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ABSTRACT

High-level theoretical methods are applied to calculate the 3C NMR chemical shifts of three isomers of [10Jannulene. Comparison with experiment
clearly shows that the carrier of NMR signals of the so-called B form is the “twist” isomer. The results of this study strongly support predictions
of relative energies of mono-trans [10]annulene isomers at the CCSD(T) level, which in turn are in qualitative disagreement with DFT and MP2

calculations.

One of the cornerstones of organic chemistry is the concept

In 1967, van Tamelen and Burkdéthvere the first to

of aromaticity, a property predicted for cyclic hydrocarbons prepare [10]annulene. Four years later, Masamune &t al.
with 4n +2 electrons and epitomized by benzene. On this prepared crystalline formg\(andB) of this species resulting

basis, one might expect a stable cyclic geometry \Bith,
symmetry for the monocyclic {H1o molecule, [10]Jannulene.

from low-temperature photolysis afis-9,10-dihydronaph-
thalene. The NMR spectrum &f exhibits only single proton

While the resonance energy associated with this structure isand**C signals down te-160°C, whereas that d resolves
indeed hight it has been shown to be outweighed by the into five peaks at low temperature. The products of ring

unfavorable strain energy associated with the®12@C bond

closure led Masamume and co-workers to speculateAhat

angle of this high-symmetry structure. Consequently, the andB are all-cis and mono-trans [10]annulenes, respectively.
molecule distorts to one or more lower-symmetry forms, the The former was assigned to a nonplanar boat structure,

identity of which remain a subject of debaté!
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although this remains an open questitbMeanwhile, the
identity of the mono-trans form has stimulated considerable
interest in the computational chemistry community.

Since the early 1980s, several theoretical studies on [10]-
annulene have appeared, using methods ranging from mo-
lecular mechaniéso CCSD(T)%11 A number of potential
candidates for the structure of this molecule were identified
by molecular mechanics, three of which are consistently
found to be most stable by various quantum chemical
methods. These are the “twistl), the “heart” (2), and the
“naphthalene-like” (the hame usually applied, even though

(10) Sulzbach, H. M.; Schaefer, H. F.; Klopper, W.; Lithi, HIPAm.
Chem. Soc1996,118, 3519.

(11) King, R.; Crawford. T. D.; Stanton, J. F.; Schaefer, HJFAm.
Chem. Soc1999,121, 10788.



the structure is monocyclic rather than bicyclic) for),(
all of which are shown in Figure 1. This system has proven

“twist”
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3

Figure 1. Structures of [L0Jannulene isomers investigated in this
study. Values of “best estimaté®C NMR chemical shifts shown
near all unique carbon atoms.

to be particularly interesting because the two most widely

important role in the energetic ordering of the isomers. To
this end, we have explored both correlation and basis set
effects on the computed NMR chemical shifts of isomers
1—-3and have applied the most sophisticated level of theory
routinely available [GIAO-CCSD(T3} to this important,
intriguing, and persistent chemical problem.

Chemical shift calculations based on gauge-including
atomic orbitals (GIAOs) were carried out at the equilibrium
geometries ofl—3 presented by King et al using two
different basis sets. The first is the standard Dunning-Hay
double-&* set augmented by a set of polarization functions
on all atoms (DZP}? and the second is the tzp basis from
the Karlsruhe grouf that has proven reliable in previous
studies of NMR chemical shiftd. Calculations were per-
formed at the SCF, MP2, and CCSD(T) levels of theory using
the DZP basis set, and SCF and MP2 were applied with the
larger basis. Relative shifts were obtained by subtracting the
absolute shieldings from those calculated for tetramethylsi-
lane with the same basis sets. The geometry of TMS used
in the calculations was optimized at the same level of theory
used by King et al! to obtain the [10]annulene structures.
Final “best estimate” values for the relative chemical shifts

used quantum chemical approaches that incorporate electroqyere determined by assuming additivity of higher-order

correlation effects-density functional theory (albeit indi-
rectly), DFT; and second-order many-body perturbation
theory, MP2—appear to fail in predicting the relative

energetic ordering of these isomers. Calculations carried out

in 1995 with the B3LYP density functional method predicted
2 to be the most stable form, withand 3 at 6.9 and 5.7
kcal/mol higher energies, respectively. MP2 theory gave

corresponding isomerization energies of 7.1 and 7.6 kcal/

correlation and basis set effects:

DZP DZP

tzp _
+ 0ccspm) ~ Omp2

0 = Owmp2

and are displayed in Table 1 as well as graphically in Scheme
1.

mol.! Hence, the energetic ordering of isomers given by these_

approachesig < 3 < 1(DFT) and2 < 1 < 3(MP2). These

Table 1. Calculated'®C NMR Chemical Shifts (ppm, relative

methods consistently predict the heart form to be the mostto TMS) for Isomerst, 2, and3 of [10]Annulene and

stable mono-trans isomer of the type likely responsible for
the NMR signals oB. However, in the same work, Sulzbach
et al. also calculated NMR shifts for the isomers at the GIAO-
SCF level (which neglects electron correlation effects) but
found that the twist (1) rather than the heart (2) form gave
the best agreement with experimental spectrurB.of

Experimental Values

isomer 13C chemical shifts
“twist” (1) 128.0 130.7 130.9 131.2 131.9
“heart” (2) 125.6 126.1 127.1 129.8 130.3 136.2
“naphthalene-like” (3) 126.1 128.3 128.6 133.2 144.8
experimental® 128.4 131.4 131.6 132.3 1325

Subsequent energetic studies using the CCSD(T) coupled-

cluster method gave qualitatively different results from those
presented by Sulzbach et al. Using relatively low-level

geometries and a small basis set, CCSD(T) calculations found

1 and3to be 6.0 and 4.0 kcal/mddwer than2 in energy®
thereby predicting the heart form to laststable energeti-
cally. The most recent CCSD(T) calculations, which em-

ployed a better basis set and geometry, predict the relative

energies 0 (1), 4.2 (2), and 1.4 (3) kcal/mbl.

While the CCSD(T) energy calculations and the GIAO-
SCF calculations of Sulzbach et al. suggest thas the
favored mono-trans form of [10]annulene, it is hard to draw

a firm conclusion on the basis of these calculations. One

aFrom ref. 3.

The results leave little question that the isomer observed
experimentally and designatedBss the twist form1. Four
of the five best estimate chemical shifts are within 0.7 ppm
of experiment; the remaining one is only 1.1 ppm in error.
The naphthalene-like isomer, which is calculated to be the
next most stable form at the CCSD(T) level, can easily be
ruled out, because the most shielded peak (calculated at 144.8
ppm) is 12.3 ppm away from the closest peak in the
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could argue that even the CCSD(T) approach could be in 8251,

error when energy differences of less than 5 kcal/mol are at
stake. Furthermore, the apparently confirmatory nature of
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caution because NMR shift calculations at this level of theory
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neglect the electron correlation effects that play such an press.
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Figure 2. Calculated NMR spectrum of the “twist” isomet)(at
the SCF, MP2, and “best estimate” CCSD(T) levels using the tzp
basis set.

experimental spectrum. Moreover, the experimental spectrum
exhibits two sets of closely spaced resonances for the mostR
shielded centers (spacings of 0.2 ppm in both cases), while

the corresponding calculated gaps f8rare 0.3 ppm
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(acceptable) and 11.6 ppm (clearly unacceptable). Finally,
the heart isomer (favored energetically by both DFT and MP2
calculations) can be ruled out because (1) there are six, rather
than five, unique carbons; (2) closely spaced resonances are
not predicted by theory (which serves to close a potential
loophole in an argument based on (1) alone), and (3) the
calculated shifts span a range of roughly 11 ppm, about three
times that found experimentally. Hence, we conclude that
form B of Masamung* is the twist form of [10]annulene.
The identity of A remains a mystery, but computational
studies focused on this question are underway in our
laboratory.

Figure 2 shows a graphical representation of the best
estimate chemical shifts for the twist isomer, along with the
SCF and MP2 values calculated with the tzp basis and the
experimental values. It is clear from the above that a high-
level treatment of electron correlation is essential for
removing all ambiguity and uncertainties associated with
interpretation of the NMR spectrum.
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