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Unfortunately, our results do not shed any new light 
on the nature of the rearranging species. As we have 
indicated in Fig. 2, rearrangement may occur at various 
stages; the rates £2 and W may apply equally well to 
rearrangement of propyl chloride-aluminum chloride 
complex, 7r-complex, or ^-complex without changing 
the interpretation of the experimental results. 

We do feel that our results draw new attention to 
the importance of steric factors in Friedel-Crafts alkyla-
tions, and to the practical effects evidenced by the re-

The kinetics of iodination of aromatic nitrogen 
heterocycles has been reported for trisubstituted 
pyrroles,2 imidazole,3 and histidine.4 The observed 
more rapid rate of iodination of 1-substituted pyrroles 
relative to pyrrole indicates that iodination probably 
occurs through the neutral pyrrole molecule rather 
than through the pyrrole anion.5 In contrast, the non-
reactivity of 1-substituted imidazoles suggests that the 
anion of imidazole undergoes iodination rather than 
the undissociated molecule.3a,s Similarly, the iodina-
tions of phenol87 and 4-nitrophenol8 seem to involve 
attack of the anion. 

Pyrazole and most substituted pyrazoles undergo 
iodination in the four position.9 Since 1-methyl-
pyrazole also undergoes iodination (in the four position)9 

De La Mare and Ridd5 suggested that iodination occurs 
through the neutral pyrazole molecule rather than 
through the pyrazole anion. Brown's10 molecular 
orbital calculations of localization energies of the 
pyrazole molecule and of the anion showed that the 
anion should be markedly more reactive to electro-
philic reagents than the neutral molecule. 

The purpose of the present investigation was to 
determine the detailed kinetics of iodination of pyrazole, 
and to compare the relative rates of iodination of pyra­
zole and imidazole under similar conditions. To provide 
similar conditions, it was desirable to re-examine the 
iodination of imidazole at higher temperatures and 
ionic strength than the previous study.33 This in-

(1) Taken in part from the M.S. thesis of D. G. Lambert, V.P.I., 1962. 
(2) K. W. Doak and A. H. Corwin, / . Am. Chem. Soc, Tl, 1S9 (1949). 
(3) (a) J. H. Ridd, J. Chem. Soc, 1238 (1955); (b) A. Grimison and J. H. 

Ridd, ibid., 3019 (1959). 
(4) C. H. Li, J. Am. Chem. Soc, 66, 225 (1944). 
(5) P. B. D. De La Mare and J. H. Ridd, "Aromatic Substitution; Nitra­

tion and Halogenation," Butterworths Scientific Publications, London, 1959, 
pp. 200-202. 

(6) B. S. Painter and F. G. Soper, J. Chem. Soc, 342 (1947). 
(7) E. Berliner, J. Am. Chem. Soc, 73, 4307 (1951). 
(8) E. Grovenstein, Jr., and N. S. Aprahamian, Hid., 84, 212 (1962). 
(9) R. Hiittel, O. Schafer, and P. Jochum, Ann., 693, 200 (1955). 
(10) R. D. Brown, Australian J. Chem., 8, 100 (1955). 

orientations induced in polyalkylbenzenes to relieve 
steric strains. 
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vestigation revealed that pyrazole, like imidazole, 
appears to undergo base-catalyzed iodination through 
the anion, and that the relative reactivities of pyrazole 
and imidazole are very similar in the water-catalyzed 
("uncatalyzed") reaction. 

Experimental 
Materials.—Pyrazole (Py), obtained from Columbia Organio 

Chemicals Co., was recrystallized three times from cyclohexane; 
m.p. 68.5°. Imidazole (Im), obtained from Aldrich Chemical 
Co., Inc., was recrystallized three times from benzene; m.p. 
88.0°. Reagent grades of KI , Na2HPO4 , KH2PO4, NaKO3, and 
NH4NO3 were dried at 110° and used without further purification. 
Reagent grade sublimed iodine was resublimed before use. Per­
chloric acid stock solution prepared from reagent grade HClO4 

(70%) was standardized indirectly against potassium acid 
phthalate. 

Product Analysis.—The iodinated product of Py was prepared 
by the procedure of Hiittel , et a/.,9 except Na2HPO4-KH2PO4 

buffer was used instead of sodium acetate. Excess iodine was 
destroyed by NaHSO3. The product was recrystallized twice 
from cyclohexane (white needles, m.p. 112°). H" t te l , et a/.,9 

reported that 4-iodopyrazole is pale yellow, m.p. 108.5°. Reim-
finger, et al.,n prepared S(5)-iodopyrazole, m.p. 72-73°. An 
n.m.r. spectrum of our product was that expected for 4-iodopyr­
azole.12 

Ridd showed that the product of the iodination of Im with Im 
in stoichiometric excess is 2,4(5)-diiodoimidazole,3* with the ini­
tial substitution occurring in the 4-position.3b 

Kinetic Runs.—All kinetic runs were made in aqueous solu­
tions adjusted to a constant ionic strength of 1.00 M. Runs 
with Py substrate were buffered with either HPO 4

- 2 ^H 2 PO 4 " or 
NH 3 -NH 4

+ , and runs with Im were self-buffered.3" The final 
adjustment to constant ionic strength was made by addition of 
aqueous NaNO3 . Some of the runs with Py substrate were fol­
lowed with a Beckman DU spectrophotometer, equipped with 
dual thermospacers. Data were taken at 400 m,u, where the 
absorbancy of I 3

- is large and that of I2 is small.13 Other kinetic 
runs with Py and Im substrates were followed by titration with 
thiosulfate, using the procedure of Berliner.7 In all runs, the 

(11) H. Reimfinger, A. van Overstraeten, and H. G. Viehe, Chem. Bey , 
94, 1036 (1961). 

(12) W. Goodlett, Tennessee Eastman Co., Kingston, Tenn., private 
communication, 

(13) A. D. Autrey and R, E. Connick, J. Am. Chem. Soc . 73, 1842 
(1951). 
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The kinetics of iodination of pyrazole in aqueous solution has been studied. The rate was found to be separable 
into parallel "uncatalyzed" and buffer-catalyzed reactions. A mechanism involving attack of the conjugate 
base of pyrazole by iodine was given. The relative reactivities of pyrazole and imidazole in their "uncatalyzed" 
reactions were found to be comparable in magnitude and were discussed in mechanistic and theoretical terms. 



2858 JOHN D. VAUGHAN, DON G. LAMBERT, AND VIRGINIA I. VAUGHAN Vol. 86 

ratio of [ I - ] to [I3
-] was at least 20, and the ratio of [substrate] to 

[I3""] was also 20 or greater (to ensure pseudo-first-order kinetics). 
Kinetic runs were made at 30 and 40° for both Py and Im sub­

strates. All solutions were prepared at room temperature; since 
these solutions had uniform ionic strength, thermal expansions in 
volume were assumed uniform. Preliminary experiments indi­
cated that small errors in solution volume led to essentially no 
error in the observed first-order rate constants. In spectrophoto-
metric runs, all at 30.0°, the cell temperature was measured with 
a calibrated double junction copper-constantan thermocouple; 
the cell temperature varied less than 0.05° from the bath tempera­
ture. 

Results 

The Rate Laws.—In Table I, the first-order de­
pendence of the rate of iodination of pyrazole upon the 
concentration of pyrazole is seen. 

TABLE III 

DEPENDENCE OF THE RATE OF IODINATION OF PYRAZOLE 

UPON THE BUFFER AND HYDROGEN ION CONCENTRATIONS 

VARIATION OF THE 

TABLE I 

R A T E OF IODINATION OF PYRAZOLE WITH 

THE PYRAZOLE CONCENTRATION (30°) 

In all runs, [I2] = 5.32 X 10~< M, [Kl] = 
[Na1HPO4] = 6.203 

[Py] X 103, M 

2.636 
6.640 
9.296 

13.48 
16.15 
20.22 

X 10 - 2 M, [NaH=PO4] 

ki X 10«, sec.-' 

1.18 
3.08 
4.27 
6.13 
7.47 
9.58 

= 9.648 X 10 -» M1 

= 5.000 X 10~2 M 
X 102 

, 1. mole-1 sec. l 

[Py] 
4.48 
4.64 
4.59 
4.55 
4.65 
4.73 

In Table II, the reciprocal second-order dependence 
of k\ of pyrazole upon [ I - ] is evident for phosphate- and 
ammonia-buffered systems; plots of log k\ vs. log [ I - ] 
gave slopes of —2 for both systems. The effects of 

TABLE II 

VARIATION OF THE RATE OF IODINATION OF PYRAZOLE WITH 

THE IODIDE CONCENTRATION (30°) 

HPO 4
- 2 , H2PO4

-buffer; in all runs, [Xa2HPO4] = 6.203 X 10 - 2 

M, [NaH2PO4] = 5.00 X 1O-2 M, [Py] = 1.348 X 1O-2 M 
[I"] X 10̂  

3.91 
5.48 
7.82 
9.65 
9.78 

18.08 
23.72 

\TH3, NH4
 + 

[NH4NO3] 
[i-] x 10-2 

8.00 

10,00 

12.00 

buffer; 
= 9.55 

*i X 10'" 
31.7 
16.4 
9.03 
6.13 
5.94 
1.77 
0.955 

in all runs, 
X 1 0 - 2 M, 
ki X 10*a 

2.11 
2.08 
2.01 
2.02 
1.26 
1.31 
0.84 
0.92 

Av 

[NH3] = 

[Py] = 

Av. 

9. 

M I - P X IO8' 
4.85 
4.92 
5.52 
5.71 
5.68 
5.79 
5.36 

5.40 ± 0.44 

70 X 1 0 - 3 M, 
2.00 X 10 - 2 M 

k 

1 

,[I -P X 10'6 

1.35 
1.33 
1.29 
1.29 
1.26 
1.31 
1.21 
1.33 

.29 ± 0.03 

" Sec. b Sec. - 1 mole2 I . - 2 . 

'O4-] X 102 

2.15 
3.00 
4.00 
5.00 
6.00 
7.00 
1.06 
2.12 
2.12 
3.18 
3.18 
4.24 
4.24 
5.31 
1.55 
3.02 
6.20 
8.00 

10.00 
12.00 
12.41 
4.00 
6.00 
8.00 

0.98 
0.98 
1.97 
1.97 
3.93 
3.93 
5.90 
5.90 

[NH3J 

0.485 
.485 
.970 
.970 

1.455 
1.455 
1.940 
1.940 
0.485 
0.970 
1.455 
1.940 

0.44 
.44 
.88 
.88 

1.33 
1.33 
1.77 
1.77 

Sec. - 1 mole 1. 

[HPO4-2]/ 
[HiPO4-] [H-] X 10' 

At 30° 

3.00 1.83 

2.56 2.14 

1.24 4.42 

0.50 10.96 

At 40° 

2.13 2.585 

[NH41/[NH1] [H-1J X 10« 

At 30° 

8.85 4.68 

14.g 7.83 

At 40° 

10.35 5.48 

- i 

Mi-J-'/lPy] 
X 10»a 

3.54 
5.07 
6.31 
8.05 
9.91 

11.64 
1.84 
3.52 
3.59 
5.06 
4.84 
6.87 
6.89 
8.42 
1.275 
2.29 
4.47 
6.28 
7.76 
9.33 

10.03 
1.15 
1.69 
2.29 

8.74 
8.60 

15.0 
15.0 
29.1 
29.0 
45.2 
44.3 

Ml-JV[Py] 
X 10'° 

4.87 
4.92 
6.75 
6.64 
8.55 
8.70 

10.13 
10.07 
2.94 
4.32 
5.06 
6.12 

10.31 
10.31 
13.46 
13.50 
16.00 
16.50 
19.26 
19.40 

the buffer concentration, the hydrogen ion concentra­
tion, and the temperature are observed in Table I I I : 
[Py] and [I"] dependences were removed by multi­
plying ki by [I"]2/ [Py]. Hydrogen ion concentrations 

were calculated from the appropriate buffer equilibrium 
expression 

KR = [HPO4-2] [H + ]/ [H2PO4-] = 5.48 X IQ-7 
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Kh = [NH4IlO-1V[NHj][H- 1.89 X 10" 

where K8. was computed from the measured pH value 
of 6.67 for the buffer ratio [HPO4-2IZ[H2PO4-] = 
2.56, and Kb from the pH value of 8.33 and the buffer 
ratio [NH4

+]Z[NH3] = 8.85. K& and Kh so computed 
are not correct thermodynamic dissociation constants 
for these buffers at an ionic strength of 1.000 M, but 
permit accurate calculations of relative values of [H+] 
corresponding to different buffer ratios at this fixed 
ionic strength.3a 

In the ammonia-buffered system, the reciprocal 
first-order dependence of ki on [H + ] is shown in Fig. 1, 
where h [I"]2 [H + ]Z [Py] vs. [NH3] for runs at 30° is 
seen to be linear. The slopes and intercepts shown 
in Fig. 1 for runs at 30 and 40° reveal "uncatalyzed" 
and base-catalyzed reactions, respectively. Figure 2 
indicates the similar behavior of the phosphate-buffered 
system. The intercepts were less clearly defined by 
the points of Fig. 2 than those of Fig. 1; we therefore 
based the intercepts shown in Fig. 2 upon those ob­
tained in Fig. 1. 

Figure 3 indicates the buffer dependence of the rate 
of iodination of imidazole (Im) at 30 and 40° at pH 7.10. 
Here Im serves the dual role of substrate and buffer.14 

Following Ridd,3a the buffer ratio was controlled by 
measured addition of perchloric acid. 

The experimental rate law found for the iodination 
of pyrazole and applicable also for the iodination of 
imidazole3" is given by 

where 

-d[ I , - ] /d< = *, [I3-] [S] 

h = \h + ft«.t[B]j 
[1-HH + ] 

Here k0 is the rate constant for the "uncatalyzed" 
iodination of substrate (S), and kcat is the rate constant 
for the base (B) catalyzed iodination of S. For pyra­
zole substrate, B = HPO4-2 or NH3, and for imidazole 
substrate B = Im. 

k0 and &cat values for Py and Im obtained from the 
slopes and intercepts of Fig. 1 and 2 and Fig. 3, re­
spectively, are given in Table IV. 

TABLE IV 

RATE CONSTANTS FOR THE UNCATALYZED AND CATALYZED 

IODINATIONS OF PYRAZOLE AND IMIDAZOLE 

(, 0C. 

30 \ „TT 

40 J U n c a t 

SW 
4 O 1 K 0 ' - 2 

1° J "Uncat." 
3 0 I T™ 
4 0 / I m 

0 I.2 mole - 2 sec. - 1 . 
mated graphically. 

h X 10»° 

Pyrazole 

1.5 ± 0.2e 

4.0 ± 0.2 

Pyrazole 

3 .8 ± 0 .5 
10.5 ± 0.7 

h 1. mole - 1 sec . - 1 

ken X 10"6 

1.7 ± 0.2 
3.7 ± .3 
2.9 ± .3 

18.2 ± .5 

2.9 ± 0.3 
8.7 ± 0.5 

" Uncertainties esti 

12 

30c 

0 1 2 

[NH1] X 102. 

Fig. 1.—'Dependence of the rate of iodination of pyrazole upon 
the buffer concentration. 

/ 

/ 
, . * - ' " 30° 

(14) Pyrazole may not serve as its own buffer in a similar manner to tha t 
of imidazole, because its basicity is about 10 ~* that of imidazole. 

0 4 8 12 

[HPO.-2] X 10*. 

Fig. 2.—Dependence of the rate of iodination of pyrazole upon 
the buffer concentration. 

Experimental activation energies and experimental 
frequency factors calculated from the results in Table 
IV are given in Table V. 

Discussion 
Mechanism.—Several mechanisms are possible for 

these base-catalyzed reactions. A recent study of the 
iodination of 4-nitrophenol by Grovenstein and Apra-
hamian8 showed that iodination by I + could not ac­
count for the observed kinetics, but that iodination 
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0 2 4 

[Im] X 102. 

Fig. 3.—Dependence of the rate of iodination of imidazole upon 
the buffer concentration. 

TABLE V 

EXPERIMENTAL ACTIVATION ENERGIES AND EXPERIMENTAL 

LOG FREQUENCY FACTORS 

log A " P £ a " P , kcal./mole1' 

Pyrazole 

0.51 18.5 
- 0 . 3 1 14.7 
14.33 34.5 

"Uncatalyzed" 
Catalyzed (XH3) 
Catalyzed (HPO 4 - ) 

Imidazole 

Uncatalyzed 1.42(1.12)" 19.2 
Catalyzed (Im) 4 .90(4 .60)° 20.7 

11 Values in parentheses correspond to monoiodination, given by 
log Acx" - log 2. b ± ~ 2 kcal./mole. 

by I2 could do so. Accordingly, we assume that I2 is 
the iodinating reagent for pyrazole and imidazole. 
The mechanism of Grovenstein and Aprahamian 
adapted to these substrates follows 

S + H2O 

N 

H 

I2 + I-

: s - + H11O-1 

K1 

K1 

(D 

(2) 

or 

N 

N 

P) 
N 

N -

9> S' 
SH 

+ I" (3) 

S'. 
"H 

H 

N 

I 
/ ft! 

S' + H 2 O — » - S I " + H3O + 

\ 
H 

I 
/ k, 

S' + B > - S I - + BH 
\ 

H 

(4) 

(5) 

where B is NH3 or HPO4 when S is Py, or B is Im when 
S is Im. For Py 

S I - + H30H SI + H2O 

For Im 

S I - + I2 — > • S I 2 - + I " + H + 

SI 2 - + H 3 O + T - Z ! SI2 + H2O 

(6) 

(7) 

(8) 

If we assume that (4) and (5) are rate determining, 
and assume that 

h « k-i » ki 

the steady state approximation gives 

k2 = JOMH2O] + 4̂[B]) ^- K1K^ ~ ^ 2 

Referring to the experimental rate law, we see that 
ko = {k,/^1JhK1K2[H2O] (9) 

and 

&cat = {k\/ k-\)kiK\K% 

Since we have made the usual assumption that water 
serves as base catalyst for the "uncatalyzed" reaction 
for Py and Im,3a'16 we expect the efficiencies of the vari­
ous catalysts to depend upon their relative basicities. 
This relation clearly exists for the uncharged bases; 
i.e., water and ammonia for pyrazole substrate and 
water and imidazole for imidazole substrate. In the case 
of HPO4

-2 and NH3 catalysts, we note that &cat
NHs < 

&catHPO'" despite ,KB N H s > KB
HPC""' at 30 and 40°. This 

latter result suggests that the role of HPO4-2 in 
base catalysis is significantly different from that of 
NH3. In addition, the markedly higher experimental 
activation energy and experimental frequency factor 
for HP04~2 catalysis compared with H2O and NH3 

catalysis (and Im catalysis) also points to a different 
role; the nature of this difference is not clear from the 
kinetic data. Base catalysis of the iodination of 
Py by a number of charged and' uncharged bases is 
presently being studied and will be presented in a 
later paper. 

Reactivities of Pyrazole and Imidazole.—To com­
pare the reactivities of these substrates in iodination 
reactions, one must compare the "uncatalyzed" (water-
catalyzed) reactions, rather than the base-catalyzed 
reactions, since the same buffer was not used for the 
two substrates. From eq. 9, we may write 

1 / J, Ira (ki/k- \ I m i 7 *mA * m 

k*y (h/k-^'Kpkp 
where the factor l/2 corrects the rate constant for 
the diiodination of imidazole to monoiodination33; 
this ratio is ~1 .3 at 30 and 40° (Table IV), to indicate 

(15) E. Berliner, J. Am. Chem. Soc, 72. 4003 (1950). 

file:///Imi7
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the very similar reactivities of the two substrates. The 
acid ionization constants (K2) are reported to be 10~14 

and 10~14-5 for Py and Im, respectively,16 indicating 
that the equilibrium concentrations of anions avail­
able for iodination is of the same order of magnitude 
for Py and Im in solutions of the same stoichiometric 
concentration. The other two factors, k\/k-\ and k%, 
cannot be separated. However, we note that the 
ratio &1/&-1 will determine the steady-state concentra-

H 
/ 

tion of the Wheland intermediate (S' ); the forma-
\ 

I 
tion of this intermediate involves localization of two 
electrons to form a <r-bond between C and I. There­
fore, the atom localization energy at the 4-position of 
Py and Im should provide at least a semiquantitative 
comparison of the relative values of ki/k-i for the two 
substrates. 

Brown10 calculated atom localization energies for 
the 4-positions of Py and Im by the simple molecular 
orbital method (neglecting overlap) and made no dis­
tinction between the pyridine-type nitrogen (>N:) and 
the pyrrole-type nitrogen (N-H); that is, he assigned 
a common inductive parameter h for the coulomb 
integral aN = «c + hfi for the two N atoms. Here 
C*N is the coulomb integral for nitrogen, «c that for 
carbon, and /3 is the resonance integral. Brown gave 
localization energies for values of h ranging from — 1 

(16) A. Albert, "Heterocyclic Chemistry," Essential Books, Fair Lawn, 
N. J., 1959, p. 143. 

The reaction of potassium cyanide and sulfur dioxide 
in aqueous solution has been known since Etard3 ob­
tained a crystalline product by passing sulfur dioxide 
through 40% aqueous potassium cyanide. The iden­
tity of this product as dipotassium aminomethanedi-
sulfonate (I) was more clearly elucidated by von 
Pechmann and Manck.4 

Reactions under other conditions have received only 
cursory examination. The formation of potassium 
cyanosulfmate (II) was postulated by Jander and co-

SO3K OK 
H2NCH < O = S < 

I SO3K II CN 

(1) Organic Chemicals Department, Jackson Laboratory, E. I. du Pont de 
Nemours and Co., Wilmington 99, Del. 

(2) Fabrics and Finishes Department, Experimental Station, E. I. du 
Pont de Nemours and Co., Wilmington 98, Del. 

(3) A. Etard, Compl. rend., 88, 649 (1879). 
(4) H. von Pechmann and Ph. Manck, Ber., 28, 2374 (1895). 

to + 1 - Hamano and Hameka1' calculated accurate 
dipole moments for Py and Im by a simple molecular 
orbital method, using h = 2.70 for the pyrrole-type 
N and h = 0.38 for the pyridine-type N. In the anion, 
both nitrogen atoms are pyridine types; hence a com­
mon A-value is applicable. Because of the accuracy 
of the Hamano and Hameka calculations for the 
molecules of Py and Im, we assume h = 0.38 for the 
two pyridine-type atoms of the anion. Brown's atom 
localization energies for h = 0.38 are 2.1 ( — /3) for 
imidazole and 2.I3 ( — /3) for pyrazole. If we assume 
that the entropies of formation of the Wheland inter­
mediate for imidazole and pyrazole are comparable 
in magnitude, then these nearly identical atom locali­
zation energies suggest that the free energy of forma­
tion of the intermediates of Py and Im will likewise be 
comparable, and therefore that &1/&-1 of the two sub­
strates will have nearly the same value. We may con­
clude therefore that the rate-determining rate con­
stants (kz) of Py and Im must also have nearly the 
same value. The comparable values of the experi­
mental activation energies of .the "uncatalyzed" re­
actions of Py and Im support this argument, since 
any significant difference in the energy barriers of the 
rate-determining reactions would be reflected by a 
difference in the experimental activation energies.18 
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(18) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism," John 
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workers5 to account for the break in the potentiometric 
titration of potassium cyanide with sulfur dioxide 
dissolved in liquid hydrogen cyanide, but no reaction 
product was characterized. 

More recently Seel and Miiller6 reinvestigated the 
work of Jander and co-workers and showed that the 
precipitate formed by addition of sulfur dioxide to a 
solution of potassium cyanide in liquid hydrogen 
cyanide was potassium pyrosulfite. They further 
studied the product obtained by prolonged exposure 
of potassium cyanide to liquid sulfur dioxide at room 
temperature and concluded that the over-all reaction 
could be described by the equation 

10KCN + 10SO2 •—> 
2K2S2O5 + K2S3O6 + K2SO4 + 2KSCN + 8CN 

(5) G. Jander, B. Griittner, and G. Scholz, ibid., 80, 279 (1947). 
(6) F. Seel and E. Miiller, ibid., 88, 1747 (1955). 
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3-Cyano-4-hydroxy-l,2,5-thiadiazole has been obtained from the reaction of potassium cyanide and sulfur 
dioxide at 25-85° in the absence of hydroxylic solvents. The structure was elucidated by degradation to di-
ethylaminoacetamide and to N-sulfamoyloxamic acid dipotassium salt, and by independent synthesis from 
isonitrosocyanoacetamide and sulfur dichloride. Various 3-hydroxy-l,2,5-thiadiazole derivatives were prepared 
including several potassium acid salts involving symmetrical hydrogen bonding of the acidic 3-hydroxyl proton. 


