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intermediate to electronic effects on the acyl group or to the 
basicity of the thiol nucleophile. Thus, substitution of groups 
for hydrogen on the acyl carbon is expected to alter the con
stant term in eq 19 but have little effect on the coefficients of 
a* or pKa. Thus, for a fixed acyl group the Br^nsted coefficient 
for the formation of the anionic tetrahedral intermediate (/3eq) 
for acyl transfer from alcohols, thiols, or amines to thiols is 
expected to be ~0.8 . Hupe and Jencks27 have shown that the 
/3n u c value for acyl transfer from esters and thiol esters to 
thiolates is 0.3 for reactions in which formation of the anionic 
tetrahedral intermediate is the rate-limiting step. This suggests 
that the thiolate has lost ~37% (= 0.3/0.8) of its negative 
charge in going from the ground state to the transition state. 
Similarly, a comparison of the p* for the rate of nucleophilic 
attack of thiolates on acyl compounds with the equilibrium p* 
value (2.97) should provide a useful index of the structural 
similarity between the transition state and the anionic tetra
hedral intermediate. 
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Abstract: General acid catalysis of carbinolamine formation from acethydrazide (CH3C(O)NHNH2) and p-chlorobenzal-
dehyde in aqueous solution probably occurs by a "preassociation" mechanism that involves rate-determining attack of the 
nucleophile on the aldehyde in the presence of the acid catalyst in a termolecular encounter complex, and rate-determining dif
fusion apart of the protonated carbinolamine and the conjugate base of the catalyst, in limiting cases of strongly and weakly 
acidic catalysts, respectively. Unlike amines of even slightly greater basicity, acethydrazide does not add to p-chlorobenzal-
dehyde by a mechanism involving a kinetically significant free zwitterionic carbinolamine (T=1=). The data are most consistent 
with a mechanism in which there is a small amount of stabilization of the transition state for amine attack, and of the initial 
product of this attack, by hydrogen bonding of oxygen to strongly acidic catalysts. Evidence in support of the proposed mecha
nism includes (I) the absence in the pH-rate profile of a break at low pH corresponding to a change from rate-determining hy-
dronium ion catalyzed protonation to uncatalyzed formation of T=1=, (2) the absence of any detectable effect of increased sol
vent viscosity (50% aqueous glycerol) on the rate constants for catalysis by heterocyclic ammonium ions, and (3) a nonlinear 
BrjSnsted plot for general acid catalysis, with limiting slopes of ca. 0.11 for strongly acidic and >0.8 for weakly acidic catalysts. 
In contrast, the triazolium ion catalyzed reaction of methoxyamine (CH3ONH2) with /^-chlorobenzaldehyde, which is known 
to involve rate-determining diffusion-controlled protonation of free T=1=, is inhibited by a factor of approximately 12 in 50% 
aqueous glycerol. 

The addition of weakly basic nitrogen nucleophiles to sub
stituted benzaldehydes occurs in many cases by the initial 
formation of a highly unstable zwitterionic carbinolamine 
intermediate, T*, that is trapped by rate-limiting diffusion-
controlled proton transfer (A:J from hydronium ion or a gen

eral acid catalyst at pH values greater than 1.0 (Scheme I, 
left-hand side).2,3 

In order for a mechanism involving rate-determining pro
tonation of free 1± to be significant, T* must be sufficiently 
short lived that it reverts to starting materials faster than it 
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Scheme I 

I + 
RNH2 C = O HA 

[RNH2 C = O HA] 

RNH,—C—OH A 

TH+ 

^ [RNH 2 -C—OH-A] 

fast 

RNH—C—OH 

R N = C + H2O 

undergoes diffusion-controlled protonation (trapping) by 
hydronium ion or buffer acids; however, T* cannot be so un
stable that it expels amine (k-\) faster than the encounter 
complex (T± -+HA) undergoes diffusional separation (k—d). 
In the latter case, the lowest energy pathway from starting 
materials to (T± > +HA) requires a "preassociation"4 of amine, 
carbonyl compound, and catalyst (with or without hydrogen 
bonding to the catalyst) as shown on the right side (A"assoc and 
&i) of Scheme I. An analogous preassociation mechanism has 
been suggested for the base-catalyzed addition of 2-methyI-
3-thiosemicarbazide to p-chlorobenzaldehyde.5 

A delicate balance exists between the relative energies of the 
two alternative pathways of Scheme I, and very small changes 
in the reactivity of the amine or the carbonyl compound are 
sufficient to cause a change in the detailed mechanism of the 
reaction.3 We are interested in defining the effects of such 
small changes on the exact timing of the proton-transfer pro
cess in these reactions. Gilbert and Jencks6 have shown that 
there is a variation in mechanism from simple trapping through 
preassociation mechanisms with increasing degrees of hy
drogen bonding in the transition state, as thiol basicity is de
creased, for general-acid-catalyzed addition of thiol anions to 
acetaldehyde. The present work provides further evidence for 
the same kind of mechanistic variation in general-acid-cata
lyzed carbinolamine formation, namely, the predominance of 
a preassociation mechanism for general-acid-catalyzed addi
tion of acethydrazide (CH 3 C(O)NHNH 2 ) to p-chloroben-
zaldehyde. In contrast amines of only slightly greater basicity, 
such as methoxyamine, undergo general-acid-catalyzed ad
dition predominantly by the trapping pathway.2 Of particular 
interest is our demonstration that the reaction of acethydrazide 
is insensitive to a large variation in solvent viscosity effected 
by substitution of 50% glycerol for water as the solvent, 
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whereas the corresponding reaction of methoxyamine, which 
involves rate-limiting diffusion-controlled trapping of T* by 
HA, is inhibited by a factor of approximately 12 in the more 
viscous solvent. Hence, the same diffusion process cannot be 
rate limiting for both reactions and the alternative, preasso
ciation mechanism is indicated for catalysis of the reaction of 
acethydrazide. 

Experimental Section 

Materials. Organic reagents were recrystallized, sublimed, or dis
tilled before use. Inorganic compounds were reagent grade and were 
used without further purification. Water was deionized and then glass 
distilled. p-Chlorobenzaldehyde acethydrazone was prepared from 
p-chlorobenzaldehyde (0.05 mol) and acethydrazide (0.045 mol) in 
20 mL of ethanol containing 1 mL of glacial acetic acid, mp after 
recrystallization from ethanol-water, then ethanol, and drying in 
vacuo 151-1530C. 

5-Chloro-l-methylimidazole, 2,4-dimethylimidazole, and 2-
methoxypropylamine were purified, stored, and used as the hydro
chlorides, which were prepared from the commercially available free 
bases. 2,4,5-Trimethylimidazole hydrochloride was prepared by a 
modification of the method of von Pechmann7 from equimolar 
quantities (0.3 mol) of diacetyl and acetaldehyde instead of from di-
acetyl alone. After several recrystallizations from ethanol the hy
drochloride had mp 312-315 0C (lit.7b 316 0C); NMR (D2O, 
DMPSA) 5 2.18 and 2.53 ppm (ratio 2:1). 

Kinetics. Rates of acethydrazone formation and hydrolysis at 25 
0C, ionic strength 1,0 M, were followed at 285 nm on a Cary 14, 
Perkin-Elmer 124, or Bausch and Lomb 710 spectrophotometer with 
recorder. The latter instrument was equipped with a Caltronics Linear 
Auto-Expander that was used for recorder scale expansion for reac
tions in which the total absorbance charge was less than 0.2 unit. For 
hydrolysis experiments the concentration of acethydrazone in the final 
reaction mixtures was 5 X 10-5 M, introduced by addition of 50 ^L 
of 3 X 1O-3 M acethydrazone in 25% aqueous ethanol into 3.0 mL of 
aqueous reaction mixture. 

For studies of catalysis of the forward reaction of acethydrazide 
with p-chlorobenzaldehyde a total acethydrazide concentration of 
3-6 X 1O-3 M and a/>-chlorobenzaldehyde concentration of 2 X 1O-5 

M were ordinarily used. The acethydrazide present in the reaction 
mixtures served as a buffer at pH values where the external catalysts 
used had inadequate buffering capacity; when necessary constancy 
of pH for a series of catalyst concentrations was maintained by ad
justing the pH of the reaction mixtures, before initiation of reaction 
by aldehyde addition, with a small quantity of concentrated acid or 
base. 

Second-order rate constants, £0bsd, for the reaction of acethydrazide 
free base were corrected8 for partially rate-determining dehydration 
to give &ad, the rate constant for the addition step, using eq 1 and a 
previously determined9 value of K-^k a of 3.88 X 104 M - 2 S - ' 

k„,i = *0t>sd/(l "" ^obsd/^ad^d«H + ) (D 
A single experiment in this laboratory at pH 6.47, 0.02-0.10 M 
phosphate buffer, gave KAaki = 3.7 X 104 M - 2S - 1 , in agreement with 
the previously reported value. 

For glycerol inhibition experiments stock solutions containing 83% 
glycerol by weight were prepared by mixing 42 g of glycerol with 
aqueous solutions of hydrochloric acid and 1.0 M acethydrazide or 
1.07 M methoxyamine hydrochloride plus sufficient water to give a 
total volume of water of 8.3 mL. Reaction mixtures were prepared by 
making appropriate mixtures of either (A) 2.5 M aqueous triazole 
buffer, 50% hydrochloride, containing sufficient tetramethylammo-
nium chloride to give an ionic strength of 2.5 M or (B) 2.5 M 5-
chloro-l-methylimidazolium hydrochloride with (C) 2.5 M tetra-
mcthylammonium chloride, and mixing 2.0 mL of the resulting 
aqueous solution with 3.0 mL of the glycerol-containing stock solution. 
Since it was shown that no measurable volume change occurred on 
mixing, the resultant solutions contained 50% glycerol solvent and had 
an ionic strength of 1.0 M. After equilibration to temperature 3.0 mL 
of each reaction mixture was placed in a cuvette and reaction was 
initiated by addition with vigorous mixing of 30 juL of an acetonitrile 
solution of/7-chlorobenzaldehyde. Final concentrations of /?-chloro-
benzaldehyde in the reaction mixtures were 2-4 X 10-5 and 6 X 10-5 

M for experiments using acethydrazide and methoxyamine as the 
nucleophile, respectively. Similar procedures were used for experi-
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Figure 1. Observed rate constants, ky,, for hydrolysis of/?-chIorobenzal-
dehyde acethydrazone at ionic strength 1.0 M, maintained with potassium 
chloride (•), lithium chloride (A), or 1.0 M HCI (D), as a function of pH. 
The solid line of slope -1.0 is a theoretical line based on published values 
of the rate and equilibrium constants for acethydrazone formation (ref 
3 and 9). 

ments in phosphate buffer to determine the apparent rate constants, 
Kaakfo for the dehydration of the adducts in the presence of glycerol, 
except that in one case tetramethylammonium chloride was added 
to give an ionic strength of 1.65 M in the glycerol-containing stock 
solution. To 3.0 mL of this solution was added 0.1 M phosphate buffer, 
50% dianion, ionic strength 0.15, and 0.15 M tetramethylammonium 
chloride to give a total volume of 5.0 mL and an ionic strength of 1.06. 
The rate constant for dehydration of the carbinolamine adduct of 
methoxyamine and p-chlorobenzaldehyde at ionic strength 1.0 
(Me4NCl) was determined from the ordinate intercept of a plot of 
1 /(^obsd — ^n) against 1 /[triazole] at pH 2.65 and agreed well with 
the value calculated from rate constants measured with potassium 
chloride as the compensating electrolyte. 

For determinations of rate constants for catalysis in 50% glycerol 
and in aqueous tetramethylammonium chloride solutions, amine free 
base concentrations were calculated from pA'a values measured in 50% 
glycerol (see below) or aqueous trimethylammonium chloride, re
spectively, and apparent pH values of the reaction solutions measured 
with a glass electrode. Values of kdd were determined from eq 1, again 
using the apparent pH and values of K^k^ determined in the appro
priate solvent-electrolyte system. Concentrations of the conjugate 
acid of the catalyst were calculated where necessary from the apparent 
pH and pKa values determined in the solvent of interest. Since it was 
frequently necessary to adjust pH prior to a set of kinetic runs, using 
small amounts of acid or base, to assure constancy of pH for a series 
of catalyst concentrations when buffering capacity of the catalysts 
and/or acethydrazide was poor, acid/base ratios of the acid catalysts 
were calculated from the adjusted pH, rather than from the initial 
stoichiometry of the buffer solutions. 

For pKa determinations in 50% glycerol, compounds were dissolved 
in aqueous glycerol containing tetramethylammonium chlorde, and 
titrations with aqueous KOH or HCl were carried out so that the 
mixtures being titrated had an ionic strength of 1.0 and contained 50% 
(by weight) glycerol at the midpoint; the volume of titrant added at 
the end point of titrations never exceeded 10% of the total of solution 
and generally was approximately 5% of the total volume. Apparent 
pH values were measured using a glass electrode standardized against 
aqueous buffer solutions. 
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Figure 2. Effect of 50% aqueous glycerol solvent on catalysis by hetero
cyclic ammonium ions of acethydrazone (plots A and B) or O-methylox-
ime (plot C) formation from p-chlorobenzaldehyde at ionic strength 1.0 
M (Me4NCl). The quantity shown on the ordinate is an apparent sec
ond-order rate constant in terms of total acethydrazide or methoxyamine 
concentration. Apparent pH values were as follows: plot A (H2O), 2.39; 
(50% glycerol), 2.43; plot B (H2O), 3.56; (50% glycerol), 3.58; plot C 
(H2O), 2.65; (50% glycerol), 2.59. The lines are theoretical curves based 
on the rate and equilibrium constants of Table II. 

Results 
Previous work3 has shown that the pH-rate profile for p-

chlorobenzaldehyde acethydrazone formation exhibits a single 
break, between pH 3 and 4, indicative of the expected transi
tion from rate-determining carbinolamine formation to de
hydration as the pH is increased. No other break is observed 
above pH 1.5. The possibility that a second break,2-3 indicative 
of a stepwise mechanism for proton transfer in carbinolamine 
formation, occurs at lower pH was most conveniently investi
gated by study of the reverse reaction, hydrolysis of the ac
ethydrazone, since protonation of acethydrazide makes the 
equilibrium for acethydrazone formation unfavorable at low 
pH. Figure 1 shows the pH-rate profile for hydrolysis of the 
acethydrazone at pH values between 0 and 2.0. The solid line 
is calculated from published values of the rate constant for the 
forward reaction3 and the equilibrium constant9 measured 
under experimental conditions identical with those of this 
study, and is in good agreement with the data obtained here 
for the reverse reaction. The rate is clearly first order in hy-
dronium ion throughout the pH range observed, and there is 
no break in the plot. In order to exclude the possibility that a 
small break is obscured by a salt effect from the substitution 
of hydrochloric acid for potassium chloride as the major 
electrolyte in solution at low pH values, lithium chloride was 
used instead of potassium chloride as the compensating elec
trolyte in one experiment. Under these conditions the pH-rate 
profile also exhibits no break. The apparent activity coefficient 
for hydronium ion (based on the measured pH) in this exper
iment varied from 0.81 (1.0 M HCl) to 1.3 (0.05 M HCl), but 
a plot of log kh against the measured pH had a slope of -1.0 
and was in good agreement with the pH-rate profile in the 
presence of potassium chloride. A plot of log k^ against —log 
CH+ gave a slope of —0.88 and no apparent break. 

Carbinolamine formation from p-chlorobenzaldehyde and 
acethydrazide is subject to general acid catalysis by buffers 
and other species according to a rate law /cad = £ad° + ^adC> 

[buffer], where kad°, determined from they intercepts of plots 
of /cad against total buffer concentration, is an apparent rate 
constant for the addition step at zero buffer concentration, and 
&ad

C. from the slopes of these plots, is the apparent rate con
stant for catalysis of the addition step by total buffer. This rate 
law is equivalent to /cad = £ad° + &HA[HA+] , where &HA is the 
rate constant for catalysis by the conjugate acid and is given 
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Table F. General Acid Catalysis of Carbinolamine Formation from Acethydrazide and p-Chlorobenzaldehyde at 25 0C, Ionic Strength 1.0 
M(KCl) 

(1) 

(2) 

(3) 
(4) 
(5) 

(6) 

(7) 
(8) 
(9) 
(10) 
(ID 
(12) 

catalyst 
conjugate acid of 

1,2,4-triazole 

acethydrazide 

5-chloro-1 -methylimidazole 
histamine 
imidazole 

1-methylimidazole 

glycinamide 
1,2-dimethylimidazole 
2,4-dimethylimidazole 
2,4,5-trimethylimidazole 
2-methoxyethyIamine 
2-methoxypropylamine 

P^a 

2.58<-

3.44 <* 

5.40p 

(,ASf-s 
7.24* 

7.20' 

8.30* 
8.35^ 
8.76* 
9.41* 
9.72; 

10.46* 

pH 

2.42 
3.06 
3.25 
3.38 
3.59 
2.80 
2.32 
2.48 
2.55 
3.41 
3.48 
2.52 
3.42 
3.40 
2.37 
3.57 
3.57 
3.54 
3.47 

concn range, M 
(total) 

0.05-0.50 
0.05-0.50 
0.004-0.012 
0.002-0.015 
0.005-0.10 
0.02-0.15 
0.05-0.25 
0.05-0.25 
0.025-0.60 
0.05-0.25 
0.05-0.50 
0.05-0.25 
0.05-0.50 
0.05-0.40 
0.05-0.40 
0.05-0.40 
0.05-0.40 
0.10-0.50 
0.10-0.50 

k AC a 

K ad , IVf- 2S- 1 

115 
56 

182 
98 

105 
113 
110 

99 
63 
66 
61 
56 
34 
14 
11 
5.9 

<1 .5 
1.0 ± 0 . 6 

< l . 8 

A H A (av) ,* 
Nf - 2 S- ' 

210 

250 ±50 
105 
113 

80 ±20 

45 ± 10 
14 
H 
5.9 
<1.5 
1.0 ±0.6 
<1.8 

" In terms of total catalyst concentration. * In terms of the conjugate acid. '' J. P. Fox and W. P. Jencks, J. Am. Chem.Soc, 96, 1436 (1974). 
'' Reference 9. * A. C. Satterthwait and W. P. Jencks, J. Am. Chem.Soc, 96,7031 (1974).̂  For the imidazole group. * Determined by titration 
(this work) at ionic strength 1.0 M (KCl). * Reference 8. ' In 1.0 M tetramethylammonium chloride: D. G. Oakenfull and W. P. Jencks, J. 
Am. Chem.Soc. 93, 178 (1971). i VV. P. Jencks and M. Gilchrist, ibid., 90,2622(1968). * Reference 2. 

Table II. Effect of 50% Glycerol Solvent on Kinetic Constants for 
General Acid Catalysis of Adduct Formation from Nucleophiles 
and p-Chlorobenzaldehydea 

50% glycerol H2O 

PA11 

A^dUM- 2 S- ' 
A'TrzH+, M - 2 S - ' * - " 

A-CMIH+, M 2 S - ' ' 

PK11 
^ d A d . M - 2 S - ' 
A - T r Z H + - M - 2 S - ' ^ 

Acethydrazide 
3.50 
3.7 X 104 

400 
130 

Methoxyamine 
4.85 
2.82 X 105 

5 X 102 

3.38 
3.5 X 104 

390 
120 

4.69 
1.8 X 105 

6.1 X 103 

" Ionic strength 1.0 M (Me4NCl). * For general acid catalysis by 
1,2,4-triazolium ion. ' pA"a of triazolium ion in 50% glycerol, 2.36. 
'' pA'a of triazolium ion in aqueous Me4NCl, 2.43. " For general acid 
catalysis by 5-chloro- 1-methylimidazolium ion. 

by A:HA = k-ddC/f where/ = the fraction of buffer present as 
the conjugate acid. Observed rate constants, /:0bsd, increase 
nonlinearly with increasing buffer concentration because of 
the intervention of the dehydration step at high buffer con
centration; rate constants (/ca<i) for carbinolamine formation 
were calculated using eq 1. Rate constants for general acid 
catalysis by a series of primary and heterocyclic ammonium 
ions are summarized in Table I. 

Rates of carbinolamine formation catalyzed by triazolium 
and 5-chloro-1-methylimidazolium ions were determined in 
water and in 50% aqueous glycerol at ionic strength 1.0 M 
maintained with tetramethylammonium chloride. Values of 
pKa and of the dehydration rate constant, K-^ka, determined 
in aqueous tetramethylammonium chloride or 50% aqueous 
glycerol containing tetramethylammonium chloride were used 
for calculation of the catalytic constants for the addition step. 
Observed catalytic constants for the reaction of acethydrazide 
are remarkably insensitive to 50% glycerol (Figures 2A and 
2B), whereas catalysis of methoxyamine addition by triazolium 
ion is greatly decreased in the glycerol-containing solvent 
(Figure 2C). Kinetic constants for the reactions of acethy
drazide and of methoxyamine in 50% glycerol and in aqueous 

Scheme II 

RNH, ^ C = O ^ RNH—C—OH ^ RNH2—C-O-

tetramethylammonium chloride are summarized in Table 
II. 

Discussion 

It appears well established2'3 that general acid catalysis of 
addition reactions of moderately basic nitrogen nucleophiles 
to reactive carbonyl compounds generally occurs by a mech
anism that involves formation of a zwitterionic intermediate, 
T* (Scheme I), which is then trapped by a kinetically signifi
cant proton-transfer process involving protonation of the 
oxygen of T* by general acid catalysts or the hydronium ion. 
Alternative mechanisms for catalysis should become significant 
as the stability and lifetime of T* are decreased, for example, 
by decreasing the basicity of the nucieophile. These include 
preassociation'° and "concerted" mechanisms as well as pro
tonation of the carbonyl compound in a prior equilibrium step 
giving rise to specific acid catalysis. 

Our investigation of the detailed mechanism of acid-cata
lyzed carbinolamine formation from acethydrazide and p-
chlorobenzaldehyde was prompted by the substantial positive 
deviation of the rate constant, /CH, for hydronium ion catalyzed 
addition of this nucieophile from a structure-reactivity cor
relation for other nucleophiles.3 For the "trapping" mechanism 
shown on the left-hand side of Scheme I, ka, a diffusion process 
is ordinarily rate determining for strongly acidic catalysts, and 
the observed rate constant for the reaction is A:HA = kak?/k-2. 
The effect of structure on A-HA is predictable in a straightfor
ward manner since ka is diffusion controlled and independent 
of the nucieophile, and the equilibrium constant k^/k-2 is equal 
to KUdK7 where A"atj and K7 are the equilibrium constants de
fined in Scheme II. Kad is an experimentally measured quantity 
and K7 should follow a relationship3 A log K7 = Q.8ApK.dm<:. 
Hence, given the value of A-HA = ktLk2Jk-2 for any nucieophile 
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log kHi 

(M"2sec"' 

2 
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• 

• 
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Figure 3. Br^nsted plot for general acid catalysis of carbinolamine for
mation from acethydrazide and p-chlorobenzaldehyde by primary ( • ) 
and heterocyclic tertiary (O) ammonium ions. The line is a theoretical 
curve for a preassociation mechanism based on eq 4 and the individual rate 
and equilibrium constants (Table III) for the processes of Scheme 1 esti
mated as described in the text. 

it is possible to predict quite accurately £HA f°r a structurally 
similar nucleophile from the equation 

A log kHA = A log Kad + 0.8ApKa (2) 

Calculation of log k» for hydronium ion catalysis of the re
action of acethydrazide (pKa = 3.44, K^ = 0.7 M - 1) with 
p-chlorobenzaldehyde, via a diffusion-controlled trapping 
mechanism, from eq 2 and the appropriate rate and equilib
rium constants for methoxyamine2 (pKd = 4.73, K^ = 13.4 
M-1) gives A log kH = -2.3 and fcH

calcd = 200 M~2 s_1; the 
experimental value of this rate constant for acethydrazide is 
3000 M - 2 s_1, suggestive of an alternative, faster mechanism 
for this reaction that does not involve a diffusion-controlled 
reaction of free TA A similar calculation for catalysis by tri-
azolium ion (in water, ionic strength 1.0 maintained with tet-
ramethylammonium chloride; Table II) gives a calculated 
value of &TrzH+ = 30 M - 2 s_ l for the diffusion-controlled 
trapping mechanism for acethydrazide based on the observed 
value of 6100 M - 2 s_1 for methoxyamine; the experimental 
value of 390 M - 2 s_l for acethydrazide is again slightly more 
than an order of magnitude larger than predicted. 

We have obtained the following evidence that supports a 
preassociation mechanism (right-hand side of Scheme I) for 
acid catalysis of carbinolamine formation from acethydrazide 
and /j-chlorobenzaldehyde. (1) There is no break in the 
pH-rate profile for the reverse of this reaction between pH 0 
and 2. This means that, for hydronium ion catalysis of carbi
nolamine formation and its reverse, there is no change with 
decreasing pH from a rate-determining transition state that 
contains a hydronium ion to one that does not; for the trapping 
mechanism, such a change, from rate-determining encounter 
with the acid catalyst (kd) to rate-determining attack and loss 
of the nucleophile (k2 and k-2), occurs as the pH is decreased. 
(2) An increase in solvent viscosity (50% aqueous glycerol) has 
no effect on the rate constants for catalysis of the reaction of 
acethydrazide by heterocyclic tertiary ammonium ions, 
whereas this solvent has a large (approximately 12-fold) re
tarding effect on the corresponding rate constant for the re
action of methoxyamine. (3) The Br^nsted plot for general acid 
catalysis of carbinolamine formation from acethydrazide and 
/7-chlorobenzaldehyde is nonlinear with limiting slopes, a, of 
0.11 and >0.8 for strong and weak acids, respectively. This is 
consistent with a preassociation mechanism in which some 
stabilization of the transition state for amine attack is provided 
by hydrogen bonding to strongly acidic catalysts. 

(1) Addition reactions of nitrogen nucleophiles to carbonyl 
compounds can exhibit one or two negative breaks2'3 in their 
pH-rate profiles at pH values below neutrality corresponding 
to (a) a transition from hydronium ion catalyzed rate-deter
mining carbinolamine dehydration to uncatalyzed (or water-
catalyzed) conversion of T* to a neutral carbinolamine at pH 
ca. 4-6, and (b) a transition from diffusion-controlled pro-
tonation of T* (for the "trapping" mechanism of Scheme I) 
to uncatalyzed attack (k2) of the nucleophile, at pH ca. 1-2. 
Previous results had shown that the reaction of acethydrazide 
with /?-chlorobenzaldehyde exhibits a single break in the pH 
5 region corresponding to (a) and no other break corresponding 
to (b) at pH values > 1.5. Investigation of the pH dependence 
of this reaction was extended to pH ca. 0 in this work by fol
lowing the rate of hydronium ion catalyzed acethydrazone 
hydrolysis. This reaction is strictly first order in hydronium ion 
between pH 0 and 2 as indicated by a pH-rate profile (Figure 
1) with unit slope and no break at low pH. Calculation of the 
rate constants for acethydrazone formation (kf) at pH values 
between 0 and 2 from experimental values of ky, and KQ = 5.5 
X 104 M - 1 , using the relationship k( = Kekh, gave values in 
good agreement with a line of unit slope drawn through values 
of /Cf determined previously for the reaction in the forward 
direction3 between pH 1.4 and 2.2. We hence conclude that 
there is no experimental evidence for a second change in 
rate-determining step for acethydrazone formation, analogous 
to the transitions from rate-determining k.d[H3O

+] to k2 at low 
pH that are observed for reactions of several other nucleophiles 
with aromatic aldehydes. For a preassociation mechanism the 
transition states for the kinetically significant steps k\, k^, and 
kn all contain the elements of amine, aldehyde, and acid cat
alyst, and hence no change in rate-determining step is possible 
as the concentration of the acid catalyst (in this case, hydro
nium ion) is varied. This absence of a change in rate-deter
mining step for carbinolamine formation as a function of pH 
is a necessary, although not a sufficient, criterion for assign
ment of a preassociation mechanism for hydronium ion ca
talysis. 

(2) The major piece of evidence that establishes the fun
damental difference between the mechanism of carbinolamine 
formation from methoxyamine (which proceeds unambigu
ously by the stepwise trapping mechanism shown on the left 
of Scheme I) and acethydrazide is the effect of 50% glycerol 
solvent1' on the rates of these two reactions catalyzed by het
erocyclic ammonium ions. Rate constants for catalysis of 
carbinolamine formation from acethydrazide by triazolium 
and 5-chloro-1 -methylimidazolium ions in water are identical, 
within experimental uncertainty, with those measured in 50% 
aqueous glycerol, a medium whose viscosity is approximately 
six times greater than that of pure water. In contrast, diffu
sion-controlled protonation by triazolium ion of the interme
diate formed from methoxyamine and p-chlorobenzaldehyde 
is approximately 12-fold slower (Table II) in 50% glycerol than 
in aqueous solution. This is a larger retardation than expected 
from the relationship kH^0/k^c = r/giyc/̂ HaO for diffusion1' 
if ^giyc/^HO is taken as 6.03l2 (for aqueous glycerol solutions 
containing no added salts); the effect of tetramethylammonium 
chloride on the viscosity of these solutions was not determined. 
This uncertainty does not affect the significant conclusion that 
there is a large difference in the effect of glycerol solvent on 
these two very similar reactions. This difference provides strong 
evidence that the reaction of acethydrazide, unlike that of 
methoxyamine, does not involve a rate-determining diffusion 
process, since it appears unreasonable that ordinary medium 
effects for these two similar reactions could differ by a factor 
of 12. For the reaction of acethydrazide, the absence of any 
detectable retardation in glycerol argues against "mixed" 
mechanisms in which preassociation and trapping pathways 
are of nearly equal energy,6 and both contribute significantly 
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Table III. Estimated Values for Individual Rate and Equilibrium Constants of Scheme I as a Function of Catalyst p^ a 

P^H/̂  
10 a" 

log 
log 
log 
log 
log 
log 
log 

^ a s s o c * 1 

k-^ 
k, 
* - . 

k4 

2.45 
* 
* 

9.49 
13.40 
4.49 

2.23 

9.71 
12.63 
2.71 

2.00 
10.34 
9.7 
9.93 

11.85 
0.93 

11.0 

1.79 

10.15 
11.07 

-0.85 

1.57 

10.36 
10.3 

-2.64 

0.11 
0.0 
0.0 
0.11 
0.39 
0.89 
0.0 

1 a = -d(log *)/d(pKHA) or -d(log AOAUPAHA). 

to the rate, for the acids studied. The Br^nsted plot for general 
acid catalysis of the reaction in water (see below) can be fit by 
a theoretical curve using kinetic constants that correspond to 
relative rates for the preassociation and "trapping" mecha
nisms of ca. 6 and 3 for 1,2,4-triazolium and 5-chloro-l-
methylimidazolium ions, respectively. The result of this cal
culation is thus consistent with, although it does not prove, the 
conclusion from the viscosity data that catalysis by these cat
ions proceeds predominantly through a preassociation mech
anism. 

(3) General Acid Catalysis. The Bronsted plot for general 
acid catalysis of carbinolamine formation from acethydrazide 
(Figure 3) is nonlinear, with limiting slopes of ca. 0.11 for 
strong acids and >0.80 for weak acids. We believe that this is 
most consistent with a preassociation mechanism. In the lim
iting cases, this mechanism involves rate-determining attack 
of acethydrazide within a termolecular encounter complex of 
aldehyde, amine, and acid, with strongly acidic catalysts, and 
rate-determining diffusional separation of the encounter 
complex [TH+-A], with weakly acidic catalysts. Near the 
break in the Bronsted plot, a contribution of the proton-transfer 
process itself (£3) may become kinetically significant.13 The 
slope of 0.11 for strongly acidic catalysts suggests that some 
stabilization of the transition state for amine attack, and of the 
initial complex [T + -HA + ] , is provided by hydrogen bonding 
to the catalyst. The hydronium ion (kH = 3000 M - ' s~') shows 
an approximately fourfold positive deviation from the Bronsted 
plot of slope 0.11. Use of a statistical correction14 (p = 3, q = 
1) reduces this deviation to about twofold. This small deviation 
perhaps results from a slightly enhanced hydrogen-bonding 
capability of the hydronium ion, or from the ability of this 
species to hydrogen bond to the transition state through an 
intermediate water molecule. 

An important consequence of hydrogen bonding in the 
transition state is that the added stabilization of [T+-HA+] 
makes its diffusional separation (k-a) slow enough so that 
breakdown of T* within the complex (Ar_i) is fast relative to 
Zc11. This is a necessary condition for a preassociation mech
anism of catalysis. We believe that a hydrogen-bonding 
mechanism is probably most consistent with a reasonable es
timate for the lifetime of T=1=. If the reaction with acethydrazide 
involves a preassociation mechanism with no significant hy
drogen bonding, then k-a must be large (ca. 10" s _ l) and the 
requirement that k-1 be greater than k-a means that k- \ for 
expulsion of acethydrazide must be about three orders of 
magnitude greater than the rate constant of 2.9 X 108 s~' es
timated for expulsion of methoxyamine from the corresponding 
adduct T*. Since the equilibrium constant (£-2/^2) f° r 

breakdown of T=1= (Scheme 11 and eq 2) is predicted to be only 
200 times greater for acethydrazide than for methoxyamine, 
it is unreasonable that the rate for breakdown of T=1= within the 
complex (k-i) would be any more than 200 times larger for 
the weaker nucleophile. If, however, k—d is decreased by hy
drogen bonding, a preassociation mechanism becomes possible 
even if k-\ is 10 9 -10 1 0s _ l , consistent with a somewhat longer 
lifetime for the zwitterionic acethydrazide adduct. 

The Bronsted plot can be fit by a theoretical line for a 
preassociation mechanism with hydrogen bonding, calculated 
from eq 3 and estimated rate and equilibrium constants (Table 
III and Appendix) for the processes defined in Scheme I. 

tfassoc^i K 3 A r 3 - W - I ^ + * 3 * - i * 4 + K3k3k4) (3) 

Although the parameters chosen to fit the experimental data 
are not unique, a line calculated from them gives a good fit to 
the experimental data of Figure 3, and absolute and relative 
values of the individual constants are reasonable. Stabilization 
of [T+-HA+] by hydrogen bonding causes Ar_a to decrease, and 
the ratio fc_,/fc_a, which describes the partitioning of [T+-
HA+] between the preassociation and trapping pathways, to 
increase, as the acidity of HA + is increased. Values of k- \/k-& 

significantly larger than unity for strong acids are consistent 
with our observation that 50% aqueous glycerol solvent has no 
detectable effect on &HA for acids of pA^ < 5.4 and hence, with 
these acids, no experimentally significant fraction of the re
action is presumed to occur via the trapping pathway. Ac
cording to Table III, k~\/k-a should be about 3 for 5-chloro-
1-methylimidazolium (PAHA = 5.4) and 6 for 1,2,4-triazolium 
ion (p/^HA = 2.58), and the trapping pathway, which is sup
pressed in 50% glycerol, should contribute, at most, only 25% 
to the observed rates. A variation in A"HA of 25% or less in 50% 
glycerol and water could conceivably be undetectable because 
of small compensating solvent effects or uncertainties in in
dividual rate and equilibrium constants used for calculation 
of/CHA-

The value of A:_ 1 = 2.2 X 101 0S - 1 for expulsion of acethy
drazide from T=1= within an encounter complex is two orders of 
magnitude larger than the estimated rate constant of 2.9 X 108 

s~' for breakdown of T=1= derived from p-chlorobenzaldehyde 
and methoxyamine.2 This intermediate is expected to be less 
stable for acethydrazide both because of its lower basicity 
(Ap/^., = 1.29) and its less favorable equilibrium for neutral 
adduct formation (A log A ^ = 1.3). Because of the assump
tions involved in its estimation, the value of A:_ 1 is only ap
proximate, but its magnitude suggests that this rate constant 
must be quite sensitive to the nature of the nucleophile. This 
provides the rationale for the observed change in the mecha
nism of catalysis by strong acids from a trapping mechanism 
for methoxyamine addition, for which k- \ < k-a, to a preas
sociation mechanism for acethydrazide, for which k-\ > 

* - a -

Although the present results indicate unambiguously that 
catalysis by strong acids of carbinolamine formation from 
acethydrazide and /?-chlorobenzaldehyde does not involve 
kinetically significant trapping of free T+ , they do not enable 
a clear distinction to be made between a preassociation 
mechanism in which the hydrogen-bonded complex [T+-HA+] 
is a discrete intermediate and a "concerted" mechanism in 
which [T+-HA+] has no finite lifetime and the proton transfer 
occurs simultaneously with formation of the C-N bond. The 
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magnitude of calculated values for k3 (based on a constant a 
value over a range of ApA- from —2 to 6) suggests that, for 
strong acids, [T=^HA+] might be too unstable to exist (Zc3 > 
molecular vibrations). In this case the requirement for a con
certed mechanism results not from the instability of T* with 
respect to amine expulsion but from the instability of the 
complex [T=^HA+] with respect to a proton jump. For weaker 
acids a concerted proton transfer is not required by the mag
nitude of k3, and isotope effect data for a related reaction13b 

(the attack of methoxyamine on phenyl acetate) are most 
consistent with a discrete proton-transfer step within the en
counter complex of T* and acid catalyst. 
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Appendix 

Estimation of Rate Constants for the Individual Steps of 
Scheme I as a Function of pAfa of Acid Catalysts. The rate 
constants k* and k-4 of Scheme I were assumed to be invariant 
with pKHA, i-e., there is no stabilization of [TH+-A] by hy
drogen bonding. The rate constant for diffusion together of T* 
and +HA was also assumed to be independent of PA"HA; this 
is consistent with results for the reaction of T* derived from 
methoxyamine and p-methoxybenzaldehyde,2 and with lim
iting slopes of zero for Eigen plots for some simple proton-
transfer reactions.'5 The value of log k-d was taken as 9.7 and 
log k-4 as 9.5. The difference corresponds to a slight difference 
in limiting rates for proton transfer between neutral and op
positely charged donor and acceptor molecules.2'15 The value 
of log £4 was taken as 11. Log k- \ was also assumed to be in
dependent of PA"HA; this is equivalent to the assumption that 
the extents of stabilization by hydrogen bonding of [T+-HA+] 
at equilibrium and of the transition state are equal and is not 
unreasonable for a highly unstable intermediate. 

We assume that pASdependent hydrogen bonding of T=1= and 
HA+ affects k\, /c_a, £3, and K3, if such hydrogen bonding 
stabilizes the product [T+-HA+]. The stabilization should be 
reflected in a negative a value for &-a; i.e., as HA+ becomes 
a stronger acid, stabilization of the complex is increased and 
k—d decreases.6 The experimental value of a = 0.11 for 
Kassoc&i for strongly acidic catalysts and the assumed a value 
of zero for k-\ giveanequilibriumavalueofO.il for forma
tion of [T+-HA+] from isolated reactants. This means that a 
for the equilibrium kA/k—d must also be 0.11, and, since a for 
ka was taken as zero, a (i.e. -d(log k)/dpKH\) for k-a must 
be —0.11. When HA is water, k-a should be the same as for 
an encounter pair that is not stabilized, relative to isolated 
reactants in solution, by hydrogen bonding,6 and log k~a is set 
equal to 11 for water. The effect of decreasing PA"HA on k—d 
is then described by the equation log k—d =11— {(15.74 — 
P/THAMO.H)}. 

A further consequence of hydrogen bonding is that the 
proton is in effect already "partly transferred" in the complex 
[T+-H A+] and therefore a for the equilibrium constant (/C3) 
for transfer of the proton within the complex to give [TH+-A] 
should be less than unity. The overall equilibrium from free 
T+ and HA+ to TH+ and A has a macroscopic equilibrium 
constant A"ov = KHA/KJH+ and must have an a value of 1.0. 
The equilibrium constant K3 = k3/k-3 is related to Km by the 
equation 

K3 = * o v * - a * - V * a * 4 (4) 

Values of log K3 were calculated for log Kov = pKTH
+ - P^AH 

using pA"TH
+ = 8.2,16 estimated values of k-4, k-d, and k4 (see 

above), and log k-a = 11 - 1(15.74 - pArHA)(0.11)). Resultant 
values of log K3 have a = 0.89 as a consequence of the varia
tion of log k-d with pA"HA. If a for k-3 is taken as -0.5, a for 
k3 must be 0.39, and log A:3 is taken as 11 + (0,39)(PKTH+ 

- P/CHA)- The difference in a values in the forward and reverse 
directions results from the fact that a for the equilibrium ^ 
1. 

The rate constant Aass0c&i was determined from the ex
perimental relationship log A âssoc/c] = 2.67 — 0.1 IpA-HA ob
served for strongly acidic catalysts, and log k-1 was estimated 
to be 10.34 from the limiting experimental line for weakly 
acidic catalysts where &HA = K.M%0Ck\K3k4/k-\, using the 
calculated or estimated values for KdSSOCk], k4, and A3. 
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