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Kinetics of Displacement Reactions with Pyridines as both Leaving Group 
and Nucleophile 
By Alan R. Katritzky,' Avi j i t  Banerji, Bahlul S. El-Osta, Ian R. Parker, and Christopher A. Ramsden, 

School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ 

Kinetic rates are determined for the transfer of N-benzyl, methyl, and ethyl groups from a pyridinium cation to a 
substituted pyridine. Rates (and equilibrium constants) vary significantly with alkyl group, nucleophilicity of the 
substituted pyridine, and with solvent. Transfer rates for methyl and ethyl depend on the anion showing that the 
corresponding alkyl iodides and bromides are intermediates. Exploratory experiments designed to catalyse electro- 
philic substitution in substituted heteroaromatics are described. 

NUCLEOPHILIC displacements of a group attached to 
quaternary nitrogen [see (1)] are of current interest in 
two contexts: (i) they can be synthetically important 
when more conventional alkylating or arylating agents 
of type R-X are unstable;3 (ii) in attempts to catalyse 
electrophilic substitution of heterocycles involving 
reversible attack at  pyridine-like nitrogen atoms (see 
below). We have therefore investigated reactions of 
type (2) + (3) - (4) + (5). Such reactions in which a 
substituted pyridine displaced another pyridine molecule 
have apparently not previously been investigated, either 
preparatively or kinetically. However the transfer of 

( 4 )  ( 5 )  

1-substituents from a pyridinium cation to a variety of 
nucleophiles has been extensively studied (for a review 
see ref. 4). Among these the following examples involve 
an amine as nucleophile : styryl to ~iper idine,~ diethyl- 
aminoethyl to aminoquinoline,6 each of 2,4-dinitro- 
phenyl,' 2,4-dinitro-6-carboxyphenyl* and pteridinyl- 
methyl to aniline,g and benzyl groups to mono-, di-, and 
tri-n-butylamine.1° Other workers have investigated 
the transfer of N-benzyl groups from N-benzyl-N- 

methylpiperidinium halides to form N-benzylpyridinium 
salts and N-methy1piperidine.ll 

Transfer of 1-Substituents of Pyridinium Cations to 
Pyridines under Preparative Conditions (Table 1) .-The 
tabulated examples show that an N-methyl group is 
transferred from the pyridine nitrogen at T > 140 "C, in 
good yield if a large excess of pyridine used as nucleophile 
is present (Table 1 ; Nos. 1 and 2). N-Benzyl groups are 
transferred somewhat more readily (Table 1 ; Nos. 3 and 
4), and the 2,4-dinitrophenyl group quite rapidly at  115 "C 
although in the latter case (Table 1;  No. 5) considerable 
decomposition occurred which resulted in reduced yield. 

Kinetic Investigation of Transfer of 1-Substituents 
from Pyridinium Cations to Pyridines (Table 2) .-To gain 
further insight into the qualitative aspects of these 
reactions, kinetic determinations were undertaken. 
Trials with 1- (2,4-dinitrophenyl) or 1- (5-nitro-2-pyqidyl) 
as the N-substituent indicated that the significant decom- 
position under the kinetic conditions could complicate 
the interpretation, but that the utilisation of N-methyl, 
N-ethyl, and N-benzyl groups should provide clean 
kinetics. 

1-Benzylpyridinium salts were treated with 3- or. 4- 
picoline under second-order conditions. Equilibrium 
constants were determined by the n.m.r. method by 
integrating specific peaks characteristic of the products 
and reactants (Table 3), and these same peaks were used 
to follow the kinetic rates. For the reaction of l-benzyl- 
pyridinium bromide with 4-picoline, kinetics were ob- 
tained at  five temperatures over the range 110-150 "C 
(Table 2;  Nos. l a - e )  and the activation enthalpies for 
the forward and the reverse reaction are respectively 
AH:,,, ( f )  = 27 &- 6 kcal mol-l and AH$,,, (r) = 25 &'6 
kcal mol-l while the corresponding value for the equili 

TABLE 1 

Pyridine displacements of 1-substituted pyridinium cations 
Pyridinium quaternary salt Pyridine Product 

f 
A f A 

w - 7  > 
WT. VOl. T Time Lit. 

Substs. Anion (g) Subst. (ml) ("C) (h) yo M.p. ("C) m.p. ["C) Ref. 
1 1-Methyl I- 0.51 4-Methyl 15 144 5 94 157-158 157-158 15 

3 1-Benzyl Br- 2.1 4-Methyl 5 a 150 3 71" 159-161 f 

5 1-(2,4-Dinitropheny1)-3-methyl C1- 0.5 (none) 15 115 4 65 206-209 1 9 G 1 9 1  23 

2 1,4-Dimethyl I- 0.5 (none) 5 155" 24 60b  c 

4 1-Benzyl-4-methyl Br- 1.5 (none) 5 115 24 g 

Reaction in sealed tube. li By n.m.r. analysis. Product not isolated. Reaction carried out in HCONMe, (20 ml). Isolated 
g lH N.m.r. yields. 

analysis showed 90% conversion into the product. 
N.m.r. analysis of reaction mixtures showed 90% conversion into products. f Product has not been reported. 
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TABLE 2 

Exchange reactions of pyridinium salts 

No, 
la 
b 

d 
e 
f 

C 

2 
3 
4 
5 
6 
7 

Cation 
l-Benzyl 

1 -Benzyl 
l-Benzyl 
l-Methyl 
l-Methyl 
1-Ethyl 
l-Ethyl 

Reactants 
7-A \ 

Pyridinium Pyridine 
salt (A) nucleophile 

---Anior; (B) 
Br- 4-Methyl 

C1- 4-Methyl 
Br- 3-Methyl 
TsO- 4-Methyl 
I- 4-Methyl 
I- 4-Methyl 
Br- 4-Methyl 

Molar 
ratio 
(A : B) 
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : 10 
1 : 10 
1 : 10 
1 : 10 

Solvent 
PhCN 
PhCN 
PhCN 
PhCN 
PhCN 
HCONMe, 
HCONMe, 
PhCN 
HCONMe, 
HCONMe, 
HCONMe, 
HCONMe, 

Temp. 

110 
120 
130 
140 
150 
130 
130 
120 
140 
140 
160 
160 

("C) 
K 

equilib. 
2.07 
2.13 
2.28 
2.33 
2.56 
5.14 
4.28 
1.33 

krtz, kf(1, 
( x 105) ( x 105)  - .- 
1 mol-1 s-1 s-1 

1.67 
3.51 

13.35 
26.99 
42.10 
22.60 
22.90 

2.83 
0.42 
3.10 
2.20 
3.76 

Corr. 
coeff. 

for kt 
0.999 0 
0.998 
0.999 8 
0.999 7 
0.999 
0.999 6 
0.996 8 
0.997 5 
0.999 6 
0.997 
0.999 
0.998 5 

ki 
( x  106) 
1 mol-1 s-l 

0.81 
1.66 
5.91 

11.59 
15.33 
4.41 
5.35 
2.13 

TABLE 3 
N.m.r. analysis for equilibrium constants and kinetics a 

Reactants Products 
A 

t > r A 
\ 

Solvent Peak used Mult. J 6 Peak used Mult. J 6 
PhCN 4-Me 1 1.50 4-Me 1 1.90 
HCONMe, 2,6-H 2 G 9.65 2,6-H 2 6 9.45 
PhCN 3-Me 1 2.23 3-Me 1 2.48 
HCONMe, 1 -Me 1 4.20 l-Me 1 4.10 
HCONMe, 2,6-H 2 6 8.80 2,6-H 2 6 8.60 

a 2,6-H refers in all cases t o  the quaternised ring. See Table 2. 

brium is AH,,, (eq) = 1.6 0.5 kcal mol-l.* As would 
be expected, the enthalpy difference for the equilibrium 
is small but favours the right-hand side of the equilibrium 
presumably owing to the stabilising effect of the 4-methyl 
substituent in the pyridinium ring. 

In  dimethylformainide as solvent, the rate constants 
for the forward reaction ( k f )  and the equilibrium con- 
stants ( K )  for the reaction of l-benzylpyridinium 
bromides and chloride were identical within experimental 
error (Table 2 ;  Nos. If and 2) showing that the anion has 
negligible influence. However comparison of Table 2 ; 
Nos. l c  and If discloses appreciable solvent effects on 
both rate and equilibrium constants : the more highly 
polar dimethylformamide increased both kf  and K for the 
reaction, while leaving the rate constant for the reverse 
reaction (k , )  almost unchanged. It is curious that K 
should be so much altered. A single experiment with 
nitrobenzene as solvent indicated that i t  behaved very 
similarly to benzonitrile, whereas the rate was very slow 
in protic solvents such as water or phen01.~ Similar 
solvent effects have been reported for the reaction bet- 
ween l-benzylpyridinium halides and aliphatic amines.ll 
The 4-methyl group considerably stabilises the pyridin- 
ium cation, but a 3-methyl group has much less effect as 
shown by the comparison of Nos. l b  with 3 (Table 2): 
both kf and K are much less, while k, is somewhat 
increased. 

The less reactive l-methyl- and l-ethyl-pyridinium 
cations were treated with 4-picoline under pseudo first- 
order conditions (Table 2; Nos. 4-7). The kinetics 
were again followed by the n.m.r. method (Table 3). 
Good first-order rate plots were ~ b t a i n e d . ~  Preliminary 

* Significant entropy values cannot be obtained owing t o  
uncertainty in the intercept of the regression line log k = f ( 1 / T ) .  

work had indicated that the anion was playing a role in 
these reactions and the kinetic rate constants confirm 
this. l-hlethylpyridinium iodide reacts some 7 times as 
fast as the tosylate. For the 1-ethyl analogue, the 
bromide reacted significantly more rapidly than the iodide 
and no reaction was detected for the tosylate or tetra- 
fluoroborate unless the temperature was r a i ~ e d . ~  We 
postulate that  the halide anions react by intermediate 
formation of alkyl halides: the more rapid reaction of 
bromide is unexpected but may be due to a reduction in 
the nucleophilicity of the iodide (cf. ref. 12) as a result of 
charge-transfer complex formation. 

Atteq5ted Catalysis of Electrophilic Substitution of 
Pyridine.-Our results on the transfer of l-substituents 
of pyridinium cations to pyridines led us to consider the 
possibility of utilising this type of displacement to design 
a catalyst which would facilitate the electrophilic 
substitution of pyridines. In particular we envisaged a 
system in which (i) pyridine initially formed a pyridin- 
ium salt with a catalyst molecule; (ii) a strategically 
placed functional group in the catalyst activates the 
pyridine ring by addition at  the 2-position; (iii) electro- 
philic substitution of the resulting dienamine occurs; 
(iv) the substituted pyridine is displaced by a new pyri- 
dine molecule and the process is repeated. This type of 
sequence is summarised in the Scheme. 

We have investigated four simple molecules which 
might function as catalysts in the manner depicted in 
the Scheme. These are 8-chloro-5,7-dinitroquinoline 
(6) ,13 quinoline-8-sulphonyl chloride (7) and 10-chloro- 
1,7-phenanthroline (8) ,14 and its 4-piperidino-derivative 
(9). In  each case the anticipated mode of action is easy 
to envisage, i.e. displacement of the chlorine by pyridine 
followed by activation by the quinoline or phenan- 
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throline nitrogen atom. Attempts to isolate pyridinium 
salts from the molecules (6)-(9) were not successful, 
although the sulphonyl chloride undoubtedly formed a 
salt in solution. Neither were any attempts to catalyse 
pyridine substitution using these molecules (6)-(9) - 

Y Y 

U 

EQ Y - 

U 

lE+ 

SCHEME 

successful. Typically compound (9) and pyridine under 
several conditions with bromine, acetic anhydride, or 
acetyl chloride gave no trace of 3-substituted pyridines 
(see Experimental section). We conclude that the 
geometry and reactivity of the molecules (6)-(9) are not 
suitable for activating the pyridine molecule. 

NO2 ( 8 )  R = H  
( 6 )  ( 7 )  ( 9 1 R = Piperidino 

EXPERIMENTAL 

1.r. spectra were recorded with Perkin-Elmer 237 and 257 
spectrophotometers, and n.m.r. spectra with Varian HA-100 
and Perkin-Elmer R 12 instruments. A Hitachi-Perkin- 
Elmer RMU6E mass spectrometer was used to record mass 
spectra. G.1.c. analyses were performed using a Perkin- 
Elmer Fl1 gas chromatograph equipped with flame- 
ionisation detectors. A stationary phase of Apiezon-L on 
Chromosorb P (15 : 85) was used: oven temperatures were in 
the range 200-220 "C. 

Preparation of Pyridinium Salts.-The quaternary salts 
for the present investigation were prepared by the following 
general method. A mixture of the pyridine (0.11 mol) and 
the alkylating or arylating agent (0.1 mol) was refluxed for 
2-6 h in MeCN (50 ml). After removal of the MeCN, the 
residue was crystallised several times from a suitable solvent. 

The compounds prepared by this method were l-methyl- 
pyridinium iodide, m.p. 123-125 "C [lit.,15 123-125 "C], 
1-methylpyridinium tosylate, m.p. 137-138 "C [lit.,l6 
138-1 39 "C] , 1,4-dimethylpyridiniurn iodide, m .p. 157-1 58 
"C [lit.,15 157-158 "C], 1-benzylpyridinium bromide, m.p. 
97-99 "C [lit.,17 98-100 "C], 1-benzylpyridinium chloride, 
m.p. 102-104 "C [lit.,18 105-106 "C], 1-benzyl-4-methyl- 

pyridinium bromide, m.p. 159-161 "C [Found: C, 59.0; 
H, 5.4; N, 5.3. C,,H,,BrN requires C, 59.1; HI 5.3; N, 
5.3%], 1-benzyl-4-methylpyridinium chloride, m.p. 78 "C 
[lit.,lQ 78 "C], 1-ethylpyridinium bromide, m.p. 119-121 "C 
[lit.,20 m.p. 11 1-1 12 "C], 1-ethylpyridinium iodide, m.p. 
89-90 "C [lit. ,21 90 "C], 1-ethylpyridinium toluene-p- 
sulphonate, m.p. 75 "C, 1-ethylpyridinium fluoroborate, 
m.p. 59 "C [lit.,22 58.5--59.5 "C], 1-(2,4-dinitrophenyl)- 
pyridinium chloride, m.p. 206-209 "C [lit.,23 190-210 "C], 
1-(2,4-dinitr~phenyl)-3-rnethylpyridinium chloride, m.p. 
212-213 "C [lit.,23 208-209 "C], and 1-(5-nitr0-2-pyridyl)- 
pyridinium chloride (as picrate), m.p. 181 "C [lit.,24 181.5 "C]. 

Pyridine Displacements of 1-Substituted Pyridinium 
Cations.-The pyridinium halide and the pyridine nucleo- 
phile were heated either a t  reflux temperature or in a sealed 
tube (see Table 1). Evaporation gave either pure products 
or mixtures whose composition was examined by n.m.r. 
spectroscopy. In most cases pure products were obtained 
from the mixtures by recrystallisation. See Table 1 for 
details. 1 O-Chloro- 1,7-phenanthroline was prepared accord- 
ing to ref. 14. 

10-Hydroxy-4-piperidino- 1,7-phenanthroline.- 4-Chloro- 
10-hydroxy- 1,7-phenanthroline, m.p. 200-201 "C [lit.,25 
196-196.5 "C], prepared according to the method of Surrey 
and Cutler,25 (200 mg, 8.7 x low4 mol) was refluxed in 
anhydrous piperidine (2 ml) for 1 h. After removal of the 
piperidine, the residue was treated with 6-7 ml NH, 
solution ( 6 ~ ) ,  and the mixture extracted with CHC1, 
(4 x 4 ml). The residue, obtained on evaporation of the 
CHCl,, was crystallised from benzene-light petroleum 
(b.p. 60-80 "C) to give yellow microcrystals, m.p. 118-119 
"C (225 mg, 93%) of lO-hydroxy-4-Piperidino-1,7-Phenan- 
throline (Found: C, 72.6; H, 6.2; N, 14.7. CI7H1,N3O 
requires C, 73.1; H, 6.1; N, 15.0%). 

Hydroxy-4-piperidino-1,7-phenanthroline (3.38 g, 1.21 x 
mol) was refluxed for 1.5 h in freshly distilled phos- 

phoryl chloride (15 ml) to which 5-6 drops of water had 
been added. The reaction mixture was poured into ice (100 
g), the mixture basified with NH, solution and extracted 
with CHC1, (5 x 50 ml) . The CHCl, extract was chromato- 
graphed over silica gel. l0-Chloro-4-piperidino-1,~- 
phenanthroline migrated out in the benzene-EtOAc (4 : 1 and 
1 : 1) eluates. Crystallisation from benzene-cyclohexane 
(1 : 1) gave needles, m.p. 101-102 "C (2.0 Q, 63%) (Found: 
N, 13.7; C1, 11.5%; Mf 297. C,,H,,ClN, requires N, 14.1; 
C1, 11.9%; M +  297); v,,,. (Nujol) 1613, 1575, 1563, and 
1552 cm-1; G(CDC1,) 8.85 (1 H, d, J 6 Hz, H-8), 8.78 (1 H, 
d,  J 5 Hz, H-2), 8.23 (1 H,  d,  J 10 Hz, H-5 or H-6), 7.97 
(1 H, d, J 10 Hz, H-6 or H-5), 7.64 (1 H, d, J 5 Hz, H-3), 
7.05 (1 H, d, J 6 Hz, H-9), 3.10-3.35 [4 H, m, -N-(CH2)J, 
and 1.60-2.10 (6 HI m). 

Kinetic Studies.-The solvents used for kinetic studies 
were purified by fractional distillation. Pyridine and 4- 
methylpyridine were distilled over KOH, and stored over 
BaO. 

The required amounts of the reactants dissolved in the 
appropriate solvent were placed in glass tubes (internal 
diameter 5 mm, wall thickness 1 mm) which were then 
sealed and placed in a thermostatically controlled heating 
block. The tubes were removed after appropriate intervals 
of time, cooled quickly, and the contents analysed by n.m.r. 
spectroscopy. A Perkin-Elmer R12 60 MHz instrument 
was used for the n.m.r. measurements. 

The concentrations of the reactants were 0.5-1 mol 1-l. 

10-Chloro-4-piperidino- 1 , 7-phenanthroline (9).-10- 
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For the reactions of the l-benzylpyridinium salts, the 
reactants were taken in 1 : 1 ratio and the rate constant 
determined by equation (1). The rate constant in the for- 
ward direction k f  was determined from plots of the logarith- 
mic function on the r.h.s. of equation (1) 26 vs. t :  good 
straight line plots were ~ b t a i n e d , ~  confirming the second- 
order nature of the reaction. In equation (1) the initial 
contribution of each of the reactants (2) and (3) = a ;  the 
equilibrium concentration of each of the products (4) and 
(5) = x, and the concentration of each of the products after 
time t = y.  

(1) 
X y ( a  - 2%) + ax 

4% - Y) k f t  = In 
2a(a - x )  

The determinations for the l-methyl- and l-ethyl- 
pyridinium salts were made under pseudo first-order con- 
ditions, a 10 times excess of the displacing nucleophile 
being taken. The pseudo first-order rate constants ( A )  were 
determined by using equation (2) where a, is the initial 
concentration of the pyridinium salt. 

The equilibrium constants K were calculated from the 
ratio of concentrations of products and reactants a t  equili- 
brium (after 24 h). 

Second-order rate constants for the reverse reaction were 
calculated from the relation k ,  = k f / K .  

Experiments Carried Out to test Catalytic Activity of (9 )  .- 
Mixtures of pyridine, the appropriate reagent, and com- 
pound (9) were subjected to the reaction conditions shown in 
Table 4. The general work-up procedure was as follows: 
the reaction mixture was diluted with water (10 ml) and 

TABLE 4 
Attempts to use compound (9) as a catalyst for 

electrophilic substitution of pyridine 
Amounts of reactants (g) 
7 -7 

Compound 
No. Pyridine Reagent (9) 

1 2.0 Br,; 0.8 0.3 
2 2.0 Br,; 0.8 0.3 
3 2.0 Br,; 0.8 0.3 
4 1.0 Br,; 0.3 0.05 
5 1.0 Br,; 0.3 0.05 
6 1.0 Ac,O; 0.3  0.05 
7 2.0 AcCl; 0.4 0.05 

Reaction 
Temp. time 

25 1 
25 18 
25 168 

115 1 
115 6 
115 4 
115 4 

( "C) (h) 

neutralised by the addition of Na2C0, solution (for bromin- 
ation experiments NaHSO, was added before neutralisation 
to destroy any bromine present). The mixture was then 
extracted with CHCl, (10 x 5 ml). The dried extract was 
concentrated (10 ml) and examined by t.1.c. silica gel G F  
254; EtOAc-EtOH (5 :  1) as eluant and g.1.c. In  none of 

the experiments were any of the 3-substituted products, 
3-bromo- or 3-acetyl-pyridine detected. 

We thank the Nuffield Foundation and I.C.I. for Fellow- 
ships (to A. B. and C. A. R. respectively) and the Libyan 
Government for a Scholarship (to B. E1-0.). We thank Dr. 
G. Musumarra for discussions. 

[8/942 Received, 19th May, 19781 
REFERENCES 

1 Part 15 in the series ' Heterocycles in Organic Synthesis.' 
Part 14, A. R. Katritzky, U. Gruntz, N. Mongelli, and M. C. 
Rezende, J.C.S .  Chem. Comm., 1978, 133. 

2 For a review of early work see, H. Brewster and E. L. Eliel, 
in Org Reactions, 1953, 7 ,  99. 

3 A. J. Boulton, J .  Epsztajn, A. R. Katritzky, and P.-L. Nie, 
Tetrahedron Letters, 1976, 2689; J .  B. Bapat, R. J .  Blade, A. J. 
Boulton, J .  Epsztajn, A. R. Katritzky, J .  Lewis, P. Molina- 
Buendia, P.-L. Nie, and C. A. Ramsden, ibid., p. 2691. 

* See B. El-Osta, Ph.D. Thesis, University of East Anglia, 
1977. 

F. Krohnke and I. Vogt, Annalen, 1954, 589, 26. 
S. Tatsuoka and Y. Inui, J .  Pharm. SOC. Japan, 1949, 69, 

7 A. F. Vompe and N. F. Turitsyna, Zhur. obshchei Khim.,  

@ M. E. Hultquist et al.,  J .  Amer. Chem. SOC., 1948, 70, 23. 
10 T. H. Lane and J.  L. Speier, J .  Org. Chem., 1976, 41, 2714. 
l1 R. E. J. Hutchinson and D. S. Tarbell, J .  Org. Chem., 1969, 

34, 66. 
12 (a)  E. M. Kosower and P. E. Klinedinst, jun., J .  Amer. Chem. 

SOC., 1956, 78, 3493; (b)  E. M. Kosower and J.  C. Buybach, J .  
Amer. Chem. SOC., 1956, 78, 5838. 

l3 H. Henning, J .  Tauchnitz, and K. Schone, 2. Chem., 1971, 
11, 267. 

1* A. K. Surrey and R. A. Cutler, J .  Amer. Chem. Soc., 1954, 76, 
1109. 

l5 E. D. Bergmann, F. E. Crane, jun., and R. M. Fuoss, J .  
Amer. Chem. SOC., 1952, 74, 5979. 

l6 C. M. Marvel, E. W. Scott, and K. L. Amstutz, J .  Amer. 
Chem. SOC., 1929, 51, 3638. 

J. Willems and J.  Nys, Bull. SOC. chim. belges, 1957, 66, 502 
(Chem. Abs., 1958, 52, 9114~) .  

l8 As given by E. N. Shaw in ' Pyridine and Its Derivatives. 
Part Two,' ed. E. Klingsberg, in the series ' The Chemistry of 
Heterocyclic Compounds,' ed. A. Weissberger, Interscience, New 
York, 1961, p. 15. (This review quotes Th. Zincke, Annalen, 
1904, 330, 361-374, however this appears to be incorrect, and 
no other references were found). 

K. Tsuda, Y .  Sato, and S. Saeki, Pharm. Bull. (Japan), 1953, 
1, 307 (Chem. Abs., 1955, 49, 10 946g). 

2O ' Dictionary of Organic Compounds,' Eyre and Spottiswoode, 
London, 1965, 4th edn., vol. 5, p. 2815. 

21 A. Hantzsch, Ber., 1919, 52, 1544. 
22 H. Meerwein, G. Hinz, P. Hofmann, E. Kronig, and E. 

Pfeil, J .  prakt. Chem., 1937, 147, 257 (Chem. Abs. ,  1937, 31, 
17616). 

23 A. F. Vompe and N. F. Turitsyna, Zhur. obshchei Khim.,  
1957, 27, 3282. 

24 R. R. Bishop, E. A. S. Cavell, and N. B. Chapman, J .  Chem. 
SOC., 1952, 437. 

25 A. R. Surrey and R. A. Cutler, J .  Amer. Chem. SOC., 1954, 76, 
1109. 

26 K. J. Laidler, ' Reaction Kinetics: Volume 1. Hetero- 
geneous Gas Reactions,' Pergamon, Oxford, 1966, p. 22. 

535. 

1958, 28, 2864. 
T. Zincke, J .  prakt. Chem., 1910, 82, 17. 


