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Abstract: The three tripeptides 6-L-a-aminoadipoyl-L-cysteinyl-Q- 

propargylglycine, 6-L-a-aminoadipoyl-L-cysteinyl-D-cyanoalanine and 6- 

L-a-aminoadipoyl-L-cysteinyl-D-[4,4,5,5-2H4]-norvaline were synthesised 

and incubated with the enzyme Isopenicillin N Synthase (IPNS). All 

incubation mixtures contained biologically active products, and led to the 

isolation of four new penicillins (P-ethyl, a-acetylenic, a- and p-nitrile) 

following purification by reverse phase HPLC. The stereochemistries of 

formation of monosubstituted penicillins with IPNS are rationalised. 

It has been shown that the enzyme Isopenicillin N Synthase (IPNS) exhibits a broad 

degree of substrate flexibility, catalysing the bicyclisation of numerous modified 

natural substrate analogues and enabling many new and interesting P-lactam con- 

taining products to be isolated, characterised and tested for biological activity.1 These 

results have led to a unified theory of second ring closure to be proposed which 

covers all the various valinyl substrate analogues,2 while opening up the possibilities 

of active site modelling/mapping of the IPNS enzyme from product ratios, stereo- 

chemistries and acceptabilities with respect to both steric and electronic constraints 

of these analogues. 

The allylglycine containing tripeptide 6-L-a-aminoadipoyl-L-cysteinyl-D_allylglycine 

(1) has been the substrate par excellence for IPNS. It has been shown to be con- 

verted to six novel P-lactam containing metabolites by this enzyme,3 including three 

products which were derived by oxygenation of the olefin by a monooxygenase type 

action of this most remarkable enzyme.4 

By analogy the propargylic containing tripeptide 6-L-a-aminoadipoyl-Lcysteinyl-I)_- 

propargylglycine (I&Q-ACPg) (2) was considered to be an interesting analogue, while 

the nitrile containing tripeptide (3) would offer a comparison between the electronic 

and polar constraints of the nitrile/propargylic systems. 
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Finally the tripeptide (4b) was prepared with the aim of allowing the isolation and 

characterisation of the penam (Sb) by utilising a primary kinetic isotope effect to 

bias its formation. Formation of the penam (5a) from the protio analogue (4a) had 

been assumed5 due to the biological activity of incubation mixtures of the tripeptide 

with IPNS, but it had never been possible to isolate and characterise this metabolite 

due to insufficient quantities of material, a cepham product predominating. 

CR2CR2H 

(4a) R = H 
(4b) R =D 

(5a) R = H 
(Sb) R =D 
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Synthesis of the Tripeptides. 

The acetylene containing tripeptide (2) was prepared as shown in Scheme 1. Thus 

diethylacetamidomalonate was treated with sodium hydride in DMF and alkylated 

with propargyl bromide.6 The resulting crystalline derivative (6) was saponified and 

decarboxylated (NaOH/EtOH&O), and the resulting I&-N-acetyl-propargylglycine 

(7a,b) was resolved with hog kidney acylase to give, after recrystallization, B-N - 

acetyl propargylglycine (7a). This was deprotected in 2M HCl to give the amino acid 

(8); more vigorous conditions resulted in substantial loss of material. The free amino 

acid (8) was converted to the benzhydrylester (9) with diphenyldiazomethane.718 

Coupling with EEDQ9 to the protected dipeptide &-AC ((N-4-methoxybenzyloxy- 

carbonyl)-(a-4-methoxybenzylester)-6-(~-~-aminoadipoyl)-S-benzhydryl-~-cys- 

teine) (10) gave the diastereomerically pure protected tripeptide (11) shown. All 

the protecting groups were removed under relatively mild conditions (TFA/anisole, 

4:1, 5O”C, Smin),lo the thiol oxidised to the disulphide (02, pH 9-10) to give, after 

purification by reverse phase HPLC, the tripeptide (2). 

Attempts to prepare the tripeptide (3) in a similar manner failed due to the hydrol- 

ysis of the nitrile functionality upon treatment with TFA/anisole under conditions 

required to remove the benzhydryl sulphur protecting group.11 The use of the fully 

benzyl protected tripeptide N-benzyloxycarbonyl-a-benzylester-6-(l-a-amino- 

adipoyl)-S-benzyl-L-cysteinyl-D_cyanoalanine benzylester in the hope of selective 

titration of the benzyl groups, by Na/NH3, also failed. Thus the method shown in 

Scheme 2 was utilised. providing the required tripeptide (3) in a homogeneous form 

and in moderate yield. Thus N-(4-methoxybenzyloxycarbonyl)-a-(4-methoxy- 

benzyl)-S-l-a-aminoadipic acid (2eq) (12) was coupled to L-cystine using isobutyl 

chloroformate and the resultant dipeptide disulphide (13) treated with EEDQ9 and 

4eq of D-cyanoalanine benzhydrylester (14), to give the fully protected tripeptide 

disulphide (15). This was smoothly deprotected at 0°C with TFA/anisole (4:l) 

without any observable hydrolysis of the nitrile functionality, to give the desired 

tripeptide (3). D-Cyanoalanine benzhydrylester (14) was prepared by slight modifi- 

cation of the method of Rapoportl2 via the N-tbutyloxycarbonyl benzhydrylester of 

D-asparagine (17) with toluene-4-sulphonylchloride and pyridine to give N-tbutyl- 

oxycarbonyl-D-cyanoalanine benzhydrylester (18) followed by treatment with 

toluene-4-sulphonic acid to remove the tbutyloxycarbonyl protecting group.1 3 

The tripeptide (4b) was prepared in a similar manner to that of tripeptide (2) as 

shown in Scheme 3. The deuterated amino acid (4,4,5,5-2H4)-DL-norvaline (19) was 

prepared via deuteration of the alkylated adduct (6) using Wilkinsons catalyst and 

DZ(g). The deuterated adduct (20) was deacylated, de-esterified and decarboxylated 

by reflux in HCl (3&&) to give the racemic amino acid (19) which was protected in the 

usual manner to give the benzhydryl ester tosylate salt (21).8 Subsequent treat- 
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ment with NaHC03 gave the free amine (22). This was coupled to the protected 

dipeptide N-(4-methoxybenzyloxycarbonyl)-a-(4-methoxybenzyl)-~-~-amino- 

adipoyl-S-(4-methoxybenzyl)-l-cysteine (23) with EEDQ to give a separable pair of 

diastereoisomers U and m-N-(4-methoxybenzyloxycarbonyl)-a-(4-methoxy- 

benzyl)-6-(a-aminoadipoyl)-S-(4-methoxybenzyl)-cysteine-(4,4,5,5-2H4)-norvaline 

(24a,b). The less polar isomer was was identified as the LLD isotopomer by com- 

parison with authentic5 (non deuterated) material and deprotected (TFA/anisole 5:1, 

A, 30min) to give, after oxidation to the disulphide and purification by reverse phase 

HPLC, the tripeptide (4b). 

Incubation of the Tripeptides with IPNS. 

Incubation of the tripeptide (2) with the enzyme IPNS under standard incubation 

conditions14915 led to the generation, (in virtually quantitative yield), of a mixture of 

3 new p-lactam containing metabolites (ratio 15:l:trace), the major one of which 

displayed biological activity comparable to isopenicillin N against both S.aureus and 

E.coli, but was destroyed by the addition of l3-lactamase I.16 The two minor metabo- 

lites could not be purified to homogeneity. They were both resistant to b-lactamase, 

and showed no biological activity against the organisms S.aureus and E.coli. Isolation 

of the major new g-lactam containing metabolite by reverse phase HPLC led to its 

characterisation as the a-acetylenic penicillin (25). The stereochemistry was 

assigned both by n.0.e experiments and the magnitude (7.OHz) of the coupling 

constants between H2 and H3.l7 

I-a-AAN 

(25) 

Incubation of the nitrile containing tripeptide (3) with the IPNS enzyme gave (cu. 

10% conversion under conditions giving quantitative conversion of LLD-ACV to 

isopenicillin N) a 1:l ratio of g-lactam containing metabolites. Each product displayed 

biological activity against both S.aureus and E.coli, which was destroyed by the 

addition of g-lactamase I. These were purified by reverse phase HPLC and assigned 

as the g and a nitrile penicillins (26a,b). 

g-nitrile penicillin a-nitrile penicillin 
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The formation of these penicillins show that the nitrile functionality is accepted by 

the IPNS enzyme as a substrate, albeit with low conversion. This low conversion 

could well be the result of the polarity of the nitrile (compare for example with the 

0-methylserine valinyl analogue which also gave only low conversion)18 and thus 

poor resultant binding. 

Incubation of the tripeptides (4) with IPNS provided the penams (5) and cephams 

(27) with the expected bias towards penam formation with the deuterated tripep- 

tide (4b). This led to the isolation of the B-ethyl penam (5b), the stereochemistry 

being determined both by n.0.e. experiments and coupling constant arguments 

between H2 and H3,17 in clear contrast to the a stereochemical preference determined 

for the acetylenic penicillin (25). 
I-a-AANt ” ” 

(27a) 

- oppJ’ 
H &OH 

(27b) 

In this work we have described the isolation and determination of the stereochem- 

istry of the a-acetylenic penicillin (25) and of the 1:l ratio of the a:B nitrile pen- 

icillins (26a) and (26b). These results are combined in Table 1 with a series of 

mono-substituted penicillins which have been isolated following incubations of 

tripeptide analogues of &D-ACV. Bearing in mind that we must by needs assume 

equal stability of all penam products to the incubation and NMR procedures, it is 
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Table 1 
Monosubstituted penicillins isolated from substrate analogues of u-ACV upon incu- 

bation with IPNS. The ratios quoted represent those determined by ‘H NMR integration 

after incubation, but before purification (any rationale from this data has to assume 

equal stability of both product isomers to the incubation conditions). 

kutlogue IJJ&ACR: 
R= 

a-Penicillin Isolated ~-Penicillin Isolated a$ ratio Ref 

None 
Observed 

1:9 20 

1:4 3 

None 
Observed 

100% a+ 

1:l 

Three pducls were observed in the crude mixture in the ratio lS(a-penicillin): 1:tmce 
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interesting to see if we can rationalise the observed stereochemistries in terms of 

both enzymic and chemical considerations. 

In Table 1 the various stereochemistries of the isolated monosubstituted penicillins 

are shown. It becomes apparent that alkyl penicillins tend to have predominantly 

J3-stereochemistry, while with the unsaturated systems a-orientation begins to be- 

come favoured. It is possible to view this effect as arising from active site constraints 

which play a role in maintaining and stabilising the stereochemical orientation of the 

substituent group, after radical type hydrogen atom abstraction from the C-3 position 

of the valinyl moiety of the tripeptide analogue. [Radical formation is considered to 

be the most likely possibility considering the results of the two specifically deuter- 

ated aminobutyrate containing tripeptides 6-L-a-aminoadipoyl-L-cysteinyl-D-(3R)- 

(2-amino-3-deuterobutyrate) and 6-~-a-aminoadipoyl-~-cysteinyl-D_o-(3S)-(2-amino- 

3-deuterobutyrate) which both gave the same g-methyl-a-deutero penam]. 

The considerations must then be a balance between bond rotation and radical 

trapping, which ultimately leads to penicillin formation, in which the lifetimes and 

transition states for various conformations are dictated by active site binding 

energies and non-binding repulsion effects, with the sulphur atom ultimately attack- 

ing from the same face as that from which the hydrogen atom was abstracted. 

before rotation. 

Rotation before radcal 
trapping leading to conformatlonally 
most stable orientation. 

Thus ethyl and methyl monosubstituted penicillins both have the g-orientation for 

the alkyl group, indicative of favourable active site interactions with these groups. 

This view is also supported by the results obtained from incubation of the two 

deuterated aminobutyrate containing tripeptides, in which the g-methyl-a-deutero 

penam was the major isolated product from both of these tripeptides.20 The p-stereo- 

chemistry was also found for the major penicillin product isolated from incubation of 

the allylglycine containing tripeptide, although 20% of the cc-vinyl penicillin was 
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observed. The argument for this is that it is possible that the production 

a-penicillin reflects the small difference in binding potentials between the 

5319 

of the 

a and 

g-sites, and the lifetime of the radical is sufficiently long for complete population of 

both according to their relative binding energies. (Transition state energies can like- 

wise be expected to reflect these differences). 

From the allene containing tripeptide 19 the major isomer isolated was the u-penicillin 

(65%), while the proportion is increased to ca. 100% for the a-acetylenic penicillin. 

This clearly suggests enhanced binding for the unsaturated moieties in the a-position 

relative to that for the p-site. 

The differences between these observed stereochemistries of unsaturated and sat- 

urated side chains may arise from interactions with aromatic and aliphatic amino 

acid side chains in the a- and p-sites respectively. The nitrile penicillin was produced 

in a 1:l ratio of a: 8 penicillins, and suggests that the lifetime of any radical inter- 

mediate is sufficiently long to allow equilibrium between the two conformations, 

suggesting that neither is particularly favourable in binding terms. This is interesting 

with respect to the a-acetylenic penicillin as the nitrile and acetylene groups are 

structurally very similar. Thus the bias must essentially be on electronic grounds 

(polarity) alone, the polar nitrile group being insensitive to the different binding in 

the two sites, a factor which may have also influenced the relatively poor conversion 

when compared with the acetylene containing tripeptide. 
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Experimental. 

The general experimental methods are as previously described.21 

Preparation of Diethyl-a-acetamido-a-propargylmalonate (6).6 
Diethylacetamidomalonate (4.5g, 20mmol), dissolved in warm DMF (15ml), was 
added dropwise under an argon atmosphere to a cooled suspension of NaH (0.6g. 
25mmol) in DMF (OOC) over 30min. Freshly distilled propargyl bromide (2.2m1, 
25mmol), was then added dropwise over lh to the stirred solution at room temper- 
ature. The mixture was heated at 60°C for 3h, after which time a small quantity of 
ethanol was added (2ml), and the solution filtered through celite to remove NaBr. The 
solvent was removed in vacua, to give a thick orange oil. This was taken up in Et20 

(50ml), washed with water (3x50ml), dried (Na2S04), filtered and the solvent 
removed in vacua to give a colourless oil. Crystallisation from EtzO/Petrol gave the 
title compound as white needles. (5.Og, 95%), m.p. 88°C (Lit.,6 91-92“C), [eluant 
EtOAc/Petrol (8:2), Rf 0.81; 8~ (SOOMHz, CDCl3), 7.03 (IH, s, NH), 4.29 (4H, 2xq, J 7Hz, 



J. E. BALDWIN& al. 

CI&O), 3.28 W, d, J UHz, C&CCH), 2.07 (3H, s, MeCO), 1.95 (IH, t., J 2.5Hz, UCC), 1.30 
(6H, t, J 7Hz, C&CHz); 6~ (SOMHz, CDC13), 169.50 (s, esters), 166.84 (s, amide), 78.22 
(br s, 2 bond HCC coupling, GCH), 71.34 (d, CCH), 65.16 (s, CHGNH), 62.88 (t, MecHz), 
23.59 (t, UWCH), 22.71 (q, &CO), 13.73 (q, UCHz); m/z (ammonia DCI), MH+ (256, 
100%); Vmax (CHC13), 3410 m, 3300 m, 3000-2880 m, 1740 s, 1670 s; Ct2Ht7N05 
requires C 56.46, H 6.71, N 5.51%: found C 56.47, H 6.74, N 5.35%. 

Preparation of N-Acetyl-DL-2-aminopent-4-ynoic acid (7a,b).6 
Diethyl-a-acetamido-a-propargylmalonate (6) (l.Og, 3.9mmol) was dissolved in 
water (10ml) and EtOH (lOml), to which was added NaOH (0.4g, IOmmol), and the 
mixture refluxed for 2h. The solution was cooled, washed with EtOAc (20ml), 
acidified to pH l-2 with HCl (l&Q, and extracted with EtOAc (3x30ml). The combined 
organic layers were dried (NazSO4), filtered, and the solvent removed Fa vacua to 
give the title compound as a white solid, which was crystallised from EtOAc, (0.54g, 
90%), m.p. 136’C. (Lit.6 137’C). [eluant BuOH./Water/AcOH, 4:1:1, Rf 0.61; 6~ (SOOMHz, 

D20), 4.39 (lH, t, J 6Hz, CHa), 2.61-2.59 (2H. m. C&CH), 2.27 (lH, dd, J 3Hz, HCC), 1.88 

(3H. s, MeCO); & (126MHz. CDC13), 175.06 and 174.77 (2~s. HOOC- and MeGO-), 80.43 

(s, -GCH), 72.94 (d, HGC-), 52.71 (d, CHa), 22.98 (t, GHz), 22.62 (q, Me); m/z (ammonia 

DCI), MH+ (156, 100%); vmax (nujol), 3320 s, 3290 s, 1720 s, 1590 s, 1540 s, 1370 s. 

Preparation of N-Acetyl-D-2-aminopent-4.ynoic acid (7a). 
N-Acetyl-m-propargylglycine (0.3g, l.gmmol), was dissolved in water (50mI), and 
the pH adjusted to 7.5 with NH4OH (lm. Resolution with Hog kidney acylase 
(cu. 40000 units) followed the general literature procedure,22 after which the 
solution was boiled for l-2 min, filtered through celite, and the water removed b 
vacua; 8B (SOOMHz, D20), 4.18 (0.5H, dd, J 2x6Hz, AcNHCfi-), 3.76 (0.5H, dd, J 2x5.5Hz, 
H2NCK-), 2.72-2.70 (lH, 8 line m, AcNHCHC&), 2.54-2.52 (lH, 4 lines, J 2.5, 6Hz. 
HzNCHC&), 2.38 (0.5H, dd, J 2.5Hz, BCC-), 2.23 (0.5H, t J 2.5Hz, HCC), 1.90 (1.5H, s, 
MeCO). This mixture was taken up in water (5ml), acidified to pH 1 with HCl (lm, 
and extracted with EtOAc (3xlOOml). The organic layers were dried (Na2S04), filtered, 
and the solvent removed in vacua to give a pale brown solid, (O.l49g, 50%, or 100% 
recovery of the D-isomer). This kas crystallised from EtOAc/petrol to give the title 
compound as white plates. C7H9N03 requires C 54.19, H, 5.85, N 9.03%, found, C 
54.04, H 5.94, N 8.72%. 

Preparation of D-2-aminopent-4-ynoic acid (8). 
N-Acetyl-D-propargylglycine (7a) (O.l4g, lmmol), was dissolved in water (20ml) to 
which was added HCl (ll& 5ml). The solution was refluxed for 3h, cooled to room 
temperature, washed with EtOAc (2x20ml). and the solvent removed in vacua 
(2x20ml) was added and re-evaporated (x2), to give the title compound as its HCytz 
(quantitative). The free salt was purified by precipitation from water by the addition 
of acetone, or from iPrOH/EtzO, to give white crystals (needles), m.p. 180-185°C (lit.6 
195“C); [aDI +29” (c=O.95, H20) (Lit.6 value for L-isomer [aDI -35.0” (c=l.O, H20)); 
8H (SOOMHz, D20), 4.15 (lH, t, J 6Hz, CHcx), 2.83 (2H, dd, J 6, 2.5Hz, C&), 2.41 (lH, t, J 
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2SHz, HCC-); 6~ (126MHz, D20), 171.74 (s, HOW, 77.53 (s, HCO, 75.11 (d, HCC), 52.53 
(d, GHa), 21.12 (t, GH2); m/z (ammonia DCI), MH+ (113, 100%). 

Preparation of D-2-aminopent-4-ynoie acid benzhydrylester, (toluene-4- 
sulphonate salt) (9). 
The amino acid HCI salt (8) (O.OSg, O.Smmol) was treated with diphenyldiazomethane 
according to the general literature procedure* with the exception of the use of 
acetonitrile as solvent instead of DMF. The white solid was purified by crystallisation 
from DCM/Petrol to give the title compound as a white powder (0.22g, 95%); 
[au120 +24” (c=1.2, DCM); 8~ (SOOMHz, CDC13). 7.64 and 6.99 (4H, A2B2 system, J 8Hz, 
TsO), 7.30-7.23 (lOH, m, ArH), 6.84 (lH, s, CHPhz), 4.34 (lH, dd, J 5, 4Hz, Car), 2.94- 
2.79 (2H, 16 lines AB part of ABMX system, J 18, 5, 4, 2.6, 2.5Hz. Cm), 2.29 (3H, s, 
Me), 1.80 (lH, dd, J 2.6, 2.5Hz, IlCC); 6~ (SOMHz, CDC13). 168.05 (s, ester), 141.47 and 
140.22 (2xs, 2xPhc-1), 129.54-126.63 (d and s, A&H, and Arc-4 of tosylate), 80.56 
(d, !ZHPhZ), 76.32 (s, CCH), 75.13 (d, CGH), 52.17 (d, CHa), 20.75 (q, Me), 20.64 (t, 
GH2CH); m/z: no MH+ observed, PhzCH+ (167, lOO%), TsOH2+ (172, 24%). 

Preparation of N-4-methoxybenzyloxycarbonyl-a-4-methoxybenzylester- 
6-(L-a-aminoadipoyl)-L-cysteinyl-S-benzhydryl-D-2-aminopent-4-ynoic 
acid benzhydrylester (11). 
N-(4-Methoxybenzyloxycarbonyl)-a-4-methoxybenzylester-~-(~-a-aminoadipoyl)-S- 
benzhydryl-L-cysteine21 (10) (O.l3g, 0.2mmol). D-propargylglycine benzhydryl 
ester, (toluene-4-sulphonate salt) (9) (O.O9g, leq), triethylamine (36~1, leq), and 
EEDQ (O.O5g, leq), were stirred in dry DCM (5ml). for 24h, under an atmosphere of 
Ar(g), and in the presence of Na2S04 (50mg). EtOAc (30ml) was added and the 
solution washed sequentially with HCl (lM, 30ml), NaHC03 (30ml. saturated solution), 
brine (30m1, saturated solution). The organic layer was dried (NazSOd), filtered and 
the solvent removed kt vacua, The residue was purified by column chromatography 
on silica gel [eluant 1:1 EtOAc/Petrol, Rf 0.7 I, to give the title compound as a white 
foam, (90mg, 46%); 6~ (SOOMHz, CDC13). 7.44-7.19 and 6.88-6.85 (28H, complex m, 
ArH), 6.95 (lH, d, J 8Hz, NH), 6.91 (lH, s, CHPh2). 6.18 (lH, d, J 7Hz. NH), 5.43 (lH, d, J 
8Hz, NH), 5.26 (lH, s, SCYPhz), 5.08-4.98 (4H, complex m, 2xC&Ar), 4.76 (lH, 6 lines, 
dt, J 8, 5, 5Hz, CkIa), 4.53 (lH, dt, J 8, 6.5, 6.5Hz. Cola), 4.35-4.34 (lH, m,CHa), 3.79 (6H, 
s, 2xMeO), 2.81-2.70 (4H, 8 lines, AB part of ABX system SC&, and 16 lines AB part 
of ABMX system C&CCH). 2.18-2.06 (2H, m, C&CO), 1.92 (lH, t, J 2.5Hz HCC), 1.81- 
1.63 (4H, 2xm. C&C&CH$ZO); 6~ (126MHz. CDCl3). 172.44, 172.10,170.11 and 169.01 
(4~s. 2x amides, 2x esters), 159.87 and 159.67 (2~s. 2xArc-4), 156.12 (lxs, COzNH), 
141.09, 139.37 and 139.24 (3~s. tic-l), 129.96-127.26 (d and s, ArGH’s and Arcs), 
114.04 and 113.95 (2xd, 2xArG-3), 78.71 (d, GHPhZ), 78.05 (s, GCH), 72.27 (d, HCC), 
67.01 and 66.87 (2xt, 2xC.H2Ar), 55.28 (q, Me), 54.62, 53.65, 52.02 and 51.11 (4xd, 
3xGHa, and S!ZHPh2), 35.29 (t, cH2CO). 34.29 (t. GH2S). 31.84 (t, ~H~CHZCH~CO). 22.14 
(CHZGH~CH~CO), 21.29 (t. GH2CCH); m/z (+ve argon F.4B) MNa+ (998). 
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Preparation of 6-(L-a-aminoadipoyl)-L-cysteinyl-D-2-aminopent-4-ynoic 
acid disulphide (2). 
The protected tripeptide (11) (70mg, 0.07mmol) was dissolved in freshly distilled 
TFA (2ml) and dry anisole (4OOul), and the mixture heated at 50°C under Ar(g) for 
Smin. After cooling the TFA was removed by azeotroping with toluene (3 x 5ml). and 
the residue partitioned between water (10ml) and EtOAc (10ml). The aqueous layer 
was washed with further EtOAc (10ml). before freeze drying to give the tripeptide 
TFA salt as a white powder (28mg, 84%); m/z (+ve argon FAB) MH+ (360). This 
material was then oxidised to the disulphide by bubbling 02 through a slightly 
alkaline aqueous solution of the thiol and purified by reverse phase HPLC; 88 
(SOOMHz, D20), 4.65 (lH, dd, X part of ABX system, J 7, 5Hz, CfFa), 4.59 (lH, dd, J 7, 
6Hz, Cflha), 4.03 (1H. dd, J 2x6Hz, C&Z), 3.00-2.90 (2H, 8 lines, AB part of ABX system, 
J 14, 7, 5Hz, SC&), 2.86-2.80 (2H, complex AB part of ABMX system, J 10, 7, 6, 2.5Hz. 
CHCbCCH), 2.47 (lH, dd, J 2.5, 2.5Hz, HCC), 2.43 (2H, dd, J 2x6Hz, C&CO), 2.03-1.93 
and 1.83-1.73 (4H, 2xm, CfiCEf2CH2CO); 6~ (126MHz, D20) 176.40, 174.34 and 171.53 
(4~s. 2x acids, 2x amides), 80.92 (s, HCa, 71.94 (d, HCC), 54.80, 53.62 and 52.99 (3xd, 
3xcHa), 39.17 (d, CH#), 35.10 (t, CHzCO), 30.17 (t, cH2CH2CH$O), 25.93 (t, GHzCCH), 
21.25 (d, CHgHzCH2). 

Incubation of 6-(L-a-aminoadipoyl)-L-cysteinyl-D-2-aminopent-4-ynoic 
acid disulphide (2) with IPNS. 
The tripeptide 6-(~-a-aminoadipoyl)-L_cysteinyl-B_2-aminopent-4-ynoic acid disul- 
phide (2) was incubated with IPNS (2m1, 5 I.U./ml) under standard conditions.l4*15 
The crude mixture was examined by 1H n.m.r. spectroscopy (5OOMHz) which showed 
the presence of at least 3 p-lactam containing products in a ratio of approximately 
15:l:trace. The crude mixture displayed biological activity comparable to that of 
similarily biosynthesised isopenicillin N against StaphyZococcus aureus NCTC 6571 
and Escherichia coli in standard ‘hole plate’ bioassays. This activity was lost in a 
portion of the crude mixture treated with p-lactamase enzyme. The crude mixture 
was purified by reverse phase HPLC (Stationary phase ODS, mobile phase 25mZ 
NH4HCO 3). to give in a homogeneous state the a-acetylenic penicillin (25); 8~ 
(SOOMHz, D20), 5.66 and 5.53 (2H, ABq, J 4Hz, H-5 and H-6), 4.90 (lH, dd, J 7, 2.5Hz, 
H-3), 3.75-3.73 (lH, m, CYCH2), 2.91 (lH, d, J 2.5Hz. HCC), 2.41-2.38 (2H, m, C&CO), 
1.96-1.66 (4H, 2xm, C&C&CH$ZO); addition of CD3CN (D20/CD$N (1:l) allowed the 
observation of the resonance associated with H-2 (due to the shift of the HOD 
resonance to higher field), 6~ 4.83 (lH, d, J 7Hz, H-2). The relative stereochemistry 
was determined by n.0.e experiments on this CDsCN/D20 sample. Thus irradiation of 
the resonance associated with H-2 gave a n.0.e (10%) to H-3, and no n.0.e to either H- 
6 or H-7. Irradiation of the resonance associated with H-3 gave an n.0.e (8%) to H-2 
only. Irradiation of H-6 or H-7 did not give an n.0.e to either H-2 or H-3. This 
suggests that the relative configuration of the acetylenic group is a. This is also 
supported by the value of the coupling constant of 7Hz for protons H-2 and H-3; m/z 
(+ve argon FAB), MH+ (356). 
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Preparation of N-tButyloxycarbonyl-D-asparagine, benzhydrylester (17). 
Q-asparagine monohydrate (2.OOg, 13.3mmol) was treated with BOC-ON (3.93g, 
16.0mmol) in Hz0 (10ml) and 1,4-dioxane (10ml) with slight modification of the 
literature procedure.23 Thus the reaction was stirred at room temperature for 20h, 
and then partitioned between Hz0 (5Oml) and EtOAc @ml). The aqueous phase was 
acidified to pH l-2 with HCl (1M) and extracted with EtOAc (5 x 50ml). The extract 
was treated with MeOH to dissolve suspended acid, dried (Na2S04), filtered and 
evaporated in vacua to give N-t butyloxycarbonyl -Q_-asparagine as a white crystalline 
solid (2.48g, 80%); 8H (SOOMHz, de-DMSO) 7.37 and 6.83 (2H, 2 x bs, NH2), 6.72 (lH, d, 
J 7H2, NH), 2.48-2.37 (2H, AB part of ABX system, CH2). 1.30 (9H, s, tBu), (Ha signal 
obscured by HOD peak); SC (125.7MHz, de-DMSO), 178.6 and 176.8 (2xs, lx acid, lx 
amide), 160.3 (s, urethane), 83.7 (s, Mesa, 55.9 (d, ~Hu), 42.2 (t, GH2). 33.7 (q, Me3); 
m/z (NH3, DCI), 250 (MNti+, 20%). 233 (MH+, 64%), 232 (M+, 72%), 194 (54%), 176 
((OCOAsn)H+, lOO%), 150 (35%), 133 (73%), 104 (32%), 87 (75%). Diphenyldiazo- 
methane (l.l8g, 6.07mmol) was added in small portions to a vigorously stirred 
suspension of N-tbutyloxycarbonyl- D-asparagine (1.4lg, 6.lmmol) in CH3CN (lOOml), 
until the purple colouration persisted. Excess diphenyldiazomethane was quenched 
with glacial acetic acid (lml), and the solvent removed in vacua. Purification by 
column chromatography on silica gel [eluant DCM/EtOAc (9:1-3:2)] gave the title 
compound as a white crystalline solid (l.O9g, 45%). m.p. 159.5-161.O’C (from PhMe); 
[(x]D2’ +27.3” (~0.89 in DMP) [Lit. value24 [CZ]D 20 +30.2’ (c=l.OO in DMF)]; C22H26N205 
requires C 66.30, H 6.60, N 7.05%: found C 66.65, H 6.45, N 6.75%; vmax (Nujol mull) 
3460m (NH), 3360-3200m (NHz), 1740s (CO), 1700s (CO), 1675s (CO), 1610m (CO), 
1580s and 1165s cm-l; 8~ (3OOMHz, CDCl3). 7.35-7.27 (lOH, m, Phz), 6.89 (lH, s, 
CHPhz), 5.80 (lH, d, J 8Hz, NH), 5.54 and 5.31 (2H, 2 x bs, NH2), 4.66-4.61 (lH, m, 
CHa), 2.99-2.92 and 2.79-2.72 (2H, AB part of ABX system, CH2), 1.44 (9H, s, ‘Bu); m/z 
(NH3, DCI), 399 (MH+, ll%), 184 (lo%),176 (23%), 167 (PhpCH+, lOO%), 87 (19%). 

N-tButyloxycarbonyl-3-cyano-D-alanine, benzhydrylester (18).12 
Dry pyridine (0.3ml) and TsCl (289mg. 1.6mmol) were added to a solution of di- 
protected D-asparagine (17) (281mg, 0.7mmol) in DCM (3ml) and the reaction was 
stirred in a sealed flask for 40 h. Saturated NaHC03 solution (3ml) was added, and 
the mixture stirred for a further lh. The reaction was diluted with DCM (7ml), and 
the phases separated. The aqueous phase was extracted with DCM (7ml), and the 
combined organic phases were dried (NazS04). filtered and evaporated in vacua to 
give a yellow oil. Purification by column chromatography [silica gel; gradient elution 
DCM:EtOAc (99:1-98:2)] gave the title compound as a white solid (240mg. 90%). m.p. 
90-91’C (from EtzO/petrol); [a]~ 20 +2.9 (c=O.9 in CHCl3); C22H24N204 requires C 69.45, 
H 6.35, N 7.35% found: C 69.30, H, 6.35, N 7.15%; vmax (Nujol mull) 3370s (NH), 2250 
w (CN), 1745s (CO), 1680s (CO), 1515s (CO), 1295s, and 1230m cm-l; 8~ (SOOMHz, 
CDC13). 7.42-7.31 (lOH, m, &CH), 6.95 (s, CILPhz), 5.50 (lH, d. J 8Hz, NH), 4.57-4.58 
(lH, m, CKa), 2.97 (2H, very tight AB part of ABX system), 1.46 (9H, s, WC); 6~ 
(62.9MHz, CDC13). 168.2 (s, COO), 154.8 (s, OCON), 138.8 (quaternary Ph carbons), 
127.1-128.7 (CH of Ph groups), 116.1 (s, CN), 80.9 (s, Me&), 79.4 (d, CHPhz), 50.5 (d, 
cHcc), 28.2 (q, 3 x Me), 21.5 (t, cH2(2)); m/z (NH3, DCI), 398 (MN&+, lo%), 167 
(PhpCH+, 100%). 
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3-Cyano-D-alanine, benzhydrylester (14) 
A solution of protected amino acid (18) (24Omg, 0.63mmol) in Et20 (Tml) and EtOH 
(7ml) was treated with TsOH (O.llg, leq). The reaction was stirred at room tempera- 
ture for 5min followed by removal of the solvents in- at 40°C. The residue was 
repeatedly dissolved in Et20 (7ml) and EtOH (7ml) and solvent evaporated in v~cuo, 
using a warm water bath, until reaction was complete.13 The residue was partitioned 
between HCl (0.3m (20ml) and EtOAc (loml), and the aqueous layer was then basi- 
fied with solid NaHC03 and extracted with EtOAc (5xl5ml). The combined extracts 
were dried (NazSO4), filtered and evaporated in vacua to give the title compound as 
a yellow oil (O.l5g, 82%); 8~ (SOOMHz, CDC13), 7.70-7.06 (lOH, m, ArH), 6.95 (s, 
CHPhZ), 3.91-3.85 (lH, AB part of ABX system, J 5, 7, 17Hz C&CN), 2.07-1.73 (2H, br 
s, N&). 

Preparation of bis(N-4-methoxybenzyloxycarbonyl-a-4-methoxybenzyl- 
ester-6-(L-a-aminoadipoyl))-L-cystine (13). 
N-4-Methoxybenzyloxycarbonyl-a-4-methoxybenzylester-8-~-a-aminoadipic acid 
(0.2g, 0.45mmo1, 2eq) (12), was dissolved in THF (10ml) at -15’C with NEt3 (2eq, 
64~1) for 15min. Isobutylchloroformate (60~1, 2eq) was added, and the mixture 
stirred at -15“C for 30min. k-cystine (0.058, 0.22mmol) in water (6ml) and NEt3 (to 
effect solution of the amino acid disulphide,lOOpl), cooled to 0°C was added in one 
portion to the vigorously stirred solution, and the mixture stirred at room tempera- 
ture for lh. Work up according to the general literature method9 gave the title 
compound as a gum (0.2g, 88%); 6~ (x0.5) (2OOMHz, CDC13), 8.31-7.92 (lH, br s, CO;?H), 
7.39-7.12 and 6.95-6.78 (8H, 2xm, ArH), 5.80 (lH, d, J SHz, NH), 5.45 (lH, d, J 7Hz. 
NH), 5.14-4.97 (4H. m, 2xCHzAr), 4.84-4.82 (1H. m, CKa), 4.37-4.35 (lH, m, CEa), 
3.76 (6H, 2~s. 2xMeO), 3.26-3.11 (2H, br m, C&S-)2-), 2.40-2.20 (2H, br m, C&CO), 
1.92-1.55 (4H, 2xbr m, C&C&CH2CO); m/z (+ve argon FAB) (MH+, 1095). This 
material was used directly without further purification. 

Preparation of N-4-methoxybenzyloxycarbonyl-a-4-methoxybenzylester- 
6-(L-a-aminoadipoyl))-L-cystinyl-D-cyanoalanine benzhydrylester (15). 
The crude dipeptide disulphide (13) (0.14g. 0.13mmol) was mixed with EEDQ (2eq, 
O.O7g), and I)-cyanoalanine benzhydrylester (14) (4eq, O.l54g), in DCM (10ml) 
under Ar(g) with Na2S04 (50mg) and stirred overnight. Work up according to the 
method previously described gave a very insoluble residue, which was purified by 
column chromatography on silica gel [eluant DCM/EtOAc (1:3), Rf 0.53, to give the 
title compound as a white solid (O.O82g, 24% from L-cystine); 6B (x0.5) (SOOMHz, 
CDC13), 9.06 (lH, d, J 7Hz, mCHCH2S-)2-), 7.46-7.18 and 6.94-6.83 (19H, 2xm, CLEf)42 
and ArH), 6.42 (lH, d, J SHz, NH), 5.54 (lH, d, J SHz, NH), 5.49-5.47 (lH, m, CHa of 
cystine), 5.08-5.01 (4H, 2xm, 2xC&Ar), 4.89-4.87 (lH, m, CHa), 4.37-4.34 (lH, br m, 
CHa), 3.79 and 3.77 (6H, 2xs, 2xMeO), 3.00-2.73 (4H, 2x overlapping AB parts of ABX 
systems, C&CHS- and C&CN), 2.15-2.05 (2H, m, C&CO), 1.76-1.51 (4H, 2xm, 
CfiC&CH$O); 6~ (SOMHz, CDC13), 173.24, 172.38, 170.98 and 167.79 (4xs, 2x amides, 
2x esters), 159.94 and 159.75 (2xs, 2xArC-4), 156.41 (s, urethane), 139.15 and 
139.01 (2xs, 2xPhc-1), 130.27-127.07 (d and s, ArcH and Arc), 116.32 (s, CN), 
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114.07 and 113.97 (2xd, AaH-3), 79.20 (d, CHPhz), 66.94 and 66.78 (2xt, CHzAr), 

55.19 (2xq, 2xMe), 53.44, 52.98 and 48.98 (3xd, 3xGHa). 34.96 (t, CHzCO), 31.45 (t. 

CH2S-), 29.56 (t, CHzGHzCH). 20.67 (t, CHzCN), 20.60 It, cHzCH2CO); m/z (+ve argon 
FAB), MNa+ (833, free thiol -SH), M2Na+ (1641, disulphide). 

Preparation of S-(L-a-aminoadipoyl)-L-cysteinyl-D-cyanoalanine-disul. 
phide (3). 
The tripeptide disulphide (15) (O.O35g, 22pmol) was deprotected in TFA/anisole 
(4:1, 5ml) at 0°C for lh under Ar(g). The majority of the solvent was removed b 
vacua at O’C, and then under high vacuum at O’C. The resulting material was then 
partitioned between water/EtOAc (2xlOml), and the aqueous layer washed with 
further EtOAc (lOml), before freeze-drying to give a white crystalline solid, which 
was purified by reverse phase HPLC to give the title compound in virtually quan- 
titative yield; vmax (CaF2 cells, D20), 2260 (CN); 8~ (SOOMHz, D20), 3.87 (lH, t, J 6Hz, 

CKa), 3.10-2.82 (4H, 2 overlapping AB parts of ABX systems, 6~1=3.08,6~2=2.84, 

6si=2.98, 6B2=2.89, JA 7, 9Hz, JB 5, 8Hz, CH2-S-, and CHzCN), 2.26-2.24 (2H, m, CHzCO), 

1.89-1.49 (4H, 2xm, C&C&CH$O). 8~ (SOOMHz, DzO/CDsCN quoting 5-3ppm region), 

4.68 (lH, X part of ABX system, dd, J 5, 8Hz, CHa), 4.60 (lH, X part of ABX system, 

dd, J 7, 9Hz, C&Z), 3.80 (lH, X part of ABX system, 4 lines, J 6, 6Hz, CHa); 6~ (126MHz, 
D20), 176.14, 172.86, 172.43 (4xs, 2x amides, 2x acids), 118.74 (s, CN), 53.49, 52.93 

and 49.67 (3xd, 3xcHa). 39.10 (t, CHzS), 34.96 (t, CHzCO), 29.69 (t, cH$ZH), 21.06 (t, 
cH$N), 20.44 (t, CH&H~CHZCO); m/z (+ve argon FAB), MH+ (719). No amide derived 
from hydrolysis of the nitrile was observed by m/z or 1H n.m.r. analysis. 

Incubation of 6-(L-a-aminoadipoyl)-L-cysteinyl_D-cyanoalanine disulphidc 

(3) with IPNS. 
The tripeptide &(L-a-aminoadipoyl)-L_cysteinyl-D-cyanoalanine disulphide (2-3mg) 
was incubated with IPNS (2m1, 5 I.U./ml) under usual incubation conditions.*4*15 
Analysis by 1H n.m.r. (SOOMHz) spectroscopy showed the presence of 2 sets of p- 
lactam signals (2xABq) in approximately 10% conversion (under conditions giving 
100% conversion of LLD-ACV). These two metabolites were both labile to B-lacta- 

mase 116 and were isolated by purification by reverse phase HPLC (stationary phase 
ODS, mobile phase 25ma NH4HC03). Fraction A (p-nitrile penicillin (26a)); 8~ 
(SOOMHz, DzO), 5.38 and 5.34 (2H, ABq, J 4Hz, H-5 and H-6). 5.23 (lH, d, J 2Hz, H-3), 
4.33 (lH, d, J 2Hz, H-2). 3.75-3.72 (lH, m, CHa of aminoadipoyl), 2.42-2.38 (2H, m, 
C&O), 1.96-1.66 (4H, 2xm, C&C&CH2CO). 
Fraction B (a-nitrile penicillin (26b)); SH (SOOMHz, D20), 5.51 and 5.39 (2H, ABq, J 

4Hz, H-5 and H-6), 3.75-3.72 (lH, m, C&Z of aminoadipoyl), 2.42-2.38 (2H, m, C&O), 
1.96-1.66 (4H, 2xm, C&C&CH2CO); H-2 and H-3 obscured by residual solvent peak, 
but observable by the addition of acetonitrile (cu. 50% volume), 4.95 (lH, d, J 5Hz, 
H-3), 4.43 (lH, d, J 5Hz, H-2). 

Preparation of DL-2-amino-[4,4,5,5-2H s]-pentanoic acid (19). 
Diethyl-a-acetamido-a-propargylmalonate (6) (0.6g, 2.4mmol) was dissolved in dry 
toluene (20ml). which was thoroughly degassed with Nz(g). Wilkinsons catalyst was 
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added (30mg) and the system was evacuated and filled with an atmosphere of DZ(g) 
(x3). This mixture was stirred overnight, after which time the solution was filtered 
through silica, washing through with ether. The solvents were removed ia vacua to 
leave an orange solid. This was purified by column chromatography on silica gel 
[eluant petrol/EtOAc (4:1-4:2)] Rf (petrol/EtOAc 4:l) 0.3, to give the reduced adduct 
as a yellow powder (O.S6g, 94%); 8~ (3OOMHz, CDC13), 6.77 (lH, s, NH), 4.27 (4H, q, 
2xC&CH3), 2.25 (2H, s, CD2C&), 2.05 (3H, s, &CO), 1.29 (6H, t, 2xC&jCHz), 0.87 (lH, 
br s, CHD2); 8~ (SOMHz, CDC13), 169.10 and 168.38 (2~s. lx ester, lx amide), 66.40 (s, 
G(C02Et)2), 62.21 (t, MeGH2), 33.81 (t, CDZGHZ), 22.72 (q, &CO), 15.84 (m, GD2), 13.69 
(q, MeCHz), 12.75 (m, GD2H). This material (20) was taken up in water (40ml) and 
HCl (lOm1, 11K) and refluxed for 3h. After cooling the solution was washed sequen- 
tially with DCM (30ml) and EtOAc (30ml) followed by removal of the solvent b 
vacua. Water was again added (2xl5ml) and again removed bvacuo (x2). The 
residue was freeze-dried before crystallisation from acetone/MeOH to give the title 
compound as a white solid (0.26g, 89%); 6~ (SOOMHz, DzO, pH 5), 3.86 (lH, t, J 6Hz, 
C&), 1.72-1.61 (2H, AB part of ABX system, C&CH), 0.66 (lH, br s, CDm; 6~ (SOMHz, 
D20), 173.28 (s, acid), 53.38 (d, ~Hcc), 32.11 (t, ~Hz), 17.40 (m, cD2). 12.62 (m, GD2H); 
m/z (NH3, DCI), 122(MH+, lOO%), 123 (12%), 120 (1%). 

Preparation of DL-2-amino-[4,4,5,5-*H s]-pentanoic acid benzhydrylester, 
tosylate salt (21). 
DL-2-amino-[4,4,5,5-2H4]-pentanoic acid (19) was treated with diphenyldiazo- 
methane according to the general literature procedure* to give the title compound as 
a white cystaline solid (82%); 8B (3OOMHz, CDCl3), 8.26 (3H, vb s, +N&), 7.66 and 6.96 
(4H, A2B2 system, J 8Hz Ar of TsO), 7.30-7.22 (lOH, m. &), 6.83 (lH, s, PhzCy), 4.05 
(lH, m, Cao), 2.29 (3H, s, Me), 1.73 (2H, m, CyZ), 0.63 (lH, br s, CD&); m/z (NH3, DCI) 
MH+ (288, 100%). 

N-(4-Methoxybenxyloxycarbonyl)-a-(4-methoxybenzyl)-8-(L-u-amino- 
adipoyl)-S-(4-methoxybenzyl)-L-cysteinyl-D-2-amino-4,4,S,5-tetra- 
deuteropentanoic acid, benzhydryl ester (24a). 
The tosylate salt (21) (241mg, 0.52mmol) was partitioned between EtOAc (20ml) 
and saturated NaHC03 (20ml), and the aqueous phase was extracted with EtOAc 
(20ml). The combined organic phases were washed with saturated NaHC03 solution 
(20ml), dried (Na2S04). filtered and evaporated in vacua to give the free amine (22) 
(151mg, 100%). A solution of the amine (22) (15 lmg, 0.52mmol), protected 
dipeptide (23) (361mg, 0.54mmol), and EEDQ (130mg, 0.52mmol) in DCM (7ml), with 
some drying agent (Na2S04, -lOmg), was stirred at room temperature, under argon, 
overnight. Solvent was evaporated in vacllp and the residue partitioned between 
EtOAc (60ml) and NaHC03 solution (25% sat.: 40ml). The organic phase was washed 
with 1M HCl (30ml) and saturated NaCl solution (30ml), dried (Na2S04), filtered and 
evaporated in vacua to give the crude material as a yellow oil, which was purified by 
column chromotograbhy [silica gel; gradient elution EtOAc:petrol (30-40°C fraction 
from petroleum) (2:3 - l:l)] to give the title compound (24a) (O.llg, 46%); 8~ 
(200MHz, CDC13) 7.30-7.23 (16H, m, ArH), 6.89-6.82 (7H, m, 6 x ArH & NH), 6.81 (lH, 
s, CLLPhz), 6.33 (lH, d, J 7.5Hz, NH), 5.55 (lH, d, J 8Hz, NH), 5.03 and 5.08 (4H, 2 x s, 2 
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x OC&Ar), 4.63-4.73 (lH, m, CHa). 4.59-4.49 (lH, m, CHa), 4.39-4.32 (lH, m, CEa), 

3.78 (6I-I. s, 2 x OC&C6H40C&j), 3.75 (3H, s, SCH2&jI-L@C&), 3.70 (2H, s, SC&Ar), 
2.87-2.78 and 2.71-2.64 (2H, AB part of ABX system, CHzS), 2.17-2.08 (2H, m, CHzCO), 
1.88-1.60 (6H, m, CECH2CH2CO & CH~CDZ). 0.80 (lH, br s. CHD;?); 6~ (SOMHz, CDC13), 
172.7, 170.2, 160.0 and 156.4 (4~s. 2 x CONH & 2 x COO), 139.6-139.8 (quatemary 
aromatic C’s), 127.1-130.3 and 114.0 (aromatic CH’s), 78.2 (CHPhz), 66.8 & 67.0 (2 x 
O!ZHzAr), 52.0, 52.3 & 53.5 (3xd. 3 x cHa), 55.2 (q’s, 3 x OMe), 35.7-28.6 (4xt, 
GHzCH&ZH~CO. CHcH$ & ScHzAr), 21.1 (t, cH2CH2CO). 14.0 (m. C&H); m/z [FAB(MCA)] 
MH+ (938, loo%), 937 (3%), 936 (4%). 

6-(L-ol-aminoadipoyl)-L-cysteinyl-D-2-amino-4,4,5,S-tetradeuteropent- 
anoic acid, disulphide (4b) 
N-(4-Methoxybenxyloxycarbonyl)-a-(4-methoxybenzyl)-~-(~-a-aminoadipoyl)-~-(4- 
methoxybenzyl)-L-cysteinyl-~-2-amino-4,4,5,5-tetradeuteropentanoic acid, benz- 
hydryl ester (23) (113mg, 0.12mmol) was deprotected as previously described for 
the acetylenic containing tripeptide only using more vigorous conditions (30min 
reflux TFA/anisole). Work up and oxidation gave, on freeze drying, the crude title 
compound (4b) as a white solid which was purified by reverse phase HPLC (46mg, 
79%): 6~ (SOOMHz, D20), 4.23-4.20 (lH, m, Ha). 3.78-3.76 (lH, m, Ha), 3.26-3.21 and 
3.04-3.00 (2H, AB part of ABX system, CH2S). 2.43 (2H, t, J 7Hz, CHzCO), 1.96-1.66 (6H, 
m, C&C&CH2CO & CHzCDz), 0.87 (lH, s, CHD2). one I& signal obscured by HOD peak; 
m/z [FAB(MCA)] 733 (MI-I+). 

Incubation of 6-(L-a-aminoadipoyl)-L-cysteinyl-D-2-amino-4,4,5,S-tetra- 
deuteropentanoic acid (4) with IPNS 
The tripeptide (4) (1.9mg) was incubated with IPNS (2m1, 5 I.U./ml) under standard 
conditions.*4915 The 5OOMHz tH NMR spectrum of the crude incubation mixture 
showed two sets of resonances in the p-lactam region, in the ratio of 4:l 16~ 5.43:6~ 

5.29 & 5.24 (2 x d)]. After addition of 5~1 of a solution of P-lactamase enzyme the 

resonance at 6~ 5.43 was absent from the spectra. The crude mixture displayed 
biological activity comparable to that of similarily biosynthesised isopenicillin N 
against Staphylococcus aureus NCTC 6571 and Escherichia coli in standard ‘hole plate’ 
bioassays. However, no activity was seen in ‘hole plate’ bioassay with E. coli grown 
on a medium containing P-lactamase enzyme. 

Separation of p-lactam products by reverse phase HPLC (ODS; mobile phase 25mM 
NH4HC03 4,0ml/min) gave products with retention times of 11.5 and 13min, corre- 
sponding to the penam (5b) and cepham (27b) respectively. 

(5b) Vmax (KBr disc) 1772m cm-l (CO of p-lactam ring in penam); 8~ (SOOMHz, D20). 
5.44 (2H, very tight AB system, H-5 and H-6), 4.59 (lH, d, J 3Hz, H-2), 4.02 (lH, d, J 
3Hz, H-3), 3.71 (lH, t, J 6Hz, Ha of L-a-AA), 2.46 (2H, t, J 7Hz, CH2CO). 1.94-1.73 (4H, 
m, CE2CE2CH2CO). 0.98 (lH, bs, CHD;?); m/z [FAB(MCA)] 364 (MH+). 
(27b) 6~ (SOOMHz, D20). 5.34 and 5.28 (2H, 2 x d, H-6 and H-7), 4.40 (lH, t, J 7.5Hz, 

H-2), 3.62-3.60 (lH, m, H, of L-a-AA), 2.44 (2H, t, J 7Hz, CHzCO), 2.41-2.37 and 2.10- 
2.05 (2H, AB part of ABX system, 2xH-3), 1.85-1.72 (4H, m, C&C&CH2CO), 1.34 (lH, 
bs, CHD2); m/z [FAB(MCA)] 363 (MH+). 
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