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Summary

The '"O-NMR. chemical shifts of the enriched amino acids glycine, aspartic
acid and glutamic acid were measured in aqueous solution as a function of pH.
High magnetic fields are necessary to resolve the a, - and a, y-carboxyl resonances
of aspartic acid and glutamic acid, respectively. The chemical shifts of acetic acid
were measured for comparative reasons. Ionization constants and titration shifts
were obtained by nonlinear least-squares fits to one-proton titration curves. The
average excitation energy approximation is discussed in terms of the observed
changes in '7O-shielding on deprotonation. No intramolecular association between
the a-amino group and the a-carboxyl group in the zwitterionic form is required
to explain the high-frequency shift of the carboxylate ion. Also no indication of an
intramolecular association between the a-amino group and the side-chain carboxyl
groups of aspartic acid or glutamic acid was found.

1. Introduction. - One class of biological molecules of great importance are
the amino acids and NMR. studies of various nuclei (‘H, '*C, '°N) have been
reported [1-3]. However, despite the obvious importance of O-atoms in amino
acid and peptide chemistry, YO-NMR. spectroscopy still remains a relatively
unexploited technique-with only four publications so far available [4-7]. The dif-
ficulties are due to the low natural abundance of 7O (0.037%), the large quadru-
polar coupling constants which lead to broad resonances and the strong rolling
baseline distortions [8-11].

We have recently reported [7] the "O-NMR. spectra of five amino acids in
aqueous solution at pH 6 under controlled conditions of concentration, ionic
strength and temperature. Also important to the application of "O-NMR. spec-
troscopy to peptides is the knowledge of the behaviour of the "O-chemical shifts
and line widths of the amino acids as a function of pH. We report here the results
of an "O-NMR. study of the chemical-shift titration of monocarboxylic (glycine)
and dicarboxylic (aspartic acid, glutamic acid) amino acids in aqueous solution.
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An attempt will be made to rationalize the contribution of each ionization state
to the observed '7O-chemical shifts. The results and information obtained from
pH-dependent line-width studies are described in the following paper [12].

2. Experimental. - Materials. All amino acids (Fluka AG) were used without further purification.
Enrichment with 17O was obtained by isotopic exchange between the carboxyl function and H,!70 in
the presence of a strong acid and at elevated temperatures [13]. In a typical experiment 3.0 ml of
5M HC] was added to a mixture of 3.0 g of glycine and 300 mg of H,O enriched to 20 atom-% in 170
(Biogenzia Lemania, Lausanne). The temperature was raised to 80° and after 5 h the solution was
neutralized with 10M NaOH. Cooling gave a quantitative yield of glycine, approximately 1%-enriched
in 170.

Sample preparation. The pH-titrations were performed at a sample concentration of 0.1M in 1M
aq. NaCl. This minimizes the change in ionic strength and viscosity which could occur during the
titration {7). The pH was adjusted by the addition of either HCl- or NaOH-solution. The pH-values
were measured directly in the 10-mm-NMR. tubes at 40°, before and after each experiment. Acetic
acid was measured in H,0 and 2H,0, the pH-meter readings were used without correction for isotope
effects [14]. To avoid back-exchange of 170 [15] all samples were stored at neutral pH at 4°. Some
natural abundance spectra of glycine have been measured in 17O-depleted water (Biogenzia Lemania,
170-content ca. 1-1073%).

170-NMR. measurements. 1TO-NMR. spectra were obtained at 27.11 MHz using a Bruker CXP-200
instrument with a high-resolution probe head. No field/frequency-locking system was used. The probe
temperature was kept constant at 40+ 1°. The chemical shifts were determined relative to the resonance
position of 1,4-dioxane, measured in a separate experiment [16]. At 40° the chemical shift of dioxane
relative to water is +0.2 ppm. The spectral parameters normally used were the following: spectral
width =20 kHz; 90° pulse angle =50 ps (high-resolution probe); quadrature detection; acquisition
time Toeq=5-10 ms (=~4 T,). A preacquisition delay 41=130-140 ps was used. Since the amino acid
absorptions are 7 to 7.5 kHz away from the water resonance, 4t corresponds to the next maximum
(4dv - At=1) of the FID-interferogram and hence no linear-phase correction is needed {17], which
otherwise could introduce a sinusoidal baseline. Each FID was zero-filled up to 8 K before FT.

For single resonances a simple exponential function with line-broadening (L.B.)= 50-75 Hz was
applied to the FID in order to diminish the truncation of the water resonance. For strongly overlapping
resonances such as those of glutamic and aspartic acids a Gaussian-exponential function was used to
resolve the peaks with a minimum accumulation of noise [18]. This apodization-resolution enhancement
function has the form exp(at— bf) where a and ab are adjustable parameters and are related to the
Aspect-2000 parameters (LB.) {in Hz, (LB.)<0] and (GB.) [0<(GB.)< 1] as follows: a= —n(LB.) and
b=2/(2(GB.) - Tye)-

PK,-Calculations. Apparent pK,-values for pH-dependent resonances were obtained nonlinear
least-squares fits of the observed chemical shifts, § (pH), to a one-proton titration curve

5(AH)+5(A")- 10®H-pKy)

d(pH)= 1+ 10(H-pK,)

where §(HA) and 6(A~) are the chemical shifts for the protonated and the deprotonated species,
respectively. Equation I assumes that there is rapid exchange between the ionized species resulting
in one average signal.

3. The case for "O-enrichment. - Valentine et al. [5] recently made some
indication of the difficulties encountered in studying amino acids at natural
abundance. The stringent requirements are the high concentrations and the
extensive signal-averaging needed and the intense water peak which often con-
tributes to memory overflow. Recording of the spectra can be facilitated by the
use of "O-depleted water [16] [19-21] since O-exchange in amino acids is slow
and important only at low pH-values [13] [15]. Our "O-NMR. investigation of
amino acids in 7O-depleted water and at elevated temperatures resulted in rela-
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tively sharp resonances and appeared not too difficult. However, since we are
interested in a future application of O-NMR. to polypeptides we wanted to
examine this technique at physiological temperatures. Unfortunately, despite fast
pulsing and the application of a sensitivity enhancement function the spectra turned
out to be very poor: Figure 14 shows the "O-natural-abundance-NMR. spectrum
of glutamic acid, 0.1M in 7O-depleted water at 40°. It is obvious that the large
number of transitions needed makes the recording very time-consuming and
practically prohibitive for titration curve measurements. Figure 1B illustrates clearly
the advantages of working with an !’O-enriched sample of glutamic acid. Previously
successful natural abundance studies of highly soluble phosphates [19] and mono-
saccharides {20] [21] have been performed. However on considering the low
solubility of several amino acids and their relatively easy enrichment we decided
to work with !’0O-enriched amino acids.

J% e

M»\W\NVWWMMMN

U I L U 1 T

300 200 100 0 -100  -200 ppm

Fig. 1. 27.11 MHz-"70-NMR. spectra of 0.1M solutions of glutamic acid in H,O containing 1M NaCl
(Temperature=40°; pH=3.1). (A) Natural abundance spectrum in 17O-depleted water ( x ). Tacq=5 ms.
NS=13,000,000, total experimental time ca. 4.2 h. Glutamic acid resonances after aj vertical expansion
(8x); b) exponential multiplication of the FID. (LB.= 100 Hz). (B) Spectrum of 1%-enriched glutamic
acid in ordinary water (@). Tyeq=7.5 ms, NS=150,000, total experimental time ca. 19 min. Glutamic
acid resonances after c¢) vertical expansion (8§x); d) multiplication of the FID. with a Gaussian-
exponential function [18] (LB. = - 500 Hz, GB.=0.45). ¥ is a transmitter residual spike.
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4. Results. - In order to characterize the behaviour of the ’O-chemical shift of
an isolated carboxyl group we first turned our attention to the case of acetic acid.
Figure 2 shows the pH-dependence of the chemical shift of a 0.1 M solution of acetic
acid in 1M aqueous NaCl. Upon deprotonation of the carboxyl function we observe
a shift to higher frequency with an inflection point at its pK,. The least-squares
titration shift of 23.8 ppm (Table 2) is in agreement with the value of 23.6 ppm
reported by Reuben [22]. The pH-titration was also performed with deuteriated
acetic acid, CH;COO?H, in a 1M solution of NaCl in 2H,0O in order to study the
isotope effect (Fig. 2). At high pH we observe a shift of 0.6 ppm to lower frequency
for the deuteriated solution, and 1.1 ppm for the curve at low pH. This tendency is
similar to that found for the '7O-chemical shift of 2H,0 relative to H,O [23].

The titration curve of the amino acids can be divided into two distinct regions.
Firstly, as observed for the case of acetic acid deprotonation of the carboxyl group
in the cationic form results in a similar increase in the "O-chemical shift, showing
an inflection point at the pK, (Figs. 3 and 4). For aspartic acid overlapping of the
two absorptions was observed just until both groups predominated as their anions
(pH > 4), at higher pH two separate absorptions could be observed.

Secondly, the high pH-section of the titration curves consists of another inflection
point due to the titration of the amino group resuiting in a decrease in the chemical
shift of =3 ppm for the a-carboxyl groups and ~1 ppm for the - and y-carboxyl
groups of aspartic and glutamic acid, respectively.
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Fig. 2. The 170-NMR. titration shifts of 0.IM acetic acid at 40° measured in H,0 (X) and in 2H,0 ()

in the presence of IM NaCl (The pH-meter readings in 2H,O were not corrected for isotope effects.

The solid lines correspond to nonlinear least-squares fit of one-proton titration curves (Eqn. 1) to the
experimental data. The titration parameters are listed in Table 2)
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The titration curve of glycine is similar to that reported earlier [6]. However,
we found that at pH-values> 11 the chemical shifts of all amino acids studied tend
to a constant value (Figs. 3 and 4).
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Fig. 3. The 17O-NMR. titration shifts of 0.1M glycine at 40° measured in H,0 in the presence of IM NaCl
(The solid line corresponds to nonlinear least-squares fits of one-proton titration curves (Egn. 1) to the
experimental data. The titration parameters are listed in Table 2)
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Fig. 4. The 7O-NMR. titration shifis of 0.IM glutamic acid at 40° measured in H,0 in the presence of

IM NaCl (The solid lines correspond to nonlinear least-squares fits of one-proton titration curves (Egn. 1)

to the experimental data: (@) resonances from the a-carboxyl group, (A) resonances from the

y-carboxyl group, (M) overlapping resonances. The titration curve for the p-carboxyl group was

calculated without the (M) points. The titration parameters are listed in Table 2. The dashed line was
drawn to follow the experimental points)
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The "O-chemical shifts corresponding to the three ionization states of the amino
acids are presented in Table I. The "O-titration shifts as well as pK,-values ob-

tained from least-squares fits to one-proton titration curves (Egn. I) are given in
Table 2.

5. Discussion. - Amino acids can exist in three possible forms depending on their
degree of protonation, the concentration of each species varies greatly with the pH;

*NH;CHRCOOH = "NH3;CHRCOO ™« NH,CHRCOO~

At neutral pH the doubly charged zwitterion is dominant although there is a
very small contribution from the uncharged form, NH,CHRCOOH [24]. The
change in the relative population of the above species with pH will have a pro-
nounced effect on the "O-chemical shifts and line widths of the amino acids. We
shall now estimate the contribution of each ionization to the observed chemical
shifts in the overall titration. The titration curves are compared with those obtained
earlier by '*C-NMR. [25] and '"'N-NMR. [26] [27] spectroscopy.

a-Carboxyl titration®). Only one O-line is observed in carboxytlic acids since the
(C=0)- and (C—OH)-resonance positions are averaged by rapid intermolecular
proton transfer. From the '"O-chemical shifts in methyl esters [28] (6 (C=0)
~350 ppm and §(C—O—CH;)~130 ppm), and taking into account a methyl-
shielding effect of 4~30 ppm, the chemical shift of the carboxyl group can be
estimated as

d=%16(C=0)+6 (C—O—CHj)+ 4}~ 255 ppm

which is in very good agreement with the values observed for acetic acid and the
amino acids investigated (Table 1).

Table 1. /70-NMR. Chemical shifts of acetic acid and some amino acids®)

Compound Resonance Chemical shift (ppm)?)
1% 3% 3%
Acetic acid a-COOH 258.2 282.0
257.19 281.4%)
257.98) 282.28)
Glycine a-COOH 253.5 270.5 267.4
Aspartic acid a-COOH (255 267.8 2654
$-COOH (255) 280.7 279.6
Glutamic acid a-COOH 254.3 270.6 267.6
y-COOH 257.1 279.4 278.8

2) Measured in 0.1M solutions in HyO which contained 1M NaCl; T=40°. The chemical shifts were
obtained from nonlinear least-squares fits of one-proton titration curves (Egn. 1) to the experimental
data. P) Chemical shifts were measured relative to 1,4-dioxane used as external reference, +0.2 ppm
relative to water. The errors for the chemical shifts were +0.3 ppm for acetic acid and glycine and
+0.5 ppm for glutamic acid and aspartic acid. ©) §) is the chemical shift of the protonated carboxyl
O-atoms at acid pH. 9) §, is the chemical shift of the deprotonated carboxyl O-atoms at neutral pH.
¢) d3 is the chemical shift of the deprotonated carboxyl O-atoms after deprotonation of the a-amino
group at basic pH. f) Chemical shifts measured in 2H,0. &) Chemical shifts measured in HyO without
added NaCl. ") Estimated values because of overlapping a- and fi-carboxyl resonances.

3)  q-Carboxyl= - &OOH, [-carboxyl= — ¢ooH.
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It has been recently pointed out [29] that heteroatomic substitution at the
C-atom f to an OH-group provokes shielding which is usually larger than that of
CH,; (— 6 ppm): — 11 ppm for OH; — 12 ppm for N(CH,), and — 8 ppm for CI. This
agrees well with the shielding found for the a-carboxyl group of the amino acids
relative to acetic acid and that of the a-carboxyl group of glutamic acid relative
to the y-carboxyl group (Table 1).

Additivity properties have similarly been used [22] to predict the chemical-shift
tendency of the acetic acid anion. Since the chemical shift of the acetate ion
relative to acetic acid is +24 ppm (Table 2), the value per negatively charged
O-atom is about 448 ppm and is of the same sign and order of magnitude as the
chemical shift which has been roughly estimated [30] for the OH-ion (+70 ppm
with respect to H,0).

The chemical shift or the screening constant ¢ is usually discussed with respect
to contributions from a diamagnetic (¢¢%) and a paramagnetic (gP) term as defined
by Ramsey [31]. It is usually assumed that the diamagnetic term is independent
of change in the chemical environment of the O-atom ([32] [33]. Thus, the shift
differences are essentially induced by the paramagnetic term. The latter may be
evaluated using several assumptions. Following the AEE. (average excitation energy)-
approximation the paramagnetic term for a nucleus A bonded to other nuclei B
may be written [34] [35]

oR=—@h32mie) AE () {Qaat 3 Qs @

BFA
where 4E is an AEE. usually taken as the magnitude of the lowest energy electronic
transition, (r™*),, is the so-called orbital expansion term, and Qa, and Q,p are

defined in terms of the appropriate matrix elements used to calculate atomic charge
densities and interatomic bond orders, respectively.

Table 2. 170-NMR. Titration shifts and pK ,-values of acetic acid and some amino acids®)

Compound Resonance  a-Carboxyl a-Amino Side-chain
titration titration titration
4°) pK, 4 pK, 4 pK,
Acetic acid a-COOH 238 426+ 0.02

24.35)  4.47+£0.029)
24.39)  4.66+0.024)

Glycine a-COOH 17.0 2.05+0.02 -3.1 9.44+0.06
Aspartic acid a-COOH (12.8)%) 9 —2.4 9.531+0.06

#-COOH 115 6 2579 9
Glutamic acid a-COOH 16.3 2.140.1 -2.8 9.30+0.06

y-COOH -06) 0 223 4510.1

2y Measured in 0.1M solutions in HyO which contained 1M NaCl; T=40°. The parameters were obtained
from nonlinear least-squares fits of one-proton titration curves (Egn. I) to the experimental data.
by A-values are the chemical shift changes on deprotonation (in ppm). Positive values indicate
deshielding. ©) Parameters obtained in 2H,0. 9) Parameters obtained in H,O without added NaCl.
) No curve-fitting procedure was performed because of overlapping of the two carboxyl absorptions
at pH values<4. The titration shifts given in parentheses are estimated values. f) The computer
program could not converge to an adequate fit. Approximate A-values were obtained by inspection.
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Valentine et al. {6] recently applied this approach to amino acids. They pointed
out that the sign of the 7O-titration shift of the a-carboxyl groups is not consistent
with Equation 2 when only the reduced form gP~AE~'-(r™3),  is considered.
Their argument was based on the facts that a) deprotonation of the carboxyl group
should result in electron delocalization which expands the effective radius of the
O-atom 2p-electrons and thus decreases (r™3) and oP; b) the resonance forms of
the ionized carboxyl group lower the ground electronic energy level relative to the
covalently bonded carboxyl group. This will increase AE which for carboxyl as for
carbonyl compounds is provided by the (n— zn*)-transition [36], and ¢P will again
decrease. In conclusion, the change in chemical shift of the carboxyl group resulting
from deprotonation was expected towards low frequency, opposite to that observed
experimentally. Valentine et al. [6] considered solvent effects as a possible reason
for the sign reversal of the carboxyl titration shift. Assuming a strong intramolecular
ionic association of the amino acids in the zwitterionic state, transition from the
cation to the zwitterion would result in the breaking of intermolecular H-bonds
between the solvent and the carboxyl groups accompanied by appreciable chemical
shifts to high frequency [22]. Indication of an intramolecular H-bond between the
amino group and the carboxyl group in the zwitterionic form was also obtained by
I5’N-NMR. [27] since the resonance of the amino group was shifted to high fre-
quency when the carboxyl group was deprotonated. We want to emphasize, how-
ever, that the AEE. model (Egn. 2); a) involves the additional terms Qs and Qup
whose variation may play a significant role [11] [19]; b) appears valid only for
carbonyl groups with low (n— zn*)-transition energy [35] [37]. Indeed, the (n— z*)-
electronic absorption shows a considerable hypsochromic shift on going from the
carbonyl group to carboxyl and carboxylate groups (absorption maximum at
280 nm for acetone, compared to 204 nm for acetic acid [38], <197 nm for the
acetate ion [38], and <213 nm for the various ionization states of amino acids [36]).
Consequently, the other excitation energies ¢ 7n*, n—¢*, 7= ¢* and to a lesser
extent the o— ¢* are expected to play a significant role for the compounds con-
sidered here and the linear relationship between the O-chemical shifts and the
inverse of the lowest excitation energy (n— 7*) appears unrealistic [37]. On the other
hand, there is no a priori method for the selection of the additionally contributing
transitions [35].

Deprotonation of the carboxyl group of acetic acid (Fig. 2) resulted in "O-
deshielding similar to that in the amino acids. In addition, we have recently per-
formed '"O-NMR. studies on a large series of substituted carboxylic acids and their
carboxylate ions [39]. Throughout, a net chemical shift to high frequency was
observed on deprotonation. We conclude therefore that in order to understand the
7Q-titration shift of amino acids, no. specific intramolecular association of the
zwitterionic form is necessary. Furthermore, we observed [39] that electronegatively
substituted acetic acids, e.g. CH,CICOOH, gave a smaller chemical shift difference
between the acid and its ion which is in agreement with the tendency in amino
acids (6 (CH,CICOOH)=253.1 ppm; 6 (CH,CICOO™)=271.5 ppm). In conclusion,
the quantitative difference in the titration shift between acetic acid and glycine can
be attributed to a simple inductive effect of the NH3 -group and not to a specific
intramolecular association of the zwitterionic form.
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B.y-Carboxyl titration. The titration shifts of the - and y-carboxyl groups in
aspartic and glutamic acid are very close to that of acetic acid (Table 2). This
indicates that neither of the side-chain carboxyls do undergo an efficient interaction
with the positive charge of the a-amino group.

a-Amino titration. Figures 3 and 4 show that the 7O-resonance signals are
sensitive to the ionization state of the a-amino group. The titration shifts appear
closely related to the number of bonds from the amino function. A shift to Jower
frequency has been observed on deprotonation, —2.4 to —3.1 ppm for the a-car-
boxyls, —1.1 ppm for the f-carboxyl of aspartic acid and —0.6 ppm for the
y-carboxyl of glutamic acid (Table 2). The sign of the "O-titration shifts is opposite
to that reported for those of '*C [25] where titration of the amino group produces a
surprisingly large effect on the a-carboxyl C-atom. *C-chemical shifts of amino
acids and their variation with pH have been calculated by a modified CNDO/2
program [25]. However, only a poor agreement between predicted and observed
shifts was obtained for C-atoms close to the site of ionization. This was attributed
to the very delicate balance between the electron density and excitation energy
terms. In conclusion, we believe that for a detailed explanation of either the 13C- or
Q-titration shifts the usual approximations in the calculation of the paramagnetic
term have to be carefully examined. The calculation for both the C- and O-atoms
of the carboxyl group and its comparison with experimental values is recommended.

We wish to thank Martial Rey for carrying out the calculation of the titration curves. The project
was supported by the Fonds National Suisse de la Recherche Scientifique.

REFERENCES

[1]1 K. Wiithrich, in ‘NMR in Biological Research: Peptides and Proteins’, Elsevier, Amsterdam 1976.
[2] R. Deslauriers & I.C.P. Smith, in ‘Topics in Carbon-13 NMR Spectroscopy’ (G.C. Levy, Ed.),
Vol. 2, p. 1, John Wiley & Sons, New York 1976.
[3]1 M. Witanowski, L. Stefaniak & G.A. Webb, in ‘Annual Reports on NMR Spectroscopy’ (G.A. Webb,
Ed.), Vol. 11B, p. 58, Academic Press, London 1981.
[4] C.S. Irving & A. Lapidot, J. Chem. Soc., Chem. Commun. 43 (1976).
[5] B. Valentine, T. St. Amour, R. Walter & D. Fiat, Org. Magn. Reson. I3, 232 (1980).
[6] B. Valentine, T.St. Amour, R. Walter & D. Fiat, J. Magn. Reson. 38, 413 (1980).
[71 R. Hunston, I. P. Gerothanassis & J. Lauterwein, Org. Magn, Reson. /8, 120 (1982).
[8] W.G. Klemperer, Angew. Chem. Int. Ed. 17, 246 (1978).
[9] C. Rodger & N. Sheppard, in ‘NMR and the Periodic Table’ (R.K. Harris and B.E. Mann, Eds.),
Chapt. 12, p. 383, Academic Press, New York 1978.
[10] T.St. Amour & D. Fiat, Bull. Magn. Reson. /, 118 (1980).
[11] J.-P. Kintzinger, in ‘NMR. Basic Principles and Progress’ (P. Diehl, E. Fluck and R. Kosfeld, Eds.),
Vol. 17, p. 1, Springer, Berlin 1981.
[12] 1. P. Gerothanassis, R. Hunston & J. Lauterwein, Helv. Chim, Acta 65, 1774 (1982).
[13] A. Murray, III & D. L. Williams, in ‘Organic Syntheses with Isotopes’, Part III, Chapt. 18, Inter-
science Publishers, New York 1958.
[14] A. Bundi & K. Wiithrich, Biopolymers 18, 285 (1979).
[15] J. M. Risley & R. L. Van Etten, J. Am. Chem. Soc. 103, 4398 (1981).
{16] I.P. Gerothanassis, Ph. D. Thesis, University of East Anglia, UK (1980).
{17} D. Canet, C. Goulon-Ginet & J.-P. Marchal, J. Magn. Reson. 22, 539 (1976).
[18] J.A. Lindon & A.G. Ferrige, in ‘Progress in NMR Spectroscopy’ (J.W. Emsley, J. Feeney and
L.H. Sutcliffe, Eds.), Vol. 14, p. 27, Pergamon Press, Oxford 1980.



HELVETICA CHIMICA ACTA — Vol.635, Fasc.6 (1982)— Nr. 174 1773

[19] 1. P. Gerothanassis & N. Sheppard, J. Magn. Reson. 46, 423 (1982).

[20] I.P. Gerothanassis, N. Sheppard & J. Lauterwein, paper presented at the 2nd European Symposium
on Organic Chemistry, Stresa, Italy 1981.

[21] L P. Gerothanassis, J. Lauterwein & N. Sheppard, J. Magn. Reson. 48, 431 (1982).

[22] J. Reuben, J. Am. Chem. Soc. 91, 5725 (1969).

[23] O. Lutz & H. Oehler, Z. Naturforsch. 32a, 131 (1977).

[24] M. Sheinblatt & H.S. Gutowsky, J. Am. Chem. Soc. 86, 4814 (1964).

{25] A.R. Quirt, J.R. Lyerla, jr, I.R. Peat, J.S. Cohen, W.F. Reynolds & M.H. Freedman, J. Am.
Chem. Soc. 96, 570 (1974).

[26] T.K. Leipart & J.H. Noggle, J. Am. Chem. Soc. 97, 269 (1975).

{27] F. Blomberg, W. Maurer & H. Riiterjans, Proc. Natl. Acad. Sci. USA 73, 1409 (1976).

[28] H.A. Chrisy, P. Diehl, H. R. Schneider & H. Dahn, Helv. Chim. Acta 44, 865 (1961).

[29] J.K. Crandall & M. A. Centeno, J. Org. Chem. 44, 1183 (1979).

[30) Z. Luz & G. Yagil, J. Phys. Chem. 70, 554 (1966).

[31] N.F. Ramsey, Phys. Rev. 78, 699 (1950).

[32] K. A. K. Ebraheem, G.A. Webb & M. Witanowski, Org. Magn. Reson. 8, 317 (1976).

[33] K. A.K. Ebraheem & G.A. Webb, J. Magn. Reson. 25, 399 (1977).

[34] M. Karplus & J. A. Pople, J. Chem. Phys. 38, 2803 (1963).

[35] K. A.K. Ebraheem & G.A. Webb, in ‘Progress in NMR Spectroscopy’ (J.W. Emsley, J. Feeney &
L.H. Sutcliffe, Eds.), Vol. 11, p. 149, Pergamon Press, Oxford 1977.

[36} L.I. Karzin & E. Gulyas, J. Am. Chem. Soc. 90, 247 (1968).

[37] M. Jallali-Heravi & G.A. Webb, J. Magn. Reson. 32, 429 (1978).

[38} R. Hdikansson, in “The Chemistry of Acid Derivatives’ (S. Patai, Ed.), Supplement B, Part 1,
Chapt. 3, p. 67, John Wiley & Sons, New York 1979.

[39] P.-A. Carrupt, 1. P. Gerothanassis & J. Lauterwein, unpublished results.



