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The equilibrium constants, K; and K,, between a series of 0- and N-substituted anilines and Eu(fod); in CCl,
were evaluated using a four-parameter analysis of lanthanoid-induced shifts. It was found that the order of magni-
tudes of the values of K corrected for the effect of the pK ,-value well corresponds to the accessibility of the nitrogen

lone-pair to the Eu ion on the complexation.

Ernst et al.V) have found that in a series of p-substituted
anilines, the Eu(dpm)s-induced *H-NMR shifts (the
so-called S-values) can be linearly correlated to its
basicity, and furthermore, that no such relation exists
in comparisons of amines with a different steric acces-
sibility of the N-lone pair. However, one may consider
that the use of pure intrinsic shifts?~® should lead to a
more precise discussion of the correlation between shift
and basicity. The intrinsic shifts should be related to the
tightness of the interaction between the N-lone pair and
the Eu ion, while the equilibrium between an Eu-
chelate and amine depends on the frequency of occur-
rence of the interaction between these in solution.
Therefore, it may be reasonable to consider that the
magnitudes of the equilibrium constants should be
dependent on both the basicity of amine and the steric
accessibility of the N-lone pair to the Eu ion, as would be
expected from the amounts of the lanthanoid-induced
intrinsic shifts.

The present paper describes the correspondence
between the equilibrium constants obtained from a
least-squares analysis of the experimental Eu(fod),-
induced shifts for a series of 0- and N-substituted anilines
and the predicted steric hindrance on complexing to
Eu(fod)s,.

Experimental

All the liquid aniline derivatives used were distilled in
vacuo and dried over molecular sieves, and 2-aminobiphenyl,
recrystallized from ethanol. CCIy (spectro grade) dried over
molecular sieves was used as the solvent without further
purification. Eu(fod); obtained commercially was used after
drying over P,O; in a vacuum desiccator.® In order to
prepare the observed lanthanoid-induced shifts (LIS) ws.
[Eu(fod);]/[Aniline] (p) plots, an original complex solution
with the largest value of p was first prepared in a *H-NMR
tube. This solution was then diluted step by step with an
amine solution of concentration [S;], while the NMR spectrum
was measured. The total amine concentration [S,] was
0.19 to 0.25 M, the largest p value 2.1 to 3.4, and the number
of data points 19 to 22.

The NMR spectra were recorded on a Hitachi R-20A

" spectrometer at a probe temperature of 34 °C at 60 MHz in
the frequency-swept mode using TMS as an internal standard.

All computations for the fitting analysis were carried out on
HITAC-8800/8700 computers at the Computer Center of
the University of Tokyo, except for some of which were per-
formed on the HITAC-8250 computer at the Computer
Center of Ibaraki University. The program used was LISA2

which was prepared by Shapiro ¢t al. and partially modified
in this laboratory.

Results and Discussion

Several 0- and N-substituted anilines were chosen,
because various degrees of steric hindrance may be
expected with these amines upon complexing to Eu(fod),
in solution, and moreover, because the basicities (given
in terms of pK,-values) of these amines do not vary
widely in magnitude.

The fitting analysis of the LIS vs. p plot was made
by postulating an equilibrium system in which a self-
association effect of Eu(fod); was added to the two-step
mechanism for the complexation of amine to Eu(fod),,
thatis, L4-SSLS (K,), LS4+ SsLS, (K;) and L+LsL,
(Kp).2" These examinations using Kp-values up to 100
led to a monotonic increase or decrease in the standard
deviation (¢) with increasing Ki-value for most proton
resonances, although in a few cases a minimum value of
o was reached within this range of Ky. Therefore, the
inclusion of this effect may be unfavorable. All the
systems studied were therefore analyzed assuming Ky
to be zero. Table 1 shows the intrinsic shifts (6, and J,)
and the o-values obtained by the least-squares analysis.
It can be said that these g-values are adequately small.
Representative examples are shown in Figs. 1 and 2.
Table 2 shows the pK,-values® and the averages of the
K-values, for which the K-values were weighted accord-
ing to the d;-value of each resonance in the molecule.
The variation of K-values obtained from the various
resonance lines in the molecule was fairly large (with a
standard deviation of 18 to 509%). However, the
averaged K-value changed considerably with the kind,
position and number of substituents on aniline, as seen
from Table 2. Therefore, these values may be useful
for a qualitative discussion of the steric effect.

Table 2 shows that the large variation of K-values
does not correspond to the small change in pK,-values.
This clearly indicates that the pK,-value does not play
a major role in the equilibria and suggests that steric
hindrance may predominantly affect the complexation.
o-Toluidine, o-ethylaniline and 2,3- and 2,4-, and 2,5-
xylidines have much smaller equilibrium constants (both
K, and K,) than does aniline, in spite of the fact that
their pK,-values are similar in magnitude to that of
aniline. Of these five compounds, o-ethylaniline has
extraordinarily small values of K; and K,. Consequently,
the four remaining derivatives may be regarded as a
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TABLE 1. THE INTRINSIC SHIFTS, 0; AND 0,,>) AND THE STANDARD DEVIATIONS, ¢
Ethyl
Compound 2H 3H 4H 5H 6H —
CH, CH;,
o-Toluidine 0, —7.16® —2.14 —-3.07 —3.22 —10.52
0y —5.12® —1.27 —2.03 —2.27 —6.66
g 0.032 0.019 0.020 0.021 0.100
o-Ethylaniline 0y —3.51 —3.29 —2.41 —11.74 —8.82 —3.73
Jy —2.08 —1.87 —2.41 —6.51 —5.47 —2.54
g 0.013 0.012 0.010 0.032 0.040 0.012
2,3-Xylidine 0, —9.24" —2.85" —3.99 —2.74 —13.45
dy —6.66" —2.08"» —2.86 —1.42 —7.63
g 0.047 0.014 0.015 0.013 0.040
2,4-Xylidine 0y —8.38» —3.72 —0.73» —2.59 —12.93
0y —5.81» —2.41 —0.29 —1.38 —7.24
g 0.044 0.018 0.005 0.011 0.048
2,5-Xylidine 0, —8.06™ —3.71 —3.61 —1.53» —12.05
0y —5.23® —2.35 —2.21 —0.90™ —6.67
g 0.032 0.015 0.028 0.007 0.066
2,6-Xylidine 0, —7.04 —3.47 —4.10 —3.47 —7.04”»
0y —4.49» —1.97 —2.56 —1.97 —4.49»
] 0.030 0.019 0.019 0.019 0.030
N-Methyl-m-toluidine Jy —12.52 —1.37® —2.99 —2.97 —13.33 —14.94%
0y —8.45 —1.94® —3.37 —2.50 —14.26 —15.869
g 0.072 0.008 0.022 0.018 0.076 0.083
N-Ethyl-m-toluidine 0y —13.40 —1.85 —3.00 —3.55 —13.84 —17.779 —7.839
0y —4.45 —0.57 —1.21 —1.11 —4.45 —6.85% —2.97%
g 0.041 0.010 0.014 0.011 0.048 0.056 0.022
2-Aminobiphenyl® i —6.680 —4.26 —4.23® —12.76
Jy —7.499 —1.81 —3.029 —11.90
4 0.044 0.021 0.016 0.028
a) Measured in ppm. b) Values for methyl protons. c¢) Values for N-methyl protons. d) Values for N-ethyl

protons.

€) Only four curves were thoroughly analyzed. f) This resonance line was assigned to the 2’ proton in

the neighboring ring. This assignment is probably correct from the amount of shift and the coupling pattern of

N

this line. g) It cannot be determined whether this signal should be assigned to 4H or 5H. h) [2(501,3‘,,l

i=1

1/2
—0catea, )2 /(N — l)] g measured in ppm, where 0,4 and 0,4 are the observed and calculated LIS, respectively

and N is the number of data points.

group having K-values larger than those of o-ethyl-
aniline, in view of the accuracy of the present estimates
for the K. N-Methyl, N-ethyl, and N,N-dimethyl
derivatives have particularly small values of K; and K,,
in contrast to their relatively large pK,-values, especially
those which are much smaller for the latter derivative.
However, it cannot be clearly decided which K-values,
those for the N-methyl or N-ethyl derivatives, are the
larger. Thus, the order of magnitudes of K; and K,,
after correction for the effect of basicity, is as follows:

aniline > o-methyl > o-ethyl > N-methyl, N-ethyl >
N,N-dimethyl.

2,6-Xylidine and 2-aminobiphenyl have comparatively
small pK,-values. It may be said that the K, for 2,6-
xylidine is located between those for o-ethylaniline and
the N-monoalkyl-derivatives, but that the K, is similar
in magnitude to that for the N-monoalkyl-derivatives,
and that the K; and K, for 2-aminobiphenyl are similar
in magnitude to those for the N-monoalkyl-derivatives
having larger pK,-values. Thus, the order, corrected

for the effect of the pK,-values, is
0,0-dimethyl > o-phenyl >> N-methyl, N-ethyl,

which holds for both K; and K,. From the trend in the
variation of K; relative to that of pK, for the four o-
methyl derivatives, it is difficult to consider that the
equilibrium constant for o-ethylaniline, which is about
six times that for 2,6-xylidine (for both K, and K,),
can be ascribed to the difference in the pK,-values,
which is about 0.5 (see Table 2). Consequently, the
overall order of the K-values corrected for the effect of
the pK,-values, is?

aniline ~> o-methyl ~> o-ethyl > 0,0-dimethyl >

o-phenyl > N-methyl, N-ethyl > N,N-dimethyl.

On the other hand, one may assume that the aniline
adduct of Eu(fod); has a geometry similar to those of
Eu(dpm)4Py,'9 and Ho(dpm),(4-picoline),,!") although
correct information about the present adduct is not
known. Then, on the basis of this assumption, the
degrees of steric hindrance for these aniline derivatives
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TABLE 2. THE EQUILIBRIUM CONSTANTS, K,
AND K,,» AND pK,»

Compound K, K, pK,
o-Toluidine 1188 109 4.39
o-Ethylaniline 282 65 4.37
2,3-Xylidine 1081 95 4.72
2,4-Xylidine 1101 128 4.89
2,5-Xylidine 740 105 4.53
2,6-Xylidine 48.8 9.3 3.95
N-Methyl-m-toluidine 11.3 1.6 5.00
N-Ethyl-m-toluidine 9.2 9.0 5.129
2-Aminobiphenyl® 9.5 5.5 3.83
N,N-dimethylaniline® <0.1 — 5.07
N, N-DiethylanilineD — — 5.11
Aniline® 5230 582 4.62

a) These are average values in which the values of K are
weighted according to the value of J, for each resonance.
When convergence of a K-value was unobtainable in the
fitting analysis or one K-value was extremely different in
magnitude from the other K-values for the resonances of
the molecule, this value was excluded from the estimate
of the averages. b) These values were taken from Ref. 8.
c) Since the pK,-value of N-ethyl-m-toluidine could not
be found in the literature, that of N-ethylaniline is
listed. This value is situated between 4.96 (N-ethyl-o-
toluidine) and 5.72 (N-ethyl-p-toluidine) and appears to
be plausible in analogy with the pK,-values of aniline
and toluidines: 4.62 (aniline), 4.39 (o-toluidine), 4.69
(m-toluidine), and 5.12 (p-toluidine). d) The averages
of the K-values for only three resonances. e) All the
values of K,, d, and d, are very unreliable because the
observed shifts are too small. However, the K;-value is
consistently less than 0.1 for all the protons. f)Analysis
is almost impossible due to further small shift values.
g) Listed for comparison with the present compounds, as
a representative which may be considered to have no
particular effect due to the steric hindrance.

have been discussed using the Eu-N distance, 2.65
A,10.12) and the angle (6) between the Eu-N and N-C
bonds, 120—140°.12  Such a comparison of steric
hindrance was made qualitatively based mainly on the
access of substituent groups to several oxygen atoms of
the f-diketonato ligands in both the 1:1 and 1:2
adducts. One may recognize that the order is unaffected
by a slight variation of the geometry, and thus

aniline < o-methyl < o-ethyl < o-phenyl

holds for steric hindrance. For o-derivatives, in order to
decrease the steric effect, the N-C bond can be slightly
twisted so as to increase the distances between the o-
substituent group and several oxygen atoms, at a small
expense of the m-overlap in the N-C bond. However,
no such possibility can be expected for the complexation
of 2,6-xylidine.’® Thus, it seems reasonable to consider
that the steric effect for 2,6-xylidine is more rigorous
than that for o-ethylaniline, because the methyl group
in the ethyl group can be oriented in the direction away
from the oxygen atoms. In o-aminobiphenyl, the two
rings are considerably twisted with respect to each other
and the neighboring ring may be fairly close to the
-butyl or heptafluoropropyl group. These must cause
a fairly large hindrance, although whether 2,6-xylidine
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Fig. 1. Results of theoretical fits of the two step mecha-
nism, L+S2LS, LS+S2LS,, to the observed Eu-
(fod)s-induced data for (a) 2,5-xylidine at [S,]= 0.25
M and (b) N-methyl-m-toluidine at [S,]=0.19 M.
The numbers indicate the positions.

O, @: The observed data.
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or o-aminobiphenyl has the larger steric effect cannot
be determined. In N-methyl, N-ethyl, and N,N-
dimethyl derivatives, the N-methyl and N-methylene
groups generally become much closer to some of the
oxygen atoms than the ring-substituents in the other
compounds, even though the degree of proximity is
appreciably sensitive to a slight variation of §. Such a
situation allows us to consider that these N-derivatives
are expected to have a steric effect that is considerably
larger than those for the other amines mentioned above.
N, N-Dimethylaniline should be less accessible to the Eu
ion than the N-methyl or N-ethyl aniline, for the same
reason as in the case of 2,6-xylidine.

Thus, it was found that the K- and K,-values obtained
from the present investigation in the aniline derivative—
Eu(fod); systems correspond well to the predicted steric
accessibility of the N-lone pair to Eu(fod);, without
any large discrepancy.

A quantitative correlation of the intrinsic shifts with
the steric hindrance in the present systems is difficult
to elucidate for the following reasons: (1) the steric
effect possibly alters the geometry of the adduct, and
consequently, the intramolecular distribution of the
dipolar shifts may be changed, and (2) the variation
of the extent of the steric effect may lead to a change
in the cs-contribution to the LIS.

The authors would like to express their grateful
appreciation to Professor B. L. Shapiro for providing
them with the LISA2 program.
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