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Strain Effects in Acyl Transfer Reactions. Part 111.l Hydroxide and 
Buffer-catalysed Hydrolysis of Small and Medium King Lactones 

By G .  Michael Blackburn *and Harvey L. H. Dodds, Department of Chemistry,The University, Sheffield S3 7HF 

Second-order rate constants for the alkaline hydrolyses of lactones and esters a t  319 K decrease in the order 
methyl formate > 8-valerolactone > P-propiolactone > y-butyrolactone, E-caprolactone > methyl acetate. The 
enhanced reactivity of the 8-lactone is due to  a reduction in enthalpy of activation but the p-lactone derives i t s  
extra reactivity solely from a favourable increase in the entropy of activation for BAc2 hydrolysis. Only the p- 
lactone exhibits detectable activity towards either pyridine or 1 -methylimidazole in aqueous solution. For both 
amines, nucleophilic substitution with alkyl oxygen fission proceeds faster than attack a t  the acyl centre and results 
in the formation of a betaine as the major product. No reactivity could be detected for either amine with methyl 
formate or 8-valerolactone. I t  thus appears that conformational orientation factors are capable of accelerating the 
reaction of the ester group with strong nucleophiles whereas angle-strain effects become more important for weaker 
ones. 

RING-OPENING reactions of lactones offer a unique 
approach to the investigation of conformational and 
strain influences on the reactivity of the ester linkage. 
Of several investigations of lactone hydrolysis,2-s that 
of Huisgen and Ott has provided the broadest survey 
in progressing from five- to sixteen-membered rings. 
These authors concluded that the marked enhancement 
in reactivity of small-ring lactones is a consequence of 
the compulsory constraint of their ester group in the 
cis-conf ormation. Bruice has advanced an analogous 
argument based on the similarity in rates of hydrolysis 
of y- and 8-lactones with that of $-nitrophenyl acetate.9 
Indeed, he has suggested that part of the catalytic 
activity of chymotrypsin could result from the adoption 
of the cis-conformation by the ester group in the corre- 
sponding acyl-enzyme intermediate. 

On the other hand, observations on 2,2,2-trifluoro- 
ethyl formate suggest that it, too, exists in the cis- 
conformation in the ground state but that this property 
does not give it any special reactivity in hydrolysis.10 

While the alkaline hydrolysis of lactones proceeds by 
acyl-oxygen fission and involves rat e-determining 
attack of hydroxide, as established for y-butyrolactone 
and alkyl esters by oxygen isotope exchange,ll* l2 the 
ring strain in p-propiolactone endows it with an unusual 
reactivity towards water l3 and several tertiary amines 
associated with the B& mechanism. Thus, pyridine 
and many other tertiary amines interact with p-propio- 
lactone in water to give betaines.14 Moreover, this 
type of reaction is also characteristic of guanosine 15 

and there is strong evidence that the N-7-alkylation 
of guanine residues in deoxyribonucleic acid by P-propio- 

Part 11, G. M. Blackburn and J.  D. Plackett, J.C.S. Perbin 

H. Sibelius, Dissertation, University of Lund, 1927. 
D. S. Hegan and J.  H. Wolfenden, J .  Chem. SOC., 1939, 508. 
C. M. Stevens and D. S. Tarbell, J .  Org. Chem., 1954, 19, 

H. K. Hall, M. K. Brandt, andC. M. Mason, J .  Amer. Chenz. 

R. Huisgen and D. Ott, Tetrahedron, 1959, 6, 253. 
T. C. Bruice and J, J. Bruno, J .  Amer.  Chem. SOC., 1961, 83, 

D. H. Wheeler and D. S. Gamble, J .  Org. Chenz., 1961, 26, 

T. C. Bruice, J .  Polymer Sci., 1961, 49, 98. 
lo G. M. Blackburn and H. L. H. Dodds, J .  Chem. SOC. (B) ,  

11, 1973, 981. 

1996. 

SOC., 1958, 80, 6420. 

3494. 

322 1. 

1971, 862. 

lactone is the molecular basis of the chemical carcino- 
genicity of the latter compound.16 

It is apparent that proper evaluation of conforma- 
tional and strain effects in the reactivity of the ester 
linkage necessitates a detailed investigation of the 
nucleophilic reactions of lactones under standard 
conditions. This paper reports studies on the alkaline 
hydrolysis of lactones having four- to seven-membered 
rings and on their additional reactions with two tertiary 
amines in aqueous solution. 

EXPERIMENTAL 

Materials.-Methyl acetate, methyl formate, ethyl 
acetate, P-propiolactone, y-butyrolactone, and E-capro- 
lactone were commercial products purified by distillation 
immediately before use, purity being routinely checked by 
g.1.c. 8-Valerolactone, prepared from pentane-1, 5-dio1,17 
had b.p. 317 K at 0.1 mmHg. Pyridine and l-methyl- 
imidazole were purified by standard methods and distilled 
under nitrogen prior to use. Glass-distilled water was 
used throughout and standard solutions were prepared 
using AnalaR grade potassium chloride and Convol potas- 
sium hydroxide solution (Hopkin and Williams). 

Afiparatus.-A Radiometer PHM 26 in conjunction with 
a G2222B glass electrode was used for measurement of 
pH and coupled to a TTTll titrator and ABU12 auto- 
burette for pH-stat titrations in a thermostatted vessel 
(25 nil). This was provided with a mechanical stirrer, 
K401 calomel electrode, and G202C glass electrode and 
flushed with water-saturated, carbon dioxide-free nitrogen. 
Temperature control was maintained by circulation of 
water from a Haake model Fe thermostat (k0.05 K). 
N.m.r. spectra were recorded a t  100 MHz using a Varian 

l1 (a) F. A. Long and L. Friedman, J .  Amer .  Chem. SOC., 1950, 
72, 3692; (b)  E. K. Euranto, ' The Chemistry of Carboxylic Acids 
and Esters,' ed. S. Patai, Interscience, New York, 1969, p. 505. 

l2 A. J. Kirby, ' Comprehensive Chemical Kinetics,' eds. C .  H. 
Bamford and C. F. H. Tipper, Elsevier, Amsterdam, 1972, vol. 10, 
p. 157. 

l3 A. R. Olson and R. J. Miller, J .  Amev.  Chem. SOC., 1938, 60, 
2687; A. R. Olson and J .  L. Hyde, ibid., 1941, 63, 2459; F. A. 
Long and M. Purchase, ibid., 1950, 72, 3267. 

l4 T. L. Gresham, J. E. Jansen, F. W. Shaver, R. A. Bankert, 
and F. T. Fiedorek, J .  Amer.  Chem. SOC., 1951, 73, 3168. 

l5 J. J. Roberts and G. P. Warwick, Biochem. Pharmacol., 1963, 
12, 1441. 

16 N. H. Colburn and R. K. Boutwell, Cancer Res., 1968, 28, 
642, 653. 

17 I,. E. Schniepp and H. H. Geller, J .  Amer .  Chenz. SOC., 1947, 
69, 1545. 
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HA100 and i.r. spectra were obtained with a Perkin- 
Elmer 157 G for Nujol mulls. 

Kinetic MeasureunePzts.-All reactions were run in water 
a t  unit ionic strength (KC1) under pseudo-first order 
conditions in the presence of 10-5~-EDTA to avoid effects 
from trace metal ions. They were initiated by the in- 
jection of substrate, dissolved in a small volume of dioxan, 
into 20 ml of the appropriate reaction solution to give an 
initial concentration of 2-4 x 10-3~.  In certain re- 
actions involving larger concentrations of tertiary amine, 
the substrate concentration was increased up to ten-fold. 
The rate of reaction was followed to completion by the 
addition of 0.1 K-potassium hydroxide solution at  constant 

Kinetic data were usually analysed for a t  least three 
half-lives and pseudo-first-order rate constants, Izobs, 
obtained in the usual way. All reactions displayed good 
first-order kinetic behaviour. Hydroxide concentrations 
were calculated from the observed pH and the dissociation 
product for water a t  the appropriate temperature. 

Standard solutions of pyridine and of l-methylimidazole 
were prepared by dilution of freshly-distilled amine with 
4w-potassium chloride solution and distilled water to unit 
ionic strength and standardised by titration with 1 ~ -  
hydrochloric acid. 

Prodzict A naZysis.-The alkaline hydrolyses of p-, y-, 6-, 
and elactones to the corresponding hydroxy-carboxylic 
acids are well documented.2-6 In kinetic runs, the con- 
sumption of alkali was that expected for complete conver- 
sion of lactone into hydroxy-acid. The reaction between 
pyridine and P-propiolactone has been shown to give 
1-( 2-carboxyethy1)pyridinium hydroxide, inner salt, in 
some 90% yield in aqueous s01ution.l~ 

I-(2-CarboxyethyZ)-3-methyZ~unidazoliunz Hydroxide, Inner 
SaJt.-P-I'ropiolactone (oxetan-%one) (3.0 g) was added 
dropwise to a well-stirred solution of l-methylimidazole 
(5  g) in distilled water a t  room temperature. After 30 
min tlie solution was evaporated in vacuo and the oily 
residue repeatedly evaporated with absolute ethanol to 
remove water. The resulting oil was triturated with ether 
and with ethyl acetate to  give a solid (5 -5  g) which was 
recrystallised from dry acetonitrile to give the prodztct 
(4.5 g, 70%) as deliquescent crystals, m.p. 88-89.5" 
(Found: C, 53.8; H, 6.4; N, 18.1. C,H,,N,O, requires 

arid 2-44 (AB, CH=CH, J 1.5 Hz), 5-46 (t, NCH,, J 6-5 Hz), 

5-98 (s, NCH,), and 7.14 (t, CH,CO,-, J 6-5 Hz) v,,, 
1595br,s cm-1 (COJ, h,, (W,O) 212 nm ( E  4 x lo3). 

In kinetic runs involving aqueous pyridine or l-methyl- 
imidazole solutions with P-propiolactone, the yield of 
hydrolysis product was calculated from the titre of akali 
required for its neutralisation and tlie remainder of the 
product was deemed to be the betaine since t.1.c. examina- 
tion of the product mixture 18 did not reveal the formation 
of any acrylic acid. 

PH- 

C, 54.5; H, 6.5;  N, 18*2%), t (D,O) 1.14 (s, ?CH), 2.38 
4 

+ 

RESULTS 

The four lactones and three esters were hydrolysed 
at  319 K in potassium hydroxide solutions between pH 
7-5 and 12 a t  unit ionic strength. In  all cases the pseudo- 
first-order rate constants proved to be directly dependent 

l8 A. R.  Butler and T. C. Bruice, J .  Amcr. Chem. SOC., 1964, 
86, 313. 

on [OH-] and thus obey the rate equation (1).  No signi- 
ficant value of k ,  could be measured for any substrate 

Rate = K ,  + k,[OH-3 sP1 (1) 

other than p-propiolactone. Consequently, the second- 
order rate constants were usually computed as the average 
quotients of the apparent first-order rate constant and the 
hydroxide ion concentration determined a t  several different 
pH values. In the case of p-propiolactone K, and k ,  
were computed by linear regression analysis of data col- 
lected over the pH range 7-11 using equation (1).  These 
computed rate constants (Table 1) were used to calculate 
the theoretical curves for lactone and ester hydrolysis 
(Figure 1). 

TABLE 1 
Rate data for the hydroxide-catalysed hydrolysis of 

lactones and esters a t  319 K 
No. of 

Substrate pH Range runs k,/l niol-l s-l 
Methyl formate 8-0-9.9 6 149 f 14 

P-Propiolactone * 7.1-11.3 12 8.76 f 0.08 

8-Valerolactone 7-5-9.5 7 59.0 f 3.3 
E-Caprolactone 8.8-10.9 7 3.17 f 0.19 

Methyl acetate 10.1-11.9 5 0.93 & 0.11 
Ethyl acetate 10.75-11.9 5 0.39 f 0.06 

y-Butyrolactone S.6-11.5 10 4.03 f 0.2'3 

* k ,  = 1.39 & 0.07 x s - ~ .  

7 8 9 10 11 t2 
PH 

FIGURE 1 Rate of hydrolysis of esters and lactones as a function 
of pH. Theoretical curves calculated from equation (1) and 
data of Table 1: MF, methyl formate; MA, methyl acetate; 
EA, ethyl acetate 

In the case of P-propiolactone and 6-valerolactone, 
independent determinations of the observed rate constants 
for hydrolysis were made at  several pH values using the 
hydroxamic acid a ~ s a y . 1 ~  This was achieved by the use 
of auxiliary buffers to maintain constancy of pH and, in 
general, corrections were made for minor buffer catalysis 
observed with t-butylamine and carbonate buffers by 
extrapolation to zero buffer concentration. More signi- 

G. M. Blackburn and TV. P. Jencks, J .  Amer. Chein. Soc., 
1968, 90, 2638. 
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ficant levels of catalysis were noted for the hydrolysis of 
6-valerolactone in tris(hydroxymethy1) aminomethane solu- 
tions. In all cases, the corrected, apparent first-order 
rate constants showed satisfactory agreement with, but 
lowei- accuracy than, those derived by pH-stat titration. 

For each of the substrates, alkaline hydrolysis rates 
were measured a t  several temperatures in the range 293- 
319 K a t  the same hydroxide concentration. These 
data were used to compute the activation parameters for 
alkaline hydrolysis a t  319 K (Table 2 ) .  In addition, the 
activation parameters for alkaline hydrolysis of P-propio- 
lactone and methyl formate were obtained from the com- 
puted values of k ,  obtained at  298 K and 319 K and found 
t o  be in satisfactory agreement. 

The rate of hydrolysis of P-propiolactone was measured 
in the presence of pyridine or of l-methylimidazole using 
the pH-stat technique at  298 K. The reactions all dis- 
played good pseudo-first-order kinetic behaviour and the 

TABLE 2 
Acti\-ation parameters for the alkaline hydrolysis of 

esters and lactones at  319 K 
AGll AH$/  AS$/ 

Substrate kJ mol-1 kJ mol-1 J K-l mol-1 
Xethyl formatc 65.1 & 0.3 38.7 f 2.5 -83 f 8 
,Methyl acetate 78.5 f 0.5 46.4 f 1.7 -101 -& 7 

P-Propiolactone 72.58 -& 0.03 50.1 -& 0.9 -770.5 & 3.0 
y-Butyrolactone 74.6 -& 0.2 44.6 & 1.3 -94 f 5 
8-Valerolactone 67.50 5 0.15 30.1 & 1.7 -117 -& 6 
a-Caprolactone 75.24 5 0.17 38.9 & 2.1 -114 & 7 

Ethyl acetate 80.8 & 0.5 45.1 0 -112" 

Isopropyl acetate 84.9 49.3 - 128 
Ref, 48 in ref. l l b .  Ref. 81 in ref. l lb.  

observed rate constants increased with increasing con- 
centration of tertiary amine as described by equation (2).  

Rate = h, + k,[OH-] + ( K ,  + h,)[Aniine] s-l 

Values of Kcat, i .e.  (k ,  -/- k4), were computed by linear 

(2) 

y-butyrolactone were severally examined in aqueous 
solutions of pyridine, l-methyliniidazole, and imidazole. 
In  no case was any significant enhancement of reaction rate 

1-1 
0 0-2 0.4 0.6 

IAminel / M 

FIGURE 2 Kate constants for the reaction of P-propiolactone 
(solid symbols) and methyl formate (open symbols) as a 
function of concentration of l-methylimidazole or pyridine. 
Theoretical curves (solid lines) calculated from data of Table 
3 and equation (2) 

observed, On the contrary, there was usually a rate retard- 
ation which was proportional to the concentration of 

TABLE 3 
Rate data for reactions involving imidazole, l-metliyliniidazole, and pyridine at  298 K 

Substrate Amine PH 
P-Propiolactone l-MeIm 9.51 
P-Propiolactone l-MeIm 10-70 
P-Propiolactone P yridine 9-50 
Methyl formate Pyridine 9-50 
8-Valerolactone Zinidazole 8-70 

regression analysis of the data (Table 3) and used to 
determine the theoretical slopes for lactone hydrolysis 
(Figure 2 ) .  

For both amines, the amount of alkali required to main- 
tain the pH of the reaction at  a constant value throughout 
hydrolysis of the p-lactone fell with increasing amine 
concentration. The decrease in the mole fraction of alkali 
required was used to evaluate two component rate con- 
stants, k ,  and k,, of equation (2) using the assumption 
that the former corresponded to a reaction producing an 
acidic, and therefore titratable, product while the latter 
related to a process giving a neutral, non-titratable pro- 
duct: pyridine, K ,  = 1.035 4 0.3 x loda 1 mol-l s-l, 
k ,  = 1.18 & 0.05 x lQ-z 1 mol-1 s-l; 1-methylimidazole, 

Hydrolyses of methyl formate, &valerolactone, and 
k ,  = 1.2 f 0.1 X lo-,, k ,  = 3.6 f 0.3 X lo-,. 

No. of 
runs [Aminellhi (k, +- h4)/l inol-l s-l 

8 0-0.5 5.0 f 0.1 x 10-3 
6 0-0.5 4.6 & 0.2 x 10-3 
7 0-0.5 1.29 f 0.07 X 
4 0-0.5 
4 0-0.5 

amine, as illustrated for methyl formate hydrolysis in pyri- 
dine solutions (Figure 2 ) .  

DISCUSSION 

A ZkaZiize HydroZysis.-All the alkaline hydrolyses 
investigated are clearly unirnolecular in hydroxide except 
in the case of p-propiolactone which exhibits the well 
known l3 water-catalysed reaction below pH 9 (Figure 1). 
The volatility of methyl formate impeded an investiga- 
tion of its hydrolysis by the pH-stat method under 
neutral conditions though data obtained at 298 K below 
pH 8 suggested that the rate of the water-catalysed 
reaction was not much below the detectable limit. 

The lactones show decreasing reactivity towards 
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hydroxide in the order 8-valerolactone, p-propio- 
lactone, y-butyrolactone, and E-caprolactone (Table 1). 
All are more reactive than ethyl and methyl acetates, 
less reactive than methyl formate. The activation 
parameters for these hydrolyses (Table 2) show that 
six- and seven-membered lactones owe their enhanced 
reactivity to a decrease in the enthalpy of activation 
relative to that for the three acetates but the five- 
and, more markedly, f our-membered lactones derive 
their additional reactivity from a positive increase 
in their entropy of activation. Surprisingly, p-propio- 
lactone exhibits the largest enthalpy of activation 
of any of the carboxylate compounds investigated. 
Without further consideration of the possible molecular 
basis for the variations in these parameters, they sup- 
port the conclusion that the enhancements of reactivity 
of p-propiolactone and 8-valerolactone are separate 
manifestations of strain upon the electrophilic reactivity 
of the ester linkage. 

The strain energy released in the transition state 
must be associated with rate-determining addition of 
hydroxide to the carbonyl group1l,l2 and is thus un- 
likely to include much contribution from the relief of 
bond tension as a result of ring-opening processes. In 
this context it is to be noted that the relative rate of 
hydrolysis of the strained f our-membered ring com- 
pound relative to the acyclic case is an order of magni- 
tude less for lactone ester than for lactam amidee2* 
It must therefore be assumed that strain relaxation 
largely results from the combination of three effects, 
each associated with addition of the nucleophile to the 
carbonyl group and the attendant change from trigonal 
to tetrahedral carbon. These are the change in strain 
resulting from bending at the intracyclic C-ll angle, 
the change in torsional strain effects, and the change 
in energy resulting from the loss of the delocalised 
n-bond system. 

The first two of these effects feature in addition 
reactions of cyclic ketones and may thus be illuminated 
by the comparison of lactone hydrolysis with boro- 
hydride reduction of cyclanones 21 (Figure 3). The 
juxtaposition of the free energies of activation for these 
two processes reveals three significant facts. First, as 
gauged by the comparison of the five-, six-, and seven- 
membered ring compounds, there is a close similarity 
not only in the relative but also in the absolute influence 
of ring strain on the rates of these two nucleophilic 
processes. Secondly, the acyclic compounds share a 
comparable stability relative t o  the above ring com- 
pounds which indicates that the energy difference 
between the cis- and trams-conformations for esters, 
variously estimated 6722723 between 10 and 16 kJ mol-l, 
has but a much reduced influence in stabilising acyclic 
esters relative to ' strainless ' lactones. Thirdly, the 
p-lactone is seen to be less reactive than cyclobutanone 
relative to the other small-ring compounds by an order 

2o G. M. Blackburn and J. D. Plackett, J.C.S.  Pevk in  11, 1972, 
1366. 

*l H. C. Brown and K. Ichikawa, Tetvah0ddron, 1957, 1, 221. 
22 D. Tabuchi, J .  Chem. Phys., 1958, 28, 1014. 

of magnitude and the associated energy difference, 
some 6 kJ mol-l, arises entirely from the relative entro- 
pies of activation.21 

I - -  

;, - 

4 7 5  

A 4  5 6 7  
Ring size 

FIGURE 3 Comparison of the free energies of activation for 
lactone hydrolysis (closed symbols) and cyclanone reduction 21 
(open symbols) as a function of ring size. (The respective 
acyclic compounds are ethyl acetate and di-n-hexyl ketone) 

Allinger has elucidated the nature of ring strain in 
cyclobutanone and cyclohexanone by means of force 
field calculations.= These suggest that serious bending 
at  the trigonal carbon in the former raises its strain 
energy relative to cyclobutane in spite of a fall in 
torsional energy resulting from the substitution of a 
methylene for a carbonyl group. In contrast, the 
strain in cyclohexanone essentially relates to the un- 
favourable conformation imposed by the ring on the 
carbonyl group. Application of these factors to the 
two most reactive lactones suggests that the tetra- 
hedral addition intermediate (I) in hydrolysis of 8-valero- 
lactone will benefit from f avourable gauche-interactions 

and thus relieve conformational strain. However, the 
intermediate (11) for the P-lactone will suffer from 
synperiplanar interactions of electron pairs and polar 
bonds 25 and show an increase in conformational strain 
which must be more than offset by relief of angle strain 
a t  the carbonyl ring position. 

These considerations lead to the expectation of a late 
transition state for hydroxide attack on 8-valero- 

23 W. D. Closson, P. J. Orenski, and B. M. Goldschmidt, J .  Oyg. 
Chem., 1967, 32, 3160. 

2* N. L. Allinger, M. T. Tribblc, and M. A. Miller, Tetvahedvon, 
1972, 28, 1173 

25 S. Wolfe, A. Rauk, L. M. Tel, and I. G. Csizimadia, J .  Chern. 
SOC. (B) ,  1971, 136; S. Wolfe, Accounts Chsm. Res., 1972, 5, 102. 
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lactone with geometry approaching that of (I) but an 
earlier transition state for p-propiolactone (111) in 
which relief of angle strain is limited by avoidance of 
energetically unf avourable non-bonded interactions 
which must increase in progression from (111) to (11). 
It seems reasonable that these latter will be larger for 
nucleophilic addition of hydroxide and smaller for 
hydride attack in accord with the observed pattern 
of reactivity. 

Methylinaidaxole and Pyridine Reactions.---Pyridine 
and l-methylimidazole interact strongly with P-propio- 
lactone but show no reactivity towards methyl form- 
ate or the five- and six-membered lactones, though de- 
tection of such processes is limited by the retardation 
of the hydrolysis of these three substrates caused by 
increasing concentration of either amine (Figure 2) 
which presumably parallels the influence of dioxan on 
the alkaline hydrolysis of 1actams.l With p-propio- 
lactone, the reactions of these heterocyclic amines 
are unimolecular in amine * and independent of hydr- 
oxide concentration in the pH region investigated (F’g ure 
2). They must therefore correspond to uncatalysed 
nucleophilic processes or represent general base catalysis 
of neutral lactone hydrolysis. 

The mole fraction of alkali needed to titrate the 
acidic product of hydrolysis falls rapidly as the con- 
centration of amine is increased at  constant pH. This 
provides kinetic evidence for the formation of neutral, 
non-titratable products which is substantiated by 
isolation and characterisation of the betaines (IV) 
and (V). While these comprise the major part of the 
products resulting from the reactions of P-propio- 
lactone with pyridine and l-methylimidazole respec- 
tively, the difference between the rate calculated for 
their formation, k,[amine], and the observed rate of 
disappearance of p-lactone exceeds the rate measured 
for lactone hydrolysis a t  the same pH in the absence 
of the amine. This rate difference is proportional to 
the concentration of amine and thus establishes a second, 
minor reaction pathway (designated K 3 ) ,  unimolecular 
in amine but leading to an acidic, titratable product. 

Four possible courses for the pathway must be con- 
sidered : a bimolecular p-elimination, general base 
catalysis involving either Ba1,2 or B14c2 mechanisms, 
and nucleophilic catalysis of hydrolysis. The first 
of these would generate acrylic acid while the remainder 
would produce 3-hydroxypropionic acid. Only the last 
of them would result in the formation of a transient 
acylpyridiniurn or acylimidazolium species. 

Three facts attest to the operation of riucleophilic 
catalysis. First, no acrylic acid was detectable in 

* The adoption of pH-stat monitoring of reaction rates pre- 
cludes a search for possible general acid catalysis by pyridinium 
or l-methylimidazolium cations because of their buffering effects. 

reaction products by means of t.l.c.18 Secondly, 
many amines are known to interact with p-propio- 
lactone giving the corresponding 3-hydroxypropion- 
amides.l4 Lastly, the reaction of p-propiolactone with 
imidazole buffers, deemed by Bruice to be nucleophilic 
in character,lB reveals the transient formation of an 
acylimidazole intermediate shown by the appearance 
and decay of a characteristic absorption at 245 nm.26 
This phenomenon could not be observed in the reaction 
between p-propiolactone and pyridine, which is only 
to  be expected since the acetylpyridinium cation is 
hydrolysed a t  a rate2‘ several orders of magnitude 
greater than that calculated here for the formation of 
the 1-(3-hydroxypropionyl)pyridinium ion (VI). Thus 
it can be seen that both tertiary amines react with 
p-propiolactone in concerted processes which are 
formulated in the Scheme. It must, however, be 
noted that the possibility is not excluded of the ad- 
ditional operation of a general base-catalysed process 
though the appropriate rate constants would be of the 
order of 1 mol-1 s-l. 

The existence of these alternative reactions and the 
magnitudes of the rate constants k,  and k, focus atten- 
tion upon two important aspects of the influence of 
strain on reactions oi the ester group. The fact that 
nucleophilic catalysis is seen for hydrolysis only of the 
p-lactone shows that the reactivity of the ester linkage 
can be enhanced by manipulation of conf ormational 
factors, as in the case of 8-valerolactone, and that this 
is effective for strong nucleophiles such as hydroxide 
but does not promote either nucleophilic or general 
catalysis of hydrolysis by weaker bases. On the other 

SCHEME 

hand, the angle strain present in P-propiolactone is seen 
to be significantly more effective in assisting the reactions 
of weaker nucleophiles a t  the acyl centre as well as 
promoting substitution at  the methylene carbon. 
It seems reasonable to infer that this type of strain 
is likely to be of better use in enzymic catalysis of acyl 
transfer reactions, which characteristically rely on 
covalent catalysis from groups of only moderate nucleo- 
philicity,28 than is the control of conformational strain, 
a t  least with respect to reaction steps associated with 
the ester group. 

One final problem is raised by consideration of the 
Bronsted relationship for the reaction of p-propiolactone 
with water, pyridine, l-methylimidazole, and hydr- 
oxide. Alkyl-oxygen fission involving the first three 
of these nucleophiles is characterised by a Bronsted 

26 G. M. Blackburn, unpublished results. 
27 A. R. Fersht and W. P. Tencks. T .  Amer. Chem. SOC.. 1970. 

- Y  

92, 6432. 

McGraw-Hill, New York and London, 1969. 
z8 W. P. Jencks, ‘ Catalysis in Chemistry and Enzymology,’ 
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coefficient p of ca. 0.9. The well known negative devia- 
tion of data for hydroxide attack on the ester carbonyl 
group from normal relationships 2*p 29 makes difficult 
the evaluation of the corresponding coefficient for 
P-propiolactone on the present data alone, though it 
appears likely to lie in the range 0.8 < p < 1.1. Since 
the outcome of reaction between a given amine and 
p-propiolactone, at present unpredictable,llbJ* is linked 
to the precise relation of the two Brernsted curves 
for the BaL2 and BAc2 processes their accurate deter- 
mination is a matter of some value. 

The present data can be coupled with a knowledge of 

the reactions of strong amines with @-lactonesl* to 
suggest that the relationship is not simple but may 
involve a non-linear correlation in the response of the 
strained substrate to changing demand of the nucleo- 
phile as appears likely in the case of certain P-1actams.l 
Further investigation of this problem is in progress. 
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