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Accurate prediction of *C chemical shifts (J,.q) for the C* and the - and B-carbon atoms in alkyl and cycloalkyl
carbocations is achieved through scaling. Ab initio calculated chemical shifts (d ) at the GIAO-B3LYP/6-311G(d,p)//
B3LYP/6-31G(d) level of theory for 16 different carbocations are scaled using a linear correlation equation

(Oprea = @qc + b). The slope and intercept a and b were determined separately for C* and the a- and p-carbon
positions, and were found to be different for cation structures preferentially stabilized by f-C-H and p-C-C
hyperconjugation. A very good correlation of all predicted and experimental chemical shifts is obtained

(@a=0.999 £ 0.002, b =0.231 £ 0.320). Preliminary results indicate that scaling using linear correlations can

also be applied to the C* carbon chemical shift in benzyl type carbocations.

Introduction

The combination of quantum chemical ab initio calculation of
molecular structures and NMR chemical shifts provides a new
tool for the assignment of experimental NMR spectra which
can be applied to the elucidation of carbocation structures.
Accurate geometries, calculated at high levels of theory includ-
ing electron correlation are required to obtain reliable chemical
shift data.! For neutral molecules with various functional
groups Forsyth and Sebag? reported a computationally
inexpensive approach in which empirical scaling factors are
used to scale ab initio calculated *C NMR chemical shifts for
MM 3 forcefield optimized geometries.

Carbocations are electron deficient and have an electron dis-
tribution quite different from neutral molecules resulting in
geometries which are not adequately reproduced by molecular
mechanic calculations. High-level ab initio calculations includ-
ing electron correlations such as the Moller—Plesset second
order perturbation method (MP2/6-31G(d)) and more recently
DFT-SCF hybrid methods are standard levels for the geometry
optimization of carbocations.® For ab initio NMR chemical
shift calculations of carbocations at least DFT and DFT-SCF
hybrid methods are required. Often inclusion of electron correl-
ation using the GIAO-MP2 method is required and in difficult
cases only coupled cluster methods such as CCSD(T) provide
approximately quantitative agreement.*

These methods are computationally demanding and thus not
generally applicable. We present here an approach interfacing
experimental and calculated NMR data of carbocations, which
is based on scaling of chemical shifts calculated using DFT-
hybrid methods both for the structures and the chemical shifts.?

Results and discussion

13C NMR chemical shifts were calculated for a set of alkyl and
cycloalkyl carbocations 1-16 (Fig. 1). The structures were

+ Experimental and calculated *C NMR shifts from GIAO-B3LYP/
6-311G(d,p)//B3LYP/6-31G(d) and  GIAO-B3LYP/6-311G(d,p)//
MP2/6-31G(d) and optimized structures of carbocations 1-16 in Gaus-
sian z-matrix format are available as supplementary data. For direct
electronic access see http://www.rsc.org/suppdata/p2/1999/1317, other-
wise available from BLDSC (SUPPL. NO. 57548, pp. 78) or the RSC
Library. See Instructions for Authors available via the RSC web page
(http:www.rsc.org/authors).
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Fig. 1 Carbocations 1-16.

optimized at the B3LYP/6-31G(d) level and for comparison
purposes also at the MP2/6-31G(d) level. Frequency calcu-
lations at the same levels give no imaginary frequencies
(NImag = 0), thus confirming that all structures are minima.
Chemical shift calculations were done using the GIAO
approach with the DFT-hybrid method B3LYP and the
6-311G(d,p) basis set. No significant changes for the calculated
shifts were observed with a diffuse function (6-311+) added to
the basis set. All quantum chemical calculations were carried
out with the GAUSSIANO94 program suite.®

The comparison of calculated and experimental NMR chem-
ical shift data is reported here for the formally positively
charged carbon (C*) and the o- and B-carbons which are in
close proximity to the carbocation center. The shifts of these
carbons are expected to show the largest effects from the posi-
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Table 1 Experimental, calculated and predicted *C NMR shifts for C-H hyperconjugative isomers of carbocations (group A)

carbocation carbon atom Oexp(PPM)* Seac(ppm)”? OexplOcatc Oprea(PPM) ¢
1 (o 320.6 339.10 0.95 321.83
a-CH; 51.5 57.40 0.90 51.59
2 (o 335 351.73 0.95 333.79
a-CH; 47.5 52.12 0.91 47.24
3A (o 3354 353.59 0.95 335.54
a-CH; 44.6 49.37 0.90 44.97
a-CH, 57.5 65.87 0.87 58.58
B-CH, 9.3 12.00 0.78 9.02
4A (o 3334 350.88 0.95 332.98
a-CH; 45.0 49.28 0.91 44.90
a-CH, 64.4 74.30 0.91 65.53
B-CH, 20.9 25.20 0.83 20.67
5 (o 336.9 354.35 0.95 336.27
a-CH; 36.7 41.54 0.88 38.51
a-CH, 63.3 70.15 0.90 62.11
B-CH, 26.4 31.62 0.83 26.33
6A (o 332.7 350.92 0.95 333.02
a-CH; 44.2 50.76 0.87 46.11
a-CH, 58.2 64.69 0.90 57.61
B-CH, 26.9 32.98 0.82 27.52
7A (o 328.7 348.97 0.94 331.17
a-CH; 43.6 49.57 0.88 45.13
a-CH, 56.4 63.84 0.88 56.90
B-CH, 35.8 46.86 0.76 39.77
8 (o 329.0 346.89 0.95 329.20
a-CH; 46.2 48.50 0.94 44.25
a-CH, 69.7 80.40 0.87 70.57
a-CH, 58.6 65.55 0.89 58.32
B-CH, 26.1 31.86 0.82 26.54
9 (o 320.0 336.15 0.95 319.03
a-CH, 71.0 76.46 0.92 67.32
B-CH, 28.0 31.39 0.89 26.13
10 (o 279.3 294.19 0.95 279.30
a-CH; 34.1 37.73 0.90 35.36
a-CH 57.3 61.87 0.94 55.28
B-CH, 54.15 60.51 0.89 51.81

¢ Experimental chemical shifts are taken from ref. 11a (1, 2, 3A and 4A), ref. 14 (5), ref. 15 (6A), ref. 16 (7A, 8), ref. 17 (9) and ref. 18 (10).
? Calculated using GIAO B3LYP/6-311G(d,p) for B3LYP/6-31G(d) optimized structures. ¢ Obtained using the scaling equation d,,.q = a0cy, + b and

parameters from Table 4.

tive charge. The more remote carbons are expected to follow a
regular pattern much as in neutral compounds carrying an
electron withdrawing substituent unless special effects such
as transannular interactions are operative.

The calculated (J.,.) and the experimental (J,) chemical
shifts for the carbon carrying the positive charge, and for the
adjacent a-C and B-C carbons are given (relative to TMS’) in
Table 1 and Table 2, respectively, along with the ratio between
the experimental and calculated shifts (0e,p/Ocaic)-

The data in Tables 1 and 2 show that all chemical shifts calcu-
lated from B3LYP/6-31G(d) geometries using the GIAO-
B3LYP/6-311G(d,p) method are overestimated. The chemical
shifts are calculated more downfield than the experimental
shifts. The ratio de,/dcq for the C* carbon chemical shift was
found to be related to the mode of hyperconjugative charge
delocalization in the particular carbocation structure. Carbo-
cation structures with a geometry favorable for -C—H hyper-
conjugation are summarized in Table 1 as group A type
cations. They show a ratio Jey/de = 0.95 for the C* carbon
shift. The carbocation structures which have a suitable geom-
etry for B-C—C hyperconjugation are summarized as group B
type carbocations. They have a different scaling ratio
OexplOcarc = 0.97-0.98 for the C* carbon shift (Table 2).

The carbocations 3, 4, 6 and 7 have two conformational iso-
mers A and B, resulting from favored B-C-H-c-bond (3A, 4A,
6A and 7A) or B-C-C-c-bond (3B, 4B, 6B and 7B) hyper-
conjugative stabilization of the positive charge. Both isomeric
structures type A and B are calculated to be energy minima at
the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory. The
C-C hyperconjugative isomers B are found to be slightly lower
in energy than structures A (Table 3). It is possible however that
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Fig. 2 Plots of theoretical *C chemical shifts (J.,) vs. experimental
values (J,y,) for C* in carbocations both in C-C (open circles) and in
C-H (closed circles) hyperconjugative isomers.

solvation plays a role in the energy difference between type A
and B structures in solution.?

The regression analysis for the experimental vs. calculated
chemical shifts for the C* carbons of cations 1-16 was carried
out separately for group A and B structures (Fig. 2). The values
of Je, plotted against ., exhibit excellent linearity. The pre-
dicted chemical shifts (J,,q) can be determined with high accur-
acy (|Adl,, = 0.75 ppm; rms = 1.35 ppm) according to eqn. (1).

5pred = ab‘calc + b (1)



Table 2 Experimental, calculated and predicted '*C NMR shifts for C-C hyperconjugative isomers of carbocations (group B)

carbocation carbon atom Oexp(PPM)* Scac(ppm)”® OexplOcac Oprea(PPM) ¢
3B (on 3354 344.90 0.97 335.55
a-CH;, 44.6 48.17 0.93 43.98
a-CH, 57.5 63.05 0.91 56.26
B-CH; 9.3 25.99 0.36 13.13
4B (on 333.4 343.98 0.97 334.65
a-CH;, 45.0 46.92 0.95 42.95
a-CH, 64.4 73.52 0.88 64.89
B-CH, 20.9 47.47 0.53 22.15
6B (on 329.4 335.38 0.98 326.20
a-CH;, 44.2 46.39 0.95 42.51
a-CH, 58.2 66.04 0.88 58.72
B-CH, 26.9 68.72 0.40 31.08
7B (on 328.7 337.31 0.97 328.10
a-CH;, 43.6 46.80 0.93 42.85
a-CH, 56.4 65.33 0.86 58.13
B-CH; 35.8 73.13 0.49 32.93
11 (on 336.4 345.51 0.97 336.16
a-CH;, 41.9 45.24 0.92 41.56
a-CH, 54.5 59.51 0.91 53.34
B-CH; 8.9 13.79 0.65 8.01
12 (on 332.1 337.8 0.98 328.58
a-CH;, 45.4 48.07 0.94 43.90
a-CH, 70.1 80.04 0.88 70.27
B-CH 31.4 67.54 0.47 30.59
13 (on 335 343.12 0.97 333.81
a-CH;, 43 45.78 0.94 42.01
a-CH 59 66.67 0.89 59.24
B-CH; 17 27.16 0.63 13.63
14 (on 330 342.00 0.97 332.70
a-CH;, 41 4517 0.91 41.50
a-C 56 68.45 0.82 60.71
B-CH; n.a. 32.41 — —
15 (on 235 242.69 0.97 235.08
a-CH n.a 80.35 — —
B-CH, n.a. 84.49 — —
16 Ccr 300 310.60 0.97 301.84
a-CH, 65.7 72.54 0.91 64.09
B-CH 86.8 102.63 0.85 45.33

“ Experimental chemical shifts are taken from ref. 11a (3B, 4B, 7B and 11), ref. 15 (6B), ref. 17 (13, 14), ref. 19 (15) and ref. 20 (16). ® Calculated *C
NMR shifts using GIAO-B3LYP/6-311G(d,p) for B3LYP/6-31G(d) optimized structures. ¢ Obtained using scaling equation dpeq = @y + b and

parameters from Table 4.

For example, the correlation for the chemical shift of the C*
carbons in cations of group A is characterized by the correl-
ation coefficient r =0.998, the value of the slope is a =0.947
and the intercept is b =0.700. The slope (a) and intercept (b)
values for correlation of the C*, a-C and B-C carbon shifts are
presented in Table 4.

The statistical ¥ test® was used to verify the classification of
carbocations into groups A and B. The values obtained for the
C* carbon shifts, correlated separately for group A and group B
type of carbocations, are w, =0.064 and wy=0.063, respect-
ively.!” The correlation was poor (y, . g=0.18) when all the
C™ shifts were treated together. For the a-carbon shift in all
carbocations a correlation coefficient »=0.990 is obtained.
Treating carbocations from group A and B separately did not

significantly improve the correlation. The chemical shift for
the a-carbons in all carbocations (|Ad|,, = 1.15 ppm, rms = 1.91
ppm) is obtained according to eqn. (1) with the slope and inter-
cept presented in Table 4.

The regression analysis for the shifts for -carbons was car-
ried out separately for group A (r=0.998) and B (r=0.970)
type carbocations. Slopes and intercepts are presented in Table
4. The worst correlation (r=0.970) between calculated and
experimental chemical shifts was obtained for the B-carbons in
group B. However the scaling generally gives a reasonable
agreement with experiment and the only significant deviation
from the experimental value is found for the predicted shift for
the B-carbon of the 1-adamantyl cation (16, Table 2).

The relatively large error for the prediction of the chemical

Table 3 Calculated absolute energies, including zero point vibrational energy (ZPE) and relative energies for isomeric carbocations, C—H hypercon-
jugative isomers: 3A, 4A, 6A, 7A and the C—C hyperconjugative isomers: 3B, 4B, 6B, 7B

B3LYP/ B3LYP/ MP2/ MP2/

6-31G(d)/ 6-31G(d) + AFE/kcal 6-31G(d)/ 6-31G(d) + AFE/kcal
cation Hartree ZPE/Hartree mol ™! Hartree ZPE/Hartree mol ™!
3A —196.8715415 —196.7244915 0.72 —196.1098661 —195.9606701 0.22
3B —196.8716621 —19.67256411 0 —196.111144 —195.9610270 0
4A —236.1867547 —236.0121297 0.73 —235.2771649 —235.0986889 1.37
4B —236.1890571 —236.0132941 0 —235.2806244 —235.1008714 0
6A —274.3000610 —274.1137065 1.62 —273.2812865 —273.0929835 3.04
6B —274.3023439 —274.1162919 0 —273.2861339 —273.0978309 0
TA —313.6161671 —313.4036861 1.13 —312.4515095 —312.2346215 1.20
7B —313.6179664 —313.4054869 0 —312.4559264 —312.2365338 0
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Table 4 Parameters for the equation J,,.q = a0, + b for the linear
regression between experimental *C NMR chemical shifts and calcu-
lated *C chemical shifts (GIAO B3LYP/6-311G**// B3LYP/6-31G(d))
for the C*, a-C and B-C carbons in carbocations 1-16

carbon atom* a b r

C™ (group A) 0.947 £ 0.021 0.70 £ 7.30 0.998
C* (group B) 0.983 £ 0.029 —348 +7.57 0.998
a-C 0.825 £ 0.024 4.24 £ 1.45 0.998
B-C (group A) 0.882 £ 0.054 —1.56 +1.98 0.998
B-C (group B) 0.420 £ 0.070 2.22 +3.00 0.970

“a-C and B-C are carbons one or two bonds remote from the C*
carbon. Group A type of carbocations are stabilized by -C-H hyper-
conjugation, group B type of carbocations are stabilized by B-C-C
hyperconjugation.
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Fig. 3 Plot of predicted *C chemical shifts () vs. experimental
values (,,,) for C*, a-and p-C atoms in carbocations 1-16.

shifts of the B-carbons for the carbocations in group B is not
due to an inadequate level for the calculation of the geometry
but is a consequence of the limitations in the quantum chemical
model used for the calculation of NMR chemical shifts. It has
been demonstrated that the structural distortions accompany-
ing hyperconjugation in simple tertiary alkyl carbocations
are adequately described using the MP2 correlation for the
geometry optimization.® The chemical shifts calculated at the
B3LYP/6-311G(d,p) level for cation structures 1-16 optimized
with the MP2 electron correlation show similar deviations from
experiment. Thus B3LYP/6-31G(d) and MP2/6-31G(d) opti-
mized geometries give similar results. Preliminary data for
chemical shift calculations for cation structure 3A using the
GIAO-MP2 method, although closer to the experimental data,
still show significant deviations in particular for the shift of
the B-carbon. We have shown that 3-C—C-o-bond hypercon-
jugatively stabilized carbocations such as the 1-cyclopropyl-
cyclopropylidenemethyl cation may require methods beyond
DFT and MP2 electron correlation methods, i.e. CCSD and
CCSD(T) methods for the adequate calculation of chemical
shifts.* At least for this case the congruence of calculated
and observed *C chemical shifts suggested that the geometry
of carbocations in superacid solution is similar to the gas
phase prediction and that there is no specific perturbation of
geometrical and/or electronic structure in superacid solution.
A linear regression of all scaled shifts (J,,.q) With the experi-
mental shifts (J,) (Fig. 3) gives an excellent correlation co-
efficient r = 0.999, the slope is unity (¢ =0.999 + 0.002) and the
value of the intercept is close to zero (b = 0.231 + 0.320).
Carbocations often have low energy barriers and can under-
go rapid degenerate rearrangements leading to time averaged
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Table 5 Experimental and calculated *C NMR shifts for the C* atom
in substituted 2-phenyl-2-propyl cations

substituent Oexp(PPM) Oeard(PPm)” OexplOcate
p-OCH, 2232 230.99 0.966
p-CH, 247.2 243.43 1.015
H 259.2 253.78 1.021
m-F 265.2 257.75 1.029
p-CF, 273.2 258.84 1.055

“ Experimental chemical shifts are taken from ref. 21. ® Calculated by
the GIAO B3LYP/6-311G(d,p)//B3LYP/6-31G(d) method.

chemical shifts of the exchanging sites even at the lowest tem-
peratures accessible for high resolution NMR spectroscopy in
solution. The experimental chemical shifts of the “frozen-out”
static structures are often not accessible. Experimental *C
NMR chemical shifts of static structures determined at very
low temperatures by solid state MAS-NMR techniques are
available for the cyclopentyl cation (9, Table 1), 2,3-dimethyl-
butyl cation (13, Table 2), 2,3,3-trimethyl-2-butyl cation (14,
Table 2) and the cyclopropylmethyl cation (15, Table 2)."
Scaling of the GIAO-B3LYP/6-311g(d,p) calculated NMR
chemical shift for B3LYP/6-31g(d) optimized structures of
these cations leads to satisfactory agreement (e.g. for C* of
cation 13: Jgyc = 343 ppm, Jeyp =335 ppm, Jpeq = 334 ppm).
Thus the chemical shifts for the “frozen out” structures of fast
equilibrating carbocations can be predicted with the same
reliability as for static carbocations.

The chemical shifts calculated using the GIAO-B3LYP/
6-311G(d,p) method for MP2/6-31G(d) optimized structures
are generally somewhat closer to the experimental values, i.e.
the ratio dep/dey. i closer to unity.”? Structure optimization at
B3LYP/6-31G(d) level® leads however to satisfactory results
at a reduced computational cost compared to the MP2/
6-31G(d) method. Some preliminary calculations (GIAO-
B3LYP/6-311G(d,p)//B3LYP/6-31G(d)) were carried out for
carbocations that are stabilized by resonance effects. The
results obtained for p-OCHj;, p-CHj;, p-H, m-F and p-CF, sub-
stituted 2-phenyl-2-propyl cations (Table 5) show that almost
all values of the chemical shifts for C* atoms are under-
estimated. The exception is the 2-phenyl-2-propyl cation
substituted with a p-methoxy group which is a strong electron-
donating group. The ratio between the experimental and
calculated chemical shifts (Jyp/ dcqic) decreases with the electron-
donating ability of the substituent (Table 5). A reasonably good
linear correlation of dy, with J.,, was obtained (r = 0.990). The
slope is 1.64 (+0.14) and the intercept b = —154.60 (£35.02).
These results suggest that the calculated *C chemical shifts for
benzyl-type carbocations could be also corrected by scaling to
obtain accurate chemical shifts.
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