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Traneeeterification of Esters of Carbocylic Acids 
by Titanium Alcoholatee. 

x. Traneeeterification of n-Butyl Chloroacetate 
by eec*- Butylorthotitanate in Heptane

A. l}ri and A. Tuulmets 
Department of Orgsnic Chemistry, Tartu State Uni* 

versity, Tartu, Eet. SSR,

Received October 29, 1981

Traneeeterification kinetice of n-butylchloro- 
acetate by eec - butylorthotitanaOe in heptane over 
the temperature range from 0 to 55 °C has been stud­
ied. Activation parameters of the reaction are 
determined. The reaction ie kinetically second order 
(firet in each reagent) and ie not complicated by 
the eide reactionв.

Nucleophilic eubetitution reactione of eetere are among 
the most quantitatively studied reactione in organic chemis­
try . Data on acidic and alkaline hydrolysie ae well as on 
alkaline alcoholysis of estere hae provided a basis for con­
structing a substantial part of quantitative theory of de­
pendence of organic reactivity on structure. On the basis 
of the data on the esterlfication of carboxylic acids and 
hydrolysis of esters in non-polar solvent «ater mixtures. 
R*W. Taft1 has suggested the scales of steric and induction 
substituent constants, E& and O'*.

However, solvent effects on jyicleophilic subetitution 
reaction rates of esters and especially combined effects of 
structure,medium, and temperature on theee processes have

received moderate attention. To elucidate and quanti­
tatively describe theee regularities such a reaction series
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is desirable which mechanism does not vary within consider­
able changes in the reaction conditions. Alkaline alcohol- 
ysis, for example, does not fit for this purpose, as in 
alcohols and other organic solvents alongside with alcoxide
ions ion pairs of alcoholate and their associates are pree-2 3ent * . These species all possess various nucleophilicity 
to esters and their relative concentration depends on tem­
perature and solvent-**^.

The present work studies traneeeterification of n-butyl 
chloroacetate by sec - butylorthotitanate as an example of 
the traneeeterification reaction by titanium alcoholatee.

This process may happen to be suitable for a multipara­
meter analysis of combined structure, medium, and tempera­
ture effects on the nucleophilic substitution reactions at 
the carbonyl group. The choice of titanium alcoholatee as 
nucleophilic reagente is due to their physico-chemical 
propertiee: orthotitanates of secondary and tertiary alco­
hols are well eoluble in organic solvente and monomeric in 
solutions'*.

In spite of the fact that titanium alcoholatee are 
typical catalysts of the traneeeterification reaction*^ sys­
tematic kinetic data on their reactivity are abeent in the 
literature.

Experimental
Reagents. Heptane and cyclohexane and cyclohexane wert 

shaken with the mixture of concentrated eulphuric and nitric 
acids washed with water and redietilled over calcium hy­
dride in the atmoephere of dry argon.

Purity of n-butyl chloroacetate was not less than 99% 

by the data of GLC. Sec.-butylorthotitanate was obtained 
from sec.-butyl alcohol distilled over calcium hydride and 
freshly distilled titanium tetrachloride in the flow of dry 
ammonia^’8. Before use it was distilled in the atmoephere 
of argon. The fraction of 108-110°C (1 mm) wae collected.

Kinetic measurements. Kinetic measurements were carried 
out under pseudo-first-order conditions (not less than 20-
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fold excess of orthotitanate) by the method of samples and 
their GLC analysis. The reaction was carried out in test- 
-tubes. 2 ml of the reaction mixture was placed into the 
test-tube 3corked hermetically with a fluoroplaetic stopper 
provided with silicone septum to let initial solutions in 
and to take samples. The test-tubes were thermostated in 
9U-10 thermostat to within 0.1°C.

1,5 ml of 0.02-0.10 M solution of sec-butylorthotitanate 
in heptane was transported into the cell with a hypodermic 
syringe. At the starting reaction moment 2-10 Ml of 1056 
solution of initial ester and internal standard (tridecane) 
in heptane was added into the reaction mixture.

Analysis of samples (1-3 pi) for the content of n-butyl 
chloroacetate or sec.-butylcaloroacetate in the reaction 
mixture was done on a "Voruchrom" chromatograph with a flame- 
-ionization detector by the ratio of peak heights of ester 
and standard. The column (0.3x300 cm) was packed with 
fluorosillcone elastomer 5KTFT-100 coated support Chromaton 
N Superо Carrier gas was nitrogen, temperature of the 
column was 115°C.

To determine the initial concentration of titanate in 
heptane 1-2 ml of samples was boiled with diluted sulphuric 
acid to decompose alcoholate and remove heptane. Then the 
excess cf hydrogen peroxide and complexon III was added and 
the fixture was titrated back by standard solution ofqbismuth at pH=1-3 using the indicator xylene orange . The 
concentration of alcoholate at 0° and 55°C was calculated 
from the results of titration at room temperature, 
using the coefficient of thermal expansion of heptane10.

Determination of the molecular weight. Cryscopic mea­
surements were done in dry cyclohexane. The difference of 
freezing temperatures of cyclohexane and 0.05-0.10 M solu­
tion of sec.-butylorthotitanate in cyclohexane was measured. 
The obtained molecular weights, 314 and 330 (m.w. for mono­
mer is 340) indicate that the alcoholate in the solution is 
monomeric and some impurities in the alcoholate (probably, 
1-2& addition of sec.-butyl alcohol) are present.
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Results and Discussion.
Traneeeterification kinetics of n-butyl chloroacetate 

by sec.-butylorthotitanate in heptane отег the temperature 
range fron 0° to 55°C is studied. Kinetic measurements are 
carried oat under pseudo-first-order conditions vith large 
(not less than 20-fold) excess of orthotitanate. The first 
order rate constants are calculated from the relationship 
In f-t (f is a ratio of peak heights of initial ester and 
standard; t is reaction time) by the least squares method. 
Linearity of this dependence within not less than two half- 
-periods of the reaction (see Fig.1) indicates that the 
pseudo-first kinetic order is followed.

The reaction rate was measured at eeveral concentrations 
of sec.-butylorthotitanate at intervals from 0.02 to
0.10 M. The results of determining the molecular weight is 
cyclohexane showed that at these concentrations orthotita­
nkte is monomeric (see Experimental). The obtained values 
of k^ depend linearly on the concentration of titanate (see 
Fig^ 2). Second order traneeeterification rate constants, 
kjj, are calculated by the slope of this dependence. The 
Table lists these constants.

In the course of kinetic measurements no formation of 
the side product peaks was observed on the chromatograms. 
Coincidence within error limits of the traneeeterification 
rate constants calculated by the initial eeter and reaction 
product also indicatee that any side reactione are abeent. 
The reaction studied is kinetically second order (firet in 
each reagent). Thie speaks in favor of the fact that strong 
donor-accepting interaction between carbonyl oxygen and 
aethotitanate metal ie abeent.

Table
Hate Constants of the Reaction of n-Butyl 
Chloroacetate with вес.-Butylorthotitanate

tt°c C,M 10^kjf51 103kII,M"15“’1 103kl;[,M"1S"1
1 2 ..3. i..... ........ Ü... . -

0.0 0.0536 1.2721 2.37 
0.0536 1.279 2.39
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J_________2_________2__________i_____________i

О.О536 1.335 2.49 2.34t - 0.12
0.1015 2.223 2.19
0.1015 2.294 2.26

25.0 0.0240 2.04 8.48
0.0240 2.03 8.47
0.0520 4.51(4.00) 8.68
0.0520 4.74(4.48) 9.12 8.59 - 0.29
0.0984 8.15(7.65) 8.29
0.0984 8.34(8.79) 8.48

55.0 0.0501 14.99 29.92
0.0501 14.84 29.63
0.0501 16.23 32.40 30.85 i 1.31
0.0501 15.76 31.47

* Rate constants calculated by the reaction product,
sec.-Butyl ohloroacetate are given in parentheses.

Activation parameters calculated by the data fro« the 
Table have the following values (at standard temperature,

Б ■ 8.36 - 0.08 kcal/mol -42.0 entr. un.
IgA » 4.05 - 0.06 Д »8 kcal/mol

дО^» 20.3 kcal/mol
The activation parameters obtained by us differ from 

those for alkaline alcoholyais and hydrolysis of esters 
by the ВДс£ mechanism. In these reactions the value of
entropy is within -20 -- 30 entr. un. Ref. 11 suggests the
following reaction menhanism for the traneeeterification 
esters by titanium alcoholatee:

(R0)4Ti (RO)3Ti3+ + R0~
Ro" + r 1c"°o r" ̂  R1c*°0H + R"0~
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t , min

Pig. 1. Plot of In f
- ratio of the heights 

of the chromatographic peaks 
of butyl chloroacetate and 
tridecane) vs. time at 

25.0°C

Pig. 2. Plot of the 
pseudo-first-order rate 
constants (kj) vs. 
sec-butyi orthotitanate 
concentrations for the 
traneeeterification of 
butyl chloroacetate at 25.0°C.0.02 0.04 0.06 0.06 a;

CTt(OBus)t
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Under our experimental conditions (low solvent polarity) 
such a mechanism where orthotitanate reacts in the non­
dissociated form is more probable.
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The principal complications connected with the 
"normalization" method sometimes used in the study 
of enzyme specificity are discussed. Besides the 
general considerations an example concerning acetyl­
cholinesterase-catalyzed hydrolysieof acetic esters 
is analyzed.

A more complete understanding of the physico-chemical back­
ground of enzyme specificity requires separation and quanti­
fication of different specificity-determining factors. A rel­
atively simple and easily available procedure to be applied 
for this purpose is the correlation analysis based on the 
linear-free-energy relationships. The principles of this
extrathermodynamic approach have been elaborated in physical

1 2 organic chemistry and are also widely used in biochemistry .
In the present note a trend to oversimplification of this 
approach is discussed.

The factors determining the specificity of enzyme cataly­
sis are often divided into two groups:
i - factors determining the "intrinsic" reactivity of the

substrate in the catalytic steps, and
ii - intermolecular interactions responsible for the non-

covalent complex formation in the binding step. 
Unfortunately, sometimes it is not understood that the "in­

trinsic" reactivity of substrates also depends upon the propr 
erties of the reaction medium, i.e. on the specific and non- 
-specific solvation of the reacting molecules (groups) in the 
initial and transition states. Therefore it is pointless to
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use the method of "normalization” of the enzyme reaction 
rate constants for reactivity of the substrates in some"mod- 
el" non-enzymic reaction in order to separate the binding 
and other typically enzymic effects. It should be noted that 
the procedure of "normalization" is valid only if the iden­
tity of both reaction mechanism can be proved. However, up 
to now there has not been found a single case to which this 
statement could have been applied with certainty. On the 
other hand, the differences between enzyme and non-enzymic 
reaction mechanism are widely discussed in elementary text­
books of biochemistry.

The complications connected with the "normalization" pro­
cedure can be obviously demonstrated by the following. If in 
an enzyme reaction the reactivity of congeneric substrates 
with a variable substituent depends on n structural fac­
tors and in a non-enzymic "model" reaction reveals m differ­
ent structural factors (m < n), the activation or reaction 
free-energy-related kinetic constants (log к or pK) can be 
represented:

i J=m i 
log ^n on enz * log knonenz + anonenz *xij ( 1)

and

ю г  - ю г  K m  * £  * L  • *ij «>

where e^onenz and а^П2 denote the intensity factors of the 
appropriate structural effects, quantified by structural 
parameters x ^  (j = 0,.. .m,.. .n). According to the "normali­
zation" procedure:

log . log ^  (aj - ) X +к k° -A* 012 nonenz' i$ +nonenz ^ionenz j=o

(3)
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The above equation shows that the terms containing x. . ati ij=0...m cancel if a^„ = а„л,__„ for all factors at л=0,...menz nonenz u ’
and. only in this case do the "normalized" rate constants 
depend upon "ourely" enzymatic effects j = m+1,...n.

Here the reaction of acetylcholinesterase-catalyzed hy­
drolysis of acetic esters has been chosen to illustrate the 
above conclusions, ■‘•'or non-ionic acetic esters with a vari­
able structure of alcohol part CH^COOR^ in the case of 
which the steric effect remains practically constant (but 
not negligible), the following two-parameter correlation 
equation is valid'*:

log kjj = log , (4)

where kjj is the second-order rate constant, O'* and nr 

account for the inductive and hydrophobic influences, p* 
sind ij> are the appropriate intensity factors. For the above 
equation the following values of the intensity factors were 
found (0.15 M KC1, 25°C) : d*=2.80±0.33 and ^  = 1.64±0.163.

for the alkaline hydrolysis of the same series of acetic 
esters with permanent steric effect the single-parameter cor­
relation equation holds^:

iog kJH = log kgH + y V *  , (5)

where * 1.91-0.08 (H20, 25°C).
Comparison of the above data clearly demonstrates that the 

effect of hydrophobic interaction cannot be separated by 
means of the "normalization" procedure as penz ^ >̂0H ’ 
although for certain limited sets of substrates with close (У* 

vaiues the approximate linearity between log(kII/k0H) and 
<T'-constants cam be observed owing to the small value of 
the increment (£*nz - poH) 5*

It can be noted that much more striking differences be­
tween the structural effects were observed in tine case of 
butyrylcholinesterase-catalyzed and alkaline hydrolysis reac-
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tions of butylcarboxy lates RjCOOC^Hg with non-ionic substit­
uents  ̂•

In the view of those results, which demonstrate remark­
able differences in the reaction mechanism of cholinesterase- 
-catalyzed and alkaline hydrolysis of carboxylic esters it 
is surprising that attempts are still made to use the nor­
malization" procedure as a "more direct method" in the anal­
ysis of acetylcholinesterase specificity^.
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INFLUENCE OF SOLVATATION EFFECTS ON THE SPECTRAL
CHARACTERISTICS OF THE 0=0 VALENCE VIBRATIONS

BAND IN oL -CHLOROACETOPHENONE

V.M.Bilobrov, A.V.Anikeyev and A.F.Popov 
Institute of Physico-Organic and Coal Chemistry,
Academy of Sciences of the Ukranian SSR,Donetsk ,240048

Received December 4,1981

Quantitative relationships revealing the influ­
ence of various solvent properties (polarity, 
polarizability,nucleophilicity,etc.) on spectrum 
characteristics of the л/ bands of «С -chloro- 
acetophenone (the frequency,^ „ л of individual

С — О
conformers as well as theix integral and peak in­
tensities) have been established.

It was shown that the effect of nonspecific 
solvatation is well reflected in frequencies and 
the effect of specific solvatation i n ^  C_Q bands 
intensities.

Possible types of intramolecular interaction 
in the studied systems are considered.

When studying the influence of a solvent on the reac­
tivity of compounds it is expedient to apply the spectros­
copic characteristics of individual bands in the infrared 
spectra of reagents as the indicator of solvatation pro­
cesses .Besides ,if the solute is characterized by conforma­
tional isomerism,such information will prove to be of high 
valute for describing the influence of the given factor on 
reactivity1’2 and,above all,for establishing the conforma­
tional structure of the reagent^.

With a view to conducting further research into the reac­
tivity of &C T&cetophenone halides the present work studies
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the regularities of the influence of solvents on the spec­
trum characteristics of the 0 „ _ bands of </, -chloroaceto-С — О
phenone.

The following solvents S were used: cyclohexane (I),ben­
zene (2),toluene O),chlorobenzene (4),I,2-dichlorobenzene 
(5),1,2,4-trichlorobenzene (6)fbenzonitrile (7)* n-butyro- 
nitrile (8), nitrobenzene (9), 1,2-dimethylbenzene (10),
I,4-dimethylbeazene (II), mesitylene (12), 1,4-dioxane (13). 
In addition to that we used binary mixtures of cyclohexane 
with diethyl ether (14), triethylamine (15); pyridine (16) 
as well as solvents 2 - 9  with different values of mole 
fractions of the latter (Ng).Thus, 78 systems have been 
studied under conditions where the solvent and concentration 
of its components were widely varied (Table I).

EXPERIMENTAL

The solvents were purified in accordance with the methods 
described in ref.4 ; ©6 -chloroacetophenone by successive 
crystallization from ethanol and the mixture of benzene and 
hexane. The physico-cyemical properties of substances corre­
sponded to reference values.The binary mixtures with pre­
scribed mole composition were prepared gravimetrically. The 
concentration of об -chloroacetophenone was kept constant for 
all the cases and equalled 0.0400 M.

The spectra of the studied solutions were obtained on a 
UR-20.The scanning rate did not exceed I cm“* * min“*,the 
range of the registered spectrum was 100 cm“*/ 100 mm ,the 
spectral split width was <— 2.9 cm-1.The spectrum in the gas­
eous phase was recorded in the cell of variable thickness 
using a spectrophotometer "Perkin-Elmer-180",the length of 
a beam run being 876 cm.

•The spectrum recorded in the solutions is in fact the 
superimposition of the noncompensated part of the absorption 
of the solvent and the absorption of об -chloroacetophenone. 
The distortion of the contour of the 'O c_0 band,due to the 
different intensity of absorption of the solvent in thegaea- 
surement cell and the compensation cell was eliminatedUby

191



introducing the relevant corrections on recording the "zero 
line"-*.

The integral intensities of bands were calculated by the 
Simpson method^ in the frequency range 1640 - 1760 cm-1.
The integration step was 2 cm"1.The calculations of molar 
coefficients of absorption (£ C_Q M"1. cm”*) and integral 
intensities (А„_л M"*. cm-2) of bands were made on a "Mir-I"С—О
computer according to the formulae:

I TQ (\) )
£ «  = —  ’ (I) 

* c o  = J t  ̂

By Tf\) ) and T (\) ) the optical transmissions at the fre-С/ —quency “4 corresponding to the "zero line" and the contour of 
bf tbe \J _ „ band are denoted,respectively.С—О

The above methods of spectral measurements secured high 
reproducibility of spectral frequencies and intensities. In 
order to determine the standard deviations of frequencies, 
integral intensities and intensities in the peak of theO

С —О
bands we have carried out a number of independent measure -
ments.Thus,on the basis of the four independent measurements
in cyclohexane the general integral intensity of carbonyl
absorption of ©6 -chloroacetophenone,the wave numbers of the
low- and high-frequency components of the О band,corre-7 8sponding to gauche and cis conformers of m o l e c u l e s a n d  
the ratio of intensities in the peaks of the components of 
the ^ c=0 ba^ds were accordingly equal to: (5 .29- 0.05) .IÔ ii'” 1 
• I O V 1. cm" 2 5 (1695.4 +0.1) cm" 1 ;(1715-5+0.1)cm' 1 ;
0.588+0.008.

RESUHDS AND DISCUSSION

The. obtained data (Table I) reveal that the transition 
from pyclohexane to other solvents S leads to a change in 
the spectral characteristics of ^ c _0 bands of об -cnloro- 
acetophenone.At the same time,as a rule; the frequencies of
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Table 1
Spectrum characteristics of the ^ ceo band of 

06- chloroacetophenone in individual solvents S and their 
binary mixtures with cyclohexane at 30°C

No NS
\ gauche V c*o

-1cm

\cis v c=o 
-1cm

Z£c-o
u-1 “1 ® »cm

Ac.o-10"J. 
II-1* “2“ cm

1 2 3 4 5 6

I. Cyclohexane
1 0.0000 1695.4 1715.5 359 5.29

2. Benzene
2 0.1091 1694.7 1715.0 379 5.38
3 0.2244 1694.0 1714.4 392 5.57
4 0.3515 1693.3 1713.2 411 5.79
5 0.5029 1692.8 1712.1 415 5.63
6 0.6513 1692.3 1711.5 422 5.79
7 0.8025 1692.0 1710.9 429 5.88
8 1.0000 1691.3 1709.5 421 5.92

3. Toluene
9 0.1008 1694.4 1714.9 365 5.22
10 0.2226 1693.8 1714.2 382 5.32
11 0.3521 1693.2 1713.4 388 5.44
12 0.4971 1692.7 1712.5 414 5.56
13 0.6560 1692.4 1711.8 429 5.71
14 0.8013 1692.1 1711.2 407 5.64
15 1.0000 1691.6 1710.4 387 5.50

4. Chlorobenzene
16 0.04784 1694.9 1715.1 377 6.00
17 0.08861 1694.3 1714.7 369 5.63
18 0.2193 1693.4 1713.4 392 5.80
19 0.3523 1692.7 1712.4 407 6.03
20 0.5028 1692.1 1711.1 416 6.31
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1 2  3 4 5 6

21 0.7529 1691.2 1709.9 388 5.78
22 1.0000 1690.7 1708. Ь 375 5.42

5. 1,2-dichlorobenzene
23 0.04496 1694.7 1714.8 382 6.07
24 0.07500 1694.0 1714.7 365 5.75
25 0.2188 1692.7 1712.4 390 5.81
26 0.3387 1692.3 1711.2 385 5.91
27 0.4931 1692.0 1710.3 361 5.68
28 0.7517 1691.5 1708.6 356 5.60
29 1.0000 1690.2 1707.7 377 5.63

6. 1,2,4- trichlorobenzene
30 0.05026 1694.6 1715.0 351 5.06
31 0.1004 1693.8 1714.4 349 5.09
32 0.2236 1693.0 1712.9 380 5.72
33 0.3502 1692.4 1712.0 390 5.90
34 0.5017 1691.9 1710.5 381 5.30
35 0.7510 1691.1 1709.5 360 5.49
36 1.0000 1690.2 1708.8 324 5.16

7. Benzonitrile
37 0.05037 1694.0 1713.8 363 5.74
38 0.09805 1693.0 1712.2 386 6.08
39 0.2254 1691.9 1709.8 390 6.21
40 0.3495 1691.7 1709.0 391 6.23
41 0.5028 1691.3 1707.5 335 6.08
42 0.7453 1690.9 1706.6 367 5.76
43 1.0000 1690.6 1706.2 343 5.02

8. n-butyronitrile
44 0.04932 1694.0 1713.5 362 5.70
45 0.1002 1693.3 1712.4 378 5.92
46 0.2253 1692.9 1711.0 392 6.17
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Table 1 continued
1 2 3 4 5 6

47 0.3510 1692.2 1709.7 394 6.45
48 0.5002 1691.7 1708.9 400 6.20
49 0.7503 1691.3 1707.8 378 5.95
50 1.0000 1691.0 1707.4 377 5.85

9. Nitrobenzene
51 0.02262 1694.8 1714т. 9 38j 5.68
52 0.04960 1694.0 1714.0 387 5.84
53 0.1538 1692.6 1711.7 38b 6.00
54 0.3353 1691.6 1709.1 404 6.30
55 0.6561 1690.5 1707.5 359 6.09
56 1.0000 1690.0 1706.0 368 5.62

10. 1,2-dimethy1benzene
57 1.0000 1691.7 1710.4 367 5.17

11. 1,4-dimethylbenzene
58 1.0000 1692.2 1711.0 424 5.36

12. Mesitylene
59 1.0000 1692.4 1711.9 381 5.12

13. 1,4-dioxane
60 1.0000 1691.3 1709.9 394 5.56

14. Diethyl ether
61 0.1008 1694.8 1715.2 351 5.44
62 0.2293 1694.4 1715.0 356 5.38
63 0.3421 1694.2 1714.6 367 5.48
64 0.5027 1694.0 1714.0 364 5.36
65 0.6518 1694.0 1713.6 376 5.63
66 0.8040 1693.9 1713.3 389 5.92
67 0.9017 1693.9 1713.0 389 5.46
68 1.0000 1693.5ж) 1712.9*)
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Table 1 continued
1 2 3 4 5 6

15. Triethy1amine
69. 0.05005 1695.2 1715.4 343 5.32
70 0.09924 1695.1 1715.3 353 5.65
71 0.1996 1695.0 1715.2 350 5.45
72 0.3508 1694.8 1714.8 345 5.34
73 0.5017 1694.6 1714.3’ 353 5.52
74 0.7010 1694.2 1714.0 332 4.77
75 1.0000 1693.7*) 1713.7*) - -

16. Pyridine
76 0.03656 1695.1 1715.0 416 6.18
77 0.1752 1693.1 1712.3 390 5.91
78 0.2832 1692.5 1711.1 410 6.27
79 0.4192 1691.7 1709.4 397 6.24
80 0.6491 1691.2 1707.5 358 5.45
81 1.0000 1688.6*) 1702.9*) - -

17. Gaseous phase
82 _ 1708.7 1730 - -

*) The data have been obtained by extrapolation of the 
dependences \) c-0 af  (NB) to Hg ■ 1.
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the separate bands constituting the doublet ^  drop but
С —О

the total integral intensities of these bands (Ac_0) and 
the sum of their peak intensities (££c=0) increase. Рог 
instance when passing from cyclohexane to chlorobenzene, 
and further to 1 ,2-dichlorobenzene ,the values of AC_Q 
£ £ c-o increase 2,6 aad Рег сеп-ь respectively.
However »with, a few solvents the intensities of ̂  C_Q bands 
prove to be remarkably lower than in c/clohexaae (cf. the 
values of Ac_0 c=o Table 1 for Nos 36 > and
Nos I , 57 , 59). Hence,it would be of interest to follow 
the behavior of these values if the composition of medium 
were altered.As an example Pig.I indicates the dependence

of Ac=0 (a) and£ £ c=0 (b) 
oC-chloroacetophenone on 
the mole fraction of ben­
zene and a number of its 
substitutes in the mix­
ture with cyclohexane 
which shows very well 
that the dependence of in­
tensity bands ^ _ of

С --О
oL -chloroacetophenone on 
Ng is rather complicated32. 
Although the curves in 
Figures la and lb resemble 
each other the peculiar­
ities of their behavior 
are well marked for inte­
gral band intensities 
(Fig. Ia).This is primar-

0.2 0.4. 0.6 0.6 Ns

Fig.I. The dependence of A„_„(a)
С —О

and £ £ с = о ^  ofoC-chloro ily due to the fact that 
acetophenone on the« compo- the A. values depend not

С *—Оsition of medium at 30°C. 
Curve numbers correspond 
to those of Table I.

only on the molar
x)

It was for this reason 
why the above values»differ-

ferently from \J £®JJChe 
extrapolation into the pure solvent for diethyl ether,

and ̂  , were not obtained by
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absorption coefficients of bands at peak frequencies but 
are (at the same time also the reault of changes in their 
contours.The last ones indicate versatility of intramolec­
ular) interactions in the systems of variable composition 
which is evidently accompanied by the appearance of new de- 
genepated conformational states of 06 -chloroacetophenone. 
The Well pronounced doublet nature of carbonyl absorption 
only' shows that stereoforms with gauche and cis orientation 

1 of the С---Cl bond towards the C«=0 bond appear to be pre-
П Оfereptial'» . The presence of other conformers besides the 

gauche and cis ones becomes apparent in the spectra of 
cL -cjiloroacetophenone through the asymmetry and the half­

width values of the\) „ лc=oband components which 
judging by the experiment 
depend on the composition 
and temperature of the 
solution,the nature of 
solvent,etc.As with a 
change in the composition 
of mixtures cyclohexane + 
+ S the relative concen­
tration of each conformer 
changes,it will certainly 
affect more the Ал_л val-C-v

1695 
1694 
1693 
1692 
1691 
1690

0.2 0.4 0.6 0.6 Ns

ues than tb e £]£,c - 0 val­
ues .The dependence of the 
frequencies of individual 
components of carbonyl 

Pig. 2.The dependence of 0 c - o ^  absorPtion of«6 -chloro- 
and faQCh®(b) of acetophenone on Ng «ümin­
ad-chloroacetophenone on ishes monotonously for 
the composition of solvent each system we studied 
at 30eC.Curve numbers cor- (Fig. 2).At the same time 
respond to those of Table I.

triethylamine and pyridine (Nos 68 ,75 » 81 )•
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a change in the frequencies C_Q of the cis conformer (the 
high-frequency constituent) of di -chloroacetophenone in the 
full range of N concentrations exceeds similar changes for

Оgauche conformer frequencies (the low-frequency constituent). 
This indicates nonidentity of solvatation of various rhota- 
mers of at* -chloroacetophenone.

In order to estimate quantitatively the influence of medi­
um effects on various characteristics (including spectral) of 
dissolved substances a number of equations have been pro­
posed (see for instance references 9 and 10). The total in­
fluence of nonspecific and specific solvatation is repre­
sented by eq.O)11:

X = XQ + yY + pP + bB + eE , (3)

where X and X are the values of the studied property in£ —Ithe g^ven solvent and in the gaseous phase; Y = 1 and
P = stand for the functions of polarity and polar-
izability’ B 311(1 ® are tiie Parameters of general basicity*2 
and -eneral a01^ ^ 15 of solvents. Coefficients у , p , b 
and e characterize the sensitivity of the value X to the 
change in each of the above medium parameters. The calcu­
lation of regression coefficientz was made on a "Mir-I" 
computer. The numerical values for eq.(3) were obtained
for solvents Nos 1,8,15,22,29,43,56,60 (see Table I) at
X = дс- 0 and for solvents Nos I,8 ,15,22,29,43,56,59»60,68, 
75,81 ät X =vj f^jclie and X = ^ . The results of the 
corresponding correlations are given below.

Ac=0 = (5.27+0.18)*I03+(I.29+0.08)*I03Y-(I.23+0.69)*I03P- 
-(6.72+0.25)B+(4.37+0.14)*I02E , (4)

S = 23.9 (2.7%), n = 9 , R = 0.998 ;
^gauche _ 1?00 = (5.29+2 .78)-(4.14+1.37)Y-(37.0+10.6)£- 

-(3.04+ I.4I)*I0"3B-(6.96+2.I4)*I0“IE , (5)
S = 0.776 (11.4%), n = 12, R = 0.994;

199



^c=c “ 1700 = C33»0+4.8)-(9.65+2.35)Y-(58.7+18.5)P-
-(5.50+2.42)’IO^B-CI.07+0.37)E , (6)

S = 1.34 (10.6%), n = 12, R = 0.955.
We have also obtained the IR-spectra of --chloroaceto­

phenone in the vapour phase at 30°C. The presence of the

gether with satisfactory statistical values of relation­
ships (4) - (6) give evidence of the validity of the above 
correlations.

As we have mentioned earlier a change in solvents will 
lead to the shift of the conformer equilibrium, whereas tne 
experimentally measured A___ values are in fact the sum of

С —О
the contributions of integral intensities of individual 
conformers of ©C-chloroacetophenone. For a balanced system 
containing к conformers it could be expressed quantita - 
tively in the form of succession of elementary developments:

i-th conformer and its concentration in the system; с is 
the analytical concentration of &C -chloroacetophenone.

Similarly to the conclusions of reference 14 we have 
assumed that the Aĵ  values of individual conformers of 
o£-chloroacetophenone are equal to each other. Consequently, 
'the A _ value in eq.(7) does not depend on the state of

’ С —" оconformer equilibrium and the dependence of Ac=0 values on 
the Concentration of the S component in the mixture (Fig.I) 
reflects primarily the changes in intramolecular interac­
tions in solutions. Let us consider dependence (4) within 
the framework of the given approximation.

The negative values of coefficients in the terms repre­
senting the contributions of polarizability and nucleo- 
philicity to eq.(4) prove that together with an increase in

peak at 1708*7cm“* and a well marked shoulder in the range 
iI730cm_* in this spectra is in good agreement with the val­
ues of intercepts in equations (5) and (6). This fact to-

*c=o zf£ (>))d̂ = ĉT
= cTT

I
i f f  »1«)] = cTT E j V ' » 4'»* 

- 1  i  V i ". = (7)C 1=1
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solvent properties under consideration the polarity of the 
C=0 band of -chloroacetophenone drops. The latter is i* 
good agreement with the model of intramolecular interactlöns 
according to which the nucleophilic solvatation of a 06 
•chloroacetophenone molecule is oarried out at the carbonylic 
carbon atom.At this the compensation of the positive charge 
at the carbon atom by electrons donated by the nuclaophile 
is accompanied by partial depolarization of the carbonyl 
bond. An increase in the two other characteristics of sol­
vent (polarity and electrophilicity) will lead according to 
eq.(4) to an increase in the polarity of the C»0 bond of 
oC-chloroacetophenone. Indeed,an increase in solvent dielec­
tric permittivity should favor the polarization of the 
carbonyl bond and an increase in dipolar momentum as a re­
sult of this. However, the interpretation of the influence 
of electrophilic solvatation in the studied system has en­
countered difficulties so far.

The comparison of absolute contributions of each of the
considered solvatation effects to the change in the Дл лc=o ,value when passing from the gaseous phase (A„ = 5.27*ICK* —I —2 c=o*M 'em , Y=P=B=E=0) to any of the studied solvents with a
non-zero value of the parameter E indicates the predominant
influence of specific effects and primarily electrphilic
solvatation. So, for example when passing from the gaseous
phase to toluene (AC_Q= З ^ О ’Ю ^ М ^ ’ст“2 , Y = 0.3I49I ,
P = 0.29257, в = 58 cm"1 , E = 1.3.ДА = 230 iT^cm"2) the

0 — 0

contribution of each solvatation effect is correspondingly 
equal to 410, -360, -390 and 570 M-I*cm"2. A similar treat­
ment of absolute contributions of various types of solvata­
tion to the change inV®al^^eand ^ frequencies (see equa-

С —О С ~ o
tions (5) and (6)) on the other hand points to the predomi­
nance of nonspecific effects and above all the polariza- 
bility of solvent.

Equations (5) and (6) show that an increase in any con­
sidered solvent property leads to a drop in the vibration 
frequencies of the carbonyl groups of conformers. At the
same time the sensitivity of J to the change in mediumС—о
polarity is approximately two times higher -chan that of

4
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v) f ^ Cbe* According to relatioships (5) and (6) the sensi­
tivities of ®^QCiie and ̂  frequencies to the change in 
other solvent properties are statistically negligible.

Thus, the results of this work indicate that the nature 
of carbonyl absorption of U* -chloroacetophenone are to a 
considerable extent dependent on the nature of solvent. At 
the same time an increase in the polarity and electrophilic- 
ity of medium leads to contrary effects in various spectro­
scopic characteristics of the c=o valent vibrations band.
The conformers of oC -chloroacetophenone are characterized 
by different sensibility to solvatation: the S-cis form is 
solvated more intensively.
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DETERMINATION OP BASICITY OP DIPIPERIDYLBENZAMINALS 
IN NITROMETHANE AND ACETONITRILE
3.1. Petrov and T.U. Urisbaev 

Moscow Technological IrAtitute of Pood-Stuffs, 
Moscow.

Kazakh Chemico- 1 Institute, Tchimkent

Nitromethane and acetonitrile media have been studied for 
the determination of PKBH+ basicities of -dipiperidyl- 
benzaminals containing substituents in the aryl ring.

To measure the potentials of half-neutralization the 
method of potentiometric titration has been applied. This 
procedure allows to carry out separate determination of 
kKBH+ and PKBH+ by two jumps of the potential.

The values obtained show dipiperidylbenzaminals to be 
strong bases in the first step of protonation. In the second 
step they are more weak,ApKBH+ = pKßH+ - pKfiH+ constituting 
6-7 units of pKfiH+. 1

Such reduction of basicity at the second step is explain­
ed by statistic,electrostatic factors and the induction ef­
fect of the positively charged substituent - AlHRg.The effect 
of the substituents of the aryl ring can be estimated by 
correlation equations:

in nitromethane medium

Received January 3t* 1982

PKBH+ - 18,74 - 0,44 6 °  

PKBH+ ■ 12,00 “ 0» 29 *(T *

(1)

(2)

in acetonitrile medium
рКвн+ - 20,19 - 0,43 6 ° (3)
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where О - is the induction constant •
Compounds with the structural link > N  - С - N<<£ (cyclic or
with the open chain) have found wide application, particu-
lary, in the production of biologically active compounds,

1 2polymeric materials, etc. ’ . When studying physicochemical 
properties of these compounds special attention is being 
paid to the estimation of their basicity (which, in parti­
cular, is connected with the biological activity of the 
compound). That is why such information is of obvious 
theoretical value^. i

In this connection dipiperidylbenzaminals present cer­
tain interest. These are compounds stable on storage which 
can be synthesized with quantitative yields (4) when piperi- 
dine reacts with aromatic aldehydes

rc6h4 - CHO 4 2hnc5h10- ^ rc6h4 -ch-(n c5h10)2 + h2o ,

they also have two equal nitrogen-containing substituents 
at a single carbon atom.

The present paper deals with the investigation of basi­
city of dipiperidylbenzaminals in nitromethane and aceton­
itrile media.

Experimental
Nitromethane of "pure" quality was washed with water,dried 

over CaCl2 and distilled.(the boiling point was 99-101°C).
Acetonitrile of "XI" quality was dried over P20^, then 

purified according to the procedure5. The boiling tempera­
ture was 81,5°C.

Dioxane of "pure" quality was purified by 8-12 hour 
boiling over potassa and distillation over metallic sodium
(the boiling point was 100,4 - 101,5°C).

The purity of solvents was checked by the gas-liquid- 
-chromatography method using a "Chrom-4" device with a 
flame-ionization detector, column 3,2 m x 2 mm filled with 
a solid carrier "Tselit-504". The liquid phase of PEGS was



equal to 15%» the temperature range was from 100 to 200°C.
The object of the study was dipiperidylbenzaminals 

RCgH^CH - (NC^H^q )2» obtained and purified by the previously 
described method
pKgjj+ and pKgH+ values of dipiperidylbenzaminals in nitro- 
methine and acetonitrile were determined in accordance with 
the results of potentiometric titration in these solvents 
at 20°C, using a glass indicator electrode and a chlorine- 
-silver comparison electrode. Initial concentration of ti­
trated compounds was 0,01 M. 0,1 M dioxane solution of per­
chloric acid prepared from 72% water solution of HCIO^ was 
used as a titrant.

The calibration of the glass electrode was carried out 
in nitromethane and acetonitrile media,pyridine and piper- 
idine being used as a standard. The pK of piredine and 
piperidine for nitromethane makee correspondingly 11,95 
and 18.22*̂  and for acetonitrile- 12.338 and 18.92°.

/В/ gpaH . pKBH+ + log —  + logf  M +
/a n  /

where pKBB+ are the pKft values of standard bases, /В/ 
and /BH*/ are the concentrations of neutral and protonated 
bases5j/-BJJ+ 'is "the activity factor of a protonated base. 
The long BH+ values were calculated on the basis of the 
ionic strength (I) values of the solution according to the 
Debye equation: log^ BH+ = 1»5 V*"» j я 1 CiZj2

Pig. 1. shows the relationship between the glass elec­
trode potential (as regards the chlorine-silver comparison
electrode) and p_H values in non-aqueous solutions calcu- alated from the titration data for pyridine and pipsridine 
(Table 1,2). The determined value of hydrogen function of 
the glass electrode agreed with the theoretical one: - 
58mB per unit of pKft.

The curves of potantiometric titration of substituted 
dipiperidylbenzaminals are shown in Figures 2 and 3.

The pKBH+ and pKßH+ values of the studied dipiperidyl-
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Fig. 1. Glads electrode calibration in nitromethane (4) and
acetonitrile (2) media. Pyridine and piperidine 
( A  ) were used as standard bases (0)

number of g/equiv HCIO^

Fig. 2. Curves of potentiometric titration of substituted 
dipiperidylbenzaminals in nitromethane medium; 
titration was performed by 0.1 M dioxane solution 
of HC104 : I-p-CC^)^, г-р-ССН^)^, 3-P-CH3O, 4—H , 
5— p-F, б— p-Cl, 7— P-N02, 8— m-N02, 9— C5H10HH 
(standard).

20?
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Potentiometrie titration of 0.01 m piridine - and 0.1 in piperidine 
solutions by 0.1 m dioxane solution of HCIO^ in acetonitrile medium at 20° G 

(pKe of piridine = 12.33, рКл of piperidine » 18.92)81 a

Table 1

Pyridine Piperidine

V(ml
hcio4 )

E
(mv)

MIok - - - - - PaH 7 (mC в
*Щ ) (mV)

.  M  

logÄ / * PaH

1. 0,0 -213 _ _ - 1 0,0 -480 - - _

2. '0,1 -88 1,27 0,14 13,74 2 0,1 -468 1,27 0,14 20,33
3. 0,2 -70 0,93 0,13 13,39 3 0,2 -445 0,93 0,13 19,98
4. 0,3 -55 0,66 0,12 13,11 4 0,3 -430 0,66 0,12 19,70
5. 0,4 -38 0,37 0,10 12,80 5 0,4 -415 0,37 0,10 19,39 .

6. 0,5 -10 0,00 0,07 12,40 6 0,5 -390 0,00 0,07 18,99
7. 0,6 +10 -0,31 0,03 12,08 7 0,6 -368 -0,31 0,03 18,64
8. 0,7 +25 -0,63 0,03 11,74 8 0,7 -352 -0,63 0,03 18,32
9. 0,9 +50 -0,91 0,03 11,45 9 0,9 --332 -0,73 0,03 18,04

/
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СП Table 2
Potentiometrie titration оf О.OIM piridine - and piperidine solutions 
by 0.11S dioxane solution of HCIO^ in nitromethane medium at 20°C, 
pKa of pytidine-11,95, pZ& of piperidine=18,22

РУ/ridine Piperidine

М 2 V(ml
НШч) S « ) lceM  l0*4rf PaH № № V ( W

HClOb)
IS (n>r) lo

10*Z & 7
PaH

1 0,0 -256 - - 1 0,0 -532 - - -

2 0,1 -131 1,27 0,14 13,36 2 0,1 -492 1,27 0,14 19,63
3 0,2 -112 0,93 0,13 13,01 3 0,2 -470 0,93 0,13 19,28
4 0,3 -100 0,66 0,12 12,73 4 0,3 -458 0,66 0,12 19,00
4 5 0,4 -80 0,37 0,10 12,42 5 0,4 -440 0,37 0.10 18,69
6 0,5 -58 0,00 0,07 12,02 6 0,5 -415 0,00 0,07 18,29
7 0,6 . -35 -0,31 0,03 11,67 7 0,6 -393 -0,31 0,03 17,94
8 0,7 -17 -0,63 0,03 11,35 8 0,7 -375 -0,63 0,03 17,62
9 0,9 +5 -0,91 0,03 11,07 9 0,8 -359 -0,91 0,03 17,34



Table, 3
The values of pKßH+ and Рквд+ for substituted
dipiperidylbenzaminals, - GH - (NC^H^q )2

, S o l v e n t
R N i t ] r o r a e t h a n e A c e t o n i t r i 1 e

pkbh* PKBH+ PKBH+ p kb h 2

1. p -n o 2 18.32 t 0.14 11.73 - 0.16 19.77 - 0.17 13.00 i 0.18
2. m-N02 18.40 - 0.12 11.80 i 0.14 19.84 - 0.14 13.07 - 0.16
3. p-Cl 18.60 - 0.13 11.85 - 0.15 20.06 t 0.16 13.12 t 0.17
4. p-F 18.67 - 0.11 11.96 - 0.13 20.15 - 0.13 13.27 - 0.15
5. H 18.76 t 0.08 12.02 t 0.09 20.21 t 0.10 13.30 t 0.12
6. p-CH30 18.84 - 0.10 12.06 t 0.12 20.28 i 0.12 13.37 ± 0.14
7. p-(CHj)2H 18.90 i 0.16 12.13 - 0.18 20.33 - 0.17 13.42 1 0.20
8. p-(C2H5)2N 18.98 t 0.19 12.18 1 0.21 20.38 i 0.20 13.48 t 0.22



benzaminals were calculated on the basis of titration 
curves and the results of glass electrode calibration:

/В/рКд„+ = p H - log -- r - l o g . (5)®HX а ь /ВН / J BH
/ВН /

* PaH - l0e — T7 -  l0s/ BH* + l0«/ BHg <6)

For each dipiperidylbenzaminal titration was repeated 
three times. Mean values of individual measurements were 
taken to calculate the arithmetical mean values of РкВц+
and pKjju+ .The values for substituted dipiperidylbenzaminals 
and thei? confidence intervals (when P = 0.95) are given 
in Table 3..

RESULTS AND DISCUSSION
The data obtained make it clear (Table 3 and Pig. 4) 

that pKBU+ and pKB„+ values conform to correlation equa- 
tions Pkbh+ -ß-бwhich account for the induction effect of 
substituents of the aryl ring:

in nitromethane medium

pKBH+ = (18.74 + 0.01C) - (0.44 + 0.024) . g*
1 r = Ü.991, S°= 0.030

pKBH+ = (12.00 + 0.014) - (0.29 + 0.031) .б'02
r = 0.970, S°= 0.031

in acetonitrile medium

(6)

pKBK+ = (2C.19 ± 0.014) - (0.43 + 0.028) . (?)

r + 0,988, S "= C.031 *

pKB4+ = (13.29 ± 0.020) - (0.31 ± 0.031) . б"!
1 a (8) г = 0.962, S =  0.044
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Pig. 3. Potentiometrie titration curves for 
substituted dipiperidylbenzaminals 
in acetonitrile medium; 0.1 U 
dioxane solvent: HCIO^ was used 
for titration. 1— p-CCgH^g,
2— p-CCHj)^, 3— p-OCHj, 4— H ,
5— p-F, 6— p-Gl, 7— P-NO2» 8— m-N02» 
9— C^H^qKH (standard)

Correlation of pKBH+, and pKBH+ Qf
substituted dipiperj$ylbenzamin»lB 
withё - values in medium:
I - acetonitrile'
II - nitromethane
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T h e - v a l u e в obtained for substituted dipijperidylben- 
zaminals in nitromethane and acetonitrile media exceedqinsignificantly the 0.40 - value^ determined for tqluene 
acids in ethanol medium. Low sensitivity of the reaction 
center to substituents is obviously due to the presence of 
the methylene CH-group which separates centres of basicity 
from the substituents of the benzene ring.

The basicity of substituted dipiperidylbenzaminals at 
the second step of protonation is considerably reduced and

A  pKBH “ pKBH+ " pKBH+ makee 6-7 units of pKjg.
Biis reduction in basicity can be explained by three 

reasons: the statistical factor, electrostatic and+induc- 
tion effects of the positively charged substituent NHR,,.

As is known (10), when a base contains two or more 
functional groups, the observed p K ^ , according to sta­
tistical reasons will be higher than the pKft of the corres­
ponding univalent base by lg2 « 0.3, whereas the observed 
pKfi will be by lg2 ■ 0.3 lower. Consequently, ДрКвн+ ■

* pKBH^ " pKBHg makes 0,6 of the Pkb h+ unit*
Electrostatic contribution to the Д  P^bh+ “ pKBH+ ”

- pKBH+ value was calculated by means of a commonly adopted I 

method^(ll)

Д рКВН * “Ne2/2*3 RTEr
where r is the distance between two reaction centers 
assumed to be equal to 1 ^  = 2.40 A

* The distance between positively charged nitrogen atoms 
was found on the basis of the following calculations:
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These calculations show that the reduction of basicity 
of dipiperdylbenzaminal3 at the second step of protonation 
due to electrostatic effect makes 2.69 in nitromethane 
medium and 2.76 pKBH+ units in acetonitrile medium,

The difference in Д  pKBH+ can be estimated in terras of 
the influence produced by the induction effect of the posi­
tively charged substituent NHR^. In this case the induction 
effect of the aliphatic series takes place. The о values for1 о  ̂у уit were found to be equal to 4.16 . The/i 6" was estimated 
by us proceeding from the following assumptions:
6*NHR ^or charged substituent is equal to 3.06 and 
^*NR 2 substituent is equal to 1.1011.

After 2 taking into account the transmission factor ( £ ) of 
the С atom ( £ ■ 0.48^) the value will be equal to:

* я * x x
A  6  « 6  - (Э KR^ * { б  . £  ) - ( 6  Nr2 .£)=

- 3.06 J 0.48 - 1.10 . 0.48 - 0.94

Consequently, the reduction ofд  Рквн+ due t0 the 
induction effect of the positively charged constituent
makes: _ _Д  pKBH+ * ß  •A Õ  ■ 4.16 . 0.94 « 3.91 pKBH+ units
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Thus, if we sum up the effect of all factors which re­
duce the basicity of dipiperidylbenzaminals at the second 
step of protonation, the experimentally observed reduction 
of pKBIj+ will be explained as follows:

the2 contribution of the statistical factor to this re­
duction of basicity makes 0.6 of Pkbh+ units; that of 
electrostatistical one makes 2.69 and 2.76 for nitromethane 
and acetonitrile,correspondingly. And that of the induction 
effect of the positively charged substituent NHR^ makes 
3.91 Pkbh+ : -fco'tal for  nitromethane makes 7.20 units 
of pKßH+ and 7.27 units of PKBH+ for acetonitrile,which 
agrees well enough with the experiment (6.74 and 6.91 for 
non-substituted dipiperidylbenzaminals).

REFERENCES
1. V.A. Tchemov, Med. prom. SSSR, No 4, 17(1959).
2. N.A. Saldberg, Zh. vsesoyuzn. khim. obsch. named for 

Mendeleyev-, b, No 1, 49-50(1961).
3. I. -enesh, Titration in Non-Aaueous Media (ed. by

I,P, Beletskaya-, Moscow, "Mir", 1971 (in Russian).
4 . A.V. Shelkunov a»0 Urisbaev, VINITY-6965-73 dep.
5. A.V. Xreshkov, L.N. Bykova, and H.A. Kazaryan, Acid-Base 

titration in Non-Aqueous Solutions, Moscow, "Khimia",
I967, p.75 (in Russian).

6. K.M. Dumaev, B.A. Korolyov, and P.E. Lokhov, Zh. org.
khim., 41, 2521 (1971).

7. B.A. Korolyov, M.A. Maltseva, A.I. Tarasov, and V.A.
Vasnev, Zh. org. khim., 44, 864(1974).

8. L.N. Pikova and S.I. Petrov, Usp. khimii, 41, 2073(1972).
9. Ü.A, • .anov and V.I. Minkin, Correlation Analysis in

Organic Chemistry, Rostov University, Rostov-on-Don,
1966Э p. 59, 68. (in Russian)*

10. D.J, Clark and D.D. Perrin,Usp. khimii, 36, 288(1967).

215



11. V.A. Pain, Foundations of the Quantitative Theory of 
Organic Reactions, Leningrad, "Khimiya", 1977. p. 99. 
(in Russian).

12. M. Peips, J.B. Koppel, V.O. Pihl, and I.A. Koppel 
Organic Reactivity, v. 13» issue 2(46), 219(1976).

216



Organic Reactivity 
Vol.18,2(66),1981

KINETICS OF INTERACTION OF ACRYLAMIDE 
WITH AMINO GROUPS OF SOME PROTEINS

M. Danileviciute, 0. Adomeniene and G. Dienys 
Department of Chemistry, Vilnius State

University, Institute of Applied Enzymology , 
Vilnius

Received January 4, 1982
Kinetics of the reaction of acrylamide with amino 

groups of insulin,B-chain of insulin and oC^-casein 
has been studied in borate buffer, pH=I0.3 at 25°. 
Acrylamide proved to be a suitable reagent for the 
modification of amino groups in proteins and for dif­
ferentiation of them according to reactivity.

Previously we have studied the kinetics of addition of 
primary and secondary aliphatic amines to ethylenic bond of 
acrylamide1.Sufficiently high rates of these reactions made 
it possible to propose that acrylamide may be used for chem­
ical modification of free amino groups in proteins and pep­
tides. We report herein the results of investigation of kinet­
ics ot interaction between acrylamide and amino groups of 
some proteins (insulin, В-chain of insulin, case in) .Amino 
groups are blocked by ̂ -carbamidoethyl groups in the course 
of the reaction:

CHp=CHC0NHp
r -n h2 — --------=-* r-n h-ch2ch2conh2 --- >

(a)
ch2=chconh2 I

(b)
where R represents the protein molecule.

R-N(CH2CH2CONH2)2 (I)
• II

2 3There are two publications where the blocking of
sulfhydryl groups of proteins and peptides with acrylamide
is described. But we have found in literature no system­
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atic investigation on chemical modification of proteins by 
the aid of acrylamide.

E x p e r i m e n t a l

Reagents.H-methyl-2-carbamidoethylamine (I,R=CHj) was 
prepared by addition of tenfold excess of 4M solution of me- 
thylamine in water to acrylamide. The product was distilled, 
(b.p. I34-I35°/7mm) and Immediately converted into hydrochlo­
ride. Acrylamide was recrystallized from chloroform, m.p. 84° 
(lit.^ 84-85°). The other reagents were used without purifi­
cation. 2,4,6-trinitrobenzenesulfonic acid (TUBS) and sodium 
tetraborate were pure grade, o<^-casein was obtained from Merck, 
В-chain of insulin was obtained from Serva, insulin was 
obtained from the Kaunas plant of endocrinic preparations.

The amount of amino groups in proteins was checked by 
determining the content of lysine by amino acid analyser LKB- 
3201. The obtained number of lysines in oC4 -casein was 15.1 
for M W 236l6(lit.5-I4),in insulin-0.93 for M W 5730(lit£-1).

All solutions for kinetic investigations were prepared 
gravimetrically.The proteins were dissolved in O.IM borate 
buffer pH=I0.3•TNBS was dissolved in distilled water.The wa­
ter solution of N-methyl-2-carbamidoethylamine was prepared 
from hydrochloride adding the equivalent amount of titrated 
NaOH.

Kinetic measurements. The kinetics was studied in 0 . Ш  
borate buffer,pH=I0.3 at 25°.Disappearance of primary amino 
groups was followed. Initial concentrations of protein amino 
groups in reaction mixture were 5.0-6.0*10 and that of ac­
rylamide was 0.5-0.75M.Samples of reaction mixture(2ml) were 
added to 20ml of O.IM borate buffer,pH=9.I8 and the concentre-7tion of amino groups was determined by the TNBS method .From
2 to 4 runs were carried out for each protein. The rate con­
stants are presented in the table
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R e s u l t s  a n d  d i s c u s s i o n

In the course of the reaction between primary amino 
groups and TNBS coloured picramino derivatives III are pro­
duced:

r-n h2 + (n o2)3c6h2so3 ----»• r-n h-c6h 2(n o 2)3 + so|“ (2).
TNBS III

It makes possible spectrophotometrical determination of amino 
groups?

We have found that model compound I (R=CH3) gives only 
a negligible absorbance in the conditions of amino groups de­
termination with TNBS.Therefore our kinetic data represents 
the formation of protein derivatives I,i.e. the rate of reac­
tions (la).

With the aim to compare the rates of reactions la and 
lb we have studied kinetics of interaction of N-methyl-2-carb- 
amidoethylamine (I ,R=CH3) with acrylami de. The rate constant 
at 25° in water solution was (3.25 ± 0.31 )iO_?l mol"’Isec“I.Por
the addition of methylamine (Ia,R=CH7) to acrylamide the rateI -3 -I -Iconstant is 1.9*10 1 mol sec .So the rate of reaction lb
is higher than that of la .If excess of acrylamide is used 
the modification of amino groups ought to proceed to deriva­
tives II.

The В-chain of insulin contains two amino groups:£-NH2 of 
lysine-29 and N-terminal oC-NH2 .The reactivity of those ami­
no groups differs considerably.The rate constant of reaction 
(I) for the more reactive amino group (probably £-NH2 of ly­
sine was calculated according to the equation of the pseudo- 
first order kinetics,from the initial part of kinetic curve 
(Fig.I).The rate of the second amino group was found from the 
inclination of the linear part of the kinetic curve at a time 
t 7 20 OOOsec.

Insulin contains two terminal oC-NH2 and one £ -NH2 of 
lysine.Therefore the rate equation is:
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where o^cg.c^ are the concentrations of amino 
groups of three types, 

kj,k2, k^ - the corresponding reaction rate 
constants of their interaction 
with acrylamide.

Kinetic curve 2 (Pig.I) shows very low reactivity of 
one amino group in the insulin molecule.The rate constant 
for this amino, group can be found from the linear part of 
the kinetic curve at t^-30 000sec.,but only approximately, 
because inclination of the curve is comparable with experi­
mental errors.

The rate constants kj and k2 were found from the exper­
imental rate of reaction (curve 2, Fig* 2) by the method of 
iterations.As starting values were used: kj-=Vo/(cj)o,k2=0.In 
the following iterations kj was calculated at the time t=0 
and k2 at t=4860sec..taking account of the contribution of the 
other reaction by using its rate constant from the previous 
iteration.Four iterations were necessary until the third fig­
ure of k_ and к became constant.

6The three-dimentional structure of insulin allows to 
attribute the rate constant k^ to the N-terminal oC-NHg of the 
A-chain.This amino «roup is in the "pocket" of the globule 
in surroundings of relatively low polarity.The rate of nuc- 
leophilic addition to the activated double bound rapidly de­
creases if the solvating power of the medium diminishes.The 
most reactive (rate constant kj) probably is £-KH2 of lysine.

The molecule of oCt-casein contains 14 £-^H2 of lysine 
and one H-terminal oC-NH2 of arginine^.On the basis of the 
kinetic data we devided amino groups of oC^-casein into four 
classes of different reactivity: class I -9 amino groups , 
class II-3, class III-2 and class IV-I.The amino group of 
class IV do not react with acrylamide.The rate constants for 
more reactive amino groups (classes I,II,III) were found as 
in the case of insulin.



sec

Pig.I.Kinetics of modification of amino groups of insulin(o) 
and В-chain of insulinC*).

sec

Fig.<2.The rates of modification of amino groups of insulin(2) 
and В-chain of insulin(i) obtained by the method of ap­
proximation of kinetic curves by analytical functions8.
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Table.
Rates constants of interaction of acrylamide 

with amino groups of some proteins at 25° in 0.1Ы 
borate buffer,pH=IO.3

Protein Number of 
groups

amino к*10 
1 mol“

-4

*sec~*

В-chain of insulin I 3.41 0.16х
I 0.07 0.02

I lc.p2.73 0.15
Insulin ' I k2=1.72 0.57

I k3<0.03

9 2.91 0.42
3 1.70 0.02oC-casein2. 2 0.3
I 0

xStandart deviations are presented.
The rate constants of addition of protein amino groups 

to ethylenic bond of acrylamide obtained in the present in­
vestigation are lower as in the case of the same reaction 
for n-butylamine1 (k=9.4 I0~41 mol_Isec_I). The inductive 
constants of substituents for n-butylamine and £-NH2 of ly­
sine do not differ. The decrease of reactivity is the result 
of steric and solvation factors. This study demonstrates clear 
differentation in reactivity of protein amino groups.
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We have used, chemical modification with acrylamide (in 
water solution at 50° and pH=I0.3) as a method to obtain 
proteins with blocked amino groups suitable as substrates9for proteases'.The conditions for substrate synthesis were
optimized with casein according to Hammersten.About 80% of
its amino groups are of similar activity (with rate constant 7) laround 2.5 10 mol sec ).10% of amino groups are by 1-2 
orders less reactive.The remaining 10% of amino groups 
practically do not react with acrylamide.Varying of tempera7 
ture (25-90°) and of medium pH (9.1-10.9) do not change the 
amount of inactive amino groups.

We followed modification of amino groups with TNBS (re­
action 2).It was necessary to check that the observed optical 
density was the result of the only reaction between free 
amino groups and TNBS.For this reason we have studied inter­
action of TNBS with nucleophilic side chains of proteins 
using model compounds:cC-N-acetyl-L-histidine, oG-N-acetyl- 
D,L-tryptophan, oC-N-acetyl-L-arginine, W-acetyl-L-tyrosi- 
ne.No absorbance was observed in the conditions used for 
determination of amino groyps.lt is in agreement with the re­
sults of R.B. Freedmann and G.K.RaddaI0.The model compounds 
mentioned above did not change the absorbtion spectrum of 
methylpicramide,i.e. they did not form coloured complexes 
with the trinitrophenyl group.

We are grateful to D.Iljaseviciene for carrying out 
the amino acid analyses.
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The rate constants, yields, and heats for the 

reaction of n-butyl halides with magnesium were de­
termined in mixtures of toluene with tetrahydrofu- 
rane, ethyl ether, butyl ether, and dimethyl aniline. 
Under the conditions used in this work organic bases 
reveal catalytic properties only at low concentration 
At higher concentrations the base influences the 
reaction rate only by altering viscosity of the medi­
um. The main part of heat of reaction is produced by 
solvation of the Grignard reagent formed in the reac­
tion.

Preparation of the Grignard reagent has turned to be a 
common and in most cases easily feasible laboratory procedure 
Nevertheless, the mechanism of the Grignard reagent forma­
tion remained obscure for a long time. Also the role of a 
solvent in this process was not revealed. Only during the 
last decades works concerned with the investigation of na­
ture and mechanism of the Grignard reaction began to appear. 
In some of them'*'-'’ also the medium effects have been in­
vestigated. However, at this time the mechanism of the reac­
tions and the role of the solvent in formation of the 
Grignard reagent are not yet clear.

Accomplishment of big-scale organomagnesium synthesis 
in industry requires the replacement of flammable solvents 
(ethers) by more safe hydrocarbons of high boiling points.
In this connection the knowledge of medium effects in the
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Grignard reaction is needed urgently.
This work is a continuation of an earlier investigation

2 3undertaken by one of us ’ , We set our mind on specifying 
the role of organic bases in formation of the Grignard re­
agent. For doing this we investigated the kinetics of the 
reaction of n-butyl halides with magnesium in various mixt- 
tures of different organic bases with toluene. The reaction 
conditions (temperature, stirring, shape and quantity of

2 3magnesium etc.) were kept constant. The induction period ’ 
was eliminated carrying out the reaction with a small por­
tion of the relevant halide in the reaction mixture before 
the measurements. The kinetics of the reactior with n-butyl 
bromide and iodide was followed by heat evolution during the 
process. That with n-butyl chlorides was followed by taking 
aliquots and titration of the Grignard reagent formed. For 
bromide and iodide the kinetic measurements were accompanied 
with determination of the yield of the Grignard reagent and 
with estimation of heat of the reaction.

EXPERIMENTAL SECTION 

R e a g e n t s  and S o l v e n t s

Toluene was treated with conc. sulfuric acid, dried over 
heated calcium chloride and distilled over sodium.

Ethyl and n-But.yl Ethers were purified from peroxides 
with potassium hydroxide, dried over heated calcium chloride, 
distilled over sodium and, before use, over the Grignard 
reagent.

Tetrahydrofuran was treated with copper (I) chloride and 
potassium hydroxide, distilled over calcium hydride.

N.N- Dimethylaniline was treated with potassium hydroxide 
and distilled over sodium.

N-Butylhalides were dried over heated calcium chloride 
and rectified.

Magnesium metal was used in the form of granules from
1.0 to 1.6 mm in diameter.
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EXPERIMENTAL METHODS 
Kinetic Measurements by the Thermographic Method

6 TAn earlier described thermographic method was used * .
The reaction flask (35-ml Erlenmeyer flask) was capped 

with a teflon stopper which was equipped with a silicon 
rubber disk. Through the disk was placed a thermistor 
MT-54 which was connected into a Wheatstone bridge-system 
of direct current. The thermograms were recorded by a 
potentiometer Ez-8.

The reaction flask was placed into a glass vessel, whose 
temperature was kept at 30-0.1 С by means of a thermostat 
U-10. The reaction mixture was stirred by a magnetic stir­
ring bar.

Before the kinetic runs 1.500 g of magnesium (granules) 
was placed into the flask. Solvents (20.0 ml in each run) 
were introduced into the flask by calibrated pipets. After 
reaching the system of a constant temperature (30°C),0.5 mL 
of n-butyl bromide or iodide was introduced through the 
silicon rubber disk by a hypodermic syringe.

Kinetic measurements were carried out in the reaction 
mixture where the first portion of butyl halide had reacted 
to completion. This method eliminates any induction period. 
Subsequently a second and then a third portion of butyl 
halide .( a 0.5 mL) were added and the corresponding thermo­
grams were recorded .

The thermograms were transfered into kinetical curves by 
numerical integration from the plot of дТ vs. t in accordance7with the formula

where дТ is the temperature difference between the reaction 
flask and the thermostat at any time t; дТо is the inte­
gral temperature difference; f is the cooling coefficient.

The coefficient  ̂ was determined experimentally as 
follows. After the halide had reacted to completion, 0.2 ml
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of acetone was added to the reaction mixture. A very fast 
exothermic reaction lead to a temperature jump after which 
a cooling curve was recorded by the potentiometer E^S; the 
value of the coefficient у was calculated from the equa- 
tion д Ti

? ■ *2 - h  ln

The first order rate constants of formation of the 
Grignard reagent were calculated from the slope of a plot 
of ln ( Д Т ® -  Л^о) vs time. The calculations were carried 
out by means of a ECM "Nairi-2". Accuracy of determining 
the rate constant averages from il to -Art.

Analysis of Reaction Mixture
After the halide portion had reacted completely (after 

the heat liberation had ceased), aliquots were withdrawn 
by removing 1.0 mL of the reaction mixture by syringe, and 
analyzed. The amount of basic magnesium was determined by 
acid titration and that of the halide by the Volhard method.
Kinetic Measurements by the Method of Aliquots

The reaction conditions and reaction flask used for the 
slow reaction of magnesium with n-butyl chloride were simi­
lar to those for the thermographic method, only the reaction 
kinetics was followed using the method of samples* Aliquots 
were withdrawn at appropriate times by removing 1.0 mL of 
the reaction mixture by syringe, and the amount of basic 
magnesium was determined. .

The reaction was initiated with 0.4 mL of dibromoethane. 
The induction period was eliminated by addition of 1.0 mL 
n-butyl chloride to the reaction mixture and after the 
latter had reacted completely, a new portion of butyl chlo­
ride was introduced and kinetic measurements were carried 
out.

The first order rate constant was determined by the dif­
ferential method*3 from the slope of plot ln ( AC/ At) vs tr, 
where ДС is the change of concentration of basic magnesium
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at the time-interval At; Г is the time corresponding to the 
intermediate of this time-interval at. Accuracy of deter- 
mening the rate constant averages from ilO to ^15%.
Assessment of Heat of Reaction

The heat of the reaction between n-butyl bromide or iodide 
and metallic magnesium were approximately calculated accord­
ing to the formula

Q * 'em 4 С
where д т£° is the integral temperature difference between 
the reaction flask and the thermostat at the end of the 
reaction; m is the weight of reaction mixture and с is the 
heat capacity of reaction mixture. The latter was calculated 
proceeding from the assumption about additivity of compo­
nent molar fractions. Heat capacity of the Grignard reagent 
was neglected.

Table 1
Hate Constants, Yields and Heats of the Reaction 
Between n-Butyl Bromide and Magnesium in Toluene-

Ore-anic Base Mixtures
Volume /о 
of Base

The amount of , Yield

IIIIII II II II
4U 

II II II
Base in moles 
per mole of 
bromide

M e c  ^ Br К cal 
mole

1 2 3 4 b b
Te trahydrofuran

100 52.3 - 100 100 -

4Я.8 0.0295 97 93 55
45.4 0.0249 100 73 58

50 26.2 - 91 73 -

23.7 0.0245 94 97 34
21.Я 0.0227 91 72 34

50 26.2 - 92 70 -

23.7 0.0202 94 99 38
21. ;3 0.0254 91 72 41

25 13.1 - 90 78 -
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Table 1 continued
1 2 3 4 5 6

11.2 0.0253 93 95 51
10.2 0.0234 95 76 50

25 13.1 - 90 78 -

11.2 0.0244 94 98 38
10.2 0.0232 94 75 45

10 5.20 - 99 94 -

4.00 0.0300 95 97 28
2.84 0.0305 94 73 29

10 5.20 - 99 90 -

4.00 0.0293 97 99 28
2.84 0.0298 96 61 27

5 2.60 - 105 99 -

1.52 0.0240 90 84 29
0.49 - 68 77 17

5 2.60 - 100 99 -

1.52 0.0323 89 92 29
0.49 - 85 75 13

3.85 2.00 - 100 108 -

0.95 0.0049 54 77 -

0 0.0050 98 79 14
3.85 2.00 - 100 112 -

0.95 0.0073 60 57 -

0 0.0040 79 94 26
Diethyl Ether

100 41.5 - 94 30 . -

39.7 0.0340 97 100 30
38.7 0.0307 100 98 32

100 41.5 - 100 89 -
40.5 0.0358 91 96 39
39.6 0.0406 100 99 38

75 31.1 - 93 31 -
30.2 0.0355 94 100 30
29.2 0.0352 100 100 29
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Table 1 continued
1 2 3 4 5 6

75 31.1 _ 96 85
30.1 0.0333 94 100 34
29.2 0.0333 100 99 32

50 20.7 - 100 97 -

19.3 - 95 98 30
18.4 о.озбз 99 97 30

50 20.7 - 100 87 -

19.8 0.289 94 100 39
18.8 0.Ž94 100 90 36

25 10.4 - 83 31 -

9.37 0.0257 87 94 37
8.39 0.0267 72 95 36

25 10.4 - 100 84 -

9.37 0.0281 98 100 -

3.39 0.0277 100 99 -

10 4.15 - 98 88 -

3.08 0.0258 91 100 30
2.17 - 94 97 33

10 4.15 - 100 89 -

3.15 0.0268 92 99 40
2.23 0.0270 93 98 38

7.5 3.11 - 98 82 -

- 2.13 0.0267 90 99 42
1.23 - 79 94 _

7.5 3.11 - 96 87 -

2.09 0.0232 87 94 37
1.22 - 35 100 -

5 2.07 - 92 95 _

1.16 0.0098 97 100 30
0.19 - 84 93 -

5 2.07 - 94 33 _

1.09 0.0103 90 97 41
0.19 - 33 92 _
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Table 1 continued

Dibutyl Ether

100 24.9 - 100 96

22.9 0.0229 95 100

20.8 0.0195 96 100 

100 24.9 - 100 96

22.9 0.0204 96 100

20.8 0.0198 97 95 

100 24.9 - 90 92

22.9 0.0216 36 100

20.8 0.0213 94 100

87.5 21.9 - 97 93

19.9 0.0192 95 100

17.8 0.0208 93 100

87.5 21.9 - 94 98

19.9 0.0250 93 100

17.8 0.0200 94 100

87.5 21.9 - 91 100

19.9 0.0215 95 100

17.8 0.0218 95 98 

75 18.7 - 100 96

16.8 0.0263 92 99 

15.0 0.0250 98 100

75 18.7 - 100 94

16.8 0.0223 96 100

15.0 0.0221 93 100 

75 18.7 - 94 100

16.8 0.0227 39 100

15.0 0.0223 97 100

62.5 15.5 - 96 100

13.8 0.0192 96 99 

12.2 0.0179 100 100

62.5 15.5 - 96 100

13.8 0.0199 39 98
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Table 1 continued

1 2 3 4 5

12.2 0.0171 100 100

62.5 15.5 - 91 100

13.8 0.0224 94 100

12.2 0.0200 95 100

50 12.4 - 100 90

10.9 0.0277 96 100

9.4 0.0231 93 100

50 12.4 - 100 92

10.9 0.0267 96 100

9.4 0.0225 92 100

50 12.4 - 84 100

10.9 0.0190 96 100

9.4 0.0202 92 100

37.5 9.33 - 94 100

7.91 0.0224 91 100

6.57 0.0247 91 100

37.5 9.33 - 84 100

7.91 0.0208 91 98

6.57 0.0194 96 100

37.5 9.33 - 87 100

7.91 0.0209 93 100

6.57 0.0208 91 95
25 6.22 - 97 95

4.96 0.0175 94 100

3.76 0.0219 90 100

25 6.22 - 92 92
4.96 0.0257 94 100
3.76 0.0253 88 100

15. 3.73 - 88 95
2.59 - 89 82

1.51 0.0258 86 100

15 3.73 - 88 95
2.59 0.0203 90 99
1.51 0.0210 85 100
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Table 1 continued

1 2 3 4 5 6

15 3.73 _ 36 98

2.59 0.0238 84 100

1.51 0.0244 89 100

10 2.49 - 85 100

1.41 0.0226 89 99

0.39 -• 65 76

10 2.49 - 83 97

1.41 0.0197 88 100

0.39 - 65 73

10 2.49 - 80 100

1.41 0.0235 83 100

0.39 - 63 73

7.5 1.37 - 88 96

0.32 - 87 97

0 - 60 66

7.5 1.37 - 69 99

0.32 - 93 99

0 - 63 71

7.5 1.87 - 74 100

0.32 - 94 95

0 - 61 100

5 i. 24 The reaction does not initiate

5 ’ 1.24 The reaction does not initiate
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Table 2

Rate Constants, Yields and Heats of the Reaction 

Between n-Butyliodide and Magnesium in Toluene- 

-Organic Base Mixtures

Volume % 
of Base

The amount of 
Base in moles 
per mole of 

iodide

ktsec-1
Yield 4

koal

mole
Mg I

1 2 3 4 b fc
Diethyl Ether

100 44.1 - 91 85 -

43.2 0.0490 100 95 30

42.1 0.0346 94 100 35

100 44.1 - 91 82 -

43.1 0.0405 96 90 29

42.2 0.0496 92 100 30

100 44.1 - 80 87 -

43.4 0.0435 100 83 28
42.4 0.0421 100 100 28

75 33.0 - 83 88 -

32.3 0.0371 99 83 33

31.3 0.0341 100 97 35
50 22.0 - 94 81 -

21.1 0.0234 100 86 47

20.1 0.0300 99 97 42

25 11.0 - 86 74 -

10.2 0.0319 100 84 42

9.16 0.0278 100 90 47

15 6.61 - 87 73 -

5.74 0.0266 100 82 45
4.74 0.0262 100 89 45

5 2.20 - 34 73 _
1.36 0.0218 86 87 48

0.51 0.0149 95 94 _  ’
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Table 2 continued

1 2 3 4' 5 6

. Dimethylaniline

100 36.1 - 89 94 -

35.7 0.0132 88 95 58

34.8 0.0130 97 100 51

100 36.1 - 81 93 -

35.3 0.0149 89 99 55

34.4 0.0139 91 96 51

75 27.1 - 83 79 -

26.7 0.0166 98 96 50

25.7 0.0160 93 87 51

75 27.1 - 92 -

26.1 0.0171 92 95 48

25.1 0.0162 85 85 54

50 18.1 - 77 100 -

17.3 0.0247 ■ 91 95 50

16.4 0.0249 83 88 52

50 18.1 - 81 88 -

17.2 0.0191 86 90 53

16.4 0.0191 92 94 48

25 9.02 - 67 91 -

8.36 0.0205 83 95 59

7.53 0.0210 91 98 50

25 9.02 - 77 89 -

8.25 0.0209 80 92 55

7.45 0.0189 75 100 60

10 3.61 - 60 95 -

3.01 0.0286 69 91 60

2.32 0.0290 78 98 53

10 3.61 - 57 36 -

3.04 0.0268 73 93 45

2.31 0.0279 76 98 42

5 1.80 - 46 94 -

1.34 0.0209 57 94 66
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Table 2 continued

1 2 3 4 5 6

0.77 _ 87 94 <_

5 1.80 - 51 39 -

1.30 0.0271 74 95 48

0.56 - 58 76 -

5 1.80 - 50 91 -

1.30 0.0271 59 92 60

0.71 - 58 76 —

2.5 0.90 Reaction does not initiate

Table 3

Reaction Rate Constants of n-Butylchloride

with Magnesium in Toluene-Organic Base Mixtures

Volume % The amount of 
of Base Base in moles 

per mole of 
chloride *

103 к , sec”1

Tetrahydrofuran
100 23.0 0.28

75 16.9 0.28

50 10.8 0.26

25 4.7 0.25

10 1.0 0.23

Diethyl Ether

100 18.6 0.44

75 13.6 0.45

50 8.6 0.44

25 3.5 0.43

12 1.0 0.40

after elimination of induction period



Table 4

Rate Constants and Heats of Reaction 

with n-butylhalides and Magnesium in 

Various Media

Halide

= = = = = = = = = = = = = = = = =

Solvent

iiикII 
rH

ii 
1 

II 
о

 
II 

<x> 
II 

CQ 
II 

► 
II Ж

 
II 

• 
II 

CM
II 

О
II 

rH
II

Q*
koal
mole

Cl Diethyl Ether 0.044

Tetrahydrofuran 0.028 -
Br Diethyl Ether 3.49 34-5

Tetrahydrofuran 2.95 44±8

Dibutyl Ether 2.16 -

I Diethyl Ether 4.47 38-7

Dimethylaniline 1.40 52±6

* Average value from heat effects in toluene mixtures

RESULTS

In our kinetic experiments all the reaction conditions 

were strictly kept constant except the composition of reac­

tion medium (ratio of organic base to toluene), Therefore 

the dependence of the obtained reaction rate constants on 

relative content of added organic base must reflect the influ­

ence of the medium in general and that of the base on the rate 

of the reaction in particular.

The rate constants obtained for the reaction of n-butyl 

halides with magnesium are collected in Tables 1-3. The 

volume part of the base is given for the initial reaction mix­

ture of the experiment. Molar ratio of base to halide corre­

sponds to the initial moment of the next run and is calcu­

lated with the assumption of the previous portion of halide 

being totally consumed. It was also assumed that only one 

molecule of organic base is bounded to each molecule of alkyl- 

magnesium halide. At low amounts of organic base organomagne- 

sium compound is probably in polymeric state and it is most 

logical to suppose such a composition of solvation complex.
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At high content of base this is certainly not quite exact 

but involves insignificant error. However, it has to be 

taken into account that those ratios are formal even in the 

case of low values. As will be discussed further, alkyl- 

magnesium halides are equilibrium solvated and certain part 

of a base always remains free.

The yields of basic magnesium and halide ion are calcu­

lated for total alkyl halide added before the determination. 

Because of heterogenity of the reaction mixture accuracy 

and reproducability of the data are not very high, neverthe­

less the data reflect sufficiently well the tendencies caused 

by altering the composition of reaction medium.

DISCUSSION

In Table 4 rate constants for the reactions in pure 

solvents are summarized. It appears that the constants weak­

ly depend on the solvent. One can suppose that the reaction 

rate increase with decreasing viscosity of the solvent, for 

the sequence observed ethyl ether > tetrahydrofuran > butyl 

ether does not correspond to that of basicities, polarities 

nor polarisabilities of these bases. Reactivities of butyl 

bromide and iodide are very similar, but chloride reacts 

considerably slower. All these results coincide with the 

observations of Whitesides et al^'^, and with that of the 

Amsterdam group^.

Rate constants for the mixtures with toluene depend rel­

atively little on the composition of the mixture. In the сазе 

of chlorides the latter practically does not affect the re­

action rate but for bromide and iodide we obtained the de­

pendences represented in Figures 1 and 2. The shapes of the 

curves are different for various bases, however, at high and 

moderate concentrations of bases the reaction rate obviously 

increases with decreasing viscosity of the medium*.

* In accordance with viscosity the solvents used in this 

work form the following sequence : dimethylaniline > butyl 
ether > toluene ;> tetrahydrofurane > ethyl ether10.
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Pig. 1. Dependence of the rate constant of the reaction 

of butyl bromide with magnesium on the relative content 

of the base in the mixture base-toluene. o -  ethyl ether, 

A  - tetrahydrofurane, 0  - butyl ether.

Pig. 2. Dependence of the rate constant of the reaction 

of butyl iodide with magnesium on the relative content 

of the base in the mixture base-toluene. о - ethyl 

ether, Д - N,N - dimethyl aniline
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Gradual replacement of dimethylaniline to toluene de­

creases the viscosity of the medium and increases the rate 

of the reaction. In the case of ethyl ether and tetrahydro- 

furane the addition of toluene increases the viscosity of 

the solution and causes a decrease in the reaction rate.

The viscosities of butyl ether and toluene are very similar 

and the rate constant also does practically not depend on 

the ratio of these solvents in the mixture.

Beginning with a relatively low value of the ratio base 

to halide (about 2 mole to one mole), decrease of the ratio 

causes a dramatic decrease in the rate constant. In most 

cases this is accompanied, as seen from Tables 1 and 2, 

with decrease in the total yield of the reaction, increase 

in the Wurz reaction yield (increase of ratio of halide ion 

to basic magnesium), and decrease in heat of the reaction. 

Decrease of the latter caused in some cases difficulties in 

determination of rate constants. A further decrease of the 

content of the base in the reaction mixture makes it impos­

sible to initiate the reaction under given conditions. The 

features described above are present also in the case of 

tetrahydrofurane. However, before decrease of the rate 

constant one can observe a slight maximum on the curve, and 

a gradual decrease in heat of reaction.

In Tables 1 and 2 rate constants are compared to values 

of the ratio of base to halide at the beginning of the next 

kinetic measurement. The ratio was calculated assuming the 

Grignard reagent being highly associated and therefore 

being solvated with one molecule of base per molecule of 

alkylmagnesium halide. As is seen from the yields, the 

reaction can proceed at low contents of the base (less them 

one mole per mole of halide) with some decrease in the yield 

and heat of reaction only, provided that the initial content 

of the base exceeds a certain limit (about 2 moles per mole 

of halide, under the conditions kept in this work). If the 

total amount of the halide is lower than the limit (about 

one mole per mole of halide, in this work) the reaction 

can not be initiated. The value of such a limit at fixed
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initial concentration of halide apparently depends on the 

solvating power of the base. Consequently, alkylmagneeium 

halides are equilibrium-solvated and more of the free base 

can be involved in the reaction than predicted by the for­

mal calculation mentioned above.

As already stated above, the heat of reaction decreases 

at low content of the base. In more concentrated solutions 

it does not depend on the composition of the mixture. The 

mean values of the heat of reaction apparently are associ^ 

ated with solvating power of bases —  the higher effective 

basicity of the base"^ the higher the heat of the reaction 

(Table 4). There are particularly few data for the heat of 

the Grignard reaction in the literature. Carson and Skinned 

determined for the formation of methylmagnesium iodide in 

ethyl ether д H=65.4 kcal/mole. Markov and Peschev^ found 

for the reaction of butyl iodide with magnesium in toluene 

in presence of catalytic amounts of dimethylaniline A H=72.5 
kcal/mole. Products of the reaction and their yields were

not determined. Our estimated values are in relatively good
21

agreement with data by Holm ,

It is necessary to dwell briefly on the comparability 

of the results of different works dealing with the rates 

of formation of the Grignard reagent. The reaction condi­

tions (shape of magnesium, stirring, temperature etc.)

apparently exert strong influence on the results. For
2 3instance, in early works of our laboratory * the first 

kinetic order in respect of the solvent was found for mix­

tures of ethyl ether with benzene and n-hexane. In the same 

work^ an evident dependence of the rate constant on the 

steric effect of the alkyl group in bromide was found for 

the reaction in ethyl and butyl ethers. This dependence 

disappeared in tetrahydrofuran. Whitesides et all^’"^ 

report about an independence of the reaction rate from the 

organic group of bromides and iodides in ethyl ether. The 

values of activation energy published in various 

works^’̂’1^’1^ etC* differ to a large extent. If we accept
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the view of the Whitesides group^*"^ that the reaction of 

alkyl bromides and iodides with magnesium will proceed on 

the borderline between the slow and diffusion-limited reac­

tions, one can interpret some of the controversies mentioned 

above.

On the basis of the results described above one can draw 

some conclusions about the role of the solvent in formation 

of the Grignard reagent, valid at least for the mixtures 

with toluene. Organitf bases reveal catalytic properties at 

low concentrations. Presence of a base is also needed for 

initiation of the reaction. The minimal amount of the base 

required apparently depends on the reaction conditions. At 

high concentrations the base influences the rate of the 

reaction by altering the viscosity and/or dielectric constant 

of the medium.

The heat of the reaction is mainly connected with solva­

tion of the Grignard reagent formed. The equilibrium solva­

tion may occur after the rate-limiting step of the reaction. 

The latter conclusion is based on our observation about con­

siderable decrease of the heat of reaction at low amounts of 

base while the Grignard reagent still forms with good yield 

and with insignificant decrease in rate. Ascription of the 

main part of the heat of reaction to solvation energy may 

cause some objections in connection with the results of 

T s e c h e l i n z e f f ^ * a n d  Lifschnitz*"*, who estimated the heat 

of solvation of various organo-magnesium halides with ethyl 

ether to be about 12 kcal per mole of the Grignard reagent.

In these works ethyl ether was added to the Grignard reagent 

prepared in benzene and the amount of heat evolved was measu­

red. The composition of the product of the Grignard synthesis 

was not investigated. In our opinion the real solvation ener­

gy must be essentially higher because under these conditions 

polymeric organomagnesium compounds form and considerable 

part of solvation energy is consumed for destruction of the 

polymers. Since strong association of organomagnesium com­

pounds has been observed also in ether solutions20, the
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energies of solvation and association (polymerization) can 

.not differ very much, Therefore, the result obtained by 

these authors must be an algebraic sum of energies of par­

tial depolymerization and solvation of the organomagnesium 

compound.
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The method of quantitative imitative modelling 

has enabled us,in principle, to observe good 

(statistical) linear correlations of Hammett, Taft, 

Grunwald-Winstein and Arrhenius equations for over­

all rate constants of competitive reactions de­

scribed by equations (1) or (la). Despite good sta­

tistical values such correlations appear to be, in 

fact, not true LPER correlations but chimerical 

ones which arise due to the superposition of a 

number of true correlation, dependences in the case 

the linear approximation error of the function 

lg коЪвд- being of the same order with experi­

mental inaccuracy. To observe (in the above sense) 

good chimerical correlations it ie necessary that 

similar correlations hold for each of the competi­

tive reactions as well as only moderate differ­

ences in the influence of the given factor on the 

free energy change of individual reactions while 

the deviations from the regression hypersurface 

do not follow the normal statistical distribution 

but depend on the argument which is to be revealed 

by .the analysis of the residua.
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We have shown that the monotone non-linear na­

ture of correlations, deviations from the latter 

by individual points, the break of a correlation 

and even the inversion of the sign of the angular 

coefficient might be caused not by competition 

between the processes of formation and breaking the 

bond in the transition state, not by the appearance 

of additional types of interaction between the sub- 

situent and the reaction .center and even not by the 

passing of a parameter through its isoparametrical 

value but by the composite nature of rate constants,

i.e. by the fact that the studied reaction proceeds 

simultaneously by a number of competitive routes,

It is a well-established fact in physical organic chemis­

try that the constancy of mechanism of a process in the lim­

its of the studied reaction series is required to observe

any good (in statistical sense) LFER correlation in this 
1—8x

series “ . It is believed that the opposite point of view 

is also valid, i.e. the observance of Hammett-Taft, Grun- 

wald-Winstein and other similar equations as well as the 

Arrhenius equation**

X 6
This point of view has been formulated more accurately 

in relation to the Hammett equation, "Constancy of mechanism 

throughout the reaction series is a basic requirement for 

conformity to the Hammett equation in any of its forms".

The Arrhenius as well as the van t Hoff equations may be
Q

treated^ as special cases of LPER correlations, for the 

linear nature of the dependences Ig kA and lg kg on I/T 

for any two representatives A and В of the reaction series 

equal the linear dependence between lg кд and lgkg at 

the given temperature interval.
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for any reaction series in which structure, solvent or 

temperature is varied is treated as the criterion of con­

stancy of reaction mechanism in the given reaction series. 

The fact that individual points fall out from the linear 

correlation, the non-linear nature of the correlation in

general or break of the correlation dependence are usually
1—7

ascribed to the change of transformation mechanism or 

to the change of the rate-determindng step at consecutive 

reactions^* . The break of the Arrhenius dependence is 

treated similarly, see e.g. ref. 11. At present it is j&rd 

to overrate the vast positive role that the given criterion 

has played in the study of the meohanisms of organic reac­

tions. At the same time a number of heterolytical reactions, 

e.g. the substitution at saturated or oarbonyl carbonic 

atoms, proceed, simultaneously by a number of parallel re­

action routes12, which leads to identical or different prod­

ucts due to the fact that the reacting particles in the re­

action system may appear to be in states that are different 

both qualitatively and for reactivity12-1^ which in its 

turn is caused by the presence of reagents of different na­
ture in the reaction system or by the ambident nature 

of reacting particles1**. Simultaneous routes of transforma­

tion are likely also for many solvolytic processes in 

aqueous-organic and particularly in aqueous-alcoholic mix­

tures, see e.g. references 17 and 18.
When studying kinetically similar processes the observed 

rate constant kQba(j appears to be the composite value and 

has the form of equation (1) or (la)

*ob.d * £  ki (1)

kobod ?  (la)

where k^ - is the rate constant for the i-th simultaneous 

reaction, cJj, - the portion of particles (e.g. ions or 

their various associates of a definite type, k1̂ - the rate 

constant of these particles.
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Let us assume, that the common LPER correlation of type 

(2) is strictly observed for every k^(k^) represented in 

the right-hand part of equation (1) and (la):

lg ^(к\) + /3iX <2)

H ereof and denote the intercept and the slope X - the 

substituent or medium or the numerical value of I/T, then 

the dependence of lg ко1э8̂  on X at any ki(k^) remains non- 

-linear. In this case the numerical value of RT lgk obs(i 

does not have the meaning of the activation free energy.

It might be assumed that LPER correlations of those values 

kobsd should not be observed at all, with the exception of 

the case when all the к (̂к )̂ values are proportional to 

each other (see the appendix). However, the substituent ef­

fects on the overall of many reactions, and especially

on various solvolytic processes in ethanol-water media may
19be described rather adequately by the simple Hammett equa­

tion.

In water-ethanol solutions of alkalis the following eaui-
20librium occurs

HO“ + R 0 H « = T R 0’ + H20 (3)

Therefore in such media the anions HO” and R0“ interact
17

competitively with various electrophiles . Thus, under

these conditions the carboxylic esters interacting with HO"

undergo alkaline hydrolysis and those with the anion R0“
21undergo reesterification , i.e. of this process

appears to be a composite value. Kinetic studies of bimolec-

ular alkaline decomposition of m,p - substituted phenyl es-
22 23

ters of acetic and phenylacetic acids have indicated

good observance of LPER correlations not only for the sub­

stituent effects but also for the composition of the water-

-ethanol mixture and the observed rate constants к , , of
obed

this process has been described by eq.(la). Reference 22 

explains these experimental data by the assumption that the 

change of free activation energies in carboxylic esters 

with ions HO” and R0" are proportional and are determined
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by the same factors. This hypothesis is in fact based on 

the assumption stating that the substitution of the car- 

boxylic carbon atom is independent of substituent 

effects for the substrate and the nucleophile. This • 
fact has been confirmed by a number of studies, see e.g. 

references 22, 24 and 25. Similar "LFE correlations" work 

well also for the influence of the structure of the leaving 

and acyle groups, medium and temperature in bimolecular 

decomposition reactions of (thion) phosphinates in water- 

ethanol alkaline solutions . Under these conditions phos- 

phonic esters as well as their carboxyl analogues are to 

undergo competitive processes of alkaline hydrolysis and 

reeeterification due to the high reactivity of alkoxyle 

ions in reactions of nucleophilic substitution at the phos­

phoric atom in various phosphates, phosphonates and phosphi- 
27 28nates * „ A t  the same time, in substitution reactions at

the quadricoordinated phosphorus the structural effects of

the organophosphorus substrate and 0- nucleophile may be to
27 Xa large extent non-additive . Conseauently, the argument 

of ref. 22 cannot in the general case be extended to ex­

plaining the reasons for good observance of linear corre­

lation relationships for overall rate constants of 

alkaline decomposition of organophosphorus esters in water- 

-ethanol mixtures.

The above circumstances prompted us to consider the 

quantitative imitative modelling with the aim to test the 

possibilities for observing various correlation relation­

ships for the observed rate constants of compasite reactions. 

In order to facilitate our task we treated only linear cor­

relations similar to the Hammett and Arrhenius equations 

and started from the fact that "experimental” rate constants 

kobsd can be described eq.(l). In our view, the results 

of this modelling might be of interest to many researchers 

iš
In contrast to ref. 27 there are experimental data refer­

ring to the possible independence of the structural effect

of the substrate and O-nucleophile for the substitution at 
the quadricoordinated phosphorus.
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dealing with the quantitative description of organic reactiv­

ity and pursuing the physical sense of correlation relation­

ships. These results make us introduce the concept of'syn- 

thetic'1 correlations or chimerical correlations which arise 

as a result of superposition of several true correlation 

dependences.lt is likely that at least some of the correla­

tion relationships up to now are namely chimerical correla­

tions of this kind. Besides, the results of modelling indi­

cate that such facts as the deviation of some points (espe­

cially the extreme ones) the non-linear (U-shaped) nature 

of- the correlation or its steep break passing through the 

minimum (maximum) may be the result of comparity nature of 

the value correlated.

Imitations of Hammett correlations

Let us assume that in a reaction system of the compounds 

X0Z, where X is the substituent, 2 - the reaction center and

0 the phenylene bridge, undergo a number of simultaneous 

transformations with rate constants ki = кд, kß, kc , kD ,kE , 

kp, kg and kjj. For each reaction the Hammett-Taft equation 

is strictly observed«*

lg kj - + Д  6"i (4)

* We have chosen an equation of this type because it de­

scribes excellently kinetic data for bimolecular alkaline 

decomposition of phenyl esters of carboxylic and (thion)
лл о *3 n/I

phosphinate acids ’ ’ although thp choice of equation 

type in this case is insignificant. The two first equations 

in Table 1 are true correlations for alkaline hydrolysis of 

phenylacetates in water and 70,4 dioxane^1. The rest of the 

equations have been chosen at random with the aim to achieve 

a possibly wider range of the values a^ and у  ̂ , different 

variants of changing the numerical values of ki as well as 

various combinations of the signs a^ and ü
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The adopted values for coefficients ai and у  ^ ; for 

various k.̂  are displayed in Table 1, but substituents X 

have been limited to the following representative set : 

m, p-NOg, m, p-Cl, m, p-MeO, H, m, p-Me, m, p-NH2 ( 11 

substituents altogether). The values for 6° have been 

taken from ref. 30. Also, let us suppose that we can measure 

k0bsd which represent various combinations of k^ (Table 2) 

described by eq. (1). Consequently, our task will be reduced 

to the following: can these values of kQ^8(j be described by 

analoguous (4) equations

lg Vobsd = aobsd + f o b e ß  (5)

and if so, with what precision?

On the basis of the a^ and j j ^ values from Table 1 and 
constants 0  0 we have calculated the k^ values for various X. 

Prom these values we have in its turn constructed various 

combinations kobsd (Table 2). The results of describing in 

this way "synthesized" constants kQ^s(j within the framework 

of eq. (5) are given in Table 2 and are illustrated in fig­

ures 1-7.
Table 1

The adopted values of the coefficients ai and p   ̂
of ea.(4) for rate constants k^

ki ai J>± ki ai ß x

kA 0.151a 0.947a kE 1.151 0.253

kB -0.210b 1.628b kp -1.151 0.253

kC 1.151 2.011 kG -0.210 -1.628

kD -1.151 2.011 kH 1.151 -1.628

a The correlation^1 for alkaline hydrolysis of phenyl- 

acetates in water at 25°C. b The same in 70fo dioxane^0 .
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Table 2

Statistics of describing by eq.(5) "synthetic" 

constants kobsd> determined by eq.(l)

obsdS Reg, aobsd ‘p obsd n r
so

' sJT

kA + kB(kA”kB> 1 0.313+
+0.006

1.229+
+0.014

11 0.9997 0.018 1.16

kA + kC(kA< k C> 2 1.200+
+0.004

1.949+
+0.009

11 0.9999 0.011 0.45

kA *■ kD 
(kA'kD at §x>0 
kA> k D at 6 ^ 0 )

3 0.179+

+0.005

1.069+

+0.013

11 0.9993 0.017 1.26

kA + kE^kA< k E^ 4 1.197+1
+0.003

6.357+
+0.008

11 0.9979 0.010 2.26

kA + кр(кд>кр) 5 0.174+
+0.001

0.924+
+0.002

11 0.9999 0.003 0.26

kD + kF 
( k ^ k p  at Õ*> 0

kD<kp at 6°*-0)

6a--0.788+
+0.031

1.506+
+0.074

11 0.9394 0.095 6.90

6b.-0.874+
+0.029

1.670+
+0.059

7b 0.9968 O.G56 3.52

kA + kB + kc + 

+ kD + kE + kF

7a 1.543+
+0.029

1.494+
+0.071

11 0.9900 0.091 5.04

7b 1.510+
+0.023

1.569+ • 
+0.054

10c! 0.9954 0.063 3.85

kA + kG 

(кд>ка at(%‘>0 

k ^ k ß at^*<0)

Ha

3b

0.224+
+0.016

0.358+
+0.023

5° ! 0.9934 0.019 2.21

0.233+
+0.013

-0.634+
+0.064

5e 0.9869 0.015 3.02

kA + kH 
at(3£>0

kÂ k H at 6 ^ 0 )

9a 0.678+
+0.046

0.365+
+0.063

3f j 0.9355 0.024 13.2

9b

10a

1.214+
+0.010

-1.371+
+0.052

8K I 0.9957
I

0.026 2.77

kB + kH 

(k^$>k4 atö^X)

kB <  kH

0.419+

+0.063

0.915+

+0.0^6

31 “j 0.9956 0.034 8.08

.10b 1.139+
+0.008

-1.447+
+0.045

8g j 0.9971 

i

0.023 2.34

a in parentheaes are given the correlations of constants k^,

Without taking into account p-NH2m, m-NH2, p-Me and p-MeO.

c Without taking into account p-NHg. d For p-N02, m-N02,p-Cl,

m-Cl and m-MeO. e For p-MeO, m-Me, p-Me, p-NH2 and m-NH2.

For p-NOp, m-NO„ and p-Gl. g For the remaining 8 substit­
uents X. c
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In Table 2 in order to describe regression equations more

precisely we have in addition to the values of r and s
9 о

given also the S% values . Let us consider the obtained 

results.

Regressions 1-5 (Figures 1-3).* We have considered the 

cases when all the points are described by one regression 

equation and the correlation between lg kobsd and & ° holds 

well (Table 2). It is only the analysis of residua the. 

indicates the non-linearity of the lg kQbs(i function. The 

residua which are determined as differences д^ = lg

- lg (where k:̂ 0jj8(j is the value of the synthesized

constant at the substituent j, ^ calcd “ value of the 

constant which has been calculated in accordance with the 

regression equation for the same substituent j), depend on 

the argument which should not take place if the model, is 

adequate to experimental data. The dependence of residua 

д 4 on õ °(is illustrated by Figures 1-3). In the cases 

under consideration the initial constants ^  differed from 

each other by numeric values as well as by parameters a.̂  

and p  i. It should be noted that the obtained values of 

aobsd 011(1 P obsd stan(i nearer to the corresponding parame­
ters a^ and p   ̂ for the constant which possesses a higher 

numerical value.

Regressions 6,7 (Figures 4 and 5 ).This case is of special 
interest from the point of view of the methodology of corre­

lation analysis. Between lg kobgd and 6>0 for all substitu­

ents X only a satisfactory correlation is observed (regres­

sions 6a and^Ja). The precision of description will improve

* An experimental case of good observation of correlations

1 and 2 for overall rate constants has been described recently 

in ref. 33. The authors have shown that not only the values 

of elementary constants k? and k-j for the methylation with 

MeJ or the dimethylsulphate of anions of 2-aryle-iminothia- 

zolidin-4-ones for each of the two reaction centers but also 

experimentally measured overall rate constants k^-kg+k^ can 

be well described by the Hammett and Br^nsted equations.
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Pig.l. The correlation between the 

logarithm values of к0ь8С|“кд + kB 
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X (0). The dependence of кд on kg( Д ). 

The dependence of residua Д^ on 
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=» kA + kD and constants ß*° of 

substituents X (0). The dependence of 

kA on kD ( Л ). The dependence of 

residua Д ^ on constants C  ° ( О )•



о

Fig.3. The correla­

tion between the 

logarithm values of 

and

о
kobsd_k:A+kE

constants 6) of 

substituents X (0). 

The dependence of кд 

on kE ( A  ) The

dependence of residua 

on constants

C?°( D ) .

considerably, if one eliminates the points for X=p-NH2, 

p-MeO and p-Me (Reg. 6b) or the point p-NH2 (Reg. 7b). It 

can easily be seen that each of the eliminated substituents 

is in principle able for polar resonance with the electron- 

deficient reaction center*. The precision of describing 

"experimental" values of k0t,S(j=kD + kp (Reg.6) will naturally 

improve if the biparameters equation is applied** and it will 

lead to a considerable contribution of the polar resonance 

with the reaction center. Alternative ways of interpreting 

the deviations could be noted as well: a) the necessity to 

specify the values for deviated substituents; b) the 

conclusion that the reaction mechanism has been violated, 

especially in the case of the compound with X=p-NH2 if it 

is considered that the reaction proceeds despite reality by 

one route only._____

* Somehow it takes place in the solvolysis of cunyl 

chlorides or in the alkaline hydrolysis of ethylbenzoates 

and in a large number of other series, see e.g. ref. 3.

** For example the equation lg к = lg kQ + p ° 6 °  +ß ^ 6*> 
applied in ref. 34 for description of experimental data 

for alkaline hydrolysis m, p-XCgH^COOfit in aqueous solution, 

see also ref. 9.
256



^ъ
0.02 0.06 0.10

Pig.4. The correlation between the 

logarithm values + kp and
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Pig. 5. The correlation between 
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- kA + kB + kc + kD + kE + kp

and &  °.

The points correspond to 

substituents X * p-NHg, p-MeO, 

p-Me.



It is evident that in case the dependence of individual 

rate constants k. on the structure of reagents is described 

e.g. by constants о , the occurrence of similar deviations 

correlations of overall kobsd values from 6 *  may be explained 

by the evidence of steric interactions or hyperconjugation 

of a special type, the "rabbit's ears" effect, anchimeric 

effect, etc. When describing the dependence of kQbs^ on 

medium there are even wider possibilities for interpretation 

of deviated points within the framework of content chemical 

concepts.

Figure 4 indicates that the true dependence of lgk0b8d =

= lg(kD + kp ) on S' 0 is nonlinear. This nonlinearity is 

evidently caused (cf. Figures 1-3) by the fact t hatp^ and 

J ) p are remarkably different* D /fi p ^  ö * Therefore it is 

expected that the nonlinearity of the correlation kobs(i due 

to a certain parameter will jump with an increase in sensi­

tivity differences for the given effect on individual con­

stants k^. The nonlinearity of monotone dependence of exper­

imental constants on the structural factor In correlation 

analysis is usually not ascribed to the competition of two 

mechanisms of transformation of compounds (two reaction 

routes), but to the processes of bond formation and breaking 

in the transition state.

Regressions Э-10 (Figures 6 and 7). Here we have treated 

the cases where the dependence of lg kQb8(j on£)° splits into 

two separate linear branches with slopes different in sign 

which well represents the case of "notable change of process 

mechanism within the limits of the studied reaction series" 

(see references 1-10). A specific peculiarity of this situa­

tion is the difference of signsp^ for initial constants*.
For separate branches the linearity of plot holds well. In 

the case of Reg. 8 the unsubstituted compound (Fig. 6) 

apparently represents the case with the "intermediate mecha-

* It may be suggested that a more simple example of such a 
situation is the reversible first order reaction, when

к , j »  к, + к ,  and the signs p ,  andp ,  are different due 
obsd 1 -I J x j  -a job

to the principle of microscopic reversibility

258



(5°

Fig. 7. The correla­

tion between the 
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The point ф 
corresponds to X=H.
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nism" and for this reason does not belong to any of the 

branches of the correlation plot. In the case of regressions 

9 and 10 the overlapping of different branches takes place 

already in the vicinity of the substituent m-Cl (Fig.7).

It should be noted that in the three treated cases of 

abrupt break of correlations the dependence of kobsd on 

0̂ ° proceeds through th6 minimum. The reasons for the 

appearance of "curved" dependence of lg к on structural pa­

rameters and the abrupt break of such a dependence together 

with the passing through the maximum value of lg к have 

been treated in the literature, see e.g. references 3 and

5 as well as the quoted sources. Such dependence of kQ^8d 

on<£?° takes place e.g. in the case of competitive stages 

of decomposition of the intermediate into the final and ini­

tial products . Formally, a similar dependence may be ob­

served e.g. in coordinates lg kobsd +<3°, where kQt)8(i =

- I/(kA + kQ ).

Imitations of Arrhenius correlations

The situation with the temperature dependence of total 

rate constants of competitive reactions described by equa­

tions (1) and (la) is similar to the one described above 

for Hammett correlations. As a matter of fact, if the tem­

perature dependence of rate constants k^(k^) of each of the 

competitive reactions obeys the Arrhenius equation, then the 

apparent activation energy of the overall process is the 

following:

В „ , - R ^ o b s d  , R ( 2 k  ,-l . ( £ k )-Ц у
о Э (I/T) i 1 i Ъ (I/T) i 1 1 1 1 C6)

and similarly

Eobsd ( ,£оС,к'г1 (6a)
i 1 1 i

where E^ is the activation energy of an i-th competitive 

reaction. The Arrhenius equation
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lgkobsd “ lg Aobsd “ Eobsd/2.303 RT (7)

for overall rate constants will be obeyed strictly only in 

the special case of the activation energies of all the 

competitive reactions being equal to each other: E.̂  ■ const 

for only in this case, according to (6) and (6a) the value 

of E0tj8d does not depend on k^ and k^. The equality of ac­

tivation energies is mathematically equivalent to the in­

dependence of temperature of the ratio of rate constants 

k^ for any two competitive reaction routes.

Table 3

The adopted values for parameters lg and Ê  ̂ of 

the Arrhenius equation (8) for individual rate 

constants k^®

ki lg V i
kcal/mole

kL 5.7 6.5

kM 16.1 21.7

% 8.3 11.2

a The adopted values of activation energies Efti lie at 

intervale which are characteristic of alkaline hydrolysis 

reactions of carboxylic and organophosphorous esters.

Applying the parameters lg Â  ̂ and Ê  ̂ from Table 3 for 

hypothetical competitive reactions we have calculated the 

numerical values for rate constants k^, kM and kN at 15,0,

15, 25» 35, 55 and 75°C in accordance with the equation

lg k± - lg Ai  - Bi/2.303 RT (8)

Then, from these values ki by eq.(l) we have "synthesized" 

the overall rate constants kobsd= (kj, + kM ), (k^ + kN ) and 

(kM + kN ) at the same temperatures. Table 4 presents the 

results of correlations of these values kQbgd within the 

framework of eq.(7) with the aim to determine the precision 

of maintaining such correlations and to compare its parame-
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tere i.e. "experimental" values of the " frequence factor" 

lg Aot)sd and "activation energy" E0^S(i with such ki for rate 

constants as applied for the "synthesis" of kob8d.

Imitative modelling shows that the Arrhenius correlation 

(7) for overall constants kobsd may in many cases have fully 

acceptable precision from the point of view of the experi- 

mentator if the following conditions are held: i. the 

difference in activation energies of competitive reactions 

must be insignificant (e.g. 5-7 kcal/mo^e, see Reg. 11 in 

Fig.8), ii. the experimental temperature range must be 

rather narrow (e.g. 30-40°). At the same time the precision 

of the correlation will rise together with a decrease in the 

temperature range (see regressions 12a - 12d, Pig.8, i.e. 

at a relatively narrow temperature range a good (statis­

tically )Arrhenius correlation for the overall constant 

kobsd be ot,-taine^ even if the difference in activation 

energies of competitive reactions amounts up to 15-20 

kcal/mole (see Reg. 13b)f

Thus together with an increase in the difference between

Pig. 8. The correlation 

between the logarithm

2 values kobsd=kL + kN

^  (Л); kobsd“kM + kN (0)

^  and 10^/T. The figures in 

7 ̂  parentheses correspond t o ' 

g> T°C values.

0 

-1
2.6 3.0 32 3.4 3.6 3.6 

103/T
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Table 4
Statistics of correlation (7) of temperature of

"synthetic" rate constants kQb8(i

kobsd Reg. lgAobsd
E
a, obsd

n r
8o

s%

kL+kN

kM+kN

11

12a

12b

6.237+
+0.063

12.962+
+0.622

12.046+
+0.567

7.155+
+0.086

16.889+
+0.842

15.715+
+0.751

7b

7b

6C

0.9996

0.9938

0.9954

0.016

0.156

0.109

1.0

4.2

3.8

12c 12.935+
+0.538

16.958+
+0.732

5d 0.9971 0.074 3.2

12d 13.829+
+0.387

18.229+
+0.539

4® 0.9991 0.037 2.2

kL+kM 13a

13b

8.751+
+0.771
6.495+
+0.244

10.335+
+1.044
7.465+
+0.317

7b

5*

0.9754

0.9973

0.193

0.035

8.3

3.4

13c

•

9.247+
+0.709

11.237+
+0.988

4e 0.9924 0.067 6.5

kM+kN/(kL+kN ) 1 И 18.164+
+0.073

25.770+
+0.099

7b 0.9999 0.018 0.3

kLkM/(kL+kN ) 15 15.560+
+0.071

21.064+
+0.096

7b 0.9999 0.018 0.4

kL kM/(kM+kN } 16a 11.638+
+0.314

14.890+
+0.391

3g 0.9996 0.024 2.6

16b 7.030+
+0.272

8.629+
+0.397

4h 0.9979 0.032 2.4

kL kN/(kM+kN ) ; 17a

!

3.781+
+0.418

-4.259+
+0.521

3g 0.9924 0.032 16.8

17b -1.056+ 2.313+ 31 0.9996 0.024 6.4

aWhen calculating the parameters of eq.(7) the value -

- 1000/2.303RT has been used as the argument 

^ For the temperature reuige from -15 to 75°0. 

c Without taking into account kobsd at 75°C. 

d For the temperature range 0f55°C. 

e For temperatures 15»25»35, and 55°C. 

f For the temperature range from -15 to 35°C.
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® Рог the temperature range from -15 to 15°C. 

h For temperatures 25» 35» 55 and 75°C.

* Por temperatures 35» 55 and 75°C.

the numerical values of activation energies of competitive 

processes the dependence between the total rate constant 

and temperature in the coordinates of the Arrhenius equation 

become increasingly nonlinear (see Pig. 9).

However, the range of temperature change applied in our 

modelling is unbelievably wide (90°C!). Its reduction to 

ranges commonly used in the study of processes in liquid 

phase will lead to a situation when even in the case of very 

large differences in the activation energies of competitive 

reactions* the temperature dependence of overall rate con­

stants may be described by Arrhenius equations (see regres­

sions 13a -  I3g Pig. 9) leading to physically senseless 

values of "frequency factor" and "activation energy" or 

"activation parameters"^8^sd and^ ^ S(j when using the 

EJyring equation. The nonlinear dependence of lg kobsd on 

1/T presented in Pig. 9 may be divided at least into two 

linear (from -15 to 25°G and from 35 to 75°G) with different

* Which may proceed at comparable rates due to the corre­

sponding differences in entropy factors.

3

Pig. 9. The corre­

lation between the 

logarithm values

figures in 

parentheses corree 

spond to tempera­

ture values in T°C.

0
2.6 3.0 3.2 3.4 3.6 3ß 

10*/T
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slopes. The obtained break may be interpreted in accordance 

with the methodology of correlation analysis as a reflection 

of reaction mechanism change with the change in temperature, 

see e.g. ref. 11.

Since we take a special interest in processes that 

proceed according to the scheme

A + В I — ► P (9)

through formation of the intermediate I, able for competitive 

decomposition into reaction products or reagents we have 

calculated by using the values of activation parameters pre­

sented in Table 3 also the values of kQbB(i ■ kMJcN î kL+

kj|+kjj), kjkjj/(kjg+kjj)and k-̂  kif/(kM at the sane

temperatures.* Further we considered the possibility of de­

scribing the temperature dependence of "synthesized" in this 

way constants kobs(i within the framework of eq.(7).The ob­

tained results are also presented in Table 4.In the case of 

regressions 14 and 15 at the wide temperature range from -15 

to 75°C between lgk0^Sci 801(1 good linear plots are main­

tained (see Fig.10) in a wide range of changing "reactivity" 

(/■w5 orders of k0b8(i^* Intercepts and slopes of the corre­

sponding linear regressions in Fig. 10 lack a meaning which 

could be ascribed to them if we proceed from the adopted 

interpretation of eq.(7). In the case of regressions 16 and 

17 for the values of kQb8{i = kK/(kM + kN ) a break can be 

observed in the range of 20°C in the Arrhenius plot (see 

Fig.11).Higher and lower than this temperature good linear 

correlations take place between lg kobsd and 1/T.

Breaks of this kind are usually ascribed to the change in 

reaction mechanism when the temperature is changed 11. Even 

a more dramatic situation may be observed for kQbsd =

* If we admit the stationary concentration of the intermedia 

ate I the observed rate constant of process (9) is repress« 

sented as follows ^ Q ^ g ^ k ^ k g A k ^  + kg), where k^, k_^ and 

k2 are the rate constants of formation reverse and forward 

decomposition stages of intermediate I into initial and 

final products respectively.
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- kL kN /(kM + kN ). In this case the dependence of lg kobsd 

on 1/T decomposes in three sections: "normal dependence 

in the range from <-15 to 15°C, "reversed dependence" in the 

range 35-75°C (negative "activation energy") and the point- 

for 25°C which deviates at these correlations represented 

by good statistical characteristics. It should be noted 

that in the section of "reversed dependence" k^ is higher 

than kN by 2.2, 6.4 and 16 times at 35» 55 and 75°C (respec­

tively, i.e. at 35 and 55° one can not observe the situation 

corresponding to restrictions kM^ k N and koba<i ~ kXi 

In the latter case the reversed Arrhenius dependence is 

to be observed j if only EM > ( E L + Ejj).

Conclusion

The results of this study indicate that meaningful obser­

vance of linear plots relating the reactivity of the studied 

compounds to their structure, medium properties, temperature 

etc., does not account for the fact that the transformation 

of these compounds in the given reaction is carried out by 

a single possible route. Good correlations may be observed 

even if the reaction mechanism is really complicated, i.e. 

the transformation of reacting products occurs at compara­

ble rates simultaneously with the participation of different 

reagents or different forms of one and the same reagent 

(or substrate), and observed rate constants have some effec­

tive value . The conditions for observing such correlations 

for effective rate constants are the applicability of the 

corresponding correlations to all corresponding elementary 

rate constants for different routes of the complex reaction 

and comparatively small differences in the intensities of 

influence of the given factor' on various routes, (see the 

appendix).Consequently,the observance of any sufficiently 

well-defined correlation relationship cannot be regarded as 

a well-grounded criterion for constancy of the reaction 

mechanism in the given reaction series,if by "constancy öT 

mechanism" only a single possible effective route of th±E 

reaction is meant.
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The results of this study prove also that deviations 

from linear correlations of individual points, especially 

those located in the section of minimum or maximum values 

of the influencing factors, must be treated with special 

care. These deviations may be not connected with the influ­

ence of additional factors and the necessity to introduce 

new parameter? into the correlation equation, not with the 

precision of numerical values of substituent or solvent 

constants (e.g. the constant 6° of deviated substituents) 

and not with the change in the reaction mechanism, but with 

the fact that the reaction considered proceeds by a number 

of parallel routes.

The correlations similar to these examined in this study, 

despite their good statistical characteristics, appear not 

to be true LPER correlations but chimerical correlations, 

for their parameters do not possess a meaning which could 

be assigned to the parameters of true LPER correlations, Por 

this reason such correlations cannot be used in the general 

case for various theoretical concepts, qualitative and quan­

titative comparisons and interpretation of the reaction 

mechanism. Therefore, when constructing any correlation 

equation which relates reactivity to various factors it is 

first of all necessary to consider the problem whether the 

given correlation is a true LPER correlation or a chimerical 

one.
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Appendix

Let us suppose that at x £ X

lg k± * + ß ±x (A.I)

and

kobsd " ?  aiki (A*2)

where â  ̂ 4 0. It can be shown that under certain conditions 

the function

kobed - 18 f  aA - 1« ?  V °  ^  ^  (A.3) 

may have a good linear approximation of the type

lg kobsd “об-у31 + R(X) U '4)

where R(x) is the residue of the linear approximation, com­

parable with the experimental uncertainty of the values 

lg ^obed* The 09иа1 ^у kob8d«o£+/3x should strictly be 

obeyed only in the case of proportionality of ^  values.

In fact, if kobs(i « ^a^k^ and all k^ are proportional, then 

? aiki * akj * wher® kj is one of *he considered values 
and lg kobad«lga + lg kj. Since lg x, then lg к

ig kobsd * (lg a V 3 ^ *  where lg a mß
Let us consider in detail a simpler case. Let

lg -«Ц. +/3xx (A. 5)

lg kg *<^2 "*"/32x (A. 6)

and kobsd * kl + k2 (A‘7)

for x £  I.

In that case

°4 + Ax  + A>x
lg kobsd ж lg (1° + 1° ) - f <x > <A -8 >

•

is a function which is definite and has non-zero derivatives 

in the vicinity of a certain point хов X. Let us consider 

the linear approximation of the function (A.a) in the
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point Xq :

kobed “ f(x0 ) + Г*(х0)Лх

ЛегвДх - x - xQ. The error R(x> of this approximation is 

equal to

R(x) - 0.5f* * ( i  )( x)2 (A.10)

where £ belongs to the vicinity of the point xQ.

Let us now denote by k,0 and k2 the values k, and k0
f t X  с

in the point x ■ xQ and by and k| - the values kĵ  and k2 

in the point x * /  .

Then

lg kobed= ^ l  + kP -  (kl + 4 r l ( k l^L + k2^2)x0 +

+ (kJ + k°)“1(kj/31 + к :°^)x + R(x) (A.11)

and in accordance with (A.9) and (A.10)

(ln (Дх)г (ln io)(/32 - & ) гШ ) г

R ( I ) ------- щ :  4 > 5 -------- r —

(A.12)

The above estimated error of the linear approximation 

will increase with an increase in the numerical values of k^ 

in the section X. Nevertheless the estimate indicates that 

in the vicinity of the point X0the error R(x) will decrease 

with a decrease in the difference of 8X10 и*®У be
negligible enough at some values of /32 anäß^.

Consequently, by negligible differences in the coeffio 

cientsyß^ a n d ^ g  a relatively narrow interval of change 

are a requirement for a good linear approximation for eg.

(A. 4). If /в 2 «Д  -/5, then lg kob8d= cC+ /3*.
Let us compare the linear approximation (A.4) for 

lg kob8(i with the description of sample point values

* In the case of the Arrhenius or van’t Hoff equations the 
value (/02_ - ^ )  is the difference of activation energies, if

X» -(2.3 RT)“̂ and in the case of the Hammett equation it is 
the difference of parameters p  for parallel reactions.
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( lg коЪа(1 x ) of this function in the vicinity of tb* 

point xQ by the least-squaree method in the form of a linear

regression (with parameters sQ and r).

lg kobsd "^obsd + ^obsdX (A.13)

The leaet-equares method levele experimental data,therefore

parametersOo obsd euid. /Зог>8(1 of this deecription are to differ 

from the correspondjng coefficients of the linear approxi­

mation (A.4), but at comparable R(x) and sQ such differences 

should be statistically negligible. Therefore it can be 

considered that the standard deviation sQ of regression 

(A.13) and the coefficient of the correlation r will be the 

better the smaller is the difference o f ^ 2 andy£^ in equa­

tions (A.5) and (A.6) at the some interval of changing 

x € 1.
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In order to investigate the dependence of p °
on different solvent parameters the values of ~

PK?c - PK<L  for acedic dissociation of 
и J ®

of benzoic acids, phenols, anilinium ions, pyri-

dinium ions; the values of Alogk? = logk* -logk?js js js
for alkaline hydrolysis of ethyl benzoates, phenyl 

acetates, phenyl tosylates, phenyldimethyl thio- 

phosphinates and for solvolysis of benzyl chlorides 

(altogether 648 values) as well as the values of

= >̂?s - o) for different reaction series

in the case of 2 individual solvents in binary 

mixtures have been statistically treated by using 

a specially prepared computer programme of multiple 

regression analysis (x, j and s denote the substit­

uent, reaction series and medium, respectively).

The following solvents, besides water* were em­

braced: methanol, ethanol, 1- and 2- propanol, 

methyl-2-propanol, butanol, nitrometheme, aceto>- 

nitrile, DMPA, DMSO and binary mixtures of water 

with methanol, ethanol, dioxane. acetone, and DMSO.

In the case of dependence of the substituent 
effects on medium solvent electrophilicity

was found to be the main influencing factor. The 

influence of polarity was found to be considerably 

less important. The influence of solvent
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electrophilicity on the j>° values was found to be 

independent of the nine reaction series studied.

In our previous communication1 on the baais of 190 

values of j>° belonging to 14 reaction series the obser­

vance of the relationship

-pio - °°net (1)

was checked for indidual solvents and binary mixtures as well 

as for concentrated aqueous solutions of different salts ( j 

and s denote the reaction series and medium, respectively).

The main purpose of the present work was to check the 

significance of different solvent parameters to the substit­

uent effects when the individual and binary solvents are 

embraced. On the other hand, it is of interest to verify 

whether the observance of relationship (1) is due to the 

constant influence of only one or a number of solvent param­

eters.
2

In the investigation of Koppel and Karelson the depen­

dence of J> values on the solvent parameters have, been stud­

ied for acidic dissociation of benzoic acids and phenols 

including the p values for individual solvents and the 

gaseous phase, according to the special variant

A * A° + yY + eE (2)

of the following equation

A - A° + yY + pP + eE + bB (3)

where Y « (£ - l)/( £ + 2) and P = (n2 - l)/(n2 + 2) 

are polarity and polarizibility of solvent, E3*^ and B^*^ 

are electrophilicity and nucleophilicity parameters of 

solvent. A and A° are the j* values for a considered and 

standard medium. 6  denotes dielectric permittivity of sol., 

vent.
2

In the work considered solvent polarity was found to 

be the main influencing factor. Influence of electro-
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philicity was found to be somewhat less important, whereas 

the influence of polarizability and basicity were found to 

be negligible.But it should be mentioned that the correla­

tion of J)° values according to equation (2) is quite crude 

and the calculated susceptibility parameters relative to the 

solvent electrophilicity for acidic dissociation of benzoic 

acids and phenols were found to be quite different ( for 

benzoic acids e»0.164^0.061 and for phenols e=0.237-0.099).

If we assume that a single parameter dependence on both 

the substituent and solvent takes place for a given reaction 

series at constant temperature the equation could be written 

as follows:

logkj, - logkjo ♦ fi0 d X ♦ V  + CIe<5=‘s (4)

(j «* const, s j  const, x f  const)

«here logk*8 - logk°e - gj0d X + (5)

logk°e • loekjo * °]sS <6 >

Pje -  Pjo -  °x e S - 4 ' «

fte - fjo * °xsS <8 >

where S denotes the solvent parameter.

For standard medium s ■ о can be written

logkJ0 - l0gk°o - C9>

The solvent influence on the substituent effect can be repre­

sented as a difference:

^logkJ8-logkJs-logkJ0-(logk°B-logkJ0 )+Cxad'xS (10)

(j в const, s t const, x Ф const)
or

A A l o g k j s«(logkj8-logk*0 ) - (logkJ8-logkJ0 ) - CX8rfxS (11)

1 t  const, s ф const, X  i  const
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Relationship like (11), characterizing the dependence of 

substituent effects on medium could embrace all the data of 

reaction series for which relation (1) is applicable*

Consequently, the investigation of substituent effects 

(or the values) depending on the solvent parameters con­

sists in determination of C__ constants (or С _ constants
xs 1 2

when the cross terms like ̂ B j S ^ ^ S g  are considered).

In principle, the C_o valOeS could be estimated fromл S
e juatione like (4), (5), (7) or (8), (10) or (11).. Relation­

ships (4) - (11) can be rather complicated depending on the 

number of medium and substituent parameters involved.

Thus, the estimation of the C_D constants from the rela-
X S

tionship of type (4) is quite hopeless due to the possible 

great number of terms in the right side of the correlation 

equation. On the other hand the error of the рК̂8 values 

(especially in the caee of nonaiueous mediums) could exceed 

considerably the contributions of cross terms.

For investigation of the solvent parameters influence on 

substituent effects (or on j? values) differential equa­

tions (5), (10) and (11) could have more prospects. When the 

data of different authors are quite contradictory, then the

values of the substituent effects (logk? - logk? ) are in
js j s

better harmony with each other.

In order to check the contribution of different solvent 

parameters to the inductive effect of substituted phenyls, 

in the present work the values of

AlogkJ0C A p K j a ) . logkJ8(PKja ) - logkJ8(pK°e )

or

Aj$. *PJ. -?°io
were treated in accordance with the following equations:
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AlogkJs(4 p ^ e ).Cconet)+jJo(i|+0IE6|Ea+0II<(jAY8 (15)

a i o g k ^ G i p K ^ M c o n e t H y J ^ J  ♦ C j ^ V ' O a ^ e  +

+ W ^ A  <16>

4 y J e. (const) * CIB(Ea - %г 0) ♦ Ch AYb (17)

4 S?e"^COnBt +̂0IS^Ba"EH20'+0Et4I9+0ISY'Sa“EH20^4Is

where

logkjS or pK?s is the logk or pKQ value for an uneubstifc 

tuted derivative (X=CgH^) in a solvent s;

A Y 0= ( 1 - 1 ), where £  denotes dielectric permitti- 

£s ^ H 20 vity of solvent^;

E and В denote electrophilicity ^*4,7 (or general
Д К

acidity) and nucleophilicity (or 

general basicity) parameters of solvent, 

respectively.

As is seen, for the polarity parameters the inverse figure 

of dielectric permittivity of solvent was used. In the case 

of pKa values treatment such a choice is quite natural. It 

should be added that the data processing by using the Kirk­

wood function did not lead to statistically more reliable 

results.

The contribution of solvent polarizability was found to 

be statistically insignificant in the case of all reactione 

studied. For this reason the term polarizability in all 

relationships considered was omitted.

In order to guarantee the investigation of substituted 

phenyl inductive effects depending on the solvent parame­

ters only the Alogk? or ДрК* values for meta-substituted 
tJ ») ®

derivatives as well as para-substituted derivatives with 

substituents not able for direct resonance conjugation with 

the reacting center were subjected multilinear re­

gression analysis following relationships (14), (15) and
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(16).

According to equation (14) were treated the дрКаvalues 

for acidic dissociation of benzoic acids, phenols, ani- 

linium ions and pyridinium ions; according to equations

(15) and (16) were treated the APKa values for acidic 

dissociation of benzoic' acids, phenols, anilinium ions as 

well as the Alogk values for alkaline hydrolysis of ethyl 

benzoates, phenyl acetates, phenyl tosylates, phenyldimethyl 

thiophosphinates and for solvalysis of benzyl chlorides.

According to equations (17) and (18) the values

were treated in two different ways. Common data treatment 

involved both the values for various reaction eeries

separately (see Ref. 1) and the mean values of

Water vas chosen as standard medium (s*o)

f io  ■ P/(H20)>- 
In correlations of the ДР° values 58 different solvents 

*ere embraced.

The following solvents, besides water, were embraced: 

methanol, ethanol, 1- and 2- propanol, methyl-2-propanol, 

butanolj nitromethane, acetonitrile, dimethyl sulfoxide 

(DMSO), N-N-dimethylformanide (DMFA) and binary mixtures 

of water with methanol, ethanol, dioxane and acetone.

In the ЛрК? values treatment according to equation (14) 

the data set did not include the APK a values either for 

aethyl-2-propanol or binary mixtures of water with methanol 

and ethanol containing alcohol more than 60 mole per cent.

»hen -she Alogk*s values for alkaline hydrolysis of 

ethyl benzoates and solvolysis of benzyl chlorides were 

treated according to equations (15) and (16) the data set 

included also the ЛlSkjs values for binary mixtures of 

water with DMSO.

The lists of solvents used in the case of concrete
g
n denotes the number of averaged valuos



reaction series, are given in Appendix.
Q

References to the source of data are given in paper .

If the disagreements between the data sets of differ­

ent authors were significant, the multiple regression anal­

ysis involved the data sets for which the relationship

= const (see Refs. 1,8) holds better. References 

to the source of the concrete data set are given in Appen­

dix.

As logk?e or pK? values, principally the experimental 
js Js

values of logk or pK for the unsubstituted derivative 

(X»CgH^) were used. The calculated logk°(pK°) values were 

used: a) if the corresponding logk0 or pK° value is lacking; 

b) if the difference between the experimental and calculated 

logk0 (or pK°) values exceeds 0.15 log units. The numerical 

values of the corresponding calculated values are given in 

Appendix.

The statistical data processing was carried out on a 

"Nairi-2" computer using specially prepared program of 

multiple regression analysis, composed by V. Palm v 

The data treatment was carried out in two different ways:

1) exclusion of insignificant argument scales was 

carried out before excluding (according to Student) consid­

erably deviating points:

2) exclusion of significantly deviating points was car­

ried out before excluding insignificant argument scales.

In order to check the stability of the obtained statis­

tical results, the calculations were performed consecutively 

on three different confidence levels (0.99, 0.97 and 0.95) 

for excluding the significantly deviating points.

The exclusion of argument scales according to Fischer's 

test on the confidence level of 0.95 was performed.

When calculating, the "recommended" values of (5° and
3-5 9

the values of E and В from publications * were used.

The values of electrophilicity parameters E for binary 

mixtures of water with DMS0 were calculated using the

* Detailed description of the algorithm of this program will 

be published elsewhere.
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values for acidic dissociation of benzoic acids in HgO-DMSO 

mixtures according to the equation

Л?8 • f. - fH20 - -0-08« <EB -
where as we used the mean values of for all reaction
series considered:

<д£  ’ > ( see Table 5).

When calculating, the values of dielectric permittivity 

£  at 25°C from the I. Timmermans Tables^ were used.

The results of the statistical ДрК or ^logk values 

treatment for various reaction series according to relation­

ships (14), (15) and (16) are listed in Tables 1-4, as well 

as the characteristics of the AJ'jq values processing accord­

ing to relations (17) and (18) are listed in Tables 5 and 6.

Tables 1, 3 and 5 lists the values of Д ^0. and

Cjjjy and the corresponding standard errors.

In column n/nQ the denominator reflects the total number 

of various substituent-solvent combinations involved in mul­

tiregression data processing, and the numerator equals the 

number of remaining points after excluding significantly 

deviating points on the confidence level (t).

In column n 8/n® the denominator and the numerator re­

flects the same values for solvents embraced.

In the column "Notes" the characteristics of solvents 

embraced as well as numbers corresponding to solvent sets 

listed in Appendix, are given. Appendix also presents sol­

vents excluded from the corresponding solvent set as a 

result of data processing.

The abbreviations given in Tables10 stand for the sol­

vents used.

Tables 2, 4 and 6 columns ( ^ ? 0 )0 » (°x e ô * ^CIY^o 

^XEY^o t*1® corresponding values ,
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normalised in units of square root from dispersion.*

By sc and s the standard erros in normalized and natu­

ral scales are denoted.**

The results of the 4logk? (A p K *  ) and ДО? values
U л lJ

treatment according to equations (15)-(18) show, that the 

main factor responsible for dependence of substituent ef­

fects on medium is electrophilicity (general acidity) of 

solvent.

The influence of the solvent basicity (nucleophilicity) 

on the ДрК values was found to be statistically insignifi­

cant. Such a consclusion was made on the basis of processing 

data only for individual solvents as much as the В values 

for binary mixtures with water in literature are missing.

When treating the Д pKa values for acidic dissociation 

of benzoic acids and phenols as well as the Д.0?_ values
J j  s

the coefficient C-y responsible for the influence of the
1 1

solvent polarity ( ----g------  ) was found to be signif­

icant, too. H2°

However, in comparison with electrophilicity the rel- 

tive contribution of this factor does not exceed 25% (see 

the (CXB)0 and (Сд )о values in Tables 4 and 6). Signifi­

cance of this factor could be dependent on a solvent set 

considered. The contribution of polarity exceeds the level 

of "noises",if the diapason of variation of values for 

a solvent set considered is great enough . In the case of 

dipolar aprotic solvents and binary mixtures with not high 

composition of organic component such a diapason is negligi­

ble, involving insignificance of polarity contribution.

The value, reflecting the susceptibility of substit­

uent effect to solvent electrophilicity, varies in the

* ------------------ Õ------ 6 (ДрК* ) С
?or example, ( j>j0)0 = g  ( }---  where °

denotes the square root from dispersion of quantity , 

shown in brackets i.e. mean square halfdiapasons of this 

** quantity*
s0 = 3/<5 where О denote dispersion of the correlated 

quantity. 282



range 0.05-0.1 depending to some extent on the solvent set 

considered as well as on the relationship according to 

which the data treatment was carried out. However, as is 

eeen, in the data processing according to the same relation­

ship, the numerical value for C^g in the case of different 

reaction series varies in relatively narrow limits (the 

average value of Cjg * 0.07-0.08). A lower value CYF 

(0.05 - 0.07) is characteristic of acidic dissociation of 

anilinium ions.

The value of for acidic dissociation of benzoic 

acids, phenols and anilinium ions is equal to ll.ooto.44, 

15.1-2.2 and 5.65-1.41 (on the confidence level t=0.95) and 

for the correlation of Ajf°s values is = 7 (see Table 5). 

This value could be considered as the averaged value of 

for various reaction series.

Proceeding from the above the observance of the relation­

ship1 j^g “ ĵ jo * cons't for the various reaction series 

is mainly caused by the constant influence of solvent 

electrophlicity on the substituent effect.The constant influ­

ence of solvent polarity is considerably less important.

It should be emphasized that the reaction series for 

which j)?s - a const or = const is observed also in­

cludes the solvolysis of benzyl (cumyl) chlorides for which 

the influence of substituents is opposite in sign by compar­

ison with the other reaction series embraced ( 0, e.i. 

the electronegative substituents retard the rate of reaction).

If in the case of all other reaction series when passing 

from water to any other solvent which has low electro- 

philicity, the values will increase, then in the case of 

solvolysis of benzyl chlorides (and cumyl chlorides) the 

absolute value decreases. Thus, when passing to medium 

having E = 0, the P° value for solvolysis of benzyl chlo­

rides becomes equal to zero, but at the same time the influ­

ence of medium on the 0 values was found to be the same 

(CYR = -0.0781) as in the case of all other reactions con­

sidered.
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Prom the significance and sign of the Gj^ parameter it 
could be concluded that for inert nonpolar solvents having 

electrophilicity Б ■ 0 and low dielectric permittivity, 

the j)° value would be considerably less than in the case 

of water and sometimes does not differ from zero.

Consenuently,the dependence of the substituent effect on 

solvent polarity found in the present work is by its sign 

opposite to the one represented in a publication2 found 

when the data for individual solvents and the gaseous phase 

were embraced.

It follows that the parameters characterizing the influ­

ence of medium on the substituent effect found only on the 

basis of data for the liquid phase,are qualitatively inappli­

cable to extrapolation with the view of describing the sub­

stituent effects in the gaseous phase.

Equations (15) and (17) are inapplicable in the case of 

data for t-BuCH.In the data treatment of the pK values for 

benzoic acids and phenols according to equation (15)» as 

well as the p° values according to equation (17), all 

points for t-BuOH were excluded.

The дрК or values could be described by equations

(16) and (18) as well. In such data treatment the ДрК 

values for t-BuOH were not excluded.

It should be noted that despite the fact that all the 

points for t-BuOH were excluded in data processing by equa­

tions (15 and (17), the relationship y°8 - P°0 = const1 

was found applicable to t-BuOH as well.

The results of the Л̂°8 treatment according to equation

(17)(Table 5) could be used for the evaluation of the medium 

electrophilicity values (E), if such parameters in litera­

ture are missing. For example, it follows from these re­

sults, that additions to water salts like NaCl and

NaClO. increase medium electrophilicity since the P 0 
4 1 IQ J

values were found lower than in water * At the same

time, when passing from water to aqueous 7.75 m tetra-n-

-butylammonium bromide solution the у  ° value increases

about a unit1*20. Consequently, by effective electro -
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Table 1

Correlation of ДрК Values According to Equation (14)s

4PK‘Je pKJs - pKa. fto<£ + °XE<£Ea * °XB<£BS

No
ii N II

c+ 
II II II киitII 

о
It 
O 

t
j

II 
O'-»

IIIIIIIInIIH

CiE*1C)2

:sssssss=s;

n/no
3 / s 

n /no Notes **

Acidic dissociation of m- and p- substituted benzoic acids, 25°C

1. 0.99 -2.6et0.08 8.26i0.30 68/69 10/10 1 Individual solvents,

2. 0.97 -2.69±0.04 8.25i0.30 56/69 10/10 J see set 1

3.

4.

0.99

0.97

-2.09-0.03 

-2.10l0.03

5.13i0.21

5.25i0.18

184/213

169/213

29/30 • 

28/30

) Individual solvents and binary 
у mixtures, see set 2. MeN0? and J DMS0 were excluded

5. 0.99 -2.28^0.03 6.06i0.22 118/146 21/23 } Individual solvents and binary 
mixtures, except binary mixtures

of H2O with dioxane. MeNOg and

DMS0 were excluded.

Acidic dissociation of m- and p- substituted phenols, 25°C

6. 0.99 -4.23^0.11 9.llio.71 57/60 7/7 j1 Individual solvents, see set 3

7. 0.97 -4.27^0.10 9.14*0.67 53/60 7/7 k

8. 0.95 -4.19^0.09 8.55io.54 46/60 7/7 J
9. 0.99 -4.l6i0.09 9.nio.6o 124/129 15/15 11 Individual solvents and binary

10. 0.97 -4.12l0.09 8.76io.54 114/129 15/15 mixtures, see set 4
11. 0.95 -3.95^0.09 7.79io.51 102/129 15/15 J



Table 1 continued

No t Cjg.102 n/no nB/n Bo Notes

Acidic dissociation of m- substituted anilinium ions, 25°C

12. 0.99 -4.10^0.08 5.24^0.41 34/36 6/6 | Individual solvents, see set 5.

13. 0.97 -4.2lt0.07 5.56to.44 32/36 6/6 J

14. 0.99 -4.1li0.08 5.21^0.51 49/51 13/13 7 Individual and binary mixtures,

15. 0.97 -4.19i0.07 5.56io.44 46/51 13/13 J see set 6
Acidic dissociation of 3- substituted pyridinium ions, 25°G

16. 0.99 -7.64i0.25 8.70ll.6l 9/10 2/2 HgO, MeNOg

* In the case of all correlations considered the term was excluded i.e.Сд*0,



Correlation of ДрК Vttlueb According to Equation (14)*

' »■&, - r f s -  Ь р о  * “Wo “£*Л, * “W„<Ф.>,

Table 2

SaXSSSSSSSSSSJKSÎ L.; Üäi

No t (Йо>0

SS sss^ssasa^satt:

(<W o

l a e ü ^ ä L ' ,  —  - — ______ ^ ' » ' a s u u ^ a s s a a s s s s s s B s a s a a a a s s a :

в. a Notes

Acidic dissociation of m« and p~ substituted benzoic

acids, 25°C

1. 0,99 -I.26t0.03 0.662^0.036 0.227 0.181

2. 0.97 -l„3l£o.02 0.698^0.025 0.139 0.110

3. 0.99 -1 с 48^0.02 0.605-0.024 0.156 0.067

4. 0.97 ~1.50i0.02 0.633-0.021 0.130 0.055

5. 0.99 -I*6oto.02 0.759-0.027 0.138 0.063

7 Individual solvents

j
( Individual solvents and binary 

mixtures

Acidic dissociation of in- and p~ 1
6. 0.99 ~l.34to.04 0.506i0.042 о. 212 0.242

7. 0.97 -1.34^0.03 0.504i0.036 0.182 0.207

8. 0.95 -1.34^0.03 0.490i0.032 0.143 0.161

9. 0.99 -1.39i0.03 o.5ioio.o34 0.211 0.203
10. 0.97 -1.37i0.03 0.494i0.031 0.181 0.171

11. 0.95 -1.42i0.03 o.5ioio.o36 0.168 0.141

Individual solvents and binary 
mixtures except binary mixtures 

with dioxane
,____- « O n

of H20

Individual solvents

Individual solvents and binary 
mixtures



ssaasssssa:

No (°ХЕ^о

Table 2 continued
Notes

12. 0.99
13. 0.97
14. 0.99
15. 0.97

Acidic dissociation of m- substituted anilinium

-I.22l0.02 
-1.26^0.02 
-1.19^0.02

0.313-0.027
0.353^0.023
0.268^0.026

-1.23-0.02 0.295-0.023

ions, 25 
0.109 
0.086 
0;107 
0.090

0.100
0.080
0.116

0.096 1

Individual solvents

Individual solvents and binary 
mixtures

16. 0.99 -1.15-0.04
Acidic dissociation of 3-substituted pyridinium ions, 25 С

0.224^0.041 0.074 0,152 Ho0, MeN0o

* ( j’J o V  < 6S)0. ^XE^o» (V o ’ (CXB>o ^  (Bs)o “ the norma;i-i8ed values for the 
corresponding constants.

**In the case of all correlations considered the Cy^° Bg term was included, i.e. 0^=0



Table 3
Correlation of ^lgk(Apk) According to Equations (15) and (16)* :

- l g ^ e(pKj8) - l«k“e(pK°e) . (const) ♦ fJ00| + + 0

4lgkJa01pKj8) - (const) + + c ^ s ,  + С ^ д У з  ♦ сш ^ ,  ЛГ
====а=хсзгвз= = = ==== = = = = = ==33======= з = = = = = ===== = ====slssasssssssaasascas= =

,2

IY^x

No Eq «XX
ЯГ.

0п .ю- n 'ISY n/n 8 / 8 n /n0 Notesxxxx

Acidic dissociation of m- and p-substituted benzoic acids, 25 С
1. 15 0.99 -+2.15 5.43 0 _ 209/245 35/39

-0.04 +0.24
2. 0.97 -.2.10 "5 .22 0 _ 191/245 33/39

-0.03 +0.22
3. 0.95 - 2.09 "5 .21 0 - 151/245 31/39

to .02 +0.15
4. 15A 0.99 - 2 .84 "9 .00 8.70 _ 224/245 38/39

to. 05 +0.27 +0.85
5. 0.97 - 2.86 "9 .11 "9 .41 199/245 36/39

to. 04 +0.21 +0.67
6. 0.95 -.2.91 "9 .32 TO. 00 - 150/245 34/39

to. 02 +0.14 +0.44
7. 16 0.99 - 2.64 "7 .58 -23.3 2.63 216/233 37/37

+0.05 +0.30 +1.9 +0.19

8. 0.97 - 2 .7 0 .8.04 r25.9 ~2.90 183/233 36/37
to. 04 to. 22 -1.3 to .13

9. 16A 0.99 - 2 .64 .7.58 ?23 .3 +2.63 216/233 37/37
to. 05 to. 30 tl.9 to .19

Individual solvents 
and binary mixtures, 
see set 7
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ТаЫе 3 continued:
No Eq.** t*** *°o

CVJо 1—
1Hо gxey n/no 8 /8 n /no Notes****

Acidic dissociation of m- and p-substituted phenols, 25°C

10. 15 0.99 “+3.62 +6.69 0 _ 164/178 21/22 Individual solvents
to. 10 -0.64 and binary mixtures.

11. 0.97 -.3.64 .6.37 0 - 158/178 21/22 see set 8
to. 10 to. 60

12. 0.95 -.3.54 +6.87 0 - 131/178 21/22
to. 08 to. 46

13. 15A 0.99 - 4 .4 2 10.4 14.2 _ 165/178 21/22
to. 12 to. 64 +2.5

14. 0.97 -.4.45 10.5 15.9 - 161/178 21/22
to. 10 +0.61 +2.5

15. 0.95 -.4.53 Г0.6 Г5.1 - 144/178 21/22—0# 10 +0.53 +2.2

16. 16 0.99 - 4 .2 0 .8.82 -44.4 5.28 169/178 22/22
to. 10 —0. 60 +3.2 +0.44

17. 0.97 - 4 .02 .8.00 -J6.4 "5 .35 145/178 22/22
to. 09 tO. 48 *2 .4 to. 34

18. 0.95 - 4 .0 0 ,8.01 ^44.7 .4.90 124/178 22/22
to. 09 to. 40 -1.9 to. 28

19. 16A 0.99 -,4.20 ,8.82 r44.4 .5.28 169/178 22/22
to. 10 to. 61 t 3.2 to. 44

Acidic dissociation of m-substituted anilinium ions, 25°C

20. 15 0.99 -.4.14 +5*1° 0 _ 59/62 14/14 Individual solvents
to. 10 to. 60 and binary mixtures,

21. 0.97 -.4.21 .5.87 0 — 50/62 13/14 .see set 9
to. 07 to. 48

22. 0.95 -.4.23 .5.97 0 _ 44/62 12/14
to. 07 to.34
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No v X Xüq. t X X X
°XE* СХУ

23. 15A 0.99 -.4.15 .5.15 0to.io to. 6224 15A 0.99 4.40 .6.71 .32.6
to. 15 to. 83 tl2.6

25. 0.95 -Л.30 .,.6.24 .3.58
t-O.OQ to. 40 tl.85

26. 15 0.99 -.4.31 .6.04 0
t0.07 to. 46

27. 0.97 -.4.32 +6.16 010.06 to. 3828. 0.95 ™. 4.32 .6.25 0
to. 05 to. 31

29. 15A 0.99 “ .4.37 .6.17 .4* 14
to. 09 to. 51 t2.41

30. 0.97 -,4.40 .6.51 .5.40
to.07 to. 41 tl.9131. 0.95 -.4.39 ,6.50 .5.65to. 05 to. 31 to. 3132. 16 0.99 -4.31 ,6.04 0
to. 07 -0.46

Alkaline hydrolysis of
33. 15 0.99 .3.52 t9. 19 0to. 16 tl.0934. 0.97 .3.62 x9.71 0

to.14 to. 9335. 0.95 .3.58 r9.52 0
to. 13 to. 87

Table 3 continued 
CXEY n/no n8/no Notes****

- 60/62 14/14

Й : 7202
58/62 14/14

0 45/62 13/14
- 76/83 24/24

70/83 • 23/24
- 62/83 23/24

- 77/83 24/24
71/83 24/24

ti.43
61/83 23/24

0 76/83 24/24

Individual solvents and binary mixtures, including binary 
mixtures HpO-DMSO, see set 10

and p-substituted ethyl benzoates, 25°C
40/40 14/14 H_0 and binary mixtu.

res, see set 11
38/40 14/14 

- 37/40 14/14
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Table 3 continued
No Bq** t*3“1 flo СХЕЛ °2 CX* CXEY n/no

8 / 3n /n0 „ , s*#*Notes

36.
37.

38.

15A
16

1бА

0.99
0.99
0.99

.3.52
to. 16 
.3.52
to. 16.3.52
to. 16

-.9.19
tl.09
-.9.19tl.09
-.9.19tl.09

0

0

0

40/40 

0 40/40 

0 40/40

14/14

14/14

14/14
V

Alkaline hydrolysis of m- and p-substituted phenyl acetates,25°C
39.

40.
41.

15

15A

0.99
0.97
0.99

.2.52 
to. 13 
.2.46 
to. 10 
.2.52 
to. 13

-.7.22 
to.85 

-.6.83 
to. 64

- 7 . 22
to.85

0

0

0

31/32
29/32
31/32

7/7
7/7
7/7

H20 and binary 
mixtures, see set 12

Alkaline hydrolysis of m- and p-substituted phenyl tosylates,60°C
42.

43.
15
15A

0.99
0.99

.3 .39 
to. 14
.3.39

-.7.32 
to. 79 

-.7.32

0

0

25/25
25/25

4/4

4/4

H20 and binary 
mixtures, see 

set 13.
-0.14 -0.79

Alkaline hydrolysis of m- and p-substituted phenyldimethylthiophosphinates,25°C
44. 15 0.99 .3.17 -.8.51 0 - 9/9 3/3 H20,H20-Bt0H(23.6)f

-0.30 -1.81 H20-Bt0H(73.8).
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Table 3 continued
No -JUSBq XXXt~~

1 
°

°c£ CXE»102 CI* CZBY n/no

CD 
О

 

ma xxxxNotes
Solvolysis of m- and p-stfbstituted benzyl chlorides, 60°C

45. 15 0.99 0 -.7.81 
to. 57

0 - 26/27 7/7 HpO and binary mixtures, 
see set 14

46. 15A 0.99 0 - 7 .8 1  
to. 57

0 - 26/27 7/7

47. 16 0.99 0 - 7 .8 1
to. 57

0 0 26/27 7/7

-t*- O
D • 16A 0.99 0 - 7 .8 1  

to. 57
0 0 26/27 7/7

* In the case of all correlations the term (const) in equations (15) and (16) does not differ from zero.
“ Letter "A" added to the number of the eauation (for example 15A) means that the exclusion 

of significantly deviating points occurs before the exclusion of insignificant argument scales. In all other cases the data treatment procedure is carried out in the opposite way.
*** If with a decrease in the confidence level the correlation parameters are equal to the 

above-listed, then such parameters were not repeated in Tables

The corresponding solvent sets are listed in Appendix.
XXXX



Correlation of 4 18k^ P K) Values According to Equation (15) and (16)*
AlgkJe(üpKj8).lgltJe(pKj0)-lgk°e(pKje).(con=t)*(^o)o( ^ ) o+C0I3)o(6°Be)o+(0Ir)o( ^ Ä e)o

M — *  w  j 5 o  > o <  £  V ‘ W o < < £ S .  V < ° i r  > o < £ ^ e  > 0  +  < W o < < 5 > < V V o

No Eq. t ^jo^o ^XE^o (СХУ^о ^XEY^o 8° 8 Notes

Table 4

Acidic dissociation of m- and p-substituted benzoic acids, 25°C
1 . 15 0.99 -.1.45

-0.02
.0.583 
to. 026

0 - 0.176 0.081

2. 0.97 - 1 .4 7
to. 02

А0.600 
to .023

0 “ 0.147 0.064

3. 0.95 -+1.54
to . 02

0.667 
10.019

0 - 0.106 0.043

4. 15A 0.99 - 1 .63  
to. 03

.0.787 
to .023

.0.162  
to . 016 : 0.169 0.095

5. 0.97 -+1.67 
to. 02

.0.832 
to .019

0.177
Xo.012

” 0.130 0.071

6. 0.95 1.62 
to. 01

A0 .783 
to.Oil

.0.185
-0.008

- 0.076 0.044

7. 16 0.99 - Д.34
to. 02

.0.569
-0.023

-0.400 0.407
to*032 £0«029

0.165 0.109

8. 0.97 “= 1 .4 1
-0.02

0.647
-0.018

xO.455 
to«, 022

.0,446 
to .021

0.113 0.072
9. l6A 0.99 -.1.34 

to. 02
o„ 56910.023

-0.400
10.032

.0«407 
10.029

0.165 0.109
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fable 4 continued

■° *«-• 1 < $ „ > „  « W o  « W o  « W o  в°  в No,ee

Acidic dissociation of m~ and p^substituted phenols, 25°C

•оH

15 0.99 - 1 .31 .0.394 0 0.226 0.194
to. 04 to .038

11. 0.97 -.1.32 0.406 0 c 0.208 0.179
to. 04 to .035

12. 0.95 - 1 .31 .0.385 0 » 0.154 0.127
to. 03 to .029

13. 15A 0.99 -.1.49 .0.548 .0.127 0.199 0.190
to. 04 to .034 to. 022

14. 0.97 - Д .50 .,0.560 .0.136
to. 04 to .033 to. 021

15. 0.95 - Д .49 .0.558 .0.125 0.154 0.149
to. 03 to. 028 to. 018

16. 16 0.99 - 1 .20 .0.380 x0.485 .0.403 0.164 0.187
to. 03 to. 026 to .034 to .033

17. 0.97 - 1 .1 7 .0.365 -0.562 ,0 .440 0.124 0.135
to. 03 to. 022 to. 029 to. 028

18. 0.95 - Д.15 0.370 rO.555 .0.395 0.092 0.101
to. 02 to .019 to .023 to. 022

19. 16A 0.99 - 1 .2 0 0.380 r0.485 ,0.403 0.164 0.187
to. 03 to. 026 to .034 to .033

Acidic dissociation of m-substituted anilinium ions, 25°C
0.99 - 1 .21 .0.274 0 0.150 0.139

to. 03 to .032
0.97 - 1 .26 ,0.325 0 0.098 0.089

to. 02 to .023
0.95 -,1.26 ,0.337 0 0.075 0.071

to. 02 to. 019



Table 4 continued

vOO'

No Sq. t оО <CXY>o ^XEY^o s° 8 Notes

23. 15A 0.99 - 1 .1 9 .0.270 0 _ 0.153 0.145
- 0.03 to .033

24. l6A 0.99 -1.28 0.356 .0.250 -0.230 0.138 0.128
to. 04 to .044 to .097 to. 086

25. 0.95 -1.28 .0.348 .0.029 0 0.077 0.073
to. 04 to. 022 to .015

26. 15 0.99 -.1.24 .0.303 0 - 0.122 0.113 The data for
to. 02 to .023 binary mixtures

27. 0.97 - 1 .25 .0.318 0 - 0.100 0.092 of H20 with DMSO
to. 02 to. 020 were included as

28. 0.95 - 1 .2 4 .0.322 0 _ 0.076 0.072 well
to. 01 to. 016

29. 15A 0.99 -.1.25 0.314 0.029 - 0.126 0.116
to. 03 to .030 to .017

30. 0.97 -1.28 .0.333 0.039 - 0.099 0.091
to. 02 to. 021 to .014

31. 0.95 -.1.27 .0.331 .0.040 _ 0.069 0.067
to. 02 ±0.016 to .010

32. 16 0.99 - 1 .24 .0.303 0 0 0.122 0.113
to. 02 to .023

Alkaline hydrolysis of m— and p-substituted ethyl benzoates, 25°C
33. 15 0.99 Д .56 rO.623 0 _ 0.139 0.109

to. 07 to .074
34. 0.97 .1.59 ?0.659 0 _ 0.115 0.091

to. 06 to .063
35. 0.95 .1.59 x0.651 0 - 0.109 0.087

to. 06 to. 060 T ' f ,•* - ■ -  - ^y’-Л
36. 15A 0.99 1.56 -0.623 0 - 0.139 0.109
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Table 4 continued
No Eq. t (& > o ^°XE^o <°H>o

о
Шоcl s Notes

37.
38.

16
16A

0.99
0.99

.1.56
-0.07.1.56
±0.07

-0.623±0.074
rO.623-9.074

0
0

0 0.139 
0 0.139

0.109
0.109

Alkaline hydrolysis of m- and p-substituted phenyl acetates, 25°C
39.
40.
41.

15

15A

0.99
0.97
0.99

.1.64 
±0.09 Д.63 ±0.07 .1.64 
±0.09

rO.719 
±0.085 . rO.707 
±0.067 -0.719 
±0.085

0
0
0

0.159
0.122
0.159

0.094
0.070
0.094

Alkaline hydrolysis of m- and p-substituted phenyl tosylates, 60°C
42.
43.

15
15A

0.99
0.99

.1.59 ±0.06 

.1.59 10.06

-0.611 
±0.063 -0.611 
±0.063

0
0

0.079
0.079

0.069
0.069

Alkaline hydrolysis of in- and
25°C

p-substituted pheny Id ime thy 1 tliiopho sphinate s,

44. 15 0.99 .1.68
±0 .1 7

rO.756 
±0.170 0 0.155 0.119

Solvolyeis of m- and p-substituted benzyl chlorides, 60°C
45. 15 0.99 0 -0.941

±0.069
0 0.351 0.161



Table 4 continued

No Bq. t ( $ 0 )0 (CiE)o (Cjy)0 (gxBy )0 s° 0 Notes

46. 15A 0.99 0 -0.941
10.069

0 - 0.351 0.161
47. 16 0.99 0 -0.941

to.069
0 0 0.351 0.161

48. 16A 0.99 0 -0.941 
10.069

0 0 0.351 0.161

* See explanations of Table 3.

values of the corresponding constants.



Table 5
Correlation of ^j)° Values According to Equations (17) and (18)* 

- $ ( H 20) ■ + CIB <*. - % 2о> + ' Л

Л Й =  ■ (c0nBt) + ° n  (Ea - % 20> + V ,  + ° K Y

No Eq. t W “2 CIEY n/no

1. 17 0.99 -.8.09 iO. 50 0 - 128/132
2. 0.97 -.8.56 

to. 47 0 - 123/132
3. 0.95 -.3.56 

to. 43
0 - 115/132

4. 17A 0.99 -.9.51 to. 51
-.7.42tl.62 - 128/132

5. 0.97 -9.63 
to. 52

-.7.85tl.56 - 124/132
6. 0.95 -.9.68 

to. 47 -.6.53tl.47 116/132
7. 18 0.99 -.6.09 to. 73

-36.6
-5.75 -.3.11 

to. 39
132/132

8. 0.97 -10.7 to. 58 0 0.812 to.142 126/132
9. 0.95 -10.5 to. 53 0 *0.728 to.127 117/132
10. 18A 0.99 -6.09 -36.6

‘5.45 -.3.11 132/132to. 73 to. 39
11. 17 0.99 -.8.06 

to. 59
0 - 57/58

:ssssssssssas=sssss:

Notes**

The values of various
reaction series were used 
separately.
Individual solvents and binary 
mixtures, see set 15

лу;
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Table 5 continued

No Eq. t Cjg.102 Cjy Gy by n/n0 Notes

12. 0.97 -8.25
±0.58

0 - 56/58
13. 0.95 -.8.42±0.56

0 - 55/58
14. 17A 0.99 -.9.36

±0.64 “+7.15±1.92 - 57/58
15. 0.97 -.9.38±0.61 -+7.54 

±1.84 - 56/58
16. 0.95 -8.72

±0.34
-7.17
±0.944 - 38/58

17. 18 0.99 -10.0
±0.70

0 ^0. 706 
±0.170

57/58
18.
19.

0.97
0.95

-10.0
±0.67

0 .0.725±0.163
56/58

20. 18A 0.99 -10.0
io.69

0 0. 706 ±0.170 57/58

* In the case of all correlations considered the term "const" in equations (17) and (18) does not differ from zero. See explanations of Table 3.
* The corresponding solvent set is listed in Appendix.



юс
Table 6

Correlation of Д^>° Values According to Equations (17) and (18)*: 

bfi*M $ e  * $ < H 20) - (conet) + <CXE>o <Bs - % 0 }o + (СХУ)о ( A V o
e- (const)+(CIB)o(Ee “ ®Hg0^o + (CXY )0 ( A V 0+ (CXEYJo [,<Es - *E

No Eq. t <CIB>o <CXY>o <CXEY>o 8o s

1. 17 0.99 -0.823^0.051 0 _ 0.573 0.206

2. 0.97 -0.855^0.047 0 - 0.522 0.190

3. 0.95 -0.88lt0.044 0 - 0.477 0.170

4. 17A 0.99 -0.9Э0±0.050 -0.23lt0.050 - 0.517 0.193

5. 0.97 -0.954-0.051 -0.259t0.051 - 0.508 0.181

6. 0.95 -0.970i0.047 -0.210t0.047 - 0.453 0.164

7. 18 0.99 -0.48lt0.058 -1 . 1 1  to .16 -1.43t0.18 0.496 0.241

8. 0 .97 -1.04 i0.056 0 0.323t0.056 0.495 0.183

9. 0.95 -1.06 to .053 0 0.305t0.053 0.448 0.162

10. 18A 0.99 -0.481to. 058 -1.11 to .16 -1.43 to. 18 0.496 0.241

11. 17 0.99 -0.878t0.064 0 - 0.487 0.163

12. 0.97 -0.890t0.062 0 - 0.465 0.157

13. 0.95 -0.899t0.060 0 - 0.446 0.152

14. 17A 0.99 -1.02 to .069 -0.259t0.069 - 0.438 0.147

Notes

The Afisvalues of 
various reac­tion series 
separately were used.

Afs“ ^ r ^ s /n



N° Eq. t (°XE^o

15. 0.97 -1.03±0.067 -0.275±0.067

16. 0.95 -1.15^0.045 -0.344^0.045

17. 18 0.99 -1.09±0.076 0

18. 0.97 -I.10t0.074 0

19. 0.95 -1.13±0.069 0

20. 13A 0.99 -1.09±0.076 0

* See explanations of Tables 3, 4 and 5

\

Table 6 continued

(схет)о 8o 8 Notes
— 0.421 0.141

- 0.220 0.064

0.317±0.076 0.427 0.143

0.329±0.074 0.412 0.138

0.352±0.069 0.373 0.125

0.317±0.076 0.427 0.143



philicity such a medium is comparable with the binary mixture 
H20-DMS0(50 %)\

The difference between the j>° values for 7.75 m tetra- 
-n-butylammonium bromide solution and the concentrated 
NaClO^ solution is about 1.5 units. Similar,a positive devia­
tion of the f>° value from relation (17) was found for 
t-BuOH. Evidently the significant decrease in the effective 
electrophilicity observed in the case of concentrated tetra- 
-n-butylammonium bromide solution and t-BuOH as well, could 
be caused by one and the same factor - by the high struc­
turization degree of both mediums considered.

The author is grateful to Professor V. Palm for enabling 
us to use the specially prepared programs of multiple re­
gression analysis.

Appendix 
Sequence of Solvent Sets

If references to the source of data set are not shown
Qthese were given in publication .

1. H20, MeOH, EtOH, 1-РгОНП (рк£а1с - 10.88),
BuOH12, (CH20H)2, MeN0213f MeCN, DMSO, DMFA.

2. H20, MeOH, EtOH, PrOH, i-PrOHU (pK°alo - 10.88),
BuOH12, (CH20H)2, MeN0213, MeCN, DMSO.DMPA, 
H20-Me0H(30.9), H20-Me0H(47.6), H20-Me0H(51.0), 
H20-Me0H(57.3), H20-Et£)H(l6.3), H20-Bt0H(17.1), 
H20-Et0H(23.6), H20-Et0H(27.3), H20-Et0H(29.8), 
H20-Et0H(51.9), H20-An(2.66), H20-An(7.57),
H20-D(6.87), H20-D(12.7), H20-D(13.6), H20-D(20.0), 
H20-D(33.9), H20-D(36.2), H20-D(50.0)

3. H20, MeOH, EtOH, i-PrOH1;L(pK°a;Lo = 15.05), MeCN,
DMSO14, DMPA
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4. H20, MeOH, Et ОН, i-Pr0H1;L(pK°a;Lc-15.05), MeCN, DMSO14, 
DMPA, H20-Me0H(30.9), H20-Et0H(7.18), H20-Et0H(11.7), 
H20-Et0H(16.3)(pK^alc-10.70), H20-Et0H(22.8),
H20-Et0H(23.6), H20-Et0H(29.8)(pK°alc-ll.20), 
H20-D(1.81).

5. H20, MeOH15, EtOH15, MeN02, MeCN, DMS0(pK°alc=4.00).
6. HgO, MeOH15, EtOH15, MeNOg, MeCN, DMSQ<pK°alc*4.00), 

H20-Me0H(30.9), H20-Et0H(17.1), H20-Bt0H(23.6), 
H20-D(4.86),H20-D(14.3), H20-D(32.3), H20-D(48.2).

7. The same solvents as ln set 2 as well as t-BuOH, 
H20-Me0H(64.1), H20-Me0H(80.1), H20-Me0H(89.5). 
H20-Et0H(48.1), H20-Et0H(55.3), H20-Et0H(69.6), 
H20-Et0H(73.6), H20-Et0H(84.4).
As a result of data processing all points for following 
solvents were excluded: 
eq.(15): t-BuOH, MeNOg, MeCN, DMSO, H20-Et0H(73.6), 

H20-Et0H(55.3), H20-Me0H(80.1), 
H20-Et0H(84.4). 

eq.(15A): t-BuOH, MeCN, H20-Et0H(55.3),
H20-Me0H(64.1), H20-Bt0H(73.6). 

eq.(l6A): H20-Et0H(55.3).
8. The same solvents as In set 4 as well as 

t-Bu0H(pK°alc«20.84), H20-Bt0H(69.6),H20-Et0H(85.5), 
H20-D(5.03), H20-D(12.4), H20-D(24.1), H20-D(45.9).

9. The same solvents as in set 6 as well as MeOH1 ,̂
EtOH17, H20-Et0H(14.4).
As a result of data processing all points for following 
solvents were excluded:
H20-Et0H(23.6), H 20-D(48.2).

10. The same solvents as in set 9 as well as 
H20-DMS0(5.88), H20-DMS0(9.67), H20-DMS0(14.0), 
H20-DMS0(19.5), H20-DMS0(26.7), H20-DMS0(35.0), 
H20-DMS0(35.5), H20-DMS0(48.6), H20-DMS0(59.4), 
H20-DMS0(70.0)t As a result of data proceeslng all 
points for H20-Et0H(23.6) were excluded.
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11. H20, HgO-EtОН(23.6), H20-Et0H(48.6), H20-Bt0H(55.3), 
H20-Et0H(68.9), H20-D(8.31), H20-D(12.4),
H20-D(17.5), H20-D(24.1), Н20-Ап (10.3), H20-An(15.1), 
Н20-Ап (20.9), Н2О^Ап (28.3), H20-DMS0(32.0),

12. Н20, H20-Bt0H(23.6), H20-Et0H(73,8), H2C-D(17.5), 
H20-D(33.1), H20-D(45.9), H20-An(28.3).

13. HgO, H20-Et0H(11.7), H20-Et0H(31.7), H20-Et0H(55.3).
14. H20, H20-Et0H(23.6), H2O^An(19.7), H20-An(28.3), 

H20-An(63.2), H20-DMS0(21.0), H20-DMS0(32.0)
15. H20, H20-Me0H(19.1), H20-Me0H(27.3), H20-Me0H(30.9), 

H20-MeOH(43.9). H20-Me0H(47.6), H20-Me0H(51.0), 
H20-Me0H(57.3), H20-Me0H(62.3), H20-Me0H(64.1), 
H20-Me0H(80.1), MeOH, H20-Et0H(7.18), H20-Et0H(ll.7), 
H20-Et0H(14.4), H20-Et0H(l6.3), H20-Et0H(17.1), 
H20-Et0H(22.8), H20-Et0H(23.6), H20-Et0H(27.3), 
H20-Et0H(29.8), H20-Et0H(31.7), H20-Et0H(33.0), 
H20-Et0H(41.9), H20-Et0H(48.1), H20-Et0H(51.9), 
H20-Bt0H(55.3), H20-Et0H(68.9), H20-Et0H(69.6), 
H20-Bt0H(73.6), H20-Et0H(85.5), PrOH, i-PrOH, 
t-BuOH, (HOCH2)2, MeNOg, MeCN, DMSO, DMFA, 
H20-D(5.03), H20-D(6.87), H20-D(12.4),H20-D(12.7), 
H20-D(13.6), H20-D(17.4), H20-D(20.0), H20-D(24.1), 
H20-D(33.9), H20-D(36.2), H20-D(45.9), H20-D(50.0), 
H20-An(2.66), H20-An(7.57), H20-An(10.3), 
H20-An(15.1), H20^An(20.9), H20-An(28.3)
In the case of all correlations all values for
t-BuOH were excluded first of all.
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ON QUANTITATIVE INTERPRETATION OP SUBSTITUENT EFFECT 
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of the Byelorussian SSR, Grodno, 230009 

Leneoviet Technological Institute, Leningrad, 19013
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Analysis of the acid-base equilibrium constants for 
derivatives of 18 reaction series of bases of triaryl- 
carbinol type has shown functional dependence of substi- 
tuten-l [pjm-CH^, p.m-CH^O, p,m-Cl, p,m-Br, p-NOg , 
p-(CH^)2N̂ | effects in aryl on the state of the reaction 
center. Measure of alteration in the substituent effects 
during transition from one reaction series to another 
has been estimated quantitatively.
Numerous studies deal with the question of quantitative 

estimation of effect of immediately bound to the reaction 
center meta- and para-substituted phenyls on position of 
acid-base equilibrium of bases of triarylcarhinol type 
( =  С-OH + H+ —г =  C+ + HgO). Papers 1,2 on acid-base 
transformations involving cations of 3,3-dialky1(phenyl)-1- 
arylphthalylium (Alk=CH^, CgH^) and their sulfide analogs 
(Alk=CHj) have shown that effect of meta- and para-substi- 
tuents in 1-aryl on P&R+ value is described by the Brown 
and Okamoto electrophilic 6 +-constants within a one-para­
meter equation. Yet it should be noted that transition from 
3,3-diphenyl-1-arylpht,halylium to 3,3-dimethyl-1-arylthio- 
phthalylium ions induces, insignificant though they are, 
impairment of correlation and increase in standard deviations 
(r 0.997 and 0.992, 3 0.24 and 0.32,respectively).Subsequent 
increase in stability of cations (3,3-dilsoprop.vl-1 -aryl-
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phthalylium  ̂ ) results in that none of the series of the 
substituent constants reflects completely the effect of these 
substituents on I&R+ (when 6 + : r 0.760; when 6  : r 0.885; 

n 5). The limited number of experimental data for meta- 
substituents does not enable to apply the Yukawa and Tsuno 
two-parameter equation in this case.

During transition from phthalylium ions to their nitrogen 
analogs, 3,3-dimethyl-2-phenyl-1-arylisoindolynium ions4 . 
(with non-substituted aryl P^r+ being increased by ~ 12 log 
units compared with 3,3-dimethyl-1-phenylphthalylium), the 
values for the acid-base equilibrium constants correlate with 
Hammett <5 -constants (r 0.998, S 0.08, n 8). Finally, in 
studying hydrolysis of triarylmethane dyes with one antipy- 
rine nucleus 5 (for non-substituted p-dimethylaminodiphenyl- 
antipyrilecarbonium pK^ 7.63) it was established that the 
effect of meta- and para-substituents in phenyl on pKh is 
described by the Yukawa and Tsuno two-parameter equation 
(r 0.998, R 0.70, S 0.06, n 13).

All aforesaid indicates non-additivit.y ,of the substituent 
effect for different reaction series of carbonium ions with 
the similar mechanism of molarization reaction.

i'o establish a functional dependence between the substi­
tuent constants and the state of the reaction center^we have 
analysed lgKR values for meta- and para-substituted and 
non-substituted cations of 18 reaction series involving both 
derivatives of triarylcarbonium series and those of monocyc­
lic and cQndenced five-member hetero carbonium ions with one 
hetero atom, which are similar in stabilization nature to 
the latter (scheme).

üince they have' a wider range of experimental data for 
comparison (Table 1), the following substituents have been 
chosen for analysis: R1 = p,m-CH^, p.m-CH^O, p,m-Cl, p,m-Br, 
P-NO^, p-(CH3)2N. The values of lg*^ for derivatives with 
non-substituted phenyl (R^=H) reflecting to some extont + 5- 
charge on the central carbon atom were taken as a criterion 
of the state of the reaction center.

The lgKß values show an excellent correlation with 1 # ц
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3
1
0

VALUES FOR AC ID-BASE EQUILIBRIUM CONSTANTS FOR DERIVATIVES 0? SERIES (1-XVIII)
Table 1

Se- R1, leKjj
rial
No H p-CH, m-CH5 p-CH^O m-CHjO P-(CH3)21I p-Cl ш—Cl p-Br m-Br p-N02
1 2 3 4 5 6 7 8 9 10 11 12

1 -2.97 6 -3.73 6 mm -4.47 6 _ « _ _
11 +1.77 7 +0.83 7 +1.48 8 -0.56 7 +£.12 9 -4.94 2 +2.1810 +2.9611 +2.3712 +2.9812 mm

111 +0.9413 -0.0513 +0.7913 -1.3814 +1-4514 -5-6615 +1-5914 +2-3014 +1.7614 +2.4114 -
IV -0.71 3 -1.64 3 -0.96 3 - - - - - - - -
V +3.7416 +2.74 1'+3.21 1 *1.06 1 - -2.9815 +4-12 1 - - -

VI +0.7217 -0.2218 +0. 4118 -1.2218 +0.74 2 -5-42 2 + U 2 4 18 +1.63 2 +1.3410 +1.81 2 -

VII -10.354 -10.834 -10.534 -11.304 -10.014 -12.704 -9-60 4 -9-24 4 - -

VIII -7.3019 -7.6619 -7.4620 -8.2019 -6.7220 - _ _ _ _ «.

IX 10.Ö521-11.1521 _ _ - O. — _ шшв

X - 6 . О б 2 2 -8.2722 _ - - _ - _ _ mm

;ua +6.6323 +5.4123 - +3.4023 - -3.5624 - - ~ - +9 .1523
...b 

Л  J. +6.6923 +5.6723 _ +3.5923 _ - - - - - +9 .7623



'fable 1 (continuation)

1 2 3 4 5 6 7 8 9 10 11 12

X U -3.5624 ~4.2924 -3.7824 -4.8625 «• . -2.8024 -2.8724
XIII -4.6625 - - -5.7525 - - «, _ — _

XIV -6.9426 -7.2727 -7.2127 - -6.9726 “9.6726 ~6 „7028 -6.5028 -6.6529 -6.5529 -5.6126
XV +3.4023 - - +1.2423 _ ~4.8625 — — —

XVI +1.2423 - - -0.8223 - ~5.7525 - - — -
XVIIе »7.63 5 -7.87 5 -7.77 5 -8.56 5 -7.37 5 -10.365 -7.27 5 -7.05 5 -7.29 5 -6.87 5 -6.11 5

5 AVIId »7.4650 »7.7 5 30 - - -7.2230 - - - - -6.6930 -6.0530
XVIIе -7.2Ö30 «7.6430 - - -7.0330 - - - - -6.5130 -5.9530
XVIIf -7.1430 -7.4630 - - -6.8830 - - _ -6.3530 -6.8630

XVIiIg -6.6031 -7.0032 -6.8032 -7.4832 -6.5733-10.5234 -6.1331 -5.8235 -6.0032 -5.7635 -4.7831
A v m h ~6.4756 -6.8436 - - - - - - -5.8836 ШШ -4.7736
XViII1 -6.4136 “6.7836 - - - - - - -5.8536 - -4.7736

Note. ß in H2a04> b in HC104, c at 1b °C, d at 30 °C, e at 40 °C, f at 50 °C, e at 20°G, 
h at 40 °C, 1 at 50 °C.



h 5g 6 - N VII R=CH.
VIII R" =c 6h 51

х=ы-с6н5,
X=N-CЖ6 5’

x Viii

II R =CH3, X=0, 
iii r2=c2h5, X=0,
IV R2=iso-C3H7, X=0, 
V R2=CgH^, X=0,
VI R2=CH^, X=S,

IX R =CgH^,
XI r 3=r 4=h ,

X=N-CH.

XII R3=H, R4=p-(CH3)2N,
XIII R3=p-CH30, ft4=p-(CH3)2N, 
XIV R3=R4=p-(CH3)2K.
XV R3=H, R4=p-CH30,
XVI R3=R4=p-CH30,

XVII R5=p-(CH3).2H.

for cations with non-substituted phenyl (s. Figure). The 
dependence = fdgK^) is of linear character and can
be described by the following equation:

lgKR = d-lgKH + 1#° , (1)

where tangent of the angle qf slope of the line d is a 
measure of change of the overall substituent effect depending 
on the degree of +5" -charge localization on С .

Parameters of Eq« (1) for different R^ are listed in Tab­
le 2. with R^=p-(UH3)2N, somewhat weaker correlation is 
accounted for by inadequacy of conditions during determina-
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pKR = f(pKH) dependence for 
R1=p-CH30 (1) and R1=m-CH30 (2)

tion of pKg* Thus, for non-substituted (R1=H) triarylcarbo-
nium (XI) and 1,3.3-triphenylphthalylium (V) pKR values were16 23determined in media with the acidity function * while 
for substituted [R'=p-(CH3)2Nj cations aqueous 24 and orga- 
no-aqueous ^  buffer solutions were used.

As Table 2 shows, effect of such substituents as m-CH^, 
m-CH^O as well as substituents p-Cl and p-Br, which are 
incapable of pronounced mesomerism, does not change 
essentially (ds1) during transition from one reaction series 
to another. Analysis of d values for substituents capable 
of mesomerism substantiates the hypothesis that resonance 
effect of one or another substituent depends on not only 
the nature of the latter, but also on that of the reaction 
center. It is worth noting that the effect of electron-do­
nating para-substituents of (+R)-type [CH^.CH^O and particu­
larly (CH3)2N]] depends on the value of positive charge on C1 
to a greater extent in comparison with (-R)-type substituents



PARAMETERS OP EQUATION (1) a
Table 2

R1 d ± Sd r l g + S n
Range of lgKR 
alteration, 
log units

p-c h3 0.94+0.01 1.000 -0.84+0.11 21 17.7
m-CH3 0.99+0.01 1.000 -0.30+0.09 11 14.1
p-GH30 0.85+0.01 0.999 -2.01+0.25 15 17.2
m-CH30 1.00+0.01 0.999 +0.27+0.20 11. 12.1
p-Cl 1.00+0.01 0.999 +0.49+0.19 9 14.1
m-Cl 1.04+0.02 0.999 +1.06+0.30 7 12.1
p-Br 1.03+0.01 1.000 +0.67+0.13 9 9.4
m-Br 1.06+0.02 0.999 +1.18+0.18 9 9.4
p-n o2 1.09+0.01 1.000 +2.11+0.18 10 14.5
p-(c h3)2n 0.57+0.04 0.981 -6.27+0.67 11 17.0

Note* a The experimental data were processed by the least 
squares method.

(p-UOg). Aa localized on the carbonium center + 8 -charge 
diminishes, (+R)-effect for electron-donating and (-R)- 
effect for electron-accepting substituents decrease.*

According to the modified Hammett equation

lg*tt - lg*H = (2)
Since for standard reaction series (solvolysis of substituted 
cumylchlorides) 5>=1> after transposition of iiq.(1) in terms 
of Eq. (2) one obtains

6 + = (d-1).lgKH + lgKg (3)

When lgKH=ü

6 + = 1#° - f 6 0+ (4)
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The values for calculated by Eq. (4) and reduced to
the scale of 6 +-constants against substituents with d=1 
(for hypothetical series with lg&H=0 p°=4.4) are listed in 
Table 3. The corresponding values for electrophilic (э+ - 
constants are also given in Table 3 for comparison. 6 q lo­
wered in the absolute value for some substituents as compared 
to 6 + are due to unstability of (+R)-effects of these 
substituents during transition from the standard series of 
cumylchloride solvolysis to the hypothetical one (lgKjj=0).

Table 3
VALUES FOR AND 6 +-CONSTANTS

R 1 6 + R 1 ft 6 +

p -c h 3 -0.19+0.02 -0.31 m-Cl +0.24+0.07 +0.40
m-CH3 -0.07+0.02 -0.07 p-Br +0.15+0.03 +0.15
p -c h 3o -0.46+0.06 -0.78 m-Br +0.27+0.04 +0.41
m-CÖ30 +0.06+0.05 +0.05 p -n o 2 +0.48+0.04 +0.79
p-Cl +0.11+0.04 +0.11 p -(c h 3 )2n -1.43+0.15 -1.70

For bases of triarylcarbinol type, in terms of reduction 
of 6 ^ -constants to the scale of 6 +-constants (1/j)°=0.227) 
functional dependence of the substituent effect on the state 
of the reaction center may be represented by Eq. (5) derived 
from Eqs. (3) and (4):

<$l = 0.227-(d-1)lgKH + (5)

As examples of use of values for correlation of the
acid-base equilibrium constants for bases of triarylcarbinol 
type, Table 4 represents thus obtained values of correlation 
r and standard deviation S coefficients for selective 
reaction series (n^6). The respective parameters obtained 
by using the Brown and Okamoto electrophilic <Э+ -constants 
are also given.



Table 4
PARAMETERS OP CORRELATION EQUATIONS 

- f 6^ ( 6 + ) ♦ lgKH

Serial XI s.+L <D +

No r S r S

II 10 1.000 0.08 0.993 0.30
III .10 0.998 0.14 0.995 0.26

V 6 0.998 0.21 0.996 0.25
VI 10 0.999 0.09 0.988 0.34

VII 8 0.987 0.19 0.976 0.25
XII 6 0.985 0.15 0.945 0.29
XIV 10 0.993 0.13 0.992 0.14

XVIIе 11 0.995 0.11 0.993 0.14
XVIII« 11 0.995 0.15 0.981 0.30

As Table 4 shows, in all the cases cited, when using 6^ - 
constants calculated for each reaction series according to 
Eq. (5), correlations with IgK^ improve.

Thus,quantitative estimation of alteration in the substi­
tuent effects during transition from one reaction series to 
another permits comparison of their effects on reactivity 
for different series of bases of triarylcarbinol type within 
the range of one scale of the substituent constants (in this 
instance 6 + -constants).
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PhgCHBr ionization kinetics in PhCN has been studied 

spectrophotometrically in the presence of triphenylverdazyl 
(RN*) as an internal indicator; v=k1 • [PhgCHBr], k25=
3.2.10"® sec-1, й Н ^ - Н И  kcal/mole, дБ** »-45.4 e.u., 
л0^«27.7 kcal/mole. Et^NClO^(LiClO^) additions increase 
the rate (special salt effect), whereas those of Bu^NNO^ 
decrease it. Kinetic parameters of individual PhgCHBr 
ionization stages in CH^CN and PhCN were estimated. The 
rate constant of Ph2CH+Br“-formation was ehown to be 
higher than the corresponding value for t-Bu^lBr” by ap­
prox. one order of magnitude and lower by approx. 9 or­
ders of magnitude as compared with the rate constant for 
Ph2CH+)SfBr" formation. The significance of dipole in­
teraction is discussed.
The first works of this series1*2 assume that at 

the rate-determining step of PhgCHBr ionization in CH^CN 
the intimate ion pair is converted into the solvent-separ- 
ated one (II— »III)

ki k2 Ph2CHBr =jp^ PhgCHTBr — PhgCH I SI Br --- »-
I "1 II III

Pb (1)

N N* Ph Ph
A К A APh CH9 Ph 5 H-CHPh? , N S^ I I  ^ *4“ I ll -A- _t S S В N^Br“PW* / N / \ / \ / \m  Ph CH2 Ph Ph CH2 Ph
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As PhgCH* !SjBr~ appears it reacts rapidly with /the triphenyl- 
verdazyl radical (RN*) used as an internal indicator 
(^RN* ^  presence of RN* in the solution removes com­
pletely the external return of the ion pair (III -»II reac­
tion does not occur). This allows spectrophotometrically to 
measure the reaction rate at a very low substrate conversion 
degree against the RN* consumption and the formation of 
triphenylverdazylium salt (RN+Br”)

-d[RN*J /2dt=d[RN+Br"]/dt=-d[Ph2CHBr]/dt«k1[Ph2CHBr] (2)
This work gives the data for benzonitrile (£ =25.2, 

^i=4.05D, Z=65.0) whose polarity is much lower than 
that of CH3CN ( g =37.5, fi=3.44D, Z=71.3).

RESULTS AND DISCUSSION
Kinetic runs were carried out at app. 500-fold excess 

of Ph2CHBr relative to RN*. Substrate conversion degree
in every individual run was about 0.05-ž. Under these condi­
tions the reaction rate is described by the following zero 
order kinetic equation.

-dtrar] /2at . d l R r t r - ] ^  = k0 (3)
This is illustrated by the kinetic curves in Pig.1,where the 
descending curves correspond to the RN*concentration change 
and the descending ones to that of RN+Br”.

The conditions and results of kinetic measurements are 
given in Table 1. The reaction rate is satisfactorily de­
scribed by equation (2) (k-p^/^Ph^CHBr,’) .The k1 values in 
the tests with various initial concentrations of reagents 
and those calculated as from the RN* consumption and RN+ 
formation (columns 5 and 6 of the Ta'ble) coincide satisfac­
torily with each other.
The reaction rate is independent of the RN* concentration 

jvhich is in agreement with the conclusion^-3 that triphenyl- 
verdazyl undergoes reaction after the rate-determining step.

Fig.2 and Table 2 show the effect of Bu^NNO^, Et^NClO^
and LiClO. additions on the reaction rate in PhCN. In both
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Table 1
Kinetics of PhgCHBr Ionization in PhCN in the 

Presence of Triphenylver^azyl

Nos. Гиг]

• W ^

[Ph2CHBi} °C 108 -k1 s-1
• 102M as RN'*) as RN+*) mean

1 1.05 6 C78 25.0 3.20+0.02 3.19+0.09 3.21+0.08

2 1.96 6.78 3.13+0.05 3.43+0.05

3

4

1.61

0.800

7.20

7.20
30.5

,5.02+0.04

5.07+0.05

5.4+0.02

5.4+0.01
5.22+0.18

5

6

1.18

1.18

7.15

3.60
34.5

8.35+0.01

8.49+0.01

8.55+0.01

8.49+0.62
8.47+0.05

7

8

0.980

0.980

3.60

7.20
40.2

10.3+0.2

10.7+0.6

10.0+0.1

10.5+0.1
10.4+0.2

9
10

0.942

1.05

6.47

6.47
40.5

10.3+0.8
11.1+0.2

10.3+0.1

11.3+1.0
10.8+0.5

14

15

0.967

1.40

6.73

6.73
43.5

13.6+0.7

13.0+0.1

14.7+0.2

14.9+0.2
14.1+0.4

*) Mean of two runs
T-------- 1-------- 1-------- 1-------- 1-------- г

Fig.1. Kinetics of PhpCHBr ionization in PhCN.
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Table 2
Salt Effects on the Ionization Rate of 

Ph2CHBr in PhCN in the Presence of RN', 40.5°C
irar]
104M

Ph2CHB^
M

MX addition 107.k1 s"1

nature as RN**) as RN+*) mean

0.904
1.110
0.904

0.072
0.072
0.072

Bu^NNO^
0.23
0.37
0.46

0.518+0.010
0.467+0.001
0.354+0.010

-
0.518+0.010
0.467+0.001
0.354+0.010

0.900
0.955
0.942
0.942
0.942
0.955
0.955

0.031
0.024
0.031
0.021
0.065
0.024
0.020

LiC104

3.7
6.7
7.4 
9.9 
14.8 
20.0
29.4

5.01+0.03
6.96+0.08
7.56+0.01
9.86+0.25
11.1+0.2
12.1+0.4
14.6+0.3

4.81+0.01
7.03^0.01
7.37+0.02
10.1+0.1
11.3+0.1
12.0+0.3
14.6+0.1

4.91+0.10 
6.99+0.03 
7.46+0.11 
9.98+0.12 
11.2+0.2 
12.1+0.1 
14.6+0.1

0.930
0.930
0.930
0.900

0.067
0.067
0.031
0.031

Et^NClO^
2.7
5.5
14.2
29.0

1.95+0.06
2.44+0.13
2.71+0.01
3.48+0.14

2.06+0.01
2.44+0.11
2.79+0.16
3.54+0.09

2,05+0.10
2.44+0.01
2.73+0.02
3.51+0.03

*) Mean of two runs

[МСЮс\ Ю 2М
Jj’iK.2. Influence of 4t^NC10^ and LiClO^on the ionization 

rate of Ph2CHBr in PhCN
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cases, similarly to the reaction in the CH^CN solution, the 
special salt effect of the perchloration is observed. The 
curve showing the enhancement in the reaction rate with the 
increasing salt concentration may be subdivided into two 
sections with different slopes. The b-values in equation 
(4) for the first sections of the curves are 230 and 810 for 
Et^NClO^ and Licio^, respectively, whereas for the second 
sections these are, accordingly, 46 and 210.

к® = k-jO+bßlClO^) (4)

The occurence of the special salt effect indicates the
formation of a solvent-separated ion pair as intermediate4.2According to our interpretation of this effect the first 
sections of the curves refer to the equilibrium formation 
of either the ion triplet or the quadrupole between the inti­
mate ion pair of the substrate and CIO” (or М+С10д), the 
triplet (or quadrupole) converting into the solvent-separa- 
rated ion pair more readily than in II—  -III reaction.

Ph2CH+Br-+C10"(M+C10T) ^  cio-|s,Ph,cH^r-fPh2(i ^ B rW
II IV- V CIO^M* /

PhgCH+ISlClOj 
I n y

(5)

Ion pair Uly» similarly to III reacts rapidly with RN’.
Curve bends (Pig. 2) show the intimate ion pair II to be 
entirely converted into the ion triplet (quadrupole) IV . 
Second sections of the curves reflect the action of the usual 
salt effect of the perchlorate m IV — -IIIyreaction. Extrap­
olation of the curves to zero salt concentration gives the-7 -7 -1values of the rate constants of 2.1*10 and 7.7.10 s
for EtNClO^ and LiClO^, respectively. These represent the 
maximum values of the special salt effect, the usual salt 
effect being negligible. These values are then 2 and 7 
times greater than those of k1 without perchlorate additions.
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Consequently, the formation of the solvent separated ion 
pair via the path of I -j- II IV”- -■?» Illy is two times 
(Et^NClO^) and seven times (LiClO^) faster than that pro­
ceeding via the path of I II -.»III.

Cation nature affects strongly the special salt effect 
(in the PhCN solution this is more pronounced, than in 
CH^CN), both curve sections becoming steeper with the de­
crease in the cation size. This may be accounted for either 
by greater readiness of the formation of the cationoid trip­
let Ph2CH+Br“ S M+ with an increase in a cation size2 or by 
the strengthening of dipole-dipole interaction when the 
cation is decreasing in size4.

Earlier'1 the salts with such anions as Cl“, Br~, J-,NO^ 
were show« to decrease the ionization rate of PhgCHBr in 
CH^CN followed with IlN* due to tlje formation of 
Y" :SIPh2CH+Br" triplet or Ph2CJ-^? quadrupole leading to 
anion exchange in Ph^OHBr. In PhCN a similar effect is ob-

С.

served with Bu^NNO^ additions (Table 2, tests 13-15). As 
in CH^CN the effect increases with an increase in salt 
concentration. We couldn’t check the effect of hydrogen ha­
lide salts in PhCN solution as they react with RN+Br" to 
form RN*. It is also observed partially withfBu^NNO^j;>

10“\ .  Thus, with PhgCHBr ionization in PhCN the salt
effect observed is the same as with Ph0CHBr(Cl) ionization

2 3in CH^CN , which indicates similar mechanisms for both 
solvents.

Table 3 shows kinetic parameters of monomolecular 
Ph^CHBr heterolysis in CH^CN and PhCN in comparison with 
t-Bux. PhMeCHBr, and p-ClCgH^CMe2Cl in these solvents and 
in CH^NOg and РЬЖ>2. When passing from CH^CN to PhCN the 
ionization rate .of t-BuBr falls by a factor of due to 18 an 
increase in (A values are essentially the same).
ith PhgGHBr the^H^ value decreases with passing from 

CH^CN to PhCN, nevertheless the rate decreases by a factor 
of due to a sharp decrease in д . It is of some interest 
to no.e, that Ph2CHBr and t-BuBr ionization rates both in
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Table 3
Kinetic Parameters of Ph2CHBr, t-BuX, PhMeCHBr, 
and p-ClCgH^CMegCl Ionization in RCN and RR02, 25°

Substrate Solvent *)
-lg k f

дН* 
kcal/mol

-a S*
e.u25 * g25kcal/mol

Refe­ren­ces

Ph2CHBr
CH3CN 5.6 16.6 29.1 25.3 1
PhCN 7.5 14.13+

+0.05
45.4+
+0.2

27.74+
+0.07

-

t-BuCl
CH3CN 8.7 23.9 17.9 29.1 5
c h 3n o 2 8.2 23.2 18 28.6 6
PhN02 9.7 25.7 17.0 30.8 7

t-BuBr

CH3C1J 5.9 19.5 19.7 25.4 5
СН^02 5.4 20.0 16.3 24.8 8
PhCN 7.1 21.5 18.7 27.1 9
PhN02 7.0 20.3 22.2 26.4 9

t-BuJ
CH3CN 4.3 17.1 20.7 23.4 5
PhCN 5.4 20.0 16.3 24.9 9
PhN02 5.5 19.2 19.4 25.0 9

PhMeCHBr CH3CN 7.3 23.5 16 27.3 10

р-С1С6Н4СМе2С1 CH3CN 5.3 18.9 19.4 24.7 11
c h3n o 2 4.7 18.2 19.2 24.0 11

*) The constants in s .
CH^CN and PhCN, are close to one another, whereas д and 
д  are greatly different. It is important to note that
steric requirements to the formation of transition state increase 
with passing from t-BuBr to ph^CHBr

The substrate and solvent effects on the kinetic oarameters 
could be explained by intimate ion pair formation at the rate- 
.-determining step of t-BuBr ionization whereac- in the case of 
Ph?<?HBr the solvent-separated ion pair is formed2,

. 3 2 6



The formation of an intimate ion pair from t-BuX in the 
solvents, whose molecules contain groups with large dipole 
moments (e.g. CN, NOg) is caused by dipole interaction of 
the substrate with the solvent molecule9. If Ph2CH+Br~ 
formation occurs in a similar way, then in the solution of 
nitriles for PhgCHBr one should expect the shift of fcha 
proton signal in the NMR-spectrum to the weak field as com­
pared with the solution in CCl., where dipole interaction 
is absent . Indeed, the values of cT methyne proton of 
PhgCHBr in CC14> CH^CN and PhCN were found to be 6.12, 6.41 
and 6.32 p.p.m., respectively. Dipole interaction results 
in the formation of a complex (quadrupole) having 1:1 compo­
sition13. Aotivation entropy value, determined by bimolecu- 
lar interaction equals appr. -20 e.u.14. This conclusion is 
reinforced by the data of Table 3;A5^alues for t-BuCl, 
t-BuBr, t-BuJ, PhMeCHBr and p-ClCgH^CMegCl are -19-2 e.u.

The Ph2CH+ |S|Br~ formation rate is connected with three 
reactions (Equation 1). The measurable rate constant is 
determined from Equation (6)

k1 = k1/(1 + k_1/k2) (6)
Assuming k_1/k2=20*) and 100*^ for CH^CN and PhCN, respect­
ively, the values of k  ̂ were calculated and kinetic parame­
ters for the three reactions were roughly estimated (Table 4)»

Table 4
Kinetic Parameters of PhjCH^r“ and Ph2CH+|S|Br" 

Formation in CH^CN and PhCN, 25°C

ISol-j'vent
RBr — V- R+Br“ Н+Вг"— ^ R +|SIBr“ R^Br-— *- RBr

ig Ц AHlf ДЭ* lg k2 ДН* A S 2 lg к a д н ^ ДЗ*,

MeCN -4.4 15.1 -28 4.0 9.0 -10 5.3 7.4 -9
1 1 
iPhCN 1
; -5.5 13.1 -36 3.6 6.5 -20 5.6 6.8 -10
---- 1----------- ---- -----------I_____L _____________
H For 4,4* -dioiethylbenzhydryle thiocyanate in CH-CN this ratio is approx. 19 (see1?). 3**) The ratio increases with a decrease in solvent Dolaritv.
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The rate of Ph2CH+Br“ formation in CH^CN has proved to be
1.1 order of magnitude higher than that in PhCN. The above 
is in agreement with the data on t-BuBr ionization in these 
solvents^’9. In addition it should be noted that the intimate 
ion pair t-Bu+Br~ is formed in both solvents approx. 1.5 
order of magnitude slower than Ph2CH+Br_. This result was to 
be expected.
Д Я if values were estimated by the inequalities AHlf 115.6

(CH,CN) and ^  14.1 kcal/mole (PhCN) (see Table 3) in3 I j.such a way that maximum values of S!j could be obtained.
Nevertheless these appeared to be much lower them the level
of -20 e.u. required for the formation of an intimate ion
pair in dipole interaction with the solvent molecule, fable 3

shows that the substitution of one of two methyl groups by
phenyl ones does not change the A value. Therefore the
explanation for low ̂  values in our case is to be looked
for in relative positions of phenyl groups of PhgCHBr in the
transition state. In the initial state the planes of phenyl
groups are positioned relative to each other at an' angle oi
approx. 35° (see1^). Since Ph_CH+Br~ formation is connected3with sp sp rehybridization of the central carbon atom2 17having already partial sp -character in the initial st^te 
and with charge delocalization onto phenyl rings, in the 
transition state phenyl groups may be expected Tio be located 
within one plane. The above should lead to an additional 
decrease in Д S^ values and a considerable decrease in 
ДН*4values,which is confirmed by the information in Table 3.

Kinetic parameters of II -t*-III reactions were estimated 
on the basis of the following assumptions. With the intro­
duction of a solvent into the lnximate ion pairs of alkali 
metal fluoreniles the enthalpy value varies within 3-9 iqkcal/mole,whereas the entropy ranges from -10 to -30 e.u. . 
Рог II-*» III reaction д  H2 value was accepted to be 9.0 
(6.5) kcal/mole and Д  sT, value was taken as -10(-20) e.u. in
CH^CN(PhCN). In this case we considered the fact that the
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the coordination witn one monodentate solvent molecule re- 14quired -11 e.u. . With decrease in solvent polarity the 
distance between ions in the ion pair increases greatly.
In PhCN, where this distance is approx. 12 A0 (See 4), one 

the coordination with one monodentate solvent molecule re­
may expect the introduction of two solvent molecules into 
the space between ions.
Thf lg value for II I reactions was calculated from 
the ratio lg k'.,/lg k2 s 1 *3 (2*0) 1x1 CH3CN(PhCN). 
and aS^1 values were found using equation (6). It is of 
interest, to note, that tbie intimate ion pair trapping in the 
covalent product is connected with a marked fall in a s 9*val­
ues, though an increase in дБ* values by 10-30 e.u. 14 
should be expected due to PhgCH^r" desolvatation. This 
confirms that quadrupole formation between РЬ2СН+Вг~ 
and RCN (tran8ition atate in 1 = ^ 1 1  reactions) is accompa­
nied by a strong decrease in aS^ values.

Though the kinetic parameters in Table 3 are, in fact,only 
roughly estimated,they represent clearly individual steps of 
Pt^CH^r" heterolysis .The constant of Ph2CH+lSI Br"f ormation 
rate is ~ 9  orders of magnitude higher than that of Ph2CH+Br"’. 
Nevertheless, the solvent-separated ion pair formation step 
determines the overall rate of the reaction,since the con­
centration of the intimate ion pair is very low (at 
[Ph2CHBr] = 0.01M in CH3CN [Ph^H^r”] * 2.10"12M, in 
PhCN [Ph^H^r-] - 0.8.10“14M).

EXPERIMENTAL
Benzonitrile was dried over potash and CaCl2, decanted, 

distilled under vacuum over P2O5 , kept overnight over 
CaH2 and distilled twice again under vacuum.Other reagents 
were obtained and purified as elsewhere1,2.NMR spectra were 
taken with Tesla BS 487C (80 MHz).Kinetic runs were 
carried out according to1.
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PhjCHBr ionization kinetics has been studied spectro- 
photometrically in dischloroethane using triphenylver- 
dazyl (RN*) as the internal Indicator,v»k PhgCHBr.k^* 
1.49.Ю“8 a“1, - 14.7 kcal/mol, S^- -45.0 e.u. 
Et^NClO^ additions increase the reaction rate,the spe­
cial salt effect is observed.At the rate-determining 
step the conversion of the intimate ion pair into the 
solvent-separated one with the further rapid reaction 
of the latter with RN* is supposed.Heterolysis rates 
of PhgCHBr and t-BuBr in MeOH, EtOH,HOac,MeCn,PhCn and 
dichloroethane were compared,it was concluded that 
benzhydryl derivatives were more convenient for solva- 
tation effect correlation in heterolytic processes 
than tert-butyl ones.

PhgCHBr heterolysis kinetics has been studied in alco­
hols (MeOH,EtOH,n-PrOH.n-BuOH)1“3,acetic acid2, acetonitrill 
and benzonitrile^.To further investigate the solvent effect 
on the kinetic parameters of this reaction, PhgCÖBr ioniza­
tion kinetics was studied in 1,2-dichloroethane.Kinetic ex­
periments were conducted as before4”6 in the presence of the 
stable triphenylverdazyl radical (RN*) used as the internal 
indicator.In works5’6 RN* was shown to react after the rate- 
-determining step in the MeCN and PhCN solution (solvent- 
-separated ion pair formation) which allowed to control 
the reaction rate spectrophotometrically agaist RN* 
consumption and triphsnylverdazylium bromide (RN+Br-) 
formation. _



2 A  £ t
Pk^Br^PhjCH^Br-— Pb2CH+|SIBr- f  £ < т * + < / 'Y „  <1)

PfJVeHa Ph p̂ 1idfj 'pf 
Fig. 1 shows typical kinetic experiments; EH*(descend­

ing curves) and RN+Br~ (ascending curves) concentrations 
undergo linear changes with time. It is connected with the 
fact that our conditions ( t RN*] «  [FhgCHBr] ) the sub­
strate conversion is app. O.Oft, hence in each individual 
experiment [ Ph^CHBr ] = const, and the reaction rate is da- * 
scribed by the zero order equation

-d [RN*] /2dt = d [ RN+Br”1/dt = k^ (2)
In general,the PhgCHBr ionization rate is satisfactorily 
described by the first order kinetic equation

v = к [ Ph2CHBr] O )
being independent of RN* concentration. This speaks for the 
fact that similar to its behaviour in other solvents in di- 
chloroethane RN* starts to react after the rate-determining 
step.

Table I presents the conditions and results of kinetic 
experiments. Rate constant values found using RN* consump­
tion and RN+Br~ formation satisfactorily coincide (columns
5 and 6 of Table I). Bt^NClO^*^ additions increase the reac- 
tion rate (Table I, Exp. 10-15, Fig.2).lfce special salt ef-ft Оfeet ’ ' is observed - small salt additions give rise to a 
sharp reaction rate increase with further salt concentrati­
on growth bringing about a slower linear increase in the rate 
(Fig.2). According to our interpretation of this effect^ the 
perchlorate catalyzes the intimate ion pair conversion into 
the solvent-separated one, resulting in the formation of 
either the ion triplet CIO^JSIPhgCH+Br~ or the quadrupole 
R^CH^Br , Et^N+G10^. The first part of the curve in Fig. 2 is 
connected with the formation of a new intermediate, whereas
’^Attempts to study the effects of other salts failed either 
because of their low solubility (LiClO^) or because of their 
reaction with RN+Br- (halogenides, nitrates).
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Table I
Kinetics of Ph-jCHBr Ionization in Dichloroethane in 
the Presence of RN*

Hos [PhgOHB^lO2
u

[HJJ*].104
M

°C I08.k,s'1
•jas HI?* as HN average

1 6.50 1.28 24.5 1.40 - 1.40*0.04
2 8.60 1.27 ЗО.5 2.32 - 2.34*0.07
3 8.60 О.63О 2.3О 2.51
4 6.20 1.25 34.5 3.31 3.36 3.21*0.12
5 6.20 0.625 3.02 3.13

6 3.88 I.25 5.73 5.37
7 7.83 1.43 40.5 5.32 5.41 5.48*0.11
8 6.26 0.853 5.46 5.66
9 6.18 1.43 5.39 5.50

10а^ 3.40 0.853 10.2 11.3 10.8*0.5
11ъ) З.50 0.853 13.7 14.5 14.1*0.4
12с) 3.40 0.853 40.5 14.5 14.5 14.5*0.1

З.50 0.853 * X 14.9 15.6 15.3*0.4
14e) 3.40 0.853 15.4 17.0 16.2*0.8
15P З.50 0.853 17.3 - 17.3*0.2
16 5.9О 1.27 45.5 7.64 7.53 7.58*0.08
17 2.9О 1.24 7.48 7.66
*^Average from two runs
a) In the presence of Et^NClO^
b) In the presence of 2.10»10“^M Et^NGlO^
c) In the presence of 3.17*10"*̂ 1I fit ̂N010^
d) In the presence of 6.40»10“^M Et^NClO^
e) In the presence of 9.50* Ю ”Зц Bt^NClO^
f) In the presence of 14.3*10“^M Bt^HClO^
the second is related to the usual salt effect. Extrapolati­
on of tne second part of the curve to zero Bt^HClO^ content 
gives k ^ ’5* 1.35*10”7b"1, i.e. the value being 2.5 tiaes 
greater than that of the rate constant without the perchlo-
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rate additions.It is the maximum reaction rate increase due 
to the special salt effect at zero value of the usual salt 
effect. Therefore, the intermediate (a triplet or a qpiadru- 
pole) forming in dichloroethane with the participation of 
the perchlorate is converted into the solvent-separated ion
pair PhgCH^ISlClOj 2.5 times faster, than in Ph2CH+Br~-- ►-
Ph2CH+| SIBr” reaction.

Pig.1. The kinetics of Ph^CHLBr ionization in dichloro­
ethane in the presence of HN’j 45.5’C.
1 - [PhgCHBr] = О.О59О, [ElTj* 1 .27M 0"4U
2 - [Ph2CHBr] = О.О29О, [HN> 1.24‘Ю “4!!

Pig.2. Et^flClO^ effect on 
the ionization rate of 
PhgCHBr in dichloroethane, 
40,5»c.
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Thus, at the rate-determining step of EhgCHBr hetегоly­
sis in dichloroethane similar to that in MeCN® and PhCN5 the 
formation of the solvent-separated ion pair is observed.

It is interesting to note, that in the transition from 
such a polar solvent as benzonitrile ( ■ 25.2) to dichloro­
ethane having relatively low polarity ( S =10.4)the Ph^CHBr 
ionization rate decreases only app. 2 times. It seems to be 
connected with the fact, that dichloroethane is capable of 
forming H-complexes with the leaving group (electrophilic 
promotion of heterolysis).This being so,the PMR spectrum of 
PhgCHBr in dichloroethane should show a considerable shift of 
the methine proton to the weaker riexd, as compared with the 
CC14 solution where H-complering is missing. Indeed, it was 
found that S -methine proton values of PhgCHBr in CCl^, di­
chloroethane and HOAc were 6.12, 6.28 and 6.32 ppm, respec­
tively.

Table 2 shows the kinetic parameters of Ph~CHBr hetero- 
1 2 4- Slysis in six solvents * * *̂  given in comparison with simi­

lar results for t-BuBr8“11. The Table also comprises Koso- 
wer's solvent polarity values (Z)12. Fig.3 gives the compa­
rison of the log rate constants for the heterolysie of both 
substrates with Z-values in various solvents. Die heterolysis 
rates of both substrates are close to each other in aprotic 
solvents, whereas in the protic ones t-BuBr reacts slower by 
2-3 orders of magnitude (HOAc is the exception)^ A similar 
picture is observed for PhgCHCl and t-BuCl.Bie reaction of 
PhgCHCl is faster in protic solvents oy appr. 3 orders of 
magnitude as compared with that of t-BuCl (in MeOH lg ^phgCHC^
-3.1, lg ^-ВиС1=-6,1 ’ 111 Bb0H,1g ^P^CHC!“-4*3’ lg ^t-BuCl= 
-7.1, ln i-PrOH lg i S  caol“ 5.2, lg igjwa--?.«)2*15"15.!»
CH,CH their rates are close to each other (lg k£? CHCi=-8.3, 
*  ^ B u 0 l - a-6>9'16- ^
*^Log values of alcoholysis constants for FhgCBBr at 25eC in 
n-PrOH (-3.4) and n-BuOH (-3*5) shown in Fig.3 were calcu­
lated using the data of ref. }•
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Table 2
Kinetic Parameters of Pi^CHBr and t-BuBr 
Heterolysis in Different Solvents

Solvent z Ph2CHBr t-BuBr
kcalmol -lg k* AH*

kcalmol
iS25e.u.

-lg k25 лН*
kcalmol e.u.

MeOH 83.6 1.80 19.2 -2.9 4.46 23.4 -0.5
EtOH 79.6 2.91 20.6 -2.6 5.36 24.6 -0.4
HOAc 79.2 4.78 22.0 -6.6 5.52 24.1 -1.9
MeCN 71.3 5.60 16.6 -29.1 5.90 19.5 -20.0
PhCN 65.0 7.49

7.83*}
14.1 . V-45.4 

-45.0*^
7.11 21.5 -18.7

ch2cich2ci 63.4 14.7 7.75 18.4 -32.2

*^Calculated from the data of Table I-
* * } mmA'The rate constants in s '.

Pig. 3 shows that the PhgCHB” heterolysis rate changes 
linearly with the change in Z**\whereas the t-BuBr heter­
olysis rate sharply declines from this dependence pattern in 
the transition zone from aprotic to protic solvents.Indeed, 
in the transition from MeCN to BtOH PhgCHBr the heterolysis 
rate increases by 2.7 orders of magnitude,whereas the in­
crease of the t-BuBr rate is only by 0.5 orders.

The observed differences in the behaviour of Ph2CHBr and 
t-BuBr can be explained by the fact, that in the first case a 
solvent-separated ion pair is always formed at the rate-deter­
mining step, whereas in the second case it occurs only in pro­
tic solvents but in the aprotic ones the intimate ion pair

**^Extrapolation of this curve to Zn n= 94.6 (see12) givesпри
the value of rate constant hydrolysis of PhgCHBr in water, 
lg k2^  1.4. The real value may be lower, since in the 
transition to water the nature of the transition state 
seems to change^.
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formation is the limiting factor.This conclusion agrees with 
the information available in the literature showing the in­
fluence of various salts on the rates of Ph„CHX and t-BuX6 7 2heterolysis * .It also agrees with the effect the solvent
has on the anion exchange in t-BuX7,17,18 as well as with 
the sharp increase in the polarity of t-BuCl transition 
state during the transition from aprotic to solvents1^.Dif­
ferent nature of the transition state during t-BuX heteroly­
sis in the two groups of solvents is also indicated by the 
fact,that in the correlation of t-BuX heterolysis rates with 
various solvent parameters different relationships are usual*, 
ly obtained for each group of solvents 12,*9-21^

Fig.3. Dependence of log rate constants of the Ph2CHBr and 
t-BuBr heterolysis on the solvent polarity valuee Z.

It is interesting to note, that in the transition from 
t-BuBr to Ph2CHBr in protic solvents д value undergoes only 
ly slight changes, whereas in the aprotic ones it decreases 
by 10-20 units (Table 2), which fact may be an additional 
confirmation of the solvent molecule coordination as a result 
of the solvent-separated ion pair formation.
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The inflexion on the curve Z - lg kt_BuBr shows that 
solvent-separated ion pair formation is by 2-3 orders slower 
than that of the intimate one.

The comparison of PhgCHBr and t-BuBr heterolysis rates 
shows the benzhydryl derivatives to be more acceptable as 
standards for the correlation of solvation effects in hete­
ro lytic processes, than t-BuI, since the former substrates 
are more homogeneous from the mechanistic point of view and 
more sensitive to the solvent effect (during the transition 
from dichloroethane to MeOH PhpCHBr heterolysis rate changes 
by 6 orders.of magnitude, whereas that of t-BuBr - only by 
З.З orders).

Experimental
The synthesis of reagents and methods of kinetic experi­

ments have been reported previously4"^*^.Dichloroethane 
washed with KOH water solution then dried overnight over 
CaCl2,di8tilled over PgO^,boiled 2-3 hours with CaH2 and 
again distilled.PMR spectra were recorded by Tesla BS 487 С 
(80 MHz) with HMDS.
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