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Abstract Prediction of the '3C NMR shifts of
sym-pentachlorocorannulene and decachlorocorannulene
provided impetus for the development of a correction scheme
based on a regression of experimental and quantum chem-
ical data. A training set of 15 compounds (18 carbon sig-
nals) comprising carbons atoms bearing 1—4 chlorine atoms
leads to an estimated error per chlorine atom of about
10-12 ppm. Specifically, linear regression of the data
obtained at B3LYP/cc-pVDZ leads to y = —3.77 4+ 13.11x,
with R = 0.982. Ultimately, experiment and theory converge
for sym-pentachlorocorannulene and decachlorocorannulene,
the former by correction of the theory, the latter by collecting
the proper experimental data.

Keywords '>C NMR - Corannulene - Density functional
theory - Chlorine

1 Introduction

Prediction of the '>C NMR shift of organic compounds
greatly aids the validation of structure elucidation in natural
products [1]. The accuracy of the quantum chemical values
for C, H, N, O compounds even allows one to identify exper-
imental anomalies with great confidence [2]. As such, one
should expect that computational methods appropriate for
the prediction of the geometry of corannulene (1) would also
be able to provide accurate data for the '3C NMR of 1 and
simple alkyl derivatives of corannulene, such as sym-pen-
tamethylcorannulene (1 — Mes) and decamethylcorannulene
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(1-Mejg) [3,4]. In contrast, chlorinated compounds present a
special problem for such computations as has been previously
noted [5-7]. For example, most methods, including higher—
order methods, have difficulty in the prediction of '3C NMR
shifts for carbon tetrachloride, the calculated values deviat-
ing from experiment by almost 50ppm [5]. Therefore, the
challenge associated with the prediction of the 13C NMR of
sym-pentachlorocorannulene (1 — Cls) and decachlorocoran-
nulene (1 — Clyg), two sparingly soluble corannulene deriva-
tives [3,4,8-11],! offers an opportunity to test wavefunction
type and basis set, correlation and relativistic effects, as well
as NMR algorithms. In the absence of any truly suitable com-
bination of these methods to produce results comparable to
experiment, these results motivate the derivation of an empir-
ical correction on the basis of a regression of experimental
vs. quantum chemical data over a training set of chlorohy-
drocarbons [12,13] (Fig. 1)%.

There have been many theoretical developments made
specifically for the prediction of NMR phenomenon; they
range from higher order electronic structure theory meth-
ods to specialized density functional theory methods [14—
18]. Although the former methods together with large basis
sets provide highly accurate results, they can quickly become
computational demanding with increasing size and complex-
ity of molecular system. Attempts to alleviate the need to do
full QM computations have led to a series of extrapolation
algorithms for prediction of '3C chemical shifts [19-22]. In
addition, the development of empirical correction schemes
to the quantum mechanical prediction of NMR shifts is well
documented [23-27]. These schemes range from statistical

! The only NMR data reported on 1 — Clj( comes from work claiming
to prepare 1 —Cljq by electrical discharge in liquid chloroform see [11].

2 In general, empirical corrections to QM calculations has historical
roots, see for example [12,13].
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Fig. 1 Set of penta- and deca-substituted corannulene derivatives for
experimental vs theoretical structure and property analysis

enhancement (regression analysis) of data obtained from
established quantum methods [23-26], to the development of
specific functionals tailored toward increasing the accuracy
of NMR predictions [27]. In cases where a systematic devi-
ation of theory from experiment can be demonstrated across
a set of reference “training” compounds, these regression
schemes allow a simple way to predict NMR shifts accu-
rately for novel compounds outside the training set. This
situation often arises when appropriate levels of ab initio
and/or density functional theory are prohibitively expensive,
or reliable methodology is not available. Although often
viewed as quick fixes for the experimentalist, the results
obtained with regression analysis tend to compete well with
those from the latest tailored functionals [27]. In addition,
such corrections can serve as diagnostics to motivate the
development of functionals and other methods that obviate
the need for correction altogether.

Comparison of computed with experimental values is sim-
plified by reference to a standard, usually tetramethylsilane
(TMS) for '3C NMR [14]. Although linear correlations typi-
cally exist between experimental and theoretical values pre-
dicted in this manner, the slope of the line can deviate more
or less from 1, depending on the computational method and
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choice of basis set [23,24,28]. Lack of unit slope means that
simply subtracting the computed TMS value from the value
of the signal in question introduces a variable error depend-
ing on the distance away from the reference. As such, linear
correction schemes may be necessary if values range over
the full 200 ppm spectrum. Another type of correction arises
when the method systematically errs in assessing the con-
tribution from specific atom types, for example halogens,
specifically chlorine. As chlorohydrocarbons are the central
theme here, we propose a further correction on the basis of
the observation that the number of chlorine atoms attached
to a given carbon atoms accounts for the primary cause of
variance between experimental and predicted '3C NMR val-
ues [5]3.

2 Computational methods

All calculations have been carried out using the GAMESS
[29], and Gaussian03 [30] software packages. The compu-
tations employ a variety of levels of theory for comparative
purposes. Wavefunction-based methods considered include
Hartree—Fock, second-order Mgller—Plesset perturbation
theory (MP2) [31], and hybrid density functional theory
(HDFT) [32], including the functionals, B3LYP [33,34],
mPWIPWOI1 [35], B3PWI1 [36], BILYP [35,37], and
LGILYP [38]. Choice of optimal methodology to use was
made by performing computations on a training set of com-
pounds, using these wavefunction methods in combination
with a variety of basis sets, including 6-3abG(nd,mp) [39—
41], dzv(2d,p) [42], cc-pVnZ and aug-cc-pVnZ, where n =
0-2m =0-1,a=1or 11 and b = null,+,++ [43-45].
For each optimized geometry, the Hessian (matrix of second
derivatives) was calculated to determine local minima (pos-
itive definite) or nth-order saddle point (n negative eigen-
values). From these data, correlation lines were generated
and evaluated for linear fit and slope.

A level of methodology, which has previously been shown
to be highly chemically meaningful for all our studies involv-
ing corannulene, was made through extensive evaluation of
structure and property variance with increasing sophistica-
tion of basis set and the addition of dynamic electron corre-
lation [3,46-52]. The resulting optimal methodology is the
MP2/cc-pVDZ//B3LYP/cc-pVDZ level of theory. While the
B3LYP/cc-pVDZ provides excellent agreement of structural
features of corannulene based on systems optimized with
HDFT methods, energetics, barrier heights and several other
properties require the MP2 level of theory for satisfactory
agreement. In general, computational investigations involv-
ing molecules of this type have revealed the necessity for

3 In the course of this work, we have come to notice a paper that
recently appeared having similar views on this subject, see [5].
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dynamic correlation and at least double-¢ valence plus polar-
ization basis sets, with some higher order properties needing
more advanced basis sets. In particular, cases where large
discrepancies (i.e., greater than 1 ppm) are observed in pre-
diction of NMR shifts, it has been established that dynam-
ical factors play an important role in perturbing the NMR
spectrum. Relativistic effects were investigated using the
Douglas—Kroll-Hess Hamiltonian correction [53-57].

Calculation of magnetic properties necessitates consider-
ation of the gauge-invariance problem, resulting from the
fact that the magnetic field appears in the Hamiltonian in a
form of a vector potential whose origin (gauge origin) is not
fixed [58-61]. A common gauge origin (CGO) may be cho-
sen, such as the origin of the molecular coordinate system,
but computations short of an infinite basis set yield magnetic
properties dependent on the choice of the gauge origin. Thus,
the truncated basis sets, commonly used in ab initio calcu-
lations, can result in significant error due to gauge variance.
Distributed origin approaches, which introduce local gauge
origins to define the vector potential, include the gauge fac-
tors explicitly in either the atomic orbitals or incorporated
into the molecular or localized molecular orbitals. Density
functionals, while widely used for NMR, may not include
magnetic field dependence in some cases, and as such, will
not provide systematically improved NMR predictions with
increasing basis set, as do HF and MP2 theory. In this study,
we employ the class I CGO method [60], class IT meth-
ods CSGT [62] and IGAIM [63], and the class III method
GIAO [64,65]. The latter method is most efficient in terms
of convergence of chemical shift values as a function of basis
set, and enables the most reliable predictions with relatively
modest basis sets. All predictions are calibrated with respect
to TMS.

3 Results and discussion

Corannulene and functionalized corannulene systems cre-
ate computational challenges in and of themselves. There
are notions in the literature indicating that simple HF level
methods enable prediction of the structure of corannulene as
well as, or better than, higher order methods [66]. This mis-
conception comes from a limited analysis of the structure
restricted to trivial prediction of bond lengths/angles, and/or
a limited set of functionalized derivatives; however, previous
work involving systematic analysis of the steric properties,
including full geometry of the bowl and flat forms, bowl
depth, curvature, and activation energy for bowl inversion,
reveals a much different picture [47,67,68]. When one con-
siders the physical properties of corannulenes as well, for
example electron affinities and ionization potentials, a HF
wavefunction with limited basis set functionality does not
constitute an appropriate computational level, and can lead

one to unreliable conclusions and oversimplified analysis of
important phenomenon.

As mentioned in Sect. 2, the B3LYP/cc-pVDZ level of
theory for nuclear geometry together with MP2/cc-pVDZ//
B3LYP/cc-pVDZ single point energetics was deduced as the
optimal level of theory for the prediction of a wide range
of corannulene and substituted corannulene structure and
properties [47]. Moreover, the B3LYP/cc-pVDZ methodol-
ogy applied for the prediction of '3C NMR of 1 also works
well compared with several other methods (e.g., Table 1), giv-
ing values of 134.5,131.0, and 127.2 ppm, compared with the
experimentally measured shifts of 135.8, 130.9, and
127.0ppm. Expanding the comparison to two alkyl deriv-
atives of corannulene, 1 — Mes and 1 — Me)q, for which
no X-ray crystallographic data are available at present, this
method still provides a reassuring prediction of the '>C NMR
shifts with the largest deviation, computation vs. experiment,
being 3.3 ppm and the average deviation being 1.2 ppm. Con-
sidering only the aromatic carbons the fit is 2.8 and 0.9 ppm,
respectively (Table 1).

The same structural methodology applied to the more
challenging 1 — Cls and 1 — Cl systems was first evaluated
geometrically through comparison with the gas phase geom-
etry of 1 — Cljo [9]. Excellent agreement was found for
carbon—carbon bond lengths, angles, and bowl depth
(Table 2). Computed carbon-chorine bond lengths showed
a characteristic difference from experiment (calcd = 1.743
vs. 1.732 Aexptl). Despite the general good geometrical com-
parison in 1—Cly at this level, '*C NMR of 1—Cls predicted
at the same level of theory showed the value for the chlorine
bearing carbon as a strong outlier (over 10 ppm from experi-
ment); an even larger deviation was predicted for the chlorine
bearing carbon in 1 — Clyg.

At present there is no experimental structural data for
1 — Cls, so the assessment of the performance of the method
on the basis of structure was not possible; however, the fact
that similar '3C NMR shift discrepancies between compu-
tation and experiment were found for the chlorine bearing
carbons in 1 — Cls and 1 — Clyo focused attention on the
general performance of computational methods for the pre-
diction of '3C NMR shifts of chlorine bearing carbons.

The failure of methods to predict chlorocarbon NMR spec-
tra is well known, [5-7,69-71] but a reliable correction
scheme has not been presented. As such we selected a training
set of 15 compounds (methane, ethylene, and their chloro-
congeners as well as benzene, 1,3,5-trichlorobenzene and
perchlorobenzene constituted this set; Fig. 2), which gave
rise to 18 carbon signals that could be predicted and compared
to experiment as a whole and in various structure classes.

The classic set of problems leading to poor predictions of
NMR shifts includes: (1) geometrical errors; (2) insufficient
basis set completeness; (3) neglect of correlation; rovibra-
tional effects; and (4) relativistic effects. Initial suspicion
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Table 2 Decachloro-
corannulene geometry

Parameter B3LYP/cc-pVDZ B3LYP/6-311G*?* Exptl 2 (abstract)® Exptl 2, Model A*
CC hub 1.410 1.406 1.421(17) 1.419
CC spoke 1.380 1.375 1.383(23) 1.382
CC flank 1.460 1.457 1.472(18) 1.469
NR not reported CC rim 1.415 1.409 1.410(27) 1.405P
4 Experimental study from [9]. CCl1 1.743 1.741 1.732(5) 1.729
We report the values from the Angle @ (sym) 108 108 108 108
abstract and those reported as
“preferred” in the text as Angle g 124.97 124.9 124.3 1243
“Model A” Angle y 112.0 112.1 111.9 111.9
ijilz?d_ ffg;n>[9_]srT(?$1§)2_7 as  Angles 122.67 122.6 1222 12222
r(spoke) - 2%r (flank) = r(rim) Bowl depth 0.485 NR NR NR
that .thé discre%ancy betwee.:n calculflted and experiment'al o /H Hnn...c/CI . /CI - /CI o /CI
predictions of '*C NMR shifts (§)arises due to the error in R \H N /C\ . /c\ . /c\
the prediction of the C—CI bond length was not defensible. H c H c
A basis set analysis (18 basis sets: cc-pVnZ, n = 2 — 3 a b ¢ d €
with and without augmentation; 631 and 6-311 splits with :’“,C:C\‘“: g:"’(czc\‘“: g:"’fc:c\\“zl
up to 2df, pd and diffuse functionality; and a variety of f g h
correlation methods, including HDFT, MP2, and coupled i, o o o o “
cluster) of C-Cl bond length prediction in CCly reveals at L OO, GO0, aw S,
most 0.028 Athe difference in bond length from that of the i j k
experimental value, 1.767 A, with average deviation across Hin, Wl
the entire set of 0.015 A; no special correlation of structural o= =y
accuracy and predicted NMR value was seen, and in partic- I o
ular, when the experimental geometry is used for prediction N
of chemical shift at several method/basis set combinations, c cl
similar discrepancy is noted.* A more general basis set study
for the entire training set exceeds the focus of the present o o
work, but has now become the subject for a future paper.
In parallel to testing for geometry, basis set convergence m ¢ n ¢ (C)'

could be probed as well as various methods for including
electron correlation. These too were unable to resolve the
discrepancy. Attempts to estimate the effect of rovibrational
and/or spin—orbit effects suggested these effects not to be

4 Note that experimental C—Cl value for CCly is reported to be 1.767;
B3LYP/cc-pVDZ predicts 1.7947. Good agreement was provided by
MP2(Full)/6-31+G(d,p), and therefore this method was also included
in the analysis. Of all basis set/wavefunction combinations analyzed,
including coupled cluster and density functional theory with extensive
basis set functionality, bond length predictions of 1.77 and higher were
found.

Fig. 2 Training set (2a-o) for computational analysis of chlorine-
containing systems

greater than about 1 ppm. Equally, we find that correction for
relativistic effects did not seem to play a key role in agree-
ment with other literature [6], although this possibility has
been suggested for small saturated chlorohydrocarbons [5].

An alternative approach to arriving at reliable 3C NMR
chemical shift predictions is to derive an empirical correc-
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Table 3 B3LYP/cc-pVDZ

13
calculated '3C NMR compared Cé, ppm

Molecule

to experiment B3LYP/cc-pVDZ  Exptl* Exptlb A (Expt-Theory)(ppm) A (Expt-Theory) (ppm)
including C—Cl correction
Exptl*  Exptl® Exptl*  Exptl®
1 127.2 1270 - —-02 - -02 -
130.9 130.9 0.0 0.0
134.5 135.8 1.3 13
1—Mes 214 191 - -23 - -23 -
123.4 122.8 —0.6 —0.6
130.4 130.5 0.1 0.1
133.8 134.4 0.6 0.6
137.9 136.1 —-138 —-138
1—Mey 238 205 - -33 - -33 -
129.6 129.6 0.0 0.0
130.0 130.6 0.6 0.6
136.5 133.7 -2.8 -2.8
1-Cls 1249 1247 - 0.02 - 0.02 -
130.2 130.2 0.0 0.0
1322 133.4 1.2 1.2
145.0 (135.7)¢ 133.8 —112 -1.9
a Experimental data from this 1-Cljp 1265 1267 1282 02 1.7 0.2 1.7
tv,vgrxk (Siegel glrczlum ) y 127.5 1289 1284 14 09 18 09
perimental data from [11] 145.1 (135.7)° 1333 1296 —11.8 —15.5 24  —6.1

¢ Corrected C—Cl signal

tion, as discussed above. A series of wavefunction/basis set
combinations, functionals (e.g., see Sect. 2) was analyzed to
establish correlation trends, including full optimizations of
geometries as well as single points at the B3LYP/cc-pVDZ
geometry. The B3LYP/cc-pVDZ method, which provides
excellent geometric agreement in the corannulene series well
below the 0.015A limits, was observed to provide optimal
results across the set of methods tested. Therefore, we focus
on this method for development of the empirical correlation
correction scheme.

One testable hypothesis is that the error in '3C NMR shifts
correlates solely with the number of chlorines attached to the
carbon, which would then result in the ability to establish a
simple correction such as a computational equivalent of a lin-
ear correction to prediction made by Shoolery’s rules [72].
Alternatively, the effect of chlorine on carbon shifts could be
dependent on the hybridization at carbon and/or some non-
linear relation to the number of chlorines a carbon might
bear and other subtle structural details. A quick glance at the
data for chlorinated methane points to the importance of the
chlorine count.

The set of chlorinated methanes proved to be challenging
for theoretical predictions due to the inclusion the Cl/C = 3

@ Springer

and 4 species, and therefore a much larger subset of method/
basis set combinations was analyzed for this set. Subse-
quently, a subset of these methods was used for the entire
training set. Discrepancy between experiment and compu-
tation is the key point of our analysis, and therefore a plot
of (experimental-calculated) 13C shifts vs number of chlo-
rines born by a single carbon atom (C[Cl,]) for the methane
series reveals a rough linear fit (R = 0.98). Although a qua-
dratic fit is almost perfect (R = 0.999) the simplicity of
the linear form is preferred. The error of about 10 ppm per
chlorine atom is consistent with the above-mentioned error
of nearly 50 ppm for the shift prediction in carbon tetrachlo-
ride. This is the case whether one conducts the NMR compu-
tation including full geometry optimization at the respective
level (Fig. 3b), or at the B3LYP/cc-pVDZ geometry (Fig. 3a).
Additionally, if one considers evaluation of the chemical shift
at the experimentally known geometry, or, using alternative
NMR methods (e.g., IGAIM shown in Fig. 1b), the trend
still remains with slight variation. MP2/cc-pVDZ lowers the
error over that of B3LYP/cc-pVDZ, but as the trend is the
same and a residual error correction is still needed, the extra
computational cost associated with MP2 is not warranted for
large structures.
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Chlorine-substituted methane series
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Fig. 3 Plots of '3C NMR of methanes vs. number of chlorines per
carbon

Regression on a scatter plot of (experimental-calculated)
13C shifts as a function of number of chlorines per carbon
atom over the entire training set yields similar trends to that
seen for the methyl compounds (Fig. 4). Use of simple RHF
treatment does a very poor job (R = 0.877) as does add-
ing MP2 without increasing basis set level (R = 0.7795).
The best systematic accounting for the error is obtained at
B3LYP/cc-pVDZ (R = 0.982), a density functional method

Comparison of Calcd '°C NMR Shifts
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Fig. 4 Plots of the error between experimental and computed '3C
NMR shifts for all molecules in the training set vs. number of chlo-
rines per carbon. Left the effect of basis set and correlation; right the
best level showing the residual systematic error

for including correlation with a correlation consistent double-
zeta basis set. At this level, linear correlation results in a
correction equation of y = —3.77 + 13.1x, where x is the
number of chlorine atoms attached to a carbon and y is the 13C
correction factor in ppm. For a single chlorine atom attached
to carbon the correction factor would be about 9.3 ppm by
this method.

An immediate word of caution is appropriate here. This
scheme indicates a failing in the computational NMR method,
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and within the confinements of time and resources it
demonstrates how to improve the predictive quality of a spe-
cific set of data. Such an empirical correction is not intended
to represent a general treatment or to suggest that one can
simply replace proper quantum chemical methods by quick
fixes. Further methodological refinements to account for chlo-
rine and other heavy atom effects are still the
ultimate objectives. Nonetheless, the effectiveness of this
simple assumption is impressive. A direct comparison of
experimental vs. predicted values without chlorine-scaled
correction gives a fit with R> = 0.866, relative poor
correlation. In contrast, after applying the chlorine-scaled
correction, a similar plot yield a fit with R> = 0.995
(Fig. 5).

Consideration of the entire training set in classes defined
by C[Cl,, ], shows that a much smaller data variance exists due
to particular structural factors within a given class. Indeed for
C[Cl,] values of 0, 1 and 2, where at least four 1>C NMR shift
values each were predicted, the mean variance is never higher
than about 3 ppm, a factor of 3—4 smaller than the effect due
to chlorine count. For the purposes of this work, further cor-
rection due to hybridization was not sought. Equally small,
is the variance due to comparison of the errors for gem, cis,
and trans dichloroethylene, which do not differ substantially
from those of other members of the training set. Thus, as far
as the computational error is regarded, this study reveals at
most anegligible additional error due to secondary geometric
effects such as these.

One way to smooth out these non-specific errors would be
to average all of the errors within a given class, say forn = 1,
the class of interest. In this case, over nine carbon signals the
average deviation is about 8 ppm, close to 9.34 ppm predicted
by the linear regression analysis (7.728, via quadratic). This
method is presented as just another way of showing consis-
tency within the data, and all methods show that a chlorine
attached to carbon leads to a computational error in the 13C
NMR shift of about 8—10 ppm. The diagnostic is clear albeit
that the underlying causes are not, and they exceed the scope
of this particular paper. Within the limited focus of predict-
ing 13C NMR of chlorinated corannulenes, this correction is
helpful.

Returning to our objective of accurate prediction of the 13 C
NMR shifts for 1 — Cl5 and 1 — Cl;, one finds a substantial
improvement in the prediction of the '3C NMR shift values
for 1 — Cls when the linear regression correction equation is
applied (Table 3). The previous outlier in the pentachlorocor-
annulene structure now falls within 2 ppm of the experimen-
tal observed value with mean overall deviation is less than
1 ppm. However, in the case of decachlorocorannulene, the
previous outlier still falls 6.1 ppm away from the experimen-
tal value reported by Huang et al. on a sample of 1 — Clyg,
claimed to be prepared by passing an electrical arc through
chloroform [11].
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Fig. 5 Calculated vs. experimental '3C shifts for the full training set
(R? = 0.8662 vs. 0.9948, respectively)

At the outset of this study our lab had yet to measure the
13C NMR of 1 — Clyg due to its limited solubility; however,
the residual discrepancy between the predicted 'C NMR
values for 1 — Clj¢ and the literature spectrum reported [11]
lead us to consider whether the residual error lie with the
experiment. Since then, we have been able to measure the
13C NMR of 1 — Cl; produced by the same method used to
prepare the sample for which electron diffraction was accom-
plished; thus we feel confident in the structural assignment
of our material. Collection of '3C NMR data on a warm sat-
urated solution of 1 — Cljq in tetrachloroethylene yielded
aromatic '3C NMR shifts at 133.3, 128.9, and 126.7. These
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Table 4 '3C NMR signal dependence
Molecule (bowl depth)  Electrostatic map® Carbon reference B3LYP/cc-pVDZ '3C NMR Calc-Exptl 1°
Bowl Flat
1(0.873) 11-20 127.2 128.7 -0.2
6-10 130.9 127.6 0.0
1-5 134.5 131.6 1.3
1 —Cl5 (0.843) 12,14,16,18,20 (C-H) 124.9 - 0.02
6-10 130.2 - 0.0
1-5 132.2 - 1.2
11,13,15,17,19 (C-Cl) 145.0 (135.7)¢ - 1.9
1 — Mes(0.8498) Methyl groups 21.43 - -2.3
12,14,16,18,20(C-H) 123.4 - -0.6
6-10 130.4 - 0.1
1-5 133.8 - 0.6
11,13,15,17,19(C-CH3) 1379 - -1.8
1 — Clyp (0.485) 1-5 126.5 126.3 0.2
6-10 127.5 127.6 1.4
11-20 (C-Cl) 145.1 (135.7¢  146.0 2.4
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Table 4 continued

Molecule (bowl depth) Electrostatic map® Carbon reference B3LYP/cc-pVDZ 3C NMR Calc-Exptl 1°
Bowl Flat
1 — Mejp (0.552) Methyl groups 23.8 22.8 -3.3
1-5 129.6 128.9 0.0
6-10 130.0 129.4 0.6
11-20 136.5 136.97 -2.8

 Electrostatic surfaces (red negative blue positive) for the convex face
b This work, using the chlorine corrected value
¢ Signal corrected for chlorine according to regression analysis

values compare well with the 135.7, 127.5, and 126.5 pre-
dicted by computation. The largest difference is 2.4, and the
mean difference is 1.3 ppm (Table 3). [Details of this exper-
iment will appear in a technical report in collaboration with
Bruker, Fallenden.]

Once one has a reliable set of NMR shift data in hand
and the accompanying high-level ab initio computations, one
can probe questions of substituent effects, the premise of
this paper being how pervasive linear substituent effects have
been in empirical NMR spectral analysis. Analysis of the
change in chemical shift from 1 to 1—Mes to 1—Mej of hub
and spoke carbons reveals values 134.53, 133.85, 129.65 ppm
and 130.96, 130.42, 130.01, respectively—a poor line even
for three points! The situation is similar for 1 to 1 — Cls to
1—-Clyp; 134.53,132.16, 126.46 and 130.96, 130.21, 127.47,
respectively. What could cause such a deviation from linear-
ity? Here the answer is perhaps obvious. Whereas the penta-
derivatives are more or less similar in bowl-geometry to the
parent (1 to 1 — Mes to 1 — Cls — 0.873, 0.850, 0.84310%,
respectively) the deca-derivatives are much flatter (1 — Mejo
to 1 — Cljp — 0.552, 0.485 A, respectively). This flattening
of the bowl results in an additional upfield shift of the carbon
signals, as evidenced by the NMR computation on the flat cor-
annulene structure. Although the deca-substituents may still
seem far from flat, previous work has shown that the barrier
to inversion in such compounds in extremely low [47], and
as such, time averaged over conformational space, the planer
form will contribute significantly [73-75].

Another notion that often arises in the interpretation of
NMR shifts is that the shift is related to the electron den-
sity at the carbon atom. Although Norton commented on
the generality of this issue already some 20years ago [76],
it is often expected to hold for compounds with relatively
similar “constitutions”. Again, having the ab initio data and
the NMR values together allows for a direct comparison
(Table 4). The electrostatic maps in Table 4 predict electron

@ Springer

density at the hub carbons to follow the order 1 to 1 — Cls
tol — Mes, 1tol — Cljgto1 — Mejo, which does not cor-
relate even monotonically with the hub carbon shifts. The
bowl depth is the culprit in this case also. The flatter bowls
show an additional upfield shift that swamps out any other
correlation. The electrostatic computations imply however
that 1 — Cl;¢ is more electron rich at the hub than 1 — Mes,
and should show interesting metal binding properties as a
result [77].

4 Conclusions

Despite the great success in '3C NMR chemical shift pre-
diction for hydrocarbon compounds by quantum chemical
and density functional methods, the shift values for carbons
bearing chlorine atoms are poorly predicted directly from
quantum mechanical data. The error in such predictions for
atraining set of 15 compounds (18 carbon shifts) is shown to
reside primarily with a linear effect dependent on the number
of chlorine atoms born by the carbon, with a much smaller
variance due to secondary geometry factors. A simple cor-
rection function can be derived by a linear regression of § vs.
C[Cl, ] over the training set. This function applied to the test
compounds 1 —Cls and 1 — Cljq lead to accurate predictions
in the case of 1—Cls and highlighted the need for more exper-
imental investigation of 1>C NMR of 1 — Clq prepared by
conventional methods. We note that this effect appears to be a
phenomenon related to halogens in general, from additional
computations done with fluorine and bromine. Indeed, when
a certified method is used to synthesize 1 — Cly, satisfactory
agreement between experiment and theory is obtained. At a
minimum we would conclude that the previously reported
literature spectrum of 1 — Clyo, was misassigned. Identifica-
tion of such errors in experimental data would not have been
possible using simple HF computations. Equally, most prop-
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erties of organic molecules are poorly predicted at simple
HF levels. As such, claims that lower level HF computations
do a better job of modeling corannulene derivatives are mis-
leading and should be neglected.
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