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CH=CHOCH;, OCHH), 3.58 (s, OCH,), 3.05 (dt, J = 15.8, 5.4 Hz,
OCH,CHH), 2.36 (s, ArCH,), 1.06 (dtd, J = 15.8, 10.1, 2.2 Hz,
OCH,CHH).

A sample of 1rans-6 for 13C NMR analysis was prepared by photolysis
of a CD,Cl, (1 mL) solution of ¢trans-5 (40 mg, 0.076 mmol) in a 10-mm
septum-capped NMR tube for 42 h at -78 °C under N, purge. Cr-
(acac); (32 mg, 0.07 M) was then added, and the tube was sealed under
high vacuum: *C{'H} NMR (50.1 MHz, -45 °C) § 311.2 (W=C),
210.9, 210.6, 207.9, 203.1 (CO), 148.7, 143.1 (ipso, para), 128.3 (ortho,
meta, CH=CHOCH,), 80.4 (OCH,), 61.0 (CH=CHOCH,), 60.2
(OCHj;), 28.6 (OCH,CH,), 21.2 (ArCH;). A “C{!H} INEPT experi-
ment (90.56 MHz, -35 °C) confirmed the assignment of resonances at
6 128.2, 128.0 (unresolved in 50.1 MHz spectrum above), and 61.0 as
methine carbons. A two-dimensional 3C-'H correlation spectrum (de-
coupled in F1 and F2)?? was obtained on a Bruker AM-360 spectrometer
at -35 °C. The spectrum showed the 13C signal at § 128.2 consisted of
two resonances: an aromatic CH coupled to the proton at § 7.21 and the
viny! ether carbon CH=CHOCH, coupled to the vinyl H at § 6.47 in
the 'H NMR spectrum.

An IR spectrum of a 0.011 M solution of trans-6 in CH,Cl, (gener-
ated by photolysis of trans-5 at ~78 °C for 20 h) was obtained at -78
°C: 2015 (s), 1929 (s), 1909 (s), 1884 (s) cm™!, An IR sample in hexane
was prepared by evaporation of CH,Cl, from a sample of trans-6 (pre-
pared by photolysis of trans-5 at -78 °C for 31 h) at -15 °C under high

vacuum and addition of hexane at -78 °C. The sample was warmed to
-15 °C and an IR spectrum was obtained at -78 °C: 2026 (m), 1945
(m), 1918 (s) cm™.

Photolysis  of  cis-5: Generation of (CO),W=C-

(OCH,CH,CH=CHOCH,)C¢H,-p-CH; (cis-6). CD,Cl, (0.3 mL) was
distilled under high vacuum into a 5-mm NMR tube containing cis-5 (12
mg, 0.023 mmol). Photolysis at =78 °C for 21 h generated a (9:1)
mixture of cis-6 and cis-5 as determined by 'H NMR.

For cis-6: 'H NMR (CD,Cl,, -35 °C) 6 7.94 (d, J = 8.3 Hz, 2 H,
CeHy), 7.27 (d, J = 8.1 Hz, C¢Hy), 6.92 (d, J = 5.2 Hz, CH=
CHOCH;), 5.46 (ddd, J = 10.8, 4.6, 2.8 Hz, OCHH), 4.31 (td, J = 10.9,
2.8 Hz, OCHH), 3.83 (s, OCHy), 2.90 (dt, / = 8.3, 5.2 Hz, CH=
CHOCH;,), 2.66 (ddt, J = 13.6, 5.3, 2.9 Hz, OCH,CHH), 2.36 (s,
ArCHjy), 2.20 (tdd, J = 13.0, 8.6, 4.7 Hz, OCH,CHH); 13C NMR
(125.76 MHz, -80 °C) & 318.2 (W==C), 214.0, 209.7, 201.0, 199.6,
197.4 (CO, cis CO of remaining cis-5), 148.3, 144.1 (ipso, para), 129.3,
128.7 (ortho, meta), 128.5 (CH=CHOCH,), 82.6 (OCH,), 61.0 (C-
H=CHOCH,), 56.7 (OCH,), 23.7 (OCH,CH,), 21.5); IR (hexane)
2024 (m), 1931 (m), 1916 (s) cm™.
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Abstract: 8-Deuterium secondary kinetic isotope effects (3-D KIEs) on the alkaline hydrolysis of the p-nitrophenyl esters
of acetic, propanoic, butanoic, and pentanoic acids in pH 10.70, 0.20 M carbonate buffer at 25 °C tend to increase with increasing
chain length of the esters up to the pentanoate. The 3-D KIEs are respectively 0.975 % 0.004, 0.960 % 0.002, 0.940 £ 0.001,
and 0.948 + 0.004. The activation energies of the esterolyses of the isotopically light esters follow a similar pattern, as do
the '3C NMR nuclear shieldings in CDCl, of the isotopically light parent carboxylic acids (20.9, 27.4, 35.9, and 33.8 (ppm))
and '*C NMR one-bond isotope shifts produced by disubstitution of deuterium for hydrogen at the a-carbons of the acids
(0.45, 0.55, 0.60, and 0.59 (ppm)). Correlation of nuclear shieldings and isotope shifts is known from previous work. The
possibility is considered that all of the kinetics-based and NMR relationships are linked through the operation of a common

ground-state feature of the ester and acid alkyl chains.

The chemical literature contains a growing number of theo-
retical and experimental studies of NMR isotope shifts resulting
from the substitution of deuterium for hydrogen on carbon.!
These studies complement a substantial literature concerning
secondary kinetic isotope effects on organic reactions.2 The
possibility of a correlation between kinetic and NMR isotope
effects has been mentioned.!®> To the best of our knowledge,
however, no experimental study of this kind has been done. Thus,

(1) (a) Forsyth, D. A.; Botkin, J. H.; Osterman, V. M. J. Am. Chem. Soc.
1984 106, 7663-7666. (b) Wesener, J. R.; Moskau, D.; Gunther, H. J. Am.
Chem. Soc. 1985, 107, 7307-7311. (c) Forsyth, D. A.; Lucas, P,; Burk, R.
M. J. Am. Chem. Soc. 1982, 104, 240-245. (d) Forsyth, D. A.; Botkin, J.
H. J. Am. Chem. Soc. 1984, 106, 4296-4297. (e) Hansen, P. E.; Nicolaisen,
F. M.; Schaumburg, K. J. Am. Chem. Soc. 1986, 108, 625-629. (f) Jameson,
C.J.; Osten, H. J. J. Chem. Phys. 1984, 81, 4293-4299. (g) Jameson, C. J.
In Specialist Periodical Reports, The Royal Society of Chemistry: London,
1981; “NMR Spectroscopy”, Vol. 10, p 13. (h) Arrowsmith, C. H.; Kresge,
A.J. J. Am. Chem. Soc. 1986, 108, 7918-7920.

(2) (a) Shiner, V. J. ACS Monogr. 1970, No. 167, Chapter 2. (b) Sunko,
D. E; Borcic, S. ACS Monogr. 1970, No. 167, Chapter 3. (c) Melander, L.;
Sanders, W. H., Jr. Reaction Rates of Isotopic Molecules; Wiley: New York,
1980; Chapter 6. (d) Sunko, D. E.; Hehre, W. J. Prog. Phys. Org. Chem.
1983, 14, 205-246. (e) Sunko, D. E.; Szele, I.; Hehre, W. J. J. Am. Chem.
Soc. 1977, 99, 5000-5004. (f) DeFrees, D. J.; Hehre, W. J.; Sunko, D. E.
J. Am. Chem. Soc. 1979, 101, 2323-2327. (g) DeFrees, D. J.; Taagepera,
M.; Levi, B. A; Pollack, S. K,; Summerhays, K. D.; Taft, R. W.; Wolfsberg,
M.; Hehre, W. J. J. Am. Chem. Soc. 1979, 101, 5532-5536.

having determined the B-deuterium secondary kinetic isotope
effects (3-D KIEs) on the alkaline hydrolysis of the p-nitrophenyl
esters (NPEs) of the C,—Cs normal alkanoic acids, we were in-
terested in comparing them with NMR isotope shifts at a-carbon
of the esters. Technical difficulties prevented determination of
the shifts for the esters, but we were able to measure the nuclear
shieldings, isotope shifts, and C-D coupling constants at the
a-carbons of the parent acids. Here we report these kinetic and
NMR investigations.

Results

Second-order rate constants for the alkaline hydrolysis of NPEs
of the homologous C,—-C5 normal alkanoic acids and their a-
deuteriated versions are given in Table I, as are the 8-D KIEs.
The value ksy/k;3p of 0.975 & 0.004 found in this study for the
acetate is identical within experimental error to the 0.970 & 0.009
reported by Kovach and co-workers. >

(3) Kovach, I. M;; Elrod, J. P.; Schowen, R. L. J. 4m. Chem. Soc. 1980,
102, 7530-7534.

(4) The apparent second-order rate constants of Table I were obtained by
dividing the pseudo-first-order rate constants by agy, a procedure that ignores
contributions of the rate of hydrolysis by nucleophilic buffer species. The
similarity of kyu/k;p for p-nitrophenyl acetate found by us (0.20 M bi-
carbonate/carbonate buffer) and by Kovach and co-workers® (unbuffered
solution, ionijc strength 1.0 M (KCI)) indicates that contributions to catalysis
by buffer nucleophiles do not have a measureable effect on the 8-D KIEs.
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Table I. 8-Deuterium Secondary Kinetic Isotope Effects on the
Alkaline Hydrolysis of p-Nitrophenyl Esters®

k Mg ku/kp

p-nitrophenyl ester

acetate 22.92, 22.67, 22.67
av 22.76 £ 0.08
acetate-d, 23.41, 2341, 23.17 0.979, 0.968, 0.978
av 23.22 + 0.08 av 0.975 + 0.004°
propanoate 19.89, 20.07, 19.89

av 19.95 £ 0.06
20.79, 20.79, 20.75
av 20.78 £ 0.01
12.52,12.28,12.13
av 12.31 £0.11
13.30, 13.06, 12.92
av 13.09 £ 0.11
12,11, 12.11, 12,11
av 12.1]1 £ 0.00
12.86,12.77, 12.68 0.942, 0.948, 0.955

av 12.77 £ 0.05 av 0.948 + 0.004

4 Ester concentration approximately 5 X 10 M in 0.20 M carbonate
buffer of pH 10.70, 25 £ 0.1 °C; all reaction mixtures contained 3.2%
CH;CN; H and D compounds run in alternation, with an isotope effect
calculated for each corresponding H/D pair; error estimates represent
the standard error of the mean; average standard error in k is 0.36%
and in ky/kp 0.30%. ®The 2D effect is (0.975)%/3 = 0.984, assuming
additivity of the effect of the successive substitutions of deuterium.

0.957, 0.965, 0.959
av 0.960 = 0.002

propanoate-a-d,
butanoate

0.941, 0.940, 0.939
av 0.940 % 0.001

butanoate-a-d,
pentanoate

pentanoate-o-d,

Table II. NMR Parameters, a-Carbon of Carboxylic Acids?
8(1C,), 1AC,(nD), AlAC(D), 'J(CDy,

acid ppm ppm ppm Hz
acetic-a-d, 20.9 0.67 0.22 19.8
acetic-a-d, 0.45 0.22 19.8
acetic-a-d, 0.23 0.23 19.9
propanoic-a-d, 274 0.55 0.28 19.6
propanoic-a-d; 0.28 0.27 19.7
butanoic-a-d, 35.9 0.60 0.30 19.6
butanoic-a-d, 0.30 0.30 19.7
pentanoic-ce-d, 338 0.59 0.30 19.6
pentanoic-c-d, 0.29 0.29 19.7

4In CDCly, 15.0 MHz, 24 °C; §(13C,) is the nuclear shielding of the
undeuteriated acid referenced to internal Me,Si; estimated precisions
are £0.03 ppm for nuclear shieldings, £0.01 ppm for isotope shifts, and
+0.1 Hz for coupling constants.

We tried to measure the nuclear shieldings, isotope shifts, and
C-D coupling constants at the a-carbon of the NPEs. For the
latter two parameters, however, signal-to-noise ratios were poor
and the isotope shifts and coupling constants could not be precisely
determined. We next focused on the partially a-deuteriated parent
acids of the NPEs. The 'H-decoupled !*C resonance of the a-
carbon of each acid consisted of a well-resolved multiplet repre-
senting no isotopic label (singlet), one deuterium (triplet), two
deuteriums (pentuplet), and in the case of acetic acid three
deuteriums (heptuplet). No undue difficulty was experienced in
dissecting these overlapping patterns and measuring the desired
parameters.

Table II reports the nuclear shieldings, 8('*C,), for the a-
carbons of the isotopically light acids. Maciel and Traficante
demonstrated concentration dependent solvent shifts on 6(*C,)
of the carbonyl group of acetic acid in several solvents, which reach
a minimum in the vicinity of volume fraction 0.040 in CDCl,.’
The spectral data reported here were obtained at nearly constant
volume fractions of 0.040 of acid to minimize effects of sol-
vent-induced shifts on the shieldings.

Table II also gives one-bond isotope shifts, !AC,(nD), where
n is the number of deuterons attached to a-carbon, obtained upon
successive substitution of a-deuterium for a-protium in the C,~C,
normal alkanoic acids. All 'AC (nD) are upfield with respect to
the a-carbon resonances of the undeuteriated acids. There is one
instance in which our results may be compared with a literature
value. Hansen et al.'® report 0.664 ppm for 'AC,(3D) of acetic-d,
acid. We obtain 0.67 £ 0.01 ppm.

(5) Maciel, G. E.; Traficante, D. D. J. Am. Chem. Soc. 1966, 88, 220-223.
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Figure 1. Plots of 'AC,(2D) (closed circles, left interior ordinate), 5-D
KIEs (open circles, left exterior ordinate), 8(13C,) (closed triangles, right
interior ordinate), and second-order rate constants for esterolysis of the
light isotopomers (open triangles, right exterior coordinate) vs. number
of carbons. The NMR parameters are for the C;~C; normal alkanoic
acids; kinetic isotope effects and rate constants are for esterolysis of the
corresponding NPEs.

The A'AC,(D) of Table II are the incremental changes in the
isotope shift upon successive substitution of a-deuterium for
a-protium. The incremental shifts are additive within the precision
of the measurements.

The *C NMR spectra of the a-deuteriated acids of Table II
yielded the first-order carbon-deuterium coupling constants 1J-
(C,D).5 The reported 'J(C,D) are essentially constant at the level
of precision, with a mean value of 19.7 & 0.1 Hz.

It was of interest to compare trends in the rate constants (light
isotopomers) and 8-D KIEs for esterolysis to those in 8(**C,) for
the isotopically light acids and in 'AC,(2D) for the parent acids
containing a-CD,. In Figure 1 the four parameters cited are
plotted vs. the number of carbon atoms of the acids. To facilitate
the comparison the scales for the different parameters have been
adjusted and inverted in the case of the rate constants and 8-D
KIEs to achieve rough proportionality to AG* and AAG*, re-
spectively. The experimental 8-D KIE on the acetate, a “3D"
effect, was adjusted to a “2D” effect by assuming additivity of
the change in free energy of activation upon successive isotopic
substitution, i.e., (0.975)%% = 0.984.

Discussion

It is generally accepted that the 3-D KIEs of alkaline ester
hydrolysis are predominantly hyperconjugative in origin.>’ The
inverse 3-D KIEs usually observed in esterolysis of reactive esters
with 8-C-H(D) bonds by hydroxide and other nucleophiles can
be explained by the reduction in hyperconjugation upon activation
as the sp? ester carbonyl group rehybridizes to an sp? tetrahe-
dral-like intermediate during rate-controlling addition of the
nucleophile.>” The trend in the 3-D KIEs is therefore toward
larger reductions in hyperconjugation upon activation as the chain
length of the esters increases.

The NMR of Table II closely follow patterns previously re-
ported for normal alkanes. The decline in 8(!3C,) in going from
butanoic acid to pentanoic acid corresponds to the v-gauche effect,
which is thought to result from sterically induced hydrogen-hy-

(6) Jameson, C.J.; Osten, H. J. J. Am. Chem. Soc. 1986, 108, 2497-2503.

(7) (a) Kovach, 1. M.; Hogg, J. L,; Raben, R.; Halbert, K.; Rodgers, J.;
Schowen, R. L. J. Am. Chem. Soc. 1980, 102, 1991-1999. (b) Kovach, L.
M. J. Org. Chem. 1982, 47,2235-224]. (c) Kovach, I. M. Tetrahedron Lett.
1980, 21, 4309-4312. (d) Kovach, I. M,; Belz, M.; Larson, M.; Rousy, S;
Schowen, R. L. J. Am. Chem. Soc. 1985, 107, 7360-7365. (e) Stein, R. L;
Elrod, J. P.; Schowen, R. L J. Am. Chem. Soc. 1983, 105, 2446-2452.
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drogen interactions in hydrocarbon chains of at least four carbons.?
The v-gauche effect is evidence of a conformational dependence
of the nuclear shielding; i.e., the hydrocarbon chains of the Cj
acid do not uniquely consist of all-trans-zigzag strands, and the
observed 6(**C,) is the time-average chemical shift of rapidly
interconverting nonequivalent conformers. The isotope shifts may
also exhibit the y-gauche effect. This conclusion is less certain
than in the nuclear shieldings because of the experimental errors
in the shifts. Nevertheless, the effect definitely exists for one-bond
isotope shifts of the normal alkanes as determined at higher
resolution.!® Its appearance in the isotope shifts of the carboxylic
acids would not be surprising.

The upfield shifts and additivities of the one-bond NMR isotope
effects for the acids of Table II are probably due to increases in
electron density of C-D bonds compared with C-H bonds.” The
C-D bonds are shorter, therefore more shielding, and the isotope
shifts are upfield. Two additional lines of experimental evidence
obtained here argue against a predominantly hyperconjugative
origin for the one-bond isotope shifts. First, with one exception
the values of 'AC,(1D) for the normal alkanoic acids RCDH-
CO,H are identical within experimental error to those determined
by Wesener et al.!® for the analogous normal alkanes RCDH-H.
The alkanes lack any p-orbital to support hyperconjugation. The
exception is the C, acid and alkane; we obtain a 'AC,(1D) of 0.23
% 0.01 ppm for acetic acid compared with the reported value!®
of 0.187 ppm for ethane. Second, the calculation of the s character
at a-carbon from 1J(C,D) values of the C,—C; acids reveals no
significant departure from the 25% expected for an sp® hybrid
carbon. In a study of the effects of unsaturation on intrinsic effects
in closely related hydrocarbons, Wesener and co-workers!® showed
that the degree of s character at carbon is well-correlated with
1J(C,D). The s character, s(i), may be calculated by using the
modified Muller—Pritchard relationship (eq 1).1° The mean
1J(C,D) of 19.7 Hz (Table II) gives an s(i) of 25.7%.

s(i) = (6.5144)'J(C,D) /500 (1)

Figure 1 implies a general parallelism between the activation
energies and 3-D KIEs of the NPEs, as well as the NMR pa-
rameters of the parent acids. A relationship between nuclear
shieldings and isotope shifts, which in this instance reflect non-
hyperconjugative environmental differences at «-carbon of the
ground-state carboxylic acids, has previously been noted!® and
seems indisputable.

A relationship between free energies of activation and 8-D KIEs
in esterolysis of structurally homologous esters is conceivable,
Activation energies reflect free energy differences between ground
state(s) and transition state(s); 8-D KIEs reflect the hypercon-
jugation-dependent perturbations of these free energy changes.
A causal relationship between the kinetics-related parameters could
occur if the activation energy and 3-D KIE of an NPE is similarly
influenced by ground-state effects, transition-state effects, or both.

An obvious direct conceptual link between the chemical and
physical parameters, such as hyperconjugation, is lacking. A
tentative candidate for such a link is the ground-state conformation
of the esters and corresponding acids, with respect to the average
rotomeric relationship between the p orbitals of the carbonyl
groups and the 3-C-H(D) bonds. The conformational dependence
of hyperconjugation and its influence on 8-D KIEs is well es-
tablished in solvolysis reactions of rigid molecules that give
carbocation-like transition states.»!'2 A maximum 8-D KIE
(normal effect) is achieved when the developing p orbital of the

(8) (a) Grant, D. M.; Cheney, B. V. J. Am. Chem. Soc. 1967, 89,
5315-5318. (b) Cheney, B. V,; Grant, D. M. J. Am. Chem. Soc. 1967, 89,
5319-5327. (c) Grant, D. M.; Woolfenden, W. R. J. Am. Chem. Soc. 1966,
88, 1496-1502. (d) Seidman, K.; Maciel, G. E. J. Am. Chem. Soc. 1977, 99,
659—671. (e) Tonelli, A. E.; Schilling, F. C.; Bovey, F. A. J. Am. Chem. Soc.
1984, 106, 1157-1158. (f) Saitd, H. Magn. Res. Chem. 1986, 24, 835-852.

(9) Osten, H. J.; Jameson, C. J. J. Chem! Phys. 1984, 81, 4288-4292,

(10) Muller, N.; Pritchard, D. E. J. Chem. Phys. 1959, 31, 768-771,
1471-1476.

(11) Shiner, V. J., Jr. J. Am. Chem. Soc. 1960, 82, 2655-2656.

(12) Shiner, V. J., Jr.; Humphrey, J. S., Jr. J. Am. Chem. Soc. 1963, 85,
2416-2419.
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carbocation and a 8-C-H(D) bond are parallel. In the esterolytic
reactions of rotomerically flexible systems such as the open-chain
NPEs examined here, a maximum inverse effect ought to be
observed when the average overlap of the p orbital of the carbonyl
carbon and 8-C-H(D) bonds is maximized. The 3-D KIE will
be affected if certain rotomers of the C;—C; esters are energetically
favored. For example, transition-state effects being equal, a trend
toward more inverse 8-D KIEs with increasing chain length will
occur if a population of hyperconjugatively effective rotomers is
increased by the greater steric bulk of the larger coiled alkyl chains.
NMR shieldings of the methylene carbons of alkanes exhibit
conformation-dependent non-hyperconjugative shifts of up to 12
ppm.% The observed nuclear shift in flexible hydrocarbons, a
time-average quantity, depends on the mix of conformers at the
conditions of observation. A mutual dependence on ground-state
conformation of the hyperconjugative changes in the 3-D KIEs
of the NPEs and of the non-hyperconjugative changes in nuclear
shielding of the acids could produce parallel responses in these
two parameters. Small ground-state conformational effects on
activation energies of the NPEs and '*C NMR one-bond isotope
shifts of the acids would finish linking the relationships of Figure
1. Any discussion of a conformational connection between the
kinetics-based and NMR parameters is of course completely
speculative, since the present data were obtained for different
classes of flexible compounds in different solvents. The parallel
behaviors of the kinetics-based and NMR parameters are
nontheless intriguing, and they provide the impetus for further
work.

Experimental Section

Carboxylic Acids and p-Nitrophenyl Esters. Undeuteriated p-nitro-
phenyl acetate and butanoate were obtained from Sigma Chemical Co.
and used as received. The remaining p-nitrophenyl esters were prepared
by coupling the appropriate carboxylic acid with p-nitrophenol with use
of dicyclohexylcarbodiimide in CH,Cl;. p-Nitrophenyl acetate-dy was
prepared by using >99 atom % acetic-dy acid obtained from Sigma.

The commercial acetic-d; acid was too highly deuteriated to permit
observation of 13C NMR isotope shifts for the a-monodeuteriated and
a-dideuteriated species at our conditions. A less highly deuteriated acid
was prepared by refluxing CH,CN in 40% NaOH in D,0, acidifying the
solution with concentrated HCI, extracting with CH,Cl,, drying (MgS-
O,), and distilling. The distilled product was approximately 80 atom %
a-deuteriated as shown by '"H NMR.

The a-deuteriated versions of the C;—Cs normal alkanoic acids were
prepared by refluxing the appropriate diethyl alkylmalonate or alkyl-
malonic acid (Aldrich) in a 20% solution of NaOD in D,0, acidifying
the cooled solution with 40% DCI in D,0, extracting the carboxyl and
a-deuteriated malonic acid with diethyl ether, and drying the extract
(MgSO,). Distillation of the ethereal residue at atmospheric pressure
resulted in the desired decarboxylation to produce the normal alkanoic
acid deuteriated at a-carbon and the carboxyl group. For NMR studies
the carboxyl group deuterium was removed by dissolving or suspending
the acid in H,0, acidifying (pH 2), and re-isolating the acid. Each acid
was >95% a-dideuteriated by TH NMR.

Kinetics. Detailed methods for the acquisition of kinetic data and
computation of rate constants were as previously described,'? except the
cell compartment of the spectrophotometer was continuously purged with
nitrogen to prevent carbon dioxide absorption by the alkaline solutions.

NMR Spectroscopy. A Jeol FX-60Q Fourier transform NMR spec-
trometer was used to obtain 13C NMR spectra of the acids at 15.0 MHz,
using a dual C/H probe, 10-mm sample tubes, and 'H decoupling. All
spectra were obtained in CDCl; with internal Me,Si as the reference.
Field stabilization was provided by an external deuterium lock. The
temperature was obtained directly in samples equilibrated in the probe
with the decoupler activated. Complete '3C NMR spectra were obtained
by taking 16 384 data points with use of a 4000-Hz spectral width to give
a digital resolution of 0.03 ppm. For determination of isotope shifts and
C-D coupling constants, a 1000-Hz spectral width and 16 384 data points
were used to obtain a digital resolution of 0.12 Hz (8 ppb). The pulse
width was 60° and the pulse delay was 3.9 s for all spectra.
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