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230. Mechanism of Substitution at a Saturated Carbon Atom. Part 
Kinetics of the Reaction of Triphenylmethyl Chloride with LVI.* 

Methyl Alcohol in Benzene. 
By E. D. HUGHES, C. K. INGOLD, (MISS) S. F. MOK, and Y. POCKER. 

The methyl-alcoholysis of triphenylmethyl chloride in benzene has been 
reinvestigated. Swain reported measurements of the rate of this reaction 
in the presence of pyridine, asserting that pyridine does not react with the 
alkyl chloride and has no effect on the rate of its alcoholysis. It has been 
found that pyridine reacts relatively rapidly with triphenylmethyl chloride, 
and has a marked effect on the rate of its methyl-alcoholysis. The present 
investigation was therefore continued by the measurement of initial rates 
in the absence of pyridine. 

Contrary to Swain’s finding that the kinetic order is precisely two with 
respect to methyl alcohol, it is now found that this reaction has no definite 
order in that substance : the apparent order rises quite continuously from 
near zero to about three over our range of methyl alcohol concentrations, 
without any sign of an arrest a t  any intermediate value. Notwithstanding 
that methyl alcohol is the substituting agent, it appears to be exerting a 
macroscopic co-solvent effect on a rate-controlling step, and no evidence is 
forthcoming that two necessary and sufficient molecules have specific 
functions in the transition state, as is required by Swain’s I ‘  push-pull ” theory. 
A similar general co-solvent function is exerted by a number of added polar 
molecules, which are not acting as substituting agent : those investigated 
include the non-reacting aprotic molecules, nitromethane and nitrobenzene, 
and the slowly reacting hydroxylic molecule, phenol. 

Swain claimed that the rate of alcoholysis is not depressed by common-ion 
salts (chlorides), and is not appreciably increased by non-common-ion salts. 
I t  is found, on the contrary, that tetra-n-butylammonium chloride markedly 
depresses the reaction rate. The functional form of the effect is in approxi- 
mate agreement with the assumption that this is the common-ion ” effect 
in a reaction of SN1 type, i.e., competitive intervention by the saline chloride 
in a product-controlling step, following a rate-governing step, of the reaction. 

Hydrogen chloride is an electrophilic catalyst, apparently acting both 
through its molecules, and also through dissociated protons. Tetra-n-butyl- 
ammonium perchlorate is a remarkably powerful catalyst, apparently acting 
through dissociated perchlorate ions. Other non-common-ion salts accelerate 
the reaction markedly, but less strongly than perchlorate: a reason for 
the quantitative difference is suggested. Added tetra-n-butylammonium 
chloride destroys the catalytic effect of hydrogen chloride by combining 
with it : protons are converted into hydrogen chloride molecules, and the 
latter are further converted into hydrogen-dichloride ions. Tetra-%- 
butylammonium chloride also destroys the catalytic effect of tetra-n-butyl- 
ammonium perchlorate: the functional form of this effect is in accurate 
accord with the assumption that the saline chloride is again intervening, not 
in the first rate-controlling step, but in a product-controlling step of an S,l- 
type mechanism. 

SWAIN’S conclusion 1*2 that ‘ I  there is only one mechanism for the displacement of anions,” 
always a push-pull termolecular mechanism,” that I ‘  nucleophilic displacement 

reactions. . . . are at least termolecular, never unimolecular or bimolecular,” and that 
they have ‘ I  exactly third order kinetics,” unless solvent participation suppresses certain 
orders, inasmuch as “ kinetics does not depend on mechanism, but only on the degree of 

Part LV, preceding paper. 
Swain, J .  A m .  Ckcm. Soc., 1948, 70, 1119. 
Swain and Eddy, ibid., p. 2989. 
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participation of the solvent,” has been supported by several experimental reports, of 
which the most widely quoted is that on the reaction of triphenylmethyl chloride with 
methyl alcohol in benzene. It is claimed l e S  that this process obeys a third-order rate law 
with precision, and that the positive normal, and negative, mass-law salt effects, which 
might be expected to appear if the unimolecular mechanism s N 1  were in operation, are 
insignificant or absent. 

In  reexamining this subject, our first object was to check the kinetic facts ; we found 
that they were not as reported. We then continued the investigation, because it became 
our object to see whether a more comprehensive survey of the kinetic pattern would 
appear consistent with either the s N 1  or the s ~ 2  mechanism of substitution, the concept 
of which, according to Swain, “ has been popular ” but is to be rejected as “ false and 
misleading.” 4, 

(1) The  Experimental Conditions.-They were our first dficulty. Swain’s main series 
of data relate to the reaction of triphenylmethyl cNoride (0 .1~)  with methyl alcohol 
(0.05 or O o l ~ ) ,  sometimes with added phenol, but always with an added tertiary amine, 
usually pyridine in excess (0*1-0-2~), in a benzene solution saturated with, and containing 
in suspension, the hydrochloride of the amine. Swain does not suppose that such con- 
ditions are either needlessly, or dangerously, over-complicated. “ The amine,” he writes, 
is used simply to take up the hydrogen chloride formed and render the reaction irreversible. 
The reaction between trityl chloride and tertiary amines is negligibly slow under these 
conditions, and the rate of reaction with methanol is unaffected by changing the concen- 
tration of the tertiary amine used.” 

We do not confirm either of these findings. As to the first, we find that triphenyl- 
methyl chloride reacts rapidly with tertiary mines, in particular, with pyridine. The 
reaction is reversible, but it goes forward extensively, and the forward rate is comparable 
with the rate of chlorine exchange of triphenylmethyl chloride with a saline radiochloride. 
a reaction which is generally faster than methyl-alcoholysis in like conditions, e.g., 8 times 
faster in the presence of O.lM-methy1 alcohol in benzene (Part LIV). The time 
element can, as indicated in Part LIV, be studied conveniently by competition with 
chloride exchange; but the kinetics and thermodynamics of the reaction of triphenyl- 
methyl chloride with pyridine are the subjects of a future paper, and we are concerned now 
only with the qualitatively greater rapidity of this reaction than of the reaction with 
methyl alcohol. The result of it is that, before the progress of the reaction with methyl 
alcohol comes to be measured, the faster reaction with pyridine has converted a certain 
proportion of the triphenylmethyl chloride into a form, which is not unreactive, but is less 
reactive than is the original material, towards methyl alcohol. And so, contrary to 
Swain’s second finding, we observe that the rate of methyl-alcoholysis is reduced by added 
pyridine, and reduced the more by an increased concentration of pyridine. This is illustrated 
by the initial specific rates, k, = -d[RCI]/[RCl]dt, cited in Table 1. 

TABLE 1. E fec t  of added pyridine on the initial specijc rate (k, in sec.-l) of reaction of 
triphenyl c h i d e  with methyl alcohol in benzene at 25”. 

(Initially, triphenylmethyl chloride was O - ~ M ,  throughout.) 
Run [MeOH], [Pyridine] 10%, Run [MeOH] [Pyndine] 10%, 
146 0.10 - 6.3 219 0.05 - 2.17 
16 1 ,  0.05 3-4 17 11 0.10 1.09 
6 D ,  0.10 2.8 26 .. 0.20 0.90 
33 ., 0.60 2.2 34 ., 0.60 0.67 

There is a slight quantitative exaggeration in this Table, inasmuch as the pyridine-free 
rates are rendered too high by the catalytic effect of adventitious hydrogen chloride. We 
know how to correct for this : and we know that, if the correction were made, it would 

a Swain, J .  Amer. Gem. SOC., 1960, 72, 2794. 
Swain and Langsdorf, ibid., 1961, 78, 2813. 
Swain and Moseley, ibid., 1966, 77, 3727. 
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not reduce the pyridine-free rates by more than 10%. This does not affect the conclusion 
that the rate is seriously disturbed by pyridine. 

Since the findings on which Swain based the choice of his experimental conditions 
were not confirmed, it was evident that we could not continue to employ those conditions. 
A simplified procedure was required, and it was an obvious step to leave out the pyridine, 
and, of course, the pyridine hydrochloride, and to study initial rates. We expected that 
two new disturbances would arise in the continuing reaction, Viz., an autocatalytic 
acceleration, due to formed hydrogen chloride,6 and a final retardation due to reversibility. 
However, by concentrating on initial rates, we could largely avoid disturbances. We soon 
found that a careful watch had to be kept on the effect, on initial rates, of adventitious 
hydrogen chloride. But this was a small problem compared with that of analysing the 
kinetics of two interacting, simultaneous, reversible reactions, both, as we now know, 
having inconstant reaction orders. 

(2) Order with Rcspcct to Triphylmdhyl CWotide.--In agreement with Swain,' we find 
that this kinetic order is unity. This is illustrated, in the first instance, by the initial 
specific rates, -d[RCl]/[RCl]dt, in Table 2, for two methyl alcohol concentrations. Here, 
the rate constants are uncorrected for catalysis by adventitious hydrogen chloride, but in 
these experiments the error so caused was only of the order of magnitude of the casual 
errors of the initial-rate measurements. 
TABLE 2. Eflect of the concentration of iriphenylmethyl chloride (RC1) on the initid specij;C 

rate ( k ,  in  sec.-*) of its reaction with methyl alcohol al 26". 
R U  [RCl], [MeOH], 10%, Run [RCl], [MeOH], 10'R, 
206 0.010 0.10 6.7 217 0*010 0.20 33 

207 0.026 a ,  6.5 219 0.030 D #  38 

146 0.100 D ,  6.3 393 0.100 # b  40 

The test here illustrated is for a range 1 : 10 of triphenylmethyl chloride concentrations. 
We have enlarged the range to 1 : 40 ; but, with the higher concentrations of triphenylmethyl 
chloride, it is more difficult to keep down the adventitious hydrogen chloride, and it is 
easier to allow it to enter, but to correct for it. This further illustration must therefore 
wait until we go into the matter of hydrogen chloride catalysis (Section 4). 

In the particular experiments to which Table 2 refers, we did not measure the equili- 
brium extent of reaction. But this is known approximately from many other measure- 
ments : when triphenylmethyl chloride and methyl alcohol are in equivalence, the reaction 
goes forward to the extent of about 11%, but when either reagent is in excess over the 
other, then the consumption of that in deficit proceeds much further, e.g., to more than 80%. 

(3) " ordw " .With Respect to Methyl AZcohoZ.-According to Swain, the reaction between 
triphenylmethyl chloride and methyl alcohol, besides being of first order in triphenyl- 
methyl chloride, is of second order in methyl alcohol, and so of third order overall, these 
orders holding with great accuracy : '' The fact that the order is so precisely third," he 
says, " suggests that we are dealing with a pure mechanism, which accounts for all the 
reaction observed." 

Our data on the dependence of the rate on methyl alcohol concentration are in Table 3. 
The concentration range is 1 : 250, with the accuracy falling off at both extremes, but 
with a similar degree of accuracy over a central range of 1 : 80. The rates are again 
uncorrected for catalysis by adventitious hydrogen chloride, but the correction that 
some of the figures need on this account is not more than twice the casual error, and is of 
no significance in a range of rates of 1 : 1OOO. It happens that the equilibrium extent of 
reaction was measured in many of these experiments, and so we take the opportunity to 
illustrate this matter in Table 3. 

Bateman, Cooper, and Hughes, J. ,  1940, 930 (electrophilic catalysis by HC1 of alltyl chloride 
reactions in aprotic solvents) ; Part LIII, Hughes. Ingold, Patai, and Pocker, 1967, 1206 (stability 
Qf ClHCl- ion in benzene, the reason for the catalysis). 

21 Id 0.020 # J  6.0 218 0.020 b #  37 

212 0.030 L b  6.0 220 0*060 * a  40 
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TABLE 3. Efled of ula ctmcentraiim of methyl alcoiiol on the indid specific r& (kl in scc.-l) 
of its r d i o n  with triPknylmethyJ cirloride (RC1) in b m z m  at 26' (PCI], = 0.1~). 

Run [Meow MeOH(%)* Run WeOm 10%, MeOH (%) * 
260 0.002 4.35 86.0 181 0.076 4.5 12.0 
263 0.003 4 4 2  60.0 146 0.100 6.3 106 
249 0.005 0.30 42.0 130 ,* 7.0 11.0 

132 

_ _  133 0-160 20 15.0 370 

128 1.00 18.6 134 0-260 83 21.6 
129 O&O 2.2 16-0 432 0.300 137 

- 135 O * k O  200 2.6 
29 1 2.6 - 136 0.400 270 
262 

2.6 - 137 0.500 -430 369 
Consumed at equilibrium. 

The meaning of Table 3 is best indicated by plotting the logarithm of the ht-order 
rateconstant in triphenylmethyl chloride against the logarithm of the concentration of 
methyl alcohol, as in Fig. 1. According to Swain, it should be a straight line of slope 2. 
The curve as drawn shows every slope from 0 to 3, and there is no arrest of gradient at 2 

248 0.010 0.42 32-0 156 D @  7.3 11.0 
049 - 
0-66 -. - 
0.82 

RC1 (%I 410 0420 

261 0.626 0-86 - 393 0.200 40 - 
- 

D D  2.3 14.5 10 1 40 26.0 
D D  29.0 

l6d 

D O  32.6 
D D  39.0 

FIG. 1. Reaction of triphenylmethyl 
chloride with methyl &oh01 an 
bentene d 26" : plot of the logarithm 
of the first-order rate constant with 
respect to triphylnrcthyl chloride 
against ths logwithm of the con- 
antraticn of muthyl dcohol. 

The upper series of straight lines 
shows theoretical slopes for kinetic 
orders of 0. 1, 2, 3, with respect to 
methylalcohol. Thebroken line 
represents Swain's view of the 
kinetics of this reaction, the kinetics 
requ@l by the '' push-pull termole- 
cular theory. 

or any other integral value within the range. We cannot be quite sure that the represented 
arrest at 0 is real, because our experiments at low concentrations of methyl alcohol are 
not accurate enough. 

The description given by Swain of the kinetics of this reaction is therefore incorrect 
in its most fundamental point. It follows that his conclusions cannot be sustained. There 
cannot be a small, necessary, and sufficient number, two or any other, of methyl alcohol 
molecules, singularly placed, with distinctive functions, in the transition state of the 
ratecontrolling step of this reaction. Certainly, methyl alcohol is the nucleophilic 
substituting agent. But the kinetic evidence is that its participation in the rate-controlling 
stage of substitution is of the nature of that of a polar co-solvent, the molecules acting in 
an electrostatic way, in various numbers, from various positions, not necessarily very 
close to the reaction centre, and in a manner that could not be accurately described, 
otherwise than statistically. It follows that Swain's simple " push-pull " diagram has no 
sound factual basis. 

Swain and Kreevoy have complained 7. that one of us '' reclassified '' the reaction of 
triphenylmethyl chloride with methyl alcohol in benzene as an S N ~  process. But that 
was accepting Swain's reported facts; and what was said 8 was that they allow that 

Swain and Kreevoy, J .  Amer. Chem. SOC., 1955, 7'7, 1122. 
Ingold, " Structure and Mechanism in Organic Chemistry," G. Bell & Son, London, 1963, p. 366. 
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interpretation, as indeed they do. The present observations do not allow it. Hawthorne 
and Cram have similarly disagreed with what they call “ the experimentally unsupported 
viewpoint of Hughes ” that the reaction is of S N ~  type. Actually the viewpoint was not 
experimentally unsupported : it was insecurely supported by Swain’s experiments which 
we have now shown to be inaccurate. No comparison of absolute rates with Swain’s values 
is possible because of the complications arising from the bases he added. 

As this reaction has no invariable reaction-order, an activation energy, as determined 
from the temperature coefficient of reaction rate, would have no clear meaning. It is, 
however, convenient for the purpose of comparing the absolute rates of different reactions 
of triphenylmethyl chloride, not all of them measured at the same temperature, to have an 
idea of the experimental temperature coefficient of the rate of reaction with methyl alcohol. 
We have estimated this roughly for the methyl alcohol concentration 0 . 0 5 ~ ~  by rate 
measurements at 25”, 3 6 O ,  and a”, and find the factor of increase for 10” rise in temperature 
to be close to 1.6. 

Hudson and Saville lo investigated the ethyl-alcoholysis of triphenylmethyl chloride 
in solvent carbon tetrachloride, in the range 0.1-5M-ethyl alcohol. Their logarithmic 
plot, corresponding to that of Fig. 1, showed slopes varying continuously, but non-mono- 
tonically, from below 2 to about 3. Where their concentration range and ours overlap, 
the slopes are not widely different, though neither is constant. They suggest that the 
active agent is a trimer of ethyl alcohol, but we find it difficult to believe that a probably 
cyclic trimer, in such relatively low concentration as would give an approximately cubic 
rate-law, would be more effective in reaction than the monomer. 

(4) Catalysis by Hydrogen CMoride.-The difficulty of this subject is that there are 
really two catalyses, one of which would be very easy to miss. There is one of moderate 
power at measurable hydrogen chloride concentrations, and also one of great specific 
power at concentrations too small for accurate measurement. For convenience we call 
them the “measurable” and the “immeasurable ” catalysis. The difficulty of the 
diagnosis is this : if one determines reaction rate for a series of concentrations of hydrogen 
chloride, down to the lowest that one can measure with some attempt at precision, say 
6 x lo%, and if one then extrapolates down to zero concentration, in order to.get the 
acid-free rate, the answer is wrong, with nothing in the work to indicate that it might be 
wrong. Obviously we cannot check the acid-free rate directly, because, however early one 
makes one’s measurements of the initial rate, one must allow a measurable amount of acid 
to develop. Moreover, we have never succeeded in reducing the adventitious acid in, 
say, a O-l~-solution of triphenylmethyl chloride, with all manipulations made in readiness 

TABLE 4. Effect of hydrogen chloride on the initial specif;c rate ( k ,  in sec.-l) of reaction of 
triphenylmethyl chloride (RCl) with methyl akohol in benzene at 25”. 

As far as possible, the vaIue of h = [HCl] is taken as that 
at the centre of the small concentration range covered by the group of initial measurements from which 
the initial rate was determined.) 

Run WCl], 10% 10%, Equil. (%) Run [RCl], 10% 10%, Equil. (%) 
- - 0 7.0t - 108 0.3 32.0 16.7 - 
92 0.1 6-2 8.3 10.6 123 0.1 37-3 13.4 9.0 

(Initially, [MeOH] = 0 . 1 ~  throughout. 

116 D D  14.0 10-0 10-2 112 47.0 19.6 9.0 
12 15.0 10.3 - 110 6.k 60.0 20.7 - 

106 dvD2 16.0 11.7 9.6 114 0.1 87.0 26.8 8.0 
122 0.1 23.3 12.7 - 121 ,, 117.5 34.0 7.0 

Percentage of methyl alcohol consumed at equilibrium. 
t Value by extrapolation : not the true value. 

for a run, to less than an estimated 2 x 1 0 - 5 ~ ,  so that all our runs started acid, besides 
becoming more acid during the measurements. 

Table 4 does this, and also takes The measurable catalysis is easily documented. 

lo Hudson and Saville, J . ,  1966, 4130. 
Hawthorne and Cram, J .  Amer. Ckem. SOC., 1964, 76, 3461. 
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care of two further points. One, promised in Section 2, is that the reaction is of first 
order in triphenylmethyl chloride, not only from 0.01 to 0*10~ ,  but also over the extension 
of range to 0-40~. The other is that added hydrogen chloride represses the reaction 
equilibrium in the direction of the factors, as would be expected qualitatively, since 
hydrogen chloride is a product of the reaction. 

The form of the catalysis is shown in Fig. 2 : it is linear : and points representing 
experiments with from 0.1~-  to 0*4~-triphenylmethyl chloride lie about the same line. 
Here we have an apparently real reaction order, one of unity in hydrogen chloride. The 
rate term is of the form k'h, the catalytic coefficient k' having the value 0.023 sec.-1 mole-' 1. 
in 0.lM-rnethyl alcohol in benzene at 25" ; h is the concentration of hydrogen chloride. 

We assume that the hydrogen chloride molecule is functioning here as a catalyst of 
the specific electrophilic type, discussed as to principle in 1940, and that it owes its power 

1 .+' 401 
/- 

0 
/ 

66- 
FIG.  2, The full-lane curve represents 0 

the eflect of hydrogen chloride on the 92 - 0 
initial speci$c rate of reaction of tri- 
phenylmethyl chloride with methyl 28 - 
alcohol i n  benzene at 25'. 

According as the points are numbered 
1, 2 , 3 , 4 ,  the concentration of tri- 
phenylmethyl chloride was 0.1, 0.2, 
0.3, 0 . 4 ~ .  The concentration of 

The non-linear extrapolation (broken) 
on the extreme left of the lower (full) 
curveisreferred tolaterin thissection. '* 
The linear broken curve, representing 
experiments in the presence of 
0.001ms-tetra-n-butylammonium per- 
chlorate, is referred to in Section 6. 

-**-1 +' 
? 20 d4 

methyl alcohol Was o*lM throughout. 16 - 
- 

I I I I I 
~~ 

- 0  2 4 6 8 M n 
l O J ~ C l ]  

to the stability of the (ClHC1)- ion in benzene.6 The kinetic law shows that it is specific, 
i e . ,  that, unlike methyl alcohol, hydrogen chloride does accept a specific placing of a small 
number of its molecules, one, in fact, in the transition state of catalysed reaction. 

Before we can consider the " immeasurable " catalysis, it is necessary to notice the effect 
of tetra-n-butylammonium chloride in suppressing the measurable catalysis by hydrogen 
chloride. We know that chloride ion combines with hydrogen chloride to give the 
hydrogen-dichloride ion : therefore we must expect a suppression of the catalysis. The 
figures in Table 5 show that a quantity of salt equivalent to the hydrogen chloride destroys 
TABLE 5. Suppression by tdra-n-butylammunium chloride of thc catalysis by hydrogen 
chloride of the reaction of triphenylmethyl chloride with methyl alcohol in benzene at 26". 

Initial [Triphenylmethyl chloride and methyl alcohol are each in concentration 0 . 1 ~  throughout. 

Run 10% [BuqNCl] 10%, Run 10% ~un ,NCI]  10%, 
Fig. 2 76 - 26.6 Fig. 2 13 - 10.0 

279 D #  0~0010 23.8 276 *s 0.0 199 4.3 
8 )  0 7.0 278 0.0070 14.0 Fig. 2 

much of the catalytic effect of the latter, and that three times as much salt more than 
suffices to destroy the whole of it. (Actually, at the highest concentration shown in 
Table 6,  the salt is not only suppressing all the forms of hydrogen chloride catalysis, but 
is also beginning to exert its own specific power of retarding the reaction.) 

Knowing that it requires an amount of tetra+z-butylammonium chloride in excess of 
the amount of hydrogen chloride to suppress nearly all the measurable catalysis of the 

specific rates k, are in sec.-l.] 

- 
277 D D  0.01 99 4.7 276 D .  0.0199 4.3 
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latter, we can estimate about how much salt should be needed to suppress this catalysis 
at the lowest concentrations that can be determined, in association with a measured rate, 
say, 5 x 10-4~ for experiments with triphenylmethyl chloride and methyl alcohol both 
0.1~. We can also estimate, from the form of this catalysis, what the rate should be in 
its absence. Thus, for the conditions represented by the first point in Fig. 2, we can say 
that the required amount of salt would be about lo-%, and that it should depress the rate 
to 7.0 x lo6 sec.-l. Our evidence for a second catalytic effect of hydrogen chloride, the 
“ immeasurable ” effect, is that an amount of salt lo00 times smaller depresses the rate 
more than that, and that rate depressions produced by such very small concentrations of 
salt reach their limit well below the concentrations which begin to produce a noticeable 
effect on the measurable catalysis. 

Numerical illustration of this effect involves the difliculty of standardising, among 
different experiments, the smallest amount of hydrogen chloride that can be associated 
with what can fairly be called initial rates. With the reagents at O*laa-concentration, and 
no salt present, one can, if one pays no attention to this condition, observe various initial 
rates between 6 x and 9 x sec.-l. The most comparable collection of 
experiments we have involve adventitious-plus-developed acid amounting to about 
6 x 10% over the period of the readings. These results are summarised in Table 6. 

TABLE 6. Egat of small concentrations of tetra-n-butylammium chloride on the rate of 

In  the period of the readings, the hydmgen chloride con- 
reaction of triphenylmethyl chloride with methyl alcohol in benzene at 25”. 

(Initially, [CPh,CI] = [MeOH] = 0 . 1 ~ .  
centration h averaged 6 x 10% throughout. Initial specific rates, AID are in sec-1.) 

Run 1O8[Bun,NC1] lo%, Run IO@pun,NCl] 10% 
92 - 8.3 223 28 6.7 

296, 301 1.07 6.4 300 107 5.6 
230, 299 12.3 6.0 142d, 224, 228 340 6.7 

The form of this rate depression is shown in Fig. 3. The effect is all over by the time 
the salt concentration has amounted to 3.0 x 10-6~.  The rate is then 5.6 x set.", 
and there it remains until the salt concentration is increased a great deal further. Unfor- 
tunately we cannot analyse the curve mathematically, because the acid concentration 
cannot be specified with sufficient precision. If we could analyse it, we would hope to 
prove what must now be put forward as a speculation. 

It has already been made clear that the linear curve in Fig. 2 ought not to be extra- 
polated linearly : the true curve must turn down very close to the rate axis, somewhat as 
indicated by the added broken curve. Now the experimentally followed, straight curve 
represents a rate-term k‘h, where h is the concentration of hydrogen chloride. That the 
true curve turns down at the end of low concentration indicates the presence of another 
rate-term with a smaller exponent than unity, i.a., a term representing a specifidly more 
powerful catalysis, but one of smaller kinetic order. We assume that this order, definitely 
less than 1 , is 4, i.e. , that the new rate term is of the form k”h4, and that it is due to electro- 
philic catalysis by the protons of dissociated hydrogen chloride. 

From the viewpoint of dissociation to simple ions in benzene, even quaternary 
ammonium salts are very weak electrolytes : they are dissociated by some millionths a t  
most to give concentrations of ions which cannot be increased much above 1 0 - l O ~ .  But 
however weak salts are, hydrogen chloride must be a much weaker electrolyte. Whether 
we assume that it is 100 times or 10,OOO times weaker, it will be true that a quaternary 
ammonium chloride, added in considerably smaller concentration than the hydrogen 
chloride, will practically completely repress dissociation of the latter. We shall later 
illustrate the point that a chloride is needed, i.e., that any quaternary ammonium salt 
will not act thus (Section 6). 

We have done similar experiments at lower methyl alcohol concentrations, down to 
O e 0 2 M .  The rate phenomena are of the general form shown in Fig. 3, except that the 
initial fal l  of rate is even sharper, and that at the methyl alcohol concentration 0-02M, the 
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horizontal stretch of curve becomes replaced by a curve with a small, but distinct, initial 
rise, so that it leaves a shallow minimum, and only asymptotically attains horizontality. 
The steepening of the initial rate fall suggests that the removal of methyl alcohol weakens 
hydrogen chloride, as a simple binary electrolyte, more than it weakens the quaternary 
ammonium salt. We have a suggestion to  account for the small rise of rate, but must 
postpone making it until salt effects in general have been considered more thoroughly 
(Section 6).  

on the 
reaction now under consideration, Swain reported that ammonium chlorides showed no 
negative kinetic effects, such as might have indicated a mimolecular mechanism Sxl : 
'' There is no indication of a mass effect, i.e., a reversal of carbonium ion formation caused 
by chloride ion." In a later paper be reaffirmed this finding3 

We do find a negative kinetic effect : with tetra-n-butylammonium chloride, it 
becomes noticeable a t  all concentrations above 10%~ By the time the added salt has 

Logarithmic plot showing the effect 
of moderate and high concentrations of tetra- 
n-butylammonium chlmide on :he initial 
specijc rate of reaction of triphenylmethyl 
chloride with methyl alcohol in bentene 
at 25". 

(6) Kinetic E f d  of Tetra-n-bulylammonium CUmde.--fn his first paper 

FIG. 4. 

FIG. 3. Effect of low concentrations of tetra-n-butyl- 
ammonium chloride on the initial specific rate of 
reaction of triphenylmethyl chhidc with methyl 
alcohol at 25" in benzene. 

Each reagent is 0.1 M . -5 - -4 -3 -2 -1 
log[n-Bu,NCl] 

Each reagent is 0.1~. 

become equivalent to the methyl alcohol, the rate may have fallen to oneeighth or less of 
its original value. This is illustrated in Table 7. The Table also shows, though in a some- 
what qualitative way, that the added salt so shifts the equilibrium that the forward 
reaction goes further : some of the runs were followed for most of the distance they would 
go, and this is recorded, though the experiments were not continued for long enough to  
ensure that these extents of followed reaction represent equilibrium compositions. 

TABLE 7 .  Eflect of moderate and large cowentrations (c) of tetra-n-butylammmium chloridc 
on the initial specif;c rate ( k ,  in sec.-l) of reaction of tripkenylmethyl chloride (0.1~) 
with mcthyl alcohol ( 0 . 1 ~ )  i n  benzene at 25". 

Run 10% lo%, 
Section4 - 5.6 

160 1-77 6-2 
14 2.60 6-0 
145 3.41 6.2 
144 6-81 4.8 

143 13.6 3.4 
147 16.6 4.3 

161 8-00 4.7 

Followed % Run 
- 148 
12 162 
10 149 
13 163 
16 164 

167 
19 168 
- 
- 

10% 
196 
31-3 
3943 
60.9 
59.6 
69.7 
98.1 

lo%, Followed % * 
3.17 - 
2.67 31 
1.83 44 
1.32 - 
1-97 - 
1-16 - 
0.66 - 

Of the stoicheiometric maximum : the thermodynamic maxima are not much higher than the 
figures recorded. 
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The functional form of this effect is shown in Fig. 4 : in order to cover a great range of 

concentrations, we have made the plot one of the logarithm of the rate against the 
logarithm of the concentration of salt. When the salt is added in increasing amounts, the 
first thing it does is to destroy all catalysis by hydrogen chloride : the tail-end of that 
process is seen on the left. After that, nothing happens until the concentration of salt 
becomes a multiple percentage of that of the methyl alcohol, then the rate curve plunges 
downward, as seen on the right. 

The curve actually drawn is not the best curve through the points, but that given by 
the simplest conceivably applicable form of the theory of common-ion retardation in the 
unimolecular mechanism S N ~ .  This is that the preliminary step is a ratecontrolling 
ionisation of the alkyl halide RC1, and that the formed carbonium ion R+, which in our 
case might be in the ion-pair form R+Cl- (we are not required to reach a decision on the 
point at this stage), is rapidly attacked by the added salt in ion-pair form, and by methyl 
alcohol, in competition. If we assume that the salt is present almost wholly as ion-pairs, 
that the mass-law is obeyed, and that no other kinetic effect complicates this situation, the 
equation representing the kinetic effect is : 

where c is the concentration of salt, m is that of methyl alcohol, klC is the first-order rate- 
constant in the presence of the salt, and k,O that in its absence, whilst a is the factor which 
expresses by how many times the specific rate of carbonium ion capture by salt is greater 
than the specific rate of its capture by methyl alcohol. In drawing the curve shown, this 
ratio a has been taken as 6. 

lie too high, and 
those near c = 10-l too low. Since a is adjustable, the real discrepancy might lie in only 
one of these regions, for we could obviously choose a to reduce either discrepancy at the 
expense of the other. On the other hand, the curve might be about rightly drawn as it is. 
For quadrupoles are likely to be less effective than ion-pairs, whilst negatively charged 
ionic aggregates are likely to be more effective when they can arise in more than minute 
proportions. From Kraus and Fuoss’s work (and partly from our own), we know that 
quadrupoles accumulate at the expense of pairs towards c = and that charged higher 
aggregates arise in considerable quantity towards c = 10-l. Thus our rates might well 
deviate from a curve which is calculated on the assumption that the salt is in a single 
electrolytic form by being too high near c = and too low near c = lO- l ,  because of 
these known changes in the electrolytic situation with changing salt concentration. 

(6) Kinetic E f c t  of Other Tetra-n-butylammonium Salts, especiaZZy the Perchlorate.- 
In emphasising the alleged absence, in the methyl-alcoholysis of triphenylmethyl chloride , 
of a mass-law retardation by adding saline chlorides, Swain remarked : ‘‘ It is true 
there is a positive salt effect, but it is of small magnitude.” Actually, the few figures 
given do not all support this statement. However, some time later, when resisting a 
suggestion by Hine that, in accepting chlorides (which would be common-ion salts in an 
SN1 mechanism) as suitable for testing for a positive salt-effect, Swain was taking for 
granted what was to be proved, the latter author examined the kinetic influence of some 
added tertiary ammonium sulphonates, and reported that their effect on the rate was 
negligible. 

The over-riding objection to these experiments is that the presence of pyridine vitiates 
all studies of salteffects. But even without pyridine, there would be an objection to the 
use of sulphonates, and it applies equally to several other classes of salt, e.g., nitrates or 
iodides : triphenylmethyl sulphonates, nitrates, iodides, etc., probably, if not certainly, 
exist in covalent form. Hence the first effect of the salt might be to divert a part of the 
triphenylmethyl chloride from its reaction with methyl alcohol, towards reaction with the 
salt to give triphenylmethyl sulphonate, etc., which would subsequently enter into reaction 
with methyl dcohol, but at less than its normal rate, because what was intended as a non- 

Some systematic disagreement is obvious : the points near c = 
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common-ion salt has now become a common-ion salt. Some rather complicated compens- 
ations might thus arise, resulting in a somewhat small net kinetic effect, which it would be 
diflicult to analyse in detail until simpler cases have been adequately studied. We illustrate 
the sort of net effect found with salts of this general type in Table 8. 

TABLE 8. Efect of tetra-n-butylammonium iodide on the initial specijc rate ( k ,  in sec.-l) 
of reactions of triphenylmethyl chloride (0.1~) with methyl alcohol (0.1~) in benzene at 26". 

Run [Bua4NI] 1OSk, Run [Bua4NI] 1OSkl 
Section 4 - 6.6 163 0.00 1 8.3 

165d 0~000 1 7.5 164 0.0 1 10.0 

We avoided these more obvious complications by using a perchlorate for detailed 
study. The kinetic effect of tetra-n-butylammonium perchlorate is not small : in 0 .1~-  
methyl alcohol in benzene, for example, this salt, a t  a concentration of a few millionths 
molar, increases the rate by tens per cent., and at a few thousandths molar by several fold. 
The effect is, however, still not particularly simple : although at methyl alcohol concen- 
trations of 0 ~ 1 ~  and above, a very little salt shows a strong positive effect, and more salt 
a weaker, but still positive, one, a t  methyl alcohol concentrations of 0 . 0 2 ~  and below, a 
small amount of salt has a negative kinetic effect, which changes to a positive effect as 
more salt is added. The numerical data are in Table 9, and the sort of picture they present 
is shown in Fig. 5. 

TABLE 9. Efat of tetra-n-butylammonium Perchlorate on tlse initial specific rate ( k ,  in sec.-l) 

The various concentrations of 
methyl alcohol used are indicated. The sample numbers of 
the salt are given, because the kinetic results themselves provide the only valid proof of adequate purity 
in the salt. The concentration of adventitious hydrogen chloride in the period covered by the 
measurements of initial rate was uniformly near 6 x ~ O + M . ]  

[MeOH] = 0 . 3 ~  : [MeOH] = 0.101 (conld.) : 

of reaction of triphenylmethyl chloride with methyl alcohol in  benzene at 25". 
[The concentration of triphenylmethyl chloride is 0 . 1 ~  throughout. 

The concentration of salt is p (molar). 

Run Sample 10sp 106k, Run Sample lo*+ 106R1 Run Sample lPp 10sk, 

432 - - 137 191 1' 0.020 12.8 362 6 1.67 16.7 
425, 426 6 0.007 145 182b, 311 2 13.2 364 2.06 17.5 

427 ,, 0.020 149 216 1' O * i b O  20.2 331, 333 i' 2.60 18.6 
428 l p  0.050 156 307, 312 2 19.7 
433 ,, 0.106 165 356 6 O - i h l  21.3 
429 ,, 0.200 178 182c, 306 2 0.200 23.0 = o.02M: 

WeOH] = 0.06~ (conld.) : 

430, 434 ,, 0.723 201 317 ,, 0453 29.6 370 - - 0.82 
456, 436 ,, 1.60 225 308 ,, 0.600 30.0 349 6 0.082 0.72 

355 6 0-960 36.7 350 ,, 0.234 0.69 
315 2 1.00 36.7 348 ,, 0-446 0.83 

393 - - 40 309 ,, 1.50 40.5 35 1 ,, 0490 1.83 
392 6 0-020 60 318 ,, 1-86 42.7 357 ,, 1-12 2.68 

306 ,, 2.00 43.3 352 ,, 1-80 3.07 394 ,, 0.060 57 
396 ,, 0-098 60 364 ,. 2-66 3.92 

[MeOH] = 0.201 : 

,, 0.295 75 ,, o.494 97 [MeOH] = 0 . 0 5 ~ :  396 
397 
398 .. 0.996 116 262. 291. - - 2.6 WeOH] = 0.0lM : 
400 ,, 1.88 140 359 248 - - 0 4 3  

365 6 0.058 4.2 367 6 0.096 0.23 

92 - - 8.3 368, 360 ,, 0.240 10.4 369 ,, 0.330 0.66 
329 2 2-50 2.08 

[MeOH] = 0 . 1 ~  : 363 ,, 0-094 7.5 368 ,, 0.199 0.12 

265 1' 0.006 11.3 361 ,, 0.608 12.2 

Before we can begin to discuss these relations quantitatively, we must know what to 
take as the salt-free rate, and this involves investigating the relation between the kinetic 
effect of the salt, and that of hydrogen chloride, since a little of the latter is always present 
during the measurements. We had this problem in our study of the kinetic effect of 
tetra-n-butylammonium chloride : here the salt destroys the hydrogen chloride catalysis, 
and hence the appropriate salt-free rate was not the measured rate with salt omitted, but 
was the hydrogenchloride-free rate, as determined by measurement in the presence of a 
very little salt. The case of tetra-tr-butylammonium perchlorate is different : at the higher 
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methyl alcohol concentrations, catalyses by the salt and by hydrogen chloride are inde- 
pendent, and in a rough sense additive. This is illustrated by the rates in Table lOA, 
which apply to a fixed salt concentration with various amounts of adventitious-plus-intro- 
duced hydrogen chloride. Plotted in Fig. 2, these points lie about a linear m e  nearly 
parallel to the salt-free curve for catalysis by hydrogen chloride, and displaced above it 
by nearly the rate-increase due to the salt in hydrogen-chloride-free conditions. At low 
methyl alcohol concentrations, there is an interaction between the two catalyses, as 
illustrated in Table lOB, to which we shall refer later. But our first object will be to 

FIG. 6. Eflect of tetra-n-badylammonium pcrcilmdc (in 
concentration p )  on the initial specific rate ( k , )  of re- 
action of triphenylm.etby1 chlwi& on methyl alcohol in 
benrene ai 26'. 

The concentration of triphenylmethyl chloride was 0 . 1 ~  
throughout. The concantrations (x) of methyl 
dcohoi are indicated by the figures against the 
curves. 

interpret the obviously simpler situation applying to the higher methyl alcohol concen- 
trations, and for this purpose it is clear that the salt-free rate must be taken as the directly 
determined rate without the salt, even though this rate includes a small catalytic contribu- 
tion from the hydrogen chloride. 

In order to extract a meaning from the relations illustrated in Fig. 6, we replot them as 
far as possible in the form log (klP - klo) utlsus log p ,  where KIP is the specific rate in the 
presence of a concentration$ of salt, and k10 is the salt-free rate discussed above. We can do 
this for those curves for which KIP - k,O is everywhere positive, i.c., for the methyl alcohol 
concentrations 0.3,0.2,0*1, and 0 . 0 5 ~ .  The result is in Fig. 6. There, the straight lines 
are all drawn to have a slope of 4. We see that, for O - ~ M - ,  092M-, and 0-laa-methyl alcohol, 
the data agree with these lines over long ranges, though the experiments with 0-laa-methyl 
alcohol show diminished catalysis at the highancentration end of the full experimental 
range, and the experiments with 0.06~-methyl alcohol agree with the drawn line in only a 
very imperfect way, inasmuch as there is reduced catalysis at both ends of the experimental 
range. 

This is a central point in our interpretation of tetra-M-butylammonium perchlorate 
cddysis,  as we prefer to call it, since the term '' salt effect " has been so much linked with 
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TABLE 10. Joint catalysis by tetra-n-butylammonium perchlorate and hydrogen chloride 

( A )  [Triphenylmethyl chloride and methyl alcohol each O e l ~ ,  and tetra-n-butylammonium per- 
of the reaction of trifihenylmethyl c h i d e  with methyl alcohol in benzene at 25". 

Run HC1 105k Run HCl 105k, 
chlorate 0 4 0 1 ~ ,  throughout. Initial specific rates k are in sec.-l.] 

27 1 0.0005 20.8 273 0-0023 27.0 
272 0.0008 22.5 274 0.0067 39.2 

(e) [In the following runs, triphenylmethyl chloride is O-lbf, methyl alcohol 0 . 0 2 ~ .  and hydrogen 
chlonde 0 . 0 0 1 ~  ; the concentration of tetra-n-butylammonium perchlorate is vaned. For comparison, 
interpolated values from Table 9 are given, corresponding to the hydmgen chloride concentration 0 4 0 0 5 ~ .  
all other concentrations being the same. Initial specific rates k ,  are in sec-l.3 

106k,  106k, A(106kl)  for 
Run [ Bun4NC104] (HC1 = 0 . 0 0 1 ~ )  (HCl = 0 . 0 0 0 5 ~ )  AHC1 = 0 . 0 0 0 5 ~  
416 - 1-0 0.8 0-2 
418 0.00074 2-6 2.2 0.3 
419 0.00 174 7-0 3.3 3.7 
420 0.00263 8.2 4.0 4.2 

the ionic-atmosphere concept, which is inapplicable to solvent benzene : we have found 
that the catalysis has a limiting kinetic order of Q. This kinetic " square-root law " is 
better obeyed in the higher methyl alcohol concentrations, but even there it is not generally 
obeyed for salt concentrations above 1 0 % ~  Now we know that at all concentrations up 
to 1 0 3 ~ ,  but not necessarily much above that value, nearly all the salt is present as ion- 
pairs. Therefore the evident meaning of our square-root relation is that one simple ion 
only of the salt is involved in the transition state of the reaction. We can'go further and 
say that ion-pairs as such are not involved, even though they are so plentiful, nor are 
higher aggregates, over the range in which the square-root law is obeyed. Because 
different tetra-n-butylammonium salts behave so differently, there can be no doubt that 
the one simple ion of the perchlorate which is active is the perchlorate ion, not the tetra-n- 
butylammonium ion. 

The kinetic deviations found at high salt concentrations may be ascribed to the 
considerable formation of higher aggregates than ion-pairs : for example, if, in the presence 
of such aggregates, the one active species were still the simple perchlorate ion, then the 
slope of the logarithmic plot should, as pairs became replaced by quadrupoles, f a l l  from 4 
to t. This type of deviation seems not to set in quite so early at  the highest methyl 
alcohol concentrations used, and it may be that, in these concentrations, the methyl 
alcohol is beginning to be effective in resisting the formation of ionic aggregates higher 
than pairs. 

There remain for consideration the deviations which arise when the methyl alcohol 
concentration and the salt concentration are both low. These effects, which are retarding, 
first become quantitatively apparent at the methyl alcohol concentration 0 . 0 5 ~ .  They 
develop into a qualitatively noticeable negative catalysis a t  the still lower methyl alcohol 
concentrations 0*02M and 0.01~. As the salt concentration is built up, all these anti- 
catalytic tendencies or effects disappear, giving place to the usual positive catalysis. 

In order to understand this, we must go back to the two hydrogen chloride catalyses, 
and, in particular, to  what we called the " immeasurable " catalysis, which could be des- 
troyed with very minute amounts of an ammonium chloride. Our interpretation was that 
this catalysis was due to simple protons, extremely active, but present in very small 
concentrations, so that they could be destroyed by very small amounts of a saline chloride. 
The basic reason why they could be so destroyed is because hydrogen chloride is a very 
weak acid in the benzene media, and, in particular, is weaker as an acid than the saline 
chloride is weak as a salt (weak though that is). A simple extension of this interpretation 
will allow us to understand all the lowconcentration kinetic effects described above. 
What we have to assume is that, whilst in O - ~ M - ,  0*2M-, and O-lM-methyl alcohol in benzene, 
perchloric acid is too strong an acid to allow an added saline perchlorate to take up the 
free protons, in O.O5~-methyl alcohol, it is not quite strong enough to confer on protons 

TT 
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so complete an immunity against the salt, and in 0.02M- and O*Oh-methyl alcohol it has 
become so weak as an acid, relatively to the weakness of the saline perchlorate as a salt, 
that a moderate amount of the saline perchlorate (though more than would have been 
needed of a chloride) is able to take up the free protons. This is the first effect that we 
observe on adding tetra-n-butylammonium perchlorate progressively a t  these low methyl 
alcohol concentrations : it amounts to a destruction of the (‘ immeasurable ” (protonic) 
part of the hydrogen chloride catalysis. A saline perchlorate cannot destroy the measur- 
able (molecular) part of‘the hydrogen chloride catalysis, because the anion ClHC10,- does 
not exist (Part LIII). Therefore, once the “immeasurable” acid catalysis has been 
dealt with, the salt becomes free to exert its own catalytic effect. 

We can summarise this explanation by saying that, whilst at high methyl alcohol 

FIG. 6. Plot of logarithm of the catalysed rate of 
reaction of triphenylmethyl chloride with methyl 
alcohol in benzene at 26’ against the logarithm 
of the concentration of the catalysf, tetra-n-butyl- 
ammonium perchlorate. 

+ I I 
- 

-6 -4 -3 
log P 

The straight lines, drawn with a slope of 4, show 
that this catalysis has a limiting kinetic order 
of 4 with respect to the salt. The different lines, 
each with its set of points, relate to the different 
methyl alcohol concentrations (M) entered 
against the lines. 

FIG. 7. Eflect of methyl alcohol concentration on 
the rate of perchlorale-catalysed methyl-alcoholysis 
of triphenylmethyl chloride in benzene at 26”. 

-2 
/ 

h / 
/ 

/ 
/ 

/ 
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log [MeOH] 

-5 1’ 
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The continuous curve is a plot of the logarithm 
of the excess rate, given by the addition of a 
constant concentration ( 1 0 * ~ )  of tetra-n- 
butylammonium perchlorate, versus the log- 
arithm of the concentration of methyl alcohol. 
The broken curve is a corresponding plot for 
the rate of reaction in the absence of the salt. 
The catalysed reaction is evidently less kinetic- 
ally sensitive to methyl alcohol, than is the 
uncatalysed reaction. The short straight lines 
show the slopes which would represent various 
simple kinetic orders in methyl alcohol. 

concentrations, perchlorate catalysis is non-interacting with hydrogen chloride catalysis, 
at low concentrations of methyl alcohol, the perchlorate and hydrogen chloride catalyses 
interact. That there is a general interaction between the two forms of catalysis a t  low 
concentrations of methyl alcohol, has already been illustrated in Table 10B. 

We can now make the suggestion which is needed to complete our interpretation of 
the rate curves obtained for the progressive addition of tetra-n-butylmmonium chloride 
(Sections 4 and 5).  What was left incomplete was the explanation of an extra feature 
which these curves show at low methyl alcohol concentrations. We then observe, as the 
salt is progressively added, first, a sharp fall of rate (destruction of both forms of hydrogen 
chloride catalysis), then a small rise (the unexplained additional feature)] then no effect 
(horizontal stretch of curve), and finally a strong fall (common-ion retardation). We 
think that the small rise is due to catalysis by the ClHC1- ion, produced by addition of 
chloride ion to the adventitious hydrogen chloride. This ion must be the anion of a very 
strong acid (since H&1, seems not to exist as such), and, in media in which the anion is 
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stable enough not to come to pieces in the process, it might act like a perchlorate ion in 
the transition state of the reaction under consideration. We are here assuming that the 
anion, which is stable in benzene but unstable in water, becomes more stable as we remove 
hydroxylic material, such as methyl alcohol, from the benzene solution. 

Our data, and in particular the representation given in Fig. 6, provide a basis for 
considering the effect of methyl alcohol concentration on the rate of perchlorate-catalysed 
methyl-alcoholysis. If we draw a vertical line anywhere in Fig. 6, within the range of salt 
concentration in which the square-root law is obeyed, say, at p = 104aa, the catalysed 
rates, that can be read off from the produced intersections, may be plotted against the 
relevant concentrations of methyl alcohol. By "catalysed rate," we mean, of course, 
the excess of the total rate over what the rate would be were the salt omitted. This plot 
is given in Fig. 7 as a graph of the logarithm of the catalysed rate versus the logarithm of 
the methyl alcohol concentration. If we should take a different perchlorate concentration, 
still within the range of validity of the square-root law, the curve in Fig. 7 would simply 
be shifted vertically. Thus the gradient of this curve at any point represents the formal 
kinetic order of the catalysed reaction with respect to methyl alcohol at that concentration 
of methyl alcohol. One sees that, as for salt-free methyl-alcoholysis, the kinetic order in 
methyl alcohol of the catalysed reaction is indefinite. It is also somewhat small, varying 
between about one-half and one. For comparison, the analogous logarithmic plot for the 
uncatalysed reaction is reproduced in Fig. 7. In  this, the formal kinetic order in methyl 
alcohol runs between about two and three. It thus appears that, in the range of perchlorate 
concentration over which the square-root relation holds, the catalysed reaction is less 
sensitive to methyl alcohol concentration than is the uncatalysed reaction. We think 
that this difference is of significance in connexion with the mechanism of catalysis by 
tetra-n-butylammonium perchlorate, a subject which will be discussed in Part LVIII. 

(7) Kinetic Eflect of Nitromethane and Nitrobenzene.-Since tetra-n-butylammonium 
perchlorate ion-pairs, which have a dipole moment of 14 D in benzene," exert no noticeable 
catalytic effect at concentrations somewhat above lo%, i t  is not to be expected that polar 
aprotic molecules, such as nitro-compounds, which have much smaller moments, and no 
special situation of charge distribution, such as is present in hydroxy-compounds, will 
exert appreciable effects except at concentrations above Actually the kinetic effects 
of nitromethane and nitrobenzene become marked only at concentrations of 10-'M upward. 
Some figures are given in Table 11. 

TABLE 11. Eflects of nitro-compounds on the initial specific rates (k, in  sec.-l) of reactions 
of triphenylmethyl chloride (0 .1~)  with methyt alcohol (0.1~) in  benzene at 25". 

Run [MeNO,] 106k, 
Section 4 - 6.6 
76, 79, 81 0.10 7.6 
78, 8 0 d  0.30 9.6 

77 0.50 16.6 
93 d 0.92 35 
95 d 1.85 65 

Run [PhNOJ 10bk, 
Section 4 - 6.6 

82 d 0.10 7.3 
83 d 0.30 9.3 
90 d 0.68 20 
85 d 0.97 27 
91 d 1-40 44 

If we plot these rates against the concentration of the nitro-compounds we find that 
they lie on steepening curves. The catalysed reaction therefore has no definite kinetic 
order with respect to nitro-compound. The most conservative estimate that we can make 
of the range of variation of the formal l1 order " is that  obtained by assuming, as is done in 
Table 11, that the nitro-compounds are basic enough to annul catalysis by the relatively 
trifling amount of adventitious hydrogen chloride, and that, accordingly, the catalysed 
rate is to be taken as the excess over the hydrogen-chloride-free rate, as evaluated in Section 
4. If now we plot the logarithm of this exces  rate against the logarithm of the concen- 
tration of nitro-compound, we get similar curved graphs, each indicating a formal kinetic 
order running from well below 1-0 to about 1.5 or somewhat above, over the range of the 

l1 Luder, Kraus, Kraus, and Fuoss, J .  Amer. Chem. SOC., 1936, 68, 225. 
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data. The change in formal order would be greater if the nitro-compounds were not basic 
enough to  behave as suggested. 

We conclude that we are dealing, not with a specific " push " or " pull " of some 
precisely placed nitro-molecule, but with a co-solvent effect, which depends on penetrating 
Coulombic forces, and could not be described otherwise than in statistical terms. 

(8) Kinetic Efect of Phenol.-This accelerating effect is strong at concentrations of 
phenol from 1 0 - 2 ~  upward. Some illustrative results are in Table 12. We take the 

TABLE 12. Efect of phenol on the initial specijc rate (k, in sec.-l) of reaction of triphenyl- 
methyl chloride (0 .1~)  i n  methyl alcohol ( 0 . 0 5 ~ )  in  benzene at 25". 

Run [PhOH] 106k, 
262, 291, 369 - 2.6 

404 0.0107 11.7 
405 0.02 13 21.6 

Run [PhOH] 105k, 
406 0.0427 41.3 
408 0.0640 62.6 
409 0.0980 108 

phenol-free rate as its actual experimental value, including the small catalysis by adventi- 
tious hydrogen chloride, because methyl alcohol does not annul this, and therefore i t  can 
be taken as certain that phenol will not do so. 

I 1  

FIG. 8. Effect of phenol on the initial spaafic rate of reaction 
of friphenylmefhyl ckloride ( 0 . 1 ~ )  with methyl alcohol ( 0 . 0 5 ~ )  
in benzene af 26". 

I 1 I I 

004 0.08 ol2 
[ P hOH] 

This catalysis was investigated by Swain,l who reported that the reaction was of 
" first order in trityl chloride, first order in methanol. . . also first order in phenol, hence 
again exactly third order overall." However, Swain records the use in this reaction of 
only two concentrations of phenol; and had we confined our observations to so few 
concentrations, or to such a narrow range, we also might have thought (very tentatively) 
that  the reaction was in principle of first order in phenol. Actually the tabulated observ- 
ations, covering a 9-fold concentration range, as well as other series which we could cite, 
lie on a nearly straight, but actually slowly steepening, curve, as shown in Fig. 8. As 
will appear in the next paper, when we change the reaction from methyl-alcoholysis 
to benzyl-alcoholysis, the rate curve, corresponding to that in Fig. 8, steepens more 
sharply, retaining its curvature, indicative of an inconstant, fractional, kinetic order, greater 
than unity, down to as low concentrations and catalytic effects as can be measured with 
accuracy. 

(9) Modijications produced in the Kinetic Eflect of Tetra-n-butylammniuem Perchlorate 
by Other Added Substances, especially Tetra-n-butylamntonium ChZoride.-The strong 
accelerating effect of tetra-n-butylammonium perchlorate on the methyl-alcoholysis of 
triphenylmethyl chloride in benzene is very easily quenched by various added substances. 
Tetra-n-butylammonium chloride, which retards reaction in the absence of the perchlorate, 
quenches the perchlorate catalysis much more strongly : chloride equivalent to a few units 
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per cent. of the perchlorate is sufficient to destroy most of the catalytic effect of the latter. 
Other saline chlorides, such as tetraethylammonium chloride and tri-n-butylammonium 
chloride, act in a qualitatively similar way. Tetra-n-butylammonium iodide accelerates 
the methyl-alcoholysis in the absence of the perchlorate, but it still suppresses the catalytic 
effect of the perchlorate, in much the same qualitative way as any of the saline chlorides. 
The tertiary bases, pyridine and tri-n-butylamine, also suppress the catalysis of perchlorate. 
All these effects are illustrated in Table 13. 

TABLE 13. Efect of added substances (X) on the initial specific rate (k, in sec.-l) of reactiott 
of triphenylmethyl chloride ( 0 . 1 ~ )  with methyl alcohl  ( 0 . 1 ~ )  under catalysis by 
tetra-n-butylamnonium Perchlorate (P) in benzene at 25". 

Run 103[P] loJ[X] 10Khkl Hun 109[P] 1Oa[X] lo%, Run lCP[P] loS[X] 106R, 
X = Tefra-n-bufylammonium S = Tefraefhylaminoniunz X = Tefra-n-bufylammonium 

chloride. chloride. iodide. 
318 1.86 - 42.7 216 0.10 - 20.2 182 C, 306 0.20 - 23.0 

326 ,, 0.0065 29.2 269 17.4 - 1.00 8.0 
328 ,. 0.0039 33.3 256 ,, 0.0061 17.8 - ,, 0.020 9.0 

325 ,, 0.013 22.5 257 ,, 0.10 6.5 283 ,, 0.010 11.0 
323 ,, 0.026 16.5 282 ,, 0.100 9.3 

320 0.65 6-2 216 0.10 - 20.2 305 2.00 - 43.3 

215 ,, 0.029 9.5 216 0.10 - 20.2 

329 ,, 0.0078 27.5 261 :: O.di9 6.0 216 olio - 20.2 

327 ,, 0.065 10-3 X = Tvi-n-bufylammoniurn 
322 ,, 0-13 8.3 chloride. X = Pyridine. 

216 O*'iO - 20.2 267 ,, 0.0029 19.6 37 ,, 100.0 5.0 

S - : Tvi-n-bufylarnine. 225 ,, 0.0028 8 4  264 ,, 0.0058 14-0 
,, 0.0057 6.7 263 ,, 0.012 10-8 23 1 

28 1 ,, 0.011 14.3 
280 ,, 0.11 8.8 

There is no doubt that, among these added substances, tetra-n-butylammonium 
iodide and the two tertiary amines themselves displace chlorine from triphenylmethyl 
chloride. Until the kinetics of these displacements, as well as the kinetics of the subse- 
quent changes undergone by their products in the presence of methyl alcohol, and, in 
particular, the kinetic effects of tetra-n-butylammonium perchlorate on all these processes, 
have been separately studied, it would be absurd to try to analyse the overall effects here 
under observation; and we have not attempted it. The one case, in which we could 
reasonably hope to solve the problem of the kinetic functional form of the quenching, is 
that of quenching by saline chlorides; and the simplest chloride to consider in association 
with te t ra-n-butylammonium perchlorate is obviously tetra-n-butylammonium chloride, 
since, by the use of identical cations, we avoid uncertainties of cation exchange between 
the saline ion-pairs. For this case, the series of runs nos. 318-329, at  the head of 
Table 12, provide suitable numerical material. 

When these data are plotted, they show a rate curve, which, as the concentration of 
saline chloride is increased, falls towards an asymptote a t  or near to the uncatalysed 
specific rate, determined in Section 4 as 5.6 x sec.-l. The amounts of saline chloride 
required to produce this fall  of rate lie in the range 10-6-10-3~; and, as the amount 
present when the uncatalysed rate is nearly reached is still less than lo-%, and so is too 
little to produce that suppression of the uncatalysed rate which is discussed in Section 5, 
we can evidently treat the uncatalysed and the perchlorate-catalysed rates as additive, 
and take the former rate term as a constant over the range of salt concentrations considered. 
Thus the perchlorate-catalysed rate is simply the excess of the observed rate over 
5.6 x low5 sec.-l, throughout the concentration range. 

Now there are two broad ways in which a saline chloride could be imagined to reduce 
the perchlorate-catalysed rate. The perchlorate itself obviously intervenes in a step 
which is rate-influencing for the catalysed reaction : the saline chloride might interfere 
with that, by withdrawing perchlorate ion. Alternatively, if the reaction has a product- 
controlling step, in which potential substituting agents compete for a slowly produced 
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intermediate, the saline chloride might intervene there, and so determine a reversion 
to triphenylmethyl chloride. Had we not had for reference our conductance results for 
mixed salts (Part LIII), we should have considered the first of these possibilities very 
seriously : the ion-pair chloride might conceivably have withdrawn perchlorate ions to  
give stable, but catalytically ineffective, mixed triple anions. However, the conductance 
studies show that that cannot be the cause , not even a contributing cause of any importance , 
of the very sensitive counter-catalytic effect here under discussion : our triple-ion stability 
constants show that, if perchlorate ion is not withdrawn by a relatively large amount of 
perchlorate ion-pair, it will not be withdrawn by a much smaller amount of chloride 
ion-pair . 

Therefore we turn to the second possibility, which is that the saline chloride enters 
into competition for an intermediate in limited supply. So far as concerns the deter- 
mination of the eventual product, such a competition must be with methyl alcohol; but 
so far as concerns the catalysed rate, the competition is not necessarily with methyl alcohol 

FIG. 9. Suppression by tetra-n-butyl- 
ammonium chloride of catalysis by 
tetra-n-butylammmium perchlorate 
(0-00186~) of the reaction of tri- 
phenyZmethy1 chloride ( 0 . 1 ~ )  with 
methyl alcohol ( 0 . 1 ~ )  in benzene d 
26". 

Plot of the reciprocalof thecatalysed 
part of the specific rate against 
the concentration of the rate- 
suppressing agent. The initial 
part of the main curve contains 
more points than can be entered 
clearly, and is therefore shown 
separately on an enlarged scale. 

alone, since the perchlorate ion itself may co-operate with one of the competitors. Other 
variants of this general type of mechanism can arise, according to whether the chloride 
enters the competition as a simple chloride ion, or as an ion-pair, or as a triple anion, and 
so on. This latter group of variants can be distinguished by the data for runs 318-329, 
in which , although the concentrations of perchlorate and methyl alcohol were kept constant , 
the concentration of the saline chloride was varied over a 167-fold range. The variant 
which best fits the data is that the saline chloride competes as its ion-pair. 

The mass-law equation for rate in these circumstances is 

where k l p  is the specific rate in the presence of the saline perchlorate in concentration 9, 
and the saline chloride in concentration c, whilst p expresses by what factor the specific 
rate of capture of the intermediate by the saline chloride ion-pair is greater than the rate 
(not specific rate) of its capture by the other competitors. This equation assumes that 
practically the whole of the saline chloride is present as ion-pairs; and certainly, at the 
salt  concentrations here employed, this condition is well fulfilled, so that we should expect 
a satisfactory numerical agreement. 

set."; as shown in Section 4, 
kloo is 5 4  x 10" sec.-l. The dependent variable in the above equation is klw, and the 
independent variable is c. The test for intervention of the saline chloride by competition, 
the actual competitor being the ion-pair, is thus to plot l /(kl@ - k , O O )  against c : this 
should give a straight line of slope p. As will be seen from Fig. 9, this law is very well 
obeyed. The slope of the line gives p = 96500 1. mol.-1. 

There is thus a competition for a slowly formed intermediate, and one of the 

For the series of runs 318-329, klpO = 42.7 x 
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competitors, that which causes reversion to triphenylmethyl chloride, is tetra-n-butyl- 
ammonium chloride, very probably in ion-pair form. Its opponent in the competition, 
that which leads to the alcoholysis products, must contain methyl alcohol, and it seems 
qualitatively obvious that it must also involve the perchlorate, though we have not proved 
this formally. This appears to follow, partly from the large value of p, which suggests 
that some essential part of the opponent must be in low concentration; and partly from 
the fact that the last few figures in the first section of Table 13, although they are not 
suitable for quantitative treatment, do indicate that, with a smaller concentration of 
perchlorate, p takes on a still larger value. 

It will not be overlooked that two conclusions have been drawn about perchlorate 
which obviously present a problem in reconciliation. The salt is a catalyst : therefore it 
must be intervening in a rate-controlling process, since it is providing a by-pass to a process 
which would be rate-controlling in its absence. But, when a second substituting agent 
is provided, the salt also appears to be involved in a product-controlling competition for 
some slowly supplied intermediate : therefore it must be intervening after the completion 
of an earlier slow step. This dilemma cannot be resolved on the internal evidence of this 
paper ; but we shall set it beside the special problems presented by the kinetic investigations 
of the accompanying papers, and attempt to resolve them all in Part LVIII. 

EXPERIMENTAL 
Materials.-Their preparation and purification is described in Part LIV. 
Mefhods.-Calculated volumes of benzene solutions of all the materials to be used in a run 

were measured at 2 6 O ,  and mixed in a 50 ml. flask, the triphenylmethyl chloride solution being 
introduced last. A 6 ml. sample was at  once withdrawn, and run into 30 ml. of acetone at 
-80" : i t  was then titrated with a solution of triethylamine in benzene to a bromophenol 
blue indicator. Other samples, withdrawn after various intervals, were treated similarly. 
Various concentrations of standard triethylamine were used, ranging from 0 . 0 0 1 ~  to 0 . 0 6 ~ .  

ResuEts.-The essential results have already been summarised. The details given in Table 
14 of illustrative runs are intended to show the commonly observed rise of specific rate, owing 
to autocatalysis by hydrogen chloride, succeeded, if the run is followed far enough, by a fall, 

TABLE 14. Illustrations of the kinetic course of the reaction of triphenylmethyl chloride with 
methyl alcohol i n  benzene at 25". 

Run 149 : Initially, 
Run 130 : Initially, Run 132 : Initially, [Ph,CCl] = 0 . 1 ~ ~  

[Ph,CCl] = 0 . 1 ~ ~  [Ph,CCl] = O - l b f ,  [MeOH] = O . ~ M ,  
[MeOH] = 0 . 1 ~ .  [MeOH] = 0 . 0 1 ~ .  [n-Bu,NCl] = 0.0396~.  

t 
0 
0.6 
1 
2 
3 
6 

10 
15 
30 

yo Reac. 
0.39 
0.60 
0.85 
1-45 
2.00 
3.30 
7.20 

10.6 
11.0 

I in min.; k, in sec 

0 
7.0 0-6 
7.6 1 
9.0 2 
9.8 5 

10.3 10 
11.8 15 
11.8 30 

1OSk , t - 

6.2 

.-I. % Reac. 
% Reac. 

2.04 
2-18 
2.32 
2.54 
3.32 
4-40 
5-44 
9.50 

= % MeOH reacted. 
1Obk1 t 

0 
0.46 0.6 
0-42 1 
0.40 2 
0.42 5 
0-39 10 
0.38 16 
0-4 1 40 

- 
yo Reac. 

0-297 
0.360 
0.4 10 
0-520 
0.885 
1-61 
2-13 
5-30 

10ak, 

1.77 
1.92 
1-87 
1.98 
2.1 8 
2-26 
2-16 

- 

owing to reversibility. The autocatalytic rise may be reduced or may disappear, if the methyl 
alcohol is so reduced that only small concentrations of hydrogen chloride are formed in the 
measured part of the run ; and again, i t  is reduced if tetra-n-butylammonium chloride is present 
in quantity comparable to the hydrogen chloride formed in the measured reaction. Constants 
k, are calculated from the usual first-order kinetic equation, k, = ( l / t )  ln(a/(a - z)} 
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