J. Org. Chem. 1999, 64, 3655—3662 3655

Inversion Barrier of Corannulene. A Benchmark for Bowl-to-Bowl
Inversions in Fullerene Fragments
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In a systematic ab initio study, the Hartree—Fock, B3LYP density functional, and MP2 methods
are employed to calculate the bowl-to-bowl inversion barrier of corannulene (1). Basis sets ranging
from a minimal basis (STO-3G) to a double polarized valence triple-¢ basis (6-311G(2d,2p)) were
used. In comparison with experimental data, it was found that inclusion of dynamic electron
correlation (e.g., B3LYP) and a 6-311G** basis set (or other basis sets with similar complexity) are
essential for quantitatively correct results. At B3LYP/6-311G**, AG*0s = 44.9 kd/mol. Thermal
corrections to Gibbs energy of activation were of minor importance in the relevant range of
temperatures. Inversion barriers (AE*ry) of the bowl-shaped fullerene fragments C,sH1, 4 and CsoH1,
5 and the chiral C3H;, 6 are predicted to be 28.0, 199.4, and 277.3 kJ/mol, respectively, at B3LYP/
6-311G**. Predicted enthalpies of formations and strain energies are also discussed.

Introduction

The advent of the fullerene era has rekindled interest
in corannulene (1), the parent bowl-shaped polycyclic
aromatic hydrocarbon (PAH).1~* Corannulene (1), a CxoHio

nonalternant PAH first synthesized in 1966,578 repre-
sents the polar “cap” (as well as the “bottom”) of both
buckminsterfullerene (Cgo) and Cyo-fullerene and the
minimum fragment of a fullerene that retains the char-
acteristic curvature. It is composed of a central pentago-
nal ring or core with a periphery of five annulated
benzenoid aromatic rings.? One of the fascinating aspects
of curved fullerene fragments, including 1, is their
participation in bowl-to-bowl inversion processes.'? The
bowl-to-bowl inversion of corannulene (1) has previously
been studied by DNMR spectroscopy and by theoretical
methods, including relatively low-level ab initio methods
(vide infra). We report here the results of a systematic
computational study of the inversion barrier of 1 and
three bowl-shaped fullerene fragments (buckybowls?), a
CyH12 PAH and two C3gH1> semibuckminsterfullerenes.
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We note that ab initio calculations using the B3LYP
variant of the density functional theory (DFT), in com-
bination with the triple-split valence basis set with
polarization functions (6-311G**), is the method of choice
for calculating bowl-to-bow! inversion barriers of bowl-
shaped fullerene fragments.

Three experimental values for the energy barrier of
bowl-to-bowl inversion of corannulenes with prochiral
substituents have been reported: AG. = 42.7 & 0.8 kJ/
mol (209 K, acetone-ds) in (1-hydroxy-1-methylethyl)-
corannulene (2a);° AG.* = 47.3 kJ/mol (242 K, THF-ds)
in isopropylcorannulene (2b);!° and AG.* = 43.9 + 0.8
kJ/mol (215 K, THF-dg) in 1,8-bis(bromomethyl)coran-
nulene (2c).!* It has been argued that the substituent
and the solvent may affect the inversion barrier.?

On the basis of the AM1 calculated barriers of isopro-
pylcorannulene (68.6 kJ/mol) and of 1 (70.7 kJ/mol) and
the experimental barrier of the former (47.3 kJ/mol),
Sygula and Rabideau claimed that the estimated experi-
mental barrier of 1 is ca. 50 kJ/mol.1° The previously
reported semiempirical and low-level ab initio inversion
barriers (AAH{ and AE*r., respectively) of 1 have been
derived from the difference of the semiempirical enthal-
pies of formation (AH;°) and from the difference of the
ab initio total energies (Er,t) of the bowl shaped Cs,-1 and
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Table 1. Reported Calculated Barriers for Bowl-to-Bowl
Inversion of Corannulene (1)

method barrier (kJ/mol)

semiempirical AAH¢

MNDO 34,712

AM1 70.710

PM3 59.013a
Hartree—Fock AE*tot

HF/STO-3G 37.214.15

HF/3-21G 43,910.15.16

HF/6-31G* 36.810.15.16
MP2 (single points/)b AE*ro

MP2/3-21G//HF/3-21G 66.510.15

MP2/6-31G//HF/6-31G 59.816
density functional theory AE*ro p—

LDF
B3LYP/cc-pvVDZ 38.218

a65.7 kJ/mol this work. ® The previously reported MP2 energies
are single point calculations at the Hartree—Fock optimized
geometry.

the planar Ds,-1. These calculated barriers are given in
Table 1. Sygula and Rabideau have argued that the MP2/
3-21G correction represents a reasonable approach and
that their “best theoretical estimate” of the inversion
barrier of 1 is 59.4 kJ/mol (36.8 AE¥ris—316% + 22.6
{ AE*mp2is—216imFi-216) — AE*(rs-216)}).1° These authors
were aware that the small basis set used for MP2
calculations may not provide enough configurational
space to account for all correlation effects.'® They argued
that improvement of the basis set quality at the MP2
level increases the correlation correction to the barrier,
whereas the higher order treatment up to the MP4 level
decreases it slightly. Thus, the two effects cancel each
other to some extent.'® It is evident from a comparison
of Table 1 values with experiment that the HF/6-31G*
level underestimates the inversion barrier of 1, whereas
the low-level MP2 overestimates this barrier. The wide
range of the reported theoretical barriers may be at-
tributed to (1) the usage of only small to medium size
basis sets, possibly introducing artifacts due to basis set
truncation errors, and (2) the inadequate treatment of
electron correlation effects by the single point MP2
approach. Relying on fortuitous cancellation of sizable
errors is clearly unsatisfactory for a process as funda-
mental as the bowl-to-bowl inversion. Under these cir-
cumstances, it seemed worthwhile to carry out a system-
atic ab initio study of the bowl-shaped Cs,-1 and planar
Dsp-1 at higher levels than have previously been reported.
Ab initio calculations of the intermolecular interaction
potential of a corannulene dimer in a parallel (Ds)
orientation using basis sets up to 6-311G(2d) at the MP2
level have recently been reported.’®2° An ab initio study
(HF, DFT, MP2) of the structural and physical properties
of corannulene-based CionHjo fullerene fragments (n =
2—5) showed a distinct point between bowl and tube-like
character.?
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Methods

The program Mopac9322 was used for the semiempiri-
cal MNDO,2 AM12* and PM32 calculations, and the
program Gaussian94?% was used for Hartree—Fock, den-
sity functional and MP2 ab initio calculations. Becke’s
three parameter hybrid density functional,?” B3LYP, with
the nonlocal correlation functional of Lee, Yang, and
Parr?8=30 was used. Basis sets STO-3G, 3-21G, 6-31G*,
6-311G**, and 6-311G(2d,2p) were employed for geometry
optimization. All structures were fully optimized using
symmetry constraints as indicated. Frequencies were
calculated to verify minima, transition states, and higher
order saddle points for the Hartree—Fock and B3LYP
optimized conformations of corannulene (except for the
6-311G(2d,2p) basis set) and for the HF/3-21G and
B3LYP/STO-3G optimized conformations of the larger
systems. Unscaled frequencies were used to calculate zero
point corrections (ZPE), thermal corrections to Gibbs
energy (Georr) at 298.15 K, and the temperature depen-
dence of AG*.

Results and Discussion

Corannulene (1). Table 2 gives the calculated total
energies (Etot), zero point energies (ZPE), and thermal
corrections to Gibbs energy at 298 K (Grr) 0f Cs,-1 and
Dsp-1 and their differences (AE¥ro, AE*pe = AE*ry +
AZPE*, and AG*zgg = AE*Tot + AG*Corr) at the various ab
initio levels. The bowl conformation, Cs,-1, is a bona fide
minimum (all frequencies real), and Ds,-1 is a bona fide
transition state for the bowl-to-bowl inversion (one
imaginary frequency, symmetry species A,"). Figure 1
describes the calculated bowl-to-bowl inversion of coran-
nulene at B3LYP/6-311G**. Figure 2 compares the
experimental AGg, the semiempirical AAH{, and ab
initio AE*r,«. Figure 3 gives the experimental AG
(DNMR), including estimated error bars and the calcu-
lated AG¥(T) as a function of temperature in the range
0—400 K.

The following picture of the inversion barrier of 1
emerges from the results given in Table 2 and Figures 2
and 3:

(1) The AM1 and PM3 semiempirical calculations
considerably overestimate the inversion barrier.

(2) Basis sets with triple-split valence shell including
polarization functions should be used to avoid artifacts
due to an unbalanced representation of the electronic
wave functions in the planar and bowl-shaped structures.
Note that the series STO-3G, 3-21G, 6-31G*, 6-311G**
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Table 2. Ab Initio Calculated Total Energies, Thermal Corrections to Gibbs Energy and Bowl-to-Bowl Inversion
Barriers of Corannulene (1)

Csy-1 bowl Dsp-1 planar barrier

ETot ZPE Gcorr ETot ZPE Gcorr AEiTot AEtZPE AG*Z%
method (hartree) (hartree) (hartree) (hartree) (hartree) (hartree) (kJ/mol) (kJ/mol) (kJ/mol)
HF/STO-3G —753.903 53 0.268 73 0.234 50 —753.889 41 0.268 48 0.23558 37.1 36.4 39.9
HF/3-21G —758.908 18 0.249 56 0.215 05 —758.891 43 0.250 10 0.216 98 44.0 454 49.0
HF/6-31G* —763.189 29 0.249 36 0.214 79 —763.175 19 0.248 94 0.215 69 37.0 35.9 39.4
HF/6-311G** —763.331 62 0.247 34 0.212 75 —763.317 05 0.247 14 0.213 87 38.2 37.7 41.2
B3LYP/STO-3G —758.751 90 0.244 58 0.209 57 —758.736 04 0.244 09 0.210 40 41.6 40.4 43.8
B3LYP/3-21G —763.907 05 0.232 13 0.196 97 —763.885 71 0.232 03 0.198 18 56.0 55.8 59.2
B3LYP/6-31G* —768.149 37 0.232 34 0.197 16 —768.135 64 0.232 13 0.198 33 36.1 35.5 39.1
B3LYP/6-311G** —768.315 28 0.231 13 0.195 98 —768.298 97 0.230 65 0.196 79 42.8 41.6 44.9
B3LYP/6-311G(2d,2p) —768.343 22 —768.326 96 42.7
MP2/STO-3G —755.095 56 —755.080 73 38.9
MP2/3-21G —760.655 03 —760.629 33 67.5
MP2/6-31G* —765.728 40 —765.709 85 48.7
MP2/6-311G** —766.036 71 —766.017 14 51.4

Figure 1. Bowl-to-bowl inversion of corannulene (1) at
B3LYP/6-311G**,

shows an asymptotic behavior at HF and MP2 levels
except for 3-21G, which is an outlier for all ab initio
methods.

(3) The Hartree—Fock calculations, up to the HF/6-
311G** level (AE*rot = 38.2 kJ/mol; AG¥s = 41.2 kd/mol)
underestimate the barrier.

(4) The low-level HF/3-21G calculations give a value
for the bowl inversion barrier (AE*r,; = 43.9 kJ/mol;1015.16
AG¥,98 = 49.0 kJd/mol) in very good agreement with the
experiment. This fortuitous result may be due to a can-
cellation of errors. Note also that the AG*,gg barrier is
5.1 kJ/mol higher than the AE*r value.

(5) The MP2 calculations give higher barriers as
compared to the Hartree—Fock calculations. At MP2/6-
311G** (AE*rx = 51.4 kJ/mol), the barrier may be
somewhat overestimated. An upgrade from MP2/6-31G*
to MP2/6-311G** increased the barrier by ca. 2.7 kd/mol.

(6) The DFT (B3LYP) calculations require the use of
the 6-311G** basis set (AE*ry; = 42.8 kd/mol; AG*gs =
44.9 kJ/mol). B3LYP/6-31G* (AE*4 = 36.1 kJ/mol; AG*,gg
= 39.1 kJ/mol) still underestimates the barrier by more
than 5.8 kJ/mol. Additional polarization functions, i.e.,
an upgrade to B3LYP/6-311G(2d,2p) (AE¥r,¢ = 42.7 kJ/
mol), are not necessary.

(7) Dynamic electron correlation is essential. DFT
(B3LYP) gives better results than MP2, even at 6-311G**.

(8) Inclusion of ZPE reduces the bowl-to-bowl inversion
barrier. AG¥ is increasing with temperature. The thermal
corrections to Gibbs energy cancel at ca. 250 K, close to
the coalescence point of the DNMR experiments. How-
ever, thermal corrections may become significant at
higher temperatures.

The bowl-shaped geometry of 1 may be determined
guantitatively from the depth of the bowl, as measured

by the distance between the plane defined by the five
central (core) carbon atoms and the plane defined by the
10 peripheral (rim) carbon atoms. The X-ray crystal struc-
ture analysis of 1 confirmed the bowl-shaped conforma-
tion of the molecule, with a bowl depth of 0.87 A 3!

Figure 4 gives the experimental and calculated bowl
depths of corannulene. The calculated bowl depth at
B3LYP/6-311G** is 0.89 A, and at HF/3-21G and B3LYP/
STO-3G the bowl depth is 0.88 A.

Enthalpy of Formation. Kiyobayashi et al. have re-
cently determined experimentally the enthalpy of forma-
tion of corannulene (1), AHs®g = 463.7 kJd/mol, using mi-
crobomb combustion calorimetry.3 This value was deriv-
ed from the experimental enthalpy of combustion, AH:°
= 342.3 £ 5.6 kJ/mol, and an estimated sublimation en-
thalpy, AH®guny = 121.4 kJd/mol. Disch and Schulman, us-
ing group equivalents for benzenoid PAHs and the HF/
6-31G* total energies of 1, estimated that AH°(Cs,-1) =
510.8 kJ/mol and AH{°(Dsh-1) = 547.6 kJ/mol.*> None of
the quoted'®>?? theoretical ab initio and semiempirical
formation enthalpies agreed with the experimental value.
This failure may be attributed to the relatively low level
of the calculations and/or to the limited training set of
PAHSs that included only one nonplanar PAH33 and/or to
the errors in the estimation of the sublimation enthalpy.
Using four parameters for the CH group and three dif-
ferent types of carbon atoms in PAHs (derived for the
experimental enthalpies of formation of 11 benzenoid
PAHs3%), we estimate AH°(Cs,-1) = 501.5 and 491.5 kJ/
mol at the B3LYP/6-31G* and MP2/6-31G*//HF/6-31G*
levels, respectively. The latter estimated enthalpy of for-
mation of 1 overestimates the experimental value by ca.
5%.

Homodesmic Reaction. Both corannulene (1) and
coronene (3) belong to the homologous series CynHh.
Corannulene is [5]circumannulene, and coronene is [6]-
circumannulene. This relationship leads to the following
homodesmic reaction:3-3

Perone molecule of corannulene —5/6 coronene: AAHg(ex-
perimental) = 223.4 kJ/mol (463.7 kJ/mol®? — 5/6 x 288.4
kJ/mol®5-37), AAE+1(B3LYP/6-311G**) = 0.095 69 au =
251.2 kd/mol (—768.315 28 au — 5/6 x —922.093 16 au®),



3658 J. Org. Chem., Vol. 64, No. 10, 1999

Biedermann et al.

80 T _ --o--Semiempirical
1 g --o--HF
{2 AM1 -o- B3LYP
O———)
70 1 ',- -5~ MP2
| —_—— . PM3
.l‘ v O—————)
E N \
1 d | = Experimental
4 \
60 + : \
4 ! .
- {" ————— \
4 ’:‘ l/ \\ \
N ‘::// \  A————,
50 . // \\ | —_/—
P ".'(‘/' LI -‘\- - m mXe m om o o= o= o= o= X= = m @ = = = - - -
1 "
------ x--J.‘--.o_n——o\-\i----x----------------x--
B N . - W WM m oE Em S m om o mXe o wmow o= o= [ e D s~ [ O
401 i 2
4 . o 7 ————)
| Omr—C) =-’"'
: ;
30 : : : : | : f : : : —t : |
% ¢ @ 2 ®
3 N & & @
& [0} ® = =
o) = Q ,52
he) o
~ N
Z

Figure 2. Experimental AG:, semiempirical AAH, and ab initio AE*r, for the bowl-to-bowl inversion of corannulene (1).
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Figure 3. Bowl-to-bowl inversion barrier of corannulene (1) AG* as a function of the temperature at B3LYP/6-311G** and

experimental AG¢*.

and AAEt(B3LYP/6-311G**) — AAH°(experimental) =
27.8 kJ/mol.

Both the experimental AAH;® and the calculated AE
of CyHjyp indicate the strain and reduced aromaticity
inherent in corannulene (1) as compared with the planar
benzenoid PAH coronene (3). The calculated B3LYP/6-

(31) Hanson, J. C.; Nordman, C. E. Acta Crystallogr., Sect. B 1976,
B32, 1147—1153. The experimental bowl depth of 1, 0.87 A, is the
average of values taken from the X-ray structures of 1.

311G** strain of corannulene is overestimated by 27.8
kJ/mol as compared to the experimental value. However,
the reliability of the experimental gas-phase enthalpies
of formation of coronene and corannulene should be born
in mind.

(32) Kiyobayashi, T.; Nagano, Y.; Sakiyama, M.; Yamamoto, K.;
Cheng, P.-C.; Scott, L. T. 3. Am. Chem. Soc. 1995, 117, 3270—3271.

(33) Peck, R. C.; Schulman, J. M.; Disch, R. L. J. Phys. Chem. 1990,
94, 6637—6641.
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Figure 4. Experimental, semiempirical, and ab initio bowl depths of corannulene (1).

The good fit between the experimental and calculated
B3LYP AG¥ bowl-to-bowl inversion barriers of corannu-
lene (1) prompted a study of the inversion barriers of
higher buckybowls.

Bowl-Shaped Fullerene Fragments Cy,sH;, and
CyoHi.. The choice of B3LYP/6-311G** as a suitable
Hamiltonian/basis set level for calculating the inversion
barrier of corannulene prompted the use of this ab initio
level for the calculations of larger bowl-shaped fullerene
fragments, diindeno[1,2,3,4-defg;1',2',3',4'-mnop]chrysene
(4), diacenaphtho[3,2,1,8-cdefg;3',2',1',8'-Imnop]chrysene
(5), and benz[5,6-as]indaceno[3,2,1,8,7-mnopgr]indeno-
[4,3,2,1-cdef]chrysene (6). The syntheses of buckybowls
4 to 6 have recently been reviewed.?

CusHi2 PAH 4. The octacyclic PAH 4, which can be
identified on the Cgo surface, has been synthesized by
flash vacuum pyrolysis (FVP) dehydrocyclization of bi-
fluorenylidene® at temperatures above 700 °C3%4 by a
2-fold thermal (>1000 °C) elimination of CO from

(34) Herndon, W. C.; Biedermann, P. U.; Agranat, I. J. Org. Chem.
1998, 63, 7445—7448.

(35) AHfo(comnene) = 288.4 kJ/mol uses Ach(solid) = 152.5 kJ/mol3% and
AHCupry = 135.9 kJ/mol 37 cf. ref 34.

(36) Kiyobayashi, T. Doctoral Thesis. Microcalorimetry Research
Center, Faculty of Science, Osaka University, Japan, 1995.

(37) Murray, J. J.; Pottie, R. F.; Pupp, C. Can. J. Chem. 1974, 52,
557—-563.

(38) Schulman, J. M.; Disch, R. L. J. Phys. Chem. A 1997, 101,
9176—-9179.

7,14-dioxo-7,14-dihydro-phenanthro[1,10,9,8-opgra]peryl-
ene®® and by FVP of (E)-1,1'-dibromo-bifluorenylidene at
1050 °C.*! Very recently, Bronstein and Scott have shown
that the central double bond of 4 undergoes a nucleophilic
attack, suggesting that “the reactivity of fullerenes,
driven largely by strain associated with curving an
aromatic network, can be extended to curved PAHs”.42
Previous PM3 calculations of 4 indicated a bowl-shaped
C,-4 minimum and a planar Dy,-4 transition state with
a bowl-to-bowl inversion barrier of 59.0 kd/mol.*3%3 The
ab initio calculations of the bowl-shaped C,,-4 and the
planar Dy,-4 were done using HF/3-21G and the B3LYP
Hamiltonian with the STO-3G, 6-31G*, and 6-311G**
basis sets.* The ab initio energies are given in Table 3,
and the barriers are given in Table 4. Frequencies were
calculated at the HF/3-21G and B3LYP/STO-3G levels.
The C,, conformation proved to be the minimum, and the
D, conformation turned out to be the transition state
for the bowl-to-bowl inversion in 4. Figure 5 describes
the calculated bowl-to-bowl inversion of 4 at B3LYP/6-
311G**. The calculated barriers (AE*ro¢ = E(Cy-4) —
E(D,y-4)) for this process are 29.1 (HF/3-21G), 30.7
(B3LYP/STO-3G), 21.9 (B3LYP/6-31G*), and 28.0 (B3LYP/
6-311G**) kd/mol. These barriers are substantially smaller
than the PM3 barrier (59.1 kJ/mol). It is remarkable that
the calculated B3LYP barrier at the 6-311G** level is

(39) Hagen, S.; Nuechter, U.; Nuechter, M.; Zimmermann, G.
Tetrahedron Lett. 1994, 35, 7013—7014.

(40) Hagen, S.; Nuechter, U.; Nuechter, M.; Zimmermann, G.
Polycyclic Aromat. Compd. 1995, 4, 209—217.

(41) Scott, L. T. Pure Appl. Chem. 1996, 68, 291—300.

(42) Bronstein, H. E.; Scott, L. T. quoted in Baum, R. Chem. Eng.
News 1997, 75(48), 28.

(43) Biedermann, P. U.; Luh, T.-Y.; Weng, D. T.-C.; Kuo, C.-H,;
Stezowski, J. J.; Agranat, I. Polycyclic Aromat. Compd. 1996, 8, 167—
175.

(44) The B3LYP/6-31G* energy of 4 has been reported: Pogodin,
S.; Biedermann, P. U.; Agranat, I. In Recent Advances in the Chemistry
and Physics of Fullerenes and Related Materials; Kadish, K. M., Ruoff,
R. S., Eds.; The Electrochemical Society: Pennington, NJ, 1998; Vol.
6, pp 1110—-1116.



3660 J. Org. Chem., Vol. 64, No. 10, 1999

Biedermann et al.

Table 3. Semiempirical Enthalpies of Formation and Ab Initio Total Energies of the Conformations of 4, 5, and 6

AM1 AH¢° PM3 AH¢ HF/3-21G B3LYP/STO-3G B3LYP/6-31G* B3LYP/6-311G**
(kJ/mol) (kJ/mol) Erot (hartree) Etot (hartree) Erot (hartree) Etot (hartree)
4 CaeH12
Cov bowl GM# 879.609 771.696 —986.005 13 —985.793 88 —997.999 37 —998.210 59
D2n planar TS 946.606 830.746 —985.994 05 —985.782 19 —997.991 01 —998.199 93
5 CzoH12
Cov bowl GM 1137.961 993.761 —1136.600 40 —1136.332 86 —1150.403 79 —1150.644 06
Con LM 1366.756 1203.640 —1136.516 09 —1136.253 23 —1150.330 56 —1150.570 21
Cs TS 1391.587 1223.903 —1136.513 98 —1136.251 18 —1150.329 26 —1150.568 10
Don planar SP2 1591.084 1405.156 —1136.468 09 —1136.207 83 —1150.291 39 —1150.526 45
6 CaoH12
C3 bowl GM 1220.308 1065.507 —1136.573 15 —1136.308 12 —1150.381 31 —1150.622 07
Cy TS 1633.744 1435.236
Csn planar TS 1639.292b 1439.164P —1136.459 60 —1136.194 91 —1150.280 29 —1150.516 46

a GM, global minimum; LM, local minimum; TS, transition state; SP2, second-order saddle point. ® Second-order saddle point.

Table 4. Semiempirical and Ab Initio Calculated Barriers for Bowl-to-Bowl Inversion and Relative Energies of Local

Minima or Higher Order Saddle Points of 4, 5, and 6

AM1 AAH¢ PM3 AAH¢® HF/3-21G B3LYP/STO-3G B3LYP/6-31G* B3LYP/6-311G**
(kJ/mol) (kJ/mol) AE~ot (kJ/mol) AErtot (kJ/mol) AE+ot (kJ/mol) AETo (kJ/mol)

4 CoeHi2

Do planar a 67.0 59.1 29.1 30.7 21.9 28.0
5 CaoH12

Con b 228.8 209.9 221.4 209.1 192.3 193.9

Cs a 253.6 230.1 226.9 214.5 195.7 199.4

Do planar c 453.1 411.4 347.4 328.3 295.1 308.8
6 C3oH12

Ci a 413.4 369.7

Csn planar a 419.0¢ 373.7¢ 298.1 297.2 265.2 277.3

a Barrier. b Relative energy of local minimum. ¢ Relative energy of second-order saddle point.

kJ/mol

Figure 5. Bowl-to-bowl inversion of 4 at B3LYP/6-311G**.

higher by 6.1 kJ/mol, as compared with the respective
barrier at the 6-31G* level. Moreover, the inversion
barrier of 4 is significantly lower than the inversion
barrier of 1 (AE*rot(4)/AE*14(1) = 66%). It should be noted
that the corannulene motif is not maintained in 4; each
of the two five-membered rings of 4 has one carbon—
carbon bond which is not annulated by a benzene ring.
Thus, 4 may be expected to be much more flexible than
1.

CsoHi2» PAH 5. The decacyclic C3oHi, semibuckmin-
sterfullerene 5 is a buckybowl whose carbon framework
is represented on the buckminsterfullerene Cg surface.*®
However, 5 does not correspond to a symmetrical half of
buckminsterfullerene, since “removal” of its carbon frame-
work from the Cgg surface leaves behind a different Czg
unit that includes two exocyclic carbons.*¢ PAH 5 has

(45) Rabideau, P. W.; Abdourazak, A. H.; Folsom, H. E.; Marcinow,
Z.; Sygula, A.; Sygula, R. J. Am. Chem. Soc. 1994, 116, 7891—7892.

(46) Abdourazak, A. H.; Marcinow, Z.; Sygula, A.; Sygula, R.;
Rabideau, P. W. J. Am. Chem. Soc. 1995, 117, 6410—6411.

been synthesized by four routes: (a) from 1,2,5,6-tetraox-
opyracylene by an extension of the Scott benzannulation
gas-phase FVP synthesis of 1;*° (b) from cyclopenta[def]-
phenanthrene via FVP (at 1050 °C) of a 3,3'-substituted
bi-4H-cyclopenta[def]phenanthren-4-ylidene;*” (c) from a
dibromodibenzopicene by FVP (at 1150 °C);*® and (d) from
1,4,5,6,7,10,11,12-octamethylindeno[1,2,3-cd]fluoranth-
ene, via a nonpyrolitic route involving a reductive cou-
pling.*® PAH 5 may be viewed as a double corannulene.
Previous PM3 calculations of 5 indicated a bowl-shaped
syn-C,,-5 global minimum, an anti-double-bowl-shaped
C,-5 as a local minimum, and an anti-double-bowl-
shaped Cs-5 as a transition state for the bowl-to-bowl
inversion.'3* The planar Dy, conformation of 5 was found
to be a second-order saddle point at the PM3 level.1343
Bowl-to-bowl inversion of C,,-5 proceeds in two steps via
C,n-5 as an intermediate.’34345 The PM3 Cy-5 — Con-5
barrier was 230.1 kJ/mol.*®* The PM3 C,,-5 — Cy-5
barrier was 20.1 kJ/mol.*® The corresponding AM1 bar-
rier was 24.7 kJ/mol.*®* The PM3 relative energy
AH{°(C2n-5) — AH{°(Cy-5) = 210.0 kJ/mol.*343 Previous
ab initio calculations at HF/6-31G*//HF/3-21G gave Etq-
(Con-5) — E1ot(Cov-5) = 213.4 kd/mol.*> Adding the AM1
barrier (24.7 kJ/mol) to the above ab initio AEt, value
of 213.4 kJ/mol led to an estimation of the barrier of 239
kJ/mol for the C,-5 — Cu,-5 inversion.*® Previous at-
tempts to identify the above transition state by ab initio
methods have been unsuccessful.*®> The ab initio energies
of the above stationary points of 5 are given in Table 3,
and the barriers and relative energies of local minima
and higher order saddle points are given in Table 4. The
C,, conformation proved to be the global minimum in the

(47) Hagen, S.; Bratcher, M. S.; Erickson, M. S.; Zimmermann, G.;
Scott, L. T. Angew. Chem., Int. Ed. Engl. 1997, 36, 406—408.

(48) Mehta, G.; Panda, G. J. Chem. Commun. 1997, 2081—2082.

(49) Sygula, A.; Rabideau, P. W. J. Am. Chem. Soc. 1998, 120,
12666—12667.
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Figure 6. Bowl-to-bowl inversion of 5 at B3LYP/6-311G**.

conformational space of 5, and the C,, conformation was
found to be a local minimum. AE+1y = E(C2n-5) — E(Cyy-
5) =221.4, 209.1, 192.3, and 193.9 kJ/mol at HF/3-21G,
B3LYP/STO-3G, B3LYP/6-31G*, and B3LYP/6-311G**,
respectively. The C.-5 conformation was identified as the
transition state for the C,,-5 — C,,-5 partial bowl-to-bowl
inversion.

Figure 6 describes the calculated bowl-to-bowl inver-
sion of 5 at B3LYP/6-311G** along with the bowl depths
of the relevant conformations. The corresponding ab initio
barriers (AE¥,) were 226.9, 214.5, 195.7, and 199.4 kJ/
mol at HF/3-21G, B3LYP/STO-3G, B3LYP/6-31G*, and
B3LYP/6-311G**, respectively, for the C,,-5 — [Cs-5] —
Czn-5 partial inversion and 5.5, 5.4, 3.4, and 5.5 kJ/mol,
respectively, for the Cyy-5 — [Ce-5] — Cy,-5 partial
inversion. Thus, the Cyy-5 intermediate is very close in
energy to the C¢-5 transition state. The ab initio barriers
calculated with DFT are significantly lower than the
previously calculated and estimated semiempirical and
ab initio Hartree—Fock barriers.

CsoHi2 PAH 6. The decacyclic PAH 6 (trindenotriph-
enylene) represents the precise half of the Cg carbon
framework.*¢ McKee and Herndon considered the carbon
frameworks of 6 and of the related benzenoid PAH benzo-
[c]naphtho[2,1-p]chrysene to be potential intermediates
in Cg formation by the vaporization of graphite.>® Semi-
fullerene C;-6 has been synthesized by FVP (1000 °C) of
a mixture of trichloro- and tetrachloro-5,10,15-trismeth-
ylene derivatives of 10,15-dihydro-5H-tribenzo[a,fk]trin-
dene*® and by FVP (1050 °C) of 6,12,18-tribromo-benzo-
[e]lnaphtho[2,1-p]chrysene.*” A short synthesis of 6 from
1,3,5-triformylbenzene has just been announced.>!

Previous AML1 calculations of 6 indicated that the bowl-
shaped C;-6 is the global minimum and that the planar
Csn-6 is not a transition state of the bowl-to-bowl inver-
sion of C3-6.16 The AM1 transition state has been located
and exhibited a significant degree of nonplanarity. The

(50) McKee, M. L.; Herndon, W. C. J. Mol. Struct.(THEOCHEM)
1987, 153, 75—84.

(51) Mehta, G.; Panda, G.; Sarma, P. V. V. S. Tetrahedron Lett. 1998,
39, 5835—5836.
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Figure 7. Bowl-to-bowl inversion of 6 at B3LYP/6-311G**.

MNDO barrier for inversion of 6 is 323.4 kJ/mol.5? In
contrast, previous ab initio calculations have shown that
at HF/3-21G Czy-6 is indeed the transition state for the
bowl-to-bowl inversion of C5-6.16 The ab initio barriers
for this inversion are 298.3 and 286.2 kJ/mol at HF/3-
21G and HF/6-31G*//HF/3-21G, respectively.'® The theo-
retical estimate for the inversion at MP2/6-31G was 310
kJ/mol.1® The C5; semibuckminsterfullerene 6 was found
to be less stable than its isomer 5 by 75 kJ/mol at HF/
6-31G*//HF/3-21G.*¢ Very recently, Schulman and Disch
reported the results of an ab initio study of 6 at the HF/
6-31G* and B3LYP/6-31G* levels.? They found that 6
adopts a bowl-shaped C; conformation and that the
transition state for the bowl-to-bowl inversion of 6 at HF/
6-31G* is the Cz, conformation (one imaginary fre-
guency). The difference in energies between the two
conformers were E(C3n-6) — E(C3-6) = 282.0 (HF/6-31G¥*),
282.8 (HF/6-31G**), and 264.8 (B3LYP/6-31G*) kJ/mol.

In our hands, the ab initio calculations of the bowl-
shaped C;-6 and the planar Cz,-6 were carried out using
HF/3-21G and the B3LYP density functional with the
STO-3G, 6-31G*, and 6-311G** basis sets. The ab initio
energies of the above conformations of 6 are given in
Table 3, and the barriers are given in Table 4. Frequen-
cies were calculated at the HF/3-21G, B3LYP/STO-3G,
and B3LYP/6-31G* levels. The C; conformation proved
to be the global minimum, and the Cg, conformation was
found to be a bona fide transition state (one imaginary
frequency). A search for a nonplanar transition state
(starting from the PM3 C; transition state conformation)
converged toward a planar conformation at B3LYP/6-
311G**. The bowl-to-bowl inversion of 6 at B3LYP/6-
311G** is shown in Figure 7. Note that inversion of the
chiral Cs-6 is equivalent to an enantiomerization. The
transition state, C3,-6, is achiral. The bowl-to-bowl inver-
sion barrier AE*r,; = E(C3p-6) — E(C3-6) = 298.1 (HF/3-
21G), 297.2 (B3LYP/STO-3G), 265.2 (B3LYP/6-31G*), and
277.3 (B3LYP/6-311G**) kd/mol. The difference in AE¥q
between B3LYP/6-31G* and B3LYP/6-311G** is 12.1 kJ/
mol. This significant result strengthens the conclusion
drawn from the corannulene benchmark that the triple-

(52) Faust, R.; Vollhardt, K. P. C. J. Chem. Soc., Chem. Commun.
1993, 1471-1473.
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split valence basis set with polarization functions on
carbon and hydrogen atoms, in combination with the
B3LYP variant of DFT, are superior to the B3LYP/6-31G*
in calculating the bowl-to-bowl inversion barriers of the
bowl-shaped fullerene fragments. Schulman and Disch
claimed that the ab initio HF and B3LYP energy differ-
ences between C3-6 and the “putative transition state”
Csh-6 were the same to within 5.0 kd/mol, “indicating that
correlation effects play a small role in determining the
barrier height”.2 However, according to these authors the
difference in the barriers AE*, = E(C3y-6) — E(C3-6)
between HF/6-31G* and B3LYP/6-31G* is 17.6 kJ/mol.
Thus, both the B3LYP variant of DFT and the 6-311G**
basis set are important, and correlation does play an
essential role in determining the barriers for the bowl-
to-bowl inversions. At B3LYP/6-311G** C5-6 is less stable
than C,,-5 by 57.7 kJ/mol. It is interesting to note that
the bowl-to-bowl inversion barrier of C3-6 is considerably
higher than that of C,-5 (277.3 vs 199.4 kJ/mol at
B3LYP/6-311G**), although the bowl depth of C;3-6 is
smaller than that of C,,-5 (2.54 vs 2.70 A).

Biedermann et al.

A comparison between the inversion barriers of the
bowl-shaped fullerene fragments calculated at HF/3-21G
and B3LYP/6-311G** deserves a comment. Despite the
success of both methods in calculating the inversion
barriers of corannulene (1) and the agreement of the two
methods in the case of 4, the HF/3-21G calculated
barriers of 5 and 6 were substantially higher than the
respective B3LYP/6-311G** barriers (by 27.5 (5) and 20.8
(6) kd/mol). These differences may originate from the
limitations inherent in HF/3-21G in calculating the
highly strained transition states involved in the inver-
sions of the more bowl-shaped 5 and 6.

Using the four empirical parameters®* derived for
B3LYP/6-31G* we predict enthalpies of formation of
663.3, 862.8, and 924.6 kJ/mol for 4, 5, and 6, respec-
tively.

In conclusion, the inversion barrier of corannulene may
serve as a benchmark for theoretical determinations of
the barriers for bowl-to-bowl inversions of fullerene
fragments.
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