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An inverse kinetic problem for the reaction of 

addition of triphenylaluminium to benzophenone in 

benzene at 25°C studied earlier has been solved, 

making use of the nonlinear least-squares method.

Twelve independent, kinetic curves (85 lines of 

data) with different initial concentrations of re­

agents were treated simultaneously. The values of 

the rate and equilibrium constants characterizing 

the mechanistic scheme (3) of the reaction have 

been estimated.

Introduction

Earlier the kinetics of the addition of triphenylalumi­

nium to benzophenone in benzene in 1 : 1  ratio or at the ex­

cess of benzophenone (up to 1:3,6) at 25°C has been studied*. 

At the excess of triphenylaluminium a different reaction 

mechanism is expected to function* ’ 2
Per these ratios of reagents the following mechanism has

1 P
been suggested * :
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2Ph3Al (Ph3Al)2

Ph3Al + Ph2C = 0 Ph3Al - 0 = CPh2

“ Ph 
\

Ph3Al . 0 = CPh2- Ph - С = 0

- Al - Ph

Ph

Ph3COAlPh2

Ph3Al + Ph3COAlPh2 Ph3Al . Ph3COAlPh2

If A-triphenylaluminium, B-benzophenone, C-donor-acceptor 

complex of triphenylaluminium with .benzophenone, P*-product 

of the complex rearrangement and p is complex of product with 

triphenylaluminium, this scheme could be rewritten:

2A iZiT A 2 (rapid)

A + B ^ C  (rapid)

С— *Р* (slow) (1 )

P' + A i ^ P  (rapid)

2
The dimer - monomer equilibrium is considered as very rapid, 

as Well as the equilibrium of complex formation:

A + B Z T C  (2)

The latter equilibrium is strongly shifted to the right^. Tak­

ing into account the equilibrium (2) and the excess of 

benzophenone in the reaction mixture one can conclude that 

triphenylaluminium is practically absent in the latter:

[a]o»|a] ([a] 0 is the initial concentration of triphenyl - 
aluminium). Hence, the scheme of the reaction is simplified:

к
С -- ► P* (3)

К
С + P' В + P
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The reaction kinetics was followed using two methods*: 

the direct spectrophotometric observation of the complex С 

concentration change and the method of samples where the 

total concentration of benzophenone [x] was determined spec- 

trophotometrically, after quenching by ethanol. The total 

concentration of benzophenone[x] equals to the sum of concen­

trations in reaction mixture of benzophenone and of the com­

plex resulting in benzophenone after quenching:

И - [B] ♦ [С].

It was indicated* that equilibrium

C t P '  Z T B + P  (4)

is shifted to the right. This conclusion is based on the 

fact that at close initial concentrations of reagents the 

completely shifted equilibrium is a good approximation when 

the corresponding data are processed. At such conditions the 

reaction fits the first order equation and corresponding 

rate constant к = (1 .23-0.14) •10"’* sec“* obtained as a re-
С

suit of direct observation of the complex С dieappearan.ee iq

approximately equal to the doubled rate constant k^ (21^=

= (0.7^0.06)•10”**' sec“*) obtained when the change of [x] is

observed. This result is compatible with such a simplified

reaction scheme.
But, when the data obtained at the excess of benzophenone

have been treated, the equilibrium (4) must be taken into ac­

count.

The simultaneous estimation of rate constant к and con­

stant p 1 И  5?Ü was attempted *.In terms of the 
К = [p] £ß]

expression for fcj and differential equation - J i ß L «  - к И, 

R and к were obtained by the use of the method of succes­

sive approximations. R values were varied to minimize the 

relative mean-square error of constant k, taking into account 

all experimental points for a single kinetic curve. However, 

these iterations did not converge. The к value varies insig­

nificantly when R is varied in the range from .1 to 10. 

Therefore, value R =1 was fixed. The rate constant value of 

к ■ (0.34-0.04) * 10“ 4 sec“* close to k^ value was obtained. 

But the equilibrium constant value remained uncertain.
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Procedure'and Results of Data Processing.

The results of a more correct attempt to solve the protb- 

lem described are represented in this paper. The nonlinear 

least-equare approach (HIß) was applied. The universal ver­

sion of the program of NLS* was used. A special subproce­

dure for the calculation of the function to be paramet­

rized was prepared,.

The algorithm of the nonlinear' parametrization program 

used for the determination of standard deviation of calcu­

lated values of function p to be parametrized from corres­

ponding experimental valuee includes the following proce­

dures :

1. The linear least-equare problem (multilinear regres­

si on)_for the following system of equations is solved:

Z  = Tj. - »it 1 - 1, M (5)
L=1 О

where P^ is the value of function to be parametrized for a 

given set (the temporal approximation) of parameters X^ to 

be estimated. The partial derivatives in the left side of 

the equation (5) are calculated by digital differentiation. 

Corrections Ä XL' for parameters X^ are considered as com­

ponents of the vector which determines the antigradient di­

rection. Using the parabolic approximation, the minimum of 

the standard deviation is determined on the axis of that di­

rection.

2. Points /1/*? /2/ and /3/ corresponding to the three 

successive approximations of X^ (minimums on the given di­

rections) are specified in the solution space (formed by

coordinates x, )• The next direction of minimization is de- 
____________ L -
* The program of NLS has been prepared by V. Palm in FORTRAN. 

Detailed description of this program algorithm will be pub­

lished separately.

** Point /1/ is identified with the initial approximation.
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fined as a straight line joining points /1/ and /3/. Ppint 

/4/ is defined as a minimum in this direction and the re-i 

definition of the points is performed as follows:

/1/ * /2/, /2/ = /3/ and /3/ = /4/.* This procedure is re­

peated until either the criterion of the end of the proce­

dure or the change criterion for the "valley” procedure is 

satisfied for the two following iteration steps.

3. A special "valley" procedure of searching for a min­

imum on the smooth bottom of the deep "valley" in the solu-, 

tion space. .

At the beginning of the next iteration cycle procedure

1 is executed twice, giving the three first points in the 

solution space. Then procedure 2 is executed. Depending 0П| 
the value of corresponding criterion the passage from pro­

cedure 2 to the "valley" procedure may be either practically 
compulsory or excluded at all.

The algorithm used demands the elimination of both, the 

significantly deviating (according to th# Sudent's crite^ 

rion) experimental points (lines) at the given progressively 

growing risk levels as well as the statistically insignifi­

cant parameters to be evaluated.

The standard deviations of the parameters to be evalu* ■ 

ated are equalized to the values of standard deviations for 

the corresponding corrections ДХ^ found as the result of 

the execution of procedure 1 at the solution point.Two sets 

of them, Sj (total) and’SXjJ (single), were calculated^ The: 

former is obtained when the corrections for all statist 

tically significant parameters are evaluated simultaneously. 

Each of Sj (single) is obtained when only the correction 

for a single parameter X^ is evaluated, all other parameters 

being fixed at the solution point.

In terms of the material balance equations and expressions

- Tor rate and equilibrium constants the following different­

ial equation was derived: '

* The procedure is described as " a method of parallel tan­

gents"
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d[z] 
г

0 2(1-К) 'у И о - КИ0

= ' (f Ш ) d Cz]= kdt (6)

where р] = [Pj + [Р[] = [В] - [xj denotes the sum of concentrations 

of reaction products, [C] Q =[a]q (see equilibrium (2)) corres­

ponds to the concentration of the donor-acceptor complex 

and [DJ 0= [Bj0“ M  о corresponds to the concentration of free 

benzophenone at the initial moment of the reaction (t=0)i.

Although this equation could be reduced to quadratures, 

the corresponding integral could not be expressed explicit­

ly via elementary functions.

If K=1 the equation (6) proceeds as follows:

-------- ä-И-----------  = ü? '([z ) > a M= kat
[Zl ([A] -[Z] ) Г L J  L J

Ы -И- Q
W . - M .

After integrating from zero to f^ where f^ is the' quan­

tity identified with the sum of reaction products1 concen­

trations £z] . ( i is- the index of the data line) being also 

the function of time, the initial concentrations Vnd the tem­

poral approximations of parameters k and K, we get:

) d[z] = kti (7)

or

■fi

0
'(CzJi) clEli = kti (8)

Quantity was used as an implicitly defined function 

to be parametrized in the course of data processing. Val­

ues [Z], were used as Y^, rate and equilibrium constants
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к and К were considered as parameters to be evaluated.

The values of function f^ to be parametrized were cal­

culated using the iterative procedure. Approximating the 

dependence of f^ on ti with the equation for a monomolecu- 

lar curve we obtained:

*i - P ] 0l - «В Ц  - Gi> *'k“i

where Ĝ  ̂ is the previous ^  approximation and = t£ - t^ 

where t^ is the temporal approximation of the time moment 

and t. is its experimental value. On the bases of the f^ 

approximation obtained the values of t^ were found by equa­

tions (7) or (8) . Then the new values of (̂ ti and the ad­

ditional approximation of fi were obtained until the tempo­

ral value of ^ti became smaller than the given precision 

criterion ( 6 sec). For the first iteration cycle Gi = 0 and 

-ti were assumed. If the iteration was not convergent 

the bisection of the segments was used. Equations (7) and (8) . 

were solved using the Simpson method of digital integration 

(the criterion of relative precision was equalized to 0.01).

The initial data used were the experimental values of 

[Z^and corresponding values of ti and values of initial con­

centrations (cj 0 and [B]o as well as the initial approxi­

mation of K.The^ initial ^ approximation of rate constant 

к was calculated by equation: k Й  n~ Czj 1  ̂ where [Z^

’ (V  V C
and t1 correspond to the initial period of reaction and С 

is the value of {C]Q for the given kinetic curve.

Twelve independent kinetic curves with different initial 

concentrations and ratios of reagents, altogether 85 lines 

of data, were treated simultaneously, (see Table 1).

The exclusion from the treatment of the significantly de­

viating points was executed on three risk levels: 0.0 1, 0.03,
0.05 (1,3 and 5 per cent).

The results of calculations obtained proceeding from the 

different initial approximations of parameter К to be esti­

mated are given in Table 2. It can be seen from the latter 

that the values of rate and equilibrium constants obtained,
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in the limits of their uncertainty, do not depend on the in**- 

itial approximation of K.

Since the dependence of к values on the variation of К 

in a rather wide range of its value is weak, the presence of 

the deep "valley" with a smooth bottom may be assumed in the 

solution space.

Table 1

Values of the Initial Concentration of Triphenylaluminium 

([A]o) and Benzophenone ( [в]q) in mole/1 and the Total 

Number of Experimental Points (n) for Independent Kinet­

ic Sets.

. A o._. . B о n

u.0515 0.0522
0.0256 0.0525 7

0.0289 0.0978 7

0.0274 0.0499 7

0.0264 0.0410 7

0.0272 0.0506 7

0.0228 0.0267

0.0294 0.1001 7

0.0475 0.0533 7

0.0256 0.0419 7

0.0224 0.0274 7

0.0219 0.0271 7

But application of the "valley" procedure for the detection 

of the standard deviation minimum leads to the values of 

parameters to be found which are indistinguishable, in the 

first approximation, from the values obtained without using 

this procedure. Apparently, the cause is that the bottom of 

the "valley" is rather slightly distorted. Nevertheless, it 

should be mentioned that the two values of К (12.0 and 13.9) 

obtained using the "valley" procedure are less deviating 

from the average value than the other results.
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Table 2

Results of the Parametrization, Obtained Proceeding from Different 

Initial Approximations for К
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NO 1 41 0 .  153 8 . 4 0 . 39 3 0. 01 0 0 . 0 0 7 13.4 3 . 7 2 . 7
1 2 . 0 NO 3 /2 0.  122 6 . 5 0 . 3 8 8 0 . 00 8 0 . 0 0 6 17.6 3 . 2 2 . 6

NO 5 66 0.  105 5 . 4 0 . 3 9 5 0 . 0 07 0 . 0 06 14.4 2 . 5 2 . 0
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a) Total standard deviation in normed scaling.

b) Total standard deviation in natural scaling.

c) At the 5% risK level the same results were obtained.

d) Averaged values of standard deviations are calculated by 

equation: I j *

S (aver.) = Y' i Si

e) Standard deviation of arithmetical mean value is calculated 

by equation: Sj (x± - x)2/ п_г'

i

f) Standard deviation of constants к or К obtained as a re­

sult of simultaneous evaluation of corrections for both 

parameters to be evaluated.

g) Standard deviation of к or К obtained as a result of eval- 

uation of corrections for the given parameter, only.

The average values of parameters obtained taking into 

account the experimental points from 81 up to 83 ( risk 

level is 1%) and those from 65 up to 66 (risk level 5% ) 

are indistinguishable fron each other , too. Such stability 

of the solution indicates that the deviations of excluded 

points are rather accidental in their nature.

A slight difference between the values of Sx ( total ) 

and Sx (single) indicates a rather high degree &f effective 

orthogonality (absence of a strong "overpumping" effect be­

tween parameters).

Thus, we can accept the following values of rate and 

equilibrium constants characterizing the mechanism (3) of 

the reaction between triphenylaluminium and benzophenone:

к = (0.400 ± 0.008)« 10“ 4 sec“ 1 and К = 12.9 -.1.9 

at risk level 1% and к =(0.397 - 0.06)* 10“ 4 sec“ 1 and К =
= 13.8 - 3.5 at risk level 5%.

As it may be assumed, the к value detected is indistin­

guishable from the average value of кх=(0.37^0.03).10“̂8вс-1 
obtained earlier without taking into account the equilibrium

(4). It is actually caused by a rather high value of the 

equilibrium eonstant K.
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QUINONE AND NITROBENZENE TO THE SOLVENTS OP LONG- 

-WAVELENGTH ABSORPTION PEAKS

V. Ya. Pain, L.Ya. Kliot, and B.E. Zaitsev 

Reeearch Institute of Organic Semiproducts and Dyes,

Moscow

Received January 5, 1984

Method of proportional susceptibility was ap- 

lied in order to show that the phyeico-chemical 

properties of 9,10 - anthraquinones containing 

strong electron-donor substituents are analogous 

to the corresponding derivatives of p-substituted 

nitrobenzene. A number restrictions on the use of 

such analogues have been established. Empirical 

equations enabling to calculate the unknown values 

for the corresponding anthraquinone derivatives ac­

cording to the max of longwave absorption bands 

of the nitrobenzene p - substituents were suggest­

ed.

9,10-anthraquinone derivatives have been intensively 

studied in several countries; they are widely used first of 

all as synthetic dyes, pigments, luminescent solids, biologi­

cally active substances and drugs.

According to the X-ray structural data and quantum-chem­

ical calculations, the 9,10-anthraquinone (I) plain molecule 

consists of two aromatic rings connected with carbonylic 

groups. Such a structure of 9,10-anthraquinone might refer 

to the existence of similar features in the physico-chemical 

-behavior of the corresponding anthraquinone substituents in
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benzene. Рог instance, proportional 

shift of the pKQ values for l-amino-2- 

and/or -4-(di)bromoanthraquinones as

well as for bromine - substituted ani-
2

lines , and also for 1-phenyl-aminoanthra- 

quinones and anilines^ has been fovind. 

However, the substituent effect on the 

position of the longwave absorption peaks 

is not sufficiently characterized by the б-substituent con­

stants, given for the benzene series4 . This is valid even in 

case of the monosubstituted anthraquinones. Our attempts to 

describe this effect via the spectroscopic constants, sug­

gested'* for the substituents in benzene series also failed.

Evidently, the analogy between the physico-chemical prop­

erties of the anthraquinone and benzene derivatives is not 

firm enough. The derivatives of benzene, containing electron- 

-acceptor substituents seem to be more close-in this connec­

tion. There is also a number of facts speaking of certain sim- 

.ilarities between the behavior of the anthraquinone and ni­

trobenzene substituents. Thus, it has been established that7 g 
the reactivity of haloanthraquinones and halonitrobenzenes 

in the reactions of nucleophilic substitution is quite simi­

lar. That concerns also alcoxyanthraquinones and nitroanl- 

lines^ in the above-mentioned reactions. The values

of the 3C1,Jf* absorption bands of 2-substituted anthraqui-
Q ,

none curvilinearly depend on the -constants of Bloor 

found from the substituent effect on the position . of the

longwave absorption bands of the nitrobenzene p-substituents.
9 10It has been shown that the solvatochromic Kamlet - Taft

equation can be applied for the monosubstituted anthraquinone.

The parameters were obtained by the shifts of absorption

peaks of various indioators (p-substituents of nitrobenzene

included) under the influence of solvents.

Certainly, the p-substituents of nitrobenzene do not con­

stitute the best model for the monosubstituted anthraquinone.

Tn the benzene series, aniline substituted in positions 3 and

4 by carbonyl containing substituents (eg. 3,4-diacetylaniline) 

can function as such a model for e.g. 2-aminoanthraquinone.
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But such compounds, unlike the nitrobenzene p-eubstituents 

have not been studied sufficiently enough, though,the model­

ling ia hardly of some practical value. The regularities of

the proportional susceptibility type, proposed by Mostos-
11

lavskij, Izmailskij, and Shapkina and exemplified by the 

tioindigoide dyes,serve as a convenient means for establish­

ing the analogy between the physico-chemical properties of 

the two compounds compared. It was proved that this method 

can also be used with the anthraquinone12 and nitrobenzene1® 

substituents. According to the method, the compounds having 

close structure are characterized by a proportional shift of 

the longwave absorption peaks if they are influenced by the 

same solvent. If the interaction mechanisms of the compared 

compounds differ from a certain number of solvents, the cor­

responding points deviate from the straight line10.

In the present work, the method of proportional suscepti­

bility has been used for the first time for the purposes of 

the comparison of compounds which belong to different class­

es, in order to determine certain similarities in their 

physico-chemical behavior.

According to the contemporary view (see e.g.1^“14), one 

can differentiate between the non-specific and specific solu- 

te-solvent interaction. The latter interaction type, charac­

terized by the formation of intermolecular hydrogen bonds 

(IHB) can be divided into the following groups:

1) the interactions of the proton-donor solvent and proton- 

acceptor atom of the dissolved compound, on account of the 

hydrogen atom;

2) the interactions of the proton—  releasing group of the 

dissolved compound’s molecule and the proton-accepting at­

om, of the solvent on account of the hydrogen atom. According 

to15, p-nitroaniline (II) can form the both types of the IHB. 

The aforesaid concerns also 2-aminoanthraquinone (III) where 

S denotes the solvent.

The major difference in the interaction of these compounds 

with solvents lies in the fact that the molecules of proton- 

-donor solvents interact with two oxygen atoms of one and 

the same p-nitroaniline nitrogroup, and two oxygen atoms of
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S...H H...S

N

Ф

.H-S

и ;  i i i

two carbonylic groups of the anthraquinone derivative.

The comparison of the p-nitroaniline and 2-aminoanthra-

that

propor- 

Solvent

The •*)___ values, determined both in neutral (which cannot
Шал

form the IHB) solvents as well as in those having proton -

- donor and proton —  acceptor properties have been included 

into the correlation. The exclusion of.the values taken in 

alcohols does not give a better correlation. Consequently, 

compounde II and III interact similarly with solvents and the 

above difference is not expressed 'spectrophotometrically.The

145

quinone values proved (Fig.l, Table 1 eq.l)max
these values excellently correlate with each other.

v  may. n - H A

Pig. 1. 2-aminoanthraquinone and p-nitroaniline 
tional susceptibility to the solvents, 

numbers correspond to those of Table 2.
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value of angle coefficient a given in equation (I) shows 

that the 2-aminoanthraquinone J  is not so susceptible 

to the solvents as that of p-nitroaniline.

1-aminoanthraquinone differs from its 2-isomer, since 

in the former case only one hydrogen atom of the aminogroup 

participates in the IHC, the another forming the intramole­

cular hydrogen bond1^. However, in this case the proportional 

susceptibility to the solvents of two monoaminoanthraquino- 

nes can still be observed:

^max (I) = (0.29-0.03) ^ * ( 2  ) + (lA.5l*>.68)tt

n = 21, r = 0.979, SD = 0.08 kK

2-acetylaniline should be considered analogous to 1-ami­
noanthraquinone in the benzene series. But the existence of 

proportional susceptibility of 1- and 2- aminoanthraquinones 
refers also to a more distant analogy between 1-aminoanthra- 
quinone and p-nitroaniline, which is proved by the excellent 

correlation of the 1-aminoanthraquinone and p-nitroaniline
J r r values (Table 1. Eq. 2). At the same time, a substan- max
tial decrease (3.5 times) in the J susceptibility to the

IucIjC

solvents in comparison with 2-aminoanthraquinone was obser­

ved.

As the existence of proportional susceptibility has- been
12 17established * also for 1-mono- and 1 ,4-diaminoanthraqui-

nones, p-nitroaniline can be considered as an analogue to

1,4-diaminoanthraquinone (Table 1, Eq. 3)» The decrease of

the proportional susceptibility coefficient value seems to

be the result of the interaction of aminogroups in positions
171 and 4 of the anthraquinone nucleus . The angle coeffi-* 

cient value in equation 3 refers to the even lower 1 ,4-dia­
minoanthraquinone -0 тят susceptibility to the solvents.

An analogous result is obtained in case the v^___ valuesшах
of 2-oxyanthraquinone and p-nitrophenole are compared (Eq.4). 
At the same time, the 1- and 2-methoxyanthraquinones• and 

p-nitroanizole proportional susceptibility was observed in 

aprotic solvents, only (Pig. 2., Table 1. Eqs. 5, 6). The
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Table 1

Proportional Susceptibility Parameters of Anthraquinone and Nitrobenzene

И Я=аЛ>11В + В 
max max

Equa­
tion Anthraquinone Nitrobenzene 

derivatives derivatives
Solvent
number

Correlation
coefficient

Mean-
square
deviation,

kK*

a b, kK

1 2-amino- p-nitroani-
line

19 0.989 0.20 0.89*0.06 -(1 .40*0.10)

2 1-amino- p-nitroani-
line

21 0.982 0.08 0.24-0.02 14.57*0.62

3 1 ,4-diamino- p-nitroani­
line

14 0.957 0.06 0.10*0.02 15.36*0.46

4 2-oxy- p-nitrophe-
nole

9 0.976 0 .12 0.41*0.08 13.99*2.72

5 1-methoxy- p-nitroani-
sole

8 0.964 0.08 0.38*0.08 14.21*2.77

6 2-methory- p-nitroani-
sole

8 0.985 0.06 0.38*0.06 14.83*0.06

* I kK = 10“3cm“ 1



points for alcohol deviate from the straight line towards 

lower values for the anthroquinöne derivatives. The values 

of these deviations tend to increase after the elimination 

of the alkylic chain of alcohol. If the correlation embraces 

also the values registered in alcohols, a remarkable decrease 

in the correlation coefficient values takes place. Thus, it 

drops from О.964 to 0.841 for 1-methoxyanthraquinone and 

from 0.985 to 0.946 for its 2-isomer .

V  m a x . n - H A

Pig. 2. 2-methoxyanthraquinone and p-nitroanizole propor­

tional susceptibility to the solvents. Solvent 

numbers correspond to those of Table 2.

9
The obtained result correlates well with, where it has 

been shown for the monosubstituted anthraquinone that the 

IHB solvents’(forming on account of the hydrogen atom of the 

proton —  donor group of the solute) contribution into the to­

tal effect considerably exceeds that of IHB, in which the ac­

tive hydrogen atom belongs to the proton —  releasing solvent. 

In the case of amino—  and oxyathraquinones IHB (forming on 

account of the amino—  and oxygroup atoms) play the leading 

role in their specific interaction with solvents.

The difference in the proton - releasing solvent inter­

action with carbonylic groups of the anthraquinone derivative 

and the substituted nitrobenzene nitrogroup is xioß expressed 

since the contribution of this interaction type is insignif­

icant. Methoxj.de derivatives do not contain an active hydro­
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gen atom which could lead to the IHB formation, thus reveal­

ing the difference in the proton-donor solvents' action.

It should be borne in mind that such a comparison of 

the ^ max values holds only in case of the bands with a 

similar absorption nature-. Consequently, the regularity 

found can be applied only with the anthraquinone derivatives 

which have longwave # 1 ,  - absorption. This regularity 

is not valid for the non-substituted anthraquinone and its 

derivatives, containing the electron-accepting substitu­

tes, as the absorption spectra of these compounds lack the 

#L ,'It*- spectra.

Thus, the method of proportional susceptibility has ena* 

bled to prove the validity of the analogy between the 9,10- 
-anthraquinones' physico-chemical behavior in the interaction 

with strong electron —  releasing substitutes and the corres­

ponding benzene substituents, containing electron-accept­

ing substitutes, e.g. the nitrobenzene p-substituents. At.the 

same time a number of restrictions for the application of 

such analogues have been established. These regularities ena­

ble to calculate the location of the £1 , ft *- bänd of anthra­

quinone derivatives, proceeding from the тят. values of the- 

long-wave absorption bands of nitrobenzene derivatives, meas­

ured in a large number of solvents. Since the solvent effect 

either on various physico-chemical parameters of the compounds 

or on their reactivity fall under the same type14, one can 

expect some proportional changes'in other physico-chemical 

characteristics of the cpmpounds discussed.

Experimental

The values for the nitrobenzene p-substituents have
m x 10

been taken from for 1-methoxy-, 2-oxy- and 1-aminoanthra- 
quinones fronr**1^ for I,4-diaminoanthraquinone from1^*18.

The values for 2-amino- and 2-methoxyanthraquinones are given 
in Table 2. The compounds and solvents were purified accord­

ing to the known methods. The absorption spectra were meas­

ured on a spectrophotometer Specord UV-Vis, the calculations 

were done with the assistance of’T.P. Kosacheva on a computer 

Mir- 1 at 0,95 risk level. ' .V
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Table 2

^ m a x  Values of ЗГ1 Bands in Various Solvents

2-methoxyanthra- 2-aminoanthraquinone

ntj Doivenb
« Reference Л и -« Reference

1 2 3
4 5 6

1 hexane 28.05
1 T _.

2b.b3

2 cyclohexane 28.01 25.97

3 carbon tetrachlo­
ride 27.62 17 25.71

4 p-xylene - - 24.39 12
5 t oluene - - 24.69 12
6 benzene 27.40 17 24.39 17

7 chlorobenzene - - 24.15

8 chloroform - - 24.04 19

9 methylenechloride 27.22 17 24.04

10 o-dichlorobenzene - - 24.21 17

11 dichloroethane - - 23.87

12 diethyl ether - - 23.81 22
13 dioxane 27.47 - 23.70 17

14 ethylacetate 27.47 - 23.26 20

15 acetone - - 22.99 17

16 triethylphosphate 27.32 21.98

17 dimethylphormamide27.17 22.30 12
18 dimethylsulfoxide 27.03 21.74

19 methanol 27.03 22.47 17

20 ethanol 27.25 22.27 17

21 propanol 27.20 23.26 21
22 2-propanol 27.20 21.74 17

23 butanol 2T.28 22.22 12

24 tert-butyl alco­
hol

27.32 — —

25 benzyl alcohol 26.80 - -
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Substituent effect in the substrate and the 

interdependence of the structure of substrate and 

nucleophile on the Menshutkin reaction have been 

estimated by means of multilinear regression anal­

ysis. A conclusion has been drawn that the transi­

tion state becomes more product-like and "loose" 

in case of the increase of the reaction center 

steric screening in the substrate •

It has been shown in our previous contribution1 that the 
nucleophilicity of amines in reaction (1 ) depends basically 

on their steric and inductive substituent effect at the ni­

trogen atoms

rxr2r3n + r4i ---------  r1r2r3r4n+i”  ( 1)

where R^, R2, R3 denote H or Alk; R^- Alk; X - I.

Our studies concentrated on the influence of radical's struc­

ture in the substrate upon the rate of these processes. With 

this aim rate constants of i-Aml, i-BuI and i-Prl interaction 

wi}rti various aliphatic amines in acetonitrile were determined
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с 1 Table 1
Rate Constanta (k.10 , M .aeo ) of Amine Reaotiona with Alkyliodide

in Aoetonitrile at 25°C

No Nucleophile
Substrate , reaction aeries number

i-Aml, 4 i-BuI, 5 i - Prl, 6

1. MeNH2 24.6 + l 4.31 0.16 6.01 +
0.24

2. i-BuNHg 11.8 +
0.3 - -

3. i-PrNHg 6.07 * 0.12 0.931
+ 0.040 0.887

+
0.045

ti. t-BuNHg 2.74
+

0.05 0.401 ± 0.020 0.295
+

0.015

5. MegNH 128 + 8 - -

6. jStgNH 9.34 i 0.31 1.63 ± 0.08 0.914
+

0.045

7. i-BUgNH 1.56 + 0.06 0.462 + 0.030 0.231
+

0.009

8. i-Pr2NH - 0.0240 + 0.0010 0.0020 + 0.0008

9. Piperidine 148 +
5 21.0 t 0.8 23.3

+ 1.0

10. Me3N 61.3
+

1.7 21.0 + 2.0 10.9
+ 0.6

11. Me2BuN 12.1
+

0.4 4.68 +
0.23 1.50 ± 0.08

12. Me2BzN - 0.990 + 0.050 0.395 + 0.019

13. Meüt2N - 1.65
+

0.06 0.270 +
0.015

If. Et-N - ,;o.?i9
+

0.017 0.0262 + 0.0027
a - Reaction series of all substances have the same» numbers.Constants for series 1 (Mel), 

are given in ref.12(EtI) and 3(n-PrI)

b - The great error is conditioned by an insignificant contribution of the substitution route 

into the total rate of the process (see the text).



(Table 1). The data about the Mel, EtI and n-Prl reactivity 

with amines1 in the same solvent and the obtained data to­

gether provide a sufficient set for the estimation of the 

substituent effect in substrate as well as the effect of 

the substance and nucleophile structures on the process rate 

and character.

Alkyl iodides, containing branched alkyl substituents re­

act with amines either by means of nucleophilic substitution 

(eq. (1 )) or via the elimination, when alongside with the 

amine iodide hydrate or the tetra-ammonium salt the formation 

of the corresponding ethylene derivatives can be observed.In 

this case the values of the substituent rate constants (Ta­

ble 1) have been obtained by means of substracting the elimi­
nation rate constants which are determined independently * 

from the gross rate constants of the two reaction channels.

The Charton2 constants \> proposed for the reactions if 

bimolecular nucleophilic substitution (eq. 2) were used while 
estimating the influence of alkyl radicals in the substance ,

since the steric constants of Taft E"* giye** the worst cor-8 ^
relation (eq. 3))#

log к = (-0.33*0.11) - (5.31*0.23)л/ (2)

s = 0.13; r = 0.995; N * 6(all substrates are presented as 
RCH2I, in case of i-Prl as RgCHI and t h e n *0 = 21? Qg )•

log к * (-2.24*0.19) + (1.50*0.27)ЕВ 3 (3) 

s = 0.46; r = 0.938; N = 5(no point for i-Prl).

The data on the reactivity of 6 alkyliodides with all 

amines (97 constants) were treated according to eq. (4) by 

means of the multilinear regression analysis program (MLRA)i

log к = log kQ + ^ * 2 ^  + <$ Ejj + y V  + ocEjp)' (4) 

where££* is the sum of the inductive substituent constants

* The effect of reagents* structure on the rate of elimina­

tion reactions will be dealt with later.

** The correlation parameters of the reactivity of alkyl­

iodides with trimethylamine have been presented.
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at the nitrogen atom in amine. Ê . - steric effect of the 

amine as a whole; л) - the Charton steric constants for the 

alkyl substituents in substrate 6, ос denote the

susceptibility to the corresponding factor.

The results of data treatment are presented in Table 2.

In order to check their confidence, the calculations were con­

ducted at two risk levels - 0.01 and 0.05. Omission of the 

preticably deviating points does not lead to a significant 

change of the coefficients found. It seems to prove that the 

points are scattered quite at random.

The analysis of susceptibility parameters jO*t £  »"'K and 

оt calculated in the normalized scale permits to define con­

tribution of each separate effect into the total process 

rate. Thus, the reaction is more susceptible to the steric 

screening of the reaction center in the substrate - 1”УП0Гт1 =
= 0.91 (risk level 0.05). The vicinity of the nitrogen atom 

in nucleophile has a somewhat weaker effect - | 6 norm I =0.74. 

It can evidently Jje explained with the fact that in transit 

tion state 1 the C-N bound is shorter than that of C-R^. The

substituent inductive effect at the 

H% nitrogen atom has still weaker influ-

— N .... > C < ^ ' .‘.I ence: |p* = 0 . 6 2/ I norm I
In eq. (4) cross term t f E ^

R^ whose presence is due to the amine-

j -alkyl iodide interaction,i8 of deci­

sive meaning. The existence of cross terms in correlation 

equations refers to the possible existence of isoparametric 

points, i.e. such values of substituent constants in case of 

which there is no susceptibility to the corresponding effect^ 

We calculated the values of the ‘O' and parameters in

case of which the reaction rate would not be susceptible to 

the steric proximity of the corresponding nitrogen atom in 

nucleophile or that of carbon atom in substrate. The phenom­

enon of isoparametricity should be observed if value т) «-0.99 
or Ejj = 5.5, but unfortunately, this is experimentally unreal­

izable , as values *0 >  0, and E^ <  0.

The existence of the cross term leads to certain conclu­

sions about tlje transition state changes at the reaction co-
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a Table 2
Correlation Parameters 0f Rate Constants of Aliphatic Amines’ Reactions with

Alkyliodes According to Eq. (4).

N (num­
ber of 
points 
Risk . 
level0

log ko />* 6 V A  S R

norm. nat. norm. nat. norm* nat. norm, nat. norm. nat. norm. nat.

96° 0.87 1.30 -0.60 -2.24 0.76 0.74 -0.85 -4.02 0.14 0.80 0.14 0.21 0.989

0.01 (0.06) (0.10) (0.03) (0.10) (0.03) (0.04) (0.01) (0.09) (0.01) (0.08)

81d 0.85 1.24 -0.62 -2.24 0.74 0.73 -0.91 -4.10 0.13 0.74 0.11 0.16 0.994

0.05 (0.05) (0.07) (0.02) (0.07) (0.02) (0.03) (0.01) (0.07) (0.01) (0.07)

a Standard deviations for regression coefficients are given in parenthesis. 

b Risk level of the exclusion of deviating points according to the t - criterion.

0 Point 12 from series 3* ie excluded

d Points 8, 9, 14 series 2; points 4, 11, 12, 16, 17, 18, 19, 21 - series 3, points 4, 6 
series 4, points 3 series 5, points 8 and 14 series 6 are excluded.



ordinate. The Thornton - O’Perral model was applied (see, 

e.g.**)« The fi* value does not practically depend on the 

substance type and solvent character1 . It evidently shows 

the steady charge development at the nitrogen atom in tran­

sition state and, consequently, at the same time the ratio 

of increases during the transition from Me Hal to

i-Bu Hal (Table 3), referring to the shift of the transi - 

tion stage on axis 1-4 (fig. 1).

V-C-X* С-У+Х'

Pig.l. Arrow marks 

the expected shift 

of the transition 

state.

7 8According to various data * the level of bond formation 

between the nitrogen atom and the reaction center in the tran­

sition state of Menshutkin reaction is approximately 30 %

(the dotted line in fig. 1). In order to more accurately es­

tablish the location of the transition state on the reaction 

co-ordinate, the second order kinetic isotopic effect was 

found in reaction (1). Thus for the interaction of the corre—  

sponding alkyliodides with piperidine (acetonitrile, at 25°C) 

^CHjI^CDjI = 0-905±0.025 and kC2H 5I/C2D5I = 1-024*0.011
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Table 3

Rate Constanta (k.103, M'^c“1) of Reactions of Methyl- 

and Isobutylhalides with Certain Amines in Acetonitrile 

at 25 °C

Amine
A 1 к у 1 h a 1 i d e s

Mel MeBr *1

kBr
i-BuI i-BuBr kI

kBr

Me3N 490±

±12

27?±

±3

1.76 0.210'*’

i0.C20

0.0380±

±0.0002

5.52

MeEt^N 102±

±3

46.8± 

±1.2

2.18 0.0165±

±0.0006

О.ОО252± 

±0.00008

6.55

There is a slight difference between the kg/kp ratio and 1*00, 

consequently, the transition state of the studied reaction is 

close to the symmetrical one . This transition state for Mel 

is situated above diagonal and for EtI below diagonal 1-3 

(fig.l)* corresponding to the synchronous disruption and the 

formation of the С-I and C-N bonds, as for the "pure" Sjj2 

processes kHA D <  1 but for the reactions of SH 1 type

1.2 The change of the secondary kinetic isotope 

effect reflects the transition state shift perpendicularly 

with the reaction coordinate (directions 2-4) (see e.g.10)), 

thus, in case of the kg/k^ increase the transition state be­

comes more "loose".

This also ezplaines the comparatively low reaction sus­

ceptibility towards the inductive effect of the substituents 

in the substrate which is likely to depend nonlinearly on 

their type.

Consequently, the increase in the volume of the substit- 

tuents leads to a more productlike and loose transition state.

Experimental

Acetonitrile, amines and alkyliodides werp puri­

fied according to the known methods. Owing to the 

low reactivity of the studied set of alkyliodides,the
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measuring was carried out mostly according to the method 

of initial rates (see, e.g.11). In case of the amines having 

high reactivity (Me^N, piperidine) the process obeyes the 

pseudofirst kinetic order (with the excess of amine). The 

rate was monitored by means of argentometric potentiometric 

titration of the forming iodide ion.

The elimination rate constants were obtained analogously, 

the only difference being that the olephine accumulation rate 

was measured. Its .absolute concentrations were determined ac­

cording to the g.l.c method. Either acetonitrile or toluene 

were used as the inner standard. The analysis was conducted 

in a 0.3 x 150 cm column stainless steel, containing 7.5 %
1,2,3~tert(ß-cyanetoxy)propane on Chromaton H which was pre­

viously treated with KOH solution in methanol.

In order to reduce the possible errors, measuring of the 

rate constants in the course of determining the kinetic iso­

tope effect ..was carried out in identical conditions (кд and 

kD were determined by means of one' and the same amine, the 

current optic density for the non-deuterated and deuterated 

substances was registered in parallel, etc.). The value of 

the secondary isotope effect was found by the averaged fcjj/kp 

ratio, obtained from a series of parallel measurements(5-6).
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The kinetics of 3-chloroaniline reactions with 

4-toluenesulfochloride at 25°C in 50% nitrobenzene 

cyclohexane (B) mixture and with 4-toluenesulfo- 

bromide in benzene (C) catalyzed by means of 4-di­

me thylamino-, 3-methyl,3-bromopyridines and №*oeth- 

yl- and N-(4-nitrophenyl)-imidazoles has been stud­

ied in case of accumulation of the intermediates 

of the nucleophilic catalysis (the catalysis with 

4-dimethylaminopyridine in reaction (B)) as well 

as in case of its absence.In these two series the 

catalytic activity (log kg) obeys the Br/Jnsted 

equation,including 4-dimethylaminopyridine (ß=0.62 
(В) and 0.59 (С)).The comparison of the log kg for 

reactions В and С with the log kß for reaction A 

studied earlier (4-toluenesulfobromide with

3-chloroaniline in the 50% nitrobenzene and cyclo­
hexane mixture at 25°C) enabled to calculate the 

catalytic rate constant value in reaction A, 4-di­

methylaminopyridine being the catalyst.According 

to the Br/Snsted equation it correlates well with 

inclusion of data for a much larger set of pyridi- 

nes and imidazoles in reaction A (the total number 

of catalysts is 14, 0=0.56).In three reaction se­

ries 4-dimethylaminopyridine whose nucleophilic
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mechanism of catalysis has been proved by in­

dependent studies, has been used.

Our experiments have once more evidenced that 

this mechanism functions also in case of the 

N-substituted azoles and pyridines having weak­

er basicity. The insignificant role of the reso­

nant stabilization effect in N-azylsulfonylpi- 

peridine or N-arylsulfonylimidazole intermedia­

tes in comparison with their carbonyl analogues 

was proved again.

Catalytic activity of N-aryl- and N-alkylimidazoles as 

well as the pyridines substituted in the nucleus has been 

studied earlier1“-* during the arylaminolysis of the deriva­

tives of arylsulfonic acids according to the model reaction 

of 4-toluenesulfobromide with 3-chloroamine in a 5056 (volume) 
nitrobenzene (NB) - cyclohexane (CH) mixture at 25°C reac­

tion A). For the majority of the examined catalysts 4 - di­

met hylaminopyridine included, the reaction has the first or­

der for any reagent and catalyst. Such formal kinetics re­

fers to the rapid formation of the unstable intermediate 

(I in case of the nucleophilic mechanism of catalysis, II 

in case of the general basic mechanism), which in the fol­

lowing slow stage ((lb) or (2 b)) interacts with another 

reagent.

„nucl. г— ч $ +
+ В в С Н 3Л |-В -Х " (la)

I 0

I ♦ i£2£ii. сн3-0 - | -г а -<^ 01 ♦ юс ♦ в

0 (lb)

ш2 - @ ?  ♦ (га,

I I  + CH3- <S >{ *  ‘ + К  + в ( 2Ь)
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At that, within the studied concentration range, the 

equilibrium concentrations I or II are considerably smaller 

than those of the initial reagents* and catalysts' ones,i.e. 

no significant accumulation is observed in the mentioned in­

termediates.

As a result of this, the catalytic rate constant 

kB (l2 . mole“ 2 . sec“ 1 ) is numerically equal to the product 

of the equilibrium constant and the second stage rate con- 

start, i.e. to Knucl- . k”uclV  or K basic . lcbaelc- Thus, 

neither the formal kinetic regularities, nor the uniform 

Br/Jnsted correlation log kß versus the catalysts' pKQ ( the 

рКд range is 1.4 - 7»оЯ permit correctly to decide upon the 

use of the nucleophilic or general basic mechanism of catal­

ysis, though we tended to prefer the former because of a num­

ber of yet unclear causes.

The omission of catalysts from the series under discus­

sion is exemplified by 4-dimethylaminopyridine (pK 9.60).
4 a

It has been shown in that the catalyzed model reaction A

proceeds only according to the nucleophilic mechanism.In ex­

perimental conditions the quantitative accumulation of inter­

mediate I is observed (B = 4-dimethylaminopyridine; X= Br ).

It refers to the entirely irreversible character of proc­

ess (la). Therefore, the information about the individual 

stage of nucleophilic catalysis (lb) has been got in4 . Un-
4

fortunately, the experimental technique applied in ref. , as 

well as the high Knucl* value for the (la) stage did not al­

low to create the concentration conditions guaranteeing a re­

markable equilibrium shift (la) to the left, as it might be 

in the cases of the catalysts with a smaller basicity, exam­

ined formerly1"3. For this reason the kß value for reaction 

A catalyzed by 4-dimethylaminopiperidine was not found. It is 

also of immense interest to find out, if the constant is in­

cluded into the above-mentioned Br^nsted correlation, which 

would prove the unity of the mechanism of catalysis for the 

whole set of heterocyclic tertiary amines within the wide pKa 

range.

With this goal in view we started the investigation into 

the formal kinetic regularities and catalytic activity of

164



4-dimethylaminopyridine, in two more series alongside the 

other amines (with a lower basicity) belonging to the set 

studied earlier in the course of reaction A. So, the inter­

action of 3-chloroaniline and 4-toluenesulfochloride in the 

50% N3-CH mixture (reaction B) and 4-toluenesulfobromide in 

benzene (reaction C) was examined. There is ground to consid­

er that the substitution of bromine for chlorine in a corres­

ponding sulfohalogenide (see'*) or a more polar solvent ( a 

50% NB and CH mixture) for a non-polar (benzene) one allows 

to study process (1) with the participation of 4-dimethyl­
aminopyridine in the conditions equalized with T, resulting 

from the decrease of the Knucl* value.

Reaction of 4-toluenesulfochloride with 3-chloroaniline 

in the 50% NB-CH Mixture (B).

The kinetics of non-catalytic interaction obeys the same 

regularities as the analogous processes observed earlier.

The effective second order rate constant calculated either 

from the integral formula or from the initial rates (dx/dt)Q 

depends linearly on the initial amine concentration b(a - 

initial concentration of acylating agent).

(dx/dt)

Г "  - k2 ♦ k3b ° >a • u

Constants k2(l . mole- 1  . sec”1) and k^(l2 . mole-2 . sec“1) 

characterize the bimolecular process and the catalysis of 

the second amine molecule.

The kgff  ̂ values for different amine concentrations 

and the k2 and k^ values calculated according to eq.(3).
are given in Table 1.
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Table 1

The k2 and k^ Values for 4-Toluenesulfochloride
Reaction with 3-Chloroaniline in the 50% NB-CH Mixture, 

at 25 °C.

No m o l e !  I" 1 mole . 1 keff.1 0 _i 
1 . mole . sec

1 0.6 0.05 0.68 t 0.01
2 0.3 0 .1 1.23 - 0.06
3 o.l 0.2 2.31 ± 0.39

к2= (1.40* 0.05).10" 7
kys (1.084*0.004).10“5

The catalysts used in reaction В were N-methylimidazole, 

N-(4-nitrophenyl)-imidazole, 3-methylpyridine and 4-dimethyl­

aminopyridine, Comparieon of the effective second order rate 

iconstants for reactions with the value in the presence

of even the least active tertiary amine (Table 2) for the 

non-catalytic reactions according to eq. (3) speaks of the 

fact, that in all cases the rate of non-catalytic processes 

can be neglected. In case of the three catalysts the kß val­

ues calculated by eq. (4) s

kj, . »*/<»)„ = ^  , (4)

abn m

remain constant, when changing the concentration of catalyst 

(m) and the initial concentrations of the reagents ( a and b) 

(see Table 2, No 2-4). Consequently, there is no accumulation 

of intermediate product T  under such concentration conditions.

ftüwever, for the 4-dimethylaminopyridine catalyzed reac - 
tion (Table 2, No 1) the kinetic law of rate (4) is observed 

within the range of values a «6 12.10“ 3 mole • l“ 1 and 

m <  7 . 1 0 mole . l” 1 only. At remarkably higher concentra­
tions values a and m, the first order for the acylating agent 

and the catalyst is not valid. It may be conditioned by the 

intermediate accumulation in the reaction system, which can
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6
7

Table 2
кд and kB Values for 4-Toluenesulfoohloride Reaction with 3-Chloroaniline 

Catalyzed by Tertiary Amines, in the 50% NB and CH Mixture at 25°C.

No
Concentration of 

mole

a . 10^

reagents and catalysts, 

b . 10^ m . 10-* l.mole"1 . вес" 1
2 — 2 —1 

1 .mole .sec

1 2 3 4 5 6

1
4 - dimethylaminopyridine

V 10'

6.75 5.1 7.2 13.12 t 0.52 1.82*1

11.1 5.1 3.0 5.59 * 0.35 1.86 V kg « 1 .90to .06
12.1 5.1 5.0 10.02 i 0.22 2.00j

14.2 5.1 9.0 11.98 ± 0.52 1.33

12.7 5.1 11.0 17.52 * 0.46 1.59

11.9 5.1 15.0 22.92 * 1.06 1.53

66.8 5.0 5.1 ^5.37 * 0.29 1.05

122.6 5.0 5.1 2.90 £ 0.08 0.57

2 N-methylimidazole

V 103 V 10*

50 25 5 0.44 ± 0.02 8.8

30 10 20 1.689 * 0.002 8.4

20 15 5 -0.36* 0.03 7.2
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Table 2 continued

1 2 .3 4 5_ 6

20 5 10 0.66 t 0.04 6.6

10 20 15 1.125 ± 0.004 7.5

kg » 7.7 * 0.4

3 3 - methylpyridine

кн-104 kj.103

100 10 20 1.31 * 0.02 6.6

80 80 50 3.54 ± 0.92 7.1

20 20 80 7.44 * 0.07 9.3

- 7.7 ~ 0.8

4 N - methylimidazole

V i o 5 V 10’

50 50 20 5.21 t 0.07 2.6

50 5 10 2.12 ± 0.10 2.1

40 10 30 7.62 t 0.10 2.5

"Eg = 2.4 - 0.2



be seen from curving of the charts and their entering the 

range separating the (dx/dt)Qb values from a if m = const 

and (dx/dt)Q/b from m if a ^  const (fig. 1). For that rea­

son the kg value for reaction В catalyzed by 4-dimethyl - 

aminopyridine was estimated proceeding from the data for 

this concentration area, which had not undergone a consid­

erable equilibrium shift (la) towards T  yet, thus, the law 

of rate (4) is observed,

4-Toluenesulfobromide Reaction with 3-Chloroamine in 

Benzene (C).

N-methylimidazole, 3-methylpyridine, 3-bromopiperidine 
and 4-dimethylaminopyridine were used as catalysts in reac- 

values as well as those of kg calculated via 

them according to eq. (4) are presented in Table 3. Here the 

law of rate (4) is valid in all cases,4-dimethylaminopyridin 
included. Thus, as to the reaction in benzene, no considera­

ble accumulation of intermediate I takes place even in the 

last case.

The catalytic activity of the tertiary amines in reac­

tions В and С is described by the Brjinsted equations (5) and

(6) respectively ( fig. 2, I, II)

. log kg= (-5.62t0.27) + (0.62±0.04)pKa (5)

S = 0.13, N  = 4, r = 0.996

log kB= (-5.12-0.56) + (0.59-0.08)pKQ (6)

S = 0.4, N = 4; r = 0.98

As the given correlation equations are valid also if

4-dimethylaminopyridine whose nucleophilic mechanism of cat­

alysis in reactions A^ and В (the present paper) is proved 

kinetically, the latter concerns evidently also the weak 

N-heterocyclic bases, e.g. the N-substituted imidazoles and 

pyridines substituted in the nucleus.

The correlation between the log kg for reactions В and C, 

catalyzed by the tertiary amines versus the log kg used for 

the catalysis of reaction A by the same bases has been depict-
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5 . Ю 
а 10 .mol Г 1

Fig. 1. Dependence of the (dx/dt) /b on a at
— ̂ -1 — P

m=s-5.10 mole.l (1) and on m at a~1.2.10

mole.I-1 (2) for the 4-toluenesulfochloride reac­

tion with 3-chioroaniline in the 50% NB and CH 

mixture, 4-dimethylaminopyridine being the 

catalyst, at 25°C.
Table 3

kjj and kg Values for 4-Toluenesulfobromide Reaction with 

3-Chloroaniline in Benzene, Catalyzed by Tertiary Amines 

at 25°C

Concentration of reagents and 
No catalyst mole .I”1 _! 2 V 2

l.mole . 1 .mole .

a . 103 b.103 m. 103 . sec“1 . sec-1

1 4 - dimethylaminopyridine

12 5.14 10

kjj.lO2 

2.29 - 0.08 2.29

12 5.14 7.0 1.94 i 0.05 2.77

10.5 5.14 15.7 3.22 i 0.09 2.05

12 5.14 5.4 1.4 i 0.05 2.59

12 5.14 3.0 0.72 ± 0.04 2.41

3 2.36 3.1 0.67 - 0.02 2.16

51.9 2.36 3.0 0.54 ± 0.01 1.79 

------------  KB-------------
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Table 3 continued

2 ■N - methylimidazole

кн . Ю2 kB
12.5 5 5 0.18 I 0.02 0.36

20 5 10 0.28 ± 0.04 0.28

2.5 2.5 10 0.28 ± 0.04 0.28

5.0 10.0 15 0.32 t 0.03 0.21

2.5 2.5 20 0.57 - 0.03 0.28

10.0 20 40 1.1 ± 0.2 0.28

к = 0.28 - 0.01 
D

3 3 -methylpyridine

^ . l O 4 V 10*

10 10 10 1.0 ± 0.3 1.0

15 15.2 20 1.2 ± 0.3 0.6

5 5.1 50 5.0 ± 0.2 1.0

kB = (0.8 i 0.1). 10‘?

4 3-bromopyridine

kH .105 V i o 3

10 20 40 1.77 ~ 0.06 0.44

10 24.6 60 1.90 i 0.05 0.32

5 16.1 80 3.1 ~ 0.2 0.39

kB = (0.38 ± 0.04) .10“3

ted in fig. 3. Supposing that 4-dimethylaminopyridine also 

satisfies these corrections, the kg value of reaction A, 

catalyzed by this amine which had not been found earlier was 

calculated from the data for straight lines I and II in fig.

3; 52-17 l^.mole’̂.sec*’1 (as the mean value from 70i32 l2 .
—2 —1 + 2 —2 —1

. mole . sec and 35-9 1 . mole .sec , obtained, respec­

tively, from the В and С reaction data).

According to the Br^nsted equation this value correlates 

well with the inclusion of data concerning a wider pyridine 

set and imidazole1“3 set in case of reaction A (see fig.2,
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рКа.Н20
Fig. 2. Dependence of log kr, on the pK of catalystsjD S

foj* the 3-chloroaniline reactions with 4-tolu- 
enesulfochloride (I) and 4-toluenesulfobromide 
(III) 1" 4 in the 50% NB and CH mixture, as well 
as with 4-toluenesulfobromide in benzene (II) 
at 25°C.

Numeration of the I and II points corres­
ponds to Tables 2 and 3; for III:
1. 4-dimethylaminopyridine; 2. N-methylimida- 
zole; 3. 4-methylpyridine; 4. N-phenylimida- 
zole; 5# 3-methylpyridine; 6. N-methylbenzene- 
imidazole; 7. isoquinoline 8. pyridine;
9. N-(4-nitrophenyl)imidazole; 10.3-metoxy- 
pyridine; 11. N-phenylbenzeneimidazole;
12. N-(2,4-dinitrophenyl)imidazole;13.3-chloro- 
pyridine; 14. 3-cyanopyridine.

straight line III).
log kB = (-3.59) - 0.11) + (0.56 ± 0.02)рКд (7)

S = 0.14; N = 14; r = 0.992

Thus, the present paper has established the following 
regularities: 1) the formation of arylsulfanylides of the 
unite Br/6nsted dependences in three reaction series while 
catalyzing with the N-substituted imidazoles and pyridines, 
substituted in the nucleus containing 4-dimethylaminopyri-
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log кв (A )

Pig. 3. Comparison of log kg values for the reactions 
catalyzed by tertiary amines.
A - 4-toluenesulfobromide reaction with 3-chloro- 

aniline in the 50% NB and CH mixture at 
25 °C.

В - 4-toluenesulfochloride reaction with
3-chloroaniline in the 50% NB and CH mixture 
at 25°C. (I);

С - 4-toluenesulfobromide reaction with 3-chloro­
aniline in benzene at 25°C (II)

Numeration of points corresponds to Tables 2 and
3.

dine,, (whose nucleophilic mechanism of catalysis was proved 
independently4*7*8) was observed; 2) close values of the 
Br^nsted coefficients for all studied reactions (see eqs.
(5) - (7)). These facts speak of the nucleophilic catalysis 
carried out by the n-heterolytic bases in the wide range of 
pK during the arylaminolysis of arylsulfonic acids in thecl
aprotic atmosphere. 2The data of the report prove the suppositions about 
insignificant role of the resonance stabilization effect of 
N-arylsulfonylimidazoles or -pyridines of the cation in in­
termediate I. The existence of the unite Br^nsted correlation, 
containing N-alkyl- and N-phenylimidazoles, as well as pyri-
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dines with electron-releasing substituents means that the
connection of the % -systems of the heteroaromatic nucleus
with the s *0” bond is not realized. Its interaction with
the vacant d-orbitals of sulphuric atoms does not either
take place. Such interaction was observed in case of the
analogous acylic intermediates containing the carbonic acid
residue, where the resonance stabilization effects are of

2 9 10essential importance. * * This leads to the conclusion 
that the nucleophilic catalytic activity of the N-hetero- 
cyclic bases in the reactions of nucleophilic substitution 
at the sulphonylic sulphur atom, in case of approximately 
equal steric characteristics of the nucleophilic center, is 
determined by the basicity of the sulphur tertiary atom.

Experimental
11 12 4-toluenesulfobromide , 4-toluenesulfochloride,

3-chloroaniline1 ,̂ 4-dimethylaminopyridine14, 3-methyl-1 ,̂
16 173-bromopyridine , N-methylimidazole and N-(4-nitrophenyl)

18imidazole were synthesized and purified according to the 
known methods. Nitrobenzene and cyclohexane were purified as 
in̂ ; benzene was dryed over the metallic nitrogen and dis­
tilled over its fresh portion.

The reaction rate was monitored by the 3-chloroaniline 
decrease, which was registered using the potentiometric tit­
ration with the nitrogen nitrite1 .̂

The intermediate constant values are characterized by 
the mean square duration; N denotes the number of points.
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Catalytic activity of 1,4-diazabicyclo - 
-[2,2,23-octane (DABCO) in the formation re­
actions of amides of arylsulfonic acids ex­
emplified by 3-chloroaniline and 4-toluene­
sulfobromide (A) and -chloride (B) in the 
50% (volume) nitrobenzene and cyclohexane mix­
ture as well as with 4-toluenesulfobromide in 
benzene (B) at 25°C has been studied. The qui- 
nuclidone-3 catalysis in reaction A was also 
studied. It was shown that in a definite con­
centration range of the reagents and the cat­
alyst no accumulation of the intermediate prod­
uct of the acylirating agent joining the catal­
yst was observed. The DABCO catalytic activity 
in reaction A, В and С and quinuclidone-3 in 
reaction A turned out to be considerably great­
er than had been expected according to the Brjön- 
ated " log kr, - pK " dependence for the 
studied reactions, the substituted pyridin- 
ee N-alkyl- and N-phenylimidazoles being 
the catalysts. The Alog kg deviations for 
DABCO in case of reactions A, В and С 
are 1.59, 1.4 7 and 1.25 , respectively.The 
observed behavior of DABCO differs from the 
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regularities characteristic to the similar re­
action of benzoylchloride arylaminolysis in 
benzene, in case of which the activity of 
DABCO (quinuclidone-3 and quinuclidine) under­
goes a negative shift from the analogous BrjJn- 
sted correlation (Z^log kg = 2.47)«

It has been established earlier1 that 1,4-diazabicyclo - 
-[2,2,2] - octane (DABCO) and quinuclidone-3 in the formation 
reaction of amides of arylsulfonic acids (in case of the in­
terdependence of 4-toluenesulfobromide and 3-chloroaniline in 
the 50% (volume) nitrobenzene (NB) and cyclohexane (CH) mix­
ture at 25°C (- reaction series A) are catalytically more 
active than follows from the Brj6nsted "log kg - pKQ" depend­
ence for a large set of heterocyclic tertiary amines as cat­
alysts including substituted pyridines, N-alkyl- and N-phe- 

1 2nylimidazoles * . Positive deviation from dependence ülog kg 
in case of DABCO is 1.6 according to the data1. This phe­
nomenon is interesting as in the similar reaction of benzoyl­
chloride arylaminolysis in benzene the mentioned amine as 
well as quinuclidone -3 and quinuclidine with close struc - 
tures have a considerably lower catalytic activity than it 
follows from the analogous Brj6nsted dependence ( log кт> 
-2.5)1*3.

In this connection the catalytic activity of DABCO in the 
sulfamide formation reactions is treated as anomalously high.

In Ref. 1 are presented the catalytic rate constants kg 
for DABCO and quinuclidone - 3, obtained from a series of 
experiments with a slight variation of concentrations of re­
agents and catalysts. Consequently, the validity of the ki­
netic law in case of reactions A with participation of these 
catalysts should be established more firmly. In order to con­
firm the observed "anomaly", the effect on other reaction se­
ries should be found.

For that reason, in addition to1 the data on catalytic 
activity of DABCO and quinuclidone-3 in reaction A as well 
as the results of the DABCO catalysis in the reactions of
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3-chloroaniline with 4-toluenesulfochloride in the 50% 
NB and CH (В) mixture and 4-toluenesulfobromide in ben­
zene (C) at 25°C are given.

Results and Discussion
Proceeding from reasons given earlier1 and argument^»^*^ 

it can be said that the nucleophilic mechanism of catalysis 
is most likely to occur in case of sterically uncomplicated 
tertiary amines.

*1
ArSOgX + В -г— » ArSOgB'X (1)

k-1 Xrapid
k2

I + Ar'UHj ------ >- ArSOgNHAr ' + HX + В (2)
slow

In the present study: Ar « 4-CHjCgH^;

Ar ** 3-ClCgH^j X » Br, Cl; В - or
N0

In reactions with DABCO as a catalyst the high rate of 
the first stage k^ in (1) measured in clorine methylene 
proved the validity of the scheme. This problem will be dis­
cussed in the next publication^. Unfortunately, it is meth­
odically impossible to carry out the analogous measurements 
in the 50% NB and CH mixture. The results of comparison of 
the catalytic activities of DABCO ( log kg ** 2.91) and 4-di- 
methylaminopyridine (log kg= 1.72) with the pK^H (2.2 and 
2.81, p-fluorophenol, CCl^O» characterizing the catalysts’ 
ability of forming the hydrogen bond , are in correspondence 
with the catalysis mechanism.

In order to achieve a correct comparison of the catalyt­
ic activity of the aliphatic cyclic amines with the corres­
ponding data for reactions A-С, given in2, we studied the 
rate when the accumulation of intermediate X  was not obser- 
\ed. The most serious difficulties may crop up in case of

178



reaction A only, which is characterized by a good leaving 
group, and comparatively high solvent polarity. We tried to 
take it into consideration while determining the concentra­
tion range (the correlation between the concentrations of 
bromoanhydride and DABCO does not differ greatly from the 
stoichiometric one). In all other cases (reaction A, the cat­
alysis with hinuclydine-3; reactions В and C, catalysis with 
DABCO) the possibility of the intermediate T accumulation 
sharply decreases (considerably lower basicity of quinucli- 
done-3; the worse leaving group in 4-toluenesulfochloride 
or the solvent (benzene) polarity is low).

The kinetic date were analyzed as in1 proceeding from 
the initial rate (dx/dt)Q , It can be expressed as follows 
(if processes (l)-(2) go without the accumulation of inter­
mediate _I) :

(dx/dt)Q = kga bm; (3)
2 *2 twhere kg (1 »mole • sec ) , numerically equal to Kk^ (see

schemes (1) - (2) is the rate constant of the catalytic proc­
ess; a, b, m (mole • l“1) denote the acylating agent, aryl- 
amine or catalyst concentration.

Later on we shall use the values of the second order ef­
fective r^te constants,

kg = (dx/dt)Q/a • b = kgm (4)

The kg values for all studied reactions at various con­
centrations are presented in Table 1, Their analysis accord­
ing to (4) shows that the law of rate (3) holds for reactions 
A and В (see Pig, 1, straight lines 1-3), At the same time, 
for the reaction in benzene (C) the кц values curvilinearly 
depend on the catalyst concentration (Pig, 1, curve 4), in­
dicating that the reaction order according to the catalyst0
exceeds unity. According to , such formal - kinetical 
rate law enables to test the nucleophilic mechanism of cat­
alysis in case of the processes like (l)-(2), which proceed 
under stationary conditions. If the order according to the 
catalyst exceeds the unity, stage kg in scheme (2) can be 
realized by two parallel routes : bimolecular interaction of
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intermediate Г with arylamine and general basic catalysis 
with the free basicity as a catalyst.

Usually, in such cases kH is expressed

кц = kgm + kg'm2 (5)
or

(k^/m-kg + kg'm (6)

The experimental data (Table 1, Nos 19-23) can be satis­
factorily described by this equation (Pig. 2).

The comparison of the log kg values (see Table 1) with 
those of Br/6nsted correlations for reactions A-В2 catalyzed 
with heterocyclic tertiary amines, demonstrates that in all 
cases the positive deviation from the indicated straight 
lines of cyclic aliphatic amines is observed. The Alog kg 
values are 1.59 (A, DABCO), 0.97 (A, quinuclidone-3), 1.47 
(B, DABCO) and 1.25 (C, DABCO).

Thus, there are no doubts about the fact that the anom­
alously high catalytic activity of DABCO ( and, evidently, 
of similar cyclic aliphatic amines) is characteristic of 
the arylaminolysis of the halogenides of arylsulfonic acids 
in the protoinert atmosphere. Its manifestation in reactions 
A-В shows that it is not connected with the substrate's 
structure but with the nature of the medium. Evidently, thib- 
fact is the result of the higher nucleophility of nitrogen 
atom in the DABCO-type cyclic amines with respect to the 
electrophilic sulfonilic center.

It is of interest, from this point of view to monitor the 
rate of individual stages k^ and kg in schemes (1) - (2) in­
cluding amines В of aliphatic and heterocyclic series. The 
results of these studies will be reported in the future.

ExperimentalQ 104-Tolueneuulfobromide , 4-toluenesulfochloride , 3-chlo­
roaniline11 applied for kjnetic measurements were purified 
according to the known methods. DABCO and quinuclidone were
repeatedly sublimated in vacuum and kept in vacuum-desiccator12at P2°5*Nitrobenzene and cyclohexane were purified as m



Table 1
кн and kB Values for Reactions of 3-Chloroaniline with 
4-ToluenesulfobroBide (A) and - Chloride (B) in the 50% 
Nitrobenzene and Cyclohexane Mixture and with 4-Toluene- 
sulfobromide in Benzene (B),Catalyzed with Cyclic Aliphatic

No a . 103, 
Bole.l

b . 103, и . 103, kH • 10Z , 
mole*1 aole*l 1»Hole“*»sec

k *
2 -2 -1 1 »eole .sec

Reaction A, catalyst DABCO
1. 5 0.25 0.3 34 ± 1 854 - 57
2. 4 0.55 0.3 53 t 1 3 - 0.21;
3. 1 0.5 0.6 53 ± 1 N - 10;
4. 4 1.7 0.64 71 - 7 r » 0.983
5. 1 0.45 0.73 84 t 1
6. 1 1.5 0.8 118 t 12
7. 1 0.64 0.83 81 t 2
8. 2.5 0.5 1 169 t 2
9. 2.5 0.24 1.5 238 t 12
10. 2.5 1 2.4 384 t 12

Reaction A, catalyst quinuclid one -3

11. 3 3 0.83 2.73 t 0.01 25.6 t o.l
12. 2 2 3 8.15 - 0.25 S - 8«10"4;
13. 2.5 2.5 6.25 16.6 t 0.2 N - 4;
14. 5 8 21.1 t 0.6 r - 0.999

Reaetiort B, catalyst DABCO
15. 11.4 5.2 2.9 11.0 - 1.7 20.3 - 0.5
16. 12.3 5.2 4.2 15.8 - I*2 S - 0.0042
17. 14.9 5.11 6.0 22.9 t 5.0 N « 4;
18. 12.0 5*2 8.1 32.1 - 1.4 r - 0.999Reaction C, catalyst DABCO
19. 1 2.5 0.6 4.0 - 0.1 21-4;
20. 3 2.9 1.2 9.3 - 0.2 bg-17500-2200
21. 2.5 1 2.2 24.3 - 0.3 S - 3.6;
22.20.9 2.4 2.4 31.6 - 1.7 N - 4;
23. 11 2.4 2.5 32.6 - 2.7 r - 0.978
x statistical factor 2 has been taken into consideration 
when calculating the kg of DABCO.
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Fig* 1. Dependence of 
кц (catalyst DABCO 
(1,3,4) and quinu- 
clidone-3 (2)) on m 
for reactions of
3-chloroaniline with .
4-toluenesulfobromide 
(3,2) and 4-toluene­
sulfochloride (3) in 
the 50% NB and CH 
mixture, and with 
4-toluenesulfobromide 
in benzene (4) at
25 °C.

UO
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m-103,moil

Fig.2. Dependence of 
kjj/m on m for the 
4-toluenesulfobromide 
reaction with 3-chlo­
roaniline in benzene 
(catalyst - DABCO), 
at 25°C.

Benzene was dried over metallic sodium and distilled over 
the fresh amount of the latter.

The reaction rate was monitored by the decrease of
3-chloroaniline which is determined according to the poten- 
tiometric titration with sodium nitrite in the medium of 
hydrochloric acid.

The integral values of constants are characterized by 
the mean square deviation; N denotes the number of points.
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The interaction rate of 4-toluenesulfobromide 
with aliphatic amines (tertiary ones included) , 
pyridines, imidazoles and arylamines in methylene 
chloride at 25°C has been studied. The obtained 
data and the results published earlier concerning 
the process of aminolysis of the substrate in ni­
trobenzene were analyzed in terms of the Brtfnsted 
equation. It is shown that in case of equal bas - 
icity (pK , Ho0) and close steric characteristicsa с
(Ejj) amines of different classes form the follow - 
ing order of reactivity: cyclic aliphatic amines of 
quinuclidine series >  imidazoles, pyridines >  sec­
ondary aliphatic amines (piperidine) ̂  arylamines^ 
^.primary aliphatic amines (benzylamines). The ob­
served order cannot be explained by the anomalies 
of nucleophilic reactivity of amines belonging to 
various classes but by the anomalies of their bas­
icity in water. This standpoint refers to the ex­
istence of the united Br^nsted correlation,including 
pyridines, N-substituted imidazoles and tertiary 
aliphatic amines, Kp denoting the equilibrium con­
stant values for the processes under discussion.The 
reasons for the higher ( «= 10  ̂times) reactivity of 
pyridine N-oxides with regard to 4-toluenesulfobro-
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mide in comparison with the pyridine bases of equal bas­
icity in weakly solvating media have been discussed.

The first requirement of the nucleophilic mech­
anism of catalysis in the course of the aminolysis 
of arylsulfonic acids’ derivatives in non-aqueous con­
ditions in the wide range of the catalysts structure 
(tertiary aliphatic amines, N-substituted imidazoles, 
pyridines and their N-oxides) was satisfied.

It follows from some previous reports1 *2 that the cat­
alytic activity of substituted pyridines N-alkyl- and N-phe- 
nylimidazoles obeys the united Brjönsted equation in the aryl- 
aminolysis reactions of chloro- and bromoanhydrades of aryl- 
sulfuric acids in the conditions of low polarity. The reac­
tions proceed without the accumulation of the nucleophilic 
catalysis intermediates, i.e. N-arylsulfonylammonium salts .
At the same time cyclic aliphatic amines of the quinuclidine 
series are more active3 in case of equal basicity. These re­
gularities remarkably differ from those of the analogous 
arylaminolysis of benzoic acid chloroanhydride in benzene^.
In the latter case various tertiary amines form separate 
Br^nsted correlations. At equal basicity the following se­
quence is observed: N-phenylimidazole > N-alkylimidazole> 
pyridines >  cyclic aliphatic amines.

In order to find out the reasons for the difference,sep­
arate steps of the catalytic mechanism were studied* The 
present paper deals with the kinetics of the first stage of 
nucleophilic catalysis, exemplified by the interaction of 
4-toluenesulfobromide and tertiary amines В in methylene 
chloride at 25°C.

k]L + - 4 - CH3C6H4S02Br + В . ■» 4 -СН^Н^ОдВ*» Br (1)
k-l I

4-dimethylaminopyridine (DMAP) N~methylimidazole, imidazole* 
x In c.ase of these amines the tertiary nitrogen atom in po­
sition 3 is attacked. Nevertheless, process (1) cannot be 
practically turned into the product’s stabilizat'ion .power 
via rapid separation of proton from the nitrogen atom in po­
sition 1 (see the products in Eq. (2).

185
8



benzimidazole , quinuclidine, quinuclidone-3, 1»4- diaza-
bicyclo- [2,2,2]J -octane (DABCO), N-methylformoline, methyl-
diethylamine and triethylamine were applied ав В.

Ав the proton transfer in the aminolysis reaction of
arylsulfonic acids* halogenhydrades is not included into the

4rate of determining the stage , the data on the reactivity 
of primary and secondary amines (k^ in (2)) can be analyzed 
together with the corresponding results of tertiary (k^ in
(1))* к, к/1

ArSOpX + R2NH ------- ► A rS 0 2NHR2 • X~ ------- ► A rS 0 2NR2+ HX

slow fast £2j

For that reason also the kinetics of 4-toluenesulfohrofflide 
reactions with piperidine and benzylamine were studied.

Results of Kinetic Measurements
In all cases the reaction rate was studied under the 

pseudofirst order conditions at the amine excess.
The rate constant of pseudofirst order kH(c-1) for re­

actions with participation of tertiary amines (Table l,Nos
3, 4, 8-13) can be described by the equation^:

( 1)
к H - k_x + cx[B] (3)

where k^ (1 • mole“ 1 • sec”1) and k_^ (sec“1) are the rate 
constants of the direct and inverse processes;
В (mole »l”1) denotes the amine concentration.

It should be mentioned that in case of the majority of 
tertiary amines studied the inverse process (k_^) turns out 
to be negligible in the experimental conditions, i.e. the 
к  ̂value is found with errors, observed already with the 

itself.
For practically irreversible reactions (Table 1, Nos 1,2,

7 , 14) the pseudofirst order rate constant kg^1  ̂ is found ac­
cording to the following equation (cf.6)s

k(1 ) -  ^  И  ♦  *г И 2
н
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/Table 1
Rate Constant of 4-Toluenesulfobromide Interaction with Various Amines in Methylene Chloride 
___ _________________________________at 25°C____________________________________________

No A m i n e s pKa
h 9o
25 °C

Range . 
[B] -io3
mole»I"

*
Г б V - 9

*1’
l*mole-1,sec“•1 r a So 8 N

1. Benzimidazole . 5.53 2-20 - 0.24 b 0.015-0.004
(2.30±0.32) с

0.962 0.005 6

2. imidazole 7.00 1-100 — 0.24 b 0.58±0.03
(15.1±0.7) с

0.994 0.057 6

3. N-methyl imi­
dazole

7.00 10-75 ■— 0.24 b 0.80*0.08 0.984 0.004 5

4. DMAP 9.60 l-?0 - 0.24 H8±3 e 0.997 0.060 11
5. 3-chloroaniline 3.34 - 0.38 d ~ 2*10
6. 4-methoxyaniline 5.29 - 0.38- d ~ 2*10-4 f
7. benzylamine 9.34 5-10 1.2 0.38 d 0.449-0.008 J.999 0.0003 3
8. quinuclidone - 3 7.2 1-20 0.73s 1.3 27.7-4.2 0.958 0.066 6
9. DABCO 8.8 0.6-10 0.39 1.3 743i38 h 0.990 0.69 10
10. quinuclidine 10.95 5-21 -0.35 1.3 4200*500 0.985 6.0 4
11. N-methylmorpholine 7.38 1-50 0.69 3.0 0.229-0.026 0.980 0.001 5
12. methyldiethylamine 10.43 5-57 -0.20 3.0 1.39-0.05 0.997 0.002 6
13. triethylamine 10.65 5-22 -0.30 3.8 0.201*0.021 0.989 0.0003 4
14. piperidine 11.22 0.6-17 0.31 0.79 d 220*4 0.999 0.07 7
15. DMAP N-oxide 3.88 0.38 (2.47-0.16)« 104 i



a) Correlation coefficients r and general dispersion SQ for 
Nos 1 and 2 belong to the data treatment according to 
Eq. (5)^ for Nos 7 and 14 to that according to Eq. (4) if 
^2 * И  e an<* ln case reB,fc of amines accord­
ing to Eq. (3).

b) Steric characteristics of the tertiary nitrogen atom in
imidazole seem to be quite similar to those of pyridines.
It follows from the united Br/5nsted correlation for the
catalysis with pyridines and N-substituted imidazoles of2the reaction under discussion .

2 —2 —1c) Values kg(l • mole • sec ) were calculated according
to (5). 0

d) Equal to the E„ value for isosteric radical—4.e) Calculated on the basis of k, ~  2.10 (Table 1, 6) and
1 10 the jd values by the arylamine structure -2.94 .

f) Calculated from k^ = 7.1 • 10“  ̂for 4-nitrobenzenesulfo- 
bromide reactions with 4-metoxyaniline in CH^Clg at 
25° 6C, p 0 was calculated according to the substrate 
structure +0.611.

g) Calculated by equation pKQ = 9.55 - 3.23£c5* 12•
h) Statistic correction 2 was taken into consideration.
i) For reactions with benzenesulfobromide13.
j) The Ejj value for the DMAP N-oxide is evidently almost sim­

ilar to the Ejj value for "isosteric" benzene radical8.
2 —2 —1 where kg (1 • mole • sec ) is the rate constant of the

process catalyzed by the second molecule of amine B.Constants*
k-̂ and kg were then calculated as follows:

(2)
k H = * *2 [B], (5)

' ' -1 -1чwhere к H ( 1 • mole • sec ) denotes the second order 
rate constant.
Member kg [в] does not remarkably contribute to the total rate
(5) within the concentration range studied in case of reac­
tions with participation of benzylamine and piperidine.

Rate constants k^ calculated by liqs. (3) and (5) are 
given in Table 1, as well as the k^ values for 4-toluenesulfo­
bromide reactions with a number of arylamines (Nos 5, 6) and
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4-dimethylaminopyridine N-oxide (No 15)*

Discussion
The reactivity of amines characterized by rate constant 

k^ is compared with their basicities in Pig. 1A. The com­
parison of the Br^nsted straight lines in Pig. 1A with the 
results of analogous processes in nitrobenzene containing a 
wide range of N-substituted imidazoles, arylamines and ben- 
zylamines (Pig. IB) 14 leads to the fact that the amines of 
different classes having practically equal steric character­
istics form separate Br/Snsted correlations. In case of equal 
basicity their reactivity decreases as follows; cyclic alipha­
tic amines of quinuclidone series (quinuclidineamines;
-Ejj = 1.3 ) > imidazoles, pyridines (“^  = 0.24 )> sec - 
ondary aliphatic amines ( piperidine, -Ejj = 0 . 7 9 ) aryl­
amines (-Ejj = 0.38) primary aliphatic amines (benzoyl- 
amines -Ejj = 0.38). High reactivity of quinuclidineami пев 
was a surprising fact, as the situation in the similar amino- 
lyzis process of carbonic acids was quite different1"*’1 ’̂.

Prom Pig. 2 one can see that in case of equal basicities 
the reactivity of different amines decreases as follows : 
imidazoles > pyridines > primary and secondary amines >  qui­
nuclidine amines.' The comparison of data on the substitution 
at the carbonylic and sulfonylic centers suggests the ano­
malously high reactivity of cyclic aliphatic amines in the 
last case.

Still, treatment of the data on aliphatic amines, the 
sterically complicated ones included (Table 1, Nos 8-14* ) 
according to the equation of Bogatkov - Popov - Litvinenko1*̂

log к = log kQ + 6* + dEjj (6)
leads to the same correlation indicators (Table 2, No 1) as 
in case of the aminolysis reaction of other substrates, if 
the latter are to be included into the correlation data for 
quinuclidine amines (Table 2, Nos II - IX).
* Benzylamine (Table 1, No 7) will not suit the correlation
(6) ( Д  log k^= -2.7).There are references about the unsatis­
factory correlation of the data on the benzylamine reac­
tivity also in some other reaction series (seeje.q.1^).
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?ig. 1. Dependence of log к, on the pK of amines for theJ. 8
4-toluenesulfobromide aminolysis reaction in methylene 
chloride (A) and in nitrobenzene (B) at 25°C.Numeration 
of points corresponds to Table l.In addition to that:
16 - 5,6 - dimethylbenzimidazole, 17 - 4(5) - phenyl- 
imidazole, 18 - 4(5) - bromoimidazole; 19-23-RCgH^NH2:
R = N(CH3)2 (19), 4-CH^(20), H(21), 4-Cl(22),3-N02(23); 
24-27 - RC6H4CH2NH2: R'= 4-0CH3(24), 4-01(25),3-Cl(26),
3-N02(27).

Thus, the conclusion can he drawn that there are no anomalies
in the reactivity of aliphatic amines relative to the sul -
fonyl sulphuric atom.12 22It is known 9 that the correlation of the amine basic­
ities in water and in organic medium with parameter char­
acterizing the substituent inductive effect at the nitrogen 
atom results in the separate straight lines for the primary , 
secondary and tertiary amines. This is connected with differ­
ent contributions of the ammonium cations solvation effect 
(the number of their N-H bonds differ) as well as some other 
effects, whose nature still remains unclear.

In the reaction series studied the primary aromatic
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Pig. 2. Dependence of
log k, on pK of amines 

X a
for the 4-nitrophenyl- 
acetate aminolysis in 
water:JU =1 (KC1) at 
25°C16
1 - ethylamine, 2 - pro­
pylamine, 3 - methoxy- 
ethylamine, 4 - carbo- 
athoxyethylamine, 5 - 
- aniline, 6 -piperidine,
7 - piperazine, 8 - mor- 
pholine,9-piperazine-H+,
10 - quinuclidine-3, 
11-DABCO, 12 - DABC0H+,
13 - imidazole,14-4-meth- 
ylpyridine, 15 - pyridine,
16 - nicotineamide,
17 - 4 - aminopyridine, 
N-oxide, 18 - pyridine 
N-oxide

amines'and tertiary heteroaromatic amines *(imidazoles,pyri­
dines) reactivity has taken the intermediate position be­
tween the aliphatic amines of different classes (Pig. 1). 
Consequently, a suggestion can be made that the polarizabil- 
ity effect hardly contributes to the amines' reactivity.The 
conclusion made earlier1  ̂about the significance of the ef­
fect’s contribution into the nucleophilic reactivity of aryl- 
amines and imidazoles, relative to the sulfonylic center 
should be considered somewhat doubtful. The existence of sep­
arate Br/insted correlations in Pig. 1 does not seem to be
connected with the reactivity of different amines but with

12  22their anomalous basicity in water * .
The sequence of the amines’ reactivity during sub­

stitution at the carbonylic carbon atom (see Pig. 2) can be 
linked with^23,p#8-̂  the resonant stabilization effect man­
ifesting itself with aromatic and heteroaromatic amines due
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Table 2
Correlation Parameters for Reaction Series Including Aliphatic and Other Amines 

According to Eq. (6)a
Reaction
Series*3

Amines,included
Вinto correlation

log ko
ж

сГ R S0 s o,% Ref.

I 8,14,15,18,20,21,23 4.64*0.52 -1.42*0.53 1.50*0.21 0.963 0.567 13.4
II* 12,15,20,21,23 3.42*0.69 -2.49*0.76 1.42*0.32 0.956 0.605 15.4 18
III 2-5,8-11,22,23,25 6.50*0.19 -1.12*0.09 0.59*0.18 0.977 0.159 8.0 16
IV 2-5,8-11,23,24,26 5.31*0.28 -1.28*0.15 0.57*0.24 0.955 0.274 10.5 16
V 2-5,8-11,22-24 7.26*0.60 -2.34*0.27 4.63*0.53 0.967 0.61 8.1 16
VI 2-5,8-11,22-24 3.81*0.26 -1.96*0.12 3.84*0.23 0.991 0.27 5.0 16
VII 8,9,11,20,22,23 2.40*0.55 -1.33*0.24 2.98*0.47 0.967 0.204 13.6 19
VIII 14,15,17-19,23 0.58*0.36 -0.66*0.26 0.79*0.12 О.968 0.245 11.1 20
IX 1,2,6-8,12,16,20,22 1.61*0.24 -1.81*0.24 0.87*0.15 0.952 0.254 15.2 21

a E^ and values are taken from references * for цов 4,5,10,21,22,24 are
calculated according to equations from 12 for the primary, secondary and tertiary 
amines



II. C^H^CvC ;̂ reaction catalysis with 3-chloroaniline 
in benzene at 25°C;

0
III. C H ^ -  ON^S) -OCHy H20, ^  = 1.0 (KC1), 25°C;

0 fN02
IV. CH3C - 0 - - N02; H20, ju = 1.0 (KC1), 25 C;

J>
V. СЕ3СУ - 0 -<^)-N02; H20, ^  = 1.0 (KC1), 25°C; 

^ 0
VI. CH3C - 0 H20, = 1.0 (KOI), 25°C;

VII. S02~S02; 60% hydrous dioxane, 25°C;

^  n-c6h5
VIII. Cl-C^ ; acetone - water (6;4) 45°C;

44 Cl

; H20,yt= 1.0 (KC1), 30°C,
JJ

I - methylamine, 2 - ethylamine, 3 - propylamine;4 - 2-meto- 
xyethylamine, 5-ethyleneamine-H+; 6 - dimethylamine, 7 - ben- 
zylamine, 8 - piperidine, 9 - piperazine, 10 - piperazine-H+,
II - morpholine,12 - trimethylamine,13 - dimethylethylamine,
14 - methyldiethylamine, 15 - triethylamine, 16 - N-methyl- 
piperidine, 17 - N-ethylpiperidine, 18 - N-methylmorpholine,
19 - N-ethylmorpholine, 20 - quinuclidine, 21 - quinu­
clidone-3, 22 - quinuclidinole-3, 23 - 1,4 - diazabicyclo- 
-[2,2,2] - octane (DABCO), 24 - DABC0-H+, 25 - pyridine,
26 - 4-methylpyridine.

to the p-A- interaction of the multiple С = 0 bond substrete 
and the - system of the attacking nucleophile. Evidently, 
the effect’s contribution depends on the transition state 
structure (of the type of reagent or product or similar to 
the tetrahedral intermediate).



The data of Pig. 1A show that the DMAP N-oxide reacts
9 7« 10 times faster than arylamine and 10' times faster than

pyridine having similar basicity. According to this we 
might speak of the "supernuclophility" of pyridine N-oxides 
relative to the sulfonylic atom of sulphur in such solvents 
as methylene chloride. Unfortunately, there is no data on 
the reactivity of the pyridine N-oxides with the other sub­
strates, particularly with the derivatives of carbonic acids 
in non-aqueous media. Literature gives only one re- 
sult^23,*)e7'̂ * ̂  about the rate of the pyridine N-oxides re­
action with 4-nitrophenylacetate in water. In case of the 
pyridine N-oxides and 4-aminopyridine the deviation of 
points from the BrjJnsted straight line is (according to the 
data for pyridine basicities) only 1 and » 2 logarithmic 
units, respectively. If this result really refers to the 
nucleophilic attack of N-oxides and not to the general basic 
catalysis of hydrolysis, there is ground to presume that the 
"supemucleophility" of N-oxides in the reaction observed 
(Pig. 1A) can mainly be conditioned by the more substantial 
increase of the N-oxides' basicity during transition from 
water to chloromethylene as compared to the nitrogen bas-pCicities (e.g. piperidines). The authors of ’ have noticed 
the effect of the change of correlation of the basicities 
belonging to the above mentioned classes of bases and ex­
plained it with the greater desolvation of the N-oxide polar 
molecule in comparison with the pyridine base in proportion 
to the decrease of the solvating medium characteristics.Such 
effects as polarizability and good steric accessibility of 
the oxygen center also contribute to the high reactivity of 
N-oxidtes.

The data of Pig. 1A allows to draw some conclusions 
about the possibility of nucleophilic catalysis with tertiary 
amijies of various classes in the arylaminolysis reactions of 
halogenanhydrides of arylsulfonic acids. First of all, they 
show that in case of equal basicity the reactivity of pyri­
dines, imidazoles and cyclic amines is greater than that of 
aromatic amines. Thus, the first condition of nucleophilic 
catalysis^23»P«6l) iB Batiefied for the model reaction of
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4-toluenesulfobromide with 3-chloroaniline without the ac-
1-3 27cumulation of the intermediate in the whole variation

range of pK of the catalysts studied, the pyridines* having 
weak basicity with the electronwithdrawing substituents.

The existence of separate Br^nsted correlations for 
amines of various classes (Pig.l) should also be reflected 
in the corresponding rate dependences of the inverse process 
rate constant к , and the equilibrium constant К (1) on 

-J. p
PKS.

The equilibrium constants of N-toluenesulfonyl-(4- di-
methylamino)pyridine and -(N-methyl)imidazole in methyl chlo-28ride have been measured earlier,using the IR-spectroscopy . 
In the present report,the Kp values for the equilibrium proc­
ess (1) with participation of tertiary aliphatic (Table 3»
Nos 2,4,6) and heterocyclic amines (Table 3, Nos 3,5) were 
obtained by means of the UV-spectroscopy.

The dependence of log К on pK , determined by the dataP ®of Table 3 is depicted in Pig.3. It is similar for the 
amines of different classes (pyridines, N-methylimidazole, 
tertiary aliphatic amines) and obeys the following equations

log К = ( -3.92*0.60) + (0.79±0.07)pK (7)P a
SQ = 0.18 r = 0.985

The existence of this correlation (7) means that the stabili­
zation effects of the ArS0..B+ cation'arylsulfonylammonium in ̂ ,Lsuch medium as methyl chloride are analogous to the BH am­
monium cations in water. This corresponds to the aforesaid 
consideration about the formation causes of separate Br^n- 
sted straight lines while making difference between the re­
activity and basicity of various amines (Pig. 1A).

24It is known that the К values for the formation ofpthe cations’ N-acetylimidazoles are much higher than those 
resulting from the Br/insted dependence for the formation of 
cations' N-acetylpyridines. This can be explained by the ad­
ditional contribution of the resonance stabilization effect 
into the log Kp values, unlike the pKg values. We have al­
ready pointed out1 the difference of resonance stabilization
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of cations ArSOgB* and ArCOB+ (B - imidazole, pyridines),the
fact has been proved experimentally now.

It should be noticed that the К value for the formation
p13of intermediate I ( N-oxide of DMAP J is B) is considerably 

higher than it follows from its basicity in water (Fig.3 ).
Table 3*•

Spectroscopically Measured Kp Values for 4-Toluenesulfo- 
bromide Reaction with Amines of Different Classes in
Methylene Chloride at 25°C.

No Nucleophile pKa
h2° V  1 mole

1. N-methylimidazole 7.00 41 ± 3*B .........
2. N-methylmorpholine 7.38 100 - 5
3. 4-morpholinopyridine 8.53 810 - 20
4. DABCO 8.80 800 - 10
5. DMAP 9.60 9400 * 580
6. N-methylpiperidine 9.86 5700 ± 70

Fig. 3. Dependence of 
log К on pK (Ho0) forО 3 с
4-toluenesulfobromide 
reaction with amines of 
different classes in 
methylene chloride nt 
;25°C.Numeration of points 
corresponds to that of 
Table 3, No 7 - N-oxide 
of 4-dimethylaminopyri­
dine13

In case of nitrogen bases the deviation from the Br*5nsted 
straight line is > 5 logarithmic unites, which is approxima­
tely equal to the deviation of the corresponding straight 
line in case of its reactivity ( =* 7 logarithmic unites, see 
Fig. 1A). This supports our supposition about the fact that 
the polarizability effect does not significantly contribute

pKa .H20
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to the N-oxide nucleophilic reactivity (Pig. 1A). Otherwise 
the equilibrium constant would not depend that much on 
the base nature because of the polarizability effect's one- 
directional influence on the rate of the direct and inverse 
reactions. The polarizability effect is neither the basic 
nor the only cause for the greater catalytic activity of pyr­
idine N-oxides in the reactions of the acyl group transition,
proceeding without the intermediate accumulation, as it was

27 30postulated in a number of our previous contributions ’ .
The above-given considerations about the stabilization 

effects of final state I in reaction (1) for amines of dif­
ferent classes (Pig. 3) as well as about the existence of 
separate Br^nsted correlations, correspond to the log k̂  
behavior from pK (Pig. 4) in case of k, (Pig. 1).

a  —

Pig. 4. Dependence of 
log kel on pKa(H20) for 
decomposition reactions 
of intermediate 
HoCCcH.S0_B+.Br" in 
methylene chloride at 25 C. 
B: 1-N-methylimidazole,
2-DMAP, 3-DABCO.

7 в 9 10 
pKa.H20

Remarkably higher reactivity of intermediate I where B-DABCO 
is in conformity with the above views about the smallest 
stabilization of the mentioned intermediates because of the 
solvation effects in the series of the other N-arylsulfonyl- 
ammonium cations.

The analysis shows that considerably higher DABCO catal­
ytic activity (kg) in comparison with the pyridine and imida­
zole bases in the arylsulfohalogenides' arylaminolysis in 
protoinert media1’  ̂without the accumulation of intermediate 
I(kg = Kp . kg) cannot be explained by the difference in the 
stability of acylammonium salts (values Kp) compared in Ta­
ble 3, since the latter changes proportionally to the pK 
values. In this connection would be interesting to study 
the rate of the low stage of nucleophilic catalysis, i.e.
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the arylaminolysis of intermediates I, characterized by the 
nature of leaving group B.

Experimental 
Preparation of Reagents and Solvent.
Methylene chloride was purified as described in^.Only freshly 
purified solvent was used before each series of experiments. 
Its quality was tested according to the absence of the DMAP 
hydrochloride absorption in the UV - spectrum of the DMAP 
( 5 *10“'’ mole • l”1) solution. In case of amines with weak 
bases (pKQ^  7-8) the amine solution of higher concentration 
was prepared. A number of other solutions were obtained via 
dilution. With stronger amines (pKa .̂ 8) each kinetic exper­
iment was carried out using an individual portion of amine 
solution immediately before measuring the rate. These precau­
tions were taken in order to avoid possible side processes of
the amine and solvent interaction which can appear especially

32clearly in case of cyclic tertiary amines . It follows from 
the good reproductivity of results and from the observing of 
rate law (3) that the amine concentration does not change 
during the preparation of solvents and measuring of the rate. 
The only exception is quinuclidine (Table 1, No 10). The au­
thors are not quite sure whether the side process is entirely 
included here (the reproductivity in a number of experiments 
was worse than usual), hence the k^ value for this reaction 
may be a bit lowered.

All operations concerning the preparation of strong 
amines and filling of the cells of the spectrometer were per­
formed in dry (P205) in the athmosphere of nitrogen.

4-Toiuenesulfobromide was obtained and purified according 
to"^. N-methylimidazole was synthesized by methods '̂ . Imi­
dazole was purified as i n ^ # Quinuclidone-3, DABCO and qui­
nuclidine were sublimated in vacuum at the metallic sodium. 
These amines were used directly after their sublimation.DMAP 
was prepared and purified as described in"^.

Amines (piperidine, triethylamine, N-methylmorpholine ,
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methyldiethylamine), previously kept at alkali, were distil­
led several times at normal pressure in the nitrogen current.
Methods of Kinetic Measurements

The optic density decrease of 4-toluenesulfobromide at 
the excess of amine in the Д = 281 nm range was regis­
tered. In case of the reaction with DMAP the rate was moni­
tored via the forming product in the range ?[ = 308 nm. With 
amines whose reaction rate is lower (k^ ̂  1,1‘mole 1#sec )̂ 
the rate was measured on a spectrophotometer SF - 26. In 
other cases (Table 1, Nos. 4, 8-10,14,15) rate was register­
ed applying the method of stopped flow on a rapid scan spec­
trophotometer SP - 176. The reaction with N-methylimidazole 
was used to show that the manual registration (low amine con­
centrations) and the method of stopped flow (high amine con­
centration) give coinciding results in the range of measuring 
errors. The pseudofirst order rate constant in case of the 
processes with participation of primary, secondary and some 
tertiary amines ( Table 1, Nos. 3»4), calculated by equation

^ (1> = 2-303 , , = log ' D° (8)
t A -  - Dt

remains constant in the course of the process. For a number 
of tertiary amines ( Table 1, Nos 8-13) k^1  ̂ decreases in the 
course of the process. This is, evidently, connected with the 
inaccuracy of determining the Doo value because of the in­
stability of the forming N-arylsulfonylammonium salts. For 
that reason the calculations were carried out either, by the 
method of initial rates or by means of the nonlinear regres­
sion type (8) restoration*
Equilibrium constants
of intermediate I formation, where В is DABCO, N-methylmorpho- 
line and N-methylpiperidine (concentration range
1.3 * IO-4 —  1 • 10~^mole • l“1), was determined according 
to the optic density decrease of 4-toluenesulfobromide ( con­
centration range 1*10“  ̂—т—  5.4 • 10”4 mole • l"1, Л is 
286 nm, £ = 3950^30). If DMAP and 4-morpholinopyridine (con­
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centration 1*10""4 mole • I-1) were used as В the constants 
were obtained by the appearance of the intermediate I optic 
density within the range of 320 nm and 310 nm, respectively. 
The molar extinction coefficients of intermediate I were 
registered earlier ( В = DMAP, h= 320 nm, £ =13200 * 450,
В = 4-morpholinopyridine, Д  = 310 nm, £, = 22860*580) equi­
librium (1) being shifted to the conditions of acylammonium 
salts formation (4-toluenesulfobromide concentration was 
( 1.0 ——  85)* 10 3 mole * 1 , concentration В =
B =  1 • 10~3 mole • l"1).

Optical density was measured immediately after mixing 
reagent solutions ( in 1 min.). The interval between mixing 
of the solutions and the first measuring of parallel experi­
ments were stricktly synchronized, since the solution density 
does not remain constant during a longer period of keeping 
the reaction mixture. It is probably the result of hydrolytic 
destruction of the forming intermediate leading to the de­
crease of 4-toluenesulfobromide concentration.
Reaction Products. Primary and secondary amines form quan- --------------
titatively the corresponding amines .

The products of 4-.$oluenesulfobromide interaction with 
DMAP3  ̂and N-methylimidazole38 have been obtained in the con­
ditions similar to those described above. These are white 
crystal products which will disperse in the air. The measures
of precaution were taken ( in the box with Po0(-) in the quan-

39titative acyliration of acylamine .
Acylammonium salte cannot be obtained on the bases of

4-toluenesulfobromide and tertiary aliphatic amines. It was 
shown by means of DABCO that the white precipitate forming 
after mixing of equimolecular solutions of amine and 4-tolu­
enesulfobromide in dry benzene is the mixture of hydrobromide 
and the amine toluenesulfonate salt. These products could 
fomi during the hydrolysis of the forming acylammonium salt 
because of moisture in the course of synthesis, reparation, 
and analysis of reaction product.
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Bimolecular reaction rate of intermediates
4-ClC6H4S02B+* S03C6H4Cl-4 (B:l-4-dimethylaminopyridi­
ne; 2-4-morpholinopyridine; 3-N-methylimidazole;4-1,
4-diazabicyclo- [2, 2,2]-octane) with 3-nitroaniline in 
methylene chloride at 25°C was studied. The comparison 
of log kg with the pKQ of the splitting base B(HgO at 
25°C) leads to the straight line where 13= -0.51*0.07 
for Nos 1-3 and No 4 deviates from it (A log kg= +3.3). 
It was established that the stabilization of intermedi­
ate 4 is smaller than that of intermediates 1-3 because 
of solvation effects.The causes of oxypyridine inter­
mediates (ß-4-dimethylaminopyridine N-oxide) lower re­
activity in comparison with the pyridine analogues 
( Alog kgs -2.6) have been discussed.

In the previous report1 was discussed the problem of the 
influence of tertiary amines’ (B) nature on the rate (k̂ ) and 
equilibrium (Kp) of intermediate I formation:

kl +ArSOgX + В „ ' ~ ArSOgB «X (1)
k-l

I

In order to comprehend the peculiarities of the nucleophilic
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catalysis mechanism in the aminolysis reactions of arylsul- 
fonic acids, compared to the analogous substitution proces­
ses at the carbon carbonylic atom2 the rate of low stage (2) 
and its dependence on the nature of group В in I were studied

k2
ArSOgB . X“ + ArNH2 ---- *» ArSOgNHAr + HX + В (2)

It is known3 that the arylaminolysis of intermediates £
(B = 4-dimethylaminopyridine, Ar = CgH^, X = Cl, Br) is a 
multichannel process. In addition to bimolecular interaction, 
it also includes such trimolecular routes as the catalysis 
with a free base and the anion of ionic pair intermediate I. 
Though, the contribution of catalytic routes into the total 
rate is negligible, if X s SO^CgH^.

Application of the anhydrides brings of arylsulfonic ac­
ids as the substrate about a considerable increase in the con­
stant of equilibrium process (1). Thus, the estimation of Kp 
according to 1*4*5 0f salts X  (Ar = C6H5* x s S°3C6H5̂  for“ 
mation yields the following values: В = 4-dimethylaminopyri­
dine (DMAP) >  105, l,4-diazabicyclo-[2,2,2] -octane (DABCO) 
yr 104, N - methylimidazole >  400.

The interaction kinetics of intermediates I where Ar =
= 4-ClC6H4, X= 4-ClCgH^SO^, B= DMAP, 4-morpholinopyridine, 
N-methylimidazole and DABCO, with 3-nitroaniline in methylene 
chloride at 25°C was "studied. If the more reactive 4-chloro-» 
benzenesulfonic anhydrade is used as substrate, the values 
of equilibrium constant Kp are still higher than the above 
estimations for benzenesulfonic anhydride.

Results of Kinetic Measurements
Intermediates i were obtained in situ, pouring together 

the 4-chlorobenzenesulfonic anhydride solutions and the cor­
responding base B. In case of the reagents' correlation 1 : 1  
in the UV-spectrum of the anhydride mix and 4-diuethylaaino- 
and 4-morpholinopyridine appears a long-wavelength band, be­
longing to the intermediate^ spectrum. The mixing of anhyd - 
ride solutions with N-methylimidazole and DABCO is not ac­
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companied by the exact distribution of the reagents’ and 
forming products' absorption bands,though remarkable changes 
take place in the spectrum. But it appears from the above 
evaluative Kp values (> 104 for DABCO and >  400 for N-meth- 
ylimidazole) that in case of anhydride and base concentra­
tions used in the kinetic measurements, the quantitative 
accumulation of the intermediate is obtained.

Pig. 1. UV-spectra of initial reagents and their inter­
action products obtained in situ, CHgCl^at

25°C* -5 -11 - DMAP, с —  6.10 mole • 1 ;
2 - 4-morpholinopyridine, с rs=.6»10 ^, inole'l ;
3 - U-ClCgH^O)^ с =ьг5*Ю“5 mole‘1“1;
4 - 4-C1C6H4S02N^ j > -N(CH3)2 • SO^I^Cl-4,

с 5«10“5 mole*I-1;
5 -  4-ClC6H4S02Ä Q - N r ] > 0 * 3 0 3C6H4C l-4 ,

с ss» 5*10“  ̂mole*l
The rate of reaction I with 3-nitroaniline were studied 

according to the loss of the latter under pseudomonomolecular 
conditions (excess of I). Concentration relationships between 
anhydride and base В in oase of I formation in situ are pre­
sented in Table 1.

In all cases the reaction rate is described as follows:
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Table 1
Concentration Conditions for Studying Interaction of Intermediates
4-ClCgH4S02B+ • SO^CgH^Cl-A (D with 3-nitroaniline, and Rate 
Constant k2 in Methylene Chloride at 25°C

No В
[ArS02X] • 103 
mole • l“1

M  • 10^
mole.l“

И  . if
mole»l kH -Л°4sec

----------------------------------
k„ . 10*

-1 -11 . mole . sec

1 2 ... 3 4 5 6 7
1» 4-dimethylamino­ 6.25 6.25 6.25 0.289 0.463

pyridine
12.5. 12.5 12.5 0.853 0.680
14.3 14.3 14.3 1.12 0.781
16.6 16.6 16.6 1.23 0.742
30.5 30.5 30.5 1.77 0.580 

0.649 * 0.061

2. 4-morpholino- 3.7 3.7 3.7 1.33 3.59
pyridine

7.4 7.4 7.4 2.88 3.89
14.8 14.8 14.8 5.54 3.74
29.7 29.7 29.7 8.75 2.95

3.54*0.21



1 2 3 4
3.

го 4. 
§

1,4-diazabicyclo- 1.52 1.52
[2,2,2] -octane 5.35 1.52

10.7 1.52
15.0 1.52
21.4 1.52
25.0 1.52
30.0 1.52

N-methylimidazole 15.0 15.0
30.0 30.0
5.0 30.0
0.49 1.48
0.50 20.0
0.49 11.6
0.49 29.2
0.49 14.6

Table 1 continued

__ 5_____________6________________ 7___

1.52 716 4710
1.52 800 5260
1.52 532 3510
1.52 632 4160
1.52 756 4970
1.52 494 3250
1.52 434 2860

4100 ± 300
15.0 26.7 17.8
30.0 56.6 18.9 
5.0 6.41 12.8 
0.49 0.738 15.1 
0.50 0.665 13.3
0.49 0.706 14.4
0.49 0.833 17.0
0.49 0.751 15.3

15 .6  ± 0 .8



к н = к 2[1] (з)

where k^sec”1) is the pseudofirst order rate constant; 
k2(l • mole”1» sec”1) denotes the rate constant of £. bi- 
molecular interaction with the amine.

The analysis of the k2 values depending on the pKQ of 
group В entering X  are given in Pig. 2.

Pig. 2. Dependence of 
log k2 values on pKa 
(H20 at 25°C) for reac­
tions of intermediates
4-ClC6H4S02B+•S03C6H4Cl-4 
(Nos 1-4) and .
• §03CgH5 (Noe l',5) with 
3-nitroaniline in 
methylene chloride at 25°C. 
В: 1 and 1»-DMAP, 2-4- 
morpholinopyridine,
3-methylimidazole,4-DABCO,
5-DMAP N-oxide

Satisfactory correlation is observed when the pyridines and 
N-methylimidazole are used as B.

log k2 = (2.85 - 0.64) + (-0.52 t 0.08)pKa (4)
r = 0.990, SQ = 0.141, N = 3

DABCO deviates 3.3 logarithmic unites from this straight line 
towards higher rates. Thus, in case of attacking the sulfo - 
nylic sulphur atom (k. in (l))1, as well as in case of break- 
ing from the intermediate in the inverse process (k  ̂in (1)) 
and interaction process with arylamine (k2, Pig. 2) at equal 
basicity, the cyclic aliphatic amines are more reactive than 
pyridines and imidazoles.

It was pointed out in1 that unlike reactivity, the equi­
librium constant of process (1) Kp is described with the 
united Brjrfnsted straight line. The data for heteroaromatic

PKQ
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and tertiary aliphatic amines are located on the latter. 
Consequently, the effects stabilizing cation ArS02B+ are 
analogous to the stabilization effects of the BH+ cation. 
Thus, the comparison of log k, and pK values (Pig. 2 )

u Si
yields the same qualitative results as the comparison of
log k„ with log К . It follows from the aforesaid and from 

p 1the considerations given in that the higher elimination 
rkte of DABCO in processes k2 and k1 is connected with the 
smaller stabilization of the correspinding intermediate T 
because of solvation effects in comparison with the cations 
formed from other amines, particularly from the heteroaro- 
i"°tic ones.

Thus, the data obtained here and excerpted from the pre­
vious report1 lead to the conclusion that the existence of 
the separate individual Br^nsted straight lines when compar­
ing the attacking rates of k^ in (1) and their elimination 
rates k_1 in (1) and k2 in (2)) , is guaranteed mainly with
the different, solvation effects of cations BH+(pK ) or 

.ArSOgB (log Kp), the latter depending on the amine's nature 
(primary, secondary or tertiary, aromatic or heteroaromatic, 
etc.). The solvation differences considerably disappear in 
the transition states of the following types:

0 0 0 .0 0 ,0
6+ 6- 6+ 6- 6+ \  6+В ... S * X В ^ S ... X В f s  ... NuH ,

I 7 I 7 IAr Ar Ar
( kx) (kel) (k2)

where the nitrogen atom in В has a partial positive charge 
only, differing, thus, from BH+ or ArS02B+.

The data obtained in the present paper allow also to say 
that a remarkably higher catalytic activity of the kß amines 
of quinuclidine series, compared to the pyridines and imida­
zoles of equal basicity in the arylaminolysis of halogenanhyd- 
rides of arylsulfonic acids proceeding without the accumula* 
tion of the nucleophilic catalysis (kg = K^* k2) * * in­
termediates, is mainly explained by the different reactivity 
of the corresponding intermediates in the low stage of‘k2(2),
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and not by the difference in their thermodynamic stability 
К ^.
p It is noteworthy that the 4-dimethylaminopyridine N-oxide 
breaks from the intermediate much slower than follows from 
the Brrfnsted correlation (4)*. At the same time, as it was 
mentioned in1, in the stage of attacking 4-toluenesulfobro­
mide, N-oxide is a great deal more reactive than pyridine and 
imidazole of equal basicity. The equilibrium constant of the 
oxypyridine intermediate1 formation is also remarkably high­
er ( >  105 times). These facts prove that the effects respon­
sible for the existence of separate Br/5nsted correlations in 
case of k^ and kg for N-oxides do not coincide with those 
for the amines of different classes. So, the deviation of 
point 5 in Pig. 2 downwards from the Brjrfnsted straight line 
can be caused by the greater basicity of the pyridine N-ox- 
ides as compared to the pyridine bases during transition 
from water into methyl chloride (cf.1 )̂. It is possible that 
there is also difference between the electronic stabilization 
effects of pyridine (la) and oxypyridine (Ib) cations which

A r  .  S ^ ~ T I0 ' R А Г  -  j! -  0 -  ,

Q 0
la Ib

is connected with the elimination of positive charge from 
the electrondeficient center in case of Ib.

Experimental
Methylene chloride was purified as described in14 4-chlo- 

robenzylenesulfanehydride1', 4- dimethylaminopyridine1 ,̂ and
1,4 - diazabicycloJ2,2,2] -octane1 were purified according

* Intermediate [CgH? - SOgOfo^H^CH^g^] • § 0 ^ ^  (Fig.*,
No 5), differs from the intermediates participating in Re—  
actions 1-4 (Pig. 2) not only as to the r.ature of base В Wfc 
also in the acyclic part and counter-anion’s structure.
Though, point 1 belonging to the corresponding pyridine in­
termediate (cf. with 1) show that the structural changes of 
the substrate and anion influence reactivity only slightlj.
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to the methods explained earlier. 4 - morpholinopyridine was
17synthesized as in . In kinetic measurements, the decrease 

of 3 -nitroaniline optic density was registered in the range 
of Д  = 365 nm under pseudomonomolecular conditions on a 
spectrophotometer SF - 26. The observed rate constants are 
considered as those in1.
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The influence of solvents on the IR-spectrum of 
benzyl and allyl alcohols has been studied. Applica­
tion of the LFER equation shows that the solvent bas­
icity has some effect on the OH-band shift of 
alcohol. Slight influence of nonspecific solvation 
caused by the polarizability effect was also observ­
ed .

The interrelation of the IR-band shifts for X - H
acids in the same solvents is a well - established fact. The 
proportionality of Pqjj changes under the influence if sol­
vents has been stated quantitatively in1. The high values of 
correlation coefficients (R=0.98 -j- 0.99) were obtained, com­
paring the OH band shifts of alcohols and phenols with the 
standard changes of the phenol OH band in the CCl^ medium,
i.e. with basicities "B":

-CC1. ЛСС1.
Д  у  4 = a + b AV 4 = a + bB

HX PhOH

This conclusion has been confirmed by several authors al­
so for alcohols of diverse structure, including the fluorina- 
ted alcohols2’3 as well as the hydroperoxides^.

The proportionality coefficient value "b" which charac.-
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terizes the OH sensitivity of the discussed compound to the 
solvent effect, is approximately proportional to the pK value 
of acidic dissociation of the corresponding X-H acids1'

The value of intercept "a" is near to zero in most cases. 
Though, the studies of a larger data set concerning the sol­
vents' effect on the OH IR bands of various alcohols have 
shown that in a number of cases deviation from their linear 
bond with the medium basicity B,is observed,which results in 
a low relation degree of these values (R may drop to 0.91 - 
-0.97^).The deviations for the alcohols which have low acidity 
or are sterically complicated,as well as for those falling in 
the range of deformation deviations,are more remarkable.

The bond degree can be increased via the application of 
the LPER equation, taking into account also the other inter­
action types of the solvent with alcohol, first of all the 
non-specific solvation conditioned by the medium polarizabil- 
ity^. The latter should be proved by a greater number of ex­
amples.

Medium effect on the location of the OH IR-band of benzyl 
alcohol has not been studied yet. The aromatic nature of this 
compound leads to the increased values of polarizability and 
acidity, being the intermediate between the n-alcanoles and 
phenoles: the calculated pK is 15.6 in comparison with 16-17 
for alcohols, 10- for phenoles, and 12.6 - 12.8 for hydro­
peroxides.

A sample of freshly distilled benzyl alcohol, its boiling
20point being 92.5 - 93.5 at 10 mm Hg, n =  1.5396 was used. 

The solvents were freshly distilled. Th^ir physico - chemical 
properties corresponded to the reference data.The spectra were 
taken in the range of 3700-3200 cm“1 on a spectrophotometer 
IKS-14A with the LiF prism at 20-22°C. Its calibration was 
done according to the absorption spectra of polystyrene and 
water vapor.

The concentration of benzyl alcohol in solvents having 
strong basicity was 0.01 mole/1, the donor concentration 
being 10-25 times higher. The solutions were prepared in CCl^. 
In the solvents with weak basicity the concentration of
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Shifts OP IE BANDS V 0Rcn"1 OP BENZYL AND ALLYL ALCOHOLS IN SOLVENTS
AND EHEIB BASICITIES Bern“1 6

№ Solvent OH л)> OH
В Д V OH M ^ C H

PhCH20H CHgsrCHCHgOH caloul.

1. CHBrj

CHC12"*0H01 £

15 32 21.0 -6

2. 18 40 15.5 +2.5

3. p-Chlorotoluene 23 41 21.4 +1.6

4. m-Bromotoluene 28 53 31.4 -3.4

5. С̂Н̂Вг

Toluene

38 79 39.3 -1.3
6. 41 58 30.9 4-10.1

7. c 2h 5s o 2n (o h 3 )2 88 158 92.4 -4.4

8. Butylacetate 96 158 88.4 +7.6

9. Ethylacetate 101 181 101.7 -0.7

10. Acetone 123 224 128.5 -5.5
11. Dioxane 145 237 142.0 +3.0

12. Dibutyl ether 163 285 171.5 -8.5

1 3. DMFA 168 169 291 177.7 -17.7
14. THP 172 165 287 173.2 -1.2

15. N-methylpyrro1idone 204 357 223.3 -19.3
16. (Bu0)3P0

DMSO

222 209 336 206.6 +15.4

17. 247 236 362 227.3 -19.8



PhCHgOH was 0.2 mole/1 and the aolutiona were prepared in 

the solvent - CCl^ 1:1 binary mixtures. For registration of 

the spectra, the donor solution of the same concentration 

was conducted into the comparison cuvette.

The obtained data of are given in the Table.

The comparison of the aV qH shifts of the PhCHgOH with 

the basicity of solvents shows a satisfactory linearity 

(Fig.). 0п1уД>)0Н values for the solvents with the greatest 

basicity - (ВиО)̂РО and DMSO deflect significantly. The 

treatment of the results by the mean squares method gives 

the following equation with a high degree of freedom:

^ OH = “ ( 6 *93 - 4.88) + (0.632 ± 0.022)B; 

n = 17, R = 0.991, S = 10.65

The application of a five - parameter LFE equation which 

takes into account the specific and nonspecific solvation 

parameters of the Koppel-Palm equation^ as well as the co­

hesion energy density4,^ does not result in a significant 

increase in the bond degree, though it enables to evaluate 

the significance of different solvation factors1 effect.

13 solvents, having the required characteristics, obey 

the equation where R = 0.993t in case of the partial cor­

relation coefficient rQB = 0.987. The factors of electro- 

philic solvation (due to the acidic nature of PhCH,,0H) and 

the density of cohesion energy are negligible. Their ex­

clusion from the regression equation permitted to repeat 

the calculations for those 17 points, which had proved to 

be negligible also from the point of view of the medium po­

larity. It was conclusively established that the value of 

Д̂Он is determined by the medium basicity, taking into con­

sideration the influence of nonspecific solvation, connected 

with the polarization effect, although the corresponding par­

tial correlation coefficient value is extremely insignifi­

cant ( r = 0 .430 ).

A V 0H = -48.11 + 141.1 (n2-l)/(n2 + 2) + 0.650 В 

n = 17, R = 0.992 S = 10.5
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100 200 300 Ш  
B.crrf1

Pig. 1. The dependence of the IR-band shifts of the 

PhCHgOH A ^ o h  on s°lvent basicity B.

For comparison, the values calculated by means of the

equation cited above and as well as their corresponding de­

viations from the experimental values are presented in the 

Table:

H x p . - ^ c a l c

It can be seen that at generally good coincidence, the great­

est deviations (up to 20 cm“1) are observed in case of a 

few solvents with a strong basicity.The value of coefficient 

of susceptibility to the basicity of one - parameter

equation b = 0.632 at pK = 15.6 is satisfactorily close to 

the linear dependence b = f(pK)^.

We also studied, the 0 q H shifts in some solvents of al- 

lyl alcohol, whose electronic structure resembles that of 

benzyl alcohol.
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The results of the differential-conductometric

measurements of the non-electrolyte influence on

the electrical conductivity of lithium chloride

solutions in iso-amyl alcohol are presented. The

specific molar volumes V characterizing thes
structure reorganization effects in solution were 

calculated for these non-electrolyte molecules .

A significant difference in the behavior of V 

of the hydroxylic and aprotic non-electrolytes 

has been established.

The results of the differential-conductometric investi­

gation of non-electrolyte influence on the structure of aque­

ous and ethanolic electrolyte solutions were given in a num­

ber of recent publications.1“*’ In the present article, the 

effect of small additions of several hydroxylic and aprotic 

organic substances on the structure of the lithium chloride 

solution in iso-amyl alcohol is discussed.

As the result of the differential-conductometric meas­

urements^, the change of the specific conductivity of 1 1  

electrolyte solution per 1 mole of added secondary non-elec- 

trolyte is found.* Namely, this is the quantity

* To avoid the non-linear addition concentration dependence 

of the specific conductivity change only very small amounts 

of the substance investigated ( 10“2-10“3mol/l) are added to 

the solution
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which may be called the molar differential conductivity of 

the addition investigated in the given solution. In this for­

mula к denotes the conductometric cell constant (cm-1), cg 

is the molar concentration of the substance added (mol/1) , 

and Rq and Rx are the resistances (Sh ) of the solution be­

fore and after adding this substance, respectively.Quantity 

Д R takes into account the change of the resistance of so­

lution caused by the dilution in the process of non-electro- 

lyte addition.

It was shown, that in the framework of the structural
2 7

theory of electrolyte solutions * parameter Y is propor­

tionally dependent on the specific conductivity of the pure 

electrolyte solution of the given concentration'

Y = V * (2)В

Multiplier V , which has the dimension (1/mol), is char- 

acteristic of the given non-electrolyte added to the solution. 

This parameter describes its influence on the structure of 

solvent and it is numerically equal to the statistically av­

erage volume in the vicinity of addition molecule where the 

solvent structure is fully perturbed (i.e. transfomed either 

to the ideally ordered structure of pure solvent or to the 

entirely disordered form).

Experimental.

Methanol (grade "Pure") was distilled. The fraction used

had b.p. 65.0°C (760 m.m Hg) density d2)? = 0.7962 g/cm^ andon
refraction index n^ = 1.3312.

Ethanol (grade "Pure for analysis") was dried on the CaO 

and distilled. The fraction used had b.p. 78.4°C (760 mm Hg) 

and d|' = 0.7898

Isobutyl alcohol (grade "Pure") was distilled. The frac-



tiNMi used had b.p. 107.5°C (760 mm Hg), = 0.8019 and 
on ^

nD = 1.3960. Isoamyl alcohol (grade "Pure") was distilled .

The fraction used had b.p. 130.5°C. (760 mm Hg), d2^= 0.8123 

and Пр°= 1.4080

Dimethyl sulfoxide (grade "Pure for analysis") was dried 

on the BaO and bidietilled from the mixture with CaH^ in the 

argon atmosphere. The fraction used had b.p. 64.0°C (6 mm Hg) 

and d ^  = 1.10105

Acetonitrile (grade "Pure for analysis") was treated with 

KOH, distilled. The principal fraction was treated with CaH2 

and fractionally distilled. The fraction used had b.p.81.5°C 

(760 mm Hg) and d2|?= 0.7791

Dioxane (grade "Pure for analysis") was treated with HC1 

and KOH, dried and then boiled with sodium. Finally the frac­

tional distillation was carried out. The fraction used had 

b.p. 101.5°C (760 mm Hg) and d20= 1.0329.

The water used was deionized and bidistilled. The conduc- 

tometric measurements were carried out on the apparatus des­

cribed elsewhere . All the measurements were made at tempera­

ture 25.oio.l°C, hold constant with the precision of ±0.001°C. 

The conductivity cell was isolated from the surrounding at­

mosphere with CaO tubes to prevent the absorption of water. 

The cell constant was 19.40 cm-1. Constant resistance Rp =

= 99О7 .О was used in parallel joint to the conductivity 

cell in case of dilute solutions.

Dilution term Д R in Eq. (1) was calculated according to
4the procedure, described previously .

Discussion.

The numerical values of the molar differential conduc­

tivities Y are given in Table 1-4. The results of the least- 

squares treatment of these data according to the equation

Y = V • X- + a , (2a)s o*

where aQ is the small intercept allowed due to the self-con­

ductivity of addition, are presented in Table 5. The examples 

of linear relationship (2a) for some non-electrolytes are 

given in Fig. 1.
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Pig. 1. The relationship between molar differential 

conductivities Y and specific conductivity of 

LiCl solution in isoamyl alcohol in the case of 

acetonitrile (1), water (2) and ethanol (3).

The overall statistical fitness of correlations (2a) is

good (See Table 5.). The intercept is practically equal to

zero (in limits of experimental error). The V -parameterss
are of negative sign for all non-electrolytes investigated.

According to the structural theory, of electrolyte solutions7 ,

they are structure-breakers for the isoamyl alcohol. In the

previous investigations1”̂ the regularity between the V -
s

-parameters and intrinsic volumes of non-electrolyte mole­

cules in the aqueous and ethanolic solutions was established. 

For the LiCl solutions in isoamyl alcohol, such a regularity 

may be obtained in the case of hydroxylic non-electrolyte 

additions. (See Pig. 2). In a good approximation this reg­

ularity is presented by the following linear relationship:

Vg = (-739.9 t 38.3) + (27.08 t 2.22)X  (3)

r = 0.990 a = 43.3 sQ = 0.081
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Table 1

Molar Differential Conductivities Y of Water and Ethanol 

in LiCl Solutions in Isoamyl Alcohol

CLiCl(mol/1) -X io3 

CS?'1)

---
-Y . 10*

water ethanol

0.00921 0.0163 0.71 0.76

0.0298 0.0272 1.34 1.20

0.0653 0.0439 2.83 1.91

0.118 0.0712 3.56 3.23

0.125 0.0716 4.64 3.1S

0.257 0.1330 7.89 5.17

0.267 0.1398 10.20 5.74

0.503 0.2331 13.80 9.85

0.621 0.2702 15.90 12.80

0.727 0.2778 16.60 12.50

1.000 0.2616 16.60 12.10

Table 2

Molar Differential Conductivities Y of Isobuthanol and

Dioxane in LiCl Solutions in Isoamyl Alcohol.

CLiCl(mol/1) зе-103 -Y . 10*

(52 Ъ isobuthanol dioxane

0.069 0.0468 0.04 -0.22

0.112 0.0705 0.72 0.70

0.170. 0.0948 0.65 0.82

0.229 0.1180 1.23 0.99

0.481 0.2220 1.53 4.83

0.855 0.3331 3.66 8.99
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Table 3
Molar Differential Conductivities Y of Methanol and Dioxane 

in LiCl Solution in Isoamyl Alcohol.

CLiC1(mol/l) эе.ю3

methanol

-----------
-Y • 10*

dioxane

0.0163 0.0193 1.20 -0.18

0.0189 0.0235 1.21 -0.18

0.0412 0.0347 2.33 -0.28

0.0674 0.0448 3.05 -0.28

0.0949 0.0644 4.04 -0.01

0.125 0.0716 4.98 0.27

0.207 0.1123 7.12 0.28

0.245 0.1288 7.48 1.15

0.261 0.1346 7.93 1.38

0.341 0.1622 9.42 4.78

0.431 0.2087 11.50 3.06

0.486 0.2222 12.40 4.83

0.708 0.2760 16.20 7.86

0.789 0.2911 16.30 8.83

Table 4
Molar Differential Conductivities Y of Dimethyl Sulfoxide 

and Acetonitrile in LiCl Solution in Isoamyl Alcohol.

CLiCl(mol/1) *  *103 -Y • 102

dimethyl sulfoxide acetonitrile

0.0189 0.0210 3.72 2.33

0.0430 0.0396 5.82 3.26

0.0877 0.0640 9.03 6.35

0.157 0.0894 14.6 9.37
0.210 0.1041 16.2 11.3

0.291 0.1385 19.9 14.1

0.488 0.2228 24.4 20.9
0.578 0.2425 29.2 23.3

0.735 0.2850 27.2 24.9
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Table 5

The Parameters of the Statistical Treatment of Molar 

Differential Conductivities in Isoamyl Alcohol According 

to Eq. (2a)

Noni-electrolyte
v 10' 3 V (^4) s'mol'

r s.103
(a

8o

1 . Water 0.3*3.8 -610.8*
22.3

0.994 7.3 О.О36

2. Methanol 7 .2*2.1 -510.2*
13.6

0.996 4.5 0.027

3. Ethanol 2.0*2.3 -457.2*

13.5

0.996 4.4 0.029

4. Isobuthanol -3.3*2.9 -111.1*
16.0

0.961 3.9 0.139

5. Dioxane 19.3*4.2 -326.5*
27.0

0.962 9.0 0.079

6. Acetonitrile 9.4*4.5 -1194.0*

38.0
0.997 6.5 О.О32

7. Dimethyl- - 
sulfoxide

11.4*8.0 -1381.0*

67.0

0.993 11.4 0.048

The normalized standard deviation (see ^).

where the intrinsic volumes of the non-electrolytes are 

calculated as the sum of the corresponding bond refractions 

in the molecule ( £  R^)^8 . The slope of linear relationship 

(3) is significantly different from the analogous parameter 

for other hydroxylic solvents (11.50*0.32 in water1 and 

12.2*0.4 in ethanol4 ). Therefore, different solvents seem 

to have different sensitivies towards the structure-making 

or structure-breaking effects by the other hydroxylic sol­

vent additions. The aim of the further investigations should 

be the establishment of the theoretical description of such 

different sensitivity.

However, it is interesting to note, that in aqueous so­

lutions the larger effects (and, namely, structure-making)

226



e r d

Pig. 2. The dependence of the characteristic volumes

V on the intrinsic volumes (£. Rn ) of some non- 
s u

-electrolytes in the LiCl solution of isoamyl 

alcohol.

( 1 - isoamyl alcohol (inner standard, V =0 bys
definition)

2 - isobutyl alcohol

3 - ethanol

4 - methanol

5 - water

6 - dioxane ).

on solvent structure had the molecules with the bigger in­

trinsic volume1. In isoamyl alcohol the larger effects on the 

solvent structure (which is structure-breaking, in this case) 

are established for the molecules with smaller intrinsic vol­

ume (water, methanol). Consequently, there is a significant 

difference in the structure-making and structure-breaking 

abilities of addition molecules from the basic solvent.

The V of aprotic solvents investigated (dimethyl sulfox-
s

ide, acetonitrile and dioxane) have large deviations from 

the linear relationship (3). This behavior is analogous to 

that observed in ethanolic electrolyte solutions^. However, 

the deviations in the case of isoamyl alcohol are even bigger 

(cf. Table 5 and Pig. 2). All the aprotic solvents investi­

227



gated here are also structure-breakers for the isoamyl alco­

hol. In comparison with the hydroxylic molecules of the same 

volume, the aprotic molecules have stronger structure-break­

ing ability. This is in accordance with the results for the 

aqueous and ethanolic solutions, where the aprotic solvents 

were described by the bigger structure-breaking effects, too.

References.

1. M.M. Karelson, Theor. and Exp. Chem. (in Russian)

15,(1), 80 (1979).
2. M.M. Karelson, This journal, 14, 74(1977).

3. Ü. Haldna and L. Oraste, This journal, 14.345(1977).

4. M.M. Karelson and H. Kuura, This journal,20,397(1983).

5. M.M. Karelson and H. Kuura, This journal,21,320(1984),

6. Ü. Haldna and V.A. Palm, Dokl. AN SSR, 135.667(1960).

7. M.M. Karelson, This journal, J21, 160(1984).

8. Handbook of Chemistry, Part I (in Russian), Moscow- 

-Leningrad, GCHI, 1962.

228



Organic Reactivity 

Vol.22. 2(78) 1985

NON-ELECTROLYTE EFFECTS ON THE STRUCTURE OF 

AMMONIUM RHODANIDE ACETONITRILE SOLUTIONS

H. Kuura and M.M. Karelson

Laboratory of Chemical Kinetics and Catalysis, Tartu 

State University, Tartu 202400, Estonian S. S. R., 

U.S.S.R.

The results of differential-conductometric measure­

ments of the non-electrolyte addition effects on the 

conductivity of the ammonium rhodanide solutions in 

acetonitrile are presented.The solution structure re­

organization volumes V are calculated on the basis of
9

these data for five non-electrolytes investigated (wa­

ter, ethanol, isoamyl alcohol, dioxane and dimethyl- 

formamide).

In the previous communications1""4 of this series of in - 

veetigation, the results of differential-conductometric meas­

urements of non-electrolyte effects in the electrolyte solu­

tions of water, ethanol and isoamyl alcohol were published . 

The present article deals with the results of the study of 

similar effects in an aprotic solvent - acetonitrile.The elec­

trolyte, whose conductivity changes were measured, was am­

monium rhodanide. This choice was governed by its good solu­

bility in acetonitrile, which allows to study solutions in 

the wide range of electrolyte concentration.

The molar differential conductivity'*:
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Y = k * 1q3 ( 1)
с
s
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is calculated on the basis of the differential-conductometric 

measurements. In this formula к denotes the conductometric 

Cell constant (cm“1), с is the molar concentration of the 

substance added to the electrolyte solution (mol/1), and R q 

and Rx are the resistances (сГЬ ) of the solution before and 

after adding this substance, respectively. Quantity Д R »add­

ed to the initial resistance, takes into account its change 

due to the dilution by the substance admixtured to the elec­

trolyte solution.

In the framework of the structural theory of solutions'^’̂ 

the molar differential conductivity Y has to be proportional 

to the overall specific conductivity of the pure electrolyte 

solution of the given concentration ( 3tr ) :

Y = Vo (2)s

Multiplier V is a characteristic volume for a given sub- s
stance investigated as an addition to the electrolyte solu­

tion. This parameter describes its influence on the struc - 

ture of solvent and it is numerically equal to the statisti­

cally average volume in the vicinity of the admixture mole­

cule, where the solvent structure is fully perturbed. In the 

case of positive values of Vg, this perturbation means the 

formation of ideally ordered structure of solvent, the nega­

tive values of V correspond to the entirely disordered form 

of the latter.

The amounts of the substance added to the solutions are

small (c ~  10 -10 J mol/1) to avoid the higher order ef- s
fects on the solvent structure.

Experimental.

Ethanol (grade "Pure for analysis") was dried on the CaO

and distilled. The fraction used had b.p. 78.4°C (760 mm Hg)

and the density d|| = 0.7898.

Isoamyl alcohol (grade "Pure") was fractionally distilled.

The fraction used had b.p. 130.5°C (760 mm Hg), d2^ = 0.8123
20

and the refraction index n^ = 1.4080.

Acetonitrile (grade "Pure for analysis") was treated with 

KOH and distilled. The principal fraction obtained was treat-
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ed with CaH2 and fractionally distilled. The fraction used 

as the basic solvent in experiments had b.p. 81.5°C (760 

mm Hg) and дЩ = 0.7791.

Dioxane (grade "Pure for analysis") was treated with HC1 

and KOH, dried and then boiled with sodium. Finally the 

fractional distillation of this product was made. The frac­

tion used had b.p. 101.5°C (760 mm Hg) and d|°= 1.0329.

Dimethyl formamide (grade "Pure for analysis") was dried 

on the CaO and bidistilled. The fraction used had b.p. 39.7-

- 40.0°C (20 mm Hg) and = 0.9492.

The water used in experiments was deionized and bidistil- 

led.

The conductometric measurements were carried out on 

the apparatus described elsewhere^. All the measurements 

were made at temperature 25.0±0.1°C, hold constant with the 

precision of ±0.001°C. The conductivity cell was isolated 

from t e surrounding atmosphere with CaO tubes to prevent 

the absorption of water. The cell constant was 19.40 cm"”1. 

Constant resistance (Rp= 9907.OJb ) was used in parallel 

joint to the conductivity cell in case of dilute solutions.

The dilution term, Ü R  in Eq. (1) was calculated accord-
12

ing to the procedure, described previously .

Discussion.

The numerical values of the molar differential conduc­

tivities are given in Tables 1.-3. The results of the least- 

-squares treatment of these data according to equation

Y = VgZL + ao, (2a)

where aQ is the small intercept taking into account the self- 

-conductivity of addition substance,are presented in Table 4. 

The example of linear relationship (2a) is illustrated by 

the data for dioxane in Fig. 1. Such linear relationships are 

valid also for water, isoamyl alcohol and dioxane additions. 

Dimethyl formamide is characterized by special behaviour of 

molar specific conductivity (see Fig. 2.). The Y values are 

close to -1 at all concentrations of electrolyte investigated, 

and the slope in Eq. (2) corresponds to the positive value
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Pig. 1. The linear relationship between the molar dif­

ferential 'Conductivity Y of dioxane in the NH^SCN 

solution of acetonitrile and the specific conduc­

tivity It in this solution.

( 34.5-3*7) of the specific volume V . This linearity is 

characterized by a very large intercept (1.36-0.03), which 

is much greater than the self-conductance of dimethyl for- 

mamide. Consequently, there has to be a substancial curvation 

of this relationship in the region of small electrolyte con­

centrations. The slope of the dependence in this region is 

obviously negative. Therefore, it should be concluded, that 

dimethyl formamide does not have a constant restructurization

volume V , valid at all concentrations of electrolyte in ace­
s'

tonitrile. Moreover, the nature of the solvent structure re­

organization by dimethyl formamide is different at various 

concentrations. In the dilute electrolyte solutions dimethyl 

formamide is substantially a structure-breaker, whereas in 

more concentrated solutions of electrolyte it acts as a struc- 

ture-forming agent.

Water, ethanol and dioxane are characterized by a con -

stant specific volume V at all electrolyte concentrationss
investigated. The negative sign of V -values indicates that

S

all these three substances are structure-breakers in aceto-
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Table 1.

Molar Differential Conductivities Y of Water Additions

to the NH.SCN Solutions in Acetonitrile.
4

°HH4SCN(2°i) эе- io3 - Y

0.018 1.36 0.'980

0.036 2.54 1.33

0.068 3.13 1.46

0.131 4.76 1.90

0.184 6.05 2.10

0.194 6.15 2.39

0.259 7.45 2.49

0.381 9.70 2.99

0.486 11.5 3.29

0.599 12.9 3.63

0.626 13.6 •3.68

Table 2

Molar Differential Conductivities Y of the Ethanol

and Isoamyl Alcohol Additions to the NH.SCN Solutions

in Acetonitrile.

cim qrwfel)
- Y

lMXl̂oUlM lBy  j ethanol isoamyl alcohol

0.082 3.54 1.23 0.02

0.088 3.68 1.24 - 0.04

0.135 4.86 1.46 - 0.01

0.205 6.44 1.58 0.09

0.256 7.39 1.60 - 0.10

0.298 8.20 » 1.78 - 0.04

0.319 8.58 1.81 0.03

0.412 10.31 1.99 -  0.07

0.446 10.79 2.04 0.08

0.504 11.70 2.29 0.00



Table 3.

Molar Differential Conductivities Y of the Dioxane 

and Dimethyl Formamide Additions to the NH^SCN 

Solutions in Acetonitrile.

c n h 4s c n ( ^ )
. 103

- Y

dioxane dimethyl formamide

0.062 2.94 0.249 1.01

0.168 4.95 0.310 1.22

0.216 6.59 0.410 1.14

0.243 7.12 0.415 1.14

0.303 8.26 0.492 1.10

0.340 8.90 0.575 1.06

0.396 9.82 0.668 1.08

0.460 11*0 0.769 1.00

0.522 12.0 0.730 0.94

0.603 13.2 0.907 0.86

Table 4.

The Parameters of the Statistical Treatment of Molar

Differential Conductivities Values in Acetonitrile 

According to Eq. (2a) .

Non-electrolyte ao vS moT' M (a s(b
°0(C

1. Water 0.809*
0.063

-219.0*
7.7

0.994 0.103 0.035

2. Ethanol 0.814*
0.052

-117.5*
6.5

0.989 0.056 0.055

3. Isoamyl alcohol-0.023* 
0.050

-1.0*
6.2

0.055(d 0.054 0.353

4. Dioxane 0.004*
0.043

-65.7*
4.8

0.979 0.045 0.071

^a - correlation coefficient, ^standard deviation,  ̂° the 

normalized standard deviations (See^). ^  The Y value for 

isoamyl alcohol is practically zero at all electrolyte con­

centrations.Therefore, the linear regression correlation coef­
ficient is also close to zero.
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Pig. 2. The dependence of molar differential conduc­

tivity Y of dimethyl formamide on the specific 

conductivity of electrolyte (NH^SCN) solution in 

acetonitrile.

nitrile solutions (See1 for V -analysis). The isoamyl alco-s
hoi has practically no effect on the structure of acetonit­

rile solutions, and therefore its Vg *s0. There is a satis­

factory linear relationship between the volumes Vg and in­

trinsic volumes of non-electrolytes investigated in the pres­

ent work. (See Pig. 3). The latter were estimated as the sum 

of molecular bond refractions ( <. R^) for a given substance . 

This linear relationship is described by the following sta­

tistical parameters:

Vs = ( -245.7-17.3) + (8.87-0.93) 51 R^ (3)

r = 0.989 s = 16.5 sQ= 0.104

The slope of this relationship is less than the corresponding 

slopes for aqueous, ethanolic and isoamyl alcohol solutions 

(ll.50io.321, 12.2±0.42, and 27.1*2.24, respectively). The 

intercept of abscissa (V0=O) does not correspond to the in­

trinsic volume of acetonitrile itself ( £  ^(acetonitrile)58 
=11.112 ), but has a much greater value. This fact means that 

all the substances investigated have bigger structure-break-
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Pig. 3. The dependence of molar volumes of restructuri­

zation V on the intrinsic volume ( Z Rp.) of non-S JJ
-electrolyte additions to the electrolyte solutions 

in water, ethanol and acetonitrile (The additions:

1 - water, 2 - ethanol, 3-dioxane, 4- isoamyl alco­

hol).

ing volumes VD on the liquid acetonitrile than those follow- s
ing their intrinsic volumes. This trend is analogous to the 

behaviour of V -values of aprotic solvents in hydroxylic 

solvents, where the aprotic additions do have a bigger struc- 

ture-breaking effect in comparison with the hydroxylic addi­

tions of the same intrinsic volume1”̂. Consequently, if to 

assume the division of all solvents into two classes - 

aprotic and hydroxylic, respectively, the following general 

conclusion can be made: The mol«cule of addition of differ­

ent class has a bigger structure-Breaking effect on the 

given solvent than the molecule of the same class with equal 

intrinsic volume.
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Kinetics of solvolysis of N,N-dimethyl-2-phenyl- 

aziridinium ion has been studied in water, in the 

solutions of KC1 and CsCl and in different water -

- organic solvent mixtures. Also the product analysis 

of the solvolytic reaction in water - ethanol and 

water - methanol mixtures has been made. On the basis 

of these data it has been 'shown that the reaction oc­

curs according to the S^ 1 mechanism at neutral and 

acidic pH values, while this mechanism changes to S.̂ 2 

in alkaline solution. Data on the temperature depend­

ence of solvolysis rate at neutral pH and in differ­

ent water - solvent mixtures were described by the 

isokinetic plot and the isokinetic temperature, cal­

culated from this plot was 494°K.

Effect of solvents on the rate of the solvolysis 

at neutral pH has been described by a single - para­

meter version of the Koppel-Palm equation which took 

into account the general basicity of the solvent.

The aziridinium ions (II) form from tertiary 2-halogeno- 

ethylamines (I) through the intramolecular nucleophilic dis­

placement reaction1 :
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Hal
I

R - CH - UH0 - N 
t %

- Hal

R - CH - CH, 
Ч + /  ‘  

/ \

(I) (II)

In reactions with external nucleophiles the aziridinium 

ion can yield two types ol products (III and IV) of the nuc­

leophilic displacement reaction depending upon the particu­

lar reaction mechanism

Nu

R - CH - CH_ - N X 
R - CH - CH2 + Nu (III) 4 (if)

N 
✓ 4

R - CH - CH0 - Nu 
I 2
N

' \iv)

Secondary alcohols are formed from the aziridinium com­

pound in water at neutral pH , if a phenyl group stands for 

substituent R in (III)^. This fact points to the Sjj1 mecha­

nism of this reaction, which occurs through the carbonium 

ion (V) stabilized by the phenyl group^:

( Õ У  га - ca, -

(V)

Formation of this carbonium ion is the rate-limiting 

step of the displacement reaction. It can be assumed in ac­

cordance with tnis reaction mechanism that the observed proc­

ess rate is independent of the reactivity and nature of the 

nucleophilic reagent. Nevertheless, it was shown that the sol- 

volysis rate of the N,N-dimeuhyl-2-phenylaziridinium ion can 

be remarkably increased in alkaline medium as well as in neu­

tral medium in the presence of organic solvent (acetone )1 .

In the first case it can be assumed that the monomolecu-
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lar mechanism of hydrolysis transforms to the bimolecular 

substitution reaction of S^2 type1 . Acceleration of the re­

action in the presence of an organic solvent can be, however, 

explained also by solvent effects. With the purpose to elu­

cidate the mechanism of this solvolytic reaction and to spec­

ify these putative solvent effects the decomposition kinetics 

of the N,N-dimethyl-2-phenylaziridinium ion has been studied 

at different temperatures in water and in mixtures of water 

with ethanol, 2-propanol, acetonitrile, 1,4-dioxane, dimethyl- 

formamide, dimethylsulphoxide as well as in the presence of 

neutral electrolytes KC1 and CsCl. It has been established 

on the basis of this data and the results of the product anal­

ysis of the aziridinium ion solvolysis in HgO/EtOH and E^O/ 

MeOH mixtures that the reaction mechanism does not change 

due to the addition of organic solvents and the acceleration 

phenomena observed can be explained by the influence of the 

general basicity of the solvent.

Simultaneously, the influence of temperature, neutral 

electrolytes and dimethylsulphoxide has been studied on the 

rate of decomposition of the N,N-dimethyl-2-phenylaziridium 

ion in alkaline medium. The bimolecular S^2 mechanism of al­

kaline hydrolysis reaction of the N,N-dimethyl-2-phenylaziri- 

dium ion has been established proceeding from these results.

The complex of results obtained allows a more detailed 

discussion of the reaction mechanism of aziridinium ions with 

different biopolymers, including receptors and enzymes. The 

latter reactions are responsible for the high biological ac­

tivity of these compounds.

Experimental

Solvents were purified according to the recommendations 

in2 . The salts (KC1, NaOH, KH2PC>4, Na2HOP4 , CH^OONa) of anal­

ytical grade from "Reakhim" were used without the additional 

purification. Buffer solutions (0.1 M acetate buffer, pH 3.7, 

4.4, 5.2, b.b; 0.1 M and 0.15 M phosphate buffer,pH=6.2 and 

7.5) were made as described in3 . The pH of buffer solutions 

was measured at a PHM 82 pH-meter, "Radiometer", Denmark.All 

solutions were made up in bidistilled water.
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Synthesis and properties of N,N-dimethyl-2-chloro-2-phen- 

ylettiylamine hydrochloride were described in^. Solutions of 

N,N-dimethyl-2-phenylaziridinium ion were prepared by the dis- 

solvation of N,N-dimethyl-2-chloro-2-phenylethylamine hydro­

chloride in a 0.15 M phosphate burfer pH 7»5 immediately be­

fore the experiments. Formation of the aziridinium compound 

occurs at pH 7.5 and 25°C with half-lire of 12 s.^ The aliq­

uots of the aziridinium solution (C.l ml) were taken after a 

b>-minute preincubation and mixed with 2.9 ml of the reaction 

solution, containing solvents, sal;s, NaOH or buffer. Concen­

tration of N,N-dimethyl-2-phenylaziridinium ion in reaction 

mixture did not exceed 1 mM.

Decomposition kinetics of the aziridinium compound was 

followed spectrophotometrically by the decrease in the optic­

al density of the reaction mixture at A. = 269.5 nm. The UV- 

spectra of the initial compound (N,N-dimethyl-2-phenylaziri- 

dinium ion) and the product of its hydrolysis (F,N-dimethyl- 

-2-hydroxy-2-phenylethylamine) are shown in Fig. 1.

230 250 270 290
Xnm

Fig. 1. UV-spectra of N,N- 

dimethyl-2-phenylaziri- 

dinium ion (1) and N,N- 

dimethyl-2-hydroxy-2- 

phenylethylamine (2) in 

0.15 M phosphate buffer 

pH 7.5. Concentration of 

compounds 2 mM.

The changes observed in the spectrum of the initial com­

pound at Л = 269.5 nm were found to be independent of the 

composition of the reaction medium. Experiments were conduc­

ted in the temperature controlled cells on a Perkin Elmer 402 

spectrophotometer. The solvolysis reactions were followed dur-
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ing 5-6 half-lives. The observed first-order rate constants 

(k) were calculated by the differential method of Rudakov^:

In y? = const - k - ^  (3)

where - Di+1 ; Di and Di+1 denote optical density

of the solution at time moments ti and t^+1 ; _ ^i+^i+l .

2
Calculations of the first-order rate constants and statis­

tical treatment of the experimental data by means of a line­

ar least-squares regression programme were performed on an 

Iskra 1256 computer.

Pour-parameter linear correlations were madey using a 

multilinear regression programme written by professor V.Palm 

in language "EXPER" for a modified "Elektronika 60" computer, 

designed in Institute of Physics, of the Academy of Sciences 

of the ESSR.

The HPLC equipment has been used for the analysis of prod­

ucts of solvolysis of N,H-dimethyl-2-phenylaziridinium ion 

in water and in the water - ethanol and water - methanol mix­

tures. Analyses were done on 4.6x250 mm Zorbax ODS (C 18) col­

umns (Du Pont,USA). Eluent consisted of 90% methanol and 10%

0.05 M acetate buffer, pH 5,6. The column temperature was 

50°C, the pressure 90 bar. A solvent delivery system and a 

UV-detector from "Bruker" (PRG) were used for the analysis.

A SP 4100 integrator unit from Du Pont was used for the quan­

titative analysis of chromatographic data.

Results 

Influence of pH.

Decomposition of N,N-dimethyl-2-phenylaziridinium ion 

follows the first-order kinetics within the pH range from 1.1 

(0.08 M HC1) up to 13.8. This allows the determination of the 

first-order rate constant (k). The plot of log к vs. pH is 

shown in Pig. 2.

It can be seen, that there is a remarkable increase in 

the к-values in alkaline solution. The slope of the log к 

vs. pH plot in this region is 1.03 £ 0.07. This agrees with
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**ig. 2. Plot oi log к vs. 

pH for Bolvolysi8 of 

N,N-dimethyl-2-phenyl- 

aziridirium ion in 

water (1) and in 4.2 M 

DMSO solution in water 

at 25°C.

pH

tne oimolecular mechanism of the solvolysis reaction for which 

the second order rate constants (kgjj) can be calculated from 

к vs. CQH plot (Pig. 3):

к = к ОН "ОН (4 )

c NaOH‘ M

Pig. 3. Plot of kQH vs. 

NaOH concentration for 

decomposition of N,N-di' 

methyl-2-phenylaziridi- 

nium ion in water at 

25°C.
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Influence of organic solvents

There is also log к vs. pH plot for the 4.2 M dimethyl- 

sulphoxide solution shown in Fig. 2. It can be seen that ad­

dition of this solvent increases the rate of solvolysis of 

the N,N-dimethyl-2-phenylaziridinium ion in both neutral and 

alkaline media where the reaction is characterized by the 

first-order rate constant к and the second-order rate con­

stant kQH, respectively.

A more detailed analysis of solvent effects has been made 

at neutral pH . In this case the solvolysis kinetics has 

been studied in mixtures of water with ethanol, 2-propanol , 

acetonitrile, 1,4-dioxane, dimethylformamide and dimethyl - 

sulphoxide. The rate constants obtained are listed in Table 1.

It can be seen from this Table that the addition of organ­

ic solvents into the reaction mixture and the decrease of wa­

ter concentration in it leads, in general, to the increase in 

the solvolysis rate. This dependence can be formalized by 

the linearity between log к and the molar concentration of 

water in the reaction mixture (Fig. 4):

log к = log ks + ^ C H ^0

Fig. 4.- Plot of log к

vs. molar concentra­

tion of water, 25°C, 

pH 7.5 .

сн20
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fable 1

Solvolysia of N,N-Dimethyl-2-phenyl-aziridinium Ion in 

Water - Solvent Mixtures, 25^0, 0.01 M Phosphate Buffer 

pH 7.5

daolv,M

41олГ.о
 

1—1 с , 'м...... .solv,

7
о*•ОгН

С^ОН

0.85 0.54*0.07 8.35 2.56*0.03

1.15 0.58*0.03 10.0 3.85*0.05

3.60 0.93*0.03 12.4 6.18*0.50

4.15 1.01*0.03 13.95 10.1 *0.7

4.60 1.11*0.01 16.2 11.5 *0.8

5.75 1.65*0.05
(сн3) 2снон

1.30 0.81*0.05 6.45 2.05*0.05

2.57 0.99*0.04 7.75 2.67*0.09

3.85 1.34*0.08 9.0 3.58*0.08

5.17 1.65*0.06 10.25 4.85*0.14

CH3CN

1.91 0.462*0.03 11.5 0.732*0.05

3.85 0.468*0.03 13.4 0.813*0.04

9.55 0.643*0.04 1.4-Dioxane

1.76 0.724*0.04 4.69 1.37*0.06

2.35 0.714*0.03 7.05 2.08*0.09

2.93 0.872*0.05 8.22 2.93*0.13

3.52 1.07*0.11 DMPA

2.57 1.36*0.03 7.7 6.48*0.14

5.14 2.67*0.12 ю .з 22.3 *2.7

DMSO

1.41 1.05*0.10 7.06 7.55*0.37

3.52 1.61*0.07 8.47 11.9 *0.7

4.94 3.92*0.32
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Similar linearity can be obtained in the coordinates 

log к - molar concentration of organic solvent. The results 

of treatment of the experimental data in Table 1 by means 

of equation (5) are given in Table 2. Constants log ks ,cal­

culated from equation (5), characterize the solvolysis rate 

in pure solvents.

Table 2.

Rate Constants for Solvolysis of N,N-Dimethyl-2-phenyl- 

aziridinium Ion in Pure Solvents (k ) and Parameters of 

Polarity (Y), Polarizabil'ity (P), General Acidity and 

Basicity (E and B) of Solvents Obtained from^.

Solvent log ks Y P E В

H2° -4.35. 0.4907 0.27976 21 .8 156

c2H5OH -2.80 0.4Ь98 0.29908 11.6 235

(CH3)2CHOH -3.08 0.4601 0.309Ы 8.7 236

CHjCN -3.98 0.4803 0.28568 5.2 160

1,4-Dioxane -3.23 0.2231 0.33845 4.2 237

DMFA -2.38 0.4798 0.34143 2.b 291

DMSO -1.96 0.4848 0.37212 3.2 362

These rate constants were further analyzed by means of 

the Koppel-Palm equation^:

log kS = log k80 + yY + pP + eE ♦ bB (b)

which takes into account the polarity and polarizability 

(Y, *) as well as the general acidity and basicity of sol*- 

vents (E, B). y, p, e and b denote the appropriate intensity 

factors.

In the case of the N,N-dimethyl-2-phenylaziridinium ion, 

solvolysis, equation (6) can he remarkably simplified, as 

the statistically satisfactory description of experimental 

data can he obtained by using the В-parameters only:

log ks = log k80 + bB (7)
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The results of data fitting are as follows:

log kSO = -5.82 * 0.35 , b = 0.0113 ± 0.0014

sQ= 0.319, s = 0.249, R2= 0.858

where sQ and s denote the standard deviation in normalized 

and natural scales. The plot of log ks vs. В is illustrated 

in Fig. 5*

В

Fig. 5. Plot of log ks 

vs. B-parameter for 

general basicity of 

solvents.

In alkaline medium the second-order rate constants were 

measured in mixtures of water and dimethylsulphoxide (Ta­

ble 3, Fig. 6).

Table 3.

Alkaline Hydrolysis of N,N-Dimethyl-2-phenylaziridinium 

Ion in Water-DMSO Mixtures at 25°C.

CDMS0,M Ю2 • k0H,M"1s"1 °DMS0,M 102 . кон, M-1.-1

1.4 1.30 - 0.13 4.2 2.79 ± 0.59

2.8 2.02 ± 0.29 5.7 4.10 ± 0.25
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c DMSO

Fig. 6. Plot of log kQjj 

vs. DMSO

concentration at 

25 °C.

It can be seen in Pig. 6 that in the case of the bimole* 

cular reaction also the linearity between log k ^  and the

molar concentration of organic solvent can be obtained.This 

.allows also to estimate the rate constant for pure DMSO - 

kg“30 = 0.343 M-1sec"1 (25°C).

Salt Effect

Neutral electrolytes added into the reaction medium show 

different influence on the decomposition reaction of aziridi­

nium ion in neutral and alkaline media. In the former case 

there is no primary salt effect and a small decrease in the 

к-values in saturated KC1 and CsCl solutions if compared with 

the reaction rate in pure water (Pig. 7]̂  can be explained 

with salting effect^.

Pig. 7. Errect of KC1 and 

CsCl on solvolysis rate 

of N,N-dimethy1-2-phenyl- 

aziridinium ion in water 

at pH 7.5 and 25°C.

0 2 4 6

сsalt
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In case of alkaline hydrolysis, a remarkable negative 

primary salt effect is revealed (Pig. 8) pointing to the 

participation of two ions of opposite charge in this re­

action.

Pig. 8, Effect of KC1 on 

rate or alkaline 

hydrolysis of N,W-di- 

methyl-2-phenyl-aziridi- 

nium ion, 25°C

0 1 2  3
c k c i  • M

Effect or Temperature

Thermodynamic parameters were calculated for the solvo- 

iysis reaction of N,N-dimethyl-2-phenylaziridinium ion in 

water and in water - solvent mixtures at pH 7.^ making use 

of the following equations:

к Ф
In = const - a  H 

RT

д = -RT In
В *

д s* .  "  Л*1
T

where Д ̂  stands for activation free energy, д. H^ and д

denote the activation standard enthalpy and entropy changes,

R - universal gas constant /a J \, kr, - the Boltzmann
lö*31 mõT-K' B

constant (1.38.10 ^  ^ h - the Planck constant
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(9)

(10)
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(6.62*10“ 34 J.в).

The plot of In к vs. тр are shown in Pig. 9

Pig.9. Effect of tempera­

ture on the rate of 

N,N-dimethyl-2-phenyl- 

aziridinium ion solvo­

lysis in water (1) and 

in water-ethanol mix­

tures: 5.2M ethanol (2)«

10 M ethanol (3),

1J.9 M ethanol (4).

It can be seen that within the whole temperature in­

terval investigated (from 20° to 70°C), good linear relation­

ships were obtained. The thermodynamic parameters calcula­

ted from Eqns. (7-9) are listed in Table 4.
Table 4

Thermodynamic Parameters for the Solvolysis of N,N- Di­

met hyl-2-Phenylaziridinium Ion in Water and in Water- 

-Solvent Mixtures at pH=7.5

А H  A  ̂ »mõT^K

H 20 82.95-5.07 -49.45*0.02

5.2 M C2H5OH 

10.0 M C2H 5OH 

13.9 M C2H5OH

75.23*4.19 

70.54*2.60 

62.73*8.34

-66.64*0.02

-74.87*0.01

-93.03*0.03

4.1 M DMSO 75.60*5.66 -61.13*0.03

6.8 M DMSO 71.15*3.90 -66.62*0.04

5.0 M DMPA 74.01*6.29 -63.27*0.02

9.9 DMPA 66 .16*5 .64 -74.50*0.04

Alkaline hydrolysis (h 2o ) 64.61*6.96 -64.87*0.03

( 1 / T ) 1 0 3
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Eqns. (7-9) were used also for the analysis of temper­

ature effects in the alkaline hydrolysis of N ,N-dimethyl-2- 

phenylaziridinium ion (Pig. 10). The results of this analysis

are given in Table 4, too.

( 1 / Т ) Ю 3

Fig. 10. Effect of tem­

perature on the rate 

of N ,N-dimethyl-2- 

phenyl—aziridinium 
ion alkaline hydroly­

sis.

Product Analysis

Solvolysis of N,N-dimethyl-2-phenylaziridinium ion in

water (pH 7.5) yields a single product (Pig. 11A) which can

be identified as N,N-dimethyl-2-hydraacy-2-phenylethylamine

by HPLC. For the solvolysis product V = 3.39 -  0.06 and for
4 +the standard compound obtained in V = 3.41 - 0.05.

M I  r ,
Б

, I
I 23%СНзОН

. 174%C2H50H

--1—Ik  l 1_|----- IVJV------1---------L
2 U 6 Õ 

\/.ml

Pig. 11. HPLC analysis 

of solvolysis products 
foe decomposition of 

N ,N-dimethyl-2-phenyl- 
aziridium ion in water 

(A), in water-methanol 

mixture (67:23w/w) (B) 
and in water-ethanol 
(26:74w/w) mixture (0).
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In the presence of ethanol and methanol in the reaction mix­

ture the solvolysis reaction yields two products (Pig. 11 

В, C). In these both cases one of the products can be iden­

tified as the aminoalcohol formed through the hydrolysis of

the aziridinium ion (V = 3.36*0.07). Other products which
6

formed in water-ethanol and water-methanol mixtures, had the 

values 3.98*0.08 ml and Ve = 4.18*0.06 ml, respectively. 

That points to their different structures. Consequently, al­

cohols, added into the reaction mixture, participate in the 

solvolysis reaction as nucleophilic reagents. The ratio of 

product concentrations formed by water and alcohol increase 

proportionally with the increase in the ratio of molar con­

centrations of water and alcohol (Pig.12). This proportionali­

ty can be formalized by the following equation :

( 11)

Pig. 12. Dependence of the 

ratio of N,N-dimethyl-2- 

-phenylaziridinium ion

hydrolysis and alcoho-
H 0

lysis products (Prod 2
Q

and Prod ) upon the ra­

tio of water and alcohol 

molar concentrations in 

the reaction mixture.

CS /  CHgO

The data treatment gave for water-methanol mixtures a =

= 0.39 * 0.82, b = 2.88 * 0.67 and for water - ethanol mix­

tures a = 0.29 * 0.23» b = 1.21 * 0.20

Discussion

The results obtained show that the decomposition of N,N-

H 20

where a and b are the constants.
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-dimethyl-2-phenylaziridinium ion can occur through two re­

action mechanisms. The second order reaction of Sjj2 type 

with the hydroxyl ion as a nucleophile takes place in alka­

line medium. This conclusion can be drawn proceeding from 

the fact that the reaction is a first order one with re­

spect to the concentration of alkaly (Pig. 3)» Consequently, 

the interaction between the ionic reagents with opposite 

charges takes place in the rate limiting step and the pri­

mary kinetic salt effect should manifest itself in this case. 

Indeed, this salt effect has been found in KC1 solutions ae 

shown in Pig. 8. Thus, the present results confirm the con­

clusion made in literature1 about the incrusion of the Sjj2 

mechanism of decomposition of aziridinium ion in alkaline 

medium.

The second type of reaction mechanism of N,N-dimethyl- 

-2-phenylaziridinium ion decomposition can be observed at 

neutral and acidic pH where water participates as a nucleo­

philic component of the solvolysis reaction. It has been 

shown in literature1 by the establishment of the product 

structure for the hydrolysis reaction of N,N-dimethyl-2-phe- 

nulaziridinium ion that the most reliable solvolysis mecha­

nism is Sjj1 , which involves monomolecular fission of CN bond 

on the rate-limiting step and the formation of the carbo- 

nium ion (V). However, it is impossible to prove such a S^l 

reaction path by variation of water concentration in the re­

action medium without changing other rate - determining fac­

tors.

Thereby, alterations in the structure and reactivity of 

the nucleophilic component may change the rate of aziri­

dinium ion solvolysis. This phenomenon is connected with the 

change in the reaction mechanism. But, a remarkable increase 

in the rate of solvolysis can be achieved also by the addi­

tion of organic solvents into the reaction mixture. As these 

incredients can as well participate in the solvolysis reac­

tion as the nucleophilic reagent, the acceleration effect 

can also be connected with the change in reaction mechanism* 

However, there exists another possibility where the accele­

ration is connected with solvation effects on the carbouium
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ion rormation step.

With the purpose of differenting between these two alter­

natives we have studied the solvolysis reaction of N,N-di- 

methyl-2-phenylaziridinium ion in water-ethanol mixtures. 

The addition of ethanol into the reaction mixture remarkably 

increases the reaction rate (Pig. 4) and the linearity be­

tween the logarithm of the apparent rate constant and molar 

concentration of water as well as ethanol can be observed.At 

the same time, the ratio of concentrations of two solvolysis 

products, formed in water-ethanol mixture is proportional 

to the ratio of molar concentrations of water and ethanol 

(Pig. 12). Thus, the acceleration of the reaction by ethanol 

and the formation of the alcoholysis product follow different 

regularities. For example, in 14 M ethanol solution in water 

the apparent reaction rate increases 22.6 times, while the 

ratio of the alcoholysis and hydrolysis is only 1.6. Hence, 

the acceleration of the N,N-dimethyl-2-phenylaziridinium ion 

decomposition by organic solvents can not be explained by bi- 

molecular mechanism because in this case the ratio of the two 

products, formed by parallel reactions of hydrolysis and al­

coholysis should change proportionally to the increase in the 

reaction rate.

Thus, it can be concluded that the decomposition of the 

aziridinium ion in water and in water-alcohol mixtures has 

a common S^l mechanism. This conclusion is supported also by 

the analysis of temperature effects on the solvolysis reac­

tion in water.and water-solvent mixtures. The linearity be-
45® 20°

tween log к and log к shown in Pig. 13» corresponds to

the isokinetic nature of this process in different reaction

media and refers to a common reaction mechanism.

Isokinetic temperature ß, calculated from equations (12)

and (13) о
log k4  ̂ = const + dC log k'

.20 (12)

(13)

was found to be equal to 494°K
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45°
Pig. 13. Plot of log к 3 

vs. log k20° for N,N-

О

-dimethyl-2-phenylaziri- 

dinium ion decomposition 

in different water - sol­

vent mixtures

-L -3

Eqn. 6 takes into consideration four different solvation 

mechanisms. The statistical analysis of the experimental data 

revealed that only the general basicity is important for the 

solvolysis of N,N-dimethyl-2-phenylaziridinium ion. This 

type of specific solvation effect assumes the formation of 

donor-acceptor complexes between solvent molecules and the 

acidic (electrophilic) center of the reagent molecule. Such 

acidic centers in the molecule of N,N-dimethyl-2-phenylaziri- 

dinium ion which is the initial state for the reaction stud­

ied, is the hydrogen atom at the second carbon atom of the 

aziridinium cycle.

Formation of two acidic centers can be assumed in the 

structure of the activated complex which precedes the carbo- 

nium ion intermediate of the solvolysis reaction. Firstly, 

analogously with the initial state, acidic properties charac­

terize the hydrogen atom at the second С-atom of the aziridi­

nium cycle. Secondly, a new electrophilic center arises

N

/  \
CH

3
CH

3

(VI)
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through the formation of a free or partially free orbital at 

the carbon atom in the same position of the aziridinium cy­

cle. due to the dissociation of C-N bond. Interaction of a 

solvent melecule with the hydrogen atom, as shown in the 

following scheme (VII),

H ...S

•3 /
N

/  \
CH3 CH3

(VII)

seems to be more reliable for steric reasons. According to 

schemes (VI) and (VII), there is also no change in the struc­

ture of the solvated complex through the activation process. 

Moreover, scheme (VII) does not contradict the results of 

product analysis given above.

In order to further study the structure of the sol­

vent - ligand interactions in the decomposition reaction of 

the aziridinium cycle, it would be interesting to deal with 

derivatives in which the hydrogen atom in the second posi­

tion of the aziridinium cycle is replaced by deuterium or 

tritium atoms or by some other substituents which modify the 

ability of the aziridinium cycle to form complexes (VI) and

(VII).

The authors are grateful to professor V»A. Palm for the 

program of multilinear regression analysis and for the dis­

cussion of the results.

References

1. N.B* Chapman4and D.J. Triggle, J. Chem. Soc., 1385 

(1963)
2. M. Protiva, "Laboratorni Technika organick£ chemie 

(B. Keil, Ed.). Naklad. Ceskoslovenskl Akad. V£d,

Prague, I963
3. Biochemists' Handbook. Edited by C. Long, D.van Nostrand 

Co. Inc., Princenton, New York 1961

256



4. P. Palumaa, A. Mähar, and J. Järv, Bioorg. Chem. 11,

394 (1982)

5. E.S. Rudakov, Kinetika i kataliz 1, 177 (1966)

6. V.A. Palm, "Foundations of the Quantitative Theory of
ц

Organic Reactions. Khimiya, Leningrad, 1977 (in Russ.)

7. J. Järv, T. Kesvatera, and A. Aaviksaar, Acta et 

comment. Univ. Tartuensis, 384. X(2), 104 (1976)

257



C O N T E N T S

N. P a 1 m and V. P a 1 m, Determination of the 

Kinetic - Equilibrium Parameters of the Reaction 

of Triphenylaluminium with Benzophenone . . . .  131

_jy. Ya. P a i n ,  L.Ya. К 1 i о t, and B.E. Z a i t ­

s e v ,  Proportional Susceptibility of Substituted 

Anthraquinone and Nitrobenzene to the Solvents of 

Long-Wavelength Absorption Peaks ..................  142

A.P. P o p o v ,  A.A. M a t v e e v ,  Zh. P. P i s - 

к u n о v a, and V.A. P a l m ,  Factors Effecting 

the Rate of Menshutkin Reaction 2. Interdependence 

of Reagents’ Structure Effects .........  . . . . .  153

L.M. L i t v i n e n k o ,  V.A. S a v  e l o v a , ,

T.N. S o l o m o i c h e n k o ,  V.G. Z a s l a v s ­

k i j ,  and T.V. V e d ,  Nucleophilic Catalysis with 

Tertiary Amines in Formation Reactions of Amides of 

Arylsulfonic Acids. Catalytic Activity of 4-Dimethyl- 

aminopyridine .........................................  162

L.M. L i t v i n e n k o ,  V.A. S a v e l o v a ,

T.N. S o l o m o i c h e n k o ,  V.G. Z a s l a v s ­

k i j ,  and T.V. V e d ,  Nucleophilic Catalysis with 

Tertiary Amines in Formation Reactions of Amides of 

Arylsulfonic Acids. "Anomalously" High Catalytic 

Activity of 1,4-Diazabicyclo-[2,2,2|-Octane. . . . 176

L.M. L i t v i n e n k o ,  V.A. S a v e l o v a ,

V.G. Z a s l a v s k i j ,  T.N. S o l o m o i ­

c h e n k o ,  A.A. Y a k o v e t s ,  I.M. K o z h e ­

m y a k i n a ,  and L.A. P l o t n i k o v a ,

Nucleophilic Catalysis with Tertiary Amines in 

Formation Reactions of Amines or Arylsulfonic Acids.

First Stage Kinetics and Mechanism ..................  184

258



L.M. L i t v i n e n k o ,  V.A. S a v e l o v a ,

T.N. S o l o m o i c h e n k o ,  V.G. Z а в 1 a v- 

в к i j, and I.M. K o z h e m y a k i n a ,

Nucleophilic Catalysis with Tertiary Amines in 

Formation Reactions of Amides of Arylsulfonic Acids. 

Kinetics and Mechanism of Second Stage . . . . . • •  204

Ya.M. V a s y u t i n ,  V.Ya. Z h u k o v s k i j ,

R.G. M a к i t r a, and Ya. N. P i r i g, Interaction 

of Benzyl and Allyl Alcohols with Solvents . . . . .  214

H. К u u r a and M.M. K a r e l s o n ,  Non-Electro­

lyte Effects on the Structure of Lithium Chloride 

Solutions in Isoamyl Alcohol ....................... .. 220

H. К u u r a and M.M. K a r e l s o n ,  Non-Electro­

lyte Effects on the Structure of Ammonium Rhodanide 

Acetonitrile Solutions .............................. . 229

P. P a l u m a a ,  U. S o o m e t s  and J. J ä r v,

Effects of Reaction Medium and Temperature on Solvo­

lysis of N,N-Dimethyl-2-Phenylaziridinium Ion. . . .  238



РЕАКЦИОННАЯ СПОСОБНОСТЬ ОРГАНИЧЕСКИХ СОЕДИНЕНИЙ.
Том Х Ш . Вып. 2(78). Июнь 1985.
На английской языке.
Тартуский государственный университет.
ЭССР, 202400, г.Тарту, ул.Юликооли, 18.
Ответственный редактор В. Пальм.
Подписано к печати 5.D7.I985.
Формат 60x84/16.
Бумага писчая.
Наиинопись. Ротапринт.
Условно-печатных лиотов 7,67.
Учетно-ивдательоких листов 7,09. Печатных лиотов 8,25 
Тира* 350.
Заказ *  709.
Цена I руб. 10 коп.
Типография ТГУ, ЭССР, 202400, г.Тарту, ул.Пялсона, 14


	N. Palm and V. Palm. - Determination of the Kinetic - Equilibrium Parameters of the Reaction of Triphenylaluminium with Benzophenone
	V. Ya. Pain, L.Ya. Kliot, and B.E. Zaitsev. - Proportional Susceptibility of Substituted Anthraquinone and Nitrobenzene to the Solvents of 
Long-Wavelength Absorption Peaks
	A.F. Popov, A.A. Matveev, Zh. P. Piskunova, and V.A. Palm. - Factors Effecting the Rate of Menshutkin Reaction 2. Interdependence of Reagents’ Structure Effects
	L.M. Litvinenko, V.A. Savelova, T.N. Solomoichenko,V.G. Zaslavskij, and T.V. Ved. - Nucleophilic Catalysis with Tertiary Amines in Formation Reactions of Amides of Arylsulfonic Acids. Catalytic Activity of 4-Dimethylaminopyridine
	L.M. Litvinenko, V.A. Savelova, T.N. Solomoichenko, V.G. ZaslavskiJ, and T.V. Ved. - Nucleophilic Catalysis with  Tertiary Amines in Formation Reactions of Amides of 
Arylsulfonic Acids. "Anomalously" High Catalytic Activity of 1,4-Diazabicyclo-[2,2,2|-Octane
	L.M. Litvinenko, V.A. Savelova, V.G. Zaslavskij ,T.N. Solomoichenko, A.A. Yakovets, I.M. Kozhemyakina, and L.A. Plotnikova. - Nucleophilic Catalysis with Tertiary Amines in 
Formation Reactions of Amines or Arylsulfonic Acids. First Stage Kinetics and Mechanism
	L.M. Litvinenko, V.A. Savelova, T.N. Solomoichenko, V.G. Zaslavskij, and I.M. Kozhemyakina. - Nucleophilic Catalysis with Tertiary Amines in Formation Reactions of Amides of Arylsulfonic Acids. Kinetics and Mechanism of Second Stage
	Ya.M. Vasyutin, V.Ya. Zhukovskij, R.G. Makitra, and Ya.N. Pirig. - Interaction 
of Benzyl and Allyl Alcohols with Solvents
	H. Kuura and M.M. Karelson. - Non-Electrolyte Effects on the Structure of Lithium Chloride Solutions in Isoamyl Alcohol
	H. Kuura and M.M. Karelson. - Non-Electrolyte Effects on the Structure of Ammonium Rhodanide Acetonitrile Solutions
	P. Palumaa, U. Soomets and J. Järv. - Effects of Reaction Medium and Temperature on Solvolysis of N,N-Dimethyl-2-Phenylaziridinium Ion
	Contents

