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Figure 2. Carbon-13 nmr spectra of dimethyl sulfoxide: (a) no
proton irradiation; (b) the apnmr (see text) spectrum; (c) a high-
resolution expansion of the apnmr (see text) spectrum.

performed a Fourier transform of the fid to obtain cmr
spectra (Figure 2) of a 909 dimethy! sulfoxide-10%]
hexafluorobenzene solution. With the decoupler
power off entirely, Figure 2a was obtained. Alternate
power pulsing using the same number of pulse cycles
resulted in Figure 2b. The high-resolution spectrum
recorded in Figure 2c is an expansion of Figure 2b and
demonstrates that even long-range !3C-H coupling
returns immediately after decoupling is terminated.
True values of Juc_y are obtained. Off-resonance and
single-resonance decoupling frequently distort line
shapes and coupling constant values.

A simple application of apnmr resonance to signal
assignment can be illustrated by considering the cmr
spectra of 2-butanol (not shown). Proton-decoupled,
four-resonance signals are observed at —10.4, —23.1,
—32.6,and —69.4 ppm vs. TMS. The apnmr spectrum
shows two quartets (/ = 122, 125 Hz), one triplet
(/ = 120 Hz), and one doublet (/ = 134 Hz) allowing
immediate assignment of all cmr signals as methyl,
methylene, or methine carbons, with, as an additional
bonus, the Overhauser enhancement reducing by a
factor of 7-9 the time needed to obtain the spectrum.
A long-range doublet coupling (not accurately mea-
sured) further assigns the resonance at —23.1 ppm to
the 1-CH; carbon illustrating that in apnmr all spin-
spin couplings are available for use to assign signals.
The other methyl resonance is a complex multiplet.
The several superior features of apnmr lead us to be-
lieve it will supersede off resonance methods, especially
since instrument modifications required are minimal.
When, in addition, lanthanide shift reagents are em-
ployed, unequivocal assignment of even ambiguous
cmr spectra is simple.4
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Carbon Magnetic Resonance. Signal Assignment by
Alternately Pulsed Nuclear Magnetic Resonance
and Lanthanide-Induced Chemical Shifts

Sir:
Assignment of carbon magnetic resonance (cmr)
signals has relied on a variety of complex methods such

as nuclear off-resonance irradiation, selective proton
decoupling,! or deuteration studies. Carbon spectra
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Figure 1. Carbon magnetic resonance spectra of isoborneol:
(a) the alternately pulsed nmr spectrum (scale expanded); (b)
a histogram of the apnmr spectrum, some lines dashed for clarity;
(¢) the cmr spectrum of 1.0 M isoborneol; (d) a lanthanide-shifted
cmr spectrum of isoborneol (1.0 M -+ 523 mg of Eu(DPM);).

obtained with the newly developed alternately pulsed
nmr (apnmr) experiment? together with proton-de-
coupled spectra determined in the presence of lan-
thanide shift (lis) reagents,® in this case tris(dipivaloyl-
methanato)europium(III) [Eu(DPM);], illustrate a con-
venient, rapid, and unambiguous method of assigning
13C resonances. We demonstrate an application of
these two complementary tools by the complete and
unequivocal identification of all '*C signals of iso-
borneol.

(1) E. Wenkert, A. O. Clouse, D. W. Cochran, and D. Doddrell,
J. Amer. Chem. Soc., 91, 6879 (1969), and references therein.

(2) O. A, Gansow and W. Schittenhelm, ibid., 93, 4294 (1971).

3) (a) C. C. Hinckley, ibid., 91, 5160 (1969); (b) P. V. Demarco,

T. K. Elzey, R. B. Lewis, and E. Wenkert, ibid., 92, 5734 5737 (1970);
(¢) J. K. M. Sanders and D. H. Williams, ibid., 93, 641 (1971).
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Figure 2. A plot of cmr chemical shifts of 1.0 M isoborneol at
several concentrations of added Eu(DPM);: @, refer to 0-60-ppm
scale; A, refer to 60-120-ppm scale.

The '*C apnmr spectrum of isoborneol (Figure la)
was obtained by a method previously described? using a
Bruker HFX-10 nmr spectrometer with *F stabiliza-
tion, 'H decoupling, and !3C observation frequencies of
84, 90, and 22.6 MHz, respectively. On inspection, the
spectrum appears as numerous envelopes of overlap-
ping lines some of which may be immediately identified
with the tetramethylsilane (TMS) quartet and, from iso-
borneol, one well-defined and two superimposed quartets
(J = 126 Hz), three methylene triplets (/ = 136 Hz), two
methine doublets (/ = 150 Hz), and two broad signals
attributed to the quaternary carbons. Figure lb is a
histogram of the apnmr spectrum. The precise cmr
shifts measured for all ten atoms obtained from the
entirely proton-decoupled spectrum (Figure lc) are re-
corded in Table I. Shift assignments agree with those

Table 1. 1*C Chemical Shifts for Isoborneol (1 M in CCl,)*
C-1 48.5 C-6 35.6
C-2 83.0 C-7 51.2
C-3 42.4 C-8 21.1
C-4 47.4 C-9 21.5
C-5 28.8 C-10 11.9

o All shifts downfield from TMS,

proposed independently by Lippma, et al., and Sch-
neider and Bremser, except for interchanging C-1 and
-7.  One of these studies*® was performed in CS; sol-
vent, while the other* referenced signals to CS; but did
not specify the solvent. Small shift differences from
our data, likely due to solvent choice, are noted.

It is noteworthy that only a few features of the apnmr
spectrum are completely interpretable. The upfield
isoborneol methyl group exhibits a single small cou-
pling (/ = 3 Hz) in each branch of the quartet, while the
other two methyl resonances overlap and contain sev-

(4) (a) H. Schneider and W, Bremser, Tetrahedron Lett., 5197 (1970);

(b) E. Lippma, T. Pehk, J. Passivirta, N. Belikova, and A. Plate, Org.
Magn. Resonance, 2, 1581 (1970).

eral long-range coupling constants. We suggest that
the upfield methyl signal derives from C-10 and that the
observed small coupling arises from a specific inter-
action® with H-4. Explicit assignment of the two re-
maining signals in the apnmr spectrum is virtually im-
possible due to the near coincidence of shift values.
Identification of the two C-H doublets with C-2 (low
field) and C-4 (high field) is obvious from chemical
shifts* and the magnitude of the 13C-H couplings. The
three methylene triplets may be located, but can be
specifically assigned only by utilization of elaborate
correlation charts constructed from chemical shifts of
numerous model compounds.* Chemical shifts of the
quaternary carbons are equally uncertain.

A proton decoupled '3C spectrum of isoborneol (1
M in CCl,, Figure 1¢) is dispersed in the presence of Eu-
(DPM); (0.34 M in CCl,, Figure 1d). Both carbon and
proton downfield pseudocontact shifts from diamag-
netic resonance positions measured for a solution with
a l:1 europium-substrate mole ratio are summarized in
structure 1. Proton resonances taken from the litera-

ture and/or determined here are italicized.®® The
graph from which the 3C shifts were determined is pre-
sented in Figure 2, while the 'H shifts were measured in
a separate experiment. When the europium atom is
bonded to isoborneol at a C—O-Eu angle of ~120°,
overlaying the C(2)-C(3) bond, and having an O-Eu
bond distance of 3.0 A, proton pseudocontact shifts are
nearly proportional to 1/r3, where r = Eu-H distance.
If corrections for the 3 cos? 8 — 1 term (§ = O-Eu-H
angle) are performed, agreement between observed and
calculated shifts is good.®” Furthermore, the spectra
resolve ambiguities in the apnmr spectrum. The
methyl carbon which exhibits the least lis (4.2 ppm) is re-
vealed as 9-CH;. Forthe two strongly perturbed methyl
signals (10.5 and 11.0 ppm) one was assigned above to
C-10, so C-8 remains, accounting for ail methyl reso-
nances. The 3-CH; group shifts 15.8 ppm and is con-
spicuous. The two other CH, groups and the two
quaternary carbons may be assigned from predicted vs.
observed values for pseudocontact interactions.” Our
quaternary carbon assignments differ from those pre-
viously made* based only on correlation charts. The
proximity of C-1 vs. C-7 to the alcohol functional group
requires that it experience the greater lis, demonstrating
the utility of shift reagentsin cmr.

(5) For bicycloheptanes, proton-proton couplings of 1-2 Hz are
observed between protons bonded to the two bridgeheads. We antici-
pate the corresponding 1*C-H coupling would be larger. M. Barfield
and B. Chakrabarti, Chem. Rev., 69, 757 (1969).

(6) The location by computation of praseodymium in the borneol
molecule has been successful: J. Briggs, F. A. Hart, and G. P. Moss,
Chem. Commun., 1506 (1970).

(7) In some preliminary computations, we are able to duplicate cmr
data within 10%. This fit assures that even ambiguous cmr resonances
(C-1, -7, -8, -10) are correctly assigned: R, E, Davis, private communi-
cation.
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Comparison of the proton and carbon lanthanide-in-
duced shifts for isoborneol is most informative, A rea-
sonable chemical-shift correspondence between nuclei
in similar geometric positions relative to europium evi-
dences that the lis experiment is dominated by a pseu-
docontact phenomenon governed by an equation of the
form?*

3 29 — 1
—9083—3~"(gn — g.)8gnBN (D
-

where A is the observed contact shift. When scalar
coupling a is small, 4 is directly proportional to the
gyromagnetic ratios of interacting nuclei and is usually
referred to as the pseudocontact shift. If A4 is ex-
pressed in fleld-independent units (parts per million)
and if axial symmetry about europium is maintained,
then values for all nuclei are predicted and observed to
be proportional to (l/r%). Deviations between 3C
and 'H shifts in isoborneol would arise from small
differences in position relative to europium. This
demonstrated effect should be quite general for all simi-
lar multinuclear nmr experiments.®

In summary, apnmr supplies !*C spectra with im-
proved sensitivity, while retaining and measuring all,
true 13C-H coupling constants and directly identifying
methyl, methylene, methine, or quaternary carbons.
Lis methods apply to cmr and provide spectra which,
when compared with proton lis spectra, can facilitate
assignment of !*C resonances. In particular, the two
nearly equivalent geminal methyl signals and the qua-
ternary carbons of isoborneol were assigned. We fur-
ther note that selective decoupling of dispersed proton
resonances while observing the '*C lis spectrum simpli-
fles measurement of '*C-H coupling constants. The
apnmr-lis methods in conjunction are new and most
powerful tools for structure determination.

Acknowledgment. The authors acknowledge re-
search support from the Robert A, Welch Foundation.

A=a+

(8) Implicit in this statement is that the McConnell relationship (eq 1)
holds. Herein, we suggest only that its validity is sufficient to permit
use of lis reagents in ¢mr.

(9) A. Carrington and A. D. MacLachlan, “Introduction to Mag-
netic Resonance,” Harper and Row, New York, N. Y., 1967, p 221.
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Rate Processes and Carbon-13 Magnetic
Resonance Spectra. Hindered Internal Rotation
of N,N-Dimethyltrichloroacetamide

Sir:

Carbon-13 magnetic resonance (cmr) is a well-es-
tablished method for determination of molecular struc-
ture in solution.! However, no studies have as yet
been performed to investigate the utility of cmr tech-
niques for study of rates of fast chemical exchange
processes although such applications of proton mag-
netic resonance (pmr) are common.? Perhaps the most

(1) J. Stothers, Quart. Rev., Chem. Soc., 19, 144 (1965).
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Figure 1. Actual and computer-simulated carbon-13 nmr spectra
of the methyl reasonances of N,N-dimethyltrichloroacetamide at
several temperatures (°C). The 7 values reported are obtained from
computer-simulated signal-shape analysis.

often and accurately studied exchange reaction is hin-
dered internal rotation about carbon-nitrogen bonds
in substituted acid amides.® One particular molecule,
N,N-dimethyltrichloroacetamide, has proven most
amenable to pmr studies. The presence of only protons
participating in chemical exchange allows use of spin-
echo as well as high-resolution nmr to determine the
energy barrier to internal rotation.* This, together
with the presence of two carbon atoms exchanging
between two chemically different sites, let us initiate
this, the first reported cmr study of a kinetic process.
We wish to demonstrate that cmr methods are at least
as useful as pmr techniques in that nmr signal-shape
analysis following the Gutowsky-Holm formulation?
provides rate constants and activation energies at least
as accurately as pmr studies and that, in many cases,
cmr studies will prove more accurate than pmr studies.

Measurements of '3C spectra were performed operat-
ing a Briicker HFX-10 nmr spectrometer at 22.6 MHz
using the usual Fourier transform signal enhancement
methods® in conjunction with broad band proton de-
coupling.” Solutions were 709, DMTCA-30% 1,2-
dibromotetrafluoroethane (DFTE), the latter serving as
an 84-MHz 'F lock signal. Sample temperature was
measured by directly inserting a small thermometer
into the 10-mm diameter sample tube spinning in a
dewared insert. A thermocouple fixed near the bottom
of the freely rotating sample tube serves to regulate a
flow of cooled nitrogen gas. Control of temperature
was accurate to =0.5°. A similar 10-mm insert was
used for proton measurements at 90 MHz. Our 60-

(2) J. W. Emsley, J. Feeney, and H. Sutcliffe, ‘“High Resolution
Nuclear Magnetic Resonance,” Pergamon Press, New York, N. Y., 1965,
Chapter 6.

(3) W. E. Stewart and T. H. Siddall, Chem. Rec., 70, 517 (1970).

(4 A. Allerhand and H. S. Gutowsky, J. Chem. Phys., 41, 2115
(1964).

(5) A. Allerhand, H, S. Gutowsky, J. Jonas, and R. A, Meinzer,
ibid., 25, 1228 (1956).

(6) R. E. Ernst and W. A. Anderson, Rev. Sci. Instrum. 37, 93
(1966).

(7) F. J. Weigert, M. Jautelat, and J. D. Roberts, Proc. Nat. Acad.
Sci, U, S., 60, 1152 (1965).
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