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Abstract: The conformation in solution of the conformationally constrained cyclic dipeptide N-BOC-[cyclo-(R)-
cysteinyl-(R)-cysteine] t-busyl ester is investigated by NMR and molecular mechanics techniques. The compound is
found to exist as two slowly interconverting conformations in chloroform, both of which have a cis amide bond.

The use of disulphides to introduce conformational constraints into biologically active peptides is a well
established procedure!. However, although a conformational analysis of the resulting peptides is often
undertaken, no systematic investigation of the conformations adopted by cyclic disulphide containing peptides
has been undertaken. Therefore, we have started a project aimed at the conformational analysis of a variety of
cyclic cysteine containing peptides differing in their ring sizes, absolute configurations, and substitution
patterns. In this paper the conformation of a derivative of the simplest such compound cyclo-[(R)-cysteinyl-
(R)-cysteine] (1) in solution is described.

(1) R=OH, R'=H

(2) R=OMe, R'=BOC

(3) R=LeuGly, R'=LeuArgArg
(4) R=OBu, R'=BOC

The conforinations of disulphide (1) and its methyl ester derivative (2) have previously been
investigated by X-ray crystallography2, and in both cases the amide bond was found to be cis, indeed the
conformation of the two eight membered rings in these compounds were found to be superimposable.
Compound (1) was also investigated by early molecular mechanics calculations3, and a distorted cis amide
bond was predicted from these calculations. Whilst our work was in progress, it was reported that a
heptapeptide (3) containing the same cyclic disulphide adopts two conformations in DMSO?. The major
conformation has a cis amide bond in the Cys-Cys unit, and the minor conformation a frans amide bond.
However, the enantiomer of disulphide (1) present in the naturally occuring bicyclic peptide malformin A has
been proposed to exist in the trans form3, and two related eight membered ring disulphides have also been
found to contain trans amide bonds®. Thus it appears that a cyclo-[cysteinyl-cysteine| derivative can contain
either a cis or trans amide bond depending upon the absolute configuration and substitution pattern of the
eight membered ring.
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Inspection of molecular models, revealed that for ring sizes less than eight, an amide in the ring must
adopt the cis configuration whilst for rings with nine or more atoms, a frans amide can be accommodated and
would be expected to be prefered. The change over occurs with eight membered rings, where the amide bond
geometry will be determined by the other groups present in the molecule. Thus by studying eight membered
ring disulphides, the relative importance of these factors can be determined. In this paper, our results on the
conformation adopted by N-BOC-cyclo-[(R)-cysteinyl-(R)-cysteine] z-butyl ester (4) in solution are
presented.

Compound (4) was prepared from S-trityl-(R)-cysteine by the literature procedure’, and obtained as a
white powder after recrystallization from methanol. This material eluted as a single peak under two sets of
HPLC conditions.

NMR Results

The nmr specttum of compound (4) was examined in three solvents, chloroform, dimethylsulphoxide.
and acetone. The very low solubility in acetone prevented any useful information being obtained trom that
solvent, the results for the other two solvents are discussed below.

The 250MHz 1H nmr spectrum of compound (4) in CDCl; was complicated due to overlap of the CH,S
protons, and to the a-CH peaks not being first order. However, evidence of at least two distinct conformations
could be found as for some resonances (both 'Bu, 1 «-CH, both NH's) two sets of peaks were present. The
relative intensities of the two conformers at 17°C were 70/30. However, the peaks for the minor conformer
were all very broad and showed no couplings. At 600MHz however the spectrum was almost entirely first
order, and more evidence of a second conformation could be seen. Again all of the minor conformer peaks
were broadened. The 62MHz 13C nmr spectrum (in CDCl3) by comparison showed only a single set of
resonances, probably due to the minor conformer signals not being visible above the signal to noise ratio. As
it was intended to use nmr techniques to carry out a conformational analysis of compound (4), an essential
first step was to assign all of the peaks in the nmr spectra. However, the almost symmetrical nature of the
compound meant that all of the peaks in the 'H spectrum and all but one of the peaks in the 13C spectrum
could be assigned to either of two nuclei. The only exception was the 13C resonance at 155ppm which could
be unambiguously assigned to the urethane carbonyl. This assignment was of value in assigning the remaining
peaks in the spectrum via 1 and 2/3 bond proton-carbon correlations.

The 600MHz 2/3 bond inverse detected proton carbon correlation (HMBC)8 spectrum is shown in
Figure 1, and the corresponding 1 bond correlation (HMQC)? spectrum in Figure 2. The correlations and
resulting assignments for the major conformer are shown in Figure 3. From Figure 1 it can be seen that only
one of the oH's (4.6ppm) shows a correlation to the urethane carbonyl (C10) resonance at 155ppm. Thus this
must be H7 as shown in Figure 3. This proton also shows a correlation to the carbon resonance at 172ppm,
allowing this to be assigned to the amide carbonyl (C6). The other a-proton (H4, 4.8ppm) does not show a
correlation to the urethane carbonyl (C10) but does correlate to both the amide (C6) and ester (C11) carbonyl
resonances at 172 and 168ppm respectively, as would be expected. Similarly, one of the NH resonances (at
5.9ppm) correlates to both the urethane carbonyl (C10) and the amide carbonyl (C6) allowing it to be
assigned to the urethane NH (H9), whilst the other NH (at 6.25) correlates only to the amide carbonyl (C6)
allowing it to be assigned as the amide NH (HS). Of the four CH,S protons, the one resonating at 2.5ppm

shows a correlation to the ester carbonyl (C11) allowing it to be assigned to one of the diastereotopic H3's.
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Figure 1: Long Range Proton-Carbon Correlation of Compound (4) in CDCl3.
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Figure 2: One Bond Proton-Carbon Correlation of Compound (4) in CDCl3.
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This proton also shows a correlation to the ¢-carbon at 50ppm, allowing it to be assigned to carbon (C4). The
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next two CHjS resonances (at 2.9 and 3.05ppm) both correlate to the amide carbonyl (C6) but not to the ester

carbonyl, allowing them to be assigned to the diastereotopic H8 protons. Both of these protons also correlate
to the a-carbon at 52ppm allowing it to assigned to carbon (C7). The remaining CH»S proton at 3.4ppm
shows no long range proton carbon correlations, but by a proccess of elimination must be the other H3 proton.
The two B-carbons (C3 and C8) have coincident resonances at 43ppm, thus all of the resonances
corresponding to the major conformer in the proton and carbon spectra of compound (4) have been assigned
except for the diastereotopic H3 and H8 protons.

Figure 3: Two and Three Bond Proton-Carbon Correlations.

The HMQC spectrum (Figure 2) then provides confirmatory evidence of these assignments since the
proton at 4 6ppm (H7) correlates to the carbon at 52ppm (C7) and the proton at 4.8ppm (H4) correlates 1o the
carbon at 50ppm (C4) as expected. In addition, the HMQC spectrum also shows correlations for the minor
conformation not seen in the HMBC spectrum due to the signal to noise ratio. Evidence for two minor 0.-CH's
is apparent from the protons at 4.7ppm (correlated to a carbon at 59ppm), and at 5.1ppm (correlated to a
carbon at 50ppm). In addition, evidence for two minor B-protons is seen, both coupled to a carbon at 40ppm.
These minor resonances are visible in the 600MHz !H spectrum, but not in the 62MHz carbon spectrum
presumably due to an inadequate signal to noise ratio.

The above assignments were also consistent with a 250MHz 'H-1H correlation, The higher frequency
NH (6.2ppm, assigned to the amide H5) was correlated to the higher frequency o.-CH (4.8ppm, H4), which
was in turn correlated to the highest (3.4ppm) and lowest (2.5ppm) frequency B-protons (H3). These two f-
protons also correlate to one another (and not to the central B-protons). Correspondingly, the lower frequency
NH (8 Onnm nrathana NHO) carralatac to the lower Frnvq. ency o-CH (4. 6oom l-l7\ which correlates to

NH (3.9ppm, urcthane NH9) correlates ¢ lower y o-CH (4.6ppm, orr s to
central B-protons (3.0ppm, HS).

The remaining protons in the minor conformer were assigned by 600MHz TOCSY Y spectra recorded
with mixing times of 90ms and 120ms and shown in Figure 4. The minor amide resonance at 6.6ppm shows
an exchange correlation to the major amide resonance at 6.2ppm, allowing it to be assigned to HS5 of the
minor conformer. Correlations are then seen to the H4 resonances of both the major (4.8ppm), and minor
(4.7ppm) conformers, and to the H3 resonances of both conformers (3.4 and 2.5ppm for the major conformer,
and 3.1 and 3.0ppm for the minor conformer). This coupling pattern is mirrored in the cross sections

the



5895

»z os1 PR v ow .l.nn_ =_ 't L X " - m..u ...n -%n -..v u...-vtwnu o_.ru u_.m -..o u_.-
) L ] L ] ¢ {53
® ® o 9 las [
® e o © 8 oo @ L) 0 o .
o o © "l o 00 o e © o o |
o [ -] ’ P ﬁ-.. ® ‘& [ . ° ) 58
E B X S T ] oo ﬁ
aVn.uJ . Y - ™ . ’ 'S
£ O e e0 : 9
B > oo M - Qo 0o m 98 e o 0 ¢ -
£ -
.IM.. Lo-y
W.. [ 1] PN - ‘
L - bae ° ¥
@ e @Q a. % . s'c
e «f 4. 0€ _o o ¢ © e
S © Lo'e
o % d ' ° .
- o8 - o 8 % 13 8 8 ¢ 0 p
© % o (-] La-s ¢ 8 o o
L o
M ] ‘@ ° ¢ 0 oV«

SwZ[ Jo aun ] SuxIp 0 ynem g suipe Jo aual I Surxiy o yim y () punodieo) fo n.12ads XSIOL ZHWO09 * 24n81d



5896 A. HORNE et al.

corresponding to each of the major and minor H3, H4 and HS proton resonances. The minor amide resonance
at 5.6ppm shows an exchange correlation to the major amide resonance at 5.9ppm corresponding to H9,
allowing it to be assigned to H9 of the minor conformer. Correlations are then seen to the major (4.6ppm) and
minor (5.1ppm) H7 resonances, and to the H8 resonances at 2.9 and 3.0ppm for the major conformer, and 3.4
and 2.7ppm for the minor conformer. Again this coupling pattern is mirrored in the cross sections
corresponding to each of the H7, H8, and H9 protons. Thus every resonance in the 'H nmr spectrum of
compound (4) could be assigned, even in the region of the CH; protons where there is extensive signal
overlap.

Having assigned the various proton and carbon resonances, conformational information could be
obtained. The coupling constant between the amide NHS5 and the o-CH4 is 11.5Hz for the major conformer,
this value indicates a dihedral angle of approximately 165° between these two protons!!. However the main
factor that can influence the conformation of the ring is the amide bond geometry, and this cannot be
determined directly from coupling constants. Inspection of a molecular model of compound (4), with the H4-
H5 angle fixed at about 1659, indicated that a cis amide bond would bring the two a-protons (H4 and H7)
into close proximity (200pm), whilst a trans amide bond would force them far apart (500pm). Thus it was
anticipated that an n.O.e experiment would allow this geometry to be determined, provided that the two -
protons could be selectively irradiated12,

n.0.e. Results

Attempts to record 600MHz n.O.e. spectra of compound (4) at room temperature were hampered by
extensive magnetisation transfer between the two (and possibly a third) conformations. However this
magnetisation transfer did allow further conformation of the peak assignments obtained from the HMBC,
HMQC, and TOCSY spectra. By conducting the n.O.e. experiments at -20°C however, this magnetisation
transfer was much reduced, and genuine n.O.e. information could be obtained. Irradiation of the resonances
corresponding to NHS and NH9 of both the major and minor conformer showed no significant enhancement
in resonances elsewhere in the spectrum.

By contrast, irradiation of the H4 resonances of the major and minor conformer showed in both cases an
enhancement of 5% in the resonances corresponding to the H7 protons of the major and minor conformer
respectively. These results were mirrored when the H7 proton resonances were irradiated; the minor
conformer showed a 5% enhancement in the minor conformer H4 resonance, and the major conformer a 4%
enhancement in the major conformer H4 resonance. These results clearly indicate that both the major and
minor conformers of compound (4) possess a cis amide bond. It should be noted that the n.O.e. spectra
recorded at room temperature showed the same magnitude of n.O.e. between H4 and H7, but magnetisation
transfer between the major and minor conformations was three times greater. Hence, as the size of the
observed n.Q.e. between H4 and H7 is independent of the amount of magnetisation transfer between the
major and minor conformation, the observed n.O.e.'s must represent genuine enhancements for both
conformations. Irradiations at the H4 and H7 resonances showed no n.O.e. enhancements at any of the H3 or
H8 resonances.

Irradiation of the H3 and H8 resonances was complicated by the extensive signal overlap that occurs in
this region of the spectrum. Only in the case of the major conformer H3 resonance at 2.5ppm, and the minor
conformer H8 resonance at 2.6ppm was selective irradiation possible. In the later case, the only significant
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enhancement was to the minor conformer geminal H8 resonance at 3.4ppm. Liradiation of the H3 resonance a1
2.5ppm however showed a 5% enhancement in the geminal H3 resonance at 3.4ppm, and a 1% enhancement
in the H4 resonance at 4.8ppm.

In summary, the n.O.e. results show that both conformers of compound (4) present in chioroform
solution have a cis amide bond. However, the absence of n.O.e. enhancements between the o and [ protons,
the extensive signal overlap in the CH, region of the spectrum, and the magnetisation transfer between the

two conformers prevented any further conformational information from being obtained.

Variable Temperature nmr Results

A variable temperature study of compound (4) in CDCl; was camried out at 250MHz over the
temperature range of -55°C to +60°C, and at two concentrations; saturated (c.a. 30mg in 0.5ml), and dilute
(5mg in 0.5ml), and a number of changes were noted in the spectra. At temperatures of 0°C or lower, the
resolution of the spectra increases markedly, this is particularly apparent for the minor conformer which at
room temperature gives only broad unresolved peaks. At lower temperatures however, the peaks become well
resolved. Conversely, when the temperature is increased above room temperature, all of the peaks in the
spectrum become less well resolved, until at 60°C only broad peaks are observed even for the major
conformer. These results suggest that the two conformations observed for compound (4) are interconverting
on the nmr time scale, which at room temperature results in some line broadening. When the temperature is
reduced, the rate of interconversion decreases and the peaks become better resolved. However when the
temperature is increased, the rate of interconversion increases, and all of the peaks become broadened. The
high concentration variable temperature nmr data is summarised in Tables 1 and 2.

As can be seen from Tables 1 and 2, there are also chemical shift changes when the temperature is
varied. For the major conformer, H5 the amide NH shifts downfield as the temperature is decreased
(0.014ppny/K at high concentration). This is consistent with the formation of a hydrogen bond involving this
proton at low temperature. As there are no significant changes in any of the coupling constants over this
temperature range, it is likely that an intermolecular hydrogen bond is formed, hence at low temperature and
high concentration in CDCl3, the major conformer of compound (4) appears to form a hydrogen bonded
network through the amide NH's. Additional evidence for this comes from the fact that when the
concentration is reduced, H5 varies much less with temperature (6.14ppm at 20°C to 6.50ppm at -50°C;
0.005ppmyK). For the minor conformer by comparison, there is only a small change in the chemical shift of
HS as the temperature decreases (0.003ppm/K), and this is not significantly dependent upon the concentration.
However as the resolution of this resonance increases at low temperature, the H4-HS coupling constant of
8.1Hz can be obtained. This corresponds to a dihedral angle of 1559 between these two protons!0.

The urethane NH (H9) of the major conformer shows only a small shift downfield as the temperature is
decreased (0.002ppm/K), and this is independent of concentration. By contrast however, the corresponding
resonance in the minor conformer shows a much larger downfield shift at high concentration (0.007ppm/K),
but this is concentration dependent, being reduced to 0.003ppm/K at low concentration. This could be due to
formation of a hydrogen bonded network involving the urethane NH in the minor conformer at low
temperature.



A.HORNE et al.

5898

"¢ am31g ur umoys se gH-1H
se pauBisse are syead Sy, "$109335 I9PIO PUOIIS 10J PIIIALIOD LI 10U 3ABY Pue ‘winnoads oy ur readde Aoy se are sluwsuod Suyidnos paond

y I 4 rAf S A STATm ZH6 113 ZHOLD ZARTT D
wddpgz wddypgz wddysz pp wddz¢¢ wddgs wddg; 'y wddog ¢ wddgy -, cs-
ZHY'Z1 1 Jordnnw widnmw ZHp'E ‘TEL PP 191dngnw ZHY'E ‘6'11 3P ZH6'9 P ZHR'I1 P
wddpgz wddpg'z wddy6z pp wddze ¢ wddggy wddgy wddggg wddpy -, 0s-
ZHY'ZI 1 yo1dnmu 191dnnw ZHGE ‘TEL PP wdnpnuw ZHG'E ‘6'11 P ZH6'9 P ZHG'TL P
wddpgz wddpg-z wddpg-g pp wddgg ¢ wddggy wddg/ v wddogg wddgg9 ov-
ZHO'Z1 19o1dnmuw erdnmnuw ZHO'E ‘Y€l PP 1ordunw ZHL'E ‘G TITIP ZHO'L P ZHS' [T P
wddggz uddygz wddpgsz pp wddye-¢ wddeg wddg, wddyeg wddgg-g ot-
ZHY'Z1? jordninw 1ordnmw ZHY'¢ ‘P'EL PP 1e1dnnuw ZHLE ‘ST P ZHO'LP  ZHGIIP
wddggz wddyg'z wddygz pp uiddge-¢ wddggy wddg/ -y wddpgg wddp/ 9 oz-
ZHY'T1Y 19dnmuw yordnpnw ZH]'E ‘V'El PP 191dnjow ZHL'E ‘§'T1 P ZHO'L P ZHO'ZI P
wddgez wddy6z wddygz wddzg¢ wddeg wddg; wddgg ¢ wddgeg or-
ZHYT1 Y yordnmnu jordnnuw ZHY'E ‘€'E1 PP 191dnjnu ZHOV ‘0'C1 3P ZHO'L P ZHLIL P
wddpgz wddggz wddgs'z wddigg wddggy wddg; wddeg-g wddgpg 0
ZHO'T1} ordnmw ZHO'ST P ZHI'EI P peoiq ZHGT1) ZHLGP ZHS'IT P
wddzgz wddzez wddgp¢ wddge ¢ wddgg wddg; wddgg-g wddpy g Ll
peoiq peoiq peoiq peoiq 1e1dnmuw jodnmw peoiq peoiq
wddgez wddygz wdd; ¢ wddge g wddgsy wddg; wddggg wddpyg oy
peoiq peoiq peoiq peoiq 1o[dnmw wdomu peoiq peoiq
wddyoz wddpgz wddz ¢ wddz ¢ wddggy widdg/ -y wddg/ ¢ wddy-9 05
peoiq peolq proiq peoiq dnou wdnmu peoiq peoiq
wddgo-z wddpgz wddz'g wddz¢ wddi9y wddg/ y wddeg g wddyyg 09
TH — SH IH tH IH PH oH H Do dWaT

"WLOJ0.401Y D) Ul HOUNIOS PaIDLDS D SD (p) punodwo) fo sauiiofuo?) 10fopy Yt 10f DIDP YN 21mpsadud ] 21GDUDA 1T 21D




Cyclo-[(R)-cysteinyl-(R)-cysteine] 5899

The o-protons (H4 and H7) show no significant temperature dependence of their chemical shift for
either conformer at either concentration. The B-protons (H3 and H8) show small changes in chemical shift as
the temperature is varied as shown in Table 1 and Table 2.

Table 2: Variable Temperature NMR Data for the Minor Conformer of Compound (4) at High Concentration
in Chloroform

Temp2C Hs H9 H1 HS HS'
30 5.43ppm
broad
17 6.50ppm 5.48ppm 5.10ppm 2.63ppm
broad broad broad broad
0 6.59ppm 5.49ppm 5.09ppm 3.31ppm 2.63ppm
d8.1Hz d9.3Hz multiplet hidden t11.8Hz
-10 6.61ppm 5.64ppm 5.08ppm 3.31ppm 2.63ppm
hidden d9.3Hz dt 5.6,4.0Hz hidden t 11.9Hz
-20 6.62ppm 5.70ppm 5.08ppm 3.30ppm 2.65ppm
hidden d9.3Hz dt 5.5,4.0Hz hidden t 12.0Hz
-30 6.68ppm 5.79ppm 5.08ppm 3.29ppm 2.69ppm
d8.1Hz d9.3Hz dt 5.6,4.0Hz hidden t11.9Hz
-40 6.73ppm 5.88ppm 5.08ppm 3.28ppm 2.69ppm
d8.1Hz d9.3Hz dt 5.6,4.0Hz hidden t11.9Hz
-50 6.73ppm 5.95ppm 5.08ppm 3.27ppm 2.70ppm
d 8.2Hz d9.3Hz broad hidden t11.8Hz
-55 6.75ppm 5.95ppm 5.08ppm 3.22ppm 2.70ppm
d8.1Hz d9.3Hz broad hidden 111.6Hz

The peaks are assigned as H1-H9 as shown in Figure-3. The other minor conformer resonances were hidden beneath major
conformer peaks over the whole temperature range. Quoted coupling constants are as they appear in the spectrum, and have not
been corrected for second order effects. A blank indicates that the resonance could not be observed at that temperature, this is true

of all minor conformer peaks at temperatures above 30°C. Hidden indicates that the peak was partially obscured by a major
conformer peak, so its coupling constants could not be determined.

NMR Results in DMSO
The !H nmr spectrum of compound (4) in DMSO was far more complex than the corresponding
spectrum in CDCly. Examination of the NH region (6-9ppm) of the spectrum of a saturated solution of

compound (4) in DMSO gave evidence of at least three conformations, which are of approximately equal
intensity, in contrast to the situation in CDCl3. However, this caused the o-H and B-H regions of the spectrum
to be extremely complex even at 400MHz due to extensive signal overlap between the three conformations.
The !H nmr spectrum in DMSO was found to be concentration dependent, at low concentration only NH
peaks corresponding to two conformations were observed, whilst at high concentrations six NH resonances
were observed, corresponding to at least three conformations. Furthermore this is not due to peaks for the
third conformer simply not being seen at low concentration due to the signal to noise ratio, as the peaks of
highest intensity in the high concentration spectrum were absent from the low concentration spectrum.

The 13C nmr spectrum also indicated the presence of three conformations as multiple signals were

observed for each resonance as shown in Table 3. Hence the spectra in DMSO indicate the presence of three
conformations of compound (4), whereas in CDCl;, 6nly two confofmations are detected.
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Table 3: 13C NMR Chemical Shifts of Compound (4) in DMSO.

Carbon No. Chemical Shifts (ppm)

C6 172.20, 171.58, 170.89

Cl11 169.10, 168.87

C10 155.46, 155.13, 154.78

2*OCMe3 81.68, 80.77, 79.15, 78.75, 78.62, 78.51
C4 and C7 53.93, 53.69, 52.48, 51.31, 49.35

C3 and C8 Hidden beneath the DMSO peak
2%(CH3)3 28.32. 28,27, 28.23. 27,77, 27,74, 21.71
Spectrum recorded at 100MHz.

Solid State NMR Results

In an attempt to correlate the solution conformations of compound (4) with the conformation
determined by X-ray crystallography, a solid state 13C nmr spectrum was obtained. It was hoped that any
differences between the solution and solid state conformations would show up as changes in 13C chemical
shifts between the two states. As is shown in Table 4, only small differences between the two sets of chemical
shifts were observed, this could be due either to the two conformations being comparable, or to 13C chemical
shifts being insufficiently sensitive to changes in conformation. Hence this experiment was largely

inconclusive.

Table 4: Solution and Solid State 13C NMR Chemical Shifts of Compound (4 a: 62.5MH:.

Assignment j i i

Cé 1722 173.7

C11 168.9 170.1

C10 154.7 154.3
OCMe; 83.8 and 80.2 82.8 and 81.1
C7 535 521

C4 52.6 50.6

C3 and C8 42.8 43.5 and 41.6
(CH3)3 283 and 27.9 29.1

Molecular Modelling Results

In an attempt to obtain further information on the conformations available to compound (4), a molecular
mechanics study of this compound was carried out using the Macromodel 3D program!3. A randomly drawn
conformation of compound (4) was energy minimised, and then used as a starting geometry for a grid search
of all possible conformations conducted at 60° resolution. During this search, all of the bonds within the eight
membered ring were rotated, as were the C,-CO bond of the ester, and the C,-NH-CO bonds of the urethane.
Conformers having unreasonable bond lengths within the eight membered ring (S-S<100pm, or §-5>250pm)
were automatically rejected by the program, and the remainder were energy minimised to give a set of
minimum energy conformations. All conformations within 50kJmol-! of the global minimum were kept for
further study. The energy minimisation was carried out in vacuo, using three different forcefields MM2,
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AMBER, and OPLSA. In addition, energy minimisation using the MM2 and AMBER forcefields was carried
out in simulated chloroform and water solvents as generated by the Macromodel program.

However, in every minimisation run, the program predicted that conformers with a trans amide bond in
the eight membered ring would be 12-16 kJmol-! more stable than conformers with a cis amide bond. a
prediction that is clearly not compatible with the nmr results. One possible explanation for this was that a grid
search at 60° resolution is inadequate for compound (4) where because of the presence of an eight membered
ring, conformations differing in torsional angles by less than 60° might be envisaged. In order to overcome
this, Monte Carlo searches were carried out on compound (4), using the lowest energy cis and trans
conformers as the starting geometries. The searches were allowed to run for 5,000 iterations and used the
'least usage search directed' algorithm within the Macromodel program to ensure uniform coverage of the
entire conformational space. This search was carried out with the MM2 and AMBER forcefields, either in
vacuo, or using a simulated chloroform solvent. As expected, far more conformations were found in this way,
however conformations with a frans amide bond were again about 15kJmol-! more stable than those with a cis
amide bond.

A second possible explanation for the prediction of a trans amide bond when a cis amide is observed,
was that the calculations were carried out on just one molecule of compound .(4), however, the variable
temperature nmr results indicate that at least at low temperature an intermolecular hydrogen bonded structure
is formed. In order to model this, a Monte Carlo search was initiated in which two identical molecules of
compound (4) with cis amide bonds were used as starting geometries. The two molecules were initially
located close to one another so that intermolecular hydrogen bonds could form between the amides. The
Monte Carlo search was then initiated as described above, with the two molecules free to move relative to one
another, however the minimum energy structure was found to consist of two identical molecules each with a
trans amide bond and hydrogen bonded together through both the amide and urethane carbonyls and NH's,

Examination of the various cis conformers that were found during the single molecule minimisations,
revealed that the first fifteen of these covered a 30kJmol™! energy range, and all had one of three ring
conformations A-C as shown in Table 5. Within each family, the conformers differ in the orientation of the
ester and urethane groups. Of the three families, B had a ring conformation in which the two o-protons were
not close to one another, instead the ring was twisted so that H7 was close to one of the H3 protons. This is
clearly not compatible with the n.O.e. experiments, and the predicted coupling constants for H4-H5, and H3-
H4 for this conformer are also not compatible with those observed, so this conformation will not be discussed
further. Conformers of type A and C are shown in Figure 5, they differ mainiy in the helicity of the disulphide
bond. Conformer C was found to have an identical ring conformation to that observed for compounds (1) and
(2) by X-ray crystallography2. The predicted coupling constants for H3-H4 for both conformer type A and C
agree well with those observed for the major conformer in solution (Table 1). The dihedral angle between H4
and H5 for conformer A is calculated as 1409, and for C as 1599, which are compatible with the values of
165° and 1559, observed for the major and minor conformers respectively in chloroform. Henee it is possible
to deduce that the major conformer present in chloroform solution corresponds to either structure A or C. The
other conformer observed in chloroform would then be compatible with the other structure A or C. However,
far less nmr data is available for the minor conformer, due to the peaks being hidden under the major
conformer resonances, and being broad at higher temperatures. It is not possible to state for certain which of
the conformations A or C corresponds to the major conformer in chloroform solution, but the observed
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dihedral angle for H4-HS5, and the magnitude of the smaller H3-H4 coupling constant are more consistent with
structure C, the X-ray structure than with conformers of type A.

Table 5: Predicted Conformers of Compound (4) with a Cis Amide Bond.

1 0 A 11.4,1.7
2 1.39 A 114,17
3 6.22 A 114,17
4 11.18 A 11.3, 1.6
5 12.71 A 114,17
6 13.52 A 11.3, 1.6
7 15.07 A 11.4,1.7
8 15.78 A 11.4, 1.7
9 18.20 A 11.4,1.7
10 18.54 B 44,26

11 20.30 B 48,24

12 26.12 C 11.7,3.9
13 26.42 B 45,2.6

14 28.18 C 11.7, 4.0
15 28.20 B 49.2.3

a) Coupling constants computed within the Macromodel program. The calculations were carried out in a
simulated chloroform solvent using the Amber forcefield.

Figure 5: Conformer Type A and C Predicted for Compound (4) by Molecular Mechanics.

1)) 2)

1): Conformer A calculated to be of lowest energy. 2): Conformer C corresponding to the X-ray structure.
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Conclusions

Compound (4) was found to exist in chloroform as a mixture of two conformers, and in DMSO solution
as a mixture of three conformers interconverting slowly on the nmr time scale. In chloroform, the two
conformers have a cis amide bond and differ mainly in the helicity of the disulphide. The major conformer
present in chloroform solution seems to have the same ring geometry as found in the crystal structure of
similar compounds2. Evidence was found that in chloroform, the compound forms intermolecular hydrogen
bonds at least at low temperature. Molecular mechanics calculations were found to be unable to predict the
relative energies of the minimum energy conformations of compound (4), but did find the experimentally
observed conformations (including the conformation found by X-ray crystallography) amongst the set of
conformations predicted.

Experimental

NMR experiments were carried out at 250MHz on a Brucker AM250 spectrometer fitted with a Smm
1H-13C dual probe or a solid state probe; at 400MHz on a Brucker WH400 spectrometer; or at 600MHz using
a Varian VXR600S spectrometer.

Molecular modelling calculations were carried out using Macromodel-3D running on a Silicon Graphics
Personal Iris Workstation.
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