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The kinetics of alkaline hydrolysis re
action of 9 methyl ester derivatives of 
4-nitro-N-phenylanthranilic acid has been 
studied in the binary dioxane-water solvent 
(at 60 volume % of dioxane) in temperature 
range 45-85°C. The bimoleoular constants of 
the reaction rate were also determined. The 
thermodynamic activation parameters have 
been calculated. It has been established 
that the reaction series studied obeys the 
Hammett equation, although the 2'- and 4*- 
derivatives can be described by different 
equations. It has been shown that there is 
isokinetic correspondence with the ethalpic 
control type.

In order to continue our studies^ concerning the reactiv
ity of the derivatives of phenylanthranilic acids, being 
promising pharmacophores, the alkaline hydrolysis of methyl 
ester derivatives of 4-nitro-N-phenyl anthranilic acid has 
been studied in the binary dioxane-water solvent (at 60 vol-
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um« % of dioxane) in temperature range 45-85°Cs

О О
II II

R+CH3OH

The reaction rate conatants were determined according to 
the change of nucleophilic (OH") concentration in time. The 
methods of kinetic measurements are similar to those applied 
in1. The reaction studied obeys the second order kinetic 
equation:

where a and b denote the initial concentrations of the 
ester and alkali, respectively in mol/1; x is the current 
concentration of the reaction product (mol/1) at time mo
ment t (•); к (1/mol‘s) is the reaction rate constant. 
Interrogation of Eq. (1) yields the second order rate cons
tant:

The к value is oorreoted, taking into consideration the 
volumetric extension of the solvent oaused by the temperature 
change from 25°C to 0«C, multiplying by the d2^/dt faotor, 
where d2j, dt denote the density of the solvent at tempera
tures 25*0 »nd t°C.

The reaction rate constants calculated aooording to 
Iq. (2), oorreoted by the solvent's volumetric extension at 
different time moments, have stable values not exoeeding the 
limits of the experiment. Consequently, the reaction in to
tal has the second order, as to the nucleophile and substrate 
the first order.

The rate oonstants of the reaction series studied are

- к • (a-x) • (b-x) (1)

( 2)
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Rate Constants of Alkaline Hydrolysis Reaction of Methyl Ester Derivatives of 
4-Hitro-H-Phenylanthranilic Acid at Various Temperatures

Table 1

R
k«103,l«mol’1 s“1 at T,K

318 К 328 К 338 К 348 К 358 К

H 1.70±0.10 3.24-0.12 5.89-0.03 9.33-0.11 13.8*0.14

4 '-C H 3 1.20^0.07 1.99-0.08 3.98-0.05 6.17-0.07 9.77-0.11

З’.Э'-СНз 1.38±0.06 2.52*0.07 3.98*0.08 7.08*0.07 10.5-0.12

3 \ 4 '- C H 3 0.93*0.04 1.82*0.08 3. i 6*o.oe 5.25-0.08 8.51-0.09

4 ’ -0CH3 0.93*0.04 1.74-0.04 2.82*0.06 5.25-0.12 7.94*0.07

4'-Cl 3.31*0.11 9.62*0.09 10.0*0.12 14.13i0.03 21.91-0.09

2 '-CH 3 o.89*o.o5 1.60-0.06 2.61*0.09 4.38*0.06 6.93-0.08

2'-OCH3 0.72*0.03 1.24-0.03 2.27-0.04 3#73-0.03 6.00-0.04

2'-Cl 2.30-0.12 3.80*0.06 6.22-0.07 9.70-0.08 14.8 *0.11



Parameters of the Hammett Equation for Alkaline Hydrolysis Reaction of Methyl Ester 
Derivatives of 4-Nitro-N-Phenylanthranilic Acid at Various Temperatures

Table 2

3’-, 4-'- substituents 2'- substituents

T,K P log kQ r S t »k Я  log ko r S

318 1.110*0.017 -2.739*0.034 0.9935 0.026 318 1.062*0.011 -2.862*0.024 0.9971 0.009
328 1.046*0.016 -2.487*0.032 0.9937 0.024 328 1.011*0.010 -2.631*0.023 0.9971 0.009
338 0.985*0.012 -2.252*0.024 0.9960 0.018 338 0.938*0.024 -2.406*0.059 0.9978 0.022
348 0.902*0.12 -2.045*0.023 0.9955 0.018 348 0.880*0.015 -2.200*0.033 0.9922 0.012
358 0.884*0.14 -1.860*0.027 0.9974 0.020 358 0.833*0.016 -2.010*0.036 0.9915 0.014



determined by the substituents' nature and position in the
non-anthranilic fragment of the molecule (Table 1). Increase
of the donor character of the subatituenta decelerates the
rate of the alkaline hydrolysis at all temperatures atudied.
Taking into account this effect, the following mechanism of 2alkaline hydrolysis can be suggested for reaction series 
BAC2 1 0

R-C-OCH3 + OH

+ c h3oh

It should be mentioned that the esters with 2'-substituents 
in the molecule have the slowest hydrolysis rate in compar
ison with 4'- and 3'- substituents.

The substituent effect on the reactivity of esters was 
quantitatively assessed by means of the Hammett equation:

log к - log kQ + p • <F (3)

It follows from the data of Table 2 that the reaction 
series studied obeys the Hammett equation, the correlation 
coefficient value being comparatively high. Nevertheless,it 
is not possible to describe the effect of both the 3'- and 
4'-, as well as the 2'- substituents using a single equation, 
since in case of the 2'- substituents the corresponding 
straight line is situated somewhat lower than that in case 
of the 3'- and 4'- substituents, at all temperatures studied 
(Pig. 1). The positive p value once again proves the 
Baq2- type hydrolysis mechanism of this reaction series.The 
susceptibility of the electron system of 4-nitro-N-phenyl- 
anthranilic acid to the substituent effect is quite insig
nificant in comparison with that of the substituted bensolc 
acids ( p»2.26 was calculated according to the data of"* ).
It can be explained by the fact that the substituents are 
situated rather far from the reaction center in a non- 
anthranilic fragment. The p values are quite close for
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Fig. 1. Dependence log к - f(<D at 338K for 3'-,
4'—(1) and 2'-(2)- substituents in a methyl 
ester molecule of 4-nitro-H-phenylanthranilio 
acid.

3*-, 4'- and 2’- substituents and only slightly differ fro* 
the p alkaline hydrolysis of the 4'- derivatives of 0-di
methyl -aminoe thy 1 ester of 4-chlore-N-phenyl-anthranilio 
acid; consequently, the mechanisms of transferring electron
ic effects of substituents are similar in these oases. The 
p value is dropping with the inoreaee of the temperature.

The reaction rate constants obey the Arrhenius equatiemt
I.In к - In A - — - (4)
RT
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It enabled us to calculate the activation energy (Ед) and 
the pre-exponential factor (In A) values (table 3). The 
donor substituents bring about the increaae of the activation 
energy (the 3',5'-CH3 substituent is excluded) while the ac
ceptor substituents have the contrary effect. The 2’- sub- 
stituents have a remarkably amaller Ед value than the 4' 
aubstituents. The correlation between the activation param
eters (E^ and In A) and the (Г-constanta was studied. The 
activation energy for the 3'- and 4'- aubstituents can be 
described as:

Ea - (47.9*1.8) - (12.4*0.9) • O' (5)
n-5 S-1.4 r-0.9924

Table 3
Kinetic Activation Parameters (Ед and In A) of Alkaline 
Hydrolysis Reaction of Methyl Ester Derivatives of 
4-Nitro-N-Phenylanthranilic Acid.

R e a
kj/mol

In A r S

H 49.8*0.6 12.5*1.4 0.9976 0.067
4'-CH3 49.4*0.6 12.0*1.0 0.9972 0.072
3',5’-c h3 48.2*0.4 11.7*0.8 0.9989 0.042
3',4'-CH3 52.0*0.3 12.7*0.9 0.9959 0.032
4’-OCH3 51.0*0.4 12.3*1.4 0.9989 0.046
4'-Cl 44.6*0.4 11.2*0.6 0.9980 0.054
2’-CH3 48.4*0.1 11.3*0.5 0.9989 0.015
2'-0CH, 50.5*0.2 11.8*0.8 0.9969 0.027

ro • о t—1 \ 44.1*0.6 10.6*0.2 0.9961 0.071

A email number of the 2’-substituents does not permit to 
reach a statistically reliable correlation dependence EA-f(6>). 
'The In A values for different substituents are quite close 
but the statistically reliable linear correlation dependence 
In A-f(6) is not observed (r«0.673).

The thermodynamic activation parameters ( Дн*, As*) 
calculated according to the Eyring equation* and the seoond
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Thermodyrui^ÄJyJ^tfwtion Parameters (ЛН^, Л  S ^ A G ^ g )  of Alkaline 
Hydrolysis Ruction of Methyl Ester Derivatives of 4-Nitro-N-Phenylanthranilic 
Acid.

Table 4

R
ДЪ* kJ/mole Д Н * AS* г S Тдз

318 К 328 К 338 К 348 К 358 К kJ/mole J/degree kJ/mole
"iie 8

H 94.8 96.3 97.8 99.3 100.8 47.0*0.6 -150.3*2.0 0.9971 0.068 -47.8
4*-CH3 95.8 97.4 98.9 100.4 101.9 47.6*0.5 -151.7*1.9 0.9977 0.062 -48.2
3,,5,-CH3 95.4 97.0 98.6 100.1 101.7 45.4*0.4 -157.3*1.3 0.9988 0.043 -50.0
3',4'-CH3 96.4 97.8 99.3 100.8 102.3 49.1*0.3 -148.6*1.0 0.9994 о.озз -47.3
4'-OCH3 96.4 98.0 99.5 101.0 102.5 48.1*0.4 -152.0*1.5 0.9986 0.049 -48.3
4-C1 93.1 94.7 96.4 98.0 99.6 41.8*0.5 -161.4*1.6 0.9977 0.055 -51.3
2'-CH3 99.6 98.2 99.8 101.5 103.1 45.6*0.1 -160.5*1.7 0.9986 0.015 -51.0
2'-0CH3 97.1 98.7 100.3 101.8 103.4 47.7*0.2 -155.5*6.4 0.9956 0.026 -49.4
2*-Cl 94.1 95.7 97.4 99.1 100.7 41.3*0.5 -166.0*1.7 0.9965 0.058 -52.8



Determining of Isokinetic Temperature. Correlation Parameters of у * a+bx Equations 
of Dependence of Kinetic and Activation Parameters of Alkaline Hydrolysis of Methyl 
Ester Derivatives of 4-Nitro-N-Phenylanthranilic Acid and Isokinetic Temperature ß.

Table 5

X У a b r S ß,l

log k318 A h'* (12.8*1.2)•103 (-11.8*0.6)•103 0.935 1.04 655
log k328 A h' (14.7*1.9)*103 (-12.3*0.8)•103 0.914 1.18 672
iog k338 A h' (18.6*2.3)* Ю 3 (-11.8*0.9)*103 0.856 1.51 745
l0* k348 A h'4 (16.6*2.0)•103 (-14.0*0.9)•103 0.898 1.29 664
log k358 A h' (18.8*1.9)*103 (-14.3*1.0)*10') 0.892 1.32 690
A s ' A h' (125 * 4)‘103 515*22 0.952 0.89 515
1/T P -1.03 * 0.046 680*15 0.990 0.015 660



beginning of thermodynamics (До') are given in Table 4.
The high negative values of Дз' confirm the ВдС2 mechanism 
of hydrolysis with the formation of a highly regulated tran
sition state. A comparatively small Д н '  value refers to the 
synchronism of the reaction studied. The effect of the sub
stituent's nature on the Дн' and As' is similar to those 
on Ед and In A. The free activation energy ( A g') will de
crease if the electron acceptor substituents are introduced. 
It is worth mentioning that the entropy and enthalpy contri
butions into the A g' value are almost equal.

In order to check the existence of the isokinetic corre
lation for the 3'- and 4'- substituents of the reaction se
ries studied (the number of the 2'- substituents is too small 
to obtain statistically reliable data), the existence of the 
linear correlation between the Ah' - log k̂ ,, ДН*- As*, and 
p - ^ (Table 5) was atudied. The data of these tables con- 
firm the isokinetic correlation. The isokinetic temperature 
Q ■ 640*42K is higher than the studied temperature range, 
thus evidencing about the enthalpic control of the alkaline 
hydrolysis reaction of methyl esters of 4-nitro-N-phenyl- 
anthranilic acid.

Table 6.
Determining of Isokinetic Temperature Q. Correlation 
Parameters of Equation log kT ■ const + xlog k^ of 
Alkaline Hydrolysis Reaction  ̂ of Methyl Ester Deriva
tives of 4-nitro-N-phenylanthranilic Acid
Temperature, K x r S fl,K
T1
318 328 0.935 0.9922 0.027 596
318 348 0.804 0.9923 0.023 569
318 358 0.786 0.9935 0.021 666
328 348 0.857 0.9961 0.016 549
328 358 0.835 0.9939 0.020 667
338 358 0.861 0.9943 0.019 566
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Experimental
Reagents: The purity and purification level control of the 
solvents have been described earlier1. Methyl esters of 
4-nitro-N-phenylanthranilic acid were synthesized according 
to the known methods'*. Their purity was checked by means of 
thin layer chromatography (systems dioxane-hexane 1:1 
chlorophorm- acetone 1:1) on the "Silufol" plates using the 
elemental analysis.
Kinetic measurements were conducted according to methods1. 
The concentration of sodium hydroxide was determined by 
means of potentiometric titration with the aqueous solution 
of HC1 and using the glass ESL-43-074 and chlorosilver 
EVL-1ML electrodes on an Ionometer EV-74. The kinetics of 
alkaline hydrolysis reaction was studied at 45,55,65,75, and 
85°C. The experiments were repeated three times, including 
6-8 measurements each (depth of transformation was not less 
than 8056). The accuracy of the obtained parameters was 
estimated by means of statistics of small sets (with a 0.95 
probability). Linear equations were treated applying the 
least squares method on a micro computer "MK-52" using stan
dard programs**.
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2. R. Carry and R. Sandberg, Advanced Course in Organic 

Chemistry (Russian translation), Moscow, "Khimiya",
1981, p. 300.

3. Tables of Rate and Equilibrium Constants of Hetero-
lytic Organic Reactions, vol. I(II)/, Editor V.A. Palm, 
Moscow, VINITI, 1975, p. 217.

4. H. Eyring, Foundations of Chemical Kinetics (Russian 
transl.), Moscow, "Mir", 1983.

5. Synthesis and Transformations of Organic Compounds, 
Containing Heteroatoms (In Russian), Baku, 1981, p.68.

141



Ya.K. Trokhimenko, Programming of Micro Computers, 
"Elektrcnika MK-52W and "Elektronika MK-61", (in Russian), 
"Tekhnika", Kiev, 1987.



Organic Reactivity 
Vol. 24 2(86) 198?
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The kinetics of benzoylation reaction of 4-ni- 
tro-N-(R-phenyl)-anthranilic acids' hydrazides in 
chlorophorm has been studied in the temperature 
range of 298-328 K. The reaction obeys the second 
order kinetic equation for irreversible reactions, 
thus enabling to calculate the bimolecular rate 
constants in case of the all temperatures studied. 
The energies of enthalpy, entropy and the free ac
tivation energy were found. The effects of the 
substituents' state and nature in hydrazide mole
cule on the kinetic parameters of acylation re
action have also been studied. The Hammett equa
tion proved to hold in case of this reaction se
ries. We also established the existence of the 
isokinetic relationship with the enthalpic control 
type.

In order to continue our research1“'* into the reactivity 
of aromatic and heterocyclic derivatives of hydrazine, char
acterized by different types of biological activity**’̂ , the 
kinetics of benzoylation reaction of 4-nitro-N-(R-phenyl)- 
-anthranilic acids’ hydrazides (Table 1) has been studied in
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chlorophorm In the temperature range of 298-328 K. 
The reaction proceeds as follows:

Table 1
Hydrazides of 4-Hltro-H-(R-phenyl)-Anthranilic Acids

N02

R Melting 
point С % Hfound

Brutto % N formula calculated Rf., Rf2

Я 162-4 20.5 C13H12H4°3 20.6 0.45 0.53
4'-CH3 15Э-5 19.5 c 14H14N4°3 19.6 0.44 0.52
4*-OOH3 169-71 18.5 c H H14H4°4 18.5 0.41 0.42
4'-01 157-9 18.2 C13H11C1M4°3 18.3 0.41 0.51
3 \ 5 ’-GH3 133-5 18.6 C16H16H4°3 18.7 0.47 0.61
3,,4'-CH3 120-2 18.6 С16Н16М4°3 18.7 0.48 0.64
2'-CH3 171—3 19.5 C14H14N4°3 19.6 0.47 0.34
2*-OCH3 170-2 18.5 C14H14H4°4 18.5 0.45 0.22
2»-Cl 104^6 18.2 C13H11C1H4°3 18.3 0.49 0.33

Rf1 - In the system ethyl acetate-chlorophorm 40:10 
Rf2 - In the system hexane-isopropsnol 80:30
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The reaction rate constants were calculated according to 
the variation of hydrazide concentration in time, determined 
by means of nitritometric potentiometric titration. The tech
nique of kinetic measurements has been described earlier.The 
kinetics of benzoylation of 4-nitro-N-(H-phenyl)-anthranilic 
acid hydrazides obeys the second order reaction for irrevers
ible reactions. It can be proved by the following facta:
a) stability of reaction rate constant values (Table 2) at 

different time moments, calculated acoording to equation

where a is the initial concentration of benzoyl chloride in 
mol/1;
x denotes the concentration of benzoyl chloride at a certain 
time moment (s; mol/1);
fl is a correction to the thermal expansion of chlorophorm;
b) linear dependence between the inverse current concentra
tion of the reagent in time (see ?ig. 1):

Оc) the reaction order can be determined as follows :

n is the reaction order;
denotes the time of the 50% proceeding of the reaction 

in case of the initial concentration of benzoyl chloride 
a^ mol/1.

The obtained date show that the reaction studied turned 
out to be kinetically complicated and prooeeds in two

( 2)

n ■ 1 + ■1 - л « д г
l2- log a1 (3)log a.

stages: stage I
!-NH-HH2

'2

+

(4)

3
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Rat* Constants of Benzoylation Reaction of Hydrazides of 4-nitro-N-(R-phenyl)-Anthranilic 
Acids in Chlorophorm at Various Temperatures

Table 2

___________________ k. l»mol~1 • s**1 at Т. К______________
298 К 308 К 318 К 328 К

Н
4’-СН3
4'-ОСН3
4'-С1
3*,5»-СН3
3\4'-СН3
2‘-СН3
2'-ОСН3
2’-С1

0.126*0.010 
0.166*0.021 
0.186*0.011 
0.087*0.011 
0.148*0.017 
0.186*0.023 
0.324*0.019 
0.372*0.016 
0.166*0.011

0.200*0.017
0.245*0.028
0.288*0.019
0.145*0.012
0.232*0.019
0.279*0.014
0.380*0.016 
0.460*0.022
0.218*0.012

0.299*0.016
0.356*0.011
0.417*0.021
0.224*0.016
0.349*0.014
0.380*0.019
0.468*0.021
0.562*0.017
0.286*0.015

0.415*0.024
0.502*0.019
0.582*0.016

0.322*0.017
0.462*0.029
0.543*0.019
0.575*0.022

0.627*0.024
0.353*0.028



stage II

-NH-HH2 C-HH-HHg.HCl
_ ^ r j — Й )  * H

io2 (5)

1800 3600 5400
t

Fig. 1. Dependence of the inverse value of the ourrent
concentration (— • ) on time (t) in case of aoylatioa 
of the 4-nitro-N-(R-phenyl)-anthranilic acid hydrazlte 
with b ■ 2.5*10”3 mol/1 benzoyl ohloride of a ■
« 1.25*10”3 mol/1 in chlorophorm at 298 K.

3*
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It is the first reaction stage proceeding remarkably 
more slowly that determines the second order of the process 
in total.

The electron nature of substituents in the hydrazide 
molecule and their position significantly affect the re
action rate constants (Table 2). Application of donor sub
stituents accelerates the rate of the process, i.e. donor 
substituents in the nucleophile molecule stabilize the acti
vated complex more than the initial nucleophile. The accep
tor substituents have the opposite effect. The hydrazines 
with 2'-substituents have better reactivity in comparison 
with the hydrazines having 4* ?3* *5';3* *4* substituents.

The quantitative estimation of the substituent effect 
on the reactivity of the hydrazides of 4-nitro-N-(R-phe- 
nyl)-anthranilic acid has been given according to the 
Hammett equation (Table 3).

Table 3
Parameters of the Hammett Equation of Benzoylation 

Reaction of Hydrazides of 4-Nitro-N-(R-phenyl)-Anthranil- 
ic Acids in Chlorophorm at Various Temperatures 

log к a log kQ + Aptf

T»K P log ko r S

298a -0.681*0.080 -0.905*0.016 0.9959 0.0128
298b -0.671*0.035 -0.607*0.008 0.9986 0.0041
308a -0.596*0.055 -0.705*0.011 0.9974 0.0088
308b -0.631*0.082 -0.523*0.032 0.9935 0.0267
318a —0.516*0.064 -0.531*0.012 0.9954 0.0102
318b -0.565*0.044 -0.419*0.042 0.9909 0.0285
328a -0.498*0.080 -0.384*0.016 0.9923 0.0128
328b -0.512*0.081 -0.334*0.018 0.9988 0.0095

a - data for 3',4',5' derivatives were correlated 
b - data for 2’ derivatives were correlated
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The values of reaction parameter p are negative, thus 
confirming the nucleophilic substitution mechanism of Sjj2 
of the reaction studied. We did not succeed in conducting 
a general correlation for the compounds with 3'»4'- and 
2'- substituents in the hydrazine molecule (Fig. 2), but 
separate correlation of substituents with the 3’»4'- and 
2’-substituents gives a good statistical reliability. It 
should be mentioned that the p values for the compounds 
with 3',4'- substituents and 2'-substituents in a nucleo
phile molecule are quite close.

Insignificant values of reaction parameter p evidence 
about a small susceptibility of the reaction series to the 
effect of the substituent’s nature in the nucleophile mole
cule. It is worth mentioning that the absolute values of p 
are dropping when the temperature increases.

d

Fig. 2. Dependence of log k-f(6) at 318 К for
3',4',5*-(1) and 2'-(2) substituents in the mole
cule of 4-nitro-N-(R-phenyl)-anthranilic acid 
hydrazide.
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The polyterms of rate constant logarithms are linear, 
so it was possible to find the activation energy - Ед. and 
the preejqponential factor A according to the Arrhenius 
equation (Table 4). If the electron-donor substituents are 
conducted into the nucleophile molecule, the Ед value 
will decrease. In the case of 2'-substituents it is expres
sed more sharply but the linear correlation between the Ед 
and 6 Hammett constants is statistically doubtful.

The Byring^ equation has been applied in order to calcu
late the activation enthalpy (ДН^) and entropy (As'). The 
free energy of activation was calculated according to the 
second beginning of thermodynamics. The obtained data are 
given in Table 5. The values of free activation energy A g ' 
are quite close for nucleophiles having substituents with 
different nature and position in a molecule in case of all 
the temperatures studied. It is interesting to mention that 
the contribution of entropy into the A g ' value is much 
greater than that of enthalpy. Comparatively insignificant 
values of activation enthalpyДн' make us suppose that the 
studied benzoylation reaction is a synchronous one in whioh 
the bond breaking is accompanied by the formation of new
b0nde* Table 4

Kinetic Parameters of Activation of Benzoylation 
Reaction of Hydrazides of 4-nitro-N-(R-phenyl)-Anthra-

R Вд kJ/mol In A r S

H 32.2*3.5 10.9*0.8 0.9988 0.031
4’-CH3 29.9*3.4 10.2*0.2 0.9989 0.004
4'-OCH3 30.6*2.5 10.7*0.7 0.9993 0.022
4*-Cl 35.3*3.8 11.8*0.9 0.9988 0.033
3\5'-CH3 31.1*2.8 10.7*1.2 0.9949 0.061
3\4'-CH3 28.5*2.7 9.82*0-?1 0.9991 0.024
2'-CH3 15.6*1.9 5.15*0.19 0.9965 0.026
Z'-OCH, 14.3*1.3 4.31*0.14 0.9938 0.031

N f 20.5*1.6 6.49*0.24 0.9993 0.015
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The effect of the substituents' nature and their posi
tion in the hydrazide molecule on the Д  h' value is anal
ogous to the same effect on the Ед which has been already 
previously discussed. High negative Дэ' values is another 
evidence to prove the existence of the 3^2 mechanism of 
nucleophilic substitution with the formation of a highly 
regulated state. 0

To sum up the aforesaid as well as the literature data , 
the following mechanism of benzoylation reaction of hydra
zides of 4-nitro-H-(R-phenyl)-anthranilic acids can be sug
gested:

0 Q rapid 0 0a f о cr A
R-C-NH-NHg + С -CgH ^ Sz=====^ R-C-NH-NHg* • *C -C g H j ^ = = * r  

Cl Cl
I II III

0 OH о 0„ , slow stage I, ,|
R-C-NH-NH-G-C6H5 ^ --- R-C-NH-NH-C-C6H5 + HC1

Cl
IV V
The reaction starts with the nucleophilic attack of 

hydrazide (I) at the acylating agent (II). The associative 
process (rapid stage) results in the formation of the molec
ular compound (III) which is transformed into the enol fora 
(IV) and then follows a slow breakage of the leaving group 
(HC1) and the reaction yield iB formed.

In the reaction series investigated, holds the isokinet** 
ic correlation. It is confirmed by the existence of the lin
ear correlation between the A h' - log кт, Дн'- Да',
Ед-log A, 9 - 1/T, log kT -log kT (Table 6) and proved by 
the method of regression lnalysis1for the compounds with 
3',4',5’-substituents in a molecule (the number of compounds 
with 2'-substituents is not great enough to get statistically 
valuable data). The isokinetic temperature 6 » 453*16 is 
higher than the experimental range, thus making it possible 
to presume the possibility of enthalpy control in oase of 
the studied benzoylation reaotion of hydrazides of 
4-nitго-Я-(R-pheny1)-anthraniliс acids.
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Thermodynamic Parameters of Activation Лн', As', AG' of Benzoylation Reaction 
of Hydrazides of 4-Nitro-N-(R-phenyl)-Anthranilic Acids

Table 5

H Ao' tJ/»Qi Л ?  г s
298K 308K 318K 328K kJ/mol J/Q 2g8K

H 77*9 79.5 81.1 82.3 29.6*3.4 -162*8 0.9986 0.030 -48.3
4’-CH3 77.4 79.0 80.7 82.4 27.3*2.4 -168*2 0.9987 0.044 -50.1
4'-OCH3 77.0 78.6 80.3 81.9 28.1*2.4 -164*8 0.9992 0.021 -48.9
4'-Cl 78.9 80.4 82.0 83.5 32.7*2.1 -155*2 0.9986 0.035 -46.2
3\5'-CH3 77.6 79.2 80.9 82.5 28.4*2.1 -165*16 0.9965 0.0145 -49.2
y,V-CEj 77.2 78.9 80.6 82.3 25.9*2.8 -172*2 0.9987 0.025 -51.3
2’-CH3 75.9 78.0 80.1 82.2 13.0*0.3 -211*8 0.9950 0.028 -62.9
2'-OCH3 75.5 77.6 79.8 81.9 11.7*0.4 -214*8 0.9900 0.033 -63.8
2' -Cl 77.5 79.5 81.5 83.5 17.9*0.2 -200*6 0.9988 0.016 -59.6



Determining of Isokinetic Temperature (Q). Correlation Parameters of Equations 
y»a+bx of Benzoylation Reaction of Hydrazides of 4-Nitro-N-(R-phenyl)-Anthranilic Acids.

Table 6

X У a b r S ß,K

AS* дн' (111 + 10)‘103 497 + 40 0.9271 178 497
In A E -5.12 + 0.70 3.41 + 0.34 0.9857 0.439 430
log k298 A h' (14.0 + 0.6).103 (-17.5 + 3.5)•103 0.9487 822 443
IQS k^QQ A h' (16.0 + 0.7)*103 (-19.6 + 1.0)*103 0.9292 961 441
log k318 A h' (18.2 + 0.7)•103 (-21.7 + 1.4)•103 0.8953 759 442
log k328 A h' (21.1 + 0.5)•103 (-22.7 + 1.4)•103 0.9049 721 454
log k298 log k328 0.276 + 0.036 0.729 + 0.011 0.9927 0.0125 450
log k308 log k338 0.206 + 0.024 0.837 + 0.021 0.9960 0.0093 491
1/1A P 1.41 + 0.10 -618 + 28 0.9752 0.0227 440
I/Tb P 1.50 + 0.17 -658 + 11 0.9975 0.0076 438

a - for 3,#4,,5' - substituents
fc - for 2' substituents



Experimental
Reagents. Purification, drying and testing of purity level 
of chlorophorm and benzoyl chloride have been described ear
lier1.

Hydrazides were synthesized according to the known tech
niques1®’11. Their purity was tested chromatographically,by 
means of elemental analysis, and determining the melting 
points (Table 1).
Kinetic measurements were conducted according to methods1.
The concentration of hydrazides was determined by means of 
potentiometric titration with a 0.01 M solution of sodium 
nitrate BVL-1M1 with platinum BTPL-01 M and chlorosilver 
electrodes on an Ionometer BV-74. Reaction kinetics was 
studied at temperatures 298,308,318»328 K. Each experiment 
was repeated three times, including 6-8 measurements each, 
the depth of transformations was up to 8056. The accuracy of 
the obtained parameters was assessed by means of mathematical 
statistics for small sets12 (the reliability level being 0.95) 
Thermodynamic parameters of activation were calculated accord
ing to the known formulae applying the least squares' method. 
Linear equations were treated by means of the least squares
method on a micro computer "Electronika MK-52", applying 14-standard programs .
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Decomposition kinetics of sodium 0,8-di- 
nitro-1,4-dioxaspiro[4,5]deca-6,9-dienate 
has been studied in binary mixtures of di
methyl sulfoxide - protonic components - 
phenols whose nuclei contain various substit
uents. It has been shown that the decompo
sition reaction of 2,4-dinitrospirooomplex 
proceeds according to the bimolecular mecha
nism and largerly depends on the position of 
substituents in a phenol nucleus, affecting 
either the pK^ values of phenols or influ
encing the steric factors of proton transfer.

Recently we have shown1 that the decomposition of di-
nitrospiro complexes in the presence of protonic complexes
(alcohols and water) is analogous to the Jackson-Meisenhei-2mer complexes, when one of the Ar-0 bonds is broken. The 
reaction rate is affected both by the pK^ of a proton-do- 
nor component depending on the nature of the hydrocarbon 
radical of alcohol, and by the effectb connected with their 
space structure.

In order to find the effects of the other agents which 
have greater acidity than alcohols, we have studied the de
pendence of the disclosure rate of spirocycle on the nature 
and concentration of the phenols whose nuclei contain dif-
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ferent substituents.
The measurements were carried out spectrophotometrically 

in the visible range where the sodium 6,8-dinitro-1,4-dioxa- 
spiro[4,5]deca-6,9-dienate complex absorbs while the glycol
ic ether forming during the disclosure of the cycle will not 
absorb. Weakening of the absorption bond intensity in time 
refers to the first order of the reaction complex being de
composed. Rate constants were measured at *5% accuracy.

The linear dependence of the pseudofirst order rate con
stant on the phenol concentration indicates, that the re
action has the first order concerning also its protonic com
ponent.

The Br^nsted graph of the log k ^  dependence on the 
рКд£ value is given in Pig. 1. The Brtfnsted coefficient oC 
equals 0.52 according to the slope of the straight line in 
the given coordinates.

Thus, our studies show that the reaction is a bimolecu- 
lar one, in the case of which the proton transfer with for
mation of X (scheme 1) appears to be the limiting step, fol
lowed by a rapid breaking of the C-0 bond.

I I

и - +NOgNa
Scheme 1

The results of kinetic measurements presented in Ta
ble 1 evidence about a direct dependence of the decomposi
tion rate of the observed spiro complex on the acidity and 
structure of the phenols used. The reactivity of the latter 
varies from 1-9 (Table 1).

The rest of the pK^ values were obtained experimentally 
from the dependence of the log k value of the decomposition 
rate on the pKg, using graphic methods. This dependence was 
got when applying phenols I-I V and VIII with the known pK^ 
values (Pig. 1).

0— H— .0__ Ar
NO,

OCHgCHgOH

NO"

2

(X)
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Table 1
Kinetic Parameters of 2,4-Dinitrospiro Complex 
Decomposition Reaction Caused by the Phenols of

Various Structure

Mo Phenols S
mole/1 k*102,s“1 К

1/mole• 1I P К* б°Г

I 4-bromophenol 0.001 1.298*0.067 12.98 9.36* 0.30
II 4-chloro-

phenol
0.001 1.164*0.252 11.64 9.38* 0.28 

*
III phenol 0.002 1.070*0.019 5.35 10.0 0
IV 2-methylphe

nol
0.002 0.690*0.051 3.45 10.29*-0.17

V 3,4-dimethyl
phenol

0.002 0.695*0.026 3.48 10.37 -0.209

VI 4-ethyl phe
nol

0.002 0.693*0.051 3.42 10.39 -0.151

VII 3,5-dimethyl 
phenol

0.002 0.464*0.024 2.32 10.68 -0.138

VIII 2,4,6-tri- 
methyl phe
nol

0,002 0.169*0.018 0.845 10.8* -0.44

IX 4-aminophe- 0.002 0.360*0.032 1.80 10.92 -0.38
nol

* Reference data*
The least square oaloulations proved that there is a 

satisfactory correlation dependence between the log к and 
рК*, of the phenols given in Table 1( r»0.952; S-0.173). 
2,4,6-triaethylphenol does not evidently suit this depen
dence (Fig. 1). A lower reactivity of the latter and
2-*ethylphenol are most probably caused by the screening 
effect of ortho-methyl groups^ which complicate the hydro
gen bond formation between the oxygen atoms of spirocycle 
and the OH group of moleoules of these phenols. It should 
be pointed out that if 2,4,6-trimethylphenol is not taken 
into consideration, a remarkable improvement of the cor
relation dependence (r«0.987| 8*0.038) can be observed.
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Pig. 1. Dependence of log к on the pK^ of phenols for 
dinitrospiro complex decomposition. Marking of 
points corresponding to that of Table 1.

Comparison of the data given in Table 1 (log k) with 
the 6° values (Pig. 2) shows that in all series studied, 
the effect of substituted phenols obey the Hammett-Taft 
equation (r-0.964; S«0.107).

According to Pig. 2, the compounds with the substituents 
in 2-position (IV and VIII) tend to deviate from the common 
correlation dependence. It can be explained^ by the am
biguity of the 6° values for the ortho-substituted phenyls 
caused by the effect of steric factors on the reactivity ef 
the compounds in the process.

Exclusion of the phenols, containing substituents in the 
3rd position (V and VII) brings about a remarkable inorease 
of the correlation coefficient r«0.983; s»0.0874, (if the 
methyl radical is in meta position, the contribution of the 
conjugation effect drops in comparison with the ortho-sub- 
stituents.).

A considerably high value of the reaotion constant ф 
(p-1.404) refers to a remarkable polarity of the transition
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state of the process.

Pig. 2. Dependence of log к on the 6° value of substit
uents in case of decomposition reaction of 
epirocyclic complex at 25°C. Marking of points 
corresponds to those of Table 1.

Thus, the rate of cycle breaking depends largerly on 
the position of the substituents in a phenol nucleus affect
ing either the pK^ value of a phenol, or the steric fac
tors of proton transfer.

Experimental
Sodium 6,8-dinitro-1,4-dioxaspiro[4,53deca-6,9-dienate 

was obtained by means of intramolecular cyclization, under 
the effect of sodium tert.-butylate on the dioxan solution 
of 1-(B-oxyethoxy)-2,4-dinitrobeneene.1-(ß-oxyetho xy)-2,4- 
dinitrobenzene was obtained according to the known methods^.7Dimethylsulphoxide was purified as described in .

Reactive phenols, whose purity level was assessed by the 
methods of thin layer chromatography and via determining the 
melting points corresponding to the literature data were 
used.

Kinetic measurements were conducted under pseudomono- 
molecular conditions at a substantial residue of the proton
ic component. Rate constants were calculated according to
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Qthe first order equation . The rate constants presented in 
Table 1 are the mean values of three parallel measurements. 
The accuracy of kinetic measurements was tested using the 
methods of mathematical statistics, the reliability coeffi
cient being 0.95. The variability coefficient of calculating 
the reaction rate constants did not exceed 5-7%.
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Kinetics of hydrolysis, methanolysis and 
aminolysis of diphenylchlorophosphate, cata
lyzed by pyridine N-oxide in acetone at 25°C 
has been studied spectrophotometrically and ' 
conductometrically. Inhibiting effect of a 
similar chloride ion and the change of rate 
limiting stage from the intermediate product 
formation up, to the nucleophilic attack pro
portionally to the decrease of concentration 
of the latter were detected. Existence of nu
cleophilic mechanism of catalysis including 
the formation of the ionic intermediate, di
phenyl pyridinium phosphate chloride, can be 
suggested on the basis of these results.

It is known that in the aprotic solvents, pyridine N- 
oxides function as highly effective catalysts of the amino-

162



lysis of functional derivatives of carbonic (ArCOX, X=Cl,Br)1 
and sulphonic (ArSOgX, X=C1, Br, OSOgAr)2’3 acids. It has 
been proved that in the case of these processes holds the 
nucleophilic mechanism of catalysis, the rate determining 
stage being the amine interaction with either acilic or sul- 
phonylic intermediates which form quite rapidly during the 
first pre-equilibrium steige from the substrate and the pyri
dine N-oxide. There are no kinetic data in the literature on 
the similar kind of processes of nucleophilic substitution at 
the tetracoordinated phosphorus atom in the aprotic solvents.

We studied the kinetic regularities and the mechanism of 
the diphenylchlorophosphate (DPCP) reactions with OH-(water, 
methanol), and NH-(3-nitroaniline, diethylamine) nucleophiles 
(NuH), catalyzed by pyridine N-oxide in acetonitrile at 25°C:

С6Н5 \ /  C6H5 \ /
Pv + NuH -----------—  Pv + HCl (I)

/  \  / \CgH50 Cl C6H5° Nu
NuH = н2о, ch3oh, (c2h5)2nh, 3-no2c6h4nh2.

During the catalytic processes of hydrolysis and metha- 
nolysis, the precipitating hydrogen chloride combines with 
pyridine N-oxide. In the catalytic aminolysis reactions forms 
amine hydrochloride (pyridine N-oxide does not undergo any 
transformations in the course of the process). Thus, in the 
case of the DPCP reac'tion with diethylamine catalyzed by py
ridine N-oxide, we observed stable optical density of the 
latter in the course of the reaction (the wave length being 
275 nm).

We have shown^ that in the dichloromethane and aceto
nitrile, pyridine N-oxides efficiently accelerate both the 
aminolysis and hydrolysis of the DPCP. It has been mentioned 
that in the used solvents, dehydrated according to the ordi
nal „ methods, the DPCP hydrolysis, catalyzed by pyridin* H- 
oxides, proceeds at a remarkably high rate beoause of the re
sidual moisture. This fact should be taken into consideratien 
when studying the catalytic interaction of DPCP with other

5*
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nucleophiles in aprotic media.

Experimental

DPCP^ and pyridine N-oxide^ were synthesized and puri
fied according to the known methods. 3-nitroaniline of a 
"chemically pure" grade was recrystallized from ethanol; di
ethyl amine was kept over the metallic sodium and distilled 
over its fresh portion. Acetonitrile was purified according 

7to methods , its residual water content being approximately 
— 3 —15*10 mol*l (according to the method of Fischer).
The products of hydrolysis and methanolysis of the DPGP 

were found and identified.
Hydrolysis of DPCP. 15 ml of the pyridine N-oxide (0.015 
moles) and water (0 . 0 1 5  moles) solution in acetonitrile at 
25°C was added to 15 ml of the DPCP solution (0.015 moles). 
White hydrochloride precipitate of pyridine N-oxide was ob
tained. After adding 150 ml of diethyl ether, the precipi
tate was filtered and dried at room temperature. The yield 
was 1.9 g (96.4 %), its melting point being 180-182°; (in 
ref.8 178-180°). % found: С 45.69; H 4.90; Cl 26.64; N 10.57. 
C5H6C1N0. % calculated: С 45.65; H 4-59; Cl 26.95; N 10.65. 
After evaporation of the filtrate, was obtained 3*5 g (93*3%) 
of diphenylphosph-oric acid; melting point 6 4° (in ref.^ 63°). 
% found: С 57.85; H 4.45; P 12.54. C ^ H ^ O ^ .  % calculated:
С 57.61; H 4.43; P 12.38.
Methanolysis of DPCP. 10 ml of the pyridine N-oxide (0.0075 
moles) and methanol (0.0075 moles) solution was added to 10 
ml of the DPCP solution (0.0075 moles) in acetonitrile at 
25°C. The reaction products were separated the same way as 
in case of hydrolysis. 0.96 g (98 %) of pyridine N-chloride 
of hydrochloride and 1.87 g (94.4 %) of methyldiphenylphos- 
phate were obtained, the boiling point was 146-150° (1mm), 
(in ref.10 151*5° (1mm)). % found: С 59.02; H 5.01; P 11.86;
С .j 3O4P. % calculated: С 59.10; H 4.96; p 11.72.

Separation of the DPCP aminolysis products in presence 
of pyridine N-oxide has been described earlier^.
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Kinetic experiments were carried out in two concentra
tion ranges: 1) the concentrations of DPCP and nucleophilic 
reagent (water, methanol) remarkably exceeded the concentra
tion of pyridine N-oxide; 2) the concentrations of pyridine 
N-oxide and nucleophilic reagent (water, amine) remarkably 
exceeded the DPCP concetration. Because of that, two methods 
of kinetic measuring were applied.

In the first case, the process rate was monitored spec- 
trophotometrically according to the pyridine N-oxide decrease 
which reacts with hydrogen chloride formed. Optical density 
was measured on a spectrophotometer SF-26 in the range of 
275 nm. The Lambert-Bouguer-Beer law holds both in case of4- —1 — 1 — 9acetonitrile (£= 12,600-500 l*mole~ *cm- , sQ = 4*10 , r =
= 0.995, N = 8) and the acetonitrile containing water addi
tions up to 1.5 mole'l“1 (e.g., if СН^ОД = 0.4 mole*l_1, £ =
= 13,040*160, sQ = 2.1-Ю“2, r = 0.999, N = 14). In the ace
tonitrile without water additions, the hydrolysis was in a 
number of cases monitored according to the accumulation of 
the reaction product - the hydrolchloride of pyridine N-ox
ide (A = 235 nm, £= 4340*180 l*mole“1« cm-1, sQ = 3*3*10 2> 
r = 0.997, N = 6).

The pseudofirst order rate constants k^s""1) were cal
culated as follows:

,.I 1 Do " Doo
k T  1 Ih - b * (2)t оо

where D^, Dq, D^ denote the optical density of the solution 
at the completion of the reaction, at the initial time mo
ment t, respectively.

In the second case, the reaction was controlled conduc- 
tometrically according to the accumulation of hydrogen chlo
ride (in the form of amine hydrochloride salt or pyridine 
N-oxide). The resistance of the solution was measured ap
plying the apparatus described in11. The k1 constants were 
calculated according to the formula:
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к1 = 1
— ln Кос 1 —

1 1
"ГГ

( 3)

where RQ and R^ denote the resistance of the solution
at the completion of the reaction and at the initial time mo
ment t, respectively.

The kinetics of the noncatalytic processes of the hy
drolysis, methanolysis and diethylaminolysis of DPCP was 
studied conductometrically if ГОРСР1« ШиНЗ, the interac
tion kinetics of DPCP with 3-nitroanile was investigated 
spectrophotometrically according to the decrease of the op
tical density of arylamine (Л= 375 nm, £= 1800^35, sQ = 
2.56ЧО"2, r = 0.999, N = 8) if CDPCEI »INuHI .

Noncatalytic Processes

The rate of the noncatalytic interaction of DPCP with
3-nitroaniline and diethylamine can be described by the sec
ond order equation. It is confirmed by the linear dependence 
in the "k1 - ENuHI " and "к1- [DPCP]” coordinated, on the ba
sis of which and applying the data of Table 1 have been cal-J 
culated the bimolecular rate constants k^given in the same 
table.

Table 1
Noncatalytic Interaction of DPCP with Amines 

in Acetonitrile at 25°C

Nucleophile iMuHTI 
NuH mole*I-1

E DPCP]* 
mole*l” kj, s_1 k*1,!‘mole-1-s'

3-nitro- ®5*10"4 0.03 (0.25-0.01 ) • 10""̂
aniline 0.05 (0.40-0.07)* 10”^

0.10 (0.77-0.02)•10”**
0.20 (1.24-0.04)•10”^
0.30 (2.37-0.15) •10“'*
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Nucleophile C.NuHI 1 E D P C P ] .1 -1 -II , , -1 -1 
NuH mole-I"1 mole-l"1 V  3 ko .1‘raole *s

0.33 (2.40*0.06)* Ю -"3
0.66 (5.22*0.05)•10“^ (7.83*0.28>10"5

Diethyl-
amine

1.00 ~5*10-5 1.35*0.02
1.20 1.64*0.01
1.60 2.13-0.21
2.20 2.91*0.07
2.34 3.12*0.03
2.84 3.72*0.06
3.34 4.81*0.03
4.00 5.10*0.10 13.17*0.63

The rate constants of the noncatalytic reactions of the 
hydrolysis and methanolysis of DPCP were assessed analogous
ly. In the case of these processes, k^* ~ 1*10“^ - 1*10“^

-1  -1l*mole *s

Catalytic Processes

The hydrolysis reaction of DPCP in the presence of py
ridine N-oxide (B) in acetonitrile without water additions 
(the hydrolysis proceeds at the expense of the residual mois
ture^) has a tendency toward a decrease of the observed 
pseudofirst order rate constants during the process. Such a 
phenomenon takes place both in conditions I DPCP] B1 (spec- 
trophotometric methods) and HDPCP]-<^IB] (conductometric meth
ods). If EDPCP]Q a 1.44*10"5 mole.I"1, the k1 value for the 
hydrolysis reaction drops 1.5-2 times, the conversion degree 
being ~ 50 %. Extrapolation of the linear regions of the k* 
or 1/k1 dependences on x (x is the yield of the product at 
time moment t) to the zero value of x and also calculation 
of the corresponding k1 constants from linear dependences 
x/t = f(t) gives close k1 values at the zero time moment.
The k* values obtained by extrapolation of the constants to 
the zero x value were used when making the graphs in Pigs.1*2.
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Comparison of the k* constants of the processes in the pres
ence of pyridine N- oxide (see Pigs. 1-3 and Table 2) and 
the noncatalytic k^ constants shows that in case of the nu
cleophiles studied (with the exception of diethylamine) the 
rate of the noncatalytic reaction in the presence of a cata
lyst can be neglected and the k1 constants can be taken as 
those characterizing a strictly catalytic process. In the 
case of diethylamine, in order to characterize the rate of
the catalytic process the differences of к"*" - k^ should be

Iused instead of the к values.
The additions of chloride ion, introduced in the form 

of the lithium chloride salt, dissociating in acetonitrile 
= 3500 l*mole-1, 25°C)12 cause the k1 values to de-clSS

crease (Pig. 1) but also make them remain stable during the 
process. The increase of the nucleophilic concentration in 
the reaction mixture also promotes the k1 stability.

[СГ]  ■ 105. mol Г 1 
1 2  3 4 5 6 7

[С/-] -10*. mol l'1

Pig. 1. Dependence of the observed rate constants k1 on the
chloride-ion concentration in case of DPCP hydrolysis 
in acetonitrile, catalyzed by pyridine N- oxide (B) 
at 25°C.
1 - [ DPCP: = 1.17*10~3 mole-1"1, [B3 ~ 6*10-5 mole.I-1
2 - EDPCP1 « 5*10-5 mole*I-1, ЕВ] = 8.2-Ю"4 mole*l_1
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It is quite sensible to presume on the basis of the de
celerating chloride-ion effect (Pig. 1) that the discussed 
reaction includes an invertible stage with the chloride-ion 
formation (which either precedes the rate determining stage 
or itself determines the rate). The inhibiting action of a 
similar ion has been discussed in literature as a major cri-13terion of the nucleophilic mechanism of catalysis .

The essence of the mechanism applied in the case of the1 — 3given reaction system is the fact that (c.f. ) DPCP forms 
with pyridine N-oxide intermediate product I of ionic nature,
i.e. diphenylpyridinephosphate chloride, which (as it can be 
suggested on the ba3is of similarity with the N*-acetyloxypy- 
ridinium salts1 )̂ exists in acetonitrile in the forms of 
ion pair la and free ions lb and in the form of the chloride 
ion (Scheme (4)). In the following stage, the nucleophilic 
reagent (water, alcohol, amine) attacks intermediates la and 
lb where the reaction product formation and the regeneration 
of pyridine N-oxide (in the case of hydrolysis and methanoly
sis in the form of its hydrochloride salt)take place.

It is noteworthy that the rate of the pyridine N-oxide 
consumption and the formation of its hydrochloride salt co
incide (Pig. 2). It shows that in the course of the process 
a substantial intermediate I accumulation does not take place 
(a remarkable scattering of points in Pig. 2 can evidently 
be explained by the water content not being strictly the same 
in different portions of "dry” acetonitrile used).

( о 6и 5 ° ) г 1 ^ 1 + o - n ;

ki II *-i

(°6H50>2P? S - C > >  + c l '<°6н50>г< _ ^ © >
la k-2

k3| NuH k<J
(c 6h 5o )2p (o )nu + o ^ N ©

NuH (4)

+ HC1 
♦ . « Cl'

6
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Pig. 2. Dependence of rate
constants k1 on DPCP con
centration in hydrolysis 
reaction of DPCP, catalyzed 
by pyridine N-oxide (B) in 
acetonitrile containing 
~5*10“3 mole*l-1 of resid
ual water, 25°C E DPCPI о Ш  . 

White points mark kA, calculated according to the pyridine 
11-oxide decrease; the blackened points were calculated ac
cording to the accumulation of its hydrochloride salt.

Applying the principle of quasistationary concetration 
in case of the intermediate particles la and lb, the follow
ing expression for the observed pseudofirst order rate cons
tant k1 can be obtained (if [DPCPI Bl):

T k1 (k0k. + k,k 0[C1“3 + k^k. DJuH}) EDPCP] ШиН]
к1 = — !— ---------2-Л----------------------(5)

k_2 CCl"3(k_1 + k3ENuH3) + k4 ШиНЗ (k_1+k2+k;j ENuH3)

or к1 = к'ШРСР] ШиНД, (6)

where к is a complex function from the concentrations of 
nucleophilic reagent and chloride anion.

In case of concentrational conditions tDPCH^ IB] , ex
pression (7), analogous to Eq. (6) is obtained:

k1 = k'lBI ENuHl (7)

Simplified boundary versions of dependences (6) and (7) 
are also possible. In the low concentration range of the nu
cleophile, especially in the case of a weakly basic one (e. 
g., in the case of water in "dry" acetonitrile), inequali
ties k_2ECl”3 »k^ENuHl and k^^k^ENuHl may be valid. Then 
Eqs. (6) and (7) take the following form (the к value has 
been taken into consideration):
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E NuH3 EDPCP1 (if EDPCP1 CS),(8)

ENuHEB] (if Г БРСРЛ Г B3 ),(9)

Another extreme possibility is a situation when k_gE С П »  
>^k^[NuHn and k_^»  k^ENuH]. In this case the expressions 
for k1 lead to the simplest form :

k1 = k.j EDPCPl (if EDPCPI»EB3), (10)

к1 = к^ВЗ (if EDPCPl^EB]), (11)

where k̂  (l*mole-^.s_1) 'is the rate constant of the DPCP in
teraction with pyridine N-oxide.

Thus, Eqs. (5), (7) and their simplified modifications 
(8)—(11) predict the first order according to the substrate 
and the catalyst, the variable order according to the nucleo
philic reagent, decreasing from one to zero proportionally 
to the increase of its concentration, as well as the inhi
biting action of chloride anion.

The facts illustrating this effect have been given 
above. These are the decrease of constants k"*" in the dura
tion of the process in case of a low nucleophilic concentra
tion (e.g. in acetonitrile, containing the residual mois
ture, only) and the behavior of the k1 values if the lithium 
chloride additions are observed (Pig. 1), corresponding to 
Eqs. (8),(9).

The experimental data concerning the reaction order ac
cording to the nucleophile show that in case of the given 
DPCP concentration, the к"*" constants in the range of small 
nucleophilic additions (water and methanol) grow with the 
increase of the concentration of the latter (Pig. 3)* which 
qualitatively agrees with Eq. (8). In the concentration 
range of approximately 0.1-0.3 to 0.7 mole*l“\  the k^ val-

6*
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ues do not depend either on the nucleophile concentration or 
its nature (Pig. 3), as it actually follows from Eq. (10).
If the concentration of water is more than 0.7 mole*l-1, a 
decrease of the values can be observed.(see curve 3 in 
Pig. 3). A similar dependence of the reaction rate on the 
nucleophile (hydroxide don) concentration has been noticed 
in the case of the alkaline hydrolysis of 4-nitrophenyl es
ters of dialkylic- and diarylphosphoric acids in acetonit
rile (the rates of hydrolysis reach their peak values if the 
water concentration is 0.02-0.3 mole*I-1)1^

Pig. 3. Dependence of the k^ 
values on nucleophile 
concentration (O - HgO',
A -  CH^OH) in hydrolysis 
and methanolysis reac
tions of DPCP in aceto
nitrile, catalyzed by py
ridine N-oxide (B);
I DPCP 1 IB1 , 25°C. 
EDPCP3-103 mole*l-1:1-0.15
1-0.15; 2-0.34; 3-0.93;
4-1.67; 5-2.39.

The linear ascending regions of^ *e curves in Pig. 3 
should obey Eq.(8). Unfortunately, calculation of either the 
individual rate constants or.their algebraic combinations by 
means of this equation is complicated since it is difficult 
to experimentally assess accurately enough the chloride-ion 
concentration, brought to the zero time or zero yield be
cause^ (cf.11) a small amount of it can be introduced in the 
form of the HC1 admixture in the initial DPCP.

The averaged k"*" values for the hydrolysis and methano
lysis reactions, corresponding to the horizontal regions of 
the curves in Pig. 3 are presented in Table 2. Owing to a 
much higher nucleophility of amines, the independence of k^ 
of their concentration and nature is observed at remarkably

0.2 DA 0.6 OS t.O 1.2 
[NuH] . m o l l ' 1
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1

1
2
3
4
5
6
7
8
9
10
11

12

13

Averaged к"*" Values Not Depending cn Concentration of Nucleophilic Reagents 
of Rate Constants for DPCP Hydrolysis, Methanolysis and Aminolysis Reactions 
Catalyz-ed by Pyridine N-Oxide in Acetonitrile, 25°C .

Table 2

Nucleo
phile

INuffl
mole-1 -1 С О Р О Г О Ю 3 CBl-103 2I *103, s-1 Na Methods 

mole-1-1 mole-l”1

Water * 5-10"3 = 0.05 0.20 0.83-0.02 1
0.26 1.09-0.04 1
0.51 2.33*0.06 1
0.82 2.79-0.08 1
1.10 4.53-0.20 1
1.43 5.56±0.04 1

* 1.73 7.32-0.11 1
2.00 8.37-0.55 1
2.53 10.60^0.20 1

0.06 - 0.53 0.60 2.52-0.13 4
0.12 - 0.70 0.83 3.88±0.18 4
0.45 1.70 6.86±0.11 1
0.10 - 0.70 0.15 =0.05 0.47±0.02 7

conduct,

spectr.



Table 2 continued

1 2 3 4 5 6 7 8

14 0.20 - 0.70 0.34 1.07-0.03 5
15 0.40 0.70 2.36*0.03 1
16 0.20 - 0.60 0.93 3.07*0.13 3
17 0.40 1.17 3 .7 1-0.02 1
18 0.30 - 0.60 1.67 5.81*0.06 5
19 0.40 2.14 6.36±0.10 1
20 0.40 2.34 7.04*0.05 1

21 Methanol 0.40 0.93 =0.05 2.97± .04 1 spectr.
22 0.30 - 0.70 2.39 7.46*0.08 5

23 Diethyl 0.0004 «0.05 0.09 0.31*0.14Ъ 1 conduct.
amine

24 0.22 0.47*0.13*3 1
25 0.44 1.58*0.14Ъ 1
26 0.88 3.15*0.15Ъ 1

27 3-Nitro- (0.05-6)*10-3 0.31 1.58*0.05 3 conduct.
28 aniline (0.10-10)-10"3 0.62 2.97*0.10 8

a - the number of averaged k^values (number of experiments at different concentrations of 
nucleophile, b - к - к differences are given.



lower concentrations than in case of water and methanol. 
Therefore, for the aminolysis processes in the concentration 
range of amines studied, there are no rising regions of the 
"к"'" -INuH]n dependences. The k"*" values given in Table 2 for 
the aminolysis reaction do not depend on the nucleophile con
centration.

Eqs. (8)—(11) show that the reaction orders according 
to the substrate and catalyst equal unity in the whole range 
of the concentration change of the nuoleophile. The above 
given (see Pig. 2) linear dependence between the к"*" values 
and IDPCPI for the hydolysis of DPCP in acetonitrile refers 
to the first reaction order according to the substrate. The 
first order concerning both the substrate and the catalyst, 
is retained also in the range of the k̂ " constants' indepen
dence of the nucleophile nature and concentration. This is 
illustrated by the straight lines in Pig. 4, constructed ac
cording to the results of spectrophotometric (straight line 
I) and conductometric (straight line II) measurements. The 
averaged к"*" values for different nucleophiles and various 
concentrations of one and the same nucleophile are situated 
on the common straight lines.

The k1 values calculated as the tangents of the slope 
curves of straight lines I and II equal 3.03*0.10 and 4.16* 
*0.11 l*mole-1•s-1, respectively. These k^ values, obtained 
by means of two different techniques are in a satisfactory 
correspondence.

It can be stated on the basis of the aforesaid that the 
character of the experimentally found dependences, given in 
Pigs. 1-4 are in good qualitative correlation with (5) or 
(7). Thus, the kinetic regularities of the DPCP reactions 
with OH- and NH-nucleophiles catalyzed by pyridine N-oxide 
in acetonitrile can be described by Scheme (4) of the nuc
leophilic mechanism of catalysis and therefore prove its val
idity.

We should also like to draw attention to an important
result of this study. In contrast to the analogous catalytic
processes of transfer of acyl and arylsulfonyl groups in 1—3 17aprotic media (see ” , also ) in the case of which it is
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under any circumstances impossible to change the rate deter
mining stage (the interaction of the intermediate product of 
type I with NuH) in the limits of the nucleophilic mechanism, 
it can easily be done in the reaction studied by means of 
varying the concentration of even such weak nucleophiles as 
water or alcohol.

[DPCP] 103. or [В] ЮЭ. mol Г 1

Fig. 4. Dependence of averaged k^ constants on the DPCP con
centration (I, LDPCEJ ?5>-CB3 ) and on pyridine N-oxide 
(II, EDPCP]4~ EB2 ) in reactions of DPCP with nucleo
philes (according to data of Table 2), catalyzed by 
pyridine N-oxide in acetonitrile at 25°C. Plot num
bers correspond to those of Table 2.
Straight line I: k1 = (1. 6*1.6) • Ю " 4 +

+ (3.03*0.10) IDPCH 
s0 = 2.56-10"4, r = 0.995, N = 10. 

Straight line II: k1 = - (0.6*1.2)*10 4 +
t (4.16*0.11) EBJ, 

so = 3.11-Ю-4, r = 0. 995, N = 18
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It gives experimental possibilites for systematic studies of 
the nucleophilic reactivity of pyridine N-oxides as the ca
talysts of the processes of acyl transfer in aprotic media.

1 — 3 18This phenomenon has been widely studied ’ , although the 
causes of the "abnormally" high nucleophilic reactivity of 
pyridine N-oxides remain unexplained in several aspects (e.g.
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Interaction kinetics of N-arylbensimi- 
doyl chlorides with 4-N,N-dimethylamino- 
pyridine and water in dioxane-water (9:1) 
mixture at 25°C has been studied. The first 
reaction order of aminolysis according to 
each reagent, absence of effect of simi
lar ion, increase of rat« if electron do
nor substituent is conducted into sub
strate molecule are in keeping with the 
Sjj2 (IP) meohanism. Adding sodium perchlo
rate leads to rate increase with a simulta
neous change of rate determining oaused 
by proceeding of the processes via the 
free nitrilium oation. Accelerating ef
fect of salt will disappear entirely if 
the 18-crown-6 reaction mixture is added. 
Supposedly, in case of participation of 
salt, the Na+C10^”. Ŝ l mechanism is 
realized.

The kinetics of neutral hydrolysis of imidoyl halogenides 
R1C(X)-NR2(X«Hal, R1-R2«Alk, Ar) has not been studied very



thoroughly * yet. The stage mechanism of nucleophilic sub
stitution via the nitrlle-cation intermediates (either a 
free ion or ion pairs) is supposed to operate in case of 
the process studied. The existence of the mechanism can be
confirmed by the following facts: a) the character of the

1 2substituent effect on the rate * ; b) the effect of a similar 2ion ; c) accelerating effect of salts which do not contain 2anions ; d) high susceptibility of the reaction rate to the2changes of the medium's polarity . As to the molecularity of 
the rate limiting stage and the reaction form of the nitrile 
cation intermediate in case of similar compound types in sim-

ж ipilar media , the statements of the authors * are to a cer
tain extent contradictory. Thus, it is supposed1 that in the 
acetone-water mixture (10.9% of water), the hydrolysis rate 
of diarylimidoyl chlorides can be determined by the water 
molecules' attack at the nitrilium cationic ion pair, i.e. 
the Ŝ 2 (IF) mechanism is observed. According to the authors 
of2, in the dioxane-water (9s1) mixture having a poorer sol
vency, the hydrolysis proceeds via the free nitrilium cation, 
while the ionization of imidoyl chlorides i.e., the Sjj1(I) 
mechanism, is considered to be the rate limiting stage.

These differences seem to result from different conditions
of conducting kinetic measurements in the paper cited. In

2fact, the hydrolysis of diarylimidoyl chlorides in was per
formed at a constant ionic strength of the solvent caused by 
the sodium perchlorate effect, while the solvolysis of the 
same substrates in1 was carried out without salt additions.
It is known that the perchlorate salts remarkably effect the 
rate of the Sĵl processes at the saturated carbon atom3. It 
is possible that in the case of the hydrolysis of imidoyl 
chlorides, sodium perchlorate will alter not only the reac
tive substrate form but also the rate limiting stage. Never-

* Owing to poor solubility and extremely high hydrolysis
rate of imidoyl ohlorides in water, the reaction was2studied in aqueous-organic mixtures of dioxane and ace
tone, containing relatively substantial amounts of organ-
io components

1 2
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theless, this problem was not specially studied in the pa
pers referred to.

In order to go more deeply into the details of the re
action mechanism, the present report deals with the kinetics 
and the salt effect on the hydrolysis rate of N-arylbsnsiml- 
doyl chlorides R1ArC(Cl)-NArR2 (I,R1-H, R2«4-CH3, a) H, b) 
4-C1, c)3-Br, d) in the dioxane-water (9s1) mixture at 25°C.

For the purposes of comparison, the kinetics of reaction 
of imidoyl-chlorides lb, Id with 4-M,N-dimethylaminopyridine 
was studied under the same conditions.

During the hydrolysis of the Ia-d~compounds form the 
1 2corresponding amides II * . The lb, Id aminolysis leads to 

the formation of imidoyl pyridine salts III (of.*), which 
are"* quite resistant to the hydrolysis:

1 II оR Ar-C-NH-ArR + HC1
II

R1Ar-C'
■N-ArR

\

III
-N(CH3)2

•Cl'

( 1)

(2 )

The IRS analysis of reaction mixtures has shswn that 
in case of the 4-N,N-dimethylaminopyridine concentration ex
ceeding the 8» 10“-* mol»l“1 the II accumulation is accompa
nied by the formation of imidoyl-pyridine salts III. The 
Illb salt will not practically get hydrolyzed within the 
duration of the experiment even in case of тегу large excess 
see of the tertiary amine. In the same conditions, the Hid 
salt partially undergoes the hydrolysis, its rate increasing 
with the increase of the concentration of the pyridine base. 
In the presence of sodium perchlorate, there is no consump
tion of the Hid product on the expense of the following 
solvolysis during kinetic measuring. Deoreas* of the hydroly
sis rate caused by the perchlorate conducted into the sys
tem is in good agreement with the earlier obtained data^ 
concerning the kinetics of alkaline hydrolysis of imidoyl
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pyridine ealte III etabilized by various anions, the per
chlorate ion included, in the dioxane-water (1:1) medium.

In case of the 4-N,N-dimethylaminopyridine absence,the 
process rate of the process was monitored according to the 
accumulation of amide II at 285 nm under pseudomonomolecu- 
lar conditions Гн2<Г|»5«6 mol.l“1; [i ]ar10“^mol»l“1. The 
pseudoaonomolecular rate constant kj Q corresponds to the 
procese (see below) . In case of 4-N?N-dimethylaminopyridine, 
the rate was monitored according to the formation of salt 
at 345 nm, the conditions being [h20^ä 5.6 mol»l”1 
»[l]Ä 10“5 mol-l”1. In this case (cf.S, the pseudofirst 
order rate constant, marked as k* N, describes the total ex
penditure of substrate I and can 3 be expressed by Equa
tion (3):

kR3N " kH20 + kR3N [R3N] (3)

Dependence (3) holds in case of substrates lb, Id studied 
in the present work. The intercepts of k^ q within the error 
range of the experiment coincide with the2 кд Q values,ob
tained in the absence of amine during the amidi Ц  accumula
tion.

The k^jj constants formally correspond to the bimolecu- 
lar interaction of I with 4-N,N-dimethylaminopyridine*.

The rate constants of pseudofirst order кц q and к* К
were calculated as follows:

1 . D°«" Do\ o  - T ln w
For the Id reactions in the presence of 4-N,N-dimethyl-

* In faot, they can be to a certain extent increased to
wards to the kbaee HgO value, where ^t)ase(l2n»ol“2*e”1) is 
the rate oonatant of the basic catalysis of hydrolysis of 
•ubatratee I with 4-H,H-dimethylaminopyridine. Still, it is 
not possible to definetely establish it. We did not continue 
the analysis of the k1̂  я values.
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aminopyridine and in the absence of sodium perchlorate the 
N values were found applying the Guggenheim methods 

(sJê ) .

Kinetics and Reaction Mechanism in Absence of Sodium 
Perchlorate.

Peculiarities of Kinetics. Without electrolyte additions 
(NaClO^), the rate constants of the aolvolysls кд Q as well 
as the simultaneous solvolysis and aminolysis of 2 k^ ^ 
imidoyl chlorides, I remain unchanged during the process, 
neither depending on the initial concentration of the sub
strate nor on the chloride salt (HaCl, NCCgH^^Cl) and 
18-crown-6 conducted into the reaction mixture (Tables 1,2). 
Decelerating effect of sodium chloride was not observed if 
crown ether was added (Table 1). Thus, the effect of a simi
lar anion was not observed in the processes studied. Accord-

1 2ing to the mechanism * including a preliminary ionisation of 
of the substrate (see Scheme (5)), it means that the contri
bution of the free nitrilium cation into the total reaction 
rate is extremely small. The hydrolysis and aminolysis most 
probably proceed via ion pair IV:

II

This assumption can be confirmed espeoially by the ki
netics of formation of imidoyl pyridine salts IHb, Hid.

Application of the stationarity condition in case of 
Scheme (5), leads to expression (6) for the studied pseudo- 
first order rate constant of the aminolysis kj -



г к1к2з11[Н3И] к1к22°[Н2°]

k-1 + 4 3"[r3k] + k-1 + <6>

As it was already pointed out, the "k̂  jj-[R̂ N]n dependen-
dence for the reaction with participation 3 of the lb, Id
compounds is linear in the studied concentration range of
4-N,N-dimethylaminopyridine. Thus, under the conditions of
experiment, holds k_1 > kg3N[RjN] . It confirms that for the
formation reaction of imidoyl-pyridine salts, the attack ofR Npyridine base at the lon-pair intermediate IV (kg 3 ) can be 
considered the rate limiting stage in Scheme (5). The same 
conclusion holds also in case of hydrolysis of imidoyl-chlo- 
rides Ia-d. Actually, the parallel (in a number of cases it 
ia predominant) formation of the Illb and Hid salts in the 
dioxane-water (9x1) mixture is connected with obeying 
the kgR3N jR3N]>k2H2° [HgO] relationship. Thus, the 
k_.j > k2H2 [H20] definitely holds in case of solvolysis,
i.e., its rate can be determined by the stage of the water 
attack at the nitrilium cationio ion pair IV. Consequently: 

R,N u .. HLO
T 3 Г 1 2 Г "1

— - T - ; ---------- - Ч - ; ----------[ H2 ° ]

(7 )

Table 1
Pseudofirst Order Rate Constants k^ q of Neutral Hydro
lysis of N-Arylbenzimidoyl Chloridei C6H5C(C1)-NC6H4R 
(I) in Dioxane-Water (9*1) Mixture at 25°C

я [l]->05, [»(02H5! -103, [ie-cro*n-6l kj 0.a3
mol*l mol*l mol*l *10 .mol-I1 Zg-1

1 % 3 4 5 6
4-GH, 4.9 - “ 3'91

5.1 - - 3.97
6.1  -  -  3.88
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Table 1 continued
"  " Г "  ■......." 5 -------- .........5 4 T ”  " .....

, g  .... ..

9.8 - - - 3.87
9.8 1

*r
i

о

4.05

,- (3 .94  -  0 .0 9 ) *10~3

H 0.9 - - - 1.47
1.8 - - - 1.51
2.7 - - - 1.54
2.7 - 0.686 - 1.41
2.7 - 1.03 - 1.35
2.7 - 1.72 - 1.43
4.2 - - - 1.55
4.2 1.63 - - 1.44
4.2 4.07 - - 1.53
4.2 8.14 - - 1.44
5.0 - - - 1.50
6.1 - - 1.81 1.43
6.1 - - 3.63 1.49
6.6

^H20 я
1.81

(1 .51 -0 .04 )
1.44 

•10“ 3 *

4-Cl 3.8 - - - 0.330
3.8 - - - 0.3Ю
7.6 - - - 0.340
7.7

PC
I 

1

о a (3 .36 *0 .31 )

0.371

•10“ 4

3-Br 4.2 - - - 0.145
4.2 2.04 - - 0.149
4.2 1.02 - - 0.147
4.2 - - - 0.148
5.2 - - - 0.154
5.4 - - - 0.153
5.5 - 5.0 - 0.147

8
185



Table 1 continued

1 2 3 4 5 6

5.5 5.0 1.02 0.151
5.5 5.0 2.03 0.146

5.5 - 5.0 3.05 0.148
5.9 _ - - 0.156

*

CMITv.IIО i 0.05)*10" 4 *

* Mean value of the experiments without salt additions.

Table 2

Rate Constants of Pseudofirst kR N and Second kR N
Order of N-Arylbenzimidoyl Chlorides CgHcCfClbNCgH.Rd)
Reaction with 4-N,N-Dimethylaminopyridine in Dioxane-

Water (9s1) Mixture at 25 С

R [l8-orown-6]-
Л Л

[NaCl] .103[N(C2H5) C1][R Н]. kLi-io3
•1<r raol.l 1 mo1 *1 ” 1 *io3mol*l •102 3 -1  s

mol*l“ 1

1 2 3 4 5 6
H - - 1.71 4.95

- - - 2.05 5.41
- 0.686 - 2.05 5.49
- 1.03 - 2.05 5.56
- 1.73 - 2.05 5.56
- - - 2.19 5.47
- - - 2.82 6.77

- - 4.13 9.02
- - 6.29 12.6

- - - 8.25 16.4
- - - 12.8 24.0
- - - 26.3 43.6
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Table 2 continued

1 2 3 4 5 6
H 2.75 1.71 5.34

5.50 1.71 5.31

- (15.9-0.3)*
p _ 1 _ 1 * 10£ l'mol 's '

3-Br - — 0.892
1.08

0.170
0.185

2.75 - - 1.08 0.190
8.25 - - 1.08 0.172
13.8 - - 1.08 0.199
55.0 - - 1.08 0.199
- - - 1.78 0.269
- - - 2.23 0.326
- - - 3.37 0.484

- 2.75- 3.37 0.492
- - 5.50 3.37 0.492
- - - 5.01 0.606
- - - 6.48 0.751
- - - 7.85 0.950
- - - 10.1 1.18
- - - 11.8 1.43
- - - 13.4 1.58

• - (1.12^0.02)• 102 l*mol"1s"1 *

* Calculated according to experiments without salt and 
crown-ether additions.

____ Facts Confirming Existence of 3jj2 (IP) Mechanism.
Although the above data on the kinetics of the hydrolysis 

and aminolysis of the Ia-d imidoyl chlorides and the absence 
of the effects of chloride salts on their rate are in corres
pondence with the Sjj2(IP) mechanism, the results do not con
tradict the mechanism of bimolecular substitution. According 
to the latter, the attack of nucleophilic agents can be di
rected at the covalent substrate I, and not at ion pair IV

8*
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of the Sn2 (S) process. The data concerning the substituent 
effect on the reaction rate in the imidoyl molecule permit 
to exclude the alternative, as it was demonstrated on the 
example of the aminolysis processes of analogous substrates 7in chloromethylene .

For the hydrolysis rate constant of the Ia”d imi“
doyl chlorides, holds the Hammett dependence (8):

log * -(2.81-0.02) - (2.61±0 .08)6r 2 (8)

N n 4; sQ в 3.42-10'2; r = 0.999

A relatively high negative value of pR2, which equals 
-2.61 in case of the reaction studied, clearly evidences 
about the ion-pair mechanism, given in Scheme (5).The valueois close to that obtained earlier in ( pR2 a -2.7 5) for the 
same reaction series in the presence of 0.01 M NaClO^ and 
the pR2 ■ -2.3^ for the aminolysis of compounds I in chloro
methylene, in whose case the SN2(IP) mechanism is also postu
lated. It should be stressed that for the SR2 (S) processes 
with participation of imidoyl chlorides I, in aprotic media 
the pR2 parameters differ from those obtained by us by their 
absolute values and signs. Thus, in case of the bimolecular 
interaction of N-arylbenzimidoyl chlorides I with 4-N,N-di-

7methyl aminopyridine in chloromethylene pR2 =» +2 .3 but in 
acetonitrile pR2 = +1.77*.

At the same time, the pR2 values obtained in the present 
work, remarkably differ from the analogous parameter of the 
ionization process (к,) of compounds I in acetonitrileA •(pR2 a -5.0 ). This phenomenon can be easily explained, since 
in the case of the SN2 (IP) mechanism (Scheme (5), kinetic 
equation (7)), the pR2 value is a complex one and reflects 
not only the susceptibility to the substituents* induction 
effect of the ionization stage of the substrate (k^ but 
also that of the following stages of the ion pair transfor
mation (k_̂ , kg):

Ph 2 -  P i  + Р г -  9 -1 (9>
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The data about the selectivity of the process concerning 
the nucleophiles studied, i.e. water and 4-N,N-dimethylamino- 
pyridine do not contradict the ion pair mechanism of these 
reactions. Assuming that in case of both the hydrolysis and 
aminolysis reactions holds the first reaction order accord
ing to nucleophile, it can be said on the bases of the ob
served rate constants given in Tables 1,3, taking also into 
consideration the concentrations of water in the mixture 
(5.6 mole'l”1) and the rate equation (7) for substrates lb,
Id that the selectivity values S equals

ф *
SIIb * jio0 

*2 2

kR3N
s I I d  e ■" "Г 0 5 ------  *  4 1 5  1  21

2 2

It can be said on the basis of the results that the stage 
of transformation of intermediates IV into the final products 
is quite susceptible to the attacking nucleophile nature. If 
the nitrilium cation becomes more stable, the reaction selec
tivity of the ion pair also tends to increase: IVd IV b. 
Nevertheless, it is hard to say, whether it is a general ten
dency for all substrates of type I.

Kinetics and Reaction Mechanism in Presence of 
Sodium Perchlorate

Kinetic Regularities.Adding sodium perchlorate into the re
action mixture leads to a remarkable acceleration of the 
hydrolysis and aminolysis of imidoyl chlorides I. In presenoe 
of salt and in case of the correlation of the reagents 
[H20j > [R3N] > [ij с» 10  ̂ mole»l_1 , the pseudofirst order 
rate constants of hydrolysis (k® Q) and aminolysis (k£ N),
calculated by means of Eq. (4), remain the same during the 
reaction. Their values are given in Tables 3,4.

« 589 - 27
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Tables 3,4 show that in case of fixed concentrations of 
sodium perchlorate, the accumulation rates of both amide II 
and salt III are quite close for substrates lb and Id, not 
depending on the 4-N,N-dimethylaminopyridlne concentration 
in the solution. Thus, in the presence of sodium perchlorate, 
the attack of nucleophilic reagents at the nitrilium cation 
ion pair cannot be the rate limiting stage of the both pro
cesses (as it was in case of absence of salt).

Table 3
Effect of 18-Crown-6 and Salts on Hydrolysis Rate of 
N-Arylimidoyl Chlorides C6H5C(C1)=NC6H4R (I) in Dioxane- 
Water (9:1 volume) Mixture at 25°C

n (18-crown-6) K _i • 10 mole»l '
•(NaCIO,)
•10* : 

mol.l“1

•(NaCl).103,
mol.l“1

kc 104 
H2°-1 ^HgO^HgO^

s"

1 2 3 4 5 6
Н 1.04 _ 123 108

- 1.11 - 174 159
- 2.50 - 340 325
18.1 2.50 - 159 144
- 3.32 - 423 408
- 4.00 - 515 500
- 5.32 - 657 642
18.1 5.32

kc *= (12.1-0,
253 238 

.5) l*mol"1s-1 *

3-Br 0.992 - 6.42 4.91
6.51 0.992 1.45 ~0
12.2 0.992 - 1.54 ~0
27.1 0.992 - 1.53 -0
- 2.24 - 13.5 12.0
- 3.11 - 16.1 14.6
- 3.35 - 19.4 17.9
- 4.11 - 22.8 21.3
- 5.00 - 28.6 27.1
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Table 3 continued

1 2 3 4 5 6
- 5.00 0.200 18.0 16.5
- 5.00 0.380 13.4 11.9
- 5.00 0.750 10.0 8.50
- 5.00 1.00 8.53 7.02
- 5.00 1.25 7.38 5.87
- 5.00 2.10 4.95 3.44
- 5.00 2.50 4.50 2.99
- 5.00 3.75 3.08 1.57
- 5.00 4.50 2.82 1.31

3-Br 5.00 5.00 3.06 1.55
- 5.59 - 29.3 27.8
- 7.06 - 35.8 34.3
- 10.0 - 51.1 49.6
- 10.0 - 51.7 50.2

kc = (4.93 ± 0.11).10“1 l«mol-1s“1 * )

Calculated from the experiments without sodium chlorate 
and crown-ether additions.

Table 4
Effect of 18-Crown-6 and Sodium Perchlorate on 

Aminolysis Rate of N-Arylbenzimidoyl Chlorides 
C6H5C(C1)=NC6H4R (I) in Dioxane-Water (9*1 volume) 
Mixture at 25°С

(18-crown-6)• (NaClO.) • 103 (R,N)«102 k£ w (k®
■> . 1  31 j  _  1 К.Л»• 10 ,mole*l 1 mol*l 1 mol«l 1 #1£4 _3

■ < * >
104

s'1
*10^s_1

H - 0.223 0.848 69.7 41.1
- 0.223 1.07 73.9 41.8
- 0.223 1.48 80.7 42.1
- 0.446 1.07 109 76.9
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Table 4 continued

1 2 3 4 5 6
- 0.670 1.07 152 120
- 1.04 0.982 207 176
- 1.04 1.74 223 188
- 1.04 3.05 246 182
- 1.12 1.07 220 187
- 1.79 1.07 355 322
- 2.23 1.07 424 392
- 3.35 1.07 607 575

kc = (17.2 - 0.2) 1•mole“1 s“1 *

3-Br 0.75 1.78 5.91 2.41
- 1.86 1.78 11.9 8.40
- 3.73 1.78 20.8 17.3
- 4.10 0.69 23.0 20.7
- 4.10 0.81 23.9 21.5
- 4.10 1.01 25.1 22.4
- 4.10 1.78 23.9 20.4
- 5.59 1.78 30.9 27.4
- 7.45 1.78 41.1 37.6
- 10.0 1.01 55.0 51.5
- 10.0 2.50 56.8 52.5
- 10.0 5.34 58.2 51.5
- 10.0 8.00 61.2 50.7
- 1.49 1.08 10.9 8.17
0.69 1.49 1.08 9.23 6.50
1.38 1.49 1.08 8.23 5.50
2.75 1.49 1.08 6.88 4.15
8.26 1.49 1.08 6.34 3.61
27.5 1.49 1.08 6.19 3.46
41.3 1.49 1.08 5.93 3.20

kc - (5.23 ± 0.08)•10”1l.mole~V-1 *

* Calculated from the experiments without crown-ether 
additions.



Dependences "k£ N - (NaClO^)" and "k£ Q - (NaClO^)"
are linear in the studied variation range of the salt con
centration, on one hand, evidencing about the absence of a 
special salt effect caused by varied behavior of salt affect-

Оing the contact and solvatlonally divided ion pairs , and on 
the other hand, referring to the activity of various forms of 
salt-ion pairs and free cations.

Thus, in the presence of sodium perchlorate, the reaction 
rate (1,2) can be described by Eqs.(10,11), where кц q and
k^R^N are the effective rate constants in the absence of
salt but к (l»mole“1s~1) is the catalytic rate constant,

С

conditioned by the salt molecule action.

“ RjN ■ ^ 3N *  * c <MaC104> (10 )

■ *K20 + *c<Na01V  (11)

The к values (Tables 3,4) for the hydrolysis and amino- 
lysis reactions of imidoyl chlorides 1b, Id are fairly close.

It can be seen from Tables 1 and 2 that adding 18-crown-6 
(up to 0.05 mole*l"1 concentration) does not remarkably affect 
the rate of the processes studied. At the same time, crown- 
ether considerably weakens the accelerating effect of per
chlorate salt up to its total suppression in case of hydro
lysis . It has already been mentioned that sodium chloride 
affects neither the hydrolysis nor the aminolysis rates both 
in case of absence or participation of crown ether (Tables 1,2). 
However, at fixed concentrations of sodium perchlorate, its 
chloride has a remarkably decelerating effect (Table 4).
Mechanism of Salt Effect

The sodium perchlorate effect on the rate of the reactions 
studied can be explained by the specific salt effect, since 
the other salts (NaCl, iKCgH^^Cl) are practically indiffer
ent under such conditions. Its effect can be confirmed by a 
series of facts:

193
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a) change of the reaction order concerning the nucleophil
ic reagent (the rate determining stage changes);
b) participation of the cation of salt in the transition 

state of the rate limiting stage;
c) appearance of a new reactive nitrile-cation substrate 

form on the reaction coordinate.
The first conclusion must be right, since it is confirm

ed experimentally by the absence of the dependence of the re
action rate constant к on the nucleophile (tertiary amine) 
concentration and on its nature.

The second conclusion has been drawn on the bases of the 
data concerning 18-crown-6 effect on the sodium perchlorate, 
which at the sufficient 18-crown-6 concentration in the re
action mixture totally disappears. These results permit to 
exclude the ion-pair type reaction mechanism, where in the 
rate limiting stage the contact ion pair transfers into theQsolvationally divided one (cf. )• Here the accelerating ef
fect of the salt would be caused by a simple chloride-ion 
exchange in ion pair IV by the perchlorate anion taken with
out the contribution of the sodium cation. If such an effect 
was responsible for the sodium perchlorate effect, the in
crease of the anion concentration at adding crown-ether to 
salt would lead to the increase of the rate, or at least it 
would not change it. In fact, a contrary effect has been ob
served.

It proceeds from obeying the linear dependences (10,11) 
for the hydrolysis and aminolysis reactions of imidoyl chlo
rides I that the degrees of the activation of both the free 
salt cations and its ion pairs* are quite similar. Consequent
ly, in the transition state of the rate limiting stage can 
participate either the salt cation itself or its ion pair. 
Evidently, the metal cation contributes electrophilically to 
the C-Cl bond heterolysis in the imidoyl chloride molecule.
* The data on the state of the NaX salts (X=C1, Br, CIÔ ) 

in the dioxane-water (9:1) mixture ( £ =5.75) will also be 
published soon.
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During the ionization process and the following transforma
tions, a more reactive nitrile-cation substrate is formed 
in the system, if compared with the IV intermediate, e.g. 
with a free nitrilium cation. Inhibiting action of sodium 
chloride against the background of perchlorate salt refers 
to the appearance of the free nitrilium-cation on the re
action coordinate. The character of the "кц^ф - [NaCl]” 
dependence for the studied hydrolysis reaction is analogous 
to that of aminolysis of imidoyl chlorides in acetonitrile

4in participation of NaCl , in the case of which the salt's 
decelerating action is connected with the return of the free 
sodium cation into ion pair IV according to the effect of 
the similar ion. An alternative explanation connected with 
a possible association of the molecules of perchlorate salt 
in case of sodium chloride addition thus causing a decrease 
in its active form seems to be more doubtful. Actually, it 
follows from the date of electric conductance of the NaCl 
and NaClO^ salt solutions in the dioxane-water (9:1) mixture 
that a remarkable formation of ion triplets or other aggre
gates cannot be observed in the given concentration range.

Thus, in general, the mechanism of sodium perchlorate 
effect on the processes studied can be described by sche
me (12). According to the scheme in the rapid inversive 
stage, the salt and imidoyl chloride form complex V which 
slowly transforms via the corresponding aggregates VI, VII 
into the free nitrilium cation VIII. Formation of final prod
ucts from aggregates VI-VIII because of the action of nucleo
philic agents as well as the mutual transition from VI to
VII proceeds during rapid stages, not limiting the rate. In 
addition to the function of the salt cation in accelerating 
the ionization of imidoyl chlorides, the peculiarity of sche
me (12) is in the absence of the external return of cation V*
VIII into ion pair VII being affected by the perchlorate ion. 
Such a return predominates in the case of chloride ion, i.e. 
the dissociation of IV cannot proceed up to the free cation 
without sodium perchlorate participation.

It follows from the aforesaid that in the reactions

9*
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studied, sodium perchlorate has a double function. On the 
one hand, it favors the imidoyl chloride ionization at the 
expense of the electrophilic contribution of the cation (the 
rate limiting stage); on the other hand, it excludes the pos
sibility of return into the ion pair and thus into the per
chlorate substrate, which, evidently cannot actually take 
place. Thus, the data obtained by us will characterize the 
transition from the SN2(IP) mechanism to the Na+C10^*SN1 
mechanism in the series of imidoyl halogenides.

1 2These results help also explain the literature data ’ 
available.

imidoyl chlorides proceeds according to the Sjj2(IP) mechanism
is valid, since the experiment was carried out without the

2presence of salt additions. The authors of report are also 
correct claiming that in case of a constant ion strength sup
ported by sodium perchlorate, the hydrolysis of diarylimi- 
doyl chlorides goes according to the Ŝ l mechanism. Thus, 
taking into consideration the fact that sodium perchlorate
can affect the rate limiting stage eliminates the seeming

1 2contradictions in interpretation of the results of papers * •

4Cl...Na+C10
V

■fl1-Ca N-R2‘Cl“.Na+.C104- - 
VI

1 +  2 +  -  
-R -C  =  N-R *C10~ + Na Cl-

VII

+

4

Na+C104 Na

VIII
4

( 12)

The conclusion of the authors of1 that the hydrolysis of
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Experimental
N-arylbenzimidoyl chloride was synthesized from the cor

responding amides and purified by a double redistillation in 
vacuum. Sodium perchlorate and sodium chloride of "chemical- 
ly pure" grade were used without an additional purification. 
Tetraethylammonium chloride of "pure" grade was reprecipi
tated with ester from the solution in chloromethylene.Before 
use, the salts were dried in vacuum (0.1 Torr) . 4-N,N-di-

Qmethyl aminopyridine was obtained applying known methods 
and it war twice sublimated in vacuum. Dioxane was purified9by means of ordinary technique . Bidistilled water was de
gasified by boiling it for two hours. The dioxane-water 
(9s1) mixture was prepared at 20°C, pH of it being 7.15.The 
solutions of salts and reagents were made by weight.

Kinetic measurements were carried out applying tradition
al methods. The working solution of 2.5 ml volume, thermos- 
tated in a cell was added 0.02 ml of imidoyl chloride solu
tion in toluene at the traditional concentration ( lO”"* 
mol»l” )̂. The mixture was stirred and the cell was put into 
the thermostated cell of a spectrophotometer SF-46. The er
ror of calculation of the constant from a single experiment 
according to (3) did not exceed 2%.
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EhgCHBr heterolysis kinetics in acetophenone and 
cyclohexane at v = к [Fh2CHBr] was studied. LiClO^ 
additions gave rise to a linear increase in the reac
tion rate, whereas the halogenides decreased the lat
ter. The mechanism of perchlorate catalytic effect 
was discussed.
Our earlier papers of this series1-6 present data on the 

kinetics and mechanism of Ph^CHBr heterolysis in MeCN,
PhH0 2» 1,2-dichloroethane, propylene carbonate and acetone. 
In all solvents, excluding acetone6 special salt effect of 
perchlorate is observed - the curve of reaction rate con
stant vs. salt concentration shows a sharp deflection, i.e. 
the first part of the curve demonstrates rather pronounced 
increase of the rate constant value with increasing per
chlorate concentration and then follows a less steep curve 
section. In acetone solution such a deflection is missing - 
here the linear increase of the reaction rate constant with 
increasing perchlorate concentration is observed. This salt 
effect is described by Winstein's equation (1)̂

ka = к (1 +Ъ[М+С104-]) , (1)
Ф AVII is reported in .
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where ke and к are reaction rate constants with and without s
salt, respectively, and b is a value showing the addition
efficiency. Special salt effect may be described by two va-1 -5—6lues of b ^  . Special salt effect was caused by the ca
talytic action of the perchlorate anion at the stage of 
charge separation in an intimate ion pair through the for
mation of the anion triplet CIOT | solv | R+X~ Earlier 
it was suggested that this process resulted in the forma
tion of a solvent-separated ion pair, at the present moment,

О /] Г\

however, it is believed that 010^ catalyzed the forma
tion of a space-separated ion pair during the transition of 
the intimate ion pair nucleofuge to a solvent structural 
defect, e.g., to a cavity. The solvent-separated ion pair 
is formed in the following rapid stage.

The special salt effect is an example of the nucleophil-
11 12ic catalysis. Dannenberg ’ also connects the special salt 

effect with the catalytic action of CIO^, suggesting.that the 
perchlorate anion substituted the solvent molecule solvatiz- 
ing the covalent substrate from the rear side of it. We 
believe this substitution to occur in the intimate ion pair,
i.e. the perchlorate salt effect is determined by the fol
lowing reactions

0104 _ + Solv,Solv|R X- - CIO^I Solvl R X ---- ClO^ISolvl R .. .X (2)
If an ion triplet is formed, the solvent molecule in the sec
ond solvate shell will be substituted since CIO^ is unable to 
form an intimate ion pair with such a stable carbocation as 
Ph2CH+.

The fact that the special salt effect is missing in ac
etone may be explained by the shift of the equilibrium to the 
left (2) in this solvent, whereas the special salt effect re
quires an almost complete conversion of an intimate ion pair 
into an anion triplet. The matter is that acetone may form 
stable solvates with the incipient carbocation1-* due to C=0 
group. To substantiate this suggestion, we studied the 
PhgCHBr heterolysis kinetics in other ketones (PhCOMe, cyclo- 
hexanone) as well. Besides, the influence of perchlorate on 
the rate of the above reactions was also studied.

200



.1 с
Kinetic tests were performed as it was reported in , 

using triphenyl verdazyl as an internal indicator. The con
centrations of the substrate and verdazyl in the tests were
O.15-O.O5 mole/1 and 1.5 *10“^ mole/1, respectively. The re
action was discontinued after 20 to 50 % consumption of the 
indicator; the substrate conversion degree was 0.05-0.01 %. 
In all cases involved (with and without salt additions) the 
reaction rate was fairly well described by the first order 
kinetic equation.

v = к [ Ph2CHBr ] .
Verdazyl concentration has no influence on the reaction ra
te. Consequently, similarly to the behavior in other sol- 
vents verdazyl gets involved in the reaction after the 
rate-determining step.

Kinetic test results are shown in Table 1.
Table 1

Pi^CHBr Heterolysis Kinetics in Cyclohexanone
and Acetophenone in the Presence of Vd*.

Solvent Tempera
ture , °C k.108,.-1 a) Д H^ 

kJ/mole W ....J/mol»K

Cyclo
hexanone

25.0
30.5
35.0
40.5
44.5

I.86 + 0.04 
3.44 + 0.17 
6.24 + 0.04
II.0 + 0.2 
15.6 + 1.4

85 ± 1 -109 + 3

PhCOMe

25.О
30 .5
35.2
40.5
45.3

6.00 + 0.05
10.6 + 0.1
15.8 1  0.1
25.8 + 0.1
41.6 + 0.4

72 + 1 -123 1 5

Me2C0 25.О 15.1 6 6 « -155 b>
Q }'Average of 2-4 determinations. 
k^As reported in
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The last line in Table 1 shows the kinetic parameters of 
PhgCHBr heterolysis in acetone6. In the sequence of sol
vents cyclohexanone-acetophenone-acetone the reaction rate 
increases almost by an order of magnitude. This is determi
ned by the decreasing value of дН^, which makes up for the 
decrease of value in the same solvent sequence.

Table 2 shows the effect of salts on PhgCHBr heteroly
sis in acetophenone and cyclohexanone.

Table 2
The Effect of Salt Additions on Pi^CHBr Heterolysis 
Rate in Cyclohexanone and PhCOMe, 25°C

Solvent Salt; с »102 , mole/1 к *108 , s"1

LiC104 ; 0.988 10.9 ± 0.1
LiClO^; 1.42 13*9 + 0.2
LiC104 ; 2.63 19.8 + 0.1

PhCOMe LiClO^j 2.62 19.8*+ Ö.2
LiC104 ; 3.66 23.1 + 0.1
LiC104 ; 5.25 29.6 + 0.1
Et4N+Cl~$ 0.145 2.90 + 0.06

LiClO^; 1.01 2.24 + 0.01
LiC10^; 2.38 2.58 + 0.12

Cyclohexanone LiClO^; 2.55 2.88 + 0.10
LiC104 ; 3.96 3.42 ± 0.07
LiC104 J 5.38 3.70 + 0.08
Et4N+Br"; 0.0555 1.0 3 + 0.01
Et^N+Cl“ } 0.10 1.00 + 0.01

*In the presence of 0.0328 mole/1 18-crown-6.

The halogenides decrease the reaction rate, whereas in 
the presence of LiClO^ it shows linear increase with increas
ing salt concentration. Special salt effect is not observed. 
The pattern of salt effects is similar to that in acetone 
solution6. The addition of dibenzo-18-crown-6 has no effect 
on the reaction rate as in MeCN^ solution. This speaks for
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the fact that the perchlorate effect has no relation to Li* 
catalytic action similar to that observed in 1-adamantyl-p-ЛИtoluene sulfonate . Active agents in the perchlorate solu
tion may be either the anion CIOT or the salt ion pair. As 
reported in J % these agents are of equal catalytic effect 
thus explaining the linear increase of rate constant with 
increasing perchlorate concentration.

Table 3 shows the comparison between the log values 
for PhgCHBr heterolysis rate in three ketons as well in 
MeCN, PhCN and 1 ,2-dichlorethane, on the one hand, and b- 
parameter values [Equation (1)] and several other solvent 
parameters, on the other hand. In the last three solvents, 
where special salt effect is observed the b value is taken 
for the first part of the curve к - [ M+C10^ 3.

Table 3
The Effect of Solvent Nature on FhgOHBr Heterolysis
Rate and on Perchlorate Salt Effect Value, 25°C

Solvent
!

-igk25
Ъ z, 5(20)

B,

LiC104 Et4NC104 kcal/mole -1cm

Cyclohexa-
none 7.73 19.0+0.1 - 64.8 18.3 242

Me2C0 6.85 37.8+0.1 3.2+0.1 65.7 20.7 224
PhCOMe 7.22 69.4+0.1 - 65.4 17.4 202
MeCN 5.60 69.3+0.1 48.7+0.1 71.3 37.5 160
PhCN 7.49 860.2+0.1 208.5+0.2 65.0 25.2 155
1,2-dichlo- 
roethane 7.83 - 705.7+0.1 63.4 10.4 40

Positive salt effect during organic substrate heteroly- 
sis is usually considered to increase with decreasing solvent 
polarity . In our case we deal with special salt effect 
rather than that of ion force. The value of the former de
scribed by b-parameter shows no correlation (see Table 3) 
with the solvent polarity parameters 6 and Z (Kosower para
meter1^). The above table shows b-values to grow with the
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decreasing nucleophilic level of the medium (B-parameter^) 
both for LiClO^ and Et^N+C10^. The second peculiarity of 
the perchlorate effect lies in the fact that LiClO^ gives a 
much greater increase in the reaction rate than Et^N+C10^.

EhgCHBr heterolysis mechanism in the presence of Vd* 
and perchlorate may be written as

К  + _ kp +
RX R X -----^-*-R . .  .X

-1 4 Vd*
CIO" R+1s Ix” * Products

T
- I  лkJ

1 ik3 k
CIO-1SI R+X~-- —  CIO

I

Without perchlorate additions the reaction rate is determined 
by the step of converting the intimate ion pair into the spa
ce-separated one (kg)» which then is rapidly transformed in
to the solvent-separated ion pair (k^) and the latter shows a 
fast reaction with Vd’ (kr,). In the presence of perchlorate 
an ion triplet (I) is formed and then slowly converted into 
a triplet with a space-separated ion pair (II), the latter 
triplet in its turn is quite rapidly transformed into a sol
vent-separated ion pair (k&). Reverse reaction from solvent-
separated and space separated ion pairs seems to have no

Ъ 10considerable importance^' . Thus, the reaction in the pre
sence of perchlorate goes along two paths, its rate being

v = k2[R+X"] + k4 [ClO^fs IR+X"] ,

r ♦ -1 k (k + k ) [ R X ]where [R+X 1= ------------ ! --- -7--------------- ----—  ’(k.1 + k2 + k3 [C10])(k_5+k ) - k 3*k[C104 J

and
k, [R+X~J [CIOT ]

[oio: |sI r V ]  = .
k-3 + k4

With increasing perchlorate concentration the concentration 
of the intimate ion pair visibly decreases, whereas that of 
the anion triplet goes up. Under the rate-determining for- 

I mation of space-separated ion pairs (i.e. k2 «  k_^ and
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k ^ « k _2 with the increase of perchlorate concentration, 
when R+X~=?= CIO^ | S | R+X~ equilibrium is almost entirely 
shifted to the tight should tend to a constant value 

V  k4к = — --- . Therefore, the catalytic effect of the perchlo-
* 4

rate should have the form of a saturation curve. This is
shown fairly well in a propylene carbonate solution1, where 
the usual salt effect is practically of no value. In less po
lar solvents (PhCN, MeCN, PhNOg, 1,2-dichloroethane) the nu
cleophilic catalytic effect of perchlorate is superimposed 
by the usual salt effect which results in a typical pattern 
of the special salt effect.

Decreasing perchlorate catalytic effect with the in
crease in the solvent nucleophility seems to be related to 
the equilibrium (2) shifting to the left side. A smaller 
Et4N+C104 effect as compared with that of LiClO^ seems to be 
determined by the equilibrium Et^N* + R+X“ =J6=R+X“ls| + NEt^3 
which is observed in the first case and decreases the 
C104 |SIR+X” concentration.

Negative salt effects of halogenides both with a common 
and a non-common anion show that during the PhgCHBr hetero
lysis in ketones no free carbocation is formed. Decreasing 
the reaction rate in the presence of halogenides seems to be 
determined by the 'reaction of the halogen-anion with the 
space-separated ion pair transforming into the intimate one 
which later is closed to form a covalent product.

Experimental
The reagents were obtained and purified as reportedp 6earlier * . Cyclohexanone was dried twice with Na2S0^ and 

rectified, b.p. 155°C. Acetophenone was dried twice with 
KgCO^ and rectified three times under vacuum, b.p. 55°C 
(2-3 Torr). Kinetic tests were performed in the thermosta
tic cell of SF-18. The reaction rate was controlled against 
the Vd* consumption. Individual tests showed that the rate 
control against the verdazylium bromide formation gave fair 
reproducibility.
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Kinetics of phosgene solvolysis in 
ROH alcohols (R ■ Me, Et, n-Pr, n-Bu, 
s-Bu) in the range of -77 - 0° has been 
investigated. The effect of substituent 
structure in alcohol on the reaction rate 
has been described by E° and n^ constants. 
The latter parameter characterizes the 
differences observed in alcohols behavior 
during alcoholysis and divides them into 
three groups: methanol, primary alcohols 
except methanol, and secondary alcohols. 
The reaction series is shown to be iso- 
entropic and the dependence, describing 
the influence of both structural factors 
and temperature on reaction rate, has 
been found.

Investigation of kinetics of acyl chlorides solvolysis 
in alcohol is of great interest as in this oase aloohols act 
as reagents and medium at the same time. Out of all acids of 
chloroanhydrides, phosgene is the least studied in this re
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spect because of its high reactivity. In the only paper de
voted to this problem some data on phosgene solvolysis in
2-propanol and 2-butanol are available, but rather a narrow 
range of temperatures was considered1. Thus, it seemed ex
pedient to study the kinetics of phosgene solvolysis in a 
number of primary and secondary alcohols (reaction (1)) in 
an expanded temperature range. q

COClg + ROH ----- - R0-C-C1 + HC1 (1)

Kinetic measurements were made by the conductometry 
method, the results are presented in the Table and in Fig.1 
through the Arrhenius dependencies.

Table
Rate Constants and Activation Parameters 
of Phosgene Solvolysis in ROH Alcohols

R T, °C k1’
s-1

103k2, 

l.mol“1*s-1

AH**,
kJ
mol

-AS»4,
J

mol «К
1 2 3 4 5 6

Me -76.5 0.0328 1.09 36.6+0.8 113 + 4
-73.9 0.0445 1.48
-73.6 0.0503 1.68
-71.2 0.0496 1.66
-71.0 0.0551 1.84
-71.0 0.0489 1.64
-62.3 0.167 5.68
-62.0 0.123 4.19
-61,0 0.151 5.15
-59.5 0.177 6.06
-59.5 0.196 6.72
-56.0 0.261 8.99
-55.5 0.292 10.1
-50.0 0.430 15.0
-49.5 0.515 18.0
-49.0 0.492 17.2
-45.2 0.562 19.8
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Table continued
1 2 3 4 5 6

-41.0 0.950 33.8

-40.8 1.15 41.0

-39.0 1.38 49.2

-38.2 1.34 48.0

-37.5 1.46 52.4

Et -72.0 0.0328 1.74 30.5+0.7 143 + 3
-71.0 0.0378 2.01

-60.2 0.0879 4.72
-60.0 0.108 5.80

-59.2 0.0932 5.01
-49.0 0.237 12.9
-49.0 0.227 12.3
-48.0 0.254 13.8
-40.0 0.524 28.7
-39.8 0.399 21.9
-39.0 0.486 26.7
- з з .о 0.711 39.2
-з з .о 0.744 41.1

-32.5 0.775 42.8

n-Рг -63.0 0.0549 3.80 31 ±  1 143 + 4
-60.5 0.0481 3.34
-60.0 0.0602 4.18
-52.8 0.108 7.52
-51.0 0.0900 6.30
-49.5 0.138 9.69
-49.5 0.125 8.76
-49.2 0.122 8.57
-48.2 0.144 10.1
-41.0 0.236 16.4
-40.8 0.258 18.2
-40.0 0.259 18.3
-38.5 0.299 21.1
-30.5 0.538 38.3
-29.5 0.527 37.6
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Table continued
1 2 3 4 5 6

-25.8 0.763 54.6
-24.8 0.601 43.1
-21.8 0.958 68.9
-21.0 1.23 88.4
-18.5 1.07 77.3

i-Pr -48.2 0.0128 0.913 37 + 1 140 + 4
-39.0 0.0204 1.47
-38.3 0.0244 1.76
-31.0 0.0538 3.91
-29.8 0.0498 3.63
-29.6 0.0477 3.47
-22.0 0.0900 6.60
-21.3 0.0865 6.35
-21.0 0.0793 5.82
-15.5 0.160 11.8
-15.3 0.150 11.1
-15.3 0.133 9.83
-11.5 0.201 14.9
-11.5 0.173 12.8
-11.0 0.238 17.6
-6.2 0.243 18.1
-6.0 0.250 18.6
-6.0 0.283 21.1
-1.0 0.347 26.О
-1.0 0.473 35.7
-1.0 0.331 24.8

n-Bu -54.2 0o0577 4.94 31 + 2 142 + 7
-54.0 0.102 8.69
-53.0 0.108 9.24
-49.5 0.120 10.3
-49.5 0.136 11.7
-44.0 0.151 13.1
-43.0 0.193 16.6

-42.0 0.265 22.9
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Table continued
1 2 3 4 5 6

-35.0 0.298 25.9
-34.5 0.390 33.9
-34.5 0.362 31.5
-29.2 0.450 39.4
-29.0 0.545 47.7
-25.5 0.723 63.5
-25.0 0.607 53.3
-24.8 0.854 75.0
-24.5 0.761 66.8
-24.0 0.636 55.9

8-Bu -41.0 0.0134 1.16 36.6+0.8 142 + 3
-30.0 О.О326 2.85
-30.0 О.ОЗОЗ 2.64
-22.5 0.0552 4.86
-21.5 0.0533 4.70
-16.6 0.0878 7.78
-16.0 0.0835 7.40
-15.2 0.0936 8.30
-11.0 0.129 11.5
-10.8 O.132 11.7
-5.8 0.180 16.1
-5.2 0.164 14.6
-5.0 0.171 15.3
-2.0 0.205 18.4
-2.0 0.239 21.5
-1.5 0.260 23.4
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Fig. 1. Arrhenius depen
dencies of phosgene sol- 
volysis in ROH alcohols.

Activation parameters of the reaction are rather low 
and correspond to the reaction course according to the ad
ditional imination mechanism1-3. Good correlation between 
the rate constants logarithms of phosgene and methyl chloro- 
formate (MCF)4 alcoholysis in corresponding alcohols also 
testifies to this (Fig. 2). The latter reaction also pro
gresses according to the addition-elimination mechanism. The 
existence of linear dependence (Fig.2) as well confirms the 
invariability of the mechanism in the reaction series.

Fig. 2. Interdependence 
of rate constant loga
rithms of phosgene (25°C) 
and MCF (30°C) solvoly- 
sis in ROH alcohols, r =
» 0.996.

lo g ^ M C F

We made an attempt to use the Taft equation3 for the 
analysis of the effect of alcohol structure on the reaction 
rate. It turned out that there was no linear dependence be
tween log к and E and E° at -40°C. Steric constants in cor-

S B  nr
respondence with the isosteric principle were taken for the
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RCHg series.
So far as alcohols in our case being reagents also act 

as solvents, it was of interest to evaluate their reacti
vity in the frames of the Kirkwood model and by the Koppel- 
Palm equation**. For tert.-butyl chloride such an approach

Оproved to be efficient . However, in case of the reaction 
series being now investigated, an attempt to obtain such a 
correlation failed. Abnormal behavior of methanol in compar
ison with other alcohols, made us pay attention to it. The 
"drop-out" of methanol from the general dependence of the 
alcohol structure and medium properties influence on their
kinetics of phosgenation, was observed in the diluted solu-2tions as well . This fact is explained by the abnormally
high associative capacity of methanol, which, as follows

1 2from works ’ , essentially influences the kinetics process. 
The unusual behavior of methanol was discovered from the com
parison of activation parameters and is illustrated by the 
Arrhenius dependences (Pig. 1). Moreover, as it can be seen 
from Pigs. 1 and 2, alcohols may be divided into three 
groups: methanol, primary Cg-C^ alcohols, secondary alcohols. 
Quantitatively this can be taken into account by means of the 
h * xijj supplementary term introduction into the Taft equa
tion, where Пц is the number of od-hydrogen atoms in substi
tuent R; h - sensitivity factor. Experimental data for -40° С 
processing, according to the above-mentioned equation, led 
to a very good correlation (2).

log k2 = (2.26±0.43) + (3.69-0.28)E° - (0.88±0.13)*^ (2)
N я 6, R » 0.999, SD « 0.04

The result obtained is rather difficult to interprets.
The case is that the h-parameter usually characterizes the
"hyperconjugation" contribution to the steric constant**.
That is why the E° scale** was used in Eq. (2). It is diffi- s
cult to speak of the "hyperconjugation" effects on alcohol 
nucleophility here as alcohol does not react in the form ofqa monomer but in a self-associative or even "cluster" form . 
The effect of the n^ factor on self-association is not evi
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dent. To our mind, it can be only confirmed that Пд just 
characterizes three different groups of alcohols, behaving 
differently during phosgenation.

As follows from Eq. (2), the reaction series is highly
sensitive to steric hindrances. This correlates well with
the addition-elimination mechanism and the earlier data on1 2the phosgenation of alcohols in organic solvents medium * .

In accordance with the results obtained, it is of in
terest to consider the problem of the existence of isokinetic 
temperature ß in the reaction series. An attempt was made to 
find ß by means of (2) as a basic eequation, and utilizing 
a mathematical apparatus developed in detail specially for 
this problem**. All data given in the Table were used in cal
culations, taking and not taking methanol into consideration. 
The original equation characterizing the joint effect of 
structural factors and temperature and comprising all possi
ble cross terms is as follows (3):

a2 Ea °h
R * ln k2 s a1 + —  + a3Es + a4nH + a5—  + a6—  *

E°n„
+ а^Е°Пд + ag— Tjr-- , (3)

where R is the universal gas constant, J*mol”1,K“1.
Regression dependence for -40°C analysis (3) with a suc

cessive elimination of insignificant terms showed that igno
ring methanol, statistically significant was correlation (4).

A. E °R.lnk2 » (109.7+2.2) + (3*34+0.11)*10 -

- (I.373+O.O63) *10^«~ - (1.19+0.16) *104.^|^ (4)
N » 89 , R = 0.992 , SD = 1.110

Equation (4) suggests that ß = 00, i.e. the reaction se
ries under study is an isoentropic one. Actually, as can be 
seen from the Table, for all alcohols except methanol, 
are equal in the limits of determination of accuracy. If we 
stillassume ß to be different from the infinity, instead of
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R.lnkj, =. a, + a2E°(1 - - -S-) +

+ a4E3nH^1 “ ^

Calculation of factors a1-a/l and ß by means of nonlin-
10ear regression yielded to:

a1 - 88.2-1.9; a4 - 7.1-1.2; N « 89;
a2 *-21.0±0.8; ß « 1600±30; R » 0.992;
a3 = 8.10^0.45; SD » 1.109.
Although the positive result seems to be obtained and 

the ß value on the whole corresponds to the isokinetic tem
perature for the MCF solvolysis in aliphatic alcohols*, 
Fisher’s ratio test testifies to the statistical equivalence 
between the new equation and equation (4). However, correla
tion dependence (4) is preferable, for it comprises less pa
rameters.

In case of processing the data of the Table taking meth
anol into consideration, as has been described above, we did
not succeed in getting statistically significant correlations.2Thus, as in the case of phosgenatlon in a solution , methanol 
acts abnormally, phosgene methanolysis is characterized by the 
AHf value comparable with the for the secondary alco-
Ihols, and a relatively high (less negative) As^ value.

Experimental

Alcohols were dried and purified by conventional tech
niques11, phosgene was distilled prior to solution prepara
tion.

Kinetic measurements were carried out conductometrioal- 
ly1 according to the hydrogen concentration rise. The reac
tion was conducted in an absolute alcohol; phosgene initial 
concentration comprised (1-50)* 10“* mol/1. Conductivity ee
ter 0K-102/1 was utilized in the work. Its signal was brought 
out to a 056 Hitachi Recorder.

Eq. (4) the dependence should be searched In form (5):
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To obtain the rate constant non-shifted evaluation, the 
experimental data processing was conducted explicitly, mini
mizing the square sums discrepancies between the experimen
tal and calculated conductivity values, according to Eq. (6):

Aoo " At и (Лоо “ A0)«exp(-k.,*t), (6)

where AQ, Â  and are the conductivity values, correspon
ding to the initial, current and "infinite" reaction time.
Value кл was found and A_ and A values were ascertained l oo о
during optimization. Minimization was accomplished by gradi
ent method1®. Errors of rate constants determination did 
not exceed 7 %• Calculations were carried out using an Apple
II personal computer according to the original programs writ
ten in BASIC in CP/M and Apple DOS 3.3 operating systems.
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Photoelectron spectra (PE) of 8 ket
ones: fch2coch3, cf3coch3, (cf3)2co, 
(F2CH)2CO, (C1CH2)2C0, CF3C0CC13, (cyclo—
—C3H^)2CO and 3-CF3CgH^COCH3 have been mea
sured. Nonempirical quantum-chemical calcu
lation of PE spectra of these molecules 
using the Gaussian-80 program system (ST0-3G 
and 3-21G basis sets) and semiempirical 
CND0/2 and HAM/3 methods has been conducted. 
Both predicted absolute values of the ioni
zation potentials (IP) as well as the ade
quacy of reflecting the relationship

IP = a£~ + b, 
where a and b are constants, between the IP̂

* The material presented has partially been used in discus
sing various aspects of ionization potentials' (IP) depen
dences on structure and proton affinities (see papers1  ̂and 
references therein).
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measured from the PE spectra and the calcu
lated eigenvalues of energy (-£^), show 
that the HAM/3 method can be favored. The IP 
dependences in homological series on such 
parameters of molecules as proton affinity 
(PA), binding energy (Eg) of the inner shell 
electrons, shifts of the OH-group stretch
ing frequencies of phenol in case of complex 
formation with ketones in solution have been 
monitored.

Comparison of IPv(nQ) and 1Ру(!и̂0) of 
a wide range of carbonyl-containing com
pounds (aldehydes, ketones, amides, esters, 
carboxylic acids, halide anhydrides) with 
IP(nQ) of ethers and alcohols, with IP(njj) 
of nitriles, IP(ng) of sulphur containing 
compounds has been carried out. IPCm q̂ ) of 
carbonyl containing compounds have also been 
compared with II>v(5̂ .eC) of alkenes and 
1Ру(^ас) of alkynes. It has been estab
lished that there is a correlation between 
the IP(nQ) and IP(5fC0) for carbonyl-contain
ing compounds. A new interpretation of PE 
spectra for a number of ketones, amides, es
ters and carboxylic acids has been proposed.

In the present series of papers (see^ and the refer
ences therein), has been conducted a detailed analysis of 
the PE spectra of various classes of compounds. The complex 
approach applied1 “■’includes the empirical regularities, es
tablished between the IP molecules and other physical para
meters, characterizing the electronic structure of mole
cules as well as the quantum-chemical calculations on dif
ferent levels of theory. Special attention has been paid to 
establishing the electronic structure and substituent ef
fects in the compounds with electronegative substituents.

12*
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Experimental

The applied instrumentation and the methods of determin
ing the PE spectra were described in paper1 of this series. 
The vertical ionization potentials (IPy) have been deter
mined as the band maximums in the PE spectra, while the adi
abatic ones (IP_) as the beginning of the band, the half-a.
width of the argon line in the spectrum being added. The 
latter was also used for calibration of the spectra. The PE 
spectra of the ketones given in Pig. 1 are averaged represen
tations of the results of a repeated scanning of the spect
rum.

CH3COCF3, 3-CP3C6H4COCH3, CF3C0CC13, and (Д)2СО com
pounds were from "Aldrich", FCH2C0CH3 and (F2CH)2CO from 
"PCR" and "K&K", respectively. (C1CH2)2C0 is a commercial re
agent produced in the USSR, (CF3)2CO was obtained by dehydra
tion (P2O5) °* the corresponding hydrate.

The purity of the majority of reagents was tested by 
means of gas-liquid chromatography. In order to eliminate 
the dissolved gases from liquids, before registering the 
spectra, the substances were exposed to several freeze- 
thaw-freeze cycles in liquid nitrogen, followed by pumping 
out the remaining gaseous ingredients.

Quantum-chemical calculations of molecules were per
formed on a EC-1060 computer of Tartu State University Com
puter Center (see also^*3). The calculations using the semi- 
empirical CNDO/2 method were carried out with the original 
parametrization, applying the "optimum" bond lengths, sug
gested in̂ »®.

Experimental geometry was used for the semiempirical 
HAM/3 calculations^» In the absence of the data, the calcu
lations were based on the optimum geometry found by the 
nonempirical methods.

The ab initio calculations with a complete optimiza
tion of the geometry were performed applying the Gaussian- 
-8010 program sets. In Table 1 are given the total energy 
values of molecules obtained in the calculations. Since the 
values and the order of MO energies (-E^ remarkably depend
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Pig. 1. PE spectra of some ketones.
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on the selected conformation, in some cases the optimum con
formation was determined.

In Table 1 are presented the values of successive IP, 
as determined from their PE spectra, and also the energies 
of MOs according to the Koopmans'theorem, calculated by 
several quantum-chemical methods. Alongside with determining 
the MO symmetry, an attempt has been made to find an ap
proximate localization character of orbitals (the generally 
accepted symbols were used).

Discussion

As in the previous publications of the present series 
(see** and the references therein) we have again used a comp- 
lex approach in studying the PE spectra. This approach in
cludes not only the quantum-chemical calculations but also 
the empirical regularities established on the basis of the 
independent energetic characteristics of molecules.

Quantum-Chemical Analysis of PE Spectra of Ketones
It has been shown by us* ’ ^*^0 and by Kimura et al11 

that within the applicability range of the Koopmans' theo
rem, in a rather good approximation the experimental succes
sive IP.̂  of a molecule (or a group of molecules) and the 
calculated energies of the corresponding М0 (-&̂ ) fit the 
following linear dependence:

IP » a + b, (1)

where a and b are constants.
In the present work, observance of this relatioship 

has been checked for the whole set of the molecules studied. 
The results of their statistical treatment are presented in 
Table 2. It follows from these data that, although the IP 
absolute values calculated applying the Koopmans’ theorem 
may in some cases differ by a few eV, if compared with the 
experimental ones, the given relationship is statistically 
quite well obeyed. In some cases such correlations en
able us to find in the PE spectra the band being dif-
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Ionization Potentiale Determined from PE Spectra and Calculated by Quantum- 
Chemical Methods

Table 1

1. (ch3)2co

IP! CND0/2b HAM/3 C ST0-3G d 3-21G e
V

-  t i MO
“ * i

MO
- * i MO MO

9.70 13.25 9a‘no 9.93 2 b 2 n0 8.76 5b2 n0 10.93 5Ъ2п012.59 15.31 За"5Гсо 12.49 4b 1 % 0 10.81 2b1 ̂ CO 13.00 2biJrC0
13.41 16.99 8a ®co 13.27 1 b 2 ° b o . °CH 13.19 8a1 6bo 14.57
14.04 18.18 7 а ,<ГсH , n0 13.87 1a2 ^CH, 13.49 4b2 ^CH 15.14 8a1 Ъо^сс(14.8) 19.73 2a"jTCH, 14.12 5a 1 ĉo» °cc 14.31 1a2 ̂ CH- 15.29 1а2^ГсН^15.60 22.38 « » о - Ч н 14.72 зь1 ^ C ’ no 15.56 7a1 ̂ СНз 17,10 1b1 ̂ CH,(16.1) 23.11 5a 14.74 4a1 50 15.78 1b1 ̂ СНз 17.20 ?a1 0“C03(16.6) 24.04 1a" 15.52 2b1 15.94 3b2 '"CO’̂ CC 17.65 3b2»°CC,nO

a - see11; b—  Etot = "44.2253 a.u., this report; с - this report, experimental geometry; 
d - Etot * -189.5360 a.u., this report, see also12; e - E* t » -191.6774 a.u., this report, 
optimum geometry: CO - 1.211 X, CC - 1.515 Ä, CHI » 1.080 л, CH = 1.085 Ä, CCO =» 122.47°, 
HCC - 109.74°, HCH = 107.92°, report11 contains the 4-31G calculation.



Table 1 continued
2. CH3COCH2CH3

Tpa CNDO/2b HAM/3C 3-21Gd 4-31G® v --------------------------------------------------------------- ---V
-£i MO -*i MO MO - £i MO

9.56 13.31 1 1a' n0 9.69 11a' n0 1 0 . 88 16a‘ n0 9.41 16 a' *̂CH.
1 2.26 14.07 4aB ^CO 12.17 4a" ^CO'^CH, 12.98 4a" •̂ co 1 1.61 15a' n0
1 2.66 15.59 10a' °C0’ 12.33 10a' ÖCC 13.58 15a' ^CH, 13.35 4a" *“co13.02 16.57 9 a' ^CC’ " О 3 12.64 3a" оif1 13.80 3a" ®0H- 14.28 За» “ch,
(13.5) 16.97 3a" ĈH.,,7ГСН0 12.87 9a' 5i"cH- 14.04 14a' ^CH, 14.78 14a' ^OO314.37 18.26 8a' ^CH, 2 14.02 8a' ^CH. 15.38 13a' r- 3 J'CH, 15.06 13a‘

5 H314.89 21.51 2a" 14.12 7a' й0 15.99 2a" ^ h . 1 6.05 2a" ^CH015.34 2 2 .0 0 7a' 3JICH3. n0 14.85 2a" ^CH, 16.78 .12a' 5 o o 3 17.44 12a' 5 o o 3
15.97 23.48 6a* ^CH. 14.85 6a' ° b c 3 17.62 1a" JToh, '17.73 1a"
(16.8) 25.56 5a' 3 15.85 1a" *̂ch2 18.00 11a' « Ь о г 18.09 11a' бЬ о3

a - see11 ’1 3; b - Etot 1- -52,.9440 a.u., this report; с - this report, experimental geometry
d - Etot - -229.7086 a.u., this report, optimum geometry: where in H3C1(C0)C2H2C3H3 CO =
= 1.211 X, CH » 1.083 S, C3CC » 110.92°, G1C = 1.517 Ä, C2C = 1.544 X, HCC » 109.93°, C1C0 * 
= 122.52°, C2C0 * 122.14° ; d - BtQt = -230.4544 a.u., see11.



Table 1 continued
3. f 2co

ip: CND0/2b HAM/3° ST0-3Gd 3-21G®V
- t± MO “ £i MO - 4 MO - 4 MO

1 3 . 6 17.28 2b 1 5i*C0*nF 13.00 4b2 n0 11.18 5b2 no 15.02 5b2 n014.6 17.39 4b 2 no 14.95 2bi ЗГсо»nF 11.23 2b 1 3Tco»nF 15.48 2b, Jî O»nF
16.6 19.89 5a1 ^CO,nF 16.91 3b2 n0,nF 13.75 8a, np»n0 18.56 4b 2 -p13.97 4b 2 nP 18.66 8a 1 np,n0
17.2 21.47 3b2 nF 17.32 5*1 Hp

17.41 1a2 nF 14.48 1a2 np 19.23 1a2 Пр
19.15 22.20 1a2 np 18.99 4a 1 np»S0 17.41 7a 1 ^0,<JC0,nF 21.40 7a 1 п0»пр
19.8 24.69 4*1 n0,np 20.00 1b, nF * ̂ CO 17.90 1b, 21.98 1b, ^ F p21.1 26.46 lbi nF*Jico 21.17 2b2 °CF 18.74 ЗЪ2 ĈF* n0 22.98 3b2 °CF
23.4 26.58 2b2 ®CF,nO 23,57 3a 1 nF 21.43 6a 1 ĈO* nF 25.16 6a,

a - see>15» b - E.. * -80.8557 a.u., this report;
с -  this report, experimental geometry;
d - Etot - -307.3079 a.u., this report, see also ;
e - Etot - -309.9044 a.u., this report, optimum geometry: CO » 1.169 Ä ,  CF * 1.323 Ä,

FCC> - 125.82°.



Table 1 continued
4. (CN)2CO

Ipa CND0/2b HAM/3C ST0-3Gd 3-21GeV
- 4 HO - 4 MO - L± MO - î MO

12.56 14.99 n0 • 11.88 5*2 У
11.76 2b 1 ^CO’-̂ CN 14.09 2bi %>■13.76 15.81 **C0 13.24 2b 1 ^CN,3*0 12.18 7b2 no 14.37 7b2 ^CN

14.41 17.35 ^CN’̂ O 12.40 6b2 *̂ CN 14.69 1a2 ^CN
13.53 1a2 ^CN 12.68 1a2 ^CN 14.90 6b2 no
13.55 4b 2 ^ cn

14.79 18.05 =1 о ss о 13.90 6a ̂ 3<cn 12.89 10a1 ■"CN 15.13 10a1 ■^GN
14.20 5a 1 nN
14.29 3b2

16.7 18.68 ficN 15.86 1b1 5Tco 14.39 9a1 "n 16.80 "N
14.69 5b2 nN»n0 16.97 5b2 "n

17.9 19.72 "n 16.53 4a1 “o 15.83 1b1 5Tco 18.13 1b1 *co
19.97 nN
1 6 Ö a - see ; b- Etot я -62.3737 a.u., this report; с - this report, experimental geometry ;

d - Etot = -239.4418 a.u., this report, see also12; e - Etot = -295.6349 a.u., this report,
optimum geometry: CO = 1.202 S,,CC = 1.444 £, CN = 1.138 Ä, CCO ■ 123.36°.



Table 1 continued
5. fch2coch3

Ipa CND0/2b HAM/3° ST0-3Gd 3-21GV
-L± MO “ £i MO - *i MO - ti MO

10.,20 13.75 11a n0 9.99 11a1 no 8 .80 16a' a0 11..35 1ба/ n0
12.,60 14.69 4a" ^CO 12.37 4a" *"co^ V ^ c H g 10 .79 4a" •^co* 13..24 4a" ^CO
13.,61 16.51 10a' °co 13.27 3a" np,̂ CO’̂ CH, 12 .01 3a" nF*'bo15,.08 3a" nF

13.33 10a' 2 15.,12 15a Jl CHz
14. 73 17.72 3a" nF 14.10 9a' Пр, 12 .38 15a' Пр,П 0 15.,96 14a' „ 3 

F
15. 19 19.09 9a' “F ’̂ H 14.34 8a' So 13 .66 14a' °С0’ПБ,16..53 2a" ■^CH3,nF

8a*
14.62 2a" ^CH »ЯC0,nF I 16..60 13a1 So* ®CC’nF16. 89 19.54 nF 15.93 7a' Пр,% 14.23 13a < W nF 18-.66 12a' nF _

2a" 1a" 2a
18..82 11a1 np,n0

17. 72 22.07 nF *^CH , 17.39 np,^ c h 5 14 .96 ■**c h . 19..45 1a" пр*̂ *сн218. 91 3 17.78 6a' nF 2 3
18. 91 23.08 7a' 18.30 5a1 15 .72 12a nF 20..97 10a' np
a - this report, ipf1^- 10.a ,09 eV, lpi 2)‘a » 12.25 eV, see ialso17; t* * Etot *■ -71 .2436 a.u., this
report, cie-conformation; с - this report, optimum ST0-3G geometry; d - Etot * -286.9792 a.u., 
this report, trans-conformation, e - Btot ■ -289*2000 a.u., this report, trans-conformation, 
optimum geometry: CO - 1.2Ю Ä, CC - 1.5Ю X, CHI = 1.080 Ä, CH «= 1.082 Ä, CF • 1.400 8,
CCO - 125.08°, CC10 - 119.80°, HCC - 109.32°, FCC « 109.99°, HCH - 108.04°.



Table 1 continued
6. CF3COCH3

CND0/2b HAM/3C ST0-3Gd 3-21Qe
V

“ ti HO - bi MO МО МО

10.94 14.28 14a' n0 10.87 14a'
У

9.16 20а по 12.53 20а'
П°

13.74 16.21 7a" ^CO ^ 13.49 7a" 11.92 8а" жсо 14.54 8а" ^ О ’^ Н ,
14.25 17.40 13a' ÖCO»3JCH3 14.05 13a' ЗГСН3 12.75

12.78

19а

7а"
Пр
Пр

15.86 19а' 5Г 3j,ch3

15.64 19.53 12a' Пр 14.94 12a' ^ 0  ^ 13.05 18а' пр*по 17.13 7а"
15.03 6a" ^CH »̂ co 13.31 6а" Пр 3
15.32 11a' » 1 215.42 5a” Пр

16.44 19.79 6ae “p 15.91 10a' np 13.95 17а» Пр 17.67 18а °со16.30 4a1' Пр 14.15 5а" Пр 17.72 6а" Пр
17.25 20.64 11a' np 16.71

16.85
3a"
9a1

Пр
Пр

14.99 16а' пр 17.93
17.99
18.12

17а'
5а"
16а'

Пр
Пр
Пр

18.04 21.18 10a' ĉ h^ p 17.32 8a' й0 15.40 15а ^СО 19.26 15а' «»21.35 5a" Пр
(

15.70 4а"
1*^сн,7 1Я-5

19.28 4а" Пр
a - this report, I?a(1) - 10.68 eV, = 13.18 eV, see also17»18 ; b - Etot » -125.2191a.u.
this report;



с - this report, experimental g e o m e t r y 1 4 , a _ Etot ■ -481.9108 a.u., this report, oxygen of 
CO group is in trans-positions relative to CF bond, for cis-conforraation E^Q .̂ * -481.9Ю6 a.u. 
e " Etot = “485.8629 a.u., this report, optimum geometry: CO = 1.202 S, CC1 « 1.495 Я, CC « 
1.517 A, CH1 - 1.079 Ä, CH - 1.084 Ä, CF1 = 1.336 Ä, CF = 1.351 Ä, CC01 « 127.05°, CCO -

Table 1 continued

120.23°, HCC - 110.07 Ä, 

7. (cf3)2co

HCH » 107.,88°, FCC = 112.62°, FCF = 106.90°.

IPva
HAM/3 * 3T0-3GC 3-•21Gd

V
"fei MO - MO “ *i MO

12.09 11.93 9b2 n0 9.57 !2b2 n0 14.05 12b2 n0
16.10 15.07 7b-| ^CO *nF 13.08 7b, -T о 

* 
о 16.74 7b 1 ^CO

16.49 15.45 5a? nF 1 3. 11 15a, nF 18.22 11b2 nF’ n0
15.49

1 
(V 
00 n0»nF 13.25 6a 2 ■» 18.25 15a, CTco

15.59 6b 1 3Tco»nF 13.25 ii»2 nF 18.25 6a2 nF
15.69 9ai nF,n0 13.33 14a, nF 18.43 6b, nF

13.33 6b, ^C0,nF 18.54 5a2 nF
18.56 10bp aF

17.03 16.06 7b2 Пу 13.79 5a2 nF 18.75 5b, nF
16.12 Sb, •r 13.82 5b, ■» 18.83 14a, “f16.18 8a, *0



Table 1 continued

Ip a HAM/3b STO-3G0 3-21Gd
V

“ £i MO -*i MO T t i MO

17.84 16.51 4b 1 nP’̂ C0 14.17 ю ь 2 n0»np 19.51 cv
3 np

16.82 4a2 nF 14.44 4a'2 Hp 19.87 13a1 np
17.03 3 a 2 nP 14.58 13a1 nF 19.90 9 b 2 nP17.16 6b2 nP 14.85 9 b 2 no
17.17 7a1 Ир

18.49 17.69 6a, n 0 14.93 4b 1 “p 20.28 4b1 nP
20.85 12а1 50

a - this report, = 11.67 eV, see also1̂ *1̂ ;1 Ab - this report, experimental geometry  ̂ ; 1 ?с - * -774.2809 a.u., this report, see also ;
d - Etot * -780.8187 a.u., this report, optimum geometry: CO ■ 1.194 Ä, CC * 1.511 Ä, 
P1C * 1.337 Ä, PC * 1.343 Ä, CCO - 122.6̂ , PCC = 110.34° P1CC *= 109.35°



Table 1 continued
8. (F2CH)2CO

Ip a CND0/2b HAM/30 ST0-3Gd
V

* Si MO - £i MO -Si MO

11.23 14.28 15a’ n0 10.84 15a' n0 9.17 9b 2 n0
14.49 17.30 14a' ^ H ’̂ CO 13.31 14a' n0,nF 12.10 8b 2 n0,np

13.58 13a' nF 1 2 .2 6 12a, nF
12.48 6b, <*oo
12.64 11a, nF

15.91 18.32 9a" fico 14.45 9a" ^CO 12.82 5a2 nF
18.41 13a' ^CH*nF 14.71 8a" nF 12.86 5b, nF
19.65 12a' nF 14.87 7a" np

14.97 6a"
15.12 12a' оa
15.15 11a’ np

17.48 20.35 8a" nF 15.46 5a" 5ГсО.П? 13.68 4a2 np
20.67 7a" nF 14.04 4b, nF

14.08 7b2 n0*nF
(19.0) 21.04 11a' nQ.np 16.76 10a’

5°
16.09 10a, °C0

19.93 21.87 6a" nF 17.75 9a' 5TCf 16.37 3a2 JTqF
a - this report, IPa*1* . 10.96 eV,

l\JatPiи - 13.40 eV, see also17;



Table 1 continued 
b - this report, Etot = -152.1492 a.u.j с - this report, op
timum ST0-3G geometry; d - this report, Etot ■ -579.3391 a.u. 
CP- cis relative to CO- bond, optimum geometry: CO » 1.217 X 
CC = 1.577 X ,  HC = 1.111 X ,  PC = 1.378 X ,  CCO » 121.77°,
HCC * 108.08°, PCC « 110.44°

9. CF3C0CC13

Ip a CND0/2b ST0-3G°V
“ bi MO -£i MO

11 . 19 13.93 19a' n0»nCl 10.35 34a' n0
12.16 14.48 11a" nci 1 1 . 62 18a" nCl

14.51 18a1 nci 11.66 33a' "Cl
12.51 15.20 10a" nci 11.72 17a" nci
12.81 15.87 17a' nCl 12.46 32a' nci

15.97 9a" nci 12.49 16a" nci
13.33 16.23 16a' По.пс1 12.57 31a* nCl
14.49 17.82 8a" ^CO’̂ l 13.56 15a" nF

13.61 30a' nF
13. 66 14a" •̂ co

15.74 18.76 15a* 14.14 13a" Пр
14.35 29a' П0,Пр

16.41 20.19 14a' 14.84 28a' np
20.19 7a" 15.02 12a" "F

17.44 20.63 13a* 15.73 27a' °CC1
18.31 21.63 6a" 16.21 11a" ^CCl

a - this report, v a(1) = 10.92 eV (of.18), 17see also ;
b - this report, Etot “ -171.4651 a.u.;
с - this report, Е^0  ̂■ -1843.8710 a.u., CP and CC1 cis re

lative to CO, optimum geometry: CO *» 1.213 X ,  CC1 ■
» 1.579 X, CC2 - 1.600 X, C11C1 » 1.815 X, C1C1 «= 1.819X, 
C2P1 - 1.370 X, PC2 - 1.370 X, C1C0 « 120.91°, C2C0 «=
- 120.49°, C11C1C о 108.80°, C1C1C1 « 109-47°, F1C2C -
- 107.66°, PC2P - 108.65° if C11(C12)C1(C0)C2(P2)P1.

232



10. (C1CH2)2C0 Table 1 continued

Irva CND0/2b STO-3GC

-^i MO - ii MO

10.26 8.50 8a, "Cl 9.77 25a' V nCl
11.54 13.54 5b2 no 10.55 7a" nCl
11.79 13.68 2a2 nci 10.83 24a' nci»no
11.99 15.20 3*1 *i*co 10.98 6a" nCl
13.54 15.20 7a' nci,öco 11.51 23a' nci*no
14.64 16.41 4b2 °CC1 12.40 5a" *co
15.51 17.43 2b1 nCl 13.25 22a' °bci
16.82 17.73 6a, °С0»ПС1 13.62 21a' nCl
18.78 20.69 1a2 15.84 20a' °co

a - this report, IP (Da * 10.15 eV (cf.18), jp (2) a a
* 11,.33 eV;

b - this report, Etot - -75.1100 a.,U. ;
с - this report, Etot = -1097.5222 a.u., optimum geometry:

CO = 1.215 8,, CC = 1.555 8, HC - 1.091 8, CC11 »1.8058,
CC12 = 1.810 Ä, cco = 121.43°* HCC » 110.29°, C11CC -

}°
cis and C12 trans relative to CO bond.

110.96°, C12CC = 114.03 if C11CH2(C0)CH2C12 , СИ is

11. cy-Pr2C0

ip a ST0-3Gb HAM/30
- mo - mo

9.27 8.56 9b2 no „
9.41 6b

10.35 9.35 5b, 11 CO 10.59 6b'
11.01 10.58 8b2 no»^cc 10.66 5b,

10.71 2a!
11.49 10.77 **2 ^CC»*CH 10.82

A
8a'

12.80 11.13 12a, cc 12.58 5b.
12.66 4b.

2 n0 , 
1 ^CO
2 n0»^CC
2 ^CC
1 ĈC
1 ^CH
1 t ck2

2
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Table 1 continued
\

lpva ' STO-3Gb HAM/3C
- £i MO "*i MO

13.50 12.84 11a, ^co 13.20 CM . о
13.35 4b 1 t ch9 13.26 3b, * b o
13.46 CVJCÖ

f

r CH2 13.29 7a 1 ^ co
13.58 3bi XC0d

15.21 13.80 7b2 14.81 3b2
15.41 10a, 50 14.95 6a 1 50

16.49 16.14 6b2 15.60 5a 1
15.86 2b2

17.62 17.02 9a, 16.75 4a,
a - this report, IP (1) .a 9.31 eV; 12Ъ - this report, Etot = -341.4237 a.u*, see also , optimum 

geometry: CO = 1.22 S, C-CCC^H^) = 1.53 Я,  CCO *  121.1°, 
CH = 1.08 Я, CC(in C3H5) = 1.51 X 

с - this report, ST0-3S geometry
d - for the IP(5Î,q) the arithmetic mean (»11.9 eV) from the 

2nd and 6th PES band was used.
12 . 3 -C P 3C6H4C0Me

HAM/3
-*i

9.86 9.41, 9.96 10.12
12.47 11.90 12.58 11.61 12.75
13.02 13.07 
15.04
15.57 15.54 15.62 15.74
16.67 16.98

a - this report, IPe(1) = 9.61 eV, 1РИ(2) = 12.03 eV.a a
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ficult to measure because of the band overlapping.
Table 2 shows that transition from the semiempiri- 

cal calculation by the CNDO/2 method to the nonempi- 
rical calculations (even in the case of the minimal 
basis set) tends generally to give a spectrum of ei
genvalues being in a better correlation with the experimen
tal PES (the slope is closer to unity, the intercept and 
the errors of these parameters are decreasing but the 
mean-square deviation remains unsatisfactory). Basis set ex
tension in the case of nonempirical calculations of thežES 
in the framework of the Koopmans' theorem with a transition 
to the split valence 3-21G basis set is accompanied by a 
certain increase of the accuracy of the description of the 
PE spectra.As to the nonempirical calculations, progress can 
be made exceeding the limits of the Hartree-Fock technique, 
using either the traditional Cl method as it has been done 
by Kimura et al."*1 or some other methods.

Table 2 again confirms an evident prevalence of the 
HAM/3 technique, specially parametrized for calculating the 
PE spectra not only over the simple semiempirical CNDO/2 
method but also over any other nonempirical HP calculations 
at minimal or split-valence basis set (ST0-3G, 3-21G) level 
applied in the present research. Under other similar condi
tions, the adequacy of the PE spectra calculation results
of small molecules and even anions according to the HAM/3q pitechnique successfully compete^» with those obtained in 
calculations using the post-Hartree-Fock approaches.

The results of nonempirical calculations given in 
Table 2 (see also the correlation diagram of the MO ener
gies calculated in the 3-21G basis set in Pig. 2) confirm 
that in the case of ketones, holds the empirically estab
lished perfluoralkyl effect1^ (if the CP^ group is substi
tuted for the methyl group, all MO of the stable region of 
the molecule, i.e. the ionization center, should undergo a 
practically parallel shift without any changes in their suc
cession or symmetry).

It can be mentioned that the results of the analysis 
of the PE spectra of the compounds studied in the present
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Pig. 2. Correlation diagram (3-21G basis set) of eigen
values of energy of carbonyl-containg X^X^CO 
compounds.

work in terms of various quantum-chemical methods are in a 
satisfactory correlation (with the exception of a few details 
only). In the case of all compounds used, almost all calcu
lation methods (see Table 1) refer to a rather substantial 
mixing of orbitals, both with those having either similar or 
different symmetries. Thus, a very significant mixing of or-
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Table 2

Results of Regression Analysis of Calculated PE 
Spectra - Eigenvalues (-£̂ ) According to Eq. (1)*

Molecule
Calc.
method a b r s n

1 2 3 4 5 6 7 8~
1 (ch3)2co CNDO/2 0.586(0.066) 2.79(1.30) 0.970.0.62 8

ST0-3G 0.860(0.065) 2.51(0.88) 0.983 0.44 8
3-21G 0.962(0.075) -0.43(1.11) 0.985 0.42 8
4-31G 0.981(0.069) -0.79(1.06) 0.985 0.41 8
HAM/3 1.269(0.069) -3.14(0.95) 0.991 0.32 8

2 F2C0 CNDO/2 0.812(0.058) 0.16(1.31) 0.985 0.62 8
3-21G 0.921(0.054) -0.22(1.12) 0.991 0.42 8
HAM/3 0.965(0.034) 0.56(0.63) 0.996 0.31 8
ST0-3G 0.892(0.040) 4.10(0.64) 0.994 0.39 8

3 (cf3)2co CNDO/2 0.810(0.085) 0.42(1.77) 0.978 0.69 9
ST0-3G 1.250(0.027) -0.16(0.42) 0.998 0 . 2 6 9
HAM/3 1.102(0.024) -0.89(0.44) 0.998 0.26 9
3-21G 0.976(0.078) -1.24(1.47) 0.984 0.53 7

4 FCH2COCH3 CNDO/2 0.828(0.077) -0.16(1.42) 0.979 0.68 8
ST0-3G 1.202(0.069) -0.48(0.89) 0.990 0.42 8
3-21G 0.858(0.033) 0.84(0.55) 0.995 0.29 8
HAM/3 1.202(0.069) -0.48(0.89) 0.990 0.42 8

5 CF3COCH3 CNDO/2 0.936(0.077) -2.10(1.44) 0.987 0.47 7
ST0-3G 1.122(0.062) 0.50(0.82) 0.992 0.33 7
3-21G 1.028(0.069) -1.76(1.14) 0.989 0.40 7
HAM/3 1.084(0.020) -0.90(0.30) 0.999 0.11 7

6 CF3C0CC13 CNDO/2 0.877(0.033) -0.88(0.59) 0.995 0.27 10
ST0-3G 1.253(0.054) -2.30(0.73) 0.992 0.32 10

7 (F2CH)2CO CNDO/2 1.121(0.062) -4.87(1.18) 0.994 0.40 6
ST0-3G 1.159(0.066) 0.72(0.90) 0.997 0.39 6
HAM/3 1.276(0.032) -2.57(0.48) 0.999 0.17 6
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Table 2 continued

1 2 3 4 5 6 7 8

8 (С1СНр)рС0 CNDO/2 0.670(0.091) 3.11(1.46) 0.941 1.01 9
ST0-3G 1.458(0.082) -3.75(1.00) 0.989 0.44 9

9 CH^COCgH^ CNDO/2 0.476(0.059) 4.92(1.11) 0.943 0.74 10
3-21G 0.838(0.040) 1.44(0.63) 0.993 0.21 10
4-31G 0.698(0.077) 3.54(1.19) 0.965 0.47 10
HAM/3 1.243(0.049) -2.67(0.68) 0.995 0.18 10

10 (CN)2C0 CNDO/2 1.037(0.150) -3.09(2.63) 0.960 0.61 6
ST0-3G 1.151(0.061) -0.20(0.83) 0.996 0.18 6
3-21G 1.233(0.111) -4.24(1.75) 0.984 0.39 6
HAM/3 1.177(0.076) -1.75(1.12) 0.994 0*22 6

11 (A)-CO ST0-3G 0.850(0.022) 2.25(0.22) 0.992 0.12 8
C- HAM/3 1.127(0.027) -1.36(0.36) 0.998 0.19 9

* a and b are the regression coefficients of E,q. (1), in 
parentheses are given their statistical deviations; r is 
the correlation coefficient; s denotes standard devia
tion (in eV); n - the number of points in a sample.

bitals can be observed in the case of PgCO (Table 1, No 3) 
when the 5Tqq orbital gets mixed with the np orbital, lead
ing to the destabilization of 5Tqq MO and to the shifts of 
its energy towards HOMO (4bg according to HAM/3, 5b? for 
ST0-3G and 3-21G basis sets) with the nQ character*.

As to this compound, the orbitals with the np and ĈO* 
5q and Пр characters also get mixed (at the ST0-3G level, 
the triple mixing of nQ, G~CQ and np orbitals can also take 
place).

* It is possible that taking into consideration the afore
said, for IP(I^0) of this compound should be used the 
arithmetic mean from the 2b, and 1b, orbitals (i.e., 
(14.6+21.1)/2=17.9 eV) instead of the second IP from the 
experimental spectrum.
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A certain, though remarkably less substantial mixing of 
the Пр and orbitals can be predicted also for FCHgCOMe,
(CF3)2CO, (F2CH)2C0, (HAM/3) but not for CF-jCOCH-j and 
CF3C0C13 (see Table 1). For the latter compound, the CNDO/2 
method (contrary to the ST0-3G calculations) foretells the 
mixing of the and orbitals. Mixing of two orbitals
of the ^symmetry can also be predicted for acetone, MeCOEt, 
(CN)2C0, CF3COMe, two Ö" or/and n-orbitals for acetone, 
MeCOEt (only in the case of the CNDO/2 method), FgCO, 
PCH2COMe, CF3COMe (CNDO/2), (CF^CO, (F2CH)2CO, CF-jCOCClj 
and (C1CH2)2C0. The np- 5TGjj mixing can take place in case 
of FCHgCOMe (HAM/3 and 3-2l2G). As to the latter compound 
(cf. FgCO), a triple mixing of orbitals (method HAM/3 and 
the 3-21 basis set) can be observed (see Table 1, No 5).

It could be stated on the basis of the results of cal
culations (see Table 1) that there cannot actually be any 
serious disagreement about the nQ nature of HOMO ( excep
tions are the 4-31G calculations of MeCOEt, CNDO/2 calcu
lations of FgCO, CF3C0CC13 and (CICH^CO, ST0-3G and 3-21G 
calculations of (CN)2CO),

However, the situation is much more complicated if the 
identification of the 0TCq orbitals is concerned (especially 
with such compounds, in the case of which the quantum-chem
ical calculation methods foretell its mixing with the or
bitals of some other types).

Nevertheless, a comparative analysis of the results of 
several calculation methods at different theoretical levels 
refers to some general regularities of the MO localization. 
On the otheE hand, the results of the quantum-chemical in
terpretation of the PE spectra can be confirmed by the re
sults of their analysis applying the methods of comparison 
and correlation equations in the framework of empirical re
lationships.
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Analysis of PE spectra of Carbonyl-Containing
Compounds in Empirical Dependences between Structure
and Ionization Potentials

As it has been established in3, there exists a linear 
dependence in the homological series

PA(B) * 06 + fl IP(B), (2)

where ot and ß are constants, between the proton affinity 
PA(B) of base В and its ionization potential IP(B), corres« 
ponding to the elimination of the electron from the proto- 
nation center. It means that only the IP(B) values, corres
ponding to the orbitals which are more exactly localized at 
the protonation center, should obey Eq. (2). The regression 
analysis of the experimental data for aldehydes and ketones 
in the coordinates of Eq. (2) yielded the following result«;

PA(B) - 341.9(6.7) - 0.649(0.029)IPa(B), r = 0.979,
s - 2 . 5 kcal/mol, n = 23 (3)

and PA(B) - 327.7(6.6) - 0.581(0.029)IPy(B),
r a 0 .9 7 6, s ■ 2.7 kcal/mol, n = 22.

In the parenthesis are given the statistical deviations of 
the corresponding regression coefficients, r - the correla
tion coefficient; s - standard deviation; n - number of 
points in a sample (for the PA values see^»22).

Analysis of the interrelations3 between the valence 
shell IP and the binding energy of inner shell electrons of 
the Eg(1s0) atom of oxygen being the ionization center, 
found according to the ESCA method, give in the case of al
dehydes, ketones and some other carbonyl compounds the fol
lowing equation:

IP(nQ) - 0.968(0.036)EB(1s0) - 511.11(14.90)
П - 0.997; s - 0.22eV; n - 38 (4)

It should be mentioned that halide anhydrides and form
aldehyde do not satisfy relationship (4), they sharply devi
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ate toward greater IP. The physical reason of. these devia
tions is not quite clear yet (see also below). One should 
pay attention to the fact that the slope of the straight 
line corresponding to relationship (4) practically coincides 
with unity. Hence the important conclusion about the ap
proximately equal susceptibility to structural effects of 
the ionization potentials of valence and inner or interme
diate shells emerges (we have referred to it in reports3^).

In literature, a comparatively little attention has 
been paid to comparison of the IP values and to the shifts 
of the OH-stretching frequencies of phenol in the case of 
complex formation in the CCl^ solution ((д р̂ьон̂ * the s0 
called B-parameter^ of liquid phase basicity of solvents). 
It has been shown1,5*24 that for some classes of compounds, 
these shifts, as a rule, tend to increase symbatically with 
the increase of the gas-phase basicity or proportionally to 
the decrease of ionization potentials of the corresponding 
compounds. It can actually be proved that for alkyl-substi- 
tuted aliphatic ketones the IP(nQ) is increasing proportion
ally to the drop of their general basicity ( accord
ing to equation

IP(nQ) = 1.74(0.99) - 0.036(0.0 4 W ph0H (5) 
r = 0.959, s * 0.10 eV, n = 6

We have also found^ that in the case of the mentioned 
compound series, the increase of absolute (gas-phase) basis- 
ity of ketones is accompanied by the decrease of their 
Д^РЬон parameters.

The reason of this rather interesting anomaly is not 
clear yet. Quite possible that it can be explained by dif
ferent dependences of the PA, PI values on the one hand,
and on the other hand, of the В values on the polarizability

2 2*5factor * , which has an important role when determining the 
gas phase basicity and the ionization potentials of the al
kyl-substituted ketones. But in the liquid phase, its role
may turn out to be rather insignificant, sometimes even neg-

23ligible. It should be mentioned that in the case of oar-
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II
bonylic compounds, containing an electron-donor group in 
the oi-position toward the CO group (amides, esters, carbox
ylic acids), such anomalous interrelations between the PA or 
IP and В are not observed. The analysis conducted by us 
showed that such "anomalies" can crop up also when the PA or 
В values ere compared with the 170 chemical shifts (see2  ̂
for experimental data), for instance, in the alkyl-substitut
ed alcohols and ethers. In the latter cases, the displace
ment of chemical shifts of oxygen toward a weaker field is 
accompanied by an increase of the corresponding PA values 
or by a decrease of the corresponding IP.

As to the interpretation of the PE spectra, the method 
of comparison of IP proved rather fruitful in a series of 
similar compounds^’2̂ . Really, proceeding from the assump
tion about the invariant mechanism in the compound series 
X - Y^ and X - Yj, if the nature of substituent X is varied
at the fixed ionization centers У. and У., existence of lin-* Jear dependences of the following type can be expected:

IP(X - У.) « <*' + ßip(x * Y.), (6)1 J
where o^and ß'are constants.
The observance of Eq.(6) evidently refers to the simi

larity level of the ionization centers Y. and Y.. If the1 tJsubstituent effects lead to a change of the nature of the 
ionization center, the ionization mechanism will also under
go a change, such a situation cannot satisfy the conditions 
of Eq. (6). Formally, a correlation of this type should hold 
if the IP of two comparable series of compounds depend on 
general internal factor*^’2*.

Table 3 comprises the results of statistical data treat
ment (see also Figs. 3-11) in terms of Eq. (6). The IP(nQ) 
and /or 1Р(Л^0) of various carbonyl-containing compounds 
(alhehydes, ketones, amides, esters, carboxylic acids, hal
ide anhydrides) have been compared with the corresponding IP 
of ethers and alcohols (1Р(пд)), alkenes (IP(SÎ eC)), alkynes 
UPCfc*,», nitriles (IP(nf,), IP(3TcaN)), sulphides (IP(ng)).

In the case of statistical test of Eq. (6), both experi
mental data and their interpretations from the original lit-
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Table 3
Statistical Treatment of Data According to Eq. (6) froma

Compound series 
compared, types 
of compared or
bitals

ß' r 8 n

1 2 3 4 5 6 7
1. XCHO, XCN

a) nQ, njj -2.18
(0.82)

0.947(0.061) 0.984 0.11 10

b) W  *”cSN 2.41(1.00)
0.888
(0.076)

0.968 0.20 11

2. XCOMe, XCN
a) n0, -0.67(1.08) 0.794(0.080) 0.971 0.13 8

b) ̂ C=>0’̂ C5N 6.11
(1.29)

0.530
(0.100)

0.908 0.23 8

3. XCHO, XCOMe
a) nQ, nQ -0.80

(0.47) 1.129(0.046) 0.987 0.13 17

"̂ceO* ̂ C»0 -4.02
(0.95)

1.378
(0.075)

0.984 0.23 13

4. X^Xg, X ^ C O  and 
X^Xg, X^CS
no * “s

-3.36
(0.35)

1.525
(0.039)

0.990 0.13 32

5. x ^ c o ,  х ,о х 2

nO’ n0
4.32
(0.39)

0.526
(0.037) 0.974 0.13 13

6. X^CO, X1SX2 
n0, ns

2.44
(0.53)

0.823
(0.055)

0.982 0.19 10

7. X^gCO, X1X2C=CH2
З Г с -о * J,c=c

-7.24
(1.19)

2.061
(0.117) 0.985 0.28 11

8. X^gCO, X1CSCX2 
^c*0* JIC5C

1.92(0.46)
1.101
(0.041)

0.994 0.12 10

9. X^gCO, X^gCS
J 'c - o *  5Tc.s

6.84 
(1.54)
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Table 3 continued

Jl

20

_iJ_______ 2_____________ I________4 5_6
10. X.X^CO (aldehydes, 0.21 1.296 0.967 0.3012 ./ v (0.86) (0.080)ketones, amides), 

see text for
^C-O* n0 comPari~ 
son

11. Х..С00Х,, XCOOH, -3.67 1.384 0.916 0.30 15 
comparison of <°-168>
C»0’

a For marking, see the text («t\ tf) and Table 2 (r,s,n).
С  -1 -j Л 7erary sources or reviews (see * f0r a review

and further references) and our own results from the present
series of reports* or from other sources were used.

A number of relationships given in Table 3 are present
ed in Figs. 3-11.

The relationships presented in Table 3 are of special 
interest from the point of view of interpretation of the PE 
spectra of carbonyl-containing compounds, containing an el- 
ectron-donor group attached to the C=0 group (halide atom 
for halide anhydrides, NX,Xg and OX, groups, respectively, 
for amides and esters (or carboxylic acids), which often, 
alongside with the carbonyl group can turn into a competing 
ionization center. It is evident that the existence of simi
lar ionization centers significantly complicates the inter
pretation of the spectrum, favoring a substantial mixing of 
orbitals.

x A more detailed presentation of our experimental data
on the PE spectra of amides, esters and carbonic aoids22as well as those given in literature can be found in . 
The results obtained have been taken into consideration 
when checking Eq. (6) of this work.
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Pig. 3. Comparison of IPv(nQ) of X.,OX2 and X^COXg 
compounds.

In order to check determining the Hq orbitals for the 
above-mentioned carbonyl-containing compounds, the 1Ру(Пд) 
of these compounds were compared with the IPv(nQ) of alco
hols and ethers (Pig.3), with the IP^n^) of nitriles (Pig.
4), of IPv(ng) sulphides (Table 3, No 6). ■

In the case of these comparisons, the plots correspond
ing to the IPv(nQ) of the compounds, in which a halogen 
(PCHO, PgCO, ClgCO, CICOMe, PCOMe) is attached directly to 
the carbonyl group, do not obey the linearities given in
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12 13 14- 15 16 
iP v (nN)  X C N . eV

Pig. 4. Comparison of IPv()1q) of MeCOX and XCHO com
pounds and IPv(nj,) of nitriles XCN.

Table 3.
The deviations from the linearity are especially great 

in Pig. 3. where the deviations from the plots of IP(nQ) in 
the case of the FgO, POH and ClgO compounds towards the 
highly underestimated IP(nQ) values are 4.0, 2.7 and 3*3 eV, 
respectively.* For instance, in the case of comparison of 
the IP(nQ) of P20 with IP(nQ) of PgCO, the IP^) = 17.6 eV 
would satisfy the conditions of Eq. (5) from Table 3 (assum
ing that IP(nQ) for ?2C0 is 13.6 eV). The latter value is 
rather close to the expected one33 (16.7 eV), for the so

* The deviations are a bit smaller when the IP(ng) of
sulphides and the IP(nQ) of carbonyl-containing compounds 
are compared (Table 3» No 6).
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•f2cy

в 9 10 11 12 13
IP a (n о ) X 10X 2 ,and X 1XZCY. Y = 0 .e V  

Pig. 5. Comparison of IPv(nQ) of X.jOX2 and Х ^ С О  com
pounds with 1Ру(Пд) for X^Xg and X ^ C S  com
pounds.

called ionization potential of the localized (2p) orbital 
(LOIP). The corresponding 1Р(Пф) values for POH and ClgO 
which satisfy series 5 from Table 3 would be 15.7 and 14.3 
eV, respectively.

Regardless of the physical nature of such deviations of 
IP(nQ), of halide anhydrides from the straight line in the 
coordinates of Eq (6), they show that the effect of the hal
ide atom directly attached to the CO-group on one hand and 
to the sp3 oxygen or to sulphur and CN-group, on the other 
hand, is different.

At the same time, in case of comparison of the IP(iIq) 
values for two compound series (MeCOX and HCOX and compar
ing the compounds of general formulae X-jOXg and X-jXgCO with 
sulphur-containing compounds of the X-jSgXg and X^ C S  types 
(see Pig. 5)), such deviations of individual plots were not 
observed for halide anhydrides.

The straight lines in Pigs. 7 and 8 enable us to
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Pig. 6. Comparison of IPv(uq) in two series of carbo
nyl -containing compounds, MeCOX and HCOX.

check the correctness of assignment of the 5ГС0 orbitals of 
carbonyl-containing compounds, comparing IP( JTC0) with 
1Р(5ГСгжС) for substituted alkenes, or with IP( JTC3q) for 
the alkyne derivatives.

It can be seen that in both cases, statistically satis
factory linear relationships between the mentioned values 
have been followed, which evidences about closeness of the 
compared characteristics and refers to a correct interpre
tation of the band in the PE spectra. According to Table 3 
analogous linearities have also been observed between
ip(fic=0' and IP( 5ГСЗЫ) (Pig‘ 9)* 1Р(5ГС=0) (HC0X) and
IP(JTC.0) (MeG0X') (pi8* 6>» !P( 5Гq.q) and (se"
ries 9). It is worth mentioning that in certain cases, com
parisons of ionization potentials corresponding to the 
electron removal from the orbitals of different symmetry
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Fig. 7. Comparison of IP( 5Tqq) values of carbonyl-con
taining X.)X2CO compounds with IP( ЗГС=.С) values 
for substituted alkenes.

(nQ and STc_o in "the case of carbonyl-containing compounds, 
njj and 5î SK for nitriles) in the same molecule, a certain 
parallelism between these values has also been observed. It 
can also be seen from Pig. 11, drawn up using the interpre
tation of the PE spectra of carbonyl-containing compounds 
from the above-mentioned sources as well as from this series 
of publications that the points for aldehydes, ketones and a 
number of amides (for the latter compound group, the inter
pretation of the PE spectra from29,3®»32 Ьаз ^een used) are 
situated on the same (upper) straight line.
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IP V (7fc =c )  X1 C=CX2. Y=(C=C). el/

Fig. 8. Comparison of IPy( 5F"Cq) values of carbonyl- 
containing X-jCOXg compounds and IPV( 3Tq=q) 
substituted alkynes.

The points for carboxylic acids, esters and amides (in 
case of the latter, the interpretation of the spectrum, sug
gested in original r e p o r t s ^ »  35 and in27’28 was applied) lie 
on another straight line parallel to the former one, which 
is shifted by =3 eV lower on the ordinate axis, while PgCO 
and HCOP (the second IP were used as IP(5î 0)) will not lie 
on neither of these two straight lines. The slopes of the 
latter show that the CaO bond orbitals of the jf-symmetry 
are 1.3-1.4 times more susceptible to the effect of molecu
lar structure than the corresponding nQ orbitals of oxygen 
lone pairs of the C»0 group.

Owing to the existence of two interacting and competi
tive ionization centers in the molecule, as well as because
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Fig. 9. Comparison of IPy( «STqq) values of MeCOX and 
XCHO compounds and IPv(fîffN) of nitriles XCN.

of remarkable difficulties in determining the correct con
formation of a molecule, the analysis of the PE spectra of 
amides (the same concerns also the analysis of the PE spect- 
ra of carboxylic acids, esters and anhydrides of oarboxylic 
acids) is far more complicated a problem than the analysis 
of the PE spectra of aldehydes and ketones. Therefore, the
assignment of the MOs suggested in various reports27”3®’32’
34 35’ differs even in the case of determining the nature 
and succession of the first two or three orbitals.

In Pig. 11, when comparing the IP(nQ) and IP(JTcq), in 
the case of HC0NHo, MeCONH„, CF3CONH2, FCHoC0NHo, HCONMe,*2» »owv*«*2* PCHgCONHg, uvuim.j
HC=CCONH2, H2C-CHCONH2, the third ionization potentials
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IPv(*c=o )НСОХ.эВ

Fig. 10. Comparison of IPy( in two series of
carbonyl-containing compounds.

from the PE spectra were used (mainly employing the inter
pretations of30»32) as IP(JfCe0) .

If for the amides of this group (HCONHMe, MeCONHMe, 
(HgN)gCO, MeC0NMe2) the third IP from the PE spectra of 
these compounds32 is used as iP(5Tq=o *̂ these amides will 
also be situated on the upper straight line. The validity of 
such an interpretation of the PE spectra of these compounds 
is confirmed by the fact that it is self-consistent also 
with the results of the rest of correlations for these am
ides according to Eq. (6) (see Table 3 and Pigs. 3,4,5*6,9, 
10, 11).

It should be mentioned that using for tetramethyl urea 
the approach suggested by us32 on the basis of nonempirical
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Fig. 11. Comparison of vertical ionization potentials 
1 П Я Сж0) and IP(n0) in terms of Eq.(6).
Por explanations, see text.

calculations (ST0-3G basis set) (the 4th band in the PE 
spectrum corresponds to IPCJTq^qJ), this compound would also 
lie on the (upper) common straight line in the coordinates 
of Eq. (6) in Pig. 11, like aldehydes and ketones.

The analysis of the PE spectra of carboxylic acids and 
their esters is most likely to be a far more serious prob
lem in comparison with the analysis of the PE spectra of 
amides, since in the case of amides, unlike the present com
pound group, the competitive ionization centers usually re-
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markably differ from one another, as to the MO energies of 
lone pairs and by their number of electron pairs. Closeness 
of these parameters of the ionization centers considerably 
promotes the orbital mixing and complicates the spectrum in
terpretation.

In a classical paperthe first two PE bands of a num
ber of esters of acetic and trifluoroacetic acids have been 
treated as Uq and 5\qsq * The use of these values in Eq. (6) 
(see Pig. 11, the lower straight line), differently from al
dehydes, ketones and a few other compounds, leads to a sep
arate rectilinear dependence which is mixed approximately 
by 3 eV lower on the ordinate axis (IP( 5|q-,q))• As it was 
mentioned, according to the previous interpretations, all am
ides will also lie on the same straight line,

Nevertheless, it can be said that using the interpreta
tion of ßiven i*1 w o r k s 2 9 , 3®»32 (-̂ g third orbital
for HCOOH, the 4th for acetic acid, the third orbital for 
CP^COOH) shows that in Pig. 11, these points move to the up
per straight line, which coincides with that of aldehydes, 
ketones and of the above mentioned amides. Such an interpre
tation is also in keeping with the results of the data treat
ment by meane of Eq. (6), the other compound series present
ed in Table 3« As another hypothesis, necessary to be proved 
yet, attention should be paid to the fact that applying on 
the basis of report32 the arithmetic mean of IP from the 2nd 
and the 6th IP ((12.11 + 1б.5)/2 = 14.4) for acetic acid, 
the arithmetic mean from the 2nd and the 6th IP ((11.9+ 
+15.8)/2«13.8) for CClgHCOOH, the arithmetic mean of the 
values of the 5th and the 6th IP for CHPgCOOEt (<15.6 +
+ 1б.7)/2 =16.2) also result in the accumulation of the 
points in the region of the upper straight line in Pig. 11.

If the second IP for PCHO and PgCO in the function of 
IP( 5ТСэ0) were replaced by the arithmetic means: for PCHO 
from 2a" and 1a" MO (16.5 eV) and for PgCO from 2b, C«QeQ,np) 
and 1Ь,(пр,jTGxQ) MO (17.9 eV), the points for these two 
compounds would also lie on the upper straight line in Pig.
11. This interpretation, however, contradicts the results of 
comparison of IP(JfC0) value of carbonyl-containing compounds
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with the IP( 5ГСяС) of alkenes and IP( jTqsq) of alkynes 
where the second band of the PE spectrum was used in the 
function of the orbitals for FCHO and F20.

The analysis of the effect of structure on the ioniza
tion potentials of carbonyl-containing compounds using both 
the "external" and the "internal" scales of substituent con
stants can be found in our earlier publications2* a 
possibility of quantitative description of the IP of carbon
yl -containing compounds within the approach, taking into 
consideration the distribution of charge density (the Made
lung potential) around the ionization center has also been 
discussed^'.

Concluding the surwey of the results of the analysis 
of the PE spectra of a number of carbonyl-containing com
pounds, it should be stressed that the problem definitely 
needs a further broader complex analysis, applying both quan
tum-chemical calculations as well as the methods of compari
son and correlation analysis.
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