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colored form should be maintained to be similar with those in the 
original form. 

Tautomeric Switch of the Photochromic Osazone. Given the 
crystal structure and the photochromic characteristics above, a 
currently proposed mechanism for IId is a proton transfer in the 
chelate ring. The tautomer formed with the proton transfer upon 
light irradiation, formally, has an azo-phenyl chromophore which 
is not formulated in the original form (Scheme 11). The hyp- 
sochromic shift of the colored form relative to the original osazone 
could be interpreted as being due to a conjugated phenylazo system 
of the osazone, as has been similarly discussed from the spectra 
of a related osazone group of dehydro-L-ascorbic acid phenyl- 
osazone.” The aldehyde and the allyl (or alkyl) groups are 
reported to be essential for the manifestation of photochromism 
of the osazone derivatives;5 those groups may be playing a vital 

( I  I )  Roberts, G. A. F. J .  Chem. Soc., Perkin Trans. I 1979, 603. 

role in stabilizing the colored tautomer. It is possibly a new 
mechanism for a chelate hydrogen acting as a simple “switch” 
of the photochromic cycles. We expect that the rediscovered class 
of photochromic osazones will be subjected to further study be- 
cause of the simplicity of the mechanism and the potential use- 
fulness in various applications. 
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Abstract: The hydrolysis reactions of 2-@-(dimethylamino)styryl)- 1,3-thiazolidine and the corresponding N-butyl and N-phenyl 
derivatives in the pH range 1-12 proceed via the iminium ion intermediate formed in an equilibrium ring-opening reaction. 
Such an intermediate was detected spectrophotometrically (A,,, = 480-525 nm). The fast formation of the iminium ion in 
ring opening of the N-phenyl-l,3-thiazolidine could be monitored at pH 3-10. Ring opening involves a pH-independent reaction 
at pH >4, which proceeds 2.25-fold slower in D,O than in H20, and hydronium ion catalysis at low pH. General acid catalysis 
in ring opening was observed with acetic acid buffers. Ring opening of the N-butylthiazolidine occurs 250-fold more rapidly 
than with the N-phenyl derivative. The plot of log ko vs pH for aldehyde formation from the N-butyl-substituted thiazolidine 
has five unit changes in slope. The hydrolysis reactions subsequent to ring opening proceed with (a) attack of OH- on the 
zwitterion (ionized thiol group) at high pH, (b) attack of OH- on the positively charged species (un-ionized thiol group) at 
pH <IO (or the kinetically equivalent attack of water on the zwitterion), (c) attack of water on the positively charged species 
at pH <5 ,  and (d) attack of water on the protonated dipositive species at low pH. There is an apparent pK of 6.3 in the hydrolysis 
reactions (aldehyde formation) of the N-butyl-substituted thiazolidine, which is a complex constant governing the reversible 
ring opening and protonation. The stability of the iminium ion intermediate has great influence on the shape of the pH-rate 
constant profiles and the interpretation of the apparent pK values. The hydrolysis of 2-@-(dimethylamino)phenyl)-N- 
acetyl-l,3-thiazolidine at 90 OC is pH independent from pH 1-4 and hydronium ion catalyzed at pH >4. The reaction involves 
rate-determining ring opening, which is due to the poor stabilization of the developing carbonium ion when there is an N-acetyl 
substituent. 

The hydrolysis reactions of acetal analogues in which oxygen 
has been replaced by nitrogen or sulfur have been actively studied 
in our laboratory’-I0 and ~thers,lI-~’ because such reactions can 
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have great utility in shedding light on the mechanisms of specific 
and general acid catalyzed processes. Also compounds of these 
general types have important biochemical counterparts. We have 
previously investigated the reactions of cyclic acetals and acetal 
analogues having a 5-membered ring such as 2-substituted 1,3- 
dioxolanes,10~18-22 1,3-0xathiolanes,~*~~ 1,3-0xazolidines,4.~ and 
1,3-imida~oIidines,6-~ Le., O,O, O,S, O,N, and N,N derivatives. 
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In the studies of the nitrogen analogues the reactions of derivatives 
of p(dimethy1amino)cinnamaldehyde have been particularly im- 
p o ~ ? a n t ~ * ~ ~  because it has often been possible to follow ring opening 
by observing the formation of an iminium ion intermediate. This 
has been possible because of the intense absorbance of the in- 
termediate in the visible portion of the spectrum and the stability 
of the iminium ion to hydrolysis. 

Thiazolidines, compounds containing N and S in a 5-membered 
ring, are of great interest because of the presence of a thiazolidine 
ring in the important antibiotic penicillin. Although there has 
been considerable mechanistic work on various aspects of the 
chemistry of p e n i ~ i l l i n , * ~ - ~ ~  the mechanism of thiazolidine ring 
opening has not been investigated, nor has it been established 
whether the reaction involves C-N or C-S bond breaking at  
moderately acidic or neutral pH values with either penicillin 
derivatives or simpler thiazolidines. We have, therefore, inves- 
tigated the hydrolysis reactions of compounds I-V. Compound 
V has an amide nitrogen in the thiazolidine ring analogous to 
penicillin. Ring opening could be directly observed with I1 and 
111. 

Fife et al. 

FH3 

I: X = N(CH&; R = H V 
11: X = N(CH& R = 4H&H&H2CH3 

8 111: X = N(CH&; R = - 
IV: X = H; R = -CH&H&H2CH3 

Experimental Section 
Materials. The thiazolidines I-IV were prepared by refluxing equiv- 

alent amounts of freshly sublimed p(dimethy1amino)cinnamaldehyde or 
cinnamaldehyde with 8-aminoethanethiol, &(butylamino)ethanethiol, or 
8-(pheny1amino)ethanethiol and one drop of concentrated HCI in dry 
benzene. Water was continuously distilled from the reaction mixture by 
employing a Dean-Stark trap. A theoretical amount of water was col- 
lected. The mixture was cooled, neutralized with Na2C03, and filtered. 
The benzene was then removed by rotary evaporation, and the residue 
was recrystallized. 

After recrystallization from hexane 2-@-(dimethylamino)styryl)- 1,3- 
thiazolidine (1) melted at 76-77 OC. Anal. Calcd for CI3Hl8N2S:  N,  
11.96. Found: N ,  I 1.99. 

2-(p-(Dimethylamino)styryl)-N-butyl-l,3-thiazolidine (11) was re- 
crystallized from hexane and melted at 48-49 OC. Anal. Calcd for 
C17H26NZS: c ,  70.34; H,  8.96; N,  9.66. Found: C, 69.98; H,  8.63, N,  
9.57. 

&(Phenylamino)ethanethiol was prepared by the method of Rey- 
nold~.~ '  2-@-(Dimethylamino)styryl)-N-phenyl-1,3-thiazolidine (111) 
was recrystallized from hexane and melted at  126 OC. Anal. Calcd for 
C19H22N2S: C, 73.52; H, 7.15; N, 9.03. Found: C, 73.56; H ,  7.09; N,  
9.11. 

2-Styryl-N-butyl-l,3-thiazolidine (IV) was hygroscopic and could not 
be obtained crystalline or distilled. Repeated precipitation from an 
ether-hexane mixture gave a sample with which there was no absorbance 
in the infrared spectrum that could be attributed to a carbonyl group. 
Anal. Calcd for CISH2,NS: C,  72.84; H ,  8.56; N,  5.67. Found: C,  
72.49; H, 8.58; N, 5.63. A hydrochloride salt was prepared which melted 
at  254 OC dec. 

2-(p(Dimethylamino)phenyl)- 1,3-thiazolidine was recrystallized from 
cyclohexane and melted at 137-138 OC. Anal. Calcd for C, ,HI6N2S:  
C, 63.46; H, 7.69; N, 13.46. Found: C, 63.58; H,  7.66; N, 13.34. 
2-(p-(Dimethylamino)phenyl)-N-acetyl-l ,3-thiazolidine (V) was pre- 
pared by acetylation of 2-@-(dimethylamino)phenyl)-l,3-thiazolidine 
with excess acetic anhydride. After the mixture was stirred for 2 h, the 

(23) Page, M. I. Acc. Chem. Res. 1984, 17, 144 and references therein. 
(24) Gensmantel, N. P.; Proctor, P.; Page, M. I. J. Chem. Soc., Perkin 

( 2 5 )  Proctor, P.; Gensmantel, N. P.; Page, M. 1. J .  Chem. Soc., Perkin 

(26) Schwartz, M. A. J .  Pharm. Sci. 1965, 54. 472. Longridge, J. L.; 

(27) Reynolds, D. D. US. Patent 3,232,936. Chem. Abstr. 1966, 64, 

Trans. I1 1980, 1725. 

Trans. II  1982, 1185. 

Timms, D. J .  Chem. SOC. B 1971, 852. 
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Figure 1. Plots of log ko vs pH for appearance of p-(dimethylamino)- 
cinnamaldehyde or disappearance of the intermediates from 2-@-(di- 
methylamino)styryl)-1,3-thiazolidine (0) and 2-@-(dimethylamino)- 
styryl)-N-butyl-l,3-thiazolidine (0) in H 2 0  at 50 OC and fi  = 0.5 M with 
KCI. 

excess acetic anhydride was removed by rotary evaporation. The residue 
was taken up in hot cyclohexane and filtered. Crystallization occurred 
upon allowing the mixture to stand at  room temperature. After recrys- 
tallization from cyclohexane the white crystals melted at 68 OC. Anal. 
Calcd for C13H18N20S: C, 62.40; H, 7.20; N, 11.20. Found: C, 61.95; 
H, 7.03; N,  10.85. 

Kinetic Measurements. The rates of hydrolysis of compounds I-V 
were measured spectrophotometrically with a Beckman Model 25 or a 
Pye-Unicam SP 8- 100 recording spectrophotometer by following the 
absorbance increase due to appearance of aldehyde at  400 (I-HI), 300 
( IV) ,  or 360 nm (V) and with 1-111 by monitoring the absorbance de- 
crease at 480 or 525 nm. At pH <2 reactions of 1-111 were followed by 
monitoring the appearance of the protonated aldehyde at  280 nm. The 
ionic molarity of all buffers was maintained constant a t  0.5 M with KCI. 
Stock solutions of substrate were prepared in anhydrous acetonitrile. 
Kinetic runs were initiated by injecting 15 pL of the substrate stock 
solution into 3 mL of temperature-equilibrated buffer in the cuvette. 
Reactions that were too rapid to be monitored with a conventional 
spectrophotometer were followed with use of a Durrum Model D-l IO 
stopped-flow spectrophotometer. In rate measurements carried out with 
the stopped-flow spectrophotometer 150 pL of stock solution was mixed 
in one syringe with 15 mL of 0.5 M KCI solution buffered at  pH -8.0. 
The other syringe contained the appropriate buffer also with p = 0.5 M. 
The reactions were pseudo-first-order for a t  least 4 half-lives. The values 
of kOM, the pseudo-first-order rate constant, were calculated with an 
IBM-370 computer. Reaction mixture pH values were measured with 
a Beckman 3500 digital pH meter. Second-order rate constants for 
hydroxide ion catalysis (koH) were calculated by using Kw values of 5.5 
X 

Results 
In Figure 1 are shown the plots of log ko vs pH for appearance 

of p(dimethy1amino)cinnamaldehyde from 2-@-(dimethyl- 
amino)styryl)-l,3-thiazolidine (I) and 2-(p-(dimethylamino)- 
styryl)-N-butyl-l,3-thiazolidine (11) in H20 at  50 O C  ( p  = 0.5 
M with KC1). The rate constants ko were obtained by extrapo- 
lation of koW values to zero buffer concentration. These profiles 
represent rate-determining hydrolysis of an iminium ion (Schiff 

at 50 OC and 2.5 X IO-" at 80 OC. 
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Table I. Rate Constants for Hydrolysis of 2-Substituted 
1,3-Thiazolidines in H 2 0  at 50 OC (p = 0.5 M with KCI) 

I 3.6 X lo-' 6.0 X IO4 13000 0.12 3.0 6.2 
I I  1.7 X lo4 3.5 X 9100 2.0 1.8 6.3 
I I I  7 .6  X lo4 170 0.014 7.1 
IV 0.057 5.0 

0.36' 4.5 
v b  1.0 x IO-3c 4.5 

'At 80 O C .  b A t  90 " C .  'k, = ~ H K , .  

I , 
2 4 6 a i o 1 2  

PH 
Figure 2. A plot of log koM vs pH for ring opening of 2-(p-(dimethyl- 
amino)styryl)-N-phenyl- 1,3-thiazolidine to the corresponding iminium 
ion at 30 OC (0) and a plot of log ko vs pH for hydrolysis of the iminium 
ion at  50 O C  (0)  in H 2 0  and p = 0.5 M with KCI. 

base) intermediate produced in a rapid ring-opening reaction. The 
intermediate derived from I and 11 could be observed spectro- 
photometrically at pH <9 and had A,,, = 480 nm. The observed 
rate constants in the plots of Figure 1 were identical at pH <9 
for Schiff base disappearance measured by the absorbance de- 
crease at 480 nm and aldehyde formation measured by the ab- 
sorbance increase at  400 nm. The absorbance at  480 nm due to 
the intermediate from I1 declines with increasing pH after pH 
6.3 and can no longer be detected at  pH >9. Therefore, a t  pH 
values greater than 9 the reactions could only be followed by 
monitoring the appearance of aldehyde at  400 nm. With both 
I and I1 there is a OH--catalyzed reaction at  pH >9. At pH <9 
the hydrolysis reactions are pH independent to pH values near 
6. In the hydrolysis of the N-butyl-substituted thiazolidine I1 the 
plot of log ko vs pH bends downward near pH 6 (pK,,, = 6.3) 
and then becomes pH independent a t  pH 5. At pH <4 an ap- 
parent hydronium ion catalyzed reaction takes place. The reaction 
again becomes pH independent near pH 2. The plots of Figure 
1 have been drawn with theoretical unit slopes of 1 .O, 0, and -1 .O 
to illustrate clearly the changes in slope and the pK,, values. The 
profile for hydrolysis of I is similar in shape to that of 11, although 
the reactions of I are considerably faster at low pH. The rate 
constants determined from the plots of Figure 1 are given in Table 
I .  

By utilizing stopped-flow rate measurements a t  30 OC, the 
ring-opening reaction of the N-butyl derivative I1 could be followed 
by the initial absorbance increase at  480 nm in the pH range 
3.5-6.5. The experimental values of kohd provide a good fit to 
eq 1, where k,' is the rate constant for pH-independent breakdown 

of 11 to a n  iminium ion and kH is the second-order rate constant 
for the hydronium ion catalyzed ring opening. The values of the 
constants (30 "c) were taken to be kl' = 1.4 s-l, kH = 7 X IO5 
M-l s-I, and K, = 3 X M. At pH values less than 3.5 and 

pH 4.10 4 I 

1 
0.1 0.2 0.3 0.4 0.5 

TOTAL ACETATE M 
( H A C + O A C - )  

Figure 3. Plot of kaW vs the total concentration of acetic acid buffers 
for the ring opening of 2-@-(dimethylamino)styryl)-N-phenyl- 1,3-thia- 
zolidine to the corresponding iminium ion at  30 OC in H 2 0  and p = 0.5 
M with KCI. 

I 
2 4 6 0 1 0 1 2  

PH 

Figure 4. Plot of log ko vs pH for appearance of cinnamaldehyde from 
2-styryl-N-butyl-l,3-thiazolidine in H 2 0  at  80 O C  and p = 0.5 M with 
KCI. 

greater than 6.5 the absorbance changes were not sufficiently large 
to accurately determine the rate constants for ring opening. 

Figure 2 shows a plot of log koM vs pH at  30 "C for ring 
opening of 2-(p-(dimethylamino)styryI)-N-phenyl- 1,3-thiazolidine 
(111), which was monitored by following the absorbance increase 
at 525 nm. At pH >4 the reaction is pH independent (k,' = 5.7 
X 10-3 s-I). The reaction is slower in D20 than in H,O; at  pD 
6.15 and 6.65 (cacodylate buffer) kobd (30 "C) is 2.51 X and 
2.55 X s-', respectively (kHP/kDzO = 2.25). Hydronium ion 
catalysis is observed at  pH <4. There is only a slight inflection 
in the profile near pH 3.5 indicative of the pK, of the p-(di- 
methylamino) group conjugate acid. The reaction at  lower pH 
must be hydronium ion catalyzed ring opening of the protonated 
species. General acid catalysis in the ring-opening reaction by 
acetic acid buffers was clearly observed as shown in Figure 3. The 
value of the second-order rate constant kHA is 0.046 M-I s-'. 

Also included in Figure 2 is the plot of log ko (at zero buffer) 
vs pH for hydrolysis of the iminium ion produced from 111 at 50 
OC ( p  = 0.5 M). As with I and I1 there is hydroxide ion catalysis 
at high pH. The sigmoidal portion of the profile has an apparent 
pK, of 7.1. Rate constants are given in Table I. 

The plot of log ko vs pH for hydrolysis of 2-styryl-N-butyl- 
1,3-thiazolidine (IV) a t  80 "C is shown in Figure 4. Again 
hydroxide ion catalysis is observed. There is an apparent pK, a t  
pH 4.5. At lower pH the rate of the reaction declines with 
decreasing pH. The apparent pK, is 5.0 a t  50 O C .  Spectro- 
photometric titration at  30 O C  and 295 nm revealed a pK, of 4.6. 

A plot of log koM vs pH for hydrolysis of 2-(p-(dimethyl- 
amino)phenyl)-N-acetyl-1,3-thiazolidine (V) a t  90 O C  and p = 
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Figure 5. Plot of log kow vs pH for hydrolysis of 2-@-(dimethyl- 
amino)phenyl)-N-acetyl-1,3-thiazolidine in H 2 0  at 90 O C  and p = 0.5 
M with KCI. 

Table 11. Second-Order Rate Constants for General Base Catalyzed 
Hydrolysis of 2-(p-(Dimethylamino)styryl)-l,3-thiazolidine and 
2-(p-( Dimethylamino)styryl)-N-butyl- 1,3-thiazolidine in H 2 0  at  50 
OC (u = 0.5 M with KCI) 

compd buffer PK, l o ’ k ~ ,  M-’ S-I 
I acetate 4.70 5.6 

cacodylate 6.20 23 
phosphate 7.05 50 

I1  acetate 4.70 0.25 
cacodylate 6.20 1.9 
imidazole 6.80 1.25 
N-ethylmorpholine 7.80 2.30 
carbonate 10.20 9.8 

~ ~~ ~ 

0.5 M is presented in Figure 5. The reaction is pH independent 
in the pH range 1-4 with kobd = 0.001 s-l. At pH >4 the slope 
of the plot of Figure 5 is -1 .O. The equation for kobd is given in 
eq 2, where Ka is the dissociation constant of the conjugate acid; 
kH at  90 OC is 26 M-I s-’, and pKa is 4.5. 

(2) 

Pronounced buffer catalysis was observed in the hydrolysis 
(aldehyde formation) of the thiazolidines (I-IV) but not in the 
hydrolysis of the N-acetyl derivative V. Studies at several constant 
pH values showed that the observed catalytic effect of the buffer 
in the hydrolysis of I-IV was due to the base species. Second-order 
rate constants kB for general base catalyzed hydrolysis of I and 
I1 are given in Table 11. The Bronsted plot of log kB vs the pK, 
of the conjugate acids of the base catalysts for general base 
catalyzed hydrolysis of I1 is shown in Figure 6. The slope of this 
plot is 0.29. 

Discussion 
A cationic Schiff base intermediate can be observed spectro- 

photometrically in the hydrolysis of 2-substituted 1,3-0xazolidines~~~ 
and i m i d a ~ o l i d i n e s . ~ ~  With derivatives of p-(dimethylamino)- 
cinnamaldehyde the intermediate was detected by its intense 
absorbance at wavelengths in the visible a t  480 nm or higher. 
Therefore, it is reasonable that a Schiff base might also be formed 
in the ring opening of thiazolidines if a thiol is a sufficiently good 
leaving group. Protonation of the ring would occur more readily 
on nitrogen than sulfur, but the most stable intermediate would 
result from C-S bond breaking rather than C-N. Schiff bases 

kHaHKa 
kobsd = - 

Ka + OH 

I I I I I 
2 4  6 8 10 

P K ~  
2 

Figure 6. Plot of log kB vs the pK, of the conjugate acid of the general 
base catalyst in the hydrolysis of 2-@-(dimethylamino)styryl)-N-butyl- 
1,3-thiazolidine in H 2 0  at  50 OC and p = 0.5 M with KCI. 

have been suggested as possible intermediates in thiazolidine 
hydrolysis in strongly alkaline s o l u t i ~ n . ~ ~ ~ ~ ~  However, such in- 
termediates have not been clearly observed, and there has been 
little previous evidence as to the manner of hydrolysis of thia- 
zolidines as a function of pH (a sulfonium ion intermediate was 
suggested in acidic solutions).** A Schiff base intermediate with 
A,,, = 480 nm (I and 11) or 525 nm (111) has now been directly 
observed spectrophotometrically in the reactions of the p-(di- 
methy1amino)cinnamaldehyde derivatives 1-111 at pH less than 
10,30931 and the values of kow for the hydrolysis reaction are the 
same when disappearance of Schiff base or appearance of aldehyde 
is followed at 400 nm. The fast ring-opening reactions of I1 and 
111 could be followed by monitoring the initial absorbance increase 
at  480 or 525 nm, respectively, in the pH range 2.7-10. At the 
conclusion of the ring-opening reaction there was then a much 
slower decline in absorbance at 480 or 525 nm due to hydrolysis 
of the intermediate. The OH--catalyzed reactions of the N- 
substituted thiazolidines at pH > 10 (aldehyde formation) are, of 
course, only explainable in terms of a reaction of the Schiff base 
intermediate. 

Ring Opening. Figure 2 shows the pH dependence of kow for 
the approach to equilibrium in the ring opening of 111. The plot 
must primarily represent the effect of pH on the forward reaction. 
A pH-independent reaction occurs in the pH range 4-10. A 
unimolecular or water-promoted decomposition reaction of the 
neutral species VI  would be pH independent at pH values above 
the pKa of the monocation. A similar pH-rate constant profile 
for ring opening was found in the reaction of I1 by utilizing 
stopped-flow measurements over the limited pH range 3.5-6.5. 
The pH-independent reaction of I1 is 250-fold more rapid than 
that of 111, in accord with the greater ease of electron release from 
the alkyl-substituted nitrogen in the ring-opening process. Car- 
bonsulfur bond-breaking reactions that are pH independent also 

(28) Pesek, J. J.; Frost, J. H. Tetrahedron 1975, 31, 907. 
(29) (a) The alkaline hydrolysis of a series of thiazolidines has been studied 

at OH- concentrations of 0.05 M or greater. Luhowy, R.; Meneghini, F. J .  
Am. Chem. SOC. 1979, 101, 420. (b) The hydrolysis of some substituted 
2-phenyl-l,3-thiazolidines at one pH value has also been reported. Terol, A.; 
Fernandez, J. P.; Robbe, Y.; Chapat, J. P.; Granger, R.; Sentanac-Roumanou, 
H. Eur. J. Med. Chem. 1978, 13. 153. Chem. Abstr. 1978, 89, 99135r. 

(30) A A,, of 480 or 525 nm is in accord with the values found for other 
Schiff base derivatives of p-(dimethylamino)~innamaldehyde.~~~~~ 

(3 1) Spectral evidence has also bsen obtained for a Schiff base in reactions 
of 2-(p-methoxyphenyl)-1,3-thiazolidine in HCI solutions. Fife, T. H.; 
Hutchins, J .  E. C. Unpublished data. See ref 6. 
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A hydronium ion catalyzed reaction also takes place at low pH 
in the ring-opening reaction. The pK, of the thiazolidine ring 
nitrogen and p-(dimethylamino) group conjugate acids of both 
I1 and I11 is 4.5 or less (see the discussion below). There is a small 
apparent inflection in the profile of Figure 2 for ring opening of 
I11 near pH 3.6. Likewise, the pKapp in ring opening of I1 is 4.5. 
Hydronium ion catalysis in the reaction of the neutral species or 
unimolecular decomposition of the monocation will be pH inde- 
pendent below the pKa of the appropriate nitrogen conjugate acid.’O 
At pH values below the pKa of the monocation a unimolecular 
or water-promoted reaction of the neutral species would give a 
plot of log kobd vs pH with a slope of 1 .O, and at  pH values less 
than the pKa of the diprotonated species the slope would be 2.0. 
Therefore, such a reaction would be very unfavorable at low pH. 
The ring-opening reaction could involve stepwise or concerted 
proton transfer to sulfur from an N-protonated species. The 
apparent hydronium ion catalyzed reaction at  lower pH would 
then be due to formation of a dicationic species of pKa < 2 or a 
kinetic equivalent, Le., a hydronium ion catalyzed reaction of the 
monocation. The ring opening at  low pH of 2-@-(dimethyl- 
amino)styryl)-”-phenyl- 1,3-0xazolidine proceeds in that manner.5 
It should be noted that an apparent pKa near 4 is not observed 
in the plots of log ko vs pH in Figures 1 and 2 for hydrolysis of 
I1 and I11 to the aldehyde. 

Schubert and M ~ t o y a m a ~ ~  found that acyclic alkyl a-(di- 
methy1amino)benzyl sulfides give N,N-dimethylbenzaliminium 
ion in aqueous acidic solution in a reaction involving cleavage of 
the C-S bond of the neutral species. p(Dimethy1amino)benz- 
aldehyde O-(P-mercaptoethyl) S(j3-hydroxyethyl) thioacetal also 
undergoes a unimolecular decomposition with C-S bond break- 
ing.1° The reaction of the neutral species is favored, but the 
N-protonated species a t  pH <2 also reacts rapidly in a pH-in- 
dependent process. Thus, there is ample precedence for unimo- 
lecular C-S bond-breaking reactions of acyclic derivatives, even 
when there is a proton in the molecule. However, at low pH proton 
transfer from nitrogen to sulfur could facilitate the reaction of 
the cyclic derivatives by (1) enhancing the ease of C-S bond 
breaking, (2) increasing the internal stabilization of the developing 
carbonium ion by nitrogen, and (3) removing the need for the 
formation of an unstable zwitterion in acidic solution. Thus, a 
mechanism involving proton transfer could provide a favorable 
pathway in ring-opening reactions. A diprotonated species would 
very likely require transfer of a proton to sulfur, since otherwise 
there could be little internal carbonium ion stabilization in the 
transition state. 

Iminium Ion Hydrolysis. Since the measured rate constants 
for ring opening of I1 and I11 are much larger than those of 
iminium ion disappearance, the rate-determining step in the overall 
reaction must be hydrolysis of the iminium ion intermediate a t  
all pH values. The plot of log ko vs pH for the OH--catalyzed 
reaction of a zwitterionic Schiff base (VIII) will, of course, have 
a slope of 1 ,0.6937 At lower pH values (1-7) attack of water on 
cationic Schiff bases occurs and is pH indeper~dent .~ .~~ The hy- 

Q 

V I  

occur in the hydrolysis of acyclic O,S-thioacetals.z In those cases, 
the reactions proceed at nearly the same rate in D 2 0  as in H 2 0  
and are, therefore, unimolecular decompositions. In contrast, the 
pH-independent ring opening of 111 is 2.25-fold slower in D 2 0  
than in HzO, which indicates the involvement of water as a proton 
transfer agent (VI) .  Proton transfer to sulfur in the transition 
state would avoid an unstable zwitterion as a discrete intermediate 
a t  pH <IO. 

The ring-opening reaction of 111 to the iminium ion is general 
acid catalyzed as illustrated in VII. In cases where there are rapid 

Q 

VI1 

hydronium ion catalyzed and pH-independent reactions, the most 
favorable pH to search for general acid catalysis is a t  the inter- 
section point between those reactions.32 Accordingly, with 111, 
significant catalysis by acetic acid was observed at pH values close 
to 4.5 (Figure 3), but buffer catalysis was not observed at higher 
pH values, e.g., pH 8 with Tris buffers. As pH is increased the 
efficiency of general acid catalysis will decline (depending on the 
magnitude of a, the Bronsted coefficient) and will not compete 
with the pH-independent reaction.32 General acid catalysis by 
buffer acids was not observed in the hydrolysis of 03-thioacetals 
in cases where C-S bond breaking is rate d e t e r m i n i ~ ~ g , ~ . ’ ~  even 
though pronounced general acid catalysis occurs in the hydrolysis 
of exactly analogous 0,Oacetals. This was consideredZ to be due 
to the greater difficulty of unimolecular C-S bond breaking than 
C-0, as indicated by the 1000-fold less favorable unimolecular 
decomposition reactions of S-phenyl thioacetals than 0-phenyl 
acetals when the leaving groups are of comparable b a ~ i c i t y . ~ ~ . ~ ~  
It was suggested2 that general acid catalysis might be observed 
if the bond-breaking process could be made facile. In searching 
for such catalysis one cannot significantly improve the leaving 
group beyond pnitrothiophenoxide because that increases greatly 
the magnitude of the rate constant for the pH-independent re- 
action, to the point that with dinitro substitution the reaction is 
pH independent even at  pH - 1 .2 Weak but significant general 
acid catalysis can be detected in the intramolecular reactions of 
S-salicyl 0 ,S- thioa~etals .~ It is now clear that general acid ca- 
talysis by buffer acids can be observed in reactions involving C-S 
bond breaking when the developing carbonium ion is highly sta- 
bilized in the transition state. It is undoubtedly this factor that 
is responsible for the acetic acid catalysis in the ring opening of 
111. As with acetals, general acid catalysis arises as a facilitation 
of the pH-independent decomposition reaction.35 

HO- 

VI11 

drolysis of the iminium ion intermediates from 1-111 is hydronium 
ion catalyzed at low pH. The catalysis must occur via protonation 
of the p(dimethy1amino) group, which will destabilize the iminium 
ion toward hydrolysis (IX).  Such hydronium ion catalysis has 

~~ 

(32) Fife, T. H.; Anderson, E. J .  Org. Chem. 1971, 36, 2357. 
(33) The pH-independent unimolecular breakdown of benzaldehyde 0- 

ethyl S-phenyl thioacetal is I O 3  slower than the corresponding reaction of 
benzaldehyde methyl m-nitrophenyl acetal.” 

(34) The ElcB elimination of thiol anions from esters is IO’ slower than 
that of oxygen anions of comparable pK,. Pratt. R. F.; Bruice, T. C. J .  Am. 
Chem. SOC. 1970, 92, 5956. 

(35) Fife, T. H .  Adv. Phys. Org. Chem. 1975, 11, 1. 
(36) Schubert, W. M.; Motoyama, Y. J .  Am. Chem. Soc. 1%5,87,5507. 

There is an inverse relationship between koW and acid concentration for 
decomposition of a-(dimethy1amino)benzyl ethyl sulfide in moderately con- 
centrated acid. A unimolecular breakdown of the neutral species was sug- 
gested. 

(37) Milakofsky, L .  Ph.D. Thesis, University of Washington, 1967. 
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been observed previously in the hydrolysis of iminium ions derived 

Fife et al. 

i 

I X  

from 1,3-imidazolidines and oxazolidines of p-(dimethylamino) 
 inna am aldehyde.^*^*^ This reaction will become pH independent 
near the pK, of the p(dimethylamin0) group (pK,). Thus, the 
hydrolysis reactions of I1 and 111 at both low and high pH can 
be interpreted in a straightforward manner. However, the log 
ko vs pH profiles of Figures 1 and 2 in the pH range 3-10 include 
four changes in slope, which requires a detailed examination of 
the reaction as a function of pH. 

The overall hydrolysis of the 2-substituted 1,3-thiazolidines in 
which an aldehyde is produced is depicted in eq 3, employing the 
N-butyl derivative I1 as an example, and considering the reaction 
at  zero buffer concentration. 

BUNHCH~CHySH 

The equation for ko in the hydrolysis of I1 and 111 derived from 
the scheme of eq 3 is given in eq 4. This equation will readily 
simplify in the various pH regions upon making reasonable as- 
sumptions in regard to the relative magnitudes of the various 
ko = (klK,'KaaH2 + k2K,'KaK,aH + koH'K,'KaKIKw + 
koHKaK,'Kl K2(oH-)]/{K,'KaaH2 + KqKlaH2 Kl KarKaaH + 

K,KIK,'aH + K,'K,K,K2 + K,K,K,'K,] (4) 

equilibrium constants. The values of pK, and pK,' will be con- 
siderably less than that of pKa because of the positive charge in 
the molecule. Thus, the pK,,, a t  pH 6.3 or 7.1 in Figures 1 and 
2 must be a reflection of K,, Kq (a composite constant governing 
ring opening and protonation), or K2. The change in slope at pH 
6.3 or 7.1 cannot be due to pK, since there will only be an inflection 
in the hydrolysis profile a t  pK, if Kq is larger than Ka; the ab- 
sorbance at 480 or 525 nm due to the iminium ion at high pH 
shows that pKp, cannot be less than 6.3. The absorbance a t  480 
nm due to the iminium ion from I1 declines as the pH is increased 
beyond pH 6.3, and at pH >8.5 the absorbance at 480 nm becomes 
negligible, which is consistent with pK, = 6.3 or greater. The 
iminium ion derived from 111 still displays absorbance at 525 nm 
at pH >IO. The pK, of the N-phenyl ring nitrogen conjugate acid 
of 111 must be considerably less than the pKapp at  pH 7.1. Note 
also that there is no inflection at pH 7.1 in the log ko vs pH profile 
for ring opening of 111. The pKa, of 4.5 in the ring opening of 
I1 is lower than might be expected for the pKa of the ring nitrogen 
conjugate acid; nevertheless, a spectrophotometric titration of IV, 

log - 

P log k& (OH-) 

log kp 

I I I I I I 

2 4 6 0 1 0 1 2  

PH 
Figure 7. Plot of log ko vs pH for hydrolysis of 2-(p-(dimethylamino)- 
styryl)-N-butyl-l,3-thiazolidine in H20 at 50 OC. 

in which there is only one nitrogen in the molecule, indicated a 
pKa of 4.6 at 30 O C 3 *  

The profiles for 1-111 can be simply explained if it is assumed 
that the equilibrium constants are in the order KI - K,' > K, 
> K, > K2. At low pH (<2) the pH-independent region in the 
profiles of I and I1 is a reflection of k ,  since aH > K,. Equation 
5 holds a t  low pH if K,'Ka > KIKq, so that a t  K, > aH the 
apparent hydronium ion catalyzed reaction is due to the increased 

( 5 )  

rate of hydrolysis of the iminium ion (X) when the p-(di- 
methylamino) group is p r ~ t o n a t e d . ~ ~  At higher pH (K, > aH) 
the reaction becomes pH independent when k2KI becomes larger 
than k,aH. At still higher pH an apparent OH--catalyzed reaction 
is observed in the reaction of I and 11, and ko is given by eq 6. 
The reaction will again be pH independent a t  Kq > aH. The 

k I a H  + k2K1 
aH + Kl  

ko = 

pH-independent reaction will then be given by eq 7, and the 
OH--catalyzed reaction at higher pH by eq 8. Thus, the various 
regions and inflections of the profile of Figure 1 would have the 
values shown in Figure 7.40 

kO = {kOHrKw]/Kq (7) 

kO = { kOH(OH-)K2]/Kq (8)  

If the equilibrium constants were in the order Kl - K,' > K, 
> K2 > K,, then eq 9 would be obtained for ko at pH >4, and 
the profile would bend downward at  pK2. This possibility is not 

(38) A low pK, for the nitrogen conjugate acid might result from steric 
inhibition of solvation by the butyl group substituent. 

(39) If, on the other hand, KIK, > K,'K,, then the values of k, at low pH 
will be determined by complex constants, Le., k,K,'K,/K,K, and K.w,l = 

(40) A change in rate-determining step at pK,, can be ruled out in the 
hydrolysis of I1 and 111. The description of the equilibrium ring-opening 
reaction in terms of Kq makes no assumptions in regard to mechanism. 

Ka'K,/Kq. 



Mechanism of Thiazolidine Hydrolysis 

in accord with the log ko vs pH profile for hydrolysis of I, which 

k 2 a ~  + koH’K, + ko~(oH-)Kz 

aH + K2 
ko = (9 1 

shows that Kq > K 2  in that reaction. Also note that a t  high pH 
(K2 > aH), eq 10 would hold if eq 9 were being followed. The 

ko = koH(OH-) (10) 
experimental values of koH” in Table I are, however, not rea- 
sonable for OH- attack on a cationic Schiff base. For example, 
the koH value for hydrolysis of p-methoxybenzal N,N-di- 
methyliminium ion is 5 X lo4 M-’ s-l at 30 O C 6  Thus, the values 
of koH” in the hydrolysis of 1-111 (Table I) must be modified by 
the equilibrium ring-opening step (eq 8). The inflections in the 
log k, vs pH profiles cannot then be a reflection of K2, Le., Kq 
must be greater than K2. The koH’ value in Table I for hydrolysis 
of 11 is, however, in accord with that expected for attack of OH- 
on a cationic Schiff base as required by eq 6 at  aH > Kq. Em- 
ploying that value of koH’ and eq 7, Kq can be calculated to be 
5.3 X IO-’ M, which is consistent with the value obtained from 
Figure 1. With eq 8 and a reasonable estimate of koH for hy- 
drolysis of 11, K2 may then be calculated to be 1.2 X M (pK2 
= 9.9). Thus, the data for hydrolysis of 1-111 is consistent with 
eq 6-8. 

I f  Kq is very large so that Kq > K, > K2, then eq 4 simplifies 
to eq 1 1 .  The plot of log ko vs pH will then have inflections at 

ko = {klK,’K,aH2/KI + k2K,‘KaaH + koH’K,‘KaKw + 
kOHKa’KaK2(oH-))/{Kq[aH2 + KLaH + Ka’KaI) (1 I )  

pK,’ and pK,. Such a plot would be expected in the hydrolysis 
of thiazolidines giving a much less stable iminium ion than that 
derived from 1-111. This situation is very likely realized in the 
hydrolysis of 2-styryl-N-butyl- 1,3-thiazolidine (IV) with which 
the kinetically determined pK,, and the titrimetrically determined 
pK, are in good accord. Thus, the interpretation of the observed 
rate constants for thiazolidine hydrolysis will vary depending upon 
the relative magnitudes of the equilibrium constants. Nevertheless, 
the reactions must be (a) attack of OH- on the zwitterion (ionized 
thiol group) a t  high pH, (b) attack of OH- on the positively 
charged species (un-ionized thiol group) a t  pH <10 (or the ki- 
netically equivalent attack of H 2 0  on the zwitterion), (c) attack 
of water on the positively charged species, and (d) attack of water 
on the protonated dipositive species a t  low pH. 

The shape of the pH-log rate constant profile for aldehyde 
formation and the interpretation of the pK,, values is critically 
dependent upon the stability of the intermediate iminium ion in 
this type of hydrolytic reaction involving an equilibrium ring- 
opening step. In the hydrolysis of the iminium ions derived from 
I1 and 111 the plots of log ko vs pH bend downward at  pKq as 
required by eq 6, and that equation provides an excellent fit of 
the data points in the hydrolysis of both compounds. However, 
the general shapes of the two profiles in Figures 1 and 2 are 
reversed. An apparent hydroxide ion catalyzed reaction of the 
positively charged species (un-ionized thiol group) will only be 
reflected in the log ko vs pH profile if it is facile enough to occur 
at pH values less than pK, (at aH > Kq in q 6). The observation 
of an apparent OH--catalyzed reaction at  pH values below pKq 
will depend on the relative values of koH’(OH-) (or the kinetically 
equivalent rate constant for attack of water on the zwitterion ( k , ) )  
and k2. These rate constants will depend both on the ability of 
the N-substituted nitrogen to release electrons to stabilize the 
iminium ion and on the steric bulk of the N substituent. Apparent 
hydroxide ion catalysis is observed in the hydrolysis of I1 at low 
pH because water attack on the iminium ion (un-ionized thiol 
group) in the k2 step is unfavorable. However, in the case of 111, 
k2 is 20-fold larger than with 11, whereas the apparent OH-- 
catalyzed reaction governed by koH‘ is at least 50-fold less fa- 
vorable than the comparable reaction of 11. 

Hydroxide ion attack on the iminium ion intermediates might 
reasonably be expected in the pH range 7-10, in accordance with 
the analogous reaction observed in the hydrolysis of p-methoxy- 
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benzal N,N-dimethyliminium ion at  pH >7.6*37 Such an OH-- 
catalyzed reaction would give a log ko vs pH profile with a slope 
of 1.0 a t  increasing pH values below the pKq of I1 and pH 
independence of log ko at  higher pH in reactions of the cationic 
species. However, an OH--catalyzed reaction at pH values as low 
as 5 (see Figure 1) might not be anticipated in the hydrolysis of 
iminium ions on the basis of previous  investigation^.^-^+^' For 
example, the hydrolysis of substituted benzylidene-1,l-di- 
methylethylamines in the pH range 5-9 was considered to involve 
attack of water on the protonated imine.4’ If the hydrolysis 
reaction of I1 involved attack of water on the zwitterionic species 
(ionized thiol group), the profile would also be linear with a slope 
of 1 .O to pK, and pH independent at higher pH. The pronounced 
general base catalysis in the hydrolysis of I and I1 by a wide variety 
of buffer bases in the pH range 5-10 suggests a reaction with water 
in which there is proton transfer in the transition state. Bases 
such as N-ethylmorpholine would not act as nucleophiles in these 
reactions. The calculated value of the rate constant k3 that would 
be required for attack of water on the zwitterion from I1 is 4 s-I 
at 50 OC, which is quite large for that type of reaction. Note that 
k2 for water attack on the cationic Schiff base from I1 (un-ionized 
thiol group) is only 4 X s-l a t  50 O C ,  and the rate constant 
for attack of water on p-methoxybenzal N,N-dimethyliminium 
ion is only 9 X lo-, s-I at 30 O C 6  A facile intramolecular general 
base catalysis by the neighboring thiol anion would, however, 
significantly increase the magnitude of the observed rate constants 
in water reactions of the zwitterions (XI). A similar intramo- 
lecular general base catalysis by a neighboring amine group may 

X I  

occur in the hydrolysis of iminium ions derived from 1,3- 
imidazolidines.6 Thus, the log ko vs pH profiles for hydrolysis 
of I1 and 111 are novel in form and may reflect at pH <IO reactions 
of water with the zwitterionic species, although there is no in- 
flection in the plots of log k ,  vs pH at  pK2 because of the re- 
versibility of the ring-opening reactions. 

The scheme of eqs 3 and 4 also describes the reactions of the 
unalkylated thiazolidine I (Bu = H). Again, the observed rate 
constants will be a reflection of the reactivity of the iminium ion 
intermediate and the equilibrium concentration of the intermediate. 
The fast reactions of the unalkylated compound I at  low pH 
relative to I1 can therefore be due to greater reactivity of the 
iminium ion produced in ring opening of I and/or a relatively 
greater concentration of that species. Both k l  and k2 are larger 
with I than 11. A large alkyl substituent on nitrogen could ste- 
rically inhibit the attack of water on the iminium ion, but note 
that the ko values for I and I1 are quite similar in the pH range 

Proton transfer can occur in the ring opening of the unalkylated 
thiazolidine I or in the zwitterionic intermediate XI1 (eq 12). An 

6-10. 

Y 
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uncharged Schiff base (XIV) should be less susceptible to reclosure 
of the ring than a zwitterionic species. Water reactions of XI1 
and XIV would be kinetically equivalent. However, in view of 
the similarity of the observed rate constants for I and I1 in the 
pH-independent reaction from pH 6 to IO, the reaction is very 
likely attack of OH- on the cation XIII, or attack of water on 
the zwitterion XII, Le., the N-alkylated derivative serves as a model 
for the N-protonated species XI1 and XIII. A neutral or anionic 
species is, of course, not possible in the reactions of the N-butyl 
derivative 11. 

The formation and hydrolysis of Schiff bases unsubstituted on 
nitrogen has been extensively s t ~ d i e d . 4 ~ 9 ~ ~  At high pH values OH- 
attack takes place on the protonated Schiff bases and is therefore 
pH independent. In contrast, the profile for hydrolysis of I shows 
that ko is still dependent on OH- concentration at pH >11, which 
should be above the pK3 of the zwitterionic Schiff base.41 For 
this to occur, either ring opening must be rate determining (which 
is not the case with I), or the observed pH dependence of ko is 
influenced by the equilibrium ring-opening step. At high pH the 
plot of log ko vs pH will be linear with a slope of 1.0 in the 
hydrolysis of the zwitterionic species XI1 in eq 12 as long as aH 
> KdK3 with K,,' < 1, since ko will then be given by eq 13. When 
K,,' is less than unity Kq must be greater than K2. By employing 

(13) 

the relationship Kq = K2/K,,' and the calculated values of Kq and 
K2 in the hydrolysis of 11 (5.3 X and 1.2 X 1O-Io M, re- 
spectively), K,,' may be calculated to be 2.3 X lo4. The unfa- 
vorable value of K,,' must be due to the rapid reclosure of the 
thiazolidine ring via attack of the thiol anion on the iminium ion. 
Ring opening will, therefore, only be favorable a t  pH values less 
than pK2 so that the intermediate may be stabilized by protonation 
of the thiol group. 

N-Acylated Thiazolidine Hydrolysis. The N-acylated derivative 
V hydrolyzes very slowly at 90 OC in  comparison with the other 
compounds in the series. This is undoubtedly due to the elec- 
tron-withdrawing effect of the N-acetyl group. Electron release 
from nitrogen in a ring-opening reaction involving C-S bond 
breaking would be hindered by the N-acetyl group, and as a result, 
stabilization of the developing carbonium ion would be significantly 
reduced. The hydronium ion catalyzed removal of the N-acetyl 
group is not the rate-determining step in the hydrolysis of V in 
view of the large sensitivity of kohd to the ionization state of the 
p-(dimethylamino) group (Figure 5), such that a hydronium ion 
catalyzed reaction of the protonated species is not observed at pH 
values as low as 1.0 (the pKa,, of 4.5 is normal for the pKa of the 
conjugate acid of the p-(dimethylamino) group).I0 Electronic 
effects are not significant in the hydronium ion catalyzed hydrolysis 
of e&, the Hammett p value for hydrolysis of substituted 
benzamides is close to zero because of compensating effects of 
electron withdrawal on protonation and reaction of the conjugate 
acid with water. The hydrolysis of V must proceed with rate- 
determining ring opening or reaction of the intermediate with 
water. However, the lack of buffer catalysis is not consistent with 
rate-determining hydrolysis of a stabilized carbonium ion inter- 
mediate;IO note that the hydrolysis of the iminium ions produced 
in ring opening of 1-111 is markedly catalyzed by buffer bases. 
Rate-determining ring opening of V is supported by the shape of 
the plot of log kow vs pH in Figure 5. The profile for appearance 
of aldehyde is identical in shape with that for hydrolysis of p -  
(dimethy1amino)benzaldehyde dipropyl acetal, which hydrolyzes 
by an A-I mechanism.I0 In both cases the profile is pH inde- 
pendent from pH 1 to 4 and linear with a slope of -1 .O at pH >4. 
The pH-independent region in the profile for hydrolysis of the 

(41) Cordes, E. H.; Jencks, W .  P. J .  Am. Chem. SOC. 1963, 85, 2843. 
(42) Jencks, W. P. J .  Am. Chem. SOC. 1959, 81, 475. Anderson, 9. M.; 

Jencks, W. P. J .  Am. Chem. Soc. 1960,82, 1773. Cordes, E. H.; Jencks, W. 
P. J .  Am. Chem. SOC. 1962, 84, 832. Hine, J.; Craig, J.  C.; Underwood, J. 
G.; Via, F. A. J .  Am. Chem. SOC. 1970, 92, 5194. 

(43) Bruice, T. C.; Benkovic, S. J.  Bioorganic Mechonisms; W. A. Ben- 
jamin: New York, NY, 1966. 

kOH KO'Kw 
aH + K,,'K, 

ko = 

Fife et al. 

acetal reflects a transition from a hydronium ion catalyzed reaction 
of the neutral species to a slower hydronium ion catalyzed reaction 
of the protonated species (protonated p-(dimethylamino) group). 
Thus, at pH values from 1 to 6 the reaction of V involves rate- 
determining hydronium ion catalyzed ring opening of the neutral 
species, as illustrated in eq 14. A hydronium ion catalyzed ring 

PH3 
(CH*N+Cd.+) - H* 

FHS 
F'O 

opening in the hydrolysis of V shows that when the thiazolidine 
nitrogen is substituted with a strongly electron withdrawing group, 
stabilization of the developing carbonium ion is then not sufficient 
to allow a unimolecular or water-promoted C-S bond-breaking 
reaction. The absence of buffer catalysis indicates that hydronium 
ion catalysis involves an equilibrium protonation step. Protonation 
of either nitrogen or sulfur with subsequent C-N or C-S bond 
breaking would lead to the release of p-(dimethy1amino)benz- 
aldehydesu The amide function would be of greater basicity than 
sulfur. However, in either case, stabilization of the developing 
carbonium ion would be provided mainly by the p(dimethylamin0) 
group. Ring opening will only be rate determining if the carbo- 
nium ion intermediate reacts with H 2 0  faster than the ring rec- 
loses. Thus, nucleophilic attack by the amide nitrogen (eq 14) 
or the un-ionized sulfhydryl group does not compete with attack 

Enzymatic and Nonenzymatic Reactions of Thiazolidine De- 
rivatives. It is clear that the 1,3-thiazolidine ring will open rapidly 
at pH <10 when the developing carbonium ion is highly stabilized, 
and both pH-independent and hydronium ion catalyzed processes 
occur. There will normally be a high degree of carbonium ion 
stabilization if sulfur is the leaving group because the remaining 
nitrogen can release electrons readily to form the iminium ion 
intermediate. On the other hand, when an electron-withdrawing 
acyl function is substituted on the thiazolidine ring nitrogen, the 
ring-opening process is very slow and may be rate determining 
in the hydrolytic reaction. Consequently, the N-substituted amide 
function of penicillin (XV)  will confer considerable stability on 
the thiazolidine ring so that it can remain intact prior to and during 

of 55 M H20. 

xv 
enzymatic reactions. However, the results with V show that the 
thiazolidine ring might still open in preference to C-N cleavage 
were it not for the high reactivity of the @-lactam ring. The 
thiazolidine ring is very likely important for steric reasons in the 
action of penicillin and may further increase the reactivity of the 
fl-lactam carbonyl by increasing strain and/or by decreasing 
coplanarity and thereby reducing the resonance interaction be- 
tween nitrogen and the ~ a r b o n y l . ~ ~ * ~ ~ ~ ~  Opening of the thiazo- 

(44) N-Acetyl-8-mercaptoethylamine undergoes complicated rearrange- 
ments and hydrolysis reactions in acidic solution. Martin, R. 9.;  Hedrick, R. 
I.; Parcell, A. J .  Org. Chem. 1964, 29, 3197. 

(45) Woodward, R. B. In The Chemistry o j  Penicillin; Clarke, H.  T., 
Johnson, J .  R., Robinson, R., Eds.; Princeton University Press: Princeton, NJ, 
1949; p 443. 

(46) Sweet, R. M. In Cepholosporins and Penicillins-Chemistry ond Bi- 
ology; Flynn, E. H., Ed.; Academic Press: New York, 1972; Chapter 7, p 280. 
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lidine ring could then be important subsequent to the enzymatic 
acylation reaction. 

The penicillins and cephalosporins are effective bacteriocidal 
agents presumably because they disrupt bacterial cell wall syn- 
t h e ~ i s . * ~ * ~ * ~ ~ ~  This effect is exerted by the inhibition of enzymes 
that catalyze the cross-linking reaction of peptidoglycan 

The process of transpeptidation is thought to involve 
the cleavage of the terminal D-alanyl-D-alanine of the peptido- 
glycan to give an acyl enzyme intermediate with release of D- 
alanine. Inhibition may arise because penicillin is a structural 
or transition-state analogue of acyl ~ - a l a - ~ - a l a . ~ ~ - ~ '  It has been 
proposed that penicillin acylates the relevant transpeptidase en- 
zymes via a nucleophilic reaction at  the p-lactam c a r b ~ n y l . ~ * ~ ~  
Removal in this manner of the amide substituent should allow 
the thiazolidine ring to open with reasonable rapidity. Indeed ring 
opening does occur in the breakdown of the benzyl penicillin- 
m-carboxypeptidase-transpeptidase enzyme complex of Strep- 
tomyces R6 1 .s2 Such a process could increase the difficulty of 
enzyme reactivation by altering the alignment of the acyl enzyme 
carbonyl to functional groups in the active site. 

It has generally been considered that the product of alkaline 
hydrolysis of penicillin derivatives will be the corresponding 

(47) M. I. Page has argued against such inhibition of resonance being an 

(48) Wise, E. M.; Park, J. T. Proc. Natl. Acad. Sci. U.S.A. 1965,54, 75. 

(49) Blumberg, P. M.; Strominger, J. L. Bacteriol. Reo. 1974, 38, 291. 
(50) Yocum, R. R.; Waxman, D. J.; Rasmussen, J. R.; Strominger, J. L. 

(51)  Boyd, D. B. J .  Med. Chem. 1979, 22, 533. 
(52) Marquet, A.; Frere, J.; Ghuysen, J.; Loffet, A. Biochem. J .  1979,177, 

important factor.*' 

Tipper, D. J.; Strominger, J. L. Ibid. 1965, 54, 1133. 

Proc. Natl. Acad. Sci. V.S.A.  1979, 76, 2730. 
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thiazolidine, e.g., benzylpenicillin undergoes opening of the 8- 
lactam ring to give benzylpenicilloic a ~ i d . * ~ - ~ ~  This implies that 
thiazolidine ring opening is unfavorable at those pH values. As 
seen in the present work the equilibrium for thiazolidine ring 
opening is indeed unfavorable a t  high pH (>IO), even when the 
forward reaction is rapid because of significant internal stabili- 
zation of the developing carbonium ion. This is because the reverse 
ring-closure reaction involving nucleophilic attack of the thiol anion 
is facile. As a consequence, ring opening is only favorable a t  pH 
<IO where the thiol group is un-ionized. However, both the 
ring-opening and hydrolysis reactions are rapid and pH inde- 
pendent at pH values considerably greater than 7. Thus, the 
present studies of the hydrolysis of thiazolidines, in which con- 
clusive evidence for an iminium ion intermediate was obtained 
with the derivatives of p-(dimethylamino)cinnamaldehyde, and 
in which a detailed kinetic analysis of the hydrolysis reactions was 
possible, have provided insight into the reactivity of the thiazolidine 
ring and into the kinetic consequences of preequilibrium ring- 
opening reactions. These factors may be important in the reactions 
of penicillin and its derivatives. 
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Abstract: The in vitro synthesis of cellulose via a nonbiosynthetic path has been achieved for the first time by condensation 
of P-D-celIobiosyl fluoride as substrate for cellulase, a hydrolysis enzyme of cellulose, in a mixed solvent of acetonitrile/acetate 
buffer (pH 5 ,  5:l). The water-insoluble part of the products is 'synthetic cellulose", the structure of which was confirmed 
by comparison with an authentic natural cellulose sample with use of solid I3C NMR and IR spectroscopies as well as with 
a hydrolysis experiment. The present synthetic cellulose was converted to the corresponding triacetate whose molecular weight 
was at least 6.3 X IO' (degree of polymerization (DP) 122). X-ray as well as 13C NMR analyses showed that its crystal structure 
is of type I1 with high crystallinity. Under reaction conditions of a higher substrate concentration or higher acetonitrile 
concentration, water-soluble cellooligosaccharides (DP 5 8) were produced predominantly. 

Cellulose is the most abundant organic substance occurring on 
the earth. Some I O l 5  kg of cellulose are photosynthesized and 
degraded each year.' For over a century, many researchers have 
been attracted by this natural substance, and enormous studies, 
structure determinations, biosyntheses, and chemical and physical 
properties determinations have been performed in view of both 
fundamental sciences and practical applications.2 In vitro syn- 

( 1 )  See. for example, Stryer, L. Biochemistry, 3rd ed.; W. H. Freeman: 
New York, 1988; pp 342-343. 
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thesis of cellulose, therefore, has long been one of the most difficult, 
yet important, challenging topics from the early stages of mac- 
romolecular science. Many efforts have been devoted to regio- 
and stereoselective preparation of cellulose, Le., construction of 
stereoregular polysaccharides having B( 1-4) glycosidic linkage. 
The chemical approaches so far attempted, however, have failed 
to solve the problem in spite of remarkable development of modem 
synthetic  method^.^^^ The condensation of 2,3,6-glucose tricar- 

(2) Mark, H. Cellul. Chem. Technol. 1980, 14, 569. 
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