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Hybrid density functional theory (DFT) calculations at the B3LYP/cc-pVDZ level have been
performed on a series of heterobuckybowls, 3X, CisX3Hs (X = O, NH, CH,, BH, S, PH, PH3;, Si,
SiH,, and AlIH). The minimum energy conformations and the transition states for bowl-to-bowl
inversion, where the geometry is bowl shaped, are computed and characterized by frequency
calculations. The geometries of heterotrindenes, 2X, C1,X3Hs (X = O, NH, CH,, BH, S, PH, PHj3,
Si, SiH,, and AlH), were obtained, and the bond length alternation (A) in the central benzenoid
ring shows remarkable sensitivity as a function of substituent with a wide range of fluctuations
(—0.014 to +0.092 A). The A computed in 2BH was found to be comparable with the highest bond
alternation reported to date in benzenoid frameworks. The inversion dynamics of these heterobowls
and their bowl depths were fit to a mixed quartic/quadratic function. The size of the heteroatom
seems to exclusively control the bowl depth and rigidity as well as the synthetic feasibility. In
contrast, the bond length alternation seems to be controlled by electronic factors and not by the
size of the substituted atom either in trindenes or in heterosumanenes. The thermodynamic stability
of this class of compounds is very much comparable with trithiasumanene (3S), which has been
synthesized recently. The chemical hardness () was measured to assess the stability of the
heterosumanenes. The strain energy buildup in a sequential ring closure strategy along two
synthetic routes, namely a triphenylene route and a trindene route, were explored, and the trindene
route was found to be highly favorable for making such compounds compared to the triphenylene
route. However, in both routes the ease of the synthetic feasibility increases as the size of the
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heteroatom increases.

1. Introduction

The discovery of fullerenes stimulated contemporary
chemistry researchers to investigate and unravel the
unique structural, electronic, optical, biological, magnetic,
and other properties of this potentially promising class
of compounds.t? Although the attempts to achieve the
synthesis of Cgo by rational means are yet to be success-
ful, these attempts have opened an exciting area in the
synthetic organic chemistry, in the form of buckybowl
chemistry.®~7 A large number of interesting bowl-like
moieties, which form a part of Cgo, have been synthesized
and were shown to exhibit novel structural, chemical, and

physical properties.812 Computations played a pivotal
role in understanding and modeling the novel properties
of buckybowls.'3720 In fullerene chemistry, heterohedral
fullerenes, where one or more skeletal C atoms are

T Dedicated to Professor J. Subramanian on the occasion of his 60th
birthday.
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Scheme 1

X =0,NH, CH,, BH, S, PH, PH;, Si, SiH,, AIH

replaced by heteroatoms, such as B, Si, and N, have
attracted considerable attention, and these dopyballs are
considered to modulate the superconducting, electrical,
and redox properties of fullerenes.?1??

Recently, Otsubo et al. reported the synthesis of 3S,
triphenyleno[1,12-bcd:4,5-b'c'd":8,9-b""¢''d""]trithio-
phene, the first heterobuckybowl.?®> These bowl-shaped
heteroaromatics were conceived to exhibit novel physi-
cochemical properties such as organic conducting materi-
als.?324 The corresponding hydrocarbon moiety, where the
three S groups replaced by CH,, sumanene (3CHy),
C,1H1,, was recognized as a key structural motif of Cg
similar to corannulene (Scheme 1).2526 Sjegel and co-
workers reported that a double well potential, given by
mixed quartic/quadratic function, seems to model the
inversion dynamics in a series of corannulene deriva-
tives.?”?8 Replacement of skeletal carbon atoms by iso-
electronic substituents was shown to be the most effective
way of modulating the curvature, bowl-to-bowl inversion
barrier, and the consequent physicochemical proper-
ties.?®32 In this context, it is interesting to test the
applicability of the structure-energy correlations in the
inversion dynamics of heterobuckybowls.

Requirements for introducing bond alternation in ben-
zene have been a subject of interest for a long time.3334
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The significant bond alternation that exists in triphen-
ylene,34¢3 trindene, and Cg%¢ prompted us to critically
analyze the bond length alternation in this class of
compounds. Therefore, an examination of bond alterna-
tion in trindenes and heterosumanenes, in the flat as well
as in the bowl form as a function of substituent, is
interesting in its own right (Scheme 1). The hetero-
sumanenes have 18-z electrons and 18-sp? centers for X
= CH,, PH3, and SiH,; 18-x electrons and 21-sp? centers
for X = BH, Al, and Si; and 24-x electrons and 21-sp?
centers for X = NH, PH, O, and S. “Annulene — within
an annulene”, where both the rim and hub attain the
aromatic Huckel count, has been evoked to account for
the stability in fused polycyclic aromatic systems.®” Thus,
according to this model, the heterobuckybowls are stable
only for X = NH, PH, O, and S with a 6x hub and an
18 rim electron count. Computational quantum chem-
istry provides the practicing chemists an unprecedented
opportunity to obtain structure, energy, and other phys-
icochemical properties of potentially interesting class of
molecules where no experimental data are available. Het-
eroaromatics in general and nonplanar heteroaromatics
in particular could potentially exhibit novel conducting
properties and thus form a new class of compounds,?* and
the interplay between theory and experiment is essential
for its growth. Cyg-triphenylene and C,s-trindene are the
two planar Cz-symmetric hydrocarbons, which map on
the Cgo surface in addition to the planar benzene and
6-radialene.’® Both of them are accessible in quantities
and are amenable to structural functionalization.>638 The
synthetic feasibility of these heterobuckybowls is ex-
plored through two possible routes: namely the trindene
route and the triphenylene route.3!2

In this study, we analyze in detail the effect of
replacing the three unique CH, groups in sumanene
(3CH;) by X = O, NH, BH, S, PH, PHj;, Si, SiH,, and
AlH on the geometry, curvature, inversion barrier, and
feasibility of their syntheses. The following points are
addressed in the present study: (a) the relation between
the size of the heteroatom and the bowl depth, rigidity
and inversion barrier, (b) the bond length alternation in
this class of compounds, (c) the structure—energy cor-
relation, (d) the stability through homodesmic equations
and hardness, and (e) the synthetic feasibility of hetero-
sumanenes along two distinct pathways.

2. Methodology

The planar Dsn structures (Csn for X = PHg) of all the
heterosumanenes (3X) considered in this study were optimized
within the symmetry constraints using the hybrid density
functional B3LYP3 method with the cc-pVDZ basis set.*°
Frequency calculations were done at the same level to ascer-
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tain the nature of the stationary points. The Dsp structures of
30, 3NH, 3CH3, 3BH, and 3S were characterized as transition
states, corresponding to the bowl-to-bowl inversion process.
However, the Cg, structure of 3PH3 and the Da, structures of
3Si, 3SiH;, and 3AIH were characterized as minima on their
respective potential energy surfaces.** For X = O, NH, CH,,
BH, S, and PH, the minimum energy bowl structures were
obtained by following the normal modes corresponding to the
respective imaginary frequencies. The resultant bowl struc-
tures with Cs, symmetry have been characterized as the
minima by frequency calculations in all cases. All the Dz, forms
of heterotrindenes (2X), C12X3He, were also optimized, and the
stationary points were characterized by frequency calculations
at the B3LYP/cc-pVDZ level. The planar structures of 2X were
characterized as minima except for 2PH, 2Si, and 2AIH, which
were found to be third-order saddle points.%> B3LYP/cc-pVDZ
level has been proven to be a reliable method for predicting
the equilibrium geometries, inversion barriers and harmonic
frequencies of buckybowls especially when post-SCF methods
are not practical for molecules of this size.!*"1726 In the
synthetic strategies toward heterosumanenes, all the species
were optimized without any symmetric constraints and char-
acterized as minima at the MNDO level.*® This is followed by
single-point calculations at the B3LYP/cc-pVDZ level on all
the MNDO-optimized points in both the synthetic routes. All
the calculations were done using the Gaussian 94 suite of
programs.* The nature of the normal modes were examined
using the MOPLOT graphical interface program.*®

3. Results and Discussion

3.1. Equilibrium Geometries. The equilibrium ge-
ometries and the bond length alternations (A) in the
trindenes (2X) will be discussed first. The salient struc-
tural parameters, with special attention to the bond
length alternation in the central benzenoid ring, of the
heterosumanenes (3X) as well as the bowl-to-bowl inver-
sion transition states (3X'), are given next.

3.1.1. Trindenes, 2X. Trindenes may be viewed as
three substituted cyclopentadienes annulated to a ben-
zene ring maintaining the 3-fold axis. These cyclopenta-
dienes can be classified into three types based on the
electron count: (i) 6z-systems, 20, 2NH, 2S, 2PH; (ii)
conjugated 4z-systems, 2BH, 2Si, 2AIH; and (iii) uncon-
jugated 4z-systems, 2CH,, 2PH3;, 2SiH,.
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Table 1. Principal Bond Lengths and the Bond Length
Alternations (A) in the Central Six-Membered Ring of
the Heterotrindenes (2X) and Triphenylene (1) Obtained
at the B3LYP/cc-pVDZ Level (the Experimental Bond
Lengths for Ceo, Triphenylene (1), and Corannulene Are
Also Given)

structure  pointgroup ri(A) 2 (A)  rz(A) A2

Cso In 1.401°  1.458P 0.057
1 Dan 1.423 1.469 0.046

(1.411)¢  (1.470) (0.059)
corannulene Csy 1.410¢  1.408d —0.002
20 Dsn 1.454 1.454 1.369 0.000
2NH Dsn 1.452 1.446 1.388 —0.006
2CH; Dsn 1.462 1.489 1.358 0.027
2BH Dsn 1.393 1.485 1.420 0.092
2S Dsn 1.463 1.449 1.377 —-0.014
2PH Csv 1.470 1.481 1.366 0.011
2PH’ Dsn 1.462 1.446 1.402 —0.016
2PH; Can 1.472 1.501 1.350 0.029

(1.356)

2Si Dsn 1.467 1.528 1.362 0.061
2SiH; Dsn 1.480 1.512 1.361 0.032
2AIH Dan 1.489 1.538 1.365 0.049

2 A =rz — rpis the bond alternation in the central six-membered
ring. ® The experimental bond lengths for Ceo are taken from ref
36. ¢ The experimental bond lengths for triphenylene (1) are taken
from ref 35; here, the planar structure is considered. 9 The
experimental bond lengths for corannulene are taken from ref 54.

Scheme 2

‘ % X ‘

1 2X X

The important skeletal parameters and the bond
length alternations (A) in the central six-membered ring
of the substituted trindenes 2X (X = O, NH, CH,, BH, S,
PH, PHjs, Si, SiH,, and AIH) obtained at the B3LYP/
cc-pVDZ level are given in Table 1. Scheme 2 illustrates
the notations used. Annulation to benzene ring reduces
its symmetry; the extent of localization of the double
bonds is represented by bond length alternation (A),
which is the difference between the bond lengths; A is
taken as r, — r; (Scheme 2) uniformly for all the
structures considered here.333* Very low bond alternation
is exhibited for 20, 2NH, 2S, and 2PH where the
augmented five-membered rings are aromatic. This is in
sharp contrast to the situation in triphenylene (1),343%
which exhibits significant bond alternation. When the
augmented five-membered rings are nonaromatic, i.e.,
when X = CH,, PHj3, and SiH,, greater bond alternation
resulted. The highest bond alternation is seen in cases
where the five-membered rings are conjugated 4z sys-
tems, when X = BH, Si, and AlIH. Thus, the aromaticity
of the augmented five-membered ring critically controls
the bond alternation in the central six-membered ring
of the heterotrindenes (Figure 1). A maximum A value
of 0.092 A is observed for 2BH, which is similar to the
ever observed high alternation of 0.091 A in triannu-
lated benzene-type systems.®*¢ In none of the cases is
r, or r; close to the aromatic bond length except in 2BH,
where r; is 1.393.4¢ These results indicate that the
electronic factors are chiefly responsible for bond length
alternation.
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Figure 1. Plot of bond length alternation (A = r, — r1, Scheme
2) in the central six-membered rings of the heterotrindenes
(2X) and bowl and flat forms of heterosumanenes (3X and 3X')
as a function of the substituent. The substituents are grouped
according to their contribution to zz-conjugation and electron
count. (Note that size was taken as a criterion to arrange X’s
in other places.) The A in Ce and triphenylene (1) are given
for comparison.

3.1.2. Heterosumanenes, 3X. The principal geometric
parameters and the bond length alternations in the hub
and rim of the minimum energy structures (3X) and the
corresponding transition-state structures (3X') of all the
heterosumanenes obtained at the B3LYP/cc-pVDZ level
are given in Table 2. The notations used are illustrated
in Scheme 2. While going from 3X to 3X' (when X = O,
NH, CH,, BH, S), the hub (r; and ry) and the flank (r3)
bond lengths are contracted, whereas the rim bond
lengths (ry, rs, re) are elongated. The extent of contraction/
elongation while going from bowl to the planar form for
all the geometric parameters gradually decreases with
the increase in the size of X, with an exception in case of
3PH, which may be traced to the fact that 3PH' is not
the true transition state corresponding to the bowl-to-
bowl inversion process.** The contraction of hub bond
lengths and the elongation of rim bond lengths are due
to the strain energy build up in going from the bowl
structure to the flat transition state. In 3NH, there is a
substantial pyramidalization around all N. The minimum
energy bowl geometry has Cz, structure where the H's
are away from the hub and leaving the lone pairs on the
concave face of the bowl. However, the Dj, form was
characterized as the true transition state for the bowl-
to-bowl inversion. In contrast to the trindenes, the bond
lengths in the central six-membered ring of trisubstituted
sumanenes are close to the aromatic C—C length in most
of the cases. The bond alternation in the hub six-
membered ring (Anw) is always found to be lower in
3X' than that in the Cs, (bowl) form, 3X for all X. In
contrast, a substantial increase in the alternation in
the rim six-membered (A;in) is observed while going
from 3X to 3X'. This difference is found to gradually
decrease with the size of the heteroatom and reverts for
3PH (i.e., Arim (3PH) > Ayim (3PH")). Apup in both 3X and
3X' varies with the sz-electron count as observed in the
case of bond alternation in trindenes (Figure 1). Anu
when X =0, NH, S, and PH are lower than that when X

(46) C—B bond in 2BH is unusually short, computed to be 1.535 A
at the B3LYP/cc-pVDZ level.
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= CH,, PH3, SiH, which are in turn lower when X = BH,
Si, AlH. Even though Aqin, of 3X shows similar variations,
Arim Of 3X' is found to be strain dependent; the smaller
the size of the heteroatom the larger the alternation.
Thus, in general, in this class of compounds, in both
trindenes and sumanenes, the bond length alternation
in the hub six membered ring is mainly controlled by
electronic factors and is independent of the size of the
heteroatom.

3.2. Bowl Depth, Curvature, and Dipole Moment.
One of the straightforward measures of evaluating the
curvature in symmetric buckybowls is the bowl depth
(BD), which is the interplanar distance between the two
planes formed by the hub and the rim atoms (Scheme
3). The bowl depth seems to be solely controlled by the
size of the substituent, which is in agreement with our
previous studies (Figure 2).2%%0 Accordingly, a bigger
heteroatom placed on the periphery of the bowl flattens
it while a smaller atom increases the depth of the bowl.
Figure 2 clearly establishes the relationship between the
size of the heteroatom and depth of the bowl. Haddon'’s
sr-orbital axis vector (POAV) angles have been measured
for all the buckybowls using the POAV3 program.*”48 The
bowl depth, POAV angles at the hub, rim-quat, and the
rim carbon atoms, and the dipole moment («) obtained
at the B3LYP/cc-pVDZ level are given in Table 3. The
flat structures (X = PHjs, Si, SiH,, and AlH) have zero
bowl depth, no dipole moment, and POAV angles as 90°.
With the increase in the size of the heteroatom, decrease
in the bowl depth and the POAV angles is seen as evident
from Table 3 and Figures 2 and 3. In all the cases as
expected, the POAV angle at the hub is greater than that
at the rim-quat, which is in turn greater than the POAV
angle obtained at the rim position except in 3PH, which
is due to the puckered hydrogen atoms. Dipole moment
in buckybowls arises due to their curvature and the
presence of heteroatoms. From 3NH to 3S, the dipole
moment is found to decrease with the bowl depth. 30
having the maximum bowl depth with interspersed
oxygen atoms is expected to show a higher dipole mo-
ment, but a lower value of 1.97 D is observed. This is
because the dipole due to the oxygen atoms and the dipole
arising from the curvature act opposite to each other in
this case alone and the direction of the resultant dipole
is found to be opposite compared to others. The reason
for the higher value of dipole moment of 3PH is traced
to the three heavily puckered hydrogens attached to the
P atoms.

3.3 Inversion Barriers. A gradual decrease in the
bowl-to-bowl inversion barriers (AE*) with the increase
in the size of X is found for the heterosumanenes, 3X
(Table 4). AE* of 30 and 3NH are so high that, if
synthesized, they are not expected to undergo bowl-to-
bowl inversion at room temperature; i.e., they will be
locked to a single bowl conformation. However, sumanene,
3CHj; is expected to undergo slow inversion near room
temperature.?® Rapid bowl-to-bowl inversion near room
temperature for 3BH and 3S is evident from their AE*
values. The heterosumanenes, 3PHj;, 3Si, 3SiH,, and
3AIH are no longer bowls, as the planar structures

(47) Haddon, R. C. POAV3: Release 3.0, 1993.

(48) (a) Haddon, R. C. J. Am. Chem. Soc. 1990, 112, 3385. (b)
Haddon, R. C.; Scott, L. T. Pure Appl. Chem. 1986, 58, 137. (c) Haddon,
R. C. Chem. Phys. Lett. 1986, 125, 231. (d) Haddon, R. C. 3. Am. Chem.
Soc. 1986, 108, 2837. (e) Haddon, R. C. J. Am. Chem. Soc. 1987, 109,
1676. (f) Haddon, R. C. Acc. Chem. Res. 1988, 25, 243.
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Table 2. Principal Geometric Parameters and the Bond Length Alternations in the Hub (Anu) and the Rim (Arim) of the
Heterosumanenes (3X and 3X') Obtained at the B3LYP/cc-pVDZ Level

structure point group r1 (A) ra (A) rs (A) ra (A) rs (A) re (A) Apub® ArimP®
30 Cay 1.401 1.430 1.392 1.407 1.411 1.419 0.029 0.027
30’ D3n 1.351 1.372 1.354 1.482 1.442 1.476 0.021 0.125
3NH Cay 1.399 1.424 1.402 1.420 1.420 1.417 0.025 0.021
3NH’ Dsn 1.357 1.377 1.371 1.466 1.445 1.464 0.020 0.107
3CH; Csy 1.389 1.435 1.402 1.554 1.402 1.433 0.046 0.044
3CH,' D3n 1.369 1.401 1.379 1.596 1.420 1.456 0.032 0.087
3BH Cay 1.380 1.442 1.420 1.604 1.404 1.438 0.062 0.058
3BH' Dsn 1.369 1.422 1.404 1.635 1.415 1.448 0.053 0.079
3S Csy 1.394 1.416 1.393 1.816 1.413 1.421 0.022 0.028
38’ Dsn 1.385 1.405 1.386 1.830 1.417 1.429 0.020 0.044
3PH Cay 1.391 1.426 1.397 1.899 1.407 1.427 0.035 0.036
3PH’ D3n 1.397 1.419 1.409 1.797 1.419 1.410 0.022 0.022
3PH;3 Csn 1.395 1.436 1.392 1.879 1.401 1.427 0.041 0.035
(1.394) (2.098) (1.406)
3Si D3n 1.388 1.438 1.415 1.971 1.404 1.431 0.050 0.043
3SiH,; D3n 1.399 1.449 1.413 1.917 1.400 1.421 0.050 0.022
3AIH Dsn 1.407 1.470 1.429 1.971 1.396 1.415 0.063 0.033

@ Anub = 2 — ry is the bond length alternation in the hub six-membered ring. ? Arim is the maximum bond alternation in the rim

six-membered ring.

0.5 1
A\
0.0 A
T T T T T T T
o NH CH, BH S PH [PH, Si,
SiH,, AlH]

Figure 2. Variation of bowl depth (BD) of the hetero-
sumanenes (3X) obtained at the B3LYP/cc-pVDZ level.

Scheme 3

Table 3. Bowl Depth, BD (A), and POAV Angles (Deg) at
the Hub, Rim-Quat, and Rim Carbons (POAVhupb,
POAV im-quat, and POAV im, Respectively) and the Dipole
Moment (u in Debye) for the Heterosumanenes (3X)
Obtained at the B3LYP/cc-pVDZ Level

structure2  BD (A) POAVhw POAViim—quat POAVim u (D)
30 1.492 101.9 96.5 93.0 1.97
3NH 1.336 100.8 95.6 92.6 4.88
3CH> 1.143 98.8 94.9 92.3 2.10
3BH 0.914 96.9 95.2 91.8 127
3s 0.656 95.2 92.9 91.0 1.03
3PH 0.118 91.0 91.8 90.0 1.33

a For 3PHg3;, 3Si, 3SiHy, and 3AIH, the planar structure is the
minimum, so the bowl depth will be zero and the POAV angles
will be 90°.

correspond to minima on the respective potential energy
surfaces. The flat D3y, structure of 3PH has been char-
acterized as a third-order saddle point, and the nor-
mal modes of the three imaginary frequencies corre-
spond to the pyramidal inversion at the three phos-
phorus atoms. Since none of the normal modes corre-
sponding to the imaginary frequencies represent the
transition state for the bowl-to-bowl inversion, 3PH also
does not undergo inversion.*? However, the skeleton

—n— POAthb
s L —o—POAV,
—eo— POAV,
100 4 .\ im
— n
8§ o8 \
j=2}
3 o u
@ %] T~ \
2 T——0. n
O
> 944 \
S o
o TTe— ©
921 T—e 0
~— e \
901 \o
T T T T T T T
o) NH CH, BH s PH [PH,, Si,
SiH,, AlH]

Figure 3. Plot of the POAV angles at the hub, rim-quat, and
rim carbons of the heterosumanenes (3X) computed at the
B3LYP/cc-pVDZ level of theory.

Table 4. Bowl-to-Bowl Inversion Barrier, AE* (in kcal/
mol), Enthalpy of Activation, AH* (in kcal/mol), Reaction
Energies, AE(1) and AE(2) of Reactions 1 and 2 (in
kcal/mol), and Chemical Hardness, n (in eV), of the
Heterosumanenes (3X) Obtained at the B3LYP/cc-pVDZ

Level
AE* AH* AE(1) AE(2) n

X (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (eV)
30 69.6 68.3 130.0 80.7 2.14
3NH 44.1 43.3 125.6 78.0 1.99
3CH:> 18.2 17.5 63.3 20.3 2.35
3BH 6.6 6.0 10.7 —22.3 1.33
3S 1.9 1.6 76.4 29.8 2.13
3PH2 35.3 —-9.1 2.30
3PH3 b b 15.2 —26.6 2.19
3Si b b -8.0 —45.1 111
3SiH; b b 7.1 —38.6 2.16
3AIH b b -8.0 —56.6 1.65

2 The energy difference between the Cs, and Dsp structures is
85.6 kcal/mol, which in this case does not correspond to the
inversion barrier. ® The equilibrium structure is flat.

(devoid of hydrogens) of the Cs, structure of 3PH, which
is characterized as a minimum, is virtually flat with the
hydrogens connected to the three phosphorus atoms
heavily puckered. Therefore, the bowl-to-bowl inver-
sion barrier seems to be exclusively controlled by the size
of the substituent and independent of any electronic
factors.
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Scheme 4

x
+ Q — x + 3\ .eql
) x
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:?i)x 3= — x + 6H,  eqn2
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3.4 Stability of the Heterosumanenes. The ther-
modynamic stability of the heterosumanenes 3X are
assessed using the homodesmic egs 1 and 2 given in
Scheme 4; the corresponding reaction energies AE(1) and
AE(2) obtained at the B3LYP/cc-pVDZ level are given in
Table 4. Although the ordering of the thermodynamic
stabilities are very similar in both cases, eq 2, where
trindene (2CHy) is taken as reference uniformly gives
higher stability compared to eq 1 where triphenylene (1)
is taken as reference. The stability as such seems to be
controlled by two factors, namely the size of the hetero-
atom and the total z-electron count of the buckybowl. A
general feature is that the thermodynamic stability
increases as the size of the heteroatom increases, simply
due to the favorable strain energy. However, 247-systems
(X = 0, S, NH, and PH) exhibit lower stability partly
because of the way the homodesmic equations are set up.
Since these two factors compete in deciding the stability,
direct correlation between the thermodynamic stability
is not possible when taking the 18z and 24x electron
systems together. However, within a given m-electron
count the size of the heteroatom exclusively controls the
thermodynamic stability of the heterobowls, a result
which is consistent with previous observations.?®~3! Com-
pared to sumanene, only 30, 3NH, and 3S are found to
be unstable. 3S, which is computed to be less stable than
sumanene and most other heterosumanenes, has been
synthesized recently.®

Chemical hardness (), which may be defined as =
(ELumo — Enomo)/2, within the Koopman's approximation,
was found to be a good measure of the stability of the
system.*® The measured 5 values for all the hetero-
sumanenes (3X) considered here are given in Table 4.
Surprisingly, sumanene (3CH;) was computed to be the
hardest of all the considered, and so it is the most stable
in that sense. This analysis also indicates that # values
are too low for X = BH, Si, and AlH, indicating that these
compounds will be very reactive and might provide severe
challenges to synthetic attempts. Thus, 5 indicates that
18x-systems with fully extended m-framework are less
stable and the stability of the rest are comparable. Both
the homodesmic equations and chemical hardness analy-
sis point that this class of compounds is fairly stable and
synthetic attempts toward these compounds should be
rewarding.

3.5. Structure—Inversion Barrier Relationship.
The importance of structure—energy correlations in
elucidating the reaction mechanisms was recognized long
time back.?” Burgi and Dubler-Steudle, in a ring-inver-
sion study, showed that a quartic function fits the
activation energy of a ring inversion and the distortion
from the planarity in a series of metallocyclopentenes.?’2
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Figure 4. Plot showing the correlation of bowl depth and the
bowl-to-bowl inversion barrier (shown in thick dotted lines).
Thin dotted lines correspond to the empirical double-well
potentials for the bowl structures and single-well potential for
the flat minima. The thick dotted line is fit with a quartic
function and the dotted lines by a mixed quartic/quadratic
function. The continuous line corresponds to the computed
results.

Siegel et al. have tested that the quartic function excel-
lently fits the experimentally (or computationally) de-
termined inversion barrier, for a series of substituted
corannulenes, and their bowl depth.?8

However, Burgi and Siegel et al. have shown that a
closer analysis reveals that there is an attractive and
repulsive part which results in a double well potential 2”2
The double-well potential is nothing but a function of
X, which is a quartic minus quadratic type as given in
eq 1.

E = ax* — bx? (3)

At the equilibrium geometry of the bowl structure, i.e.,
at the minima, the first derivative of energy with respect
to the reaction coordinate should vanish, (AE/Ax) = 0.

Therefore,

4ax® — 2bx =0 (4)
Solving eq 2, we get
x = 0; x* = bl2a = b = 2ax,,’ (5)
—AE" = E(Xyq) — E(X)

Xeq 1S the bowl depth at the minima and X, is that in the
transition state, which is zero.

—AE" = (aXy,* — 2a%e,Xeg)) — 0= —aXe,'  (6)

So, a quartic function nicely correlates the bowl-to-bowl
inversion barrier and the bowl depth in this class of
compounds (eq 6), as shown in Figure 4. Figure 4 reveals
that at higher bowl depths the potential is much steeper,
and in contrast, the potential is much softer at smaller
bowl depths, similar to Siegel's structure—energy cor-
relations of substituted corannulenes.?® Therefore, small
perturbations either in solvent or steric effect by adding
bulky groups, for the flat minima and bowls with smaller
curvature should lead to substantial changes in the
geometry. However higher levels of perturbation are
required to change the shape and bowl depth for the
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Scheme 5

(a) Triphenylene Route:

N
P = \ =
N 7
X
7X 8X

deeper bowls. The single-well potential observed for 3X,
X = PH, PHjs, Si, SiH,, and AlH, indicates that the energy
increases along the bowl inversion mode when x deviates
from zero. Of course, the shape of the single well depends
on the nature of substituent, and only an idealized
picture is given in Figure 4. These single-well and double-
well potentials are reminiscent of the situation in the
pyramidal inversion of BH3; and NHj3 respectively.

Transition metal complexation to fullerenes is re-
stricted mostly to #? type; #° and #® coordinations are
rare.®® Fullerenes, with their splayed orbitals rendering
reduced overlap, will be unfavorable due to their rigid
geometry in terms of orbital compatibility.5! Also due to
the inherent rigidity of fullerenes, they do not leave much
scope for chemical manipulations. In contrast, the het-
erobuckybowls, with their flexible geometry provides
much scope for 1® complexations either with the hub or
the rim benzenoid rings.

3.6. Synthetic Strategies: Triphenylene versus
Trindene Route. Ring closure strategies starting from
a suitably functionalized hydrocarbon skeleton were
found to be the most successful synthetic strategies for
buckybowls. We conceived two idealized Cz-symmetric
pathways, namely a triphenylene route and a trindene
route, which could target the buckybowl in a sequential
ring-closure process (Scheme 5).

The reaction energies of the dehydrogenations (tri-
phenylene route) 4X — 5X — 6X — 3X and the reaction
energies of the isomerization reactions (trindene route)
7X — 8X — 9X — 3X were calculated (Scheme 5) using
the B3LYP/cc-pVDZ single-point calculations done on the
corresponding MNDO equilibrium geometries. The reac-
tion energies obtained via the triphenylene and the
trindene routes are plotted against the number of bridges
and given in Figures 5 and 6, respectively. Along the
triphenylene route, the strain buildup increases and the
third bridging becomes crucial, and hence, the synthesis
of both 3CH; and 3S could not be achieved through this

(49) (a) Pearson, R. G. J. Org. Chem. 1989, 54, 1423. (b) Zhou, Z,;
Parr, R. G. Tetrahedron Lett. 1988, 29, 4843. (c) Zhou, Z.; Parr, R. G.
J. Am. Chem. Soc. 1989, 111, 7371. (d) Minsky, A.; Meyer, A. Y.;
Rabinovitz, M. Tetrahedron 1985, 41, 785. (e) Pearson, R. G. J. Am.
Chem. Soc. 1988, 110, 2092.

(50) Jemmis, E. D.; Manoharan, M.; Sharma, P. K. Organometallics
2000, 19, 1879.

(51) Jemmis, E. D. J. Am. Chem. Soc. 1982, 104, 7017.

-H

XH
e O
— XH — =

L

5X

i

1504 Triphenylene Route

—a—0
—o— NH
—A—CH,
—vy—BH
——S
—E—PH
—0—PH,
—b—Sj
—v—8iH,
—o—AH

125+
100 4
75 4

50

AE (kcal/mol)

254

(=]
=y
N
w -

# of bridges

Figure 5. Reaction energies (Scheme 5a), which correspond
to the strain energy buildup, obtained for the sequential ring
closing to form heterosumanenes (3X) via the triphenylene
route.
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Figure 6. Reaction energies (Scheme 5b), which correspond
to the strain energy buildup, obtained for the sequential ring
closing to form heterosumanenes (3X) via the trindene route.

route.?>% The energy difference decreases with the
increasing size of the atom, and the strain buildup in each
step when X = PH, Si, SiH,, and AlH indicates that the
synthesis of these compounds might be achieved by
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following the triphenylene route itself. Along the trindene
route, all the reaction energies are negative, indicating
the feasibility of the formation of 3X. Figures 5 and 6
indicate that as the size of the heteroatom increases, the
strain energy buildup becomes uniform in both triphen-
ylene and trindene routes. A closer look at Figures 5 and
6 also indicates that 18z systems are much more facile
than the 247 system. But, it is to be noted that the
synthesis of suitably functionalized precursors is the key
in all these cases and our computational results ensure
that once a trindene precursor is prepared, effecting the
sequential ring closures is easier. So, the syntheses of
3X may be achieved once the precursors for the trindene
route are achieved. Our theoretical studies®5? clearly
account for the success of Otsubo et al.?® in the synthesis
of trithiasumanene, 3S in the trindene route. Similarly,
the failure to achieve the final ring-closure step for 3S,
by Klemm et al.,® and 3CH,, by Mehta et al.,?> are
obvious from the above analysis.

4. Conclusions

A systematic computational study of the hitherto less
explored heterobuckybowls has revealed the interrela-
tionship among the bowl depth, inversion barrier, and
synthetic feasibility. The bowl depth and the bowl-to-bowl
inversion barrier were found to be largely controlled by
the size of the heteroatom. Significant variations in the
bond alternations as a function of substituents are
observed; the bond length alternation computed in 2BH
was found to match with the highest value reported for
benzenoid rings.3*¢ While the bowl depth and inversion
barrier depends on the size of the substituent and the
concomitant strain energy buildup in the polycyclic
skeleton, the bond alternation is controlled mainly by the
electronic factors.

(52) (a) Jemmis, E. D.; Sastry, G. N.; Mehta, G. J. Chem. Soc., Perkin
Trans. 2 1994, 437. (b) Dinadayalane, T. C.; Sastry, G. N. Tetrahedron
Lett. 2001, 42, 6421.

(53) Klemm, L. H.; Hall, E.; Cousins, L.; Klopfenstein, C. E. J.
Heterocycl. Chem. 1989, 26, 345.

(54) Hedberg, L.; Hedberg, K.; Cheng, P.-C.; Scott, L. T. J. Phys.
Chem. A 2000, 104, 7689.
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The energy profile of the heterobuckybowls was fit to
a double-well potential, which results in an empirical
correlation between the bowl-to-bowl inversion and the
bowl depth, which parallels the structure/energy correla-
tions of Burgi?” and discussed recently by Siegel et al.,
in substituted corannulenes.?® The differences in the
bowl-to-bowl inversion barriers nicely correspond to the
perturbations in the strain energy of the reference flat
structure, which in turn seems to be controlled exclu-
sively by the size of the heteroatom. Thermodynamically,
most of these yet unknown heterobowls are found to be
more stable than the already synthesized trithiasumanene
(8S), and this should encourage experimental studies
directed toward this fascinating class of compounds.?3
Additionally, the chemical hardness which gauges the
reactivity does not show very low values, indicating that
these compounds, if synthesized, should show reasonable
kinetic stability. Suitable synthetic strategies delineated
in the present study should make this very promising
class of compounds accessible. The present study un-
equivocally proves that larger heteroatom substituents
on the periphery leads to flat structures with reduced
bowl-to-bowl inversion barriers, and the ring-closure
strategy to synthesize the bowl shaped molecules would
greatly benefit by larger heteroatom substitutions.
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