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The alkaline hydrolysis of azetidin-2-ylideneammonium salts gives a mixture of p-lactams, by 
exocyclic C-N bond fission, and p-amino amides, by opening the four-membered ring. Despite the 
anticipated release of strain energy in opening the four-membered ring the p-lactam is usually the 
major product i.e. exocyclic C-N fission is favoured over endocyclic C-N fission. This occurs even 
when the basicities of the endo- and exo-cyclic nitrogens are similar. The apparent reluctance of the 
four-membered ring to open is also not the result of entropic or stereoelectronic factors. The 
kinetics of the reaction indicate the presence of a neutral tetrahedral intermediate because there are 
two changes in the rate dependence upon hydroxide ion with increasing base concentration. There 
is also a term in the rate law for the carbonate-catalysed reaction which is both first order in 
carbonate ion and first order in hydroxide ion. The neutral tetrahedral intermediate must be formed 
reversibly and undergo deprotonation of its hydroxy group at high pH. By assuming that this 
deprotonation by hydroxide ion is rate limiting and diffusion controlled, the equilibrium constants 
for the formation of the neutral tetrahedral intermediate can be calculated. These are reported 
together with the calculated microscopic rate constants for the formation and breakdown of the 
i n termed ia te. 

A common belief in the development of understanding the 
molecular basis for the activity of penicillins (1) and other p- 
lactam antibiotics has been the importance of the strain energy 
in the four-membered 
mol-' of strain energy 

ring.' It seems logical that the 110 kJ 
in the p-lactam which is released upon 

ring opening should make a contribution to lowering the 
activation energy of reactions involving p-lactam C-N bond 
fission. However, kinetic and mechanistic information indicate 
that nucleophilic substitution reactions at the p-lactam 
carbonyl occur with relatively little rate enhancement and that 
nucleophilic addition to form the tetrahedral intermediate (2) is 
often reversible and the rate-limiting step is the breakdown of 
this intermediate.2 

The hydrolysis of azetidin-2-ylideneammonium salts (3) can 
give two products depending on which C-N bond is broken. 
The alkaline hydrolysis proceeds by formation of the tetra- 
hedral intermediate, T", which can undergo exocyclic C-N bond 
fission to give the P-lactam (4) and an amine or endocyclic C-N 
bond fission to give the P-amino amide (5) (Scheme 1). This 
system therefore offers an opportunity to elucidate the factors 
controlling exocyclic bond fission which leaves the four- 
membered ring as a product and endocyclic bond fission which 
results in opening of the four-membered ring. As ring opening is 
accompanied by the release of strain energy it may be expected 
to affect the partitioning of the tetrahedral intermediate To. 
Exocyclic C-N bond fission of To generates two molecules 
which may be favoured entr~pically.~ 

exocydic 
CN fission 

\ -N OH \ 
(3) 

/N\ 

(5) 
Scheme 1. 

In this paper we present evidence for the formation of the 
tetrahedral intermediate, and examine the effect of structural 
changes within the amidinium salt (3). In the following paper 
we report on the effect of buffer catalysis, substituent effects and 
give a detailed mechanism of the reaction. A preliminary report 
of this work has been p~bl ished.~ 

Experimental 
Synthesis.-The amidinium salts were prepared by the 

addition of a-chloroenamines to imines in dry methylene 
chloride at room temperature. Details of this method have been 
reported elsewhere,6 but analytical data for the perchlorate salts 
are as follows: 

3,3- Dimethyl- 1 -(4-nitrophenyl)-4-phenyl-2-(pyrrolidinium- 1 - 
y1idene)azetidine perchlorate (6). G(CDC1,) 8.1 (d, 2 H, ArNO,), 
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7.85 (d, 2 H, ArNO,), 7.3 (s, 5 H, Ph), 5.56(s, 1 H,H4), 3.66(m, 
4 H, 2 x CH,N+), 2.01 (m, 4 H, 2 x CH,), 1.76 (s, 3 H, Me), 
and 1.12 (s, 3 H, Me); v,,,(CH,Cl,) 1 700 (C=N+), 1 530, 1 350, 
and 1 100cm-'. 

1,3,3- Trimethyl-4-phenyl-2-(pyrrolidinium- 1 -ylidene)azetidine 
perchlorate (7). G(CDC1,) 7.40 (m, 5 H, Ar), 4.85 (s, 1 H, H4), 
3.24 (s, 3 H, NMe), 3.55 (m, 4 H, 2 x CH2N+), 1.90 (m, 4 H, 
2 x CH,), 1.7 (s, 3 H, Me), and 1.0 (s, 3 H, Me); v,,,(CH,Cl,) 
1720cm-' (C=N+). 
2-Methyl-8,9-diphenyl-2,9-diazabicyclo[ 5.2.01non- 1 -en-2-ium 

perchlorate (8). G(CDC1,) 7.41 (m, 10 H, 2 x Ar), 5.2 (d, 1 H, 
H8),4.24 (m, 1 H, H3), 3.72 (m, 1 H, H7), 3.34 (m, 1 H, H3), 3.06 
(s, 3 H, +NMe), 1.84 (m, 8 H, 4 x CH,); v,,,(CH,Cl,) 1710 
cm-' (EN').  

2-Dimethylimino- 1,l -dimethyl- 1,4,5,9b-tetrahydro-2H-azeto- 
[2,l-a]isoquinoline perchlorate (9). S[(CD,),SO] 7.38 (m, 4 H, 
Ar),4.85 (s, 1 H, H4), 4.34 (m, 1 H, H8), 3.46 (s, 3 H, 'NMe), 3.30 
(s, 3 H, 'NMe), 3.04 (m, 3 H, H8, H7), 1.75 (s, 3 H, Me), and 1.10 
(s, 3 H, Me); v,,,(CH,Cl,) 1 745 cm-' (EN').  

Product Isolation and Characterisation.-After hydrolysis, 
the aqueous solution was extracted with dichloromethane and 
the products were separated chromatographically using silica 
plates. The products from (6) were separated using 25: 1 (v/v) 
methylene chloride-cyclohexane as the eluant: p-lactam R, 
0.35, p-amino amide Rf 0.20. The p-lactam was characterised 
by IR (GO 1760 cm-' in CH,Cl,) and 'H NMR spectro- 
scopy G(CDC1,) 8.16 (d, 2 H, ArNO,), 7.34 (m, 7 H, Ph, 
ArNO,), 4.93 (s, 1 H, H4), 1.56 (s, 3 H, Me), and 0.90 (s, 3 H, 
Me). The amino amide, 2,2-dimethyl-3-(4-nitrophenylamino)- 
3-phenyl-N-pyrrolidin- 1 -ylpropionamide was characterised by 
IR (NH 3 300, C=O 1 600, and NO, 1 325 cm-' in CH,Cl,) and 
'H NMR spectroscopy G(CDC1,) 7.86 (d, 2 H, ArNO,), 7.15 
(s, 5 H Ph), 7.0 (1 H, NH), 6.63 (d, 2 H, ArNO,) 4.16 (d, 1 H, 
H3) 2.50 (m, 8 H, pyr, CH,) 1.53 (s, 3 H, Me), and 1.36 (s, 
3 H, Me). 

The products from (7) were separated using 6:l  (v/v) 
CH,Cl,-MeOH as the eluant: p-lactam R, 0.80, p-amino amide 
R, 0.58. The p-lactam, 1,3,3-trimethyl-4-phenylazetidin-2-one, 
showed v,,,(CH,Cl,) 1 745 cm-' (W); G(CDC1,) 7.2 (m, 5 H, 
Ph), 4.7 (s, 1 H, H4), 3.2 (s, 3 H, NMe), 1.6 (s, 3 H, Me), and 1.0 
(s, 3 H, Me). The P-amino amide, 2,2-dimethyl-3-methylamino- 
3-phenyl-N-pyrrolidin- 1 -ylpropionamide showed v,,,(CH2Cl ,) 
1 630 cm-' (GO); G(CDC1,) 7.2 (m, 5 H, Ph), 4.75 (s, 1 H, H3), 
3.2 (s, 3 H, NMe), 3.75 (m, 4 H, pyr-CH,), 1.90 (m, 4 H, pyr- 
CH,), 1.3 (s, 3 H, Me), and 1.2 (s, 3 H, Me). 

The products from (8) were separated using 25:2 (v/v) 
CH,Cl,-MeOH as the eluant: p-lactam Rf 0.56, p-amino amide 
R, 0.23. The p-lactam, 3-(4-methylaminobutyl)- 1,4-diphenyl- 
azetidin-2-one, showed v,,,(CH,Cl,) 1 740 cm-' (M); 
G(CDC1,) 7.20 (m, 10 H, 2 x Ph), 4.71 (d, 1 H, H4), 3.15-3.0 
(m, 3 H, m, NCH,, H3), 2.8 (s, 3 H, NMe), and 1.75 (m, 7 H, 

The products from (9) were separated using 25: 1 (v/v) 
CH,Cl,-MeOH as the eluant: p-lactam R, 0.55, p-amino amide 
R, 0.28. The p-lactam, l,l-dimethyl-1,4,5,9b-tetrahydroazeto- 
[2,1 -a)isoquinolin-2-one showed v,,,(CHCl,) cm-' (GO); 
G(CDC1,) 7.06 (m, 4 H, Ar), 4.26 (s, 1 H, H4), 3.95 (m, 1 H, HS), 
2.80 (m, 3 H, 2 x H7, H8), 1.56 (s, 3 H, Me), and 0.79 (s, 3 H, 
Me). 

The p-amino amide, N,N,2-trimethy1-2-(1,2,3,4-tetrahydro- 
isoquinolin- 1 -yl)propionamide, showed v,,,(CH,Cl,) 3 365 
(NH) and 1 620 cm-' (GO); S(CDC1,) 7.1 (m, 4 H, Ar), 4.75 (s, 1 
H, 1 cyclohex H), 3.08 (s, 6 H, NMe,), 2.95 (m, 5 H, 2 x CH2, 
NH), 1.32 (s, 3 H, Me), and 1.18 (s, 3 H, Me). 

3 x CH2 + NH). 

HPLC of Reactants and Products.-All HPLC analyses were 
performed using a Kontron model 414 pump with a Kontron 

Uvikon 740 LC UV detector set at 254 nm. The reactants and 
products could be separated using a reversed-phase column of 
non-polar Lichrosorb octadecylsilyl RP C18 25 cm x 4 mm 
column and, as the eluant, aqueous acetonitrile containing 0.02 
mol dm-3 acetic acid and 3.3 x mol dm-, tetrabutyl- 
ammonium hydroxide as an ion-pairing agent. Peak areas were 
calibrated to concentration for all reactants and products in the 
range 1C6 to 10-4 mol drn-,. Using a flow rate of 1 cm3 min-', 
the eluant and retention times (t,/min) for each derivative were, 
respectively: amidinium salt (6) in CH3CN-H,O (50: 50) 6.2, p- 
amino amide 18.2, P-lactam 2 1.3; amidinium salt (7) in CH3CN- 
HzO (35: 65) 10.0, p-amino amide 7.0, p-lactam 17.0; amidinium 
salt (8) in CH3CN-H20 (50:50) 13.2, P-lactam, 7.5, p-amino 
amide 18.0; amidinium salt (9) in CH3CN-H20 (30: 70) 5.6, p- 
lactam 10.4, p-amino amide 17.2. 

Kinetics.-AnalaR grade chemicals were used exclusively in 
the preparation of buffers. Freshly boiled glass-distilled water 
was used throughout and the ionic strength was maintained at 
1.0 mol dm-, with potassium chloride except where otherwise 
indicated. The eluant required for HPLC analysis was prepared 
from AnalaR grade glacial acetic acid and Hypersolv HPLC 
grade acetonitrile. 

The pH of buffer solutions was measured with a Philips PW 
9409 digital pH meter equipped with a Russel type CEL glass 
combination electrode, calibrated against standard buffers of 
known pH at 30°C. The electrode could be dipped into a 
reaction cuvette before and after a kinetic run to ensure the pH 
of the solution had not altered by more than 0.03 of a pH unit. 

The reactions were initiated by the addition of 12.5 or 25 mm3 
of a 1W2 mol dm-3 stock solution of the azetidine iminium salt, 
dissolved in acetonitrile, to 2.5 cm3 of aqueous buffer pre-in- 
cubated at 30.0 0.05 "C with thorough mixing. The disappear- 
ance of the substrate was followed spectrophotometrically using 
a Gilford 2600 spectrophotometer. The output from the spectro- 
photometer was fed to either an Apple I1 Europlus or a BBC 
microcomputer. The data were processed using a non-linear 
generalised least-squares program as previously de~cribed.~ The 
program calculates a first-order rate constant using an iterative 
non-linear least squares procedure which treats the initial 
absorbance, final absorbance, and rate constant as adjustable 
parameters according to the method of Deming and 
Wentworth.8 

Results 
The products of hydrolysis of the azetidinyl amidinium salts (3) 
are the expected p-lactam (4) and the p-amino amide (5). Both 
products were stable under the reaction conditions and during 
the time period of the investigation there was no interconversion 
or further hydrolysis of the products. The product ratios were 
determined by HPLC analysis of the reactant solutions used for 
the kinetic experiments. These ratios were measured during and 
at the end of each reaction and found to be invariant. Some 
kinetic measurements were performed directly from HPLC 
experiments and gave pseudo-first-order rate constants 
identical with those determined spectrophotometrically . 

The measured pseudo-first-order rate constant for hydrolysis, 
kobs, is the sum of kL and kA, the pseudo-first-order rate 
constants for p-lactam and amino amide respectively [equation 
(l)]. In terms of the ratio of p-lactam (L) to amino amide (A) 

formed in the hydrolysis of an azetidinyl amidinium salt, the 
fraction of 0-lactam FL and amino amide, F A  may be 
represented by equations (2) and (3), respectively. The pseudo- 
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Figure 1. A plot of the pH dependence of the logarithm of the pseudo- 
first-order rate constants, for p-lactam (+) and &amino amide 
formation (0) from the hydrolysis of the 4-nitrophenyl derivative (6) at 
30 OC. The lines are calculated from the rate constants given in Table 1 .  
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Figure 2. A plot of the catalytic coefficient k,,, for the carbonate-buffer- 
catalysed formation of the p-amino amide from the hydrolysis of the 4- 
nitrophenyl derivative (6) as function of a, the fraction of carbonate ion 
in buffer. 

1 
(3) =- 

A 
F A  = ~ 

A + L  l + L / A  

first-order rate constant kL for p-lactam formation is then given 
by equation (4) and that for amino amide formation by 
equation (5). 

kL = kobsFL (4) 

k A  = kobsFA ( 5 )  

The product ratio and kinetics were determined as a function 
of pH and buffer. Buffer catalysis is observed and the pH- 
dependent data are those extrapolated to zero buffer concen- 
tration. The pH-rate profile for the hydrolysis of the azetidinyl 
amidinium salt (6) is shown in Figure 1. The rate of formation of 
the p-lactam is first order in hydroxide between pH 8 and 14. 
However, the rate of formation of p-amino amide shows both a 
first- and a second-order dependence upon hydroxide-ion 
concentration. From pH 8 to 12 the rate is first order in 
hydroxide ion but above pH 12 it changes to second order then 
back to first order at pH higher than 13. This means that the 
ratio of P-lactam to p-amino amide formed from (6) changes 
from 1 : 10 between pH 8 and 12 but increases to about 1 : 30 
above pH 13. 

Below pH 7.5 the pseudo-first-order rate constant for 
hydrolysis of the azetidinyl amidinium salt (6) becomes pH 
independent which is indicative of a water-catalysed reaction. 
This total rate constant comprises an increase in k,,  the rate 
constant for p-lactam formation, which reaches a plateau below 
pH 5 and a decrease in p-amino amide formation (Figure 1). 
The rate of hydrolysis of the azetidinyl amidinium salt (6) is 
slow at low pH but the p-lactam is the major product in this 
region. For example, at pH 4.5 the ratio of p-lactam t o  p- 
amino amide is 1O:l .  The change in kL and kA with pH is 
indicative of the ionisation of an intermediate (Figure 1). 

The hydrolysis of the azetidinyl amidinium salt (6) shows 
unusual kinetic behaviour in carbonate buffers. Plots of the 
pseudo-first-order rate constant kA for the hydrolysis of (6) 
against total carbonate concentration at various pH values are 
linear, but a plot of the slope of these lines k:, against the 
fraction of free base of carbonate, a, is not linear (Figure 2). The 
catalytic constant increases rapidly with pH and is indicative of 
a dependence upon hydroxide-ion concentration. There is there- 
fore an additional third-order term for the formation of the 0- 
amino amide which is first order in carbonate and first order in 
hydroxide ion. This is similar to the second-order dependence 
on hydroxide ion seen at high pH. The third-order rate constant 
for the carbonate-hydroxide term, 6.02 x lo-' dm6 mol-2 s-', 
was obtained from a linear plot of kit/. against hydroxide-ion 
concentration. There is no such significant third-order term 
for p-lactam formation which showed a simple first-order 
dependence on carbonate-ion concentration. The rate law for 
the hydrolysis of (6) in carbonate buffers is given by equation (6) 

kobs = k, + kL,[C032-] + kk[C032-][OH-] (6) 

where k, is the buffer-independent rate constant. The ratio of p- 
lactam to p-amino amide thus increases with decreasing pH. At 
0.20 mol dm-3 total carbonate concentration the ratio increases 
from 0.044 at pH 11.25 to 0.533 at pH 9.50. 

Unlike the N-aryl azetidinyl amidinium salts such as (6), the 
rate of formation of both p-lactam and p-amino amide from 
the hydrolysis of N-alkyl derivatives show a second-order 
dependence upon hydroxide-ion concentration. For example, 
the pH-rate profile for the hydrolysis of the N-methyl derivative 
(7) is shown in Figure 3. 

The observed pseudo-first-order rate constant for hydrolysis, 
kobs, is given by equation (7) where kL and kA refer to the rate 

constants for p-lactam and amino amide formation, respectively. 
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Table 1. Second- and third-order rate constants for the hydroxide-ion- and carbonate-ion-catalysed hydrolysis of azetidinyl amidinium salts in 
water at 30 "C and I = 1.0 mol dm-3 (KCI)." 

kk,,,/dm3 mol-' k&/dm3 mol-' kkH;,./dm3 mol-' k&./dm3 mol-' kkH../dm6 mol-' ktH../dm6 mol-' k&,&dm6 mol-2 
Salt s- s- S-' S-' S-' S-' S-' 

4.10 x lo-' - 73.2 6.02 x lo-' (6) 1.50 x 1.44 x lo-' - 

6.49 x 10-4 5.03 x 10-4 1.69 x 10-3 2.54 x 10-3 7.68 x 10-3 7.06 x 10-3 - 
(8) 8.76 x lo-* 4.57 x 10-4 - - 
(7) 

(9) 3.44 x 10-3 2.74 x 10-4 4.87 x 10-3 1.45 x 10-3 2.93 x 10-3 2.52 x 10-3 - 

- - - 

a The rate constants are defined in equations (6) and (7). 

-2 c \kPh Wh 

-3 

JI 
Me,i \ l-iy w 
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sponding N-substituted a~etamide .~  The reactivity of penicillin 
is simply that expected of an activated amide.' The aminolysis 
of penicillin proceeds by rate-limiting steps following reversible 
formation of the tetrahedral intermediate.' The alcoholysis of 
penicillins occurs with rate-limiting breakdown of the reversibly 
formed tetrahedral 

The hydrolysis of unsymmetrical amidines and amidinium 
salts have been shown to give a mixture of products depending 
on which C-N bond is broken." Some initial studies also 
attempted to use the preferential cleavage of the tetrahedral 
intermediate as a test for the theory of stereoelectronic con- 
troI,l3 however it was later shown that these were ambigu~us . '~  
It has been suggested that the rate-limiting step in amidinium 
salt hydrolysis is the addition of hydroxide ion to form the 
tetrahedral intermediate.' 

-5 t h? 

/ b  
-6 t / 

I I I I I I 

PH 
10 11 12 13 14 

Figure 3. A plot of the pH dependence of the logarithm of the pseudo- 
first-order rate constants for p-lactam (+) and p-amino amide 
formation (0) from the hydrolysis of the N-methyl derivative (7) at 
30 O C .  The lines are calculated from the rate constants given in Table 1 .  

The subscripts OH and OH' refer to the second-order rate 
constants for product formation at low and high pH, respec- 
tively. The subscripts OH" refer to the third-order rate con- 
stants which are second order in hydroxide ion. The values of 
the rate constants for all the azetidinyl amidinium compounds 
studied are given in Table 1. 

The Tetrahedral Intermediate To.-The change in the kinetic 
dependence of the rate of p-amino amide formation from (6) 
upon hydroxide ion (Figure 1) and a similar change observed 
for both p-lactam and p-amino amide formation from N-alkyl 
azetidinyl amidinium salts (Figure 3), indicate a change in rate- 
limiting step and is evidence of the formation of the tetrahedral 
intermediate To (Scheme 1). The appearance of a term in the 
rate law which is second order in hydroxide means that the 
formation of the tetrahedral intermediate To is reversible and 
that a subsequent step is rate limiting. The observation of the 
third-order term in carbonate buffers [equation (6)]  also 
indicates the presence of the tetrahedral intermediate. The 
presence of the rate term which is both first order in hydroxide 
and first order in carbonate ion cannot sensibly represent a 
pathway involving rate-limiting termolecular formation of an 
intermediate. There is thus good evidence from the kinetics that 
the tetrahedral intermediate To is formed reversibly and that 
hydroxide ion is expelled from To faster than the rate of C-N 
bond cleavage. A simple mechanistic scheme compatible with 
the observations is shown in Scheme 2. 

Below pH 12 the hydrolysis rate is first order in hydroxide ion 
and the rate-limiting step is the breakdown of the neutral 
tetrahedral intermediate To, with water acting as a general-acid 

Discussion 
The azetidinyl amidinium salts which were investigated are 
given by structures (6) to (9). All except the 4-nitrophenyl 
derivative (6)  undergo preferential exocyclic C-N bond fission 
and give the P-lactam as the major product. Even with the 
strongly electron-withdrawing 4-nitrophenyl substituent in (6) 
the hydrolysis products contain a significant amount of the 
corresponding p-lactam. It is obvious that the 110 kJ mol-' of 
strain energy of the four-membered ring does not enhance the 
rate of ring opening of the endocyclic C-N bond compared with 
that for exocyclic C-N bond fission. 

There are several indications that C-N bond fission in p- 
lactams does not proceed as rapidly as may be expected. The 
second-order rate constants for the alkaline hydrolysis of p- 
lactams of basic amines are similar to those for the corre- 
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Table 2. Observed and calculated microscopic rate and equilibrium constants for the hydrolysis of azetidinyl amidinium salts. The constants are 
defined in Scheme 2. 

Salt k1/dm3 mol-' s-l k-,/s-' Kl /dm3 mol-I GIs- k,L/s-' 

(6) 4.10 x lo-' 5.60 x 1 0 7  7.32 x 10-9 1.96 x lo7 2.05 x lo6 
2.54 x 1 0 - 3 4  3.60 x lo9" 7.06 x 7.12 x 10' 8.45 x 10' 

2.20 x 1096 7.68 x 10-136 
(7) 

(9) 1.45 x 10-34 5.75 x 1094 2.52 x 10-134 1.08 x 109 1.18 x 1010 

1.69 x 10-36 

4.87 x 1.66 x 2.93 x 

Calculated from P-amino amide formation. Calculated from P-lactam formation. 

catalyst to facilitate both exocyclic, k3, and endocyclic, k2, C-N 

-N 
I k l ~ ~ k , o H -  

\ n  

NH 

\ 

T- 

Scheme 2. 

bond fission (Scheme 2). Above pH 12 the neutral tetrahedral 
intermediate To is converted into its anion T- by hydroxide ion 
removing a proton from the hydroxy group of T O .  The rate of 
this step, k,, is dependent on hydroxide ion and only becomes 
competitive with the rate of breakdown of To via k2 and k3 at 
high hydroxide-ion concentration. When the intermediate T - 
has a N-aryl substituent it breaks down only via k6 to give the p- 
amino amide because there is no change in the kinetic hydroxide 
dependence for p-lactam formation. This is consistent with the 
observation that the rate-limiting step in the aminolysis of p- 
lactams with good leaving groups is the formation of T-.lo,l6 

At even higher concentrations of hydroxide ion there must be 
a second change in the rate-limiting step when the rate of 
deprotonation of To given by k4[OH-] becomes faster than the 
rate of expulsion of hydroxide ion from To by k-'. Consequently 
above pH 13 the formation of the neutral tetrahedral inter- 
mediate To, k l ,  becomes rate limiting for p-amino amide 
formation from (6) and for the hydrolysis of N-alkyl azetidinyl 
amidinium salts giving both p-lactams and p-amides. 

The observed pseudo-first-order rate constant for hydrolysis 
of the azetidinyl amidinium salt (6) according to Scheme 2 is 
given by equation (8). It is possible to elucidate these micro- 

(8) 
klk2(OH-) + klk3(OH-) + klk,(OH-)2 

kel + k2 i- k3 + k4(OH-) 
kobs = 

scopic rate constants for Scheme 2 if it is assumed that the rate- 
limiting step in the pathway which is second order in hydroxide 
ion is k4 (Scheme 2), the diffusion-controlled encounter of To 
and OH-. The rate constant for this process is assumed to be 
1 O ' O  dm3 mol-' s-'. The observed third-order rate constant for 

hydrolysis koH" is then given by equation (9). Hence K , ,  the equi- 

(9) 
kl 
k-1 

koH** = k4K1 = k4- 

librium constant for formation of the tetrahedral intermediate 
To, can be calculated. The observed second-order rate at high 
pH (koH,) is attributed to rate-limiting formation of the 
tetrahedral intermediate To and thus corresponds to the 
microscopic rate constant k, in Scheme 2. Hence, k p 1 ,  the rate 
constant for expulsion of hydroxide ion from To may also be 
calculated from equation (8). Finally, according to Scheme 2 the 
rate-limiting step for the hydroxide-ion-catalysed reactions 
below pH 12 is given by equations (10) and (1  1) for p-lactam 

and p-amino amide formation, respectively. All of these 
calculated microscopic constants are given in Table 2. The 
calculated equilibrium constant for formation of To from (6) is 
relatively high and much more favourable than that reported 
for other tetrahedral intermediates."," This may be the result 
of the favourable conversion of three-co-ordinate carbon in 
four-membered rings to four-~o-ordinate.~ 

The term in the rate law for the hydrolysis of (6) in carbonate 
buffers which is first order in hydroxide ion and first order in 
carbonate ion [equation (6)], may also represent the rate- 
limiting deprotonation of To to T -  by carbonate ion. Since K ,  is 
known, the rate constant for this can be calculated from 
equation (8) and the observed third-order rate constant. The 
rate constant k, is then calculated to be 8.2 x lo7 dm3 mol-' 
s-l, which is 122 times less than the rate constant for hydroxide- 
ion deprotonation. The calculated pK, of To is 13.4 so 
deprotonation by carbonate ion should be below the diffusion- 
controlled limit. It is possible therefore that the carbonate, 
hydroxide term represents general-acid-catalysed decomposi- 
tion of T-  by hydrogen carbonate ion (10). Below pH 6.5, the 

C I -  . 
", 

N Ar 
'.\ HC03 u 

rate of hydrolysis of the amidinium compound (6) becomes pH 
independent and faster than the calculated rate of formation of 
To by the addition of hydroxide ion ( k ,  OH-, Scheme 2). The 
mechanism of hydrolysis at low pH must therefore involve 
initial attack by water on the amidinium salt. 

The hydrolysis of (7). The neutral tetrahedral intermediate 
(11) generated during the hydrolysis of (7) contains nitrogens 
of approximately similar basicity. Despite this similarity, the 
major product is the p-lactam which indicates that exocyclic 
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C-N bondfission is more favourable than ring opening via the 
endocyclic C-N bond even when the nitrogens have similar 
basicities. The reluctance of the four-membered ring to open 
cannot, in this case, be the result of, say, the importance of 
protonation of the nitrogens in deciding which C-N bond is 
broken. Interestingly, the rate of hydrolysis of the azetidine 
iminium salts with endocyclic nitrogen alkyl substituents [(7) 
and (9)] show a non-linear dependence on hydroxide ion for 
both p-lactam and p-amino amide formation (Figure 3). This 
indicates that the anionic tetrahedral intermediate T -  (Scheme 
2) can break down both to the 9-amino amide (ks) ,  and to the 
p-lactam (k5). This is in contrast with the behaviour of T -  
derived from the N-aryl derivative (6) which only breaks down 
by endocyclic C-N fission (k6) to give the &amino amide. 

The hydrolysis o f (8) .  It could be argued that, although p- 
amino amide formation should be favoured by the release of 
strain energy during opening of the four-membered ring, p- 
lactam formation could be favoured entropically because two 
molecules of product are generated. It is known that in the 
reverse direction the rate of bimolecular reactions may proceed 
up to lo8 mol dm-3 more slowly than comparable uni- and intra- 
molecular reactions solely because of the difference in entropy 
changes between the two  system^.^ 

This entropic advantage favouring P-lactam formation is 
partially removed in the bicyclic system (8). The fission of either 
C-N bond in the tetrahedral intermediate (12) (Scheme 3) 

I 
Me 

(8) 

It 

/ he 

J 
w ph 

MeHN[CH,I, 

\ 

scbeme 3. 

generates only one molecule. Although p-amino amide form- 
ation from cleavage of the seven-membered ring may gain a 
little more entropy than that from cleavage of the four- 
membered ring this difference is minimal. The major changes in 
entropy in bimolecular reactions are associated with trans- 
lational and rotational f r eed~m.~  

The major product from the alkaline hydrolysis of (8) is, in 
fact, the p-lactam. The ratio of p-lactam to p-amino amide is 
nearly 200: 1 which is about 20 times greater than the analogous 
monocyclic system with a phenyl s~bsti tuent.~ 

It is apparent that entropic factors are also not the cause of 
the reluctance of the four-membered ring to open. 

The hydrolysis of(9). The final variation in these structure 
studies was to cyclise the azetidinyl amidinium salt at the four- 
membered ring nitrogen as in (9). This basic structure is similar 
to that found in cephalosporins but the most important feature 
of this bicyclic compound is that the tetrahedral intermediate 

generated has a relatively rigid structure (13). If stereoelectronic 
factors are operative then hydroxide-ion attack should occur 

(-J "Me, 

antiperiplanar to the ring-nitrogen lone pair to generate (13). It 
is conceivable that if the ring-nitrogen lone pair has to be 
antiperiplanar to the exocyclic C-N to give a P-lactam then the 
breakdown of (13) should favour P-amino amide formation. 

In fact, P-lactam formation is again the major product of 
hydrolysis of (9). The ratio of p-lactam to p-amino amide is 13 : 1 
which may be compared with the ratio of 1.3 : 1 observed for the 
hydrolysis of the analogous monocyclic compound (7). 

It is clear that stereoelectronic factors do not affect the 
partitioning of the tetrahedral intermediate To into p-lactam or 
p-amino amide. 

The Unimportance of Strain Energy.-The major product of 
the hydrolysis of azetidinyl amidinium salts, except for the 
derivative (6) with the strongly electron withdrawing nitro 
group, is the p-lactam. Partitioning of the tetrahedral 
intermediate To favours exocyclic C-N bond fission rather than 
four-membered ring opening by endocyclic C-N bond cleavage 
which would be expected to be facilitated by the release of strain 
energy. From the compounds studied herein the apparent 
reluctance of the four-membered ring to open is not the result of 
differential basicities of the two nitrogens, entropic factors, or 
stereoelectronic effects. 

There have been other reports which suggest that the four- 
membered ring does not open as readily as would be suspected 
from the strain energy. It is conceivable that either there is an 
increase in strain energy as four-membered rings open or there 
is a non-linear relationship between strain energy and bond 
length so that an early transition state with little bond fission is 
still highly strained. One problem with this type of explanation 
is that although four-membered rings are often formed slowly 
relative to other ring sizes, ring closure is not exceptionally slow 
and is often only about 100 times slower in four-membered rings 
than in six-membered rings despite a predicted maximum 
difference of lo2' based solely on strain-energy  difference^.'.'^ 

The rate of ring opening of some four-membered rings is 
sometimes enhanced. For example, the hydrolysis of oxetidinyl 
and ketals is about lo5 times faster than that of an analogous 
acyclic system.20 However, it has been pointed out that both the 
rates of ring opening and closure are not exceptional compared 
with the total strain energy involved.21 In particular, Stirling 
has shown that the release of strain energy in four-membered 
rings is out of phase with the similarly strained three-membered 
ones.22 Despite several attempts to rationalise this anomaly 
with small rings 2 3  an acceptable theory remains to be developed. 

If there is an increase in energy due to strain or other factors 
as the ring breaks then this should also be manifested in the 
reverse ring-closure reactions. As the tetrahedral intermediate 
(14) undergoes ring fission the following changes may occur. If 
C-N bond fission occurs by a stretching motion ( i )  then as the 
distance between the incipient carbonyl carbon and nitrogen 
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increases, the bond angles p decrease as those designated a 
increase. This could increase the strain of the system. In the 
reverse ring closure reaction this reaction co-ordinate motion 
would correspond to amine nucleophilic attack on the amide 
carbonyl carbon in an almost favourable perpendicular direc- 
t i ~ n . ~ ~  If bond fission occurs by an internal rotational mode (ii) 
this also corresponds to a reasonable direction of nucleophilic 
attack in the reverse direction provided that rotation occurs 
around both C1, C2, and N-C3 in (14) so that the incipient 
amide becomes roughly coplanar with the ring atoms (15). This 
would not be the normal reaction co-ordinate for the break- 
down of tetrahedral intermediates and could offer a possible 
explanation for the relative rates of exo- and endo-cyclic bond 
fission. 
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