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low basicity of the substrate will not by itself permit general 
acid catalysis was shown by the fact that general acid catal
ysis could not be observed in hydrolysis of benzaldehyde 
methyl 5-phenyl thioacetals where thiophenol is the leaving 
group in the reaction.6 The exactly analogous oxygen ace
tals are subject to general acid catalyzed hydrolysis.7 

In an early discussion of general acid catalyzed hydroly
sis of orthoesters,8 low basicity was stressed as the primary 
cause. However, it was later demonstrated that with 
orthoesters, as with acetals, ease of bond breaking is of 
greater importance in facilitating general acid catalysis.9 

Jencks10 has recently proposed that concerted general 
acid catalysis will be seen in cases where the pKa of the sub-

General Acid Catalysis of the Hydrolysis of Acetal 
Analogues of High Basicity, The Hydrolysis of 
2-(Substituted phenyl)-Af Af-dimethyM,3-imidazolidines 
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Contribution from the Department of Biochemistry, University of Southern California, 
Los Angeles, California 90033. Received July 25, 1975 

Abstract: The rates of hydrolysis of a series of 2-(substituted phenyl)-./V,7V-dimethyl- and -diphenyl-l,3-imidazolidines to the 
corresponding aldehydes have been measured in H2O at 30 0C. With 2-(p-methoxyphenyl)-./V,Ar-dimethyl-l,3-imidazolidine, 
a cationic Schiff base intermediate can be observed at pH values below 4.7 (Xmax 330 nm). This Schiff base hydrolyzes rap
idly in moderately concentrated HCl solutions in comparison with analogous intermediates formed during hydrolysis of 2-
(p-methoxyphenyl)-./V-ethyloxazolidine and -thiazolidine. High reactivity is due to lack of reversibility of the ring-opening 
reaction after protonation of the nitrogen leaving group subsequent to ring opening. The order of reactivity for intramolecu
lar nucleophilic attack on a cationic Schiff base is SH > OH > N+H2CH3. The rate of cationic Schiff base hydrolysis de
creases with increasing acidity in moderately concentrated HCl solutions. From pH 2-4, formation of p-methoxybenzal-
dehyde is pH independent. Kinetic general base catalysis occurs in that pH region. At pH values greater than 4.7, a Schiff 
base intermediate can no longer be observed, and the rate of aldehyde formation decreases with increasing pH. A plot of log 
ôbsd vs. pH is linear from pH 8.5-11 with slope of —1.0. At pH values greater than 11, the reaction again becomes pH inde

pendent (koH2°/koDl° = 1.5). The acid-catalyzed reaction involves rapid acid-catalyzed ring opening (at near diffusion-con
trolled rates) followed by rate-limiting Schiff base hydrolysis. Kinetic general acid catalysis is observed. An intermediate is 
not observed because of facile reversibility of the ring-opening reaction. That this interpretation is correct is shown by the be
havior of the analogous open-chain compound /v,,Ar,./V',./V'-tetramethyl-p-methoxytoluenediamine. This compound gives a 
cationic Schiff base at rates too fast to measure at all pH values. The Schiff base hydrolyzes to p-methoxybenzaldehyde in a 
pH-independent reaction which involves proton transfer in the critical transition state (^H2OMD2O = 2.39). General base ca
talysis is observed with /3 = 0.42. Hydroxide ion catalysis takes place at pH values greater than 7. 2-(p-Methoxy-
phenyl)-7V,./V-diphenylimidazolidine hydrolyzes slowly to aldehyde in an acid-catalyzed reaction which is ~107-fold slower 
than in the case of the yV.TV-dimethyl derivative. The reaction is considerably faster in D2O than H2O (kofkn = 2.9). Thus, 
it is likely that the ring is opening in an A-I reaction involving preequilibrium protonation of the substrate by hydronium ion. 
The relative unreactivity of this compound is due to the low basicity of the ring nitrogens (pK^ < 1). Therefore, protonation 
is not appreciable, and the nitrogen does not readily release electrons to stabilize a carbonium ion intermediate. 
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strate and the product are widely separated with basicity of 
the transition state and the pATa of the catalyst being inter
mediate. In this manner, a thermodynamically unfavorable 
proton transfer in the ground state will be converted to a fa
vorable proton transfer in the transition state. Acetal hy
drolysis appears to fit this criterion nicely. A reasonable es
timate of the pKa of 2-(/?-nitrophenoxy)tetrahydropyran 
would be —10, whereas that of the product p-nitrophenol is 
7. The reaction is best considered to be a concerted process 
(I) in which proton transfer and bond breaking occur simul-

O 
s-

. 0 — C — R 
H' 

taneously.2'3 Again, however, the stress on basicity appears 
to be at variance with the predominant importance of ease 
of bond breaking and the lack of general acid catalysis in 
the hydrolysis of thioacetals.6 

If ease of bond breaking is indeed of overwhelming im
portance in leading to general acid catalysis, then it might 
be expected that such catalysis would be observed in cases 
where substrate basicity is quite high if bond breaking is 
sufficiently facile. An adjoining nitrogen will greatly stabi
lize a carbonium ion through electron release. Thus, acetal 
analogues in which an oxygen atom is replaced by nitrogen 
should, and do, hydrolyze relatively rapidly.11 It is probable 
that it is this great carbonium ion stability that makes ring 
opening of phenyl iV-ethyl-l,3-oxazolidines to a positively 
charged Schiff base so facile and which in turn leads to the 
observed general catalysis11 (II). We have therefore studied 

Et 

o<3 o-
HB 

n 
the hydrolysis reactions of the !-(substituted pheny^-A^iV-
dimethyl-1,3-imidazolidines III-VII (eq 1) since basicity is 

CH3 

X - 0 - C H O + Hs0+ 

CH3 

m, x = OCH3 
IV, X - CH3 

V, X = H 
VI, X - Cl 

vn, x = No2 

X = \ „ • 
\ \s + 

H 

CH3 

HN. 

HN 

CH3 

(D 

high and bond breaking should be relatively easy. Little 
previous work has been reported on the hydrolysis of imida-
zolidines. Benkovic et al.12 found buffer catalysis in the syn
thesis of the methylenetetrahydrofolic acid models VIII in 

CCl 
H2C N—/V- X 

vni 
aqueous dioxane from the corresponding tetrahydroquin-
oxaline analogues and formaldehyde. General base catalysis 
was the preferred mechanism. From this it might be in
ferred that general acid catalysis would occur in ring-cleav
age reactions of VIII and iV(5),Ar(10)-methylenetetrahy-
drofolic acid. An understanding of the manner in which the 
imidazolidine ring can open is of critical importance in the 
elucidation of the mechanism of action of tetrahydrofolic 
acid derivatives. 

Experimental Section 

Materials. 2-(Substituted phenyI)imidazolidines were prepared 
by refluxing in benzene equivalent amounts of the appropriately 
substituted benzaldehyde and /V,W-disubstituted-ethylenediamine. 
Water was continuously removed from the reaction mixture by 
azeotropic distillation with the benzene. After collection of a theo
retical amount of water, the benzene was removed by rotary evapo
ration, and the residue was either distilled or recrystallized. 2-(p-
MethoxyphenyO-AfTV-dimethylimidazolidine (III) had bp 93-95 
0C (0.6 mm), «D24 1.5315; lit.13 bp 83 0C (0.2 mm), «D20 1.5326. 
An NMR spectrum was identical with the reported spectrum.13 2-
(p-MethylphenyO-A^.TV-dimethylimidazolidine (IV) had bp 73.5-
74 0C (0.4 mm), KD24 1.5232; lit.13 bp 68 0C (0.2 mm), no20 

1.5248. 2-Phenyl-A',7V-dimethylimidazolidine (V) had bp 63-64 
0C (0.8 mm), nD25 1.5241; lit.13 bp 65 0C (0.6 mm), nD20 1.5271. 
2-(p-Chlorophenyl)-Ar,iV-dimethylimidazolidine (VI) had bp 97 
0C (0.7 mm), nD23 1.5395; lit.13 bp 74 0C (0.23 mm), nD20 

1.5404. 2-(p-Nitrophenyl)-./V,A'-dimethylimidazolidine (VII) had 
bp 126 0C (0.5 mm), nD25 1.5560. Anal. Calcd for CnHi5N3O2: 
C, 59.72; H, 6.78. Found: C, 59.76; H, 6.74. 2-(/>-Methoxyphenyl)-
TV.TV-diphenylimidazolidine (IX) had mp 163-164 0C; lit.14 mp 
163-164 0C. TV.MA^'.iV'-Tetramethyl-p-methoxytoluenediamine 
(X) was prepared by the method of Milakofsky15 and boiled at 
131-133 0C (10 mm); lit.15 120-121 0C (6 mm). 

Kinetic Methods. Stock solutions of substrate (1 X 10~2 M) 
were made up in anhydrous acetonitrile. In studies employing a 
Zeiss PMQ 11 or Gilford Model 2000 spectrophotometer, 25 Ml of 
the substrate stock solution was injected into the reaction cuvette 
containing 3 ml of buffer, and the reaction was monitored at the 
appropriate wavelength after stirring. Temperature was controlled 
at 30 ± 0.1 0C, and the ionic strength of the buffers was kept con
stant at either 0.5 or 1.0 M with KCl. 

Reactions too rapid to be monitored with a conventional spectro
photometer were followed using a Durrum-Gibson stopped-flow 
spectrophotometer (Model D 110). The substrate was dissolved at 
the desired concentration in aqueous 0.002 M sodium hydroxide, 
where it is reasonably stable. This solution was introduced into one 
of two identical drive syringes. The other syringe contained a lower 
pH buffer, such that on rapid mixing of equal volumes from the 
two syringes a reaction solution at the required pH was obtained. 
The drive syringes, mixing chamber, and cuvette were suspended 
in a water trough, whose temperature was maintained at 30 ± 0.1 
0C. Optical density changes after mixing were recorded on a Hew
lett-Packard storage oscilloscope (Model 1207B). With each buff
er, four to six reactions were tabulated. Reaction solution pH 
values were measured with a Radiometer pH-meter Model 22 and 
GK 2303C combined electrode standardized with Mallinckrodt 
standard buffer solutions. Pseudo-first-order rate constants were 
calculated with an IBM 360 computer or an Olivetti-Underwood 
Programma 101. 

The thermodynamic pA"a of compounds HI-VII could not be 
measured because of the rapid rates of ring opening. However, a 
plot of initial absorbance utilizing the stopped-flow spectropho
tometer vs. pH for a series of identical concentrations of III yield
ed a sigmoidal curve with a midpoint at pH 4.1. This apparent pAa 
is most likely a complex constant representing a combination of 
ring opening of the imidazolidine and addition of a proton to the 
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Figure 1. Plot of log ka vs. pH for the formation of p-methoxybenzal-
dehyde (measured at 283 nm) from 2-(/>-methoxyphenyl)-./V,Ar-di-
methyl-l,3-imidazolidine at 30 0C and n = 1.0 with KCl in H2O (©) 
and in D2O (O). 

Table I. Values of fc0bsd f°r Aldehyde Formation from Rapidly 
Formed Cationic Schiff Bases in Moderately Concentrated HCl 
Solutions at 30 0C 

Compd 

III 

IV 
V 

HCl concen, M 

0.499 
1.999 
2.91 
4.00 
5.83 
5.83 
5.83 

"•obsd> s _ 

0.52 
0.18 
0.12 
0.046 
0.0167 
0.050 
0.131 

Table II. Second-Order Rate Constants for General Base and 
General Acid Catalyzed Hydrolysis of 
2-(p-Methoxyphenyl)-Ar,Af-dimethylimidazolidine in H2O at 30 0C 
(M= l-0)a 

Catalyst 

Chloroacetate 
Formate 
Acetate 
Tris (H2O) 
Tris (D2O) 
Ethanolamine 
Piperidine (H2O) 
Piperidine (D2O) 

P^a 

2.6 
3.6 
4.7 
8.3 

9.6 
11.3 
11.8 

kB, M - ' s_1 

1.18 
1.31 
1.44 

^HB, M-' s-' 

0.79 
0.41 
0.137 
0.0059 
0.0046 

a Where buffer catalysis was measured at more than one pH value, 
the reported second-order rate constant is the average. 

free acyclic amine group produced by ring opening (see Discus
sion) 

Results 

In Figure 1 is shown a plot of log ko vs. pH for appear
ance of p-methoxybenzaldehyde from 2-(/>-methoxyphenyl)-
A^-dimethylimidazolidine (III) in H2O at 30 0 C with p. = 
1.0. The points were obtained by extrapolation to zero buff
er concentration with the exception of those determined in 
HCl or NaOH solutions. A cationic Schiff base intermedi
ate can be observed at pH values below 4.7. This intermedi
ate has a Xmax at 330 nm which is similar to the Xmax at 323 
nm for the cationic Schiff base derived from 2-(p-methoxy-
phenyl)-iV-ethyloxazolidine and protonated p-methoxyben-
zilidine-ethanolamine.11 The rates of formation of the cat
ionic Schiff base were too rapid to be measured. Rate con
stants for Schiff base hydrolysis in moderately concentrated 
HCl solutions are given in Table I. Rate constants for dis
appearance of Schiff base at 330 nm and appearance of al
dehyde at 283 nm were identical. 

In the pH range where the substrate is completely pro
tonated, general base catalysis by buffer bases is observed. 

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 
TOTAL ETHANOLAMINE M 

Figure 2. Plot of &0bsd X 10 vs. total ethanolamine concentration (B + 
BH+) for the formation of />-methoxybenzaldehyde from 2-(p-m&-
thoxyphenyl)-7V,./V-dimethy!-l,3-imidazolidine in H2O at 30 0C with n 
= 1.0 with KCl. 

5 6,0 

Figure 3. Plot of log kn for acid-catalyzed hydrolysis of 2-(para-substi
tuted phenyl)-7V,./V-dimethyl-l,3-imidazolidines to the appropriate al
dehydes in H2O at 30 0C (M = 0.5) vs. a. 

Rate constants for general base catalysis are given in Table 
II. At pH values greater than 4.7, p-methoxybenzaldehyde 
is the product, but a Schiff base intermediate is not ob
served. At pH 6.5-7.5, catalysis by imidazole cannot be de
tected, with total imidazole concentration varying from 0.1 
to 2.0 M. 

An acid-catalyzed reaction occurs at pH values greater 
than 8 (JtH = 2 X 106 M - 1 s"1 for III). The slope of the 
plot of log fc0bsd vs. pH (Figure 1) is —1.0. This reaction is 
faster in D2O than in H2O (ko/ka = 1.8 at zero buffer 
concentration) and is subject to general acid catalysis. Sec
ond-order rate constants for general acid catalysis are given 
in Table II. A plot of /c0bsd vs. total ethanolamine concen
tration at three pH values is presented in Figure 2. The 
D2O solvent isotope effect (&HAMDA) for the Tris buffer-
catalyzed reaction is 1.93. In Figure 3 is given a plot of log 
kn vs. (7, the Hammett substituent constant,16 for a series of 
2-(p-substituted phenyO-iV.iV-dimethylimidazolidines. The 
value of p is —0.93. The second-order ^H values given in 
Table III were calculated from rate constants determined 
by extrapolation to zero buffer concentration in borate 
buffer at pH 9.05. 

At pH values greater than 11-12, &0bsd for aldehyde for
mation becomes pH independent. Rate constants are given 
in Table IV, and in Figure 4 is shown a plot of log fcn vs. a. 
The p value is -0 .35. The D2O solvent isotope effect 
koH2°/koD2° for pH-independent hydrolysis of III is 1.5 at 
30 0 C and 1.8 at 50 0 C. As shown in Figure 5, the conju
gate acid of piperidine is a general acid catalyst for reaction 
of the p-methoxy derivative III in the pH region where the 
reaction is pH independent with a second-order rate con-
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Figure 4. Plot of log ka + 1.0 for pH-independent hydrolysis of 2-
(para-substituted phenyl)-7V,7V-dimethyl-l,3-imidazolidines to the ap
propriate aldehydes in H2O at 50 0C (M = 0.5) vs. a. The rate con
stants were obtained in 0.1 M NaOH. 

TOTAL PIPERIDINE M 
Figure 5. Plot of /c0bsd vs. total piperidine concentration (B + BH+) for 
the formation of p-methoxybenzaldehyde from 2-(p-methoxyphenyl)-
iV,yV-dimethyl-l,3-imidazolidine in H2O at 30 0C with M=I-O with 
KCl (O) and in D2O (©). 

Table III. Values of the Rate Constants for Hydrolysis of 
2-(Para-substituted phenyl)-A',./V-dimethyl-l,3-imidazolidines in 
H2O at pH 9.05 (M = 0.5) and 30 0C 

p-Substituent 

OCH3 

CH3 

H 
Cl 
NO2 

*obsd X 103 

S"1 a 

1.90 
1.72 
1.05 
0.635 
0.215 

kH X 1O-6 

M"' s_1 

2.12 
1.93 
1.17 
0.71 
0.24 

aRate constants were obtained by extrapolation to zero buffer 
concentration. 

Table IV. Values of kobsd X 10" s_1 for Hydrolysis of 
2-(Para-substituted phenyl)-A',A'-dimethyl-l,3-imidazolidines in 
NaOH Solutions at 50 °C (n = 0.5) 

Para-sub stit-
uent 

OCH3 

CH3 

H 
Cl 

0.001 

4.58 
6.28 
4.48 

NaOH 

0.01 

3.31 
4.21 
3.13 
2.43 

concn,M 

0.1 

3.45 
3.03 
3.12 
2.07 

0.06 
(NaODj 

1.96 

stant &HA = 5.9 X 10 - 3 M - 1 s_ 1 . However, catalysis was 
not observed when triethylamine buffers were employed. 

A cationic Schiff base (Xmax 312 nm) is formed from 
N,./V,Af/,./V'-tetramethyl-/?-methoxytoluenediamine in H2O 
at rates that are too fast to measure. Hydrolysis of the cat-
ionic Schiff base was monitored by following disappearance 
at 325 nm and appearance of /7-methoxybenzaldehyde at 
283 nm. The reaction is pH independent at pH values below 
7 with a rate constant, Jt0, of 9.4 X 1 0 - 3 s _ 1 at 30 0 C . Hy
drolysis is slower in D2O than H 2O, &H 2 O/£D 2 O = 2.39, as 

Fife, Hutchins / HydrolysL 
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Figure 6. Plot of log kg for general base catalyzed hydrolysis of the cat-
ionic Schiff base derived from A,,7V,7V',./V'-tetramethyl-p-methoxytol-
uenediamine in H2O at 30 0C (M = 0.5) vs. the pATa of the catalyzing 
bases. The point for H2O was calculated as £o/55.5. 

Table V. Rate Constants for Hydrolysis of the Cationic Schiff Base 
Derived from A^A^.A^.A^-Tetramethyl-p-methoxytoluenediamine 
at 30 °C (M = 0.5 with KCl) 

Buffer 

HCl (1 M) 
HCl (0.1 M) 
HCl (0.01 M) 
DCl (0.01 M) 
HCl (0.002 M) 
H2PO4

-

Formate 
Acetate 
Pyridine 
HPO4

2- (H2O) 
HPO4

2" (H2O) 
HPO4

2- (D2O) 

/t0X 103 

pH s-'a 

2.18 
1.10 9.2 
2.10 9.1 

3.8 
3.00 9.1 
2.08 12.2 
3.60 9.6 
4.70 7.7 
5.21 9.8 
6.79 10.0 
5.82 9.3 
7.26 (pD) 7.5 

a Rate constants obtained by extrapolation to zero 

kB X 103 

M -1 s_1 

5.83 
20.7 
92.5 
78.3 

698.3 
766.6 
250.0 

buffer concen-

determined in HCl and DCl or by extrapolation to zero 
buffer concentration in acetate buffers in H2O and D2O. 
The hydrolysis reaction of the cationic Schiff base is cata
lyzed by general bases. The second-order rate constants are 
given in Table V, and in Figure 6 a plot of log ^ B VS. pKa is 
presented. The Bronsted coefficient 0 is 0.42. At pH values 
greater than 7, hydroxide ion catalysis can be observed: 
£ O H = 5 X 1 0 4 M - 1 S - ' . 

2-(p-Methoxyphenyl)-/V,iV-diphenyl-l,3-imidazolidine 
hydrolyzes in an acid-catalyzed reaction with a second-
order rate constant at 30 0 C (kH) of 0.06 M - 1 s _ 1 in H2O. 
The reaction is faster in D2O than H2O (ko/ku = 2.9). 
Low solubility at pH values where a significant fraction of 
the compound is unprotonated prevented an extensive study 
in H2O. With 50% dioxane-H20 (v/v) as the solvent a plot 
(not shown) of log fc0bsd at 30 0 C vs. pH is linear with a 
slope of - 1 . 0 in the pH range 2.10-5.95. The second-order 
rate constant &H for hydronium ion catalysis in 50% diox-
a n e - H 2 0 is 16.6 M - 1 s - 1 . Buffer catalysis by chloroacetate 
or formate buffer could not be detected in 50% dioxane-
H2O. 

Discussion 

Hydrolysis in Moderately Concentrated Acid. In moder
ately acidic HCl solutions, a Schiff base intermediate can 
be observed spectrophotometrically in the hydrolysis of the 
2-(substituted phenyl)-Af,7V-dimethyl-1,3-imidazolidines 
HI-VI. In all cases when the compound is introduced into 
aqueous solution, an absorbance maxima is detected at a 
wavelength corresponding closely to that of the positively 
charged Schiff base derived from the appropriate 2-(substi-
tuted phenyl)-/V-ethyl-l,3-oxazolidinen or the protonated 
benzilidine ethanolamine Schiff base.11 Formation of the 

of2-(Substituted phenyl)-N,N-dimethyl-l ,3-imidazolidines 
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Schiff base is too rapid to be measured even with a Durrum 
stopped-flow instrument. The good leaving group and stable 
carbonium ion intermediate will give rise to a facile ring 
opening. In contrast, Schiff base formation could be easily 
monitored in hydrolysis of the analogous iV-ethyloxazoli-
dines.11 The intermediate Schiff base then hydrolyzes rap
idly to give a substituted benzaldehyde as the product as de
picted in eq 2. The rates of Schiff base disappearance and 

CH3 

H3O + X CH 
N 

I 
CH3 

X 

CH-

it 
- C H ^ J + H2O 

H N ^ 

H* 

,0 

c( M x 
H 

CH" 

CH3NH 

CH3NH 
) 

CH3 

CH3 

N+ 

t) 
H2N"^ I 

CH3 

(2) 

XI 

aldehyde formation at the appropriate wavelengths are 
identical. An observed decrease in rate constant with in
creasing acidity is characteristic of Schiff base hydrolysis in 
acidic media.11,17 

The Schiff bases derived from the phenyl-TV.A'-dimethyl-
1,3-imidazolidines hydrolyze rapidly in acid solutions in 
comparison with those from corresponding ./V-ethyloxazoli-
dines11 or thiazolidines.18 The relative rate ratios at 30 0 C 
in 4.0 M HCl for the para-methoxy substituted benzilidene 
compounds are: aminoethanethiol, 1; N-ethylethanolamine, 
10; and JV,7V-dimethylethylenediamine, 700. Differences in 
inductive effects should not cause such large rate differ
ences. The relatively rapid rate of hydrolysis of the imidazo-
lidine at low pH must be due to the fact that a protonated 
amine neighboring group cannot react with the Schiff base 
XI (stabilized carbonium ion) to recyclize the compound 
(see eq 2). Reversal of the reaction would greatly slow the 
apparent rate of Schiff base disappearance and aldehyde 
formation. Such reversal would be expected to occur with 
neighboring OH and SH functional groups. Thus, the order 
of reactivity with a Schiff base center (stabilized carbonium 
ion) is SH > OH > H 2

+ NCH 3 . 
Hydrolysis at pH 2.0-8.0. At pH values greater than 4.7, 

a Schiff base intermediate from III can no longer be ob
served. Absorbance at the appropriate wavelengths in
creases to give a final spectrum characteristic of the alde
hyde. In Figure 1 is shown a pH-log rate constant profile 
for the formation of /?-methoxybenzaldehyde from III. The 
profile is complex and can be most conveniently discussed in 
terms of individual pH regions. At pH 2-4 the reaction is 
pH independent, and rapid ring opening is followed by rate-
limiting reaction of the cationic Schiff base intermediate 
with water (eq 2). Acid catalysis is not observed in the over
all reaction because the concentration of hydronium ion is 

sufficient to completely convert all of the substrate to the 
protonated intermediate XI. Protonation of amine in the in
termediate XI will facilitate hydrolysis by inhibiting reclo-
sure of the ring. Therefore, as the extent of amine protona
tion decreases, the rate of the reaction falls. It will be noted 
in Figure 1 that the change in slope occurs at pH 4, corre
sponding closely to the apparent pK^ of 4.1 determined 
spectrophotometrically (see Experimental Section). Gener
al base catalysis by acetate, formate, and chloroacetate oc
curs in this pH region as in XII or a kinetic equivalent. 

CH3 

CH3O 

H 3C-C 
, 0 

/~? 0 
J / H 2 N^ / ° \ I 

H H CH3 

J 

xn 
There is only a small dependence of the second-order rate 
constants in Table II on basicity of the catalyzing base, 
which must result from little proton transfer in the transi
tion state for attack of water on the highly reactive cationic 
Shiff base center. 

At higher pH values where the amine function of the cat
ionic Schiff base from III is unprotonated, fco again be
comes nearly pH independent. The difference in &o values 
in the plateau regions of the pH-log rate constant profile at 
pH 2-4 and 5.5-7.5 is a factor of 40 which reflects the rate-
slowing effect of dissociation of a proton from the neigh
boring amine group. Hydrolysis is twofold faster in the pH 
range 5.5-7.5 (ko = 2 X 1O-2 s -1) than in the water reac
tion of the cationic Schiff base from N.N.N'.N'-tetra-
methyI-/?-methoxytoluenediamine (X), in spite of the possi
bility of rapid reclosure of the ring. In D2O, ko is considera
bly less than in H2O (k^o/k^o = 1.8). The reaction 
could therefore involve intramolecular general base cataly
sis (XIII). This is supported by the fact that bimolecular 

CH3 

CH3O > 7 H 
,OC 

H' "H 
.N 

Vl 

CH3 

xm 
general base catalysis by imidazole cannot be detected. It 
would not be expected that bimolecular catalysis by rela
tively weak bases would compete with a reasonably facile 
intramolecular reaction. In contrast, imidazole is a good 
catalyst for hydrolysis of the cationic Schiff base derived 
from TV.JV.TV'./V'-tetramethyl-p-methoxytoluenedi amine.15 

Hydrolysis at pH 8.0-11.0. At pH 8.0 a unit change in 
slope occurs in the plot of log ko vs. pH (Figure 1), proba
bly corresponding to the pAfa of the imidazolidine nitrogens 
of III. An acid-catalyzed reaction is observed in the pH 
range 8-11, fc0bsd decreasing with increasing pH. This acid-
catalyzed reaction proceeds with large rate constants, kn 
for III being 2 X 106 M - 1 s _ 1 at 30 0 C. Acid catalysis most 
likely reflects initial protonation of the substrate by hydro
nium ion. The linear Hammett a-p plot in Figure 3 shows 
that the mechanism does not change with increased electron 
withdrawal by substituents. The p value of —0.93 reflects 
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the importance of ease of protonation and carbonium ion 
stabilization since electron withdrawal by substituents will 
decrease both. Nucleophilic attack of H2O on the cationic 
Schiff base should be enhanced by increased electron with
drawal, and the p value is considerably more positive than 
found for acid-catalyzed acetal hydrolysis (p = —3.35 for 
hydrolysis of substituted benzaldehyde diethyl acetals).19 

A question of importance is whether a change in rate-de
termining step to ring opening has taken place in the pH re
gion where the rate begins to decline with increasing pH. 
There is a large D2O solvent isotope effect ( M / M = 1.8). 
If rate-determining C-N bond breaking were occurring 
after preequilibrium protonation, it would be expected that 
the reaction would be faster in D2O than H2O as in the case 
of A-I acid-catalyzed acetal hydrolysis reactions,2'19 but in 
acetal hydrolysis the ratio & D / M is normally greater than 
1.8, being usually in the range 2.7-3.0. Also, the much 
more positive p value in acid-catalyzed imidazolidine hy
drolysis than in acetat hydrolysis argues against an A-I 
mechanism as does the observed general species catalysis. 
Ring opening could only be rate limiting if the rate constant 
for Schiff base hydrolysis was much greater than that for 
reclosure of the ring. This is unlikely in the pH range where 
the Schiff base hydrolysis is a water reaction. The faster 
acid-catalyzed reaction in D2O indicates that the equilibri
um constant for ring opening must be larger in D2O than in 
H2O, and it will be noted in Figure 1 that the pATapp of the 
imidazolidine is shifted in D2O. Apparent general acid ca
talysis was observed with amine buffers, but general base 
catalysis of the hydrolysis of the Schiff base intermediate 
formed in a rapid hydronium ion catalyzed ring opening 
would be consistent with this observation. Jencks and 
Cordes17 found no catalysis by buffers in the same pH 
range in hydrolysis of /?-methoxybenzilidine-2,2-dimethy-
lethylamine, a Schiff base of high basicity. Catalysis was 
found in acetate buffer which was interpreted as general 
base catalysis. 

That ring opening of the imidazolidines must be rapid in 
comparison with Schiff base hydrolysis at pH values greater 
than 4.7 can be inferred from the behavior of the analogous 
open chain N1A^A^TV'-tetramethyl-p-methoxytoluenediam-
ine (X). This compound gives rise to a cationic Schiff base 
at rates that are too fast to measure conveniently. Thus, the 
reason that a Schiff base intermediate in imidazolidine hy
drolysis is not observed at pH >4.7 must be that reversal of 
the ring-opening reaction occurs readily when the amine 
substituent of the intermediate Schiff base is unprotonated. 
It will be noted that hydrolysis of the cationic Schiff base 
derived from Ar,7V,7V',7V'-tetramethyl-/)-methoxytoluenedi-
amine (X) is pH independent over much of the pH range. 

CH3O 
\f CHC 

CH,0 

'N(CH3)2 

^N(CH3)2 

CH=N(CH3)2 + (CHs)2NH 

CH 

|H,O 

O 
C r + (CHs)2NH (3) 

H 

This represents a reaction with water and is characterized 
by a D2O solvent isotope effect &H 2 O/XD 2 O = 2.4. The hy
drolysis of the cationic Schiff base is subject to general base 
catalysis by a series of bases with a Bronsted coefficient /3 of 
0.42. Therefore, proton transfer is occurring in the critical 
transition state. These results are in substantial agreement 

with those obtained by Milakofsky.15 Hydroxide ion cataly
sis is observed at pH values greater than 7. 

Hydrolysis at pH 11-13. At pH values greater than 11, 
formation of aldehyde from the substituted imidazolidines 
becomes pH independent. Possible mechanisms for the pH-
independent reaction are: (1) rate-limiting unimolecular 
ring opening to a cationic Schiff base which then hydrolyzes 
rapidly; (2) water-catalyzed ring opening which is rate lim
iting; and (3) an acid-catalyzed ring opening to a cationic 
Schiff base, followed by rate-determining attack of hydrox
ide ion on the Schiff base. Reactions independent of pH 
have been observed in the hydrolysis of acetals which are 
subject to general acid catalysis.2-4 These reactions are uni
molecular as shown by D2O solvent isotope effects near 
unity, AS* values close to zero, and rate constants many or
ders of magnitude greater than expected for water catalysis. 
These unimolecular reactions are brought about by ease of 
bond breaking due either to a good leaving group or a high
ly stabilized carbonium ion intermediate. In the case of im
idazolidine hydrolysis, however, the ratio feoH2°/^oD2° is 
1.5 at 30 0 C and 1.8 at 50 0 C. Also, unimolecular ring 
opening would be expected to be markedly susceptible to 
electronic substituent effects in the phenyl group since 
charge would be developed during the reaction, but the 
values of ko show only small variation with changing sub
stituent. Thus, a unimolecular rate-determining ring open
ing can be ruled out. Ring opening must be either a water-
catalyzed reaction that is rate determining or a hydronium 
ion catalyzed reaction. The Hammett p value close to zero 
for the pH-independent reaction might be taken to indicate 
compensating electronic effects in consecutive reactions as 
would be the case in an acid-catalyzed ring opening, fol
lowed by hydroxide ion attack on the cationic Schiff base 
(eq 4). 

CH3 

CH3O CH 
: ! ) 

+ H3O
+ 

N 

CH3 

CH3 

C H 3 O - ^ V - C H ^ J + H2O 
H N ^ 

CH3 

"OH 

CH3O 
,0 ^NHCH 3 

c : + r (4) 
NHCH3 H N 

From the scheme of eq 4, assuming steady-state concen
trations for Schiff base: 

_ [MH 3 O + )MOH-) ] 
obsd [*-,(H20) + MOH-) ] 

(5) 

For attack of hydroxide ion on the Schiff base to be rate de
termining, k-i(H20) » M O H - ) . In that case: 

fcobsd = ^ ( H 3 O + ) M O H - ) 

'Cobsd = AeqAw*2 (6) 

The D2O solvent isotope effect for the pH-independent re
action at high pH would be given by eq 7. The value of Kv 
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k0^o= (KnKvIc2)Ki0 

k<P>° (K^K02Ok2)W
 ( ' 

at 30 0C is 1.47 X 1(T14, while ATD2O at 30 0C is 0.22 X 
IQ-1* 20 F r o m the solvent isotope ratio for the acid-cata
lyzed reaction k^/ku = 1.8, the ratio K^0/ 
KeqHl° = 4.3 can be calculated, assuming that water attack 
on the cationic Schiff base would have the ratio k^o/k^o 
= 2.4 found for the water reaction of the Schiff base from 
X. The reported15 solvent isotope effect fcoH/^OD for hy
droxide ion catalyzed hydrolysis of the cationic Schiff base 
from X is 1.25 and should be similar for that from III. A 
theoretical solvent isotope effect koH2°/koD2° = 1.9 can 
then be calculated which is in good agreement with that ob
served. Deuteroxide ion is a stronger base than "OH; it 
might therefore be expected that k2 would be greater in 
D2O. If this were the case the calculated ratio would be re
duced accordingly. 

Jencks and Cordes17 found that at high pH, attack of 
~OH on protonated Schiff bases of aliphatic amines was 
rate determining. The rate constant for p-methoxybenzili-. 
dine-2,2-dimethylethylamine is 106 M - 1 s -1 . The rate con
stant for attack of hydroxide ion on the cationic Schiff base 
derived from /V,./V,iV/,./V/-tetramethyl-/)-methoxytoluenedi-
amine (X) is 5 X 104 M - 1 s_1 at 30 0C. It is a reasonable 
assumption that k2 from eq 4 would be of similar magni
tude. Therefore, employing the value of fc0bsd at 30 0C for 
the methoxy derivative III in 0.1 M base (3 X 1O-5 s_1) Keq 

can be calculated to be 4 X 104. Since k _i (H2O) » 
A:2(OH-), fc_i(H20) » 5 X 103 s-1. Consequently, 
k -1(H2O) must be at least 5 X 104 s_1. Thus, since K^ = 
k\/k-\, k\ would necessarily be at least 4 X 107 M - 1 s_1. 
This is only slightly less than a value characteristic of diffu
sion-controlled reactions and illustrates the great facility of 
ring opening. 

The mechanism of the ring-opening step for III cannot be 
specified unambiguously, and either preequilibrium proton-
ation or a concerted reaction involving proton transfer from 
hydronium ion as the C-N bond breaks must be regarded 
as possibilities. The great facility of ring opening at near 
diffusion-controlled rates does, however, lend support to the 
latter possibility. If ring opening involved preequilibrium 
protonation, then the rate constant for Schiff base forma
tion would be given by 

*open ~" (*r/tfsH+)(flH) (8) 

where kr is the rate constant for ring opening of the proton
ated species and KSH+ is the dissociation constant of the im-
idazolidine. Since fc0pen/«H is equal to k\ in eq 4, which is 
at least 4 X 107 M - 1 s - 1 , kr can be calculated to be <10 3 

s - 1 . This is an improbably low value considering the good 
leaving group and highly stabilized carbonium ion being 
produced. Values of the rate constant for unimolecular 
cleavage of protonated compounds that would be expected 
to be less reactive are often much greater than 103 s _ I . For 
example, benzaldehyde diethyl acetal has a second-order 
rate constant for A-1 hydronium ion catalyzed hydrolysis in 
H2O at 30 0 C of 225 M - 1 s - 1 .2 1 The measured dissociation 
constant for the conjugate acid of benzaldehyde diethyl ace
tal22 is 105-7. Therefore, Jku is 1.1 X 108 s_ 1 . In a typical 
A-I reaction (eq 9) where fcobsd/^H = ^ i ^ u / ( ^ - i ( H 2 0 ) + 
ku), the value of fc_i(H20) must be much greater than ka. 
The magnitude of k-\ cannot, however, be greater than 
that for a diffusion-controlled reaction (10 1 0 -10 u M - 1 

s - 1 ) . Thus, it is clear that if ku is only slightly greater 
(100-1000-fold) than for decomposition of the conjugate 
acid of benzaldehyde diethyl acetal, because of either a 
more stable carbonium ion intermediate or a better leaving 
group, then proton transfer from hydronium ion will neces

sarily be part of the rate-limiting step regardless of the ba
sicity of the compound. It is thus probable that proton 
transfer to nitrogen is only partial in the transition state for 
ring opening in acid-catalyzed imidazolidine hydrolysis. A 
concerted reaction (XIV) is likely in which proton transfer 

H 

CH3O-\~">— CH'̂ + J 
isr 
I 

CH3 

XIV 
from hydronium ion and C-N bond breaking occur simulta
neously. Hydronium ion is probably acting mechanistically 
as a general acid because of the great facility of the bond-
breaking process, partial proton transfer to nitrogen being 
sufficient to attain the transition state. The above discussion 
is based on the reasonable assumption that the pH-indepen-
dent reaction follows the scheme of eq 4, but the same con
clusions are arrived at by similarly considering the acid-cat
alyzed reaction, substituting (H2O) for ("OH) in eq 5 and 
employing 1O -2 s _ 1 as the value of fc2 for water-catalyzed 
Schiff base hydrolysis. The observed general acid catalysis 
in piperidine buffers conceivably could represent catalysis 
of either step in the reaction, but most likely is nucleophilic 
attack by the base species on the cationic Schiff base to give 
a new Schiff base that cannot cyclize. This interpretation is 
supported by the D2O solvent isotope effect &HA/&DA of 1.3 
(about the same as for - O H ) and by the lack of observable 
catalysis by the tertiary amine triethylamine. 

S + H+ ^ S H + - X C+ - ^ t product (9) 
k-\ slow fast 

Hydrolysis of 2-(p-MethoxyphenyI)-/V,JV-diphenyl-l,3-
imidazolidine. In an attempt to slow down the ring-opening 
reaction of substituted imidazolidines so that rates could be 
measured, the /V,./V-diphenyl derivative IX was prepared 
and studied. There is a relatively slow reaction of this com
pound at 30 0 C in acid solutions to give a product whose 
spectrum matches closely that of />-methoxybenzaldehyde. 
The reaction is acid catalyzed with a second-order rate con
stant £ H which is approximately 107-fold less than that of 
the corresponding /V./V-dimethyl compound. The reaction is 
considerably faster in D2O than H2O ( & D A H = 2.9). Thus, 
it is probable that acid-catalyzed ring opening is occurring 
by an A-I mechanism in which preequilibrium protonation 
by hydronium ion is followed by unimolecular decomposi
tion of the protonated substrate (eq 10). General acid catal
ysis is not observed in formate buffers in 50% dioxane-
H2O. The slowness of the reaction in comparison with the 
corresponding /V./V-dimethyl derivative arises from two fac
tors: (1) basicity of the nitrogens is greatly reduced (by 
measuring initial absorbance of IX in acid solutions, the 
pAa can be estimated to be <1.0); and (2) the ability of ni
trogen to release electrons to stabilize an incipient carboni
um ion is greatly reduced. It is possibly the latter factor 
that prevents general acid catalysis from being an effective 
mechanism in hydrolysis of IX. 

Conclusion 

It is likely that the unsymmetrical nature of 
7V(5),/V(10)-methylenetetrahydrofolic acid plays a key role 
in reactions involving this cofactor derivative. The pATa 

values of the N(5) and the N(IO) nitrogens of tetrahydrofo-
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CH; 
p-\D~ca^D+ H3°+ ** 

lie acid have been measured and are 4.82 and —1.25, re
spectively.23 Such a distribution of pAfa values could facili
tate reactions in which ring opening occurs by allowing en
zymatic mechanisms involving general acid catalysis. Low 
basicity of the Af(IO) nitrogen would favor proton transfer 
to it in the rate-determining step, while the much higher ba
sicity of the N(5) nitrogen would allow it to readily release 

electrons to stabilize a carbonium ion intermediate. Thus, 
both factors would work together to promote general acid 
catalysis. On the other hand, if both nitrogens had a high 
pÂ a, stability of the ring would be quite low. If both nitro
gens had a very low pATa, carbonium ion stabilization would 
probably not be sufficient for the ease of bond breaking 
necessary for general acid catalysis. It would therefore be 
predicted that in enzymatic reactions of methylenetetrahy-
drofolic acid in which general acid catalysis takes place, the 
ring would open on the side of N(IO) to give the N(5) 
methylene derivative. 
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