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ABSTRACT: Principal values of the *3C chemical shift tensor were obtained for the 15 carbons of solid cary-
ophyllene oxide using an improved PHORMAT NMR analysis. The improvements include TIGER processing and
improved proton decoupling. TIGER is an alternative to Fourier methods and shortens 2D data collection by
incorporating information from a high-resolution isotropic 1D FID to allow accurate processing of even severely
truncated 2D evolution FIDs. In caryophyllene oxide, data collection required less than 1 day, giving significant
time savings over comparable 2D Fourier methods. Experimental principal values were assigned with high sta-
tistical confidence to specific carbons by comparing them with corresponding calculated values. Correctly assigned
values were used to evaluate five different tensor calculation methods. For caryophyllene oxide, the B3PW91
method gave the best correlation with experimental principal values with an RMS error of 2.3 ppm. Refinement of
x-ray positions for hydrogens was shown to improve the calculated RMS error by a factor of >2. Calculated
tensors can be used to provide principal value orientations in the three methyl groups of caryophyllene oxide. One
of the perpendicular component, ¢, , is found to exhibit the largest shift variation and dominates the methyl shifts.
Sterically unfavorable non-bonded interactions between proximate hydrogens are shown to correlate with this large

upfield shift in the §, component. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

For many years, NMR spectroscopy has provided
structurally sensitive information. Usually the focus has
been on relating isotropic liquid shifts to structural fea-
tures. Emphasis on isotropic shifts, however, provides
only one value per nucleus (i.e. one third of the trace of
the chemical shift tensor). Actually, the mathematical
expression which best describes the complete chemical
shift interaction is a symmetrical second-rank tensor
with six potentially observable values.! Isotropic shifts
thus neglect useful structural information found in the
tensor. Recently, a variety of solid-state NMR experi-
ments have been developed which allow for measure-
ment of these individual tensor components in both
single-crystal and powdered solids.> These measure-
ments depend upon solid samples where the rapid
averaging of molecular orientation found in liquids is
eliminated. For powdered samples, as emphasized in
this work, only the three diagonalized tensor com-
ponents may be observed directly. These tensor prin-
cipal values are designated from high to low frequency
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by 0,4, 0,, and 6;5. The 2D phase corrected magic
angle turning (PHORMAT) experiment is one of the
most powerful new methods for obtaining principal
shifts in powdered solids.® This technique, in a single
experiment, provides principal values from the acquisi-
tion dimension for all carbons observable as isotropic
peaks in the evolution dimension. In addition, no
isotope labeling is required and the experiment can be
carried out on standard equipment. However,
PHORMAT’s relatively low signal-to-noise ratio (S/N)
and long acquisition times have precluded the method’s
use in routine analysis.

Two improvements have been introduced recently
into the PHORMAT experiment, providing for a sig-
nificant savings in total analysis time. The first is a pro-
cessing technique known as the technique for importing
greater evolution resolution (TIGER).* TIGER replaces
Fourier transformation of the evolution dimension with
a linear model created from a high-resolution 1D FID.
Applying the TIGER model to the 2D FID then
directly extracts constant evolution frequency responses
equivalent to the slices that could be separated by
Fourier transforming an FID with many more evolu-
tion increments. Thus, high resolution in the evolution
dimension is achieved without acquiring an extensive
evolution FID. In both TIGER and Fourier-processed
PHORMAT datasets, the acquisition dimension is
treated the same. The second improvement is the inclu-
sion of a two-pulse phase-modulation (TPPM) in the
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Figure 1. Structure of caryophyllene oxide.

13C-{'H} decoupling® during the PHORMAT pulse
sequence. The improved decoupling results in signifi-
cantly narrower isotropic lines and corresponding
greater peak heights for the same noise, thereby further
reducing the total analysis time. Used together, the
TIGER and TPPM techniques allow for rapid and
accurate PHORMAT analysis of relatively large mol-
ecules.

We report here the application of the TIGER/TPPM
modifications to the 2D PHORMAT of caryophyllene
oxide (Fig. 1). This terpene contains carbons with a
diverse variety of tensors, thus providing a rigorous test
of the modified PHORMAT analysis. Tensor principal
values for all carbons in caryophyllene oxide are report-
ed. The time savings provided by TIGER analysis of
PHORMAT data from caryophyllene oxide are out-
lined. An evaluation is given of TPPM linewidth
improvements. The principal values for caryophyllene
oxide are demonstrated to provide a foundation for
both a rigorous assignment of solid-state isotropic shifts
based on comparison with calculated principal values
and for evaluation of various tensor computational
methodologies. Finally, a description is given of how
calculated principal values allow corresponding shift
values to be oriented in the molecular frame. The struc-
tural implications of such three dimensional informa-
tion are illustrated for the methyl carbons.

RESULTS AND DISCUSSION
TIGER and TPPM modifications to PHORMAT

In evaluating multi-dimensional NMR experiments, the
time required for data collection is a key consideration.
Routine experiments which suffer from long acquisition
times are difficult to justify when more efficient alterna-
tives exist. Therefore, the initial focus in this
PHORMAT analysis of caryophyllene oxide was on
evaluating the improvements in time efficiency provided
by TIGER processing and TPPM decoupling.

The time savings realized from TIGER processing
arise from the relatively small number of evolution
dimension data points needed to resolve signals in the
isotropic dimension.* Unfortunately, Fourier transform-
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ation of such a truncated dataset results in large sinc
oscillations which severely degrade the extracted
powder patterns in PHORMAT analysis. This severe
truncation of the evolution dimension, however, does
not have a corresponding drawback in the TIGER pro-
cessing scheme. The collection of a truncated dataset
enhances the S/N per unit time, as the shorter evolution
times with less relaxation provide significantly higher
S/N data. A more complete discussion of these issues is
given elsewhere.*

PHORMAT data for caryophyllene oxide were col-
lected and TIGER processed to determine the minimum
time required for a successful analysis. Two separate
datasets were collected, one with high resolution but
low signal averaging per evolution increment suited to
the closely spaced aliphatic carbons, while the second
set emphasized S/N but reduced resolution for the well
separated olefinic carbons. Acquisition of both datasets
required only 21.3 h (i.e. 5.7 and 15.6 h, respectively, for
the sp? and sp® optimized data) and provided high-
quality powder patterns for all carbons. Comparable
analyses performed in our laboratory without the
advantages of TIGER processing have typically
required 2—4 times longer.*

The additional benefit of running the analysis in 21.3
h as two separate experiments provided a 2.9 factor in
the time savings over a single TIGER analysis of suffi-
cient S/N (estimated to take 62.6 h) to observe simulta-
neously both sp? and sp® carbons. Thus, the judicious
design of PHORMAT experiments can yield even
greater time savings. Since sp? carbons are typically
found to have much larger anisotropies than sp?
carbons, the two-experiment approach outlined here
should have general application in PHORMAT
analyses whenever the olefinic or aromatic regions are
well resolved relative to the aliphatic region.

The TPPM proton decoupling provides further time
savings in PHORMAT analyses by providing greater
13C signal intensity for a given number of scans.
Analysis of the PHORMAT spectrum of caryophyllene
oxide indicates that the methylene carbons, which are
the hardest to decouple, are narrowed by about 42%
compared with continuous wave decoupling. The higher
S/N in methylene groups arising from the narrowing
results in significant time savings compared with con-
ventional decoupling. Other carbon (i.e. CH;, CH and
quaternary carbons) lines were narrowed to a smaller
extent. When the S/N benefits of the TPPM/TIGER
modifications are combined in dual experiments opti-
mized to sp? and sp> carbons, the overall time saving is
enhanced by nearly an order of magnitude.

A particularly clear example of the benefits of
TIGER/TPPM is found in the separation of individual
powder patterns for carbons 2 and 7. These carbons
differ by only 0.4 ppm in their isotropic frequencies, yet
the analysis clearly provides distinct patterns for each
peak, as shown in Fig. 2. Such resolution is not possible
from the truncated PHORMAT without TIGER, as
seen by examining the PHORMAT isotropic projection
shown in Fig. 3. However, the TIGER processing
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Figure 2. Powder patterns obtained for carbons 2 and 7
using TIGER processing of a 15.6 h PHORMAT spectrum.
The carbons differ by only 0.4 ppm in the isotropic
dimension, yet the two tensor powder patterns are
clearly distinguishable using the methods described.

incorporates the high resolution from the isotropic
spectrum shown, to differentiate easily the two powder
patterns.

Overall, the use of TPPM decoupling and TIGER
processing in the PHORMAT analysis provided high-
quality principal values in two optimal experiments
requiring less than 1 day on a moderately large mol-
ecule at natural abundance. Five additional representa-
tive examples of typical powder patterns and fits are
shown in Fig. 4 for a third of the 15 carbons to illus-
trate the overall spectroscopic quality of these results.
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Figure 3. A PHORMAT isotropic projection (b) showing
the poor resolution of carbons 2 and 7 obtained by
Fourier transformation of the truncated 15.6 h
PHORMAT spectrum. The top spectrum (a) shows the
high-resolution isotropic spectrum from which the TIGER
model was derived. As the peaks for carbons 2 and 7 are
resolved here, TIGER incorporates this information in
processing the 2D data, hence distinct powder patterns
are obtained for the separate carbons.
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Figure 4. Typical powder patterns provided by TIGER
processing of PHORMAT data. The fit to each pattern is
drawn superimposed to illustrate the quality of fit com-
monly achieved. The included powder patterns are taken
from carbons 6,3,1,4 and 13 (from top to bottom).

Solid-state '3C shifts and their assignments

Experimental and theoretical principal shift values for
caryophyllene oxide are given in Table 1. The B3PW91
theoretical results appear in parentheses alongside the
corresponding experimental values.

Accurate characterization of all 13C principal values
in an organic molecule provides additional data for
assigning the various resonances to specific carbons.
Solid-state isotropic shift assignments can be difficult
because of the lack of precedents in their use. At present
they are often made by comparison with solution iso-
tropic assignments,® the use of solid-state spectral
editing sequences’ or by comparison with ab initio cal-
culated shifts.®-® The ability of PHORMAT to provide
a large number of principal values in moderate-sized
molecules free from magnetic susceptibility diversities
will greatly aid in establishing future precedents for
signal assignments based on principal values. In the
meantime, the accuracy of modern shift tensor calcu-
lations has improved to the point that comparison of
calculated and experimental principal values offers one
of the best methods of peak assignment. Shift assign-
ments based on the three principal values have the
advantage that multiple comparisons per carbon are
possible. This redundancy provides a means of resolving
ambiguities which may arise by using only a single
value as in the case of isotropic shifts.

All tensor comparisons were performed using root
mean squared (RMS) distances between pairs of tensors

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, S135-S144 (1998)



S138 J. K. HARPER, G. McGEORGE AND D. M. GRANT

Table 1. Principal values for caryophyllene oxide and corresponding theoretical values.

Chemical shift (ppm): Experiment (theory?)

Carbon 5 11 522 63 3 5averageb
1 56.8 (59.4) 46.3 (48.2) 29.4 (31.1) 442 (46.2)
2 37.3 (40.6) 31.4 (33.3) 16.2 (15.2) 28.3 (29.7)
3 51.9 (54.2) 41.4 (42.6) 20.5 (22.8) 37.9 (39.9)
4 110.2 (109.2) 409 (39.2) 29.4 (31.0) 60.1 (59.8)
5 106.3 (105.5) 53.2 (58.6) 30.9 (35.0) 63.5 (66.4)
6 44.6 (45.2) 32.6 (35.4) 21.5 (21.8) 32.9 (34.1)
7 39.8 (42.1) 26.5 (27.0) 16.6 (17.5) 27.6 (28.8)
8 267.9 (266.0) 159.7 (158.1) 354 (29.2) 154.3 (151.1)
9 70.7 (69.9) 48.0 (48.6) 323 (32.8) 50.3 (50.5)
10 57.8 (59.6) 47.6 (47.7) 20.5 (16.4) 420 (41.2)
11 48.0 (46.5) 34.5 (32.9) 245 (24.2) 35.7 (34.5)
12 26.5 (27.4) 26.3 (24.6) 2.4 (2.4) 18.4 (18.1)
13 202.6 (205.9) 88.2 (85.4) 52.4 (42.0) 114.4 (111.1)
14 33.5 (33.5) 26.6 (27.7) 46 (1.4) 21.5 (20.9)
15 512 (54.2) 33.7 (33.2) 5.8 (—0.3) 30.2 (29.0)

2 Theoretical tensor values, given in parentheses, calculated using the B3PW91 method and 6-31+G (2d, p)
basis set. The structure used consisted of x-ray positions for heavy atoms and B3LYP/6-31G** refined hydro-

gen positions.

bIsotropic values were computed from the average of the fitted experimental principal values and vary slightly
from the more accurate CP/MAS determined isotropic shifts.

rather than RMS deviation computed solely from the
differences in the principal shift values. The distance
between two tensors is defined as a surface integral of
the differences of all points in an ellipsoidal representa-
tion of a tensor, not merely the three points character-
izing the principal shift values. This important
distinction between RMS distances and RMS differ-
ences has been treated both conceptually and mathe-
matically by Alderman et al.’

Shift assignments for caryophyllene oxide were made
by considering, as potentially correct assignments, all

theoretical values within +2¢ (+4.6 ppm) of the experi-
mental principal values. The assignments were done in a
stepwise fashion. First, potential theoretical matches to
0,1, were determined for all carbons. Nine carbons had
multiple potential matches based on this single cri-
terion. Ambiguous assignments were then further
reduced by performing the same evaluation using the
0,, and finally the d;; components; these are sum-
marized in Table 2 (correct assignments are shown in
bold). The importance of using all three parameters for
comparison is clear, as inclusion of each additional

Table 2. Chemical shift assignments for solid caryophyllene oxide

Theoretical matches to specific carbons*®

Carbon d,, only 0,1 and 6,, 011, 05, and 55 dico
1 1, 3, 10, 15 1, 3,10 1 1, 3,10
2 2,14 2,14 2 2,7,15
3 3,15 3 3 3,10, 11
4 4 4 4 4
5 4,5 5 5 4,5
6 2,6,7,11 2,6, 11 6, 11 2,6,7, 11, 15
7 2,7 7 7 2,7,15
8 8 8 8 8
9 9 9 9 1,9
10 1, 3,10, 15 1,10 10 1,3,10
11 6, 11 6, 11 6, 11 3,6, 11
12 12 12 12 2,14
13 13 13 13 13
14 14 14 14 12, 14
15 3,15 15 15 2,6,7,11,15

2 Both experimental and theoretical values are taken from Table 1.

®Theoretical parameters within + 26 of the corresponding experimental values are considered possible
matches. Final assignments are shown in bold.

© 1998 John Wiley & Sons, Ltd.
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parameter further reduces the number of ambiguous
assignments. Unfortunately, even comparison using all
principal values fails to distinguish clearly positions 6
and 11. However, C-6 is a methylene carbon whereas
C-11 is non-protonated carbon. The difficulty in
decoupling methylene carbons identifies the resonance
at 32.9 ppm clearly as carbon 6 and the order in Table 2
reflects these independent data. For comparison, poten-
tial assignments from only isotropic shifts are also
included in Table 2. Here unequivocal shift assignment
can be made only for carbons 4, 8 and 13 based upon
the + 20 agreement between experimental and theoreti-
cal isotropic shifts.

These data support the position that carbons may be
reliably assigned using calculations of reasonable accu-
racy. It should be emphasized, however, that the con-
fidence with which assignments can be made depends
on the accuracy of the calculated principal values. This
approach presumes that errors in experimental prin-
cipal value (+0.7 ppm) are sufficiently smaller than the
theoretical range of +2¢ (about 4.6 ppm) so that the
range actually represents the region in which the experi-
mental shift component must be found. This illustrates
the importance of using the best tensor calculation pro-
cedure available (see the next section) and clearly
emphasizes the benefit of using principal values over the
isotropic shifts.

As solid shift assignments are often made from com-
parisons with solution shifts, it is informative to
compare the assignments for solid caryophyllene oxide
with corresponding solution values. Table 3 lists solu-
tion '3C shifts determined from a 2D INADEQUATE
analysis. Assigning the solid-state isotropic spectrum

Table 3. Solution and solid-state '3C isotropic shifts for
caryophyllene oxide

Solution shifts Solid shifts

Carbon (2D INADEQUATE) (CP/MAS)*
1° 50.79 442
2¢ 2723 28.5
3 39.18 38.8
4 59.53 60.0
5 63.53 64.1
6 30.21 329
7¢ 29.84 28.1
8 151.71 154.1
9° 48.71 50.2

10 39.77 419
11 33.97 35.6
12 17.01 182
13 11272 114.1
14 21.66¢ 215
15 29.92¢ 30.2

*The CP/MAS shifts differ from the 6,,.,,,, reported in Table 1 by an
RMS deviation of +0.7 ppm owing to a slight improvement by
CP/MAS.

>Indicate two sets of carbons which have different relative ordering
in solution and solid.

4Solution assignments tentatively made based on comparison with
solid shifts.

© 1998 John Wiley & Sons, Ltd.

with the same relative ordering would result in incorrect
assignments for four carbons (i.e. 1, 2, 7 and 9) or 27%
of the 15 total carbons. The potential for error is espe-
cially evident in carbons 1 and 9. Here the solution and
solid-state isotropic spectra have peaks in similar posi-
tions and, initially, it might appear that the relative
peak order has been preserved in the solid. However,
closer examination of the tensor principal values clearly
shows that these carbons actually reverse their relative
order of isotropic shift in the solid and experience
changes of up to 6.6 ppm. In liquids, these differences in
principal values are masked by the averaging which
gives the isotropic shift. Undoubtedly, such carbons
would be misassigned based only on comparison to
solution shift values. These changes in the C-1 and C-9
shifts emphasize the value of the ab initio tensor com-
parison methods.

In addition to corrections in the relative order of the
peaks, the variations in principal values also provide
clear assignments for carbons 14 and 15. The solution
INADEQUATE cannot delineate between these dia-
stereotopic carbons as they differ only in their stereo-
chemistry. Multiple solution experiments would be
necessary to establish such prochiral assignments.
However, as these carbons are readily assigned from the
principal values in the solid state, tentative solution
assignments may be given (see Table 3) based on com-
parison with the PHORMAT solid results.

Comparison of tensor calculation methods using
principal values

Computational details. Before tensor calculation
methods can be discussed, a brief description of the
methods and abbreviations used is necessary. Both
BLYP and BPWO91 are density functional methods
using Becke’s 1988 exchange functional® together with
the correlation functional of either Lee et al.'' for
BLYP or Perdew and Wang'? for BPW91. The B3LYP
and B3PWO91 methods are hybrid methods which
include both Hartree—Fock and density functional con-
tributions. The B3LYP and B3PW91 methods both use
Becke’s three parameter functional'® with the non-local
correlation provided either by Lee et al.’s expression in
the case B3LYP or Perdew and Wang’s expression for
B3PW91. The gauge-including atomic orbital method
was used in all tensor calculations.'* All tensors were
computed using Gaussian 94 software!® run on IBM
RS6000 computers using parallel processing techniques.

Comparison of computational methods. A number
of shift tensor calculation methods are currently avail-
able. Evaluations of several of these methods and a
variety of basis sets have been published using compari-
son with experimental isotropic shifts.!® As the iso-
tropic shift is one third of the trace of the chemical shift
tensor, this averaging of principal values may allow can-
celing errors to give accidentally the correct isotropic
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Table 4. Comparison of tensor calculation methods?

RMS error
Correlation

Method Principal values Isotropic shift Slope Intercept coefficient
HF 43 3.0 —1.1066 205.8311 0.9937
BLYP 34 2.1 —0.9888 181.4966 0.9960
BPW91 3.0 1.7 —0.9941 185.5905 0.9972
B3LYP 2.8 1.5 —1.0219 187.4204 0.9975
B3PWI1 2.4 1.3 —1.0265 190.6721 0.9981
B3PW91° 2.3 1.3 —0.9972 193.4006 0.9983

2 The structure used for all calculations consisted of x-ray positions for heavy atoms and B3LYP/6-31G**

refined hydrogen positions.

b Calculated using the 6-31+G (2d, p) basis set. All others values computed with the D95** basis set.

shift. A more rigorous test of the theory lies in compari-
son with actual principal values from powders or, even
better, the complete tensor obtained from single-crystal
analysis.! Such a comparison using several of the cur-
rently available tensor computation methods was per-
formed using the principal values of caryophyllene
oxide as test data. Included in the evaluation are
Hartree—Fock, density functional and hybrid methods.
The comparative results are given in Table 4. The avail-
ability of 45 PHORMAT-derived principal values for
caryophyllene oxide provides a statistically significant
number of shifts for making a reliable comparison of
the various theoretical approaches.

Examination of the calculated tensors shows that
both density functional and hybrid methods perform
better than the less intricate Hartree-Fock approach.
The B3PW91 method gave the best fit. For compari-
sons between methods, the D95** basis was chosen.
Use of the larger 6-31+G (2d,p) basis with B3PW91
gave slightly improved results compared with experi-
ment. Overall, the quality of these results is considered
representative of general aliphatic hydrocarbons. The
limited number of multiply bonded carbons and
carbons with directly bonded heteroatoms, however,
restricts the reliability of these conclusion for such
carbons pending the availability of additional examples.

Isotropic solid-state shifts are included in Table 4 to
allow comparison with previous theoretical studies.'®
The marked reduction in isotropic errors for cary-
ophyllene oxide over previous comparisons can be
attributed to two factors. First, a correlation of experi-
mental shift vs. shielding is used to convert the calcu-
lated shielding values into calculated shifts.
Traditionally, the theoretical shieldings have been
treated as absolute values without systematic errors to
obtain computed shifts. The correlation approach better
accounts for systematic calculation errors and improves
the direct comparison with experimental values. A
second improvement in the theoretical tensors results
from using x-ray geometries for the heavy atoms in the
molecule. Previous analyses have focused on tensors
obtained soley from ab initio determined geometries.!®
However, crystal packing arrangements are capable of
significantly modifying geometry, thus changing the cal-

© 1998 John Wiley & Sons, Ltd.

culated shielding values. In solids the frequent observ-
ation of polymorphism emphasizes the need for
cautious use of ab initio geometries.

While it is desirable to use good experimental x-ray
geometries for heavy atoms, access to high-quality
hydrogen positions in molecules is usually difficult.
Constrained ab initio calculations actually appear to
provide more accurate proton positions and were used
to refine the caryophyllene oxide reported x-ray struc-
ture.!” These corrections in the proton positions were
made before tensors were calculated. The B3LYP
method with the 6-31G** basis set was used for the
refinement as this method has been reported to provide
high-quality structures.'® This approach has also been
demonstrated to provide proton positions close to
neutron diffraction values in single crystals.'® A com-
parison of the improvements due to proton position is
shown in the correlation of shift to shielding given in
Fig. 5. In caryophyllene oxide, the hydrogen refinement
improves the RMS error in the principal values by a
factor of 2.3. Clearly, the principal values are a sensitive
indicator of proton position.

Electron correlation. Recent work has emphasized
that neglect of electron correlation in calculation of the
chemical shift tensor can result in large errors.'® Of the
methods compared here, the Hartree—Fock method
neglects electron correlation whereas all the density
functional and hybrid methods include it in some form.
In caryophyllene oxide, inclusion of electron correlation
is expected to improve most significantly the calculated
tensors for the olefinic carbons (8 and 13). Table 5
shows a comparison of experimental and calculated
tensors. While the computed tensors which include elec-
tron correlation show a significant improvement, the fit
to olefinic carbons still remains noticeably worse than
the fit to sp® carbons, as shown. This result is under-
standable as electron correlation becomes much greater
in n-bonded systems. While the improved fit to the ole-
finic carbons is clearly evident in the principal values, it
is interesting that a comparable analysis using only iso-
tropic shifts leads to the erroneous conclusion that the
Hartree-Fock method provides the best fit. This result
again emphasizes the greater significance of principal
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Figure 5. Correlation of shift vs. shielding for cary-
ophyllene oxide using the reported x-ray hydrogen posi-
tions (QO) and with the hydrogen positions refined using
the B3LYP/6-31G** ab initio calculation (@®). Heavy
atoms positions are identical in both cases. Without
refinement the RMS error is 5.1 ppm with a slope, inter-
cept and correlation coefficient of —1.1159, 212.3890
and 0.9931, respectively. Refinement reduces the RMS
error to 2.3 with a slope, intercept and correlation co-
efficient of —0.9972, 193.4005 and 0.9983, respectively.

shifts over isotropic values in evaluating tensor compu-
tational methods. Data from the two olefinic carbons of
caryophyllene oxide are still too limited to draw final
conclusions; the methods examined appear to require
some additional improvements in electron correlation
in sp? systems.

Tensor calculations based on the GIAO-MP2
method have recently been implemented!® and appear
to provide more accurate tensors in cases where elec-
tron correlation is clearly mandated. However, this

method is at present available only for fairly small mol-
ecules with < 10 non-hydrogen atoms. In the absence
of such higher level calculations, the density functional
and hybrid methods, used in this work, all appear to
give reasonably accurate tensors. For the character-
ization of many structural and assignment problems,
the quality of the density functional or hybrid calcu-
lations appears to be sufficient until more advanced
theoretical methods can be developed for larger mol-
ecules.

Principal value orientations and relationship to
structure

In addition to providing comparison data for chemical
shift assignments and methodology evaluations, calcu-
lated tensors also provide information for orientating
principal values with respect to a molecule. This infor-
mation is not available from the PHORMAT-derived
principal values of powder samples. However, tensor
principal axis orientations are extremely important as
they depend intimately on electronic structure which
reflects the variation in the three-dimensional molecular
structure. Although calculated orientations cannot be
compared directly with PHORMAT data, calculation
methods which accurately predict principal values are
assumed also to provide reliable orientations. In the
case of caryophyllene oxide, the unusually good match
between the B3PW91 computed shift values with
experimental tensors indicates that the calculated orien-
tations should also be of high quality.

Caryophyllene oxide contains a wide range of carbon
types and structural features. To illustrate how principal
axis orientations allow shielding to be associated with
structural features, the three methyls of caryophyllene
oxide will be discussed below in some detail.

Previous analysis has shown that the principal axes
of methyl carbons have characteristic orientations with

Table 5. Comparison of experimental and theoretical tensors for sp? carbons?®

Principal
Carbon component Experiment HF BLYP BPWI1 B3LYP B3PWI1 B3PW91°
8 11 267.9 277.9 262.6 261.4 265.7 264.7 266.0
22 159.7 148.7 162.6 161.9 159.2 158.6 158.1
33 354 25.3 24.9 26.3 254 26.4 29.2
Isotropic 154.0 150.6 150.1 149.8 150.1 149.9 151.1
13 11 202.6 217.3 199.2 202.0 204.3 206.4 205.9
22 88.2 78.5 79.9 85.7 81.2 85.8 854
33 524 41.7 42.0 41.7 41.9 41.8 42.0
Isotropic 114.4 112.5 107.0 109.8 109.2 111.3 1111
RMSD Olefin 74 6.6 54 5.6 48 42
(principals) Aliphatic 3.6 3.0 24 2.1 1.7 1.8
RMSD Olefin 2.9 6.0 4.6 4.8 3.8 33
(Isotropic) Aliphatic 33 23 1.9 1.6 1.3 14

2 The structure used consisted of x-ray positions for heavy atoms and B3LYP/6-31G** refined hydrogen positions.
b Calculated using the 6-31+G (2d, p) basis set. All others values computed with the D95** basis set

© 1998 John Wiley & Sons, Ltd.
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respect to the methyl group.!® Of the three principal
axes, 033 invariably lies along or very near to the
CH,;—C bond. The other two principal axes are per-
pendicular to this bond with one component in or near
an HCC plane. Here the selected H atom is the methyl
hydrogen which is most unique in the local symmetry
frame. These axes are designated dcc, J;, and J, and are
shown in Fig. 6. These designations have the advantage
of relating to the three-dimensional molecular structure
and hence carry greater chemical information than the
serially ordered 6,4, d,, and 655 shifts, which can only
be related to specific structural moieties using theoreti-
cal methods or separated local field experiments.2°

In caryophyllene oxide, the computed tensors allow
the relative ordering of components to be made in terms
of d¢c, 0;, and 6, as shown in Fig. 7. This ordering
shows that the 6, component is represented by J,, in
carbons 12 and 14 but by d,, in carbon 15. This order-
ing clearly demonstrates that the largest variations
occur in the perpendicular component, ¢, , to the speci-
fied HCC plane. The §,, and d-c values exhibit smaller
variations between the three methyl shifts. The 6, com-
ponent therefore dominates variation in the isotropic
shift, consistent with previous observations.'® Exami-
nation of calculated tensors has therefore established
that the carbon 15 tensor differs from the C-12 and
C-14 tensors.

Insight into methyl tensor variation can be gained by
comparing caryophyllene oxide methyl tensors to those
of axial and equatorial 1,1-dimethylcyclohexane!®
(tensor ordering also included in Fig. 7), which has two
diastereotopic methyls similar to C-14 and C-15 in
caryophyllene oxide. Comparison of variation in the d,
component with the type of hydrogen—hydrogen inter-
actions in the different structures (Fig. 8) shows that
steric interactions at the methyl group correlate strong-
ly with upfield movement of the 6, component. This is
clearly seen in carbons 12 and 14 of caryophyllene

Figure 6. Characteristic orientations of the principal axes
in methyl groups. Each of the principal values corre-
sponds to one of these axes, but they can be paired cor-
rectly only by using orientational information from
computed tensors. Slight variations from the orienta-
tions shown arise as local symmetry decreases and are
ignored here.

© 1998 John Wiley & Sons, Ltd.
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Figure 7. Variation in the principal values associated
with specific principal axes in methyl groups. The
changes are correlated with sterically unfavorable non-
bonded hydrogen interactions (defined here as those
interactions where hydrogens are within 2.35 A of one
another). Distances between relevant non-bonded
hydrogens are shown on the right side of the figure.
The occurrence of similar features in 1,1-dimethyl-
cyclohexane demonstrates that the phenomenon is
probably not caused by the unusual electronics associ-
ated with the cyclobutane ring but by other factors as
outlined.

oxide, where proximate protons are within 2.15 and
2.31 A of a methyl proton, respectively. Here the d,
components shift by up to 24.9 ppm relative to C-15,
which has no van der Waals proton—proton interactions
within 2.35 A. A corresponding trend is observed in 1,1-
dimethylcyclohexane, where the presence of two neigh-
bouring protons at 2.33 A from the axial methyl moves

215A H< 2314
H‘\\‘_ H, /
H, / H c H
",c H, 14 /
—C12 | I
H \O. m‘H \ C
%Y v C\ ; G
\ HsC C
(a) (b)
2334 -
© H” 233A
CH,

Figure 8. Structural fragments showing unfavorable
hydrogen-hydrogen interactions present in the methyl
groups of caryophyllene oxide and 1,1-dimethyl-
cyclohexane: (a), (b) and (c) show, respectively, the inter-
actions at C-12 and C-14 of caryophyllene oxide and at
the axial methyl of 1,1-dimethylcyclohexane.
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the 6, component 31 ppm upfield relative to the equa-
torial methyl, which also has no unfavorable proton-
proton steric interactions. Indeed, steric interactions at
methyls appear to move all principal shift components
upfield, but most significantly at the 6, component.
Hence, variations in caryophyllene oxide methyl shifts
can be rationalized in terms of sterically perturbed non-
bonded hydrogen—hydrogen interactions occurring
whenever the interacting protons approach closer than
the typical van der Waals distance.

The observation of similar tensor shift features in
both four-and six-membered ring systems is strong evi-
dence that the unusual electronics found in cyclobutane
rings are not responsible for the variation observed.
Other sources for the shift variation such as steric inter-
actions are therefore clearly indicated.

Similar evaluations are possible for other carbons (i.e.
CH,, CH, quaternary and olefinic). Unfortunately,
visual correlations, easily seen for the methyl groups,
are not as readily apparent, and a more detailed quanti-
tative description involving the non-methyl carbons will
be given elsewhere.

EXPERIMENTAL

Caryophyllene oxide was obtained from Aldrich as the
pure a-oxide diastereomer and was used as received.

A solution 2D 13C INADEQUATE spectrum of
caryophyllene oxide was acquired on a 500 MHz
Varian Unity plus spectrometer at 27 °C. The INADE-
QUATE analysis was performed using a composite
pulse sequence designed to provide better coverage of
the spectral width.2! A sample of 220 mg in 0.7 ml of
CDCl; was used for analysis. The spectrum was refer-
enced by assigning the central line of CDCIl; to 77.0
ppm. Data collection was performed using a 16 ps 90°
13C pulse, spectral widths of 19.3 kHz in both dimen-
sions and optimizing the pulse sequence for detection of
55 Hz carbon—carbon coupling constants. A recycle
time of 8 s was used and 64 increments were collected
with 32 transients each. Total analysis required 9.1 h.
Digital resolutions of 301.4 and 0.3 Hz per point were
acquired in the F; and F, dimensions, respectively.
Data processing and shift assignments were done in an
automated fashion using the software.

A high resolution TPPM decoupled isotropic 1D *3C
spectrum was acquired on a Chemagnetics CMX400
spectrometer operating at a carbon frequency of
100.610 MHz. Spectral acquisition was performed with
the TOSS sequence®’> at 4 kHz using a 7.5 mm
PENCIL probe. Additional run parameters included a
4.6 us 'H 90° pulse, a contact time of 3 ms, a recycle
time of 2 s, a 15.9 kHz spectral width and a *H decoup-
ling frequency of 400.1225 MHz. The Hartmann—Hahn
match was set on adamantane. The spectrum was
acquired with a digital resolution of 6.4 Hz per point. A
TPPM phase-modulation angle of 16° total deviation
was used together with a modulation frequency corre-

© 1998 John Wiley & Sons, Ltd.

sponding to a 180°-tip angle. The spectrum was exter-
nally referenced to the high-frequency peak of
adamantane at 38.4 ppm.

The 13C PHORMAT spectra were collected on a
Chemagnetics CMX400 NMR spectrometer using a 30
Hz spinning speed and the previously described
PHORMAT pulse sequence.®> Other acquisition param-
eters were the same as described for the isotropic spec-
trum with the addition of a 30 ps echo delay. Spectral
widths of 15.9 and 69.9 kHz were used for the isotropic
and anisotropic dimensions, respectively. TPPM
decoupling was used with a decoupling amplitude cor-
responding to 54 kHz. For analysis of the olefinic
region of the spectrum, the proton decoupler was set to
400.1235 MHz and 20 points were collected with 256
transients per point. Data for the aliphatic region were
obtained using a proton decoupling frequency of
400.1225 MHz and 220 points were collected with 64
transients per point. Digital resolutions of the datasets
emphasizing olefinic and aliphatic regions were, 797.4
and 72.5 Hz per point respectively, in the evolution
dimensions. However, the evolution resolution is essen-
tially irrelevant under TIGER processing as a Fourier
transformation is never applied to this dimension. The
acquisition dimensions of both spectra were acquired
and processed with a digital resolution of 68.3 Hz per
point.

Individual powder patterns from the 2D spectrum
were provided by TIGER. The TIGER process involves
using a high-resolution 1D isotropic spectrum to obtain
linewidth and frequency information for each individual
resonance. This information is used to construct a linear
model which is then applied to the truncated 2D dataset
to extract individual powder patterns corresponding to
each isotropic shifts. The powder patterns obtained
were fitted using the banded matrix approach described
elsewhere.?®> The fitted powder patterns have an esti-
mated RMS error in the principal values of + 0.7 ppm
based on a comparison of the isotropic shift obtained
by averaging the fitted principal values with those
derived from a high-resolution isotropic spectrum.

CONCLUSION

One of the goals of this study was to establish that
TIGER/TPPM improved PHORMAT allows for more
routine chemical shift tensor analysis of larger mol-
ecules. The success of this approach is most clearly illus-
trated by the separation of distinct powder patterns for
carbons 2 and 7 which differ by only 0.4 ppm in the
isotropic dimension in an experiment requiring less
than 1 day. Moreover, the quality of the data obtained
was not compromised as the close fit to the calculated
principal values attests. Overall, 45 *C principal values
were obtained on an unlabeled molecule in this rapid
solid-state NMR analysis.

The tensor principal values provided powerful

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, S135-S144 (1998)



S144 J. K. HARPER, G. McGEORGE AND D. M. GRANT

parameters for assigning shifts and for obtaining solid-
state chemical shifts and molecular structure corre-
lations. These data establish the quality of the various
computational methods for chemical shift tensors. It is
particularly interesting that the calculated olefinic prin-
cipal values accurately reflect improvements in theoreti-
cal methodology whereas the calculated isotropic shifts
scramble the ordering. The greater distinction between
methods provided by principal values in general
demonstrates that tensor principal values offer a
superior approach in evaluating tensor computational
methods.

Since its introduction, the PHORMAT experiment
has been simple to use as it requires little specialized
equipment and requires no isotopic labeling.> However,
these analyses previously have been time consuming.
The significant time saving realized by the addition of
TIGER and TPPM to PHORMAT now makes these
combined methods suitable for routine use.

Steric perturbations of the three methyl carbons in
caryophyllene oxide lead to highly correlated structural
differences in the chemical shift tensor. This methyl
steric study portends a high potential for shift tensors in
future chemical structure correlations. With 45 principal
values obtainable on caryophyllene oxide, the wealth of
tertiary data on this natural product exceeds by a con-
siderable amount most physical chemical measure-
ments. The shift tensor is a tertiary quantity and hence
offers a way to make such correlations in a natural
manner.
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