand, the involved in the O-atom interaction. Specifically, using the
Becke3LYP method gives an activation energy for theQR-R Becke3LYP/6-31G(d) geometry of circumtrindene, we cut out
— epoxide rearrangement 11.6 kcal/mol lower than the MP2 a portion of the molecule consisting of two hexagonal and two
value. As will be shown below, the MP2 method overestimates pentagonal rings, with the dangling bonds being saturated with
the activation energy for such rearrangement processes. hydrogen atoms. The CCH angles of the terminating H atoms
The good agreement between the Becke3LYP and MP2were chosen to match the corresponding CCC angles of
O-atom energy differences and geometrical parameters forcircumtrindene, and the CH bond lengths were taken to be 1.06
corannulene suggests that the Becke3LYP functional is well A. The resulting model compound, shown in Figure 7, is a
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c)

Figure 7. Model used for the coupled cluster calculations. This distorted version of the pyracylene molegdi [i@s the geometrical parameters
of the Becke3LYP/6-31G(d) optimized circumtrindene molecule, as described in the igbts. r@odel (a); 6-5 R—O—R isomer (b); transition
state (c); 6-6 epoxide isomer (d).

TABLE 4: Calculated Energy Differences for Oxygen 6-311G(2d) leads to a 1-2.4 kcal/mol reduction in magnitude

Attack at the 6—5 and 6-6 Bonds of Distorted Pyracylene in the DFT binding energies and a 8.8 kcal/mol increase

and for Rearrangement between the Oxides in magnitude in the MP2 binding energies. However, the
binding energy reaction and activation  changes in the reaction and activation energies accompanying

(kcal/mol) energies(kcal/mol) this basis set expansion are smaller, being 1.4 kcal/mol or less
theoretical method 65 site 6-6site  barrier  reaction in the DFT calculations and 2.2 kcal/mol or less in the MP2
Becke3LYP/6-31G(d) -75.7 -—70.8 458 4.9 calculations. The changes due to inclusion of high-order
Becke3LYP/6-311G(2d) —74.3 —68.4 44.4 5.9 correlation effects (i.e., in going from MP2 to CCSD(T)) are
MP2/6-31G(d) -70.3 —67.5 54.1 2.8 more important, with the binding energies decreasing in
MP2/6-311G(2d) -741 -691 538 5.0 magnitude by 4.2 and 4.6 kcal/mol at the B and 6-6 sites,
ggggggfggif&% & :gg:; :gi:g ig:é i:g ;ﬁzloectively, and the activation energy decreasing by 6.0 kcal/

2 Single-point calculations performed on distorted pyracylene and  From Table 4 it is seen that the Becke3LYP/6-311G(2d)
pyracylene oxide models generated from the Becke3LYP/6-31G(d) - s . .
optimized geometry of circumtrindene and its oxide as described in values of th? reac_tlk(])_n and kaCtllva“?n e_rLer%les are in good
the text.> The CCSD(T)/6-311G(2d) results were estimated by cor- adreement (i.e., within 3.5 kcal/mol) with the CCSD(T)/6-

recting the energies obtained at the CCSD(T)/6-31G(d) level of theory 311G(2d) estimates of these quantities, providing justification
with the energy changes found in going from the MP2/6-31G(d) to the for the use of the Becke3LYP procedure for characterizing the
MP2/6-311G(2d) procedure. oxides of circumtrindene andsg

distorted pyracylene molecule {{£1g). An analogous procedure  piscussion
was followed for the RO—R, 6—6 epoxide, and transition state
structures of circumtrindene. Single-point energy calculations The family of open geodesic polyarene molecules has
using the Becke3LYP and MP2 methods were performed on generated a great deal of interé5t2 While a large number of
the distorted pyracylene and pyracylene oxide models with both fullerene fragments have been synthesized and characterized
the 6-31G(d) and 6-311G(2d) basis sets. In addition, CCSD(T) by various means, much remains to be discovered about their
calculations were carried out using the 6-31G(d) basis set. structure and chemical reactivity. Circumtrindene, studied here,
CCSD(T)/6-311G(2d) results were estimated using a G2dike has three different types of-6 bonds, with differing degrees
approach, namely: the difference between the MP2/6-31G(d) of pyramidalization. Scott et al. have reported a strong regio-
and MP2/6-311G(2d) energies was applied as a correction toselectivity for attack at the strained-6 bonds near the center
the CCSD(T)/6-31G(d) energies. The results are presented inof the circumtrindene molecufé.This type of regioselectivity
Table 4. is also seen in the fullerene 632

The calculations on the distorted pyracylene model system In the present work, we have considered the reactivity of the
show that expansion of the basis set from 6-31G(d) to C—C bonds near the center of the circumtrindene molecule
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toward O atoms. Our calculations predict the existence of nearly  (5) Fujiwara, A.; Ishii, K.; Suematsu, H.; Kataura, H.; Maniwa, Y.;

isoenergetic 66 epoxide and 65 insertion products. At first Suztjek)" o vﬁﬁ::]b:)} YDCrl]Be'mN:uhn{?a.nt?)m\(/)q];(ﬁ:zsgetzs%%a A Vates 1T

S|ght,. the compara}ble §tablllty of thg twq oxidation produpts IS 3r 3. Am. Chem. 502000 122 2383. S ERA

surprising. We believe it can be rationalized as follows: in the (7) Collens, P. G.: Bradley, K.: Ishigami, M.; Zettl, Science200q

dominant valence-bond structure, the-@ sites are doubly 287 1801.

bonded and the 65 sites are singly bonded, so that, roughly (8) Ajayan, P. M.; Ebbesen, T. W.; Ichihashi, T; lijima, S.; Tanigaki,
; ; : ; K.; Hiura, H. Nature 1993 362, 522.

speaking, formation of an epoxide at a-® site or of an (9) Tsang, S. C.: Harris, P. J. F.: Green, M. L. Mature 1993 362

R—O—R species at a-65 site both involve the loss of one<C 520. T oo T

bond and the formation of two-€0 bonds. A relatively high (10) Ajayan, P. M.; lijima, SNature 1993 361, 333.

barrier is calculated for interconversion between the two (11) Dillon, A. C.; Jones, K. M.; Bekkedahl, T. A; Kiang, C. H,;

oxidation adducts, indicating that it should be possible to observe Bethune, D. S.; Heben, M. Nature 1997 386, 377.

. (12) Mazzoni, M. S. C.; Chacham, H.; Ordejd®.; Sachez-Portal, D.;
both adducts experimentally. Indeed, both the56and 6-6 Soler, J. M.. Artacho, EPhys. Re. B 1999 60, 2208.

oxides have been observed fogQO. o _ (13) Kuznetsova, A; Yates, J. T., Jr.; Liu, J.; Smalley, RIEChem.

As discussed in the Introduction, the oxidation of single- Phys.200Q 112, 9590.
walled carbon nanotubes is expected to occur preferentially at (184})1 (@) Tofﬁnr?erg,RP-;Kolgrggﬁil}g.ﬁ%sB 1964 136 864. (b) Kohn,

- - : : . Sham, L. ys. Re. .

wall defects anq atl the Caﬁs' Slfnce C|r_cumtr|tr)1dene has %bondm (15) The Becke3LYP functional combines Becke's 1993 exchange
arrangement similar to that of certain carbon nanotube €aps,snctional (Becke, A. D.J. Chem. Physl993 98, 5648) and the correlation
our results are also relevant to the problem of oxidation of the functional of Lee, Yang, and Parr (Lee, C.; Yang, W.; Parr, RPBys.
caps. Although isolated O atoms are generally not used in Rev. B 198§ 37, 785).

i At ; i (16) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972
nanotube oxidation, ozone, which has been found to have S|m|Iar56’ 2257, (b) Gordon. M. SChem. Phys. Let1980 76, 163, (¢) Hariharan,

reactivity?® is used for this purpose. P.'C.; Pople, J. ATheor. Chim. Actd973 28, 213.
(17) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.JJ.Am. Chem. Soc.
Conclusions 198Q 102 939. (b) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; Defrees, D.

. ) ) J.; Pople, J. A.; Binkley, J. S. Am. Chem. So&982 104, 5039. (c) Dobbs,

Density functional theory has been used to characterize thek. D.; Hehre, W. J.J. Comput. Chem1986 7, 359. (d) Dobbs, K. D.;
products of O-atom attack on circumtrindenes,Gand cor- Hehre, W. J.J. Comput. Chenil987, 8, 861.
annulene. For circumtrindene, attack at the66site on the 88; gg;'lzr’f'A?'isrz‘?ax' ihysséhﬁ{:g 61|93|_|4 ‘éﬁj gilr?kley g
outside of the dome led to an epoxide structure while attack at g antym Cheni978 14, 545. ’ ’ B
the 6-5 site led to an RO—R insertion structure. These (20) (a) Binning, R. C., Jr.; Curtiss, L. Al. Comput. Chem99q 11,
products are very stable, with Becke3LYP/6-31G(d) binding 1206. (b) McGrath, M. P.; Radom, L. Chem. Phys1991 94, 511. (c)
energies of-74.9 and—78.7 kcal/mol, respectively. Adducts 8”rgf?'$acﬁ;%“"ﬁ?"étﬂém Eﬁyi%%%eigéjédeDaVIS' N. E.; Binning, R.
O.f O._?‘tom attack at the m_SIde Of, Fhe d,om,e are pre@cted to be (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
significantly less stable with positive binding energies and the m. A.; Cheeseman, J. R.: Zakrzewski, V. G.; Montgomery, J. A., Jr.;
triplet oxidation products are calculated to be less stable than StraémgnnkRNE-:SBuran,\t/,l JCCE Dl?pprgh,TS-: Mllllagn,él. M.; D\e}nlecls, A

: H _ .; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
thelrs_lnglet counterparts. O-atom attack at the (out<_e16 ﬁ_nd_ M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
6-5 sites of Goand Corannmene lead to adducts ‘.N't.h binding _ Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
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