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RELATION OP THE HAMMETT EQUATION TO SIMPLE QUANTUM
CHEMICAL METHODS

0. Exner®, D. Ondrejickova’, J. LekkaP

8nstitute of Organic Chemistry and Biochemistry,
Czechoslovak Academy of Sciences, 166 10 Praha 6,
Czechoslovakia,
bDepartment of Organic Chemistry, Komensky University,
816 31 Bratislava, Czechoslovakia

Received May 13, 1979

Exigtence of a linear free energy relationship may
be inferred from quantum chemical principles in an
empirical way when calculated quantities are cor-
related for two series of model compounds with a va-
riable substituent. For example the series of sub-
stituted benzoic and cinnamic acids suggest the va-
1lidity of Hammett equation. Already on the HMO level
close correlations were obtained with reasonable val-
ues of the slopes, and even some kinds of deviations
were indicated , although the values of substitu-
ent effects themselves are far from reality. On the
CRDO level the latter values are much improved, even
the values of 4 E (anion - acid) are acceptable.
However, the correlations themselves are not better.

There are many similarities between the correlation
analysis, as represented by the Hammett equation, and a
simple quantum chemical treatment using static indices.
The two kinds of approach were also several times com-
bined or compared. Early work reviewed1 in 1972, as well
as most of the later papers deal with quantum chemical



calculations of substituent efi’ect52 3 and with compari-
gon to the substituent constants 6 , or with the trans-
migsion of these effects through various chttima‘”5 in
relation to reaction constants P « This approach con-
tributes merely to the knowledge of individual substi-
tuents or reactions, respectively. More important are
the attempts o7 to derive the general form of the Ham-
mett equation from quantum chemistry, or to show on what
assumptions and approximations it is based.

The starting point for both Hammett equation and
simple quantum chemical methods is the approximation of
the isolated molecule. It means that specific effects of
the reagent and solvent are neglected. In further deve-
lopment the two procedures diverge as shown in the fol-
lowing analysis. In the common form of the Hammett equa-
tion +the constant 6 depends only on substituent while
the constant involves the effects of side-chain, re-
action type, reagent, and conditions. Let us formally
resolve the constant @ into the transmission factor X,
dependent only on the side-chain, and the constant p'
characterizing the reaction:

log (k/k°) = ¥ p°6
The Hammett equation now assumes that the substituent
effects are proportional in all reaction series, the in-
dividual reaction series differ in the proportionality
constant which involves ® and ," together. The latter
two factors need not be in principle separable, i.e. the
Hammett equation itself does not require ¥ to be con-
stant for different reactions - this requirement was
formulated as an independent principle called the p-@
relationa. On the other hand, a simple quantum chemical
treatment - say on the HMO level - yields a reactivity
index, involving the factors 6 and X which are in
this case not separable. Hence this approach does not
require the same scale of substituent effects for dif-
ferent side-chains. Let us consider the following model
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examples In which always two reaction series are com-
pared:

a) Dissociation of various meta- and para-substitu-
ted benzolc aclids vs the reaction of the same acids with
diphenyldiazamethane.

b) Dissociation of various substituted benzoic acids
vs dissociation of substituted cinnamic acids with the
same substituents.

c) Relative dissociation constants of para-chloro
substituted acids with various side-chains vs relative
reaction rates of the same acids with diphenyldiazome-
thane.

The Hammett equation predicts proportionality in the
two series a) and b) but not in c¢), unless the e -p re-
1ttian8 is simultaneocusly fulfilled. In a quantum chemi-
cal treatment the proportionality is required in the ca-
ses a) and c), provided the same reactivity index has
been used in either series. On the HMO level it has been
proved emp:.rically9 that even different indices are pa-
rallel in a broad extent. Another example has been given
recently on the SCF-MO 1eve17: The wWheland localization
energy served as a model of nucleophilic reactivity and
the difference of ¥ -electron energies represented the
dissociation constant. Several such examples would be
able to prove the validity of Hammett equation from the
quantum chemistry on empirical principle. However, it
has not to be forgotten that the scope of the equation
Includes still variable side-chains in addition to vari-
able reactions, i.e. also the case b). It is the object
of the present paper to show that the Hammett equation
can be inferred by a quantum chemical approach even in
this case, most important for its general validity. We
proceeded again in an empirical way and were interested
primarily in the question which simplest method can
8till yield some relevant results. For this reason we
focused attention particularly to the HMO method which
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displays some common features with the correlation ana-
lysis. The idea of correlating calculated indices for
two series of compounds may not be completely new; it
was applied e.g. to the basicities of substituted azu-
lenes .

As the first example we investigated Just the two
reactions mentioned under b). In accordance with the ge-
neral opinion and particularly with reference7 we pre-
ferred to express the substituent effects in terms of
energy rather than of charges, although limited correla-
tions of energy and charge are known to exist11 even
beyond the HMO approximation. Hence the dissociation
constant was represented by the difference of X -elec-
tron energy ( A ) of the anion and acid. Within the
framework of the HMO theory a monoatomic substituent on
the benzene ring is described by two empirical parame-
ters12, hx and kcf’ which determine the coulomb integral
@Lx) of X and the resonance integral (pxc) of the X-C
bond, respectively:

= + hxl3cc
Rxc = kxchoc

Instead of choosing suitable values12 of hx and kxc for
gome common substituents, we simply varied these two pa-
ramaters within their usual limits. We obtained a series
of results some of which correspond closely to certain
simple substituents, monoatomic in the sense of the HMO
approximation (halogens, CHB' OH, SH, NHZ)' Only the un-
substituted compound is not included. The identity of
substituents is not essential for our purpose since we
are searching merely for general relationships. The first
series was restricted to para substituents because the
effect of meta substituents cannot be reproduced correct-
ly by the HMO approach13.

From the results shown in Fig. 1 the following con-
clusions can be drawn:
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(1) Even the simplest quantum chemical treatment is
able to predict the existence of a linear free energy
relationship for two series of compounds with a para-
-substituted benzene ring and two different side-chains.
It seems that the approximations inherent in the HMO
treatment and in the Hammett equatien are similar in
character.

(2) By this approach the constant P (the slope in
Fig. 1) is given a reasonable value, nevertheless it is
somewhat higher than the experimental value.

al

0.045

0.04

0.01 0.02

Fig. 1 Prediction of a linear free energy relationship
- comparison of HMO X -electron energy differ-
ences in the series of para-substituted benzoic
aclds and cinnamic acids (Oh = 1 to 4. k = 0.4;
®h =110 4, k = 0.7).

In order to verify the above conclusions on more ex-
amples, we made similar calculations for further conju-
gated side-chains, viz. for 5-phenylpentadienoic and bi-
phenyl-4-carboxylic acids. In addition to para series
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some meta series were investigated, too. In all cases
very accurate linear relationships were obtained. Their
slopes are listed in Table 1 and are always higher than
the experimental values obtained in water or in mixed
aqueous solvents. It is true that these experimenta.
values are sometimes rather uncertain, and if measured in
aqueous solvents, they need not correspond exactly to
the behaviour of isolated molecules. Yet it seems that
the HMO treatment overestimates the transmission of sub-
stituent effects through a conjugated chain. 0f course,

Table 1
CALCULATED AND EXPERIMENTAL VALUES OF REACTION CONSTANTS
P POR THE DISSOCIATION OF ACIDS

Acids p calculated ¢ experimental (relatdive)

HMO CNDO/2 H,0 50%(v)  80%(w)
EtOH MCS

3,4-RC¢H,COOH 1 1 1 1 1

4-RC.B ,CH=CHCOOH 0.68 0.85 0.42% 0.45° 0. 44°

3-RCH ,CH=CHCOOH 0.34 0.59 0.42% 0.45 0.44

4-30634(cn-cn)zcoon 0.50 0.29°

3-RC.H.(CHaCH),COOH 0.16 - - 0.29°¢ -

4'-ncsn C¢H,CO0H-4 0.21 0.48 - 0.31 (0.45)

3°-RC.H,C.H,CO0B-4 - 0.40 - 0.31%

61464 a
4-RCH ,0H (~1) - 2.20% 1.7 -

& §. ven Bekkum, P.E. Verkade, B.M. Wepster, Rec.Trav.
Chim. Pays-Bas, I8, 815 (1959); ° R. Puchs, J.J. Bloom-
field, J.Org.Chem., 31, 3423 (1966); ¢ X, Bowden, D.C.
Parkin, Can.J.Chem., 46, 3909 (1968);  D. Molho, M. G1-
raud, Bull.Soc.Chim. Fr., 4447 (1969); calculated from
the data of T. Drapala, M.J. Malawski, Roczniki Chem.,
38, 1593 (1964); T in 80%(w) 2-butoxyethanol, valid for
para derivatives only, D.J. Byron, G.W. Gray, R.C. Wil-
son, J.Chem.Soc. C, 831 (1966).
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the estimation of @ s is not the main aim of our ap-
proach and can be carried out better by more sophistica-
ted methods4' As regards the meta substituents, the
results have no real significance since the HMO approach
neglects the electron repulsion”; in terms of orgenic
chemistry it neglects the inductive effect. This failure
is not retrieved by introducing the auxiliary inductive
parameter‘z. We have included the meta derivatives only
for comparison. As expected, their effects are badly
underestimated, i.e. by more than one order of magnitude
as compared with para substituents. In addition, the di-
rection of the effect is wrong. Surprisingly enough, the
linear dependence was quite well fulfilled and the slope

0,2

deg
i»

0.1

1.76 1,77

AEj]' [/5]

Fig. 2 Restricted validity of a linear free energy rela-
tionship - comparison of HMO ¥ -electron energy
differences in the series of para-substituted
benzoic acids and phenols (O h = 1 to 4, k = 0.4;
®@h=11t%o0 4, k=0.7).
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was similar, or even better than that based on para de-
rivatives. We may thus state:

(3) Although the effects of meta substituents are
reproduced quite wrongly by the HMO approach, a linear
free energy relationship is obtained even in this case.

Note still that the values of AE¢q themselves have
almost no meaning and are not comparable between differ-
ent acids. They would predict e.g. that the cinnamic
acids are much weaker than benzoic acids.

We were further interested whether this very simple
treatment is able to indicate even the restricted vali-
dity of the Hammett equation and some deviations. Hence
we investigated in the same manner the series of para
substituted phenols, known for deviations of strong ac~
ceptors as well as of some strong donors'. The values of
DAEq are again not comparable between series; they
would require that phenols are hundred times weaker
acids (in energy terms) than benzoic acids. Nor is the
slope in Fig. 2 of much significance but the salient
feature is that the linear dependence is violated. Hence
we may conclude:

(4) Even the simplest quantum chemical treatment on
the HMO level is able to discriminate between reaction
series in which the Hammett equation is fulfilled and
in which it is not.

The results outlined are of some importance from the
general point of view as far as the linear dependences
themselves and their slopes are concerned., They do not,
however, reproduce the real values of dissociation con-
stants, nor the actual substituent effects because the
approach is very primitive. Therefore, we calculated
still the differences of energy of all valence electrons
( AE) on the CNDO level. In this case it is no more pos-
sible to deal with idealized substituents but real
zroups must be inveatigated with known geometry, includ-
ing the conformation'4. This makes difficulties particu-



larly with complex substituents in meta position since
agsumptions must be made7 concerning the population of
rotamers. For this reason we restricted the calculations
to several simple substituents and the results are then
somewhat dependent on their selection.

A
YD

2240

2220

2220 2240 2260
A& [kJ]

Pig. 3 Prediction of a linear free energy relationship
on the CNDC level - plot of the energy differen-
ces of all valence electrons concerning meta-
and para-substituted benzoic acids and biphenyl-
-4-carboxylic acids ( O para substituents,
® meta substituents).

As expected,our results correspond to real gas phase:
acidities at 1least in thelir order of magnitude, e.g.
for benzoic acid calculated 2245, found'” 1409 xJ mo1~’,
The substituent effects are also reproduced roughly, e.g.
for 4-NO, calculated 65.6, found'® 46.4 kJ mol™'. If only
the sequence of substituents is considered, the agreement
between theory and experiment is still better (see Fig.
3); the largest deviation is for the 4-OH group which is
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in the gas phase more acid strengtheni.ng15 than 3-F. The
most important improvement as compared to HMO concerns
the relation between meta and para substituents. For ex-
ample the ratio of substituent effects 4-NO, to 3—1102 in
benzoic acids is calculated to 1.19, found 1.23.

In spite of all this advantages, the CNDO method is
not much better for our purposes than HMO. Fig. 3 reveals
a good linearity, taking into account that real substit-
uents are under investigation. However, the points of
meta and para derivatives are situated on two divergent
lines; this phenomenon is still more expressed in the
case of cinnamic acids. The slopes given in Table 1 are
all too high, still higher than in the HMO method. A ve-~
ry similar picture is observed when the charges on the
carboxyl carbon atom are oarelated instead of electron
energies; the slopes are but slightly lower. Our fore-
going results may be thus complemented by the following
statements:

(5) Within the framework of the CNDO method the
existence of a linear free energy relationship can be
predicted for benzene meta and para derivatives with
real substituents and for two different side-chains.

(6) The slope of this relationships is somewhat dif-
ferent for meta and para substituents, respectively. In
general the transmission through a conjugated side-chain
is overestimated by the theory.

In conclusion we may state that even the simplest
quantum chemical methods justify the existence of linear
free energy relationships for benzene meta and para
derivatives, reproduce roughly their slopes, and outline
the range of validity. This essential agreement between
the correlation analysis and the quantum chemical ap-
proach is most striking for the HMO method. It shows
that the Hammett equation is also essentially topologi-
cal in character, although a slight dependence of &
constants on conformation was detected .
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Calculations: The HMO and CNDO/2 calculations were
carried out using standard programs, the latter with
originally reeommended parameters and with standard ge-
ametry

Thanks are due to Dr. P. Zahradnik and Dr. M. Zdkovd
for valuable comments.
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STUDY OF SH1 REACTIONS USING TRIPHENYLVERDAZYLS II.SALT
EFFECTS AND PhZCHBr IONIZATION MECHANISM IN CH3CN.
NATURE AND ROLE OF SPECIFIC SALT EFFECT
G.F.Dvorko, E.A.Ponomareva, and 7 .L.Pervishko
Kiev Polytechnical Institute, Kiev, Brest-Litovsk Avenue, 39

Received June 21, 1979

Ph,CHBr Ionization kinetics at low substrate con-
version degree (~0.1%) in Wwet CHON (~&.5:1072M H;0)
was studied spectroscopically using triphenylverda-
zyls (BN') with various salts at 25°C. In the pre-
sence of LiCl0, and Et,NC10, (0.001-0.1 M) the reac-
tion rate increases (special salt effect), whereas
in the presence of N-butylquinolinium iodide QD),
triphenylverdazylium bromide (N*Br ), Bu4NE05,
Bu,NI, Et,NI, Bb,HBr, Et,NCl and LiBr (10~*-10"%u)
1t decreases (negative salt effect) approaching zero
with growing salt concentration. In all cases the
reaction rate is described by-d [BN'] /24t -
4 [BE*Br”] /dt = K, [ Ph,OHBr] being independent of
REN® nature and concentration. Perchlorate activity
is falling with the increase in salt cation size,

the value of negative salt effect becomes high-
er with the increase in anion (Cl™< Br < I xl&lo3 )
and salt cation (Li'< Bt,N < Buy,N < BN < 4,
sizes. t-BuBr Ionization rate in CH,CN does not de-
pend on the addition of Et4NBr (~0.001 M), L10104
(~0.1 M), and water (~0.1 M). It has been concluded
that in t-BuBr case intimate ion pair is formed at
the rate-determining step,whereas in PhZCHBr case the
conversion of intimate ion pair into solvent-separat-
ed one is performed via the fast reaction of
the latter. with RN°® and water. Triphenylverdazyls
are indicators for solvent-separated ion pairs. In-
timate ion palrs do not react with RN°, and sait
and water additions have 1little effect on their for-
mation rate as compared with that observed in sol-
vent-separated ion pairs. Winstein's interpretation
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of special salt effect was shown to be incorrect.
Special and negative salt effects are particular
cases of the specific salt effect which consists in
the formation of ion triplets between substrate ion
pairs and salt ions. 0104-anion catalyzes the con-
version of intimate ion pair into solvent-separated
pair, whereas other anions and cations stabilyze the
intimate ion pair and thus jnhibit its conversion
into the solvent-separated pair.

The study of salt effects provides a possibility to elu-
cidate details of mechanism of ionization - dissociation
process in organic substances (monomolecular solvolysis
reactions, SN1, E1) 2, Ionization rate of carbon - halogen
bond in diphenyl methyl halides (solvolysis, SH1) is very
sensitive to the addition of various salts'™ . Three types
of effects known for these substrates are the following:
mass action salt effects (salts with common ion), ionic
strength salt effects (salts with non-common ion), and spe-
cial salt effect (perchlorates). As applied to generally
accepted ionization - dissociation pattern (I)

BX —— R'X" R*|S|Xx" =—= R* + X~ ..
I 11 III v .

the addition ot common ion salts brings about the inhibi-
tion of dissociation via the increase in the rate in IV—
—»III reaction (rate decrease),under the action of perchlo-
rates the anion exchange occurs in IIT with the formation
of R’Isl0104-ion pair which is uncapable of converting in-
to an intimate ion pair (reaction rate increase due to the
inhibition.of external ion pair return III —II) and fi-
nally all the salts should increase the rates of I II =
III IV reactions due to the increase in the solution ionic

strength (normal or conventional salt effect).Salts with a
non-common ion should,therefore,raise the total reaction
rate,whereas for the salts with common ion any overall ef-
fect is possible.This conclusion is in good agreement with
the available datal'j; however,it is not sufficiantly sub-
stantiated both theoretically and experimentally.
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Salt addition effect on the ionization rate is usually
studied at high substrate conversion degrees (>20%) .Under
such conditions difficulties may arise during the interpre-
tation of experimental results caused by a strong masking
effect of the evolving hydrohalide or its salt.

The phenomenon of special salt effect is ill-interpre-
ted. Hughes4 considered the catalysis of Ph5001 methanolysis
in benzene by BuuN0104 additions to be due to ClO4
ion effect which, as he puts it, accelerates the substrate
jonization to much higher extent than do the ion pairs of
this salt. Winstein’ ascribes LiCl0, catalytic effect in
alkyl sulfonate acetolysis to the action of perchlorate ion
pair on the solvent-separated ion pair of the substrate.
Hammett< supports Winstein's interpretation generally ac-
cepted at present (external return inhibition) which leads
to an incorreet conclusion about the independence of
II III and II— I reaction rates of salt concentration.
Gordon doubts Winstein's theory of special salt effect,
this M ct, however, not preventing him from using it exten-—
sively in his review paper .

On the basis of studies of Buq_NClO4 and Bu4N01 effect
on Ph.CClL methanolysis rate in benzene and involving the
analysis of Hughes' and Winstein's data Leffek/ concludes
that perchlorate effect can be accounted for neither Dy
catalytic erfect of 0104' ion,nor by the anion exchange 1n
solvent—separated ion pair. Perrin and Pressing give evi-=
dence to tavor approximately equal participation of ions
and ion pairs in jonization catalysis and dipole stabiliza-
tion. Un this basis they account for the observed phenome-
non by the effect of salt ion pair under the spe-
cial salt effect manifestation (low polarity medium) where
practically no perchlorate dissociation occurs . For a large
series of solvents the accelerating effect of perchlorate
auring p—methoxy—neophyltozylate jonization was shown to in-
crease with decreasing solvent polarity and to get lower
in acetone solution in the following order: LJ.clo4
NaClO4~ BuuNClouﬂ- Phis indicates the activity of either
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ion pairs or of more complex formations.

Interpretation of salt effects is considerably hindered
by insufficient knowledge of the effect that III II - 1I
reactions (external and internal ion pair return) exert on
the total (measured) reaction rate. If these reactions com=
pete with the nucleophile, reacting after the rate-deter-
mining step, then the rate measured should to some extent
depend upon the method of reaction mixture analysis. Up to
now it is not yet clear weather salts (ions) with a non-
common ion can decrease the rate of II, III, IV - formation
(negative salt effect), and the effect of each ion nature
(specific salt effect) is also to be clarified. Using the
data reported by Clarke and Taftl% Ingoldlbelieves that in
t-BuCl hydrolysis specific salt effect is missing. Ref.l3
reports specific effects of organic salts (2—C10H7305Na,
Ph4P01) during neophyltozylate and 3—phenyl—2—butylgozylete
ionization in 50% water solution of dioxane. Gordon~ be=
lieves the decreased values of salt effects in the above
case to be due to relative stabilization of substrate over
the trasition state.

Negative salt effect (reaction rate decrease after the
addition of salts with a non-common ion) was observed pre-
viously during the solvolysis of t-BuONO, in 60% water so-
lution of dioxane14, of neophyltozylate in 50% dioxane13,
1,2=-diphenylchloroethane in 70% acetone1 and of EtBCCl in
70% acetonitrile16. The values of these effects are small
(5-25% at salt concentrations of 0.05 - 0.1 M) and may be
accounted for by decrease in the substrate activity coef-
ficientli.lt should be noted that bringing out mnegative
salt effects and elusidation of their nature are of para-
mount significance for the interpretation of ionization me-
chanism of organic compounds. Thus, Sneen1/ studing the
effect of NaN5 on secondary sulfonates solvolysis in aque-
ous dioxane accounts for +the change in the reaction
rate by the positive salt effect on Syl reaction. Schleyer
and co—workers18 consider the Sneen unified mechanism of
ion pairs to become doubtful,if the SNZ reaction takes place
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in the above case and NaN, reveals negative salt effect.

Previously salt effects on PhZCEX ionization rate were
predominantly studied in protic solvents and their mixtures
with some aprotic ones'_B. Information available is un-
sufficient in many respects. Thus, common ion effect was
often determined without any comparison with the effect of
other iona19. In some cases special salt effect is observed
under the action of Co(N03)2 whereas LiClOu leads to a usual
salt effecteo. Information referring to aprotic solvents is
scanty. Special salt effect of NaClO,+21 is observed in the
reaction of CNS~ ion radioactive exchange in 4,4'-dimethyl-
benzhydrylthiocyanate in acetone solution, whereas during
chlorine anion exchange in p-chlorobenzhydrylchloride in
acetone the addition of 1LiCl0,, 1iCl and other salts leads
to a conventional salt effect=2.

At present salt effects are difficult to predict. Their
manifestation depends strongly on salt structure, substrate
and reaction conditions which complicates considerably the
interpretation or 2h,CHX ionization mechanism.For these sub-
strates process (I) is usually supposed to proceed to the
end (ion formation)1'5. This refers both to protic and
aprotic solvents. In the latter case a combined mechanism
(SN1 + SNZ) is often suggestedl9’22’25.

Previous paper“ reported about monitoring
the Ph CHBr ionization rate spectrophotometrically
naing triphenylverdazyls as internal indicators. This me-
thod allows to study kinetics at ~ 0.1% substrate conver-
sion. Kinetic studies of Ph,CHBr ionization in CH,CN have
led to the conclusion that triphenylverdazyls may be
used as thcux ion pair indicators. The nature of ion pairs
in question has not been eluciaated.

The purpose of the work is to study salt effects dur-
ing PH,CHBr ionization reaction in CHBCN and to elu-
cidate the mechanism involved. A number of comparative ex-—

seriments were carried out to specity the effect of various
salts and water on T~BuBr ionization rate in CHBCN.



Results and Discussion

The product-study and kinetic experiments reported
in2% showed that in wet acetonitrile PhECHBr molecule at the
rate-determining step converted into an ion pair (intimate
or solvent-separated) which further reacts fast with tri-
phenylverdazyl (RN°) and water. Hydrogen bromide, evolving
in the reaction of the intermediate with water, reacts
with RN® by scheme (8). Over-all reaction may be writ-
ten as followss

Ph q, ph Ph
/C\ , P #C
PhCHBr+2| '.‘+xH20—+(1-x) . “c""”z+ X ".:/ Lt NN, +xPnchon @)
N N _
A Ph o o Ph phCHz PR

Irrespective of relative amounts of reacting RK® and water
one mole of reacted PhZCHBr always consumes two moles of
RN® (R ax 720 nm, & =4330) and one mole of triphenylverda-.
zylium bromlde (RN*Br~, 2max=540 nm, $=12170) is formed.
This provides a means for controlling spectrophotometrical-
ly PhZCHBr ionization rate.Under these conditions the reac-
tion rate is not affected by the concentration and substit-
uent nature in RN°.As elsewhere24 kinetic experiments were
done in CHyCK containing ~4.5:107% M H,0.

At low conversion rates of Ph,CHBr (~ 0.1%) when the
salt effect of forming RN*Br~ is not yet manifested, ki-
netic equation (3) is valid:

-a[BN'] / 2dat = d [RE*Br~] / at = [Pu,CHBr] (3)

Special experiments showed that at RNYBr™ concentration
in the solution being £ 2.10 -5 M its effect falls within
the range of experimental errors,at higher concentrations,
however, reaction rate decreases markedly. For this reason
experiments with and without salt additions were performed
up to RE'Br~ concentration limit of The observed
effect of RNYBr might be accounted for by mass action salt
effect; a more detailed study of salt effects, however, is
contradieting.

The effect of various salts addition on thcHBr ioniza-
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[RN10*M

Fig.1. Ph-CHBr ionization kinetics in the presence of
saIts, CH GN. 25°C

I,1'-[QI]=1.53- 107 1 [PoCHBr] =7.78¢ 1072

k,=(0. 271%0.006) 1o ®(against BN®), k,=(O. 2esto 005)°10 s
(dgainst RNT)

2,2'- (Bt NBr] =1.25° 10‘5 [ Ph,CHBr) =1.04+10~2M

k,=(0. 465-0 005)+10™®(against BN®), k. =(O. 470—0 001)+10~F
(dgainst RE*)

3,3'- [14020,1 =2.25°10 -3, [Ph,CHBr] =5. 91 <1072
k,=(2.95%0.01)+10 “6(against BN'), 0 s
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Fig.2. CHBr onizat rate coefficient in GE5CH as
salt concentration function

1. LiC10, 6. Et,NI
24 E1;4N0104 7 Bu4NI
e Et4NCl 8. Bu4nn_
4. LiBr 9. RR*Rr
5+ Et,NBr 10, QI
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tion rate in acetonitrile was studied. The experiments were
done at 25°C with Ph2033r concentration being
In all cases the reaction rate is satisfactorily described
by kinetic Eq. (3). Values without salt additions were
taken rrom24. Since the experiments were done with 50
to 100-fold excess of PhacHBr over RN® in each individual
run the reaction rate was described by gero-order
xinetic equation

- d[BN*] / 2dt = A [BRN'Br ] / dt = Kk, ()

¥ig.1 shows some typical kinetic curves for PhZCHBr

jonization in the presence of various salts. Descending
curves indicate RN® concentration fall, whereas ascending
ones depict RN'Br accumulation.

Fig.2 shows the effect of ten different salts on the
reaction rate, The salts can be subdivided into 6 different
groups. In the first three groups the effect of anion nature
ig followed, whereas in the remaining three the effect of ca-
tion nature is studied (Q—N-butquuinolinium)

1. LiC1l0, - LiBr 4, LiCl0, - Et4N0104
2. EC4NI - th_NBr - EtuNcl Se RN*Br~- Et,NBr - LiBr
Buq_NI - Bu4NN05 6. QI - Buq_NI - Et4NI
Table I

Salt Dissociation Constants and Dissociation Degrees in

Balt Kp, wol/l oL 210 M References
Et4NCl 0,003 0,94 25
Bt,NBr 0,052 1.0 26
Et“_lI 0,088 1.0 27
Bu, NI 0.084 (0.33) | 1.0 (1.0) 26 (28)
Bu, NNO; 0.14 1.0 29
LiBr 0,0034 0.96 -

0.0046 0.98 *
BN'Br~ 0.0029 0.93
LiC10, 0,029 (0.25) | 0.84™* 0,98™* 30 (31)
Et,NC10, | 0.017 (0.080) 0.82 0.9 32 (33)

Determined by the authors
Dissociation degree at 0,005 M
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Table I gives salt dissociation constants and degrees
at the given concentrations. Under these conditions salts
are found entirely or almost entirely as ionms.

Perchlorate additions increase the reaction rate, where-
a8 the additions of other salts lead to its decrease, the
inhibiting effect being about two orders of magnitude strong-
er over accelerating. Bromide effects (Group 5) are typical
Mass Law salt effects. This fact, however, fails to ac-
count for the reaction rate decrease in the presence of
salts of a non-common ion (Groups 2, 3, and 6).

Moreover, the growth of inhibiting effect with ‘tran-
sition from bromides to iodides and Bu#nmo3 indicates
that we are dealing here not with mass action
salt effect, but with some other kind of phenomenon. This
suggests that there occurs no Ph2CHBr dissociation in ace-
tonitrile, i.e. III == IV reactions are of no importance.

In the case studied perchlorate action ig typical for
80 called special salt effect. Indeed, k. salt concentra-
tion curves for these salts consist of two sections: first-
ly the reaction rate changes rather fast, and than the flat-
tening of curves is observed. This is a manifestation of
two perchlorate effects. Winstain” and the majority of
other82’3'6’2°’35 attribute the first section of the curve
to the equilibrium process of R*lSIClO4- ion pair formation
("cleaning effect”)

R*1six™ + LiC10, B*isic10”™ + ity (5)
interpreting the second section (after complete anion ex~
change) as ionic strength salt effect. Fast rate increase
aleng the first section is accounted for by inhibiting the

~II reaction. Extrapolation of flat curve sections to
zero perchlorate content gives the rate coefficients of
3.2:10 8~1(LiC10,) and 3.05+107%~ (81, 010, ) . These val-
ues are close, the difference between them, however, be-
ing considerably beyond the limits of experimantal errors.
Values obtained are referred to as the maximum of special
salt effect at zero values of usual salt effect. They are
approximately 25% (28% for LiClOu and 22% for Et4N0104)

305



nigher than k; values without salt addition (2.5°10 s ).
A8 shown in Pig.2 other characteristics of special
salt effect also depend on cation nature. In Et4N0104 curve
deflection occurs at lower salt concentrations (0.005 M).
The slope of the second section of Et436104‘ourve is less
than that of LiCl0, curve, and b values in Eq.(6) are 8 and
22, respectively

K; = k(I + B [M C10,1 )

7o follow Winstein's interpretation of special salt effect,
75% solvent-separated ion pair formed in our case should
react with RN° and water, whereas 25% should eonverst
into intimate ion pair (external return). In the presence

difficlent perchlorate III —II reaction is comp.etely
innibited and phzcu"lszcm; jon pairs react only with nuc-
leophiles (RN® and HZO) present in the solution. To put it
differently one may suggest a competition between III —II
reaction and the reaction of III with nucleophiles without
perchlorate addition. This being true, the rate of the reac-
tion measured should depend on that of the reaction follow-
ing the rate-determining step, i.c. on the rate of inter-
action between solvent-separated ion pair thcn {s|Br and
a nucleophile. Consequently the rate constant should in=-
crease within 2.5-10—6 and 3.2-10'05_1 with increasing RN’
concentration and growth of its electron donating properties
in the substituent series NO, - H - CH; 0.

The conclusion based on generally accepted interpreta-
tion of special salt effect contradicts to the facts report-
ed in our previous work where it was stated that ionization
rate of Ph CHBr in CHBCN was independegﬁ of RN° concentra-
tion and the nature of its substituent . To confirm this
the following neasurements were done. Table 2 shows that
witk three-fold change in RN® concentration k1 values calcu-
lated both by RN® consumption and RN'Br -formation vary
within the range of experimental errors (Exp. V=
(2.5420.04)+10~6s™" (previously, k,=(2.50-0.02):10 = )

In the presence of salts the reaction rate is also indepen=-
dent of 3N° concentration. BEven more convincing evidence
LU0



Table 2
PhZCHBr Ionigzation Kinetics in CHECN at 25°C

o] 1283107 (Pn,0u8.10% e, ax] 107 x,-107%51 &)
No.| M —
¢ RN® RE'Br
1 {0.704 |45,7 2.38%0.04 | 2.55%0,05
2 |1.57 46,2 2.45~0,03 | 2.59%0,08
3 |2.09 46,6 2.63%0,01 | 2.68%0,01
4 [1.48 73.6 4,72 0,66%0,01 | 0.66%0,01

1.64 74,5 4,51 0.65%0,01 | 0.64%0.01
< .46 57.5 4,81 0.63%0,01

a) Average of two determinations
b) With CH,O0-RN®
¢) With NO,-RN®

resulted from the analysis of the experimantal datazq' for
triphenylverdazyls with substituents in C-phenyl ring
(NOZ-RN', H-RN®, CHBO-RH’). With  transition from NOZ-RN‘
to CHBO-BN' the rate of reaction with electrophiles is
known to increase by several orders of magnitude36. If Win-
stein's interpretation were true, such change in the nature
of the radical would bring about complete inhibition of ion
pairs external return and, thus, would increase the rate
constant up to 3.2-10'65'1. However,this is not observed.
In the presence of Et,NBr (~4.7.1o"‘"‘ M) the reaction
rate also does not depond on the radical nature (Exp.4=6),
The data obtained in the present paper contradict the
interpretation of special salt effect, proposed by Winstein.
The mere fact of special salt effect being observed in such
highly polar solvents as acetonitrile ( £ =37) does not
comply with generally accepted views. This effect is usual-
1y supposed to be characteristic of solvents with low or me-
dium polarity!  Thus, it is reported in Ref.10 that in
p-methoxyneophiltozilate ionization b values in Eq.(6) for
DMSO ( €=49), DMFA ( €=37) and acetone ( & =20) are 0.0, 1.4
and 47, respectively. In our case b is 70 for the first sec-
tions of curves. Speclal salt effect observed in the pre-
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sence of CO(N05)220, Licl, LiOAc, LiBr and LiOTs1 also dis-
agrees with Winstein's interpretation. These salts contain
anions capable of forming intimate ion pairs and covalent
bonds and, therefore, cannot inhibit the external
ion pair return. It also should be noted that during
cholesteriltozylate golvolysis in CHBCOOK the values of

special salt effect at zero level of usual salt
effect is considerably dependent on the anion nature, be-
ing 33.3°1079s~1 for 1iC10, and 25.0110 ' for LiOTs
(50,2°0). The cation nature was also shown to be of
importance.

Ingold does not accept the formation of various types
of ion pairs during Rx1 ionization. He considers the spe-
cial salt effect to be linked with R*TM*Y” quadrupole for-
mation (rapid equilibrium stage) which then slowly rearran-
ges into R*YTM'X" quadrupole. Rearrangement rate is suppos-
ed to be close to ionization rate of HX. If RX ionization
is rate-determining, Syl reaction occurs, if, however, the
rate is determined by quadrupole rearrangement,snz(o ) reac-
tion is observed. Ingold believes that special salt effect
is an evidence of an intermediate mechanism. In other works,
Ingold's interpretation implies that the interaction of
substrate ion pair with nucleophile can affect the overall
reaction rate. Ingold's interpretation avoids certain con-
tradictions, e.g., the dependance of maximum special salt
effect level on salt nature, but as the Winstein's, it con-
tradicts to our data, reporting that overall reaction rave
is independent of verdazyl concentration and nature.

Thus available explanations of special salt effect in
organic ionization reactions are poorly ground-
ed and fail to interprete our data on PhZCEBr ionization in
CH.CN. The necessity of a new approach is evident. Attempt-
ing to find such an approach we compared the effects of salt
and water additions on thcBBr and t-BuBr ionization rates
under similar conditions. It is supposed that at the rate-
determining step of the latter reaction t-BuBr is ionized
with the formation of an intimate ion pair, which later
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either rapidly eliminates of the hydrogen bromide (E1) or
reacts with the nucleophile (SN1)‘ The above being true,
the effects of salt and water in this case should be attri-
buted to their influence on I ==II reactions.

Kinetic study of t-BuBr ionization in CHBCN using tri-
phenylverdazyl radicals was reported earlier 37 In this
case RN° reacts rapidly and gquantitatively with HRr formed
after the rate-determining step (intimate ion pair forma-
tion)

t-BuBr =— t=-Bu’Br~ CH,=CMe,+HBr 7)

2RN'+HBr — RN'Br +REH (8)

Similar to thcHBr ionization the reaction rate is
described by the following equations

-d [RN'] /2dt = 4 [RN*Br’] /dt = k, [ t-Bubrl. (9
It should be noted here that RN° in this case reacts only
with HBr, rather than with an intermediate ion pair. The
above 1s confirmed by satisfactory agreement between
t=-BuBr ionization rates calculated from titrimetric
dataBB’Bgand those obtained from RN® concentration changes
37,40 both for acetonitrile and acetone. It may be assumed,
therefore,that triphenylverdazyls do not react with inti-
mate ion pairs.

No study of the effect of salt and water additions on
t-BuBr ionization rate in CHBCN was yet reported. Table 3
shows our measurements of t-BuBr ionization rate. The test
procedures were as in57. As shown in the Table, EtuNBr,
LiClO4, and H20 additions at the concentrations used exert
practically no effect on the rate of this reaction:
average k12’ Cis (1.19 - 0.02)-10'63'1; previously, in}),
k12’ C was (1.25 - 0.02)-10'63'1. Under similar conditions
% to 10-fold decrease in Ph,CHBr jonization rate is observ-
ed in the presence of Et4NBr,whereas in the presence of
LiClOG and water the rate increased 2 to 3 times and 1.3
times, respectively. These comparisons make evident diffe-
rent nature of transition states during thcHBr and t-BuBr
ionization. With t-BuBr the lack of common ion salt effect

suggests that no substrate dissociation should occur,where-
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Table 3
Kinetics of t-BuBr Ionization in CHBCN at 25°C

[t-BuBr]|[REJ-10* | Additions K107 =)
M N Nature ¥ RN RN*
0,170 | 1.85 - 1.17%0.02 {1.19%0.01
0.064 | 1.85 Bt NBr 7.8010~% | 1,25%0,04 |1.21%0.06
0.067 |1.85  [Bt,NBr | #.7+1072 [1.,17%0.04 |1.11%0.01
0.065 | 1.82 L1610, 2,04102 | 1,17%0,01 | 1.07%0,04
0.065 | 1.82 LiC10, 4.,9+1072 | 1,09%0.02 |{1.13%0.05
0,063 | 1.7 LiC10, 5.7¢10~2 | 1,24%0.015|1.19%0,01
0,063 |2.22 H,0 5,201072 | 1.23%0.01 |1.26%0.01
0,060 | 2.22 H,0 7.4°1072 | 1,29%0.01 |1.26%0.01

~ 1
¥ Average of two determinations

as the

absence

-

of L:I.Clo4 special salt effect opposes the

intermediate formation of solvent-separated ion pair. Thus,
during t-BuBr ionization the formation of an intimate ion
pair is observed at the rate determining step. Assuming that

with PhZCHBr

the formation of intimate ion pair is also

only slightly affected by water and salt additions, we may
conclude that during the ionization of this substrate the
intimate ion pair ie comverted into the solvent-separated
one at the rate determining step. As shown above, no PhZCHBr
dissociation in CH,CN is observed. Perchlorate effect may
be either due to the acceleration of II—III reaction or

due to the reverse process inhibition. The latter has
shown not to occur, therefore perchlorates catalyze

been
the

convertion of the intimate ion pair into the solvent - se-

parated one.
Under our conditions LiClO4 and Et4N0104 are present

mainly in ion form (Table I). If following the assumption

of8 we also assume that ions and ion pairs
in their catalytic activity in
it would appear that in our case catalysis
ions rather than by perchlorate ion pairs.

1y equal
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LiClO4 and LiBr effects (slight rate increase and sharp
rate decrease, respectively) suggests that 0104- anion

should be responsible for catalytic effect. Li* cation seems

to exert weak or no effect on the rate of this reaction.Thus,
PhZCBBr ionization rate was found to be practically unchang-
ed in the presence of ~'5’10'4I LiC104. The same concentra-
tion of LiBr causes approximately 2-fold decrease of the
reaction rate.

As shown in Fig.2 all the salts (with the exception of
perchlorates) slow the reaction down. Negative salt effect
is increasing in the following order (10):

Et,NC1 < I4Br < Et,NBr < Et,NI < RN'Br = Bu, NI = Bu, NKO. < QI
1.3 1.5 1.9 2.1 2.6 2.6 2.6
Numbers below represent the quotients of rate constants
without salts divided by those at salt concentration of
2'10'41. Already at this concentration value QI decreases
PhZCBBr ionization rate more than three times. The inhibit-
ing effect is growing with +the concentration: in the
presence of 1.55-10-5I QI 9-fold decrease in the rate is
observed with the 13-fold drop corresponding to 0.05 M of
Et,NBr (k1 = 0.20°10 65 1). Observed relationship between
reaction rates and salt concentration is non-linear as
plotted in k1 - [MX] coordinates. The above relation can be
approximated neither by k, - lg [MX] (V[Mx],[Mx] 3 nor by
lg k, - [Mx] ( 1g [lx],]ffiij,[lx]a) functions which proves
the complexity of the phenomenon in question. Unfortunately
we didn't manage to test salt concentrations sufficient for
complete PhZCHBr ionization inhibition. Bromides have low
solubility in CH5CN,whereas iodides react with EN*Br~ at
concentrations higher than 1.6-1072x. During kl/salt concen-
tration relationship study in no case we observed either
saturation effect or k1 passing through the minimum.
This permits to assume tnat reaction rates asymptotically
approach zero with increasing concentration.

Negative salt effect is increasing in the following se~
ries with the increase in sizes of anion (11) and cation
(12)
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Clm< Br <« I° =~ N05_ (11)

Li* < Bt N < Bu, N < RE' < Q' (12)
I1iBr case suggests that negative salt effect should be at-
tributed to the action of the anion. Observed cation na-
ture effects show that the cation also contributes into
the process. The amount of this contribution is increasing
according to series (12) with the first member of the se-
ries having almost no effect on the reaction rate. In this
connection it should be noted that the growth of negative
salt effect with the increase in salt ion size suggests
the ions being active rather than ion pairs since the effi-
ciency of guadrupole interaction observed with ion pairs
is ¥nown to increase with the decrease in ion sizes in ion
pair82’41. Negative salt effect of catioms is also evidenc-
ed by the fact, that in the presence of thlIClO4 the reac-
tion rate increases less than with LiCl0,.
This observation is linked with partial decrease in reac-
tion rate caused by Et4N+. this decrease being in any case
greater than that caused by Li . This conclusion is in
good agreement with the observed growth of negative salt
effect in cation series (12). Observed perchlorate salt
effect is represented by the difference between two values,
that of rate increasing anion effect, on one hand, and
rate decreasing cation effect, on the other. Special salt
effect may be observed only at dominating anion effect.
If ion effects are equal in amount, usual salt effect will
be observed.

Having compared salt effects on t-BuBr and thcHBr
ionization rates, we came to the conclusion that salt
effects during PhZCHBr ionization are related to the ion
effect on II ==III reactions rates. With negative
salt effects salt ion (mainly, salt anion) either decreas-
es the rate of intimate ion pair conversion into solvent-
separated one or catalyzes the reaction of external return.
If in the presence of salt III—»II reaction grew and be-
came competative for reaction III+RN® + products, overall
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reaction rate would depend on EN° concentration and nature.
In the presence of Et,NBr the thcﬂBr ionization rate was
shown to Dbe independent ¢f RN° concentration and the
nature of its substituent (Table 2). The negative salt
effect, therefore, is connected with the action of ions on
II — III reaction. This salt effect represents combined
contribution of salt anion and cation acting in the same
direction. This effect is superimposed by the usual salt
effect. The value of the latter may be obtained from the
experiments with L10104. Fig.2 shows the reaction rate to
increase more than twice at LL1C104] = 0,05 M due to usual
salt effect. At LEt4NBr] = 0.05 M approximately 13 times
decrease in the reaction rate is observed. Comparative anal-
ysis of the values obtained proves consideranle contribution
of ionic strength effect to the negative salt effect under
observation.

The data obtained by the authors can be summarized as
follows: CIO4_ anion accelerates II—=III reaction,where-
as the rest of both anions (C1~, Br—, I™, NOB_) and cations
reduce it. There are all reasons +to suggest that both ef-
fects should manifest themselves as a result of the ion ac-
tion on the intimate ion pair.An ion triplet is formed?® ?
&2 which can be formed in +the solution also at very
low concentrations (app. 10_5H)6. Formation of triplet in-
termediates in one case catalyzes II —III reaction, inhi-
biting it in another. This conclusion is not unexpected,
since an ion can stabilize the dipole of either initial or
transition state. The formation of triplets from solvent-
separated ion pairs is also worth to be considered. With
due regard of all said above Ph,CHBr ionization mechanism
in the presence of salts may be written as in (13).

In the absence of salts ionization proceeds up to the
formation of a solvent-separated ion pair at rate determir -
ing step ( I ==II —III), which reacts with nucleophi=-
les (RN°, HZO) as it appears. The rate of the latter
reaction is so high, that the external return can Dbe
neglected. Salt additions are accompanied by ion trip-
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let formations. Since ions and ion pairs in the solution
are solvated. the interaction of these particles is expect-
ed to give solvent-separated triplets of VI and VII type
which similar to intimate ion pairs do not react with RN®
or water. Strong charge delocalization seems to be the rea-
son. Since the rate of triplet formation is diffusion -
controlleds, only equilibrium state II== VI, III VIiI,

II == VIT, IlI == VII~, III VII™ is critical for our
case (thermodynamic control). Equilibrium state is also
significant for reactions I=1I, 1y=:= II_ (substrate con-
version into intimate ion pairs) and VI==VII, V== VI,

v VI T, VI == VIIy_ (triplet mutual conversion) in this
case, however, the equilibrium state is slowly established.
Reactions II = III, II_= III_ (conversion of intimate ion
pairs into solvent-separated omes), VI 11, v 1II,
VeIl , V. =II_, VIT— IIIy (triplet dissociation) are
irreversible. For the first two reactions this fact is re-
lated to fast reaction of the forming Product with nucleo-
philes. In the latter four cases no reverse reaction mecha-
nism is available. For VI —+ IIIy reaction both explanations
are true.

As shown in (13) negatively charged partially solvent
separated triplets VI~ formed from the intimate ion pair
may disintegrate forming initial ion pair II, convert into
the intimate triplet V- (solvent extrusion) and form solvent
-separated ion pair IIIy and completely solvent-separated
triplet VII~. Solvent-separated ion pair IIIy similar to
III rapidly reacts with nucleophiles (RN® and Hzo) in the so-
lution. In 0104' case no intimate ion triplet is formed as
well as no VII_~ conversion into VI_~— is observed and for
that reason II_, I_ and V™ are not formed. Some acceleration
observed in this case may be connected only with VI —- III
reaction. It is at this stage primary  stabilization of
transition state by 0104_ anion is observed. Reactions
IIIy—-» vIi—, IIIy—'- VI1_~, III -+ VII~ (triplet formation
from solvent-separated ion pairs) and VI —+ VII may only
Arcrease the overall reaction rate. At low perchlorate con-
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centrations,when II<=VI~ equilibrium is not yet completely
shifted to the right,II—-III reaction also proceeds part-
ly.When perchlorate concentration reaches the level provid-
ing for practically complete conversion of II into VI,fur-
ther formation of the reaction products occurs via the path
of I 1T VI-/IIIy

VII‘—:-IIIy. The formation of VIIy
from IIIy and that of VII~ from VI~ and III, seems to inhi-
bit this process to certain extent. However, the reactions
proceed along the mentioned path with higher rate, than it
is observed without perchlorate addition by mechanism I —
II-» III. With due account of rate-decreasing cation effect
overall reaction rate increases by 22% and 28% for E'bq_}IClO4
and L10104, respectively. Thus 0104_ catalytic effect is
reduced to nucleophilic anion substitution in the intimate
ion pair which following this process is converted into the
solvent-separated one. Consequently our explanation as well
as in Winstein's interpretation is based on the interme-
diate formation of the solvent-separated ion pair, contain-
ing 0104' anion. As opposed to Winstein, however,we believe
that it results in acceleration of the intamate ion
pair conversion into the solvent-separated one, rather
thgn external return inhibition.(. This considerable diffe-
rence is essential for the understanding of salt effects
observed in solvolysis and Syl reaction.

In the formation of negatively charged triplets from
other anions VI — IlL reaction seems to have no critical
value. This is suggested by PhZCEBr ionization rate appro-
aching zero with the increase in salt concentration. The
same approach allows to consider that reactions VII » IIly,
II_— III_ and VIIy'—>IIIy do not proceed, at least, for
¢l1~, Br~, I” and NOB- anions.

(‘This reaction, if any, is inhibited by rapid subsequent
reactions between III and nucleophiles.
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In this case the main result of triplet formation will

be in the fall of II concentration and thus in
the inhibition of II — III reaction. In fact the fommation
of VI~ may be regarded as a stabilization process of the
initial ion pair II (ion triplet formatiom decrsases the
eneprgy of the s;ystemz'e'). Stabilizing salt effect should
increase due to equilibrium conversion of VI~ into VII™ snd
V™ . Intimate anion triplet V_ may undergo further trans-
formations, i.e. decompose forming initial ion pair II and
ion pair II_. The latter pair may be trapped by covalent
product I;y (anion exchange) transform into III_ or convert
into partial solvent separated triplet VI_~, which may be
either in equilibrium with ion triplets and Vy" or
disintegrate, forming II_ or III_. I_ accumulation might
lead either to acceleration (y = No3 » I”) or inhibition

(y = C17) of the overall reaction rate due to atterations
in the substrate nature. In our case when substrate conver—
sion is approximately 0.1% anion exchange effect in PhZCHBr
remains unnoticable. The increase in this effect in anion
series (11) confirms the above. Reactions IIys= V'——IIy
and VII -—_~VIy —II also have no effect on the rate at
low substrate conversion. Thus we may conclude that the ne-
gative salt effect of anions is determined by II*V*'ivEI—
(initial ion pair II stabilization due to its conversion in-
to negatively charged triplets)

Cation action (Eg.(13), left side) also may be interpret-
ed in terms of initial state II stabilization. In this case
initially forming solvent-separated triplet VI* may convert
into completely solvent-separated triplet VII* and intimate
triplet V*. No dissociation of these triplets with Ph,CH*
formation is observed.

Thus, salt effects observed in our case are related to
the availability of II ==VI equilibrium. Anion 0104- is a
weaker complex-forming agent, than other anions, therefore
perchlorate salt effect manifests itself at much higher con-
centrations than others. Indeed the inhibition of negative
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salt effect of 48+107M EEr (k, = 0.73+10~%5"1) requires
45 times more of LiC10,(2.1°1077M, k, = 2.48:107%7 ).
Dashed line in Fig.2 shows the effect of LiClOA; addition
(upper abscissa) on Ph,CHBr ionization rate (~ 8+10~0K )
in ths preseudé o1 Ef, REr (4.8°10 "M). A weaker salt effect
of cations as compared with that of anions seems to be con-
nected with the fact, that II==VI equilibrium shift to
the right is greater in the latter case. Nevertheless ca-
tion contributes largely into the observed salt effects.
Thig is shown by considerable growth of salt effect in ca-
tion series (12). Under the conditions of special salt
effect cation contribution is made evident by the right-
ward shift of II=VI* equilibrium between LiClO4 and
BtNC10, . This results in complete bonding of II in VI and
vi*(deflection point of kg - [Et430104] curve) at lower
salt concentrations as well as in the decrease 1n maximum
special salt effect value (from 3,2¢10 to 3.05°10 ). Less
steep slope of the second part of EB4N0104 curve as com-—
pared with LiClQ, case suggests that with the increase in
the solution ionic strength the stabilizing cation effect
should grow alongside with the VI— IIIy reaction rate,
this effect being greater for Et4N+ than for Li . This may
be attributed to the increase in vit— VII* reaction rate.

Increasing negative salt effect with the increase in
salt ion size may be interpreted in terms of hard and soft
acids and bases. It seems natural to suppose that ion pairs
are softer acids and bases than free ions. Ion triplet for-
ming capacity should therefore increase with the decrease
in hardness of bases (anions) and aclds (cations). This
fact is confirmed experimentally.

The study of salt effects nature during PhZCEBr ioniza-
tion in CH.CHN indicates that we deal here with the local ac-
tion of ioms, whichas opposed to ionic strength salt effect
depends strongly on the nature of both snion and cation,
that is a specific interaction between ions and ion pairs.
Negative and special galt effects observed in our case may,
therefore, be regarded as particular cases of the specific
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salt effect which is of much more significance, than it
was supposed previoualy1’6 « It may take any form known for
salt effects. The above explains difficulties met during
its identification which was shown earlier taking special
salt effect as an example.

Our interpretation of specific salt effect is based
on the action of ions, rather than that of salt ion pairs.
This approach is sufficiently justified by the level of
salt dissociation and the effect of ion size. It should be
noted that not only Hughes', but also Leffek! and Win-
stein in his early works*® believed that at low salt con-
centration anion 0104‘ has catalytic activity. Under differ-
ent conditions and,perhaps,in our case also specific salt
effect may be related to salt dipole effect on substrate
ion pairs. With this our basic approach is the same: per—
chlorate dipole via intermediate quadrupole catalyzes inti-
mate ion pair conversion into the solvent-separated one,
whereas other salts stabilize the intimate ion pair to the
extent (stronger or weaker) of the solvent-separated one.
This process may be represented as

_RHSIXT

) y M Products
R X _
RisX  —— RelSIYT —— prisly- (W)
y-m+ —-Mty=  y-mt
Gordon believes that anion exchange in an ion pair may
proceed both via intermediate quadrupoles ion triplets.
However, the role of quadrupole interaction in the ioniza~
tion reactions of organic substrates is not yet clearly
understood. The increase in salt effects with decreasing
medium polarity and salt dissociation degree does not prove
as yet that the salt ion pair is an active agent. In this
case the reaction may proceed through ion triplet type VI
intermediate: —
B'X" + Yu'ym MY, - BT — _»* {8} T~ (15)
It should be noted that we could identify and inter-

319




prete the salt effects found only under the condition of
very low substrate conversion quantity. Already at 1% sub-
strate conversion the picture of salt effects would be
greatly distorted and would become difficult to Dpe
interpreted. Fig.2 illustrates the above.

Catalytic effect of water on ionization rate may be in-
terpreted in terms of the mechanism proposed by the authors
having assumed that both water and salt additions had great-—
er effect on II —III than on I —» II. Linear increase in
ionization rate in a polar solvent with the increasing wa-
ter concentration of small water amounts may serve as
an indication of the intermediate formation of III. In the
case of intermediate formation of golvent=separated ion
pairs the reaction rate in protic solvents should greately
increase. Indeed, thcBBr jonization rate increases 6000
times between CH.CN and CH,OH, whereas for t-BuBr (intimave
ion pair formation) only 25 times increase is observed .

While interpreting salt effects during PhZCHBr ioniza-
tion we assumed that triphenylverdagzyls reacted only with
solvent=separated ion pairs and the rate of this reaction
is so high that external return is completely inhibited. It
the opposite were true, the reaction rate control method
would be unsatisfactory. The second critical point is that
the triphenylverdazyl does not react at all with intimate
ion pairs. Otherwise the overall reaction rate would depend
on radical nature and concentration due to the inhibition
of II I reaction. Thus we approach the conalusion that
triphenylverdazyls are the indicators of golvent-separated
ion pairs.

Proposed interpretation of special salt effect as a par-
ticular case of specific salt effect allows us to explain

the experimental data obtained.

1. Depending upon the conditions involved this effect
msy be induced both by ions and salt ion pairs. With our
approach it is a more gpecific point.

2. This effect may appear not only under the action of
perchlorates, but also of other salts. It depends on the
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relation between the rates of VI"—III_ and II —III reac-
tions (Eq.13). In our case for halides and nitrates the rate
of VI"—III_ reaction is very low. Under different condi-
tions, however, it may be higher than that of II —- III
reaction for these and other anions, different from the per-
chlorates. The lack of perchlorate special salt effect may
be related to the Pact that the rates of both reactions are
close. 28 and 22% difference observed in our case suggests
that this may be realized.

3. Maximm value of special salt effect at zero level
of the usual one should depend on the salt nature, since
it is determined by the action of salt anions (ion pairs)
on II and III reactions, rather than by the inhibition of
external return.

4. Effect observed in a polar solvent is related to the
catalytic action of 0104' anion, rather than salt ion pair.
Decreasing value of the effect with the increase in the sol-
vent polarity may be due to the leftward shift of
IIz= VI~ equilibrium.

5. Our method gives no information on the internal ion

pair return. Published information favors the reaction
II—-I.Thus the rates of substrate racemization 4,scrambl-
inglsof 0 in p-chlorobenzhydride—n-nitrobenzoateusand anion
fragmentation in phacnoo.‘s.oxa{;‘6 are higher than those of an-
ion exchange reactions in the substrate.The formers are sup-
posed to proceed through intimate ion pairs,whereas the lat-
ters are suggested to occur via solvent separated ones. As
shown by Eq.(13) anion exchange in an intimate ion pair may
proceed through intermediate ion triplets.

6. We can easily answer Gordon's q_uestions6 arising
from the discussion of Winstein's interpretation.

a) He believes that it is hard to make out what results
from C10, ISIR*|SIX which explains the elimination of the
return. The formation of similar triplets (VII™ and VII ™)
was discussed earlier and shown by Eq.(13).

b) Gordon asks in what way 0104'causes racemization in the
system if no reaction of intimate ion pairs with €10,” dur-
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ing 2-octy1tozylateL:cetolysis to cause special salt effect
is observed. EQ.(13) shows 010, to react with the intimate
ion pair. The lack of special salt effect may be attributed
to the fact that either the rates of II —III and V1-—IIL
reactions are close or anion accelerating and cation inhi-
biting effects make up for one another.

¢) Gordon's answer to his previous question is that ex-
change equilibrium constant in an intimate ion pair is low-
er than in a solvent-separated one and wonders why K val-
ue for intimate ion pairs is small whereas for solvent se-
parated ones it is large and, therefore, characterized by
a special salt effect. We believe that intimate ion pairs
form triplets (quadrupoles) easier than golvent-separated
ones, thus providing for an increase in the reaction rate
in the presence of perchlorates.

Ezgarimencal
Pure PhQ%PBr, triphenylverdazyls and CH,CN were obtain-
ed as in“". TPriphenylverdazylium bromide was obtained

as in48 and lt4NClo4 as recommended by32. Bu4NNO5 was pre-
pared by the reaction of BuANI with Agnoj. N-butylquinoli-

jodide was prepared from quinoline and Bul . All other
salts are commercial products. Pure reagents were stored in
dessicator over PZOS' Salt dissocégtion constants were de-
termined by the Kraus-Brey method”~. Kinetic tests were done
as 1n24.
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The kinetics of interaction of trams-p-nitro-
phenyl—ﬁ -chlorovinylsulfone with different clase-
es of amines (primary, secondary, and tertiary) is
studied in chlorobenzene at 25°C. The rate con-
stants of the process are shown to be described
by the equation 1g k = lgk  +P®Z0* 4+ SEH for
all amines studied. A single correlation depen-
dence for the reactions studied is obtained. On
this basis the conclusion is made that different
classes of amines interact with trans-p-nitrophe-
nyl-F'-chlorovinylsulfone via the same mechanism.

Mechanism of nucleophilic substitution in the series of
vinylhalogen compounds is at present a subject of systematic
studies, which is accounted for by wide spreading of such
processes in chemical practice”. The vinyl halides with ac-
tivating groups capable of forming intramolecular hydrogen
bonds (IHB) with proton containing nucleophiles in the inter-
mediate (or in the transition state closely related to it
structurally) are of special interest. To those belong, e.g.,
ﬁ-halogenvinyl ketones whose reactions with primary and se-
condary amines occur via cyclic transition state wherd THR
is formed between carbonyl and hydrogen atom of amino
group Naturally, interactions of these substrates with
tertiary amines without a hydrogen atom at nitrogen proceed
through another transition state and, hence, obey other re--
gularitiess.

It was of interest to elucidate whether the above differ -
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ences are still present in the reaction mechanisms involv-
ing amines of different classes with transition from _j%-
-halogenvinyl ketones to the closely related to them struc-
turally compounds, such as B -halogenvinyl sulfones. With
this purpose we studied the reaction of trans-p-nitrophenyl-
—ﬂ-chlorovinylsulfone with alkyl amines with different
structure (primary, seadondary, and tertiary) in chloroven-
zene™ at 25° (Table 1), It was found (see also Refs. 6 and
7) that the interaction with primary and secondary amines
proceeded according to stoichiometric equation (1) and with,
tertiary amines by scheme (2).

Ar5020H=CH01+2R1R2NH————ArSOZCH=CHNRlR2+RlR2ﬁH2 *Cl” L)

ArSOaCH = CHCI + R1R2R5N Ar5020H = CHNR1R2BBN *Cl (2)

In the case of secondary and tertiary amines the reac-
tion rate™™ is described by the standard second order equa-j
tion (first order on each reagent). As for reactions of am-.
monia and primary amines, the bimolecular process is paral-
leled here by another one catalyzed by the second molecule
of an initial amine (spontaneous catalysis). This is mani-
fested by the fact that without changing during the process
(with high excess of amine concentration over that of wvinyl
sulfone) the observed second order rate constants (kobs.)
grow regularly with the increase in the initial amine (re-
agent (b)). In this case the rate constants of the non-ca-
talytic (k) and catalytic (kb) processes were found from

Epor synthesis and purification of the compounds needed
see Refs. 4 and 5.

*%npe reaction was monitored analytically by determining the
concentration of formed during the process chloride ions
(argentometric titration ) or of N-substituted p-nitro-
phenyl- 8 -aminovinylsulfones (UV spectrophotometring of
the reaction mixture” over the range 330-340 nm, CF-4A
spectrophotometer, quartz cells, = 10.0 mm).
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the linear plot of K pg. VS- b. It should be noted that p-
—nitrophenyl-P -aminovinylsulfones formed during the reac-
tions involving ammonia, primary and secondary amines in-
fluence the processes studied negligibly. Low reactivity
of these compounds is due to effect of an unsaturated /5-
sulfovinyl group and its conjugating with amino group.

Comparison of the k values (Table 1) with each other
shows that the structure of amine influences its reactivity
in the processes studied strongly. Here both electronic and
sterig effects of a hydrocarbonm radical are of great impor-
tance. For example, the transition from cyclohexylamine
(No 10) to aniline (No 11) is accompanied by fall in the
bimolecular reaction rate by 4 orders of magnitude due to
changes in the inductive and resonance interactions of the
corresponding radicals with amino group. But with the tran-
sition from diethylamine (No 13) to diisopropylamine (No 14)
the process slows down approximately by a factor of 3000
though the basicities of these amines are essentially the
same. This is caused exclusively by the increase in the
steric screening of amino group in diisopropyl due to more
bulky isopropyl groups.

It should be noted that the reactivity of tertiary
amines studied does not differ from that of primary and se-
condary (with consideration of electronie and steric ef -
fects of their radicals).Thus it is possible to assume that
the interaction mechanism of the amines studied all is com-
pletely identical and their reactivity could be described
by a single correlation equation.

The most rigorously the steric and electronic effects
of the structure of aliphatic amines can be calculated5
by equation (3):

Igk = lgk, + f *2G* (3)
ZB  characterizes the inductive substituent effect at ni-
trogen atom, EN is steric effect of the whole amine,JDE
and 8' denote sensitivity of the reaction series to the cor-
responding effect.
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Table 1

Reaction Rate Constants of Amines with Trans-p-Nitrophenyl-
- A -Chlorovinylsulfone in Chlorobenzene at 25°.

NN Amines k-103 l':.b'lo3 NN  Anmines k10>
1/molesec l?/molz.sec 1/nolesec

1. Ammonia 1495 £ 131 103 + 9 A4, Dilsopropylamine 0,274 + 0,009
2. Methylamine 764 + 33 4670 + 310 15, Methylpropylamine 3990 + 30

3, Ethylamine 48,2 ¥ 245 1340 + 170 16, Di-n-butylamine 875 + 8

4, Isopropylamine 12,3 ¢ 0.7 90.5 + 0.9 17, Di-n-amylamine 457 + 4

5. n-Butylamine 7642 + 045 643 + 9 18, Di-n-hexylamine 771 + 9

6. n~-Hexylamine 65.4 + Oo4 727 + 11 19, Dibenzylamine 13,3 + 1,0
7. n-Heptylamine 6346 + 0471 961 + 3 20, Piperidine - 23600

8, Allylamine 10.4 + 0.9 164 + 9 21, Trimethylamine 21500 + 1500
9. Benzylamine 72.3 + 1.0 513 + 11 22, Triethylamine’ 24,2

10, Cyclohexylamine 19,1 + O.4 104 + 11 23, Tribenzylamine (117 + 5)-10"l
11, Aniline (251 + 5)+10™2 (214 + 12)+10" 24, N,N-Dimethyl- 216 + 5

12. Dimethylamine 29100 + 400 benzylamine

13, Diethylamine 812 + 8 25, Pyridine 1,09 + 0,01



As one can see from the plot of lgk -SEN vs., $6°%
(see the Fig.) Eq.(3) can be successfully applied to the
reaction studied and has the following form®-:

lgk = (4.0040.31)-(4.7840.29)26%+(1.70+0.11)Ey  (4)

(s=0.443; R=0.971; N=22)

The points for benzylamine (No 9) and dibenzylamine (No 19)
deviate upwards markedly (more than by 1 log un.) from the
correlation obtained. This is, probably, caused by the for-
mation of IHB between benzene ring and hydrogen atom at a
nitrogen atom of benzylamine fragment in the transition
states. It is interesting that with allylamine no IHB is
formed., Therefore this amine has proved to be 7 times less
active than benzylamine (cf. NoNo 8 and 9 in Table 1),
though inductive effects of hydrogen radical}s in them are
essentially the same and steric screening of a nitrogen
atom is even somewhat higher in the latter”. Due to these
facts on determining the coefficients in Eq.(4) the points |
for benzylamine and dibenzylamine were not taken into ac- |
count. The point for aniline (No 11) was also excluded,
since it deviates downwards markedly (approximately by 1.5
order of magnitude) from the correlation obtained. In this
case it occurs due to the conjugation effect between ben-
zene ring and amino group, dedreasing the nucleophilic re-
activity of the latter. Thus the conclusion can be drawn
that the application of Eq.(3) for the combined treatment
of the reactivity of aliphatic and aromatic amines provides
a means for estimating the conjugation effect of O unsatu-
rated group on the chemical activity of amino group.

It should be noted that the reactivity of pyridine
(No 25) obeys the correlation obtained setisfactorily.

This indicates that the 267 (1.50) and Ey(-0.24) val-

!)Valueg 8, R, and N characterize mean-square deviation,cor-
relation coefficient, and a number of points used for cal-
culations, respectively.
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ues9 characterize satisfactorily electronic and steric ef-
fects of this amine structure, which is, apparently, of the
same type that that of aliphatic £ unsaturated amines in
the reaction studied.

As to the dependence of catalytic activity of amines
(k values in Table 1) on their structure, the results of
treatment of the obtained data™ ) by Eq.(3) turned to be
unsatisfactory: mean-square errors in the coefficients of
equation are high enough and the correlation coefficient
R=0.86. First of all this is due to the fact that con-
stants are complex values. They characterize the catalytic
activity of amine in the reaction of the same amine.There-
fore the amine structure effect is manifested here twice
(as that of a reagent and of a catalyst) and hence each
time we deal as if with a new reaction.

As said above, equation (4) describes the reactivity
of the amines studied satisfactorily (Fig.l). With exclud-
ing tertiary amines from the consideration, the reactivity
of primary and secondary amines (with the exception of ben-
zylamine, dibenzylamine, and aniline) is described by the
relationship:

lgk = (4.6040.43)—(5.52+0.43)£6%+(1.83+0.16)Ey (5)
(s=0.40; K=0.961; N=17)

The fact that coefficients in equations (4) and (5) coin-
side within the limits of errors confirms the idea avout
a single reaction mechanism of phenyl- -halidevinylsul-
fones with amines of different classes. Since in the reac-
tions of tertiary amines the formation of IHB is impossible
(due to the absence of a hydrogen atom at nitrogen), the
conclusion can be made that no IHB is also formed in the
reaction involving vorimary and secondary amines. The latter
is in good agreement with the conclusion about a single
interaction mechanism of the substrate considered with dif-

!)The point for aniline (No 11) was excluded from the con
sideration.
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ferent amines7 derived on the basis of studying solvent ef-
fect on the rate of the same reaction. Thus despite formal
structural resemblance between P-halogenvinylketones and
P-halidevinylsulfones their reaction mechanisms with amines
are somewhat different. With interaction of p-halidevinyl-
sulfone with primary and secondary amines the IHB in the
intermediate (or in the close transition state) is absent,
which is due to the lower ability of sulfogroup (over car-
bonyl) to form H—bonds}

“logk -170E,
=22 Y
17,24,
6.7
no
Zd

Fig.l. Comparison of the lgk - 1.70Eg values with 6%
for reactions of amines with trans-p-nitrophenyl-
p-chlorovinylsulfone. For numbering of points see
Table 1.
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The reaction rate constants of nitroethane and
nitroethane—d2 with hydroxide and m-chlorophenolate
ions and aminoethanol are determined in water and
in 50%(v/v) water-dimethyl formamide and water-di-
methyl sulfoxide mixtures. Activation parameters of
these reactions are calculated.

Some interesting regularities are found for ionization
of nitroalkanes with transition from water to water -
- DMF mixtures. Among them, first of all, the atten-
tion should be paid to a considerable decrease in the acti-
vation energy and increase in the absolute value of P* with
moderate increase in the ionization rate +2 . The increase
in the rate itself must be ascribed 1 rather to the increass
in the stability of the activated state than to the decrease
in the stability of the initial one. Later on this conclu-
sion was confirmed by the results of Cox and Gibsonj.
The decrease in the activation energy and increase in the
absolute value of were also interpreted 2 in terms of
structural changes in the activated state. The activased
state solvated by DMF was assumed to be so stable that even
at moderate concentrations of DMF the reaction proceeded via
this activated state despite the most part of the base was
hydrated. Stabilizing influence of DMF increases with increase
in the polarity of the activated state and results in the
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growth of the absolute value of P¥

The purpose of the present work was to more regorously
verify the nakure of solvation effects and to study the
possibility of their "molecular” interpretation using the
method of potential (or free) energy curves (see Ref. 4)
formulated mathematically in the Marcus theory .

To accumulate the necessary experimental data the reac-
tion of proton transfer wag studied in both directions.

k

CH30H2N02 + A(B) R CHBCHN02 + HA(BH )

Since the medium properties influence not only the rate
constant but also kinetic isotope effect 3,17 , for some
reactions the rates of deuteron transfer were measured

D
-k
CH3CD2502 + A -—---CH3CDN02 + HA

The following reagents were used in addition to those de+
scribed elsewhere '8:

CH3CD2n02 - gynthesized as ing’ ,deuterium content is 96%
(by density measurements and NMR spectra) ,
b.p. 56. 5 at 178 mm np2° 1.3919,
4, 1.0775;

HOC,H.NH, - rerectified, b.p. 114° at 90 mm,
20

2% 1,4539, a?0 1.0211;
1? Q§)_DH- rectified, fraction with b.p. 103-104°
N\ / at 12 mm, resublimed (60-70° at 5 mm,
ol n,#0 1.5565;
CH,SOCH, ~- rectified, b.p. 93.0 - 93.5° at 20 mm,
(mso) 0y 2% 1.4772; ¢,2° 1.1016.

In all experiments constant ion strenght of the solution
(0.1) was maintained by adding NaCl.

The reactions involving hydroxyl ions were monitored by
the stopped flow method, using the device constructed on the
basis of attachment of Design Bureau of Biological Instru-
ment Making of Ac.Sci. (USSR). Depending on the rate, the
kinetic curves were registered by an oscillograph or an
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automatic recorder. Working wave-lengths for nitroethane
were 230 and 253-260 nm in water and in mixed solvents,
regpectively. The reactants were mixed on preparing the
initial solutions (H20—DMSO) or in the mixer of the device
(H20-DMF). In the latter case 2 the temperature was follow
ed with the use of a thermistor built in the cell. Concen-
trations of the final solution were about 5.10 4 mol/1l om
nitroethane and 0.05; 0.07; 0.10 mol/l on hydroxyl ion. The
first order rate constants, km' calculated by the method of
Rudakov |, proved to be proportional to the alkali concen-
tration. Mean values of the second order constants were
obtained from the ratio k. / [0H™] . They are listed in
Table 1.

The neutralization rate constant of N002H4N02.estimat-
ed elgewhere © by extrapolating the data for glycine buf-
fer solution, was also determined by the flow method .
Measurements were carried out in water at 25° on working
wave-length 236 nm; the concentrations were about 2~!t0'4
mol/l on nitroalkane, 0.10 and 0.05 mol/l on hydroxyl ion.
The obtained value is 134040 1-mo1~1, gec™" (45 runs).

Ionization induced by aminoethane was studied on a SPF-
~-4A spectrophotometer equipped with a photomultiplier and
an automatic recorder, at 255 nm. Measurements were done
in buffer solutions 0.1; 0.2; 1.0 (for nitroethane—d2 0.1
and 1.0) at concentrations of aminoethanol from 0.01 to
0.10 mol/1.

l-chlorophenolate induced ionization was studied making
use of an ILP-60 polarogravh on the electrode with forced
drop separation. The drop in the limiting diffusion current
at 1.2 and 1.4 V (for H,0 and H,O0-DMF, respectively) was
followed against the saturated reference calomel electrode.
Measurements were carried out for buffer ratios 0.01; 0.1;
1.0 at the concentrations of phenolate from 0.01 to 0.10
mol/1.

The bimolecular rate constants (Table 2) were calcu-
lated by the equations:
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Table 1

Reaction Rate Constants of Nitroethane
with OH™ (1-mol-1°sec-1). Standard errors
are given; n is a number of experiments.

Medium ¢ k1H n k_1H.107 kD n
H,0 11,0 - 0,208%0,002| 14
25,0 |5.1%0,1 | 16 |2 7 % 0o 7| 0.633%0,004| 14
35,0 - 1.54 20,03 8
H,0-DMF 25,0 520 * 70° 76% 3 1
5.3 (7427 | 26
25.5 (79 3 | 14
27,5 sot 2 12
27.9 82t 3 7
33,3 | 118215 38
37,3 110%12 10
40,3 | 145311 | 43
45,0 740 * 140°
47,4 12016 35
H,0-DMSOf 15.0 | 3336 14 3.9%0,5 18
25.0 | 68%6 38 7,0%1,3 53
45,0 |460%140 | 9 36316 27

® pfrom the values of kH, pKw, and pK8 of nitroethane

12

b the value of k°/55.5 for the buffer solution of m-
-chlorophenol.

336




Reaction Rate Constants of Nitroethane (1-nol'1-sac'1).

Table 2

Standard deviations are given; n is a number of experiments.
Base [Medium | % | k, o° [ x_JH. 107 n k°. 10° n
H,0 25,0 | 5.30%0,02 | 1.39%0,01 27 9,4%0,3 8
01 35,0 |11.6 *0.1 4,60%0,06 11
H.O-DMF|25+0 |59.5 %0.2 [26.0 20,9 56 761 16
L 2 35.0 | 120 #1.0 | 70 *2 12
HOC,H, NH, H,0 26,0 | 2,03%0.03 |0.138%0.009 15 4.5%0,4 14
45,0 | 8,7 ¥0.6 1.75%0.08 19
H,0-DMF |25,0 | 6.1 20.3 | 6,3 % 0.5 59
45.0 28 2 48 15 23




(1+ 4k, +k, [A7] )=
and
(1 + K)(k' + k_, [HA] )=2

where % is mobility, K is an equilibrium constant, k,  and
k.l are ionization rate constants, ko and k-1 are recombi-
nation rate constants, HA and A~ are acidic and basic compo-
nents of a buffer solution. The R values were calculated

by the literature data '2-'4 or by the final depth of the
reaction in kinetic measurements. Fig. 1 illustrates the
plot of HK/(1+K) vs. concentration of m-chlorophenolate

ion in the HZO-IMF mixture where the K value is determined
by the final depth of the reaction. Observance of a

0.05 0.10

Fig. 1. Plot of HE/(1+K) vs. concentration of m-chloro-
phenolate ion in the Hzo-DMF mixture at 25° with
the use of mean values of &.Buffer ratios are 1.0
(Qa), 0.1(0), and 0.01 (A ).
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Values of Activation Entropy (cal-mol_1-degr. 1) and
Enthalpy (kcalemol™ ') for Ionization (k7 or k¥) ana
Recombination (k§1) at 25°. Standard deviations are given.

Ionization Recombination
Reagents Medium
AH¥ AS; AH,
CH,CH, O+ OH™ H,0 -15 12,02 0.4% | -10 | 23.3% 1,2b
H)0 - DMP | -22 8.2 % o.,5 -58 5.9 % 4,4
H,0 - DMSO| -2 14.2 ¥ 0.4
- +
CH30D2N02+OH H20 =13 13.7 : 0.6
H,0 - DMF | -39 3.2% 0,2
Hy,0 - DMSO, -3 13,5 £ 0,7
CHACH,NO,+ C1CgH,0” H,0 -18 13.7 ¥ 0.9 4 21,2 £ 0,3
H,0-IMF -19 12,2 % 1,6 -3 17,5 ¥ o,8
CH,CH,NO, + HOCH,NH, H,0 -22 13.1 % 0,7 7 23,3 ¥ 0,7
H.0 - M | -18 13,8 ¥ 0,8 -2 18,5 ¥ 3,0
2
J the literature data '> for the range from 0 to 25

estimated by the temperature dependence ..’ the k

PK,

w? values of nitroethane?

1




single linearity for all buffer ratios indicates the ab-
sence of a noticeable systematic error in the method used
for determining K.

The kD values (Table 2) were determined directly from
the slope of the dependense of # on the concentration of
basic component of a buffer solution for the lowest buffer
ratio where the reaction was practically irreversible.Thus
the value of aminoethanol was obtained from the data
for ‘buffer ratio 0.1, and the kD value of m=chlorophenolate
was determined from the data for ratio 0.01. The rest of
the data were used just as criterion of the limits of the
slope observed.

Activation parameters of the reaction (Table 3) were
calculated from the primary (not averaged) values of the
bimolecular rate constants. For example, for the reaction
of CHBCHZNO2 + OH™ in the HZO—DMF mixture not only 4 valuea
given in Table 1, but all 121 values of the bimolecular
constants were used. Since at the given temperature interval
the accuracy of determining activation parameters depends,
first of all, on the accuracy of determining rate constants,
the values obtained by this method and their errors should
not differ significantly from the true ones.
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Basic equations of the Marcus theory describ-
ing the kinetic isotope effect as a function of
the equilibrium constant and deviations from the
linearity in the Brgnsted coordinates are dis-
cussed. The kinetic isotope effect in the ioniza~
tion reaction of nitroethane is shown to be lit-
tle dependent on the equilibrium constant and
determined, mainly, by some factors not taken
into account by the Marcus theory. As to the
curvature in the Brgnsted plot it is due to the
differences in the solvation rather than to the
APK of acid-base pairs involved in the proton-
transfer reaction.

The Marcus proton transfer theory is, by intention,
the basis for interpreting expsrimental rates of proton
transfer. It is called for the quantitative description of
two main, according to Bell,3regularities characteristic of
the transfer reaction: curvature in the Brgnsted plot and
the maximum of kinetic isotope effect al zero free energy
of the reaction. The basic equation of the theory can be
derived in terms of the model of the crossing of potential
energy curves. Thus the corresponding parameters are given
quite definite physical meaning to. Here, however, the re-
alization of some conditions is necessary.
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1) coincidence of the profiles of free and potential acti-
vation energy, 2) constancy of force constant, and 3) con-
stancy of transfer distance. The realization of the first

condition is not apparent It is even doubtful for the
second and third conditions“.
According to the Marcus theory 1 the relatively sim-
ple relationship AP O'
*
AF =-%—( 1+ AR ) 2 (1)

between the observed activation free energy ( AF*) and the
reaction free energy ( AFRO') is valid for the reaction
inside the so called reaction complex (reaction 2b). To
describe the plot of AP vs. APFO' (the observed free en-
ergy of the reaction) of the over-all process two constantg
(wr and W )

RH + A =-=RH » A (2)
ar 0"

RH « "R R * HA (2b)

R HA R + HA (2¢)

referring to the stepg of the reaction complex formation
are introduced. Hence,

AF%" =W + R0 - W,
and accepting the assumption about separability of the
solvent reorganization and proton transfer effects, the
observed activation free energy is calculated by the equa-
tion

. AP —w o )2 (
AF = WI' +—é- ( 1+ —'T—-—
The values of the wr, Wp, and K parameters can be deter-
mined from Eq.(3) only. Hence, the possibility to describe
the curvature in the Brgnsted plot with this equation is
not a verification of the Marcus‘model.

¥ .
This assumption is valid for the case of asynchronous
transfer but is hardly a general rule.
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Therefore one can agree with the opinion 8 that the
basic equation of the Marcus theory is of no strict theore-
tical background and is empirical.

The purpose of the present work is to check the possi-
bility to interprete the obtained kinetic data on the ion-
ization of nitroethane 3 within the framework of the Marcus
theory. The experimental check of the theory discussed is
possible owing to the presence of the data on the kinetic
isotope effect. The equation for describing the latter can
be presented in the form

W a8y = g (A + g (a7 - W)y - 71"1: ) (8

where subscripts H and D refer to proton and deuteron, re-
spectively. Though Marcus himself suggests another form of
the equation, in both cases, provided that W —wr = const,
the observance of a bell-ghaped plot between the values of
the logarithms of kinetic isotope effect and the equilibrium
constant of reaction (2) with the maximum in the region
AFO' - const = O is necessary. With the structure of nitro-
alkane being constant and only that of the base changing,
the supporters of the Marcus formalism feel no doubts that
condition W -W,= const will be realized 10-12
Table I summarizes values of the equilibrium constants and
kinetic isotope effect of the ionization of nitroethane cal-
culated from the data of our preliminary communication
These data referring to the region 1gK20 together with the
1iterature data 13*14 for the regions 1gK>0 and lg K40
lead to the result illustrated in Fig. 1. The absence of a
single dependence in the logarithmic coordinates of kinetic
isotope effect and equilibrium constant indicates that the
ratio kH/kD cannot be a function of reaction free energy
only. As a matter of fact, practical absence of the depen-
dence between the values of lg(k /k ) and ApK, for the
ionization reaction of arylnitroethanes 15 indicates the
same.
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Table 1
Values of Equilibrium Constants (K=kH /kgl)

and Kinetic Isotope Effect (k,1/k) of Ioniza-
tion of Nitroethane at 25°,

Base Medium K kE/kD
oH™ H,0 (1.9%0.2) 107 8,1%0,2
H,0 - IMF  (1,5%0.1) 10° 1.0%0,1
H,0 - DMSO 8 ofe 9.7%2,0
CICGH,0” H,0 3.8%0,1 5.6%0,2
H,0 - IMP 2,3%0,1 7.8%0,1
+ +
HOC H ,NH,, H,0 1531 4.5%0.4

Thus with the ionization reaction of nitroalkanes as an
example an unambiguous conclusion can be drawn that equa-
tion (4) resulting from the major postulates of the Marcus
theory is invalid.

It may be possible, of course, that the wp-wr value
depends strongly on the base or solvent. In this case, how-
ever, the theory cannot be verified and thus it is deprived
of any sense. Therefore the conclusion about inability of
the Marcus theory to describe the kinetic isotope effect of
the ionization of nitroakanes is even independent of the
condition W -W_ =const. Thus both Eq.(3) and any other pos-
tulate of the Marcus theory cannot be applied to the given
reaction.

On the other hand, the opinion exists 117 that the
curvature in the Br¢gnsted plot has little in common with the
degree of the proton transfer and reflects differences in
the solvation of a catalyst. It has been shown 1©718 that

® Estimated by the data from Ref. 13.
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the rate of proton transfer from carbon acids RH to bases
A~ can be described by a single dependence which assumes
constancy of the slope in the logarithmic form of the Brgn-
sted equation (f2) for the whole range 5.84 pKpy4& 20

aua -1.8 & PK,y £ 15.8 Though the correlation error
exceeds obviously the experimental one, it indicates that

log(kH, o
100 9 (kjh?)

075
050

025

0 0. 109/(1
L 0 4 8 12

Fig. 1. Kinetic isotope effect (k1H/k ) vs. equilibrinm
constant (X = k1H/k §I) of ionization of
nitroethane in water (0) and in mixtures:
water - IMSO (0), water— DMF (Q), water-
—acetonitrile (@), water-trifluoroethanol (0).

dependence of constant -n pKAH is almost completely deter-
mined by base properties. kven in such an utmost case when
ionization reactions of vhenylnitroethane (pKa = 6.8) and
acetone (pKa is about 20) are compared (the pKpy values
differ by 13 un.), the ionization rate depends on the base
in the same manner (see ¥ig.2). In other words, the p value
is not a function of tie pKRH - pKAH value as required by
the Marcvs theory. Hence, the curvature in the Brgnsted plot
is not accounted for by changes in the activation free ener-
gy inside the reaction complex and equati-n of type (3) 1s
deprived of tne content given to it by this theory.

Thus the conclusi-n rises that the Marcus theory cannot
be applied to the ionization reacti~n of nitroalkanes. The
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propertyﬂ#const. itself, for whose description this theory
is constructed (for the proton transfer in non-diffusion
region) is illusory.

log k(2)
0
5
0.88+0.03
logk (1)
-10
Fig. 2. Relationship between lgk values of ionization

of phenylnitromethane (2) and acetone (1) induced
by water, amines, carboxylate, and hydroxylic ions,

Thus the conclusion about quasitheoretical nature of
the Marcus proton transfer theory is confirmed.
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Results of studying ionization reactione
of nitroethane and n:l.i;roei:hane—d2 in water-
dimethylformamide and water-dimethylsulfoxide
mixtures are discussed. The accelerating ef-
fect of aprotic component ie shown to be due
to the stabilization of the activated state,
the effect increasing with increaee in the
polarity of the latter. Ieokinetic (compensa-
tion ) relationship with some deviations 1is
found. Poseible causes of these deviations
are discussed. Activation parameters of the
kinetic isotope effecf of the nitroethane
reaction with hydroxyl ion in water-IMF mix-
ture do not agree with the current theories
which practically neglect the character of
solvent-solute interactions.

The data obtained for the reaction

CH,CH,N0, + A”(B)== CH,CHNO™ + HA(BH*)

in water and in mixed solvent H,0 - DMF indicate that for
all bases studied the addition of IMP acceleratee both di-
rect and reverse reactions. Though according to Parker2 the
solvation of nucleophile is usually considered to be a
decisive factor, up to present thoroughly studied reactions
of nucleophilic substitution 35 where solvation
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of the activated state is of the most importance. Therefore
the suggestion which does not reduce the effect of aprotic
solvent to desolvation of nucleophile only is a rule rather
than an exception.

To describe the effect of a primary solvent shell
of the activated state in the reaction of carbon acid RH
with a base, B, the scheme involving the resolvation of
a base by an organic solvent, S, is suggested:

K
B.H0 +8 B.S + Hy0 (1
+RH k1 +RH k2
*
Ay
where RH is nitroalkane and and A2 are activated states.

The observed rate constant of such parallel reactions 1is
expressed by the equation:

K
k = k.‘( 1- m ) + k2 —K-+—ﬂr2-0] (2)

Though in the range 0.05<Bg < 0.30 real deviations (due
to effect of the secondary solvation) were found, equation
(2) describes the dependence of the observed rate constant
on Ng for water-DMF and water-acetonitrile mixtures sat-
isfactorily.

Causes of the higher stability of the activated state
golvated by DMF are not quite clear. The effect depends
considerably on the reactivity of an acid-base pair involved
in the reaction, it being quite possible that the value of
the stabilizing effect of DMF and polarity of the activated
state change into the same direction ’ . The purpose of
this work is to study in detail the structure of the acti-
vated state and to verify this assumption.

Since we were forced to give the Marcus theory up, the
main source of information about the structure of the acti-
vated state was in studying the values of the cross-terms
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in the correlation equation proportional to the products of
substituent constants. Since the substituents are situated
in nucleophile and electrophile, the values referring just
to the activated state are meant. One should keep in mind
that due to the rough approximation neglecting the"interac-
tion of groups" in the activated state9 the ionization rate
of carbon acids is almost always dependent on a number of
substituent parameters, i.e. the interaction of subgtituents
with the reaction center occurs via different types of in-
teraction. The "interaction of groups", i.e. cross substit-
uent effects in the reaction components, also proceed by
some concrete types of interaction and should be ascribed
to the corresponding structural factors rather than to the
pKAH (or pKR ) values.

logk (2)
1102 0.02
log k(1)
005 010

Fig. 1. Relationship between the lgk values 17 of the
ionization of 2--cyano-I-nitroetnane (2) and
nitroethane (I) induced by water, carboxylate

and hydroxyl ions.

Pig. 1. 1llustrates the relationship between the 1gk
values of the ionization of two nitroalkanee, nitroethane,
and 2-cyano-I-nitroethane. In good approximation they differ
in the intensity of inductive interaction only. The slope



of the plot, exceeding unity with certainty indicates that
the contribution of the inductive gtabilization of the ac-
tivated state increases somewhat with increase in the re-
action rate. An analogous relationship is also observed
for I-arylnitroethanes: 1gk for m-methyl- and m,m' - di-
nitrosubstituted compounds increases from 1.0 for morpholine
to 1.8 for hydroxyl . Thus in both cases the increase in
basicity (hardness) of a donor ig due to the increase 1in
the "“carbanionicity®™ and, hence, in the relative weight of
electrostatic stabilization of the activated state. Being
formulated in this way the result is quite in agreement with
common rules of acid-base interaction .

At low values of Npyp in the water-IMPF system the quasi-
—-elementary reaction proceeding through the activated state
A ¥ (see scheme 1) can be characterized by the value

k - k1 =Ak

The effect of the IMF addition (Akx) increases with the in-
crease in the system reactivity (k1). Fig. 2.represents the
corresponding dependence together with the data of the pre-
gsent study in the logarithmic scale. If for the C530H2H02+
+ Cl,CHCOO' gystem the addition of IMPF leads to two-fold
acceleration of the reaction, for the CH3CHZH02 + OH system
the reaction rate increases by a factor of 14. Thus, in
accordance with the above parallel behavior of the value of
the addition effect and reactivity can be considered as
parallel changes in polarity of the activated state and the
value of the addition stabilizing effect.
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Fig.2. Plot of 1lgak vs.lsk1 for the reactions of
nitroethane, 1.3- dinitropropane, and
2=-cyan-1-nitroethane with oxyanions in
the water-IMF system. Nyp = 0-189.

The activated states and Az" solvated in the first
shell by water and IMF, respectively, can be probably
- 5=
Bsout HS B cee C' - H
s 8-
0-H H see H(CHB)
N wh B wh

c—— e n2 GuwwwWl YOU LU yUuul

higher basicity and polarizability of IMP. There are not
enough available data to solve the problem about relative
weights of the two factors experimentally. However,on the
basis of the non-conjugated proton transfer model the
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polarisability should be expected to be more significant.

Values of energy characterlstics of the proton transfer
reaction are summarized in Table 3 of Ref. 1. On the exam-
ple of the reaction of CHJCHZNO2 + OH  in pure water and
in the water-DMSO system one can distinctly see that the
assumption 3,14 about enthalpic nature of aprotic solvent
effects does not held. This result seems to be quite a
reasonable consequence of scheme (I) itself.

When analyszing the activation parameters, we proceeded
from the assumption that the linearity between the free
energy and enthalpy values could 15 be interpreted in terms
of isokinetic (compensation) relationship. From Fig. 3 ome
can see that with transition from water to mixtures with an
aprotic dipolar solvent the dependence characterlistic of
pure water is, in general, retained. Deviations are observed
for the reactions of CH,CD,NO, + OH in H,O-IMF and for
CH30H2102 + OH in H20 - DMSO.

Isokinetic relationship for reactions in solvents is
believed 17-19 to require not only constancy of a reaction
mechanism but also constancy of the type of solvation inter-
actions. As to the similarity of pure water with its mix-.
tures with DMF and acetonitrile, these aprotic solvents are
known to insignificantly break the hydrogen bond system in
19-21 1: 45 quite possible tmt additions of
IMF even increase somewhat structurization of water. Thus
geparation of the rate of proton spin-lattice relaxation in
the H,O—DIIF)-d7 gystem into contributions of free and solvent-
—solvent bond(8assoclates with IMF) water molecules indicates
that the relative relaxation rate of protons of free mole~
cules increases over that in pure water . There .8 a
discrepancy between the opinions about DMSO (see, for exam-—
ple, Refs. 23,24), though the conclusion about the character
of interaction between water and DMSO as associative
(breaking the structure of water) seems to be more reasoned.
1f, according to Blandamer19 , DMSO is considered to

pure water
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Pig. 3. Isokinetic relationship for the ionization of
nitroethane in water (0), mixed solvents:
water~-DMP and water-acetonitrile (0), and
in the water-IMSO system () at 25° (acc.
to Refs. 1,6,16).

destroy the structure of water, the deviation of the point
for the reaction of 033052N02 + OH™ in the 320 -DMSO mixture
would be clear.

According to the literature data aprotic solvents
differentiate hard and soft anioms enthalpically mainly. The
differentiating effect of IMF exceeds that for IMSO due to
somewhat higher molecular polarizability of IMP. Thus in
terms of the commonly used physical picture of aprotic sol-
vent effects 2,25,26 the reactions of nucleophilic substi-
tution may be expected to have higher activation enthalpies
in DMSO. In the mixtures with water the solvent structure
effect is also present, the decrease in the structurization
of water increasing, probably, the relative entropy of the
softer (less hydrated) state. This would correspond to the
deviation from the general isokinetic dependence for the
data of the azo-nuso mixture just to the direction of more
positive activation entropies.

Deviation of the point for CH,CD,NO, + OH™ in the Hy0 -
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~IMP mixture cannot be accounted for by solvation differences.
It can occur due to changes in the proton transfer mechanism
only. According to the classical theory of kinetic isotope
effect suggested by Westheimer 27 the value of the effect
is determined, mainly, by a difference in zero-point ener-
gles of the initial state and symmetry of the activated
state 28. On this basis Bell has suggested the condition for
classical isotope effect for iamization of carbon acids 0=
1.2kcal.mol™Ll, the higher values should indicate
the tunneling of a light isotopezg. Activation parameters
of the isotope effect obtained in this work (Table 3 in
Ref. 1) deviate into opposite direction corresponding, ac-
cording to the same logic, to the better tunneling of a
heavy isotope. Though with smooth repulsion potentials the
quantum-chemical transfer theory 30 assumes the possibility
of the better tunneling, in this case its realization should
require enormous changes in the force constants with tran-
gition from pure water to its mixture with DMF. Thus the
result obtained is at variance with existing theories of
kinetic isotope effect. This indicates that they neglect
actually the specific character of the condenced phase.
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OH SOME PECULIARITIES OP ISOPARAMETRIC RELATIONSHIPS

IN THE GROUP OP TRIARYLCARBOCATIONS

V.V.Sinev and A.V.Alexander

Leningrad Lensoviet Institute of Technology,

Leningrad

Received July 1, 1979

The results of kinetic study of the interaction
of p-dimethylamino,pimethoxytriphenylmethylcation
derivatives with hydroxide ion in aqueous solution
are compared with those for analogous reaction series
studied elsewhere.The role of the relationship of
electronic and solvation effects as a determining
factor of the reactivity control type of conjugated
carbocations is discussed.

In the previous works dealing with the kinetic study of
the carbinol formation process in the series of triarylcar-
bocations of monol— and diantipyrine2 groups as well as in
the Malachite Green derivatives5'4 and their analogues with
a p-H(GH,)2 group5’6(series I,II1,III,and IV,respectively)
it has been showed that the igokinetic relationship * type
and the reactivity control type were dependent on the length
of the conjugation chain. While in the series of carbo-
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II: R=R,=A ;

III: Ry=R,= p-(CHB)eNPh;

IV : Ry= p-(CH;3),NPh; Ry= Ph.

cations with rather developed conjugation chain (I,III)
one can observe the enthalpy control of reactivity,in
the series having the shortened chain of conjugation
(IL,IV) the entropy control is in action. Quite natu-
ral explanation of this phenomenon can be obtained by
assuming  that the value of the g’-charge
of the carbonium center is responsible for its electro~
static solvation and, as a result, for the entropy
of the initial atate of the reacting system.I'
Thus,for a reaction series of intermediate character
one could expect the change in the reactivity control
type even with the relatively narrow interval
of the $+-charge variation, for example, variation

in the substituent.

In order to check this agsumption the kinetics of
formation of a number of p-dimethylamino,p-methoxytri-
Phenylcarbinol derivatives in ageous solution has been
studied at the temperature interval 15 - 50°G.9'Io
Some of the kinetics and correlation analysis results
obtained are given in Table 1.
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Table I,

Kinetics and Correlation Parameters for the
Formation of p-Dimethylamino,leethoxytriphenylcarbi—
nol Derivatives in Watver

E Gapf | Sast
x kpso | Keal Igh /025°
p-ie 12.0 12.6 10.29 | -9 =22
, 0%
003

m-Me 13.6 12.2 10.09 | -IO -28

p-oMe™4| 13.2 - - - -

H 16,9 | IL.5 9.67 | - - —

m-OMe ! I7.5 II.9 10.00 | +5 +I7

p-Br 20.7 I12.3 10.36 | +3 +I2 | $0.03

m-Br 22,2 12.9 10,79 | +4 +14

m-H0; 38,9 |1I2.2 10.56 | +I +6 -

In agreement with the above assumptions, two
geparate isokinetic relationships have been found to
exist in the reaction series under consideration.While
the electron-repelling substituted carbocations show
the isokinetic relationship with the enthalpy control
(8 = 358 K),those containing electron-withdrawing sub-
stituents appear to be entropy-controlled (8= 259 K7
In accordance with this the angular Hammett
plot has a break of linearity at X=H (see Fig.l).
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Fig,I., The substit-
uent effects on

the rate constants
of the formation of

p-dimethylamino, p~-
methoxytriphenylcar-
binol derivatives.
The numbers are:I.p-CH3
2.m-CHy 3. p-OCHBM
4.H S.m-OCH3 6 .p-Br
7.m-Br 8.m-NO,

All these results are consistent with the above consi-
derations,

Thus,it may be concluded that in the series of carbo-
cations under consideration the O+-charge value of the
carbonium center is quite close to the "critical" val-
ue of this parameter. As soon as this value is being
achieved,for example,by means of electron-withdrawing
substituents,the formation of the second solvation
sphere of the carbonium center occursll’lz, the entropy
becoming the prevailing factor of reactivity.

It is noteworthy that the above explanation is essen-
tially identical to that given earlier when interpret-
ing the phenomenon observed with "transition" of the
isokinetic temperature in the Malachite Green series '
17.In the latter case the thermal destroying of the
water structure has been supposed to be responsible for
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increasing the solvation of carbocations (with entropy
as the governing factor of reactivity).

Thus,in the conjugated carbonium series the entropy
control is favored both by temperature and the charge
localization on the central carbon atom.

Retention of the only reactivity control type for
the majority of the carbocation series studied earlier
finds its explanation in the fact that the 5+~-charge
value in these series differs significantly from the
"eritical™ value of this parameter and therefore can-
not be reached by means of such a weak factor as the
substituent effect.

logk

1

o

I

}

R

Lo

HE

1

PR |

6=0 6=0 6=0

enthalpy changing entropy
sontrol control control
series series series

?ig.2. The influence of the charge distribution on
the reactivity control type for the conjugated carbo-
nium ions.

A - enthalpy control region

5.0+

0;%8%0,  o;pr0rp )
B - =ntropy contrg} region _
_)'% “‘co 070(1 )
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An arbitrary scale (Fig.2) illustrates the above con-
siderations.Prom this figure it can be immediately con-
cluded that it is impossible to reach the isoparametric
value of the eubetituent constant cause the in-
version of the econtrol type will occur before the point
of independence of the rate constants on temperature
has been reached. Por example,the GLvalue_for the Ma-
lachite Green series ia supposed to be equal to 3,07.
However, it is quite evident that on attempts to have
such a eubetituent effect in this reaction series we
shall obtain the new series with the entropy control
and with the g-value shifted far to the negative re-
glon of the eubetituent constants (as it is in the
p-dimethylamino, p-methoxytriphenylcarbocation seriea
and vice verca - See Table 2,

6y

Table 2.

Isoparametric Values of the Substitu-
ent Constants for the Formation Reac-—
tion of Triarylcarbinols in Water.

Series )E Dominating

parameter
I 360 : Gl +3.78
II 230 st -2.59
III 333 +3.07
v 250 st -2.23

It may be concluded that in contrast to the iso-

kinetic temperature,having in some reaction series

the real physical meaning16’17,the igoparametric re-

lationship with the §-values seems to be quite formal,
It should be emphasized that irrespectively of the
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peculiarities of the isoparametric r#lationships ob-

gerved,both substituent effegt(-- ) and the reaction
constants (P = - ) keep their sign in all
carbocation reactions geries studied up to the

present moment1—6'9’lo'15_17. a result has a strong

support from a simple electrostatic interpretation of
the interaction of the opposite charges.

It is noteworthy that the increase in temperature causes
the decrease in the slope of the Hammett plot, and at
50°C a single linear dependence for both electron-re-
pelling and electron-withdrawing substitited carboca-
tions is held:

Igk = (I.859%0,002) + (0.588%0.006)6" *
r 0.9997; n 7; s 0.00I ; See also Fig.I.

Thus,the neccessity of investigation of the problem

"gtructure - reactivity" at more than one temperatu-

reB’IB has been confirmed.

Experimental

The kinetic investigation of the discussed reaction
was carried out as described in
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NUCLEOPHILIC CONSTANT OF ORTHO-FLUORINE AND NUCLEOPHILIC

CONSTANTS OF FLUORINE GROUPS G4F, 6'5}? IN BENZENE

RING. THE ELECTRONIC WITHDRAWING EFFECT OF FLUORINE

GROUPS FROM 2,3,4 ATOMS OF FLUORINE UPON THE ORIENTATION
OF NUCLEOPHILE IN POLYFLUOROBENZENES

P.P. Rodionov

Novosibirsk State University
630090, Novosibirsk, 90

Received August 27, 1979

From the data on reaction kinetics of isomeric tet-
ra-, penta-, and hexa- fluorobenzenes with sodium
methoxide in methanol nucleophilic constants of fluo-
rine groups in benzene ring were calculated: for 3
atoms of F(1,3,4)* (5—f=0,83; for 3 atoms of F(2,3,5)
(0 75=0.89; for 4 atoms of F (2,3,5,6) G p=1.06; for 5
atoms of F(2,3,4,5,6) G§F=1.14; as well as nucleophil-
ic constant of ortho-fluorine in these compounds was
estimated : G, _p=0.21-0.03.

The direction of substitution of nucleophile for
fluorine in i-tetrafluorobenzenes and pentafluoroben-
zene coincides with that of maximum electrono-withdraw-
ing effect of the remaining fluorine atoms in poly-
fluorobenzene and can be determined by the calculation
from Hammett equation with the use of nucleophilic
cénstants of fluorine groups.

Many studies are devoted to the determination of Gy p
value, information on them is summarized in the review
articles of M. Charton, '*2 S.M. Shein et al.’, D.A. Jones
and G.G. Smith,? in the monographs by Y.A. Zhdanov, V.I.
M:Lnkin,5 V.A. Palm~. A great number of investigations on the

The position of fluorine atoms in benzene ring is indicated
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determining G'o of various substituents, including fluorine,
were made by V.M. Maremae-(Kummert) e?;.al.7-12

G;-F value varies within the large range 0.13;0;23 and
depends considerably on the reaction series type .

The variety of is not accidental, it isntt the error
of experiment, but it is a consequence of ortho-effect that
is changed with the transition from one substrate to anoth-
er, from one reaction series to another. Mathematical ways
for the estimation of ortho-effect contribution to the &
value of substituent isn't developed for the present.

To obtain G}-F as purified from the influence of ortho-
-effect as possible the reaction series with removed reac~
tion center are usually chosen, e.g. reactions of phenyl-
propiolic acids The average value of calculated
from these series is 0.29

In the light of the said above, working at the programme
on reactivity prediction of polyfluorobenzenes with the
general formula CGFnHG-n, we did not put the task to obtain
a single value of SB-F suitable for all types of reaction
series.

As an object of the present study we set the task of
determination of O p value that is realized, in fact, in
one of the reaction series of aromatic nucleophilic substi-
tution, e.g., in the reactions of polyfluorobenzenes with
the general formula CBFnH6-n (where n=1+ 6) with sodium
methoxide. It should be noted that the reactivity of poly-
fluorobenzenes in tne nucleophilic substitution reactions
correlates satisfactorily, while using the average value
of 0-C1 =O.3N-in the limits of Hammett equation, the aver-
age value of i)o-Cl from the reactions of phenylpropiolic
acids is slightly lower and equals 0.253'13.

For the determination of G?i_F we used the data on the
reaction kinetics of the isomeric tetrafluorobenzenes 14
pentafluore- and hexafluoro- benzenes15'17 with sodium meth-
oxide 1n methanol, Hammett equation as a calculating formula
1g k/k = PGy where "k" is a rate constant of polyfluoro-

367



benzene reaction from the series of CGFnHG-n with sodium
methoxide in methanol at 50°C (kinetics of i-tetrafluoro-
benzene reactions with sodium methoxide being measured at
50° only”'; k, is a rate constant of the reaction of unsub-
stituted fluorobenzene with sodium methoxide, i.e. CGHSF'
lgk 1is an initial point of the correlation equation; f
is a reaction constant characterizing relative sensivity .
of the given reaction conversion:

CGFnHG-n + CH30N3—> Gan_]_HG_nOCH} + NaF
to the succesive accumulation of fluorine in benzene ring
with the transition from CcHgF to CgFes G is a nucleophilfic
constant of substituent group, i.e., a constant summing up
the influence of the electronic effect of fluorine atoms in
the molecule of polyfluorobenzene upon the reaction center
and characterizing reactivity of substituted fluorine. The
value of b; F can be determined from nucleophilic constants
of the groups from 3,4, and 5 atoms of fluorine, if assuming
the additivity of a separate fluorine atom electronic effects
in the influence on the reaction center at their successive
accumulation in benzene ring. There are reasons for this
assumption: additivity of fluorine atom electronic effects
on such property as pKa of fluorot;gnzoic acids is shown in
the studies of R. Filler et al., V.A. Koptyug et al. .
Provided that additivity of fluorine atom electronic effects
in the influence on the compounds of series C6Fnﬂ6—n with
gsodium methoxide is realized 1t can be written for nucleo-
philic constants of fluorine atom groups : for 5 atoms of
fluorine in hexafluorobenzene (2,3.4’,5.6) GSF = 26°+ G+
+G~ 3 for 4 atoms of fluorine (1,2,4,5) in pentafluoroben-
zene, where methoxide group is substituted mainly for the
3rd fluorine atom in para-position toH 1 6'41,=26° + 26’m
for 3 fluorine atoms in 1,2,3,4-tetrafluorobenzene, where
methoxide is substituted for the 2nd (4th) fluorine atom
(1,3,4)20 G™s = QGO +G s for 3 atoms of fluorine (2,3,5)
in 1,2,3.5-tetrafluorobenzene, where the 1st (3rd) fluorine
atom is replaced by methoxide group 20 G;F=2Gm +G'°'
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and eo on (see Table 1). Generally used values 0,062 and
0,337 are taken for and Gm' respectively 21. The
value of reaction constant can be defined if we neglect
ortho-effect of 2 fluorine atoms and consider the compounds
of series as a part of reaction series:

(m,- p- ) R06H4F + CHBONa (GHBOH). Naturally, this solution
is approximate and causes certain mistake in the final re-
sult. As shown by calculation this mistake, expressed in

the terms of G;, is relatively low and equals % 14%, but
expressed in the terms of "kx" reaction rate it is considere
bly higher. However, at present in the absence of more accu
rate ways of solution of this problem this approximate so-
lution allows to obtain practically valuable results on
reactivity prediction. Calculated from the data of Ref. 22
value of P is 7.1552; close value off-?,o is obtained in
Ref. 23. Substituting the lgk values of polyfluorobenzene
reactions and lgko of fluorobenzene with sodium methoxide
and then reaction constant _P = 7,1552 into the Hammett
equation, we determine the values for nucleophilic constants
of fluorine atom groups in benzene ring: for 5 atoms of
fluorine (2,3,4,5,6) Gsf 1.14 (see Table 1,2). In Ref.
24 the obtained value for O_, is lower by 0.164 sigm un.,
since the higher value of P =7.55 was used. For 4 atoms of
fluorine (1,2,4,5) 64F=1.06; for 3 atoms of fluorine (1,
3,4) 63F=0.83; For 3 atoms of fluorine (2,3,5) G2 =0.89.
The value of nucleophilic ortho-constant of fluorine, aver-
aged for all polyfluorobenzenes considered above is :

G ,=0.21-0.03 (Table 1). From the comparison of the values

o-F, Gp-F, Gp-p follows that electrono-withdrawing

effect of fluorine atoms as g substituent on the reaction
center in benzene ring in the reactions of nucleophilic sub-
stitution increases with the transition from para-to ortho-
and meta- positions of fluorine with respect to substituted
group: para <ortho <meta. The authors of Refs. 25,26 came
also to the similar conclusion. They, however, did not de-
fine numerical value of nucleophilic ortho-constant and
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fluorine atom constants in benzene ring. UsingEG.  found
by additivity, one can calculate reaction constants for the
large range of polyfluorobenzenes CGFnHG-n with sodium
methoxide, including those, whose data on reactivity are
absent in the literature. The results are given in Table 2.
Calculated reaction rate constants differ by 6-82% from the
experimental ones. Precision of calculated reaction rate
constants is limited with variations of (_-0.03, with
the transition from one polyfluorobenzene to another and
is due to the changes in ortho-effect.

To predict the nucleophilic orientation in the reactions
of polyfluorobenzenes various methods are proposed, includ-
ing the method of melecular orbitals 21 by the stability
analysis of the transition states 28; some of them are
considered in details in 29. All these methods, however,
are of a qualitative character and don't allow to calculate
the values of reaction rate constant on predicted reaction

cen
Using the Hammett equaticn and the values of nucleophilic

constants of fluorine atom groups, one can calculate rate
constants of substitution reactions of fluorine with methox-
ide for all positions of fluorine in benzene ring of di-,
tri-, tetra-, penta- fluorobenzenes and thus determine the
main direction of nucleophilic substitution in these com-
pounds (Table 2). lelative reactivity of fluorine atoms at
different positiens of polyfluorobenzene ring is defined
from the reaction rate ratio calculated for thase positions
in the above way. For pentafluorobenzene this ratio is :
ortho : meta:para= 8:1:93; for 1,2,3,4~ tetrafluorobenzene
F1:F2= 1:12; for 1,2,3,5- tetrafluorobenzene F1:F2:F5 =

- 752:1:66, i.e., it-corresponds to practically observed
orientation of nucleophile in the reacti-ns of these poly-
f£luorobenzenes with sodium methoxide 1 ’? . Since the
yields of substitution products on the various reaction
ccnter of polyfluorobenzenes will be proportional to the
values of reaction rate constants in every center, one can
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also define the composition of the reaction mass from the
correlation calculated above. It is natural that calculated
in this way distribution of products is true, if we have thae
ratio of reagent: substrate = 1:1. In the case of reagent
excess the correlation between the products will change due
to successive-parallel reactions and formation of di- and
tri- substitution products.

Thus the direction of fluorine atom substitution with
nucleophile in polyfluorobenzene reactions with sodium meth=
oxide coincides with the direction of maximum electrono-with-
drawing effect of the remained atoms in polyfluorobenzene
and can be calculated. According to the calculation, reac-
tivity of 1,2,4,5-tetrafluorobenzene is the least in the
series of the following polyfluorobenzenes: C6F6> 06F5H>
> 1’2'3'5'C6F4H2 > 1,2,3.4-06F4H2 > 1,2,4,5-06F4H2 (Table
2). Reaction rate constants of these compounds with sodium
methoxide are related to each other as: 6320:1660:98:36:1,
i.e., the reactivity of polyfluorobenzene decreases with the
decrease in the number of fluorine atoms in benzene ring and
primarily those which are in meta- and then ortho- position
to the fluorine atom substituted by nucleophile. Reactivity
of tri- and di- fluorobenzenes decreases in the following
way: trifluorobenzenes: 1,3,5>1,2,3>1,3,4;difluorobenzenes:
1,3 > 1,2 > 1,4, With the transition from polyfluorobenzenes
with the general formula CeFullg—n to pentafluorobenzenes of
the series C6F5R the prediction of the orientation of nucleo-
phile according to the suggested technique is complicated in
some cases by the following conditions: 1) absence of ortho-
-constant values of some substituents, R 2) absence of data
on the influence of the totalelectrono-withdrawing effect of
4F on G of substituents R 3) tendency of some substituents
R to interact with nucleophile in initial and transition
states, the intensity of this interaction depending on the
nature of solvent and reagent 29-32
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Nucleophilic Constants of Fluorine Groups 6' GSF and Table 1
Gortho-F from the Data on the Reaction Kinetics of OGF He with
Sodiun Methoxide”

Direction of Rate constants Nucleophilic Rucleophilic
Substrate  ;cleophilic k108 constants of constant of
substitution 1.mo1 1eaee=" <r/~- f£luorine groups ortho-fluorine
sec - lek/k,
CeFe All 1-6 atoms of 316 [6] o200+ 6 1.14 0.202
F are equivalent
CgFgii  In parato H 8o le] 26 426, 1.06 0.192
1, s 3,4~ F2 and - -
CeF,H, [12] 1.8 (5] 2G+6, 0.83 0.245
1,2,3,5- 1[?’2“1 Fy 4.9 [5] GL*+26, 0.89 0.214
CefsHa 1
(* (*x
1(':2ﬁ4’5_ All F itoim are 0.049 G°+6’m+6p 0,609-0.03 . -
- equivalen
67472 q i average=
=0,21-0,.03

:i)Calculated from the Hammett equation: lgk=PG +lgk , where ﬁ (50°)=7.16.1gk = -11.67
Caleulated by additivity O3p_o. 21%0,03+0.337+0.062=0.609-0.03



¢ ¢

Reactions of Polyfluorobenzenes with Sodium Methoxide.

Direction of Nucleophilic Substitution in These Compound.

Table 2

Fogltions Suhet.effect Rate constants Relative Relative *x*
Substrate of P in G un 550"0 - -- mahi14 +w error of
Additive Exp.val. k.10 l.mol .sek of P in calculation
val. (See Table 1) alc.from the Pouna Verious in § **x
Hammett eq. positions
CeFe all 1-6  1.156 1,141 404 316[6] 1 28
06F5H 1 and 5 0.946 - 12.7 - 8.1 -
2 and 4 0.819 - 1.6 - 1 -
3 1.094 1.057 145 79.6 61 92.6 82
1'2’3'4'P406H2 1 and 4 0.609 - 0.0492 - 1
2and 3 0.757  0.827 0.564 1.8(51 11.5
1,2,3,5-F,C¢H, 1and 3 0.884  0.888 4.6 4.9(51 1752 6.1
0.482 - 0.0061 - 1 -
5 0.736 - 0.4 - 66 -




1 2 3 9 1
1 1,2,4,5 0.609 0.0492(50°)
0.29* (50°)
18.3 (100°) 1
1673 (150°)
’ 37673 ! 45.6 (100°)
3720 (150°)
1,2,3-F.C.H 1 and 3 0.547 7.7 (100°) 5.9
20385%"3 780  (150°)
2 0.420 1.3 (100°)
162 (150°) 1
1,2,4-F.CH 1 0.272 0.164(100°) -
P36 26.7 (150°) 1
2 0.547 7.7 (100°)
780 (150°) 47
4 0.399 0.97 (100°) 6
127 (150°)
0.009(100°)
1,4-F,CcH, 1,4 0,062 2.0 (150°) 1
150 (200°)
0.07 (100°)
1,2-F,CH, 1,2 0.21 12,5 (150°) 1

750 (200°)




0.4 (100°)
1,3-F,CcH 1and 3 0.337 60  (150°) - 1
27674 3010 (200°)

Calculated from the Hammett equation2 for reaction eeriee (m-,p-) RC-H.F+CH.ONa(CH.OH)
(t°C,f ,lgk0 : 100, 6.08, -8.44; 150, 5.33, -6.03; 200, 4,75, - 4.12)

** Calculated by the authors of Ref. 26
(2228 _ 1) . 100 at 50°C

exp.
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XXII. Relative Reactivity of 5,5-dimethoxytetrachlorocyc¢lo-
pentadiene with endo- and exo-Anhydrides of Bicyclo/2.2.1/-
S5-heptene-2,3-dicarboxylic Acids
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of Azerbaijan, 373204, Sumgait.

Received May 10, 1979

The kinetics of diene condensation for 5,5-dime-
thoxytetrachlorocyclopentadiene (5,5-DMOTCGPD)
with endo- and exo-anhydrides of bicyclo/2.2.1/-5
heptene-2,3-dicarboxylic acid has been studied by
polarographic method at 100-130°C in chloroben-
zene. The 5,5-DMOTCCPD and HCP reactivities with
those of anhydrides were compared. The reacti-
vity of 5,5-DMOTCCPD in the Diels-Alder reaction
was found to be four times that of HCP. The com-
mon character of both dienes in this reaction

has been shown. The general isokinetic depen-
dence was shown to hold.

In earlier studies we snew that the reaction rate
of diene condensation of hexachlorocyclopentadiene (HCP)
with anhydride of exo-bicyclo/2.2.1/-5-heptene-2,3-dicarbo-
xylic acid (exo-BHDA)Was two times that with endo-BHDA'.
This was accounted for by electron-seeking effect of endo-
anhydride ring to be stronger than that of exo-anhydride
group due To the field effect in the case of endo-isomer.

Tt was of interest for us to check the realization of the
regularity observed for the reaction of these anhydrides
with 5,5-dimethoxytetrachlorocyclopentadiene (5,5=DMOTCCPD)

which is less electron-seeking diene than HCP, and also
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to establish the quantitative relationship of reactivity
for both dienes in the reaction studied.

With this aim in view the reaction kinetics of diene
condensation of S,S-DIOTCQPD with anhydrides of endo- and
exo-BHDA has been examined. As in earlier work2 we used
the polarographic method to follow the concentra-
tion change of 5,5-DMOTCCPD in the reaction mixture with
time. Special experiments have shown that the starting an-
hydrides, their addufits with 5,5-DMOTCCPD,and chlorober -
zene taken as a solvent do not affect the polarography.

The reaction rate of 5,5-DMOTCCPD with anhydrides of
endo-(I) and exo-(II)-BHDA (according to scheme 1) was stud-
ied at 100-130°C with a 2:1 ratio of dieme to dienophile
during 6 hours.

OCHs Ia

OCH,

co

Scheme 1

The reaction was shown to be described by the second
order kinetic equation (for irreversible reactions).

W = k,[5,5-DMOTCCPD] [ Anhydride
The rate constants were calculated according to the formu-

la:
k, = 4,606 a-x (1)

atT & a-2x
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where a is the starting concentration of 5,5-DMOTCCPD in
moles; ¥ is time in seconds; x is amount of 5,5-DMOTCCFD re-
acted during 7 time (in moles).

The rate constants for this reaction with anhydrides
(I) and (II) determined from 3-4 parallel runs arecollect-

ed in Table 1.

Table 1
Rate Constants for Diene Condensation of 5,5-DMOTCCPD with
Anhydrides of endo-(I) and exo-(II)-BHDA in Chlorobenzene

k,+10°, 1/mol-sec, at t, °C

Cpd.
100 110 120 130
I 7.10%0.,29 12,68%1,45 22,39-0,41 38.98%0,16
11 12,85=0,21 22,58-0.53 38.87%0.69 68.47=0.82
kII/kI 1.81 1,78 1.74 1.76

As can be seen from these data the reaction rate of
5,5=-DMOTCCPD with exo-anhydride of BHDA (II) is 1.7-1.8
times that with endo-anhydride (I).The same rate increase
was observed in the case of exo-anhydride for the reaction
with HCP in nitrobenzene1.

The rate constants of anhydrides (I) and (II) with 5,5-
DMOTCCPD which were obtained at different temperatures obey
the Arrhenius equation:

1gk = 1lgA - Eg/4.576T (2)
Parameters of this equation estimated by the least-squares
method are summarized in Table 2.
Table 2
Parameters of Equation (2) for Diene Condensation of 5,5-
DMOTCCPD with Anhydrides (I) and (II) in Chlorobenzene

Cpd. lgA Eg,kcal/mol r S, n
I 4.66%0,32 16.79%0.12 0.998 0,018 4
11 4.69%0.47 16.43X0,18 0.997 0,027 4

i da
as could be expected the activation energles (Eg) &n
preexponentials (1gA) of the reactions studied differ insig-



nificantly from one another for endo- and exo-anhydrides,
The same case is observed when comparing the thermodynamic
parameters of activation estimated by least-squares method
from the equation y = ax + b, where y = Rlnk/T, a =2H¥, b
Rlnk/T + AS‘, X = 1/T. These parameters are given in Table
3.

Table 3
Thermodynamic Parameters for Activation of Diene Condensa-
tion of 5,5-DMOTCCPD with Anhydrides (I) and (II) in Chlo-

robenzene.
o -45*, sP*(388°K)
Cpd. kcal/mol e.u, T So kcal/mol
I 16,05%0,51 39,66£1.31 0.999 0.077 31.44

II 15.68%0.54 39.47%1,38 0.999 0.081 30.99

——— icvo UL wuEeye Iefc-
1ons depends insignificantly on a solvent nature. Thus,
we can compare kinetic data obtained for anhydrides (I) and
(II) with HCP in nitrobenzene and with 5,5=DMOTCCPD in chlo-

robenzene. Table 4 lists correlations of rate constants for
the corresponding reactions (k5
rerent temperatures.

Table 4
Correlations of Rate Constants at
Different Temperatures
Cpd. 110 120 130 Mean
1 12,88 4 g7 22439 4 39 38,98, oo 4.48
2.55 510 9,58
i eg5.07 §8:87.4.40 SBedde4.08 4.52

A8 one can see from the data of Table 4 the reaction rate
“or 5,5-DMOTCCPD is 4-5 times that of HCP, It is noteworthy

that when temperature rises,the difference in reaction rates
for dienophiles decreases regularly as evidenced by the de-

rendence Igks s_pMorcerp’kncp = £(1/T) (See Figure 1).
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The straight line of this dependence intersects the X-axis
in the point corresponding to 483°K. At this temperature
the rates of dienes studied with anhydrides (I) and (1I1)
should be equal,indicating thus the existence of isokinetic
relationship in the reaction series studied ’ .We have car-
ried out Arrhenius direct reaction for compounds (I) and
(II) with HCP and 5,5-DMOTCCFPD in order to get confirmation
of this assumption. As can be seen from Fig.2,all straight

lines have a common point of intersection corresponding to
isokinetic temperature 485°K.

K5 .5-prMorccpp
HCPD

21 22 23 24 25 26
(1/T7)103

Fig.l Logarithms of rate con-

stant
v8; te:;:;::uggs,EDHOTCCPD/kHCPD)

20 22 24 28 28

(1/7)10%
Pig.2 Logarithms
of rate constants vs.
reciprocal temperature

for diene condensation of
5,5-DMOTCPD and HCPD with
anhgpdrides (I) and (II).
The comparison of kinetic and thermodynamic activation
paramaters (Table 5) for the reaction with 5,5=DMOTCCPD
and HCP indicates the higher diemophilic activity of exo-
anhydride over that of endo-anhydride; consequently, it
is possible to speak about identical role of both di-
enes in the given reaction.
The higher activity of 5,5-DMOTCCPD over that of HCP
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points out its less nucleophilic ability in this reaction,
that is due to the partial absorption of ring electron de-
ficit by geminal methoxy- groups.

Table §
Activation Parameters for the Reaction of Compounds (I) and

K, aH#* % Do
Diene Cpd. IgA kcal/mol kcal/mol ~25

o kcal/mol
gT-gggg 1 4,66 16,79 16,05  39.66 31.44(388°K)
II  4.69 16.43 15,68  39.47 30.99(388°K)
I 6,21 20,70 20,02 32.44 33.42(413°K)
PP I 666 21.06  20.33  30.55 32.94(4130K)

From examination of 5,5=DMOTCCPD model it follows that
the conformation of methoxy-groupa,providing the planarity
of C1-05-O-CH3 and 04-05-0-033 fragment bonds,is needed for
maximum participation of unshared electron pairs of oxygen
atoms in the conjugation with ji"-electrons of the double

system. ﬁﬂia

Q
S S

In this case the energy barrier of rotation around C--0-CH..
bonds increases and the conformation stabilization is
observed.This stabilization satisfies the conditions of the
maximum overlap of p-electron cloud of oxygen by -regions
of ring double bonds. This favors the closest approach of
diene and dienophile rlanes in the oriented complex and,
hence ,the maximum overlap of their electron orbitals.The
formation of such intermediate complex is more advantage-
ous with >,5-DMOTCCPD due to the smaller ion radius of
oxygen atoms over geminal chlorine atoms in HCP.The high
negative value of the activation entropy of the reaction
with 5,5-DMOTCCPD (39.47 + 39.66) over that of HCP
(32.44 &« 30.55) speaks in favor of the above  assump-
tion. This value indicates the higher oprder of interme-
diate complex formed between diene ang dienophile.
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The lowsr dienophilic activity of endo-anhydride over
exo-anhydride indicates that 5,5-DMOTCCPD, 1ike HCP, is an
electron-seeking addend; thus the reaction may be assumed
to proceed by the mechanism of complex formation with
charge transfer with the charge center being shifted from
dienophile towards diene,

EXPERIMENTAL

Starting anhydrides of endo- and exo-BHDA (I) and (II)
were obtained according to the known technique7.

5,5-DMOTCCPD was synthesized by the method described
elsewhere.

Diene adducte of 5,5-DMOTCCPD with endo-(I) and exo-
(II) anhydrides of BHDA: anhydride (Ia) of endo-1,8,9,10-
tetrachloro-11.11-dimethoxytetracyclo/6.2.2.13’ ,02’7/-2-
dodecene-4,5-dicarboxylic acid and anhydride (IIa) of exo-
1,8,9.10-tetrachloro-11,11-dimethoxytetracyclo/6.2.2.13’ ’
02' /=-2-dodecene-4,5-dicarboxylic acid were prepared and
identified by the method described by usg.

The purity of the synthesized compounds was checked by thin-
layer chromatography on unfixed bed of silica gel KCK in the
three-component system of solvents - dichloroethane:ben-
zene:acetic acid - 8:3:2. The development was carried out
in UV-1light.

Chlorobenzene was purified as in .
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The reaction rates for diene condensation of hexa-
chlorocyclopentadiene (HCP) with N-benzyl imides
of cis-4-cyclohexene-, cis,cis-3-methyl-4-cyclo-
hexene- and endo=bicyclo/2.2.1/-5-heptene-2,3-di-
carboxylic acids in nitrobenzene are investigated.
The activation parameters of these reactions are
determined. In comparing the values of rate
constants for the reactions studied with those

for N-phenyl imides of the corresponding acids

the slight decrease in the reaction rates is ob-
gerved when introducing a methylene group between
nitrogen and phenyl radical.

According to the donor-acceptor theory, the increase

in nucleophilicity of reaction center in dienophiles of a
reaction series leads to the increase in their reactivity
under diene condensation with hexachlorocyclopentadiene
(II(.!I’)1'2 and the decrease in that with cyclopentadiene ;
alternatively, increasing electrofilicity of dienophile
double bond favors the decrease in diemophilic activity in
the reaction with HCP and the increase in that with cyclo-
pentadiene. We repeatedly have paid attention to the imple-
mentation of this regularity in the case of diene condensa-
tion of HCP with N-substituted imides containing electron-
donor and electron-acceptor substituents and pointed out
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the electron effect transfer through N-aryl imide ring4-6.
The effect of phenyl ring on dienophilic activity is of
great importance in the imides of cis-4-cyclohexene-1,2-di-
carboxylic acids (eis-4-CHDA) which has, according to our
data , the property of electron-donating group as compared
with unsubstituted imide of this acid., Thus, kg ~ 1 /kg w

accounts to about 1.25-0.03 for the reaction of HCP with
corresponding imides of cis-4-CHDA (at 130°C = 1.18; at 140°
1.28; at 150° = 1,31), The small value of this ratio can be
explained by the inhibition of conjugation of phenyl ring

9l =electrons with unpaired electrons of bridged nitrogen
because of disarrangement of imide and phenyl rings coplana-
rity that is due to the steric hindrance between carboxylic
groups and ortho-hydrogen of the corresponding rings.

It was of interest to follow changes in dienophilic
activity through the imides with a methylene group between
nitrogen and phenyl ring in which the inhibition of confor-
mation through N-C bond is absent, With this end in view we
have selected N-benzyl imides of cis-4-cyclohexene-1,2- (I),
cis,cis-3-methyl-4-cyclohexene-1,2- (II) and endo-bicyclo-
/2.2.1/-5-heptene-2,3- (III) dicarboxylic acids which
react with HCP in close spatial formss.

o¢ }; JN-CH,
I I1

oc HCH—L>
III

The kinetics of diene condensation of HCP with benzyl
imides (I-III) in nitrobenzene has been studied by polaro-
graphy through changes in dieme concentration in the re-
action mixture with time as it was stated in our worka4'9'13
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Table 1 lists the values of rate constants of these
reactions for temperatures of 110 to 160°C estimated as mean
values from 2 to 3 parallel runs.

Table 1 also gives the rate constants for the reaction
of HCP with N-phenyl imides (Ia-IIIa) of the corresponding
acids taken from our previous works. It is apparent from the
data in Table 1 that methylene group in imides (I-III) has
an effect on their reactivities.

CH3
Co /\/Co
l_[ ;i -
oe~¥ <;:> ;c)ﬂ‘<:;>
Ia I1Ia

co

-—

IIIa

The comparison of rate constants for benzyl imides (I,
II, III) with those of the corresponding N-phenyl imides
(1a,1Xa,I1Ia) shows the relative constancy of the ratio

kphenyl imide/kbenzyl imide to 1.03 to 1.32 (Table

1) within temperature range of 110 to 160°C. At the same
time the activation parameters of the reactions given which
were determined from their obeying the Arrhenius
equation are almost equal (see Table 2).

The higher dienophilic activity of N-phenyl imides
(I-II1) as compared with the corresponding N-benzyl imides
(Ia-IIIa) is due to the partial transfer damping of the in-
duction effect of phenyl radical on the reaction center
through a methylene group.

Thus, the methylene group, located between an aromatic
nucleus and nitrogen, has a negative effect on the reacti-
vities of N-benzyl imides (I-III) studied.
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Table 1
Hate Constants and Their Ratios for Diene Condensation of HCP with N-Benzyl (I-III)
and N-Phenyl(Ia-IIIa) Imides of cis-4-cyclohexene-1,2-, cis,cis-3-methyl-4-cyclo-
hexene-1,2- and endo-bicyclo/2.2.1/-5-heptene-2,3-Dicarboxylic Acids in Nitrobenzene

Cpd k310, 1/mol.sec, at temperature t, °C

110 120 130 140 150 160
I 2.76%0.10 5.22%0.13 10.02%0.16 18.49%0.11 36.25%0.27 69.93%0.49
la 3.90%0.21 6.62%0.31 10.35%0.32 20.99%0.44 41.07%0.97 74.33%2.00
Ia/1 1.41 1.27 1.03 1.14 1.32 1.06
11 6.03%0.33 11.17%0.20 20.45%0.59 38.58%0.69 73.12£1.37 136.31%4.42
Ila 6.85%0.28 13.56%0.40 24.61%0.53 44.26%0.92 82.75%0.98 154.74%1.20
I1a/II  1.14 1.21 1.20 1.14 1.13 1.13
111 5.46£0.11 10.22%0.19 17.96%0.81 37.53%0.71 70.80%0.89 122.57%0.98
Illa 6.48%0.08 12.49%0.17 19.52%0.22 41.57%0.31 77.39%0.21 137.28%0.91
II1a/IIT 1,19 1,22 1.09 1.11 1.09 1.21

Note. The values of rate constants for compounds Ia,Ila and IIIa are taken from
4,1,12, respectively.
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Table 2
Activation Parameters for Diene Condensation of HCP with N-Benzyl (I-III) end
N-Phenyl (Ia-IIIg) Imides of cis-4-cyclohexene-1,2-, cis,cis-3-methyl-4-cyclo-
hexene-1,2- snd endo-bicyclo/2.2.1/-5-heptene-2,3-Dicarboxylic Acids in Nitro-

benzene

Ea, oH* -as* aP* (°K)
Cpd kcal?mol Igd kcal/mol e.u, kcal/mol
I 21.27%0.40 6.55%0.25 20.46%0.46 31.18%1.14 33,18 (408)
Ia 18.80%0.70 5.28%0.51 18.02%0.07 36.88£1.66 32.14 (398)
11 20.59%0.44 6.49%0.24 19.78%0.52 31.41%1.27 32.59 (408)
IIa  19.74%0.36 6.10%0.19  19.00%0.23 33.07%0.57 31.66 (398)
III  20.82%0.50 6.59%0.27 20.01%0.50 31.01%1.23 32.66 (408)
I1Ia 19.82%0.77 6.09%0.41 19.06%0.64 33.13%1.57 31.75 (398)




It should be noted that previously'*2'? in the course
of the investigations of kinetics of diene condensation of
HCP with enhydrides and N-gubstituted imides of cis-4-cyclo-
hexene-1,2-dicarboxylic acid series we observed the
high reactivities of dienophiles with =a methylene group
in position 3 of cyclohexene fragment. This fact is observed
when analyzing the data in Table 1: N-benzyl imide (II) is
more reactive than N-benzyl imide (I) (about by a factor of
2) because the presence of the bowsprit methyl group has a
positive induction effect on the reaction center, reinforc-
ing thus donor-acceptor interaction of diene with dieno-
phile.

EXFERIMENTAL

Synthesis and properties of N-benzyl imide of 4-cyclo-
hexene-1,2-dicarboxylic acid (I) were described in our pre-
ceding work .,

N-Benzyl imide of cis,cis-3-methy1-4-cyclohexene-1,2-
dicarboxylic acid (II) was synthesized according to the
preparation procedure (I)1> from 16.6 g (0.1 mole) of anhy-
dride of cis.cia-3,methyl-4—cyclohexene-1,2-dicarboxylic
acid and 10.7 g (0.1 mole) of benzyl imide. The yield is
71%. Rf is 0.62. Anal.Caled. for C16511N°2: Cy75.3;H,6,67;
N, 5.52. Pound: C, T74,7; H, 6.83; N, 5,31.

IR-spectrum (aJ,cm™') C=0 1720; C=C 1610.

N-Benzyl imide of endo-bicyclo/2.2.1/-5-heptene-2.3-
dicarboxylic acid (III) was obtained according to the pro-
cedure described from 16.4 g (0.1 mole) of anhydride of
endo-bicyclo/?.?.1/-5-heptene-2,37dicarboxylic acid and
10.7 g (0.1 mole) of benzyl imide, The yield is 22,7 g
(90%), mp 73-74°C. Rf i 0.51, Anal.Caled. for C,.H,.NO,:

» 75.89; H, 5,93; N, 5.53. Pound: C, 75.63; H, 6.1; N, 5,71
IR-spectrum (&Y cm™ ): C=0 1740, C=C 1620.

N-Benzyl imide of endo.exo-1,2.3,4,11,11-hexachloro-
tricyclo/6.2.,1,0 * /-2-undecene-7,B-dicarboxylic acid (1b)

A mixture of 4.82 g (0.02 mole) of N-benzyl imide (I)
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and 10.92 g (0.04 mole) of HCP was placed into glass ampoule
and heated on the oil bath at 140-150°C for 10 hr. To the
end of this period the reaction mixture was cooled to 70°C,
25 ml of n-heptane was added to thies mixture to extract the
wnreacted HCP and filtered through the Shott filter. The end-
product was recrystallized from benzene yielding 9.95 g of
Ib; mp 195°C. Rf is 0.67 (eluent is benzene:dichloroethane.
acetic acid+40:15:1.5 by volume, adsorbent is activated
A1,0,. Development was effected by Uv-radiation).
Anal,.Calcd. for 020315016302: G, 46.69; H, 2,925 Cl, 41.44;
N, 2,73. Pound: C, 46,95; H, 3.14; Cl, 40.74; 2.52.
IR-spectrum ( A4V, em 1y =0 1710; C=C 1610.

N-Benzyl imide of endo-exo-cis,cis=1,2,3,4,11,11-hexa-
chloro-G-methyl-tricyclo/6.2.1.05’10/-2-undecene-7,B-dicarbo
xylic acid (1Ib).

First, anhydride of endo-exo-cis,cis-1,2,3,4,11,11-he~
xachloro-S-methyltricyclo/6.2.1.05’10/-2-undecene-7,8—d1car-
boxylic acid was obtained according to the procedure14. The
end-product was obtained by the procedure from 3 g (0.0068
mole) of the above enhydride and.0.73 g (0.0068 mole) of
benzyl amine. The yield 1is 94.4%, mp 155-156°C. Rf is 0.69.
Anal.Cslcd, for 021H17016302 : C, 47.71; H, 3.22; N,.2.66;
€1, 40.34. Pound: C, 47.53; H, 3.36; N, 2,83; CI, 40.75.
IR-spectrum (aJ, cm 1y: c=0 17125 C=C 1610.

N-Benzyl imide of endo-exo-1,2,3,4,11,11-hexachlorotet-
racyclo/6.2.1.1.05’10/-2-dodeoene-7,B-dicarbozylic acid(IIIb

This was obtained from 4 g (0.0158 mole) of N-benzyl
imide (III) and 8,63 g (0.0316 mole) of HCP according to
the conditions of preparation of compound (1b) during 12 hr.
The yield 18 8.2 g (98.6%), mp 222-223°C, Rf.1s 0.62.
Anal.Calcd, for 021H15016302= ¢, 47.90; H, 2.85; Cl, 40.49;
N, 2.,67. Pound: C, 48.10; H, 2.75; C1, 40.76; N, 2,71,
IR-spectrum (4¥em™1): C=0 1730; C=C 17205 C-C1 710-770.
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KINETICS AND MECHANISM OP DIENE CONDENSATION OP HEXACHLORO-
CYCLOPERTADIENE WITH CYCLIC DIENOPHILES
XXXIII*. Dienophilic Activity of N-Allyl Imides of Cyclic
1,2=-Dicarboxylic Acids
N.P.Musaeva,M,.S,.Salakhov,R.S,.Salekhova,V.S.Unaeva, and T.A,
Kopylova
Institute of Organochlorine Syntheais,Academy’of Sciences
of Azerbaijan, Sumgait

Received August 19, 1979

The dienophilic activity of N-allyl imides of
cyclic 1,2-dicarboxylic acids in their diene con-
densation with hexachlorocyclopentadiene is in-
vestigated. On the basis of the kinetic data
analysis the role of electron effects in dieno-
philic activity of N-allyl imides of ortho-phtha-
lic, cis-4-methy1-4-cyclohexene-1,2-dicarboxylic
and cyclohexane-1,2-dicarboxylic acids is shown.

In our previous works we demonstrated the role of
electron effects in dienophilic activity of anhydrides and
imide52 of cis-4-cyclohexene-1,2- (cis-4-CHDA) and endo-bi-
cyclo/2.2.1/-5-heptene-2,3-dicarboxylic (endo-BHDA) °
acids in the reaction of diene condensation with hexachlo-
rocyclopentadiene (HCP).

It was found that the transfer of induction effect of
N-substituent in the corresponding N-aryl imides on the re-
action center both through the molecule gskeleton and by
interaction of # -orbitale of spz-carbon atoms of cyclohe-
xene and bicycloheptene rings,on the one hand, and carbonyl

#* Previous communication of M.S.Salakhov and N,F.kusaeva
gee in "Reaction Kinetics and Catalysis Letters", 12, No.3
(1979).



groups,on the other hand, through the space, is linearIy
dependent on the electron nature of substituent in the aro-
matic ring.

The reaction sensitivity to changes in electron-do-
nating and electron-seeking nature of N-substituent in the
imides 2,4 is indicative of p-& -transfer of the induction
effect through the N-C bond of N-substituent.

In this connection it was interesting to study the ef-
fect of imide radical nature on the reactivity of N-allyl
double bond in the reaction with HCP

24
€9 L) co
RS N-cHy-cH=cH, + OCI, —> R7
co N, co

o o

It is known that in N-allyl imides of cyclic 1,2-dicar-
boxylic acids the C 2-Csp5 bond (between trigonal and tet-
ragonal carbon atoms) leads to planarity of a single bond
of allyl carbon and ethylenic bond. We expected this fact
and also the N-C_ 3 bond formation to assure the planar
structure of N-allyl imide fragment assisting the system
conjugation and thus to increase the reaction center sen-
sitivity to changes in six-membered ring nature.

N-Allyl imides of ortho-phthalic (I), cis-4-methyl-4-
CHDA (II) and cyclohexane-1,2-dicarboxylic (III) acids were
taken as dienophiles.

/C\O 5
@ SH-CHy~ cH=CH, U

)N-CH‘-CH=CH¢

III
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Since electron structures of six-membered carbon cycles of
these imides differ from each other, their effects on the
reaction center ik the reaction with HCP were expected to
be different. Such ring effects were followed by investi-
gation of diene condensation kinetics for imids (I-
III) with HCP by means of polarograpgy through changes
in the wave heights of HCP reduction in the reaction
mixture over the temperature range from 110 to 150°C in nit-
robenzene. It was established that with a 2:1 molar ratio of
diene to dienophile the reaction is of general second order
as evidenced by the constancy of reaction rate constants ese
timated with different conversion degrees of starting
substances (Table 1).

Table 1
Reaction Rate Constants for Diene Condensation of N-Allyl
Imides (I-III) with HCP at Different Conversion

Degrees of Starting Substances

Time, 11 III
TTT&'_E— 1c° YieId, K- 106 T YIeld, K- 10°
% Aligg} sec % 1/mol sec % 1/molsec
1 13.6 45.517 7.8 27,09 5.6 19.01
2 22,6 44,63 15.4 28,52 10.8 19.23
3 31.0 44,21 21.8 28,49 15.6 19.26
4 38,2 44.07 27.0 27.76 20.4 19.72
5 45.0 44,78 32.0 27.63 23.8 18.96
6 50.8 45,36

X (44.76£0.64)10"°

(Solvent, nitrobenzene, T,140°C, reaction mixture volume,
10 ml. HCP, 0,009 mole, Dienophile 0.0045 mole).

Reaction rate constants for N-allyl imides gtudied
with HCP are listed in Table 2.It is evident from the data
in Table 2 that the rate constants vary depending on the
dienophile structures and temperature.

The activation parameters for the reactions given were
determined eccording to Ref. 2 from the temperature de-
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pendence of rate constant logarithms, these are given in
Table 3.
Table 2
Reaction Rate Constants of Diene Condensation of N-Allyl
Imides (I-III) with HCP in Nitrobenzene

Cpdl. k,+10 1/molesec, at T,°C

110 120 130 140 150

I |8.69%0.3815.00%0.57|25.56%0.51 | 44.76%0.64] 76.93t0.98
II}4.77%0.25| 8.55%0.07|15.46%0.29 | 27.74%0.69] 47.79%1.85
III}3.05%0.19 | 5.58£0.31{10.58%0.59 | 19.13%0.39|34.80%0.93

Table 3
Activation Parameters for Diene Condensation of N-Allyl
Imides (I-III) with HCP in Nitrobenzene at 110-150°C.

T ~Ea —aS*¥  [JFE(403°K)
CP  xcal/mol lgA kcal/mol | e.u, kcal/mol
I 17.56%0.35 4.94%0.18  16.76%0.34 38.49%0.85 32.28
r=9987  S=0.014 r=0.9994 5=0.065
II 18.65%0.21 5.30%0.11  17.83%0.21 36.86%0.53 32.69
r=0,9996 S=0.008 r=0.9993 S=0.069
IIT 19.65%0.27 5.68%0.15 18.85%0.27 35.11%0.66 33.00
r=0.9997  S=0.011 r=0.9997 S=0.050

From the analysis of the data in Tables 1 and 2 it is
seen that the variation in electron structure of 8ix-mem-
bered ring for compounds (I-III) affects their reactivities
little.

Threefold decrease in k value with transition from cpd.
(1) to compound (III) is indicative of different transfer
of electron effect of six-membered carbon ring on the reac-
tion center,

The higher reactivity of compound (I) is apparently due
to the preference of planar configuration of the molecule
owine to shielding of N-CHZ-bond by ethylene bond6 and
thus to increase polar conjugation between benzene
nucleus and reacti¢h center, since in the molecule given
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the phenyl ring offers the extinction of deficient charge on
the carbon atoms of carboxyl groups that is a hindrance for
electron withdrawal from the reaction center. This in general
leads to the conservation of electron-donating ability of the
reaction center and provides the charge transfer from dieno=-
phile to electron-seeking diene according to the common me-
chanism of complex formation with charge transfer.
In the case of compound (II)
the coplanarity of this ring with

0 1 imide cycle is absent owing to syn-
IC\\N-—-C/C\H boat7conformation of cyclohexene

\\ ring’', However, in this case a par-

SN0 H H tial extinction of electron deficit

I of carbons of carboxyl groups takes

MMewﬂﬁhammofwawmmawmofqdwumeﬂm

through the space (field effect). Apparently therefore the

withdrawal of -electrons by carboxyl groups from allyl ra-

dical is weaker than that of benzene ring in compound (I).
As a result, under interaction

Igc}’,/\\ r with electron-seeking HCP  the
\\é\ 4ﬁ double bond in allyl imide (II) ex-
™~ —‘n—cufcu_c% hibits less electron-dinating proper-
ty than in allyl imide (I).The charge
0

I displacement to the direction
indicated is also favored by electron-donor methyl group at
sp2-carbon atom in cyclohexene ring.

On the other hand, this methyl group, as we have shown
earlier’, supresses completely the reactivity of cyclohexene
ring with HCP and hence provides the realization of allyl
double bond in this reaction.

This suggestion being true, it should be expected that
due to the unsaturation of gix-membered ring N-allyl imide
of cyclohexane -1,2-dicarboxylic acid (II1) will manifest
the lower dienophilic activity in the reaction with HCP
over that of N-allyl imide of 4-methyl-cis-4-CHDA (II).

The regularity observed in the dienophilic activity
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of compounds (I-III) is also consistent with the data in
Table 3 which lists the activation parameters for the reac-
tions studied. Thus, over the temperature range from 110

to 150°C ,the activation energy (Ea) increases regularly with
transition from compound (I) to compound (III) and nega-
tive value of activation entropy (aS*) decreases regularly
in the reverse direction. This is probably indicative

of small order of transition complex for compound (I),

EXPERIMENTAL

The kinetic runs were carried out in the ampoule
over the temperature range from 110 to 150 C in nitroben-
zene, The reaction course was followed by changes
in wave heights of HCP reduction in the reaction mixture
with time (on an "OH-2" polarograph "Radelkis") against
that for the starting HCP. The polarography conditions were
described in the previous work'. The check experiments have
shown that the starting N-allyl imides (I-III) and their
adducts with HCP do not prevent from determining the latter.
The concentration of reacting HCP was determined by

where a is the initial concentration of HCP, mol/1; H, and
H¢ are the heights of waves for HCP reduction before the
reaction start and with time 7 , respectively, and ¥ is the
time, hr. Then the bimolecular constant of reaction rate -
was estimated as follows

4.606 ,__a-x
k2 o

The starting N-allyl imides (I-III) were obtained ac-
cording to the known proceduresB'g.

N-(Methylene-1,2,3,4,7, T-hexachlorobicyclo/2.2.1/-2-
heptene-phtalimide (Ia). -
A mixture from 18.8 g of N-allyl phtalimide (I} and
27.3 g of HCP was heated in the ampoule on an oil bath at
140 C for 14 hr. The reaction mixture was subjected to the

5.0
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steam distillation to remove the traces of (I). Precipi-
tated crystals were filtered from the mixture of benzene
with heptane giving 41.4 g (90%) of adduct (Ia),mp 127 C,
Rf is 0,80, Anal Calcd.for 016H9016N02: C 41.74; H 1.95;
CI 46.,39; N 3,04, Pound: C 41.55; H 1.82; CI 46,00;N 2.89
Table 4
Physico-Chemical Characteristics for N-Allyl Imides (I-III)

Elemental analysis,%*

Cpd. Mp Bp Rf Formula
oC o( C H N
I 66 0.81 C,.H,ON 70,58 4,81 7T.49
117972 =

II 148-150 73’26.1 4.55 7.52
2 mm C12H1502N $0:2$ 3;%& 6:83

III 133-135 C, H 0N 217 225
10 mn 1171572 20 722

* The numerator is the value calculated, the denominator
is the value found,

N-(Methylene-1,2,3,4,7,7-hexachlorobicyclo/2.2.1/-2-
heptene imide of 4-methyl-cis-4-cyclohexene-1,2-dicarbo-
xylic acid (Ila).-

This was obtained according to the procedure for (la)
synthesis from 20.5 g of N-allyl imide of 4-methyl-cis-4-
cyclohexene-1,2-dicarboxylic acid (II) and 27.3 g of HCP.
The yield was 41,2 g (86.2%), mp 130 C, Rf is 0,59.
Anal.Calcd, for 017H15016NO2: C 42,673 H 3.13; CI 44.56;
N 2,92. Found: C 42.,41; H 2,99; CI 44.50; N 2.82,

N-(Hethylene-1,2,3,4,7,7-hexachlorobicyclo/2.2.1/-2-
heptene) imide of cyclohexane-1,2-dicarboxylic acid (IIIa)
This was obtained similarly to (la) from 19.3 g of

N-allyl imide of cyclohexane-1,2-dicarboxylic acid (III)
and 27.3 g of HCP, The yield was 41.6 g (89,2%) of wax-
like product. Rf is 0.61., Amal.Calcd. for C16H15016N02:
C 41.20; H 3.,21; CI 45.70; N 3,00. Found: C 41.01;
H 3.,00; CI 45,38; N 2.88,
The purity of the starting and synthesized products
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was checked by thin-layer chromatography with unfixed layer
of a sorbent according to Ref.3.
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KINETICS AND MECHANISM OP DIENE CONDENSATION OF HEXACHLORO-
CYCLOPENTADIENE WITH CYCLIC DIENOPHILES

XXVI, Synthesis and Kinetics of Pormation of Diene Adducts

of Hexachlorocyclopentadiene with N-glycidyl Imides of 4-

Cyclohexene-1,2= and Bicyclo/2.2.1/=-5-heptene-2,3-Dicarbo-
xylic,Acids
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Gasanova
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The kinetics of diene condensation of hexachloro-
cyclopentadiene (HCP) with N-glycidyl imides of 4-
cyclohexene-, cis,cis-3-methy1-4-cyclohexene-1,2-
dicarboxylic and also endo- and exo-bicyclo/2.2.1/~
S-heptene-2,3-dicarboxylic acids was studied in
nitrobenzene. The comparative analysis of kinetic
data with those for N-phenyl imides of the corres-
ponding acids in the reaction with HCP has shown
that N-glyoidyl group is 2 stronger electron-do-
nating group than a phenyl radical. The existence
of an isokinetic relationship for compounds studied
was verified.

The results of investigation of diene condensation of
hexachlorocyclopentadiene (HCP) with N-glycidyl imjdes (I-
IV) of 4-cyclohexene-1,2- (4-CHDA) and bicyclo/2.2.1/-5-hep-
tene-2,3-dicarboxylic (BHDA) acids ere presented in this
paper. «_CHy
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Due to stereospecific course of the Diels-Alder reac-
tion between HCP and imides of cis-4-CHDA, cis,cis-3-Me-4-
CHDA snd endo- snd exo-BHDL1'2 the formation of one spatial
adduct from each N-glycidyl imide (I-IV),respectively,
should be expected.
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The identity of properties of N-glycidyl imides ob-
talned by counter-synthesis-interaction of imides of the
corresponding acids with epichlorohydrin in the presence
of alkali metal carbonatesj evidences in favor of the above
assumption
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The investigation results show the high dienophilic
activity of N-glycidyl imides (I-IV) studied which leads
to good yields of the corresponding adducts (Ia-IVa) at
relatively low temperatures (100 to 120°C) as compared
with those (150 to 160°C) required for other N-substituted
imides of 4-CHDA.

Accordingly, we decided to obtain qualitative data
concerning with the reactivity of dienophilee (I-IV) and
elucidate the role of glycidyl radical in these compounds,

With this end in view the kinetics of diene condensa-
tion of HCP with N-glycidyl imides (I-IV) of 4-CHDA and
BHDA in nitrobenzene wag studied by polarographic control
of the HCP consumption, The values of rate constants and
activation parameters for the above reactions are summa-
rized in Tables 1 and 2.The values for the reactions of
N-unsubetituted (V,VI) and N-phenyl imides (VII,VIII) of
4-CHDA end BHDA (IX-X) with HCP in nitrobenzene®~7 are
also presented.

V-VIII Ix X
where R«X=H(V); ReCH,, X=H(VI); R=H, x.csﬂs(VII);
R=CH,, X-CGHS(VIII).

As can be seen from Table 1 the reaction rate of gly-
cidyl imides (I-IV) studied is higher than that of N-unsub-
gtituted (V,VI) and K-phenyl imides (VII-X). Thus, N-glyci-
dyl imide of cis-4-CHDA (I) is five times as active as
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Table 1

Rate Constants* of Diene Condensation of HCP with N-Substi-
tuted Imides of 4-CHDA and BHDA Series in Kitrobenzene

Cpd. k2 * 10 , 1/mol.sec at t, °C

80 90 100 110 120
I 3.15%0.08 5.36-0,24 9.22%0,38 15.64%0,16 25.63%0.13
II 6.04%0.10 9.97%0.15 17.77£0.78 31.08%0.53 52.60%0,83
III 5.86%0.21 9.88%0,13 16.,79%0.19 27.65%0.38 45.80%0. 36
IV 10.27%0.14 16.00%0,19 25.94%0.25 44,18%0,35 77.38%0.39
v - - 2.43%0,14 4.62%0.21
VI - 1.69%0.13  3.34%0.24 6.12%0.24
VII - - 2,01%0.11  3.90%0.21 6.61%0.31
VIII - - 3.53%0.12  6.85%0.28 13.56%0.40
Ix - - 6.48%0,08 12.49%0.17
X - - 11.45%0.15 22,40%0.28
Cpd. ¥,+10 , 1/mol-sec at t,°C

130 140 150 160

I 44.73%0.53  76.69%0.74 - -
11 78.79%0.31  121.24%2.11
III  69.69%0.98 118.47%1.29
IV 122.71%0.63  189.36%4.36

8.73%0.52 16.27%0.72 31.30%0.64 58,53t0,78

10.83%0,53 17.51%0,29 34.51%0.87  65.57%0.91
VII  10.35%0.32 20.99%0.44 41.07%0.,97  74.33%2.00
VIII 24.61%0.53  44.26%0.92 82.75%0.98 154.74%1,20
Ix 19.52-0.22  41.57%0.31 77.39%0.21 137.28%0.91
. 35.16-0.34  69.01%1.72 126.97£1.00 213.69%1.55

* arithmetic mean values for constants with

root-mean-square error are given.
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Kinetic and Thermodynamic Activation parameters for Reaction of Diene Cond
with N-Substituted Imides of A-CHDA and BHDA Series

in Nitrobenzene

Table 2

ensation of HCP

_ as* * o
Cpd. xcal/mol lgd 3 kca%./H::ol ed.i. ktzl}zgg .
I 15.40%0.40 3.97%0.23 0.998 0.032 14.66%0.37 42.77%0.96 0.998 0.133  31.04
II 14.81%0.24 3.91%0.14 0.999 0.019 14,06%0.23 43,06%0.61 0.999 0.084  30.56
1IT  14.48%0.11 3.70%0.06 0.999 0.009 13.71%0.22  44.15£0.57 0,999 0.079  30.62
v 14.39%0.42 3.88%0.24 0.998 0,033 13.67t0.48 43.29%1,25 0.997 0.173  30.25
v 20.56%0.37 6.09t0.20 0.999 0.020 19.80%0.29 33.13%0.73 0.999 0.076  32.48
VI 18.83%0.44 5.24%0.24 0.999 0.032 18.050.39 37.05%0.98 0.998 0,132 32,24
vII 18.80%0.70 5.268%0.38 0.996 0.051 18.02£0.67 36.88%1.66 0.996 0.222 32.14
VIII 19.74%0.36 6.10%0.19 0.999 0,026 19.00%0.23 33.07%0.57 0.999 0.075  31.66
Ix  19.82%0.77 6.09%0.41 0.997 0,043 19.06£0.64 33.13%1.57 0.997 0.163  31.75
X 18.93£0.57 5.85%0.30 0.998 0,032 18.15+0.47 34.3141.15 0.998 0,120 31,29




imide of cis-4-CHDA (V) and four times as active as N-phe~
nyl imide of cie-4-CHDA (VII) within temperature.range of
130 to 140°C. Similarly under these conditions N-glycidyl
imide of ois,cis-3-Me-4-CHDA (II) is more reactive than
the corresponding imide (VI) (by a factor of 7) and than
N-phenyl imide (VIII) (by a factor of 3). endo-(III) snd
exo-(IV) N-Glycidyl imides are more active as dienophiles
than the corresponding endo-(IX) and exo-(X) N-phenyl imi-
dee of BHDA (by a factor of 3). Thus, the comparison of
the reaction rate for HCP with imides studied shows that
N-glycidyl group ie a stronger electron-donating group
than the phenyl radical which favors a charge displacement
from dienophile to dtene*7,

It is interesting to note that in accordance with our
previous observation36'9’1o N-glycidyl imide of cis,cis=3-
Me-4-CHDA is more active than similar imide without methyl
group (by a factor of 1.5 to 2) as evidenced by positive
induction effect of this group, Furthermore, the stronger
dienophilic activity of exo-N-glycidyl imide of BHDA (IV)
over that of endo-snalogue (III) is observed to be
retained.

It is noteworthy that the higher dienophilic activity
of N-glycidyl imides (I-IV) as compared with imides (V-X)
is observed also for the values of activation parsmeters
(Table 2).

In the 3investigation of the dependence of rate
constant logarithms (lgk) on the reciprocal temperature
{Fig.l) the vairs of straight lines have a common point of
intersection: the tvemperature range of 580+30°K.

It is evident from the analysis of data in Table 3
that other methods of determination of isokinetic tempera-
ture gp) also give the values of the same order in terms
of 1gk,,,-1gky(Pig,2), aH* - aS* (P1g.3), IgA-E, (Pig.4)
and aH* - 4F* (Pig.5),

The existence of isokinetic relationship with the mean
temperature 8 =617225°K assumes a single reaction mecha-
nism for HCP with N-substituted imides of 4-CHDA and RHDA
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Table 3
Correlation Parameters for Equations y=ax+b of Kinetic and Activation Parameter Depen-
dences for Diene Condensation of HCP with N-Substituted Imides of 4-CHDA snd BHDA Series

Eqn. x Yy a b r e n £ K
1 lgkyogec 0.8154-0.045 -0,0085¥0.2318 0.992 0.054 7 785
2 lgkqqp0c 0.8485%0,042 -0.0356£0.2090 0.990 0.055 10 735
3 lgkypgec X140 0.8829%0.029 -0.0889%0.1420 0.995 0.038 10 669
4 lgkq3gec 0.9280%0.034 -0.0759%0.1535 0.994 0.041 10 607
5  1lgkyag0c Tk 0.8977£0.026  0.0762%0.1175 0.998 0.015 6 753
6  lgkisnog 160 .9394-0.025 0.0022%0.109  0.998 0.014 6 683
7 ast B 0.5140%0.035  36.38%1.321 0.982 0.494 10 514
8 1gA Ea 2.3586%0.159  5.749%0.800  0.982 0.496 10 515
9 aF* o B 2.8748+0.495 =-73.953+15.540 0.897 1.150 10 587
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Pig.3 Activation enthalpy ( AH*) as a function of acti-
vation entropy ( 4S*) for reaction of HCP with
compounds (I-X).
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Pig.4 Activation energy (E.)
ve. pre-exponential (1gA) for
the reaction of HCP with com-
pounds (I-X).
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series in nitrobenzene.

EXPERIMENTAL

The initial N-glycidyl imides of 4-CHDA and BHDA (I-
IV) were obtained and characterized by some of usz.

The adducts (Ia-IVa) of N-glycidyl imides (I-IV) with
HCP were synthesized as follows.

endo-exo-N-Glycidyl imide of 1,2,3,4,11,11-hexachloro-
tricyclo/6.2.1.05'10/-2-undecene-7,8-dicarboxylic acid(I):
a mixture of 20.7 g (0.1 g-mol) of N-glycidyl imide of 4-
cyclohexene-1,2-dicarboxylic acid,54.6 g (0.2 g-mol) of
HCP and 30 ml of dry toluene was refluxed during 6 hours
at 120-125°C, After cooling the main product was precipi-
tated by petroleum ether, The yield of adduct (la) was
38.4 g (80% of theory),mp 186-187°C (frcm acetone), Rf is
0.53. Anal.Calcd.for C16H1303N016: C 40.0; H 2,70; N 2.91;
CI 44.38. The content of epoxy groups is 8,96%., Pound:
C 40.6; H 2,68; N 2,87; CI 43,96, The content of epoxy
groups is 8,78%.

endo-endo-trans,cis-N-Glycidyl imide of 1,2,3,4,11,11=-
hexachloro-6-methy1tricyclo/6.2.1.05'10/-2-undecene-7,8-
dicarboxylic acid (IIa): was obtained under conditions
similar to those for adduct (Ia) from 22,1 g (0.1 g-mol)
of N-glycidyl imide (II) 54.6 g (0.2 g-mol) of HCP and
30 ml of toluene, The yield of IIa was 39.52 g (80% of
theoretical), mp 111-112°C (from methenol) Rf is 0.64.
Anal,.Calcd.for C17H1503NC16: C 41.29; H 2.83; CI 43,.11;
N 2.83. The content of epoxy groups is 8.70%. Found:
C 41.22; H 3.34; N 2,80; C1 43.u4, The content of epoxy
groups is 8,58%.

endo-endo-N-Glycidyl imide of 1,2,3,4,11,11-hexa-
chlorocyclo/6.2.1.05’10/-2-dodecene-7,8-dicarboxylic acid
(IIIa) : was obtained according to the synthesis of adduct
(Ia) from 21.9 g (0.1 g-mol) of endo-N-glycidyl imide of
bicyclo/2.2.1/-5-heptene-2,3-dicarboxylic acid (I11),54.6 g
(0.2 g-mol) of HCP and 20 ml of toluene. The yield is
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41.8 g ( 85% of theoretical),mp 205-207°C (from acetone),
Rf ie 0.33. Anal,Calcd.for 017H18033016: C 41,46; H 2,64; ¥
2,84; CI 43,23. The content of epoxy groups is 8.T4%.
Pound: C 41.42; H 2,60; N 2,80; CI 43,10, The content of
epoxy groups is 8.26%.

endo-exo-N-Glycidyl imide of 1,2,3,4,11,11~hexa-
chlorotetracyclo/6.2.1.1.077 10/-2-dodecene-7,8-dicarboxy-
1ic acid (IV): was obtained according to the la synthesis
from 21.9 g (0.1 g-mol) of exo-F-glycidyl imide of bicyclo
/2.2.1/-5-heptene-2,3-dicarboxylic acid (IV), 54.6 g (0.2
g-mol) of HCP and 20 ml of toluene, The yield is 41.8 g
(85% of theoretical), mp 238.5-239°C (from acetone), Rf is
0.33. Anal,Calcd.for C,,H,;0,8C1g: C 41.,46; H 2,64; K 2.84
Cl 43.23. The content of epoxy groups is 8,74%. Found:
C 41.44; H 2,62; § 2,80; CI 43,26, The content of epoxy
groups is 8,40%,

The structure of compounds (la~IVa) was confirmed
by physico-chemical methods, and also by a counter-synthe-
sia, IR-spectra of compounds (1a-IVa) show absorption
bands at 850, 920 and 1265 cm~) which are characteristic
of epoxy groupe.

The purity of initial and synthesized products was
checked by a thin-layer chromatography according to the
known method7. The procedure of kinetic mee surements and
treatment of experimental resultis have been described in
the previous papers -9
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