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Abstract—Computational analyses of the five possible functional group rotations in 1,3,5-tris(pentaphenylphenyl)benzene (1) were con-
ducted at three disparate levels of theory: AM1, HF/STO-3G, and B3LYP/6-31G(d). The ground state and transition state structures were
located for all of the conformational reactions, and the free energies of activation for these processes were calculated. In addition, compound
1 was resolved by low-temperature chromatography on a chiral support, and its barrier to racemization was determined by dynamic chroma-
tography. These computational and experimental results are compared with data from dynamic NMR studies of 1 in the literature.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The synthesis and structural characterization of ‘polypheny-
lene nanostructures’ have been a major research enterprise in
recent years.1 In the design and evaluation of these struc-
tures, chemical notions of molecular ‘rigidity’ and ‘flexibi-
lity’ are frequently invoked, but there have been relatively
few investigations, either experimental or computational,
of the dynamic properties of these large molecules.2–4

Because of their size, the experimental spectra of polyphe-
nylenes are usually complex, and computational work at
even moderate levels of theory is quite onerous. Both factors
have discouraged detailed studies of the dynamic properties
of complex polyphenylenes. In addition, even where exper-
imental and computational studies exist for the same mole-
cule, it is no simple matter to compare the results in
a meaningful way.

For this reason the work of Komber and co-workers,3,4 who
have used dynamic NMR spectroscopy to study functional
group rotations and other conformational processes in a vari-
ety of highly branched polyphenylenes, is particularly im-
portant. Because the solution NMR spectra can be
unambiguously assigned, the identity of the conformational
process under examination is certain. One of the molecules
that they investigated—1,3,5-tris(pentaphenylphenyl)ben-
zene (1, Scheme 1)—is especially well suited for the
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comparison of theory with experiment. This is one of the first
polyphenylene dendrimers to have been prepared and crys-
tallographically characterized.5 It is a fairly large molecule
(C114H78), but, because of its high symmetry (D3), its proton
and carbon NMR spectra are reasonably simple, and the
number of distinct functional group rotations in this mole-
cule is small.

Compound 1 is a chiral molecule, a molecular propeller, and
both enantiomers are illustrated in Scheme 1. There are five
processes that involve rotations about arene–arene bonds in
1. The simplest are the rotations of the three chemically
inequivalent phenyl rings A, B, and C about bonds a, b, and
c, respectively. A fourth process is a 180� rotation of one of
the pentaphenylphenyl ‘blades’ about bond d. The fifth, per-
haps less obvious process is the concerted 60� rotation of all
three blades that interconverts the two enantiomers of com-
pound 1.

By good fortune, experimental data exist that bear on the free
energies of activation (DGz) for at least three of these five
processes. In Tong et al.’s original paper describing the syn-
thesis of 1, the barrier to 180� blade rotation was determined
to be 18.9 kcal/mol by variable temperature (VT) proton
NMR studies of a hexamethoxy derivative of 1.5 Komber
et al., also using VT proton NMR, measured the barriers
for the rotations of rings A and B to be 16.9 and 18.0 kcal/
mol, respectively.4 In addition, Tong et al. recorded the car-
bon NMR spectrum of 1 at room temperature and observed
only 18 lines, the number expected for rapid phenyl rotation
or rapid enantiomerization (or both) in compound 1.5 How-
ever, when Komber et al. recorded the same spectrum at
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higher field (125.2 MHz vs 67.9 MHz for Tong et al.), they
resolved three pairs of closely spaced lines, yielding a total
of 21 observed resonances.3 This result might reflect either
slow phenyl rotation in 1 or slow interconversion of the
enantiomers.

How well do modern computational methods describe the
conformational reactions of a complex molecule such as
compound 1? Computational packages such as Gaussian
036 contain powerful algorithms for finding and characteriz-
ing transition state (TS) structures in such reactions, and the
difference in the calculated energies of the transition state
and the ground state structures can be compared directly to
the experimental DGz’s for these processes. In this paper
we report computational analyses of the five conformational
reactions of compound 1 at three very different levels of the-
ory: semiempirical molecular orbital calculations (AM17),
low-level Hartree–Fock calculations (HF/STO-3G8), and
the common hybrid density functional method B3LYP/
6-31G(d).9,10 In addition, we report the experimental resolu-
tion of compound 1 into its enantiomers and provide an es-
timate for the barrier to racemization (DGzrac). The results
of the calculations and new and existing experimental data
are compared with the hope that a reasonable level of theory
may be chosen for future studies of the conformational dy-
namics of large polyphenylenes. In addition, for pedagogical
purposes, we have described as carefully as possible the pro-
cess by which the various computational minima and saddle
points were located and characterized for this unusually
large molecule.

2. Results

2.1. The ground state structure of compound 1 and the
effect of symmetry on transition state analysis

Both crystallographically independent molecules in the
X-ray structure of 1,3,5-tris(pentaphenylphenyl)benzene
(1) are molecular propellers that possess approximate D3

symmetry,5 and preliminary studies using molecular me-
chanics (Sybyl,11 MMFF12), semiempirical (AM17), ab initio
(HF/STO-3G, HF/3-21G8), and density functional [B3LYP/
6-31G(d)9,10] calculations all indicated that the likely ground
state conformation of compound 1 possesses exact D3
symmetry. There are, of course, two enantiomers of this D3

conformation. Only at the HF/STO-3G level has any other
potential minimum been located, a C3h-symmetric structure
to be discussed shortly.

The presence of only two, enantiomeric potential minima in
a molecule of relatively high symmetry is a favorable situa-
tion for the computational analysis of its conformational re-
actions. First, any one-dimensional TS (a saddle point of
order 1) that is located computationally for compound 1
must characterize either (1) a degenerate functional group
rotation (in the absence of labels) that links two molecular
propellers of the same chirality or (2) a conformational pro-
cess that interconverts the two enantiomers (an ‘enantiome-
rization’ or racemization reaction). Second, it is quite
possible that the TS structures for some of the conforma-
tional interconversions will themselves possess a symmetry
element, and this will greatly simplify the search for the tran-
sition states. In addition, any TS that contains a mirror plane
necessarily connects the two enantiomers and represents
a pathway for the racemization of compound 1.

Computational geometry optimizations that employ symme-
try constraints require vastly less time than unconstrained
optimizations. Analytical frequency calculations can then
be used to characterize these symmetric structures as poten-
tial minima, one-dimensional transition states, or higher or-
der saddle points, and these calculations also require much
less timewhen symmetry is present. Optimizations of the geo-
metry of compound 1 under the constraint of D3 symmetry
at the AM1, HF/STO-3G, and B3LYP/6-31G(d) levels yield
propeller-shaped structures that strongly resemble the
X-ray crystal structure of 1. Frequency calculations at all
three levels indicate that these structures are potential minima
(the frequency calculations yield zero imaginary normal
modes for each, as indicated in Table 1). A stereoview of
the B3LYP/6-31G(d)-optimized structure of D3-1 is illus-
trated in Figure 1. The energies of these structures (including
the zero-point energy corrections obtained from the fre-
quency calculations) are taken to be the ground state energies
of compound 1 at their respective levels of theory. In this pa-
per, the zero-point corrected relative energies [D(E+ZPE)] of
the calculated structures are found in Table 1, as well as the
calculated relative free energies [DG298] for comparison
with the experimental DGz’s, where available.



11904 R. A. Pascal et al. / Tetrahedron 63 (2007) 11902–11910
Table 1. Calculated energies for conformations and conformational transition states of 1,3,5-tris(pentaphenylphenyl)benzene (1) at three levels of theory

Conformation Symmetry AM1 HF/STO-3G B3LYP/6-31G(d) Exptl DGz (T)

DEcorr DG298 nI DEcorr DG298 nI DEcorr DG298 nI nmin

Ground state (1) D3 0.0 0.0 [0] 0.0 0.0 [0] 0.0 0.0 [0] {+7.5} 0.0
Triple 60� blade

rotation TS
D3h 26.4 37.3 [8] 31.8 40.7 [8] 33.4 41.0 [8] {�45.0}

Triple 60� blade
rotation TS

C3h 17.8 18.9 [1] 26.3a 23.6 [0] 22.8 20.8 [1] {�12.8} 20.8 (288 K)d,e

180� Blade
rotation TS

C2v 21.5 26.7 [2] 28.7 29.7 [2] 28.8 31.0 [4] {�19.5}

180� blade
rotation TS

Cs 20.0 21.5 [1] 28.7 27.2 [1] 26.5 26.8 [2] {�16.9}

180� blade
rotation TS

C1
b b 24.6 25.4 [1] {�11.7} 18.9 (333 K)f

Ring A rotation TS C1 16.0 16.7 [1] 25.6 25.8 [1] 19.1 19.9 [1] {�53.7} 16.9 (352 K)g

Ring B rotation TS C1 16.3 19.0 [1] 25.7 26.3 [1] 19.8 20.2 [1] {�79.8} 18.0 (374 K)g

Ring C rotation TS C2 18.0 22.5 [2] 24.4 24.1 [1] 21.1 24.5 [2] {�98.0}
Ring C rotation TS C1 16.7 19.1 [1] c 19.8 20.8 [1] {�79.2}

For each entry, the zero-point corrected relative energy [DEcorr¼D(E+ZPE), kcal/mol] is given, followed by the relative free energy [DG298], and the number of
imaginary frequencies [nI] in brackets (the calculated absolute energies (E), zero-point corrected energies (E+ZPE), and free energies (G298) are found in the
Supplementary data.). For the B3LYP stationary points, the lowest calculated frequency (nmin, cm�1) is given in braces. The experimental free energies of
activation for the rotations corresponding to the calculated transition states, where known, are given in the last column.
a No TS has been located connecting the D3 and C3h minima at the HF/STO-3G level.
b Not applicable; the TS structure has Cs symmetry at this level.
c Not applicable; the TS structure has C2 symmetry at this level.
d This work.
e This experimental DGz may correspond to the 60� rotation, the 180� rotation, or a combination of both (see text).
f Ref. 5.
g Ref. 4.
With the likely ground state of compound 1 properly charac-
terized, the next step is to identify which of the five rotations
depicted in Scheme 1 might proceed through symmetric
transition states. It is clear that the TS structures for the ro-
tations of rings A and B (about bonds a and b, respectively)
are unlikely to possess any symmetry. However, the bonds c
and d lie on C2 axes in compound 1, and thus the conforma-
tional interconversions that involve rotations about these
bonds (the ring C rotations and the pentaphenylphenyl blade
rotations, respectively) might possess symmetric TS struc-
tures. Once the symmetric stationary points have been chara-
cterized, the more onerous task of locating the asymmetric
transition states will be undertaken.

2.2. The triple 60� blade rotation transition state

Of the processes identified in Scheme 1, the triple 60� blade
rotation TS is the only one that might retain the C3 axis of
compound 1. Indeed, one can imagine a TS for this process
in which all three blades are perpendicular to the central ring
in a D3h-symmetric structure. (D3h is the highest symmetry
that compound 1 may attain.) However, geometry optimiza-
tions for compound 1 under the constraint of D3h symmetry
at the AM1, HF/STO-3G, and B3LYP/6-31G(d) levels of
theory, followed by frequency calculations, indicate that
D3h-1 is a saddle point of order 8 (!) at all three levels (Table
1). Therefore, such a structure is chemically irrelevant.

How else might a triple blade rotation proceed? A high-
symmetry alternative would be to bend the ‘tops’ of all three
propeller blades in the same direction to yield a C3- or C3h-
symmetric structure that would evolve into the enantiomeric
propeller by the subsequent bending of the ‘bottoms’ of the
blades in the opposite direction. Such a process is shown
schematically in Scheme 2. It was therefore pleasing to
find that geometry optimization of compound 1 under the
constraint of C3h symmetry, followed by frequency calcula-
tions, showed that C3h-1 is indeed an important structure for
the racemization of compound 1. At the AM1 and B3LYP/
6-31G(d) levels there is only one imaginary frequency, and
animation of the imaginary normal mode indicates that
C3h-1 is a plausible TS for the triple blade rotation. Further-
more, any slight distortion of the structure that breaks the
mirror plane, followed by geometry optimization, results
in one or the other enantiomer of D3-1, as expected for a gen-
uine TS. A stereoview of the B3LYP/6-31G(d)-optimized
structure of C3h-1 is illustrated in Figure 1.

The calculated free energies of C3h-1 at the AM1 and B3LYP/
6-31G(d) levels are 18.9 and 20.8 kcal/mol, respectively,
above those of D3-1 (see Table 1); thus these are estimates of
DGz for the enantiomerization of compound 1. If true, then
the half-life for the racemization should be at most a few min-
utes at room temperature. As will be seen from an experimen-
tal study described later, this is an excellent estimate.

Interestingly, at the HF/STO-3G level C3h-1 is a potential
minimum, not a transition state, and it is the only other
potential minimum located for compound 1 at any level of
theory. Despite a great deal of effort, no TS was found that
linked the D3 and C3h minima at the HF/STO-3G level.
However, the calculated free energy of this intermediate is
23.6 kcal/mol above the ground state, and this places a lower
limit on the DGzrac that is rather higher than those calculated
at the AM1 and B3LYP/6-31G(d) levels.

2.3. The 180� blade rotation transition state

The rotation of a single blade about bond d cannot have a TS
structure that retains the C3 axis of compound 1. The highest
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Figure 1. Stereoviews of calculated stationary point structures for compound 1. Top to bottom: the B3LYP/6-31G(d) ground state (D3), the B3LYP/6-31G(d)
triple 60� blade rotation TS (C3h), the HF/STO-3G 180� blade rotation TS (Cs), and the B3LYP/6-31G(d) 180� blade rotation TS (C1). The solid black spheres
are the carbon atoms around which the principal bond rotations occur.
symmetry that such a TS may possess is C2v, where two of
the blades are perpendicular to the central ring and the third,
rotating blade is parallel. Geometry optimizations of such
a structure at the usual levels under the constraint of C2v

symmetry, followed by frequency calculations, indicated
that C2v-1 is a saddle point of order 2 at the AM1 and
HF/STO-3G levels, and a saddle point of order 4 at the
B3LYP/6-31G(d) level (Table 1). The simpler situation at
the lower two levels of theory will be analyzed first.

Animation of the imaginary normal modes of C2v-1 at the
AM1 and HF/STO-3G levels showed that the mode not



11906 R. A. Pascal et al. / Tetrahedron 63 (2007) 11902–11910
Ph

PhPh

Ph Ph

Ph

Ph

Ph

Ph

Ph

Ph
Ph

Ph

Ph

Ph

Ph

PhPh

Ph Ph

Ph

Ph Ph

Ph
Ph

Ph Ph
Ph

Ph
Ph

Ph

Ph Ph

PhPh

Ph

Ph

Ph

Ph

Ph

Ph
Ph

Ph

Ph

Ph

‡

(P)-D3-1 (M)-D3-1C3h-1

Scheme 2.
corresponding to the blade rotation was a distortion that re-
duced the symmetry of the molecule to Cs. This suggested
that lowering the symmetry to Cs might produce a one-
dimensional 180� blade rotation TS. The appropriate desym-
metrization of C2v-1, followed geometry optimizations and
frequency calculations at both levels, did indeed yield Cs-
symmetric TS structures that possess only one imaginary
normal mode (Table 1). Animation of this mode confirmed
that Cs-1 is a TS for 180� blade rotation at these levels of the-
ory, and a stereoview of HF/STO-3G-optimized Cs-1 is illus-
trated in Figure 1. Why might such a rotation proceed
through a Cs-symmetric TS? Examination of the structure
of Cs-1 in Figure 1 shows that with mirror symmetry the
two rings A on the rotating blade can be flattened against
the bulk of the two perpendicular blades, thus minimizing
the barrier to rotation. In this regard, the calculated free en-
ergies of Cs-1 at the AM1 and HF/STO-3G levels are 21.5
and 27.2 kcal/mol, respectively, above those of D3-1 (see
Table 1). These estimates of DGz for the 180� blade rotation
are a bit higher than the experimental value of 18.9 kcal/mol
observed for a hexamethoxy derivative of 1.5

It is worth noting that, for a molecule of the complexity of 1,
it is possible that more than one TS exists for the 180� blade
rotation. Thus, there could conceivably be a C2- or C1-
symmetric TS for this process that is lower in energy than
Cs-1, but such a TS was not found. Another important feature
of the Cs-symmetric 180� blade rotation TS structure is that,
because of its mirror symmetry, this structure can evolve into
either enantiomer of D3-1, and thus 180� blade rotation pro-
vides an alternative path for the racemization of compound 1
(at least at these lower two levels of theory).

The process of 180� blade rotation is slightly more complex
at the B3LYP/6-31G(d) level. Geometry optimization and
frequency calculations for Cs-1 at this level found this struc-
ture to be a saddle point of order 2. A further lowering of the
symmetry is required to find a genuine TS, and for the first
time the QST3 option in Gaussian 03 would have to be em-
ployed in order to locate the TS structure. (This algorithm
requires initial and final structures and a TS guess structure,
and the efficiency of the algorithm is strongly dependent on
the quality of the guess.) Animation of the normal mode in
Cs-1 that does not correspond to the blade rotation suggested
that a reasonable C1-symmetric TS guess might be formed
by bending the two vertical blades slightly in the same direc-
tion around the central ring. When such a distortion was ap-
plied, and the resulting structure employed as a TS guess for
the QST3 option, no TS was found at the B3LYP/6-31G(d)
level.

In such a situation, there are generally two ways to proceed.
The first is to find a better force constant matrix for the
optimization, and the second is to find a better TS guess
structure. In this case, the program was first instructed to cal-
culate the force constants at the HF/STO-3G level before be-
ginning the TS search at the higher level, but this also failed
to yield a transition state. For the next attempt, the same
guess structure was employed for a TS search at the HF/3-
21G level; and this calculation did yield a C1-symmetric
TS structure (verified by a frequency calculation). The HF/
3-21G TS structure was now employed as a TS guess for
a new B3LYP/6-31G(d) search, but once again no TS was
found at this level. In near desperation, the HF/3-21G TS
structure was used as the guess for a search at the HF/6-
31G(d) level, in the hope that the incremental variation of
the basis set, but not the method, would be successful. For-
tunately, this approach yielded a C1-symmetric TS structure,
and the new HF/6-31G(d) TS was employed as the guess for
yet another B3LYP/6-31G(d) TS search. This search finally
gave the elusive TS, and the TS structure is illustrated in Fig-
ure 1. At the B3LYP/6-31G(d) level, the calculated free en-
ergy of the 180� blade rotation TS is 25.4 kcal/mol above the
ground state, rather higher than the experimental value.

2.4. The ring C rotation transition state

The rotation of ring C is the only other conformational inter-
conversion in compound 1 that might possess a symmetric
TS structure. Using the QST3 option in Gaussian 03, the
search was limited to structures with C2 symmetry by choos-
ing a C2-symmetric TS guess. This was achieved simply by
rotating one of the rings C of D3-1. Starting from this guess,
stationary points were located at all three levels of theory. At
the AM1 and B3LYP/6-31G(d) levels, these C2 structures
are saddle points of order 2, but at the HF/STO-3G level,
C2-1 is a one-dimensional TS, and this structure is illustrated
in Figure 2. At the AM1 and B3LYP/6-31G(d) levels, the C2

saddle points were desymmetrized, and the QST3 option
was again used to locate the C1-symmetric transition states
for ring C rotation. Generally speaking, TS searches involv-
ing a simple process such as a phenyl rotation are much less
difficult than ones involving large groups such as the blade
rotation described in Section 2.3, and the ring C rotation
TS searches converged without difficulty. The B3LYP/6-
31G(d) ring C TS structure is also illustrated in Figure 2.
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Figure 2. Stereoviews of calculated stationary point structures for compound 1. Top to bottom: the B3LYP/6-31G(d) ring A rotation TS (C1), the B3LYP/
6-31G(d) ring B rotation TS (C1), the HF/STO-3G ring C rotation TS (C2), and the B3LYP/6-31G(d) ring C rotation TS (C1). The solid black spheres are
the carbon atoms around which the principal bond rotations occur.
The calculated free energies of the AM1, HF/STO-3G, and
B3LYP/6-31G(d) transition states for ring C rotation are
19.1, 24.1, and 20.8 kcal/mol, respectively, above those for
D3-1 (see Table 1). Unfortunately, there exists no experimen-
tal DGz for this process for comparison.
2.5. The ring A and ring B rotation transition states

The C1-symmetric transition states for the ring A and ring B
rotations were located without difficulty by using the QST3
option in Gaussian 03, and frequency calculations on these
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TS structures yielded one imaginary frequency for each, as
expected (see Table 1). Stereoviews of both B3LYP/6-
31G(d)-optimized rotational transition states are illustrated
in Figure 2. As with the rotation of ring C, the ring A and
ring B phenyl rotations have only limited effects on the
structure of compound 1 in parts of the molecule remote
from the rotating groups.

The free energies of the ring A rotation transition states at the
AM1, HF/STO-3G, and B3LYP/6-31G(d) levels were 16.7,
25.8, and 19.9 kcal/mol above the ground state, the first com-
paring most favorably with the experimental DGz of
16.9 kcal/mol.4 Similarly, the free energies for the ring B
rotation transition states were 19.0, 26.3, and 20.2 kcal/mol
above the respective ground states at the three levels of
theory, and once again the AM1 estimate was nearest to the
experimental DGz of 18.0 kcal/mol.4

2.6. Chromatographic resolution of compound 1

The computational results at all three levels of theory sug-
gest that racemization of compound 1 most likely proceeds
through triple 60� blade rotation, and the calculated barriers
for this process are high enough (19–24 kcal/mol) to permit
the resolution of 1 into its enantiomers, if not at room tem-
perature, then at temperatures only slightly below. We
have often employed chromatography on chiral media to re-
solve complex aromatic compounds,13–15 and this seemed to
be the simplest approach for the resolution of compound 1.
The results are illustrated in Figure 3.

0 2 4 6 8 10 12 14 16
Time (min)

Figure 3. Chromatographic resolution of compound 1 at 5 �C (top), 15 �C
(middle), and 22 �C (bottom). A Chiralcel OD column (25�0.46 cm) was
employed; the compounds were eluted with ethanol (1 mL/min) with detec-
tion at 254 nm.
When chromatographed on a Chiralcel OD analytical col-
umn in ethanol at room temperature, compound 1 eluted as
a single broad peak. However, at 15 �C, the chromatogram
showed the characteristic profile of two slowly interconvert-
ing enantiomers, and at 5 �C, nearly complete resolution was
observed. The resolution did not improve at lower tempera-
tures. This is a favorable situation for the determination of
enantiomerization rate constants by dynamic chromato-
graphy, and by using the method of Trapp,16 k288K was found
to be 5.04�10�4 s�1. From the Eyring equation, and assum-
ing a transmission coefficient of 0.5, DGzrac is 20.8 kcal/mol
at 15 �C.

3. Discussion

3.1. Ring rotation transition states

The A, B, and C ring rotations in compound 1 are not likely
to be greatly different from those in simple hexaphenylben-
zene derivatives, for which the experimentally determined
barriers are 17–18 kcal/mol.17,18 It is true that buttressing ef-
fects from large remote groups in hexaphenylbenzenes can
raise the barriers slightly, but the effect is small.19 For com-
parison with the present data, the TS for phenyl rotation in
hexaphenylbenzene were located at the AM1, HF/STO-3G,
and B3LYP/6-31G(d) levels of theory (data not shown). At
all three levels, the TS structures possess Cs symmetry and
strongly resemble the ring rotation TS structures illustrated
in Figure 2 for compound 1, in which the rotating rings are
bent out of the planes of the central rings. The calculated
DG’s relative to hexaphenylbenzene’s D6 ground state
were 19.8, 21.7, and 17.4 kcal/mol; thus the B3LYP value
is in best agreement with the experimental data for these
simple molecules.

This was not the case for compound 1. For both the ring A
and ring B rotations, the AM1-calculated barriers (16.7
and 19.0 kcal/mol, respectively) were in excellent agree-
ment with the experimental values (16.9 and 18.0 kcal/
mol,4 respectively), but the B3LYP barriers were 2–3 kcal/
mol too high and the HF/STO-3G barriers an unacceptable
8–9 kcal/mol too high. The poor performance of the HF/
STO-3G method is perhaps not surprising; it frequently
gives anomalous energies for aromatic compounds.20 How-
ever, it is less obvious that the B3LYP estimate should be-
come poorer as the molecule gets larger; after all, the same
types of bonding and nonbonded interactions are present.
A possible explanation lies in the fact that B3LYP/6-
31G(d) calculations (and DFT methods in general) slightly
overestimate bond distances in unsaturated hydrocar-
bons.21–24 In small molecules this is a trivial effect, but in
larger molecules the accumulation of these systematic errors
can result in calculated molecular geometries that are signif-
icantly expanded when compared to experimental struc-
tures,23,24 perhaps leading to significant errors in the
energies.

3.2. Blade rotation transition states and implications for
the mechanism of racemization

The calculated blade rotation TS structures are much more
interesting than those for simple phenyl rotations, because
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the geometry of a large molecule such as 1 can respond in
unexpected ways to the motion of a large functional group.
On the one hand, the TS structure for the triple 60� blade ro-
tation (Fig. 1) retains very high symmetry (C3h) and is prob-
ably not too far from the structure that a chemist might guess
is the transition state for such a process. On the other hand,
the 180� blade rotation TS structures (Fig. 1) are of low sym-
metry and exhibit large distortions in directions not obvi-
ously related to the motion of the rotating group. In all of
these structures, but most especially in the B3LYP/6-
31G(d) TS, the central ring of the rotating blade is bent
into a boat conformation. This apparently allows the phenyl
groups ortho to the bond around which rotation occurs
(marked as solid spheres in Fig. 1) to bend as far away as
possible from the other two, non-rotating blades. Interest-
ingly, a very similar distortion of a pentaphenylphenyl blade
is observed in the crystal structure (and presumed ground
state) of decaphenylbiphenyl.25,26

The triple 60� blade rotation is the most likely process that
interconverts the two enantiomers of compound 1 (Scheme
1). Compound 1 cannot be resolved into pure enantiomers
at room temperature, but the resolution can be performed
at low temperature. The experimental barrier for the racemi-
zation of compound 1, DGzrac¼20.8 kcal/mol, was deter-
mined by dynamic chromatography16 of 1 on a chiral
support. The computational barrier was also found to be
20.8 kcal/mol at the B3LYP/6-31G(d) level, a perfect agree-
ment. The AM1 barrier was 2 kcal/mol too low, and the HF/
STO-3G TS was not located, but must be at least 3 kcal/mol
too high if it proceeds, as is likely, through a C3h-symmetric
intermediate.

At first glance the theory and experiment would be appear to
be in harmony, but a possible problem arises when one con-
siders the 180� blade rotation TS. At the B3LYP/6-31G(d)
level, the TS structure for this process has C1 symmetry
and does not interconvert enantiomers, but at the lower
AM1 and HF/STO-3G levels, the TS structure has Cs sym-
metry, and thus 180� blade rotation represents an alternative
pathway for racemization of 1. In the ‘computational world’
this is not a problem, because, at every level of theory, the
180� blade rotation is a higher energy process than triple
60� blade rotation. However, the experimental barrier for
180� blade rotation is only 18.9 kcal/mol,5 some 2 kcal/
mol lower than the experimental barrier for enantiomeriza-
tion. These results suggest that racemization does not occur
via 180� blade rotation, and thus the TS for this process can-
not have Cs symmetry. For this reason, the B3LYP/6-31G(d)
TS structure is more likely to resemble the true TS, even
though the B3LYP estimate of the 180� blade rotation barrier
is too high.

3.3. The ‘appropriate’ computational level

Previous computational studies of molecular motion in com-
plex polyphenylenes have chiefly employed empirical force
fields in molecular dynamics simulations, sometimes supple-
mented with semiempirical calculations.2a,c,f We are
unaware of any studies of the conformational reactions of
these large molecules that employ ab initio or density
functional calculations, and there are certainly none that
fully characterize transition state structures for such
conformational interconversions. On the other hand, the
use of density functional methods for such work may be ‘kill-
ing flies with sledgehammers’. In this study, each of the low-
symmetry B3LYP/6-31G(d) frequency calculations required
three weeks on our fastest computer! Was it worth it?

In fact, when one compares the calculated and experimental
free energies of activation for the four processes for, which
both values are available, the semiempirical AM1 method
gave the best performance. The average deviation of its cal-
culated barriers was only 0.4 kcal/mol from the experimen-
tal DGz’s, with a maximum deviation of only 2.6 kcal/mol.
In contrast, the HF/STO-3G method gave barriers that
were much too high, averaging 7 kcal/mol above the exper-
imental values. The accuracy of the B3LYP/6-31G(d) bar-
riers was significantly better, but these barriers still
averaged 3 kcal/mol higher than experiment.

Because there is no unusual bonding in these structures,
there is every reason to expect that a well-calibrated semiem-
pirical method should do well. Given that the B3LYP calcu-
lations required approximately 500 times the computational
resources to carry out as the AM1 calculations, there is no
good reason to recommend the higher level of theory. In-
deed, because all three methods employed here are calcula-
tions in the gas-phase, it is unlikely that any level of theory
will give perfect correspondence with experimental mea-
surements in solution. In order to reduce the errors to less
than 1 kcal/mol (an impressive feat!), it will undoubtedly
be necessary to include the solvent explicitly.

Nevertheless, there are valuable elements in the quantum
calculations reported here. Chief among them is that they
permit the viewing of the structures of bona fide computa-
tional transition states, giving the researcher a better idea
of the degree of flexibility in these complex molecules,
and the unusual motions and distortions required for pro-
cesses casually described as ‘functional group rotations’.
Moreover, the general similarity of the B3LYP TS structures,
so painfully obtained, to those derived at lower levels of the-
ory, gives one confidence that these calculated transition
states are reasonable, if still imperfect, descriptions of the
conformational reactions.
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