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Abstract: A mechanism for O- methyloxime formation from benzaldehydes in aqueous solution is proposed that involves 
three sequential kinetically significant steps; namely (1) formation of an unstable zwitterionic tetrahedral intermediate, T*, 
(2) protonation of T* in a diffusion-controlled reaction, and (3) hydronium ion catalyzed dehydration of a neutral tetrahe
dral intermediate that is in rapid equilibrium with the protonated species formed in step 2. The following evidence is present
ed in support of this mechanism. (1) The pH-rate profiles at zero buffer concentration for the reaction of methoxyamine free 
base with three substituted benzaldehydes show two negative breaks in the pHregion below neutrality. (2) A change in rate-
determining step that cannot be accounted for by a transition from rate-determining carbinolamine formation to dehydration 
is observed in the presence of increasing concentrations of general acid catalysts with p- methoxybenzaldehyde at pH 2-3. 
(3) Absolute rates for the hydronium ion catalyzed proton transfer process, calculated from observed rate constants and esti
mated equilibrium constants for formation of T=1=, are 7 X 109-1010 M~x sec-1, in the range expected for a diffusion-con
trolled proton transfer. Absolute rates for the uncatalyzed conversion of T=1= to a neutral tetrahedral intermediate are 106-107 

sec-1, consistent with a solvent-mediated intramolecular proton transfer. (4) Structure-reactivity correlations for three sub
stituted benzaldehydes are consistent with the proposed mechanism; in particular, a logarithmic plot of the observed rate 
constants for the hydronium ion catalyzed proton transfer step against the equilibrium constants for formation of the neutral 
tetrahedral intermediates has a slope of 0.9 in satisfactory agreement with the expected value of 1.0 for a diffusion-controlled 
reaction of T=1=. (5) The Br^nsted plot for general acid catalysis of the reaction of p- methoxybenzaldehyde undergoes a tran
sition from slope 0 to —1.0 at pK ~ 8.6, which is in good agreement with the estimated pK of ~9 for the hydroxy! group of 
the protonated tetrahedral intermediate. In addition to the mechanism involving a stepwise proton transfer, a second, concur
rent mechanism for catalysis by the hydronium ion, which is ascribed to a proton transfer that is more-or-less "concerted" 
with carbon-nitrogen bond formation, is observed at high acidity. 

The formation of imines, hydrazones, and related deriva
tives from carbonyl compounds ordinarily proceeds in two 
steps, the formation of a carbinolamine intermediate and its 
dehydration to give the observed product (eq 1). At pH 

RNH2 + ^ C = O ===*= R N H - C - O H — R N = C - ^ 

T0 (D 

values below neutrality, most reactions of this type undergo 
a change in rate-determining step with decreasing pH, from 
dehydration to formation of the carbinolamine, as the acid-
catalyzed dehydration step becomes faster than the uncata
lyzed formation of the intermediate.2 Evidence has recently 
been obtained that the addition step in some reactions of 
this type is itself a stepwise process and involves preliminary 
formation of a very unstable zwitterionic form of the tetra
hedral intermediate, which is trapped by proton transfer in 
a subsequent kinetically significant step.3'4 The present arti
cle presents evidence for the existence of such a sequential 
reaction pathway for the acid-catalyzed addition step in O-
methyloxime formation from aromatic aldehydes. This evi
dence includes (1) the existence of two changes in rate-de
termining step and hence three sequential, kinetically sig
nificant steps for O- methyloxime formation at pH values 
below neutrality; (2) both absolute magnitudes and struc
ture-reactivity correlations for the rate constants of the hy
dronium ion catalyzed proton transfer step that are in ac
cord with expectation for a diffusion-controlled reaction of 
the zwitterionic intermediate; and (3) a nonlinear Br0nst-
eii plot of the type observed by Eigen5 for general acid ca
talysis of the proton transfer process. Catalysis of the addi
tion step in O- methyloxime formation by the hydronium 

ion also proceeds by a separate, concurrent pathway having 
only one kinetically significant step. The latter pathway in
volves a mechanism of proton transfer that we believe is in 
some sense "concerted" with the attack of the nucleophile 
on the carbonyl group. A portion of this work has been de
scribed in a'preliminary communication.6 

Results 

The pH-rate profiles for the reaction of methoxyamine 
free base with aromatic aldehydes at 25° are complex and 
show more than a single break between pH 0 and 6, as indi
cated in Figure 1. The presence of two breaks (at pH ~1.0 
and 3.5) is most apparent for p-chlorobenzaldehyde; how
ever, small but definite breaks at pH ~1.0 and 4.0 are also 
observed for p- methoxy- and p- nitrobenzaldehyde, in addi
tion to the more pronounced breaks at pH ~4.5 and 1.0, re
spectively, exhibited by these compounds. The break in the 
pH-rate profile at low pH for p- methoxybenzaldehyde is 
more clearly seen in a linear plot of the rate constant 
against Ao or antilog (—pH) as a significant negative devia
tion of the rate constants at high acidity from the straight 
line determined by the observed rate constants at lower 
acidity. This small break between pH 0.0 and 2.0 occurs in 
addition to a more pronounced break at pH ~ 4 (Figure 1) 
that is ascribed to the normal2,7 transition from rate-limit
ing carbinolamine formation at low pH to dehydration at 
higher pH. Values of /:°ad, the second-order rate constant' 
for the addition step (extrapolated where necessary to zero 
methoxyammonium ion concentration), are plotted against 
acidity in Figure 2. The correction for the contribution of 
the dehydration step at these low pH values never exceeded 
5% of the observed rate constants. 

A similar small break in the pH-rate profile for p- nitro
benzaldehyde occurs at pH ~4.0, such that the rate con-
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Figure 1. Dependence on pH of the second-order rate constants in 
terms of amine free base, &0

obsd, corrected for catalysis by buffers and 
methoxyammonium ion, for the addition of methoxyamine free base to 
p- nitro- ( • ) , p- chloro- ( • ) , and p- methoxybenzaldehyde (A) in aque-, 
ous solution at 25°. The open symbols and broken lines indicate the 
rate constants for the dehydration step at high pH or high buffer con
centration, and the dotted lines indicate the rate constants for the hy-
dronium ion catalyzed process (k\) that is predominant at low pH. 
The solid lines are theoretical curves for the overall reaction and are 
calculated from eq 2 and 2a ~nd the kinetic constants of Table I. 

stants observed at pH 2-3.5 fall two- to threefold below the 
line of slope 1.0 determined by the rate constants for the de
hydration step near pH 5.0. The occurrence of a change in 
rate-determining step for p- nitrobenzaldehyde in this pH 
region is confirmed by the nonlinearity of a plot of the sec
ond-order rate constant against formate buffer concentra
tion at pH 2.98 (Figure 3). This is a result of the transition 
from a rate-limiting step that is subject to buffer catalysis 
to a step that is not buffer catalyzed, as the buffer concen
tration is increased.3b'8'9 The limiting rate constant at high 
buffer concentration at pH 2.98 is in good agreement with 
that calculated for the dehydration step (Figure 1, broken 
line) from the rate constants observed at higher pH. In ad
dition to this small break, a more marked negative break in 
the pH-rate profile for p- nitrobenzaldehyde occurs at pH 
~1.0. 

The observed pH-rate profiles may be fit by a steady-
state rate law having the form of eq 2 and 2a, where A:0obsd 
is the second-order rate constant for the overall reaction 
(extrapolated to zero buffer concentration) in terms of 
methoxyamine free base, K^k$ is the observed rate con
stant when the dehydration step is rate determining, and 
&°ad is the apparent rate constant for the addition step at 
zero buffer concentration. Analysis of the kinetic data as 
described in the Experimental Section yields the kinetic 
constants summarized in Table I, and substitution of these 
constants into eq 2 and 2a gives the theoretical pH-rate 
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Figure 2. Dependence on acidity of the second-order rate constant, 
Ar°ad, in terms of methoxyamine free base, for the addition step in O-
methyloxime formation from p- methoxybenzaldehyde in the range pH 
2.6 to HQ —0.2. The solid line is a theoretical curve bsed on eq 2a and 
the rate constants of Table I; the broken lines show limiting values for 
the apparent rate constants at high and low acidity, where k i corre
sponds to the pathway of hydronium ion catalysis that is predominant 
in strongly acidic solution, and kc corresponds to the stepwise pathway 
for proton transfer from the hydronium ion that becomes significant as 
the pH is increased. 

!/[Bufftr] 

_l I I L-
O.I 0.2 0.3 0.4M 

[Totol Buffer] 

Figure 3. Dependence of the observed second-order rate constant for 
O- methyloxime formation from p- nitrobenzaldehyde and 2.5 X 1O-3 

M (total) methoxyamine on the concentration of formate buffer, 79% 
acid (pH 2.98). The broken line represents the limiting rate constant at 
high buffer concentration that was determined from a double recipro
cal plot (inset) of the experimental points. The solid line is a theoretical 
curve for limiting rate constants of 160 and 380 M~l sec -1 at zero 
and high buffer concentrations, respectively, and an apparent catalytic 
constant of 5400 Af-2 sec -1 for total formate buffer at pH 2.98. 

profiles indicated by the solid lines of Figure 1, which are in 
good agreement with the experimental points. 

fe°oted = k°adKadfc5«HV(k0
ad + # a df t5aH +) (2) 

k ad - ktaH* + fecQH+ + kD + k2 ^a) 

According to this formulation, the constants ^1, ki, &c, 
and k D correspond to the kinetically significant processes 
that are most important in the acid-catalyzed region below 
pH 0, the uncatalyzed region at low pH, the acid-catalyzed 
region at pH 2-3, and the uncatalyzed region at pH 3.5-
4.0, respectively. The acid-catalyzed process observed above 
pH 4.5 is assigned to dehydration of the carbinolamine in
termediate, K^k5 in the steady-state rate law. Carbin
olamine dehydration is known to be rate determining at pH 
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Table I. Kinetic Constants for O-Methyloxime Formation from Para-Substituted Benzaldehydes0 

Substituent P-OCH3 P-Cl P-NO2 

fci, M-2SeCT1 

k2, M - 1 sec - 1 

kc = Knkt, M - 2 sec"1 

kD = Knk,, M-1 sec"1 

K^k:,. M ' 2 sec"1 

1500 
175 ± 25 
( 3 . 5 ± 0 . 5 ) X 105 

3.0 ± 0.5 
9.2 X 104 

1.1 

2070 
1150 
4 . 0 X 10* 
25 ± 5 
2.1 X 106 

1 3 . 4 ± 0 . 6 

1930 
1.0 X 104 

( 2 . 6 ± 0 . 1 ) X 
83 ± 15 
3.6 X 105 

125 ± 10 

105 

" At 25 °. Ionic strength 1.0 (KCl) except at HCl concentrations > 1.0 M. Kinetic constants are calculated from the steady-state rate eq 
2 and 2a for the processes of Scheme I. Rate constants are based on a pAV of 4.73 for methoxyammonium ion and It0 (ref 16) at [HCl] > 1.0 
M or antilog ( - pH) at [HCl] < 1.0 M. 

pH 3.53 

O 0.5 I OM O 0.5 1.0 M 
[ImH + ] [ImH + ] 

Figure 4. Dependence of the observed second-order rate constant, 
^obsd, for O-methyloxime formation from p-methoxybenzaldehyde on 
the concentration of imidazolium chloride at pH 3.53 and 2.48. The 
total concentration of methoxyamine was 5 X 1O-3 M at pH 3.53 and 
1.5 X 1O-2 M at pH 2.48. The broken lines are theoretical curves 
based on values for the kinetic constants, k\, kc, k D, and Kadks, 
given in Table I, and /cca, for methoxyammonium and imidazolium 
ions from Table II. The broken lines correspond to the limiting rate 
constants, k", of 27.1 and 304 M'] sec -1 at pH 3.53 and 2.48, re
spectively, for rate-limiting dehydration. The solid line at pH 2.48 was 
calculated from the complete steady-state rate law and corresponds to 
a value of k" = 113 M - 1 sec -1 , for which k^ is largely rate deter-

values near neutrality in the reaction of a number of weakly 
basic nitrogen nucleophiles with aromatic aldehydes,2'7~9 

and the rapid preequilibrium formation of the carbinol-
amine from methoxyamine at neutral pH was demonstrated 
spectrophotometrically:10 addition of p- nitro-, p- chloro-, or 
p- methoxybenzaldehyde to solutions of methoxyamine 
(0.002-0.10, 0.02-0.27, and 0.2-1.0 M, respectively) at 
neutral pH causes an instantaneous decrease in the absorb-
ance of the aldehyde, followed by slower appearance of the 
O- methyloxime product. For p- nitrobenzaldehyde, the ob
served pseudo-first-order rate constants for O- methyloxime 
formation at pH 4.82 and 5.20 show a nonlinear depen
dence on the concentration of methoxyamine because of the 
accumulation1' of an intermediate. 

General Acid Catalysis. The effect of added buffers and 
other catalysts on the rate of O-methyloxime formation 
from p-methoxybenzaldehyde varies as a function of pH. 
At pH 5.67 where dehydration is solely rate determining, 
the observed second-order rate constant is independent of 
added imidazolium chloride up to 0.5 M. Plots (Figure 4) 
of &obsd against the concentration of imidazolium chloride 
are nonlinear as a consequence of a change in rate-deter
mining step3b-8'9 with increasing concentration of imidazol
ium ion. The rate constant at pH 3.53 (Figure 4A) ap
proaches a limit at high catalyst concentration which corre
sponds to the rate constant, K^k sau+, for the dehydration 
step. At pH 2.48 (Figure 4B), the observed curvature in the 
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Figure 5. Dependence on pH of the observed second-order rate con
stants for the reaction of methoxyamine free base with p- methoxyben
zaldehyde extrapolated to zero (solid symbols) and high (open sym
bols) concentrations of general acid catalysts. Rates at high catalyst 
concentration were determined in the presence of imidazolium (O) and 
methoxyammonium (•) ions and carboxylic and cacodylic acids (A). 
The solid line is theoretical for the overall reaction, k°obsi, at zero 
buffer concentration, from eq 2 and 2a and the rate constants of Table 
I; the broken line is theoretical for k" (eq 10). The dotted lines indi
cate the rate constants for the hydronium ion catalyzed attack and de
hydration steps at low and high pH, respectively. 

plot of k obsd against the concentration of imidazolium ion 
cannot be accounted for by a transition to rate-determining 
dehydration at high catalyst concentration. The observed 
rate constants level off at a value approximately 2.5-fold 
below that expected for rate-limiting dehydration at this 
pH, as indicated by the broken line of Figure 4B. Extrapo
lated values for the limiting rate constants at high concen
trations of imidazolium ion and carboxylic and cacodylic 
acids as a function of pH are shown by the open symbols of 
Figure 5. 

Further evidence for a change in rate-determining step at 
low pH from a general acid catalyzed process to one that is 
not general acid catalyzed is provided by the observation 
that the initial slope of a plot of fcobsd against the concentra
tion of imidazolium ion is more than twofold smaller at pH 
1.45 than at pH 2.20. At pH 0.36, no catalysis at all is ob
served with difluoroacetic acid (pKa' = 1.13), a much 
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Table II. General Acid Catalysis of O-Methyloxime Formation from /vMethoxybenzaldehyde" 

Catalyst 

Difluoroacetic acid 
Cyanoacetic acid (CNAc) 

Chloroacetic acid (ClAc) 

Methoxyacetic acid (MeOAc) 

Formic acid (For) 

/3-Chloropropionic acid (/3CP) 

Acetic acid (Ac) 

Cacodylic acid (Cac) 

Cation of 
Triazole (TrzH+) 
Methoxyamine (MAH+) 

Imidazole^ (ImH+) 

2-Cyanoethylamine (CNEAH+) 

2-Methoxyethylamine (MEAH+) 
3-Methoxypropylamine (MPAH+) 
Ethylamine (EAH+) 

pKJ 

1.136 

2.336 

2.706 

3.40' 

3.566 

3.936 

4.656 

6.15« 

2,58^ 
4.73 

7.21" 

8.20e 

9.72» 
10.46* 
10.97» 

pH 

0.36« 
2,60 
2.65 
2.62 
3.00 
2.61 
3.31 
3.30 
3.82 
2.94 
3.41 
2.65 
3.27 
3.53 

2.67 
2.73 
2.78 
1.90 
2,20 
2.48 
3.01 
3.53 
3.53 
2.52 
2.84 
3.02 
3.00 
2.96 

Concn range, 
M 

0.0-0.50 
0.02-0.40 
0.02-0.05 
0.02-0.60 
0.10-0.35 
0.02-0.70 
0.02-0.40 
0.01-0.50 
0.02-0.40 
0.0-0.50 
0.02-0.30 
0.02-0.40 
0.02-0.50 
0.02-0.20 

0.05-0.70 
0.025-0.25 
0.05-0,25 
0.02-0.70 
0.02-0.60 
0.02-0.70 
0.02-0,70 
0.02-0.70 
0.02-0.30 
0.0-0.40 
0.0-0.40 
0.0-0.50 
0.0-0.50 
0.0-0.40 

Kcat> 

M~2 

sec"1 

350 
330 
300 
230 
205 
190 
220 
170 
170 
220 
200 
225 

350 
280 
520* 
585'* 
320 
335 
360 
330 
150 
153 

^cat(av), 
M--
s e c 1 

<160d 

340 

270 

200 

200 

200 

215 
160 

450 

315 

330 

151 
18 
5 . 0 ± 1.5 

< 1. 3> 

<• At 25 °, ionic strength 1.0 (KCl).b Reference 9. ° In the pH region where uncatalyzed attack of the nucleophile (Ic2) is rate determining for 
the stepwise pathway. d Limit based on the failure to observe any catalysis and the assumption that a 10% increase in rate at the highest 
concentration of acid, would be detectable. ' M. I. Page and W. P. Jencks, J. Amer. Chem. Soc, 94, 8818 (1972). -' J. Fox and W. P. Jencks, 
ibid., 96, 1436 (1974).« W. P. Jencks and M. Gilchrist, ibid., 90, 2622 (1968). * Approximate value (accurate within ±30-40%). Not used in 
calculation of average. • Determined by potentiometric titration (this work) at 25°, ionic strength 1.00 ± 0.05 (KCl). ' Limit based on the 
observation of an approximately 12% increase in the rate at the highest concentration of catalyst used. 

stronger acid than imidazolium ion, at acid concentrations 
up to 0.43 M, although a 20% acceleration of the rate 
would be expected if the catalytic constant for difluoroacet
ic acid were equal to that measured at higher pH for imida
zolium ion or for cyanoacetic acid (pAV = 2.33). 

Catalytic constants for a series of carboxylic acids and 
ammonium ions (Table II) were determined from plots of 
the second-order rate constants as a function of catalyst 
concentration, corrected for the contribution of the buffer-
independent step that is rate limiting at high catalyst con
centrations, as described in the Experimental Section. Typi
cal plots of the observed and corrected rate constants are 
shown in Figure 6. That the catalytic species is the conju
gate acid was shown by the identity, within experimental 
error, of the slopes of kCOv against the concentration of the 
acidic species at varying pH values near or below the pAV 
of the catalysts. Salt or medium effects caused by the addi
tion of substituted ammonium salts to the reaction mixture 
are probably insignificant, as shown by the observation that 
the rate of the reaction at pH 2.84 changes by less than 2% 
upon substitution of up to 1.0 M tetramethylammonium 
chloride for potassium chloride at a total ionic strength of 
1.0. 

No evidence for significant nucleophilic catalysis of O-
methyloxime formation, via an intermediate alkylim-

0.2 0.4 

[RNHj+] 
0.6 M 

monium ion,12 was detected with cyanoethylammonium ion 
under the experimental conditions used. The reaction cata
lyzed by 0.2 M cyanoethylammonium ion at pH 2.85 was 
found to be first order in methoxyamine at 0.015 and 0.03 
M total methoxyamine. If the reaction were to involve nu
cleophilic catalysis, with rate-limiting attack of methoxy
amine on an intermediate alkylimmonium ion, formation of 

Figure 6. Catalysis of O- methyloxime formation from p-methoxy-
benzaldehyde by cyanoethyl- (CNEAH+), methoxyethyl- (MEAH+). 
and ethylammbnium (EAH+) ions. Solid symbols are experimental 
points; open symbols are corrected for a change in rate-determining 
step according to eq 12, as described in the Experimental Section. The 
solid lines are theoretical curves based on the catalytic constants of 
Table II, with the limiting rate constant at high catalyst concentration 
defined by eq 10. Catalytic constants were determined from the slopes 
of the broken lines through the corrected points. 

the immonium ion must be faster than the observed rate 
under these conditions. That this is not true is shown by the 
observation that the pseudo-first-order rate constant for the 
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/ H 2 O 

l / h 0 or l /d 0 

Figure 7. Deuterium isotope effect on the observed pseudo-first-order 
rate constants, divided by total methoxyamine concentration, for 0-
methyloxime formation from p-nitrobenzaldehvde in aqueous H2SO4 
(O) and D2SO4 ( • ) . 

reaction of 0.03 M total methoxyamine with /?-methoxy-
benzaldehyde, catalyzed by 0.2 M cyanoethylammonium 
ion at pH 2.85, is 5.47 X 1O-3 sec - 1 , more than twice as 
fast as the measured rate constant (see Experimental Sec
tion) for imine formation from p- methoxybenzaldehyde 
and 0.2 M cyanoethylammonium ion. We conclude that nu-
cleophilic catalysis by cyanoethylammonium ion makes no 
significant contribution to the observed catalytic constants 
at low pH, and that the observed catalysis is of the general 
acid type, as found for tertiary amines and carboxylic acids. 
The curvature in a plot of observed rate constants against 
cyanoethylammonium ion concentration (Figure 6) is also 
consistent with the same change in rate-determining step at 
high catalyst concentration that is observed with other gen
eral acid catalysts and is unlikely to occur for a nucleophilic 
mechanism in which the carbinolamine derived from the al
dehyde and methoxyamine is not an intermediate. For less 
acidic primary ammonium ions, the catalysis is small (Fig
ure 6), and, even if some contribution from the nucleophilic 
mechanism occurs, the observed catalytic constants repre
sent upper limits for the general acid catalyzed mechanism. 
The significant observation for these compounds is the 
small magnitude of the catalysis by weakly acidic, relative 
to more strongly acidic ammonium ions. 

Deuterium Isotope Effects. The isotope effect, K-d
H/K3

D, 
on the dissociation constant of methoxyammonium ion at 
25° and ionic strength 1.0 was determined spectrophoto-
metrically using 2,5-dinitrophenol as an indicator and is 
equal to 3.24 ± 0.10, based on a value of Ka

u/Ka
D of 3.4 

for the indicator.13 The isotope effect determined from the 
stoichiometric buffer ratios and observed values of pH or 
pD (where pD is obtained by adding 0.40 to the pH meter 
reading in D2O solution)14 is 3.17 ± 0.10. The use of an 
earlier value of A"a

H/A"a
D = 3.32 for the indicator15 gives 

K^fK3
0 for methoxyammonium ion of 3.17, which is in 

exact agreement with the results obtained from pH mea
surements. The value of Ka

H/KP for methoxyammonium 
ion is taken as 3.2 ± 0 . 1 . Hence, the pKa' of methoxyam
monium ion in D2O is 5.23 ± 0.02. Figure 7 shows the sec
ond-order rate constants for the reaction of methoxyam
monium ion with /?-nitrobenzaldehyde in protiated and 
deuterated aqueous sulfuric acid, as a function of (1/Zi0)16 

or (I/do).17 The isotope effect, k {
H/k iD, of 0.8 ± 0.15 on 

the rate constant for the acid-catalyzed process that is pre
dominant under strongly acidic conditions is obtained by di
viding the ratio of the intercepts, k iHKa

H/k iDKa
D, by the 

isotope effect of 3.2 ± 0 . 1 on the dissociation constant of 

methoxyammonium ion. The isotope effect. k2
H/k2

D, on 
the uncatalyzed process that occurs at low pH is equal to 
1.5 ± 0.2, from K^fK1P and the ratio of the slopes, 
k2

HK»/k2»K». 

Discussion 

Addition reactions of nitrogen nucleophiles to the car-
bonyl group ordinarily proceed by a two-step mechanism in
volving formation of a tetrahedral intermediate, T0, fol
lowed by its dehydration to give the observed product, an 
imine, oxime, or hydrazone (eq 1). For many of these reac
tions, a break in the pH-rate profile with decreasing pH is 
observed.2'8-9 This is a consequence of a change in rate-de
termining step, from rate-determining dehydration to for
mation of the intermediate, T0, that occurs because the 
acid-catalyzed dehydration step becomes faster than unca
talyzed formation and breakdown of T0 as the pH is de
creased. The pH-rate profiles (at zero buffer concentra
tion) for 6>-methyloxime formation from aromatic al
dehydes (Figure-1) exhibit a break at pH ~ 4 , corresponding 
to this change in rate-determining step. 

In addition to the break at pH ~ 4 , corresponding to a 
change in rate-determining step from rate-limiting dehy
dration to formation of T0, the pH-rate profiles for O-
methyloxime formation from the present series of substitut
ed benzaldehydes show a second change in rate-determining 
step, manifested by a second negative break in the pH-rate 
curve, as the pH is decreased still further. This second neg
ative break becomes apparent near pH 1.0 and hence is not 
an artifact resulting from the use of the HQ function below 
pH zero. Furthermore, the absence of any unusual activity 
coefficient effects on methoxyamine in strongly acidic solu
tion is indicated by the observation that the pH-rate profile 
for the reaction of acetone with methoxyamine is linear, 
with a slope, Alog /:0bsd/ApH, of —1.0 in the region be
tween HQ —1.0 and pH 1.5, where breaks occur with the 
aromatic aldehydes.6 That the observed negative deviation 
at low pH is not a consequence of a salt effect on the alde
hyde is indicated by the absence of any negative break in 
the HQ region for the reaction of p- methoxybenzaldehyde 
with semicarbazide.18 The observation of two negative 
breaks in the pH-rate profile is inconsistent with a simple 
two-step mechanism involving rate-determining dehydra
tion at high pH and a single transition state for acid-cata
lyzed carbinolamine formation below pH 3. Hence, the 
overall reaction must consist of at least three sequential, 
kinetically significant steps. 

Further evidence for two changes in rate-determining 
step is provided by the behavior of the reaction in the pres
ence of general acid catalysts. Plots of the observed second-
order rate constant for O- methyloxime formation from p-
methoxybenzaldehyde against catalyst concentration are 
nonlinear (Figure 4). At pH 3.53, this nonlinearity is satis
factorily accounted for by a change in rate-determining step 
with increasing catalyst concentration from formation to 
dehydration of the carbinolamine.3b'8'9 The limiting rate 
constants at intermediate pH values and high concentra
tions of general acid catalysts are directly proportional to 
the hydronium ion activity (Figure 5) and correspond to the 
expected rate for hydronium ion catalyzed carbinolamine 
dehydration. At lower pH, plots of the observed rate con
stant against the concentration of general acid catalysts for 
the reaction of methoxyamine with p- methoxybenzal
dehyde level off much more sharply than predicted for rate-
limiting dehydration at high catalyst concentrations (Figure 
4B, broken line), and the limiting rate constants approach a 
pH-independent rate (Figure 5). This requires that some 
process that is slower than carbinolamine dehydration and 
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Scheme I 

i / / 

CHjONH 2 -C -OH S = C H J O N H - C - O H • CH5ON-C 

that proceeds through a neutral (rather than a cationic) 
transition state be partially rate determining at low pH and 
high concentrations of general acid catalysts. 

Since there are only two processes that involve making 
and breaking of bonds to carbon, the observation of two 
changes in rate-determining step and three kinetically sig
nificant steps for O- methyloxime formation requires that 
one step must involve a proton transfer process. A mecha
nism consistent with the experimental observations is given 
by Scheme I. According to this formulation, the addition 
step proceeds by two concurrent mechanisms, one of which 
(pathway I) involves a single, hydronium ion catalyzed step 
that is kinetically significant, whereas the other (pathway 
II) involves two steps, an uncatalyzed attack of the nucleo-
phile to form a highly unstable zwitterionic intermediate, 
T=1=, and a proton transfer process that is required to "trap" 
this intermediate,3 by converting it to T+ or T0, in order for 
the intermediate to undergo further reaction to products. 
The empirical rate constants for the stepwise pathway, k2, 
&c, and ko of eq 2a, correspond to ki, Knki, and K„k4, 
respectively, where Kn = k^k-2 is the equilibrium con
stant for formation of T* from starting materials. Five re
gions are observed as a result of the two breaks in the pH-
rate profile, as illustrated schematically forp-chlorobenzal-
dehyde in Figure 8. These correspond to significant contri
butions from the following rate-determining processes, in 
order of decreasing pH: (E) hydronium ion catalyzed dehy
dration (K^k 5) of the neutral carbinolamine intermediate, 
T0; (D) water-mediated proton transfer (Knk 4) between 
the nitrogen and oxygen atoms of T=1=; (C) diffusion-con
trolled proton transfer (.KnA: 3) from the hydronium ion to 
T=4=; (B) uncatalyzed attack (&2) of methoxyamine on the 
aldehyde; and (A) hydronium ion catalyzed attack (k\) of 
methoxyamine, via pathway I. 

At pH values near neutrality (region E of the pH-rate 
profile), the-dehydration step, K^k 5, is rate determining. 
As the pH is decreased, a change in rate-determining step 
occurs, and at intermediate values of pH the proton transfer 
steps Knk4 and Knk^ leading to the conversion of T=1= to T0 

or T+ are rate determining, in regions D and C, respective
ly. At still lower pH, diffusion-controlled protonation of T=1= 
by the hydronium ion becomes faster than the uncatalyzed 
formation and breakdown of T±, and the pH-rate profile 
shows a second break, corresponding to a change in rate-
determining step to a neutral transition state for uncata
lyzed formation and breakdown of T=1= (£2), in region B. If 
no additional mechanism were available, the pH-rate pro
file should level off at low pH, at a rate corresponding to 
k 2. The observed increase in rate below pH O (region A) is 
ascribed to the existence of a separate mechanism (pathway 
I) that involves a single kinetically significant step for hy
dronium ion catalyzed conversion of starting materials to 
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Figure 8. Diagram illustrating the contributions of the kinetic processes 
of Scheme 1 to the observed pH-rate profile for O- methyloxime for
mation from p- chlorobenzaldehyde in different regions of pH. The 
solid curve is calculated for the overall reaction (eq 2 and 2a). 

T+. This pathway becomes most important at low pH where 
the rate-determining step for the sequential pathway II is 
not subject to acid catalysis. 

The proton transfer process that traps 7± is catalyzed by 
general acids as well as by the hydronium ion. In the pres
ence of sufficiently high concentrations of general acid cat
alysts, the proton transfer process becomes faster than the 
uncatalyzed attack and the expulsion of methoxyammon-
ium ion from T=1=, and a change in rate-determining step for 
the addition process via pathway II, from proton transfer 
to attack of the nucleophile, occurs as the catalyst concen
tration is increased, with a limiting rate constant equal to 
£2. As the pH is increased, the hydronium ion catalyzed 
dehydration step, K^k^a^+, becomes slower than A: 2-
Thus the single change in rate-determining step at pH ~2.5 
in the presence of very high concentrations of general acid 
catalysts (Figure 5, upper line) corresponds to a transition 
with increasing pH from rate-limiting formation of T* (kj)-
to dehydration of T0 (Kadk 5). 

Based on the proposed mechanism, two specific predic
tions were made with regard to structural effects on reactiv
ity and to catalysis of the reaction. (1) The hydronium ion 
catalyzed proton transfer process that is kinetically signifi
cant at intermediate pH values should be accelerated by 
electron-withdrawing substituents on the aldehyde and 
should exhibit a sensitivity to substituents that is equal to 
that of Kn, the equilibrium constant for formation of the 
zwitterionic carbinolamine. (2) The Br^nsted plot for gen
eral acid catalysis of the proton transfer process should be 
nonlinear,5 with a slope close to O for strongly acidic cata
lysts and 1.0 for weakly acidic catalysts, and a relatively 
sharp transition near the pATa of T=1=. The experimental ob
servations are in agreement with both of these predictions. 

Structure-Reactivity Correlations. The observed rate 
constant for the hydronium ion catalyzed proton transfer 
process at intermediate pH is Knk%, from the steady-state 
rate eq 2a. Since k% is diffusion controlled, the effect of al
dehyde structure on the magnitude of the observed rate 
constant should only reflect differences in ATn. This equilib
rium constant is equal to K^Kx (eq 3). Kz should be essen
tially independent of substituents on the central carbon 
atom since substituent effects on ammonium and alcoholate 
ion formation should be equal and opposite, as indicated by 
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o i z 
Log Ka d Log Kod 

Figure 9. Relationship between the rate constants for the individual 
processes in O- methyloxime formation from p- methoxy- (0),p-chlo-
ro- ( A ) , and /;-nitro- (D) benzaldehyde (Scheme I) and the equilibri
um constants, Kad, for neutral carbinolamine formation: (A) hydro-
nium ion catalyzed attack, k\ (slope 0.04); (B) uncatalyzed attack, ki 
(slope 0.85); (C) hydronium ion catalyzed proton transfer, Knki 
(slope 0.95); (D) water catalyzed proton transfer, ATnZc4 (slope 0.7). 

the fact that the dissociation constants for benzylammon-
ium ions19 and l-phenyl-2,2,2-trifluoroethanols20 show 
equal sensitivities to aromatic substituents. Hence, the pre
diction is made that ATnZc 3 should show the same depen
dence on aldehyde substituents as ATad; i.e., a plot of log 
ZL11A: 3 against log K^ for different aldehydes should have a 
slope of 1.0. The experimentally observed structure-reactiv
ity relationship (Figure 9C) has a slope of 0.9, consistent 
with this prediction. 

CH3ONH2 + ^ C = O 

(3) 

C H o O N H - C - O H C H o O N H , - C - O " 

The slope of a plot of log KnIc4 against log ATad (Figure 
9D) is 0.7, indicating that for the water-mediated proton 
transfer the effect of substituents on Kn is partially offset 
by a decrease in £4 with electron-withdrawing substituents. 
This is consistent with the a value of 0.5 observed in an 
analogous system, the solvent mediated proton transfer be
tween the oxygen atoms of carboxylic acids,21 which 
suggests that k4 should show some sensitivity to the acidity 
or basicity of T*. Such an effect is to be expected if the in
tramolecular "proton switch," through one or two water 
molecules, is a stepwise22 process. 

The observation that k4 is decreased by electron-with
drawing substituents is consistent with transition state 1 in 
which proton donation to oxygen is further advanced than 
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proton abstraction from nitrogen, and the carbinolamine 
moiety possesses a partial positive charge. Transition state 
2, in which proton transfer from nitrogen is further ad
vanced than proton donation to oxygen, requires a partial 
negative charge on the carbinolamine and is not consistent 
with the experimental observations. This observation is con
sistent with a mechanism for the solvent-mediated "proton 
switch" in which the initial proton transfer process involves 
the more favorable of the two possible proton transfers be
tween T* and water. Based on estimated pKd values (see 
below) for the hydroxyl and ammonium groups of T+ and 
T*, respectively, proton transfers from water to T* to give 
T+ and a hydroxide ion (cf. transition state 1) are expected 
to be more favorable than the alternative proton transfers to 
give T - and a hydronium ion (cf. transition state 2) by fac
tors of 4, 60, and 600 for the p-mtro-, p-chloro-, and p-
methoxybenzaldehyde derivatives, respectively. A similar 
result has been obtained for the "proton switch" between 
the nitrogen and oxygen atoms of the zwitterionic tetrahe-
dral intermediate in the aminolysis of alkyl acetates.23 

The rate constant, k 2, for the uncatalyzed attack of 
methoxyamine (transition state 3) should be increased by 
electron-withdrawing substituents on the aldehyde. In 
agreement with this prediction, a plot of log Zc2 against log 
K&A (Figure 9B) has a slope of 0.85. The large magnitude 
of this slope suggests a relatively late transition state, with 
extensive C-N bond formation, for the uncatalyzed attack 
step. 

The hydronium ion catalyzed mechanism of pathway I 
(Scheme I) is expected to have a smaller dependence on al
dehyde substituents since for this pathway (transition state 
4) the favorable effect of electron-withdrawing substituents 

« H I ° 
CB 1 ON---C-^O 

H I 

H I 
C B 1 O N - C = 

B I 

H 

-O- - - B - - - 0 . 

3 4 
on carbon-nitrogen bond formation will be partially or 
completely offset by their unfavorable effect on the proton-
ation of oxygen in the transition state. The observed values 
of k\ (Figure 9A) are insensitive to substituents, with a 
slope of log Zc1 against log A"ad of 0.04. This large differ
ence in sensitivity to substituents of the acid-catalyzed pro
cesses that are observed at low and intermediate pH pro
vides a dramatic demonstration (Figures 9A and 9C) that 
the reaction proceeds through qualitatively different transi
tion states in these two pH regions. 

If estimates are made for the equilibrium constants inter
relating the different ionic forms of the tetrahedral interme
diate (Scheme II), approximate values for each individual 
rate constant of Scheme I may be calculated. The estima
tion of these equilibrium constants is illustrated for the car
binolamine derived from p- chlorobenzaldehyde. 

(i) Following considerations discussed in detail else
where,36 pA'ai is estimated to be 2.0 ± 0 . 3 from the ob
served pAV of 4.88 for A^O-dimethylhydroxylammonium 
ion24 and an average ApAT a of 2.9 ± 0.3 for substitution of a 
methyl group by /?-ClC6H4CH(OH). 

(ii) pA"a2 is estimated to be 8.5. Starting with the esti
mated25 pA"a of 9.98 for CH3N+H2CH2OH, replacement 
of a hydrogen on the central carbon atom by p- CIC6H4 
should give a ApA:3b of -0.45 or pA"a = 9.53 for the N-
methyl derivative. Substitution of CH3O (a\ = 0.25)26 for 
CH3 on nitrogen gives a ApK of -8.4(0.25/2) = -1.05 if 
Pi for alcohol and amine ionization27 is taken as 8.4, and the 
fall-off factor for transmission of substituent effects 
through nitrogen28 is taken as 2.0. Hence P^ 3 2 = 8.5. 

(iii) The value of p£ a 3 is estimated to be 13.8. Given the 
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Scheme II 
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p^a of 2-chloroethanol29 of 14.31, a o\ value of 0.17 for 
ClCH2

2 6 and an estimated27 o\ value of 0.18 for CH 3 ONH, 
substitution of CH 3 ONH for ClCH2 should give a pKa of 
14.23. Replacement of a hydrogen by p-C\C(,Hn should 
further decrease p # a 3 by 0.45 unit,3b to 13.8. 

(iv) From the interrelationship among the four equilibri
um constants of Scheme II, pK.d4 = pATai + pKa2

 — pKa2 
= 2 .0+ 1 3 . 8 - 8 . 5 = 7.3. 

(v) Log K7 for the conversion of T0 to T* may be esti
mated from the relationship log K2 = pATai — pA"a2 = —6.5. 

With the foregoing estimates for the ionization constants 
for the tetrahedral intermediate derived from p-chloroben-
zaldehyde, the effect of substituents on the aromatic ring 
was calculated using p = 1.06 for dissociation of the ammo
nium ion19 and p = 1.11 for ionization of the alcohol group, 
based on the p value for dissociation of trifluoroacetophe-
none hydrates.20 Values of the individual rate constants of 
Scheme I were calculated from observed rate constants and 
the relationships Kn = KadK7 (see eq 3), k-2 = kjJKn, 
k-\ = kiKai/Kzd, k-2 = Zc3A^2, k-4 = k4Kz, k-6 =* 
1010 M~ ' sec - 1 for a thermodynamically favorable proton 
transfer,5 and k(, = k-(,Kai, and are listed in Table III. 
The values of'/:3 for the hydronium ion catalyzed proton 
transfer are 1.1 X 1010, 1.0 X 1010, and 6.8 X 109 M~x 

sec - 1 for p- methoxy-, p- chloro-, and p- nitrobenzaldehyde, 
respectively, in good agreement with the expected values for 
diffusion-controlled proton transfers from the hydronium 
ion.5 The values of k4 between 106 and 107 sec - 1 are con
sistent with the rate constants for a cyclic, solvent-mediated 
proton transfer process.30,31 

Values of /:_ 2 for breakdown of T* to starting materials 
are large, as required by a mechanism for which trapping of 
this intermediate by diffusion-controlled proton transfer is 
kinetically significant at moderate pH values. A value of 
k-2 of 5 X 10" sec - 1 has been estimated for the break
down of the intermediate T* derived from p- chlorobenzal-
dehyde and the less basic amine 2-methyl-3-thiosemicarba-
zide3b (pKa = 1-2), and the rate constant for amine expul
sion from the corresponding intermediate derived from pyr-
idine-4-carboxaldehyde and piperazine4 is >107 sec - 1 . For 
derivatives of a single aldehyde, the increased leaving abili
ty of methylthiosemicarbazide relative to methoxyamine 
probably results from both the lower pATa of methyl
thiosemicarbazide and the steric factors that are reflected 
in an approximately 60-fold smaller value of Kad for this 
amine. The assumption made in deriving the steady-state 
rate eq 2 and 2a, that at moderate pH values the equilibra
tion o f T + and T0 (k6 and k-6) is fast relative to the other 
possible routes for reaction of T + and T0 (k-i, k-2, k-4, 

Figure 10. Brensted plot for general acid catalysis of the formation of 
p-methoxybenzaldehyde O- methyloxime by carboxylic and cacodylic 
acids (•) and primary (O) and heterocyclic (A) amines. The shape of 
the solid line through the points for primary amines is based on the 
data of Eigen for proton transfers from ammonium ion to oxygen bases 
(ref 5). The dotted lines indicate limiting slopes of 0 and -1.0. 

Table III. Summary of Calculated Rate and Equilibrium Constants 
for the Individual Processes of Schemes I and II 

P KaI 
P#a2 
P-Ka3 

P#a4 
Xad, M-' 
K7. 
Kn, M-" 
fci, M-2SeC"1 

k-i, sec - 1 

ki, M~l sec - 1 

k-2, sec - 1 

Ar3, M'1 sec - 1 

k-i, sec - 1 

kt, sec - 1 

k-t, sec - 1 

ks, M'1 sec-1 

kt, sec - 1 

k-e, M-1SSC'1 

P-OMe 

2.5 
9.05 
14.35 
7.8 
1.10 
3 X IO"7 

3. 3 X 10-' 
1500 
4.4 
175 
5.3 X 108 

1.1 X 1010 

9.8 
9.1 X 10« 
2.7 
8.4 X 10" 
3 X IO7 

~ 1 0 1 0 

P-Cl 

2.0 
8.5 
13.8 
7.3 
13.4 
3 X 10-' 
4 .0 X IO"6 

2070 
1.5 
1150 
2.9 X 10s 

1.0 X IO10 

32 
6.2 X 10« 
1.9 
1.57 X 10* 
IO8 

~10 1 0 

P-NO2 

1.4 
7.9 
13.2 
6.7 
125 
3 X 10"' 
3.8 X IO"5 

1930 
0.6 
1 X W 
2.6 X 10s 

6.8 X IO9 

86 
2.2 X 10« 
0.66 
2.9 X IO3 

4 X IO8 

~10 1 0 

and ks) and hence is not kinetically significant, is consis
tent with these calculations. 

General Acid Catalysis. In the pH region where the pro
ton transfer step is the predominant kinetically significant 
process, O- methyloxime formation is subject to general 
acid catalysis. The second prediction of the mechanism of 
Scheme I for O- methyloxime formation involves the shape 
of the Brjernsted plot for this catalysis. If a simple proton 
transfer is rate determining for the general acid catalyzed 
process, the considerations of Eigen5 predict that the 
Br0nsted slope, a, should be near zero when this proton 
transfer is in the thermodynamically favorable direction 
and should show a transition to a slope approaching — 1.0 as 
the reaction becomes thermodynamically unfavorable with 
increasing pATa of the acid catalyst. For a proton transfer in 
which reactants and products are symmetrical with respect 
to charge, the break in the Brjansted plot should occur at a 
pA"a equal to that for the hydroxyl group of T + . 

Figure 10 shows the Br0nsted plot for general acid catal
ysis of O- methyloxime formation from p- methoxybenzal-
dehyde in the pH range 1.9-3.8. Statistical corrections were 
not applied to the rate or dissociation constants for these 
acids.32 For strongly acidic catalysts, the Br0nsted slope, a, 
is <0.1 (for carboxylic acids) and <0.05 (for ammonium 
ions). Strongly basic primary ammonium ions show a much 
steeper slope, with a > 0.9. Fitting the experimental points 
for ammonium ions to the shape of the Br^rnsted curve re-
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ported by Eigen5 for a simple diffusion-controlled proton 
transfer (between the ammonium ion and oxygen bases) 
gives a break between the limiting slopes of a = 0 and a = 
1 at pKa = 8.6, which is in good agreement with the esti
mated pKa of 9.05 for the hydroxyl group of T+. 

The positive deviations of triazolium, methoxyammon-
ium, and imidazolium ions from the line determined by car
boxylic and cacodylic acids may reflect a small electrostatic 
effect, and in the case of triazolium and imidazolium ions 
could also involve an orientational or statistical factor. The 
1.5-fold deviation of metboxyammonium ion from the line 
for carboxylic acids is smaller than the three- to fivefold ac
celeration of diffusion-controlled proton transfers observed 
by Eigen for oppositely charged reactants,5 and suggests 
that electrostatic effects are relatively unimportant in this 
system, probably as a result of shielding of the negative 
charge in T± by the high ionic strength of the medium and 
the positively charged ammonium group of the zwitterion. 

It is of interest that the catalytic constants for the most 
acidic carboxylic acids show small positive deviations from 
a line of slope 0 (broken line, Figure 10), and cacodylic acid 
shows a negative deviation. The points for carboxylic and 
cacodylic acids may be fit reasonably well by a Bronsted 
line of slope 0.08. Eigen's data for simple proton transfer 
reactions5 indicate that the slopes approach but do not 
reach the theoretical limiting values of 0 and 1.0 several 
units above and below ApA"a = 0. That the transition to a 
slope of 0 is very gradual for carboxylic acids and may not 
be complete even for a large favorable ApK is suggested by 
the observation that the Bronsted plot for the reaction of 
carboxylic acids with acetate ion has a slope close to 0.5 
over a pATa range of nearly 5 units.33 These considerations 
suggest a cautionary note in the interpretation of small but 
nonzero Bronsted slopes over a limited range of catalyst pK; 
unless other factors are considered, it is probably impossi
ble to base an assignment of a "concerted" mechanism of 
catalysis on such slopes. 

The positive deviation by hydronium ion (not shown) of 
approximately an order of magnitude from the limiting 
Bronsted line for catalysis by acidic ammonium ions is of 
the magnitude expected from the data of Eigen5 for simple 
diffusion-controlled proton transfers, and from experimen
tal observations for other systems believed to involve rate-
limiting simple proton transfers to unstable reaction inter
mediates.31,34 Water shows a 2000-fold positive deviation 
(based on a concentration of 55 M) from the line of slope 
1.0 for weakly acidic primary ammonium ions and presum
ably exerts its catalytic effect via a different mechanism 
(the "proton switch" of transition state 1) that does not re
quire diffusion away of the hydroxide ion before a second 
proton transfer occurs to give T0. The kinetically indistin
guishable stepwise mechanisms for the pH-independent 
reaction that involve protonation of T - by hydronium ion or 
deprotonation of T+ by hydroxide ion in the rate-determin
ing step are excluded since, based on the pATa values of 
Table III, such mechanisms require rate constants for the 
rate-determining proton transfer step between 8.6 X 10u 

and 6 X 1014 M - ' sec-1, two to five orders of magnitude 
greater than the diffusion-controlled limit. 

Isotope Effects and the Mechanism of the Acid-Catalyzed 
k] Process. The solvent isotope effect, K3

1^fK3P, on the 
dissociation constant of methoxyamine is 3.2 ± 0.1. This is 
similar to the isotope effects measured for the dissociation 
constants of semicarbazide8 and weakly basic anilines.17 

According to the mechanism of Scheme I, the transition 
state for the uncatalyzed addition step, k2, does not involve 
a proton transfer, and hence only a secondary isotope effect 
should be observed. In accordance with this prediction, the 

observed isotope effect, k2
H/k2

D, of 1.5 ± 0.2 is small and 
is in the same range as the isotope effects of 0.9-1.9 ob
served for reactions of nucleophiles with acyl compounds.35 

The acid-catalyzed addition process (k i) that is signifi
cant at low pH may involve either of two kinetically equiva
lent mechanisms: (1) general acid catalysis by the hydro
nium ion, via a transition state such as 4 in which proton 
transfer is in some sense "concerted" with carbon-nitrogen 
bond formation or (2) specific acid catalysis involving at
tack of methoxyamine on the fully protonated aldehyde (eq 
4). The absence of observable catalysis by difluoroacetic 

v. UKx v. + 6 , ' [ C H j O N H , ] 

^jC=O + H3O
+ =?===*= ^ C = O H : '-* 

I 
CH3ONH2-C-OH (4) 

acid for the reaction of p- methoxybenzaldehyde in the low 
pH region is consistent with either mechanism 2 or mecha
nism 1 with an a value for general acid catalysis >0.3, 
where catalysis by high concentrations of hydronium ion 
"swamps out" catalysis by comparable concentrations of 
weaker acids. The observed dependence of log ^i on HQ 
with a slope of 1.0 does not permit an unequivocal assign
ment of mechanism since both general and specific acid cat
alyzed processes have been observed to follow HQ with 
slopes close to or slightly greater than unity.36 The observed 
solvent isotope effect, k\D/kiH, of 1.25 ± 0.2 for the reac
tion of methoxyamine with p- nitrobenzaldehyde also can
not be used to distinguish between mechanisms 1 and 2. 
This inverse isotope effect is significantly smaller than the 
inverse isotope effects of 2-3 ordinarily observed for acetal 
hydrolysis and other reactions that are known to proceed by 
a specific acid catalyzed mechanism,37 but it is not inconsis
tent with such a mechanism if the solvent isotope effect on 
ATA for the aldehyde is small, as has been reported for an
other weakly basic carbonyl compound, benzalacetophe-
none.17 An inverse isotope effect of the magnitude observed 
is also consistent with general acid catalysis. An inverse iso
tope effect of 1.4 is observed for the hydronium ion cata
lyzed hydrolysis of ethyl orthocarbonate, a reaction that is 
also catalyzed by general acids,38 and an inverse isotope ef
fect as large as 2.3 has been reported for general acid cata
lyzed formation of a carbonium ion from tri-/?- anisylmeth-
anol.39 

The following two lines of evidence support the conclu
sion that the process corresponding to k \ involves true gen
eral acid catalysis by the hydronium ion. (1) General acid 
catalysis by the hydronium ion occurs for carbinolamine 
formation from more weakly basic amines such as thiosemi-
carbazide9 and 2-methyl-3-thiosemicarbazide3b since for 
these compounds the hydronium ion lies on the same 
Bronsted line as buffer catalysts. Evidence that the mecha
nism for hydronium ion catalyzed carbinolamine formation 
from these weakly basic amines is identical with that for the 
process corresponding to k i for methoxyamine is provided 
by the following observations.18 (a) Log k\ for methoxy
amine falls on the same correlation line as the correspond
ing rate constants for thiosemicarbazide and 2-methyl-3-
thiosemicarbazide in a linear correlation of log k H for hy
dronium ion catalyzed carbinolamine formation from dif
ferent amines and p-chlorobenzaldehyde with log A'n for 
the equilibrium formation of T*. (b) The rate constants, 
k], for methoxyamine show the same low sensitivity to 
polar substituents on the aldehyde as do the rate constants 
for hydronium ion catalyzed carbinolamine formation from 
2-methyl-3-thiosemicarbazide. Given that k \ for methoxy
amine represents the same process as acid-catalyzed carbi
nolamine formation from weakly basic amines, it is unlikely 
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that this process for methoxyamine (pK/ = 4.73) would re
quire complete protonation of the aldehyde (specific acid 
catalysis), whereas only partial protonation is needed for 
the attack of the more weakly basic thiosemicarbazide 
(pAY = 1.88) and 2-methyl-3-thiosemicarbazide {pKa' = 
1.20). 

(2) The conjugate acid of p-nitrobenzaldehyde, required 
as an intermediate in the specific acid catalyzed mechanism 
of eq 4, is probably too unstable to account for the observed 
magnitude of k u The rate constants, k,', for the attack of 
methoxyamine on p- nitrobenzaldehyde, calculated from eq 
5 and the value of -8 .1 for pA:A for this aldehyde deter-

V = * I # A (5) 

mined by Arnett and coworkers40'41 is 2.4 X 10" M~] 

sec - 1 , approximately two orders of magnitude faster than 
the rate constants for most diffusion-controlled reactions in 
water.5 Even if pKA is as high as - 5 . 6 (based on the HA 

scale),46 the calculated value of k i' is 8 X 108 M~> sec""1, 
close to the diffusion-controlled limit. The sensitivity to 
polar substituents of k \ for the (hypothetical) attack of 
methoxyamine on the protonated aldehyde is large and is 
comparable to that for the attack on the unprotonated alde
hyde (£2), a result that is unexpected for a reaction whose 
rate approaches the diffusion-controlled limit. Furthermore, 
a plot of k\ against pATA (in terms of HQ or Hp,)41 for p-
nitro-, />-chloro-, and p- methoxybenzaldehyde is linear up 
to (or beyond) the diffusion-controlled limit; the curvature 
expected as this limit is approached does not appear. 

Two points demonstrated in this work are of particular 
interest. ( I ) A "concerted" mechanism of general acid or 
base catalysis is possible and provides a kinetic advantage 
under some circumstances, even when the intermediate T* 
in the stepwise pathway is stable enough to have a finite 
lifetime. This means that the limiting hypothesis48 " . . . that 
concerted catalysis occurs only when intermediates are too 
unstable to exist for a finite time or to give products at a 
significant rate without requiring rate constants larger than 
. . . diffusion-controlled . . ." is incorrect. (2) We believe 
that the hydronium ion catalyzed reaction represents the 
first example of a reaction involving rapid proton transfer to 
or from an electronegative atom that has been observed to 
proceed by concurrent, kinetically distinct "concerted," and 
stepwise pathways for proton transfer, with a single cata
lyst. The fact that the two distinct pathways I and II of 
Scheme I are observed means that there is a barrier that 
separates the pathway for the "concerted" from that for the 
stepwise process on the three-dimensional free energy sur
face48 for the reaction. Such a barrier should exist for pro
ton transfer from carbon, and the existence of distinct step
wise and concerted pathways for an olefin-forming elimina
tion reaction has been discussed in this context by More 
O'Ferrall.49 In the present case, the barrier separating the 
two pathways may not be a "chemical" one because of the 
extremely low activation energy for thermodynamically fa
vorable proton transfers to or from electronegative atoms. 
Instead this barrier may well consist primarily of the free 
energy of activation for diffusion together of T± and the hy
dronium ion. 

This point is illustrated by the energy contour diagram of 
Figure 11, which represents the two possible pathways for 
formation of T + from p- methoxybenzaldehyde and 
methoxyamine, catalyzed by 1.0 M hydronium ion. The 
portion of the diagram to the right of the dotted line repre
sents events occurring within a termolecular encounter 
complex of aldehyde, methoxyamine., and hydronium ion, 
and the "concerted" process that occurs within this complex 
is shown by the solid line. The free energy barrier for for-

Figure 11. Energy contour diagram for catalysis of carbinolamine for
mation from p- methoxybenzaldehyde and methoxyamine by 1.0 M hy
dronium ion, including the free energy barrier corresponding to an as
sociation step involving the catalyst. Bracketed species represent en
counter complexes. Each contour line equals 1 logarithmic unit. 

mation and breakdown of an encounter complex with the 
catalyst, corresponding to a rate constant for diffusion of 
~ 1 0 1 0 M~x sec - 1 in the forward (Zcf) direction and 5 X 
10" sec - 1 in the reverse (kr) direction,50 is represented by 
a ridge (dotted line) separating the bimolecular and ter
molecular encounter complexes. The maximum in the upper 
lefthand part of the diagram that separates the concerted 
(solid line) and stepwise (broken line) pathways arises from 
this ridge and is a consequence of the small but significant 
kinetic barrier to the diffusion process. 

Experimental Section 

Materials. All organic reagents (with the exception of formic 
and acetic acids) were recrystallized, distilled, or sublimed before 
use. 2,5-Dinitrophenol, mp 106°, was a gift from M. Gresser. D2O 
(99.8 atom % D) was redistilled; 98% D2SO4 (99.5 atom % D) and 
DCl (20% in D2O, 99+ atom % D) were commercial products and 
were used without further purification. Glass-distilled water was 
used in all experiments. 

Solutions of p- methoxybenzaldehyde were prepared in ethanol, 
immediately diluted with glass-distilled water, and stored under 
argon. Such solutions were stable for at least 2 weeks, as indicated 
by the absence of any absorbance change at 290 nm. Solutions of 
p-chlorobenzaldehyde were prepared under argon in approximate
ly 60% aqueous ethanol and used on the same day, as were solu
tions of p- nitrobenzaldehyde in water containing approximately 
1% ethanol. Partially neutralized solutions of methoxyamine hy
drochloride were also prepared within 24 hr of use. 

Equilibrium Constants for Carbinolamine Formation. Equilibri
um constants, Kad, at 25° and ionic strength 1.0 M (KCl), for for
mation of the neutral carbinolamine intermediates from methoxy
amine were determined spectrophotometrically9 in 0.02 M phos
phate buffer, 78% dianion, from the absorbance change, extrapo
lated to time zero, at 260 or 290 nm respectively, upon mixing a 
solution of p-chloro- or p- methoxybenzaldehyde with known con
centrations of methoxyamine. The total concentration of aldehyde 
plus adduct in the reaction mixtures was 7.5 X 1O-5 M. Six amine 
concentrations between 0.02 and 0.27 M and five amine concen
trations between 0.2 and 1.0 M were used with p-chloro- and p-
methoxybenzaldehyde, respectively. The equilibrium constant for 
p-nitrobenzaldehyde was measured in 0.02 M imidazole buffer, 
35% acid, at 268 nm using 6.6 X 10~5 Mp- nitrobenzaldehyde and 
nine concentrations of methoxyamine between 0.002 and 0.10 M. 
The change in absorbance resulting from complete conversion of 
the aldehyde to the carbinolamine, determined from the ordinate 
intercept of a double reciprocal plot of AA against amine concen
tration, was ca. 30% of the initial absorbance of the aldehyde. The 
equilibrium constant for carbinolamine formation was determined 
from the negative abscissa intercept of the above double reciprocal 

Sayer, et al. / Acid-Catalyzed O-Methyloxime Formation 



7996 

plot or from the negative reciprocal of the slope of a plot of AA 
against AA/[amine]. 

Kinetics. Rates of reaction at 25.0 ± 0.3° were followed on a 
Gilford Model 2000 or a Zeiss PMQ II spectrophotometer by ob
serving the disappearance of aldehyde (p- methoxybenzaldehyde, 
290 nm) or the appearance of O- methyloxime (p-chlorobenzal
dehyde, 296 nm;p-nitrobenzaldehyde, 305 nm). Under the experi
mental conditions used ([CH3ONH2]totai/[RCHO] > 16), the 
reactions followed pseudo-first-order kinetics. Aldehyde concentra
tions of 3 X 10~4, 5 X 10-5, and 7.5 X 10~5 M were ordinarily 
used in experiments with p-chloro-, p-nitro-, and p- methoxyben
zaldehyde, respectively. In experiments with p- chlorobenzal
dehyde using total concentrations of methoxyamine < 5 X 10~3 M, 
a concentration of 3 X 10 -5 M aldehyde in 5-cm path length cells 
was used. An ionic strength of 1.0 was maintained with potassium 
chloride in all reactions at pH >0. Final concentrations of ethanol, 
introduced with the aldehyde solutions, in the reaction mixtures 
did not exceed 0.6%. The pH was measured immediately after 
completion of the reactions or in some cases both before and after 
each reaction. In the latter cases, kinetic runs showing a variation 
in pH > 0.03 unit during the reaction were discarded. Second-
order rate constants were calculated by dividing the observed 
pseudo-first-order rate constants, k^, by the concentration of 
methoxyamine free base, calculated from a pAY of 4.73 for 
methoxyamine and the measured pH (for acid concentrations <1.0 
M) or the H0 values of Paul and Long16 (for acid concentrations 
> 1.0 M). The second-order rate constants were extrapolated to 
zero buffer and zero methoxyamine concentration by one of the 
following procedures. 

(a) In the region of the pH-rate profile where the addition step 
is predominantly rate determining at low buffer concentrations the 
observed second-order rate constants, k o b s ( j , were corrected for the 
contribution of the hydronium ion catalyzed dehydration step, 
K a<iksa H+, using the formula of eq 6, and were then extrapolated 

kad = *Wd/( l - kohsi/K J5O11*) (6) 

to zero buffer concentration to give fc°ad, the rate constant for the 
uncatalyzed addition step. The composite rate constant at zero 
buffer concentration was then calculated as previously described9 

from &°ad and K^ksau+. The reactions of p-chloro- and/?-meth
oxybenzaldehyde are catalyzed by both methoxyammonium ion 
and external buffers. With these aldehydes, the methoxyamine and 
buffer concentrations were varied independently, and values of k^ 
were extrapolated to zero buffer and zero methoxyamine concen
tration as described above. 

(b) At low methoxyamine concentrations, where catalysis by 
methoxyammonium ion is small compared with the baseline rate, 
an empirical linear extrapolation of the observed second-order rate 
constants for the overall reaction to zero methoxyamine concentra
tion was made. The value of the rate constant, fc°obsd, for the over
all reaction obtained in this way agreed within 5% with that ob
tained by method a for the reaction of p- chlorobenzaldehyde and 
0.001-0.005 M methoxyamine at pH 3.76. This method was also 
used with p- methoxybenzaldehyde with methoxyamine concentra
tions <0.02 M. Catalysis by low concentrations of methoxyam
monium ion was insignificant below pH 1.0 for p- methoxy- and 
p- chlorobenzaldehyde, and no corrections for such catalysis were 
made in this pH region. The reaction of />-nitrobenzaldehyde does 
not exhibit significant catalysis at any pH by the concentrations of 
methoxyammonium ion used in our experiments. 

(c) In the pH range where the dehydration step is rate determin
ing, catalysis by buffers and methoxyammonium ion was shown to 
be insignificant under our experimental conditions. Observed sec
ond-order rate constants were corrected when necessary for accu
mulation of the tetrahedral intermediate, using eq 7, where [N] is 
the concentration of methoxyamine free base. 

fe°obsd = feobsdU + KjFl (?) 

Under strongly acidic conditions (i.e., below pH 0), O- meth
yloxime formation from />-chloro- and p- methoxybenzaldehyde 
does not go to completion at all concentrations of methoxyamine 
used. For reactions under these conditions, k;, the second-order 
rate constant for the forward reaction, was obtained from the slope 
of plots of the pseudo-first-order rate constant, k^, against the 

concentration of methoxyamine (eq 8). For p- methoxybenzal-

kf = £f[N] + kT (8) 

dehyde at the highest acidity used (H0 = —1.4), the correction re
quired by this equilibrium was 15% of the apparent second-order 
rate constant observed in the presence of 0.40 M total methoxyam
ine. 

Limiting rate constants, k", for buffer-independent steps at 
high buffer concentration were determined from plots of l/(fc0bsd 
— &°obsd) against 1/[buffer], as described in a previous publica
tion.31' 

Analysis of pH-Rate Data. The following detailed analysis of 
the kinetic data is based on the assumption that the addition step 
proceeds by two concurrent, additive pathways, one of which in
volves a single kinetically significant step (k\), which is subject to 
catalysis only by the hydronium ion, and which is the principal 
process observed at high acidity. The second pathway involves a se
quential process and a change in rate-determining step with in
creasing pH, from a process that is uncatalyzed (k 2) to one that 
proceeds through both hydronium ion catalyzed (kc) and uncata
lyzed (k D) transition states. The steady-state rate law for the com
plete mechanism is given by eq 2 and 2a. The value of K.ddks for 
the dehydration step was determined from the dependence on pH 
of the observed rate constants at pH values above the second break 
in the pH-rate profile, where this step is entirely rate determining, 
and from extrapolated values of the limiting rate constants (k ™ ) at 
high buffer concentrations (Figure 1, open symbols). At intermedi
ate pH values, these extrapolated values for K^k sa H+ are in good 
agreement with those obtained for rate-limiting dehydration at 
high pH. Rate constants, k0^, for the addition step were calculat
ed, using eq 6, from values of &°0bsd or from plots of /cad against 
buffer concentration (see above) in the pH region (pH <4.2, Fig
ure 1) where the addition step makes a significant contribution to 
the overall rate. 

The rate constant, k\, for the acid-catalyzed process that pre
dominates at low pH was determined from the slopes of plots of 
k °ad against h 0 below/Z0 = -0.50. 

The rate constant, k2, for the uncatalyzed process that is ob
served at low pH was obtained by one of two methods. The first 
was by analysis of pH-rate data at zero buffer concentration and 
was used in the analysis of the pH-rate profiles for p-chloro- and 
p- nitrobenzaldehyde. Subtraction of k \a H+ from both sides of eq 
2a gives a composite rate constant, &seq, for the sequential path
way of addition (eq 9). The rate constant k\ was evaluated inde-

feseq = fe°ad ~ M H * = &2(£C«H+ + kD)/ 

(k2 + kcaH+ + kD) (9) 

pendently from data in the Ho region (see above). Since for the 
compounds studied A: 2 is much larger than ko. the apparent rate 
constant for the second pH-independent process that is observed at 
higher pH, the limiting value of /cseq at low pH is k2. This rate 
constant was obtained from plots of log (kscq) against pH. The 
foregoing method was satisfactory for p- nitro- and p- chlorobenz-
aldehydes, for which the contribution of k\ does not represent a 
large fraction of k0^ at intermediate pH values, but not for p-
methoxybenzaldehyde where £I<2H+ is large relative to the rate 
constants for the sequential process. As a result, the process repre
sented by k2 for this compound is kinetically significant only over 
a narrow pH range at zero buffer concentration. In this system ad
vantage was taken of the observation that the step corresponding to 
k2 is not subject to general acid catalysis, whereas buffer catalysis 
is observed when the step corresponding to kc is rate determining, 
and the observed second-order rate constants at high buffer con
centration approach a buffer-independent limit, k" (Figure 5, 
open symbols), which is given by eq 10. Values of k" were deter-

k°° = /fadfe5aHH.(A,,«H+ + &2)/(.ffMfe5«H+ + ^1Oj1+ + k2) 

(10) 

mined in a series of imidazolium chloride solutions between pH 
1.90 and 3.53 from plots of l/(A:obsd — &0

Obsd) against 1/ 
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[ImH+].3b The best value for ki was then determined from eq 10, 
using known values (see above) of k\ and K^ks and successive 
approximations for A: 2 to obtain the best fit to the observed values 
of*". 

Rate constants, kc and ko, for the sequential mechanism were 
determined from /cseq and A2, using eq 11, which is obtained by 

fecaH+ + feD = fesea/(l - feSeq/fe2) (H) 

rearrangement of eq 9. A plot of the right-hand side of eq 11 
against OH+ in the intermediate pH range (pH 2.50-3.55, p-nitro-
benzaldehyde; pH 1.53-3.76, p-chlorobenzaldehyde) gives a 
straight line with slope kc and ordinate intercept *D. The values 
of A: c and k D determined in this way were used to determine a new 
value of k 2 and the calculations were repeated until a self-consis
tent set of rate constants, ki, kc and ko, was obtained. For p-
methoxybenzaldehyde, *c and ko were determined using the 
complete steady-state rate equation by varying kc and ko until 
the best fit of the observed data to eq 2 and 2a, with the previously 
determined values (see above) of k\, ki, and Ka&k$, was ob
tained. 

Determination of Catalytic Constants. Catalytic constants for 
general acid catalysis of O-methyloxime formation from p-meth-
oxybenzaldehyde were determined from the dependence of the ob
served second-order rate constants on catalyst concentration. Each 
catalyst was ordinarily studied in 5-12 kinetic runs at each of two 
or more pH values. The observed rate constants were corrected for 
curvature caused by a change in rate-determining step at high con
centrations of catalyst using eq 12, where k" was calculated from 

*W = ^obsd/d - *ol»d/*") (12) 

eq 10 and previously determined values of the buffer independent 
rate constants, or from double reciprocal plots, as described above. 
Catalytic constants were obtained from the slopes of linear plots of 
k cor against the concentration of the acid form of the catalyst.51 

The rate constant for imine formation from p- methoxybenzal-
dehyde and cyanoethylamine buffers (0.05-0.20 M) was deter
mined at pH 7.55 and 8.14 in the presence of 0.1 M methoxyam-
ine, which forces the reaction to completion by acting as a trapping 
agent for the imine. The reaction was followed by observing the de
crease in absorbance of the aldehyde at 290 nm. The reaction was 
shown to be zero order in methoxyamine under these experimental 
conditions by the independence of methoxyamine concentration 
(0.1 and 0.2 M) of the observed pseudo-first-order rate constant in 
the presence of 0.2 M cyanoethylamine. The slope of a plot of the 
pseudo-first-order rate constants against buffer concentration was 
determined at each pH, and the rate constant for the reaction of 
cyanoethylammonium ion was obtained from the intercept at 1.0 
of a plot of these observed slopes against the fraction of conjugate 
acid in the buffer. 

Isotope Effects. The isotope effect on the pATa' of methoxyamine 
in deuterium oxide solution at ionic strength 1.0 was determined 
by a modification of the method of Jencks and Salvesen,52 using 
methoxyamine as a buffer and following the absorbance at 540 nm 
of an added indicator, 2,5-dinitrophenol, for which the isotope ef
fect on the dissociation constant is known.,3'15 The maximum con
centration of H2O introduced into the D2O solutions by addition of 
concentrated aqueous solutions of methoxyamine buffers was 1%. 
Absorbance measurements were made at a series of eight different 
buffer ratios from 20 to 90% methoxyamine free base in H2O and 
D2O. Endpoint absorbances of the indicator and its anion were de
termined in duplicate in 0.1 TV HCl (DCl) and KOH (KOD) solu
tions, respectively. Values of K^H/Ka

D for methoxyamine were 
calculated from the observed absorbance of the indicator at each 
point using eq 13, where AOH (A OD) and AH (AD) are the end-

( A a / A a )MeoNH„ = 

{K«/K»)JA™ ~ _ V d ) ( ^ " / D ) (13) 

point absorbances of the indicator in 0.1 N base and acid solutions, 
respectively. The value of K^/K,® was also determined directly 
from plots of the logarithm of the stoichiometric buffer ratio 
against pH or pD, where pD was obtained by adding 0.40 to the 

pH meter reading in D2O solution.14 Experimental verification of 
this relationship with 8 X 10~3 M HCl and DCl at ionic strength 
1.0 gave a difference in pH meter reading of 0.41 ±0.01. 

The solvent deuterium isotope effect on the rate of O- methylox-
ime formation from p- nitrobenzaldehyde was determined in a se
ries of five H2O-H2SO4 solutions and five D2O-D2SO4 solutions 
with HQ16 (DOV1 values between —0.4 and —1.6. The final con
centration of H2O in the D2O solutions (from exchange of methox
yamine added as the protio form) was less than 1%. Under acidic 
conditions, the rate law for the reaction is given by eq 14. If the as-

k^ = ^1[CH3ONH2]Zz0 + ^2[CH3ONH2] (14) 

sumption is made that the dissociation of methoxyammonium ion 
follows the H0 acidity function, eq 14 is equivalent to eq 15. Since 

kt = ^ iUCH 3 ONH 3
+ ] + ^K 1[CH 3ONH 3

+]A 0 (15) 

in strongly acidic solutions the concentration of methoxyammon
ium ion is essentially equal to the total stoichiometric amine con
centration, a plot of k ̂ l [total methoxyamine] against 1/Ao should 
have a slope equal to kjK a and an ordinate intercept equal to 
k]Ka. The kinetic isotope effects on fe2 and k 1 were determined 
from the ratios of the slopes and intercepts, respectively, of these 
plots for water and deuterium oxide solutions and the independent
ly determined value (see above) of X"a

H/ATa
D for methoxyamine. 

References and Notes 
(1) (a) Supported by grants from the National Science Foundation (GB 

31740) and the National Institute of Child Health and Human Develop
ment of the National Institutes of Health (HD 01247). (b) Department of 
Chemistry, University of Vermont, Burlington, Vt. 05401. 

(2) W. P. Jencks, Progr. Phys. Org. Chem., 2, 63 (1964). 
(3) (a) J. M. Sayer and W. P. Jencks, J. Amer. Chem. Soc, 94, 3262 

(1972); (b) ibid., 95, 5637 (1973). 
(4) H. Diebler and R. N. F. Thorneley, J. Amer. Chem. Soc, 95, 896 (1973). 
(5) M. Eigen, Angew. Chem., Int. Ed. Engl., 3, 1 (1964). 
(6) S. M. Silver and J. M. Sayer, J. Amer. Chem. Soc, 95, 5073 (1973). 
(7) J. E. Reimann and W. P. Jencks, J. Amer. Chem. Soc, 88, 3973 

(1966). 
(8) E. H. Cordes and W. P. Jencks, J. Amer. Chem. Soc, 84, 4319 (1962). 
(9) J. M. Sayer and W. P. Jencks, J:Amer. Chem. Soc, 91, 6353 (1969). 

(10) W. P. Jencks, J. Amer. Chem. Soc, 81, 475 (1959). 
(11) J. M. Sayer, M. Peskin, and W. P. Jencks, J. Amer. Chem. Soc, 95, 

4277(1973). 
(12) E. H. Cordes and W. P. Jencks, J. Amer. Chem. Soc, 84, 826 (1962). 
(13) R. P. Bell and A. T. Kuhn, Trans. Faraday Soc, 59, 1789 (1963). 
(14) P. K. Glasoe.and F. A. Long, J. Phys. Chem., 64, 188 (1960). 
(15) D. C. Martin and J. A. V. Butler, J. Chem. Soc, 1366 (1939). 
(16) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(17) E. Hbgfeldt and J. Bigeleisen, J. Amer. Chem. Soc, 82, 15 (1960). 
(18) J. M. Sayer, B. Pinsky, A. Schonbrunn, and W. Washtien, J. Amer. 

Chem. Soc, 96, 7998 (1974). 
(19) L. F. Blackwell, A. Fischer, I. J. Miller, R. D. Topsom, and J. Vaughan, J. 

Chem. Soc, 3588(1964). 
(20) R. Stewart and R. Van der Linden, Can. J. Chem., 38, 399 (1960). 
(21) E. Grunwald and S. Meiboom, J. Amer. Chem. Soc, 85, 2047 (1963). 
(22) E. Grunwald, Progr. Phys. Org. Chem., 3, 317 (1965); J. Hine, J. Amer. 

Chem. Soc, 94, 5766 (1972). 
(23) A. C. Satterthwait and W. P. Jencks, J. Amer. Chem. Soc, 96, 7018 

(1974). 
(24) N. Gravitz and W. P. Jencks, J. Amer. Chem. Soc, 96, 499 (1974). 
(25) J. Hine, J. C. Craig, Jr., J. G. Underwood, II, and F. A. Via, J. Amer. 

Chem. Soc, 92, 5194 (1970); J. Hine and F. C. Kokesh, ibid. 92, 4383 
(1970). 

(26) C. D. Ritchie and W. F. Sager, Progr. Phys. Org. Chem., 2, 334 (1964). 
(27) J. Fox and W. P. Jencks, J. Amer. Chem. Soc, 96, 1436 (1974). 
(28) See ref 3b, footnote 56. 
(29) P. Ballinger and F. A. Long, J. Amer. Chem. Soc, 82, 795 (1960). 
(30) Z. Luz and S. Meiboom, J. Amer. Chem. Soc, 85, 3923 (1963); E. 

Grunwald and D.-W. Fong, ibid., 94, 7371 (1972); G. Maass and F. Pe
ters, Angew. Chem., Int. Ed. Engl., 11, 428 (1972). 

(31) R. E. Barnett and W. P. Jencks, J. Amer. Chem. Soc, 91, 2358 (1969). 
(32) See ref 3b, footnote 22. 
(33) M.-L. Ahrens and G. Maass, Angew. Chem., Int. Ed. Engl., 7, 818 

(1968). 
(34) G. M. Blackburn, Chem. Commun., 249 (1970); M. F. Aldersley, A. J. 

Kirby, and P. W. Lancaster, J. Chem. Soc, Chem. Commun., 570 
(1972). 

(35) S. L. Johnson, Advan. Phys. Org. Chem., 5, 237 (1967). 
(36) B. Capon and M. I. Page, J. Chem. Soc, Perkin Trans. 2, 522 (1972); 

W. M. Schubert and J. R. Keefe, J. Amer. Chem. Soc, 94, 559 (1972); 
C. H. Rochester, "Acidity Functions," Academic Press, New York, N.Y., 
1970, Chapter 5, pp 128-204. 

(37) P. M. Laughton and R. E. Robertson in "Solute-Solvent Interactions," J. 
F. Coetzee and C. D. Ritchie, Ed., Marcel Dekker, New York, N.Y., 
1969, p 399. 

(38) A. J. Kresge and R. J. Preto, J. Amer. Chem. Soc, 87, 4593 (1965). 

Sayer, et al. / Acid-Catalyzed O-Methyloxime Formation 



7998 

(39) C. D. Ritchie, J. Amer. Chem. Soc, 94, 3275 (1972). 
(40) E. M. Arnett, R. P. Quirk, and J. W. Larsen, J. Amer. Chem. Soc, 92, 

3977(1970). 
(41) The pK values of -8 .1 and -6 .7 for p-nitrobenzaldehyde and unsubsti-

tuted benzaldehyde, respe'ctively, reported by Arnett, Quirk, and Lar
sen40 were determined from enthalpies of protonation in fluorosulfonic 
acid. These values are comparable with the values of —9.2 and —7.5 
obtained by correction of the H0 values at half-protonation determined 
by Yates and Stewart42 to the scale of Jorgenson and Hartter,43 and the 
pK of -6 .7 for benzaldehyde is in good agreement with that of -6.75 
reported by Greig and Johnson.44 Slopes of 0.8 and 1.0 were found by 
the latter workers for plots of log [ ) C = 0 ] / [ ) C = O H + ] against H0 for 
p-methoxybenzaldehyde and unsubstituted benzaldehyde, respectively. 
The above evidence is inconsistent with the report of Zalewski and 
Dunn45 that the protonation of benzaldehyde follows HA with a p/C of 
-4.87. 

(42) K. Yates and R. Stewart, Can. J. Chem., 37, 664 (1959). 
(43) M. J. Jorgenson and D. R. Hartter, J. Amer. Chem. Soc, 85, 878 

(1963). 
(44) C. C. Greig and C. D. Johnson, J. Amer. Chem. Soc, 90, 6453 (1968). 
(45) R. I. Zalewski and G. E. Dunn, Can. J. Chem., 46, 2469 (1968). 
(46) K. Yates, J. B. Stevens, and A. R. Katritzky, Can. J. Chem., 42, 1957 

(1964). 
(47) PK(H0) values of -9 .2 , -7 .7 , and -5 .7 , obtained by correction of the 

Ho values at half-protonation obtained by Yates and Stewart,42 to the 
scale of Jorgenson and Hartter,43 were used for p-nitro-, p-chloro-, and 
p-methoxybenzaldehyde, respectively. These values should be self-
consistent, although each appears to be about 1 pK unit too low based 
on more recent values.4044 Correction of these values to the HA 

scale46 gives PK(HA) values of -5 .6 , —4.8, and -3 .7 for p-nitro-, p-
chloro-, and p-methoxybenzaldehyde, respectively; an extrapolation of 
the HA scale of approximately 1 pK unit was required to estimate 
p/f(HA) for p-nitrobenzaldehyde. 

(48) W. P. Jencks, Chem. Rev., 72, 705 (1972). 
(49) R. A. More O'Ferrall, J. Chem. Soc. B, 274 (1970). 
(50) The rate constant for breakdown of the solvation complex between am

monia and water is 6 X 1011 sec - 1 (E. Grunwald and E. K. Ralph, Ac
counts Chem. Res., 4, 107 (1971)); the use of k, = 1010 M - 1 sec - 1 

and k, = 5 X 10" sec 1 corresponds to an equilibrium constant of 
0.02 M - 1 for encounter complex formation (cf. ref 3b, footnote 31). 

(51) If the dehydration step is entirely rate limiting at high buffer concentra
tions, the reaction involves a simple change in rate-determining step, 
from carbinolamine formation to dehydration, with increasing buffer 
concentration, and, by analogy with other systems,3"'9 the slope of kcor 
against the concentration of the catalytic species is K03I. For the limiting 
case of the mechanism at low pH, assuming that K^ksan+ is large and 
k ° = (k^an* + k2), a more complex expression for kcorr is obtained 
because of the additivity of the /fi and sequential pathways of eq 2a, 
and for this limiting case the slope of kcor against catalyst concentration 
is Aroat{(/fiaH+ + k2)/k2f. The error introduced by assuming that the 
slope is equal to kcat would be 6% of fcoat at pH 2.5, if the processes 
represented by (k^an* + k2) were entirely rate limiting at high buffer 
concentration but is actually smaller because of the contribution of the 
dehydration step at this pH. The error at higher pH values will be even 
smaller. Since this error is small compared with other experimental 
uncertainties, the slopes of kcor against the concentration of acid cata
lyst were taken as equal to Ar08, in all the buffer catalysis experiments. 

(52) W. P. Jencks and K. Salvesen, J. Amer. Chem. Soc, 93, 4433 (1971): 
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Abstract: A general mechanism is described for carbinolamine formation that is consistent with kinetic and structure-reac
tivity data reported in this paper and elsewhere for the reaction of amines with substituted benzaldehydes. According to this 
mechanism, the addition reaction that is observed at pH values below neutrality proceeds by two separate and concurrent 
pathways. These are (I) general acid catalysis of amine attack on the carbonyl group in a more-or-iess "concerted" manner 
and (II) a stepwise process involving the uncatalyzed formation of a zwitterionic intermediate, T=1=, that is subsequently 
trapped by a kinetically significant proton transfer process involving acids or water. For weakly basic amines and/or al
dehydes for which the value of K^d, the equilibrium constant for neutral carbinolamine formation, is small, the predominant 
pathway of hydronium ion catalyzed carbinolamine formation is the "concerted" pathway, I. This pathway is characterized 
by rate constants that are relatively insensitive to polar substituents on the aldehyde and the amine. For more strongly basic 
amines or amines and aldehydes with larger values of A"a(j, the intermediate T± for the stepwise pathway, II, is stabilized, 
and this pathway is favored relative to the "concerted" process. Contributions of the stepwise pathway to the observed rate of 
carbinolamine formation are experimentally shown by (a) breaks in pH-rate profiles indicative of changes in rate-determin
ing step that cannot be accounted for by the transition from carbinolamine formation to dehydration and (b) strong sensitivi
ty of the observed rate constants to polar substituents on the amine and the aldehyde under conditions where the stepwise 
proton transfer processes involving acids or water are kinetically significant. The pH-independent reaction that is ordinarily 
observed with weakly basic amines at moderately acidic pH values corresponds to a rate determining water-mediated "pro
ton switch" that converts T* to T0. With hydrazine derivatives possessing an acidic hydrogen in the 2 position, unusually fast 
rates are observed for the pH-independent process and are attributed to a facile intramolecular proton donation from N-2 of 
the substituted hydrazine moiety to the alcoholate oxygen atom. 

We wish to describe a general mechanism for the forma
tion of tetrahedral addition compounds (carbinolamines) 
from carbonyl compounds and nitrogen nucleophiles (eq 1), 

RNH, 
V 

C=O 

RNH2-C-OH 
I 

T+ 

RNH-C-OH 

(D 

a process that constitutes the first step in the formation of 
imines, hydrazones, and related compounds2 and is analo
gous to the formation of tetrahedral intermediates in the 
aminolysis of acyl compounds.3 At pH values below 13-14, 
the stable ionization state of the carbinolamine is either T0 

or T + , depending on the pH and the pKa of the parent 
amine. Hence, carbinolamine formation at neutral or acidic 
pH values requires both the formation of a carbon-nitrogen 
bond and the addition of a proton to the oxygen atom, 
which undergoes a change in pKa from approximately —5 
to - 8 in the aldehyde or ketone to 8-9 in T + , or 13-14 in 
T0. The observed acid catalysis of carbinolamine formation 
is a consequence of this requirement for protonation of the 
oxygen atom of the product. 
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