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Organic Reactivity
Vol .21. 1(73) 1984

CORRELATION ANALYSIS- PROSPECT*
0. Exner

-Institute of Organic Chemistry and Biochemistry, Czecho-
slovak Academy of Sciences, 166 10 Prague, Czechoslovakia

Received March 3, 1983

In this account some fundamental problems of correla-
tion analysis are presented and discussed on selected
example*.The treatment should reveal, at least in so-
me cases, which procedures are promising and which
problems must be still regarded as unsolved. Special
attention has been given to some typical errors and
to less familiar approaches.

The first question to be dealt with concerns the scope
of correlation analysis. In the broad sense this term means
systematic mathematical comparison of experimental data to
reveal the relationships and their possible physical mean-
ing. Fig. 1 is an example of this conception in which two
sets of original experimental results are plotted against
each other. The obtained information is not only the fact
that a linear relationship exists, but also its slope and
the deviations of some points which are connected with the
term validity -range. More often plots of an experimental
gquantity v£ some parameters (,e.£. reactivity or solvent pa-
rameters) are encountered but even these parameters are
essentially experimental quantities, whether directly esti-

* Presented at the Second EUCHEM Conference on Correlation
Analysis in Organic Chemistry, held at the University of
Hull, England, in Duly 1982.



Fig, 1 Plot of log k of para-derivatives vs meta-derivati-
ves 1in diverse reactions (ref. 1); + substituents
COX, = substituents NO2, CNf SOgX, CF~*,

mated or statistically averaged. The original restriction
to linear relationships (Linear Free Energy Relationships)
is evidently too narrow since it promotes linearity to a
kind of natural law. The correlation in Fig, 2 is not less
telling for the reason that it is not linear: the different
behaviour of the main classes is well evidenced and some
specific deviations are apparent.

More complex correlations cannot be pictured as a sim-
ple plot. For instance a pattern like in Fig, 3 arises when
new experimental data are correlated between themselves
without reference to some previously known parameters, A
still more complex pattern cannot be represented in two di-

mensions and turns gradually from the methods of classical
4



Fig. 2 Plot of log kK of (data from ref. 2) a Menshutkin
reaction of *rripropylamine with methyl iodide vs
solvent parameter Ey (ref. 3); O aprotic sol-
vents, = protic solvents.

correlation analysis into the methods of chemometrics. For

the present purpose it is not essential to distinguish be-

tween these two approaches. More important is to differen-
tiate clearly correlations without and with predetermined
parameters. The former are sometimes called jie novo and
need not be always very complicated (Fig. 3 or ref. 5). On
the other hand, the latter may sometimes involve a number
of parameters (even when just searching for the most appro-
priate oneso), hence the aid of a computer is necessary.

The parameters in this case are commonly given quite a dis-

tinct physical meaning which should be assured by a choice

or construction of special models systems (6J - expressing
the inductive effect and defined using bicyclof£2,2,2jocta-
ne-l-carboxylic acids”). Note that most of these parameters
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3 Correlation of pK values of N-acids"RlNHR2 (ref, 4)j

acids with the common substituent R are placed on
the same ordinate, with the common substituent R2
on the same full straight line,

were once established by a correlation df novo based on a
more or less large set of data (6~ valid within the series
of aliphatic and polycyclic acids, 6 within the series of
para-substituted benzene derivatives). There are, however,
some parameters defined merely from theoretical grounds, so
that their applicability in tBeir pure form is not essen-
tial (AN as solvent parameter or even @” if determined
fro* infrared intensities9).

Among the less common types of parameters some physi-
co-chemical quantities are being used which do not require
a particular model compound and are defined on the very
substrate;, they are sometimes referred to as 'non-empiri-
cal”. Note e,f£. the difference between relative permittivi-
ty determined only on the given solvent and Ej which requi-
res a specially defined solute as a model3. Still further

6



Pig. 4 Dependence of the specific volume in several homolo-
gous series on the reciprocal molecular weight -
statistically correct representation of the approxi-
mate additivity of molar volume (ref. 11). The ave-
rage intercept of all straight lines corresponds to
the specific volume of polyethylene and determines
the increment of the methylene group; the slope of
each line determines the increment of the respective

functional group.



parameters are known so exactly that an experimental deter-
mination is needless the molecular weight), or are
defined in molecular dimensions and better estimated from
models than from, experiments (the distance r accounting
for the field effect'®
there is no reason to exclude all these parameters from the

). In the present author s opinion

field of correlation analysis. As an example the dependence
of the specific volume on the reciprocal molecular weight
is shown in Fig. 4. It is the statistically correct repre-
sentation of the additivity of molar volume . In the place
of experimental quantities even quantum chemical characte-
ristics can be sometimes usedlzt provided they are treated
as data of unknown significance which is to be revealed
only subsequently by the correlation.

On the other hand, the following examples may be quo-
ted which would be usually considered as not pertaining to
the correlation analysis: a) Arrhenius plot of log Kk vs re-
ciprocal temperature, b) comparison of experimental spec-
tral transitions of different compounds with quantum chemi-
cal calculations, c) dependence of the critical temperature
on the boiling point for different liquids. In the first ex-
ample we have to do with a continuous variable instead of
discrete objects; we can search for a functional dependence
but not for the values of parameters. In the second example
the physical meaning is a priori given, the task is to
check the theory but not to explore the significance of the
experimental quantity. The same applies partly to the third
example but more important might be the fact that the cor-
relation cannot be generalized beyond one two-dimensional
graph. The last reasoning may appear rather subtle and an
exact differentiation is probably impossible. The purpose
of this discussion was not to draw a boundary line but to
point out less familiar procedures.

Let us proceed to the next question: which kinds of
correlations are possible or allowed. It is certainly not
forbidden to seek for relationships between quantities qui-
te different in character. However, any empirical correla-



Pig. 5 A Hammett plot lacking physical meaning where log’s
of percentage yields are plotted (left-hand line,
according to ref.13), and a correct plot using Iog's
of relative yields (right—hand line, ref.14)»

Pig. 6 Hammett plots of the infrared intensities of the GSN
stretching in substituted benzonitriles (data from
ref. 15), left-hand line plotting square root of A,
rlght—hand line plotting log A; meta substituents,
( para substituents.



tion should be in principle possible both in the physical
and in mathematical sense, _i.j3, also able of interpolation
and of certain extrapolation. In the lack of exact rate da-
ta the percentage yields of one product were once correla-
ted13 by the Hammett equation (Fig, 5), However, the rela-
tionship is actually impossible since it cannot be exten-
ded over the yield of 100%, The correct procedureld4 used
the relative yields of two concurrent reactions (Wegschei-
der principle). The fit is not better but extrapolation is
now possible. In various correlations with 6 constants
the dependent variable should have dimension of energy,.or
be related to the energy or to the charge as far as poss-
ible, For this reason spectral frequency or wave-num-
ber are preferable to- wave-length. The IR intensities were
plotted as square roots (Fig, 6) since these are propor-
tional to the change of dipole moment and hence to the
fractional chargel”™# The correlation, however, cannot be
extended below zero. Alternatively, the plot of log A is
mathematically acceptable, but physically meaningless. This
contradiction has not been solved to date. Correlations of
dipole moments with 6 constants were claimed many timet
L£ﬂ?l7*18) although they cannot be generally valid19
Fig, 7, for example, reveals a general trend; in particular
substituents with high positiye 6 constants produce high
dipole moments. The principal difficulty is, however, that
the dipple moment is a vector quantity. If its direction
is reversed, its value can be taken as negative (CgH"CH™),
but non-axial directions cannot be accounted for (CfH,-0.
COCH3), Projection17 of the dipole moment, into the direc-
tion of the C-X bond helps only sometimes and has no. phy-
sical meaning. Further inconsistencies are caused by sym-
metrical molecules with zero dipole moment irrespective of
any value of 6 (substituent N=NCgH”), and by complex sub-
stituents with an insulated polar group (reduced 6 constan-
ts and high dipole moments in the case of CHgCN and
CEﬁ4NQ0)t Such correletions should be avoided even when
they appear to work within a restricted range,

10
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Pig. 7 Approximate correlation of dipole moments of benzene
mono derivatives with constants <3 (better fit than
with 6m), which does not respect the vector cha-
racter and cannot be generally valid (see the for-
mulae); o symmetrical, # unsymmetrical, ¢ approxi-
mately symmetrical substituents.

2 Sf 0 leg mf 1

Pig. 8 The Selectivity Relationship (ref. 22) applied only
to the reactions when para and meta rate constants

have been determined in separate experiments. On the

left the traditional, statistically incorrect plot,

on the right the correct plot with a much worse fit.
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A serious danger 1is connected with correlations of de-
rived and dependent quantities. Parameters derived in one
correlation must not in principle be input into another
one as starting data. The error arising in this way may be
sometimes negligible but sometimes results can be obtained
which are completely at variance with the original experi-
ments. The known examples are the isokinetic relationship20
and molar additive quantitiesll*21 which will not be repea-
ted here. Another example is the familiar Selectivity Rela-
tionship”:

log p» = a , where = log p® - log m".

In case the para and meta partial rate factors, p” and m*,
were determined from separate experiments, and pM are
dependent and the Selectivity Relationship is to be repla-
ced by the equation with independent variables:

a

log pf = — 1log mf

1l-a
Fig. 8 reveals that this equation is fulfiled with a signi-
ficantly lower accuracy than the above one; in view of the
value of the correlation coefficient it can be said to be
invalid. The Selectivity Relationship means thus in this
case (.i.e,* for toluene) essentially the dependence of p~ on
itself. A simple and efficient procedure to disclose such
correlations is always to calculate back the original expe-
rimental data, as they should be to meet all the correla-
tions exactly and to compare with actual experiments (see
particularly the isokinetic relationshipzo).

The last example indicated already the next general
problem to be discussed: application of statistical me-
thods in correlation analysis. Originally two statistical
models were introduced23: linear regression and linear cor-
relation. (In ..his term the word correlation is used in an-
other, narrower sense than hitherto.) Unfortunately, they
were mixed together while neither is perfectly fulfilled
in most chemical applications. More satisfactory from the

12



Pig. 9 Test of the relationship (ref. 25) between canetante
pt+, 6p, and 6m by plotting ffprexp va tfp+calo;
0 original set of substituents (ref. 25)» < new
substituents added.

Pig. 10 |Irregular pattern of a correlation with significant
deviations of some substituents (H, 1) which are
not reflected in_the statistical Tfigures (pK’s of
substituted propiolic acids, according to ref. 26)*
broken line for all points, full line exc«pl 4, 1.
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theoretical point of view is the principal component mo-
del24, even when some fundamental equations are the same.
Although fundamental statistical methods are available, one
can encounter problems in three directions: a) correct in-
terpretation of statistical results, b) special models re-
quired in special cases, c¢) need of research in underlying
conceptions. Fig. 9 visualizes a common misunderstanding in
interpretation. In a popular paper25 various types of con-
stants 6 were linearly correlated with the parameters R
and F which in turn depend on GH and 6p, For instance the
regression

6+ =0,51 F+ 1,58 R - 0,07 = 1,80 6p - 0,83 6 - 0,07

b n

has been statistically proven with the correlation coeffi-
cient 0,939 and standard deviation 0,18, It is, however,
completely wrong to infer25 that the constants 6~ *re no
longer necessary and can be replaced by a linear combina-
tion of j? and J, The heart of the matter is in the term
statistical significance. It means that a given null hypo-
thesis can be rejected with a required probability. Some-
times the null hypothesis is not quite evident and not
clearly formulated in the analysis. More important, it is
often too trivial in chemical applications so that its re-
jection is little telling. In the above example the null
hypothesis is that the constants 6 , 6~, and 6* are comple-
tely independent (,.e» have nothing in common), and is qui-
te trivial since it is known that already 6P and 65 are
equal for a half of substituents. Fig. 10 shows how mis-
leading could be the mere statistical characteristics with-
out a graphical representation. The correlation is excel-
lent. but the correlation coefficient does not reveal that
it is only two points (substituents H and 1) which deviate
from a still much closer dependence. While this example

was discussed fully correctly26, the example in Fig, 11 is
a clear mistake. When instead of absolute values of log k
the relative values of log(k/k®) are input into a regres-
sion, the results are not changed but the number of points

14



Pig.-

Hammett correlations with statistical calculations
erroneously omitting the point for hydrogen (pK of
substituted_aminocyclophanes, ref. 3P); the values
of correlation coefficients are too high.

12 Example of a correlation of the same data ( 8g of

substituted propargylbenzenesulphonates, ref. 31)
with one parameter (aa = 0.743 6"p+7.570, on the
left) and with three garameters ( 6h_= 0.486 6°+
+0.246 (r +0.456 6r“+7.607, on the right).
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must be maintained. In the example of Fig. 11 the point for
hydrogen, significantly deviating,was omitted. The correla-
tion coefficients are thus erroneous and an absurd conclu-
sion was claimed that the correlation with Gm is better
than with 6P.

Special statistical methods are necessary, £.£. when
the regression line is forced to go through the origin.
This is the case in Fig, 8 for merely theoretical grounds,
while in Figs 1 or 17 it follows from experiments (the ab-
scissa and ordinate are identical). In these graphs also
the dependent and independent variables are loaded with
equal errors. Problems of this kind are not serious and can
be solved within the framework of least-squares method.

Much more difficult and still uncompletely solved is
the problem of validity range vs the complexity of the
equation. Generally, when the accuracy of a correlation is
not quite satisfactory, one can either apply a more sophis-
ticated equation (with more terms), or restrict the validi-
ty range. The three requirements of high accuracy, simple
equation, and broad validity are contradictory and can be
met only at the expenses of each other. Classical statisti-
cal tests are available for evaluating the significance of
each term of a complex equation but the results do not al-
ways agree with the common sense. In the example in Fig. 12
the significance of all terms has been proven at the 0.05
level. Nevertheless, most chemists will intuitively prefer
the simpler equation in view of the small number of points
(3 degrees of freedom only). The improvement of the stan-
dard deviation does not count since the experimental error
can be hardly less than 0.02, The enormous importance of
the number of data for any conclusion was stressed many ti-
mes. Sometimes their number is effectively still smaller
since certain objects are very similar, almost indistinguish-
able. In Fig. 12 it is the doubled point for substituents
Cl and Br the deviation of which actually necessitated the
two additional terms. Common statistical tests cannot ac-
count for these details. In the case of larger data sets

16



the adequate number of terms may be efficiently estimated
by the method of cross—validation27, On the other hand, the
proper range of validity is still estimated merely by che-
mical intuition. With the increasing range the precision
drops, .lefe the standard deviation £ increases, from a
certain point more steeply. At the same time the range of
all values (expressed by the standard deviation s from the
average) increases, too, but from a certain point probably
less steeply. Under these assumptions one can expect that
the ratio y = s/s exhibits a minimum corresponding to

an optimum validity range28# Fig, 13 shows some experimen-
tal evidence obtained to date; the main problem is a syste-
matic enlargement of the data set according to a chemical
principle,

The statistic21 y is related to another fundamental
problem: how to evaluate in general the agreement between
experiment and (empirical or non-empirical) theory. While
the standard deviation s tells us whether the precision 1is
good in relation to the experimental error (or to a given
practical standard), y allows to compare different Kkinds
of correlations - which is "better”. It was advanced for
large data sets and its distribution in small samples was
not investigatele, More attention has been given to the
special case of linear regression (seezg) where y gives
(on another scale) essentially the same information as
the correlation coefficient £, For instance, a regression
with zero slope is to be rejected as such (according to
£ =0 or = 1) but is acceptable as a part of a broader
system (according to ™), it does not violate the Ham-
mett equation as a general law. The reliability of both r
and w strongly depends on sample size. To accEﬁPgofor this
effect, t-test of F-test can be used (see e. & * ), the
formulae being almost identical. Nevertheless, the results
from small samples are always less telling Wh$?hever cha-
racteristic might be used. Much discussion * has been
devoted to the question whether jQ is to be measured from
the average or rather from zero. It is not so important for

17



Pig. 13 Precision of a correlation equation as a function
of the validity range (= number of data); full li-
nes - statistic y fTor three aliphatic series, bro-
ken lines - standard deviations a and sO for the
series 1 (ref. 28).

Pig. 14 A correlation caused by great similarity of the two
systems intercorrelated: C-Cl vibration frequencies
of ap-BuCl and sc-BuCl in various solvents (data

from ref. 35)*
18



quantities like relative rate constants but serious error
may arise for quantities with the average very far frpm
zero (wave numbers, refractive index) or with an arbitrary
zero (half-wave potentials)# The zero reference and a modi-
fied formula should be probably appropriate for calculating
y in the case of extensive quantities (enthalpies, spec-
tral intensities), but the theory has not yet been develo-
ped.

Further task of primary, importance is the interpreta-
tion of the results in chemical terms; without it the cor-
relation analysis would become a play with numbers* Two
approaches are currently in use. The first one exploits pa-
rameters determined in advance in such a way that they ser-
ve as measure of a certain concept (inductive effect, sol-
vent basicity), A successful correlation is then considered
a proof that the pertinent effect is operative. In terms of
the data matrix one can state that the data are different
in character, some of them being considered as primary by
definition. In most applications, however, the primary pa-
rameters are known, the task being only to apply them to
new experimental results. In the second approach a correla-
tion “e novo is carried out and the abstract parameters are
obtained which lack any physical meaning. At this stage,
questions may be answered concerning the number of indepen-
dent factors, separating of objects into classes etc. Sub-
sequently, the abstract parameters may be modified by rota-
tion, in order to be related to some prefixed scale, so that
the same final results may be reached as in the first appro-
ach. Recently it was argued34 - essentially in favour of the
second approach - that a correlation evidences always only
local similarity and does not prove any fundamental law of
chemistry. This is essentially true if the term similarity
is defined with more precision. The correlation of IR fre-
quencies shown in Fig, 14 expresses certainly only the great
similarity of the two molecules, the measured physical quan-
tity being the same. No conclusion about interactions with
the solvent can be drawn; these may be rather diverse only
if they are similar for the two molecules. On the contrary,"

19



Pig. 15 A correlation caused by the similarity within_the
series of objects: surface tension vs refractive
index in the series of normal paraffins.

Pig. 16 A correlation caused by the similari in the me-
chanism of substituent effects: ™P-NMR shifts in
meta-substituted benzenes vs pK of 4-substituted
quinuclidines (dai~from reF7 36, 37).

20



the correlation in Fig. 15 involves a series of very siai-
lar compounds but the physical properties compared are fun-
damentally different. The correlation does not tell any-
thing about the surface tension, refractive index or thair
relationship, it only confirms the great structural and
physico-chemical similarity within the series of paraffina.
The correlation in Fig, 16, even when not very close, re-
veals some similarity which cannot concern the moleculee
involved nor the physical quantities, .the only explanation
being the similarity in the mechanism of the substituent
effect. Thus in a particular case even a "fundamental law"
can be checked.

When interpreting individual correlations the present
author strongly advocates the principle of Occam"s razor,
it means to prefer the simplest explanation unless there

are strong counter-arguments* The correlationl*38

in Fig.
17 infers that the substituents involved act by a common
mechanism in the meta and para position, the effect being
39), How this effect

is named, is not essential. Some authors found this expla-

stronger in the para position (see also

nation inacceptable and preferred the assumption that there
are two mechanisms but virtually proportional for all the

substituents of so diverse structure 33, 40-42

. This is at
least at variance with the named principle.

One can now attempt to define which correlations are
"good" or, say, of value. Certainly it is not important
whether a perfect linear plot was obtained but whether some
conclusions can be drawn. Of importance may be correlations
with predetermined parameters (Figs 5,6,19), with non-clas-
sical quantities (Fig. 4), as well as de novo - simple (Figs
1,14-17) or more complex (Figs 3,4), further non-linear
plots (Fig. 3) or plots with, a big scatter (Fig. 18)j but
they must not be at variance with physical and mathemeti-
cal principles and must contain a sufficient amount of in-
formation. The last condition means not only a sufficient
number of data - allowing even to find the deviations but
also good covering of the data space and sufficient experi-

21



Fig, 17 Correlation of pK values of para- vs meta-substi-
tuted benzoic acids in two solvents (only substi-
tuents without a lone electron pair in oc-position,
ref, 1) and possible interpretations: full line -
regression, broken lines - theoretically assumed
slopes.

mental accuracy with respect to the extent of values. All

the conditions are fulfilled in Fig, 1, except possibly

that the choice of substituents is not broad enough. Oppo-
site examples, where conclusions were drawn from small da-
ta sets, irregularly covered, or from rough correlations
are numerous.

Finally, let us add some comments to the relation of
classical correlation analysis to chemometrics, or better

22



Pig. 18 Correlation with a big scatter and with separation
into classes. Hammett plot of the NO2 antisymmetri-
cal stretching frequency in substituted nitrobenze-
nes; < para derivatives, + meta derivatives, ref.

Fig. 19 Schematic representation of a gradual transition
from classical correlation analysis to chemomet-
rics: a plot with one deviating point, splitting
into two lines, definition of classes within the
SIMCA model, separation of classes by a piecewise
linear boundary.

23



to nultivariate analysis. The difference is merely in me-
thods (more sophisticated mathematics, computers, number

of data) than in principle. For instance the plot in Fig.
18 was intended within the framework of the classical ana-
lysis but the only evident result is that meta derivatives
exhibit a higher V_ NO_ frequency than para, the so-cal-
Ied43 "meta-effeet”. A treatment by pattern recognition
would be possible. Fig. 19 shows schematically how such a
change from the classical correlation to pattern recogni-
tion can proceed gradually. In chemistry, better exploiting
of multivariate analysis still syffers somewhat from lack
of suitable data sets. Suitable data should be sufficiently
comprehensive and contain any interesting information in
the undecoded form, in chemistry, this information is some-
times too hidden if present at all (melting points, chroma-
tography), or on the contrary quite evident and not needing
any analysis (X-ray). Maybe that the NMR-shifts stay in the
middle.between these two possibilities and could be a pro-
mising quantity in this respect. Ip an old example44 a plot
of the heats of melting JHT against the melting point al-
lowed to separate classes of spherical, plate-shaped, and
chain molecules*. Today, nobody will measure JHT to obtain
such an information; the significance of the correlation
must be sought elsewhere* More promising as to the possible
imitation in the future is another old example45 correla-
ting two parameters calculated directly from the structu-
ral formula; amorph, crystalline, Tfusible, and liquid com-
pounds could be distinguished. Further progress is also to
be expected from improved mathematical methods, e.g. for
treatment of incomplete data sets« Still more important ap-
pears®, of course, the progress envisaged in experimental
methods yielding more comprehensive and more accurate re-
sults (pK in the gas phase, X-ray, thermodynamics). This

is of importance for the classical correlation analysis as
well as. for multivariate analysis.
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The assignment of the position of the lone
electron pair band of the nitrogen atom of the
substituted pyridines was made on the baais
of the empirically found relationships. The
linearities of the unit slope between the IP
of the lone electron pair of the pyridines
nitrogen atom and its core level 1-s electron
ionization levels were used. The IP(nhjj) val-
ues determined “.his way depend linearly on the
gas phase proton affinities and on the complex-
-formation shifts of the stretching frequen-
cies of the phenol’s OH group in CCI™ solution.

Despite the use of various experimental techniques and
modern quantum chemical methods the electronic structure of
the pyridine molecule and its derivatives has been the mat-
ter of the continuous discussions for the several decades.

The complexity of the interpretation of PES of pyridine
stems on the fact that it has rather closely spaced bands of
the different origin (the -orbitals of the aromatic ring
from one hand, and of the nitrogens lone pair from the oth-*
er). The situation is even more complicated because the
band which corresponds to the nitrogens lone pair is much
wider than those which are characteristic for the typical
compounds with the localized lone pairs (e.g. halides™ ex-
cept the fluorides).
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The broadening of n” band is usually ascribed to the
partical inclusion of the orbital of the lone electron pair
of the nitrogen atom in the G*-electron system (due to the
symmetry cons%raints thciJs orbital cannot participate in
the aromatic (j -system)

As far as n- and 5r-systems are independent it is diffi-
cult to find the crucial method which would indicate un-
ambiguously which of the two bands ( n or JI ) corresponds
to lower energy. The standard technique which makes use of
the analysis of the vibrational structure band is also un-
applicable because the substitution of CH bond in the
benzene for the isoelectronic atom of nitrogen simultaneous-
ly reduces the symmetry of the molecule., removes the vibra-
tional degeneracy. Therefore, the fine structure of the
band gets too much complicated for the analysis.

The review on the earlier studies of the PES of pyri-
dines is given in Ref. 3 where perfluoro-effect was used
for the interpretation of their spectra. In the PES of per-
fluorinated pyridines the 0”-bands excercise a significant
shift (by several eV) as compared with the initial compound
whereas the shift of Of-bands is much more modest. This
circumstance is used for the assignment of the order of
different bands in the nonfluorinated derivative. For exam-
ple, on the basis of the fact that the 1st PES band shifts
on perfluorination of pyridine by 2.41 eV towards higher
energies the inference was drawn that the MO order in this
case should be a”™n), agCiT), b ).

However, the quantum chemical calculations with the
use of the Koopman’s theorem lead to the different results.
Our semiempirical CNDO/2 calculations, as well as the
ab initio works (by Kimura (4-31G basis)4 and others™ pre-
dict the MO order for pyridine as ), b~ A ), a™n).

Up to now we are unaware of any calculations of the pyri-
dine molecule using the approach beyond the limits of the
Koopmans” theorem.

PES of the derivatives of pyridine was studied widely
but there is no unanimity in their interpretation by the
different authors. The analysis of PES of alkyl pyridines
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is accompanied with the same problems4 6.7 as the assign-

ment of the spectrum of the parent compound. The high reso-
lution PES of fluorinated pyridines were analysed8 on the
assumption that in fluorobenzenes the inductive perturba-
tion by fluoro-substitution is of the 1st order and, there-
fore, causes the additive shift of the band of the nitrogen
atom in the PES? Wre PES of chloro-, Oxl,10 amino- and
cyano-, AR hydroxy- and methoxypyridines 2 were also studied.

The rather general and accurate linearity is observed
between the ionization energies of valence shell and core
or intermediate level electrons of the ionization center for
various kinds of compounds.

The preferential and dominant localization of the lone
electron pair on the ionization center serves evidently as
one of the major preconditions for the observance of the
relationships of that kind. The latter were recently used
by the present authors for the assignment of PES bands of
alcohols”, ethers*4, nitriles”, amines”, and halides”.
As a rule, the slope of these linearities between valence
and core level IP-s is within its error limits indistin-
guishable from unity. In other words, the sensitivity of
these properties of inner and valence shell electrons to-
wards the substituent effects is roughly the same.

As regards the monosubstituted pyridines then one can
also observe the similar linear relationship between IP(njj)
of the valence electron shell of the nitrogen atom from one
hand, and the bonding energies of the Is electrons of the
same atom, from the other hand. It turns out that ortho-,
meta-, and para- substituted derivatives lie on the three
separate and parallel lines.

The regression analysis of the data(the binding energies
of Is electrons of the nitrogen atom were taken from Ref.17;
the ESGA band of the lowest energy is always assigned to
the nitrogen atom of the pyridine ring) from Table 1 leads

* PES of perfluoropyridine was studied in Ref. 9.
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to the following equations:

a) 4- X- pyridines

IP(nN)= -387.27(15.95) + 0.980 (0.039) E~IsN) W
r = 0.99; 8= 0.05 eV; n*7

b) 3-2- pyridines
IP(nN )= -321.34(55.29) + 0.817(0.136)"(1810 (@)
r =0.91; sm0.1eV;n =5

c) 2-X-pyridines
IP(NN)- -360.35(47.42) + 0.914(0.117)EB(IsN), [©)
r =0.961; s *0.12 evV; N =7

where r is the correlation coefficient , s - stand-
ard deviation, n - the number of points, the error
limits of the regression coefficients are shown in
the parenthesis.

All 1P values given in Table 1 are taken from the pub-
lished PBS. However, their interpretation is something
different from that given in the original papers. The
assignment of the bands by the present method is unambigu-
ous on condition that the Bg(IsN) values are fully reliable
and the MO-s of the nitrogen valence shell electrons are
not too extensively delocalized. The above-given relation-
ships refer only to the mono-substituted pyridines and
don’t tell about the order of the MO-s of the parent com-
pound itself.
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Table 1
The 1P(nN) Values of Pyridines and Some Other

Aromatic Nitrogen Compounds Determined from PES
on the Basis of Egns.
Interactions are Taken Into Account.

Substituents

H

2-Me
4-Me
2,5-Me2
3,4-Meg
2,6-Me2
3,5-Meg
2,4,6-Me3
4-t-Bu
2-F

3-P

P5

2-Cl
3-C1
4-C1
3,5-CGI2

1P(TY)

9.66
9.5
9.5
8.80
9.15
9.30
9.52
9.20
9.45
10.37
10.09
12.0
10.3
9.85
10.0
10.26

No

17.

19.

N B

28.

29.

30.

31.

32.

33.

RBRNRSB

1-4. The Orbital-Orbital

Substituents

ttS
2-0H
3-0H
2-OMe
4-CMe
2-CN
3-CN
4-GN
2-NH2
3-nh2
4-NH?
4-NMe2

lojo)

@ 8)

4-CHO

1P(T)

11.38
10.08
- 9.71
9.82
9.3
10.65
10.30
10.44
9.57
9.47
9.20
8.82

9. 50

9.16

10.3
10.48

10.12



Pig. 1. The dependence of IP(n™) of the nitrogen
lone pair for 2-,3- and 4-substituted
pyridines on the corresponding binding
energios Eg(IsN) of its electrons.

Pig. 1 visualizes the straight lines which correspond
to Bgns. () - (). 2- and 3- methyl derivatives deserve
some additional comments. So, in Ref. 6 the 1st PES band of
these compounds is (by the analogy with pyridine itself)
assumed to consist from two overlapping bands the sec-
ond of which (9.5 eVb for 2- and 4- substituted derivatives)
is believed to have the n-character. K. KimuraO, however,
does not accept the idea of two bands. Keeping in mind the
above-reported Egns. (1) - (3) one, probably, has to support
the first hypothesis.

In several cases 1»13-16 linearity between IP-s of
the lone electron pairs of the bases and complex-formation
shifts of the stretching frequencies of the phenol’s OH-
group in CCI™ solution were observed. The same seems to be
true also for the pyridines (Pig.2). Within their experi-
mental uncertainties these two qualities fit the single
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Fig. 2. The dependence of IP(n™) of the substituted
pyridines on the corresponding hydrogen
bond shifts of the stretching frequencies
of phenol’s OH band in CCI™ solution

linearity for 2-,3- and 4-substituted pyridines which can
be described by Egn.(4):

IP(NN) = 12.50(0.07) - 0.0061(0.0013) A
r=0.994 s=0.09e/ n=21

The similar linearity is observed also between the
proton affinities of pyridines and their A”phQH Parave”s8
determined in CCI™ solution. It evidences about the
similar behavior of the gas phase basicity and liquid phase
hydrogen bond acceptor strength of this class of bases.

The relationship (4) between IP(n™) and values
allows one to make some assignments of the lone electron
pair bands in PES in these cases when the corresponding
ESGA data on Is electron binding energies are not available.
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The IPGijj) values determined using Eqgn.(4) are also included
into Table 1, So, the use of Ay‘ oh value 486 cm-~ for
3—MeC’\H"N'18 leads to IP(njj) value equal to 9.6 eV. Egn.(4)
also confirms the order of MO-s predicted by the semiempiri-
cal HAM/3 calculations® for pentafluoropyridine 0agC/T ),
5b1(”), 18al(n)). The analysis of PBS of this compound is
performed iIn several pape £st®in Ref. 9 the very high-
-resolution PBS of that moiety was recorded. Por the vertical
IP(nN) of the nitrogen atom the value 12.0 eV was suggested.
The PBS of pentachloropyridine was also studied but no de-
tailed analysis was performed. On the basis of Egn.(4) we
find it possible to assign the vertical 1P(n") as 11.88 eV.

Despite the fact that the analogous relationship for the
aliphatic amines is based on a very limited and rather un-
reliable experimental "material its slope is very close to
that of the linearity (4). This fact shows the approximately
equal sensitivity of [ “pbcH values of these two classes of
nitrogen compounds.towards the variation of ionization po-
tentials. At the same time the straight line for the pyri-a
dines is shifted approximately by 1.5 eV upwards on the IP
axis from the analogous line for the aliphatic amines (see
also Ref. 16).

The plots of IP-s of the oxygen lone pairs vs. the

parameters for the alcohols and ether form parai&ei 4
lines whereas the point for HgO does not fit any of them.
Another situation holds for the substituted pyridines where
the parent compound obeys the general common relationship
(4) for its derivatives.

It was recently shown” that there iIs an approximate
correlation between gas phase basicity of pyridines and Is
electron binding energies for the basicity center (see als§°).

On the other hand, the results of the ab initio (ST0-3G
basis) calculations show that the predicted MO energies
of the lane pairs for 21 substituted pyridines are closely
correlated with their experimental proton affinity values*
the relationships for 3- and 4-substituted derivatives are
statistically indistinguishable.
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As it was argued earlierlg’20 the linearity between ex-

perimental values of PA and IP is expected on the condition
that the center of photoionization coincides with the center
of protonization of the same base.

The most extensive compilation of PA values of substi»
tuted pyridines is given in the recent book?? . However, the
results of the various authors and at different tines differ
as much as by 1.5 kcal/mol. In the present work the PA data
from Refs. 23-26 was used. All the values were standardized
relative to the fixed PA value of the ammonia (207 kcal/mol;
see also Ref. 20).

Die statistical treatment of these data by the least
squares method results in the separate linear relationships

for 2-,3-4-derivatives (see Pig.3):

a) 3,5-substituted Py

PA= -15.18(1.50)IP(nN) + 368.0(14.6) ®)
r * 0.981; s = 1.4 kcal/mol, n m 6

b) 2,6-substituted Py

PA* -16.14(1.32)IP(nN) + 380.5(13.1) ®)
r *0.984; s =1.5 kcal/mol, n - 7

Cc) 4-substituted Py

PA = -15.50(0.25)IP(nM) + 374.1(1.5) )
r = 0.999; s m 0.4 kcal/mol, n » 9

The unsubstituted pyridine most probably fits Egn.(5)
for the meta substituted pyridines the beet.

One can see (Pigs.l and 3) that sone scatter of the
points for the methyl-pyridines is observed. Evidently, some
problems of separation of overlapping bands (vide supra)
still remain. Some contraversy while using Eqn.(4) and (5)
for the assignment of IP("") arises also for the 3,5-dimethyl
pyridine. Prom its PES™ the energies of its two first bands
were determined as 9.25 and 9.52 eV whereas the authors of
the original paper interprete the 2nd band as corresponding
to the ionization of the nitrogen’s lone pair*.
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IP(nN).eV

Fig. 3. The dependence of proton affinities of
pyridines on the lone pair ionization
potentials of the protonization center.

This value fits Eqn.(4) better than the IP which cor-
responds to the first band. However, Egn-(5), while
using PA=228_.3 kcal/mol23 for 3, 5-(CH.j)2C5H_JN predicts for
the IP(nN) another value (9.25) which coincides with the
energy of the 1st band in PES. Taking into account the
statistical reliability limits of Egn.(6) and the experi-
mental errors of the experimental PA values one has to draw
an inference that the second band in the PES of this com-
pound cannot represent the ionization of the nitrogen’s
lone pair. Therefore, we have to assume that the
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value of this base should be somewhat lower as com-
pared with the value (611 cm-~) used by uj in the

present work. For the unambiguous interpretation of the PBS
of this compound it would be highly desirable to measure
the binding energies of the Is electrons of the nitrogen
atom of the given compound. For 2,6-dimethylpyridine
the PA=>230.8 kaal/mol 3 better fits the relationship (6)
than the alternate value 229.1 kcal/mol suggested in Ref.22.
In its turn for the "HJNC™H~N the preferable by Bgn.(7)
PA value is 232 kcal/mol.

Analogously to the above-considered relationship (3)
(see also Fig. 1) the point for 2-CN-pyridine does not fit
Bgn.(6) which assumes a somewhat lower IP(njj) value for
this compound.

It seems that the use of the complex approach to the
analysis of PES with the inclusion of the various infor-
mation on the electronic structure of the compounds often
allows to make the unambiguous choice between the alter-
native interpretations of PES bands.
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The chemical shifts of the hydroxylic pro»
toms ef.aliphatic alcohols in their mixtures
with some aprotic solvents (ll80, aceton ,
triethylamine, tetrahydrofuran, pyridine ,di-
methylformamide) have been measured.

It was found that in all cases (except some
mixtures of alcohols with pyridine) the chemi-
cal shift of the hydroxylic proton Stﬂo of

MeOH, StOH, i-PrOH and t-BuGH varies monoto-
nously with the composition of the binary mix-
ture increasing (downfield shift) with the iIn-
crease of the concentration of the alcohol in
the mixture.

In the system pyridine-alcohol and in some
mixtures of aprotic solvents with nonassociated
alcohols which include strongly electronegative
substituents (e.g.,(CY")”COH) the reversed
trend is observed.

It was shown that at the significant dilution
(Mroh-0»1) of alcohols RCH with the aprotic
solvent the Sn ~ values depend linearly on

the th—consta;IE of the radical R*. The sensi-
tivity towards these substituent effects changes
slightly with the nature of the aprotic compo-
nent of the mixture.
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The Influence of the nature and composition of the bina-
ry oixturee of aliphatic alcohole with apolar or dipolar
aprotic solvente on the rate conetante of various chemical
reactions wae repeatedly studied in this Iaboratoryl_z as
well as by several other investigators.e_11

The eolvatochronic effects of the nixed solvents of that
type on the absorption maxinuns of Bone indicators of the
solvent gross polarity (Op, Z, etc.) were also studied.

Also a thorough investigation of sone solute-independent
properties of the above-Mentioned binary mixtures has been
nade by several workers. The studies of the dielectric con-
stants and refractive indexes, activation energies of vie-
cous Flow and heats of nixing of the binarj mixtures of
apolar and dipolar aprotic solvents with alcohols were
nadif'®0In sone papers the chemical shifts of the alcohol*s
hydroxylic proton as some gross auantity which characterises
the solvent-solvent interactions in binary mixtures of the
alcohols with the apolar or dipolar aprotic solvents were
meaeured. So, for example, the mixtures of methanol with
CCIn21°22, DMSO with methanol23, cyclohexanol2*, t-BuCH2",
t-BUgCHQH25 and MeBtgCCH25 were studied.

In Ref.26 the measurement of the chemical shifts of the
alcohol"s hydroxylic proton in the relatively dilute solu-
tion in the DMSO was suggested for the analytical purposes.
It was also found2=* that the direction of the change of

values in the mixtures with DMSO with dilution depends
U1HO
on the nature of the alcohol.

Relatively less attention has gotten the study of the
variation of the electron accepting properties of the alco-
hols radical R on the (Ff. values. The investigation of the

dependence of the latter on the donor strength of the aprotic
component, as «ell as on the significant variation of the
ratios of the donor and acceptor components needs also ad-
ditional attention. Some of these problems were also
studied in the present work. So, in order to determine some
empirical gross characteristic of the "activity" of the
hydroxylic hydrogen atom of alcohols in their binary mix-
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turee with the aprotic solvente, and to study its dependence
on the composition and the chemical nature of the components
the 3~ values were measured for the mixtures of several
allphatll~alcohols (0»1-*rqjj Z 1.0) with DHSO, aceton,

1t~ T pyridine, dimethylformamide. Further, the influence
of the electronic structure of the alcohol’s radical R on
ne, -parameters was also studied in the relatively dilute
(1jjog™ 0.1) solutions of RCH in the aprotic component. The
alkyl, as well as electronegative substituents were included.

experimental .

Aprotic solvents (DMSO, Me CO, CAHQ!, THP, BMP,th-g)
were pyrified and dryed by the standard techniques. =
Aliphatic alcohols (R«Me, St, Pr, i-Pr, n-Bu, t-Bu, i-Bu,
n-Pe, cyclo-Hex, n-Hex, n-Hept, n-Oct, n-Son, n-Dec) were
also purified using standard procedures. CCI™CHjCH,CP~GHjCH,
(CP5)5COH, PhCHjOH, PhjCHOH, Ph~OH were used without fur-
ther purification. HCiCGHgOH was purified by distillation.

The proton IMR spectra of the systems studied were mea-
sured at the room temperature on the TBSLA BS 487 B spectro-
meter at 80 MHZ. TMS was used as the internal reference.

The analysis of the more complex spectra was performed using
the BC-1022 computer. In the case of anhydrous (‘‘absolute™)
alcohols the splitting of the GH proton®s signal into the
multiplet takes place. For methanol, the latter consists of
4 lines (1:2s2:1). Bie signal from OH-group of the all other
primary alcohols has triplet structure (1 :2:1), secondary
alcohols have dublet (1:1) and tertiary ones - singlet.

In the case of the splitting the dZHo— parameters were

determined as the weighted and averaged values from the
chemical shifts (frequencies) of the various lines of the
multiplet taking into account their degeneracy (statistical
weight).

For the mixtures of four alcohols (MeOH, ItQH, 1-PrOH
and t-BuOE) with HtSO, Me2CO, Bt"l and pyridine the depen-
dence of the hydroxylic proton chemical shift on the com-
position of the mixture was studied over the maximum range
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of variation of the components. (0.1" 1.0). The ease ie

true aleo for the mixtures of W7 with methanol and t-BuGH.

For the other alcohols the corresponding (f* values were
*HO

determined at the fixed MBgaBO*L * results of the mea-
sureeente are given in Tables 1 and 2 and visualised in
Figs. 1-6«
Table 1.
Chemical Shifte (in Hi) of Hydroxylic Proton of
Alcohols in Their Mixtures with Aprotic Solvents.
Internal Reference - TMS, Working Frequency-
80 MHz.
W30 Me2CO - -—-—- -

HRoH MeGH StOH §-PrOH t-BuOH HeOH fftGu i-PrGH t-BuQB

1 2 3 4 5 6 7 8 9
0.1 327a 349a 348a  333* 277 287 285 281
0.2 327 349 348 333 291 300 296 287
0.3 327 349 348 333 309 318 318 293
0.4 327 349 348 333 325 336 337 300

0.5 330 - - - 333 357 348 309
0.6 333 354 353 338 340 374 362 322
0.7 - - - - 353 385 376 335
0.8 358 381 378 352 368 398 389 352
0.9 - - - - 381 413 406 364
1.0 396 428 422 378 396 428 422 378
(Continues)
DMP St3» C5H5Kb

*ROH MeOH t-BuOB MeOH StOH i-PrCH t-BuOH MeOH i-PrCE t-BuCX

1 2 2 4 5 6 1 0O lo
0.1 330 336 283 351 340 208 437 459 438
0.2 332 338 318 376 369 327 447 457 432
0.3 336 339 341 382 384 336 444 453 427
0.4 342 341 362 400 391 347 441 449 421
0.5 350 345 381 407 399 353 436 445 418
0.6 356 350 396 415 407 360 429 439 413
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Table 1 continued

1 2 3 4 5 6 7 8 9 10
0.7 - - 400 420 413 365 425 436 408
0.8 370 364 403 424 419 373 421 430 402
0.9 : : 400 426 420 376 412 426 394

1.0 39 378 396 428 422 378 396 422 378

a - See also Ref. 26
b - The significant broadening of the OH-proton signal
takes place for etOH-C"HM sjstea.

Table 2.
Gheaical Shifts of the Proton of the Alcohols® Hydroiylic
Group in the Dilute (HROH«0.1) solution of ROH in the
Aprotic Solvents. BIS Served as the Internal Reference,
Spectra were Recorded at 80 KHz.
6
R XHO
Me2S0 M2CO Bt3» THP CBH5*

1 2 3 4 5 6 7
1. H 270a - -
2. CH3 327b 577 283 437
3 ys 349b 287 351 459
4. C3H7 353 288 354 464
5. (CH)CH 3480 285 340 459
6. oy 348.2 287 341 457
7. (ch%)zchghz 352 288 351 462
8. (ch3)3c 333D 5,98 438
9. o1 356.7 286 334 456
10. cea0p 412 356 462 367

11 (cor)2cH 462 387 502 394

12. (CBH55aC 517 428 542 438

13. HC-CCHg 415 332 443 350

14. CP3CWh2 484 434 523 412

15. CC13CH2 546 464 592 472

16. (CP3)3C 833 742 819 737

7. cons 740a
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Table 2 continued

12 6 1
18* CBH13 345.6
19. C.~5 345
*0. c8hl7 344
21. CgH"g 343.6
22. Cl0H21 343.2
Diacuaaion

In the case of aixtures of THF with alkylsubstituted
alcohols we were not able to aeasure the cheaical shifts
of the hydroxylic proton because of the resonance of the
latter is observed in the saae region as the protons of the
THF ring. Gn the saae reasons it was iapossible to aeasure
) values for the binary aixtures of the pyridine with

alcohols containing electronegative substituents.

In several cases the interaction between alcohol and
aprotic coaponent is responsible for soae qualitative
change in the spectrue of the pure alcohol. So« for the
DMBO-ethanol eyetea at the excess of dipolar aprotic solvent
an additional doublet appeare in the NLIR spectrua of the
ethanol’s -CH™- group protons.

The HMR spectrua of the aethanol*B protons belongs to

group and consists of 6 lines. However, in the diluted

05) aceton solutions it changds into the A™B-type
spectrua, and, starting with HHOH 4 0.03 consists of the
8ingle line.

Our aeasureaents once aore confira the fact2* that the
cheaical shifts of the hydroxylic proton of the sterlcally
not hindered aliphatic (alkyl-substituted) alcohols shile
diluted with the aprotic coaponent, diplay usually the
upfield solvent shifts, (see Fig. 1-6, the behavior of
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Pig.l. The dependence of
the proton chemical
shifts rL of the

0

JH
OH-group of aliphatic
alcohols in their mix-
tures with DMSO on the

o 05 10 mole fraction of RQH.

nrah

Py-alcohol is exceptional). Oa the contrary, our study shows
that alcohols which posess strongly electronegative groups
behave in the mixtures with DMSO similar to the sterically
highly hindered aliphatic alcohols (t-BugCHOH)2*, i.e. the
downfield shift of (EHO is observed on dilution of the

alcohol with DMSO. Gdie might think that such "anomalous™
behavior of the electronegatively substituted alcohols is
due to their very low auto-association. This conclusion is
also supported by the IR data’% which support the hypothesis
thatfe.g.,the neat (C?jJ)"CHH is practically not associated.
Several differences exist in behavior of StHO values

on the concentration and nature of the components for the
various binary mixtures.So, one can see (Pig.l) that for
the binary mixtures of EMSO with alcohols at 0.4-0.5
the 6* -values are practically independent of the further

dilution of alcohol with DMSO*. The similar behavior is

x It is also known30 that in the diluted aqueous solutions
of EMSO (0.002 ii HH2n £ 0.1) the Arho values are indepen-
dent of the concentration of H*. The same parameter does

not vary too much also in the aqueous solutions of MeoCO,
MeCl ,THP,etc. *



Nroh nrah
Pig.2. The dependence of the Pig.3. The dependence of

proton cheaical shifts the proton cheaical
of the OK-group of aliphatic shifts 1HO of the
alcohols in their mixtures QH-group of aliphatle
with acetone on the sole alcohols in their Mix-
fraction of RQH. tures with trietylaaine
on the sole fraction
of RQH.
characteristic also for the aixture of WP with alcohols
(Pig.5).
The study of the deviations of the cheaical shifts

of the hydroxylic protons in binary ll&ctures froa their

aole fractional additivity show (Pig.-6) that for the systea
DMSO-RCH the aaxinua values of that paraaeter occur at
NCBMN*6 ~ °*7* i,e* in the systea where there are two aole-
cules of alcohol per one aolecule of WI30. The largest abso-
lute values ofA(TiHO in this systea belong to StOH, where**
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t-BuCH displays the lowest deviations froa the additivity.
Soaewhat anoaalous order of 6* values is characterise
tic for the different alcohols ROE Hoof the noraal chain in
the dilute (1gQg «0.1) solutions of DMSO. Cue can see
(Fig. 7) that the plot of the dependence of this parameter

Fig.4* The dependence of the Fig.5. The dependence of
proton cheaical shifts J., the proton cheaical

HO .
of the GE-group of aliphatic Shifts S} 0 of the

H
alcohols in their aixtures OH-group of aliphatic
with pyridine on the aole alcohols in their aix-
fraction of RGB. tures with Wl? on the

aole fraction of ROH

on the nustoer of carbon atoms in R has an extreaua (maximum)

at n « 3-4. In other words, the cheaical shifts 8iho of
the hydroxylic proton of HeOH and EtOH are lower than the

saae parameter for PrCH and BuOH.Further increase of n re-
sults in some decrease of its value. lhe anomalously low
(see Fig. 2-5 and Table 1)cheaical shifts for MeOH
(and soaetiaee EtOH) as coapared with the higneP alcohols
(i-ProB, t-BuCH>are also characteristic for the other binary
systeas studied.
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The variations of 6n - values for the mixtures of

St31-RCH (at HROH>0.b)t ° pyridine-EtOH and pyridine
i-PiOH (at 0.5) are rather modest. At the aaae tiae,
the pyrldine-alcohol mixtures poeaeee tbe highest absolute
vaiuea of /\-HO while the downrield dilution effect la

Pig.b. The dependence of
the deviations [ <, of
the proton cheaicé?o
shirts of tne OB-group
of aliphatic alcohols
froa additivity on the
alcohols aole fraction
l1aOH for the following
binary alxtures:
1-DMSU-EtiUH, 2-DMSO-MeOH ;
3-t-BuOH-DMSO,
4-1-ProH-Me2C0; 5-Me”CO-
-BtOH, Me~"CO-MeQH, i —-prOH-
-Me”CO. i-PrOH-Py

..~ 0); b-Py-MeOH;
7-t-BuOH-Bt";
b-Kt N -JStOH; Y-Et ~"H-MeOH .

observed
The aceton-alcohol alxtures do not have tne areas where
the SJj values practically do not depend on HROH» At the
"HO

* ¥0le anomaly Is probably due to tne complieating Influ-
ence or the magnetic anisotropy or tne pyridine mole-
cules on the resonance rrequency or the hydroxylic
proton.
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Pig.7. The dependence of
<£  for the alcohols

ROH of the noraal carbon
chain on the nuaber of
carbon atoas n In the
DMSO at HROH«0.1.

The point for n m 0
corresponds to water.

saae tiae the behavior of the aixtures of MegCO with EtOH
and i-PrCH is characterized bj the aole fractional addi-
tivity.

It is interesting to study the influence of the cheaical
nature and concentration of the alcohol as well as aprotic
coaponent on the plote of deviations (ga* ) froa the

additivity of the aeasured hydroxylic proton cheaical shifts
vs. the coaposition of various binary aixtures.

One can see froa Pig. 6 that both the absolute value
and the sign of the deviatione AFf* change froa one systea
to another. The positive values oflloM» are characteristic
to all systeas except DMSO—ROH.DMP—RCH,HO and t-BuCH-aceton.
Bie approxiaate additivity (;$5«Ho:0) holds for the aix-

tares of aceton with MeOH, KtOH and i-PrQH and for the
mixture of pyridine with §-PrOH.

Unlike to the systeas of DMSO-ROH and DMP-RQH the aaxi-
aua values of " for the aixtures of aaines (Py and
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Et"H) appear at the approximately equiaolar ratios of the
components. The sane is true also for the system
t-BuGH-Me200.

It seems probable that in the case of the binary mix-
tures studied the chemical shift of the hydroxylic proton
is the complex gross parameter which mostly carries the
information about two competing processes - autoassociation
of the alcohol molecules according to the scheme

NROH R, @

and complex formation (heteroassociation) of the monomeric
molecules or polymeric aggregates of the alcohols with the
aprotic (basic) component B which also can be in the form

of monemeric molecules or their aggregates:

ROH + IB  ROH...® )
(ROH) | +:B7+(ROHV,, ...®@
mBAB,
ROH + :B =;ROH...S,
etc.

On the basis of the data from the present work and lit-
erature sources2 it seems that the autoassociation of the
aliphatic alkyl-substituted alcohols leads to the downfield
shift of the resonance of the hydroxylic proton whereas in-
teractions between alcohol and base are responsible for the
opposite trend. However, we should acknowledge that the
available information on the behavior of 0 in the binary

mixtures of alcohols with aprotic components is not suffi-
cient for the building of a physical model which would quan-
titatively account for the dependence of nn values on

HO
the nature and concentration of the components of the binary
mixture.

It seems to be of some value to study the dependence of

values on the structure of the alcohol molecule at
’ho
the fixed conditions (the same basic component, fixed and as

low as possible concentration of the alcohol, etc.). These
prerequisites are to some extent met in the case of data
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displayed ia Table 2. where <6\Ho r&lues refer to the rela-

tively dilute solutions of several ROH in DMSO.
The results of the statistioal least squares treatment

of these data in terms of the simple single parameter Tarv

equation £n e a + o™ , 13)
90
where a and b are constants, and $ & is the

inductive constant of the alcohols radical R.
are reported in Table 3»

One can see that in all cases, the increase of the
eleotronegativity of the substituent R (more positive 6 *
values) results in the increase or the &1 values
(domnfield shirt). HO

In ravor or that interpretation evidence also the results
or the nonemplrical quantum chemical model calculations
(STO-JU basis) or tne rormal Mulliken populations in tne
molecules or various aloonols ROH wnicn show that the
increase of the electronegativity or the R (transrer rrom
airyl derivatives to perriuoroallcyl substitutea alconols)
leads to the,gradual increase or tne positive charge on
tne hydrogen atom ( ) of tne nydroxyl group and to the
decrease ol the snielding or tnat proton (see Pig. b).

fig.8. The plot of
ohemicai shirts of the
hydroxylic proton or
alcohols in DMSO

(3JQAJ0.D vs. the
formal positive

charge g~ on the
hydrogen atom of the
OH-group (STO-JO
basis, ¢H is giveu in
the chargee or the
electron)-

015 016 017 018 019 0.20 021

<H
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The comparison of /4, values with the ST0-30 Hulliken

charge [u of the hydrogen gtom of the alcohols OH group in
the monohydrates3l RQH... tCHg leads to the earn conclusion.
In the latter case, due to the coordination between the
electrophile (ROB) and lone electron pair donor (:CHj) the
positive charge on the alcohols OH hydrogen aton increases
for all alcohols considered (charge transfer) and the general
parallel trend for q,, end dEI still holds.

The influence ofﬁthe natuig of the aprotic component of
the binary mixture is manifeeted by the relatively modest
change of the values of the ordinate a and slope b of
Egn.(3) (see Table 3).

The inclusion of the polarlsability term3l into
Ign.(3) by the uee of Sgn.(4)

S* - a + b6R* + c[E , (O]
*Ho «
where a* , b* and ¢ are constants, and

OH - MRd (H) - MHD(Me)

improves the correlations moderately (see Table 3)* Formally,
the higher polarlsability of the substituent R increases
(c!'>0) the chemical shift (downFfield shift). The point
for MeOH always does not fit the correlations (3) and (4).
In some cases more or less deviates the point for CFjCH"GH
(in DMSO, THP) and sometimes also CCIgCHgOH (EMSO, aceton).
Water (RJ>H) deviates very substantially from Xqn.0) and
(@) manifesting about some sort of the effect3l of the hydro-
gen atom connected ineedlately to the reaction center.
laturally, in the present case the success of the corre-
lations in terms of Eqns.(3) and (4) depends significantly
on the shift of the position of the solvation equilibria
() and (@). Only on condition of high dilution for any R®
practically all monomeric alcohol molecules are In the form
of heteroassociates RM-0-H...B" (where jaconet) with lone
pair donors B®, Sgns.(3) and (4) should aooount for the
substituent effects of R* on some properties of the hydroxy-
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Table 3
Resultsll of Statistical Analysis of Data on Chemical Shifts of Hydroxylic Proton
in Diluted Solutions of Alcohols ROH (BROH « 0.1) in Aprotic Solvents. The lumbering
of Substituents is Taken Proa Table 2.

Medium a@") b®»") c R s n Substituents

1 2 3 4 5 6 7 8 9 10

1. Me2S0 376.5 176.9 0.999 8.0 1.6 11 3-11, 15, 16
6.1 G0
372.1 176.5 0.274  0.997 7.1 1.4 12 3 12, 15, 16
7.6 @7 (0.119
320.8 2.72 0.971 15.1 7.9 11 2«12
15 .8) 0.22)

2. Me2cCO 312.3 165.5 - 0.999 7.3 1.6 12 3-12, 15, 16
@3 @D
308.4 163.2 0.135 0.993 10.2 2.2 13 3-12, 14 - 16
(0.8 B8 (0.159)

3. BtA 380.9 182.3 - 0.981 29.9 5.7 13 3-12, 14 - 16
(30.1) (10.8)
262.4 178.7 0.958 0.971 24.1 4.6 13 3-12. 14 - 16

(25.4) (8.7) (0.363)



Table 3 continued

12 3 4 5 6 7 8 9 10
355.7 174.9 0.972 3- 12,
a3 (@49 ©.19n 992 180 19 1l 14, u=*

4. THF 326.8 158.1 - 0.990 4.3 1.2 5 10 - 12, 15, 16
4.9 2.3
328.2 157.8 -0.028 0.998 5.2 1.4 5 10 - 12, 15, 16

7.5 @1 (0-119)

* - G~* constants fro® Ref. 35 were used. Molecular refractivities are from Ref. 36»
In columns 3*5 the error limits of the regression coefficients are given in
parenthesis; B - is the standard error, &% = (s/4<l.mBX,)100, where max is the

maximum range of variation of on values; r - correlation coefficient,
nHO
n - the number of points. The dash in columns 4 and 5 means that the corresponding

term was not included into Bgn.(4).



Ho proton In these associates9k One sight expect that In
the present case the acidity of alcohols RMOH in the given
aprotic solvent pKft «ill follow closely the property of
the molecule RM"OH which determines the intensity of the
hydrogen bond in heteroassoclates R™OH. . for the Tixed
B and other conditions*

~ Indeed, the comparison of 8" values for the R™OH in
DMSO solution with the corresponding pKft valuee”"~* or
these alcohols in the same medium reveals quite a satis-
factory linearity between these two quantities (Fg.-9)<

Pig.9.The dependence
of Si values for
"HO

the alcohols RMH in
DMSO (MROH-0.1) on
their pK& values in
the same aprotic
solvent.

U (coh .ohso)
P*a

Remarkably, the points for MeOH and water also fit the
same straight line«<*rith the "normally' behaving alcohols

* The shifts of the solvation equilibria (1) and (<0 lor
some alcohols or aprotic components should, however,
result in the inhomogenoue simultaneous inriuence or
several tactors on &QHO— parameters. The latter situation

oan be described by Egns.(j) and (4) only in some special
cases.
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The reaction kinetics of 4,4-diaminodi-
phenyl sulfonation has been studied spectro-
photometrically. It was established that the
reaction is of general second order: the
first as to the sulfidized substrate and the
first a3 to the sulfidizing agent.

The substituent effect on the sulfonation
reaction of disubstituted diphenyl deriva-
tives was studied. On the basis of the data
about the substituent effect it is shown that
the cyclization stage serves as the rate-
determining one in the formation of disubsti-
tuted diphenylsulfone derivatives.

The method of chemical modeling was used
to show that in the sulfonation reaction of
4,4-diaminodiphenyl the formation of 2,7-di-
aminodiphenylsulfone takes place by means of
benzidine-2-sulfonic acid.

Recently the researchers have become interested in 2,7-
diaminodiphenylenesulfone which is used in the synthesis of
aromatic polyamides. The latter have a set of valuable tech-
nical properties™. It can be obtained in the reaction of 4,4-
diaminodiphenyl sulfonation .

In order to optimize the process of obtaining 2,7-diami-
nodiphenylenesulfone we have studied the reaction kinetics of
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4 ,4-diaminodiphenyl sulfonation spectrophotometrieally. The
method is based on the quantitative determination of the
forming Finished product. The study of absorption spectra of
the initial 4»4-diaminodiphenyl and the forming 2,7-diamino-
diphenylenesulfone showed that in the range /1 = 410 nm only
2 ,7-diamInodiphenylenesulfone absorbs. Consequently, the re-
action rate can be monitored by increasing in time the in-
tensity of reaction solution absorption in this point of the
spectrum.

The course of the process was studied by the method of
talcing samples as well as by determining the density of re-
action solutions on a spectrophotometer SF-16.

The molar coefficient of extinction which is necessary
for calculating the concentration of the forming 2,7-diami-
nodiphenylenesulfone was determined by means of special cal-
ibrating tests. Its mean value at A= 410 nm was 2003 *

+ 150 1. mol“l1l cm“l.

The sulfonation kinetics was studied in the presence of
excessive oleum which means that the reaction was conducted
under pseudomolecular conditions.

The rate constants were calculated according to the for-
mula for first order reactions . The calculated rate con-
stants are presented in Table 1.

The stability of rate constants in time (Table 1) con-
firms the first order of the reaction as to 4,4-diaminodi-
phenyl.

The first order ratﬁ constants were calculated also by
the differential method ' from the slope of the straight line
in the coordinates log C -"t(Fig. 1).

The rate constants which were determined by the graphic
method practically coincide with the mean constant values
calculated according to the formula for first order reactions
(Table 1).

» To check the influence of the concentration of initial
reacting substances on the rate constant of first order re-
actions we studied the kinetics of the process at various
concentrations of 4,4-diaminodiphenyl (Table 2) and oleum

(Fig. 2).
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1 .min

flg. 1. Semilogarithmic anamorphism of the kinetic curve
of the reaction of 4,4*-diaminodiphenyl sulfonation.

co*wn -mol/l

Pig. 2. Dependence of k on oleum concentration for the
reaction of 4,4*-diaminodiphenyl sulfonation at
20.0 C.
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Table 1
Rate Constants of 4,4"MiLaminodiphenyl Sulfonation at Various Temperatures

T, C k=100, tc % ¢, «kel0* tC T, S <10, t°c 4, ¢, w107

min m.ol/l min" min mol/1  min’” min mol/1 min<® min mol/1 min<%
20 8 0.05484 0,152 40 10 0f0328 6,48 60 s 0,0557 7.47 80 5 0.0509 24.45
20 15 0.05481 0.156 40 15 0.0324 5.14 60 10 0.0506 8.76 80 10 0.0210 51.22
20 25 0.05480 0.160 40 20 0.0318 4.97 60 15 0.0279 11.65 80 15 0.0120 69.81
20 50 0*05475 0.162 40 25 0.0512 455 60 20 0.0258 1459 80 20 0.0105 65.78
20 40 0.05466 0.165 40 35 0.0506 4.58 60 25 0.0226 14.65 80 25 0.0079 59.47
20 50 0.05457 0.168 40 40 0.0299 4.50 60 50 0.0202 15.71 80 50 0.0061 58.45
20 60 0.05451 o0.167 40 45 0.0294 458 60 55 0.0161 14.52 80 55 0.0049 56.54
20 70 0.05446 0.168 40 50 0.0287 4.42 60 40 0.0114 19.52 80 40 0.0026 65.48

20 80 0.05458 0.169 40 55 0.0284 4.14 60 45 0.0096 - 80 - - -
20 90 0.05416 0.170 40 60 0.0278 5.81 60 50 0.0072 - 80 - - -
K., = 0.000164* km= 0.004674=+ kme 0.015046 K,= 0.06064+
+ 0.16% * 0.12 +1.2 +9.8
K =0.000166
graph k'graph 8.004641 kgraph:0_01A kgraph..:()_06251

* - The mean square deviation is given



Table 2
Rate Constants of the Sulfonation Reaction
at Various Initial Concentrations of 4.4 =diamino-
diphenyl

C mol/l 0.00354 0.0503 0.0708

K-104 ,min"1 1.22*0.2 1.19+0.4 1.27+0.2

It can be seen from Table that at various initial con-
centrations of the initial 4,4*-diaminodiphenyl at the given
temperature the value of the rate constant remains almost
stable which reinforces the validity of the conclusion that
the given reaction is of first order as to 4,4 Zdiaminodiphe-

nyl.
The rate constants calculated at sulfidizing various

concentrations with oleum depend linearly on the concentra-
tion of the sulfonating agent (Fig. 2). This fact indicates
that the studied reaction is of first order relative to the
latter component.

To confirm the obtained data about the kinetic regulari-
ties of the course of the reaction the calculations were car-
ried out by means of Vant Hoff"s graphical methods in addi-
tion to applying the following equation:

log V = log k+n log C

The calculated values of concentration said time orders
of the reaction as to 4,4*-diaminodiphenyl are corresponding-
ly equal to 1.16 and 1.10.

Consequently, the data obtained by the integral and dif-
ferential methods of reaction order determination practically
coincide.

The general order of reactions was determined by the

Ostwald-Noyes method using Ostwald 3 separation (Table 3).
The calculation formula:

log (I /T,)
XK-1*"lbs (o/zc/) ~
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where C~ and C2 are the initial concentrations of 4,4"-
diaadnodiphenyl in two parallel tests; and are the pro-
ceeding time of the reactions in two parallel tests up to
one and the same degree of transformation .

Table 3

Determination of the General Order of the
Reaction of 4,4 =diaminodiphenyl Sulfonation
by the Ostwald-Noyes Method

No C1 mol/1 C2 mol/1 1 min 2 min Hr
1 0.0503 0.0708 35 1.$8
2 0.0503 0.0708 28 20 1.89

Thus, the results of the studies carried out show that
the process of benzidine sulfonation appears to be a second-
order reaction (Table 3) - the first as to the sulfidized
substrate and the first as to the sulfidizing agent.

It is a well-known fact that the formation of diphenyl-
sulfone - a side product of benzene sulfonation - proceeds
in two stages”. Therefore, it can be assumed that the process
of obtaining 2,7-diaminodiphenylenesulfone takes place by
means of forming benzidine-2-sulfonic acids

S=3 t=

SO3H s02

However, it is not possible to separate the intermediate
product from the reaction mixture. Our kinetic data do not
allow us to draw the final conclusion as to the mechanism of
the reaction studied.

To do this, we have studied the substituent effect in the
reaction of disubstituted diphenylsulfone derivative forma-
tion from the corresponding diphenyl derivatives.
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H2507(S05) (S03)

SOMH s02

I X =Y =NH2; Il X =Y =N02; IIl X =N>2,Y =NH2;
IV X = G304 V X = COOH, Y =NO02; VI X = AOH, Y = NH2«

The results of the studies (Table 4) show that as to ac
tivity the studied compounds occupy the following positions
in the row: I>-VI>V >-111>11>1V .

Table 4

Sulfonation of Disubstituted Diphenyl Derivatives.
The Weight Ratio of Substrate: Sulfonating Agent
(oleum 2.5%). The Temperature of the Reaction

100<C.
Sulfonated diphenyl Yield of the substituted
derivatives diphenylsulfone in% from
theor*

1 4,41-diaminodiphenyl * 90.0

11 4 A«dinitrodiphenyl ** 32.5

111 4-amino-41-nitrophenyl 38.0

IV 4,4 -dicarboxydiphenyl 31.0

v 4-nitro-4-"-carboxydiphenyl 60.0
VI 4-amino-4 Zcarboxydiphenyl 65.0

The maximum yield is reached: *at 70 - 80<=C (95%)
**at 140 - 150=G (60%)
"at -190 - 200=C (96%)

Consequently, benzidine appears to be most reactive, the
next in the row are diphenyl derivatives of carboxylic acid.
Since sulfonation is the first stage of the process it is
clear that the nuclei with less acceptor substituents (-CO0H)
should undergo sulfonation more easily. At the same time the
process of sulfone formation facilitates in the presence of
the strongest acceptor group (YLLM).
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This fact indicates that the cyclization stage is the
rate-determining one.

Thus, the studied reaction kinetics of benzidine sul-
fonation characterizes the cyclization rate of benzidine-2°"
sulfonic acid. The first order as to the sulfidizing agent
makes it possible to assume that the reaction proceeds only
in its presence.

To confirm this, we carried out the purposeful synthesis
of benzidine-2-sulfonic acid:

£~ v /- VCH,COQH /&~ u r-\ Zn, NaOH
(O)-A0 -
SO2NH2 a 02NH2
—————— <M0)-NH - HN
SO2NH2 SO™H

The obtained target product transformed under the con-
ditions presented in Table 4 into 2,7-diaminodiphenylenesul-
fone. At the same time in sulfuric acid the formation of the
thiopheneoxide cycle does not take place.

Experimental
Kinetic Measurements

The kinetic measurements were carried out under the
pseudomonomolecular conditions (50-time excess of the sul-
fanating agent) by the method of taking samples and their
spectrophptometric analysis.

The prepared and back-titrated oleum6 was poured into a
three-necked flask which was supplied with a mixer, a con -
tact thermometer as well as with a thermometer for tempera -
ture control. The suspension of 4,41-diaminodiphenyl was
loaded into oleum while mixing.

At given time intervals 2 ml of the reacting volume was
separated and poured onto ice in a 100 ml flask.

To precipitate 2,7-diaminodiphenylenesulfone sulfate an
excess of water«was added. The residue was solved in dimeth-
ylacetamide and the volume of the solution was increased up
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to 100ml. The optical density of the obtained solution was
recorded on a spectrophotometer.

The values of the rate constants which are presented in
Tables are the mean ones out of three parallel measurements.
The precision of kinetic measurements was assessed by the
method of mathematical statistics, the confidence level being
0.95. At this the variation coefficient at calculating the
values of rate constants didn"t exceed 5.

Synthesis of Substituted Diphenylenesulfones

In the studies reactants I-111 were used, their physical
constants corresponded to literature values. Compounds IV-VI
were obtained according to known methods.

Sulfonation was carried out by adding diphenyl substi-
tutes in 2.5% oleum which was pre-heated up to 100=C. The
latter was in ratio substrate:sulfidi®zing agent 1:10 accor-
ding to weight. In an hour the contents were poured out on
ice. The separation of reaction products for I-111 was car-
ried out by adding sodium hydroxide to the mixture of aque-
ous solution until the reaction was weakly alkaline. The
contents were filtered, washed with water until the reaction
was neutral, dried and analyzed (Table 5).

Synthesis of Benzidine-2-Sulfonic Acid

m-Nitrosobenzenesulfamide was synthesized from m-nitro-
benzenesulfamide by reducing it to m-hydroxylaminobenzene-
sulfamide and then oxidizing it with ferric chloridel”®. The
The nitrosoaminocondensation of m-nitrosobezinesulfamide and
aniline was carried out in ethanolLL. The analysis of m-ni-
trosobenzenesulfamide and azobenzene-3-sulfamide was carried
out by the polarographic method on a polarograph PL-7 (ther-
mostated cell) in dimethylformamide solutions against the
background of a universal buffer solution (pH 4.0-4.1) at
the ratio of DMFA:buffer solution % in vol. 80:20 on the
dropping mercurous electrode. The reference electrode was
bottom mercury. The potentials of half-waves were the follow-
ing: m-nitrobenzenesulfamide (-0.56 B), azobenzpn»-”~-sulfa-
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mide (-0.72 B) and (-0.94 B). Sodium hydrobenzene-3-sulfonate
was not separated from the reaction solution but after the
zincates had been separated it wae subjected to regrouping.
Benzidine-2-sulfonic acid was analyzed by potentiometric tit-
ration. At diazotization sodium nitrate served as the t"-“rant
in acid medium with lithium chloride as the catalyzer (jump
of the potential in the range +430-600mB). The content of the
basic substance was 98.9%. The found %: C34.61; H 4.59;

S 12.18; The calculated c 54.54; H 4.54;

S 12.12.
Table 5
Results of the Analysis of Initial Substituted

Diphenyls and Pinal DLphenylenesulfones

No Diphenyl derivatives Diphenylenesul fone

derivatives
Melting t. Acid Melting Acid number
C number + a
Pound Calculated
| 127-1287 - 325-3272 - -
11 236-2378 278-27912
111 199-200-* - 291-292* - -
IV does not,n Je
melt 462.0 367.8 368.4
V  334-33611 230.0 182.9 183.6
VD 239-24511 262.0 - 202.1 203.6
*Found %: C52.28; H2.96; S 11.65; C12H8N2°=4S

Ca'cu'a;ﬁe‘! C52.17; H2.89; S 11.59;

®*Found %: C55.31; H2.71; S 10.59; (14n8=6s

Calculated
% s c 55.26; H2.63; S 10.52;

ANFound#: ¢ 51.21; H2.32; S 10.53; C13H7=&NS
Calculated

% - c51.14; H2.29; S 10.49;
Jtut¥ound%: c 56.78; H3.31; S 11.69; ¢ 13H9=ANS
Calculated

% s c 56.72; H3.27; S 11.63;
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The paper deals with PhgCHBr monomolecular hetero-
lysis in propylene carbonate, v = Kk[Ph2CHBr], kg~oll
= 4.61*10“6 s”1, OB = 71.6 kj/mole, OB = -103.0
J/mole* <C. Bromide additions have no effect on the re-
action rate, no usual salt effect or mass action salt
effect are observed. Special salt effect is observed in
the presence of LiClI0~, Et”NJ additions decrease the
reaction rate. At the rate-determining step of PJACHBr
hetadysis the formation of a solvent-separated ion
pair is supposed.

In continuation of our studies of the solvent effect
on Ph2CHBr monomolecular heterolysis, kinetic experiments
were run in propylene carbonate,a strongly polar aprotic
solvent (£ = 70). As earlier the experiments were conducted
in the presence of triphenylverdazyl (Vd*) as an internal
indicator. It was reported previously, that Ph~CHBr hetero-
lysis in aprotic solvents (MeCN, PhNO2, PhCN, Me2C0, di-
chloroethane) in the presence of Vd* proceeao according to

the following scheme:
Ph



It is supposedl that at the rate-determining step the ir
timate ion pair of the substrate is converted into the sol-
vent-separated one which further rapidly reacts with Vd*
giving the tetrazine and the verdazylium salt (Vd+Br').

Conditions and results of kinetic experiments are shown
in Table 1.

The reaction rate, determined spectrophotometrically
against Vd* consumption and Vd+Br"™ formation is satisfacto-
rily described by the first order kinetic equation.

* d td+Br Yat * *[ph20HBr]

The values of constants, calculated against Vd* and Vd+Br"
concentrations (columns 6 and 7» Table 1) are in good agree-
ment. Similar to the other solvents the reaction rate does
not depend on the Vd* concentration (Bxp.6-8). Consequently,
the verdazyl enters the reaction after itswate-determining
step. Vd* is supposed” to be the solvent-separated ion pair
indicator, (be intermediate formation of the solvent-sepa-
rated ion pair is also supported by the linear increase of
the reaction rate in the presence of small quantities of
water-* (Bticp.12T-15.Pigure) as well as the availability of the
special salt effect of LiCI0O™ (Bxp.16-20,Figure).

[Hr0] 10-*.mol/1

The effect of LiCIO® and water additions on PhgCHBr
heterolvsis rate in pronvlene ce”bonate at 25<fl-
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Exp. [vd'Je CPhgCHBjj Tem-

No

© oo N o o > w N

[ =
= o

NN PR R e R
P OO0 o~N U hWwW N

22

23
24

25
26

27

104 <105
mole/1 mole/1
1.57 4.43
1.57 5.01
1.13 4.66
1.13 3.54
1.76 1.81
1.76  1.97
1.32  3.50
0.803 1.73
1.05 2.00
1.05 1.03
1.05 1.73
1.45 2.12
1.45 2.15
1.42 1.76
1.42 1.24
1.29 1.62
1.16 1.80
0.978 1.68
1.29 1.56
1°51 1.66
1.36 2.86
1.32 3.58
1.36 3.10
1.05 3.49
1.42 3.75
1.55 5.43
1.55 5.27

pera-
ture,
C

14.5

19.5

25.0

29.5

32.0

25.0

Addit
mol

ions,
e/l

~ 0, 0.0127

H20, O
ir0, 0

.0516
.105

H20, 0.150

LiClov
Liclon
LiC104
LiC104
LiCl04

0.00401
, 0.00980
, 0.0146
, 0.0291
, 0.0449

Et~NBr,0.000581

Et4NBr
LiBr,
LiBr,
Fit"\NI,
Et4NI,
Et4NI,

, 0.00110
0.00109
0.00106
0.000408
0.000704
0.00109

*NAverage of two-three determinations.
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77
.78

.06
.00

.59
.60
.68
4.55
8.51
8.33

10.6

4.68
5.45
7.47
8.41
5.86
6.14
6.40
6.43

AEAD WWw PR

.72
.12
.48
.74
.88
.31
3.36

w whd DDA

Table 1
Ph2CHBr Heterolysis Kinetics in Propylene Carbonate
in the Presence of Vd*

106*k, s<1
Vo**) Vd+ Average

1.76
1.72

3.06
3.01

4.45
4.69
4.76
4.59

8.23
8.42

9.95
4.68
5.51
7.39
8.41
5*56
5.88
.25
.38
.37
.68
.74
.40
.47
.88
.36
.28

Wwwhd bbb bdbo oo

1.76+0.02

3G30G3

4.61+0.07

8.37+0.09

10.3+0.30

4.68+0.01
5.48+0.03
7.43+0.04
8.41+0.01
5.7140.15
6.01+0.13
6.32+0.08
6.41+0.03
6.50Q13
4 .70+0.02
4.73+0.01
4.44+0.04
4.60+0.14
3.88+0.01
3.34+0.03
3.32+0.04



According to our interpretation of the above effect1»5
C10~ anion nucleophilically catalyeee the conversion of the
intimate ion pair into the solvent-separated one. Observed
saturation curve showsthe equilibrium formation of
C107~]|S|Ph?CH+Br<“anion triplet,which is more readily con-
verted into the solvent-separated ion pair than the intimate
ion pair itself.The extrapolation of the second part of the
curve for the sero salt concentration gives the maximum spe-
cial salt effect value Kk 6.40.10"* i1 which,due to the faot
that the usual salt effect is missing (the second part of the
curve is parallel to the abscissa-axis)equals the maximum
rate constant value at the LICIO™ concentrations used. This
value is 1.4 times greater than the rate constant values withr
out LiCIOM additions,i.e.the conversion of CIOMNST FhgCH/ r <<
triplet into the solvent-separated ion pair occurs 1*4 times
faster than that of PhgCH"BrTBromide additions have no effect
on the reaction rate (Exp.21-24). Bearing in mind that the
usual salt effect is missing under our conditions one may
conclude that there is no mass action salt effect (the fact
that no depression is observed on the reaction rate curve in
the presence of the salt with a common ion has nothing to do
with the compensation of the usual salt effect and mass ac-
tion salt effect).Therefore,no carbocation is formed during
PhgCHBr heterolysie in propylene carbonate«

The linear reaction rate which increases with the addition
of small quantities of water (Exp.12-15,Figure) seems likely
to be determined by the electrophilic promotion of the inti-
mate ion pair conversion into the solvent-separated one3 as
a reeult of the formation of H-complex Ph2CH+Br"- "-HgO,

ThuSyPhgCHBr heterolysie rate in propylene carbonate,as
in other aprotic solventel is limited by the formation of the
solvent-separated ion pair which reacts with Yd* rapidly and

quantitatively. ) o
In contrast to the bromides Bt"5l additions drop the re-

action rate (Exp.25-27).There appears a negative salt effeot,
which according to Ref.1*3 ie determined by the reaction of
the contact ion pair with the salt anion-S*2-ion pair reac*
tion4 occurs to be competing with the conversion prooess of
the intimate ion pair into the solvent separated one.

73



The mechanism of Pt~CHBr heterolysis in propylene car-
bonate as well as the effects of salt and water on this pro-
cess may be shown as follows:

Ph2CH+Br rAH20— »Ph2CH+ |S| Br"

Ph2CHBr _ - Ph2CH+Br"--————- *_ Ph2CH’|s)Br" --- — » Products
CHO:
CI0" |s|Ph2CH+Br"=  Ph2CH+|s| Br (010%)
Ph2CHI I- [StPh2CH+Br>”

Table 2 shows the kinetic parameters of Ph2CHBr hetero-
lysis in propylene carbonate in comparison with similar data

for t-BuBr.
Table 2

Kinetic Parameters of Pi~CHBr and t-BuBr heterolysis
in propylene carbonate at 25<C

_ o AT ...
Substrate Ig K (s_1) Kj/mole J/mole <C
Ph2CHBr 5.33* 71.6* -103.0*
t-BuBr 5_50%* 84.6** -66.6**

"Calculated using the data from Table 1.
**As reported in Ref.5*

Similar to other aprotic solvents, in propylene carbo-
nate the t-BuBr and Ph2CHBr heterolysis rates are close to
each other. The formation of the intimate ion pair is rate-
determining in the first case whereas in the second one the
rate is determined by the solvent-separated ion pair.Compari-
son of ;1 and A S* is in agreement with the above conclu-
sion* During the transition from t-BuBr to Ph2CHBr both AH**
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and gp" narkedly decreasee The decrease of the first rains

is connected with the growing stability of the forming carbo-
cation, whereas that of the second one is dus to ths addi-
tional coordination of the solvent molecule in the transi-
tion state resulting from the formation of the solvent-sepa-
rated ion pair*
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The rection kinetics of acylating five
chlorine-substituted aromatic carboxylic acid
hydrazides with benzoyl chloride in chloro -
form has been studied in the temperature
range 288-328K. It was shown that the process
can be described by the second order Kinetic
equation for irreversible reactions. Rate con-
stants, energies, enthalpies, enthropies and
free activation energies were calculated. The
influence of the nature and position of sub-
stituents in the hydrazide molecule on the
reactivity of the hydrazide group in the acy-
lation reaction was studied.

The hydrazides of aromatic carboxylic acids and their
derivatives are widely used as physiologically active pre-
parations. They have anticancer 2, antivirus”®, antispasmod-
icN“6 as well as antiencephalitic properties. Therefore, the
study of the reactivity of these compounds is not only of
theoretical but also of considerable practical interest. In
order to find optimum synthesis conditions for the deriva-
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«
tives of chlorine-substituted aromatic carboxylic acid hy-
drazides which have a great future with respect to biology
as well as to the comparative estimation of their reactivi-
ty, we have studied the substituent effect of various elec-
tronic nature in the molecule of arylhydrazlde on the reac-
tivity of the hydrazide group. To solve this problem, we have
chosen the reaction of acylating hydrazides with benzoyl
chloride in chloroform which obeys the following equation:

Changes in the concentration of hydrazides in tgme were
determined by nitritometric potentlometric titration . The
choice of benzoyl chloride as the acylating reagent was caus-
ed by its high reactivity as well as by the absence of *the
autocatalytic effect in the reactions of the given type”.

The reaction of acylating arylhydrazides with benzoyl
chloride is irreversible and is described by the second or-
der kinetic equation which is confirmed by the stability of
rate constants (Table 1) calculated according to the equa -

where Kis the rate constant (I*mol"*X sec”1);
a - the initial concentration of benzoyl chloride (M);
X - the concentration of benzoyl chloride (M) at the
moment of time t(sec)]|
Jb - the concentration which takes into account the
change in the concentration of reagents when chlo-
roform extends thermally from 29 Kup to the tem-
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H
4-C1
4-N02
5-s0Z2nh?2

Kinetic Parameters of Reactions

288 K

0.312*0.008
0.256*0.005

298< K

2.506=+0.093
0.463*0.034
0.402=+0.027
0.230*%0.019
0.330=+0.015

308 <K

4 .006*0.126
0.675=0.010
0.645*0.019
0.352*0.040
0.500*0.014

Table 1

318K

5.551*0.111
0.999+0.039
0.891*0,018
0.528*0.026
0.727*0.031

328" K

7.186*0.083
1.481*0.063
1.250+0.070
0.746*0.027
1.037*0.049



perature of the experiment.

The reaction studied obeys the Arrhenius equation in
the temperature range (288-328&) which is evidenced by the
linear dependence between the logarithms of rate constants
and the values for reversed temperatures. This made it pos-
sible to calculate the activation energy E (kcal/mol) and
the pre-exponential factor A according to the Arrhenius
equation and the thermodynamic parameters of activation (en-
thalpy A(kcal/mol), enthropy AS™ (e.u.), free activation
energy AG? (kcal/mol) according to Byringl® (Table 2).

The values for acylation rate constants depend on the
nature and position of substituents in the molecule of aryl-
hydrazyde. The introduction of electron-acceptor substitu-
ents (especially the NO2 group) to the structure of the lat-
ter leads to a considerable decrease in the reactivity of
the hydrazide group. At this the rate constants of the given
reaction decrease symbatically with an increase in the elec-
tronegative substituent (with an increase in 6 - the Hammett
constant) (Table 1). It is interesting to note that the ap-
pearance of a chlorine atom in the molecule of hydrozide in
the oposition leads to a more abrupt decrease in the rate
of the acylation reaction (5.4 times) than the introductioh
of another chlorine atom in the 7C position (1.15 times).
This might be due to the ortho-effect of the substituentll.

Similar regularities are observed also in the changes
of energies, enthalpies as well as free activation energies
depending on the nature and position of the substituents
(Table 2). However, the thermodynamic activation parameters
are less sensitive to the structural changes in the molecule
of arylhydrazide. The activation enthropies for all the
studied hydrazides are close to one another which confirms
the unite mechanism of acylating the studied hydrazides with
acid chloridel2.

Experimental

The hydrazides of aromatic carboxylic acid were synthe-
sized according to known methods”,lj5 and were purified
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08

"Qiermodynaaic Parameters of Activating the Reaction

*

s s (298 K)
H H 6.52 ==0.1fl 34.8 +0.6 16.9
Cl H 7.25 *=0.05 35.8 +=0.8 17.9
cl 4-Cl 6.99 +=0.08 36.9 0.3 17.6
Cl 4-N02 7.44 =%0.18 36.6 *=0.9 18.3
cl 5-SO2H2 7.20 =0.16 36.6 +0.3 18.1

6.79
7.27
7.49
7.81
7.38

+0.17
+0.31
+0.30
+0.08
*+0.13

Table 2

12.43
11.53
11.72
11.70
11.36

*0.27
+0.60
+0.05
t 0.13
#+0.20



by multiple recrystallization up to the permanent melting
temperature (Table 3). Benzoyl chloride and chloroform were
purified according to references 14 and 15 and were
checked densitOmetrically and chromatographically. The Ki-
netic measurements were carried out according to the meth-
ods described in ref. 9

Table 3
Substituted Hydrazidee of Aromatic Carboxylic Acids

0
< Found ) Brutto- Calculate»
£ 1  x o« melting T t% N - formula t
H H 112 - 115 20.46 [ A 20.57
Cl H 117 - 118 16.58 Cr~"CINgO 16.42
Cl 4-CI 167 - 168 13.72 C7HBC12N 2= 13.66
cl 4-N02 149 - 150 19.63 c7h6cin3o03 19.49
Cl 5-S02NH2 181 - 183 17.00 16.83

Arylhydrazides were determined by titrating them po-
tentiometrically with a 0.0IM solution of sodium nitrate
with platinum ETPL-01M and chlorosilver EVL-IMI electrodes
in the presence of potassium bromide as the catalyser and
the mediator : 0.001M solutions KM"EFe(CN)6J and K MPe(CN)”j.

Kinetic studies were carried out at 288, 298, 308, 318,
328 K. When determining the rate constants the experiment
was repeated three times and it included 6 - 8 measurements.
The precision of the obtained values was assessed by the
method of mathematical statistics (the confidence level be-
ing 0.95)16. The thermodynamic activation parameters were

81



calculated according to the well-known least-squares meth-
0d1®. The precision of the calculated kinetic parameters

was characterized by the value of the least-squares devia-
tion.
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The kinetics of alkaline hydrolysis of six
substituted phenyl benzoates CgH"COOC/AH~-X
(X-4-N02,3-N02, 3-C1, 4-F, 3-NH2,H) as dependent
on the additions of salts n-Bu”NBr and Bt"NBr
has been studied in water at 50<C.

In the presence of both salts negative salt
effects were detected,their values increasing
with a decrease in the <T0 value for the corre-
sponding substituted phenyls. In the presence of
both salts, n-Bu”NBr as well as Et“NBr, the

~ 0 value was found to increase in comparison
with water.

When passing from water to 2.25 aolar
n-Bu~NBr solution the j?< value was found to
increase by 0.90 units. The analogous value for
Et"NBr is equal to 0.67 units of

Steigman and Sussaan "2 have published the pK& values
for a series of substituted benzoic acids, phenols and

aaines in 7.75 molal aqueous tetra-n-butylaaaoniua broaide
solution.
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It was foundﬁ*ﬂ in the case of both aromatic carboxylic
acids and phenols that the ~ 0 value increases nearly by
1.0 unit when passing fro* water to 7.75 aolal n-Bu~NBr
solution. At the saae tiae it can be concluded froa the
kinetic data on the alkaline hydrolysis of substituted phe-
nyl benzoates and phenyl tosylates that the additions of
salts,NaCl as well as NaClOMlower the value by coapar-
ison with the f 0 value for water””>.

The purpose of the present work was to study the depen-
dence of the p° value on the n-Bu”NBr and Et”NBr salt
additions for the alkaline hydrolysis of substituted phenyl
benzoates.

Experimental

UUekinetics of the alkaline hydrolysis of substituted
phenyl benzoates CHQGOOCHYX (X»4-N02,3-N02> 3-N02,3-Cl,
4-F, 3-NH2, H) as dependent on the additions of salts
n-Bu~NBr and Et"NBr was studied in water at 50<G.

Te&tra-n-butylammonium hydroxide was used aB the reagent.
The purification of hydroxide, the preparation and character-
istics of the phenyl benzoates studied has been described
earlier8,9.

n-Bu_NBr "pureI grade was recrystallized twice from
ethyl acetate and dried in vacuo. Ethyl acetate was purified
as described in reference 10.

Kinetic aeasureaents were carried out under pseudo mono-
aolecular conditions on spectrophotoaeter SF-4A, equipped
with a photoelectric multiplier and a LP type recorder.

In greater detail the aethod of kinetic measurements has
been described earlier’.

Qhe alkalene hydrolysis kinetics of phenyl benzoates
CAHACOOCgHN-X was measured on the following wavelengths:

X A (n»)
4-»02 404
3-no2 410
3-ci 293
4-F 306
3-NH, 266

H 2 296



Table 1

Rate Constanta k(M1 < sec-1) for Alkaline Hydrolyaia
of Phenyl Benzoates CgH"COOCgH"-X in the Preaence of

n-Bu,NBr and Et,NBr at

! 4
X Additions of
Csalt n-Bu.NBr
M k-1, 1)
1 2 3
4-NO2 13.45 * 0.62
10.39 * 0.72***
1.00 7.34 1 0.22
2.25 9.64 * 1.48
3.24
3-no2 - 10.58 1 0.93
8.50 » 0.42M™
1.00 4.29 = 0.27
2.25 6.25 - 0.75
3.24
3-C1 fad 3.76 *=0.11
3.49 i 0.32*%**
1.00 0.749- 0.080
2.25 1.08 i1 0.13
3.24
4-F - 2.25 ~ 0.19
1.00 0.503% 0.043
2.25 0.550* 0.055
3.24
H 1.55 #0.015
1.67 - 0.09***
1.00  0.243* 0.004
2.25 0.241- 0.033
3.24
3-nh2  ‘m 1.39 ~ 0.06
1.40 1 0.07***
1.00 -
2.25 -
3.24 -

n**
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50<C in Water«*

Additions of
Et~NBr

k(M<1.831)

13.

13.
10.
12.
10.

10.
.29
.47
.76

w ©o N

PP OPFPDNMNNDPEP®W

P O O -

o o

45

30
14
59
58

43

.31
.81
.51
.25
.89
.939-0.311
.37 1 0.33
.55 - 0.015

5
-0

io
+3

=+0.

.93

+0

+0.
+2.

+0

+0.
.74
i 0.
- 0.
.13

*0

+0

.62

.33
.75

13

16
77

.075
t 0.

11

10

26
19

.37 1 0.003
.554- 0.163
.852*0.008
.39 * 0.06

.985* 0.022

.345- 0.133
.376* 0.007

n**
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Table 1 continued

* Concentration of Bu.NOH was 0.0126 M in the case of all
measurementBin presence of salt additions. At measure-
ments without salt additions concentration of Bu”NOH
was 0.00631 U

** Number of measurements at the salt concentration consid-
ered.

“““Values of kgiven in reference 9* As hydroxide NaOH was
used.

Pig. 1. Dependence of log kon ~{~G for alkaline
hydrolysis of substituted phenyl benzoates
CgHACOOCgHM-X in presence of n-Bu”NBr at 50<C
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K

Fig. 2. Dependence of log kon -fo*for alkaline
hydrolysis of substituted phenyl benzoates
GgHNCOOCAHA-X in presence of Bt~NBr at 50<C.



The second order rate constants k2 were calculated by
dividing pseudo-first order rate constants kl by the alkali
concentration. The measurements at each salt concentration
were repeated and the arithmetic means of the corresponding
second order rate constants k2 were calculated. The k2 val-
ues found in such way and the number of measurements at
each salt concentration are given in Table 1.

It should be noted that the reproducibility of the kinet-
ic data in the case of concentrated n-Bu,HBr and Et,NBr so-
lution 1is not quite good. It improves when the salt solution
with hydroxide was preliminarily heated at a higher tempera-
ture (about 3 hrs. at 70°C).

Discussion.

Pig. 1 and 2 illustrate the plots of log Kvs. if C
for the alkaline hydrolysis of substituted phenyl benzoates
in the presence of n-Bu”NBr and Bt"NBr additions.

In the presence of both salts n-Bu”NBr and Et"NBr nega-
tive salt effects were detected, their values increased with
a decrease in the ($<value for the corresponding substituted
phenyl radical.

According to equation

log KI . log k® ¢ p° (I/ (€D)

the J3< values for every n-Bu”NBr and Bt~NBr salt concentra-
tion were calculated. In calculations the "recommended"
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values of & © from Tablesll were used.

The valuee of p<= and (log k) qlc for various con-
centrations of salts n-Bu.HBr and Bt"NBr as well as the
corresponding differences ,Eboe* PE- PIP0 are rePorred 1

Table 2. J J J 2
The 259 and b, values found according to equation (2)
lo* m<je+ 1> kJ(H20) + »J. <*>
where lo Jo
aje - moau,mzol-

are given in Zable 2 as well. In equation (2) indexes J
and s denote reaction and aediua.

The addition of n-Bu™NBr or Bt"MBr to the aqueous
solution increases the j>° value of the phenyl benzoates
alkaline hydrolysis reaction by comparison with the saae
value for water (see Fig. 3 and Table 2). For 2.25 molar
n*Bu”HBr solution (corresponds to 6.6 molal solution)

yZ W [Tom 0%

An analogous increase in the J)O0 value when passing
froa water to 7.75 aolal n-Bu~NBr solution was found for
acidic dissociation of aroaatic carboxylic acids (Aj* ©»
» 1.1*) and phenols (t p - 0.91)*.

The addition of tetraethylaaaoniua broaide to the
reaction aixture has a less considerable influence on the

A= value (see Table 2). When passing froa water to 2.25
aolar tetraethylaaaoniua broaide solution the ~< value
increases by 0.67 unite.

Using the differences Q found in the

present work and earlier according to equation (@1

Ms= “§°s 0 = -0.0842(BB - %z0) ®)
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XiP.1* .S

Values of (1°¢ V « lo, a-Band by, at Various

Concentrations of n-Bu, r and Et.JTBr.
Csalt N (log ks)ca2c S ads \Y

Alkaline Hydrolysis of Phenyl Benzoates at 50<C
- 1.1210.06 0.20070.019 0.050 - - -
IM n-Bu”NBr 1.85-0.10 -0.683-0.042 0.068 0.73 0.529-0.071 -0.907-0.046
2.25M n-Bu™NBr 2.02-0.05 -0.660=%+0.021 0.034 0.90 0.667-0.037 -0.902"0,024

§6.§ molal so-
ution) )
M Et~NBr 1.40+0.14 -0.012-0.051 0.100 0.28 0.094-0.020 -0.106i0.011

2.25 M Et~NBr 1.79-0.19 -0.439-0.070 0.135 0.67 0.40070.037 -0.56010.020
3.24 M Et4NBr 1.74-0.25 -0.295-0.093 0.181 0.62 0.380-0.089 -0.42510.050
Acidic Dissociation of Benzoic Acids at 25 C

7.75 molal 2.09 +0.08 1.15 0.99“ +0.16 r.oyn+o.6r
solution of
n—Bu4NBr o ) o

Acidid- Dissociation of Phenols at 25 C
7.75 molal so- =3B.r~—o.oo 0.91 0.45 +0.07 2.36***+0.56
lution of
n-Bu4NBr

5 -s - Standard error at calculation the values of 0c> and (log I<°)I'B_yrlaccord|ng to
equation (1). J 8

e 72 Data from reference 4.
+shA- Data from reference 3.



Pig. 3. Dependence of log kon for alkaline
hydrolysis of substituted phenyl benzoates
C6H5CO0C6H4-X at 50=C.

1. X=4-N0?; 2.X=3-N02; 3.X=3-C1; 4.X=4-F;
5. X=H; 6.X=NH?
0- H20
® - HM0, log kvalues from reference 9.
A - 2.25 M Et4NBr
- 1.0 M n-Bu~NBr
- 2.25 M n-BtMITBr
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12 for salt

the effective electrophilicity parameters E
solutions could be calculated.

Table 3 presents the E parameters for various salt so-
lutions, calculated using theNJ}< e values for the alkaline
hydrolysis of phenyl benzoates!.

For the purpose of comparison Table 3 presents also the
electrophilicity parameters E for salt solutions when the
data for the alkaline hydrolysis of phenyl tosylates as well
as acidic dissociation of benzoic acids and phenols were
used.

From the E and Ap= values it follows that the influence
of tetra-n-butyl*mmoniu* bromide and tetraethylammonium
bromide to water is essentially different from that in the
case of salts like NaCl and NaCl0~ (and LiCl).

The additions of salts like NaCl and NaClO. to water in-

%4value was

f

found to decrease.

At the same time when passing from water to concentrated
aqueous n-Bu~™NBr and Et~NBr solutions the f>° values were
found to increase and the corresponding medium electrophili-
city parameters E t9 decrease in comparison with the same
parameter for water.

So, for example, when passing from water to aqueous 7.75
molal tetra-n-butylammonium bromide solutions the P° value
increases about a unit. Effective electrophilicty for such
a medium is comparable with the same parameter for binary
mixture H20-DMSO(50 M%) .

The value of E=11.2 for 2.25 molar (corresponds to 6.6
molal) Bu”NBr solution, found from the hydrolysis phenyl
benzoates - )<H Q value, is comparable with the
value of E = 8.1 and E =211.0 calculated for 7.75 molal
BUJNBr solution using the respective pKQ values of benzoic
acids and phenols. The values of E for tetra-n-butylammonium
bromide salt solutions reported in the present work are in
good agreement with the same parameters published in the
present issuel*:

Figure 4 illustrates the dependence of log kon (JO val-
ues for the alkaline hydrolysis of phenyl benzoates in
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Table 3

Effective Electrophilicitiee E for Salt Solutlane
Found According to Equation (3)

Csalt Eg <%20 . 21.8) 13
1 M n-Bu”HBr 13.1
2.25 M n—Bu4HBr 11.1
(6.6 molal solution)
1M EtANBr 18.4
2.25 M Et4NBr 13.8
3.24 M Bt4HBr 14.4
7.75 molal solution 8.1, 11.0e, 9.67
n-Bu.NBr
53U NaCIO4 < 27.9, 26.6™
5.3 M NaCl5 24.4, 23.3", 24.0M11
5.4 M LiCl 28.315

* Found using the data of acidic dissociation of benseio aci
acids4.
** Found using the data of acidic dissociation of phenols4.

***Found using the data of alkaline hydrolysis of phenyl
toeylates™*.

****Found using the data of alkaline hydrolysis of phenyl
tosylates wheit A =a™Q. Pg Q ,7

93



de
Pig-4. Dependence of log won << for alkaline hydro-
lysis of substituted phenyl benzoates CgH"COOCgH”™-X
in various media A) at 30°C B) at 25<C
0-H20; 1 -5.3 M NaCl5; 5.3 M NaCl0"5;
0-2.25 M Et4NBr; V -2.25 M n-Bu”NBr;
N-80% (volume) aqueous DMSO®.
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Pig. 5. Dependence of A log k©® = log k© - log kg 0
values on A= - fa ““fH 0 for alkaline
hydrolysis of phenyl benzoate in various media

80% (volume) aqueous DMSO

.3 M NaCl5

.3 M NaC1045

M Et~NBr

.25 M Et~NBr

.24 M Et”NBr

M n-Bu~NBr

.25 M n-Bu”NBr

o No o1 wN P
N P W NP 01O
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various media. For the media considered two symmetrical iso-
parametric points can be observed. The first could be ob-
served at ~f< = -0.95» the crossing of regression lines for
water. 5*3 molar NaCl solution. 5.3 molar NaClO. solution
and 80% aqueous solution of DMSO. At 0= O.Qé cross of
the regression line for water with the regression lines for
tetra-n-butylammonium bromide and tetraethylammonium bromide
salt solutions occurs.

Consequently, in the case of these two groups of media
considered the dependence of the phenyl benzoates hydrolysis
pate on medium could be ascribed to two different interac-
tions between the solvated substrate and medium.

Such a qualitative difference between these two groups
of media considered appears also in the A log k° values de-

pendence on (see Fiq. 5) where 4log k= »log ke"loe kH 0
and log ¥bhelongs to unsubstituted phenyl benzoate.

For~80J6 aqueous DMSO, 5.3 molar BaClO”™ solution and 5.3
molar HaCl solution the following linear relationship takes
place«

A log k= -0.114(=0.001) + 1.02(i0.01)4j><

For tetra-n-butylammonium bromide and tetraethylammonium
bromide salt solutions the regression line with the slope
of the opposite sign was found:

Alog k° - 0.060("0.111) - 1.12(=0.17)4p=.
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The Bj- parameters of the gross polarity
of the aqueous solutions of soae strong
electrolytes (Bu™NBr, LiClI, NaCl, NaClo®,
KBr, Me~NCI) were determined. It was found
that these values depend significantly on
the concentration as well as on the nature
of the added salt.

It was established that two quaternary
aaaoniua salts - Bu”NBr and Me~NCI- drasti-
cally (the energy of the long-wavelength
5= »~transition of the pyridiniua-M-
-phenoxide betaine dye drops byl7.9 kcal/mol
when water is substituted for the 3.2 M
solution of Bu4dNBr ) reduce the electro-
philicity of water whereas the additions
of the rest of the electrolytes lead to the
hypsochroaic shifts of the BT-values.

The salt effects of the Bu;NBr on the
UV n-» transitions of acetone and that
of Bu~NBr and soae other electrolytes on
= »-Jr*transitions of the picrate-anion
were also studied for comparison.
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Up to now the B"-scale of the gross polarity of solvente
based on the measurements of the solvatoehromic shifts of
excitation energies of the long-wavelength absorption maxi-
mum of the pyridinium-N-phenoxide betaine dye(l) has been
established for a great number of individual and binary sol*
vents (see Refs.1-4 and references therein):

Ph  Ph ~ph JF

Ph N = Q » - e-n @
Ph  Ph Ph  Ph
jig *146D Mg» Me 6D

However, as far as we know,still practically untouched+is the
(problem of the study of the influence of the concentration
and chemical nature of various electrolytes on the B" valuee
of solvents, first of all in aqueous solutions.

Cb the other hand, the study” of the salt effects on the
UV spectra of various classes (fEe*JF,n-5I* and n-tf*
transitions) shows that the large variations of the concen-
tration and chemical nature of the electrolyte result in
rather significant changes of the observed solvating power**
(polarity, electrophilicity, etc.) of the solvent itself.
In particular, it was shown that the additions of the salts
with the relatively small inorganic cations (Li+,Na+,H+, Cst
NH~+, Ga?+, Le™+, etc.) lead to the increase of the electro-

philic solvating power of water whereas the behavior of

the organic tetraalkylammonium cations seemed to be more

+ Ckily the Ej-value for the pure liquid tetrahexylammonium
benzoate was reported.1
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complicated"”

The use of the 3-pPB{™* transition of nitrobenxene as a
secondary reference served as a base for the preliminary
semiquantitative estimates of the electrophilicity E-Para-
meters** of the aqueous solutions of LiCl and HgSO~.

According to the original definition® Bparameters are
calculated according to the formula

B- Bj- 25.10 - 14.84(£ -1)/( £> 2) - 9.59<n2-1)/(n2+2), (2)

where £, and n are respectively the macroscopic dielec-

tric constant and the refractive index of the solvent
from the corresponding Ej-parameters. The present work was
ieeigned for the determination of the B~-values of the
aqueous solutions of different strong electrolytes in order
to calculate their E-values by Eqgn.(2), i.e. on the same
scale with the originally”® proposed values for the different
solvents. The E parameters of these eystems are needed also
from the viewpoint of some practical considerations. For
the sake of comparieon with salt effects on the Ep values,
the influence of Bu”NBr on the n-»Jf* transitions of acetone
and transitions of picrate anion was also studied. In
both of theee cases one might expectl that the influence
of the solvent polarity and electrophilicity would be,in the
general features, similar to that in the case of tran-
sition of the pyridiniua-H-phenoxide betaine dye (1).

Experimental

The same sample of pyridiniun-N-phenoxide dye as in
Ref.4 was used. The salts used were purified by recrietal-
lization from the proper solvents. Meanwhile, the technique
recommended by Steigman and Sussman was used for the puri-
fication of BuANBr. The method of consecutive dilutions
(by weight) was used for the preparation of the salt solu-
tions of necessary concentration.

+ It seems to be firmly established” that the additions of
the electrolytes of any nature decrease the static di-
electric constant of water
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The concentration of pyridiniua-l-phenoxide betaine and
picrate-anion was in_the range of 10‘9—10‘ aole/1 and that
of acetone about 10 ~-10 “ nole/l. As a rule» the addition of
small amounts of strong bases (aqueous Bu”HGH or MaOH) was
necessary to quarantee the presence of two of these indica«.
tors (betaine dye and picrate) in the anionic form. The solu-
bility of the pyridinium-N-phenoxide betaine in the pure
water, as well as in the presence of NaCl, LiCl, KBr, NaClo"
and Me”NCl is insufficient for the measurement of its absorp-
tion spectrua. Therefore, the study of the salt effects of
these electrolytes on the position of the long-wavelength
absorption aaziaua of the pyridiniua-N-phenoxide dye was per-
foraed in the presence of a relatively saall aaount of
aethanol at NMeOH-0.218. The solubility of the betaine dye
in the aqueous solutions of Bu”NBr is, however, sufficient
for the corresponding spectral aeasureaents.

Die concentrated aqueous solutions of Bu”HBr are
highly viscous liquids. 3belr density significantly exceeds
the density of pure water (e.g., for the 3 aolar solution of
Bu™NBr at 50=C d - 1.046 g/cm3).

The solubility of the auch less lypophilic picrate anion in
aqueous solutions of other electrolytes was sufficient
for the study of its UV-absorption spectrua.

Ube spectra were recorded using Hitachi KPS-3T spectro-
photoaeter in the theraostated cells (the optical path of
the light - 1 ca), Uhe differential technique was used t the
solution of the indicator and salt was coapared with the
blank solution of the aqueous electrolyte of the saae con-
centration.

The results of the experiaents are represented in Ta-
bles 1-4. The dependence of the halochroaic shifts of the
spectral transition energies of the indicator studied on the
concentration and nature of the electrolytes is shown m
Pigs. 1-3.
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liable 1
Halochromic Shifts of Maxima of Long-Wavelength
Absorption Band of Pyridinium-N-Phenoxide Betaine Dye(l)
in Aqueous Solution of Bu~NBr at 25, 50 and 75<C.a

M m 250 50= 7w

max ET max ET Amax ET
1. 0 0 453 63.1 - 61b - 59b
2. 0.29 0.31 477 59.9 487 58.7 499 57.3
3. 0.36 0.39 - - 489 58.4 - -
4. 0.39 0.43 478 59.8 492 58.1 - -
5. 0.45 0.50 486 58.8 500 57.2 507.5 56.3
6. 0.61 0.71 494 57.9 503.5 56.8 - -
7. 0.92 1.20 515 55.5 523 54.7 527 54.3
8. 1.00 1.36 - - 524 54.6 - -
9. 1.01 1.40 520 55.0 532< 53.7= 538< 53.1°
10. 1.42 2.40 538 53.1 542 52.7 547 52.3
11. 1.43 2.40 - - 540 52.9 - -
12. 1.80 3.83 555 51.5 - - - -
13. 1.86 4.05 - - 555 51.5 - -
14. 2.10 5.65 564 50.7 - - - -
15. 2.16 5.93 - - 566 50.5 - -
16. 2.36 7.91 576 49.6 577 49.5 - -
17. 2.54 11.40 587 48.7 - - - -
18. 2.56 11.40 - - 585 48.9 - -
19. 2.69 14.80 596 48.0 - - - -
20. 2.88 23.0 614 46.6 613 46 .6C 616° 46 .4C
21. 2.90 23.0 - - 615 46.5 - -
22. 3.00 30.2 616 46.4 617 46.3 617 46.3
23. 3.20 40.0 - - 631 45.3 632 45.2

a " max is given in nanometer units, BEyp in kcal/mol.,

M - represents the molar and m the molal concentration of
the salt in HgO at 25<=C. The E\- value for the pure water
(M=m=0) 1is taken from Refs. 1-3J

b - Extrapolation, this work; oO- At M = 1.11;d-At 1.\-2.82.
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Table 2

Halochronic Shifts of the Maxlaa of Long-Wavelength Absorption Band of
Pyridinium-N-Phenoxide Betalne Dye (1)
Aqueous Methanol

LiCl
M bt
0 483 59.
1.29 480 59.
1.43 480 59.
2.43 477 59.
4.14 472.5 60.
5.25 469.5 60.
7.71 463 61.
8.14 463 61.

a -Ajnaj 1ie given in nanometers,

o 00 W U1l © O O N

NaCl

M n BT

0 483 59.2
1.09 482 59.3
2.10 483 59.2
3.10 480 59.6

0

0.33
0.55
1.04
1.19
1.42
1.64
1.81
2.51
2.97
3.79
4.82
4.94

(Mp310.218) at 25<Ca

NaClo™

BT
483  59.2
473.5 60.4
472  60.6
468.5 61.0
468 61.1
467 61.2
465 61.5
465 61.5
462  61.9
464  61.6
460 62.2
458 62.3
457.5 62.5

ET in koal/mol,

M

0

0.78
0.93
1.40
1.80
2.07
2.22

KBr

}

483
480
479
479
478
478
475

BT

59.2
59.6
59.7
59.7
59.8
59.8
60.2

M is in moles

In Solutione of Some Electrolytes in

Me4NCI Bu~NBr

*
M J1 T M nBEUL BT
0 483 59.2 0 483 59.;

0.42 484 59.1 0.60 508 56.:
2.06 497 57.5 1.21 522 54.«
2.98 503 56.8 1.66 532 53.°

per liter.



Table 3
Halochromic Shifts of Energies Ei of < J f Transition of Picrate Anion in

Agqueous Solutions of Strong Electrolytes.9

~ 00O 0O P P W

BuZNBr t KBr LiClb MeANCIb

M " Amax u Amax L Amax K M *Amax 4
1 0 356 80.3 O 356 80.3 O 356 80.3 0 356 80.
2 0.45 362 79.0 2.30 359 79.6 2.2 355 80.5 1.63 357 80.
3 0.62 363 78.8 4.54 362.5 78.9 4.6 354 80.6 2.44 357 80.
4 0.74 364 78.5 7.2 354 80.6 3.25 358 79.
5 1.14 369 77.5 9.2 352 81.2 4.07 358 79.
6 1.47 371 77.1 11.4 351 81.4 4.89 360 79.
7 1.86 372 76.9
8 2.19 372.5 76.7
9. 2.48 372 76.9
10. 3.00 375 76.2
a - - is in manometers, ESsO a_ (cm_"™)x 2.859 x 10“3 kcal/mol, 9. is in the

reciprocal centimeters, M is in moles per liter
b - Data from Ref. 4.



Table 4
Halochromic Shifts of Energies of n - > 57
Transition of Acetone in Aqueous Bu”HBr a

M M : E=
max ET ! max T
1. 0 265 107.9 4. 2.27 271.5 105.3
2. 0.81 267 107.1 5. 3.00 274 104.3
3. 1.51 268.5 106.5
a nax is in nanometers, EM* Vmax(cm“1l) x 2.859 x 10°3

kcal/mol ., M ie in mole/l units.

Discussion

One can see from Tables 1-4 and Pigs. 1-3 that the di-
rection as well as the intensity of the halochromic shifts
of Bp values of aqueous or aqueoue methanolic solutions
very strongly depend on the concentration and nature of the
electrolytes added.The same ie also true for the EM energiee
of the transition of picrate anion and for the
n — *5f* transition of aceton.

1. Halochromic Effect of Aqueous Solutions of Tetra-
alkylammonium Halides on Ej-Parametere

Fig.l shows that the additions of Bu”NBr to aqueoue so-
lution of pyridinium-N-phenoxide betaine initiate a very
substantional batochromic shift of frequency of the long-
wavelength absorption band of this compound.So,the varia-
tion of the concentration of this electrolyte from zero to
3.2 mole/1 reduces the energy of the (F »ff* transition (1)
by almost 18 kcal/mol (or more than 6250 cm™1) which
already covers approximately two thirds of all the variation,
of the experimentally determined E~values! In other words,
the additions of Bu”NBr are able to reduce the gross polarity
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Fig.

10 2.0 3.0 u.0

T

1. Bredependence of halochromic shifts of
BA-parameters on the molar (M) and molal (m)
concentration of Bu”NBr in water at 25» (CP-
50 (z~). and 75<C (Q ). The solid lines
refer to the molar concentration of the salt,
the dashed line - to the molality of Bu”~NBr.

Hie plotting of P, values vs. the square
root (/M) of the molar concentration of the
salt transfers the present picture into bunch
of three straight lines which correspond to
three different temperatures and cross at
M-1.8-2.1 ("Ym-1.35-1.45). At further increase
of the salt concentration they become indis-
tinguishable from each other.
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Fig.

ET (kcal/mol)

* The dependence of halochromic shifts of
By- parameters on the molar concentration
of some electrolytes in aqueous methanol
(NMeQH=<=.218) at 25<C.
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Pig. 3. Sie dependend-
ence of halochroaic
shifts of energies
bJ, of the 55>
transition of
picrate anion in
aqueous solutions
of some electro-
lytes.

of water to valuee which are rather close* to the correspond-
ing values for H1SO (B@*45.0 kcal/mol)” or acetonitrile (ET=
«45*7 kcal/mol)”~. At least formally, the above-cited facts
~+ Quite remarkably, our BT value (45.2 kcal/mol) for the
3.2 H solution of BU&NBr is practically identigal to that
for the liquid pure PhCOCWHex™ (44.3 kcal/mol) . It should
also be mentioned that the concentration reached for the
solution of Bu4MBr (3.2 M at 50<=C) is rather close to the
theoretical possible maximum concentration of that salt. In
other words, the assumption that the pure (anhydrous) molten
B8 has the density 1.05-1.06 g/cm (see also p. 101 )
leads to its molarity 3.26-3.29 mole/1.
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do not disagree with scheae (1) and Bgn.(2), according to
which 8olvent-eolute interactions between betaine dye (1)
and aediua* including also those aodified by the presence

of the additions of electrolytes, reduce** to the siaulta-
neous influence of the effects of polarity ( represented,
e.g., by the function (£-1)/(£,+2) of the dielectric con-
stant of the solvent), polarlsability (aeasured by the func-
tion (n*-1)/(n*+2) of the refractivity of the given aediua)
and electrophilicity of the individual (pure) or aized sol-
vent. In its turn, the siaple calculation by Bgn. (t) shows
(see Table 5) that despite the rather significant changes in
the & and n, values the above-mentioned huge decrease at
SN-paraaeters with the increase of the concentration of
Bu™NBr is priaarily accounted for by the very substantial
decrease of the electrophilicity of the water with the in-
crease of the concentration of that salt. As regards the
calculated E-values for this systea (see the last column of
Table 5) then it is reasonable to ezcercise soae caution.
However, even in this case the probable error of their val-
ues which is caused by soae uncertainty of the procedure of
estiaation of the contribution of the solvent polarity*

does not exceed 1 -1.5 kcal/aol.

u In the literature* only the dielectric constant of

the uniaolar aqueous solution of Bu™NBr is reported. In the
present calculations, up to 2 M solution the saae rate of

the decrease of £ was assumed (27.7 unite of £ per 1 M).
In the range from 2 - 3.2 M the twice lower decreaee of £,
by the increaee of the concentration of Bu”HBr was assuaed.

109



Table 5
The Estimation of Contributions of Solvent Polarity
(yY- 14.84(£-1)/( 1+2)), Polarizabllity

(pP*9.59(n2-1)/(n2+2)), and Electrophilicity Bof the
Aqueous Solution of Bu”HBr on Gross Solvent Polarity
Parameters Ey®

M BT £k y* no PP B
0 63.1 78.3 14.3 1.333 2.0 21.7
0.5 58.2 (64.5) 14.2 1.358 2.1 16.8
1.0 55.1 50.67? 14.0 1.383 2.2 13.8
1.5 52.7 (36.8) 13.7 1.410 2.4 11.5
2.0 50.9 (22.9) 13.1 1.433 2.5 10.2
2.25 49.9 (19.5) 12.8 1.447 2.6 9.4
2.35 49.6 (18.1) 12.6 1.453 2.6 9.3d
2.50 48.9  (16.0) 12.4 1.460 2.6 8.8
275 477 (12.6) 11.8 1.473 2.7 8.1
3.0 46.3 (9.1) 10.8 1.486 2.8 7.6
3.2 45.2 (6.3) 9.5 1.497 2.8 7.8
- 17.9® —4.8f 08. _JA.If

a - E-values are calculated froa Bgn.(2) and are given in
kcal/aol unite.

b - Estiaated values are given in parenthesis; see the text,

c- 3his work, 25<C.

d - In Ref. 9 a rather close £ value (9.8 kcal/aol) for
this systea was suggested on the basis of some indirect
data. See also the paperl® in this issue.

e - lhe over-all solvent effect on Ej, values on going from
pure water to 3.2 M solution of Bu™NBr.

f - The over-all contribution of the different types of
solvent solute interactions into the gross B”-valuee
while substituting pure water for 3.2 M solution of

BunHBr.
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One can see fron Table 5 that the decrease of the elec-
trophilicity parameters for the present system is more pro-
nounced at the low and aoderate concentrations of Bu”NBr
(up to 1-1.5 M) whereas in the relatively highly concen-
trated solutions the Bvalues change at a lower rate.

The nature of the peculiar theraochroaic effect the
intensity of which* decreases with the increase of the
concentration of the added electrolyte - Bu”NBr - is com-
plicated. So, one can see from Pig.l that the intensity of
that effect is the highest (up to 2 kcal/mol at M»0 for the
temperature change by 25=C) for the relatively diluted so-
lutions of BuAHBr.With the increase of the concentration of
the latter the intensity of the theraochroaic effect de-
creases, and starting approximately from the 2 M solutions
of Bu”NBr the E"-paraaeters are practically no longer sensi-
tive to the variation of the temperature factor.

Analogously to the earlier studyll of the theraocnroaic
effect on the solvent -paraaeters, the increase of the
teaperature leads also to the decrease of the halochroaic
effects on those paraaeters. The latter is, e.g., evidenced
by the decrease of B"-values with the increase of teaperature
due to the relative destabilization of highly polar and
highly basic ground (non-excited) state of the transfer (1)
via the decrease of the intensity or even by turning off the
aolvent-solute interactions of the initial dye with the aole-
cules of electrophiles (hydrogen bond, etc.) or dipolar
aprotic solvents.

It seeas reasonable to assuae that the siaplest way to
explain the observed dependence of B“-paraaeters on the con-
centration of Bu”NBr is to accept the hypothesis about the
relative deetabilization of the solute (dye) aolecules, 1i.e.,
the ground state of the transition (1) by the additions of
Bu”NBr due to the immobilization and deactivation of the

x As measured by the energy difference between the ordinate

of BT vb.u curves at various rixed concentrations or BuAHBr.
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water molecules as electrophilically solvating agents via
the mechanism®™* of penetration of Bu~NBr into the three-
dimensional clusters of water and by structure-making hydro-
phobic interactions between the latter and large lypophilic
tetraalkylammonium cation. In other words, the substitution
of the strong hydrophylic solvation of betaine dye by the
molecules of the "ordinary” water for the relatively weak
solvent-solute interactions between betaine (1) and water
which due to the hydrophobic interactions with quaternary
ammonium salts has the increased structuredness is assumed.

A certain role in the variation of the structuredness and
solvating power of water belongs also to the bromide anion.13

Naturally, these processes result in the significant de-
crease of the electrophilic solvating power of water
(almost down to the level of the electrophilically weakly
solvating medium - t-BuOH ), as well as in the decrease of
its dielectric constant (solvent polarity) and in the change
of its refractive index (polarizability), which, in their
turn, should be responsible for the overall change (decrease)
of the gross S”-values of the medium by the increase of the
concentration of Bu~FBr.* One can conclude from Pig. 1 (the
pattern of the variation of E~-values with the concentration
of BuZNBr and the coincidence of the E, vs. M plots for dif-
ferent temperatures at high concentrations of that salt)
that the transfer from the ordinary three-dimensional water
to its state with the reinforced structure will be completed
at relatively high concentrations ( ~ 1.8 - 2.0 M solutions)
of Bu™HBr (see Pig. 1 and especially the dependence of E/-
values on the molal concentration of Bu.NBr).

Die latter Is in agreement also with the findings14
which suggest that Bu”NBr forms the stable clathrate hydrate
which involves 14 molecules of water. The further increase
of the concentration of Bu~NBr leads to the additional de-

* The effect of the direct association of the electro-
philic moiety tetrabutylammonium cation - with the
anionic betaine according to scheme (1) seems to be
negligible.
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creanc of Revalues by a few unite* However, this is no
longer accompanied with the separate vs* concentration
plots for the different temperatures« In other words,
the ET-parameters determined at the different temperatures
for the high enough fixed concentrations of Bu“HBr practical-
ly coincide with each other. Hence, an inference can be
drawn that the intensity of the hydrophilic solvation of the
betaine dye by the ordinary water (low concentrations of
Bu”NBr) 1is more sensitive to the temperature effects than
the solvation interactions between that solute and structur-
ally reinforced water (at the high concentrations of Bu”HBr)e
The same could be stated also in the alternative way: the
temperature of breaking the "normal™ hydrogen bonding between
the betaine dye and water molecules in relatively dilute
aqueous solutions is lower than the temperature necessary
for the elimination of the hydrophobic structure-making inter-
actions between water clusters and quaternary ammonium salts
at higher concentrations of the latter.

The general pattern of the addition of Bu”HBr to water
on the gross energies E~ of transition (3) of picrate
anion (see Fig.3 Table 3, and Ref. 4)

X,
N-0

Or-H-0-H~r
HOH-C H-0-H-#

H-0-H-C

0

and on the energies e ””of the n = »5I'* transfer *4) of acetone
(see Table 4 and Ref. 4)
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(CHX=-0=HOH °° (cH3Z=0.=H-0-H )

ie similar to the above-considered case of 5F transfer
(1) of pyridinium-N-phenoxide betaine. In both =™ the
decrease of the electrophilicity as well as of the dielec-
tric constant of the solvent should lead to the relative
destabilization of the ground state and, therefore, result
in the decrease of the energies(E® and E* ) of these tran-
sitions (3) and (4)* In the case of picrate anion the situ-
ation is probably more complicated due to the possibility
of the electrophilic solvation by water molecules or other
electrophiles EH of three nitro-groups which are located in
ortho- and para- positions to the 0_-group.+ This additional
solvent-solute interaction should show the counteracting to
the electrophilic solvation of the 0““group effect and due
to its preferred stabilization of the excited state
should result in some reduction of the overall energy E/

of the ¥-*31* transition (3)» Probably on these grounds

as well as due to the smaller difference in the dipole
moments of the ground and excited states of transition (3)
the change of the E”,-values with the transfer from water to
3 M aqueous Bu”™HBr (4.1 kcal/mol) is approximately only

25 per cent of the corresponding variation of ET-parameters
for the analogous change in concentration of Bu“HBr. The
decrease of the excitation energies E™ of n- »TT* transfer
while changing water for 3 M Bu”HBr is of the same order.
The influence of the different contributions of the solvent-
solute interactions on the latter process was discussed
earlier.5<6

+ Por the sake of simplicity, the solvation of only one
nitro-group is shown on scheme (3)
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Concluding the analysis of the dependence of the energies

of spectral transfers (1), (3) and (4) in water on the con-
centration of Bu~NBr it is necessary to note that the quali-
tative general pattern of the influence of another electro-
lyte of that type, Me~NCl, on these processes is the same:
the energies of I—=»31* transitions of picrate anion as well
as those of n- transitions of acetone both display® bato-
chromic shifts.

2. Halochromic Effects on ET-Parametera in Aqueous
Methanol (NMeOH*0.217>.

Analogously to the aqueous medium, the addition of Bu”BBr
also induces the significant red shift of the maximum of the
long-wave length transfer (1) even in the presence of
the relatively small amount of methanol in its binary mixture
with water- as a major component. So, in unimolar solution
the change in ET values is 3*9 kcal/mol which is approximate-
ly two times lower than the similar shift for the analogous
change of the concentration of that salt without the pres-
ence of MeOH.Die noticeable decrease of the E~ values is also
characteristic to the solutions of Me ,NCI where for the
change of the salt concentration by 1 M corresponds the re-
duction of E~-value by 0.8 kcal/mol. Most probably, these
facts evidence that despite that above-mentioned significant
decrease of the intensity of the structure-making effect ef
the quaternary ammonium salts at the presence of 21.8 mole
per cent of methanol the substitution of water medium for

the aqueous methanol does not change the direction and mech-
anism of the influence of those salts on the F=»5I* transfer
of the betaine dye (1).

However, one can see from Pig. 2 that the transfer from
the quaternary ammonium salts to the solution of some alkali
halidee (LiCl, NaCl, KBr) and sodium perchlorate in a radical
manner inverts the direction of the observed halochromic ef-
fects on ET values.

In other words, in the latter case the transfer from the
aqueous methanol to its concentrated solutions of the above-
mentioned inorganic salts already results in the hyp«nr.hr»mic
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ehifte of the maximum of the long-wavelength absorption
band of the @F rift* transfer of pyridinium-N-phenoxide beta-
ine. One can also see that, at the fixed concentration, the
change of the quaternary amoniui cation for the snail in-
organic cation is responsible for the rather significant
change in the energy of that spectral transition. So, in
the unimolar solutions of Bu”NBr and KBr, the difference
between their E"-values is 4.3 kcal/mol (in favor of KBr),
in the corresponding 2 1 solutions of these electrolytes
this gap is already 6.8 kcal/mol. Less impressive but still
rather definite changes of E~-parameters occur also for the
transfer from Me~NCI to NaCl and LiCl where the correspond-
ing differences in 2 M solutions are 1.9 and 2.2 kcal/mol
(in favor of NaCl and LiCl). On the other hand, the transfer
from NaCl to NaCl0™ leads to the comparable change (at 2 M
the difference in the E"-values of their solutions in aque~
ous methanol is 2.0 kcal/mol) in the gross polarity of the
media.

Similar to the above-discussed case of aqueous solutions
of BuANBr, it could be shown (see Table 6) in the frame-
work of the formal model represented by Egqn.(2) that the
major contribution into the gross halochromic effect OET
in the aqueous methanol also belongs to the change (decrease
in the case of Bu”NBr and Me~NCIl and increase for all other
electrolytes considered) of the electrophilic solvating
power E caused by the presence of different by their chemiv
oal nature electrolytes
t At in the case of aqueous solutions of Bu”NBr due to the
lack of the experimental data on the dielectric constants and
refractivity idexes of the electrolyte solutions of aque-
ous methanol such a calculation has a nature of rough esti-
mate (see Table 6). However, even in this case, due to the
relatively low sensitivity at £.>5 of (E-1)/(£+2) values”
on E , and because of the insignificant change of
(n2-1)/(n2+2) functions in these systems, the probable un-
certainty of the calculated E values hardly exceeds 1-2
kcal/mol.
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It is necessary to Mention that unlike of the aqueous solu-
tions of quaternary ammonium salts (compere, e.g., with

Table 5) the effect of the addition of inorganic salts on

the separate contributions of the polarity (dielectric con-
stant) and electrophilicity of the aediua shows the opposite*
mutually cancelable behavior (see Table 6).

Analogously to the intensity of variation of the electro-
philicity parameters of the aqueous Bu”NBr and aqueous metha-
nolic solution of the same salt, the effect of the addition
of LiCl on the S-value of aqueous methanol (3.6 kcal/mol
while going into 8 M solution of LiCl) is significantly less
pronounced than its effect on the S-parameter of the pure
water (according to Ref.5 the Bvalue of 8 M aqueoue LiCl
exceeds by 11 kcal/mol the corresponding figure for the pure
water).

The mechanism of the mineral salts on the different prop-
erties of aqueous solutions seems to be even more complicated
than that for the quaternary ammonium salts. It is be-
lieved”™ 12 that unlike to the latter the inorganic electro-
lytes, as a rule, tend to display the water-strueture-break-
ing effect. The overall effect of that type should, natural-
ly, depend on the nature of both the cation and anion. 3beir
strong interaction with the water molecules as building
blocks of the three-dimensional clusters of the structured
water might destroy the net of the hydrogen bonds between
the neighboring molecules of that structure (structure-break-
ing effect). Simultaneously, as a rule, these processes are
accompanied by the increase of the capacity of the molecules
of the destruetured water to form hydrogen bonds with the
other eolutes in the given system.(see,however Ref.13 and 15).

So, even the rather primitive ab initio calculation per-
formed in the present work on the ST0-3G level shows that
the complex-fonoa"tian of Ne+ ion with one water molecule
according to scheme (5)*

5 0Oh the molecular diagrams the formal Mulliken charges
(in the charges of_electron) are shown at separate atoms,
bond lengths are _given in_angstrom units, whereas the
total energy iS given in atomic units
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Table 6

The Estimation of Contributions of Polarity

(yY«14.84( £-1)/( £+2)) and Electrophilicity E into

the Gross Polarity E~Parameters of Solutions of some
Strong Electrolytes in Aqueous Methanol ("uexxz0»218)e

A OWOWNDPFE PO O
O O O o1 o O

Bu4HBr Me4HCI NaCl
er Yb E BT W< E e YYC E

59.2 14.2 17.9 59.2 14.2 17.9 59.2 14.2 17.9
56.5 14.2 15.2 - - - - - .
14.2 17.4 59.4 14.2 18.1

55.3 14.0 14.2 58.5

54.2 13.7 13.4 58.0 14.1 16.8 - - -

53.2 13.1 13.0 57.6 14.1 16.4 59.5 14.1 18.3
56.8 14.0 15.7 59.5 14.0 18.4

59.6 13.9 18.6

6.0 -1.1 -4.9 -2.4 -0.2 -2.2 0.4 -0.3 0.7

E-values are calculated according to Eqn.(2). The di-
mensions of all quantities given in this Table are in
kcal/mol units. The contribution of the medium polari-
zability (9.59(n*-1)/(n*>2)) is for all systems taken
equal to 2.0 kcal/mol.On the very bottom line of the
Table the maximum variations of EY, values as well as
those of contributions from medium polarity and electro-
philicy are given. The E~ values reported for various
values of the molar concentration M of the electrolyte
are gotten by interpolation from the E® vs. M plots

in Pig. 2.
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Table 6 continued

LiCl KBr NaCloO.
Wi 1/

T YY" 6 BT W< B g y¥C S
0  59.2 14.2 17.9 59.2 14.2 17.9 59.2 14.2 17.
0.5 - - - - - . 60.5 14.2 19.
1.0 59.5 14.2 18.2 59.6 14.2 18.3 61.0 14.2 19.
1.5 59.7 14.2 18.4 - - - - - -
2.0 59.8 14.1 18.6 60.0 14.1 18.8 61.5 14.1 20.
3.0 60.2 13.9 19.2 60.3 14.0 19.2 61.9 14.0 20.
4.0 60.5 13.8 19.6 62.2 13.8 21.
5.0 60.8 13.6 20.1 62.4 13.6 21.
6.0 61.2 13.4 20.7
7.0 61.5 13.3 21.1
8.0 61.8 13.2 21.5

2.6 -1.0 3.6 1.1 -0.2 1.3 3.2 -0.6 3.

b - The yY values for the aqueous Bu”HBr were used (see
Table 5). .

c- The yY valuea for aqueous NaCl_ were used#

d - The yY values for aqueous LiCl were used.
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0.165 0.252
5)

Em- “159.7846 -749659 -230,8167

reeulte In the rather significant change of the Mulli-
ken charge populations on the oxygen, and, especially,
on the hydrogen (the increase of the positive charge
by 0.087 units) aton.

It is highly probable that alongside with the “indirect"
influence via the change of the degree of structuredness and
by variation of the electrophilic solvating power of water,
the electrophiles BN (either free cations B+ or in the forn
of the ion-pairs B+N>?with the anion N") can in principle
lunlike to the quaternary amoniun salts) change the observed
By,, Ej, and B~ parameters towards their Increase* by the di-
rect conplex-fornation with the solute according to schene(l).
In these terns the increase of the concentration of the min-
eral salt should shift the solvation equilibriun between the
solute and electrophilic conponent towards the preferred
fornation of their conplexes (relative stabilization of the
ground state).

One can see fron Table 6 that at the sane concentrations
of the electrolyte the solutions of NaClO™ in aqueous metha-
nol display the higher electrophilic solvating power than
the corresponding solutions of NaCl. So, in 4M solutions
this difference is about 3 kcal/mol which is conparable to
the findings of Ref. 9 where it was estimated fron the cor-

* In the case of B"-values (schene (3)) KBr sonewhat
decreases these quantities (bathochronic shift). It is
probable that less hard K+ion, unlike to Li+ cation prefers
to associate instead of the 0““group with the softer HOg
group which should result in the overall red shift of the
absorption band of the transfer (3) (conpare also with

Ref. 5).
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relation dependence of the jDO-parametere on the »lectro-
philicity parameters that the same gap should be 2.6 kcal/mol
in favor of NaClO~.

It is possible that the increased electrophilicity of the
NaCIO.4 solutions is connected with the earlier7 noticed ca-
pacity of perchlorate anion to break the structure of water
clusters. On the other hand, the IR spectroscopy data  on
the aqueous solutions of NaCl0. and the results of the non-
empirical quantum-chemical caléulations®® of the hydration
complexes of perchlorate ion indicate that the latter shows
only a slight trend to form relatively unstable hydrates.

It is also not excluded that the relatively high electro-
philicity of NaClO” solution (relative to aqueous NaCl) is
due to the practically negligible capacity of perchlorate
anion to form associates with Na+ cation. This, in its turn,
should result in the enhanced electrophilic stabilization of
the ground state of the betaine dye (1) by "free" hydrated
sodium cations”

3. Halochromlc Shifts of B"-Parameters in Dimethyl-
sulfoxide

It is evident from the previous sections of this work
that the observance of halochromic effects of quaternary
ammonium salts as well as inorganic electrolytes is closely
related to the influence of the ions on the three-dimensional
structure of water clusters by their structure-making or
structure-breaking abilities which, in the end, result in
the behavior of the indicator of the gross polarity of the
media - betaine dye (1).

The structure of the DMSO solutions is probably quite
different” from that of water. According to the widespread
viewpointl”® the molecules of DMSO are associated into long
chain-like polymers for which at least the above-described
mechanism of the structure-making eeems to be unappropriated
Indeed, the results of our experiments show that in the un-
hydrous DMSO the influence of quaternary ammonium salt -
BurNBr - 1is almost negligible, whereas NaCl0”~by the analogy
with aqueous solutions,causes the hypsochromic shift of the
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ET-paraineter. Analogously» significantly less pronounced
blue shift of the absorption maximum of the S tJi* transfer
Cl) is present also in the DMSO solutions of Et"NCIO",
Bu~NCIO™, KBr, etc.

The full account of the results of these as well as some
other experiments on the influence of the concentration and
the nature of several electrolytes in nonaqueous media will
be given in one of the future communications.
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