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D.I. Mendeleev Moscow Chemical Engineering 

Institute, 125820 Moscow 

Received January 23. 1990 

Kinetics of alkyl chloroformâtes reactions with 

aliphatic amine series in aqueous and alcoholic me

dia is investigated. Dependence of reaction rate con

stant on amine structure is described by the modi

fied Taft equation. Reactivity of amines is deter

mined by the inductive effect of H-atoms and by the 

steric constant of RR'N fragment. The influence of 

chloroformate structure on acylation rate of 2-ami-

noethanol is estimated within the framework of the 

Taft equation. The solvent nature influence in the 

ROH series (R = H, CH^, CgH^, i-C^H^) is investiga

ted for 2-propyl chloroformate reaction with 2-ami-

noethanol. The process rate is found to be determined 

by the medium basicity. 

Kinetics of alkyl and aryl chloroformâtes reaction with 

anilines and fatty aromatic amines has been studied in de

tail. There has been found correlation relationship between 

the reaction rate constant, amine and chloroformate struc

tures and medium properties (see work1)* Simultaneously, the 

quantitative regularities of reactions of chloroformâtes 

with aliphatic amines are poorly investigated. A few workВ 

written on this subject^'^ is not certainly enough and they 
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do not enable us to efficiently judge the influence of dif

ferent factors upon the process rate. In this connection it 

seemed expedient to examine the reagents' structure and the 

influence of medium properties on the kinetics of alkyl 

chloroformâtes with alkylamines as well as to carry out a 

quantitative interpretation of the obtained result. The 

latter actually forms the subject of the present work. 

к 
RR'NH + R"0-C-C1 RR'N-C-OR" + HCl 

II II 
О о 

The kinetics of the reactions was investigated in al

coholic media by the conductometry method, analogous to that 

described in work^. The reaction was conducted in amine, un

der the pseudo-monomolecular conditions. Independently of 

the reagent structure the reaction has the second order, the 

first order is for amine and chloroformate. 

The investigation of the influence of amine structure 

was accomplished on the example of the 2-propyl chloroform

ate reaction in ethanol. The results are represented in 

Table 1 

Table 1 

Rate Constants and Activation Parameters of 

2-Propyl Chloroformate Reaction with RR'NH 

Amines in Ethanol 

k, ДН*. -AS*, 
R R T,°C kJ J T,°C 

1 •mol-"'' -s-^ mol mol К 

1 2 3 4 5 6 

-6.0 0. 060 ± 0. 001 
H H 0 . 0  0. 077 ± 0. 001 30 ± 2 154 ± 8 

18.5 0. 206 ± 0. 002 
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Table 1 continued 

1 2 3 4 5 6 

СНз H 
-20.0 
-10.0 

0.0 

5.1 
10.8 
19.3 

± 
± 
± 

0.3 
0.2 
0.3 

36 ± 2 88 ± 7 

С2Н5 H 
-15.0 
-10.3 
-6.0 

2.71 
3.96 
5.47 

± 
± 
± 

0.02 
0.06 
0.08 

42.3 ±0.5 72 ± 2 

п-Сз^ H 
10.0 
15.0 
20.0 
30.0 

11.0 ±0.1 
15.2 ± 0.1 
19.2 ± 0.1 
32.0 ± 0.6 

35 ± 1 101 ± 4 

i-cyv H 
10.0 
20.0 
30.0 

1.54 ± 0.03 
2. 84 ± 0.09 
4.62 ± 0.11 

37 ± 2 111 ± 6 

П-СА H 
15.0 
20.0 
30.0 

15.8 
19.4 
31.2 

± 
± 
± 

0.3 
0.4 
0.7 

31 ± 1 115 ± 5 

S-C4Hg H 
10.0 
20.0 
28.0 

1.88 
3.36 
5.25 

± 
± 
± 

0.02 
0.02 
0.04 

38.1±0.2 105 ± 1 

t-C4Hg H 
20.0 
30.0 
40.0 

0.172 
0.296 
0.436 

± 
± 
± 

0.001 
0.002 
0.001 

34 ± 3 144 ± 9 

Œ^=CHC  ̂ H 
-10.5 

0.0 
15.5 
25.0 

2.29 
4.36 
8.68 
11.4 

± 
± 
± 
± 

0.03 
0.03 
0.11 
0.02 

28 ± 2 132 ± 6 

2 
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Table 1 continued 

1 2 3 4 5 6 

11.0 8.82 ± 0.06 
°2% 15.0 10.5 ± 0.1 29 ± 1 125 ± 3 

20.0 13.6 ± 0.3 
30.0 20.2 ± 0.2 

10. 0 6. 77 ± 0.12 
N - C G T ^  N -CG^ 20.0 11.4 ±0.1 30 ± 3 122 ± 9 

3 0 . 0  1 6 . 5  ± 0 . 3  

-10.0 1.42 ±0.07 
i-C.Hn i-CAHq -2.0 2.34 ± 0.05 35.1±0.3 108 ± 1 

5 . 0  3 . 5 8  ± 0 . 1 1  

0.0 
cyc-CgH^ cyc-CgH^10. 0 

20.0 

0. Oil 
0. 018 
0.028 

± 0.003 
±0.006 
±0.006 

28 ± 1 179 ± 4 

-10.0 5.46 ±0.05 

- CCH2>4 * 0.0 14.5 ± 0 . 7  22.1±0.5 141 ± 1 - CCH2>4 * 
14.0 74 ± 2 

- CCH2^6 -

-20.0 
-19.2 
-10.0 

0.0 

16.5 
16.5 

21 
29 

± 0 . 6  
± 0 . 8  
± 1 
± 2 

14. 3±0. 9 164 ± 3 
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The obtained activation parameters are in good agree-
1 к 

ment with the AE mechanism *y offered for these processes. 

According to this mechanism, the reaction proceeds via the 

tetrahedral transition state (1). 

• Г 
RR'NH-C-Gl (I) 

I 
0-R" 

The fact that in general the ДН^ and AS** values are 

somewhat higher than those for aromatic amines' reaction1 

can be explained by the differences in the reaction media. 

Unlike the aprotic dioxan acetone or benzene1 we investi

gated the kinetics in ethanol. In this case the amines in 

solution are in high solvation form (II). 

RR'NH ... HOAlk (II) 

That calls for the preliminary amine desolvation, which 

affects the activation parameters. The analogous effect was 

displayed while alkyl chloroformâtes1 pyridinolysis procee

ded in aliphatic alcohols*. 

Table 1 does show that amine structure essentially 

affects the reaction rate. Its quantitative evaluation is 

described by the Taft equation**. In accordance with the 

principle of isostericity^the steric constants Eq were 

taken for the RR'N fragment. A number of recent works (e.g, 

see8) prove that the induction effect of the alkyl group 

is practically identical and it can be taken as being equal 

to the methyl group, i.e., to zero. In this connection, 

when examining the influence for the induction effect be

sides the p* • 26* term , P*alk * Z6*lk and 

p* • njj . 6* were added to the Taft equation; 26*^ the 

sum of alkyl substituents' induction constants, Пц - the 

number of H-atoms at N-atom (14-3), 0^ = 0.49 - inductive 

constant for H atom. The computerized analysis effected 

for 0* С proved that the effect of the 26* and Z6*lk pa-

2* 
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remeters is negligible and the reaction series can be 

described by equation (1). 

log к = 5.597 - (4.433-0.043)6* • iiy + (1.3б1±О.ООб)Ед 

N - 15; R = 0.98; SD = 0.042 (1) 

Thus, the obtained result testifies to the soundness 

of the assumption that all inductive constants of alkyl sub-

stituents are equal to zero in hydrocarbon series, at least 

in the case which is considered here. Equation (1) corres

ponds to the AE mechanism having a kinetically significant 

nucleophilic attack stage, since the reaction is fairly 

sensitive to both inductive and steric substituent effects. 

Besides that the values j)* and Õ agree with the analo

gous meanings obtained during the analysis of the nucleo

philic reactivity of amines with reference to different 

electrophilic agents®. Thus, for instance, for 2,4-dinitro-

chlorobenzene (ethanol, 25° C) p* = 4.0, 6 » 1.57; for 4-

nitrophenylsulfochloride (benzene, 25° C) p* • 4.35, 6 = 
= 1,56. 

The influence of chloroformâtes structure on the reac

tion rate was investigated on the example of 2-aminoethaf 

nol acylation in ethanol. Measurement values are given in 

Table 2. 

The activation parameters for ethyl- and 2,2,2-tri-

chloroethylchloroformates do not differ very remarkably. 

It means that there are invariable mechanisms in the 

examined reaction series. The analysis of the influence of 

chlorofoimate structure within the framework of the Taft 

equation for 20° С leads to equation (2). 

log к = 1.203 + (1.68-0.06)б* + (О.806-0.046)Ед (2) 

N = 5; R = 0.93; SD = 0.058 

In calculations the Eq constants were taken for the 

RCH.-series. The obtained dependence (2) favors the conc-
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Table 2 

Rate Constants and Activation Parameters of 

Reaction of R"0C0C1 Alkyl Chloroformâtes with 

2-Aminoethanol in Ethanol 

R" T, °c 
к, AH", 

kJ 
-ûS* 

J 

1 •mol-"'' -s-* mol mol К 

CH3 

о
 о

 ö
l 3.5 ± 0.2 

1 0 . 3  ± 0 . 4  
1 9 . 9  ± 0 . 7  

37 ± 1 84 ± 1 

C2H5 20 4.95 ± 0.18 

i-CgHp 20 1 . 5 1  ± 0 . 0 2  

CgHgOCHgCHg 20 12.6 ± 0.2 

C13CCH2 

I 
I 

о
 о

 58 ± 2 
118 ± 2 
215 ± 7 

35 ± 1 70 ± 1 

lusion about a significant contribution of the addition 

stage (the formation of intermediate (1)) to the process. 

The electrophilicity of the carbonyl C-atom increases with 

the strengthening of the substituent's electron-accepting 

properties thus accelerating the nucleophilic attack. Res

pectively, an increase in the substituent volume inhibits 

the process. The response of the structural changes in in 

chloroformâtes is lower than that in amine variation. The 

reaction between the chloroformâtes and aromatic amines and 

pyridines**^ is found to have analogous effects. 

3 9 



For the reactions between chloroformâtes and aromatic 

amines the influence of medium effects has been investiga

ted in detail1, exclusively aprotic dissolvents were examined. 

Taking into account the aforesaid, it seemed interesting to 

estimate the medium factor influence for aliphatic amines in 

hydroxylic dissolvents series. So, the reaction rate bet

ween 2-propyl chloroformate and 2-aminoethanol in aqueous 

medium and ROH alcohols was measured (Table 3)« 

Table 3 

Rate Constants of 2-Propylchlorophormate 

Reaction with 2-Aminoethanol in ROH 

R T,°C 
к 

1- mol -"*" • s~^ 

H 

6 
11 
15 
20 
25 

0.101 ± 0. 002 
0.195 ± 0.004 
0. 250 ± 0.003 
0. 416 ± 0.009 
0. 658 ± 0. 008 

CH3 20 0. 982 ± 0. 001 

20 1. 514 ± 0. 001 

1"C3H7 20 1.341 ± 0.003 

For the reactions in aqueous medium the activation pa

rameters are AE* • 65-1 kJ/mol; = —30—5 J/(mol«K), 

these values are visibly higher in comparison with the cor

responding values in ethanol (Tables 1,2). With the excep

tion of 2—propanol*the reaction rate increases with a growth 

in the molecularity of the dissolvent. The dependence of 
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7 
log к on the Koppel-Palm equation parameters and the an

alysis of the inductive and steric Taft constants proved 

that the best correlation was evoked with the medium basi

city parameter: 

log к = -(1.424*0.048) + (0.00б77±0.00023) *B (3) 

N = 4; R = 0.99; 3D = 0.0011 

In the examined substituent series (H + i-C^H^) a lot 

of parameters (Y,P,E,B,6*,Eq) are correlated. Nevertheless, 

the obtained equation (3) does not seem a random one though 

it should be treated carefully. Undoubtedly, the medium ba

sicity affects the reaction rate. Apparently, this influence 

is caused by the destruction of intramolecular association 

of 2-aminoethanol. The intramolecular association is accomp

lished on the account of the interaction between an undivi

ded N-atom electron pair and hydroxyl proton10, which leads 

to the nucleophilic decrease. The intramolecular association 

destruction can also be accomplished by electrophilic solva

tion, but apparently, the nucleophilic solvation effect is 

stronger. 
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On oxidation of N-benzyl-1,4-dihydronicotiamide 

(BNAH) by p-quinones (0.02 M phosphate, pH 7.0) the lo

garithms of rate constants linearly depend on the single 

electron reduction potential (E^) of quinones. The re

activity of o-quinones is almost 2 orders higher. In 

the oxidation of /4,4-^H2/BNAH the kinetic isotope ef

fects decrease with increasing Ey of quinones. The 

equal activation energies of the oxidation of BNAH and 

/4,4-%2/bnah by p-quinones show strong evidence for a 

"parallel" transition state. In the reaction with o-qui

n o n e s  t h e  a c t i v a t i o n  e n e r g y  o f  / o x i d a t i o n  

is higher than that of BNAH, which indicates a different 

transition state geometry or tunnelling effects. 

Quinoidal compounds are widely used in studying the oxi

dation of reduced nicotinamide adenine dinucleotide (NADH) -

a oofactor of dehydrogenases and its analogues1"^. It was 

stimulated by both well-studied thermodynamics of a single-

and two-eleotron reduction of quinones10'11 and searching 

for effective systems of chemical and electrocatalytical re

generation of cofactors12. The majority of experimental da

ta indicates a multi-stage (e~,H+,e~, or H*,e~) transfer of 

hydride-ion in this reaction accompanied by a possible for

mation of charge transfer complexes or ion-radical pairs as 

intermediate compounds1Moreover, it was found that 

the reactivity of o-quinones was much more higher than that 

o f  p - q u i n o n e s  p o s s e s s i n g  t h e  s a m e  r e d o x  p o t e n t i a l s 2 ' b u t  

no explanation has yet been given to this fact. 



Semiempirical calculations on temperature dependence of 

the kinetic isotope effect on tne oxidation of dihydropyri-

dines give some information about transition state 

geometry. Based on the data, a "parallel" or "linear" 

transition state as well as tunnelling of hydride-ion or 

some other form of hydrogen may be defined in this reaction"* 
13-15. 

In this paper we describe a different pattern of 

temperature dependence of the kinetic isotope effect on the 

oxidation of N-benzyl-1,4-aihydronicotinamide (BNAH) by o-

and p-quinones in an aqueous medium. 

EXPERIMENTAL 

BNAH and/4,4-2 Hg/BN AH were synthesized as in^, the 

deuteration extent of /4» 4-^2/BNAH, determined by NMR, was 

not less than 97 2,5-Dibromo-1,4-benzoquinone was 
2 synthesized according to a well-known method . 2,5-Dimethyl-

1,4-benzoquinone (Sigma, USA), 5-oxy-1,4-naphthoquinone 

(Aldrich, USA) and 5»8-dioxy-1,4-naphthoquinone (Fluka AG, 

Switzerland) were used as received. 1,4-Benzoquinone, 2-

methy1-1,4-benzoquinone, sodium 1,2-naphthoquinone-4-

sulphonate, 1,2-naphthoquinone and 9, 10-phenanthrene quinone 

(pure) were purified by recrystallization from ethanol or 

benzene or by sublimation in vacuum. Kinetic measurements 

were carried out in a 0.02 M K-phosphate buffer solution at 

pH 7.0, containing 1 raM EDTA and in some cases with 20 or 

50 % (v/v) of acetonitrile. The reaction was monitored 

according to fluorescence decrease at 450 nm (excitation 

wavelength 350 na)i A MPF-4 spectrofluorimeter (Hitachi, 

Japan) was used in this work. The concentration of BNAH v/as 

5-30 yiM and that of an oxidizer (1,4-benzoquinone, 2-methyl-

1,4-benzoquinone, 2,5-dimethy1-1,4-benzoquinone, 5-oxy- and 

5,8-di oxy-1,4-naphtho quinone, 1,2-naphtho quinone and 9,10-

phenanthrene quinone) - 5-30 times higher. The reaction rate 

wae corrected by the BNAH hydration rate, which wae 
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estimated to be 7.0«10~^ s~1 (0.02 M phosphate, 25 °G, = 

= 11.9 kcal«mole-1)which is close to that obtained in^. In 

the solutions containing 20 or 50 c/o acetonitrile the hydra-

tion rate was 3.5* 10-^ and 2.2* 10*"^ s~1 and activation 

energy - 12é6 and 13.3 kcal»mole-1, respectively. The 

reactions were carried out under aerobic conditions. The 

activation parameters were calculated on the basis of the 

results obtained in 9-11 measurements over tne temperature 

interval 15-55 °u*. Anaerobic oxidation of B:iAH by quinones 

was carried out at 25+0.1 °C using a tiitachi-557 (Japan) 

spectrophotometer according to a stopped-flow method. The 

reaction rate of BiNAH with 2, 5-dibromo-1,4-benzoquinone was 

monitored by the decrease of BiiAH (50 jh»i) absorption at 

350 nm. In the reduction of 1,2-naplithoquinone-4-sulphonate, 

1,2-naphthoquinone and 9»10-phenanthrene quinone the rate 

was estimated by the absorption decrease of 50-100 pld 

quinone at 400-450 nm. In studying oxidizers about 5-7 

experiments nave been made at various concentrations of 

reagents. Oxygen was removed by bubbling the solution for 

25-30 nun with argon. Data processing was done on a 

Mera-bb4 (Poland) computer. 

RESULTS AujD DISCUSSIOII 

Under aerobic conditions when the oxidizer was used in 

great excess the concentration of BWAH decreased according 

to the first order, and tne data linearized in semilogarithm

ic coordinates up to a 85-90 conversion. The calculated 

pseudofirst-order rate constants linearly depended on the 

oxidizer concentration. Similar data have been obtained in 

anaerobic spectrophotometrical measurements. Tnus, on the 
1—9 analogy of numerous data obtained in ^ it is possible to 

conclude that tne oxidation of ВлАН by quinones is the 

second order reaction. The rate constants (k ) and kinetic 

isotope effects (k^k^), calculated in the oxidation of 

/4,4-^2/BiNAH, are presented in Table 1. The constants of 

BiiAH oxidation by 1,2-naphtho quinone and 9 » 10-phenanthrene 

4* 
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quinone, obtained under aerobic conditions, are equal to 

those determined in an anaerobic medium. This shows that 

hydrogen peroxide and, probably, tne other active forms of 

oxygen, formed in the reoxidation of reduced low-potential 

quinones, do not affect the rate of BNAH oxidation, which is 

in agreement with the well-known data2'^. The potentials of 

a sixjgle- (ä!) and two-electron (e2) reduction of quinones 
4 10 11 

(standard potentials) ' 9 are also presented in Table 1• 

Table 1. Oxidation Constants, Kinetic Isotope Effects 

On the Beactions of BNAH With Quinones (pH 7.0, 25 °C) 

and redox potentials of quinones 

Oxidizer kox'# , , VkD'* 4» ^ 
l*mole~ s" V V 

2-Bromo-1,4- 12700 
benzo quinone 

1.7 0.22 0.30 

1,4-Benzo quinone 121 

5.5** 

2.7 
. 
4.6 

0.09 0.29 121 

5.5** 

2.7 
. 
4.6 

2-Methy1-1,4-
benzoquinone 

18.3 2.36 0.01 0.21 

2,5-Dimethyl-1,4-
benzo quinone 

1.85 3.08 -0.08 0.16 

5-0xy-1,4-
naphtho quinone 

5.0 2.34 -0.09 -0.02 

5,8-Dioxy-1,4-
naphtho quinone 

0.95 3.08 -0.11 -0.06 

1,2-Naphtho quinone-
4-sulphonate 

• 9700 2.6 0.21 

1,2-Naphtho quinone 280 

107 

3.8 

5.8*** 

-0.08 0.14 280 

107 

3.8 

5.8*** 

9,1O-Phenanthrene 74.5 6.7 -0.12 0.02 
quinone 

22.3 7.0 

^relative standard deviation 0.03-0.05» confidence 

level =1 0.95. 

**a solution containing 50 % acetonitrile. 

***a solution containing 20 % acetonitrile. 
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As it follows from the data in Table 1, the reaction rate 

is considerably decreased with addition of acetonitrile. 

Moreover, in some oases the kinetic isotope effect is markedly 

increased. Table 2 summarizes the activation parameters of 

BiiAH and /A, 4-^2/BiiAH oxidation (E® and E®) as well as 

preexponential factors (Ati and A"0), calculated by lineariza

tion of the data on temperature dependence in Arrhenius 

coordinates. As in the case of - NADH oxidation in an aqueous 

medium^, the data on the enthalpy and entropy of activation 

indicate that a more negative entropy of activation (/*-35 cal* 

mole""1 •K-1 ) is characteristic of p-quinones than that of 

o-quinones (^-30 cal.mole-1«K-1). 

As is seen from our data, a linear increase in the kox 

logarithms of p-quinones and a decrease in are observed 

on increasing eI (Pig. 1). It agrees satisfactorily with a 
1 8 

three-step transfer of hydride-ion in the oxidation of BNAH ' 

к 1c 
Q + BNAH 1 Q"* ...BNAH+* r-

k-1 fast 
QH* .. .ENA* QH~ + BNA (1) 

where Q is quinone. In this case kQx = k1k^/'(k_1 + k2). The 

ratio k-|/k__.j is determined by the difference in the potentials 

of redox pairs Q/Q-* and BNAH+*/BNAH. Por a number of 

quinones used kg and the kinetic isotope effect in this step 

must not vary greatly due to strong exothermic transfer of 

protons163 (pKa of BNAH+* equals -3.5- -4.01^ and pK& of 

p-semiquinones - 2.1 - 4.61^'11). At sufficiently low k1/k_1 

(low aj for quinone) kQx becomes equal to к1к^/к_1 and, 

consequently, the kinetic isotope effect of this reaction 

reaches its maximal value. Comparison of our results to that 

obtained for the reactions in acetonitrile1'® reveals that 

the reactivity of quinones in water is significantly higher 

than that of acetonitrile or water-acetonitrile mixtures 

(Table 1), and the kinetic isotope effects are lower. 

Evidently, this may be attributed to increased endothermicity 

of the first electron transfer (Eq. 1) in acetonitrile. Thus, 

17 
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tne difference in E1 for the redox pairs benzoquinonVbenzo-

semiquinone and BNAh+*/UnAH in an aqueous medium is equal to 

-O.84- -0.9b V7'10'17 and in acetonitrile - -1.06 V1' . 

0.1 0.2 E} .B 

2 

0 

-0.1 0 0.1 0.2 

Fig. 1. Dependence of the BNAH oxidation rate constant (a) 

and kinetic isotope effect (b) on the single-electron 

reduction potential of quinones: 2,5-dibromo-1,4-

benzoquinone (1), 1,4-benzoquinone (2), 2-methyl-1,4-

benzoquinone (3), 2,5-dimethy1-1,4-benzoquinone (4)» 

5-oxy-1,4-naphthoquinone (5)» 5»8-dioxy-1,4-naphtho

quinone (6), 1,2-naphthoquinone (7), 9»10-phenanthrene 

quinone (8), pH 7.0, 0.02 M phosphate, 25 °C. 

Since the number of o-quinones with estimated is 

scanty, the analysis of reactivity with the use of this 

parameter is difficult. However, one can expect that for 

1,2-naphtnoquinone-4-sulphonate is higher than that of 1,2-

naphthoquinone (Table 1). Thus, it is possible to suggest 
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that the correlation between kQx, k^/ky of o-quinones and 

is similar to that of p-quinones even over a wider range of 

potentials. It is evident, that the reactivity of o-quinones 

is by a factor of 2 higher than that of p-quinones at the 

same potential values (Fig. 1). 

On the basis of the temperature dependence of the primary 

kinetic isotope effects on the oxidation of 1,4-dihydro-

pyridines it was assumed that equal activation energies and 

A^/a-̂  of 2.5-6.0 correspond to a "parallel" transition state 

(a charge transfer complex with a curved Hydrogen transfer 

pathway)-*' 1̂ -15 and Ep - E^ = 1.2 kcal-mole""1 and AH/AD = 0.7-

2.5 - to a "linear" hydrogen transfer between a donor and 

acceptor. Hydrogen tunnelling is supposed when E^ - E^ = 1.5-

6.0 kcal-mole 1 and t^/tP 4 0.6. 

Despite the fact that k^kß, presented in this work, are 

affected to some extent by the secondary effects, the data in 

Table 2 may be considered as activation parameters of the 

primary effects, since the temperature dependence of the 
5 18 secondary ones is negligible ' . Hence it follows that the 

oxidation of BNAH by p-quinones is characterized as a 

"parallel" transition step (Table 2)whichis consistent with 

the formation of a charge transfer complex as an intermediate 

of this reaction1'®. The transition state of the BNAH 

oxidation by o-quinones may be formally described as "linear" 

(Table 2), i.e. a charge transfer complex is absent. However, 

it is well-known that o- and p-quinones form the analogous 

charge transfer complexes with aromatic donors, exhibiting 

similar stability constants and absorption maxima1^'20. For 

this reason a less effective complex formation of o-quinones 

with BNAH is hardly possible. Secondly, a "linear" transition 

step is merely characteristic of 1,4-dihydropyridine oxidation 

by positively charged hydride acceptors - methylene blue"' and 

N-alkylpyridine derivatives1^-1*'. This may be attributed to 

repulsion of positively charged 7f -systems of an oxidizer and 

reducer in the transition state after a partial transfer of 

hydride-ion^'1^~1**. However, irrespectively of the mechanism 

of hydride-ion transfer in the oxidation of BNAH by quinones 

20 



the chargea of reagenta in the transition atate remain op-

poaite. On the other hand, the values of E^, exceeding B^, 

are also characteristic of a number of intramolecular re

arrangements involving a nonlinear hydrogen tranafer. Thia 

may be explained in terme of tunnelling effecta or the in

fluence of vibrational movement of neighbouring atoma or 
21 

groupa on the tranaition atate energetica . The latter ef

fecta may determine an abnormal temperature dependence of 

kinetic iaotope effecta and an increaaed reactivity of qui-

nonea. The reaulta concerning faat (1010 s~1) intramolecu

lar exchange of hydrogen in protonated o-semiquinones sug

gest that the participation of neighbouring carbonyl groups 
22 

in hydrogen acceptance is feasible . 

The authors thank J.J. Straukaa for ayntheaia of BNAH 

and 2,5-dibromo-1,4-benzoquinone. 
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Spectrophotometry study of the decomposi

tion kinetics of 1,1-dimethoxy-2,4,6-trinitro-

cyclohexadienate-2,5-sodium in the mixtures of 

low-polarity solvent tetrahydrofuran (THP) with 

a series of aliphatic alcohols has shown that 

the acidity of the protonic component has a ma

jor effect on the proton component. Both solva-

ted ions and ion pairs whose concentrations are 

growing with an increase in the low-polarity 

tetrahydrofuran content take part in the pro

cess. It has been established that the reacti

vities of the б-complex'e ion pairs exceed those 

of solvated anions. 

In resent years research into the medium effect on the 

kinetics and mechanisms of reactions has increasingly been 

in the center of attention in the field of activated nucleo

philic substitution. It has been established that the rates 

of both steps - connection of nucleophilic agent to subst

rate and decomposition of the formation of б-complexes re

markably depend on the solvent's composition and properties 

(see1--'). 

The present study was aimed at investigation of the ki

netics of the 1,1-dimethoxy-2,4,6-trinitrocyclohexadienate-

6* 
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2,5-eodlum (the Meieenheimer б-complex) decomposition in 

the binary system THF-alcohols of aliphatic series. The mo

lar fractions of the components varied from 0 to 1. Rates 

of the reactions were measured spectrophotometrically ac

cording to the increase in the optical density of the sol

ution at its short-wave maximum. The latter can be identi

fied as having a weak absorption intensity of the 6-complex. 

The linear dependences obtained in the coordinates of the 

logarithms of optical density and time evidence that in 

this case decomposition obeys the first order reaction ki

netics as concerns the б-complex studied here. The stabili

ty of the rate constant in the case of variation of the con

centration of the colored product refers also to the afore

said. The data can be found in Table 1. 

The analysis of the results shows that addition of al

cohols to THF accelerates the decomposition of the Gf-comp-

lex. The effect weakens as follows: 

butanol< propanol< ethanol< methanol. 

As it was shown in2'^, in the binary mixed solvent (ap

rotic - proton-donor) the decomposition of anionic (T-comp-

lexes is initiated by the protic component, which forms a 

specific solvating medium and participates in the reaction 

as an attacking agent. For the Meisenheimer complex this bi-

molecular process can be expressed by the scheme: 

R Л R 

H H - О 

H,CO OCH 
l3 
NO 

H fr.n ПЛН OGH- (1) 

2 OgN 2 
+ ROH + 

slow 

11 

2 

I 
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In keeping with that mechanism, in alcoholic solutions 

the decompostion rate changes in accordance with the acidi

ties of alcohols and depends on the electron-donor proper

ties of their radicals^. The correlation dependence found 

between the logarithm of rate constants (log k) and the Cf-

constant (6*) of alkyl groups supports that statement. 

Studies at various temperatures have shown that activation 

energy depends rather weakly on the properties of alcohol, 

the process is controlled by the entropy factor, while the 

activation entropy for the reaction has negative values1'^. 

The assumption that steric effects make a substantial con

tribution to the reaction rate has been confirmed by the 

excellent correlation established between the log к and E° 
6 s 

of alkyl radicals of alcohols , thus proving the validity 

of the suggested mechanism. 

According to scheme (1) and in keeping with the mass -

action law, the rate of the present interaction will in

crease in the case of a growth in the alcohol concentration 

in an aprotic solvent. The series of relative effects of al

cohols on the stability of the 6-complex is in keeping with 

their acidities: 

pKa CH3OH < pKa C^çOH < pKa C^OH • 

7 
15.09 < 15.93 < 16.10 , respectively. 

At the same time, the dependence of decomposition rate 

on the molar concentration of the protonic component (Fig.1) 

sharply deviates from the linear one, which contradicts the 

expected himolecularity of the reaction studied. Consequen

tly, participation of some other factors influencing the 

rate of the process, particularly the medium effects is ne

cessary. 

Pig. 2 shows that in the THF mixtures with alcohols the 

values of the logarithms of reaction rate constants do not 

depend linearly on the molar fraction within the whole va

riation range of the relative content of both those solvent 

components. This fact evidences® that the specific solva

tion of the ()-complex with alcohols plays a significant role 
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and the effect is more clearly expressed in the case of the 

lowest homologues. 

The formation of specifioally solvated particles of 

type (III) leads to the stabilization of the adduct (I) ,̂1°, 

and it is expressed by relative deceleration of its decom

position rate, depending on the addition of the proton-don-

or solvent to the THF 

H. 

III 

Studies of the electron spectra of the б-complex (I) 

in binary mixtures have shown that there takes place a bath-

ochromic shift of a more intense short-wave absorption band 

during the transition from THF to alcohol (Table 2). The val

ues of the displacement of the absorption maximum (АД 

change with variation of the alcohol level in the system 

and they depend on the properties of alcohol. They go up with 

the increase in the dielectric constant values. It has al

ready been indicated11 that in THF the Meisenhaimer tf-comp-

lex is much less associated, therefore the changes in the 

absorption spectra that are traced when adding alcohols to 

THF, can be related with the displacement of ion-pair equi

librium (2) from ion pairs (IV) to free ions (V). 

An™, M+ An" + M+ (2) 

(IV) (V) 

Thus, it is evident that the first absorption maximum 

of the solvated anion is situated in the longwave-length re

gion. The statement is proved by a bathochromic displacement 
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A.O 

3.0 

V) 
g 

Nroh 

Fig. 1. Dependence of constants of decomposition rate 

of the Meisenheimer б-complex on the molar con

centration of alcohols in THF: 1 - methanol, 

2 - ethanol, 3 - propanol, 4 - butanol. 

of the spectrum (Table 2) when dibenzo-18-crown-6-ether, 

which dissolves alkaline cations and consequently, favors 

division of ions12 is conducted into the tetrafuran solution 

of the б-complex (I). 

It is known that both free ions and their ion pairs re

markably differ in their chemical activities1-'. Therefore, 

substantial effects of the equilibrium state of adduct's io

nization and the reactivity of its particles on the stabili

ty of the studied adduct can be expected. This substantial 
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3.0 

А.О 

5.0 

Fig. 2. Dependence of the logarithm of constants of 

б-oomplex decomposition rate in THF: 1 - meth

anol, 2 - ethanol, 3 - propanol, 4 - butandL 

drop in the values of decomposition constants (I) brought 

about by the increase in the proton component's content in 

a mixed solvent is probably related to the displacement of 

equilibrium (2) towards increasing the concentration of 

free ions (V) which will be dissolved by alcohol molecules* 

The increase in the contribution of the specifically solva

ted anions of the б-complex brings about retardation of the 

decomposition, which is in keeping with the assumption that 

their reactivities are poorer than those of the correspond
is 

ing ion pairs . 

To support this hypothesis, we studied the effects of 

ion and solvation additions on the kinetics of the decompo

sition of the Meisenheimer 6i-complex in the system THP-butà-

nol at various compositions of solvent components (Table 3)* 

According to the obtained data we can say that if sodium 

Perchlorate is transferred into the reaction solution, the 
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Table 3 

Effects of Salts and. Crown-Ethers on Kinetic 

and Spectral Characteristics of lieisenheimer 

6-Complex 

Composition 
of mixture 

с4н9он 

volume % 
50 60 70 80 90 

THF k«105, s"1 

s/L mo V t nm max' 

2.31 

407 

2.83 

409 

5.79 

410 

7.15 

412 

12.10 

413 

THF 

NaCl£>4 

k'105, s~1 

JL , nm J max* 

3.49 

405 

4.82 

407 

7.45 

407 

10.28 

408 

14.16 

THF k*105, s"1 

crown-ether Л nm 
max* 

1.08 

419 

0.98 

418 

2.08 

417 

4.05 

417 

5.19 

417 

decomposition of the ()-complex will accelerate remarkably, 

but in the presence of the dibenzo-18-crown-6-ether the pro

cess will slow down. Thus, addition of a salt with a similar 

ion leads to the displacement of the complex toward a higher 

content of ion pairs. Since the latter are more active than 

the corresponding anions, the decomposition rate is growing. 

The introduction of crown-ether that breaks ion associates 

at the expense of cation binding leads to the stabilisation 

of the adduct. A change in the state of the ions association 

of the ()-complex depending on definite conditions has also 

been confirmed by spectral studies in the mixture THF-buta-

nol, during which the absorption maximum was displaced into 

the longwave region of the spectrum when adding crown-ether 

and in the presence of sodium Perchlorate the band under

went a hypochromic shift (Table 3). 

Thus, studies show that in the THF mixtures with pro-

tonic solvents, the decomposition of the 6i-complex of liei

senheimer is a bimolecular process. Its rate depends on the 

content of alcohol in the reaction system and its proton-do

8* 
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nor properties. Specific solvation of the complex by a pro-

tonic component of the binary solvent and the ion associa

tion of the adduot in low-polarity media complicate the re

action. The statement has been proved valid by spectral and 

kinetic studies in the presence of crown-ether and salts. 

The obtained data serve as the evidence for a bet

ter reactivity of the ion pairs of the complex compared to 

its solvated anions. 

Experimental 

The fr-complex (I) was obtained as described in1-'. The 

solvents used were purified and dried by well-known meth

ods1^. The technique of kinetic measurements has been de-
17 

scribed earlier 1. The obtained experimental data were pro

cessed according to the first-order equation: 

kt - 2.303(log D - log D). 
о 

In mixed solutions the electron spectra of the tf-complex 

were recorded on a spectrophotometer Specord UV-Vis. Kinet

ic measurements were conducted on a spectrophotometer CF-14. 
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Ph^CHBr heterolysis rate (v = к [PhgCHBr] ) in the pre

sence of Et^N+Br~ and Et^N+l" does not depend on tri-

phenylverdazyl concentration and the nature of its 

substituent, whereas in the presence of Et^PhCH2N+Cl~ 

the above factors affect the heterolysis rate. There

fore, the negative salt effect in the first case is 

supposed to be determined by the influence of salts on 

space-separated ion pair of the substrate whereas in 

the latter case this effect is presumably determined by 

the influence of salt on solvent-separated ion pair. 

2 
Our earlier paper of this series showed the additions 

of chlorides, bromides and iodides to substantially decrease 

the rate of Ph^CKBr heterolysis in MeCN. The heterolysis was 

supposed not to reach the formation of free carbocation and 

the reaction was presumed to proceed via the intermediate 

formation of intimate and solvent-separated ion pair, rapid

ly and quantitatively reacting with triphenylverdazyls 

(Y-Vd*), used as internal indicators. Both in the presence 

of Et^N+Br~ and with no salt additions the reaction rate is 

independent on the nature of the substituent in Y-Vd*. 

Therefore, there is no competition between nucleophiles 

* И 
VIII is reported in . 
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(1) 

(Y-Vd*, salt) for cationide, i.e. the nucleophiles influence 

on different intermediates. A decrease in the reaction rate 

could be naturally explained by the salt action on the inti

mate ion pair which stabilizes as a result of complex forma

tion (quadrupolé, ion triplet). However, this formal explana

tion was difficult to understand. 

Comprehensive verdazyl-oriented study of the heteroly

sis mechanism for a wide range of organic substrates (t-BuX, 

1-AdX, p-MeOCßH^CCl^, PhCHClMe, 7-d-bromcholisterylbenz oa-

te, р-МеОС^Н^СЫС12 » Pt^CCl^ -̂8) led us to the conclusion that 

the conversion of the intimate ion pair into, the solvent-se-

parated one proceeded through the formation of a space-sepa

rated ion pair Сrate-determining step). The negative salt 

effect is related to the effect of the salt on a solvent- or 

space-separated ion pair with further covalent substrate for

mation [Pattern (1)|. 
Ph 

х-

I 2 N N Ph 

Г 7' - + , I - Eh 4Fh N^N-R N^n 
BXse'R X ==sR . ..X |Solv| X — ^ ' w + £ M+X" 

X Eh Eh Eh Eh 

Pattern (1) refers to a salt with common ion. In this 

case negative salt effect is determined by the catalytic ac

tion of the ion pair external return. At low substrate con

version (our case) this pattern is also true for the salts 

with uncommon ion - the effect is obtained due to concentra

tion decrease of the product-forming intermediate. 

Should the salt act on a solvent-separated ion pair 

there would be a competition between Y-Vd* and the salt for 

the cationide and the reaction rate would depend in this 

case on the concentration and nature of Y-Vd*. Should, howe

ver, the salt act on a space-separated ion pair, such a de-
4 7 

pendence would be missing ''. 

We studied the effect of Y-Vd" concentration and nature 

on Ph2CHBr heterolysis in acetonitrile in the presence of 

Et4N+Br™, Et4N*Г and Et^PhCH^+Cl" at 25°C. 1,3,5-triphe-

nylverdazyl (Vd*), 1-phenyl-.?,5-di-(4- methoxyphenyl)ver -

35 
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dazyl[ (MeO^-Vd*] and 1,5-diphenyl—3-(4-nitrophenyl)verdazyl 

(IK^-Vd*) were used as indicators. Y-Vd* concentration in 

kinetic tests was ~ 100 times lower than that of Ph^CHBr and 

the substrate conversion was ~ 0.1 %. 

Similar to that without salt additions1 the reaction 

rate constant was calculated using the kinetic equation (2) 

V = к (PhgCHBr] (2) 

The Table given below shows conditions and results of 

kinetic tests. 

Table 

Ph2CHBr Heterolysis Kinetics in MeCN 

in the Presence of Salts at 25°C 

PhpCHBr]• 

•10*. 

mole/1 

Y-Vd* 

[Y-Vd*] • 

•10\ 

mole/1 

Salt; co*104, 

mole/1 
k-107, 

-1 sec 

k*107, 
-1 sec , 

average 

1 2 3 4 5 6 

9.49 

9.48 

9.46 

Vd* 

0.709 

2.57 

2.59 

Et4N+Br"; 3.11 

Bt4N+Br"; 3.11 

Bt4M+Br~; 3.11 

9.53 

9.75 

9-96 

9.75±0.22 

9.45 

9.41 
M>2-Vd' 

0.880 

3.35 

Et4N+Br~; 3.11 

Et4U+Br~; 3.11 

9.62 

Э.66 

9.64+0.02 

9.42 

9.08 

9.53 

9.36 

9.35 

(Me0)2-Vd* 

0.637 

1.32 

1.28 

2.68 

2.68 

Bt4N+Br™ 

Et4N+Br~ 

Et4N+Br~ 

Bt4N*Br™ 

Et4N+Br~ 

3.09 

3.09 

3.09 

3.09 

3.09 

9.60 
9.52 

9.49 

9.45 

9.46 

9.50+0.05 

9.56 

9.51 

9.68 

Vd* 

1.66 

0.847 

2.56 

Et4N+r; 3.12 

Et4N+r$ 3.12 

Et4N+r ; 3.12 

14.0 

14.6 

13.1 

13.9+0.5 

9.28 

9.63 
N02-Vd* 

0.530 

1.11 

Bt4N+I~; 3.09 

Et4N+r; 3.09 

9.50 

11.9 
11.7+1.1 
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1 2 3 4 5 6 

9.52 

9.67 
K02-Vd" 

1.52 

2.40 

Bt^XT"; 3.12 

St4K+I"; 3.09 

12.5 

12.8 
11.7+1.1 

9.72 

9.66 

9.61 

(Me0)2-Vd* 

1.08 

1.94 

3.30 

St4K+r; 3.10 

Et^N+T; 3.10 

fît4M*I*; 3.12 

13.40 

13.40 

13.40 

13.40+0.0 

9.46 

9.45 

9.47 

9.45 

(MeO)2-Vd* 

0.872 

0.848 

1.66 

3.07 

Et^PhCH2N+Cl~; 3*11 

tit^PhCH2N+Cl~; 3.11 

Et5PhCH2N+Cl~; 3.11 

Et^PhCH2M+Cl"; 3.11 

6.03+0.10 

6.03+0.11 

6.23+0.10 

6.66+0.20 

9.40 

9.43 

9.36 

9.39 

9.43 

Vd" 

0.711 

0.777 

1.58 

1.56 

2.79 

Et5PhCH2N*Cl""; 3.11 

Et5PhCH2N+Cl"; 3.11 

Et^PhCHgE +C1~; 3.11 

Et^PhCH2E+Cl™; 3.11 

Et^PhCH2N+Cl~; 3.11 

7.40+0.11 

7.55+0.09 

8.43+0.12 

8.40+0.10 

9.18+0.09 

9.46 

9.45 

9-42 

9.4-0 

fl02-Vd* 

0.906 

1.68 

1.75 

3.29 

Et^PHCH^Cl""; 3,11 

Et5PhCH2N+Cl~; 3.11 

Et5PhCH2M+Cl"; 3.11 

Et5PhCH2U+Cl_i 3.11 

7.96+0.12 

9.07+0.08 

9.09+0.07 

10.8+1.0 

In the presence of 3«1 *10""^" mole/1 Et4N+Br~ and Et4N+I~ 

the values of к do not depend upon Y-Vd" concentration and 

the nature of its substituent - for the first salt k2^ = 

(9.58+0.11МСГ7 sec-1, for the second - kot- = (13.2+0.6) • 
—7~~ —1 •10 ' sec . Consequently, the negative salt effect of these 

salts (without the addition of the salt giving k9t- = 25" Ю-7 

— 1 2  sec ) is determined by the salt reaction with a space-sepa-

rated ion pair. 

In the presence of Et^PhC^N^Cl- the reaction rate de

pends both on the verdazyl concentration and the nature of 

its substituent. The difference of values is small, but the 

quantitative difference in comparison with previously tested 

salts is doubtless. This is fairly well seen in the figure 
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(к value without salt additions is shown by a dotted line). The 

negative salt effect of the chloride is determined by the re

action between the salt and solvent-separated ion pair. 

Similar dependences were observed earlier during the he

terolysis of 1-adamantyipicrate (1-AdOPic) in propylene car

bonate and y-butyrolactone7 and 1-AdOTe in propylene carbona

te - a decrease in the reaction rate in the presence of 

Et4N+Br~ was determined by the reaction of the salt with ei

ther space-separated or (in the presence of Et4N+Cl*~) solvent-

separated ion pair. As opposed to the above, during the hete

rolysis of 1-AdOTs in у-butyrolactone both salts react with 

the solvent-separated ion pair. In adamantyl substrates the 

nucleophilic attack of the intimate ion pair by the salt is 

precluded due to steric hindrance. The lack of competition 

between Y-Vd* and the salt during the heterolysis of these 

compounds was one of the reasons explaining the introduction 

of a space-separated ion pair into the Winstein equation. 

Similarity of effects seems to be an evidence that in Ph2CHBr 

case the heterolysis proceeds along the same path. 

The figure shows that in the presence of Et^PhC^N^Cl"" 

the reaction rate is described by a summarized kinetic equa

tions 

V = k0 + kgfPhgCHBr] [I-Vd*] (3) 

This equation has no physical meaning since the reaction 

rate, determined against verdazyl consumption,at [Y-Vd*] —• 0 

should also tend to zero rather than to kQ. Consequently, at 

low indicator concentration the curve of к vs. [Y-Vd*] 

should have a deflection (no experimental confirmation was 

found) and following the deflection к —0 at [Y-Vd*] —0. 

Similar picture was observed earlier during the heterolysis 

of 1-AdOTs in MeCN7 in the presence of Et^N^Cl- and during 

the solvolysis of Ph2CCl2 and p-MeOC^CHC^ in aqueous dio-

xane®. This is determined by the change of the rate-determi

ning steps - at relatively high concentrations of Y-Vd* a 

cationide is formed at the rate-determining step (3^1 reac

tion) «"d к vs. [Y-Vd*] relation is determined in this case 

by a competition between the salt and verdazyl for the inter
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mediate, whereas at low indicator concentrations the solvent-

separated ion pair interacts with Y-Vd'. 

25 

1 1  

9 

7 

5 

1 2 3 
[ Y - V d ' ]  •  1 0 ^ ,  m o l e / 1  

Pig. The effect of Y-Vd' concentration and nature on 

PhgCHBr heterolysis rate in the presence of 

salts, 25°C 

к value without salt additions 

1 - Bt4H+l", 2 - Et4»+Br", 3 - Et3PhGH2N+Cl~ 

A A - Vd* $ • O- (Me0)2-Vd*i • • - N02-Vd* 
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The reaction of Y-Vd* with solvent-separated ion pair 

seems to proceed via electron transfer from verdazyl to cati

onide as it is observed during the reaction of verdazyl with 

PhN^BF^" ion pair-*. The rate of the latter depends on the 

concentration values of both reagents raised to the first 

power increasing with an increase in electron-donating pro

perties of the radical. Similar regularities were observed 

during the reaction of 1-Ad+ |Solv lOPic" and 1-Ad+|Solv |OTs~ 

with Y-Vd*7. 

During Ph2CHBr heterolysis the picture is different -

the reaction rate in the presence of EtjPhCH2N+Cl~ increases 

with increasing electron-accepting properties of the radical 

(viz. Fig.). For (Me02)-Vd*-Vd*-W02-Vd'the k2 values are 

equal to 0.17» 0.90, and 1.2»10~^ l/mole-sec, respectively. 

This speaks for the multi-stage nature of Y-Vd* +Ph2CH+|SolvjBr' 

reaction. Complex seems to be formed first with verdazyl 

being a donor, then at the rate-determining step either a 

decomposition of this complex with the formation of PhgCH' 

and Y-Vd+Br~ or the reaction of the complex with the second 

molecule of the radical is observed. The last stage must re

veal the electron-accepting properties of verdazyl in comp

lex which determines observed relationship between the reac

tion rate and the nature of the substituent in Y-Vd*. 

Thus, verdazyl-oriented study of the nature of the nega

tive salt effect in heterolysis reaction provides information 

on the mechanism of the product-forming stage which follows 

the rate-determining step. 
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The induction period of the reaction of n-butyl 

bromide with metallic magnesium in diethyl ether and in 

toluene with additions of diethyl ether was investigated 

in presence of the following inhibitors: water, deuteri

um oxide, methanol, ethanol, 1-butanol, 1-octanol, ste

aric acid, and anthracene. Inhibition of the Grignard re

action does not consist in capture of free radicals but 

inhibitors react with a Grignard reagent that cleans the 

surface of magnesium metal during the induction period. 

Products of the reaction with inhibitors influence the 

induction period differently. 

1. Introduction 

Everyone who has dealt with preparing of a Grignard 

reagent has probably experienced that the reaction between 

metallic magnesium and organic halide does not begin im

mediately but only after a certain induction period. It is 

known that1 the duration of the induction period can great

ly vary under the influence of activators and inhibitors. 

The most well-known inhibitor - water, is found in nearly 

all the solvents that can be used for preparation of Grign

ard reagents. It has been shown that additions of water 
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prolong induction period, and in the presence of a critic

al concentration of the inhibitor the reaction does not 

start at all2"^. Besides water, inhibitory influence has 

been ascertained in case of oxygen2, peroxides , and other 

possible admixtures in reagents and solvents. 

It was found that after removal of water the reaction star

ted immediately2» 3,5,7 ̂ A reaction of a small portion of 

alkyl halide with magnesium was used in order to eliminate 

the induction period in kinetic investigations8'^. After 

adding another portion of the reagent the reaction begins 

without any induction period. Induction period was also 

absent in a gas-phase reaction with a sublimed film of mag-
in  

nesium metal . 

It follows that the induction period is not connected 

with the reaction mechanism but is caused by removable fac-
Q 

tors . There is no unanimous comprehension of the nature 

of induction period. It has been assumed that for initia

tion of the reaction it is necessary to clean the surface 
11 

of magnesium from oxides . This can be achieved either by 

a reaction with a Grignard reagent and an initiator (e.g., 

with iodine) or using ultrasonication12. The inhibitory 

role of water has been considered as a purely physical one 

which can be removed either chemically-' or by means of so-

nication1 On the other hand, it has been supposed**'^ that 

water and other inhibitors capture the free radicals pro

duced by the reaction. The chain reaction of organomagnesi-

um compound formation can only evolve after the inhibitor 

is totally consumed. 

Only a few quantitative investigations of the induc

tion period have been published. It was mainly the dura

tion of the induction period in presence of different ad

ditions of water2'and peroxides^ that was determined 

in comparison to the induction period in pure ether. We un

dertook a detailed examination of the induction period in

volving a large variety of inhibitors. The reaction of n-

butyl bromide with magnesium in diethyl ether and in tolu

ene with additions of diethyl ether was chosen for a model 

process. 

11* 
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2. Determination of Characteristics of the Induction 

Period 

The course of the Grignard reaction is well described 

in the papers by Horak and Soogenbits^. This is also sche

matically represented in Pig. 1. As the induction period, 

one can take time (t j), required for obtaining a certain 

measurable concentration of the product (c|), time, corres

ponding to the point of maximum curvature on the kinetic 

curve1^ (t£), or the starting time of the most rapid pro

cess^ (tvO. Evidently, it is difficult to specify the in

duction period, even more so to determine its duration 

with a sufficient precision. 

Kilpatrick and Simons determined the induction period 

from the point where a semilogarithmic anamorphosis of the 
11 

kinetic curve intersected the time axis . Gilman and Van-
2 

derwal considered the induction period to be the time of 

appearance of a Grignard reagent by the Gilman color-test^. 

The end of the induction period was also fixed either by 

the appearance of a turbid layer in the reaction mixture^, 

or by a temperature rise^. 

Our method rests on the finding that the coloring of 

the reaction mixture caused by the iodine added, remained 

practically unchanged up to the end of the induction period 

and then disappeared rapidly. Immediately after that or 

even at the same time visible reaction began (formation of 

bubbles on the surface of magnesium, sometimes appearance 

of a slight turbidity). Visually determined induction time 

proves to be sufficiently well reproducible in parallel 

measurements (i 5 sec on the average). 

Although iodine is known as an inhibitor capable of 

scavenging free alkyl radicals1^, in such experimental con

ditions it does not evidently appear to be an inhibitor, as 

it is not consumed during the induction period but after 

the beginning of a vigorous reaction only. Moreover, io

dine is frequently used as an activator of the Grignard re

action1 . To clarify the activating ability of iodine we 

carried out several parallel experiments with various ad
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ditions of inhibitors but without iodine. The induction pe

riod was prolonged only by 5-10 sec, that might be connec

ted with difficulties in visual determination of the end of 

the induction period in the absence of iodine. It has to be 

mentioned that the concentration of iodine in our experi

ment (0,001 M) was considerably lower than recommended for 
1 11 

activation of the reaction , e.g., Kilpatrick and Simons 

considered the optimum concentration to be as high as 

0.015 M. Some check experiments have been carried out 

with the following mixtures : butyl bromide, ether and io

dine; butyl bromide, ether, toluene, and iodine; ether, io

dine, and magnesium metal ; ether, toluene, iodine, and mag

nesium metal. In no case either disappearance or even any 

noticeable change in the iodine color was observed during 

900 sec. 

c. I 

Pig. 1. Schematic course of the Grignard reaction with 

induction period. 

с - concentration of the Grignard reagent 

t^- induction period (see text) 

12 
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The induction period vras determined at 20° С in a test-

tube for 10 ml of reaction mixture equipped with a glass 

stopper and a magnetic stirrer. The weight of magnesium was 

0.3 g. The concentrations were: for n-butyl bromide 0.86 M, 

iodine 0.001 M, inhibitors from 0.003 M to 0.06 M. The de

tails of the experiment are described in section 5. 

As it is mentioned in the Introduction, in previous 

works induction period was determined both in the presence 

and absence of inhibitors, thereupon the results were col

lated. To enable a more detailed analysis of the phenomenon 

of inhibition, we exploited apparent and intrinsic initia

tion constants. 

If an inhibitor reacts with active intermediate partic

les rapidly enough, the following equation holds practical

ly up to the end of the induction period. 

dflnh] 

where denotes the rate of initiation. In the simplest 

case 

»„ - k„M. 

where kQ is the initiation rate constant and A is the ini

tiating reagent . In the present work the latter was n-bu

tyl bromide. Hence, 

flnhj = [lnh]0 - w„t. 

By the end of induction period (t=tЛ [inh] « 0. 

It follows that r , 
l I n h lo  

W t .  =  [  I n h l  a n d  к  =  — — —  
о ti|A]o 

Рог the sake of comparability of the results we used 

an increment of induction period, defined as a difference 

ti-ti°, where ti° is the induction period in the absence 

of added inhibitors. In diethyl ether the mean value of t° 
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from comparable experiments (similar quantities of alkyl ha-

lide and magnesium metal) varied between 56 and 72 sec. Ob

viously, the initial value of the induction period, t?, cor

responds to the period indispensable to clean the magnesium 

surface from oxides and to capture uncontrolled inhibitors. 

If this is true, in the first approximation, the increment 

of induction period is equal to the time required for a 

total consumption of the added inhibitor,. 

Evidently, duration of an induction period cannot de

pend on the nature of the inhibitor. Hence, the initiation 

constant, kQ, proves to be a characteristic parameter of 

the reaction system. It can be expressed as follows; 

lCo [Inbl о 

(ti'tj0) ( A]0 

If a dependence of the initiation constant on the na

ture and initial concentration of the inhibitor is observed, 

the influence of the inhibitor or its conversion products 

upon the initiation process can be inferred. In such a case 

a complicated dependence may appear, and the kQ observed, 

which was determined from the induction period, may have an 

integral value with most complicated physical meaning. Un

doubtedly, the dependence of the apparent initiation cons

tant on the initial concentration of the inhibitor 

k o  -  t ( M o >  •  

will be of special interest. Extrapolation of the function 

to the zero value of the inhibitor concentration must then 

obtain the value of the intrinsic initiation constant, fur

ther denoted by k* . 

72* 
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3. Results and Discussion 

3.1. Water in Diethyl Ether. 

Induction periods and the corresponding calculated in

itiation constants for different additions of water and de

uterium oxide are presented in Table 1. 

A typical dependence of the induction period on the in

hibitor concentration is represented in Pig. 2. As it is 

seen, the induction period increases nonlinearly with in

creasing additions of water. At a certain critical concen

tration of water the duration of the induction period prac

tically reaches infinity, i.e., the reaction cannot be in

itiated any more. The same feature was observed in previous 

works^'^. In terms of apparent initiation constants (see 

section 2), it reveals a dependence of the latter on the 

concentration of the added inhibitor (Pig. 3). When the con

centration of the inhibitor has approached a critical val

ue, this constant becomes equal to zero. It means that the 

inhibitor, water in this case, or the products of its con

version, inhibits the initiation process. Simple inhibi

tion by means of trapping active intermediates cannot ob

viously lead to such relationships. 

One can suppose that secondary effects of water inhi

bition are caused by the products of water reaction. Depo

sited on the surface of magnesium metal, they can block the 

reaction centers. So we observed the appearance of a white 

turbid precipitate in the initial period of the reaction, 

having also been reported in previous papers^'The com

position of the precipitate was found^ to correspond to 

formula MgBrOH • HgO. It follows that only one hydrogen 

atom of water could react. 

It is seen in Pig. 3 and also from the data of Table 

2, that the dependence of the initiation constant on the 

initial concentration of water can be well approximated 

with a straight line. The заве figure also shows that the 

initiation constants obtained from different series of 
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Table 1 

Induction Periods and Initiation Constants in the 

Presence of Water or Deuterium Oxide in Diethyl Ether 

H 2° D2O н2оа 

с • 102Ъ tc k.104d с» 102b t° k*104d с « 102b tc k.104d 

0 68 - 0 71 - 0 40 -

0. 80 90 4.22 0. 90 100 3.60 1. 22 74 4.16 

1. 10 110 3.04 1. 18 112 3.30 1. 61 88 3.89 

1. 46 135 2.53 1. 45 140 2.43 2. 00 113 3.18 

1. 70 150 2.40 1. 80 148 2.70 2. 37 140 2.77 

2. 03 176 2.18 2. 14 176 2.38 2. 81 201 2.02 

2. 30 232 1.62 2. 35 283 1.63 3. 18 270 1.60 

2. 53 360 1.00 2. 48 370 0.96 a) doubled amount of 
0 66 - 0 62 - magnesium metal 
1. 00 98 3.60 0. 89 86 4.30 b) initial concentra-
1. 46 131 2.60 1. 40 130 2.40 tion of the inhi-
2. 03 191 1.90 1. 80 166 2.00 bitor mole/1 
2. 50 320 1.15 2. 20 245 1.40 c) induction period, 

sec 

d) initiation cons

tant, sec"1 

experiments fairly well lay on a common line. The latter 

manifests the advantage of the involvement of the increment 

of induction period and of the apparent initiation constant 

(section 2). An increase in the weight of magnesium and, 

consequently, also in its surface area, caused a shortening 

of the induction period and a shift of the critical value 

of the inhibitor addition towards higher quantities. How

ever, the doubling of the surface area of magnesium caused 

an 18% increase in the value of the intrinsic initiation 

constant, k*, only. 
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• 200 

100 

1 2  3  4 .  

Pig. 2. Dependence of duration of the induction pe

riod on the initial concentration of water in the re

action mixture. Q - weight of magnesium 0.3 g, 

«Д - weight of magnesium 0.6 g. 

Table 2 

Results of the Statistical Treatment of Dependences 

of Apparent Initiation Constants on Initial Concen

tration of Inhibitor 

Inh 

н2о 

DO 

н2оь 

k* • 10-3 slope S R na 

0. 5Ю±0.024 -0.0158-0.0012 0.023 0. 975 11 

0. 515-0.043 -0.0159*0.0024 0.042 0. 914 11 

0. 601±0.038 -0.0136*0.0019 0.036 0. 950 6 

a) number of points; b) doubled amount of magnesium 
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с  • Ю 2 М  

Pig. 3. Dependence of the apparent initiation const

ant on the initial concentration of water in the re

action mixture. | О - weight of magnesium 0.3 g 

(two independent series of experiments), .Д - weight 

of magnesium 0.6 g. 

Replacement of water by deuterium oxide did not cause 

any statistically distinguishable alteration in the obtai

ned parameters (Table 2). It is known that for the reac

tions of organomagnesium compounds with water the kinetic 

isotope effect is rather small18, but in reactions with 

free radicals a considerable KIE should appear. However, 

there is no reason to expect a KIE in this case because 

the induction period cannot depend on the nature of an in

hibitor. In order to clarify the secondary effects of in

hibition we searched for some isotope effects connected 

with adsorption of the inhibitor. Such effects could not, 

however, be detected within the accuracy of our experiment. 
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3.2. Organic Inhibitors in Diethyl Ether. 

We have also used aliphatic alcohols of various lengths 

of carbon chain and stearic acid as inhibitors. The origin 

of such a choice of inhibitors rests on the assumption that 

in case the inhibition is caused, even if partially, by ad

sorption on the surface of magnesium, the inhibitors of 

different lengths of hydrocarbon chain would exert differ

ent influence on the inhibition process. The results were 

not so straightforward, however, they lead us to some un

expected conclusions. 

The results of the induction period measurements are 

presented in Table 3. In Pig. 4 various dependences of the 

initiation constant on the initial concentration of the in

hibitor are presented. 

о 

Pig. 4. Dependence of the apparent initiation constant 

on initial concentrations of inhibitors: 3 ~ methanol, 

ф - ethanol, О - n-butanol, A -n-octanol, 

• - stearic acid. Dashed line represents the depen

dence for additions of water. 
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Table 3 

Induction Periods and Initiation Constants in the 

Presence of Organic Inhibitors in Diethyl Ether 

CHoOH C«HKOH n-C,HQOH 
2 2_2_ U 

c«102a tb к-Ю40 c102a tb k*104c c*102a tb k'1040 

0 69 

1.06 151 

1.55 209 

2.01 327 

2.26 368 
0 68 
0.81 112 2.20 

1.30 158 1.67 

1.80 218 1.40 

- 0 59 - 0 72 -

1.50 0.80 81 4.30 0.88 91 5.30 

1.25 1.70 104 4.38 1.70 103 6.30 

0.90 2.20 128 3.70 2.50 116 6.60 

0.88 3.00 165 3.28 3.35 124 7.50 

- 3.50 215 2.60 4.30 144 6.90 

n-C8H1?0H n-c1?H35cooH 

cd CM о
 

о
 tb к'Ю40 с • 102a tb k'1040 

0 64 - 0 56 -

1.38 89 6.40 2.00 95 6.40 

2.33 107 6.20 4.20 126 6.90 

4.10 131 7.10 6.10 137 8.70 

a) initial concentration of the inhibitor, mole/1 

b) induction period, sec. 

c) initiation constant, sec-1. 

It appears that all the investigated substances pro

long the induction period but the calculated initiation 

constants differently depend on the additions of inhibi

tors. Thus, the progressive admixtures of methanol and eth-

anol gradually lower the value of the apparent initiation 

constant. On the contrary, alcohols of longer chains and 

stearic acid enhance its value. At the same time the points 

for the latter inhibitors (Pig. 4) in the first approxima

tion lay on a common line with a positive slope. The points 

for ethanol can be approximated with a straight line of 
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negative slope and that for methanol vrith a descending 

curve. It is worth noting that practically all dependences 

intersect in a common point at zero addition of the inhi

bitor. It justifies the involvement of apparent and int

rinsic initiation constants (section 2). The value of that 

point on the ordinate axis can be taken for kQ*. 

A common feature of the organic inhibitors under in

vestigation is that the extrapolation of the obtained de

pendence up to intersection with concentration axis gives 

a critical admixture of the inhibitor which is greater 

than for water (see Pig. 4). Consequently, the products of 

the reaction with alcohols are in ether more soluble than 

bromomagnesium hydroxide4 (cf. section 3.1.)• Probably, 

these products are bromomagnesium aleoxides whose solubi

lity should increase with increasing hydrocarbon chain. Be

sides, the positive slope of the dependence for the subst

ances having long carbon chain directly indicates their 

promoting action on the initiation. Very likely this is 

caused by the solubilization of the oxidic film of magne-
19 

sium surface. It is reported that higher alcohols are 

able to catalize to some extent the Grignard reagent form

ation. We observed that when higher alcohols or stearic 

acid are used the white turbid precipitate whose appear

ance is quite common in the case of water and lower alco

hols, did not form. Hence, we can conclude that higher al

cohols do inhibit the Grignard reagent formation, but at 

the same time they promote the initiation of the reaction. 

3.3. Inhibition in Toluene 

We extended this study to the toluene medium in con

nection with our interest in preparation of a Grignard re

agent in toluene in the presence of small additions of or

ganic bases20-22. It was also caused by insufficient solu

bility of a potential inhibitor, anthracene, in diethyl 

ether. The inhibitory action of water can, of course, be 

investigated but it involves great difficulties because of 

its low solubility in toluene. 
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The Grignard. reaction in toluene can be accomplished in 
oi 

presence of catalytic amounts of diethyl ether . In binary 

mixtures of the latter with toluene the course of the Grig

nard reaction varies very little up to comparable molar con

centration of ether and organic halide20. When the additi

ons of ether are less than two moles to a mole of halide, 

a distinct dependence of the reaction rate on the relative 

content of ether can be observed20*21. n-Butyl magnesium 
22 

bromide solvated by ether is well soluble in toluene 

We investigated the inhibitory activity of several al

cohols and anthracene in toluene at equimolar ratio of di

ethyl ether to n-butyl bromide, and that of methanol and 

n-butyl alcohol at a molar ratio 0.5 : 1 of ether to hal

ide. The results of the measurements are presented in Table 

4 and the dependence of apparent initiation constants on 

the initial concentration of the inhibitor are presented 

in Fig. 5. 

2 

0  

Pig. 5. Dependence of the apparent initiation constant 

on initial concentration of inhibitors in toluene: 

О - n-butanol, д - n-octanol, О - methanol,(ratio 

of diethyl ether to n-butyl bromide 1:1), + - methanol 

(ratio of diethyl ether to n-butyl bromide 0.5:1). 

In toluene n-butyl and n-octyl alcohols reveal the de

pendence of the initiation constant on additions of the in-
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hibitor with a maximum. Methanol also produces a curve, 

different from the one obtained in pure ether (cf. Pig.3)• 

In our opinion, in toluene more distinctly than in ether 

the dualistic effect of alcohols on the induction period 

becomes evident. On the one hand, they act as inhibitors, 

but on the other hand, complexing with the products, alco

hols promote solution of the oxidic film of magnesium. Ob

viously, the solubility of such complexes in toluene is 

poorer than in ether, except, possibly, that of methanol. 

They set to deposit on the surface of magnesium and there

fore, within the range of used additions of alcohols, one 

can observe a maximum and further decrease in the value 

of the apparent initiation constant. As in the case of eth

er, (section 3.2), all curves intersect in a common 

point kQ*. The value of the intrinsic initiation constant, 

kc*, is about 1.2*10~4 sec-1 (ether concentration 0.86 M), 

which is more than four times greater than that for pure 

ether (about 5.2 •10-4 sec-1 at 9.5 M ether). When the mo

lar ratio of ether to halide was 0.5:1 (concentration of 

ether about 0.4 M), the value of kQ* was even less, about 

0.6-10"4 sec-1. It follows that the initiation constant 

strongly depends on the concentration of ether in the reac

tion mixture. Otherwise, it means that diethyl ether direc

tly participates in the initiation of the Grignard reac

tion. 

As it is seen from Table 4, anthracene exerted no in

fluence on the induction period. Anthracene is known as a 

good trap for free radicals2"^. It was frequently used for 

detection of free alkyl and aryl radicals in reaction mix

ture24' 2-\ A total lack of the inhibitory action of anth

racene in this experiment indicates that free radicals are 

not the essential intermediates during the induction pe

riod, and inhibition does not consist in capturing free ra

dicals. 
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Table 4 

Induction Periods and Initiation Constants in Toluene 

CH3OH a n-C4HgOH a n-CgH17OH a 

c.102c td k. 104e c*102c td k* 10^6 c» 102c td к'Ю4® 

0 120 - 0 125 - 0 111 -

0.45 163 1.20 1.35 184 2.65 1.14 173 2.10 

0.91 210 1.17 2.30 209 3.18 2.13 204 2.66 

1.20 252 1.05 3.20 248 3.02 2.90 258 2.29 

1.40 353 0.70 4.88 375 2.26 3.89 419 1.47 

1.60 609 0.38 4.50 562 1.16 

anthracene a CH-0Hb п-С„Нп0НЬ 

3 4 9 

с*102c td с•102° k.104e с•102c k*104e 

0 115 0 - 0 -

0.60 113 0.27 0.47 0.54 1.30 

1.00 117 0.49 0.31 0.94 1.79 

1.50 118 0.74 0.19 1.66 2.78 

2.45 117 

a) ethyl ether : n-butyl bromide = 1:1 

b) ethyl ether: n-butyl bromide = 0.5:1 

c) initial concentration of the inhibitor, mole/1 

d) induction period, sec. 

e) initiation constant, sec-1. 
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4. Nature of Induction Period. 

In the previous section, it was concluded proceeding 

from the absence of the inhibitory action of anthracene 

that the inhibition of the Grignard reaction doee not con

sist in trapping of free radicals. The same can be inferred 

from the fact that iodine was not consumed during the in

duction period but it only disappeared after vigorous for

mation of the Grignard reagent had begun. It is to be men

tioned that iodine was present in molar quantities, which 

was 3-60 times less than that of added inhibitors. 

In general, the formation of a Grignard reagent is be

lieved to be a free-radical process. Therefore it would be 

reasonable to assume that inhibition lies in a reaction 

with free radicals. However, the classical inhibitor - wa

ter, cannot serve as a trap for alkyl or aryl radicals. In 

water, alcohols interacted with free radicals through meth-

ylenic hydrogen atoms instead of the hydroxylic ones^'2^. 

This is not compatible with principally similar behaviors 

of water, methanol, and alcohols containing a methylenic 

group in the sense that the data for all inhibitors without 

any exceptions, by our treatment yielded the same kQ* val

ue. Indeed, a reaction of a free radical with an alcohol 

generates another radical which can attack an ether mole

cule giving rise to a radical chain that may exert a cert

ain inhibition effect. Therefore, it is improbable that 

factor j in the expression for kQ would have a unit value 

for all the inhibitors used 

„ f[Inh)0 

°= 4 [Al0 

In the opposite case, the dependence of the apparent 

initiation constant on the initial molar concentration of 

the inhibitor (Pig. 3) would lead to different values of 

constant kQ* for different inhibitors. Taking into account 

all the above-mentioned statements and the fact that water 
A 

inhibits only with one equivalents of hydrogen , we can con

clude that during the induction period the inhibitors re

act with the Grignard reagent steadily entering the solution. 
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Our conclusion is consistent with the finding of Wal-

borsky et al.28 that methanol, added to the Grignard reac

tion mixture behaved like an OH-acid and not like a subst

rate of a free-radical attack. Thus, our results might be 

used as objections in the discussion about the problem 

whether the free radicals formed in the Grignard reaction 

can freely enter the solution (refs. 2^' on the other 

hand^8, see also^' 14). However, it is to be taken into 

account that in this case the process is probably compli

cated by diffusion through the pores in the oxidic film. 

Therefore, the results can hardly be indisputably trans

ferred to a system with a bare surface of magnesium metal. 

Nevertheless, it is clear now that the decisive point of 

the induction period is the cleansing of magnesium surface 

from the oxidic film. Oilman2 already noticed the inhibito

ry effect of oxygen. Investigation of anodic solution of 

magnesium in dimethylformamide and other solvents has shown 

that oxygen causes a serious retardation of the process''1. 

The influence of water appeared to be considerably weaker, 

becoming perceptible only at the concentrations above 0.1% 

by volume. 

Apparently, the commencement of the Grignard reac

tion can proceed as follows. The organic halide and ether 

diffuse through the pores in the oxidic film to the surface 

of magnesium. Access to the magnesium surface is also avai

lable through the spots of mechanical damage caused by vi

gorous stirring of the reaction mixture. The forming Grig

nard reagent dissolves oxide, gradually baring the metal 

surface. The reaction is accelerated autocatalytically and 

when the surface is completely uncovered, the reaction 

rate will be equal to that observed at the end of the in

duction period. Inhibitors react with the Grignard reagent 

retarding thereby the cleansing process of magnesium sur

face. At that poorly soluble products can form. The latter 

can deposit on the surface of magnesium metal together 

with magnesium oxide liberated from decomposed complexes. 

At the beginning of the process the precipitate can stop 

up the pores in the oxidic film. Therefore, a certain cri
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tical addition of the inhibitor can totally suppress the 

reaction. Some inhibitors, e.g. higher alcohols, lead to 

soluble products which can tdacertain extent dissolve ma

gnesium oxide. In such cases the dependence of the apparent 

initiation constant on the initial concentration of the in

hibitor exhibits either a positive slope (Pig. 4) or a max

imum. (Pig. 5). 

5. Experimental Part 

Reagents and Solvents 

Diethyl ether was treated with potassium hydroxide, 

dried over calcium chloride and distilled over sodium wire. 

Toluene was washed with conc. sulfuric acid, dried 

over calcium chloride and distilled over sodium wire. 

n-Butyl bromide was dried over calcium chloride and 

fractionated before use. 

Magnesium metal, commercial grade, was used in the 

form of chippings. 

Water for inhibition was twice distilled, deuterium 

oxide (D20), TU 95.7046-73, isotopic purity 99.9% was also 

distilled. Methanol and ethanol were dried with metallic 

magnesium and fractionated. n-Buthanol and n-octanol were 

fractionated before use. Stearic acid and anthracene were 

of "pure for analysis" grade. 

Preparation of Solutions 

The solvents were distilled into previously weighed 

flasks and their amounts were determined by weighing. In

hibitors were weighed in a weighing tube which was there

upon immersed in the flask with the solvent. The procedure 

was repeated with iodine. Solutions for measurements were 

prepared in flasks, the required amounts of n-butyl bro

mide and solutions of inhibitors and iodine were trans

ported by means of calibrated hypodermic syringes. 
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Determination of the Induction Period 

Into a test-tube whose diameter was 30 mm and which 

was capped with a glass stopper was placed 0.3 g of magne

sium shavings and a magnetic stirring bar. By means of a 

calibrated hypodermic syringe 10.0*0.1 ml of reaction solu

tion were introduced, then stirring and time measurements 

started. Disappearance of the coloring of iodine visible 

against white background with good lightening was consi

dered the end of the induction period. The measurements were 

carried out at 20*1° C. The duration of the induction per

iod was determined as the mean value of 3-5 measurements. 

Reproducibility of determinations was -5 sec on the average, 

in case of long induction periods, the deviations were grea

ter but they did not exceed ±15 sec. 
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The induction period of the reaction of n-bu

tyl bromide with metallic magnesium in diethyl etil

er and in toluene with an addition of diethyl eth

er was investigated under ultrasonic irradiation 

in presence of the following inhibitors: water, 

methanol, ethanol, 1-butanol, 1-octanol, and stea

ric acid. In the presence of ultrasonication the 

reaction can be easily initiated. The effect of 

ultrasound mainly consists in destruction of the 

oxidic film of magnesium. It also prevents the de

position of reaction products on the surface of 

magnesium. 

Under ordinary conditions the reaction between metal

lic magnesium and organic halide does not start immediately 

but only after an induction period. The duration of the in

duction period may greatly vary owing to the action of dif-
1 ? 

ferent activators and inhibitors . We have shown that the 

Grignard reagent, formed within the induction period, dis

solves magnesium oxide gradually uncovering the surface of 

magnesium metal. At the зале time slightly soluble products 

may form that deposit on the surface of the metal. At the 

beginning of the process they can stop up the pores in the 
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oxidic film. That is why the reaction is totally suppressed 

by a critical addition of the inhibitor. Several inhibitors 

(e.g., higher alcohols) lead to soluble products that can 

to some extent dissolve magnesium oxide and thus promote the 

initiation. Sometimes the induction period may last hours, 

therefore a reduction of the latter would be of practical 

interest. Various ways of shortening or averting the induc

tion period (reviews in refs. 1•2) have been proposed, in

cluding the ultrasonic irradiation. It has been found that 

ultrasound is able to initiate the Grignard reaction in the 

presence of such amounts of water or ethanol that make the 

reaction impossible in ordinary conditions^'4. A conside

rable shortening of the induction period has been observed 
4-7 

in ultrasonic conditions besides the ethereal solutions 

also in mixtures of diethyl ether with unsolvated solvents^J 
In all cases investigated the use of ultrasound did not 

3-7 
practically affect the yield of Grignard reagent^ 

7 
We studied the kinetics of the Grignard reagent form

ation both in the field of ultrasound and without sonica-

tion. The accelerating effect of sonication was found, how

ever, general kinetic nature of the reaction did not change. 

Systematic quantitative investigations of the effect of 

ultrasonic irradiation on the induction period of the Gri

gnard reaction have not been conducted up to now yet. 

We extended our investigation of the action of inhibi

tors on the induction period of the Grignard reaction2 to 

the field of sonochemistry in order to obtain some confir

mation of our preliminary conclusions about the nature of 

the induction period. Our another aim was a more detailed 

study of the influence of ultrasonication upon the induc

tion period of the reaction. Like in the previous work2, 

the reaction of n-butyl bromide with magnesium metal in di

ethyl ether and in toluene with an addition of diethyl eth

er was investigated. In principal, the same method2 of de

termination of induction period was used, based on the 

fact that the color of a small admixture of iodine rapidly 
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disappeared. Ъу the end of the induction period. Similarly to 

the previous work we ascertained that iodine did not react 

with magnesium, n-butyl bromide, and solvents within a so-

nication time exceeding that used in this work. Induction 

period was determined both in absence and in the presence 

of additions of various inhibitors. Prom these data were 

calculated the apparent initiation constants kQ (see re

ference2 and the experimental part of this work). In the 

previous work we found that the dependence of the latter 

on the initial concentration of the inhibitor, as well as 

the intrinsic constant of initiation, kQÄ, obtained by ex

trapolation of this dependence to zero addition of the in

hibitor, offer valuable information about the nature of the 

induction period and about the participation of inhibitors 

in the latter. 

Experimental 

Preparation of Solutions. 

Reagents, solvents and inhibitors were purified as 

described earlier2. The solvents were distilled into pre

viously weighed flasks and their amount was determined by 

weighing. Inhibitors were weighed in a weighing tube which 

was thereupon sunk in the flask with the solvent. The same 

was done with iodine. Solutions for measurements were pre

pared in flasks, required amounts of n-butyl bromide and of 

solutions of inhibitors and iodine were transported by 

means of calibrated hypodermic syringes. 

Apparatus. 

The reaction was carried out in a tightly closed test-

tube of 30 mm diameter. As a source of ultrasound, a dis-

persor UZDN-2T was employed. Its conic ultrasound probe was 

immersed into the reaction mixture through the plug of the 

test tube. The probe made of titanium bad on lté end a 

round tip with a diameter of 15 mm. The device operated 

at 22 kHz, its nominal electrical energy output was 400 W» 

The acoustical capacity of an analogous system was deter
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mined in our recent work^. A rough estimation for this 

system is as high as 10 W/cm^. 

Determination of the Induction Period. 

The test-tube was loaded with 0.3 g of magnesium metal 

and joined to the ultrasound device. Througn an opening in 

the stopper 10*0.1 ml of reaction solution were introduced 

by means of a calibrated hypodermic syringe and both the 

ultrasonic irradiation and the clock were switched on. The 

moment of disappearance of the coloring of iodine visible 

against white background with good lighting was taken as 

the end of induction period. The duration of induction pe

riod was determined as a mean value otf 4-5 measurements. 

The reproducibility of determination was *7 sec on average. 

The initial temperature of the apparatus and of the 

solutions was 20*1° 0. However, the sonication evokes a 

rapid warming up of the reaction mixture. Therefore, im

mediately after the beginning of sonication, the reaction 

vessel was immersed into ice water. In spite of that the 

temperature of the reaction mixture rose in a few minutes 

by 10° or more. Because of the latter we confined ourselves 

to short induction periods (less than 2 min.), the rise in 

the temperature was no more than a few degrees there. 

Initial concentrations of the reagents were for n-bu

tyl bromide 0.86 M, iodine 0.001 M, and inhibitors from 

0.006 M to 0.075 M. 

Calculation of the Apparent Initiation Constant. 

Apparent initiation constants, kQ, for various addi

tions of inhibitors were calculated by formula (see ref.2): 

[Mil о 

к°"<ч-^м„ ' 

where [inh]Q and [A]Q are the initial concentrations of 

the inhibitor, and n-butyl bromide, respectively, and t± 

and tj denote the induction period for the present addi

tion of the inhibitor, and without any inhibitor, respec

tively. 
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Results and Discussion 

Influence of Temperature on Initiation 

The difficulties in temperature control in the reac

tion mixture by sonication (see Experimental) led us to 

estimate the activation energy of initiation. Using a tech-
2 

nique described in the previous paper , we determined ap

parent initiation constants for several additions of inhi

bitors at 15° and 32° C. The results of determination and 

the calculated energies of activation are presented in 

Table 1. 

On the average, the found activation energies are ab

out 9-Ю kcal/mole, thus coinciding with an estimation of 

about 10 kcal/mole from the data published by Gilman8 

Table 1 

Dependence of the Initiation Constant on the 

Temperature (without Sonication) 

Admixture 

с • 102 M 

t° С 

ko • 104 s"1 

B& kcal/mol 

1.36 

15 32 

1.73 5.11 

11.3 

сн3он 

1.09 

15 32 

1.06 2.26 

7.8 

n-C4Hg0H 

2.60 
15 32 

4.0 9.7 

9.2 

for the induction period of n-butyl bromide in pure ether 

at 17° and 26° C. It is of some interest to mention that 

obviously this is a higher value than that for an ordinary 

Grignard reaction. There is very little information about 

the latter, however, for the reaction of cyolohexyl bro

mide with magnesium the activation energy was estimated ̂  

to be about 2.3 kcal/mol. It follows that in general the 

temperature dependence of the initiation constant must not 

be ignored. Considering the data of this work, one has to 
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consider that the apparent initiation constants obtained 

from a long induction period are somewhat magnified, how

ever, this does not change the general trend of the depen

dences under consideration. 

Inhibition in Diethyl Ether. 

Induction periods and the corresponding calculated in

itiation constants for various additions of inhibitors are 

presented in Table 2. The dependence of apparent initiation 

constants on the initial concentration of the inhibitor is 

represented in Pig. 1. 

Table 2 

Induction Period and Initiation Constants 

in Diethyl Ether 

C.102 t к •103 c.102 t к '103 c-102 t к *103 

0 0 о 

н2о с2н5он n-CgH17OH 

0  1 5  -  0  1 3 - 0  1 2  -

0.65 21 1.26 1.15 21 1.68 1.19 20 1.73 

1.22 26 1.29 2.30 29 1.67 2.40 25 2.10 

1.86 39 0.90 3.60 33 2.08 3.76 32 2.20 

2.48 48 0.87 4.60 49 1.51 6.90 68 1.40 

2.95 65 0.68 n-C4Hg0H n-C17H35COOH 

3.66 74 0.72 

4.35 102 0.58 0 15 - 0 14 -

GH 0H 2.02 26 2.14 1.75 26 1.70 

—2— 4.08 41 1.80 4.00 36 2.10 

0 12 - 5.60 53 1.70 7.50 96 1.06 

1.10 26 0.90 
2.07 45 0.72 0 - initial concentration of the in-

3.20 71 0.62 hibitor, mole-l"1 

4.44 112 0.52 * - induction period, sec ^ 
к - initiation constant, sec" 
о 
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In spite of a rather great scatter of points, it can 

be seen that water and methanol give downword dependences 

but other inhibitors form an upword curve with a maximum. 

In general, this feature coincides with that revealed for 

the case when there is no sonication2, except ethanol» 

which under sonication resembles rather the inhibitors pro

moting the initiation. Probably, a relative significance 

of the solubility of ethoxide complexes, of their capabili

ty to adhere to the metal surface, and of dispersiee power 

of the sonication is such that the behavior of ethanol 

differs from that of water and methanol. 

Under sonication, even in the case of great admix

tures of inhibitors the initiation constants have such 

values that the Grignard reaction can quite easily be 

accomplished in diethyl ether saturated by water (4.6* 1(3^M) 

or in the presence of considerable admixtures of alcohols, 
3 4 5 

as it was also noticed earlier^' * . 

I 

ОД 

I I 

Sb 
èa • 0 0 

• д 
* * 

• д 

•_ 
® ** 
0 

1 

% 

I I 

c - 1 0 2  M  

Pig. 1. Dependence of apparent initiation constant on 

initial concentration of inhibitors in diethyl ether: 

* - water; (Э - methanol; Ф - ethanol; О - 1-bu-

tanol; A- 1-octanol; Q - stearic acid. 
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Prom Pig. 1 we can estimate a value for the intrinsic ini

tiation constant to be about 1.5 • 10~3sec~1. The latter 

is nearly three times higher than that obtained in absence 

of ultrasonication. The promoting effect of sonication on 

the initiation process has also been proved by a reduction 

of the induction period without inhibitors from 56-72 sec 

in absence of sonication2 to 12-15 sec in the presence of 

the latter. Evidently, ultrasonic irradiation does not on

ly accelerate diffusion but it also causes a partial de

struction of the oxidic cover of magnesium. The latter 

conclusion is supported by an increase in the rate of an 

ordinary Grignard reaction under sonication only by a fac

tor of two^. 

Inhibition in Toluene. 

The Grignard reaction can be carried out in toluene 

in the presence of catalytic amounts of diethyl ether, even 

less than one mole to a mole of organic halide10. n-butyl-
11 

magnesium solvated by ether is easily soluble in toluene 

In absence of sonication2, replacement of diethyl 

ether by toluene (with a remainder equimolar ratio of ether 

to n-butyl bromide) causes difficulties in the initiation. 

The value of intrinsic initiation constant, kQ*, decreases 

by a factor exceeding four, and the dependence of the ap

parent initiation constant on the initial concentration of 

the inhibitor reaches its maximum in the region of small 

additions of the inhibitor. 

As can be seen from Table 3 and Pig. 2, in case of so

nication, the replacement of ether by toluene does not sup

press the initiation but, on the contrary, it slightly ac

celerates the process. Duration of the induction period in 

absence of added inhibitors shortens, the values for appa

rent and intrinsic initiation constants are higher than in 

the case of diethyl ether. In our opinion, this may be as

sociated with a lower vapor tension of toluene in compari

son with diethyl ether, making the cavitation phenomena in 

toluene more substantial12. The latter, in its turn, con

firms the decisive role of destruction of the oxidic film 

of magnesium in the induction period. 
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Table 3 

Induction Period and Initiation Constants in 

Toluene 

сн 3он n--с 4н дон 

с • 10 2  t к • 10 3  
0 

<4 
о
 

о
 t 

Г
Л
 
о
 о
 

M
 

0 10 - 0 9 -

0.98 18 1.42 1.30 16 2.15 
1.80 26 1.31 2.50 21 2.40 
3.10 38 1.28 3.80 25 2.76 
4.50 63 0.98 

a) equimolar ratio of diethyl ether and n-butyl bromide ; 

с - initial concentration of the inhibitor, mole*l-1; 

t - induction period, sec. 

kQ- initiation constant, sec-1. 

1 I I 
2 4 

c - 1 0 2  M  

Pig. 2. Dependence of apparent initiation constant on 

initial concentration of inhibitors in toluene: 

Q) - methanol, Q - 1-butanol. 
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Conclusions 

We found that ultrasonication facilitates the initia

tion of the Grignard reaction. Induction period shortens, 

the initiation constants acquire higher values and the re

action starts In the presence of such admixtures of inhi

bitors which totally suppress the reaction in absence of 

ultrasonication. 

The patterns of the influence of inhibitors on the in

duction period do not generally change under sonication, 

except a particular difference that the replacement of di

ethyl with toluene reinforces sonication effect. The lat

ter fact together with the information obtained in this 

work is in good accordance with our assumption that the in

duction period of the Grignard reaction is mainly condi

tioned by the necessity of cleansing magnesium surface by 

the Grignard reagent formed in the reaction. Ultrasonic ir

radiation facilitates the destruction of the oxidic film 

and counteracts deposition of reaction products on the sur

face of magnesium. 
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Potentiometrie titration was used for determi

nation of the pKa values for dissociation of sever

al aliphatic and aromatic carboxylic acids, phenols 

and substituted ammonium ions in 7.75 mõlal (2.34M) 

aqueous solution of (СдНд)дШЗг (Bu^NBr). 

The present results and those of Steigman and Sussman 

on the pK&g values of acidic dissociation of various organ

ic acids in the above mentioned aqueous solution of Bu^NBr 

were compared with the corresponding pKa values for the aq

ueous solution (without Bu^NBr). 

It was shown that for the various reaction series the 

following linear relationship 

Ks - vKi + н • <1) 

where pKas and pK& refer to the i-th reaction series 
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and b^ and a^ depend on the nature of the latter and 

on the solvent. 

holds between the pK&g and pK& values. 

Earlier It was shown that the electrophilic solvating 

power of aqueous solutions of Bu^NBr decreases very signif

icantly with the increase in the concentration of this salt. 

Namely, it was found1 that the solvent gross polarity para

meter ET for the highly concentrated (ca 3M or »30 molal) 

aqueous solutions of Bu^NBr almost reaches the values which 

are characteristic of the dipolar aprotic solvent, DMSO, or 

of the pure liquid quarternary salt, C^H^COO [(C^H-j^ ̂N)J). 

It is known that, as a rule, but far from being always 

so, the variation of the solvent's solvation characteris

tics2 induces rather significant changes in the pK& values 

of the acid-base equilibria (see Refs. 3-Ю and those given 

therein). Therefore, one can also expect that in some 

cases the transfer of various reaction series (dissociation 

of aliphatic and aromatic carboxylic acids, ammonium ions, 

etc.) of that type from pure water into the more concentra

ted aqueous solutions of Bu^NBr could be accompanied not 

only by the changes in the absolute pK& values for differ

ent acids or bases but also by a significant variation of 

the relative sensitivity of those reaction series towards 

substituent effects. 

The above-said is also in accordance with the results 
11 1 p 

of Steigman and Sussman ' who have determined the pKft 

values for the acidic dissociation of substituted benzoic 

acids, phenols, anilinium ions as well as for several ali

phatic carboxylic acids and ammonium ions in 7.75 molal 

(2.34M) aqueous solution of Bu^NBr. 

According to its characteristics of gross-polarity 

(ET = 49.6 kcal/mol) and electrophilicity (E = 9.3), 7.75 

molal aqueous solution of Bu^NBr is1 somewhat closer to 

water ( Ej = 63.3 kcal/mol, E = 21.7) than to the DMSO (Ej= 

= 45.0 kcal/mol, E = 3.3) or »30 molal aqueous solution of 

Bu^NBr (E^ m 46.4 kcal/mol, E = 7.6). Therefore, one can 

expect that the pKQ values measured for the various reac

tion series in the 7.75 molal aqueous solution of Bu^NBr 
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should range somewhere in between the corresponding pK& 

values for water, on the one hand, and for DMSO or 30 molal 

aqueous solution of Bu^NBr, on the other hand. 

Indeed, the analysis of the data of the above men-
11 12 

tioned authors * shows that, as compared with water, the 

measured pK values for the neutral OH-acids in 7.75 molal 

solution of Bu^NBr Increase significantly (ca by 2 pKR 

units) whereas in the case of reaction series of acidic 

dissociation of aliphatic ammonium ions, in accordance with 
3 7 13 

the results from other sources^'' ' J the absolute pK& val

ues remain almost unchanged. 

A thorough comparative analysiô of solvent effects on 

the relative sensitivity of various acid-base equilibria 

towards structural effects accompanying the transfer from 

water into 7.75 molal aqueous solution of Bu.NBr, was per

formed1^ in 1978 in terms of Eq. (1). An inference was 

made that on the basis of the existing by that time data, 

Eq. (1) holds for all reaction series considered. It was 

suggested that while the slopes b^ for various reaction se

ries are, as a rule, different, the intercepts a^ for sepa

rate straight lines coincide with each other within their 

statistical reliability limits. In the other words, it was 

accepted that in the terms of Eq. (1) the points for vari

ous groups of the reaction series concentrate around diffe

rent straight lines, characterized by different slopes b^ 

but having one and the only crossing point (probably, some

what unexpectedly, vide infra), i.e., the common intercept. 

Indeed, in the simplest case one can assume that the 

pKas and pKak for the i_th process in solvents s 

and к depend only on one and the same internal structural 

factor (e.g., inductive effect or the electronegativity of 

the substituent , effective charge on the reaction center, 

etc.) which is quantitatively characterized by some X^ pa

rameters (e.g., 6*, 6°, etc. substituent constants, eto.). 

In the case of linear relationships between pK^g and 

pK^k values and X^- parameters one can writei 

pKis = aos + Vi (2) 
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and 
pKak = aok + bkXi ' 

(3) 

where a and a ,, are the pK values for the reference 
os OK A 

substituent with X± = 0 and bg and bk are the charac

teristics of the corresponding reaction series. 

Combining of Eqs. (2) and (3) leads to the relationship 

which is identical to Eq. (1): 

Ks • vKL * ai ' (4) 

where b^ = bg/bk (5) 

and 
ai = aos - aok(W (6) 

Evidently, relationships analogous to Eqs. (2)-(6) can 

probably be written also for any other arbitrarily chosen 

j-th, 1-th, etc. processes. Hence, even in the simplest case 

(pK& values are assumed to depend only on one structural 

factor), the necessary condition for the common intercept 

for the straight lines for the comparison of pK& values for 

different reaction series i, j, 1, etc. (e.g., aliphatic and 

aromatic acids, etc.) in two solvents s and к would be a ra

ther unlikely independence (constancy) of quantities a^^ = 

-a - a n,(b /b,,) of the nature of the reaction series, os ok s к' - и -p 
Due to somewhat scarce data ' (only a limited numb

er of measurements of pK& in aqueous Bu^NBr solution for ali

phatic and aromatic ammonium ions and substituted phenols) 

which were available to the author of Ref. 14 in the present 

work an attempt was made towards a further verification of 

Eqs. (1) and (4) on the basis of more extensive and statis

tically more representative data set of the pK& values for 

the 7.75 molal aqueous solution of Bu^NBr. To meet this 

goal in the present work the рК&д values for several neutral 

and cationic acids were measured in 7.75 molal aqueous 

Bu^NBr solution, hereby in a way extending the covered pK& 

range and the choice of substituents. 
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Experimental 

The Potentiometrie technique of Steigman and Suss-
11 12 

man * was adopted in its maj or features for the determi

nation of pKa values for some neutral and cationic acids 

in 7.75 molal aqueous solution of Bu^NBr. The aqueous 1 M 

solution of KOH was used as a titrant. 

The titration equipment originally designed for the 

determination^*1^ of pK& values of various neutral and 

cationic acids in DMSO solution was used. 

Bu^NBr ("pure") was purified as described in Ref.1. 

The measured pK& values of acids in 7.75 molal aqueous 

Bu^Br were standardized relative to the pK&g value for the 

benzoic acid which was used (pK_ = 6.30) by Steigman and 
11 12 

Sussman ' . The reproducibility of the measured pK val-
+ a 

ues was in the range of -0.05 ~ 0.1 units of pK&. 

The pKa values for 7.75 molal aqueous solution of 

Bu^NBr measured in this work are given in Table 1. 

The statistical analysis of the present data in terms 

of Eqs. (1) and (4) and those of Steigman and Sussman11 »12 

for the 7.75 molal aqueous solution of Bu^NBr, on the one 

hand, and the corresponding pK& values for the aqueous so

lution1 4»16^ on -tihe other hand, was performed separately 

for various reaction series using the method of the least 

squares. The results of such an analysis are given in 

Table 2 and visualized in Pig. 1. 

Discussion 

One can see from Table 2 and Pig. 1 that in some ap

proximation the transfer of various reaction series for tie 

acidic dissociation of neutral and cationic Br<$nsted acids 

could be characterized in terms of Eq. (1) or Eq. (4). At 

the same time there is no doubt that in some cases the 

slopes bi as well as intercepts a^ of the resulting 

straight lines could vary rather significantly. So, for 
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Table 1 
pK Values for Some Neutral and Cationic 
a 
Acids in 7.75 Molal Aqueous Solution 

of Bu^NBr at 25° Ca 

Acid PKa 

1. С6Н5СООН 6.3011,12 

2. C6H5CH2COOH 6.60±0.10 

3. CNCHPCOOH 3.95-0.04 

4. F2CHC00H 2.91-0.10 

5. CF-JCOOH 1.85-0.04 
6. HC5CC00H 4.10-0.07 

7. (CH3)3CCOOH 7.26^0.04 
8. 3-CF3C6H4COOH 5.40^0.05 

9. 3,5-(CF3)2C6H3COOH 4.08±0.05 
10. 2,6-(N02)2C6H30H 3.30^0.15 
11. (CH3)3N(CL)CH2COOH 3.14-0.03 
12. 2,4,6-(N02)3C6H20H 1.95-0.10 

13. CH30NH2.HC1 4.77-0.05 
14. CH30NHCH3'HC1 6.70Î0.10 

15. (CH3)2N0H'HC1 5.85-0.05 
16. (CH3)2NCH2CN'HC104 4.17-0.06 

17. CF3CH2NH2-HC1 5.45-0.10 
18. (CH3)2NCH2C00C2H5'HC104 6.83*0.10 

a - The error limits for the pK& values are indicated. 

The concentrations of the acids titrated were in 

the range of 5x10-5 44- 3x10~2 mole/liter. 
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Pig. 1. Comparison of acidities of some neutral and 

cationic acids in 7.75 molal aqueous solution of 

Bu^NBr (pKag) and water (pKft): 1) 3-substituted benzo

ic acids (<^)» 2)4-substituted benzoic acids ( • ), 

3) aliphatic carboxylic acids (О ) ( series 1b from 

Table 2), 4) 2-substituted benzoic acids (И ), 

5) 2-,3-, or 4-substituted phenols ( ф ), 6) second

ary ammonium ions (• ), 7) primary ammonium ions ( Д ) 

8) tertiary ammonium ions (()). 
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two reaction series (primary ammonium ions and. 2-substitu-

ted benzoic acids) the sensitivities of the latter towards 

the substituent effects in the 7.75 molal aqueous solution 

of Bu^NBr and in pure water are practically identical with

in their reliability intervals. An analogous transfer of 

aliphatic carboxylic acids, substituted phenols and 3- or 

4-substituted benzoic acids from water into salt solutions 

results in an unquestionable increase in these reaction se

ries towards structural factors due to a decrease1 in the 

electrophilicity of the solvent. At the same time, unlike 

the reaction series of 2-, 3-, and 4-substituted benzoic 

acids, the available rather scarce data for the 2-, 3-, and 

4-substituted phenols evidence in favor of the approximate

ly similar sensitivity towards substituent effects in case 

of the latter reaction series in water and in the 7.75 aq

ueous solution of Bu^NBr. 

In the case of two reaction series, i.e., acidic dis

sociation of secondary and tertiary aliphatic ammonium ions 

the b. value in 7.75 molal salt solution is somewhat lower 

than the corresponding value for aqueous solution. This si

tuation is similar to the findings described in Ref. 7 re

garding the transfer of the reactions of the acidic disso

ciation of aliphatic ammonium ions from dipolar aprotic sol

vent DMSO into water. 

It also follows from Table 2 and literature 5,5,7,8 

that the sensitivities of the reaction series of the acidic 

dissociation of OH-acids towards substituent effects in the 

7.75 molal aqueous solution of Bu^NBr are closer to the 

corresponding values for pure water than to the values that 

refer to the DMSO solution. As already suggested in the pre

sent paper (vide supra), this statement seems to result 

from the fact that the electrophilicity (this solvent pro-
3 S 17 

perty is primarily^'' responsible for the stabilization 

of the anionic form of OH-acids) of the 7.75 molal aqueous 

Bu^NBr solution is closer to the electrophilicity of water 

than that of DMSO.* 

Ä The mechanism of the influence of solvent-solute inter

actions on the relative reactivity towards solvent effects 
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It follows from the above-said (see Eq. (6)) that in 

an hypothetical simple case (the influence of only one 

structural factor on the given i-th reaction series in two 

solvents, s and k) intercept a^ from Eqs. (1) and (4) is 

determined by the difference of the absolute pK& values for 

reference compounds in solvents a and k, which is correct

ed for the ratio bg/bk of the sensitivities of the i-th re

action series towards the involved structural factor in 

those two solvents. 

It is evident that in this case only on condition that 

bg/bk = 1, intercept a^ from Eqs. (1) and (4) is equal to 

the difference between aQg and aQk (see Eqs. (2) and (3)). 

According to the results of the statistical analysis of the 

experimental data in terms of Eq. (1) (see Table 2) this 

condition seems to be fulfilled for the reaction series of 

dissociation of the primary aliphatic ammonium ions whose 

a^ value is practically indistinguishable from zero (see 

Table 2, series 4a), whereas slope b^ is close to unity. 

These circumstances seem to evidence the overall compensa

tion for the influence of various non-specific and specific 
2 

solvent-solute interactions which govern the transfer of 

the neutral primary amine into its protonated form while 

going from water into the 7.75 molal aqueous solution of 

Bu.NBr. 
4 

Equations (2)-(6) were written for the given i-th re

action series, whereas the only operating mechanism for the 

substituent effect was assumed. It is not surprising that 

in case of statistical data processing in terms of Eq. (1) 

for comparison of various reaction series of different che

mical nature (aliphatic and aromatic series, charged or 

neutral acids, etc.) in two solvents, к and s, one would ex

pect a wide spectrum of the values of slope bi = bg/bk and 

within the reaction series of the acidic dissociation of 

neutral and cationic acids was discussed in Refs. 5-7. 
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intercept a^which characterizes various reaction series and 

combinations of solvents. To our mind, the latter conclu

sion also emerges from the data in Table 2 and from a fan

like location of several separate straight lines in Fig. 1. 

Meanwhile, one can notice that the values of the intercepts 

a1 for different reaction series vary rather signific

antly, from -2.7 (ortho-rphenols) to +3.7 (secondary ammoni

um ions), which definitely is beyond any error limit as

signed to the a^ values. Close values of a^ for some reac

tion series (see Table 2) are most probably exceptions not 

confirming the common trend. 

In a future work a further study of some of the con

sidered reaction series (e.g., 2-,3- and 4-substituted phe

nols) seems desirable. Alongside with the accumulation of ad

ditional data for these reaction series the inclusion of 

some other reaction series (e.g., dissociation of pyridini-

um ions, anilinium ions, etc.) into the analysis in terms 

of Eq. (1) also seems reasonable. A research into the acid-

base equilibria in considerably more concentrated aqueous 

solutions of Bu^NBr is also helpful for the modeling of the 

influence of the solvent-solute interactions on the acidity 

of neutral and cationic acids considered in the present 
11 12 

work and in literature ' . Work in these directions is in 

progress now. 
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Acid-base properties of biologically active 

derivatives of phenylanthranilic acid have been 

studied in binary solvent dioxan-water (60 volume 

% of dioxan) at 25° C. Influence of nature and po

sition of substituents in a molecule on pK& value 

was also analyzed. Correlation equations correspon

ding to the pK& relationships to the Hammett fr-cons-

tants and to the 6^ and 6^ constants were calcula

ted. It is shown that mostly the induction effect 

of a sifbstituent affects the pK& value. Transmis

sion factor 7Г' for fragment \0) _WH~was found 

(Г» = 0.49). 

Acid-base properties of 84 compounds were investigated 

at standard conditions in order to study the relationship 

between the chemical structure and biological effect of phe

nylanthranilic acid derivatives having various pharmacolo
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gically significant properties. 

Ionization constants of the acids were determined by 

Potentiometrie titration in the binary dioxan-water solu

tion (60 vol/% of dioxan) at 25° C. The experimental tech

nique is described in the corresponding section. 

It follows from Table 1 that the properties and posi

tion of substituents affects the value of ionization cons

tants of the derivatives of phenylanthranilic acids in the 

anthranilic as well as in non-anthranilic fragments of the 

molecule. In both cases, the acceptor substituents lead to 

stronger acids, while the donor ones have the opposite ef

fect. However, the sensitivity of the molecule to the int

roduction of the same substituent into the anthranilic and 

non-anthranilic fragments of the molecule is different: the 

introduction of the 4-Ж>2 substituent into the non-anthra

nilic fragment reduces the pKQ value by only 0.58 units but 

in the anthranilic fragment, this substituent causes the 

pKa drop by 1.35 pKa units. This phenomenon may perhaps 

be explained by a rather long distance between the non-an

thranilic fragment and the reaction center, as well as by 
2 

the isolating effect of the -NH bridge group . 

In the non-anthranilic fragment of the molecule, the 

substituent effect was quantitatively calculated by the 

Hammett equation (Table 2). The data in this table show 

that the values of constant Ç are quite close for all se

ries studied (except nonsubstituted phenylanthranilic acidal 

The absolute value of constant £ is small, i.e., the 

transfer of electronic effects of substituents to the reac

tion center via the NH bridge group is hindered 

(pR-C H _G00H = 1.47 in a 60 % aqueous dio~xan^). 
" * 6 4  -

The use of induction constants of substituents (t)j) 

in correlation constants pK&- /(0^) (Table 3) leads to a 

drastic deterioration of statistical characteristics. Con

sequently, in the case of the compounds studied, apart from 

the induction effect, the resonance effect of a substituent 

causes some additional influence onto the acid-base equili

bria. 

88 



CM 
0 
й 
1 

см 
о 
Й 
I 
СИ 

см 
0 
Й 
1 
m 

I—I 
о 
I 

*d" 

о о 

о о 
+1 +1 
ЧО *d" 
О 

"d- 'd-

И! 
ГН т- "d-| 
О in О 

О LH о 
+ 1 +1 
СМ "d-

ГН "d-

m 1П 

t- -=н со ml oo сл| 
}- О -d- о] "d- О 
* *1 • *1 • *1 1- о| о| о| 
+1 
CT» 
о 

IЖ А СМ 1ЛМ-
-4- Ol 1Г\ 

1П О ЧО 
+ 1 +1 

«d-
О 

О 
+ 1 
СО 
О 

Ж ж 
СМ О <d- tn 
о 1П о ЧО 

о ЧО о ЧО 
+1 +1 
00 ЧО 
гн *d-

ЧО 40 

Ж ж •st- ЧО 1П о 
о СГ\ о о 

о чо о с— 
+1 +1 
m О 
чо с— 

ЧО ЧО 

+ 
LT. 

о 
+1 

Я 

си ГН 
Я M 
О О 
I I 
СМ ГН 

гн 

"d" *d" 

Ж Ж 
ГН чо CTv 

О ЧО О ЧО 

о m О in 
+ 1 +1 

LH m 

in ю 

Ж ж 
ГН m •d" in 
О in О ЧО 

О in О in 
+ 1 +1 
сн см 
«d- m 

in in 

ГН *d- in 
о О О 

о О О 
+1 + 1 + 1 
о О *d~ 

"d-

in in in 

ЧО ГН 
о О 

о О 
+1 + 1 

СМ 
см см 

m in 

•d" "d-l CT» 
О о t-

о о in 
+1 +1 
ЧО о 
*3- m 

ш in 

ЧО in 
О о 

о о 
+1 +1 
СО о 
см ГН 

m m 

•d- m CHI 
ж 
о 

О ЧО о 
я 

чО 

О ЧО о о ЧО 
+1 +1 +1 
oo о 
*d" m ЧО 

ЧО чо ЧО 

;*о 
о о 

3 О С-
+1 
СМ 

ЧО 

«d- СМ 
О 

О t-
+ 1 
СМ 
oo 

ЧО 

ГН ГН 
к W (Н 

гн о о Я 
Я I I о 
0 ^ ̂ о 
1 - » I 

"j" СМ ГН cv 

89 



00 

°. h 
О "d-
+i 
m 

t- ЧО 1П 
о о о 

о о О 
+1 + 1 + 1 
о О 
<J\ с- СП 

<л ГН Г\ 

+i 
О 
<Ti 

+i 
о 
г-

см % ЧО "со ml 
ж 
О 

о о in О СЛ • • 
о 1Л о in о m 
-И +1 4-1 
СИ о "d-
см m О 

m irv m 

Hl ж Ж 
<d- ЧО in VO со 1Л| m 
О in О о °1 см 
S1 • •! • 
о VC О о in о m 
+1 + 1 +1 +1 
1П CM <л 
«d- if' 

irv in in m 

ж 1* 
vol а\ CMI in c- ги чо •*г 
О in о ЧО o О о о 

Q 1П oi m о О о о 
+1 +1 +1 + 1 -и +1 

со «d- О m о 
см О о 

m in m m m m 

CHI 40 ЧО 4 О о 

о О о 
+1 + 1 +1 
о m 
о <n <П 

in <d- «d-

Ml ж Ж Ж 
чо| м ЧО| ЧО чО| СП m 
о ЧО о ги о см о см О 

о ЧО Ol VO о ЧО о 40 О 
+1 +1 +1 +1 +1 
СП in «d- о ел 
in CM m о 

ЧО vO чо чо ЧО 

ги 
У 
о 
о 

<л 

* •d- ЧО 
О О 

о 
+ 1 
oo 
с— 
чо 

СГ\ 
Я 

8 

4-

* 
С— CV 
о со 

О чо 
+1 

о 
+1 
со 

m 
Tf-
00 

. *  ж 
•d- ЧО •d-l 
О см 

° 
см 

•1 • • 
О "d- о «d-
+ 1 +1 
(Л о 
СП 00 

с\ (Л 

О 
+1 

m 

чо 

d-

ЧО 

<л 
Я 
О 

S H 
-d- О 

гН 
о 

1—1 
о 

? 
m 

3 
PQ 

d 
m H 

с\ СМ СИ d- см •d-

90 



со 

* 
гм ЧО 
Ol OJ 
• 
о •d-
+1 
CVJ 
СО 

г\ 

M 
f«N tn чо ил 
o n  о  О  

,о| <о о о +? 
СО 
о 

+1 +1 
40 о 
СО СО 

<М (XI 
0 о 
Й Ä 
1 I 
<л 

5 
а 
2 
о 
о. 
е 
о 
о 

3 

91 



Table 2 

Parameters of Correlation Dependences pKa=pKa°+pCf 

of Derivatives of N-phenylanthranilic Acid 

No 
Series pV 9 n S г 

1 6.63-0.02 -0.62*0.04 7 0.0019 0.992 

2 6.38*0.03 -0.73-0.05 14 0.0044 0.987 

3 5.09-0.01 -0.73-0.05 9 0.0012 0.997 

4 5.30*0.01 -0.74-0.06 13 0.0022 0.993 

5 5.30*0.02 -0.73-0.08 9 0.0020 0.991 

6 5.33-0.03 -0.77-0.09 8 0.0038 0.982 

7 4.04-0.03 -0.75i0.09 14 0.0042 0.970 

Ç = 7.24 

Table 3 

Parameters of Correlation Dependences PKa=PKa0+PjPi 

of Derivatives of Phenylanthranilic Acid 

No 
Series pV 0 n s r 

1 6.73*0.16 -0.35*0.27 7 0.1140 0.571 

2 6.53*0.14 -0.85*0.31 14 0.1594 0.812 

3 5.25*0.12 -0.47*0.35 9 0.3958 0.648 

4 5.44*0.10 -0.69*0.32 13 0.1116 0.813 

5 5.42*0.14 -0.41*0.39 9 0.1235 0.609 

6 5.48*0.17 -0.66*0.43 8 0.1464 0.692 

7 4.15*0.14 -0.63*0.32 14 0.1373 0.702 
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In order to estimate separately the effects of induc

tion and of substituents1 conjugation in the non-anthraniljc 

fragment of the molecule, we have calculated the parameters 

of Eq. (1) given in Table 4: 

PKa - PKa°+ ?IffI + Pc6c (1) 

One should pay attention to the similarity of the Pj 

and ÇG values, and to that of reaction constant p (Table 2\ 

i.e., However, a comparison of the values of cor

relation coefficients r v * and r v t( evidences a 
PKa *°I pKa * G 

toore substantial contribution of the induction effect in 

comparison with that of the conjugation (except series 1). 

Transmission factor 7f for fragment (О/ was 
^NH-

calculated by using the mean value of reaction constant Ç 

and ^r-g6h4cooh3 

9 
7Г' = = 0.49 (2). 

PR-C6H4CHOH 

This value is in agreement with the transmission fac

tor 7Г' = 0.44 of the fragment -NH-^3^ , which was cal

culated on the basis of the reaction of nucleophilie sub

stitution of arylamines by picrylchlorides in benzene^. 

Experimental 

Reagents. The dioxan used ("oscillating") was not purified 

additionally. 

For preparation of mixed solutions, a freshly boiled 

bidistillate liberated from G0^ was used. 

The derivatives of phenylanthranilic acid were synthe-
_ , 5-7 

sized by a modified Ullman reaction . The obtained comp

ounds were recrystallized from ethanol three times and dried 

at 105° С up to the constant weight. The purity of the com

pounds was checked by thin-layer chromatography. The physi-
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cochemical parameters of the substances obtained were in 
5-7 

agreement with the data given in literature^ . 

The methods of measurements were similar to those de
ft 

scribed in . 0.05 M of aqueous solution of KOH purified 

from C02 served as a titrating agent. The concentration of 

the solutions titrated was 0.005 mol/1. Potentiometrie tit

ration was conducted on an ionometer EV-74, using a glass 

electrode ESP-43-074 and silver chloride electrodes EVL-1 M 

at 25° G. As a standard, the pK& of acetic acid in the bi

nary solvent of dioxan (60 vol/%)-water was determined (pK& 

exp. = 7.50;5.52,7.49 9). 

Three independent pK& measurements were conducted for 

each compound. The accuracy of the results obtained was es

timated by using the methods of mathematical statistics (at 

0.95.reliability level)Calculations were performed on 

an "Elektronika-85" computer, using programs whose algo-
11 

rithms can be found in 
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