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The Reaction of Benzenediazonium Ion with Aqueous Thiocyanate and the Nature of
the Intermediate!

Bv EpwarDp S. LEwis anp JaMES E. COOPER
REecEIVED NoOoVEMBER 20, 1961

Benzenediazoniuni salts decomipose in acidic aqueous thiocyanate solutions yielding pheuol, phenyl isothiocyanate, phenyl
thiiocyanate (and its hydrolysis product, phenyl thiocarbamate), as well as hydrolysis products of the thiocyanate ion.
Yields are not satisfactorily reproducible, but relative reactivities of a common substance toward formation of a bond to sul-
fur, to nitrogen and to water of about 6:2.8:1, coupled with an erratic reaction yielding more phenyl thiocyanate account
roughly for the results. Rate measurements indicate an increase in rate with thiocyanate concentration amounting to less
than 209, at the highest concentrations. It is concluded that there exists a reactive intermediate which can react rapidly
with either thiocyanate ion or with water, but, in contrast to previous views, the intermediate can also revert to diazonium

ion. Speculative structures for the intermediate are proposed.

Introduction

The decomposition of benzenediazonium salts
has been studied extensively and the mechanism
indicated by reactions 1 and 2 has been fairly
generally accepted for most diazonium salts.

ArN,™ ——> ArT 4+ N, slow (1)
Ar+t 4+ H,O ——> ArOH + H*fast (2)

The basis for this mechanism has been summarized
in an earlier paper.? In essence the evidence is
kinetic, which shows that the transition state con-
tains only the elements of ArN,* (with minor im-
portance of the solvent), substituent effects con-
sistent with a transition state resembling the aryl
cation, and by-products qualitatively and quanti-
tatively explainable in terms of alternative re-
actions of Ar* with nucleophiles other than the
solvent.

This mechanism has been questioned by Field
and Franklin on the basis that toluene-diazonium
ions yield unrearranged cresols on decomposition,
whereas the ion produced by removal of a group
from the ring of tolyl derivatives to give C;H;+
is apparently identical with the ion derived from
benzyl derivatives when studied in the mass spec-
trometer, and could therefore be expected to give
rearranged products.®* In addition to the diazo-

(1) Based upon the Ph.D. thesis of J. E. Coouper, Rice Institute,
1859. This paper is IX in the series “The Reactions of Diazonium
Salts with Nucleophiles’’; preceding paper: C. D. Ritchie, J. Saltiel
and E. S. Lewis, J. Am. Chem. Soc., 88, 4601 (1961).

(2) E. S, Lewis, +bid., 80, 1371 (1938).

(3) F. H. Field and J. .. Franklin, ‘“Electron Impact Phenomena,”
Academic Press, Inc., New York, N. V., 1957, p. 232, Although the
analogy between gaseous ions and solution ions is imperfect, a further
suggestion from this sort is interesting. On p. 144 of the same work,
it is noted that the C~H bond strength in CsHs T is about the same as
that in benzene, showing no interaction between the bonding electrons
and the r-electron system. On this basis, the structure A could repre-
sent CeHs ™ and B would be CsHsT. This unpaired electron structure
for the phenyl cation is reminiscent of the CH: molecule where a
paired structure is of great chemical importance. but the unpaired
structure is more stable (ID. B. Richardscn, M. C. Simmons and I.
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Dvoretzky, J. Am. Chem. Soc., 82, 5001 (1960), among several). In-
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nium salts which decompose by this kinetically well-
characterized path, there are some that follow
other routes. A nucleophilic attack on the aro-
matic system with direct substitution of the N,
group has been identified in the reaction of tetrazo-
tized paraphenylenediamine with chloride ion, in
which the second diazonium group plays the part
of the activator. In this case the reaction 3 is
unaccompanied by important side reactions.!
An earlier report of an activated nucleophilic
substitution of nitrogen by bromide ion from
p-nitrobenzenediazonium ion,* while apparently rea-
sonable, will in this paper be shown to be explicable
in different terms. Apparently, the diazonium ion
group is not a good leaving group in bimolecular
substitutions. Even 2,4-dinitrobenzenediazonium
salts in weakly basic media suffer displacement of a
nitro group rather than the doubly activated di-
azonium ion group.® The high reactivity of diazo-
tized 2-aminopyridine and its facile conversion to
2-chloropyridine is suggestive of an activated
nucleophilic aromatic substitution,” but appropriate
kinetic studies have not been made and the pre-
sumed intermediate in the unimolecular reaction
of this diazonium ion, the 2-pyridyl cation, might
derive some special stability similar to that of
benzyne, with which it is isoelectronic.

In this paper a study of the products and rates
of reaction of benzenediazonium fluoroborate with
aqueous thiocyanate is reported. Thiocyanate ion
was selected because it is a weak base toward
protons, it is a good nucleophile toward carbon,?
and the reactivity at both ends can be studied;
that is, it is an ambident ion.® Furthermore,
thiocyanate does not form covalent diazo com-
pounds extensively with diazonium salts, and it is
deed the unpaired structure seems to follow for both methylene and the
phenyl cation from a qualitative application of the ‘““double quartet’
theory of J. W. Linnett (ibid., 83, 2643 (1961)). R. W. Taft, Jr. (ibid.,
883, 3350 (1961)) has proposed that the transition state for the uni-
molecular decomposition has triplet character. We are indebted to
Prof. Taft for a copy of this paper before publication.

(4) E. S. Lewis and M. D. Johnson, J. Am. Chem. Soc., 82, 5408
{1960).

(3) E. S. Lewis and W. H. Hinds, ibid., T4, 304 (1952).

(6) G.T.Morgan and J. W, Porter, J. Chem. Soc., 107, 645 (1915).

(7) E. Koenigs, Angew. Chem., §0, 911 (1937); S. J. Angyal and
C. L. Angyal, J. Chem. Soc., 1461 (1952).

(8 C. G. Swain and C. B. Scott, J. Am. Chem. Soc., 75, 146 (1953).

(9) N. Kornblum, R. A, Smiley, R. K. Blackwood and D. C. Iffland,
ibid., TT, 6269 (1953).
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Fig. 1.—Combined yields of phenyl thiocyanate and
phenyl thiocarbamate from benzenediazonium fluoroborate
at various thiocyanate ion concentrations, Conditions as in
Tablel: A,O; B,e®: C,4; D,O; E, X.

isoelectronic with azide ion, which reacts with
diazonium salts by a unique mechanism.!

Results

The decomposition of benzenediazonium fluorobo-
rate in acidic aqueous potassium thiocyanate
solution gave a variety of products. ILeast perti-
nent but contributing to the experimental difficul-
ties are the hydrolysis products of the thiocyanate
ion, of which carbon disulfide and carbon oxysulfide
were identified in the gas phase. A small amount
of an insoluble solid, resembling the ‘‘thiocyanogen
polymer” frequently described,!! was occasionally
observed, but in negligible amount.

The identified organic products were phenol,
phenyl thiocyanate and its hydrolysis product,
phenyl thiocarbamate, and phenyl isothiocyanate.
In a few experiments insignificant amounts of
fluorobenzene were detected. These accounted
within a rather large experimental error for all the
starting material, but a disagreeable odor, sug-
gestive of thiophenol, and some color in the re-
action indicated the presence of some further un-
identified products.

The analysis, described in the Experimental
section, was based on a separation of phenol from
the other organic products by extraction of a
strongly basic reaction mixture with isobctane,
followed by a spectrophotometric analysis of this
solution for phenyl thiocyanate, phenyl isothio-
cyanate and phenyl thiocarbamate. This analysis
was well suited for the mixture of the first two of
these, which were first believed to be the only
components of the mixture, When the thiocar-
bamate was later found the previous results could be

{10) K. Clusius and H. Hiirzeler, Hely. Chim. Acia, 87, 798 (1954).
(11) J. Liebig, Pogg. Ann., 18, 548 (1829).
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Fig. 2.—VYields of phenyl isothiocyanate from benzene-
diazonium fluoroborate at various thiocyanate ion concentra-
tions; conditions and legend as in Fig, 1.

used only if the same analytical method was used.
For this reason, the analytical precision, especially
for the sulfur bonded species, is less than is desir-
able, but was considered adequate. Reacidification
of the aqueous phase and extraction with chloro-
form gave the phenol in this solvent, in which the
coucentration could be estimated spectrophoto-
metrically. Inorganic substances interfered with
the standard bromotmnetric phenol analysis. Since
there was a little interference even in the analysis
used and since the extraction may have been in-
complete, we believe that these analyses are not
very precise and may be low. For this reason and
for consistency with experiments in which phenol
was not determined, the phenol yields used in the
calculations below are determined by difference.
A further justification for this procedure has been
presented previously.? The error so introduced is
not greater than 15% in the phenol yields and is
probably less, since we accounted for between
83 and 1059, of the starting materials in the sig-
nificant experiments.

The yields of products are shown in Figs. 1 and
2, under different sets of experimental conditions.
Under the assumption that all products arrive
from bimolecular reactions of a common inter-
mediate with water or thiocyanate ion, the relative
reactivities or competition factors, ks/ko, kn/ko
and ks/kn were calculated by eq. 4, 5 and 6, in
which Ys is the sum of the yields of phenyl thio-
cyanate and phenyl thiocarbamate (the total
vield of sulfur bonded material), Y is the yield
of phenyl isothiocyanate (the yield of nitrogen
bonded material) Yo is that of phenol or oxygen-
bonded product. The &’s are the rate constants for
the product-determining step of the common pre
cursor or intermediate, with subscripts having the
same significance as before. The competition fac-
tors so calculated are given in Table I.

ks/ko = (Ya/Yo)(H:0)/(SCN) (4)
kx/ko = (¥n/¥Y0)(H:0)/(SCN~) (5)
ka/kx = (Ya/Yx) (6)

If all the products arise from the reaction of one
intermediate with the two nucleophiles present,
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CoMPETITION FACTORS FOR THE INTERMEDIATE IN
BENZENEDIAZONIUM ION DECOMPOSITION

(SCN =) Conditions? ks/ko Ex/ko ka/kN
3.4 A 8.3 2.3 3.4
4.7 A 12.2 3.5 3.5
6.8 A 2.9 0.9 3.4
8.6 A 11.9 2.9 3.8
1.8 B 6.2 2.1 2.9
2.7 B 5.4 1.8 3.0
3.4 B 11.9 3.9 3.1
5.8 B 9.1 2.4 3.8
6.7 B 6.5 2.3 2.7
0.8 C 3.6 2.1 1.7
1.6 C 3.4 1.4 2.5
2.5 C 2.6 1.0 2.5
3.3 C 4.2 1.6 2.6
5.0 C 3.4 1.2 2.7
0.3 D 5.2 3.2 1.7
0.9 D 4.6 3.0 1.6
1.4 D 4.6 2.9 1.6°
1.7 D 3.0 1.9 1.8
2.8 D 3.7 2.0 1.8
3.4 D 3.3 1.7 1.9°
4.1 D 3.2 1.6 2.1°
5.2 D 2.7 1.5 1.8
6.2 D 2.4 1.3 1.8
8.4 D 2.4 1.4 1.7
9.0 D 3.7 1.5 2.8
0.8 E 6.2 2.2 2.6°
1.6 E 7.6 2.8 2.6
2.4 E 7.1 2.4 2.8
3.4 E 9.5 2.8 3.2
4.1 E 7.8 2.7 2.9
5.7 E 8.2 2.6 3.1°
8.1 E 7.0 2.4 3.0

@ Conditions: A, 40°, light, air; B, 40°, light, no air;
C, 40°, dark, no air; D, ¢a. 100°, diazonium solution added
to boiling thiocyanate solution; E, ce. 100°, cold mixture
rapidly heated to boiling. ® These entries represent the
average of at least two runs, the kg/kx values were deter-
mined before averaging and are hence not quite the same
as the ratio of the other two entries; other discrepancies of
this nature are round-off errors.

then each column in the table should be constant
at any one temperature except for salt effects.
It is clear that the entries in the table are not con-
stant. One source of deviation arises from the
expression for the rate of formation of phenol,
which is proportional to ko(H,0). The concentra-
tion of water is known from the molarity and the
density, but it is likely that water which is in the
solvation shell of a potassium ion, free water and
water solvating the anion all may have different
reactivities, and even a modest extent of solvation
of the electrolytes involves a sizable fraction of the
total water in the more concentrated solutions; we
have been unable to arrive at a satisfactory solution
to this problem except to note that it is not serious
in the more dilute solutions. The ratio ks/kx is
free from this difficulty, but it also shows a small
upward drift with thiocyanate concentration. The
rather wide scatter of the entries in the table and
the scatter apparent from Figs. 1 and 2 can not
be attributed to this or any other reproducible
effects or side reactions. We propose that it arises
from a combination of a fairly large analytical
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error (reflected also in our failure to get reproduc-
ibly good material balances) with the more or less
serious incursion of an erratic side reaction leading
to phenyl thiocyanate and accounting for the oc-
casional very high values of ks/ko.

The non-constancy of the reactivity ratios is
worse at 40° (conditions A, B and C) than it is at
100° (conditions D and E), and there is a suggestion
that light also contributes to the scatter (condition
C compared to A and B). The equations below
give a rather subjective estimate of the reactivity
ratios in dilute solution weighting the values from
conditions C and E most heavily. Thus, ks/ko
and ks/kn are roughly extrapolated to zero thio-
cyanate concentration, the values for ks/ko and
kx/ko under condition D are ignored because the
concentration of thiocyanate ion is very uncertain
since the extent of hydrolysis may be very large,
but the ratio ks/kx is independent of thiocyanate
concentration and is therefore reliable. No esti-
mate of error on ks/ko is given, but even the other
errors may be insufficient.

ka/ko = 7 at 40° and 6 at 100°

kx/ko = 2.9 & 0.8 at 40° and 2.8 & 0.7 at 100°
ks/kxy = 2.4 £ 0.5 at 40° and 2.2 = 0.4 at 100°
We were led to the postulation of an erratic

reaction from observation of the behavior of
p-nitrobenzenediazonium ion. Thus, the rate of
reaction of the highly purified p-nitrobenzenedi-
azonium fluoroborate with aqueous thiocyanate solu-
tion is slow but not reproducible, but if unre-
crystallized salts are used, or if the water is taken
from the building deionized water system without
distillation, a reaction complete in a few minutes
yielding p-nitrophenyl thiocyanate almost quanti-
tatively takes place.!? We suggest that an analo-
gous reaction subject to catalysis by trace impuri-
ties may contribute to a minor extent with the un-
substituted diazonium salt.

Reaction rates were measured by nitrogen evolu-
tion in two different devices, one measuring the
volume of nitrogen produced at constant pressure,
the other (more precise) measuring the pressure
increase. The reactions followed a first-order
course with precision, except for the complication
introduced by the formation of volatile hydrolysis
products of the thiocyanate, for which correction is
easy. The pseudo-first-order constants are given
in Table I, and there seems to be little difference be-
tween the two sets of results, nor is there any per-
ceptible effect of airor light. The table can be sum-
marized by eq. 7 and 8; the first represents all the
data, the second only those taken in the more precise
apparatus. Equation 8§ fits the data to which it
applies with an average deviation of 2.5%, and a
maximum deviation of 49,. The alternative treat-
ment of the data, the assumption that all the rate
variations are random, would give an average
rate of 4.41 X 10~¢ with an average deviation of
69 and a maximum deviation of 169,. This also
fails to give reasonable agreement with the litera-
ture for the rate constant in the absence of thio-
cyanate.

10%%app 4.08 4+ 0.15 (SCN ™) (7
10%kapp = 4.08 + 0.14 (SCN ™) (8)
(12) R. E. Kunetka, M A. Thesis, The Rice Institute, 1954.
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TABLE 11
APPARENT FFIRST-ORDER RATE CONSTANTS FOR THE
REACTION OF BENZENEDIAZONIUM loN IN AQUEOUS
THIOCYANATE AT 40.00 == 0.05°¢
Condi- kpp X 104, Condi- kgpp X 104,

(8CN ") tion? sec. =t (SCN - tion® sec. !
0 i 3.93 0 H 4,10
4} iU 4.12 2.75 H 4,581
0 1 4,28 4.56 H 4.56
0.90 F 4.18 3.60 I 4.70
1.7 k 4.03 0 I 3.99
2.64 F 4.24 1.38 I 4.44
3.51 F 5.12 2.75 I 4.62
1.19 G 4.50 3.43 I 4.43
2.14 G 4.44 5.15 I 4.89
4.32 G 4.78

¢ This represents the calibration uncertainty of the ther-
mometer; the control and constancy were somewhat
better. ® Conditions: F, volume measured, light and air
present; G, volume measured, dark, air present; H, pres-
sure measured, light present, degassed; 1, pressure meas-
ured, dark, degassed.

Equations 7 and 8 are not least square lines,
although the difference is small. The term 4.08 X
10—¢ is the average of all runs at (SCN—) = 0
and the coefficient of (SCN ™) is calculated for each
point and averaged using (SCN~) as a weighting
factor. The constant term is fortuitously identical
with the value calculated from the Arrhenius pa-
rameters of DeTar and Ballentine!3; the close agree-
ment is a justification for the use of the second term
ineq.7and8.

We at first believed that the deviations from eq.
7 and 8 were outside our experimental error, and
represented further evidence for the unreproducible
reaction previously suggested. However, at zero
thiocyanate concentration, where this reaction
must be absent, the deviations are only slightly
smaller than for the runs in the presence of thio-
cyanate, so there is no convincing kinetic evidence
for a non-reproducible reaction component.

Discussion

The product distribution is that anticipated from
the earlier work.? The rough competition factors
for the reactive intermediate relative to water are
reasonable; that is, thiocyanate ion competes with
water better than chloride ion does,* but the factor
for thiocyanate is not nearly as large as the factor
1.3 X 10* for the trityl cation,!* indicating that
the intermediate is far less selective and hence more
reactive than the trityl cation.

Kornblum and his co-workers® proposed that a
carbonium ion would attack the electronegative
atom of an ambient nucleophile to a larger extent
than would the corresponding alkyl halide in a one-
step SN2 reaction. There are no data for a direct
comparison, but the relatively large yields of the
isothiocyanate compared to those in familiar Sx2
reactions are consistent with this proposal and can
be compared with the results of Cannell and Taft
on the ¢-butyl cation.'® They found that the ratio

(13) D. F. DeTar and A. R. Ballentine, J. Am. Chem. Soc., T8, 3916
(1956).

(14) C. G. Swain, C. B. Scott and K. H. Lohmann, :bid., 75, 136
(1953).

(153) L. G. Cannell and R. W. Taft, Jr., Abstracts of Papers at the
American Chemical Society Meeting, Dallas, Tex., 1956, p. 46-N.
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which we call ks/kx had the value 1.9 for the inter-
mediate in the nitrous acid-isobutylamine reaction,
and the higher value 2.5 for the intermediate in the
solvolysis of ¢#-butyl chloride. The precision of our
result of 2.4 = 0.5 is insufficient to do more than
point out the similarity.

Our data do not establish a temperature coef-
ficient for the competition factors, although a trend
toward lower selectivity with increase in tempera-
ture appears. The main value of the higher tem-
perature runs is their greater reproducibility. In
terms of an erratic side reaction we interpret this
as an indication that the side reaction has a
lower activation energy than the desired reaction.
In this connection, it may be noted that the Sand-
meyer reaction, a possible analogy to a side reaction
subject to trace impurity catalysis, has a rather
low temperature coefficient.® In sum, the product
distribution results are about what might have been
predicted from previous work assuming the inter-
mediacy of the phenyl cation.

The kinetic results present a different picture.
The small but definite increase in rate with thio-
cyanate concentration is not consistent with only
a first-order irreversible formation of an interme-
diate which subsequently reacts with nucleophiles.
The rate increase is not a simple salt effect, since
the salt effect appears to be in the opposite direc-
tion.'” The rate increase is not unprecedented;
similar rate increases have been observed with
high concentrations of benzenediazonium chloride, ¢
with high concentrations of hydrochloric acid,s.1?
and even with thiocyanate ion,* although the con-
centration in this case was barely enough to make
an effect outside of experimental error. It should
be noted that Pray® and Blumberger!® do not
agree on the magnitude of the effect of sulfate ion.
The p-nitrobenzenediazonium ion also shows a
small but significant increase in rate in the presence
of bromide ion,® and in dimethylformamide solu-
tion chloride gives a small rate increase.?! These
small rate increases were ascribed to the contribu-
tion of a second-order reaction,!® but now that
the number of these is greater, it is hard to overlook
the similarity of this rate to that of the first-order
reaction. The conclusion of reference 5 has been
questioned on an independent basis. The change
in volume of activation (AV¥) appears to be the
same for the formation of p-nitrobromobenzene
as it is for p-nitrophenol, in contrast to expectation

(16) W. A. Cowdrey and D. S. Davies, J. Chem. Soc., S48 (1949).

(17) The establishment of the direction of the salt effect is compli-
cated by occasional rate increases on adding salts, such as the present
one; a rate decrease appears more general and frequently has been ob-
served with clearly unreactive anions.®1&19 The reported ‘“‘stabiliza-
tion” of diazonium salts by salt formation with the aromatic poly-
sulfonic acids (K. H. Saunders, “The Aromatic Djazo Compounds,”
2d Ed., Edward Arnold and Co., London, 1949, pp. 83-89), the
stabilization of benzenediazonium jon by the highly charged molyb-
date ion (which disappears on adding acid and neutralizing the charge)
reported by Pray,® and Pray’s? other observation that the rate of
decomposition increased on addition of ether to alcohol as the solvent,
all suggest that the charge becomes slightly more dispersed on activa-
tion and are difficult to explain in any other terms.

(18) M. L. Crossley, R. H. Kienle and C. H. Benbrook, J. Am. Chem.
Soc., 62, 1400 (1940).

{19) J. S. P. Blumberger, Rec. trav. chim., 49, 259 (1930).

(20) H. A. H. Pray, J. Phys. Chem., 80, 1417 (1926).

(21) We are indebted to Dr. M, D. Johnson for communicating this
result of Dr. A. J. Parker.
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for a bimolecular reaction of the diazonium ion.??
Parker?! also believed that the effect of the solvent
dimethylformamide on chloride nucleophilicity
was less than he would have expected for an SN2
reaction.

On the basis of the similarities of the first- and
second-order terms and the questions raised con-
cerning the bimolecular attack, which seems quite
out of the question for the unsubstituted diazo-
nium salt, we propose the following mechanism,
the only feature of which that is necessarily different
from the earlier mechanism is the reversibility of
the first step, reaction 9.

ks
ArI\'2+ < ATN2+* (9)
ks

k
ArNy™ + H0 —> Na + H* + ArOH (10)

3
ArN,** 4+ B~ —> N - ArB (11)

Let us postpone a discussion of the intermediate
ArN,** and consider the kinetic consequences
of this mechanism. If we assume that the inter-
mediate does not accumulate, we can apply the
steady state method to this system, which gives eq.
12, It can be seen readily that the right-hand
_ d(ArN.*) [f10(H:0) 4+ ku(B-)]

& " e & B0 4 E(B] FRATNT)
(12)

side of this equation reduces to ky(ArN.™) if £,
<< kip(H:O0) 4+ Eu(B~). At the other extreme
with k—y >> kp(H,0) + ku(B7), it reduces to
[k1o(H20) + ki(B~)1ko(ArN,+)/k_, an expression
of the form actually observed. Since the total
range of kapp 15 small, we cannot be sure of the exact-
ness of the linear expression (such as eq. 8), so we
may only conclude that the proposed mechanism
fits the observed kinetics as long as k—, is com-
parable with or greater than kip(H.O) + ku(B-).
This is equivalent to stating that a significant frac-
tion of the intermediate ArN:** returns to diazo-
niumion. The product distribution is insensitive to
mechanism in that it only shows that the products
are formed by reactions of the saine order in a single
substance, which might be the phenyl cation, the
new intermediate ArN:+* or even the diazonium ion
itself, as pointed out by Pfeil.*

It now remains to consider the nature of the
intermediate. In order to explain the new data
as well as all the previous work, the intermediate
must have the characteristics: 1. It must explain
substituent effects as well as the mechanism with
the phenyl cation as an intermediate. 2. The re-
verse reaction to give the diazonium ion must be
reasonable. 3. It must be a highly unselective
and reactive substance. An attractive structure
for the intermediate is the charged caged pair
Ar+N,. Clearly this would be sensitive to sub-
stituents in exactly the same way as would Ar+
itself. The reverse reaction would be favored by
the cage and is not unreasonable since the phenyl
cation is presumed to be so highly reactive. The
reaction is quite analogous to the familiar reactions

(22) K. R. Brower, J. Am. Chem. Soc., 82, 4535 (1960).
(23) E. Pfeil, Ann., 561, 220 (1948).
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of carbonium ions with carbon monoxide. The
low selectivity obviously also follows. The kinetic
effect of acceleration by nucleophiles is reminiscent
of the special salt effect,?* in which an ion-pair is
intercepted and prevented from returning by
various salts. There are marked contrasts with
regard to the sensitivity to small salt concentrations
and the stability of the carbonium ion.

Alternative structures with fewer analogies
might be the w-complex or the diazacyclopropene?
intermediate II; the high reactivity would ap-
pear to require that the structure Ila should pre-

doniinate. With even less analogy, a planar bent
H H H H -
L i O
. N N
e T =

model IIT could fit. We have at present no basis
for distinction between these structures.

The mechanism represented by reactions 9, 10
and 11 is of course only the simplest of a number
with a whole series of intermediates, any one of
which could fit the observations. We have pre-
ferred to avoid those in which external nitrogen is
an agent which returns an intermediate to the
diazonium salt, but the experiments now published
on the possible effects of nitrogen are not completely
opposed to such a course. It seemed highly im-
probable that this would have escaped notice,
especially in the high pressure work of Brower.??

It is clear that the adoption of the new mech-
anism requires a reinterpretation of the results
from the p-nitrobenzenediazonium bromide system
of Lewis and Hinds.? The most important piece
of evidence there presented was the kinetic law,
which was of the form: kapp = ko+k (Br).
We now explain this rate law on a completely dif-
ferent basis without calling upon a new mode of
reaction of the diazonium salt itself. The remain-
ing evidence, that the product distribution was not
exactly that predicted for a simple competition for
an intermediate, suffers from the difficulty that
some of the water is tied up solvating the inorganic
ions and may be rendered unreactive, as mentioned
previously. If we assume that four water mole-
cules are rendered unreactive by the sodium ion,
it turns out that the discrepancies attributed to the
incursion of the bimolecular reaction now are in
the opposite direction. We can then explain these
results with a reactivity ratio ks:/ko = ce 9 with as
good precision as any other competition factors.
The competition factor 9 also fits the data of Pfeil?®
for the reaction of chloride and p-nitrobenzenedia-
zonium ion.

The unselectivity of the intermediate allows the
conclusion that the transition states for the reaction
of the intermediate are very similar to the inter-
mediate itself, and an extension of Hammond’s
postulate® would be that the molar volumes of

(24) A. H. Fainberg and S. Winstein, J. Am, Chem. Soc., T8, 2767,
2780 (1956); A. H. Fainberg, G. C. Robinson and S. Winstein, ibid,,
78, 2777 (1956); S. Winstein and E, Clippinger, ibid., 78, 2784 (1956).

(25) 8. E. Paulsen, Angew. Chem., 72, 781 (1960).

(26) G. S. Hammond, J. Am. Chem. Soc., T7, 334 (1955).
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these transition states would be very close to that
of the intermediate and to each other. In this
way, Brower’s result on the identical volume
changes of activation for both products from p-
nitrobenzenediazonium and bromide is explained.
On this same basis it can be shown that the meas-
ured volume change on activation should be very
close to that for reaction 9 alone.

The effect of solvents on reaction rate of benzene-
diazonium salts was studied by Pray,? and is
striking mainly for the small range of rates. Within
this range the rates are not exactly in the inverse
order of dielectric constant. Although the alcohols
as solvents give rates somewhat faster than water,
the carboxylic acids, in spite of their low dielectric
constants, react as slowly as water. In terms of
the proposed mechanism, extended in an obvious
way to non-aqueous solvents, the nucleophilic
character of the solvent enters into the rate to the
extent that the reversibility of reaction 9 can be
prevented. In these terms the low reactivity in
the very weakly nucleophilic solvents can be un-
derstood.

Further experiments of a different nature to
study the nature of the intermediate are in progress.
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Experimental

Materials.—Benzenediazonium fluoroborate was prepared
fresh frequently by conventional niethods from tlie purest
available starting materials, All samples used were white
and crystalline. Reagent grade potassium thiocyanate of
several different batches and two different manufacturers
was used. No variations attributable to this source could
be seen. Water was distilled in an all-glass still to avoid
trace metal catalysis previously observed.®

Product Identification.—The gaseous reaction product was
transferred to a gas cell and the infrared and ultraviolet
spectrum observed. The ultraviolet spectrum showed a
strong absorption rich in fine structure spaced at from 1.7 to
2.0 mu between 199.2 and 213.7 mg and a further maximum
at 196.6 mu. The same spectrum in all details was obtained
from carbon disulfide vapor. In the infrared, carbon di-
sulfide absorption at 6.57 u was observed, but weaker bands
at 11.64 and 4.88 p were also found and were identical with
the stronger bands of carbon oxysulfide. The absence of
characteristic ultraviolet absorption showed that isothio-
cyanic acid, cyanogen, thiocyanogen, hydrogen cyanide and
hydrogen sulfide were not important reaction products.

The non-volatile products were identified by ultraviolet
spectrum and cliromatographic behavior.

A pure sample of phenyl thiocyanate for comparison was
not readily obtained. The method of Thurnauer?® yielded a
27%, vield of a distilled material from anilinle via the Sand-
meyer reaction, but it contained about 169, phenyl isothio-
cyanate by the analysis described below, Chromatography
on alumina of a petroleum ether solution of this material
gave a pure sample but the yield was low because of extensive
hydrolysis on the column. Phenyl thiocyanate was further
characterized by nitration,?® giving a product identical to
that prepared by the Sandmeyer reaction with p-nitro-
benzenediazonium ion.

Phenyl isothiocyanate was a commercial material. Phenyl
thiocarbamate, m.p. 96.8-98.6°, was prepared following
Riemschneider.® It was also obtained in the chiromatog-
raphy of the phenyl thiocyanate.

(27) H. A. H. Pray, J. Phys. Chem., 80, 1477 (1926).

(28) G. Thurnauer, Ber., 23, 769 (1890).

(29) F. Challenger, C, Higgenbottom and A. Huntington, J. Chem,
Soc., 26 (1930).

(30) R. Riemschneider, F. Wojahn and G. Orlick, J. Am. Chem. Soc.,
78, 5905 (1951).
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Analysis.—The aqueous reaction mixtures, consisting of
about 50 ml. of solution, were made basic with about 0.6 g.
of sodium hydroxide. The mixture was then extracted with
five successive 20-ml, portions of isoéctane (2,2,4-trimethyl-
pentane). The isodctane solution containing also the iso-
octane rinsings of the reaction vessel was diluted appropri-
ately and the ultraviolet spectium was taken. The agqueous
solution was acidified with concentrated hydrochloric acid
and then extracted with 50 ml. of chloroform. The ultra-
violet spectrum of the chloroform extract gave the amount of
phenol. The Table II1 gives the extinction coefficients at
thie wave lengths used for tlie analysis of the isodctane solu-
tioi, and the absorbance of at least one other wave length
was checked. The table sliows that only phenyl isothiocyan-
ate can be determined with high precision; the method was
developed before the presence of phenyl thiocarbamate was
discovered. The analysis did give satisfactory results ou
some known mixtures.

TasLE 111
ANALYTICAL WAVE LENGTHS AND EXTINCTION
COEFFICIENTS
Wave length, my—————
Substance 235 245 280
CeH:SCN 8.57 X 108 2.36 X 10°% 40
CeH;NCS 3.17 X 103 4.00 X 10® 1.13 X 103
CsH:SCONH; 3.92 X 103 4.30 X 10° 50

Procedure for Product Determination.—A solution con-
tained about 0.02 M diazouium salt, 0.035 3 sulfuric acid
and the desired amount of potassium thiocyaunate in about
50 ml. These were placed in a 250-ml. flask in the thernio-
stat at 40° for the runs identified as conditions A, B and Cin
Table I, Pyrex flasks were used for conditions A and B, and
Corning “‘Low Actinic’’ flasks for condition C. The mix-
tures were degassed by repeated freezing, evacuation and
thawing for couditions B and C. For condition D, most of
the potassium thiocyanate solution was boiled under reflux
in an oil-bath, and the diazoninm sait, dissolved in the rest
of thie solution, was rapidly added througl the reflux con-
denser. Under these couditions tliere was substantial
hydrolysis of the thiocvanate, and a small aniount of fluoro-
benzene was detected in tlie iso6ctane extract. For condi-
tion E, the reagents were mixed cold and tle flask, with a
condenser attached, was rapidly plunged into an oil-bath
heated to 160°. Boiling started in a few secouds. In all
cases the reactionl was allowed to proceed for at least ten
half-lives as calculated from tlie data of DeTar aud Ballen-
tine, 13

Kinetics.—The mniore precise apparatus was modeled after
that of DeTar and Ballentine!? except that it was much
smaller and therefore did not need such vigorous stirring
for our fairly slow reactions. A solution of potassinm thio-
cyanate and acid identical with that in the sample side was
placed in the reference side of the apparatus, this accom-
plished almost complete compensation for the formation of
volatile products by the side reaction of thiocyanate hydrol-
ysis. The rate constants were calculuted from the slope of
the least square liite of a plot of log (Pe — Py) us. ¢, where
P, is the experimentally determined pressure after at least
10 haif-lives and P, is the pressure at time ¢.

The other consisted of a small flat-bottomed vessel fitted
with a Teflon stirrer driven through a Tru-bore seal. The
gas was passed i11to a jacketed gas buret. The flat-bottomed
design with a very small depth of solution allows facile
nitrogen evolution without requiring unusually rapid stir-
ring. When the volume was plotted against time in this ap-
paratus, the volume did not become constant but instead
rose linearly because of the thiocyanate hydrolysis. This
linear portion was extrapolated back to the start of the reac-
tion and the volume of nitrogen was estimated by subtract-
ing the volume at the time { from the volume given by the
linear plot at the same time. Since the rate of nitrogen
evolution was considerably faster than the evolution of gas
by the other reaction, the error was not large. Rate con-
stants were in this case obtained graphically from the slope
of the plot of log ( Ve — Vi) vs. &, where the volumes are the
corrected ones as calculated above. In the absence of thio-
cyanate no correction need be made so tlie results are more
precise and were used in calculating the average rate con-
stant. It was not practical to operate this apparatus in the
absence of air.



