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An approximate linear correlation has been found between the basicity of substrate (pK,) and the logarithm
of the equilibrium constant K, for 1: 1 adducts evaluated from the least squares analysis of lanthanoid-induced

shifts (LIS) for the systems containing Eu(fod); and a series of p-substituted anilines in CDCl,.

In contrast, both

the observed S-values and intrinsic shifts have shown no simple correlation to pK,’s of substrates.

The equilibrium constants (K) and chemical stoichi-
ometry for several systems containing shifts reagents
(LSR) and substrates (S) in solution have quantitatively
been investigated by several workers in terms of the
least-squares analysis of lanthanoid-induced shifts
(LIS).1=" The orders of magnitude of K have, though
roughly, been estimated for several functional groups
as a coordination site. The validity of these estimates of
K values has been checked solely by the degree of fits
of the LIS data to the equilibrium system and by the
magnitude of the free energy change, AG. Indeed, it
has generally been confirmed that such a fit to each
envelope of proton data in a substrate molecule is
satisfactory (measured in terms of the standard deviation,
o). However the variation in K-values with the position
in a molecule is relatively large. It has not been inves-
tigated which of some possible origins of errors is
directly related to this variation in K.

From the characteristics of LSR as a Lewis acid it is
reasonable to expect that the K-values should be
correlated to the basicity of the substrate, the degree
of steric hindrance on complexation, and the nature of
the solvent, e.g., the dielectric constant. It has recently
been found in our laboratory that there is a qualitative
correspondence between K and the degree of steric
hindrance on complexing to LSR for the Eu(fod),—
alkylaniline system in CCl,.%

This paper will report on the relation of K to the
basicity of the substrate for a selected series of p-sub-
stituted anilines with similar steric effects and various

pK.’s with Eu(fod), in CDCI,.

Experimental

Eu(fod); dried over P,Oj; in a vaccum desiccator was used
immediately after sublimation. CDCI; as the solvent and
liquid amine samples were dried over molecular sieves in the
dark, the solid samples being recrystallized. The sample
solutions were prepared by the so-called “S;-incremental
dilution method,”? with a constant concentration of substrate
(Sg)> 0.2 M. The maximum ratio, [Ly]/[Se] (0), was 2.4 to
3.4, where [L,] is the total concentration of Eu(fod),, the
number of data points, 23 to 28. NMR spectra were recorded
on a Hitachi R-20A at 60 MHz at 34 °C in the frequency-
swept mode, using TMS as an internal standard. The program
used for the fitting analysis was LISA® developed by Shapiro
et al. and partially modified in this laboratory. All computa-
tions were made on HITAC 8800/8700 computers at The
University of Tokyo.

Results and Discussion

The systems consisting of aniline and Ln(fod); in
CDClg at room temperature fullfil “the condition of fast
substrate exchange” for the measurement of NMR
shifts,®11:12) as well as those studied in most literatures.
It has been found for most substrates with Ln(fod), that
the highest complex present in solution is LS, for very
small values of p.1:3-9 Consequently, the equilibria to
be considered are 1) L+S=LS:--K;, 2) LS+S<=LS,--
K,, and 3) L+42S=LS,---K;. Eq. 3 may be neglected
because its formation constant is expected to be much
smaller than for the others. The formation of L, dimer
(L4+L=2Ly+-Ky, (4)) has been considered in the litera-
ture through vapor phase osmometric measurements.?
The introduction of this effect to the fitting analysis of
LIS gave poorer fits for several substrates in solution.*5)
This suggests that Ky, has a very small value, even if the
dimerization reaction were considered. Thus, in the
present analysis for each substrate, the attempts were
made for fitting the LIS data to the four equilibrium
systems; (a) only (1), (b) (1)-+(4), (¢) (1)+(2), and
(d) (1)+(2)+4). For the two step equilibrium (c),
the appropriate ranges of K; and K, were first estimated
on the basis of the K-values® already obtained for
analogous substrates. The respective Q-values (Q=
N
g‘_.(éexp,i—écalcd,i)z, where the J-values represent the
LIS’s and N the number of data points) for o- and m-
proton data, Q, and Q,,, were calculated by the intro-
duction of a set of K; and K, values common to the
two data series. The Q,,-value was evaluated as the

TaBLE 1. SUBSTRATES AND pK,"-VALUES
Compound pK,»
1 X =CH, 4.90
2 F 4.48
3 C.H, 4.22

H 65

IHa 4 cl 3.83
| ”0 5 Br 3.73
™ 6 I 3.65
\>l< 7 CN 1.75
8 NO, 0.93
9 OCH, 5.16
10 COOCH(CHj;), 2.49
11 COCH, 2.20

a) Taken from Ref. 10.
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TABLE 2. FQUILIBRIUM GONSTANTS AND INTRINSIC SHIFTS™

Cowpound o 6,2 K, K, Qav,min(0)?
1o 0 CLuEe 2124 30.5 13.£12.7 1.03x 102 (0.021)
2 o s ChoiEnos 228:100.0 55£14.5  8.00%10- (0.018)
3 oo ”jg:ggigzég :Z:ggig:gg 153429.9 26+14.1 9.20 10~ (0.019)
g oH —_lg:?‘;i})_'g :?:ggig:?g 69+ 7.4 204-27.6 4.50% 10~ (0.046)
5 0 Cooroos  CierEes 91+33.9 1546.4  3.27x10- (0.128)
6 oh e mroee  iasTone, 84+4.0 193461.6  7.50x 10 (0.061)
™ o0 eeeto s 5655010 14.8+1.14 2.640.14  2.42x 10 (0.032)
fn:g —j;:ggigz%g 11.240.76 0.740.07%  2.83x 10-2 (0.035)
8 ' Claeeries 3.040.57 23.04£5.79  2.60 10-% (0.011)

a) The values of K,, K,, J, and J, are those corresponding to Q ,; - The standard deviations given in paren-

theses were evaluated on the basis of each pair of parameters corresponding to Q, i, and Q 1nin-

b) Mea-

sured in ppm. Negative signs designate shifts to lower field. c) See text for Q ., in. @ is the standard deviation

for the fitting analysis, A/ Q 4 ;min/N, where N is the number of date points. d) K;-values.

e) Two sets of

parameters obtained by the fitting analyses to both the equilibrium systems are listed. See text.

average which was weighted for the respective d;-
values corresponding to Q, and Q,,, where ¢, is the
intrinsic shift for the 1: 1 complex (LS). The minimum
value of Q .y, Q ay.mins Was found from the Q ,,-map in
the range of K; and K, selected above. In the equilib-
rium system (d), after the introduction of the appro-
priate value (0.01=K;=<50) into K, the above proce-
dure was conducted. For the one step mechanisms, (a)
and (b), the Q,,-map for K; and K, was prepared,
where K, was assumed to be zero for (a).

For compounds 1 to 6, the best results were obtained
from the analysis using (c), satisfactorily small values
being observed for Q 4y, min- Thus, the set of K; and K,
values which gives the Q,,.min value, is a reasonable
one, and the values are shown in Table 2 together with
the Q.y.min values. Simultaneously, the Q, i, and
Q 1. min for the 0- and m-proton data were independently
determined from the Q, and Q, maps, respectively.
The values of Q .,;, were satisfactorily small except for
the o-proton data of 5. The standard deviations for
each of the values of K; and K, decided above were
evaluated from the respective K; and K, values corre-
sponding to Q ,,min and Q,,, min (Table 2). Represen-
tative examples of the analysis and Q-map’s are shown
in Figs. 1 and 2 for the two step equilibrium, respec-
tively. The values of K vary widely from the o- to the
m-system, especially for the K,-values as presumed. It
is, however, difficult to determine the error responsible
for this variation and some explanations will be given
later.

The optimum values for the intrinsic shifts, é; and .,
were obtained from the set of K; and K, values which
gave Q ... min> and each standard deviation was calculat-
ed on the basis of the d; and J, values corresponding
t0 Q 5min @0d Q. mins as the case of K. As may be seen
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Fig. 1. Results of theoretical fits of the observed Eu-

(fod)s-induced shifts to the two step mechanism for
(a) p-chloroaniline and (b) 4-aminobiphenyl.
(O: The observed data.

from Table 2, the values of the intrinsic shift do not
vary so widely as the K-values, since they are not so
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Fig. 2. Contour plots of Q calculated by fitting the LIS’s
to the equilibrium system, L4-S2LS and LS+ S2LS,,
for the p-fluoroaniline-Eu(fod); system in CDCI,; at 34
°C. a) The results calculated independently for o- and
m-proton data. Solid and broken lines denote Q, and
Q .., respectively. b) The average of Q, and Q ,, Q..

sensitive to small variations in Q near Q ;;, as the K-
value.

For 8, while the data did not fit well (c), the con-
siderably small value of Q... min Was observed solely
by the application of (b) to the analysis of data; the
Q-map’s are shown in Fig. 3. Attempts to fit the data
for 7 to both (b) and (c) resulted in similar small
magnitudes of Q .y, min, and further small variation in
values of K, 0, and J,. It is difficult to select the equilib-
rium system for the determination of K;, and however,
(b) appears preferable to (c), from the view point of the
linearity of log K vs. pK, (Fig. 4). The considerably
small or zero values of K, obtained for compounds 7
and 8, appear consistent with the fact that these pK,
values are smaller than for 1 to 6. Furthermore, it is
very plausible from the view point of the competing
effect of coordination that only the data for the com-
pound 8 having the smallest pK, value can be well
explained in terms of the addition of the effect of self-
association of Eu(fod); in solution. In Fig. 4, log K,
is plotted wvs. pK,, where the approximately linear
relationship is valid from the nature of the Lewis acid
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Fig. 3. Contour plots of Q calculated by fitting the LIS’s
to the equilibrium system, L4S2LS and L+L2L,,
for the p-nitroaniline-Eu(fod); system in CDCl; at 34
°C. a) Solid and broken lines denote Q, and Q,,
respectively., b) Q,..

of Eu(fod);. This is supported by the larger shifts
observed for methoxy protons than those expected from
the adduct formed by coordination through the N-lone
pair. For 10 and 11, the fits of data to (a) were relatively
good for the envelope of m-proton shifts (Q ~0.01), but
very poor for the o-proton shifts. These two substrates
did not lead to a clear minimum of Q from the fitting
analysis to any other equilibrium systems. This may
be due also to the expected effect of coordination of the
X-group to the Eu(fod);. For this type of bifunctional
substrate, an additional coordination state, Eu:--X-¢-
NH, needs to be taken into account in the equilibrium
system.!® However, the number of parameters deter-
mined by least squares analysis becomes considerably
greater. Even if more parameters could be evaluated,
the results would have no physical significance.

The possible sources of scatter in data in Fig. 4 may
be attributed to the following facts; (1) the steric
accessibility of the substrate to Eu(fod); may be affected
by X, (2) the substrate molecule in the present system
may be under somewhat different condition from that
under which the pK,-value was measured in Ref. 10,
(3) the effect of the coordination effect of X to Eu(fod),
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Fig. 4. The logarithms of the equilibrium constants for
1: 1 adducts (K,) formed between Eu(fod); and p-sub-
stituted anilines in CDCl; at 34 °C, »s. pK,-values.
The range of each data point corresponds to its stan-
dard deviation.

on the observed shifts is not taken into account for all
the groups, and (4) a small error may be inherent in the
measurement of the concentration of substrate or shift
reagent.

The weighting average of K;, 667, obtained for
aniline (pK,=4.46) with Eu(fod); in CDCl; is very
large in the tendency of variation of K, in Fig. 4. It
may be thought that aniline is not subject to the steric
hindrance anticipated for p-substituted anilines.®)
However, such a large magnitude of K; may not be
ascribed solely to this effect. From Table 2, no correla-
tion may be seen between the K, and pK, values for
1 to 6. This seems acceptable from the possible expecta-
tion that the relative acidity and geometry of 1:1
adducts (LS) and the steric effect of LS on the acces-
sibility of the second amine molecule may vary with X.
On the other hand, the S-values and intrinsic shifts
estimated in the present investigation also showed no
correlation to the pK, values, in contrast to the linear
correlation of S-values to pK,’s for the same substrate
with Eu(dpm); obtained by Ernst et al.'V There may
be several explanations to account for such different
results with the Eu-chelete, containing the observation
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of the larger S-values with Eu(dpm); than with
Eu(fod);.1" It appears that the difference in contact
shift contribution to LIS may dominate among the
various explanations.

The authors would like to express their grateful
appreciation to Professor B. L. Shapiro for the LISA
program.
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