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Photoelectron spectra (PES) of CP^C0NH2 , 
FCHgCONHg and (Ме2Ю 2С0 have been measured. They 
were studied by means of semiempirical (HAM/3 and 
CND0/2) and nonempirical (Gaussian 80 program sys­
tem, ST0-3G and 3-21G basis sets) calculations.

It has been established that in case of 
CF3CONH2 and FCH2C0NH2, in PES, the first band 
corresponds to nQ-orbital, while in (Me2N)2C0 to 
the latter corresponds the 3rd band. In CP^C0NH2 
spectrum, the 2nd band corresponds to orbi­
tal, and in (Me2N)2C0 spectrum - the 4th band.

We have also observed some cases of violation 
of Koopman's theorem in PES of amides in case of 
higher occupied MO.

In the previous work1 of this series we studied the 
structure and PES of various alkyl derivatives of hydroxyl- 
amine. These compounds are a matter of interest, since they 
actually contain the oxygen atom with two lone electron 
pairs, and a nitrogen atom with one lone electron pair. Ac­
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cording to the quantum chemical calculation with a full op­
timization of geometry, the conformation in which the lone 
pairs are turned relative to each other as much as possible 
is the most stable one in such compounds. In the PES of hy- 
droxylamines the bands corresponding to the ionization of 
nitrogen and oxygen lone pairs have been rather well se­
parated between each other. The nitrogen atom has been 
found to function as a protonation center.

In the present work, an attempt has been made to solve 
similar problems concerning certain amines, in the case of 
which the situation is a bit different, since they are si­
tuated near the amino-group of the double CO-bond of the 
carbonyl group. The PES of some amides have also been re - 
corded, but in order to interprete the latter, quantum che­
mical calculations at different theoretical levels were in­
volved.

Experimental

The equipment and the technique of determining ioniza­
tion potentials (IP) from PES were described in the first 2paper of this series . The PES of molecules presented in 
Pig. 1 are the mean of repeated spectrum scanning.

The reagents produced by "Aldrich" were used.
Semiempirical CNDO/2 calculations were conducted with 

original parametrizetion3, using Pople’s standard program. 
The following "optimum" bond length and valence angle va­
lues^ have been accepted: CO = 0.121Ä, CN = 0.135Ä, CC =
0.155Ä, NC = 0.147Я, CP = 0.138Ä, NH = 0.102Ä, CH = 0.109Ä, 
Z.HNH = 107°, Z.CCF a 108.5°, carbon in carbonyl group is 
in the sp2-hybridization, in either methyl or CP^-group in

-1  3the sp -hybridization state.
The program^ adapted for a EC-1060 computer was used 

in.semiempirical HAM/3 calculations. As a rule, experimen­
tal geometry was used in these calculations. In the case of 
the absence of the latter, the geometry established by a 
full optimization of the bond lengths and valence angles 
using nonempirical calculation (the 3-21G basis set was
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Fig. 1. Photoelectron spectra of some amides.
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applied). In good approximation, the geometry corresponds^ 
to the experimental one.

Nonempirical calculations of molecules with a full op­
timization of the geometry by means of either the gradient
or the Sargent-Murtagh methods were conducted using the 6 7standard programs * of the Gaussian-80 system.

All quantum chemical calculations were conducted on a 
EC-1060 computer of the Computing Center of Tartu Univer - 
sity.

Table 1 contains the corresponding IP of molecules,de­
termined from the PES, as well as literature data, used in 
this report for the purposes of comparison. The IP values , 
calculated by means of quantum chemical methods according 
to Koopmans can also be found there. The full energies of 
molecules reached in calculations are also given. As for 
the 3-21G basis set, the optimum bond lengths and valence 
angles have also been included. Standard symbols have been 
used in order to denote the MO symmetry and the approximate 
nature of its localization.

Discussion

Amides are of certain interest as to the interprets - 
tion of PES : 1) in these molecules the two interacting and 
competing ionization centers exist, 2) owing to the parti - 
cipation of lone electron pairs, the neighboring groups tack­
le the problems of conformational structure of those molec­
ules. The former matter seems to complicate the interpreta­
tion of the PES of the compounds, so that a substantial mix­
ing of the orbitals tends to take place. At the same time, 
competing ionization centers remarkably differ from each 
other both in the energies of lone pair orbitals and in the 
number of electron pairs. The matter of conformation is of 
special importance also when interpreting PES, because this 
determines the sequence and the energies of MO-s.

The authors of papers^* ̂  come to the conclusion 
that the semiempirical CNDO/2 method cannot sufficiently and 
adequately enough describe the system including the n-n and
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n-df interactions. When comparing the pyramidal structure 
of the NR^Rg group (like in amines) with the planar struc­
ture of the R1(COjNRgR^-framework, it turned out that in 
the case of II alkylsubstituted amides, calculated by means 
of this method the planar* structure was more stable. The 
difference in their energies is diminishing parallel with 
the gain of the volume of the substituents at the nitrogen 
atom (in kcal/mol): HCONH2 -29, MeCONHg - 25,Me(CO)NHMe-
17, MeCONMe2 - 9, (NH2)2C0 - 9, (NHMe)2CO - 7.

Our nonempirical calculations of the acetamide using 
the 3-21G basis set refers to the finding that the planar 
structure is more stable in excellent agreement with expe - 
rimental results1 The planar conformation of monofluoro - 
acetamide is, according to the results of semiempirical 
CNDO/2 calculations by 7 kcal/mol more stable than the pyra­
midal one, while according to nonempirical calculation using 
the ST0-3G basis set, the difference is 8.5 kcal/mol.

We have carried out a more detailed study of the struc­
ture of trifluoroacetamide.Let us mark the deflection angle 
between the direction of the nitrogen lone pair and С = 0 
group as ^ , and the angle between С = 0 and NH-bond (the 
pyramidality level) in a simplified Newman projection of 
the molecul as cL (see the Scheme):

0

It can be stated on the basis of nonempirical calculations 
in the minimal ST0-3G basis set that the most stable struc­
ture can be traced when the nitrogen lone pair is perpendi­
cular to the CO-bond ( 90°) and the hydrogen atoms of
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NH-group have been turned out from the carbonyl group plane 
by 0{/ ~ 27.2° (pyramidal nitrogen ). The valence angle 
^HNC* 113.0°. The conformation with vf = 0° ( <* = 59.42°) 
is by 8.4 kcal/mol and the one with j? = 180° ( ai = 55.88°) 
is by 7.3 kcal/mol more stable in comparison with the above- 
mentioned conformation.

For this molecule the Walsh diagram (Fig. 2) shows 
that a rather firm stability of the corresponding perpendi­
cular orientation of the nitrogen lone pair relative to the 
С = 0 bond can be reached via a sharp stabilization of the 

orbital.

V>

Fig. 2. The Walsh diagram for CF^CONHg. ST0-3G cal­
culation (all conformations have been totally 
optimized).
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Ionization Potentials of Some Amides, Determined from PES and Orbital Energies 
(- L±), in eV Calculated According to Various Methods

1. MeCONH2

a CND0/2b HAM/30 3-21Gd

Table

v - t± MO - £i MO - 6± MO

10.0 13.05 3a"
10.4 13.30 9a'
13.0 16.27 8a
14.1 17.31 2a"
14.5 18.13 7a'
15.4 22.43 6a'
16.0 23.04 5a'
18.0 23.78 1a"
19.4 24.82 4a'
23.9 36.26 3a'

8a - see , g_also 11. ъ ; b

ST(o ,n ) 10.07 13a' n0 10.75 3a"
no 10.12 3a" ”n 11.04 13a'
°C0’ 12.84 2a1' ^00 14.17 2a"
nN’ ^CH. 13.72 12a' 15 .2 2 12a'
^CH’ N̂H 13.96 11a' 15.49 11a'
V ĈH., 14.99 10a' 16.82 1a"J 14.99 1a" 17.86 10a'

18.23 9a' 19.58 9a'
18.92 8a' 21.53 8a'
23.22 7 a' 27.37 7a'

n0 r-
^CO’ nN’J'CH3 
«■oh 
^0°

’ JIC0,nN
n0

!tot = “ 48.0418 a.u., this work; с - see ; d - Etot * “ a.
this work; optimum geometry: CO = 1.2154Ä, CC = 1.5167Ä, CH1 = 1.0782Ä,CH=1.0845X,CN=1.3597Ä, 
NH=0.9958i^3C0=123.30°^HCC = 108.68°,ZÜCH = 108.60°,£NC0 = 123.01°,ZHNC = 120.74°
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Table 1 continued
2. FCH2CONH2

CNDO/2 b HAM/ if STO-.30d 3-21Ge
lpaV - £ 1 MO - *i MO - 4 MO - ^i MO

10.38 13.,44 4a" X  (c>,N) 9.,98 11a' no 8..38 4a" 3T( N.0) 11.23 4a" *T(N,0)
10.68 13.,56 11a' n0 10.,45 4a" ^(N,0) 8..68 16a' no 11.50 16a' n0
12.99 16.,63 10a' ^CO’'“cH, 12.,28 3a" nF* ̂ CH, 11..66 3a" Пр, ^CH, 14> .18 3a" ”f »̂ ch9
13.91 16..77 3a" nN»- “F 3 13.,20 10a' n* 2 12..52 15a* Пр, •15.09 15a' *F ^
14.47 19.,22 9a' HF 13.,92 2a" *̂ co* “f 13..33 2a" 3TC0’nN 16.00 2a" “f * ̂ CO15.18 20..02 8a» nF 14..70 9a' n0 13..64 14a' n0. 16.77 14a' n0’ nF
16.39 20..47 2a" Пр, “n 16.,34 8a' *̂NC ,CC,CF 15..26 13a' ■» 17.56 13a' nF

a - IP^15 = 10.19 eV, IP^2) = 12.62 eV; this work; 
b - Etot = - 75.0158 a.u., this work; 
с - optimum 3-21G geometry; this work; 
d - Etot * -302.7231 a.u., this work;
e - Etot = J ЗО5 .119 9 a.u., this work, optimum geometry* CO = 1.2089i, CC = 1.5197Ä, CF = 

1.3897Ä, CH = 1.0808Ä, CN = 1.3569Ä, NH = 0.9965&,ZCC0 = 123.69°,ZFCC = 109.17°,4HCH = 
109.28°,^NC0 = 124.45°,ZHNC = 121.04°.



Table 1 continued
3. cf3conh2

<
НАМ/3 STO-■3G° 3--21G °

-Ei MO -*i MO -*i MO

11.23 10.72 13a1 n0 9.17 n0’nN 11.89 8a" 1T(N,0)
11.04 8a" ЧГ(Н,0)' 9*73 j/4N,0) 12.58 20a’ no

14.81 14.57
U.71

7a"
12a'

tfco
«О*"?

12.91
12.93

nF
*F

16.51 7a" ^CO

15.42 15.26 6a" nF 13.11 n0’nF 16.58 19a’ žo

16.02
15.48
15.88

11a'
10a' nF’°0 13.49 °F 17.76 6a" nF

16.37
15.92
16.50

5a"
4a"

*f
nF 13.68 ^"cO,nF 17.98

18.01
5>a"
18a*

“f
У17.30 

18.1e
16.76
18.03

9a’
8a’

nF
°HH

14.15
14.60

“F
*f

18.30
19.25

17a'
16a' “o,nF

°F

18.4e 
20.7е

19.29
20.12

3a"
2a"

< W
nF

15.32
16.76

50
îra2

19.27
20.08
22.04

4a"
15a’
14a’

nF
°MH
°NH

20.14 1a" 22.40 3a" nF

21.8е 21.29 7a’ 18.09
18.18
18.68

22.53
24.22

13a'
12a’

^NF

24.7е 24.32 6a' 20.41 27.89 11a'

a - ipf1^  10.77 eV, ipf2)= 14.16 eV; this work, see also8;
• Яb - optimum 3-21G geometry; this work, see also ;

с - = - 497.6553 a.u., this work.
d - Etot = - 501.7883 a.u., this work; optimum geometry:

CO = 1.2063Ä, CC = 1.5191Ä, CF1 = 1.3517Ä, CP = 1.3316X,
CN = 1.3408Ä, NH = 0.99698,лССО « 121.51Я,^РСС - 111.78°,
<ÜFCF = 106.44°, zlNCO = 126.99°, ̂ HNC = 120.75°

e - see8.
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Table 1 continued
4. (Ме2Ю 2СO'

CHDO/2 Ь HAM/3 ° STO-3G d 3-21G e"IP
- £ ± mo - t± mo - S± mo - £i mo

8.72 12.69 8a 1 nN 8.15 nN 7.05 4bi STOf.o) 9.94 17a*
8.99 12.94 7b2 ^0 8.69 JT(0,N) 7.58 3a2 nN 9.98 15a" ST(N,0)
9.98 13.42 6b̂ J co 9.27 no 8.37 11bp no 11.31 14a" no12.98 13.92 6b2 nN 12.08 Я“со 12.23 3b-| fico IГ13.66 13a"
13.76 16.36 3a2 ĈH 12.62 °CH 12.29 14a1 °со IV113.74 16a* ^ c14.77 16.76 5b2 no 12.82 ^co 12.70 юь2 \13.82 12a" ^CO15.96 17.41 5b 1 ĈH 13.30 13.34 9b2 V 14.67 11a"
17.22 18.49 7&2 °CH 13.36 13.80

14.17
13a1
2a2 n l

|14.98
|15.34

15a''
a'

14.65 » 1 I115.38 a"

VI ij
;i5.8o
116.01

a'
a"

V III16.88 a'
- IP*1* = 8.46 eV, this work; see also12; b - BtQt = - 86.5672 a.u. 

с - ST0-3G-optimum geometry;
d - - - 375.3131 a.u., e - Etot = “ 377.9521 a.u., Incomplete optimization: CO = 1.232Я*

HG(=0)»1.422i, CN1=1.505Ä, CN2 = 1.495Ä, HC = 1.079.ZNC0 = 121.3° ,/.CNC1 = 113.2°,ZCNC =
125.0° ,̂ HCN =111.9"



The calculations with a split-valence 3-21G basis set 
which usually leads to a more adequate geometry of mole - 
cules, also show that in the case of the most stable con - 
formation ^ = 90°. In contrast to the minimal ST0-3G basis 
set, the split-valence 3-21G basis set foretells that the 
NH2-group cannot be a pyramidal but a strictly planar one 
C cC- 0°).

A sharp drop in the energy of CO-bond in the case of 
perpendicular ( = 90°) orientation of the lone pair orbi­
tal of nitrogen relative to the С = 0 bond axis is in keep­
ing with the classical chemical viewpoint about resonance 
interaction of these groups namely in this structure . A 
maximum delocalization of the ЗГ-electron charge is reach­
ed.

The molecule of tetramethyl urea has been calculated 
using the nonempirical method in the minimal ST0-3G basis 
set, this yields the structure with planar NR-jRg-framework 
( ^ = 90° , cL = 0), which can also be confirmed by the 
calculations in the split-valence 3-21G basis set.

In order to avoid the mistakes connected with the use 
of the Koopmans' theorem, the authors of1̂  have calculated 
the corresponding cation-radicals of acetamide on the bases 
of an extended "double zeta" basis set. The calculations' 
results and the analysis of the vibrational structure of 
the PES bands showed that the highest occupied MO in the 
molecule is nQ(10a'), the next one being <JJ"2(2a"), while 
the application of the Koopmans' theorem leads to the re­
versed sequence of orbitals. In the case comparison of vi­
brational band structures, for methyl-substituted amides 
HCONHMe and HC0NMe2 the sequence * J12, nQ has been obtained. 
This can be explained with the destabilization of the Öf̂ - 
orbital at methyl substitution. The comparison of the vi - 
brational structure of the bands of the basic state and ca­
tion-radical accepts some MO mixing in amides.

The analysis of the vibrational structure of PES bands
with a simultaneous consideration of the induction effect17has in led to the conclusion that the character of the 
highest occupied orbitals in acetamide is nQ, nN(5T2), in18-
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V  Cq , n̂ ; and in1̂  the 4th band has been taken for^CQ.
The results of semiempirical calculations using HAM/3 

method which is the density matrix method not having the 
drawbacks of the Koopmans' theorem, show that prerequisites 
for the theorem have been violated, as concerns the highest 
occupied orbitals of amides in nonempirical calculations . 
Both our results and those of the calculations by otherQ *authors refer to the n„, nw, sequence of orbitals inо и wj 20 21the PES of the acetamide molecule. We have also found *
on the basis of the linear dependence between IP(nQ) and
(IP( for various carbonyl-containing compounds' that
the Jj-QQ-orbitals correspond to the 4th band (12.98 eV)
in PES.

Calculation of monofluoroacetamide and trifluoraceta - 
mide by means of semiempirical CNDO/2 method and nonempiri­
cal calculations in the ST0-3G and 3-21G basis sets in the 
framework of the Koopmans' theorem refer to the mixed cha­
racter of the highest occupied orbital, the next orbital be­
longs to the lone oxygen pair. We can conclude on the basis 
of the similarity with the acetamide spectrum and taking in­
to account the results of our HAM/3 calculations leading to 
the reversed sequence of the highest occupied orbitals that 
in the molecules mentioned, the Koopmans' theorem is also 
violated for those orbitals. Evidently, the highest seems 
to be the orbital localized at the oxygen atom and having a 
n -character.

8It should be said that in work the localization cha­
racter for CP^CONHg differs from ours and the sequence of 
the first three orbitals is as follows: n̂ , nQ, 7ГС0*

All our calculations lead to the conclusion that in 
monofluoroacetamide the 5î 0-orbitals significantly get 
mixed with the np -orbital of fluorine, while no such mix­
ing was observed in trifluoroacetamide spectrum. The assign­
ment of bands at 14.81 eV in the CP^CONHg spectrum to the
( orbital seems to be a rather unambiguous phenomenon . ouSuch a conclusion can be drawn both from the analysis of our 
(see Table 1) calculations and from those of the HAM/3 cal­
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culations given in Ref. 8, as well as on the basis of the 
results of nonempirical calculations in the 3-21G basis set. 
The comparison of the IP(nQ) and IP( JT̂ q ) values for a num­
ber of carbonyl-containing compounds from different classes

20 21has yielded the same statement ’
The PES of tetramethyl urea has been measured by the

authors of12’22. Our spectrum quite well agrees with the
published results. Our CNDO/2 calculations have been con -
ducted for the pyramidal sp^-hybridization of nitrogen (Cov 

f) 0symmetry, M's 180 ). The MO sequence coincides with the re-l I? 22suits of CNDO/.S ’ calculations, parametrized on the basis 
of molecular spectra.

Nonempirical calculation in the ST0-3G basis set has 
been carried out for a planar conformation of the Cgy sym - 
metry, the nitrogen lone pair orbital orientated perpendi - 
cularly relative to the С = 0 bond axis ( ^ = 90°). In this 
case the appearance of the mixed 4b̂  orbital higher than 
those of the lone pairs seems also to evidence the draw­
backs of the Koopmans' theorem. This statement is even more 
valid if we consider the MO sequence in the HAM/3 calcula -
tions nN, 5f(o,N)’ n0‘

The regression analysis of the spectra of the eigen - 
values in the framework of the Koopmans' theorem (Table 2) 
according to equation

iPi = <*l± + |2> , (1>

where denotes the consequtive MO energy values 
taken with an opposite sign, and Q^and ß are constants 
for separate molecules.

refers to good statistical indicators 0(251 and 0 espe­
cially in the case of a semiempirical HAM/3 calculation meth­
od . Roughly the same results have also been obtained non- 
empirically in using nonempirical methods, e.g. split-valen­
ce 3-21G basis set. However one should keep in mind the sta­
tements concerning the violations of the Koopmans' theorem 
mentioned in the text (vide supra).
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Table 2
Regression Treatment of Calculated Spectra of Eigen­
values According to Eq. (1)

No Molecule Method cC ß r s n

1. ch3conh2 CNDO/2 0.592
(0.046)

• 3.112 
(0.961) 0.977 0.95 10

HAM/3 1.926
(0.030) -0.033

(0.463)
0.997 0.36 10

3-21G 0.838
(0.015)

1.222
(0.264)

0.999 0.23 10

2. fch2conh2 CNDO/2 0.755
(0.071)

0.47
(1.23)

0.978 0.51 7

HAM/3 0.980
(0.047)

0.704(0.611) 0.994 0.26 7
ST0-3G 0.871

(0.027)
3.04
(0.33)

0.997 0.18 7

3-21G 0.863
(0.017)

0.732
(0.243)

0.999 0.09 7

3. cf3conh2 CNDO/2 1.023
(0.94)

-3.86
(1.97)

0.975 0.94 12

HAM/3 1.007(0.038) 0.025
(0.663)

0.994 0.44 11

ST0-3G 1.247
(0.043)

-0.675
(0.635)

0.995 0.40 11

3-21G 0.869
(0.029)

0.866
(0.572) 0.995 0.40 11

4. [(ch3)2n],co CNDO/2 1.260
(0.014)

-7.32
(0.23)

0.999 0.07 8

ST0-3G 0.962
(0.048)

1.70
(0.56) 0.993 0.43 8

HAM/3 1.127
(0.023)

-0.56
(0.28) 0.999 0.17 8
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Pig. 3. Correlation diagram of eigenvalues, calcu - 
lated according to nonempirical method of
3-21G basis set for some amides.
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Fig. 3 presents the diagram of MO energies calculated 
nonempirically in the 3-21G basis set for the amides stud­
ied.

Acetamide is protonated to the oxygen atom of carbo-
nylic group, while the calculation in the 3-21G basis set
yields the proton affinity value 219.9 kcal/mol. Analogous
calculation in the case of trifluoroacetamide gives 192.1
kcal/mol. The structures protonated to the nitrogen atom
have turned out to be far less stable for those atoms.If we
take into consideration the corrections from regression ana-23lysis (see Eq. 8 from Table 2 in Ref. ), for acetamide we
get PA = 212.0 kcal/mol, for trifluoroacetamide PA = 189«1,
which well agree with experimental values 210.4 and 192.4 91kcal/mol, respectively . For FCI^CONHg , value PA = 205
kcal/mol can be derived from the correlation of proton af-

21finities and ionization potentials
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The potentiometric titration was used for 
the determination of the acidic dissociation 
constants of some derivatives of bicyclo [2.2. 
2joctane-1-, bicyclo [2.2.2] oct-2-ene-1-, and 
cubane-1-carboxylic acids in dimethylsulfoxi­
de. The present results and literature data 
for the other solvents were compared with tke 
corresponding information about the acidity 
of these alicyclic acids in the gas phase. It 
was established that the transfer from the 
aqueous organic solvent into DMSO influences 
rather modestly the sensitivity of the reac­
tion series towards the substituent effects 
whereas the substitution of the both above- 
mentioned solvents for the gas phase increa - 
ses very significantly the latter characteris­
tic of the reaction series. It was also found 
that the conductivity of the 4 - substituted 
bicyclo [2.2.2]octane ring exceeds that quan­
tity in the case of a 3-substituted derivati­

272



ve whereas the substituent attenuation fac­
tors of the 4-substituted bicyclo [2.2.2]oc* 
tane, bioyclo [2.2.2]oct-2-ene and cubane rings 
are approximately equal.

The acidity of substituted bicyclo [2.2.2]octane-1-,bi­
cyclo [2.2.2) oct-2-ene-1-, and cubane-1- carboxylic acids 
was studied1-8 during a rather long time period mostly only 
in the aqueous organic and aqueous solutions. In the case 
of the first of those reaction series in Ref. 4b also the 
acidity of some 4-substituted derivatives was measured in 
anhydrous methanol whereas the relative acidities for the 
same series of acids were determined^® in aqueous ethanol, 
methanol, and DMSO as well as in anhydrous ethanol, metha­
nol, acetone, and DMSO.

However, as mentioned in literature^ and also accepted 
by the authors^®, one cannot have full confidence that all 
quantities measured in the latter work can serve as an ade­
quate quantitative measure of the relative acidity of these 
acids in a given solvent, especially in aqueous organic mio- 
tures with a relatively high content of water (\Äde infra).

In Ref. 9 the pKa values only for three representati­
ves of bicyclo [2.2.2]octane-1- carboxylic acids were measu­
red in DMSO, methanol, n-butanol, and 1,2 -ethanediol. Re­
cently10, the acidity of a wide range of derivatives belon­
ging to the above-mentioned three classes of alicyclic 
acids was also measured in the gas phase .

Unfortunately, the information about the acidities of 
4-substituted bicyclo [2.2.2]oot-2-ene-1- carboxylic acids 
and 4-substituted cubane-1- carboxylic acids refers only to 
the aqueous ethanol solution^»8 and to the gas phase1

Prom the analysis of this complex of sometimes contra*- 
dictory data up to now emerges only one unambiguous infe­
rence: the transfer of the above-mentioned series of ali­
cyclic acids from aqueous-organic solvents into the gas

* The preliminary information about some results of this 
work could be found also in Refs. 9, 11 - 14.
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phase enhances very significantly the sensitivity of those 
reactions series towards the substituent effects. However, 
the comparison of the influence of nonaqueous, e.g. dipolar 
aprotic solvents (DMSO^acetonitrile, etc.) with the influ­
ence of the aqueous-organic mixtures on the acidity in the 
above-mentioned series of alicyclic acids still remains to 
be performed. In that sense somewhat more information is 
available in the case of substituted adamantane-1- carboxy­
lic acids, whose acidity was measured in the aqueous etha­
nol1 9 aa weii as DMSO20. Also some very first data10* 
12 1A 21* ц‘* about the acidity of the substituted adamantane 
carboxylic acids in the gas phase has become available.These 
data evidence that in the case of this alicyclic reaction 
series the transfer from the aqueous-organic solvent into 
the DMSO increases the sensitivity of this process towards 
the substituent effect. At the same time, as in the case of 
the substituted bicyclo [2.2.2]octane-1-, bicyclo(2.2.2joct- 
-2-ene-1-, and cubane-1- carboxylic acids, the substitution 
of the aqueous-organic or dipolar aprotic solvent for the 
gas phase again very significantly increases the range of 
influence of the structure on the acidity of the substitu­
ted adamantane-1- carboxylic acids.

In the present work an attempt has been made to measu­
re the pKa values of the acidic dissociation of some 2-j3~, 
and 4-substituted rbicyclo [2.2.2]octane-1-, 4-substituted bi­
cyclo £2.2.2] oct-2-ene-1, and 4-substituted cubane-1- carbo­
xylic acids in DMSO.

Experimental

The technique for the potentiometric measurement of pK& 
values of acidic dissociation of bicyclic acids in DMSO via 
the potentiometric titration of the acidic substance with 
the solution of tetrabutylammonium hydroxide in the mixture 
(1:4) of i-PrOH and benzene was used as described elsewhef*§.

The calibration of the glass electrode (Radiometer A 
2222B or HOT) filled up with mercury was made using the pKfi
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value of benzoic acid (pK = 11.01) as the reference com-
a

pound.
The purification of DMSO is also described in our ear- 

20lier publication .
The synthesis and purification of 2-CN and 3-CN subs­

tituted bicyclo [2.2.2]octane-1- carboxylic acids was tho­
roughly described by one of us22. The synthesis of 4-COOH, 
4-C00Et, and 4-CK-derivates of the same type of acids was 
performed in the present work according to the method used 
by Roberts2-̂. 3-Cl, 3-Br, 3-OH, 3-COOH and 3-0= substituted 
bicyclo {2.2.2]octane-1-carboxylic acids were synthesized by 
us using the techniques described by other authors1’2̂ .

The unsubstituted bicyclo [2.2.2] octane-1- carboxylic 
acid and bicyclo [2.2.2]oct-2-ene-1- carboxylic acid were ma­
de using the method of Grob2^»2 .̂

4-C1, 4-CN and 4-CP^-substituted bicyclo [2.2»2j oct-2 - 
ene-1- carboxylic acids were delivered by Prof. R. W. Taft 
(University of California, Irvine), as well as 4-H and 4-Br
substituted cubane-1- carboxylic acids (the same samples,

6 8used in works * of L.M. Stock, were used).
The titration of the acids was repeated 3-5 times,from 

the mean arithmetic values pK of the individual tuns thecl
arithmetic mean pK values were calculated. The latter val-

a
ues are listed in the 3-rd column of Table 1 (the reliabi­
lity intervals are given in the parenthesis under the pKa 
values) alongside a few available literature data.

For the sake of comparison, Table 1 also includes some 
literature pKQ values for a few aqueous-organic solvents as 
well as the SAG6 (kcal/mol) values for the gas phase10-1

The 3rd column of Table 1 also includes some absolute
pK values for DMSO solution calculated from the data of 4aRitchie and Lewis4- concerning the relative equilibrium 
constants К of the acid - base equilibrium.

-C00H + 4-no2-c6h4o-5§± x- ^ V coo-+
+ 4-N02C6H40H (1)

for some 4-substituted bicyclo[2.2.2joctane-1- carboxylic 
acids (for the paranitrophenol the pK =11.01was used).a

One can see that in those cases when the comparison is
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Acidity of Some Alicyclic Carboxylic Acids in DMSO, Aqueous Ethanol, 
Aqueous Methylcellosolve, Water and Gas Phase

Table 1

А о 1 d
pKa (298 K) -cTa g c' 

(kcal/mol), 
373 КÄ V# J. v l

DMSO, this 
work

50 % (weight) 
EtOH - H20 н2оьь 80 % (weight) 

methylcellosolve
Gas Phase If*

1 2 3 4 5 6 7
£ ^ - c ° ° H

Д
1.

» *

X = H 12.90
(0.06)
12.809

6.839, 6.873, 6.792* 5.08 7.81 0a

2. 2-CN
12.95**
12.03
(0.04)

5.709
O*

6.61 7.9
3. 3-Cl 12.15

(0.03)
.6.33

o*
7.25 3.9

4* 4-Br 12.07 
(0.04) 12.309

6.299 7.19



го-ч-J

1 . 2 .  3 

Т * -----Гг------------ ---------
6.  з-он 12.85 6.479*

(0.04)

7. 3-0Ме - 6.489*
8. 3-С00Н 12.55

(0.03)

9. 3-=0 12.15 5.859*
(0 .03)

10. 3-CN 12.00 6.059*
(0.05)

12.ОЗ9

11. 4-CN 12.15 5.942
(0.04)

12.08**
12. 4-С1 - 6.153
13. 4-0Н 12.88** 6.503
14. 4-МеО - 6.403
15. 4-Ме - 6.893
16. 4-Et - 6.893 
17- 4-СН20Н - 6.803

Table 1 continued

7.39

7.63

7.59 0 .9

6.83 7 .6

7.01 6.4

8.4

6.5

2.6 
0.9
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18. 4-СООН 12.20
(0.05)
12. 16**

19. 4-COOEt 12.47
(0.05)
12.22**

20. 4-Вг 12.04**
21. 4-СР3
22. 4-N02
23. 4-С02 14.71**
24. 4-NMe^ 11.74**
25. 4-NH+
26. 4-Р

-соон

1. X = Н 12.40
(0.05)

2. 4-С1 11.50
(0.05)

з. 4-СРо 11.55(0.06)

Table 1 continued

6.10- 4.47

6 .40- 4.76

6.14'
6.24*
5.82'
7.47(
5.37
5.64

5а
5а*

4.62

5.46
4.08

6.4
6.4

8.5

5.6

6.54'

5.71-

5.78'

О

6.2

6.3
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■fc*

___________I______________ 2__
4. 4-CH 11.30

(0.02)
5. 4-COOEt
6. 4-Me
7. 4-CONH2
8. 4-C00H
9. 4-C0"
10. 4-NMe^

Ш с о о н

1. X = H 12.20
(0.05)

2. 4 -Br 11.40
(0.07)

3. 4-C00H
4. 4-C0"
5. 4-C00Et
6. 4-COOMe
7. 4-CN

Table 1 continued

5.49'
6.00'
6.50'
5.96'
5.67'
7.11;
4.83-

8.4

i.2

5.94°, 5«95
5.32

Ow

5.7

5.13
6.53*
5.40*
5.40*
5.14е

4.3



280

Table 1 continued

1 2 3 4 5 6 7

X - f ü 0008
1. X = H
2. 3-Cl
3. 3-Br

13.0920 

12.1120

0d
5.1

* - 50 % (volume) EtOH - HgO
** - Calculated from data^a for the equilibrium (1), taking pKQ = 11.0 for the 4-N02CgHg0H

In DMSO (see the text).
a - The relative cf Д  G°values are given. For this reference compound the absolute AG°=337.2 

kcal/mol (-ДН = PA = 344,2 kcal/mol). 
b - See the previous footnote: for this reference compound 4G° = 335.3 kcal/mol, PA «= 342.4 

kcal/mol.
с - See the previous footnotes; for this reference compoundAGt° » 334.1 kcal/mol, PAe 341.2

kcal/mol.
d - See the previous footnotes: for this reference compound£G°e 336.6 kcal/mol, PA?= 343.8

kcal/mol.



possible (excluding probably the 4-C00Et derivative) a sa­
tisfactory agreement between the pK& values measured in 
this work and those quantities calculated from the data or 
Ref. 4a is observed (see also the "Discussion").

Discussion

The statistical analysis of the influence of solvent- 
solute interactions on the sensitivity of some of the above- 
mentioned reaction series towards the substituent effects 
could be performed by the direct comparison of the pKa va­
lues for the different solvents i and j, in terms of the li­
near equation:

pKa(i) eoCpKa(j) + P » (2)
where ot and ^ are constants, the subscripts i and j refer 
to the solvents compared. In terms of the same equation,the 
verification of the compatibility of literature data on the 
pKft values for the acidic dissociation of 4-substituted bi­
cyclo £2.2.23octane-1- carboxylic acids measured either by 
the different authors or by the same group of authors at 
different times or using the different experimental techni­
ques was also performed.

Some results of the statistical analysis of the data 
in terms of Eq.(2) are listed in Table 2 (see also Pig.1) 
Prom Table 2, e.g., one can see (see series A 17) that in 
the case of the reaction series of 4-substituted bicyclo[2. 
2.2joctane-1- carboxylic acids in 50 % (weight) aqueous al­
cohol the results of the measurements of Ritchie and Lewiia
of the equilibrium (1) by the indicator method on the one2 3 S 6hand, and the results of the other authors on the
other hand, are clearly incompatible.Due to some peculiari­
ties of the experimental techniques used in Ref. 4a the ma­
jority of the data concerning Eq.(1) should be considered 
in the further analysis with due caution. However,according 
to the above-said (see also Table 2, series A6) a satisfac­
tory agreement between the results of the present work and 
those of Ritchie and Lewis^® was noticed for the series of
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substituted bicyclo [2.2.2] octane-1- carboxylic acids in an­
hydrous DMSO solution. At the same time one should admit 
that the results of two works^a,b by Ritchie et al.on the de­
termination of the pKQ values of 4-substituted bicyclo[2.2. 
2]octane-1- carboxylic acids in anhydrous methanol are in­
compatible with each other (see Table 2, series A18).

pKa (Et 50)

Pig. 1. The comparison of the acidities of substituted bi- 
cyclo[2.2.2)octane-1-COOH (A) and substituted bicyo-
lo [2.2.2]oct-2-ene-1-C00H (B) in the gas phase^G1*) 
and in 50 % (weight) aqueous ethanol.

6.0 
pKa (Et50)

X X 
X-fO-C00H
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Table 2
The Comparison of Acidities of Some Series of Alicyclic Acids 

in Terms of Eq. (2) Prom the Text ®* Ъ

The reaction series, 
solvents oC P r s n

1 2 3 4 5 6 7
A. Substituted bicyclo £2.2.2joctane- 

1- Carboxylic Acids
1. DMSO and 50 % (w) HgO - EtOH 0.859

(0.223)
6.7
(1.4)

0.789 0.23 11

2. DMSO and HgO 1.41
(0.05)

5.74
(0.24)

0.999 0.02 3

3. DMSO and 80 % (w) H,0 - methyl 
celloscQ.ve(MCS) 0.805

(0.203)
6.5
(1.5)

0.871 0.21 7

4. DMSO and Gas Phase (GP) -0.0908
(0.0247)

12.7(0.2) 0.855 0.18 7

5. DMSO and MeOH4b 1.300
(0.356) -0.3

(3.5)
0.903 0.16 5

6. DMSO (this work) and DMSO4® -0.929
(0.045)

11.1
(0.01)

0.996 0.04 5

7. GP and DMSO 8.28
(2.45)

-10.7(30.0)
0.860 1.8 6

8. GP and 50% (w) HjO-EtOH 8.50
(0.87)

-58.1
(5.4)

0.951 0.9 12
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9. GP and Me0H^b 13 .6
(0.4)

10. GP and 50% (v)H20-Me0H5b 12.0
(0.9)

11. GP and 80% (w) HgO-MCS 7.36
(0.63)

12. GP and H20 1 5 .2
(2.6)

13. 80% (w) Ho0-MCS and 50% (w) 1.11HgO-EtOH (see Table 1) (0.10)
14. H20 and 50% (w) H20-Et0H 0.737(0.072)
15. Me0H4b and u 0.536

(0.029)
16. 50% (v) H20 *»; MeOH dnd " 0.674

(0.234)
17. 50% (w) HgO-EtOH40 and " 0.637

(0.173)
18. Me0H4b and Me0H4a 0.838

(0.099)

Table 2 continued

4 5 6 7.
139.6
(3.5) 0.999 0.2 3

-75.0
(5.5)

0.997 0.5 У

•57.3(4.6) 0.985 0.6 6
-76.8
(12.6) 0.971 1.1 4 ,
0.21
(0.63)

0.976 0.10 8
0.11
(0.46)

0.981 0.10 6

6.45(0.18) 0.991 0.04 8
5.50
(1.50) 0.855 0.17 5
5.37(1.10) 0.878 0.13 6

10.9(0.1) 0.973 0.05 6



_________ 2_________________________ 1
В. 4-Substituted Bicyclo [2.2.2*Joct-2- 
ene-1- Carboxylic Acids

GP and 50% (w) H20-Et0H • 3.08
(0.77)

GP and DMSO -7.42
(0.43)

DMSO and 50% (w) H„0-Et0H 1.06

C. 4-Substituted Cubane-1- 
Carboxylic Acids

(0.04)

GP and 50% (w) HoO-EtOH 8.75
2 (1.05)

D. Comparison of Series of Acidic 
Dissociation of 4-Substituted 
Bicyclo [2.2.2]octane-1-C00H and
4-Substituted Bicyclo Г2.2.2]oct-2-ene-1-C00H J

GP 1.01
(0.03)

50% (w) HpO-EtOH 0.877
(0 .030)

Table 2 continued 
___________I.________________
4____________I______ §______ 7_

- 52.5 (4.6) 0.987 0.6 5

-91.9
(5.1)

0.997 0.4 4

5.43
(0.23)

0.999 0.03 4

-51.9(5.8) 0.993 0.5 3

0.05 0.999 0.17 4
(0 .16)
1.15 0.996 0.04 8
(0.19)
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1 2 3
E. Comparison of Series of Aci­

dic Dissociation of 4-Subs- 
tituted Bicyclo 2.2.2 octane 
-1-C00H and 4-Substituted 
Cubane-1-COOH

1. GP 1.03(0.30)
2. 50 % (w) Ho0-j2t0H 1.01

2 (0 .11)
F. Comparison of Series of Aci­

dic Dissociation of 4- and
3-Substituted Bicyclo 2.2.2 
octane-1-СООН

1. GP 1.27
(0 . 20)

2. 50 % (w) HgO-EtOH

Table 2 continued

4 5 6 7

-0.3 - 0.960 1.3 3
(1.3)
0.81 0.977 0.10 6(0.62)

0 .8 0.978 1.0 4 
(0.7)
-2.08 0.979 0.08 6
(0.14)



Footnotes
a - If not indicated otherwise, the comparable quantities

(pK and/or (Tag*) are taken from Table 1. In columns 38.
and 4 under the regression coefficients their reliabi - 
lity intervals are given. For the quantities &G* for 
the gas phase the kcal/mol units were used. Therefore, 
in the case of comparison of c$AG°values with pKfl values 
(A4, A7, A11, B1, B2, C1) for the conversion of ̂ -coef­
ficients into the common scale the latter should be 
multiplied or devided by the factor 2.3 RT, i.e. 1.705. 
r - correlation coefficient, s - standard deviation.n -
- the number of points.

b - In the case of substituted bicyclo [2.2.2] octane-1-C00H 
the pK values for the 50 % (volume) aqueous ethanol 
(see Table 1) were recalculated into the corresponding 
quantities for the 50 % (weight) aqueous ethanol by 
correcting the former values by the increment + 0.07
units of pK .a
At the same time it seems hard to give preference to 

any series of those results (see also further discussion in 
this paper).

The problem about the independent or self - consistentДаverification of the results of Ritchie and Lewis4- for the 
anhydrous ethanol and most of the aqueous-organic mixtures 
(HgO-MeOH*, water-EtOH (except the 50% aqueous ethanol, vi­
de supra), aqueous DMSO) still remains to be resolved.

One can see from Table 2 that the influence of the na­
ture and composition of the solvent on the substituent ef­
fects in the case of the series of acidic dissociation of 
substituted bicyclo 2.2.2 octane-1- carboxylic acids has

* For the 50 % aqueous methanol the results of work are 
probably also incompatible with the results from the other 
laboratory (the difference amounts to 15 -20 %).
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rather complicated and even somewhat undetermined features. 
Naturally, there is no doubt that the substitution of any 
aqueous-organic or anhydrous solvent (methanol, DMSO, etha­
nol) for the gas phase increases very significantly (from 4 
to 8 times) by the analogy with many other reaction serielf 
the sensitivity of these alicyclic reaction series towards 
the structural effects (Pig. 1, Table 2).

Unfortunately, much more complicated is the situation 
in the case of transitions between different binary aqueous- 
organic mixtures or individual hydroxylic or dipolar apro­
tic (DMSO) solvents. So, the transfer from H20 into aqueous 
ethanol (Table 2, A14) as well as into aqueous methanol^5 or 
aqueous DMS04a enhances rather moderately (by ca 20-30%)the 
sensitivity of the given reaction series towards substituent 
effects. As far as one can judge on the basis of rather li­
mited data (Table 2, A2) the similar transfer from water 
into DMSO increases the same characteristics of the Beacticn 
series up to 50 per cent. At the same time, the transitions 
from 50 % aqueous ethanol into 50 % aqueous methanol or Into 
80 % aqueous methyl cellosolve practically does not change 
the relative reactivity in the given series of substituted 
alicyclic acids.

However, somewhat suprising seems to be the decrease 
of the sensitivity of this reaction series towards substi­
tuent effects due to the transfer from aqueous-organic sol­
vent (50 % aqueous ethanol, 80 % aqueous methyl cellosolve, 
50 % aqueous methanol) into anhydrous methanol and possibly 
also into anhydrous ethanol (respectively n 1.7 (Table 2,A19* 
and 1.2 (data from4a) times). Somewhat unexpected is also 
relatively slight change (increase) of the sensitivity of 
this reaction series towards structural effects due to subs­
titution of the aqueous (vide supra) or aqueous-organic sol­
vent for the dipolar aprotic solvent - DMSO, which differs

* In connection with the above-mentioned incompatibility of 
two different acidity scales for 4-substituted bicyclo[2.2. 
23octane-1-carboxylic acids reported in Refs.4a,b for met­
hanol this figure should be taken with great caution.
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11 14- 2*7 29from the usual behaviour * » which is characteris­
tic to the reactions of acidic dissociation of aliphatic 
and aromatic carboxylic acids, aliphatic alcohols and phe­
nols. One can remind that in the latter cases the transfer 
from the electrophilic solvent into the dipolar aprotic 
solvent is always accompanied with the significant increa­
se of the range of the substituent effects.

As far as one can judge on the basis of much more 
scarce data base for the reaction series of 4-substituted 
bicyclo [2.2.2]oct-2-ene-1- carboxylic acids and 4-substi- 
tuted cubane-1- carboxylic acids here the situation is rat­
her analogous with the above - described one in the case of
4-substituted bicyclo 2.2.2 octane-1- carboxylic acids(see 
Table 2 and Pig. 1). Indeed the transfer from the aqueous 
ethanol into the gas phase in both cases leads to the al­
most five-fold increase of the gross-sensitivity characte­
ristics (06) of the reaction series towards the substituent 
effects, whereas the substitution of aqueous ethanol for 
the DMSO is hardly ever accompanied by any rather noticable 
solvent effect on the relative reactivity of these two clas­
ses of alicyclic acids.

On the other hand, one recalls that for the other se­
ries of the alicyclic acids,2-3-or 4-substituted adamantane 

20-1- carboxylic acids the transfer from the 50 % aqueous 
ethanol into DMSO results in a 1.5^2-fold increase of the 
sensitivity of this reaction series towards substituent 
effects whereas based on the extremely scarce (two points) 
data from Table 1 for 3-substituted acids the substitution 
of 50 % aqueous ethanol for the gas phase enhances the to­
tal range of the substituent effects ca 5 times.

The results .of the direct comparison for the fixed 
solvent of the acidity constants in the case of all three 
alicyclic series (see Table 2. C1 and C2. D1 and D2)* de-
* In this case the subscripts i and j in Eq. (2) refer(the 
fixed solvent) to two different reaction series to be com­
pared (4-substituted bicyclo [2.2.2]octane-1-C00H and 4-subs- 
tituted bicyclo[2.2.2]oct-2-ene-1-C00H or 4-substituted bi­
cyclo [2.2.2joctane-1-C00H and 4-substituted cubane-1-C00H).
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monstrate that the attenuation factors of substituent ef - 
fects via different 4-substituted alicyclic systems (bi - 
cyclo [2.2.2]octane, bicyclo [2.2.2] oct-2-ene and cubane 
rings) are rougly equal in the gas phase as well as in 
50 % (w) aqueous ethanol. The close comparability of the 
attenuation factors for the different alicycles evidently 
does not agree with the considerations about the transfer 
of the substituent inductive effect through the bonds only 
because in the latter case, e.g., the inductive attenuation 
factor of the cubane cycle Z* = 6(Zc*)^ (where Zß* is the 
attenuation factor for one carbon atom) should be twice 
higher than the same quantity for the 4-substituted bicyc­
lo (2.2.2]octane cycle = 3(Zc*)^ (see also further 
discussion). It is possible that these circumstances evi­
dence ~ that the substituent effects in the case of at
least some 4-substituted cycles are transmitted through the3 5—9space by the electrostatic mechanism (field effects)-^3 *11 20 21' ’ . For the reaction series studied in this work the 
direct comparison of the attenuation factors of the effects 
of substituents which are located in the different posi­
tions of the alicyclic ring is possible only in two cases 
(see Table 2, F1 and F2). It turns out that in the gas pha­
se as well as in 50 % (w) aqueous ethanol the attenuation 
factors for the 4-substituted bicyclo [2.2.2] octane ring is 
approximately by 30 % higher than the attenuation factor 
for corresponding 3-substituted cycle. The comparison ba­
sed only on two points ( H and CN ) indicates that the at­
tenuation factors of 4- and 2-substituted bicyclo [2.2.2}oc­
tane rings in the gas phase are roughly equal, whereas (al­
so based only on two points) in the aqueous ethanol the 
transmittance of the 2-substituted bicyclo [2.2.2} octane 
cycle is by 40-45 per cent higher than the quantity tor 
the 4-substituted cycle (see Tables 1 and 2).

It follows from the hypothesis about the through-bond 
only transmission of ö'-inductive effect of substituents 
(see Refs. 30,31 for the references) that the following or-
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der of the attenuation factors of the inductive effect Z3̂  
via the differently substituted bicyclol_2.2.2']octane cycles 
should hold: Z*(2) > Z ^  ̂ Z^j ,where depending on the accepted 
value of the attenuation factor Z* for the carbon atom(0#35 
}Z* ̂ 0#5)3° the ratio Z ^ / Z ^  can range from 1.4 to 2.3 
whereas the ratio could vary between 1.0 and 1.2+
(see also 7»9»20). Therefore it is evident that at least 
qualitatively the experimentally, found inversion of the ra­
tio of the attenuation factors for the 3-and 4'- positions 
зреакз clearly against the transfer of the inductive effect 
via the bonds. Most probably that in this case the condition 
Z|4j/Z|3  ̂>1 agrees much better with the field-effect-based 
through-space model of the inductive effect+t

Concluding this section of the Discussion it seems in­
teresting to mention that judging by the minimum data (X»H 
and Cl) from Table 1, that the transmittance of the 3-subs- 
tituted adamantane ring exceeds that of the 3 substituted 
bicyclo[2.2.2Joctane ring also 5.1/3.9=1.3 times, whereas 
according to the through-bond model of the inductive effect 
those quantities should be approximately equal ( in case of
3-substituted adamantane ring 2Цз)в(2*) + 2(Z*)^ + 2(Z*)̂ ).

It is evident that alongside with the above-used direct 
comparison of the experimental quantities pKe and for
the different reaction series and/or solvents, the analysis 
of the substituent effects on the acidity of these alicyc­
lic acids can be performed also in terms of special vaot*i-11 11 1A 27—29ants of the correlation equations * ’ ’ ^recently su­
ggested for the quantitative evaluation of the structural 
effects on the chemical reactivity of the reagents.

To achieve this goal, in this work the statistical ana­
lysis of the data was also made in terms of Eqns.( 3 ? ° * 29 
and (4)11’13: A = aQ + a,6j + a^R, (3)

+ z*(4) *3(zo)4 > zt3 )= (zS)3+2CzS)5 ' zb ) * (zS)2+2(zS)6 > the
subscripts in the parenthesis at Z^j refer to the 4, 3 or 
2-position of the substituent in the bioyclo[2.2.2] octane- 
ring.
++See also 3,5-9,11,20,30,31
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where A in the present case is pKa or cJ4G° 6^ - Taft's
inductive constant, AR*MR~MR(CH.j)- the measure of the
polarizability of the substituent as expressed by its
molecular refraction, aQ, a1 and a2 - constants of the 
reaction series, and

A = a' + afa + a2%c U ) ’ 
where A = pKQ or (T/lG. <5̂, and 6^ are measures of subs­
tituent field and polarizability effects, a*, aj and

- are constants of the reaction series, 
which are partial variants from more general relationships 
which include, in addition to the above-said, also some ad­
ditional characteristics of the substituents.

As shows the preliminary statistical analysis the res­
pective scales of substituent constants (6"̂ and 6̂-,, 6^ and 
Д Ю  in Eqns. (3) and (4) are connected with each other by 
rather approximate linear relationships. So, for 10 substi­
tuents (H,CN,C00Me,Br,Cl,F,Me0,CF3,N02,Me):

õ* = (5*43-0.37)6^ + (0.38-0.16) (5) 
r = 0.982, s = 0.26, n = 10, 

and for 22 substituents
(0.034-0.0046MR - (0.240-0.034) (6) 

r = 0.858, s = 0.13, n = 22.
As regards the scale of 6̂, constants1-̂ when the latter 

are related to the 6̂  constants by the equation;
6J = (0.943-0.049)6^ + (0.006±0,002) (7) 
r = 0.970, s = 0.05, n = 25.

Therefore one can expect that both approaches in terms 
of Eqns (5) and (4) should lead, at least formally, to rat­
her close results.

The results of the statistical treatment of data on 
the acidities of the above-mentioned alicyclic acids in the 
gas phase and solution according to Eqns (3) and (4) (see 
Tables 3 and 4) as a rule, do not contradict these expecta­
tions as well as the conclusions drawn from the analysis of 
experimental results in terms of Eqn. (2) (see Table 2).

One can see (Tables 3 and 4) that in case of both equ­
ations, for the gas phase and solution the contribution of 
the polarizational effect into the gross substituent effect
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The Results of Statistical Treatment of Data on Acidic Dissociation of 
Alicyclic Acids in Gas Phase (GP) and Solution in Terms of Eq. (3)a

Table 3

Reaction Series, Solvent ao “a1 ~a2 R s n
1 2 3 4 5 6 7 8

A. 3-Substituted Bicyclo [2.2.2*1 
octane-1-COOH J

1. DMSO 1 3 .2
(0.2) 0.339(0.066)

- 0.948 0.16 5
2. »1 12.8

(0.0)
0.238
(0.002)

0.036
(0.001) 0.999 0.003 4

3. 50 % (w) H20-Et0H 6.96
(0.06) 0.223(0.026)

- 0.973 0.07 6

4. 1! 6.97(0.10) 0.226
(0.041)

0 0.973 0.08 6

5. 80 % (w) h2o-mcs 8.00
(0.06)

0.270
(0.025)

- 0.984 0.06 6
6. It 8.02

(0.09)
0.278
(0.037)

0 0.984 0.07 6
7. GP 1.70 

(1.11)
2.06
(0.44)

- 0.955 1.1 4



______ 2 3
B. 4-Substituted bicyclo[2.2.2]oc- 

tane-1-COOH c
DMSO
Vt

50 % (w) H20-Et0H 

GP

h2o

MeOH4b

C. 4-Substituted bicyclo[2.2.2] 
oc t-2-ene-1-COOH J

DMSO
и

50 % (w) H20-Et0H
и

13.05
(0.14)
13.03
(0 .12)
6.90

(0 .02)
0.36
(0.65)
5.15
(0.05)
10.28
(0.06)

12.56
(0.07)
12.34
(0.05)
6.50 
(0.03)

6.50 
(0 .0 1 )

Table 3 continued
4________S________6_______7 8

0.254(0.068) - 0.907 0.15 5

0.235(0.076)
0 0.930 0.16 5

0.269(0.01)
0 0.997 О.ОЗ 10

2.24
(0.25)

0 0.954 0.95 10

0.175(0.020)
0 0.987 0.05 4

О.19О
(0.027)

0 0.974 0.06 6

0.361
(0.025)

— 0.995 0.06 4
0.289(0.018) 0.044(0.010) 0.999 0.02 4
0.276
(0.011)

- 0.998 0.04 7

0.278
(0.006) -0.005

(0.002)
0.999 0.02 5



Table У continued

1 2 3 4 5 6 7 8
5. GP 1.55(0.68) 2*7 4

(0.27)
0.986 0.63 5

6. ft

D. 4-Substituted Cubane- -1-C00H

1.60
(0.59)

2.81
(0.24)

0.068
(0.048) 0.993 0.54 5

1. DMSO 12.40 0.348 - - - 2
2. 50 % (w) H20-Et0H 5.99

(0.04)
0.235
(0.017)

0.013
(0.003)

0.996 0.04 5
3. GP 1.1(0.6)

2.52
(0.27)

- 0.994 0.5 3

a •- Experimental date are, as a rule, taken from Table 1 (see also footnotes a and b to Та-
ble 2). Under the regression coefficients aQ, a^ and a2 are given their reliability in­
tervals. The dash in column 5 means that with the contribution of the a2ÄR was negleo- 
ted from the very beginning, the zero means that the contribution of this term is sta­
tistically negligible. In order to convert into the same scale the coefficients a1 and 
a2 for the solution and gas phase the quantities for the latter medium should be devided 
by the factor 2,3RT=1.7. R - correlation coefficient, s - standard deviation( in pK

aunits for solution, in koal/mol units for the gas phase), n - the number of points.



Tabel 4
The Results of Statistical Treatment of Data on Acidities of Substituted 
Alicyclic Acids in the Gas Phase (GP) and in Solution in Terms of Eqn(4)a

Reaction Series,Solvent r
ao

*
"a1

*-a2 R s n
1 2 3 4 5 ■ 6 7 8

A. 3-Substituted Bicyclo Г2.2.2] 
octane-1-COOH

1. DMSO 13.00
(0.16)

1.68
(0.37)

0 0.933 0.18 5
2. 50 % (w) H20-Et0H 6.91

(0.04)
1.25(0.08) - 0.993 0.04 5

3. tl 6,91
(0.05)

1 .42 
(0.21) 0.234(0.222)

0.992 0.05 6

4. 80 % (w) H20-MCS 7.89
(0.07)

1.35
(0.17)

- 0.972 0.08 6

5. If 7.84(0.08) 0.863
(0.365)

-0.621
(0.359)

0.983 0.08 5
6. GP

B. 4-Substituted Bicyclo[2.2.2] 
octane-1-COOH

0.76
(1.13)

(10.2)
(2.7)

0 0.938 1.2 4

1. DMSO 12.83(0.06)
1,22 
(G, 20)

- 0.978 0.08 4
2. 50 % (w) HgO-EtOH 6.84(0.02) 1.43

(0.04) - 0.997 - 0.04 13
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3. 50 % (w) H-O-EtOII 6.90
(0.05)

4. GP -0.2
(0.3)

5. " -0.05
(0.30)

С. 4-Substituted BicycloГ2.2.2] 
ос t-2-ene-1-СООН

1. DMSO 12.36
(0.08)

2. " 12.39
(0.05)

3. 50 % (w) HoO-EtOH 6.49
(0 .02)

4. " 6.55
(0.03)

5. GP -0.16
(0.74)

6. " 0.02
(0 . 06)

D. 4-Substituted Cubane-1-COOH
1. DMSO 12.20
2. 50 % (w) H-O-EtOH 5.91

2 (0.04)

Table 4 continued

4 5 6 7 8
1.55(0.11) -0.141

(0.134)
0.988 0.07 9

13 .10
(0.73)

- 0.988 0.5 10

12.86
(0.67)

1.49
(0.73)

0.993 0.4 9

1e80
(0.19)

- 0.989 0.09 4

1.74(0.38)
0 0.998 0.06 4

1.59
(0.04)

- 0.998 0.04 9
1.61
(0.07) -0.254(0.102)

0.998 0.04 6

13.68
(1.77)

- 0.976 0.8 5
14.52
(0.20) -0.697(0.230) 0.999 0.1 5

1.78 - - - 2
1.37 (0.12) - 0.983 0.08 7



2
9
8

3. GP -0.4
(0 .9)

a - see Footnote to Table 3

Table 4 oontinued.

4 5 6 7 8
12.80 - 0.951 1.0 3 (3.2)



is either statistically negligible or very close to that 
(зёе also Refs. 11,13*20).

In several cases the statistical verification of two - 
parameter constraints of Eqns. (3) and (4) was impossible 
due to the insufficient set of experimental data.

As expected,the numerical values of regression coeffi­
cients of â  and a^ from Tables 3 and 4 also do not contra­
dict the above-drawn conclusion that the transmission of 
the substituent effects for the 4-substituted bicyclo [2.2.2j 
octane cycle exceeds that in case of 3-substituted cycle. 
The earlier made inference about the closeness of the atte­
nuation factors of the 4-substituted bicyclo [2.2.2]octane-,
4-substituted bicyclo£2.2.2j oct-2-ene- and 4-substituted cu- 
bane cycles as well as the previous conclusions on the ba­
sis of the data from Table 2 about the regulations of the 
solvent effects in the case of these reaction series have 
also found additional support.

In conclusion it is necessary to recall that some of 
the above-mentioned results and conclusions,especially those 
drawn on the basis of not very representative data sets for 
aqueous-organic mixtures (with the exception of 50 % (w) of 
aqueous ethanol)and anhydrous solvents should be considered 
with some caution. Evidently, new, additional data for the 
gas phase and solvents is badly needed. Also, the further 
verification of some of the existing experimental data(e.g. 
concerning acidic dissociation of 4-substituted bicyclo [2. 
2.2]octane-1-C00H in MeOH, aqueous DMSO, etc. is an urgent 
task.

Several aspects of the problem tackled in the present
work have been dealt with in some other publications^*11*1-̂* 
14,20,27-29,33,34#
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Kinetics of hexachlorocyclophosphazotriene 

reaction with p-nitrophenol under conditions of in­

terphase transfer in system of 0.01 normal buffer 

(pH = 9.18) - organic solvent (hexane, chloroform, 

o-dichlorobenzene, symmtetrachloroethane) in pre­

sence of triethylbenzylammonium chloride has been 

studied. Levels of p-nitrophenolate ion transfer 

from water into organic phase at varied catalyst 

concentrations are determined. It is shown that re­

action rate is affected by organic solvent polari­

ty and its ability to extract the p-nitrophenolate- 

ion. The scheme of the process is suggested.

Studies of the reactivity of cyclic phosphonitrilechlo- 

rides have proved to be one of the most significant tasks in 

the chemistry of phosphorus compounds, as they enable to solve 

a series of problems aimed at a purpuseful synthesis of or- 

ganophosphazenes. In this respect, the reactions of phenoly- 

sis are of special interest, since the yield products can be 

used as essential components in producing glues, modified ad­

ditives for polymers and powder composites . The number of 

papers on this field is rather limited and they are mainly 

of preparatory nature2. In the media of organic solvents
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phenols react with hexachlorocyclophosphazotriene (I) ex ­

tremely slowly, thus differing from the phenolates of alkali 

metals. At the same time, these salts have poor solubility 

in low-polarity organic media, but the use of solvents hav­

ing high dielectric permittivity values (DMFA, DMSO) is com- 

plicated due to their rapid interaction reaction with (I) 

Therefore it would be more reasonable to carry out the phe- 

nolysis (I) in apolar media during continuous generation of 

anionic nucleophile. Such conditions can be realized when 

using interphase catalysis.

The present work is aimed at studying the kinetic re­

gularities of the phenolysis of phosphonitrilechloride tri­

mer under the conditions of interphase transfer in order 

to establish the scheme of the process and its topology.

To fulfil the task, we have studied kinetics of reac - 

tion (1) in a two-phase medium of water-organic solvent 

(1:1) in the presence of triethylbenzylammonium chloride

0.01 normal borate buffer, pH = 9.18, where p-nitrophenol 

(pK = 6.99) is prevailingly in its ionic form, was used as 

the aqueous phase. Test experiments have demonstrated that 

without the interphase transfer catalyst (II), both the neu­

tral form of p-nitrophenol and the arylate-ion cannot be ex­

tracted into the organic phase. Under similar conditions , 

the extraction of (I) into aqueous phase is negligible.Con­

sequently, in the case of the absence of (II), no phenolysis 

(I) can actually take place. After the itroduction of the 

interphase transfer catalyst into a two-phase system there 

appears p-nitrophenolate ion in the organic phase, but the 

solubility of (I) in the aqueous phase will not be increased 

It has also been established that during kinetic measure - 

ments, the substrate is resistant to hydrolysis.

The kinetics of the present reaction was studied at the 

4-10-time excess of (I) in the organic phase as compared to

(II) at [P3N3C16] >[p-N02Ph0Hj.

II, 25°C
P3N3C16 + p-N0pPh0H --------» P 3N 3Cl^-0PhN02-p ( 1 )

7*
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IP
Rate Constants (k^g) of p-Nitrophenol Interaction 

with (I) in Two-Phase System Borate Buffer-Organic

Table 1

Solvent, 25°C

Organic

solvent

. [II]0 • 10? 

mol • l"1
[i]0P • i f  
mol * 1

kIPobs 104,s"1

1 2 4 5

hexane 6.40 99.5 0.78
+

0.06

14.05 99.5 1.63
+

0.11

19.5 99.5 1.95
+ 0.10

25.25 99.5 2.39
+ 0.06

25.25 31.9 0.98
+

0.05

25.25 75.0 1.70 +
0.15

25.25 159.0 3.29
+

0.09

25.25 213.0 4.08 +
0.04

49.00 99.5 2.36 +
0.13

o-dichloro- 0.635 1.01 3.65
+ 0.36

benzene 1.265 1.01 7.16 + 0.60

6.35 1.01 13.40
+

0.30

6.35 0.76 9.32 +
0.87

6.35 1.26 14.90 + 0.40

6.35 1.65 20.00 + 0.40

12.65 1.01 13.40 + 1.30

19.00 1.01 18.90 + 1.00

25.30 1.01 18.40 +
0.40

chloroform 0.323 2.25 0.98 +
0.07

0.645 2.25 1.48 + 0.10

1.27 2.25 2.53 + 0.09

3.00 2.25 6.50 + 0.50

4.90 2.25 9.42 + 0.86

6.25 2.25 9.30
+

0.71

12.75 2.25 14.80 + 0.20

25.00 2.25 21.90 + 1.80
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Table 1 continued

1 2 3 4

37.50 2.25 29.00 - 1.20

50.00 2.25 29.50 ± 2.50

89.50 2.25 33.00 ±1.10

189.50 2.25 36.20 ±1.40

symm-te trachlo ro- 0.063 0.99 5.87 ± 0.31

ethane 0.063 1.50 9.25 ± 0.63

0.063 1.98 12.30 ± 1.00

0.127 0.99 9.85 ± 0.76

0.253 0.99 17.20 ± 1.53

0.505 0.99 23.70 ± 1.98

0.750 0.99 27.80 ± 2.03

1.000 0.99 30.00 ± 2.75

1.265 0.99 34.80 ± 2.78

Note. The concentration of (II) is considered for 

the total volume of two-phase system.

the p-nitrophenol concentration in the aqueous phase* , 

which made it possible in all cases to guarantee the hold­

ing of the pseudomonomolecularity conditions of the process.
IP

The pseudofirst order rate constants k0^3» obtained when 

varying the concentrations of (I) and (II) are given in 

Table 1. They show that the reaction rate tends to grow if 

the concentrations of the substrate and the catalyst in - 

crease. At that, the к*̂д dependence on the concentration of 

(I) can be depicted as a straight line, proceeding from the 

origin. The dependence of k ^ g on the concentration of (II) 

happened to be of still more complicated character. The

x When studying the reaction in hexane, the ratio of 

these concentrations was 140-900.
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IP
^obs аге in linear dependence on the catalyst con -

centration at a low concentration of (II) in the system 

only. When salt concentration starts growing, this de­

pendence takes a curvilinear shape and tries to exceed its 

normal limits.

The analysis of the rate constants of the phenolysis 

of (I) permits us to suggest that the ability of the orga­

nic phase to extract p-nitrophenolate ion significantly af­

fects the reaction rate. In order to estimate the value of 

the factor we determined the level of arylate ion transfer 

from the aqueous to the organic phase to be [ ^ h0o p V

[Ph0^p]x in case of varying (II) concentration (see Table 

2).

Table 2

p-Nitrophenolate-Ion Distribution in Two-Phase

System Borate Buffer-Organic Solvent in Pres - 

ence of (II)

Organic

solvent

[II] -102 

mol ? I“1
О .

t R ^ A p - 1? 3

mol • 1

LQPh0J0p* 

mol • 1"
Л

-»10^ 
1 PhO 1U

_ 5.... . -j — .

hexane 2.70

3.80

6.05

8.45

9.95

. - ... .. j  ..... . 

2.15 

2.10 

2.11 

2.08 

2.05

0.20

0.27

0.20

0.22

0.20

0.93

1.29

0.95

1.06

0.98

o-dichloro- 0.63 2.14 0.33 1.54
benzene 1.25 2.14 0.35 1.64

2.50 2.14 0.39 1.82

4.23 2.51 0.40 1.59

6.15 2.51 0.25 1.00

12.30 2.50 0.25 1.00

x Q - triethylbenzylammonium cation; AP and OP denote 

the indices marking aqueous and organic phases, 

respectively.
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Table 2 continued

1 2 3 4 5

chloroform 1.25 2.32 0.60 2.59

2.50 2.25 0.94 4.18

3.75 2.33 1.30 5.58

5.00 2.22 1.18 5.32

8.95 2.18 1.60 7.34

18.95 2.18 1.65 7.57

symm-tetrachloro- 0.05 2.08 1.19 5.72

ethane 0.075 2.06 1.40 6.80

0.10 2.05 1.54 7.51

0.125 2.04 1.64 8.04

1.17 1.72 4.19 24.36

2.455 1.47 6.59 44.83
4.70 1.28 8.23 64.30

8.05 1.17 9.15 78.21

8.25 1.13 9.48 83.89

16.30 1.21 9.90 81.81

Note. The error of determining does not ex “ 

ceed 15%. In case [QPhOl0p ^  3 * 10“̂ mol«l“1 

---- 50%.

We should also like to pay attention to the nonlineari- 

ty of the transfer level dependence on the catalyat concen - 

tration (Pig. 1). Probably, the tendency of the Ä phO~ to 

exceed its limit values is connected with achieving the max­

imum competing solubility in the organic phase of chloride 

and p-nitrophenolate of triethylbenzylammonium. This tenden­

cy largely depends on the state of the both salts in the or-
4

ganic phase .

The comparison of the data of Tables 1 and 2 confirms 

the supposition that in the organic phase the extraction of 

p-nitrophenolate ion substantially influences the phenolysis 

rate of (I) in a two-phase system. The increase of the se -
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with the ctp^Q-increase in

the case of any solvent studied also supports the aforesaid 

facts (Fig. 2). As to chloroform and symm-tetrachloroethane,

Fig. 1.Effect of (II) concentration on transfer level of 

p-nitrophenolate-ion ( o£phQ-) in two-phase system 

borate buffer-chloroform.

in case of which the rate constants of (I) phenolysis and

of p-nitrophenolate-ion transfer level were measured in the
IPsame concentration range of (II), the dependence of kg on

cCpho" 1108 a с1еаг1У linear character. Nevertheless, vari -
ous slants of the lines in Fig. 2 mean that the ability of

an organic solvent to extract salt (III) is not the only

factor determining phenolysis rate under interphase condi .-

tions. The solvents used remarkably differ from each other

in their polarities, whose changes seem to affect the ef -

fects observed in the organic phase. Thus, in series: hexane

( 6 = 1.9), chloroform ( £ = 4.7), symm-tetrachloroethane
( £ = 8.2), o-dichlorobenzene ( £ = 9.9) at a fixed value 

—2 IP
°o pho” 1 • 10 , the kg constants are increasing

x Rate constants kgP (1 * mol“1 • s-1) were calculated tak­

ing into account the concentration of (I).

O

0 1.0 2.0 3.0 4.0 
[Л]-10 .mol I ~1
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* P h 0 -  IO2

Pig. 2. Dependence of phenolysis rate of (I) on p- 

nitrophenolate-ion transfer level ( 

in two-phase system borate buffer-organic 

solvent (O-hexane, ®  - chloroform, о - symm- 

tetrachloroethane, в - о-dichlorobenzene).

with the increase of dielectric permittivity, equalling

0.0025, 0.25, 0.5, 1.0 1 • mol“1 • s"1, respectively*. The 

fact that the rate of an interphase-catalyzed phenolysis re­

action (I) is not affected by the extracting ability of an 

organic solvent only, but also by its polarity, evidences 

that the reaction proceeds either during the organic phase 

or in the boundary organic layer.

Thus, on the basis of the obtained and literary^ data, 

we can suggest the following interphase and p-nitrophenol in­

teraction scheme (I), including synchronous formation and 

transfer into the organic phase (Eq. (2)) of reagent (III) 

as well as self-phenolysis (I) with reaction products' for -

IP
kg values for chloroform, symm-tetrachloroethane, and

o-dichlorobenzene have been extrapolated into the given 

Ä p h o - value according to Pig. 2.
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mation (Eq. (3))

pNOgPhö^ + Qci0p PN02Ph0Q0p + 01“ ( 2 )

II III

PN02Ph0Q0p + P3N3C16 o T - ^  P3H3Cl50PhH02-p0p+QCl0p

I (3)

Experimental

Hexane, chloroform, symm-tetrachloroethane, and o-di- 

chlorobenzene were purified according to known methods'* . 

Hexachlorocyclophosphazotriene was obtained by means of 

method^, the purification was carried out via vacuum dis - 

tillation. p-Nitrophenol marked •’pure'* was three times re- 

crystallized from water-ethanol (10:1) mixture. Triethyl - 

benzylammonium chloride marked ’’pure'1 was three times re- 

crystallized from diethyl ether-ethanol (5:1) mixture. The 

physico-chemical characteristics of the products obtained 

corresponded to those published in literature. Borate buff­

er was prepared from the sodium tetraborate titrant.

The rate of the phenolysis (I) was measured in a ther­

mostated (25°C) reactor, containing equal volumes of solu­

tions (I) in an organic solvent and (II) with p-nitrophe - 

nol in 0.01 standard borate buffer, mixing the mixture with 

a majgnetic stirrer ( ̂  800 vol. т1п~ЪХ . The reaction pro­

cedure was monitored spectrophotometrically on a VSU-2P in­

strument (the transmission accuracy was T - 0.1%) according 

to the p-nitrophenolate-ion absorption loss in the aqueous 

phase ( Л = 410 nm) by the standard withdrawal of samples 

after certain time intervals (the ratio of phase volumes 

was not violated). Dilution of the samples in borate buffer

x Test experiments demonstrated that a further accelera - 

tion of mixing did not affect the phenolysis rate of (I).
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I

yielded such a concentration of p-nitrophenolate-ion which 

was rather suitable for conducting spectrophotometrie mea­

surements. The contribution of the side-reaction of p-nit- 

rophenolate-ion with chloroform and symm-tetrachloroethane, 

not exceeding 7-10%, has been taken into consideration when 

calculating the rate constants of phenolysis (I). In the 

case of hexane, the phenolysis rate of (I) was measured by 

the reaction product accumulation in the organic phase re­

gistered at the wavelength of 320 nm. These rate constants 

found on 'the basis of the reaction product accumulation in 

the organic phase and of p-nitrophenolate-ion consumption 

in the aqueous phase coincide within the limits of experi­

ment error.
T P  — 1

The pseudofirst order rate constants ( k ^ s,s ) were 

calculated according to equation:

where Dq, Dt, and D denote the optical densities of aqueous 

solutions at the time origin, at certain time moment and 

at the termination of the reaction,.respectively.

The kinetic conditions of carrying out the phenolysis 

reaction (I) (mole ratio phosphazene: p-nitrophenol 4:1 , 

organic phase -chloroform) included the isolation of p-nit- 

rophenoxypentachlorocyclophosphazotriene, forming during 

the process. The yield was 90%, melting point 93-95°C (li­

terature data2 have given 95-97°C).

When measuring the transfer level values, the p-nitro- 

phenolate-ion concentration in the organic phase was deter­

mined as a difference between its initial and equilibrium 

concentrations in the aqueous phase after a 30-rain, stirr­

ing and a following 30-min. seasoning of the reaction mix­

ture. If the ^pho- va3-ues were measured in chloroform 

and symm-tetrachloroethane,the equilibrium values of the 

p-nitrophenolate-ion concentration would be extrapolated to 

zero time, in order to cancel out the contribution of the

kIP
obs
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reaction of this ion with solvents. The pH of the aqueous 

phase was determined on a pH-meter OP-211/1.

Mathematical processing of experimental results was 

conducted using the method of least squares.
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Kinetic model describing hexachlorocyclo -

phosphazotriene interaction with p-nitrophenol in 

two-phase system of 0.01 normal borate buffer and 

organic solvent (hexane, chloroform, o-dichloro- 

benzene, symm-tetrachloroethane) in presence of 

triethylbenzylammonium chloride acting as inter- 

phase transfer catalyst is suggested. Correctness 

of the model has been proved by satisfactory cor­

respondence between calculated constants of phe - 

nolysis rate and those measured independently in 

a definite organic phase.

It has been shown that the rate of the pro - 

cess studied is determined either by transport of 

the catalyst's active form into organic phase, or 

by reaction rate in organic solvent, depending on 

the ratio of catalyst's and substrate concentra­

tions.

We have demonstrated1 that the interaction of hexa - 

chlorocyclophosphazotriene (I) and p-nitrophenol (II) in 

the two-phase system borate buffer-organic solvent is in 

the presence of triethylbenzylammonium chloride (III) as
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an interphase catalyst, determined first of all by the or­

ganic phase ability to extract the active form of the ca- 

talyst-p-nitrophenolate of triethylbenzylammonium (IV) and 

by the phenolysis (I) rate directly in the organic solvent.

A significant polarity effect of the organic phase on the 

interphase-catalyzed phenolysis (I) rate was also traced. 

Nevertheless, we cannot still solve the problem of the 

contributions of any of the above-mentioned factors into 

the formation rate of aryloxy-substituted phosphonitrile 

chloride yet. In the present paper a kinetic model, taking 

into account not only the earlier obtained factors but also 

competing distribution between the phases of salts (III) 

and (IV) is suggested.

Phenolysis (I) proceeds according to scheme1:

ki
р-Ж̂РЬОдр + QCl0p=;=srp-N02Ph0Q0p + C l ^  (1)

k-1

II III IV

p-N02Ph0Q0p + P3N3C16 ■■■k°F^ P3N 3Cl50PhN02-p + QClQp
OP (2)

I

Q - triethylbenzylammonium kation; kQP - rate constant 

of phenolysis (I) in organic phase; constants k., and k_1 , 

respectively, characterize forward and back transport (IV) 

between the phases and determine the ion exchange selecti - 

vity (K!hO"/Cl"^ according to (3).

k1 rf-PhO" [p"N02Ph0Q0p][C1Apl 
Ksel_ _ _ ___ ______  _ ___________________  (3)
PbO /01 - к_1 *  01_ - [p.so2P h O ^  [QClop] ’

where Лрьо" * UP'"N02Pll0Q0P^ /Гр-К02РЬ-0ар̂  and аС1“ * 
[QC1qP ] / CclApl denote the levels of transfer of p-nit-

rophenolate and chloride ions from the aqueous (AP) to the 

organic phase.
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In keeping with scheme (1), on the basis of the stationa - 

rity principle for (IV) and material balance for phenolate 

ion, scheme (2) will change as follows for reaction rate:

d[p-tl02Ph0L,] kO P ^ h ib c l- [P3S3016lP-H02Ph0Ip] i>010pl

«  + g  • t v j a 6i <4>

After integration, if [P^N^Clg]«» [p-NOgPhO^pJ we can 

obtain the equation for rate constant kj^:

корк1 ь Ь о 1 -Г с)01орН рз!,з01б]
--------------------------------(5)

оЪа кЛТ)
CclIpl + irf • Lp 3N 3cl6l

Eq. (5) reflects the fact that the rate of the process can 

be established not only by means of phenolysis (I) in a se­

parate organic phase (кдр) and by the organic solvents abi­

lity to selectively extract active catalyst form (Кр̂о“/С1“̂* 
but also via its transport from the organic to the aqueous 

phase (k_1). If we want to use Eq. (5) for describing the

interphase-catalyzed phenolysis (I), we will have to know
sei

the KphQ—/Qi” values. The determination of the latter was 

based on the same conditions that the earlier obtained1 

p-nitrophenolate-ion transfer level values (both are given 

in Table 1).

Table 1

Ion Exchange Selectivity Constants (KphO^/Cl“̂ in 
Two-Phase System Borate Buffer-Organic Solvent (volume 

ratio of phases 1:1), 25°C

Organic С H I  V  ̂[ШдрИо2 tUlQ^* 103 с/ - 2 sei 
solvent mol • 1 mol »1 mol* 1 u PhO~/Cl”

Hexane 2.70 5.16 1.60 0.93 0.30

3.80 7.42 1.60 1.29 0.59

6.05 11.98 1.51 0.95 0.77
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Table 1 continued

Organic

solvent

nii:0- 102

mol • l"1

m i ^ i o ^  

mol * l"1

[ШорИо 

mol .1“

Ъ ?
PhO .10^ vael 

PhO /01“

8.45

9.95

16.78

19.70

1.64

1.82

1.06

0.98

1.09

1.05

o-dichloro- 0.63 1.44 0.59 1.54 0.37
benzene 1.25 2.49 0.75 1.64 0.54

2.50 5.00 0.90 1.82 1.01

4.23 8.34 1.09 1.59 1.22

6.15 12.26 1.15 1.00 1.06

12.30 24.50 1.50 1.00 1.64

chloroform 1.25 2.44 0.53 2.59 1.19
2.50 5.05 1.01 4.18 2.10

3.75 7.13 1.85 5.58 2.15
5.00 9.99 2.18 5.32 2.48

8.95 17.44 4.27 7.34 3.00

18.95 37.60 9.00 7.57 3.20

symm-tetra­ 0.05 0.075 0.25 5.72 0.17

chloroethane 0.075 0.121 0.29 6.80 0.28

0.10 0.167 0.33 7.51 0.38

0.125 0.214 0.36 8.04 0.48

1.17 2.258 0.82 24.36 6.70

2.455 4.786 1.24 44.83 17.30

4.70 9.33 1.62 64.30 37.00

8.05 15.96 1.90 78.21 65.66

8.25 16.27 2.06 83.89 66.28

16.30 32.60 2.47 81.82 110.00

x Initial concentration (III) is considered for the total 

volume of the two-phase system.

In reciprocal coordinates Eq. (5) can be written as 

follows:
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kIP k-1 kop [ I I  ox6]
ODS

By means of this equation (its applicability is illustrated 

in Pig. 1) we established kQp values for phenolysis (1) 

in the two-phase system* borate buffer-chloroform (21.4 -

1.0 1 * mol~1 • s-1) and symm-tetrachloroethane (42.6 - 4.1

1 • mol-1 • s-1).

^PhO”/Ol"" - [«C10P1 . 1 t01Apl j6)

Fig. 1. Processing data of phenolysis reaction (acc.

to Eq. (6)) (1) proceeding in two-phase sys­

tem borate buffer-organic solvent ( Q  - chlo­

roform, r = 0.9985; - symm-tetrachloro - 

ethane, r = 0.9978).

г  -  k ° pEq. (5) becomes much simpler if [ C l ^  j < <  --- [P^N^ClgJ .

k-1

We have chosen the systems containing chloroform and

symm-tetrachloroethane as the organic phase,since,their
sei I P

Kpho“/ci“ values and the corresponding were mea­

sured in1 a similar concentration range of the catalyst. 

Measuring errors do not permit us to reliably find the 

k_1 values according to Eq. (6).
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This can be achieved both by reducing the catalyst content 

in the two-phase system and by increasing the substrate 

concentration. We get Eq. (7), which indicates that if the 

necessary condition is satisfied, the reaction rate will 

not depend on the substrate concentration but it will be 

determined by the transport of (IV) between phases:

■ k-1 • "PhO- • m

Really, in the case of low salt (III) concentrations, the 

dependence of interphase rate of phenolysis on the concen­

tration of (I) can be depicted as a curve approaching the 

asymptote. This happens the later, the higher the catalyst 

concentration (Fig. 2).

Fie. 2. Phenolysis (I) rate dependence in two-phase
IP — 1

system borate buffer-chloroform (kQ^s, s“ ) 

on (I) concentration (mol • l”1), 25°C:

О - ГС1̂р] = 3.65 • 10"3 mol • l“1; Q  - 

[Cl^p] = 1.99 • 10”2 mol - I"1; ф - [Cl^]

2.92 • 10"2 mol • l“1)

The procession of the data given in Fig. 2 according 

to Eq. (5) at the fixed value = 21.4 1 ' mol * s ,
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yields the following results:

3.65 * 10“3 0.85
+ 0.11 71.5 - 9.6 0.995

1.99 * 10“2 2.72 + 1.02 6.66± 2.03 0.961

2.92 * 10"2 2.79
+

0.34 5.91- 0.69 0.994

The values ^ph O“ quite well satisfy the earlier ob - 

tained1 experimental dependences of p-nitrophenolate-ion 

transfer level values on the catalyst concentration. One 

should also pay attention to the fact that if the concen­

tration of (III)increases, in the two-phase borate buffer- 

chloroform system the k_^ constant will accordingly de­

crease and strive for its constant value.

If [Cl^p]» * [P3N3C16] , Eq. (5) will take the 

following form:

^obs = k0P a PhO" * ^ 3 N3C16l

In this case the reaction studied can be controlled by the

phenolysis rate (i) only in a separate organic phase and
IP 1
kobs linearly depends on the substrate concentration .Thus,

in proportion to the increase of catalyst concentration,the 

interphase phenolysis reaction of (I) is less and less li­

mited by the relationship between the forward and back 

transport of ions, more and more depending on the reaction 

rate in the organic phase. As to the systems borate buffer- 

hexane, o-dichlorobenzene, chloroform, the limit values of 

arylate ion reached ^pho“ = ^1*1 " °'2  ̂ * 10”2* (1*36 “
0.3) * 10 (7.5 - 1.2) • 10“2, respectively , enabling 

us to calculate the kQp values according to Eq. (8). The 

values are given in Table 2 together with those calculated 

according to Eq. (6). Table 2 also contains kgp , found 

from the kinetic phenolysis (I) data in a separate organic 

phase. They were obtained as follows. Under the conditions 

of interphase transfer chloroform, symm-tetrachloroethane

9*
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Rate Constants kQp (1 • mol-1 • s"1) of Phenolysis 

Reaction (I),25°C

Table 2

k0P

Solvent

Calculated

acc. to 

Eq. (6)
acc.

Eq.

to

(8)

Experimental

hexane 0.21 i 0.11 0.30 i 0.03

chloroform ro
 l + 0 21.9 ± 3.3 15.7 - 0.6

symm-tetra­

chloroethane 42.6 - 4. 1 40.0 i 4.2

o-dichloro-

benzene 141

+1

166 - 15

and o-dichlorobenzene were saturated with reagent (IV),phe­

nolysis kinetics was studied at a varied concentration (I). 

As in the case of the system borate buffer-hexane in the 

organic phase, it was not possible to reach such a corre - 

lation of (IV) which would be suitable for spectrophotomet- 

ric measurements, the reaction rate was changed in mixtures 

with chloroform* containing p-nitrophenolate ion,while rate 

constants кфр were extrapolated to pure hexane according 

to the Kirkwood equation (9):

log kop = (-2.84 - 0.30) + (11.66 ± 1.09)g~ " -|- (9) 

n = 7 r = 0.976

The comparison of kQp calculated according to Eqs. (6),(9) 

and those found experimentally confirms the correctness of 

the chosen model of interphase-catalyzed phenolysis reac -

x The hexane-chloroform mixture having known dielectric
2

permittivity values was used . The effect of wa­

ter on &  was neglected by virtue of its very low 

content in mixtures.

320



tion (1). Thus, Eq. (5) satisfactorily describes the studied 

reaction if two experimentally determinable parameters - 

the rate constant in a separate organic phase and the selec­

tivity constant of ionic exchange, which both vary in a 

rather wide range (k^p » 0,3 ■ 166 1 • mol“ * s“ ,

KphCT/Cl" 5 °<17 r 3.20) are used.

Experimental

The synthesis and purification of the initial reagents 

and solvents was conducted as described in1.

When measuring the selectivity constants of ionic ex­

change, the chloride-ion concentration in aqueous and or­

ganic phases was determined by potentiometric argentometric 

titration.

The phenolysis (I) rate was measured during the inter- 

phase transfer, using methods1.

The phenolysis (I) rate in separate organic phase 

(chloroform, symm-tetrachloroethane, o-dichlorobenzene) was 

found as described below. Equal amounts of organic solvent 

and borate buffer, containing triethylbenzylammonium chlo­

ride and p-nitrophenol were mixed. After establishing equal 

distribution of ions, the necessary volume of the organic 

phase was chosen, this was put into a thermostated shell , 

where a certain amount of substrate (solution) was added 

within a corresponding solvent. The phenolysis (I) rate 

was monitored according to the p-nitrophenolate-ion ( ^ - 

410 nm) absorption loss. The contribution of the side re - 

action of p-nitrophenolate ion with chloroform and symm- 

tetrachloroethane which does not exceed 7-10% has been 

taken into consideration when calculating the constant of 

phenolysis (I) rate.
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The data bank "CIS-Tartu" contains about

250.000 rate and equilibrium constants of hetero- 

lytic reactions. The contents of the bank are ac­

cessible by means of the universal retrieval sys­

tem, ensuring selection of necessary information 

from the bank according to retrieval order. Reac­

tion retrieval according to the given scheme as 

well as on the basis of its definite medium can 

be carried out.

Programs have been written in PORTRAN-77.

The data bank "CIS-Tartu'*1 was created and is being 

supplemented at the department of organic chemistry of Tar­

tu University. The bank fully reflects the data of the ta - 

bles of rate and equilibrium constant of heterolytic reac -
p

tions , containing 250.000 constants. Since collecting 

of the constants continues, the input of new constants and 

data about reactions is going on simultaneously.

The creation of the "CIS-TARTU" bank as such was not 

our only aim. The data of the bank will be used in theore­

tical studies, particularly, for prognostication of unknown 

reaction characteristics. Therefore, a retrieval system en­

abling us to use the bank data most effectively, including 

search for particular constants as the easiest problem, was 

created in parallel. Certainly, the simple inquiry-reply
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form is insufficient for solving more complicated problems. 

The task of the retrieval system stands first of all in 

guaranteeing the selection of sufficiently accurate and ex­

haustive information for its further use as the initial da­

ta for superior systems.

The data of "CIS-TARTU" have been divided into several 

themes being stored in the sequence of the so called CIS- 

files on 6 tape volumes. Each topic has got a catalog indi­

cating which subdivision of the topic a CIS-file belongs to.

The data bank bulk and structure indicate that there 

would inevitability be a preliminary step of data retrieval.

A retrieval inquiry should first of all contain either the 

theme name or that of its subdivision within which the re - 

trieval will take place. Using the catalog the DCISNIM pro­

gram compiles the list DOO-FILELIST of the CIS-files in - 

volved. With the aid of system means, the D00 program loads 

these CIS-files from the magnetic tape. In the course of the 

preliminary step, the bank retrieval subarea will be re - 

corded onto the disk.

The retrieval system is divided into two autonomous 

parts. Their operation sequence is determined by the user.

As a rule, retrieval action is followed by the data selec - 

tion from among the initial data set, satisfying inquiry con­

ditions. To the obtained selection is given a standard form 

and its structure is similar with that of the initial one. 

Thus, after task specification, the retrieval system can be 

reused with the results of the previous step. The selection 

of the initial data set should precede the primary use of 

the both parts of the retrieval system. In the case of their 

either repeated or successive use as initial data, they will 

be given the results of the previous step.

The DOTSA program system is applied to find reactions 

according to the given scheme.

In reply to system prompt OUTPUT: the resultant file 

name should be given. There are three versions for the file 

name initial letter:
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1. P -(PRINT)

In this case, the process results in printing out a 

table containing complete information on the reaction found.

2. P (PILE)

The reaction is recorded in its initial form in the 

file analogous with the CIS-file. The former file is meant 

for a further retrieval.

3. R (RESULTS)

The data about the reaction for a further treatment by 

superior programs.

All 3 file types or their arbitrary pairs may be asked 

to be compiled simultaneously.

After the promt SKELETT: the LINCS-code3 of the
4

scheme of the reactions considered should be given. After 

input this code is transformed into a graph, where undeter­

mined groups have been qualified as variables.

The SOURCE: prompt the system is given either the 

name of the file next in the DOO-FILELIST or that of P-file, 

resulting from the DOTSA or DPOISK systems during the pre - 

vious step.

During retrieval, the graph obtained after the LINCS 

code system transformation is compared with each graph of 

the SOURCE-file. If they do not coincide, messages MISMATCH 

will be displayed and another graph will be taken. If the 

graphs coincide, message MATCH will be displayed, the groups 

having previously remained undetermined in the inquiry,will 

be defined and their numbers in the substituents list will 

be established. In case the substituent does not stand in 

the list, it will be given a negative number and the sub - 

stituent will be included into the WILD-SUBSTIT list. After 

the termination of the system operation the list can be 

printed out for a visual study. Such a situation occurs if 

the selectivity level is low enough, i.e. if the substitu - 

tion groups in the scheme have been determined loosely.

After the given P-file records or those of the last
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CIS-file of the DOO-FILELIST are exhausted, the DOTSA sys­

tem will wait for an answer to prompt MORE? (Y/N).The first 

version suggests that the functioning of the system should 

continue from the prompt SOURCE: and with presenting either 

another DOO-PILELIST or P-file. In the case of the latter 

version, the system stops.

It is often beneficial to specify retrieval on the ba­

sis of some additional information, i.e. to find the reac­

tions which proceed under given conditions. The task can be 

performed by means of the DPOISK program system.

To the OUTPUT: prompt of this system, the reply ver­

sions coincide with those of the DOTSA. The exits of both 

systems are identical in their forms, thus enabling the 

user choose their operation order.

The DPOISK system is applied also to analyze the refe­

rences to the literature used. If the first reply version 

is given to prompt REFERENCES? (Y/N), reference processing 

will start; in the case of negative answer, no respective 

processing will take place. In the first version autonomous 

references concerning each topic will be replaced by their 

numbers in the stored full list of literature. The user can 

get the listing of the references, related to the reactions 

chosen. If the reply to the prompt of LITERATURE? (Y/N) 

system is positive, the list will be compiled in the form 

of an output file PRINT. In this list, some titles can re - 

cur as well as references related to the reactions consid - 

ered. This means is recommended to be made use of on the 

final stage of retrieval only, since the existing list of re­

ferences is rather long. Scanning of the list takes some ex­

tra time, thus retarding the functioning of the system.

Retrieval conditions will be specified during the dia­

log between the user and the DPOISK system. Likewise in the 

DOTSA system, the package mode is possible, i.e. several 

different inquiries can be united in one step. If the reply 

to the TASK? (Y/N) prompt is positive, the system is ready 

for accepting another order. In case of a negative answer , 

the system will stop.

Prompt SOURSE: foresees passing to the next file in
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the DOO-FILELIST or the name of F-file (see analogous in­

quiry in the DOTSA system). In reply to the REACTION TYPE 

prompt, the number M/N of the series undergoing retrieval, 

where M and N are integers, should be given.

Prompt CONDITIONS (T, LGK, ERR, P0, SOLV) permits us 

to specify retrieval conditions; reply versions are given 

in parentheses. The necessary conditions should be presented 

in succession, one by one. The inquiry will be repeated un­

til all the fixed conditions of the reaction searched dur­

ing the operation of the program are satisfied, i.e. until 

prompt CONDITIONS gets the so called "empty" reply (by 

pressing the RETURN button).

We are going to discuss the behavior of the system in 

all cases of the reply to the prompt.

1) For reply T, the system suggests two successive extra 

prompts, in order to define the upper limits of tempe - 

rature range: TEMP : T1 =

TEMP : T2 =

The reply to the both inquiries should be some real num­

ber kk. nn. If it is necessary to establish the definite 

value, the T1-T2 interval will be chosen rather small: 

variable T1 will be given the definite value T, while 

T2 = T1 + 0.01, for instance.

2) Similarly to the aforesaid two extra prompts are sug - 

gested for reply LGK:

LGK : C1 =

LGK : C2 =

The reply should be of the analogous form as the one in 

the case of temperature.

3) As concerns reply ERR, the existence of the VT error 

parameters should first of all be found out by prompt - 

ing SIGN VT =. If the error is not taken into account, 

the reply will be "- ", otherwise the "empty" reply is 

given. Then, analogously with T and LGK: ERR : V1 =
ERR : V2 =

are suggested to fix the error interval.

4) In the case of P0 reply, similarly with ERR, the exist­

ence of the PT pressure parameters will be established.
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The SIGN PT = can have a reply " -" if pressure is not 

taken into account, otherwise an "empty" reply is given. 

In the latter case, two extra prompts 

PRESSURE s P1 =

PRESSURE : P2 = 

can be suggested for the user in order to fix the pres­

sure value interval. The units of pressure differing from 

atmosphere, are given in the Table in column 8. They can 

be obtained when analyzing the comments.
5) For reply SOLV, the system suggests inquiry SOLV : NR = 

to find the number of solvents in the reactions con - 

cemed. The reply should be an integer N; then N times 

will be prompted S(I) = in order to determine definite 

solvent numbers where I * 1..N. If N ]̂ 2, it is possible 

for the user to fix the solvent concentration used in 

the reaction. The existence of the concentration parame­

ter will be established by prompting SIGN KT(I) = which 

can have one of the following replies:

- concentration is not taken into consideration

V - volume concentration is given (V%)

W - weight concentration is given (W%)

U - undetermined concentration (V%, W%)

L - molar-weight concentration is given

R - molar-volume concentration is given

"empty" - normal concentration is given (M%)

In the first case, the system passes to the following prompts 

of CONDITIONS. In other cases, the user will be prompted N-1

times K(1, I) я 

K(2, I) =

where I = 1..N-1

in order to establish the interval of the concentrations to 

be found for any of N solvents.

When finding the intervals of the values, it is not pos­

sible to simultaneously study several such intervals. If it 

mightTnevertheless be necessary, another inquiry package 

should be made repeating retrieval.
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After exhausting all desirable conditions indispensa­

ble for reaction procedure, i.e. if the prompt CONDITIONS 

will be given an "empty" reply to, the user will be offered 

a possibility to analyze the information in columns 3 and 

8 of the Table, (in the comments to the reaction). If the 

prompt COMM? (Y/N) gets a positive reply, the text of the 

comment will be suggested. First TEXT(3) »*, then TEXT(8) ». 

In case the contents of one of the columns do not interest 

the user, an "empty" reply should be given. During retriev­

al, are selected the lines where the beginning of a defi - 

nite comment part coincides with the suggested one.

After the whole set of retrieval conditions has been 

given, the DPOISK system will check whether they are satis­

fied in a given order for each reaction of the SOURCE-file. 

If the conditions are satisfied, the message MATCH will be 

displayed on the screen and the corresponding recordings 

into the P-, F- or R-file will be done. Otherwise the mes­

sage MISMATCH is output. After that, the next reaction of 

the given CIS- or F-file will be proceeded to.

The DPOISK system stops after exhausting the whole 

task package.

The information exchange between the retrieval system 

and external storage is illustrated in the Scheme.

In Pig. 1, the auxiliary files can be considered as 

follows; for system DOTSA-files of direct codes, terminal 

labels and substituents (see1); for system DPOISK - list of 

references. Additional file for system DOTSA-file WILD-SUB- 

STIT, described above, for system DPOISK-file PRINT for the 

listing of the references. The contents of the P-, P-, R- 

files have been described above .
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Pig. b  Scheme of information flow in retrieval 

system.
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The high resolution PMR spectroscopy has 

been applied for studying substituent effect on 

the electron density change in ring with two ni­

tro groups in the case of diphenyl systems with 

bridge groups containing sulfur at various oxida­

tion levels. Correlation analysis enables us to 

show that in static molecular state this effect 

depends on interaction of substituent and free 

electron pairs of sulfur atoms. The following se­

ries of electronic bridge groups according to 

their electron conductivity:

so2 > S > SO 

has been obtained.

Earlier we have studied the substituent effect's na - 

ture in the alkaline hydrolysis in the 4*-substituent series 

of 2,4-dinitrophenyl-sulfides (I), -sulfoxides (II), and 

-sulfones (III) in dioxan -water medium. It was established 

that those processes obey general regularities of activated 

aromatic nucleophilic substitution1-3. A deviation from 

these general regularities was found when conducting the 

reaction of alkaline hydrolysis in water^. The deviation
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was explained with the existence of solvation effects on 

the bridge group. The supposition was confirmed^ by studying 

the substituent effect onto the frequencies of valence 

shifts of sulfur-containing bridge groups in systems (I-III) 

according to the IR spectrum data in the state without any 

solvation effects of the medium.

In order to continue this research, the effects of dif­

ferent substituents on the electronic conductivity of sulfur- 

containing bridge groups are studied in this paper, using 

high resolution PMR spectroscopy. The analysis of the PMR 

spectra of the compounds studied shows that in the case of 

the protons of benzene ring with two nitro groups the split­

ting of signals has the same nature as those of the three- 

spin AMX system which can be analyzed according to the re­

gulations of the first order spectra^.

A typical spectrum for 2,4-dinitrodiphenyl sulfide with 

assignment of all signals is depicted in Pig. 1. The results 

of the effect were estimated on the basis of the chemical 

shift of the doublet signal of proton Hg, which is situated 

nearest to the bridge bond and can be easily identified in 

the PMR spectrum. The position of the proton signal in the 

PMR spectrum is probably conditioned by the electron den - 

sity around the atom, therefore, a change in chemical shift 

can be a qualitative characteristic distinguishing bridge 

group electronic conductivity. The results are presented in

0. ppm

Pig. 1. PMR spectrum of 2,4-dinitrodiphenyl sulfide.
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Chemical Shifts (6 , ppm) of Proton of Benzene 

Ring in Dimethylacetamide

Table 1

No s SO S02

1. SCH3 5.30 - _

2. NH2 5.30 6.82 6.53

3. 0CH3 5.26 6.82 6.76

4. CH3 5.28 6.84 6.80

5. H 5.26 6.82 6.82

6. Cl 5.36 c. CO ro 6.86

7. Br 5.38 6.82 6.85

8. C0CH3 5.40 6.86 6.87

9. SOpCH^ 5.46 6.86 6.90

10. N02 5.51 6.88 6.94

The analysis of these data shows that in general, in­

troduction of electron-donor substituents leads to the Hg 

proton shift into the range of strong fields, and to the 

electron-acceptor substituents shift into the weak field 

region if compared with a molecule having no substituents .

As concerns compound series (I) the effects of donor 

substituents do not affect the chemical shift of proton Hg 

whose value is 5.28-5.30 ppm . The results shown in Pig. 2 

obtained after processing the data for compound series (I) 

by means of correlation analysis, confirm the above state - 

ment. In this case a satisfactory correlation coefficient

for can be established only when combined with aromatic
H6

inductive constants for electron-acceptor substituents. A 

relatively weak influence of donor substituents is most 

probably connected with the existence of conjugation bet - 

ween lone electron pairs of donor groups and nitrogroups of 

the second ring owing to the presence of free electrons at 

the sulfur atom.
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d°

Pig. 2. Relationship 6„ - 6° for series (I) (г =
H6

0.984, p = 0.280, S = 0.017, n = 7, num­

bers of compounds: 1,5-10). Compound numbers 

can be found in Table 1. Pig. 3 follows the 

same numeration.

At the same time, acceptor substituents start interacting 

with them. The electron density decrease near the bridge 

group is compensated for by withdrawal of electrons from a 

neighboring ring. The latter action makes the signal of the 

Hg proton shift to the weak field region and is reflected by

correlation relation - 6°  (Pig. 2).
6

As to the compounds of series (III), a gradual shift 

of the proton signal into the weak fields' region takes 

place with the increase of electron-donor properties of 

the substituent (Table 1). Since in this case the sulfonic 

group does not contain any free electrons, the substituents 

interact directly with the electrons of the second ring.The 

latter action causes a change in the chemical shifts of the 

signals of all protons, and particularly in that of the H- 

proton, being also reflected by the correlation analysis 

(Pig. 3). The data refer to a rather good proportional re­

lationship between 5U and 6°. All substituents, in- 
H6

eluding that of methylsulfonyl in 2,4-dinitro-4'-methylsul- .
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fonyldiphenylsulfone, having abnormally high rate of al­

kaline hydrolysis in both 40% dioxane2 and in water4-, ex­

cellently fall onto the straight line.

Pig. 3. - 6° relationship for series (III)

(r6= 0.970, j) = 0.150, S = 0.0149, n = 8, 

Compound numbers: 3-10).

Thus, in static molecular state, methyl-sulfonyl group has 

normal electronic effects, while both in water and diox. - 

ane-water media in reaction state2-4 appear the specific 

solvation effects of the substrate's specific solvation 

caused by solvent molecules. A similar conclusion was 

drawn in the case of studying the frequencies of valence 

symmetric shifts of sulfonic group on the basis of the IR 

spectra of the compounds of series (III) in the static 

state^.

The same phenomenon was observed in the case of sul­

fides: in 2,4-dinitro-4'-methylmercaptodiphenylsulfide,the 

thiomethyl substituent of the molecule which does not re­

act in the static state reveals the properties character - 

istic of hydrogen (Pig. 2.). In the case of alkaline hyd - 

rolysis1, an abnormally strong electron-donor effect has 

been traced.

Series (II) appeared to be not very sensitive to the
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changes of substituent nature (Table 1). This seems to be 

caused by the fact that, owing to a good polarizability of 

the sulfur-oxygen bond, the sulfoxide group can be described 

by structure (V), where the lone electron pair of the sul - 

fur atom is shifted strongly to the oxygen atom:

(IV) (V)

Depending on the substituent nature, the bridge group pola­

rity either grows or drops, thus screening the substituent 

effect to the restructuring of the electron system in the 

activated benzene ring. Such approaches are in keeping with 

the data of^, according to which in sulfoxides, the sulfur- 

oxygen bond is strongly polarized.

Thus, the obtained data enable us to arrange according 

to electron conductivity the bridge groups containing sul­

fur at its various oxidation levels in the following sue - 

cession: SOg > S >  SO .

Experimental

4'-substituted 2,4-dinitrodiphenyl sulfides, synthesized 

by means of known methods from 2,4-dinitrochlorobenzene and 

from the corresponding thiophenolate (ref.1 and those cited 

therein) were used. 2,4-dinitrophenylsulfoxide and -sulfone 

derivatives were obtained after oxidation either with hydre- 

gen peroxide or with a double excess of chromic anhydride in 

the medium of the acidic acid of the corresponding sulfides. 

The purity level of the compounds was checked by means of 

thin-layer chromatography and by finding the melting point. 

The data were in keeping with those of literature.

The PMR spectra were recorded on a spectrometer "Tes­

la" BS-497, its operation frequency in dimethylacetamide at 

25°C was 100 MHz. Weight concentration of substances was
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5%. Hexamethyldisylfoxane was used as an inner standard .

The accuracy of chemical shift was ±0.03 ppm.

The accuracy of experimental data was estimated using

the methods of mathematical statistics according to known
Q

formulae .
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Aminolysis and hydrolysis of N-substituted 

benzimidoyl chlorides have been used to find the 

activation parameters of Sjj1 and Sjj2 processes . 

Thermodynamic evidence to prove the discreteness 

of nucleophilic substitution mechanism in border 

zone of their realization has been obtained.

The interaction of P-substituted benzimidoyl chlorides 

with nucleophilic reagents characteristically has a rather 

wide spectrum of SN-mechanisms fs^l, M+X~ * SN1, Sjj2(IP) , 

M+X" • Sn 2(IP), Sn 2(S), Sn 2(TI)]1. There are cases when any 

of them can be proved kinetically, though, as a rule, cer - 

tain routes cannot be easily distinguished. As to the reac­

tions studied here, this is not difficult to vary the con - 

tributions of the individual flows into the rate by chang - 

ing the substrate's structure, the nucleophile's nature and 

concentration or the concentration of the salt added as well 

as medium properties “ . The situation favors experimental 

research into nucleophilic substitution mechanisms in border

zone. This is of certain theoretical value, since there are 
7no common views on the character of substitution mechanism 

in transition region (the mechanism might be either contin­
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uous, having a steadily changing transition state struc - 

ture, or discrete, i.e. being a total of individual routes 

with close free activation energy values).

In the present work, we have tried to concentrate our 

studies on certain routes in border zone by examining their 

activation parameters, on the examples of some reactions or 

series of reactions with the participation of related sub­

strates, their mechanisms having been firmly proved kine-

tically. This would be easier in the case of SW1, M+X” •
2 8 — 10

Sjj1 and Sjj2(S) processes. Literature data * on the

activation parameters for the substitution reactions im - 

idoyl chlorides are extremely scarce, often obtained from 

a limited temperature range. Besides, this information was 

not discussed from the point of view of the border zone 

mechanisms.

We have studied the temperature-dependence of the 

rates of hydrolysis and aminolysis of N-substituted benzi- 

midoyl chlorides I with 4-N,N-dimethylarainopyridine (R^N) 

in different solvents. In the neutral hydrolysis of imidoyl 

chlorides I the N-substituted amides of carboxylic acids 

form on the basis of reaction (1). In acetonitrile, the re­

action proceeds quantitatively and irreversibly according 

to scheme (2)11.
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Kinetic measurements were carried out in pseudomonomo- 

lecular conditions at a large excess of the nucleophilic re­

agent in comparison with imidoyl chloride: [HgO], [R^N] > 

[ I ] «  5 • 10-5 mol . l-1. The reaction rate was monitored 

spectrophotometrically according to the accumulation of fi­

nal products.

Kinetics and Mechanisms of Studied Processes

The peculiarities of kinetics and the arguments show - 

ing the mechanism of aminolysis of imidoyl chlorides I in 

acetonitrile3“̂, as well as those of their neutral hydroly­

sis in dioxan-water (1 : 1) mixture in the presence of so- 
12dium perchlorate have been thoroughly studied in previous 

publications. Temperature variation does not affect the va­

lidity of those regularities. It has been shown in papers 

cited that the aminolysis of substrates I proceeds in ace - 

tonitrile according to various nucleophilic substitution 

mechanisms depending on the nature of the R and R* substi - 

tuents:



Thus, for the interaction of the la, Ie compounds with

pyridinic bases, we suggest a step-wise mechanism via nit -

rile-cationic intermediates III, IV (route A in scheme (3)).

In the high concentration range of tertiary amine, the total

process rate is limited by the ionization stage of imidoyl

chloride (k.), which in accordance with^ seems to proceed

with electrophilic contribution of water found in the ace -

tonitrile purified by ordinary methods. Analogous mechanism
12

can also be suggested for the hydrolysis reactions of Ic, 

Id substrates in water-dioxan (1:9) mixture,constant ionic 

strenght of NaClO^ being 0.01 M, and for the Ie aminolysis 

in the presence of sodium perchlorate in acetonitrile (route 

A' in scheme (3)); and besides, sodium perchlorate^ acts аз 

the electrophilic catalyst in the step of imidoyl chloride 

(kip ionization. The k^ values found from the interaction 

kinetics of la, Ie compounds with 4-N,N-dimethylaminopyri - 

dine in acetonitrile and from the hydrolysis kinetics of Ic 

and Id substrates in the presence of sodium perchlorate are 

given in Tables 1 and 2; the corresponding activation para­

meters are presented in Table 3 (Nos 5-9).

The aminolysis of lb, Id compounds (without salts) pro­

ceeds simultaneously4 in two parallel routes A and В in 

scheme (3). As concerns the bimolecular nucleophilic sub­

stitution, in the case of rate constant k^ either a concert­

ed fSN2(S)J mechanism or a step-wise mechanism via tetra - 

hedral intermediate fSN2(TI)] , can a priori be suggested , 

since they are kinetically indistinguishable. The rate of 

route A, as in the case of la, Ie substrates, is limited by 

the step at high concentrations of pyridinic base. Thus, 

for the reactions of lb and Id compounds with pyridinic bases 

the k^ and k^ values should simultaneously be calculated on 

the basis of kinetic data (see Scheme (3); their v a l ­

ues at different temperatures are presented in Table 1. 

As in previous cases, the k1 and k^ values agree with the 

Arrhenius equation, the activation parameters can be found 

in Table 3 (Nos 1-4).
Activation Parameters of S^l and Sjj2 Processes with 

Participation of Imidoyl Chlorides. As it was already shown
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in the case of the nucleophilic substitution at the sp3-

carbon atom, activation parameters can serve for an iden - 

tification criterion of the S^l and SN2 mechanisms13. As 

to the analogous processes with the sp2-unsaturated cen­

ters, any far-reaching conclusions of the matter cannot be

found yet. The data set embracing both previously obtain-
2 8— 10ed ’ data and those of the present paper enable us to

do this analysis, using the substitution reaction at the 

imidoylic carbon atom as an example. The reactions proved 

to be unique, since they make it possible to determine the 

activation parameters of Sjjl and Sjj2 mechanisms in the 

case of structurally close substrates; or even in the case 

of one and the same substrate, while with substitution, in 

the vicinity of the sp3-carbon atom this is allowed only 

for the reagents having substantial structural differences 

or for those with varied process conditions.

Bimolecular processes (k^) should characteristically 

have much higher negative activation entropy values and 

much lower activation enthalpy values than ionization mech­

anism Sjj1 (k.|). Thus, the aforesaid is valid in the case 

of the reactions studied (cf. ДН^ and A S -̂  for Nos

1,3,5-9 and 2,4 in Table 3, more correctly - No 1 with No

2 and No 3 with No 4). This conclusion is qualitatively 

supported by the result given in Pig. 1, where the rate 

constants' logarithms of a majority of reactions from Tables

1-2 have been compared at two different temperatures (iso­

kinetic correlation14).

log  к 278

Pig. 1. Isokinetic re - 

lationship for the pro­

cesses of nucleophilic 

substitution with parti­

cipation of N-substitut­

ed benzimidoyl chlorides 

in different media. 

(Point numbers corres - 

ponds to those of Table 

3).
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Pseudofirst Order Rate Constants kj|j, (s_1) of N-Sub-

stituted Benzimidoyl Chlorides I Interaction with 4-N,

N-Dimethylaminopyridine (R7N) in Acetonitrile, Ioniza- 
, —1

tion Constants k1, k., (s ) Calculated from them, and
—  1 —1

Second Order Rate Constants k^ (1 • mol • s )

Table 1

/-v ^ N"R 

1 (R . ^ - < 01 >
Tempera­

ture, К

TR3N].102, 

mol*I-1 k1 4 KH * 10*

1 2 3 4

la; R * CH3 278 6.49 48.5
R' = 3-N02 13.0 52.1

32.5 49.1

64.9 50.2

*1 = (5.0 - 0.D-10"3

288 5.33 134

16.0 136

26.7 139

42.6 142

74.6 140

k1=(1.90 - 0.06)*10-2

298 k1=(3.4 - 0.3)*10“2 5

308 6.34 731

31.7 721

63.4 759

k 1=(7.4 - 0.2)•10”2

Ib; R = CH3 278 0.81 0.77

H = 3,5-(NO2)2 1.62 0.85

3.24 1.34

6.48 2.04

9.04 2.56

13.6 3.47

18.1 4.12

k1 = (6.5 - 0 . 7 M 0 “5 

kr=(2.00 - 0.08)* 10”3

342



Table 1 continued
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Table 1 continued

Id; R = C6H5 323 1.31 13.6
R'= 3-N02 6.56 26.4

9.84 29.3

13.1 39.0

k1 = (1.1 - 0.D.10“3

kc = (2.0 i 0.2)*10”3

Ie; R = С6Нд-С1-4 277 3.29 13.3

R'= H 4.93 14.9

6.58 14.6

»1 = (1.43 - 0.05)*10”3

288 1.64 28.7

3.29 31.8
4.93 31.2

6.58 37.1

k1 = (3.22 - 0.09)«10-3

298 k1
= (5.18 i 0.09)*10“3 6

306 1.64 124

4.93 115

6.58 114

k1 = (1.18 - 0.06)-10"2

27.2

28.7
27.2

29.1

k' = (2.81 i 0.09)•10”3

76.8 
85.0

85.2 

87.1

kj = (8.52 i 0.08)•10~3

288 1.64 

3.29

4.93 
6.58

Ie; R - C6H4-Cl-4 277 1.64

R’= H 3.29

[NaClO^] = 1.68.10"2 4.93

mol • l”1 6.58



Table 1 continued

1 2 3 4

Ie; R « С6Нд-С1-4 298 1.64 148' MиPd 4.93 144

[NaC104] = 1.68*10“2 6.58 154

mol • l"1 kj = (1.50 - 0.06)-10"2

306 1.64 281

3.29 290

4.93 291

6.58 296

kj » (2.92 ±0.06)-10"2

Table 2

Hydrolysis Rate Constants kj (s_1) of N-Substituted

Benzimidoyl Chlorides I (R'-CgH^-C(Cl)=NR) in Dioxan- 

Water (9:1) Mixture in Presence of [NaC104] * 1.0*10~2 

mol * l-1

I Temperature,

К k1 • 103

Id; R =
C6H5

278 0.27 ± 0.02

R' = 3-n o 2 288 0.68 i+ о • О

298 1.73 ± 0.08

308 3.98 - 0.09

323 12.3 - 0.4

Ic; R = C6H5 278 1.24 ± 0.05
R' = 3-C1 288 3.57 - 0.04

298 8.67 - 0.07

308 20.0 - 0.1
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Activation Parameters of SN~Reactions with Participation of N-Sub- 

stituted Benziraidoyl Chlorides in Different Media

Table 3

Reaction

Constant 

in Scheme 

(3)

ДН#

kJ*mol
9
-1

-AS*,

J*mol-1

degree-1

A G

kJ*

298K

mol-1

"1 2 3 4 5 6

1
02N>“/ Cl

iQ>- n (c h 3)2, 1acetonitrile k1 54.8 + 0.4 131.3 - 0.4 94.5 ± 0.9

2 • и- k5 33.9
+

0.4 173.9 ± 0.5 86.1 - 0.9

3
0 J & - '  01

lg> -n (c h 3)2, acetonitrile k1 44.7 +
0.5 163.9 - 0.8 92.4 i 0.8

4 —  N - k5 34.3
+

0.5 173.5 - 0.6 84.9

о•

+1

5
/— v >-0Й3

4ci
n q )- n (c h 3)2, acetonitrile k1 60.2 +

0.4 70.2 ± 0.8 81.1 - 0.7

6 °1|© ~  n (0H3,2
Cl

»acetonitrile k1 48.9
+

0.6 120.4 - 0.7 83.6 - 0.6



3
4
7

Table 3 continued

^  *N-(Õ)-C1 ^

7 <Q)"C\ + NQ ) ~  N(CH3)2,acetonotrile
01 [NaC104] = 1.68 • 10"2mol*l“1

+ HgO, dioxan-water (9:1)

Cl 01 [NaClOj = 1.0*10”2mol.l“1

52.1 - 0.8 101.2 - 0.8 81.9 - 0.7

64.0 - 0.8 69.8 - 0.4 84.4 - 0.9

o 2n
-C
,*N-OCH3

+ HpO, dioxan-water (9:1), 

G1 LNaC104l - л — "2 —  -*-“1

61.5 ± 0.4 89.5 - 4.0 88.2 - 1.0

1.0-10“* mol'l"

10
N-OCH-

4C1
+ CH30_ , methanol-diraethyl- 

sulphoxide (1:9)

74.2 41.8 86.7
10

11 CH30^Q^-C4 + HgO, dioxan-water (3:1),

01 [NaClO^ = 1*10"1 mol‘I-1

129.6 -33.4 115 .8 x 8

12 C13C- + HgO, acetone-water (10.956 HgO) k 1

'bi

76.1 48.3 90.7

x Pound at T > 393 К



The figure shows that the data of the ionization routes 

(k1 and k p  concentrate near one and the same line:

log k308 * (1.21 ± 0.23) + (1.05 1 0.07) log k2g8 

r = 0.989, s = 0.141, N = 7

Consequently, although there are remarkable structural 

differences among substrates and nucleophilic agents as well 

as in the reaction proceeding conditions (without salt ad­

ditions or in the presence of sodium perchlorate), the iso­

kinetic temperatures for these processes have rather close 

values. At the same time, as concerns reactions 2,4 and 11, 

their log k^ deviate from the line. Such behavior is form­

ally characteristic of some other isokinetic temperature 

value and is in keeping with essential differences between 

the S j j H k ^ k p  and SN2(k^) mechanisms.

Coexistence of these mechanisms in the border zone can 

be explained with fairly close free activation energy values 

(AGggg» cf. Nos. 1-2 and 3-4 in Table 3)» although the en­

thalpy and entropy components'of various, routes diff er a lot.We 

have already shown1'’ that in case of the reactions having 

border zone mechanisms, adding salts containing not a com­

mon anion (sodium bromide or perchlorate) leads to a total 

"suppression" of the SN2 process owing to the acceleration 

of the substrate's ionization rate (kp. Thus, the afore - 

said testifies the discreteness of the nucleophilic substi­

tution mechanisms in the vicinity of imidoylic carbon atom 

in the so-called "transition" region and consequently also 

proves that this substrate class is inclined to react by 

step-wise mechanisms including unstable intermediates.

To our mind,special attention should be paid to the dis­

cussion of the ДН* and ДБ* changes depending on the sub­

strate's structure and those of process conducting condi - 

tions in the case of ionization mechanism.

Thus, the strengthening of the substituent's acceptor 

character in substrate, which must lead to the electronic 

destabilization of the nitrile-cationic intermediate and of
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the transition state in the rate-determining step, makes 

activation energy drop and not increase, as might have been 

expected (cf. Nos 3 and 5, Nos 1 and 5 in Table 3).The fact 

could be adequately interpreted if we ascribed to a less 

stabilized transition state a considerably better solvation 

which is in agreement with the A s *  change direction for 

the processes compared. The contribution of solvation ef­

fect seems to be so significant that the activation entropy 

in the case of the electronically destabilized transition 

states of the S^l processes can have great negative values, 

approximating to the activation entropy of bimolecular 

(Sjj2(S)) routes of the same reaction.

Another interesting fact is that the electrophilic ca­

talysis of ionization by sodium perchlorate^ does not bring 

about any activation energy drop, which is not usually nor­

mal with catalytic processes. Moreover, during transition 

from a reaction without salt additions to the process with

NaClO. addition, the activation energy is even inclined to
jl

undergo a certain increase (cf. ДН for Nos 6-7 in Table

3). Here the acceleration is most probably connected with 

a more positive activation entropy for the M X~ • S^1 pro­

cess (No 7) in comparison with the HgO • S^1 process (No 6). 

The latter situation is connected with a better expressed 

solvation in the initial state compared with the transition 

one in the former case (substrate + NaClO^) than in the se­

cond version (initial state - substrate + HgO). Thus, we 

can state that the solvation effect of the solvent signi­

ficantly contributes to the absolute value of the active - 

tion parameters of the imidoyl chlorides ionisation. In 

some cases this contribution is evidently so substantial 

that this leads to the apparent inversion of the direction 

of either the effect of structural factors or that of the 

catalyst onto free energy components A H *  and A s t

The synthesis and purification of solvents, and rea - 

gents, and the methods of kinetic measurements have been 

described earlier4 , The characteristics of the used 

compounds correspond to literature data.

The error of finding constants from a separate experi-

^49
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raent did not exceed 2%, Thermodynamic activation parameters 
were calculated according to known formulae, linear equations 
were treated by the least squares’ method.
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Kinetics of N-arylbenzimidoyl chlorides in­
teraction with substituted pyridines in acetonit- 
rile, as well as tetraethyl-ammonium chloride ef­
fect on reaction rate have been studied. It has 
been shown that the effect of this salt cannot be 
confined to action of similar ions in keeping with 
the Mass law only, as it has usually been stated 
in literature. Alongside with this the mentioned 
effect, tetraethyl-ammonium chloride affects the 
thermodynamic state of ion-pair intermediate and 
its reactivity towards amine. Selectivities of mo­
lecular (Sjj2 processes) and ion-pair (Sj^dP) 
processes) forms of imidoyl chlorides in aminoly­
sis have been compared.

The interaction of imidoylhalogenides ArC(X) = NR (X = 
Cl; Br) with nucleophilic agents can be characterized1 by 
various substitution mechanisms (SN1, SN2(IP), SN2). The ki­
netic regularities of these routes and the influence of 
substrate structure on their rate have been discussed rather
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thoroughly in literature1“-̂. At the same time, the informa­
tion on the selectivity of molecular and nitrilic ionic 
forms of imidoyl halogenides is comparatively limited 
yet2*4’6.

In order to determine the selectivity of different 
forms of N-arylbenzimidoyl chlorides CgH^(Cl) = NCgH^R1(I,
R1 = 4-CH3, a; 4-C1, b; 4-NOg ,'C) we have studied the kine - 
tics of their interaction with pyridine bases (4-N-morfoli- 
nopyridine, 4-N,N-dimethylaminopyridine, 4-N-piperidinopyri- 
dine) in acetonitrile as well as the effect of tetraethyl - 
ammonium chloride (TEAC) on the rate of those processes.

Stoichiometry and Equilibrium of Process

As it was shown in4,7 the interaction of N -arylben-
zimidoyl chlorides (I) with tertiary heterocyclic amines 
leads to the formation of imidoyl-ammonium salts. In the 
case of the pyridines having low basicities (pyridine,4-phen- 
oxypyridine), a reverse process can be traced, while for 
stronger basic amines (N-methylimidazole, 4-N,N-dimethyl - 
aminopyridine), equilibrium will be fully shifted towards 
the final products of II. Some of them were obtained with

Qquantitative yields.
In low-polarity aprotic solvents (benzene, toluene) , 

the reaction of imidoyl chlorides (I) with 4-N-dialkyl-sub- 
stituted pyridines leads to the quantitative formation of 
such products which cannot actually be dissolved in these 
products' media, whose elemental content corresponds to the 
compounds of (II):

-NR.
•K o >-r1

A y - .
X 2> -

II

NR,
Cl ( 1)

Since in acetonitrile the salts of II do not precipitate , 
the UV-epectra of reaction mixtures in the solvent were
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analyzed to check the reversibility of the process (1).Ad­
ding pyridine bases to the imidoyl chloride la solution 
in acetonitrile (concentration ratio 1:1) brings about a 
total disappearance of the substrate's absorption band , 
there appears another band of product II, which is in com­
parison with the initial reagents shifted to a visible re­
gion. The spectra of previously synthesized salts II in 
nonpolar medium and those obtained in situ in acetonitrile 
are identical. The UV-characteristics of II products do not 
change when adding tetraethyl-ammonium chloride into their 
solutions in acetonitrile.

Consequently, the interaction of imidoyl chlorides I 
with 4-dialkylaminopyridines in the solvent mentioned pro­
ceeds quantitatively and irreversibly, as a result form 
the corresponding imidoylpyridinic salts II.

Kinetics of Reactions of Ia,b Compounds with Pyridine
Compounds

The peculiarities of the interaction kinetics of pyri- 
dinic bases with N-arylbenzimidoyl chlorides in acetonitri­
le have been thoroughly discussed in papers4’̂ ’10. In case 
of substrates 1 containing substituents R1, whose induction 
characteristics are 6"R1 <  0.5, the nucleophilic substi - 
tution mechanism via nitrilic-cationic intermediates as a 
free cation and ion pairs can be observed (route A in scheme 
(2)). This route is most probably valid for the interaction 
of imidoyl chlorides Ia,b with pyridine amines:

k1 + k^ +
I -p-»* c6h5c s nc6h4r1 -ei“ c6h5c = nc6h4r1+ci‘

"-1 -3
III IV

R3N k2

( 2 )

R3N
A

T ~II

R3N
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If [R3Nj>ClJX » the pseudofirst order rate constant к*Ъд(з”Ъ  
can be expressed as2,4-’

т к1 М { к2(к-з[°1'] + к*[¥]> + “эЧ}
jj1 _ -________________  (3 )

obs (k_1 + k2[_R3Nj) (k-3[ci“] + k4[R3N]) + к ^ Ц н ^ Д

As to the aminolysis kinetics of substrates la and lb, the
following regularities can be found. The k1, value remainsobsconstant during the process within the whole concentration 
range of the amine used. Thus, at low concentrations of 
chloride-ion, the rate of transformation of cation IV into 
final products exceeds that of its return into ion pair III 
(k̂ jjÊ Nj > k_3[Cl”J). As a result, Sq. (3) turns into (4):

j  к1 ( ‘ г М  ♦ кз> ( 4 )
kobs = ---------------

k_1 + k2[R3N] + k3

In the case of the processes studied, the dependence ofk^g 
on the amine concentration (Table 1) has a curvilinear form 
approaching the asymptote, as suggests Eq. (4).

In order to determine the optimum k̂  values, as well 
as the ratios of rate constants k^/kg and k3/k2, the ex­
perimental relationships k^bs(R3N) were approximated with 
Eq. (4), using the least squares method. The mean-root-square 
deviations of both calculated and experimental k ^ g values 
were minimized by means of the optimization algorithm of 
Hook and Jives11, the errors of determining the parameters 
were calculated by means of covariation matrix formation .
The results of the analysis are given in Table 2, which al­
so contains analogous parameters3“  for imidoyl chloride lb

x Such experimental conditions were realized in the 
present research, fl]] - 5 • 10  ̂mol * 1 1.

** The values of k1 and k^/kg have been obtained in 
on condition that k2[R3N̂  > k3«

2
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reaction with aliphatic amines taken from .
The inhibiting action of tetraethyl-ammonium chloride on the 
aminolysis rate of substrates la and lb agrees with the sug­
gested scheme. The comparison of the data of Tables 1 and
3 shows that adding TEAC brings about a rather dras- • 
tic drop in the reaction rate, while the salts with other 
anions (e.g., bromide and tetraethyl-ammonium perchlorate) 
accelerate the process10.

2 12It has usually been considered ’ that the salts hav­
ing similar anions inhibit the processes with substrate io­
nization according to the law of mass action, owing to re­
alization of the inequality k_3[ci“j>k4[R3N] with route A 
in scheme (2). On such a condition the expression for obswould transfer into (5) under the conditions of high 
TEAC concentrations. This can also be easily proved
when applying Eq. (3) for the above-mentioned inequality if 
we assume that the members, containing k-jk̂  can also Ъе ne" 
glee ted. Consequently, in the case of the TEAC ef­
fect, only according to the Mass law "к^а ’“ГКз10" should 
be nonlinear, and the k1 and k^/kg calculated from the re­
lationship, should coincide with those calculated from the 
experimental conditions, without tetraethyl-ammonium chlo­
ride presence.

k1 • k2[R3N]
kobsa -------=---7 (5)k_1 + k2LR3N]

Actually,in the presence of tetraethyl-ammonium chloride, not 
all the aforesaid assumptions hold in the case of the amino­
lysis of la and lb imidoyl chlorides. It has already been 
shown in10 that in the region of small salt additions the 
reaction rate drastically drops, at high concentrations tend­
ing to reach its threshold values. The latter fact is illus­
trated by the examples from Table 3. This effect, according 
to the Mass law qualitatively agrees with that of chloride- 
ion, being realized in TEAC high concentration re­
gion, on condition that 1с__3[С1”J > k:4£R3N^. Neverthe-

2
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Table 1
Pseudofirst Order Rate Constants for N-4-Chlorophenyl- 
benzimidoyl Chloride with Pyridine Bases in Acetonit - 
rile at 25°C

Amine (R̂ N) 1_R3n]' 104. 
mol * l""1 • 1°3- 3-1

1 2 3

4-N-piperidino- 1.01 2.35
pyridine 2.03 2.86

3.04 3.51
4.06 3.60
5.05 3.99
10.1 4.71
11.7 5.33
15.2 5.45
18.2 5.51

4-N,N-dimethyl- 2.95 2.33
aminopyridine 3.93 2.73

5.90 2.99x
8.40 3.36x
9.82 3.84
19.6 4.33
29.5 4.50
39.3 4̂ 57
56.6 4.71
73.6 4.85
74.3 4.89
98.2 4.95
107 4.97
196 5.06
295 5.40
393 5.53x
423 5.60х
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Table 1 continued

1 2 3

4-N-morpholino- 1.00 2.09
pyridine 2.00 2.68

3.00 3.12
4.00 3.43
10.0 5.47
20.0 5.76
30.0 6.97
49.8 7.76
80.0 8.27

x The data obtained in the present work, the rest of the 
results for 4-N,N-dimethylaminopyridine have been taken 
from10.

less, the dependence of these pseudofirst order rate cons­
tants (in the case of such experiment conditions, the cons­
tants are marked by k*(s~1) and not by k*^ if there is no 
tetraethyl-ammonium chloride present) on the amine concent­
ration is linear, preserving this character in the amine 
concentration region, remarkably exceeding those approach­
ing the asymptote in the case of tetraethyl-ammonium chlo­
ride absence.

Supposedly, a strictly bimolecular rate la» in the case 
of high tetraethyl-ammonium chloride concentrations is ex­
plained with the fact that the ionization mechanism's con­
tribution to these conditions is negligible and the reac - 
tion mainly proceeds either via the concerted Sjj2-substitu- 
tion or according to a kinetically similar addition-detach- 
ment mechanism via tetrahedral intermediate (route В in 
Scheme (2)).

But the comparison of second order rate constants k^ 
(Table 3), calculated from a linear relationship "k̂ -fR̂ N] " 
for reactions of imidoyl chlorides la and lb with 4-N,N-di- 
methylamiÄopyridine, whose second order rate constants (k̂
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Table 2
Re siil ts of Kinetic Data Processing according to Eqs. (4), (7) for Reactions 
of N-Arylbenziraidoyl Chlorides CgH^C(Cl) = NCgH^R1 with Amines in Acetonitrile

R1 Amine
nn —— Rate constants and their ratiosuv?aw bxuu

conditions V ] ° 3.
s

ke1/k2-l04,
mol'l“1

k3/k2*104, 
mol*l-1

k-1/k1k2*
mol*s»i“

4-N-piperidinopyridine without TEAC,25°C 7.4±0.3 6.0±1.0 1.9±0.5 _

4-N,N-dimethylamino- without TEAC,25 С 5.4±0.1 6.2±1.0 о-HCVJ -
pyridine with TEAC, 25°C - - - 50±2.5

4-N-morpholinopyri- - without TEAC,25°C 9.1±0.4 10.0±2.3 2.1±0.8 -
4-C1 dine with TEAC, 25°C - - - 114-8

morpholine without TEAC,30°Cx 10.2±0.3 33.3±1.1 - -
piperidine without TEAC,30°CX 11.2±0.4 13.5*0.5 - -
4-N,N-dimethylamino-

4-CH3 pyridine with TEAC, 25°C - - - 3.7±0.1
4-N-raorpholinopyridine with TEAC, 25 С - - - 7.7-0.2

The data were taken from3.



in Scheme (2)) were found from the Hammett relationship ac­
cording to the data of4 (in the case of more clearly ex - 
pressed acceptor substituents R1 in I than 4-Cl (Ib) shows 
that the contribution of mechanism В into the rate cannot 
be more than 11% or 0.2%, respectively.

Thus, the kinetic regularities of the aminolysis of 
compounds la, Ib studied, cannot be either in the absemce or 
in the presence of tetraethyl-ammonium chloride be explained 
from the viewpoint of a common route A in Scheme (2) on con­
dition that the action of tetraethyl-ammonium chloride leads 
only to the effect of a similar ion.

This enables us to say that in the presence of large 
TEAC additions these reactions are normally carried 
out according to the ionization mechanism. As an ion-pair 
intermediate, another particle, differing from III both in 
its thermodynamic state and in its reactivity to amines will 
be chosen.

Previously10 it has been suggested that the imidoylha- 
genide la ionization in acetonitrile by means of ordinary 
methods, can be accomplished because of the participation 
of the residual water molecules in an organic solvent. Con­
sequently, in the case of the absence of tetraethyl-ammo­
nium chloride additions we can assume that the processes 
studied proceed according to ion-pair mechanism, water, mo­
lecules showing electrophilic assistance promotion. This 
mechanism can in general be described by route A in Scheme 
(6):

* 1 + 1 _ кз + 1 . •i«h2o —  c6h5cs n c 6h 4r 'ci -H20 —  C6H5C= NCgH4R +C1 +H20 
k_i к -j

R3N (6)

Adding TEAC leads the process to a new route, whose 
reaction coordinate contains a less reactive ion pair than
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Pseudofirst Order k*(s“1) and Second Order kg1 Rate 
-1 -1Constants (l*mol • s ) for Reactions of N-Arylben- 

zimidoyl Chlorides C6H5C(C1) = NCgH^R1 with Pyridine 
Bases in Acetonitrile with Tetraethylammoniura Chlori­
de (TEAC)

Table 3

R1 Amine (R̂ N)
l_R3N] .10̂  
mol * I-1

ГТЕАС].Ю2 
mol * l“1

k i . 1-гг-
3 s“1

1 2 3 4 5

4-C1 4-N,N-dimethyl- 8.07 14.8 2.23
aminopyridines 40.3 2.25

12.1 8.15 3.45
12.3 3.13
25.6 3*. 15

21.1 13.3 4.69
34.3 4.62

34.3 12.8 7.07
42.1 7.02

45.3 12.1 10.1
45.1 9.98

k*1 = (2.0 ± S 0.1)*10-2

4-C1 4-N-morpholino- 4.50 22.6 0.48
pyridine 33.9 0.48

45.2 0.49 
9.90 24.9 1.10

31.6 1.03 
19.2 22.6 1.99

33.9 1.74
45.2 1.84 

30.7 27.1 2.61
38.4 2.55

38.4 11.6 3.89
22.6 3.46
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Table 3 continued

1 2 3 4 5

27.1 3.83
33.9 3.44
45.2 3.70

k*1 = (8.8 s - 0.6)•10"3

4-CH3 4-N,N-dimethyl- 0.505 31.4 1. 76
aminopyridine 51.4 1. 74

2.02 49.6 6.23
70.9 6.28

3.02 49.6 8.10
67.3 7.92

4.03 49.6 11.3
74.4 11.1

5.04 49.6 14.4
70.9 14.1

k*1 = (2.7S

i + о •10-1

4-CH3 4-N-morpholino- 0.500 30.2 1.12
pyridine 46.3 1.11

2.00 54.0 3.11
3.00 54.0 4.18
4.00 46.3 5.79

54.0 5.72
5.00 49.6 7.02

70.9 6.92

к*1 = (1.30i0.04)-10_1

that in the case of nitrile-cationic intermediates in route 
A. For the purposes of simplicity, the mechanism is present­
ed by route В in scheme (6) with intermediate III and rate 
constants of different stages k^, kIi* k2 differinS from
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* к—1’ 2̂*
Linear dependence "k̂  -[R3N1 " proceeds from expres - 

sion (7), which is obtained when adding in Scheme (6) a 
stationarity condition to route В . At the same time,non- 
linearity k̂ [R̂ N] Z. is once again considered in the
whole used concentration range of amine. The holding of 
this nonlinearity in the TEAC presence even in the region 
of amines very high concentration makes us suppose that 
TEAC should remarkably decrease k£ and increase k^ in 
comparison with the corresponding kg and k_| constants in 
the absence of salt. This is in good agreement with much 
lower k^k^/k^ values, if compared with similar k1k2/k_1 
calculated õjn the basis of the ̂experiments without salt 
additions. The data were taken from Table 2.

k\ . k2[R3N]
kl ------;—  <?>

k-1

The comparison of the к*1 values for the reactions of 
substrates la and lb (Table 3) shows that the introduction 
of an electron-donor substituent brings about an increase 
in the reaction rate. The JD-parameter of Hammett that was 
estimated on the basis of those two points, equals J) =-2.8 
for the reaction with 4-N,N-dimethylaminopyridine. The 
value is quite close to the analogous ( p = - 2.3) one for 
the reactions of imidoyl chlorides I (R1 = 3-CĤ , H, 3-Br, 
3-CP̂ ) with the same amine in methylene chloride . In the 
latter case, mechanism Sjj2(IP) is postulated. This fact 
once again confirms that in the presence of large TEAC ad­
ditions the aminolysis of substrates la and lb proceeds ac­
cording to ionization mechanism.

Thus, it proceeds from the analysis of the regulari - 
ties of the TEAC influence on the rate of the reactions ob­
served that the salt has a retarding effect both owing to 
the mass action law via the V IV + Cl” equilibrium shift 
to the left, and to the transfer of intermediate of type V
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into a thermodynamically less stable and less reactive 
pair.

To understand the origin of such a TEAC effect on

ion

the

13

Sjj2(IP) route, a more complex mechanism scheme than (6) 
should be applied. We can suppose on the basis of the data 
about salt effects in the case of alkylderivatives ioniza - 
tion processes13 that the step marked as k^k^), k_1(k_1) , 
kgCkg) in scheme (6) appears to be more complicated than 
those mentioned above. Thus, according to the present views 
the ion-pair intermediates of types III-V can have various 
forms in a solvent. The detailed scheme (8), which can be 
generally accepted in case of any RX substrate includes At 
least three ion-pair intermediate forms: Va - the contact 
ion pair, Vb - the sterically divided ion pair, Vc - solvate- 
separated ion pair:

k1 k1

rx(h2o )̂ —  r+x“ (н2о )-г— r+..̂ x".h2{>— r+*h2ox2^R++i“

Acetonitrile 
without addi­
tions of 
TEAC (MV)

Products —

Acetonit-

L-1
Va

, . a

k|j [R3NI

L-1

R3N
Vb
,.b

L-1

R3N
Vc
_c

k-3

R3N k4 R3N

k2[R3N]

- Products

k2[R3N]

R+X".(M+X~) R+**#X”(M+X " ) =  R+(X"M+) X*
rile with Ilia Illb IIIoadditions

of M+X~
TEAC (M+X“) lca , lca-1 *1 * (8)

--- RX

According to this scheme, if there is no salt with a 
similar ion added, in addition to cation R+, various forms
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of the ion-pair intermediate Va-Vc act as reactive particles 
towards a nucleophile (particularly, in the case of a ter­
tiary amine). As a result, the kg value will represent the 
total (k, + kb + k£). As to the heterolysis of saturated

Сsubstrates, SDIP, i.e. kg = k2 acts as a reactive particle . 
Thus, we can also assume that in the case of the TEAC ab­
sence at the expence of the water molecule participation , 
in the solvation of Va-Vc particles, ionization includes 
SDIP Vc and cation R+ as the most reactive particles. Al­
ready at very small amine concentrations, the return of R+ 
into Vc is not kinetically significant (i.e., k^R^N] > 
к_3[С1”]), since there is no retarding action of chloride- 
ion during the process. In proportion to the increase of 
amine concentration, it will be quite easy to realize the 
nonlinearity kgCR̂ N] > k^ , in the result of which maximal 
rate can be achieved (in the present paper, this is marked
by k.), on condition that the contributions of the k~ and bk2 routes are insignificant. We cannot say whether maximal 
rate belongs to the rate determining stage of contact ion 
pair (ka) or of the sterically divided ion pair (kb) 
formation. Adding TEAC favors, first of all, the R+ return 
into the solvate-divided ion pair Vc, as a result, the rate 
decreases. Nevertheless, as it was already mentioned, the 
functions of salt are broader. Owing to the competing in - 
teraction of TEAC with water or Va-b complexes, the process 
will be transferred to route В via the contact ion pair 
Ilia, which is not evidently liable to undergo the follow­
ing transformations up to the formation of intermediates of 
either the sterically-divided 111b or solvate-divided IIIc 
type. Now route В with the contact ion pair participation 
becomes the basic route of aminolysis. This ion pair should 
be much less reactive than the solvate-divided one of the 
Vc type, which is considered the essential ion-pair reactant 
in route A. In addition to that, since in Ilia both X are 
similar, acting also as the substrate's leaving group, the 
step of the return of intermediate Ilia into the initial 
substrate can be accelerated somewhat (k_1>k_1). Therefore, 
in the case of large TEAC additions the nonlineary kg|jR.jN]>
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cannot be achieved even in the high concentration re­
gion of amine.

Kinetics of Imidoyl Chloride Ic Interaction 
with Pyridine Bases

The rate of the processes studied was monitored con- 
ductometrically according to the imidoylpyridine salt ac­
cumulation in the solution. In case of kinetic measurements

-  I r-  - 5  — 1yieldingj R̂ NJ > [Ic] *=* 10 y raol # 1 , pseudofirst order
J  Trate constants k^bghave similar values in the course of the 

reaction (for their values, see Table 4). The rate constant 
of the parallel hydrolysis of imidoyl chloride Ic with 
traces of water in solvent was estimated to equal 8.8 •

Table 4
Pseudofirst Order к^Ъз(з"1) and Second Order k5 (1* 
mol-1 • s_1) Rate Constants for N-4-Nitrophenylben- 
zimidoyl Chloride Interaction with Pyridine Bases 
in Acetonitrile at 25°C

Amine (R̂ N) R3N
mol

• 102 
• I“1

k* • 104, obs _is

4-N,N-diethylaminopyridine 0.50 6.90
1.04 9.76
2.04 16.1
3.06 20.4
5.10 36.9
9.30 63.3

k5 = (6.5

c\j1О.CMо+1

4-N-morpholinopyridine 0.53 2.36
1.03 3.70
2.0b 4.73
4.05 9.01
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Table 4 continued

Amine (R̂ N) R7N . 102 
mol . 1 1

kj • 104, 
H s-1

5.00 9.85
6.10 10.9

k5 = (1.6 -0.1) • 10"2

In the case of the aminolysis studied the relationship "$^s“
I.R,N] " is strictly linear. We can assume, on the basis of 
similarity with с that in the present case, operates the 
Sjj2 mechanism (route В in scheme (2)). Thiö is also proved 
by the fact that the constant of substrate's Ic interaction 
with 4-N,N-dimethylaminopyridine proceeds in accordance with 
the previously obtained Hammett equation (̂ 4_N0 = 1,°) for
a series of imidoyl chlorides I (R1 = 3-CF̂ ,. 3-NOg, 3-N02- 
5-COOCH3, 3,5-(N02)2).

About Selectivity of Molecular and Ion Forms of
Imidoyl Chlorides in Reactions with Amines

Selectivity of substrates differing in their nature 
concerning the structure of nucleophilic reagents belongs 
to the identification criteria of . the Sjj1 and Sjj2 mecha - 
nisms14. This statement is based on the assumption that 
the Sjj1 processes are more sensitive to nucleophile basi­
city than those of SN2.

Table 5 presents the ß -Brrfnsted parameters for dif­
ferent routes of the reaction of N-substituted benzimidoyl 
chlorides aminolysis in protoinert solvents. Unfortunately, 
the kinetics of those reactions did not yield any data about 
the reactivity of free nitrile cations. The results given 
in Table 5 are connected with the processes of bimolecular 
substitution (route В in scheme (2)), as well as with the 
ion-pair route with electrophilic substitution (route A in
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ß-Brrfnsted Parameters for SN2 and SN2(IP) Aminolysis 
of Imidoyl Chlorides in Aprotic Media

Table 5

No Reaction series Medium
Reaction 
route in 1 
scheme 
(6)

pKaamlBe
in
water

ß

1 +n<Õ>-R

2 © - C f & n  + ll(<̂ -R
Cl

Aceto­
nitrile 
— »* —

SN2

Bn2(IP)

0.76

0.76

0.80

0.47

3 _rt_ H2°*SN2(IP) 1.0 0
„П. Sn2(IP) 0.76 0.42

5 °2И̂ Л  ^-CH2̂ §>^lKg>-R 
o2t0 ~ g 4:i

- »1- SN2 3.1 0.508

6 g > - C ^ “0H2<6). + N @ - R  
Bf Cl fl 
7<g)-C^S02“<O)+ H . N - ® .11«.

H20-Sn2(IP)

Sn2

3.1

1.5

0.068

1.512

8<бч / ° нз + H2N - ^ f
W

— w_ Sn2(IP) 1.5 0.812
9 Dioxane Sn2(IP) 1.5 О 00 го

W  ^ 1  ^ R Benzene Sn2 2.8 0.483

11 (o>-of-<g>-01 + и " “
W  Cl

_ n_ Sn2(IP) 2.8 0.223

12<3>-0f-<§>-00H3 + HN"RW  Cl XR
_ n_ Sn2(IP) 2.8 0.028
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scheme (6), HgO • Sjj2(IP) - mechanism) and without it (route 
В in scheme (6), Sjj2(IP) - mechanism).

Table 5 shows that in a series of structurally similar 
imidoyl and different amines (primary aromatic, secondary 
aliphatic, and tertiary pyridinic amines), the process of 
Sjj2(IP) tends to be less selective, concerning the nucleo­
philic reagent than that of SN2. Nevertheless, the absolute 
values of ß cannot be a strict criterion of any mechanism 
at all. Really, even the ß values for one and the same 
route remarkably depend on the amine (Nos 1,10) and sub - 
strate (Nos 1, 5) nature, while at the same time the varia­
tion of medium properties does not affect them (Nos 8,9).

The ion-pair route of the reaction, with the electro - 
philic contribution of water (route A in scheme (6)) is less 
sensitive to the amine basicity than to that of the route , 
where such contribution occurs (cf. Nos. 2,3,6). This is 
in keeping with the above assumption that in the acetonit­
rile medium containing small amount of water, the sol - 
vate-divided ion pair Vc acts as a basic reaction form in 
scheme (8), while in the experiments with TEAC addition it 
is the contact ion pair Ilia .One should bear in mind 
that the tetraethyl-ammonium chloride additions ensuring
that the reaction will proceed by route В ( > 0.1 mol * 1 )—2exceed the water content in the solvent used ( =: 4.5 • 10 
mol • l”1). Evidently, these are the effects of specific 
solvation that mainly influence different forms of nitrile- 
cationic ion pairs (contact ion pair, sterically separated 
ion pair, solvent-separated ion pairs) as well as their re­
activities in comparison with polar medium effects.

Experimental

Methods of acetonitrile and tetraethyl-ammonium chlo-
Q  I Qride purification have been described in3* , 4-N-Morpho - 

linopyridine and 4-N-piperidinopyridine were obtained by 
means of methods1"* and purified by repeated sublimation 
in vacuum. Imidoylpyridine salts were obtained as in4’̂ ’7. 
The characteristics of the compounds that were synthesized
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Table 6

Characteristics of Synthesized Imidoylpyridine Salts
% - H

.  Cl'

Melting .o A.max,nm 
(t ,CH3CN)

% Pound
Formula

% Calculated
R point, С

' с H Cl N С H Cl N

n (ch3)2 192-196 313.7 

(23160)

71.64 6.35 10.22 12.00
C21H22C1N3 71.67 6.31 10.10 11.90

О 204-208 293.8

(30410)

70.01 6.09 9.11 10.50
°24H26C1N3

70.12 6.15 9.06 10.67

О 198-203 317.3

(28750)

73.37 6.54 9.01 10.61 c23h24cin3o 73.54 6.70 9.04 10.72



]

for the first time are given in Table 6.
UV-spectra were recorded on a "Specord M401.'. The pro -

cess was monitored spectrophotometrically and conductomet -
rically according to the accumulation of imidoylpyridine
salts in solution. The methods of kinetic measurements have4 9been described in detail in papers When determining the 
constant values, the errors did not exceed 2%.

References

1. L.P. Drizhd and V.A. Savyolova, Ins "Structure of Orga­
nic Compounds and Reaction Mechanisms11 (in Russian) , 
Kiev, Naukova dumka, 1986, p.3.

2i R. Ta-Shma and Z. Rappoport, J. Am. Chem. Soc., No 26, 
8460 (1976).

3. R. Ta-Shma and Z. Rappoport, J. Am. Chem. Soc., No 6 , 
1845 (1977).

4. L.M. Litvinenko, L.P. Drizhd, E.N. Kryuchkova, and V.A. 
Savyolova, Ukr. khim. zh., 5J., No 9, 965 (1985).

5. L.M. Litvinenko, L.P. Drizhd, E.N. Kryuchkova, and V.A. 
Savyolova, Ukr. khim. zh., _51_, No 10, 1057 (1985).

6. A.P. Hegarty, Acc. Chem. Res., No 13, 448 (1980).
7. L.P. Drizhd, E.N. Kryuchkova, L.M. Litvinenko, V.A. Sa­

vyolova, and K.Yu. Chotij, Ukr. khim. zh., 50, No 12 , 
1194 (1984).

8. E.N. Kryuchkova, Abstract of Cand. of Sei. (Chemistry) 
thesis, (in Russian), Donetsk, 1986, 16 pp.

9. L.M. Litvinenko, L.P. Drizhd, A.P. Prudchenko, and V.A. 
Savyolova, Ukr. khim. zh., 5J., No 5, 517 (1985).

10. L.P. Drizhd, E.N. Kryuchkova, V.A. Savyolova, and A.G. 
Gershikov, Ukr. khim. zh., 54, No 4, 350 (1988).

11. R. Hooke and T.A. Jeeves, J. Assoc. Comput. Math.,No 8, 
212 (1961).

12. L.M. Litvinenko, V.A. Mikhailov, L.P. Drizhd, V.A. Sa­
vyolova, and E.N. Kryuchkova, ZhOrKh, 20, No 6, 1253 
(1984).

370



13. T.L. Pervishko, E.A. Ponomareva, and G.P. Dvorko, Or­
ganic Reactivity, 24, 199 (1987).

14. R.A. Sneen and J.W. Larsen, J. Am. Chem. Soc., 21 » 
6031 (1969).

15. D. Jerchell and L. Jakob, Chem. Ber., 91, 1266 (1958).

371



Organic Reactivity 
Vol.25, 3(91)—4—(92) 1988

INFLUENCE OF NON-RADIOACTIVE LIGANDS ON KINETICS OF 
N-METHYL-[3H]SCOPOLAMINE BINDING TO MUSCARINIC RECEPTOR 
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This is a study of competition kinetics of a 
radioactive antagonist N-methyl-[3H]scopolamine 
and non-radioactive antagonists N-methylquinucli- 
dinyl benzilate and benzoylcholine for the binding 
site of muscarinic receptor from rat brain. The 
non-radioactive antagonists reveal different binding 
mechanisms. The benzilic ester forms a slowly 
dissociating complex while the benzoic ester 
dissociates fastly from its complex with the 
receptor. Thus, the kinetic approach makes it 
possible to differentiate between muscarinic 
antagonist subclasses.

Kinetic studies of the interaction of potent muscarinic 
antagonists quinuclidinyl benzilate (QNB), N-methylpiperidinyl 
benzilate (NMPB) and N-methylscopolamine (NMS) with the 
receptor have revealed the complex mechanism of this 
process*'2,3. In all those cases at least a two-step reaction 
scheme should be applied at low or moderate ligand concen­
trations.

KA ki
R + A RA (RA) (1)

k-i
The evidence for this reaction scheme has been obtained from 
the kinetic data for the binding of radioactive antagonists with 
membrane-bound and solubilized muscarinic receptor from
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different tissues4,5. According to this reaction scheme the plots 
of the observed first-order rate constants against antagonist 
concentration reveal hyperbolic shape and allow the calculation 
of the equilibrium dissociation constant Кд and the rate 
constant for the isomerization process of the receptor-ligand 
complex RA into (RA)1: 

kj [A]
kobs--------- + k -i ' <2>KA + [A]

The hyperbolic shape of the kobs versus [A] plots points 
to the fact that only the complex (RA) can be determined by 
the routinely used assay procedure, i.e. by the classical 
filtration method applied for the separation of the receptor- 
bound radioligand from the excess of the free ligand. That 
means that the first complex RA dissociates fast enough to 
escape determination by the filtration assay. On the other 
hand, however, in the case of the antagonists studied, the 
complex (RA) dissociates slowly and the appropriate rate 
constant k_j in Eqn (2) is negligibly small2,3'4.

In the present report we extend the kinetic approach and 
analyze the simultaneous interaction of radioactive and non­
radioactive ligands with the receptor. This makes it possible to 
obtain the binding data for also non-radioactive compounds, and 
thus considerably increase the number of muscarinic ligands for 
which the receptor-ligand interaction can be characterized by 
means of kinetic parameters. In the present investigation two 
typical muscarinic antagonists, N-methylquinuclidinyl benzilate 
(Me-QNB) and benzoylcholine (BzCh), were used as non- 
radioactive ligands. N-methyl-[3H]scopolamine ( [3H]NMS ) was 
used as the radioactive reporter ligand. Its relatively low 
iffinity for muscarinic receptor makes this compound 
convenient for kinetic analysis under experimental conditions 
[R] < Кд and [A] < KA.

THEORETICAL
A non-radioactive ligand may interact with the 

muscarinic receptor in two ways. Firstly, it can form an (RA)- 
type slowly dissociating complex according to the two-step 
reaction scheme (1). Secondly, this ligand may dissociate fast
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from its complex with the receptor in comparison with the 
association rate of the radioactive reporter ligand, and thus 
affect the binding of the latter as a reversible inhibitor.

In the first case the radioactive reporter ligand A' and 
the non-radioactive ligand A" compete for the same receptor 
site according to the following reaction scheme:

+ А' -̂-лгтг RA' . ̂  (RA1)
k'-i

K"A k-j
+ A" -—  RA" — —  (RA")

(3)

k"-i
This system can be easily analyzed if we assume the 

excess of the concentrations of both the ligands A1 and A" to 
be over the receptor concentration and the fast equilibrium 
between the free receptor R and the complexes RA' and RA". 
Under those conditions the dependences of the concentrations 
of both complexes (RA1) and (RA") upon time can be presented 
by the sum of two exponents, as shown by Varfolomeev and 
Zaitsev6:

C(RA') = Cn exp( ßjt) + C12exp( ß2t) + C1Q , (4)
C(RA") - C21exp( ßjt) + C22exp( ß2t) + C20 , (5)

-d + \ld2 -4f '
where ß-, --------------  , (6)

-d - Vd̂  -4f
ß2 - ------------  and (7)

k'jtA'] k' Â"]
K'A + [A'] K"A + [A"]

+ k'_i + k-.i , (8)

k'itA'] к'-ЛА"]f = ---------- k" + ---------  k'.i + k'_jk"_̂ . (9)
К'д + [А1] К"д + [A11]

If the values of к'_А and k"_1 are small compared to the 
observed on-rate constants, the following meaning for the roots 
ßj and ß2 can be obtained:
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k'-i + k"-ißj --------------- and (10)
2

ß2 " - <k'obs + k"obs - ßl> « where <n >
k'itA']

obs K'A + [A1]
and (12)

к"ЛА"]
k"obs------- —  • <13>K"A + [A"]

If the concentration of the radioactive ligand A' is 
constant throughout the series of kinetic runs at different 
concentrations of the non-radioactive ligand, equation (11) can 
be simplified as the value of k'obs remains constant. Thus the 
data can be fitted to the simple hyperbolic function to 
calculate the kinetic parameters for the non-radioactive ligand 
interaction with the receptor binding site:

k-'ifA"]
ß2 = - ( ----------  + const.) (14)

K"A + [A"]
In the second case the binding of the non-radioactive ligand A" 
to the receptor can be formally treated as a single-step 
equilibrium process characterized by the apparent dissociation 
constant Kd:

A 1+ A' «-■ RA' — as (RA')
*-i

+ A"
(15)

where
[RA"]

Under the first-order-conditions where [R]Q << [A']Q and 
[R]0 << [ A" ] 0 , the rate equation for the formation of the 
complex (RA1) can be obtained analogously to the reaction 
scheme (1) as described by Cornish-Bowden7. The overall 
kinetic curve can be described by a single exponent, allowing 
the calculation of the observed rate constant:

16*
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k'iCA']
*obs * ---------------------  + k'-i • (16)(1 + [A"]/%) K'A + [A']

It can be seen that at a constant concentration of the 
radioactive reporter ligand A' under conditions [A1] «  K'A , the 
dependence of the observed rate constants upon the 
concentration of the non-radioactive ligand A" allows 
estimation of the apparent dissociation constant by means 
of linear transformation of Eqn (16):

1 K‘A K'A[A»]
+ --------  . (17)

cobs k'i[A'] k'itA'IKd

EXPERIMENTAL
L-[3H]Quinuclidinyl benzilate (39 Ci/mmole) and N- 

methyl-[3H]scopolamine (72 Ci/mmole) were obtained from 
"Amersham". Benzoylcholine iodide was obtained from "Chema- 
pol", Czechoslovakia. Unlabelled L,D-quinuclidinyl benzilate and 
N-methylquinuclidinyl benzilate were generously donated by 
Prof. N.N.Godovikov, Institute of Heteroorganic Compounds, 
Moscow.

L-[3H]quinuclidinyl benzilate was methylated with 
methyliodide in dry acetone8. The product was purified by TLC 
on silica gel, with the help of mixture chloroform : methanol : 
water (10:7:1) as eluent. The methylated product was eluated 
from the layer of silica gel by means of mixture chloroform : 
methanol : acetic acid : water (10:6:1:2). The solution obtained 
thus was evaporated to dryness and the residue was dissolved 
in a mixture of ethanol and water (1:1).

The membranes from rat cerebral cortex were prepared as 
described elsewhere9. The membrane-bound radioligand was 
determined by the filtration method by means of Whatman GF/B 
filters.

All experiments were carried out in 0.05 M K-phosphate 
buffer, pH 7.40, at 25°C. The incubation was started by mixing 
the ligands into a membrane suspension. The excess of the 
ligands over the receptor concentration was used to obtain the 
pseudo-first-order conditions. In making kinetic measurements, 
aliquots were taken from the incubation mixture after certain
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time intervals and assayed for membrane-bound radioactivity. 
The kinetic curves of the binding of the radioligand alone and 
in the presence of BzCh were analyzed by means of the 
following equation:

Bt = Bns + W 1 - «'Pt-Kobs^l ' (18)

where Bt - concentration of the membrane-bound radioligand at 
time t, Bns - concentration of the nonspecifically bound 
radioligand, Bgp - maximal concentration of the specifically 
bound radioligand.

The data for radioligand binding in the presence of 
Me-QNB were fitted to the following equation:

Bt = Bns + Bspl[l - ехр(-к^)] + Bgp2[l - exp^t)] . (19)

In the case of displacement experiments the membrane 
suspension was incubated in the presence of various concen­
trations of non-radioactive antagonists for 3 h before [3H]NMS 
was added. The whole reaction mixture was additionaly 
incubated for 4 h. The displacement curves were obtained at 
0.5 nM [3H]NMS concentration and were analyzed according to 
the following equation:

[Hfe [A’1]
[RA"] - -----------  , (20)

IC50 + [A"]
where IC5Q = K " d  (1 + [ A '] /K 'd )

The experimental data were processed on a PC/XT 
computer by using the nonlinear regression program from 
"Statgraphics" package.

RESULTS
Equilibrium Binding Data

Both non-radioactive antagonists, Me-QNB and BzCh, 
displaced [3H]NMS from its complex with muscarinic receptor 
( Fig.l). These data can be statistically satisfactorily described 
by a simple binding isotherm characterized by the Hill 
coefficient n=0.93 and n=1.02 for Me-QNB and BzCh
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Fig 1. Competition for 
binding to muscarinic 
receptor from rat cerebral 
cortex between N-methyl- 
[3H]scopolamine (0.5 nM) 
and N-methylquinuclidinyl 
benzilate - 0  or 
benzoylcholine - 0  
0.05 M K-phosphate buffer 
with pH 7.4, 25°C.

[A],nM

Fig 2. The dependence of 
kobs on N-methyl- 
[3H]quinuclidinyl benzi­
late concentration.
0.05 M K-phosphate buffer 
with pH 7.4, 25°C.
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time, s

Fig 3. Time course of N- 
methyl-[3H] scopolamine (2 
nM) binding to muscarinic 
receptor from rat cerebral 
cortex in the presence of 
N-methylquinuclidinyl 
benzilate at concen­
trations
0 nM - 01 ,
I.45 nM - Q  

2.9 nM - Й  ,
5.8 nM - ®
8.7 nM - □  ,
II.6 nM - О •
0.05 M K-phosphate buffer 
with pH
7.4, 25°C.

[4]. nM

Fig 4. The dependence of 
kobs on N-methylquinucli- 
dinyl benzilate concen­
tration. 0.05 M K-phos- 
phate buffer at pH 7.4, 
25°C.
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respectively. The apparent dissociation constants for these 
ligands were (0.125+0.035) nM and (3.76+0.54) p,M, calculated 
from the IC50 values by means of the Kd = (82+8)pM for 
l̂ HJNMS3.

Kinetics of [3H]Me-QNB Binding with the receptor
The kinetic curves for binding of [3H]Me-QNB with 

muscarinic receptor follow the first-order-reaction course and 
allow the calculation of the pseudo-first-order rate constants 
k0bs’ T^e Plot these rate constants versus [3H]Me-QNB 
concentration yields hyperbolic dependence (Fig.2), that is in 
agreement with the two-step reaction scheme previously proved 
for [3H]QNB, [3H]NMPB and [3H]NMS. The kinetic parameters 
KA and k^ calculated from these data are listed in Table 2. The 
k_j value (2.0+0.3) 10-3 s_1 for the dissociation of the 
receptor-ligand complex was measured elsewhere10*

Kinetics of [3H]NMS Binding with the Receptor in the 
Presence of Me-QNB

The kinetic curves of [3H]NMS binding with muscarinic 
receptor in the presence of different Me-QNB concentrations 
are presented in Fig.3. These data were analyzed by means of 
the two-exponential rate equation (19) and the parameters kj 
and k2 as well as Bgpl and Bsp2 are listed in Table 1. It can 
be seen that the kj-values increase in the dose-dependent 
manner, while the kg-values remain constant within their error 
limits. The plot of kj versus Me-QNB concentration is hyper­
bolic with an intercept at k= 1.8 10-2 s_1. The latter value 
corresponds to the коЬд value for [3H]NMS binding with the 
receptor at its 2 nM concentration. The hyperbolic dependence 
shown in Fig.4 allows the calculation of the kinetic parameters 
Кд and kj for Me-QNB according to Eqn(14). The appropriate 
values are listed in Table 2.

The mean value for k2 =(1.45+0.38) 10~3 s_1 enables to 
calculate the rate constant k"_.j = (1.14 + 0.32) 10~3 s-1 for 
dissociation of the complex of MeQNB with receptor by means 
of Eqn (10). The sums of the Bspl and Bgp2 values listed in 
Table 1 characterize the equilibrium state of the system con­
taining receptor and two ligands. This equilibrium state is

380



Table 1.
Kinetic analysis of binding of N-methyl-[3H]scopolamine to 
muscarinic receptor in the presence of N-methylquinuclidinyl 
benzilate at 25°C in 0.05 M K-phosphate buffer with pH 7.4.

[Me-QNB](nM) ^pl(PM) lO2̂  (s-1) Bsp2(pM) k A c^ s-1)

1.09 128+6 2.25+0.53 24+5 1.42+0.94
1.45 114+6 2.62+0.15 26+5 0.98+0.42
2.18 92+9 2.43+0.30 29+7 1.86+0.89
2.9 80+5 3.18+0.14 23+4 1.12+0.35
4.35 52+3 3.80+0.24 26+3 1.56+0.30
5.8 46+7 4.40+0.72 28+3 1.58+0.22
8.7 36+4 4.78+0.68 23+5 1.03+0.36

Table 2.
Kinetic parameters for interaction of N-methylquinuclidinyl
benzilate with muscarinic receptor at 25°C in 0.05 M K-
phosphate buffer with pH 7.4.

Ligand KA (nM) lO2̂  (s_1)

[3H]Me-QNB 5.03+2.36 4.44+0.32
Me-QNB 6.89+2.35 5.57+1.07

Table 3
Kinetic analysis of binding of N-methyl-[3H]scopolamine to
muscarinic receptor in the presence of benzoylcholine at 25°C
in 0.05 M K-phosphate buffer with pH 7.4.

[BzCh](pM) B̂ p (pM) 102kObs (s_1)

0.12 60+6 1.34+0.11
0.23 54+5 1.26+0.09
0.47 61 + 6 1.45+0.11
0.94 56+6 0.98+0.09
1.88 55+4 0.84+0.05
3.75 55+4 0.65+0.03
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j

[A] .JJ.M

Fig 5. The dependence of 
kQbs on benzoylcholine 
concentration. 0.05 M K- 
phosphate buffer with pH
7.4, 25°C.

Pig 6. The dependence of 
l/k0bs on benzoylcholine 
concentration. 0.05 M K- 
phosphate buffer with pH
7.4, 25°C.
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determined by the concentrations of the ligands and the 
dissociation constants Kd for them. Therefore the plot of 
B̂spl+Bsp2^ versus Me-QNB concentration can be directly 
compared with the displacement curve obtained under the 
equilibrium conditions and shown in Fig.l. Taking into account 
the concentration of [3H]NMS in the reaction medium and the 
Kjj-value for this ligand, the overall dissociation constant 
Kd=(0.14+0.02)nM can be obtained for Me-QNB, that is in good 
agreement with the corresponding data presented above.

Kinetics of [3H]NMS Binding with the Receptor in the 
Presence of BzCh

The kinetic curves of [3H]NMS binding with muscarinic 
receptor in the presence of different BzCh concentrations 
were analyzed by means of the two-exponential and single­
exponential rate equations (19) and (18). It was found that the 
latter equation described well those kinetic curves and the 
calculated values for kQbs and Bgp are listed in Table 3. These 
data reveal that in the presence of the non-radioactive ligand 
the observed binding rate of the radioactive reporter ligand 
decreases in the dose-dependent manner. This dependence is 
illustrated also in Fig 5. The effect can be analyzed in terms 
of reversible inhibition of [3H]NMS binding at the receptor 
binding site. The plot of l/kobs versus [BzCh] yields a linear 
relationship (Fig.6) according to Eqn (17), allowing to calculate 
the dissociation constant (3.55+0.16) p,M for the complex of 
BzCh and muscarinic receptor. This value is in good agreement 
with the constant Kd obtained from the equilibrium 
displacement experiment, as described above.

DISCUSSION
Both of the non-radioactive ligands, studied in the present 

communication belong to the class of muscarinic antagonists, 
although their potency is quite different. The results obtained 
show that these compounds influence the kinetics of [3H]NMS 
binding with the receptor in principally different ways.

In the presence of the benzilic ester, Me-QNB, the 
observed rate constants of the radioligand binding increase 
according to the situation described by the reaction scheme
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(3). This means that the compound forms with the receptor a 
slowly dissociating complex of (RA) type. The kinetic 
parameters for this process, obtained from the experiments on 
the kinetic competition of non-radioactive and radioactive 
ligands, are listed in Table 2.

In the case of Me-QNB these results can be verified by 
comparison with the values of the constants KA and kj 
obtained from the kinetic analysis of the radioligand binding. 
The latter results are also listed in Table 2. As it can be seen, 
within the experiment error limits the appropriate values are in 
good agreement. On the other hand, it should be mentioned 
that the radioligand was synthesized from the L-derivative of 
QNB, while the non-radioactive compound was used as the 
racemic mixture. If the receptor retains stereoselectivity 
against the N-methylated derivative of QNB, a two-fold 
difference should be revealed in the Кд values because the 
concentration of the racemic mixture was used in the 
calculations. However, the data listed in Table 2 show that the 
effect of stereoselectivity may remain within the limits of 
experimental errors, although the Кд value for the pure L- 
isomer is somewhat smaller than this constant for the racemic 
mixture.

In the presence of benzoylcholine the observed rate 
constants for the binding of [3H]NMS with the receptor 
decrease, as predicted by the second kinetic model discussed 
above. That means that no slowly dissociating complexes form 
in the case of this antagonist and the overall process can be 
presented as a simple equilibrium. The latter conclusion is 
supported by the good agreement of the Kd values obtained for 
benzoylcholine from the kinetic study and the equilibrium 
displacement curve shown in Fig.l.

In summary, the present results show that by means of 
kinetic analysis the muscarinic antagonists can be divided into 
two classes. Ligands of the first type induce a conformational 
transformation of the binding site, yielding the slowly 
dissociating "isomerized" complex (RA). Antagonists of the 
second type dissociate fast from the receptor complex and 
behave like normal reversible ligands. The structural factors 
which govern these changes in the binding mechanism are not
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clear yet, but the kinetic approach reliability of which was 
proved in this paper will offer a possibility for a more 
thorough analysis of this phenomen.

It should be mentioned that an attempt has been made 
by Schreiber et al.11,12 to compare the kinetic properties of 
muscarinic antagonists and agonists. In their study also the 
two-step reaction scheme (1) has been applied for potent 
muscarinic antagonists, NMPB and NMS, used as radioactive 
reporter ligands to measure the kinetics of the binding of non­
radioactive ligands. But these authors assume that both the 
receptor-antagonist complexes RA and (RA) remain on the 
glass-fiber filter and can thus be detected simultaneously. 
According to that presumption two-exponential kinetic curves 
should be obtained for the binding reaction at low ligand 
concentrations where [A] < Кд . At high ligand concentrations, 
on the other hand, where [A] > Кд, the kinetic curves of 
ligand binding should be described by a single exponent and the 
kQbs vs lA3 plots should be linear, as the overall process (1) 
can be formally reduced to a single-step equilibrium:

klR + A complex . (21)
k-1

According to this reaction scheme the observed first-order rate 
constants depend linearly upon the ligand concentration:

kobs = k-l + kl M  ■ <22)

In fact, that is not characteristic of potent antagonists for 
which the hyperbolic kQbs versus tA3 plots have been found 
experimentally. Such hyperbolic dependences can be obtained if 
only the isomerized complex (RA) is detected on the glass- 
fiber filter, as emphasized in our previous papers1,2.

Owing to the inadequate presumptions made by Scuieiber 
et al. for the radioactive reporter ligands used in kinetic runs, 
it is also hard to discuss the conclusions drawn in their paper 
about the muscarinic agonists.
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The effect of the small additiorffe of the glycine, 
beta-alanine and gamma-^aminobutyric acid on the elec­
trical conductivity of the aqueous solutions of various 
tetraalkylammonium salts (tetramethylammonium bromide, 
tetraethylammonium bromide and tetrabutylammonium bromi­
de) is measured conductometrically. The results are in­
terpreted according to the two-state structural theory 
of solutions. All the aminoacids investigated are cha­
racterized by the structure-forming ability in these so­
lutions. The absolute value of this effect is substan­
tially dependent on the structure of the tetraalkylammo­
nium salt and its concentration in the solution.

In the previous communication /1/ the results of the dif- 
ferential-conductometric investigation of the aminoacid ad­
dition effect on the electrical conductivity of the potassium 
chloride aqueous solutions were presented. It was established 
that in the terms of the two-state theory this effect corres­
ponds to the structure-formation in the solution for - every 
aminoacid studied (glycine, beta-alanine and gamma-aminobu- 
tyric acid) and the restructurization volume Vs remains prac­
tically unchanged over a wide range of the KC1 concentration
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in solution. A linear relationship between the numerical 
values of the Vs and the intrinsic volumes of the aminoacids, 
estimated from their molecular refractions (ZRD), was obtai­
ned.

In the biological systems a large number of various orga­
nic ions and polyelectrolytes are present aside the simple 
inorganic electrolytes. The structure of the aqueous solu­
tions of these substances may be rather different from that 
of the pure water due to the possible hydrophobic interac­
tions between the alkyl side chains of organic ions and sol­
vent molecules. Therefore it is essential to study the in­
fluence of the aminoacid additions on the structure of the 
aqueous solutions of model organic electrolytes, too. In this 
paper the results of the differential-conductometric inves­
tigation of the small aminoacid addition effects on the elec­
trical conductivity of three organic electrolytes, tetrame- 
thylammonium bromide (TMABr), tetraethylammonium bromide 
(TEABr) and tetrabutylammonium bromide (TBABr) are presented. 
The three aminoacids studied previously /1/ were used (gly­
cine, beta-alanine and gamma-aminobutyric acid).

Experimental.

The quantity
1000k 1 1

У = ---- - ( ------------- ) (1)
с Ro + Ar rx

is calculated in the differential conductometry from the ex­
perimentally measured data. In this formula к denotes the 
conductometric cell constant (cm-1), с is the concentration 
of the substance added to the solution (mol/l),and Ro and Rx 
are the resistances of the solution before and and after the 
addition (ohm). The term ÄR is taking into account the change 
in the resistance due to the dilution of the solution by ad­
dition.

The quantity Y is according to the simple two-state theory
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of solutions /2/ related to the molar volume Vs where the 
structure of the solvent is changed by the given small addi­
tion:

У = Vs ?e (2)
where denotes the specific conductivity of the initial
electrolyte solution. The positive slopes Vs correspond to 
the structure-formation and negative slopes to the structu­
re-breaking in solution. More specifically, in the first case 
the electrolyte ions are transferred into a non-conducting 
state in the volume Vs along the additional solute molecule. 
In the case of negative volumes Vs all ions in it are trans­
ferred into a conducting state. Naturally in both cases this 
volume corresponds to the statistically average effect and in 
reality the structure perturbation may occur at much larger 
distances from the solute, but with only partial transfer of 
ions from one to other state.

The differential-conductometric measurements were made by 
the experimental technique described elsewhere /3/. For the 
balancing instrument a universal procentmeter designed at 
the Tallinn Technical University was used /4/. All the expe­
riments were proceeded at the temperature 25 С + 0.1 С pre­
served during one complete measurement with the accuracy of
0.001 C. The conductivity cell was isolated by the anidrone 
tubes to avoid the adsorption of the water from the atmosphe­
re. The cell constant was 19.40 cm-1. A constant resistance 
Rp = 9907.0 was used in parallel joint to the cell in the 
investigation of dilute solutions with low specific conduc­
tivities. The dilution term DR was calculated as given else­
where /5/ .

The preparations of glycine, beta-alanine and gamma-ami- 
nobutyric acid by "Reanal" (Hungary) were used.

The bidistilled deionized water was used for the prepara­
tion of aqueous solutions.

18
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The results and discussion.

The results of the conductivity measurements are given in 
Tables 1-3. The value of Vs calculated according to the Eq. 
(2) remains practically constant for every aminoacid studied 
in TMABr and TEABr solutions over the wide range of the elec­
trolyte concentration. In order to find the statistically 
average value of the volume Vs and to eliminate possible sys­
tematic errors in the measurement of resistance, the treat­
ment of the experimental data according to the linear rela­
tionship

У = Vs je + ao (3)
was proceeded by the least-squares method. The validity of 
this linear relationship for aminoacids in TMABr and TEABr 
solutions is demonstrated in the Fig. 1. and 2., and the re­
sults of the statistical treatment are presented in Table 4.

A more complicated picture is observed for the aminoacid 
additions to the TBABr solutions. In the case of every amino­
acid studied a significant increase of the Vs value in paral­
lel with the increase of the electrolyte concentration in so­
lution is inherent (cf. Table 3. and Fig. 3.). This phenome­
non may be caused by the strong ionrlike interaction between 
the tetrabutylammonium cations in more concentrated solu­
tions, leading to the collective interionic effects which are 
reflected in higher values of the Vs for the additional solu­
te. The physical nature of this effect is probably connected 
with the hydrophobic interaction between the long aliphatic 
side chains in large organic ions as discussed elsewhere /6- 
8/. The observed nonlinearity between the quantity Y and 
specific conductivity H. (cf. Fig. 3.) can be described 
formally by the addition of the quadratic term into Eq. (3):

2
Y = Vstf+ao + a'0e. (4)

This correction leads to a much better statistical descrip­
tion of the experimental data than Eq. (3) (cf. the respecti­
ve values of the correlation coefficient and standard devia-
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tion in Table 4.) and gives altogether the better estimates 
of the parameters Vs.

All aminoacids studied in this work are characterized by 
the positive values of the Vs in tetraalkylammonium bromide 
solutions, i.e. they are the structure-makers The same result 
was previously obtained in the case of the KC1 solutions'/ 1 / . 
However, the numerical value of the Vs for glycine and beta- 
alanine is now substantially dependent on the particular salt 
used as electrolyte in solution (cf. the Table 4 . ) .  A syste­
matic inrease in the value of Vs has been obtained going from 
the short-chain TMABr to long-chain TBABr (cf. Fig. 4 ) .  The 
values of Vs in the TMABr solutions are also significatly 
higher than in the KC1 solutions ( Vs(glycine)= 8 9 .3  and Vs 
(betaalanine)=147 . 1 ,  respectively). Therefore the zwitterio- 
nic aminoacid additions have enhanced stucture-making volumes 
in the aqueous solutions of electrolytes with large organic 
cations probably due to some cooperative interaction between 
the charged aminoacid residues and these ions. It has to be 
mentioned that this effect was not observed for many electro 
neutral organic solutes in various electrolyte aqueous solu­
tions where they are characterized by a constant value of Vs 
independently of the electrolyte nature in solution /2/.

A substantial difference has been observed in this res­
pect in the behaviour of the gamma-aminobutyric acid. Namely, 
it has a practically constant value of Vs in the solution of 
every tetraalkylammonium halide (cf. Fig. 4.). This diffe­
rence in comparison with smaller aminoacids may be caused by 
the specific conformation of the gamma-aminobutyric acid in 
solution (e.g. cyclic stucture, where the hydrogen bonding 
between the carboxylate and ammonium groups leads to much 
less •zwitterionic charge distribution in this molecule). The 
corresponding theoretical quantum-chemical investigation of 
the aminoacid conformations in polar solvents is in progress 
by us and the results and discussion will be published else­
where .
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Fig. 1. The Relationship Between the Differential Conduc­
tivity of Various Aminoacids Y and the Equivalent Conductivi­
ty of the Aqueous Solutions of TMABr, Ц  at 25* C. (1 - Glyci­
ne; 2 - beta-Alanine; 3 - gamma-Aminobutyric Acid).

ЭС Ю 3

Fig. 2. The Relationship Between the Differential Conduc­
tivity of Various Aminoacids Y and the Equivalent Conductivi­
ty of the Aqueous Solutions of TEABr, jf at 25UC. (1 - Glyci­
ne; 2 - beta-Alanine; 3 - gamma-Aminobutyric Acid).
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Fig. 3. The Relationship Between the Differential Conduc­
tivity of Various Aminoacids Y and the Equivalent Conductivi­
ty of the Aqueous Solutions of TBABr, it at 25!° С. (1 - Glyci­
ne; 2 - beta-Alanine; 3 - gamma-Aminobutyric Acid).

"c

Fig. 4. The Relationship Between the Volume of Structure- 
Making, Vs of Various Aminoacids and the Number of Carbon 
Atoms in a Single Alkyl Chain of the Respective Tetraalkyl- 
ammonium Bromide in Solution. (1 - Glycine; 2 - beta-Alanine;
3 - gamma-Aminobutyric Acid).
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Table 1.

The Results of the Differential-Conductometric Measure­
ments of the Aminoacid Addition Effect on the Electrical

О

Conductivity of the TMABr Aqueous Solutions at 25 С.

No Aminoacid
Electrolyte 
concentration 

(mol/1)

io q# 
l

.cm ohm
Y Vs

1. Glycine 0.014 0.129 0.255 198
0.051 0.434 0.810 187
0.110 0.877 1.061 121
0.250 1.832 2.274 124
0.400 2.773 2 .905 105
0.540 3.559 3.911 109
1.000 6.257 6.958 111

2. beta-Alanine 0.013 0.120 0.206 172
0.030 0.264 0.505 191
0.050 0.426 0.820 193
0.110 0.877 1.688 193
0.260 1.891 3.262 172
0.370 2.578 4.585 178
0.550 3.664 6.442 176
0.990 6.201 11.050 177

3. gamma-Amino­ 0.011 0.102 0.301 296
butyric acid 0.048 0.410 1.251 306

0.110 0.877 2.523 288
0.250 1.825 5.056 277
0.530 3.542 10.601 300
1.050 6.550 20.404 311
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Table 2.

The Results of the Differential-Conductometric Measure­
ments of the Aminoacid Addition Effect on the Electrical 
Conductivity of the TEABr Aqueous Solutions at 25°C.

No Aminoacid
Electrolyte

concentration
(mol/1)

10Q>e 
1

cm ohm
Y Vs

1. Glycine 0.012 0.091 0.119 131
0.013 0.095 0.137 144
0.032 0.221 0.290 136
0.052 0.338 0.483 143
0.100 0.590 0.845 143
0. 230 1.161 1 .629 141
0.650 2.722 3.640 134

2. beta-Alanine 0.011 0.084 0.195 232
0.020 0.145 0.340 234
0.048 0.316 0.667 211
0.080 0.489 1.088 223
0.200 1.036 2.377 229
0.460 2.025 4 .446 220
0.950 3.881 7.030 181

3. gamma-Amino- 0.010 0.077 0.265 345
butyric acid 0.022 0.158 0.550 348

0.042 0.281 0.952 339
0.115 0.662 1.701 256
0.190 0.997 3.458 Я47
0.500 2 .171 6.81S 320
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Table 3.

The Results of the Differential-Conductometric Measure­
ments of the Aminoacid Addition Effect on the Electrical 
Conductivity of the TBABr Aqueous Solutions at 25°C.

No Aminoacid
Electrolyte
concentration

(mol/1)

looje
1

cm ohm
Y Vs

1. Glycine 0.008 0.048 0.072 149
0.022 0.114 0.176 154
0.052 0.222 0.428 193
0.100 0.348 0.749 215
0.220 0.541 1.363 251
0.530 0.813 2.288 281
1.050 1.581 2.089 132

2. beta-Alanine 0.011 0.063 0.135 213
0.026 0.130 0.353 270
0.053 0.225 0.685 304
0.100 0.348 1.221 351
0.210 0.529 2.147 406
0.520 0.80S 3.572 443
1.100 1.703 3.409 201

3. gamma-Amino­ 0.010 0.058 0.199 342
butyric acid 0.026 0.130 0.548 405

0.053 0.225 0.998 443
0.100 0.348 1.679 483
0.200 0.516 2.922 566
0.440 0.740 5.040 681
1.040 1.565 5.386 345
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Table 4.

The Results of the Statistical Estimation of Structure- 
Formation Volume, Vs by the Least-Squares Treatment of the 
Experimental Data.

1 2 3
No Aminoacid Salt Eq.No ao Vs a 1 r s so

1. Glycine TMABr (3) 17.5 106.9 - 0.9981 15.7 0.028
9.0 3.0

TEABr (3) 2.2 133.8 - 0.9997 3.5 0.011
1.7 1.5

4
TBABr (3) CMt"*H1 292.7 - 0.9956 8.9 0.047

6.0 13.8
(4) -4.1 188.7 121 0.9998 2.4 0.013

2.4 14.7 17

2. beta-Ala- TMABr (3) 2.8 176.8 _ 0.9998 7.6 0.008
nine 3.8 1.4

4
TEABr (3) 1.4 220.5 - 0.9997 4.8 0.013

2.8 2.9
4

TBABr (3) -28. 7 468.3 - 0.9971 11.0 0.037
7.7 17.7

(4) 1 M О 00 334.8 154 0.9997 4.3 0.015
4.8 28.8 32

3. gamma-Ami- TMABr (3) CMcm'CM1 311.6 _ 0.9994 29.2 0.017
nobutyric 16.7 5.3
acid
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X

1 2 3 4 5 6 7 8 9 10

TEABr (3) 0.7 315..3 _ 0.9959 25.2 0.045
14.7 14 .4

4
TBABr (3) ОIs*1 703..3 - 0.9901 28.6 0.070

20.4 50..0
(4) 3.1 303.,2 504 0.9999 PO 00 0.007

3.2 20. 3 25

1
The correlation coefficient.

2
The standard deviation.
3 2 2 2 
The normalized standard deviation (so = s / 6  , where 6 is 
the dispersion of the experimental data.

4
The point of highest concentration is eliminated.
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