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Absbnct: The cyclic dipeptide cycle-l(S)-His-(S)-Phe] isfound to catalyse the oxidation of bensaldehyde to benzoic 
acid. A mechanism is proposed both for this reaction, and fir the aspmefric addition of HCN IO aldehydes 
catalysed by this peptide based on a common intermediate for both reactions. 

There is much current interest in the asymmetric synthesis of natural and unnatural productsl. Of the 
various methodologies available to accomplish this goal, the use of homochiral catalysts to catalyse reactions 

occuring at prochiral centrcs is attractive, as in principle, high optical and synthetic yields can be obtained at 

low cost. Although a number of asymmetric catalysts am known2. very few catalyse the asymmetric 

formation of carbon-carbon bonds5. However, the cyclic dipeptide cyc/o-[(S)-His-(S)-Phe] (1) is known to 

catalyse the asymmetric addition of hydrogen cyanide to aromatic aldehydes, giving (R)-cyanohydrins of high 

optical pur@ as shown in m. Although a number of synthetic investigations using this catalyst have 

been carried outi, very little is known about the mechanism of the reaction. Recently, we have reported on the 

conformations adopted by the catalyst, and the nature of the interaction between catalyst (1) and HCN5. The 

nature of the complex formed between compound (1) and HCN has also been reported by de Vries et ~1.~. 
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Although our work on this reaction has been mainly mechanistic, a number of synthetic reactions were 

carried out to prove that the catalyst was in an active form. Throughout this work, ether was used as the 

reaction solvent, benxaldehyde as the substrate, and mandelonitrile was obtained in good yield and high 

optical purity. Unlike the literature work eanied out using benzene as the solvent7, we observed that the 

catalyst appeared to be totally insoluble in the reaction medium, and no gel formation occured during the 

reaction. Indeed the catalyst could be recoved from the reaction mixture simply by filtration and reused 
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without loss of catalytic activity, indicating that gel formation is incidental and not essential to the reaction. 

These results prompted us to investigate whether the reaction is actually catalysed by a very small amount of 

catalyst dissolved in the solvent, or whether it is a solid state reaction in which case conformational results 

obtained in solution may not be mlevent. 

In order to investigate this, the catalyst was placed in a soxhlet thimble and continuously extracted with 

either ether or benzene for 24 hours. The resulting solvent was then used in a cyanohydrin forming reaction to 

which no catalyst was added, and was found to be catalytically inactive. In addition, no evidence for the 

presence of catalyst (1) ln the solvent could be found by nmr. The catalyst from the soxhlet thimble however, 

was still catalytically active, showing that the catalyst had not been decomposed or denatured by the extended 

contact to hot solvent. These results clearly indicated, that the catalyst (1) has no solubility in ether or 

benzene. 

However, during asymmetric cyanohydrin formation reaction, benzaldehyde and mandelonitrlle (or 

another aldehyde and h ohydrin) are also present in the reaction mixture, and their presence could affect 

the solubility of the st. (However, over 50 different aldehydes have been successfully used as substrates 

for this reaction, so catalyst would have to dissolve in each of them.) It is known that the catalyst is 

soluble in pure m onitrile, and in benzene containing more than 10% mandelonitrile6. however 

mandelonitrile is not ent at the start of the reaction, so we investigated the solubility of the catalyst in 

benzaldehyde. 

mg) was added to fres 

for 48 hours, approxi 

on (one of over twenty such reactions carried out by us to date), catalyst (1) (SO 

tilled benzaldehyde (5 ml), and the mixture allowed tc stir at room temperature 

ly half of the solution solidified. The solid was isolated, purified by acid/base 

zoic acid (2.8 g) on the basis of its mp, mixed mp, ir spectrum, and tH nmr 

spectrum. The remai of the benzaldehyde was recovered unchanged, and no benzyl alcohol was detected 

in the products. It is known, that benzaldehyde is readily oxidised to benzoic acid in a photochemical 

reaction without a catalyst*, so a control experiment was carried out as above, but without adding 

ditions. only 1.2 g of benzoic acid was formed, thus confiing that catalyst (1) 

was catalysing the n of benzaldehyde to benzoic acid. That the catalysed reaction was also 

photochemical was s by reactions carried out in the dark, the yield of benzoic acid from both the 

catalysed and unca reactions was substantially reduced under these conditions (1.07 and 0.48g 

respectively). A num other catalysts have previously been reported for this oxidationg, however to the 

best of our know1 no basic catalyst has been reported, and bases have been reported to inhibit the 

The source of 

atmosphere, as wh 

reaction occurred. 

reaction within a s 

oxygen absoption. 

reactions were con 

5ml of benzald 

double the rate 

oxygen required for this reaction was found to be molecular oxygen from the 

n was carried under a nitrogen atmosphere using degassed benzaldehyde, no 

the kinetics of the oxidation reaction to be determined by conducting the 

atmospheric pressure hydrogenator filled with air, and monitoring the rate of 

to eliminate the effect of factors such as light intensity, and temperature two 

tde by side, differing only in that one of the reactions had peptide (1) (SOmg for 

and the other did not. The initial rate of the catalysed reaction was found to be. 

ysed reaction (reproducable over three such experiments), showing that peptide 

t. The above reactions were all conducted in the absence of solvent, adding 
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a solvent (toluene, dichloromethane, or methanol) to either a catalysed or uncatalysed oxidation reaction 

resulted in suppression of the naction, and formation of less then 20mg of benzoic acid. 

The accepted mechanism for the unctiysed oxidation of benzaldehyde, involves the photochemical 

excitation of benzaldehyde, to the triplet excited state which then abstracts a hydrogen atom from another 

molecule of benzaldehyde, giving a carbonyl radical*. These react with molecular oxygen, giving initially the 

peracid which decomposes to benzoic acid. The catalyst may be acting by forming an amino1 intermediate (2). 

as shown in scheme, which on hydrogen atom abstraction by photochemically excited benzaldehyde would 

give the radical (3) which is a much more stable equivalent than the carbonyl radical. This radical would then 

be oxidised as in the uncatalysed reaction, before the catalyst was finally regenerated by its elimination from a 

carboxylic acid derivative. This catalytic cycle depends upon the imidazole ring in catalyst (1). to actually 

carry out the chemistry. Imidazole itself was found not to be a catalyst for this oxidation, indeed it acts as an 

inhibitor. This difference may be due to differences in the solid state structures of compound (1) and 

imidazole, or to differences in their nucleophilicities due to the formation of an intramolecular hydrogen bond 

in catalyst (1) as previously proposed5. Support for the later suggestion comes from experiments in which 

1,2,4-triazole (a better nucleophile than imidazole) was found to be as effective a catalyst as compound (1) for 

this oxidation, giving a 43% yield of benzoic acid under the same conditions described above. 

Ph 
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These results also provide evidence to support a mechanism for the formation of chin4 cyanohydrins 

catalysed by compound (1). Conversion of benzaldehyde to amino1 (2) results in formation of the requited 

new chiral centte whiJst the benzaldehyde is attached to the catalyst, thus it is not unreasonable to suppose 

that a single diastereomer of compound (2) will be generated, or that the two diastereomers will be formed in 
unequal amounts. Displacement of the imidazole leaving group by cyanide in an SN2 reaction would then 

result in the formation of optically pure cyanohydrins as shown in &&t&$. Should both diastereomers of 

compound (2) be formed under the reaction conditions, it is possible that the substitution reaction with 

cyanide will occur at different rates with the two diastereomers. resulting in the observed enantiomeric excess, 

as the two diastereomers will be in equilibrium. It has not proven possible to detect the amino1 intermediate 

(2) spectroscopicaJly6~~1. 

This is the first mechanism to he proposed for this asymmetric cyanohydrin forming reaction that relies 

upon formation of such an amino1 intermediate. Previous mechanistic suggestionsu*t2, have emphasised the 

formation of an imidamle/ cyanide salt, and suggested that the aldehyde forms a hydrogen bond to one of the 

amide NH’s, which whilst not unreasonable, has not been supported experimentally. However, we have 

recently shown that the interaction between catalyst (1) and HCN is of a covalent hydrogen bonded nature 

rather than formation of ionic speciess. and the oxidation of benzaldehyde to benzoic acid catalysed by 

peptide (1) is best explained by an imidazole/ aldehyde complex. Thus the mechanism shown in S&r&+ 

appears to be more consistent with the experimental observations concerning catalyst (1) than previous 

suggestions. 

H x .,J’h 
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In order to provide evidence for the above mechanism. a molecular modelling study of the amino1 

intermediate (2) was carried out. We have recently reported details of a molecular mechanics study of catalyst 

(1)5, and the same methods were used in this study. Thus starting from the structure shown in m which 

was determined by both molecular mechanics and nmr to be the minimum energy conformation of catalyst 

(l), the structure was modified by incorporation of the amino1 unit in which the new chiial centre was set to 

both R and S configurations. This introduced two new rotatable bonds, and a grid search (conducted at 300 

resolution with the Macromodel package 13, followed by energy minimisation using the MM+ forcefield 
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within the Hyperchem modelling package13 was carried out to find the minimum energy conformation of 

both diastemomers. The global miniium energy conformation of the amino1 diastemomer with the (S)- 

configuration at the amino1 cenue was found to be 5KJmol-1 more stable than the minimum energy 

conformation of the diastereomer with the (R)-configuration. This is consistent with the mechanism shown in 

S&em& as the (S)-isomer of the amino1 would give the experimentally observed (R)cnantlomer of the 

cyanohydrin. The same energy difference between the minimum energies of the two diastemomers was found 

when the energies were calculated using semi empirical methods at the CNDO level. 

Preliminary experiments suggest that the oxidation reaction is not limited to benzaldehyde, as p- 

methoxybenzaldehyde is also oxidised by this catalyst. Our synthetic and mechanistic efforts on reactions 

catalysed by dipeptide (1) are continuing, and will be reported in due course. 
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