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Cation-Anion Combination Reactions. XII.1 Rates, 
Equilibria, and Activation Parameters for Reactions of 
Triarylmethyl Cations in Aqueous Solution 
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Abstract: Rate and equilibrium constants for the reactions of p-methyl-p'-dimethylaminotriphenylmethyl, p-methoxy-p'-
dimethylaminotriphenylmethyl, p,p'-dimethoxy-p"-dimethylaminotriphenylmethyl, and p-trifluoromethyl-p',p"-bis(dimeth-
ylamino)triphenyimethyl cations with water and hydroxide ion in aqueous solutions have been determined. The measurement 
of equilibria between the cations, carbinols, amino-protonated carbinols, and amino-protonated cations allows the evaluation 
of the full set of equilibrium constants for the acid-base reaction scheme. The thermodynamic and kinetic parameters, AH0, 
AS°, AH*, and AS*, for reactions of Malachite Green and Crystal Violet cations with water, hydroxide ion, and cyanide ion 
are also reported. General base catalysis of the reactions of p-methyl-p'-dimethylaminotriphenylmethyl, Malachite Green, 
and Crystal Violet cations with water has been observed, and rate constants for catalysis by Dabco and by quinuclidine are 
reported. The rate constant ratios /COH/^H2O and &oH/̂ Dabco show appreciable variations among different cations, but the 
ratio /tH2o/̂ Dabco is relatively constant. The data are discussed in the general context of reactions of cations in aqueous solu
tion. 

In the previous two papers of this series,1 we have called 
attention to the unusual character of the reaction of water 
with cations in aqueous solution. In particular, it was shown 
that the reactions of water with various cations do not show 
the same regularity that is exhibited by a wide variety of 
other nucleophiles, and that the reaction of water with Ma
lachite Green [bis(^-dimethylaminophenyl)phenyl methyl 
cation] exhibits general base catalysis. 

Taft2 has previously reported that reactions of water with 
a series of triarylmethyl cations show no relationship be
tween rate and equilibrium constants. More recently, Bunt
ing3 has noted that the rate constant ratio koH/kH2o is 
quite constant for a number of quaternary ammonium het-
erocycles, but that the value of the ratio (ca. 107 M - 1 ) is 
quite different from that for the triarylmethyl cations (ca. 
104 A/ - 1 ) . Bunton4 has reported that the tri-/?-anisylmethyl 
cation shows &OH/£H 2 O = 102 8 M~]. Bunton also reported 
that he was unable to detect general base catalysis of the 
reaction of water with this cation, but Wyatt5 has now con
clusively demonstrated that the reaction is catalyzed by 
Dabco (diazabicyclo[2.2.2]octane), trimethylamine, and 
triethylamine. 

The present study was undertaken in order to obtain ad
ditional data concerning the /COH/£H2O ratio for cations 
whose stabilities are intermediate between that of the tri-
p-anisylmethyl and the Malachite Green cations, to further 
investigate the generality of general base catalysis for the 
reactions of water with these cations, and to obtain activa
tion parameters for some of the reactions which might shed 
some light on the detailed natures of the reactions. 

Experimental Section 

Materials. Samples of Malachite Green and Crystal Violet 
tetrafluoroborates were available from our previous work.1 Sam
ples of p-trifluoromethyl(Malachite Green)carbinol, p-methyl-p'-
dimethylaminotriphenylmethanol,p,p'-dimethoxy-p''-dimethylam-
inotriphenylmethanol, and p-methoxy-p'-dimethylaminotriphenyl-
methyl tetrafluoroborate were obtained as a gift from Eastern Re
search Laboratories of the Dow Chemical Co.6 

Commercial samples of Dabco were recrystallized from heptane 
and sublimed under reduced pressure. Triethylamine was distilled 
from NaOH under argon and stored under an argon atmosphere. 
Sodium bicarbonate, disodium phosphate, and quinuclidine hydro
chloride were high purity commercial materials used without fur
ther purification. Acid and base solutions were standardized by ti
tration and were stored under an argon atmosphere. 

Equipment. Spectra were recorded with a Cary Model 14 spec
trophotometer, and kinetics were followed with either the Cary or 
a Gilford Model 240 spectrophotometer. Both spectrophotometers 
were equipped with thermostated cell blocks for 10-cm cells which 
maintained constant temperature of the solutions in the cells to 
within ±0.05°. 

A Beckman Model 1019 pH meter equipped with glass and sat
urated calomel electrodes was used for pH measurements. The 
meter was standardized with commercial buffers accurate to 0.01 
pH unit. 

Equilibrium Measurements in Aqueous Solution. Master solu
tions of the buffer components were prepared, standardized 
against hydrochloric acid or sodium hydroxide, and mixed in the 
ratios required for the desired pH. The mixed solutions were dilut
ed as necessary to produce a final ionic strength of 4.0 X 1O-2 M. 

Master solutions of the triarylmethyl carbinols or salts were pre
pared in either methanol or acetonitrile containing ca. 10~3 M 
HCl to stabilize the cations. From the known concentrations of the 
master solutions and the molar absorptivities of the cations, the 
necessary dilution to produce a final solution having a maximum 
absorbance of ca. 1.00 (10-cm path) was calculated. For each of 
the compounds, exactly the same volume of master solution was 
added to the range of buffers used in the measurements of the 
equilibrium constants. The concentrations of the dyes in the final 
solutions were in the range from 1 to 5 X 1O-6 M. 

The buffered solutions of the cations were maintained at the ex
perimental temperature in a thermostated bath for ca. 24 hr to 
allow establishment of equilibrium. The spectra of the solutions in 
10.0-cm cells were then recorded, and the pH of each solution was 
measured. 

Acetic acid or malonic acid-sodium hydroxide buffers were used 
for the pK determinations on the p-methoxy-p'-dimethylaminotri-
phenylmethyl cation, p-methyl-p'-dimethylaminotriphenylmethyl 
cation, and p-trifluoromethyl(Malachite Green) cation. Both ace
tic acid-sodium hydroxide and sodium bicarbonate-HCl buffers 
were used for the measurements of the p,p'-dimethoxy-p"-dimeth-
ylaminotriphenylmethyl cation. The temperature dependence 
studies for the Malachite Green cation utilized Na2HPO4-HClO4 
buffers, and those for Crystal Violet utilized both Dabco-HC104 
and triethylamine-HC104 buffers. 

For each cation, at least two solutions were prepared in which 
the pH was low enough to allow determination of AQ, the limiting 
absorbance at low pH. Treatment of the data is described in the 
Results section. 

Equilibrium Measurements in Aqueous Sulfuric Acid. Solutions 
of sulfuric acid were prepared by weighing portions of standard
ized concentrated H2SO4 and dilution with water. Values of Ho'" 
and of HR were taken from Boyd's tabulations.7 

Measured volumes of the master solutions of the cations, as de-
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scribed above, were added to the sulfuric acid solutions, and spec
tra were recorded in 10.0-cm cells. 

Kinetic Measurements. Master solutions of buffer components 
and cations were prepared and standardized as described above to 
give initial absorbances of ca. 1.00 in the 10.0-cm cells. The initial 
concentrations of cations ranged from 1 to 5 X 10~6 M. 

In the studies of the reactions of the cations with water, hydrox
ide ion, and cyanide ion, the buffer base concentration was always 
maintained at 2.0 X 10-3 M, and the buffer acid concentration 
was varied to give the desired pH. Ionic strengths were maintained 
by addition of appropriate amounts of NaClO4 or KClO4 to the so
lutions. Buffers consisting of Dabco-H004 and of triethylamine-
HClO4 were used for all the cations, and dilute solutions of sodium 
hydroxide were also used in the studies of the Crystal Violet reac
tions. Potassium cyanide was used for the studies of the cyanide 
ion reactions. 

Studies of general base catalysis were carjied out in a manner 
similar to that described above, except that the buffer ratio was 
kept constant, and the buffer concentration was varied in a series 
of runs. In the studies of Dabco catalysis, ionic strength was main
tained with either NaClO4 or KClO4, and in the studies of quinu-
clidine catalysis, ionic strength was maintained with KCl. 

All reactions were followed for at least 8 half-lives. 
Pseudo-first-order rate constants were calculated by minimiza

tion of the quantity 

T1[A, - A„ - (AA) exp(-fe^)]2 

i 

with respect to k, AA, and Aa, where Ai is the absorbance of the 
solution at time //, and k is the pseudo-first-order rate constant. Of 
the three equations resulting from this minimization, that for k 
cannot be solved analytically. The Fortran IV computer program 
used solves this equation by successive approximation to 0.1% ac
curacy in k. The root-mean-square deviation for all the kinetic 
runs made was less than or equal to the reading error of the absor
bances recorded. 

In all runs except those of Crystal Violet at low pH. the reac
tions proceeded to completion. For reactions of Crystal Violet at 
pH within 2 units of pK for this cation, the known pA" and pH of 
the solution were used to calculate the forward and reverse rate 
constants from the observed pseudo-first-order rate constants. 

In the studies of the reactions of cyanide ion and of general base 
catalysis, calculated rate constants for the reactions of hydroxide 
ion and water were subtracted from the observed pseudo-first-
order rate constants. Plots of the "corrected" pseudo-first-order 

+ H2O + H4 

^ V N , + H2O 5 = t ^ + H+ 

+HN(CH3)2
 +HN(CH3)2 

RH2+ RHOH+ 

KR - [ROH][H+MR+]; W = [RHOH+][H+]/[RH2+]; 

Khyi = [RHOH+MR+ 

A:H = [ R O H ] [ H + M R H O H + ] ^ - [ R + ] [ H + M R H 2 + ] 

rate constants against cyanide or base concentration allowed the 
evaluation of the second-order rate constants. 

The following equilibrium constants were calculated from the 
data tabulated by Hepler8 and were used in the calculations of sec
ond-order rate constants for reactions of cyanide and hydroxide 
ions: at 10°, p£HCN = 9.64, pKw = 14.532; at 25°, pA:Hc\ = 9.14, 
pK„ = 13.99; at 30°, pATHCN = 9.10, pK* = 13.839; at 50°, 
PKHCN = 8-67, pKw = 13.273; at 65°, pKHcN = 8.33, pKw = 
12.908. 

Results 

Equilibrium Constants for Mono(dimethylamino)triaryl-
methyl Cations. The various acid-base equilibria in which 
the dimethylaminotriarylmethyl cations are involved in 
aqueous solution are diagrammed in Scheme I.9 

The species R + and R H 2 + show absorption in the visible 
spectrum which are quite different from one another. In di
lute aqueous solutions, only the visible absorption spectrum 
of R+ is observed, and the absorbance decreases with in
creasing pH as previously reported for Malachite Green de
rivatives.1 

In the pH region where the absorbance due to R + is de
creasing, a good isosbestic point is observed in the ultravio
let region of the spectrum, and the system behaves exactly 
as expected for a two-species, pH-dependent equilibrium. 
One can evaluate an apparent equilibrium constant, Kapp, 
defined by 

Km = U 0 - A)[H+]/A (1) 

where A is the absorbance of the solution at the given pH, 
and AQ is the limiting absorbance at low pH, both measured 
at the wavelength of maximum absorbance of R+ . Values of 
Kapp are reported in Table I. 

Since the equilibrium between R + and R H O H + is inde
pendent of pH, the ratio of the concentrations of these two 
species is constant for all dilute aqueous solutions, and the 
two species behave exactly as one. From the definitions of 
the equilibrium constants given in Scheme I and from eq 1, 
eq 2 is easily derived: 

Km = [ROH][H+]A[R*] + [RHOH+]) = Kj[I + Kbyd) 

(2) 

Ginzburg10 first suggested the use of acidity functions for 
the determination of A^yd for triarylmethyl cations. 
Ginzburg used the Hammett Ho and the HR functions for 
the purpose and found that the triarylmethyl cations did not 
precisely follow the theoretical behavior. The HQ'" acidity 
function, which was developed by the use of tertiary amine 
indicators,7 is used in the present work. The indicators used 
to define this function are completely analogous to the pres
ent compounds in the KH equilibrium process. Similarly, 
the HR function was established by the use of triarylmethyl 
cations reacting according to the KR process. Since Khya = 
KR/KH, we may expect that the A"hyd process will follow the 
function (Ho''" — HR), which becomes of appreciable mag
nitude in 5% by weight sulfuric acid. 

For the three mono(dimethylamino) compounds studied 
in the present work, the spectra in aqueous sulfuric acid of 
less than 5% are identical with the spectra in dilute aqueous 
solution at pH less than pKapp. As the sulfuric acid concen
tration is increased, one first observes an increase in intensi
ty of the R+ spectrum, and, at higher concentrations of sul
furic acid, the spectrum shifts to that of the R H 2 + species. 
At sulfuric acid concentrations in the range where the con
centration of R H 2 + becomes significant, good isosbestic 
points are observed as the spectrum shifts from that of R+ 

to that of RH 2 + . This clearly indicates that the conversion 
of R H O H + to R + is essentially complete at lower sulfuric 
acid concentrations that those at which the concentration of 
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Table I. Equilibrium Constant Data in Aqueous Solution for 
X. 

X 

N(CHs)2 

N(CHs)2 

N(CHs)2 

N(CH3)2 

N(CHs)2 

N(CHs)2 

Y 

CH3 

OCH3 

OCH3 

N(CHs)2 

N(CHs)2 

N(CHs)2 

Z 

H" 

H6 

OCH3" 

CF3 

H 

N(CHs)2 

T, 0C 

25 

25 

25 

25 
10 
30 
50 
25 
50 
70 

Acidity measure 

pH 
-H0'" 

H0'" - HR 
PH 

-H0'" 
Ho'" - HR 

PH 
-H0,'" 

H0'" - HR 
PH 
pH 
PH 
PH 
PH 
pH 
PH 

Range 

4.16-5.69 
5.28-7.10 
0.19-1.07 
4.23-5.82 
4.54-5.91 
0.09-1.07 
4.86-6.73 
1.96-4.00 
0.09-0.19 
5.06-6.28 
6.41-7.37 
6.36-7.32 
6.34-7.29 
8.71-10.23 
8.30-9.54 
7.71-8.86 

pA^app 

P^H + 

P-^hyd 
P^app 
pKH* 

P^hyd 
P^app 
P^H + 
P^hyd 
P-Kapp 
P^app 
P^app 
pKapp 

P^app 
P-Kapp 

P^app 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Value 

5.00 ± 0.02 
-6 .65 ± 0.02 
-0.47 ± 0.10 
5.10 ± 0.02 
-4 .90 ± 0.03 
0.10 ± 0.04 
5.80 ± 0.03 
-3 .45 ± 0.05 
0.88 ± 0.10 
6.13 ± 0.05 
7.05 ± 0.01d 

6.91 ± 0.01d 

6.81 ± 0.01* 
9.39 ± 0.07« 
9.00 ± 0.05 
8.77 ± 0.19 

« Xmnx (R
+) 475, 355 nm; Xni;lx (RH2i) 458, 380 nm. <> Xmax (R

+) 500, 370 nm; X,„ax (RH2+) 475, 365 nm. * Xh,„x (R-) dbl 538, 515, 404 nm; 
X,„ax (RH2+) 510, 387 nm. " Interpolated value of pKapp at 25° is 6.94. Reference 1 reports 6.92.' Reference 1 reports ptfapp = 9.36 at 25°. 

RH2+ becomes significant. Thus, the analysis of the spectra 
is quite simple since the molar absorptivity of R+ can be 
taken from the spectra at the highest sulfuric acid concen
trations before those at which absorbance due to RH2+ be
comes observable. 

From the spectral studies, both pA ŷd and pKu+ can be 
determined if the acidity functions are valid for the present 
compounds. Values of these equilibrium constants are re
ported in Table I. The observed constancy of the calculated 
values over a range of sulfuric acid concentrations indicate 
the validity of the acidity functions as applied to these com
pounds. 

Since Scheme I involves only three independent equilibri
um constants, the determination of pA âpp, pA"hyd, and pÂ H+ 
allows us to calculate all five pK values for each compound. 
Values are shown in Table V. 

The fact that the calculated values of pKH for each of the 
compounds are nearly the same is in accord with expecta
tions, since the structural differences in the three com
pounds are quite distant and isolated from the dimethylami-
no group, and furnishes some confirmation of the validity of 
the measurements of pA"hyd and pKu+-

Equilibrium Constants for Malachite Green, p-Trifluo-
romethyliMalachite Green), and Crystal Violet. The values 
of pA p̂p for Malachite Green and for Crystal Violet at 25° 
have been reported previously.1 The values obtained at 
other temperatures in the present study and the value at 
25° for /?-Trifluoromethyl(Malachite Green) are reported 
in Table I. 

For these compounds with more than one dimethylamino 
group, it is not possible to determine Aj,yd by studies in 
aqueous sulfuric acid since, even in dilute aqueous solution 
at low pH, the formation of the diprotonated carbinols be
comes important. If we assume, however, that the basicity 
of the dimethylamino group of the carbinol is the same as 
that for the mono(dimethylamino) compounds except for 
statistical factors (i.e., log 2 for Malachite Green deriva
tives, and log 3 for Crystal Violet), we can estimate values 
of Khyd. With this assumption, pKH for Malachite Green" 

and for jP-trifluoromethyKMalachite Green) is 5.17 and for 
Crystal Violet is 5.35. 

Rearrangement of eq 2 gives: 

KR = KnJ(I - K.JKS) (3) 

From the data in Table I and the above estimates of pKH, 
we conclude that pKR = pKapp within experimental accura
cy for both Malachite Green and Crystal Violet. For p-tri-
fluoromethyl(Malachite Green), we calculate pKR = 6.07. 
The pAThyd values for these cations are: 3.74 for Crystal Vio
let; 1.77 for Malachite Green; and 1.01 for p-trifluorometh-
yl(Malachite Green). Analogous estimation of the equilibri
um constants for p-nitro(Malachite Green) from the pre
viously reported12 values of pA^PP at 25° gives: pKR = 5.24; 
pKhyd = 0.07. 

Standard treatment of the data for the temperature de
pendence of the pA ŝ for Crystal Violet and Malachite 
Green gives the thermodynamic parameters for reaction of 
the cations with water. Combination of these values with 
AH° = 13.1 kcal/mol and AS0 ~ -21 eu for the ionization 
of water at 25° 8 allows the calculation of AH° and AS° for 
reactions of the cations with hydroxide ion in water. These 
quantities are reported in Table V. 

Kinetics of the Reactions of the Cations in Aqueous Solu
tion. Rate constants for the reactions of the cations with 
water and hydroxide ion were calculated from the observed 
pseudo-first-order rate constants in buffered solutions with 
buffer base kept at less than 2 X 10 -3 M. The data were 
treated with a weighted least-squares method which mini
mizes the per cent error in rate constants to obtain /fcoH and 
^H2O- The rate constants obtained are summarized in Table 
II. The observed pseudo-first-order rate constants were al
ways within ±10% of the calculated values and were gener
ally within ±3%. In all cases studied, the pH range investi
gated was large enough that the values of both kHio and 
koH should be accurate to better than ±10%. 

Reactions of Malachite Green were studied at three ionic 
strengths at each temperature, as shown in Table II. It ap
pears that &OH decreases slightly with increasing ionic 
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Table II. Reactions of Cations with Water and Hydroxide Ion in Aqueous Solution 

Cation" 

Me1DMA 
MeO.DMA 
DiMeO.DMA 
TFM-MG 
MG 
MG 
MG 
MG 
MG 
MG 
MG 
MG 
MG 
CV 
CV 
CV 

Nb 

42 
34 
35 
25 
11 
6 
8 

13 
7 
6 

14 
11 

6 
25 
12 
7 

pH range studied 

7.8-10.1 
7.8-10.8 
7.6-10.9 
7.6-10.8 
8.7-11.2 
9.0-11.1 
8.7-11.2 
8.4-10.9 
8.3-10.9 
8.3-10.9 
8.1-10.2 
8.3-10.2 
8.0-10.2 

10.3-11.4 
9.6-10.4 
9.2-10.0 

Ionic strength0 

2.0 X 10-2 

2.0 X 10"2 

2.0 X IO-2 

2.0 X 10-2 
4.2 X 10-3 

8.4 X 10-« 
3.4 X 10-2 
4.2 X 10-3 

8.4 X 10~3 

3.4 X IO-2 

4.2 X 10-3 

8.4 X ICr3 

3.4 X 10-2 
8.4 X 10"3 

8.4 X 10-3 

8.4 X 10~3 

T, 0C 

25.0 
25.0 
25.0 
25.0 
10.2 
10.2 
10.2 
30.0 
30.0 
30.0 
49.0 
49.0 
49.0 
25.0 
49.3 
64.9 

^OH"* 

17.9 
15.8 
13.0 

3.29 
0.582 
0.592 
0.472 
2.72 
2.60 
2.52 

11.5 
10.4 
8.72 
0.201 
1.54 
4.99 

^H,Od 

5.51 X 10"3 

4.60 X 10-3 

2.29 X 10"3 

2.00 X 10-4 

4.85 X 10"5 

5.51 X 10~6 

4.76 X 10-° 
3.31 X 10"4 

3.33 X 10-" 
3.50 X 10"4 

1.70 X 10"3 

1.89 X 10-3 

1.97 X 10-3 

1.94 X 10-» 
1.92 X 10"4 

7.23 X 10-" 

° Me1DMA is p-methyl-p'-dimethylaminotriphenylmethyl cation; MeO1DMA is p-methoxy-p'-dimethylaminotriphenylmethyl cation; 
DiMeO1DMA is />,p'-dimethoxy-/>"-dimethylaminotriphenylmethyl cation; TFM-MG is p-trifluoromethyl-/)'1p"-bis(dimethylamino)-
triphenylmethyl cation; MG is Malachite Green cation; CV is Crystal Violet cation.b Number of kinetic runs.c Maintained with NaClO4 or 
KClO4; units of M.d koxin units of M~' sec- J; A:H!o in units of sec-:. 

Table III. Reactions of Cations with Cyanide Ion 

Cation 

Malachite Green 

Crystal Violet 

N" 

5 
5 
5 
6 
6 
5 

T, 0C 

10.2 
30.0 
49.0 
25.0 
49.3 
64.9 

Ionic strength 

4.2 X 10"3 

4.2 X 10"3 

4.2 X 10"3 

8.4 X 10-3 

8.4 X 10"3 

8.4 X 10"3 

Range of C N - concn 

To 3 X 10-" 
To 4 X 10-4 

To 4.4 X 1O-4 

To 6 X 10-3 

To 6 X 10-3 

To 2.2 X 10-3 

kcKb 

0.132 
0.714 
2.64 

5.38 X 10-2 
3.02 X 10"1 

1.19 

1 Number of kinetic runs.b Units of M~" sec-

Strength, and that &H2O increases slightly with increasing 
ionic strength. The effects, however, are quite small for the 
highest ionic strength used in the present work (3.4 X 1O-2 

M) and are only slightly outside of the possible experimen
tal error. 

We have previously reported values for &OH and /CH2O for 
the reactions of Crystal Violet at 25 °.12 The present value 
found for ko» is in excellent agreement with the value of 
0.205 A/-1 sec-1 previously determined. The value for &H2O 
in the present work is in poor agreement with the previously 
reported value of 3.5 X 1O-5 sec-1. On re-examination of 
the previous data, we find that we had neglected to correct 
the observed pseudo-first-order rate constants at low pH for 
the reversibility of the reaction. When this correction is 
made, the previous data show excellent agreement with the 
present. 

Least-squares fits of the log k vs. 1/7 data give the acti
vation parameters shown in Table V. For Malachite Green, 
the data obtained at all three ionic strengths, along with 
previously reported data12 at 25°, were all included in the 
calculation. The AS* value for the reaction of Malachite 
Green with water is —21 eu, in good agreement with the 
value of —23 eu reported by Taft.2 

Laidler13 has reported a study of temperature and pres
sure effects on the rate constants for reaction of Malachite 
Green with 2.0 X 1O-4 M sodium hydroxide in water and of 
Crystal Violet with 2.0 X 1O-3 M sodium hydroxide in 
water. He reports AS* = -10 eu, AV* = -12 cm3/mol for 
the Malachite Green reaction, and AS* = —12 eu, AV* = 
0, for the Crystal Violet reaction. For the Malachite Green 
reaction, at 2.0 X 10-4 M hydroxide ion, the pseudo-first-
order rate constant measured by Laidler is the sum of &H2O 
and A:OH[OH-]. At 10, 30, and 49°, the hydroxide ion reac
tion accounts for 68, 61, and 54%, respectively, of the ob
served rate constant. Thus, Laidler's values of AS* and 
AV* for the Malachite Green reaction are not valid for ei

ther the reaction of water or of hydroxide ion alone. For the 
Crystal Violet reaction, however, the hydroxide ion concen
tration is high enough that the observed pseudo-first-order 
rate constant is more than 95% due to reaction of hydroxide 
ion at all temperatures studied. Thus, the values of AS* and 
AV* reported by Laidler for the Crystal Violet reaction 
should be fairly accurate for the hydroxide ion reaction. 
The reported value of AS* is in good agreement with that 
found in the present study. 

The pseudo-first-order rate constants obtained for reac
tions of Malachite Green and of Crystal Violet in buffered 
solutions with added potassium cyanide were corrected for 
the reactions of water and hydroxide ion as described in the 
Experimental Section. Plots of the "corrected" rate con
stants against cyanide ion concentration were fitted by 
least-squares to obtain the values of kcN reported in Table 
III. It is conceivable that these values contain some contri
bution from general base catalysis of the reaction of water 
by cyanide ion. Since, however, Dabco and cyanide ion have 
similar basicities, and since the rate constant for Dabco ca
talysis of the water reaction is much smaller than the ob
served rate constant for reaction of cyanide ion, we believe 
that this contribution is negligible. 

The value of kcN for Crystal Violet at 25° is in only fair 
agreement with the previously reported12 value of 6.3-6.7 X 
10~2 M~] sec-1 for comparable ionic strength. We believe 
that the present value is the more accurate because of the 
more accurate value of ^H2O used in the present work. 

Interpolation of the data for Malachite Green to obtain 
/CCN at 25° gives the value of 0.50 M - 1 sec-1, in excellent 
agreement with the values reported previously12 at compa
rable ionic strength. 

The activation parameters for the cyanide ion reactions, 
obtained by least-squares fit of the data in Table III, are 
shown in Table V. 

Data pertaining to general base catalysis of the reactions 
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Cation 

Crystal Violet 

Malachite Green 

C 

Me,DMAd 

Amine (concn range) 

Quinuclidine 
(to 5 X 10"2) 
Quinuclidine 
(to 4 X IO"2) 
Dabco 
(to 7 X 10-2) 
Dabco 
(to 3 X 10-1) 
Dabco 
(to 9 X IO-2) 
Dabco 
(to 3 X 10-2) 
Dabco 
(to 2 X 10"2) 
Dabco 
(to 2.2 X 10"2) 

N' 

1 

5 

5 

7 

5 

6 

7 

13 

T, 0C 

25.0 

25.0 

49.0 

49.0 

10.2 

10.2 

25.0 

25.0 

Ionic strength 

1.1 X 10-1 

(Cl") 
1.1 X 10-1 

(Cl-) 
8.4 X 10"3 

(C iOr ) 
3.4 X 10-2 

(ClO4-) 
3.4 X 10"2 

(ClO4-) 
8.4 X 10~3 

(ClO4-) 
1.8 X 10"2 

(ClOr) 
4.0 X 10-2 

(CiOr) 

^ c a t i i l 

2.64 X 10'3 

4.19 X 10-2 

1.28 X 10"2 

1.2 X 10"2 

6.7 X 10"4 

6.1 X 10-" 

2.6 X 10"3 

3.3 X 10~3 

"Number of kinetic runs. b Units of M~l sec-'. "Data previously reported; see ref 11. ^p-Methyl-p'-dimethylaminotriphenylmethyl 
cation. 

Table V. Data Summary for Reactions of Cations in Aqueous Solution at 25.0° 

Quantity 

pKR 

P^RH + 

pAfH + 
P A : W 

pKH 

W 
&H2Oc 

'V'Dabco 

& O H / ^ H 2 0 

kon/krtubco 
&H2o/&Dabco 

pKn 
pK„ 
kos" 
kB2O

c 

kcnb 

^Dabco 
k • , . J - >> "^quinuclidine 

kon/ka^o 
^OH^Dabco 

&H2o/^Dabco 

AH 0H 1O' 
AH*n2o

f 

AS0H2O" 
AS*H,o 
AH°OKf 

A / T W 
AS0OH0 

AS* OH" 

A # W 
AS* CN" 
AS* Dabco" '" 

Me1DMA 

4.40 
- 7 . 3 2 
- 6 . 6 5 
- 0 . 4 7 

4.87 
17.9 

5.51 X 10-3 

4.7 X 10-2 

3.25 X 103 

3.8 X 102 

1.2 X 10"1 

P-NO2-MG** 

5.24 
0.07 
5.64 

1.80 X 10-4 

0.92 

3.13 X 10* 

/- • • - . „ 
t_a 

MeO5DMA 
4.86 

- 4 . 8 0 
- 4 . 9 0 

0.10 
4.76 

15.8 
4.60 X 10-3 

3.45 X 103 

/"I 4 -

nation 
MG 
6.94 
1.77 
2.18 

2.11 X 10-* 
0.51 

2.6 X 10"3 

4.2 X IO-2 

1.03 X 104 

8.4 X 102 

8.2 X 10-2 
2 .4 

16.3 
- 2 3 
- 2 1 
- 1 0 . 7 

13.0 
- 2 

- 1 4 
13.4 

- 1 5 
- 2 7 

LlWIl 

DiMeO1DMA 

5.75 
- 2 . 5 7 
- 3 . 4 5 

0.88 
4.87 

13.0 
2.29 X 10-3 

5.68 X 103 

CV 

9.39 
3.74 
0.201 

1.95 X 10"5 

5.38 X IO-2 

[1.6 X 10-*? 
2.64 X 10-3 

1.03 X 104 

[1.2 X 103]* 
[1.2 X 10- 1I' 

6.5 
17.5 

- 2 1 
- 2 1 

- 6 . 6 
15.3 
0 

- 1 0 
14.8 

- 1 5 

TFM-MG 

6.07 

1.01 
5.17 
3.32 

1.96 X 10-" 
3.26 X 10-3 

1.69 X 101 

1.0 X 103 

6.0 X 10-2 

0 Cation identification symbols are the same as those for Table II. 6 Units of M"1 sec""1; at 25°. c Units of sec"1; at 25°. d Data taken from 
ref 11; pK-& and pK* recalculated as described in Results section. • The value of /CD.II>CO for Crystal Violet is estimated by assuming the relative 
rate constants for Malachite Green and Crystal Violet are the same as for quinuclidine. ' Units of kcal/mol. « Units of cal deg-1 mol""1. 
'' A//*D:,bC0 = 13.0. 

of the cations with water are shown in Table IV. The acti- eral base catalysis of the reaction of water with triaryl-
vation parameters for Dabco catalysis of the Malachite 
Green reaction are reported in Table V. 

Discussion 

General Base Catalysis of the Reactions of Cations with 
Water. The present work demonstrates the existence of gen-

methyl cations having p/TR's ranging from 4.4 to 9.4. We 
believe that general base catalysis is characteristic of the 
reactions of water with any cation of measurable stability in 
aqueous solution. This belief is based on several observa
tions other than those reported in the present work. 

Jencks14 has recently reported a study of the reactions of 
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/V.O-trimethylenephthalimidium cation 

with a number of nucleophiles in aqueous solution. General 
base catalysis of the reaction of water by Dabco was ob
served, and the data give /cH2o/^Dabco = 0.13 M, in close 
agreement with the values found in the present study of tri-
arylmethyl cations. The p/^R of the phthalimidium ion 
could not be directly measured but may be estimated as fol
lows. The rate constant, &OH, for reaction of the cation with 
hydroxide ion is reported as 4.6 X 106 Af-1 sec - 1 . The rate 
of the reverse reaction, which cannot be observed directly, 
may be estimated as equal to that for the analogous reac
tion of ethoxide ion, &_ot:t = 3.3 X 10 - 8 sec - 1 . Thus, the 
equilibrium constant for the reaction of the cation with hy
droxide ion is estimated to be 1.4 X 1014 M~l, and pÂ R is 
then —0.15. The phthalimidium cation is, then, more than 4 
units less stable than the least stable of the triarylmethyl 
cations in the present study. 

The reaction of tri-p-anisylmethyl cation (PKR = 0.82) 
with water has now been shown to be catalyzed by Dabco, 
trimethylamine, and triethylamine.5 Previous workers4 had 
argued against the existence of general base catalysis for 
this reaction, based primarily on the observation of a very 
small solvent isotope effect, &H 2 O/£D 2 O = 1-2. The solvent 
isotope effect criterion is known to be unreliable for a num
ber OfCaSeS.1-1 We have shown, in previous work,12 that the 
reaction of Crystal Violet with water shows little or no sol
vent isotope effect. The direct observation of general base 
catalysis of this reaction in the present work is another ex
ample, then, of the failure of the solvent isotope effect crite
rion for general base catalysis. 

There are good indications that the reactions of water 
with cations even less stable than those discussed above are 
subject to general base catalysis. Goering16 has reported the 
results of studies of the solvolyses of several benzhydryl de
rivatives in aqueous-organic solvents. Products from these 
reactions are formed by attack of nucleophiles on the sol
vent-separated ion pairs. The alcohol products formed show 
a slight predominance of retention of configuration. Since 
the only difference between ordinary solvent molecules and 
the solvent molecule which is part of the ion pair, at equilib
rium, is the presence of the counterion, the observed reten
tion must be due to an activation of solvent by the counter-
ion; which is just another way of saying general base cataly
sis. It is possible that this is an example of "charge localiza
tion" catalysis rather than catalysis involving a strong con
tribution from the actual proton transfer,17 but we see little 
experimental justification for this distinction in the present 
case. The cations involved in these reactions have pKR's 
considerably less than —7, as reported by Deno.18 

It thus appears that the reactions of water with cations 
having pA"R's ranging from —7 to +9.4 all are subject to 
general base catalysis. We will return to the subject of this 
generality after a discussion of the mechanism of the catal
ysis. 

A plot of the log k's for catalysis of the reactions of water 
with Malachite Green cation vs. the pAys of the conjugate 
acids of Dabco (pA"a = 8.8; statistical correction is +0.3), 
triethylamine (pKa = 10.9; log k = —1.52),1 and quinucli-
dine (pA"a = 11.1) gives a Br</>nsted slope, /3 = 0.65. 
Jencks14 has presented the arguments that values of /3 other 
than zero and unity for reactions of this type are strong evi
dence against a two-step mechanism for the reaction: 

K1 J - B C B ] 

R4 4- H2O ; = ± ROH2* , > ROH + BH+ (4) 
fcBHCBH*] 

We believe, along with Jencks, that these reactions are con
certed one-step processes not involving the formation of an 
ROH2+ intermediate. 

Another strong argument against the two-step mecha
nism, also used by Jencks,14 can be based on the magni
tudes of the observed rate constants. Consider the reaction 
of Crystal Violet with water catalyzed by quinuclidine, with 
pKR = 9.4, A:Q = 2.6 X 1O-3 M~x sec - 1 , and p# a = 11.1. 
The overall equilibrium constant for the reaction in eq 4, 
Ku is given by: 

Kt = Kx^/km = KjKMK) = 50 (5) 

Since the catalysis by quinuclidine shows no saturation 
effect, the mechanism of eq 4 requires that 

kQ = KtkB = 2.6 x 10-3 M-1 s e c ' 1 (6) 

Combination of eq 5 and 6 then gives 

kQ/Kt = (Kfa)/(KikJkm) = feBH = 5. x KT4 (7) 

From a variety of data, we may confidently expect kB to lie 
in the range,19 107 < kB < 1010, all in M~] sec - 1 . 

From eq 4, it is easy to see that the pA:a of R O H 2
+ is 

given by 

P^a(ROH2
+) = P^a(BH) - 1 0 S ( V ^ B H ) = 

11.1 - 3.3 - log kB (8) 

and from the limits set on k%, the data require 

-2 .2 < ptfa(ROH2-> < 0.8 (9) 

Although accurate values of the pATa's of the conjugate 
acids of alcohols are not known,20 that for /5-phenyl-/3-hy-
droxypropionic acid has been estimated21 as —7, and that 
for benzyl alcohol22 appears to be less than —9. Even simple 
alkyl alcohols, such as 1-butanol, are estimated20 to have 
pAVs less than —4. 

Thus, eq 9 gives an entirely unrealistic value for the pKd 

of ROH 2
+ , providing strong evidence against the two-step 

mechanism of eq 4. A value of &B less than 20 M - 1 sec - 1 

would be required to bring the pKa into agreement with the 
above quoted data for the acidities of R O H 2

+ species. 
It may be of fundamental importance that for those alco

hols, ROH, for which R + may exist as a carbonium ion in 
aqueous solution, there appears to be no evidence for exis
tence of the species ROH 2

+ . Deno18 '22 has noted in his 
studies of both benzhydryl and benzyl systems that the for
mation of carbonium ions appears not to be preceded by 
formation of appreciable amounts of R O H 2

+ species. For 
the 2,4,6-trimethylbenzyl alcohol, for example, the carboni
um ion is half formed in 92% H2SO4 with no apparent for
mation of the protonated alcohol.22 This indicates that the 
R O H 2

+ species in this case would have to have a pA^ of less 
than —9.3 on the H0 scale. 

It appears possible, on the basis of these observations, 
that protonated alcohol and solvated carbonium ion repre
sent limiting equilibrium structures for such systems. That 
is, it seems quite possible that energy as a function of R-O 
distance for R O H 2

+ systems has a single minimum; in some 
cases, such as for primary alcohols, the system has an equi
librium R-O distance such that we recognize the species as 
a protonated alcohol; in other cases, the R-O distance is 
such that we recognize the species as a carbonium ion. 
These postulates help considerably in understanding the ub
iquity of general base catalysis in the reactions of water 
with carbonium ions and provide a rationale for the unusual 
behavior of water as a nucleophile.1 
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We would also like to suggest that the rate constant ratio 
^H2o/^Dabco rnay D e a useful criterion for distinguishing 
between general base and nucleophilic catalysis. This 
suggestion is based on the observed near constancy of this 
ratio for all the cations in the present study, for Jencks' 
phthalimidium cation,14 and for the tri-p-anisylmethyl cat
ion.5 The ratio varies by only a factor of ca. 3 (0.06 to 0.2) 
over the range of 9.5 pK units in stability of the cations. 
Jencks23 has reported rate constants for nucleophilic cataly
sis of the hydrolyses of several acetate esters in aqueous so
lution, and we24 have offered arguments supporting the 
classification of the Dabco reaction as nucleophilic, rather 
then general base, catalysis. The reported values of the ratio 
^H2o/^Dabco are: 1.2 X 1 0 - 4 M for phenyl acetate; 8.3 X 
10 - 6 M for /j-nitrophenyl acetate; 1.5 X 10 - 7 M for 2,4-
dinitrophenyl acetate; and 5.0 X 10 - 6 M for iV-acetoxy-4-
methoxypyridinium ion. These ratios are much smaller and 
much more variable than those found for the examples of 
general base catalysis. 

The AOH/*H2O Rate Constant Ratios. In marked con
trast to the near constancy of ^H2o/^Dabco, the ratio kowj 
^H 2 O varies from 8.2 X 104 for the phthalimidium ion, 
through 3 X 104 to 3 X 103 for the triarylmethyl cations in 
the present study, down to 6.7 X 102 for the tri-/?-anisyl-
methyl cation (all in units of A/ - 1 ) . As Taft2 has reported 
for a series of triarylmethyl cations, &H2O shows no correla
tion with /LR of the cations. The present data also show no 
correlation of &OH with KR. For example, &OH for /?-nitro-
(Malachite Green) (P-KR = 5.24) is less than Half as large 
as &OH for the more stable /j,/?'-dimethoxy-p"-dimethylam-
inotriphenylmethyl cation (pA^R = 5.75). Both of these re
sults are in accord with our earlier report of the absence of 
correlations of rate and equilibrium constants for cation-
nucleophile reactions in general.25 

In connection with the variability of the /COHMH2O ratios, 
we may also point out that several aryltropylium ions show 
values from 8.5 X 104 A/"1 to 1.2 X 105 M~x for this ratio, 
while the pAVs of these cations range from 4.55 to 7.35. 
Bunting has reported3 &OH/&H2O ratios from 8.0 X 106 

A/~' to 1.2 X 107 A / - ' for four quaternary ammonium het-
erocycles with pK^s ranging from 5.1 for 7V-methyl-4-ni-
troisoquinolinium ion to 9.54 for the dication: 

The reactions of cyanide ion with several of the cations 
have also been studied. The rate constant ratios ^ O H / ^ C N 
are: 3.1 for tri-p-anisylmethyl cation;4 6.1 for p-nitro(Ma-
lachite Green); 4.3 for Malachite Green; and 3.7 for Crys
tal Violet. Some data are also available for the neutral nu-
cleophile ethylamine, which give &oH/&EtNH2 values: 0.31 
for tri-p-anisylmethyl cation;4 0.29 for Malachite Green; 
and 0.61 forp-dimethylaminophenyltropylium ion. Thus, in 
contrast to the wide variability of the A:OH/^H2O rate ratios, 
&OH/&NUC for other nucleophiles are nearly constant for dif
ferent cations, indicating that hydroxide ion is closely fol
lowing the /V+ correlation1 for these reactions. 

These results confirm our earlier suggestion1 that water 
is behaving quite differently from other nucleophiles in its 
reactions with cations. The constancy of the &H2o/A:Dabco 
ratio indicates that the "uncatalyzed" water reaction is 
quite similar to the catalyzed reaction. The large negative 
entropies of activation for both the "uncatalyzed" (AS* = 
- 2 1 eu) and the Dabco catalyzed (AS* = - 2 7 eu) reac
tions may also be an indication of the similarities of the 
reactions. It is somewhat disconcerting, however, that the 
entropy of activation for the reaction of Malachite Green 

with glycylglycine,% which reacts as a normal nucleophile,1 

is - 2 8 eu, very close to that for the Dabco general base ca
talysis reaction. 

It is unfortunate that we originally chose the reactions of 
water with cations as the standard reaction, with N+ of 
water defined as zero, for the correlation of cation-nucleo-
phile reactions.1'25 It is now quite clear that the reactions of 
water are anomalous and do not fit the ./V+ correlations with 
anywhere near the precision shown by other nucleophiles. 
Since the TV+ scale is a relative scale of reactivities, how
ever, the fact that water does not obey the correlation does 
not affect the TV+ values given previously. This point is dis
cussed further in the next paper in this series24 where appli
cability, extensions, and limitations of the correlation are 
developed. 

Nature of the Transition State for Cation-Anion Combi
nation. Finally, we believe that the rather large negative en
tropies of activation for reactions of cyanide and hydroxide 
ions with Malachite Green and Crystal Violet are worthy of 
some comment. In particular, it is worth noting that AS* 
for the reaction of hydroxide ion with both cations is more 
negative than AS0 for the reactions. This means that AS* 
is negative for both the forward, combination reaction, and 
for the reverse, dissociation reaction. In fact, since AS0 is 
quite close to zero for both cations, AS* for the reverse 
reaction is very nearly equal to AS* for the forward reac
tion. Although we have not been able to measure AS° for 
the cyanide ion reactions, it seems likely that the same con
clusions will be valid for these reactions as for the hydroxide 
ion reactions. The entropy of activation for the hydrolysis of 
tert-buty\ chloride in water27 is +14 eu, ca. 25 eu more pos
itive than that for the dissociation of triarylmethanol or tri
arylmethyl cyanide, which points up the unusual character 
of the present reactions. 

LeNoble28 has commented on the unexpected AV* = 0 
for the reaction of Crystal Violet with hydroxide ion (see 
the discussion of the validity of this measurement in the Re
sults section of the present paper) which would be expected 
to give a fairly large positive AV* from release of electrost-
ricted water around the hydroxide ion. 

For the same reasons, one expects the reaction of hydrox
ide ion with the triarylmethyl cations to give AS0 greater 
than zero. The positive entropy from release of electrostrict-
ed water around hydroxide ion must be compensated by a 
negative entropy contribution from desolvation of the cat
ion, or by a negative entropy contribution from solvation of 
the product triarylmethanol, or both. 

The negative values of AS* for these reactions (—10 to 
— 15 eu) are slightly too large in magnitude to ascribe to the 
entropy of bringing two particles together in solution (ca. 
—R In 55 = —8 eu), and the fact that AS* for the reverse 
reactions are also negative both indicate that solvation 
changes are the primary factor involved in these quantities. 
As Jencks17 has argued, the entropy of bringing two parti
cles together in solution can be considerably more negative 
than —8 eu if one considers the loss of rotational entropy of 
the particles. If this were the situation in the present case, 
however, we would not expect the negative entropy for the 
reverse reaction. We thus conclude that solvent must be 
more ordered at the transition state than at either reactant 
of product. Bunting3 has reached similar conclusions for the 
reactions of water and hydroxide ion with several quater
nary ammonium ions. 

We suggest that the reactant cation has two solvation 
shells, as postulated by Frank29 for other ions. The inner 
shell is expected to be electrostricted and more ordered than 
bulk solvent. The outer shell is expected to be highly disor
dered. Transfer of solvent from the outer shell into bulk sol
vent would produce a negative entropy contribution. If the 
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transition state for the cation-anion combination reactions 
is such that part of this outer shell solvation around the cat
ion has been released into bulk solvent, we then expect a 
negative entropy contribution to AS*. Similarly, on going 
from the neutral product, A^CX, to the transition state, 
the solvation around the developing cation and anion is 
largely electrostrictive, and the full second-shell solvation 
disorder has not been attained. 

These postulates may ultimately help in understanding 
the relative reactivities of the cations, a topic which has 
caused some difficulties arising from the previously1 postu
lated nature of the transition states. 
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application of the Br^nsted catalysis relationship,2"4 in 
which limited "structural families" of nucleophiles, such as 
primary amines, are examined individually. 

The complexity of the general picture indicated in Figure 
1 almost certainly has its origin in mechanisms of the reac
tions, and interpretations of the Br^nsted relationships have 
centered on this point. Early discussions of the mechanisms 
of these reactions postulated the existence of a tetrahedral 
reaction intermediate. Somewhat later, strong arguments 
against the existence of the tetrahedral intermediate were 
advanced.2 These arguments were based on the apparently 
reasonable assumption that such an intermediate would 
have to be at equilibrium with respect to proton-transfer 
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