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The lanthanide-induced PMR shifts (LIS) were observed in D,O solution of r-azetidine-2-carboxylic acid

using europium nitrate as shift reagent.
and the incremental dilution methods.

Two series of measurements were carried out with the successive dilution
The analysis of observed data shows that the formation of 1:2 complex

between the lanthanide ion and the substrate molecule should be taken into account in addition to 1: 1 complex.
The LIS’s intrinsic to 1: 1 and 1:2 complexes were evaluated. An cxperuncntal method appropriate for ob-
taining the ratio of the LIS’s intrinsic to 1: 1 complex is proposed.

One of the most important features of the lanthanide-
induced nuclear magnetic resonance shift (LIS) lies in
its potentiality of giving quantitative information on
the structure of molecules in solution. As is well
known, however, there are several points to be checked
before the observed shift data are utilized for the
determination of molecular structures.!~® In the first
place, it is necessary to evaluate the LIS intrinsic to
1:1 complex formed between a lanthanide ion (or,
more generally, a lanthanide shift reagent) and a sub-
strate molecule. This is not a simple task, since the
contributions of 1:2 and other complexes to the ob-
served LIS are expected to vary case by case. In this
paper we treat the equilibrium between the europium
ion and vr-azetidine-2-carboxylic acid in aqueous solu-
tion and propose a method for evaluating the intrinsic
LIS’s and the shift ratios for 1:1 complex. This
method may be applicable to other systems as well.
The results obtained here will be used in a subsequent
paper for determining the molecular conformation of
L-azetidine-2-carboxylic acid in aqueous solution.

Experimental

L-Azetidine-2-carboxylic acid was kindly provided by Mr.
H. Sugano of Tanabe Pharmaceutical Company. Com-
mercially available nitrate of Eu(III) (99.99,) was used
without further treatments.

PMR spectra were recorded on a Hitachi R-22 (90 MHz)
spectrometer in the frequency-sweep mode. The LIS meas-
urements were performed for D,O solution at a probe tem-
perature of 37 °C using DSS as an internal standard. The
shifts were determined by a frequency counter with the
accuracy of +0.1 Hz. All the resonance lines shifted to high
field in the presence of europium nitrate. The pH value
of each sample solution was adjusted to be in the range
between 4.6 and 5.0, so that the zwitter ion is the predominant
species of the sample molecule.

The computation and curve plotting were carried out at
the Computer Centre of the University of Tokyo using HITAC-
8800/8700 computers and a Calcomp 563 curve plotter.
The programs used for the spectral analysis were NMRTRY,
NMRFIT, and NMRPLOT. The curve fitting for the LIS
data was carried out with the program SHIFT. All these
programs- were prepared in our laboratory.

Results and Discussion

PMR Spectrum of 1L-Azetidine-2-Carboxylic Acid in D,0
Solution. The observed PMR spectrum of r-
azetidine-2-carboxylic acid in D,O solution is shown
in Fig. 1, together with the simulated. The absorptions
indicated as A, B, C, D, and E in this figure may be
assigned to five protons, viz., A and B to the 8, C and
D to the y, and E to the « protons (see Fig. 2). The
least-square adjustments gave the chemical shifts and
spin-spin coupling constants listed in Table 1, which
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Fig. 1. PMR spectrum : (90 MHz) of L-azetidine-2-
carboxylic acid in D,O; (a), observed spectrum; (b)
simulated spectrum.
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Fig. 2. Molecular structure of L-azetidine-2-carboxylic
acid.
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(2) Incremential Dilution Method:®» The changes of
chemical shifts are observed with changing [L,] and
p by successive addition of the substrate solution to the
original solution. The concentration of the substrate
solution is made equal to that of the substrate in the
original solution, so that no change in [S,] occurs

vy 229.924-0.03 Jap  9.3440.05
v 252.1640.03 Jae 10.0240.04
Ve  354.01+0.03 Jec-  9.9140.05
v, 368.63-0.03 Jep  8.02:£0.05
ve 431.640.03 Jee  7.964+0.04

Jop —10.630.04
Jas —12.1740.04 Joz  0.7940.04
Jao  6.06£0.05 Joz  0.2310.04

a) All values are in Hz.

are essentially in agreement with the values obtained
by Thomas and Williams.?

Analysis of the Lanthanide-Induced Shifts. (a) Coor-
dination Site: The measurements of LIS were made
in the pH range between 4.6 and 5.0, where r-azetidine-
2-carboxylic acid exists as a zwitterion. As LIS was
found negligible below pK,(=1.7) of the carboxylate
group, the coordination site for the lanthanide ion must
be the carboxylate group of -L-azetidine-2-carboxylic
acid.

(b) Stoichiometry of the Lanthanide-Substrate Complex
and the Evaluation of the LIS Intrinsic to 1:1 Complex:
Much work has been done on the stoichiometry of the
lanthanide-substrate complex and now the formation
of not only 1:1 complex but also 1:2 complex has
been established.2® The equilibria between the lan-
thanide ion (L) and the substrate molecule (S) may
be described by the following schemes (two-step mech-
anism) under the assumption that the formation of the
complex between one lanthanide ion and three (or
more) substrate molecules can be neglected.

K
L+S=LS 1)
LS + 8 :‘—'2 LS, (2)
where K, and K, are the association constants given as
K, = [LS]/[L][S] (3)
K, = [LS,]/[LS][S] (4)

If the LIS (with respect to the i-th nucleus) intrinsic
to LS and LS, complexes are expressed as 4% and 4%,
respectively, the observed shift (46%,) may be given as
R L) [LSs] 44

Adops = 1S A+ 2 IS, 4, ©)
where [Sy] refers to the total concentration of the
substrate. Equations (3)—(5) are used to analyse the
observed data described below to obtain 4,, 4,, K,
and K,. The following two series of measurements
have been made.

(1) Successive Dilution Method:» The changes of
chemical shifts are observed with changing [L,] (total
concentration of the lanthanide ion) and [S,] by
successive addition of the solvent (D;O) to the original
solution which contains both the lanthanide ion and
the substrate. Accordingly, the mole ratio p(=[Lg]/
[S¢]) is kept constant throughout the measurements.
The shifts observed by this method for the five protons
of r-azetidine-2-carboxylic acid are shown in Figs. 3
and 5, where p was set equal to 1.01.
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Fig. 3. Eu(IlI)-induced shifts (46,,,) of L-azetidine-2-

carboxylic acid observed by the successive dilution
method vs. total substrate concentration ([S,]). D,O
solution, 37 °C, p=1.01. O, A; A, B; A, C; [J, D;
@ E. The curves were obtained by theoretical fitting
based on the one-step mechanism.
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Fig. 4. Eu(IIIl)-induced shifts (4d,,,) of r-azetidine-2-

carboxylic acid observed by the incremental dilution
method vs. the mole ratio (p). D,O solution, 37 °C,
[Se]=0.991 M. O, A; A, B; A, C; O, D; @ E
The curves were obtained by theoretical fitting based
on the one-step mechanism.
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Fig. 5. Eu(IlI)-induced shifts (40,,) of L-azetidine-2-
" carboxylic acid observed by the successive dilution
method os. total substrate concentration ([S¢]). D,O
solution, 37 °C, p=1.01. (O, A; A, B; A, C; [, D;
@, E. The full curves were obtained by theoretical
fitting based on the two-step mechanism. The dotted
curve indicates the dependence of the ratio [LS,]/[LS]

upon [S,].
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Fig. 6. Eu(III)-induced shifts (4dy,;) of L-azetidine-2-
carboxylic acid observed by the incremental dilution
method vs. the mole ratio (p). D,O solution, 37 °C,
[Se]=0.991M. O, A; A, B; A, C; [0, D; @, E.
The full curves were obtained by theoretical fitting
based on the two-step mechanism. The dotted curve
indicates the dependence of the ratio [LS,;]/[L.S] upon

P

throughout the measurements. The shifts observed by
this method are shown in Figs. 4 and 6, where. [S(]
was chosen to be 0.991 M.

At first the shift data obtained above were analyzed
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TaABLE 2. LANTHANIDE-INDUCED SHIFTS®) INTRINSIC TO
THE LS copMLEX (4,) AND LS, coMpLEX (4,) AND
THE ASSOCIATION CONSTANTS? FOR THE STEP
L+S2LS (K,) anp LS4S22LS, (K3)

One-step Two-step mechanism®
Proton  mechanism® e
4,, Hz 4,, Hz A4,, Hz
A 160.5 120.7 155.9
B 128.5 97.3 123.2
C 63.5 52.0 50.1
D 58.9 49.8 34.9
E 142.6 110.0 125.2
K,=3.2 K;=3.6 K,=0.6

a) Shifts for the probe frequency of 90 MHz. b) In
the unit of M™1, ¢) Mechanism involving only L-}-
S2LS. d) Mechanism involving L-+S&LS and
LS+ S2LS,.

by assuming that only the LS complex was present
(one-step mechanism). In this case, Adups is simply
given by the first term in the righthand side of Eq.
(5). The best-fit curves obtained by the least-squares
adjustments are shown in Figs. 3 and 4. The para-
meters obtained (4,’s and K,) are given in Table 2.
It is noted that in Fig. 3 the calculated curve tends
to deviate from the observed data in the high [Sg]
region, whereas in Fig. 4 the deviation is found both
in the high and low p regions. These results indicate
the inadequacy of the assumption of one-step mech-
anism. Then, the analysis in terms of the two-step
mechanism has been carried out and the best-fit curves
obtained are shown in Figs. 5 and 6. The agreement
between the calculated curves and the observed data
is now much better, giving a strong support for the
LS, formation. The parameters obtained (4’s, 4,’s,
K, and K,) are listed in Table 2. The dotted curves
in Figs. 5 and 6 indicate the calculated mole ratio
[LS,]/[LS]. The contribution of LS, is smaller for the
successive dilution method under the present experi-
mental conditions. The contribution of LS, decreases
with decreasing [S,] in the successive dilution method
(Fig. 5), whereas it increases with decreasing ¢ in the
incremental dilution method (Fig. 6). These ratios
[LS,]/[LS] explain very well the origin of deviation
between the calculated curves and the observed data
in Figs. 3 and 4.

The procedures described above gives the LIS in-
trinsic to the LS complex quite straightforwardly. The
simultaneous use of two series of experimental data,
viz., those obtained by the successive dilution and the
incremental dilution methods, enhances the reliability
of the calculated parameters: However, this method
requires much experimental work followed by com-
puter analysis of the data. So it seems desirable to
introduce a method convenient for evaluating the LIS
intrinsic to the LS complex by an experimental pro-
cedure. Taking into account that the shift ratio is a
quantity more useful than the absolute shift in treating
the structural problem, we show here that the shift
ratio for the LS complex can be obtained by extra-
polating the ratio of successive dilution data to [S,]=0.
The ratio of the LIS of the i-th nucleus and that of the
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s-th nucleus may be expressed from Eqs. (3)—(5) as

Adgps _  Ay*+2K5[So]4y" + 2K, (4 — 4,") [LS] 6)
A8 A" +2K,[So] 45"+ 2Ky (4,7 — 4,7) [LS]

Then, extrapolating the ratio of successive dilution data
to zero substrate concentration, we get
im (A050s/A0%0s) = 4y*/4,° 7
(830 R
The ratios of LIS’s obtained by the successive dilution
method are shown in Fig. 7, where the LIS of the proton
A is taken as reference. In Table 3 the observed shift
ratios are compared with the values calculated using
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Fig. 7. The ratios of Eu(III)-induced shifts of rL-aze-
tidine-2-carboxylic acid observed by the successive
dilution method. The shift of proton A was chosen
as reference. (O, A; A,B; A,C;[1,D; @, E.
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TABLE 3. SHIFT RATIOS

Proton Obsd® Calcd®
A 1.009 1.00%
B 0.81 0.81
C 0.46 0.43
D 0.42 0.41
E 0.86 0.91

a) Extrapolated to zero substrate concentration ([S,]=
0). b) Calculated using the parameters for the two-step
mechanism listed in Table 2. c¢) Taken as reference.

the parameters for the two-step mechanism listed in
Table 2. Satisfactory agreement between the observed
and calculated values provides evidence for the con-
sistency between the curve fitting analysis and the
shift-ratio extrapolation method. The method of ex-
trapolating the shift ratio obtained by successive dilu-
tion to zero substrate concentration would be useful
also in other systems for evaluating the ratio of LIS’s
intrinsic to 1: 1 complex, particularly in the case with
a rather small association constant (K;). This point
will be treated in a separate paper by comparing the
two cases with small and large association constants.
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