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Abstract: Cycle-l(S)-His-(S)-L.eu] adopts a confirmation in solution in which rhe imidazole ring is folded over the 
diketopiperasine ring. This is the opposite confirmation IO that deremdned for cycle-i(S)-His-(S)-Phel. and “ray 
explain the opposite sense of asymnaerric induction between the two catalysts. 

q-- &)-Ij-( 
H 0 H 0 

(1) (2) 

Cyanohydrins are versatile, difunctional, starting materials for the preparation of a range of chemical 
productsl. However, the traditional methods of preparing cyanohydrins give a racemic product2 which needs 
to be resolved if it is to be used in the synthesis of homochiral products. Thus there has been much recent 
interest in the preparation of optically pure cyanohydrit$, and in particular in the use of chiral catalysts for 

the asymmetric synthesis of cyanohydrins from carbonyl compounds and a cyanide source4. Numerous 
catalysts have been investigated for this reaction including; enzyme$, polymersa, organometallic reagents7, 

and cyclic dipeptidesglo (diietopiperazines). Of these, the cyclic dipeptides initially discovered by Inoue et 
al. have been the most widely studied, with cycfo-[(S)-His-(S)-Phe] (1) catalysing the formation of (R)- 
cyanohydrinsg, and cycle-[(S)-His-(S)-Leul (2) catalysing the formation of (S>cyanohydrinslo. Although the 
synthetic utility of catalysts (1) and (2) has been extensively investigated, little is known about the mechanism 
of this catalytic, asymmetric, carbon-carbon bond forming reaction. Mechanistic studies on these compounds 
have been hindered by their amorphous nature which has prevented an X-ray analysis. The conformation of 
catalyst (1) in solution has been investigated”, as has the nature of the interaction between catalyst (1) and 
HCN12 and four possible transition state models have been proposed for the asymmetric induction13~t4. In 

7933 



7934 D. J. P. HOGG et al. 

this manuscript, the conformations adopted by catalysts (1) and (2) are compared, and differences in the 
ground state catalyst conformations are used to suggest an explanation for the opposite senses of asymmetric 
induction that they exhibit during cyanohydrin synthesis. 

Previous Conformational Analyses 
The conformation of catalyst (1) in DMSO and CDsOD has previously been determined by variable 

temperature nmr and molecular mechanics techniques r1*12. The global minimum energy conformation was 

found to be the structure shown in Figure in which the phenyl ring is preferentially in the g+ rotomer 

(Eigu&!) and so is folded over the diketopiperazine ring. Variable temperature nmr experiments showed that 

rotation occurs about the Phe a-p bond, but that the population of the g+ conformer increases as the 

temperature is lowered, thus matching the predictions made by molecular mechanics calculations. The 

diketopiperazine ring was shown to be flat. Protonation of the imidazole ring of compound (1) was found not 

to significantly alter its conformationt2. 

Figure I: Previously Determined Conformations of Compounds (I) and (2). 

Figure 2: Newman Projections of the Three Staggered Conformers about u C,-Cp Bond. 

The conformation of compound (2) has previously been investigated both by Tanibara et al.15, and by 

Arena et a1.16. Combining the results from these two papers, the conformation of catalyst (2) has been 
investigated at RT in both DMSO and D20, and the structure of protonated (2) has been studied in D20. Both 

sets of authors concluded that catalyst (2) adopts a structure of the type shown in EigunAh in which the 

imidazole ring adopts a g+ conformation and is bent over the diketopiperazine ring. Arena et al. further 
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suggested that upon protonation of the imidazole. rotation about the His by bond occurs so that the imidazole 

ring is no longer planar above the diketopiperazine. 

Both these conformational analyses of compound (2) were carried out under different conditions to our 

previous study of catalyst (1). Thus in order to allow a direct comparison between the structures of the two 
compounds, we have conducted a variable temperature nmr study of catalyst (2) in DMSO and CD30D as 

previously described for catalyst (1). In the absence of a crystal structure, we have chosen to investigate the 

solution conformation of these catalysts under as wide a range of conditions as possible, this being limited by 

the low solubility of the catalysts in non polar solvents. 

Variable Temperature NMR Resalts for Compound (2). 
The lH nmr spectrum of compound (2) was recorded in DMSO-de solution at temperatures of 30°C to 

130°C, and the chemical shifts and coupling constants are reported in Table. The corresponding data 
recorded in CD30D solution at temperatures between -7WC and +40°C are reported in Table. Chemical 

shifts are accurate to better than O.lppm, and coupling constants to +/- 0.2Hz. Examination of the data in 

Tahle, shows that the most significant change in chemical shift as the temperature increases occurs for the 

leucine B-protons which shift to lower field. This is consistent with these protons being shielded by the 

imidazole ring (histidine residue in g+ conformation) at low temperatures, but becoming less shielded at 

higher temperatures due to rotation about the histidine a-p bond, and hence increased population of the 

histidine g- and t conformers. Thus these results confinn that the previously determined structure15,t6 is the 

most populated conformation at low temperatures, but indicate that other conformations are also populated at 

temperatures around -2oOC which are commonly utilised for asymmetric cyanohydrin forming reactions. The 

leucine &protons are also shifted to lower field at high temperature, suggesting that the-shielding caused by 

the imidazole ring extends as far as the leucine methyl groups. By contrast, no significant change in the 

chemical shift of the leucine T-proton is observed, this may be due either to the fact that this peak occurs as an 

unresolved multiplet at all temperatures, or it could indicate that the predominant conformation about the 

leucine p-T bond places this proton pointing down towards the diketopiperazine, and hence well away from 

the influence of the imidazole ring. The leucine a-proton shows a small shift to lower field as the temperature 

is raised, whilst the histidine a-proton shows no significant shift. Of the two histidine P-protons, one shows a 

slight shift to lower field on raising the temperature, whilst the other shows no temperature dependence of the 

chemical shift 

Table also shows that the spectrum of compound (2) becomes better resolved as the temperature is 

raised, thus some peaks which appear as broad signals at room temperature, resolve into multiplets at higher 
temperatures. The magnitude of the His,g, coupling constant shows little or no variation with temperature, 

whilst the magnitude of the His,g, coupling constant increases with temperature from 6.5 to 7SHz. It is 

possible to use the magnitude of the His,g coupling constants to calculate the population of the g+ 

conformer via Karplus type equations (Equations l-3). The parameters for these equations were derived from 

a study of the related diketopiperazine cycfo[(S)-His-(S)-Trp]17, and the same approach has been applied to a 

variety of other diketopiperazines18. In principle, the pop ulations of the other two rotomers can also be 
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obtained, however this requires the diastereotopic assignment of the Hisg protons. For free rotation about the 

u-p bond, ie equal populations of the g+, t and g- conformers, equations (l-3) predict coupling constants 3J,~ 

of 5.7Hz and “J+ of 6.8Hz. 

35 uS = 2.6g’ + 2.4t + 12.lg- (1) 
3J oB’ = 5.2g+ + 12.4t + 2.7g- (2) 

g++t+g-=l (3) 

Application of the Karplus equation to the data in Table, shows that at 50°C, the His residue spends 

60% of its time in the g+ rotomer, but at 130°C this has fallen to 40%. These results are entirely consistent 
with the Leub protons becoming less shielded as the temperature increases. The Leu,g coupling constants 

are only resolved at temperatures above 7oOC, and they show no significant variation with temperature. The 

observed coupling constants correspond to a population of the g+ rotomer of 30%. 

Table shows that essentially the same dependence of chemical shift upon temperature is observed at 

low temperatures in methanol as at high temperatures in DMSO. Thus the most significant temperature 
variation is seen in the L.eug protons which move to higher field as the temperature is reduced. The effect is 

most noticeable for the higher field Leug proton @2), which at -7OOC occurs at 0.19ppm. These results again 

suggest that as the temperature is reduced, the population of the His g+ rotomer increases. The population of 
the His g+ rotomer calculated from the His,g coupling constants is also consistent with this hypothesis, thus 

at 40°C the g+ rotomer has a population of 7046, whilst at 2oOC this has risen to 80%. Unfortunately, below 
20°C the peaks become broad and coupling information cannot be extracted. The L~u,~ coupling constants 

can only be extracted at temperatures of O°C and above, and show little variation with temperature within this 

range. The population of the Leu & rotomer is constant at 20% over the temperature range of 40°C to O’C. 

Protonation of the Imidazole Ring 

It has previously been suggested1s*18p19 that the reason for the formation of folded conformations of the 

type shown in Eignr& in diketopiperazines containing one or mote aromatic amino acids is due to n-rt 

electron interactions between the aromatic ring, and the diketopiperazine amides. Thus it was anticipated that 

protonation of the imidazole ring might have an effect on the conformation adopted by compound (2). Hence 
variable temperature nnu spectra of compound (2) were obtained in both DMSO-de, and CD30D after 

protonation of the imidazoleCring with TFA*o, and the results are reported in Tahle&& 

Comparison of the data in Table with that in T&le_l, reveals that the temperature dependence of both 

chemical shifts and coupling constants is significantly reduced on protonation of compound (2). In particular, 
the temperature variation of the Leug protons is much reduced, this may bc partially due to the reduction in 

the electron density of the imidazole ring causing it to exhibit a smaller shielding effect. The His,g coupling 

constant shows little or no variation with temperature, and corresponds to a population of the g’ rotomer of 
65-7096. The Leu,g coupling constants also shows only a small variation with temperature, which suggests 

that the population of the g’ rotomer is approximately 30% over the whole temperatute range. It should also 
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be noted that over the entire temperature range, the HisS protons occur as a single resonance, in contrast to the 

situation observed in Tables. The same lack of temperature dependence of the chemical shifts and 

coupling constants of protonated catalyst (2) is seen by comparing the data in Tahlc with that in Table 
Thus the chemical shifts of the Leus protons show no variation with temperature. nor do the Hisa+ coupling 

constants vary, and they suggest a population of the His g+ rotomer of 70%. 

Molecular Modelling Results 

In order to explain the variable temperature nmr results obtained for protonated and unprotonated forms 

of catalyst (2), a molecular mechanics study of the catalyst was carried out using the methods reported 

previously for catalyst (1)11v12. Thus a randomly drawn structure corresponding to compound (2) was fit 

energy minim&d until the energy gradient was cO.lKJmolql using the TNCG minimiser and the AMBER 

forcefield as implemented within the Macmmodel-3D21 program. The resulting minimum energy structure 

was then used as the starting structure for a accessible conformational space search. Thus each of the rotatable 

bonds was rotated in 60° increments, and the conformation of the diketopiperazine ring was varied by 

assigning one of the bonds as a ring closure bond, and rotating the remaining bonds in 600 increments. The 

Macromodel program automatically discards those structures where rotation of the bonds within the 

diketopiperazine would result in an unreasonable bond length for the ring closure bond (<lOOpm or SOOpm). 

Each of the remaining structures was energy minimised as described above, duplicate structures being 

automatically discarded to produce a set of minimum energy conformations. All structures within SOKJmol-’ 

of the global minimum energy conformation were retained for further examination. 

For the unprotonated catalyst, the calculations were carried out in vacua, and in simulated chloroform and 

water solvents (the only environments supported by the Macmmodel program). However, examination of the 

50 lowest energy conformers in each case showed that only the calculations carried out in water were able to 

reproduce the populations determined by nmr. In particular, the calculations carried out in vacua, or in 

chloroform severely underestimated the population of the His g’ rotomer. Details of each conformer of 

compound (2) with a predicted population of >2% at 2oOC in water are given in Table_5 For the His residue, 

the populations of the g+. t, and g rotomers (calculated at 20°C in water) were predicted to be 78, 16, and 6% 

respectively (with the five lowest energy confbrmers being in the g’ rotomer), whilst for the Leu residue, the 

same populations were calculated as 14, 14, and 72% (with the two lowest energy conformers containing the 

g rotomer). The conformer populations given above differ slightly from those in m as they are based 

on an analysis of all conformers within 5OKJmol ml of the global minimum. The same calculations were 

carried out on the protonated catalyst, and again the results in a simulated water solvent most closely match 

the experimentally observed results. These results are shown in Table for each conformer with a predicted 

population of >2% at 20°C. Thus, for the His residue the populations of the g+. t, and g- rotomers (calculated 

at 20°C) were predicted to be 62, 30, and 8% respectively (with the global minimum being in the g+ 

rotomer), whilst for the Leu residue, the same populations were calculated as 12, 21, and 67% (with the 

global minimum containing the g- rotomer). For both unprotonated and protonated forms of compound (2). 

the molecular mechanics calculations predict a predominantly flat diketopiperazine ring. 
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Table 5: Molecular Mechanics Results on Compound (2) Calculated in Water. 

Conformer 

Energy 

Population 

(W 

Hi&line 

Conformation 

Leucine 

Conformation 

Diketopiperazine 

Conformation 

-126.7 23.3 g+ g- Flat 

-126.3 19.8 g+ g- Flat 

-123.7 6.9 g+ t Flat 

-123.5 6.4 + g- Boat 

-123.3 5.9 : t Flat 

-123.3 5.9 t g- Flat 

-123.2 5.7 t g Flat 

-122.9 5.0 g+ g+ Boat 

-122.8, 4.8 t g+ Flat 

-122.4 4.1 g+ g+ Boat 

-121.6 3.0 g- g- Flat 

-121.2 2.5 g- g- Flat 

-121.0 2.3 g+ g- Flat 

-120.9 2.2 Flat 

6 2.0 Flat 
1) Populations am calculated at 298.1SK 

Confomnational Conclusions 

In DMSO and methanol solutions, molecular mechanics calculations and variable temperature nmr 

studies suggest that the global minimum energy conformation of compound (2) is represented by the structure 

shown in E&t&&, in which the imidazole ring is folded over the diketopiperazine and is shielding the Leu b 

protons. However, both the His and Leu residues are rotating, and hence other conformers have appreciable 

populations. As would be expected for this model, the observed coupling constants indicate that the 

population of the g+ rotomer increases as the temperature decreases due to the other higher energy 

conformations becoming less populated. Both the nmr and molecular mechanics calculations are consistent 

with this conclusion, however the nmr data are also consistent with an alternative situation in which the global 

minimum energy conformer would be any structure other than that shown in Eigux&, and a number of 

conformers of the type shown in Eigur&2 are only slightly higher in energy. This would result in the His g’ 

conformers being the most highly populated at all but the very lowest energies, despite the global minimum 

energy conformation being of a different form. However, no evidence for this was found from the molecular 

mechanics calculations22. 
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Table 6: Molecular Mechanics Results on Protonated Compound (2) Calculated in Water. 

Conformer Population Histidine Leucine 

Energy (%)’ Conformation Conformation 

-247.9 28.8 g+ g- 
-245.9 12.9 t t 

-245.4 10.5 t g- 
-245.0 8.9 g+ g+ 

-244.7 7.9 g+ g- 

-244.5 7.3 g+ g- 
-242.5 3.3 g- t 

-242.4 3.1 g+ s’ 

-242.4 3.1 g- g- 
-242.0 2.7 g+ g- 

-241.9 2.6 g+ t 

-241.8 2.5 t g 

-241.7 2.4 t t 
-241.5 2.2 g- g- 

~241.2 1.9 tz 
1) Populations am calculated at 298.153 

Diketopiperazine 

Conformation 

Flat 

Flat 

Flat 

Boat 

Flat 

Boat 

Flat 

Boat 

Flat 

Boat 

Flat 

Flat 

Flat 

Flat 

Flat 

The molecular modelling results do not explain why protonation of the imidazole ring results in less 

shielding of the Leu P_protons, since the population of the His g+ rotomer is predicted not to undergo a major 

change on protonation (78 to 65%), nor do they explain why the ‘H nmr spectrum of protonated catalyst (2) 

is far less temperature dependent than the unprotonated spectrum. A change in the conformation of the 

diketopiperazine ring would account for both the decrease in the shielding of the Leu P-protons, and the lack 

of temperature dependence of the nmr spectrum, as in a boat shaped conformation, even when the His residue 

occupies the g+ rotomer. the imidazole ring does not appreciably shield the Leu P-protons. However, neither 
the molecular mechanics calculations, nor the nmr data indicate this to be the case. The two calculated His,p 

coupling constants for the flat and boat shaped conformations of catalyst (2) are 3.0 and 3SHz in both cases, 

so these cannot be used to determine the conformation of the diketopiperazine ring. However, at high 

temperatures in DMSO the protonated catalyst shows a 5J coupling of l.OHz between the two a-protons. this 

coupling is not seen at lower temperatures due to the decrease in resolution as the temperature decreases. It 

has previously been shown23, that the magnitude of this 5J coupling is dependent upon the conformation of 

the diketopiperazine ring. In DMSO, a l.OHz coupling constant corresponds to a flat diketopiperazine ring. 

Conformations with boat shaped diketopiperazine rings would have 5J values of between 1.0 and 1.8Hz 

depending upon the amount by which the ring is bent away from planarity. and assuming that the boat was 
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formed such that the side chains were in the least hindered positions. As a number of rapidly interconverting 

conformations are present in solution, the observed coupling constant will be a weighted average of the value 

for each of these. However, the observed value of l.OHz is clearly inconsistent with a major population of 

boat shaped conformers. Thus it appears that the changes in the nmr spectra observed upon protonating 
compound (2) am due to rotation about the His P-T bond as previously suggested to occur in D2016. This 

rotation places the imidazole ring away from the Leu P_ and S-protons, and thus accounts for the lack of 

shielding of the Leu protons. 

Hence it appears that the conformation adopted by catalyst (2) is independent of solvent, as the same 
conformation is observed in DMSO, CD30D, and D20. Only protonation of the imidazole ring appears to 

change the conformation. Thus it is likely that the conformation determined here will not be affected by the 

presence of HCN (We have previously shown that the interaction of HCN with catalyst (1) is not ionic12) or 

an aldehyde during an asymmetric cyanohydrin forming reaction. The conformation of catalyst (2) shown in 

s may therefore be the catalytically active conformation, although it is clear from both the molecular 

modelling and nmr results, that other low energy conformers exist, and have significant populations. 

Comparison with Catalyst (I) and Possible Relevance to Asymmetric Cyanohydrin Formation 

Catalyst (2) catalyses the the addition of HCN to aldehydes, giving the (S)-enantiomer of the 

cyanohydrin. By contrast, catalyst (1) catalyses the same reaction but gives the (R)-enantiomer of the 

cyanohydrin. The conformation of catalyst (1) has previously been determined11,12, and found to adopt a 

conformation in which the phenyl ring folds over the diketopipemzine24 as shown in Figure. This 

conformation of catalyst (1) results in the shielding of the top face of the imidazole ring by the phenyl ring, 

whilst in catalyst (2). it is the bottom face of the imidazole ring that is shielded by the diketopip-erazine ring. 

As it would seem likely that the imidazole ring is involved in the catalysis (by reacting either with the 

aldehyde13, or with the HCN14), this opposite accessability of the two faces may be mlevent to the opposite 

enantiomer of the cyanohydrin produced by the two catalysts, although the mechanism of this reaction has not 

yet been determined. It is however possible that catalysis occurs through a conformation other than the 

ground state structures, as both catalysts (1) and (2) have been shown to interconvert between a range of low 

energy conformations. Further work on the asymmetric synthesis of cyanohydrins catalysed by synthetic 

peptides, and on the mechanisms of these reactions is underway and will be reported in due course. 
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