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Side Chain Specificity in the Enzymatic Synthesis of Penicillins
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Abstract: 5-Cdmyrutphrh-l-oylrr-.

L-cysteinyl-&vahu

4-curboqknzo~.

trmf-5-cwhoq&wuvwy~-

were shown to be converted by isopenicillin

and cis-S-cwhm3-pcnrenoyl-

N sy~~Masc to their corresponding

penicillins

in

yield.5 of W%. 12%. 40% and 5%. respectively.

Penicillins with axylamido side chains are potent antibiotics and continue to be of major clinical
importance. Their direct in vim enzymatic synthesis would avoid the present in viva deacyIation-acylation
process used in their pmioction. Previous studies in this laboratory have shown that structuml variations of the
&minoadipoyl residue of the natural substrate GIL-a-amin~~yl)-L-cystcinyi-P-vase
(ACV) (la) of
isopenicillin N synthetase (IFWS) require a 6-carbon chain or equivalent, terminating with a carboxyl function to
be an efficient substrate.l Thus, &@-a-aminoadipoyl)-(lb),
adipoyl-(lc), and L-cysteine-S-acetyl-(Id), Lcysteinyl-Q-valines weft shown to be effective substrates. Peptides with arylamido side chains such as
RNH
S
‘rx N
0
5
COOH

3
CWH
1

2

1:

*.

X= H. m-CH3CO.
pCH3CO

b:
0-f”
0

3019

X= H. m_CH3CO,
pa3C0,
mG3CN1

J. E. BAXDWIN
et al.

3020

substituted phenylacetyls (le) and phenoxyacetyls (lf) were also converted to penicillins but in very poor
yields.24 Their steady-state kinetic paramctcfs, KM and V =, in&d
thatthese substrates were binding to
the cnzyrm active-site but that the catalyticevents k&zlingto f-on

Peptide (lg), with a m-carboxyphenykcetyl

of blactatn products were retarded.

side chain, however, was an excellent substrate5, suggesting that

side chains incorporating aromatic groups with an apprqniatktl~ placal acidic moiety may function as efficient
substrates.
In this paper we describe the IPNS catalysed conversions of a series of peptides (li-I) to penicillins (2ienzyme. WC reasoned that Scarboxynaphthoyl-

I), that further probe the si& chain specificity of this immt
L-cysteinyl-j&Gne

(li) would representa &Q& a

tmnsoid side chain (Figure 1). and if an efficient

substrate, would provide strong evidence that the natural side chain adopts a linear transoid conformation in the
active-site. The tolerance fop substrates with side chains unabk to adopt a completely transoidconformation
could be assessed by comparing the conversion of (li) with 4-carboxybtnzoyl-~-cysotinyl-p-valint
(nans-5-carboxy-3-pentcnoyD-Gcysteinyl-~v~e

(lj) and

(lk) with its &.r analogue (11). A comparison of the

aromatic side chains (li), and (lj) withtheirokfinic equivalents (lk)
and (11) respectively, should provide a
measure of the effect upon catalytic efficiency, of incorporating aromatic groups into the side chain.
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In the event, 5-r-butoxycarbonylnaphthoic acid (5) was obtained from 54xomonaphthoic acid (3)
(Scheme 1) and coupled with (6)3 to give the protected peptide (7). Deprotection with aifluomac-etic acidlanisole
pr~eeded smoothly to give (li). Simi.larly, the mono p-methoxybenzyl ester (8) was coupled with (6) to
produce peptide (9), which was readily deprotectcdupon trifluomacetic acid/anis~le treatment to give (lj).
rrm-3-Hexcnedioic

acid mono benzyl ester (12) was coupkd with (10) to give thebenzyl

pr~tectd

peptidc

(13) (Scheme 2), which was deprotccted using sodium in liquid ammonia.6 In the same manner, c&3hcxencdioic acid7 (14) was converted via (15) to the required peptide (II).

(i) Cl$ZCNHOh,

82%.

(ii) BuLii~.

77%
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(0 PhCHzBr, 25% (ii) EEDQ. (lO), 5%

14

16
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(i) N&PhCH2Br/NEts. (ii) TFAhnirde, 80%.
(iii) SOCW-APA
PNB cer. 60% (iv) HJWIC,

63%.
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Incubation of peptides (U-l) witi IPNS and tie required cofactors gave the corresponding penicillins
(2i-1) in the yields indicated in Table 1. The yields of conversion were determined by 1H NMR and/or HPLC
integrationof the crude incubation mixQnes and wQc c.alcW

relative to rcmainingstartingmateriaL

Competitive incubation experiments between the difkrcnt substmtesgave product ratios tltat agreed with these
values. The penicillins were isolated by HPLC and charac&sed by IH NMR, mass qctmscopy

and biological

activity. In the case of (2i), the authentic mar&d was synthcsiscd (Scheme 3) and shown to be identical to the
incubation product.
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The most striking result is the excellent conversion of peptide (li). Since this is a totally rigid side chain,
it presents saong evidence that the interaction of its carboxyl t&due with the enzyme is at a fixed distance away
from the events causing cyclistion

and that this distance is best matched by a 6-carbon side chain in a linear

transoid conformation. This distance rcq ukment

is strict; thus, peptides with 5 and 7 carbon side chains were

apparently not substrates1 and peptides (u) and (ll), which both include a fixed cis bond junction in their side
chains, were converted in significantly reduced yields. The conversion of (lj) was sufficiently high, however,
to implicate its side chain carboxyl as still being an important binding interaction, since its unsubstitutcd
analogut (lh) was not a substrate. 2 Examination of Table 1 also suggests that incorporation of aromatic groups
into the side chain improves catalytic efficiency. This may be due to improved binding characteristics of the
aromatic side chains; alternatively,

the enhanced rigidity of these side chains may allow a more facile

organisatim of the cysteinyl-valinc moiety for cycllsation to occur.
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EXPERIMENTAL
Melting points are uncmted.

Optical rotations were recorded on a Perkin-Elmer 241 polarimtter. IR

spectra were obtained as thin films or as cell solutions on a Peticin-Elmer 681 spcctrophotomcter, weak (w),
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medium (m) or strong (s) bands were retarded. 1H NMR spectra were recorded on Varian Gemini 200 MHz or
Bruker AM 500 MHz spectrometers and referenced against the solvent or internal dioxan (6 3.53 ppm). 13C
NMRspecaawmrecor&dat
125.7MHzonaBrulrcrAM~MHz~~tcrandwerc~~nccdto
internal dioxan (6 67.4 ppm). Mass spectra were recorded on VG Analytical Ltd. ZABlF or VCZO-250w
spectrometers using Ammonia Demon

Chemical Ionisation (XI, NH3). Fast Atom Bombtint

(FAB) or

Electron Impact (EI). HPLC was car&l out using either (i) dual Gilson 303 pumps, a Rheodyne 7125 injector
and a Gilson holochrome detector or (ii) dual Waters 510 pumps, a Rhtiyne

7125 injector and Waters 440 and

441 detectors set at either 218 or 254 nm. Microanalyses were performed by Mrs. V. Lambum, Dyson Perrins
Laboratory, University of Oxford.
S-Bromo-I-naphthoic

acid (3): Following the procedure of Short and Wang,8 a solution of l-

naphthoic acid (25 g, 0.145 mol) in hot glacial acetic acid was treated with bromine (23 g, 0.144 mol) to give
(3) (16 g, 44%), mp 254-256’ (lit.8 256”).
Z-Butyl S-bromo-l-naphthoate

(4): To the acid (3) (10.0 g, 39.8 mmol) in dry THF (80 ml) was

added r-butyl 2,2,2-aichloroacctimidateg (17.0 g, 78 mmol) in dry cyclohexane (80 ml). The resulting mixture
was treated with boron trifluoride etherate (2.0 ml) at room temperature, upon which there was a significant
reduction in the amount of undissolved material. After stirring for 1 h, diethyl ether (100 ml) was ad& and the
solution washed with saturated NaHCO3 solution and water. After drying over MgSOq, the solvent was
evaporated to leave a clear oil which was purified by column chromatography (10% ether/hexane) to give the tbutyl ester (4) as a white solid (10.0 g, 82%), mp 112- 115’ (decomp.) TLC (20% ether/hexane) Rf. 0.80. 1 H
NMR (200 MHz, CDC13) 1.69 (9H, s, ‘Bu); 7.43 (lH, t, 8SHz); 7.61 (lH, t, 7.OHz); 7.85 (lH, d, 6SHz);
8.12 (lH, d, 7,OIiz); 8.48 (lH, d, 8.5Hz); 8.84 (lH, d, 8.5Hz). 13C NMR (CDC13) 166.7,s; 132.5,s;
132.3,s; 131.5,d; 130.3,d; 130.1,d; 127.5,d; 125.9,d; 125.8,d; 123.2,s; 81.9,s; 28.3,q. IR (film) 2980s;
2920s; 1710s; 128Obr; 1135s. m/e (El) 308,306 (M)+; 252,250 (M-tBu)+; 172; 126; 57.
t-Butyl S-carboxy-l-naphthoate

(5): A stirred solution of bromoester (4) (1.90 g, 6.2 mmol) in

dry THF (70 ml) and hexane (30 ml) under an atmosphere of argon was cooled to -90”. A solution of
butyllithium in hexane (1.43 M, 4.56 ml, 6.5 mmol) was added at a rate to keep the reaction below -90”
(addition time 20 mins). The resulting yellow solution was stirred for another 30 mins at -90°, before being
saruratcd with co;! gas. After stirring for another 10 mins at -90” the reaction was allowed to warm to room
temperature, after which, it was quenched with saturated NH4Cl solution. The organic layer was separated,
dried and evaporated to leave a purple solid which was recrystallised from hexane/echer to give (5) as a white
solid (1.30 g, 77%), mp 211-212’. TLC (ether) Rf. 0.12. *H NMR (200 MHz, CDC13) 1.70 (9H, s, ~Bu);
6.75 (lH, s, COOH); 7.67 (2H, t, 7.OHz) 8.12 (lH, d, 7.OHz), 8.42 (lH, d, 7.OHz), 9.14 (lH, d, 9.OHz);
9.27 (IH, d, 9.OHz). l3C NMR (CDCl3) 177.7,s; 167.0,s; 131.9,d; 131.6,d; 130.2,s; 130.1,s; 130.0.d;
129.6,d; 126.5,d; 126.2,s; 125.9,d; 81.9,s; 28.3,q. IR (cell, CH2Cl2) 173Om; 1710s; 1130s. m/e (DCI, NH3)
290 (M+NH4)+; 272 (M)+; 234; 216; 172.
(5-t-Butoxycarbonylnaphth-l-oyl)-(S-dipheuylmethy~-~-cystei~yl)-(~-valine
benzhydryl ester) (7): A solution of the acid (5) (0.45 g, 1.65 mrnol), S-diphenylmethyl-l,-cysteinyl-)-
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valine benzhydryl

ester (6)s (0.95 g, 1.72 mmol) and 4-N,N-dimethyla.minopyridine

dry CH2Cl2 (40 ml) was treated with dicyclohexylcarbodiimide
The resulting mixture was liked,
chromatography

(0.21 g, 1.70 mmol) in

(0.35 g, 1.70 mmoI) and then stirred overnight

washed and the solvent removed. The crude material was purified by flash

(50% htxandether)

0.8, CHC13). TLC (50% hexanejether)

to give (7) as a white solid (0.97 g, 73%), mp 92-93’, [a]D20= -27.3’ (c
Rf. 0.40. 1H NMR (2OOMHz, CDC13) 0.81 (3H, d, 4SHz, CMe);

0.93 (3H, d, 6.5Hz, CMe); 1.69 (9H, s, ~Bu); 2.20-2.36 (lH, m, CHMe2); 2.90-3.02 (2H, m, CH2S); 4.624.72 (lH, m, a-val); 4.80-4.92 (lH, m, a-cyst);

5.43 (lH, s, SCHPh2); 6.68 (lH, d, 8.5Hz, NH); 6.77 (lH,

d, 8.6I-k NH); 6.91 (lH, s, CHPhZ); 7.28-7.36 (15H, m, ArH); 7.41-7.62 (8H, m, ArH); 8.11 (lH, d,
7.4Hz); 8.48 (lH, d, 8.5Hz); 8.99 (lH, d, 7.4Hz). IR (cell, CHC13) 3420m; 3ooOm, 174&n; 1705s; 1687s;
166Om; 1520s; 1500s. m/e (FAB) 829 (M+Na)+; 167. C50H5oQjN2S

requires: C 74.42; H 6.25; N 3.47.

Found: C 74.35; H 6.50; N 3.41,

(S-Carboxynaphth-l-oyl)-l_cysteinyl-&valine
mmol) was added ankle

(li): To the above peptide (7) (0.104 g, 0.13

(0.4 ml) and trifluoroacetic acid (2 ml) and the solution stirred at 50” for 2 h. The

solvent was removed in vucuo and the residue treated twice with toluene. The crude product was then taken up
in EtOAc (60 ml) and washed once with 1 N HCl solution before being extracted with 10% NaHC@
(2 x 20 ml). The combined extracts were acidified with 2 N HCl solution and re-extracted

solution

with EtOAc, which

was dried and evaporated to leave the deprotected peptide as a white solid. This material was uiturati
EtOAc to give the pure product (0.046 g, 83%). mp 150-155’ (decomp.)

with

1H NMR (500 MHz, D20) 0.81 (3H,

d, 6.5H2, CMe); 0.83 (3H, d, 6.5H2, CMe); 1.20 (lH, s, SH); 2.05-2.09 (lH, m, CHMe2);
AB of ABX, CH2S); 4.14 (lH, d, 5.5Hz, cr-val); 4.72-4.74 (lH, m, a-cyst);

2.84-2.96 (2H,

7.47-7.51 (2H, m); 7.60 (lH,

d, 7.OHz); 7.75 (1H. d, 7.OHz); 8.08 (lH, d, 8.5Hz), 8.38 (lH, d, 8.5Hz). m/e (DCI, NH3) 436 (M+NI-kt)+;
419 (M+l)+; 401; 258; 199; 169.

4-Nitrobenzyl

Scarboxy-1-naphthoate

THF (60 ml) was added triethylamine
mins. 4-Nitrobenzylbromide

(16): To the mono acid (5) (3.55 g, 13 mmol) in dry

(1.52 g, 15 mmol) and the solution stirred at room temperature for 30

(3.67 g, 17 mmol) was added and the reaction refluxed until TLC showed it was

consumed (2 days). The mixture was cooled to room temperature, filtered, washed with saturated NaHC03
solution, dried and the solvent removed to leave the solid diester (4.40 g). TLC (75% CH2CQjhexane)

RfO.30.

lH NMR (200 MHz, CDC13) 1.69 (9H, s, tBu); 5.55 (2H, s, OCH2Ph); 7.59-7.77 (4H, m); 8.12 (lH, d,
8.OHz); 8.29 (3H, d, 8.OHz); 9.12 (2H, d, 8.OHz). Without further purification,
solution of ankle

this material was added to a

(4 ml) and TFA (15 ml) in dry CH2C12 (30 ml). After 3 h at room temperature, TLC showed

consumption of the diester. The solvent was removed and the residue tritmated with ethanol to leave the product
(16) as a white solid (3.62 g, 80%). 1H NMR (200 MHz, DMSO) 5.58 (2H, s, OCH2Ph); 7.62-7.85 (4H, m);
8.12 (1H d, 7.OHz); 8.25 (3H, d, 7.OHz); 8.91 (lH, d, 8.5Hz); 9.08 (lH, d, 8.5Hz). m/e (DCI, NH3) 369
(M+NI-kj)+; 351 (M)+; 216; 199; 122; 115; 106.

(2S,5R,6R)-l-Aza-3,3-dimethyl-6-(5’-(4”-nitrobenzyloxycarbonyl)naphth-l’oylamido)-7-oxo-4-thiabicyclo(3.2.0)heptane-2-carboxylic

acid 4-nitrobenzyl

ester

(17): The

acid (16) (3.0 g, 8.55 mmol) was treated with thionyl chloride (30 ml) and the mixture refluxed for 2 h. The
excess thionyl chloride was then removed in vucuo and the residue dissolved in CH2C12 (50 ml). This solution
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was added to a cooled, stirred solution of 6-aminopenicillanic acid Cnitrobenzyl ester toluene sulfonic acid salt
(5.4 g, 10 mmol) and triethylamine (3.03 g, 30 mmol) in CH2C12 (40 ml). After sting for a few mins, the
solvent was removed and the residue taken up in EtOAc, washed with saturated NaHCO3 solution, 1N HCI
solution, drkd and the the solvent removed to leave a solid, which was recrystalked from acetone/hexane to

give (17) as a pale yellow solid (3.5 g, 60%). TLC (ether) Rf 0.70. *H NMR (200 MHz, CDC13) 1.48 (3H, s,
Me); 1.64 (3H, s, Me); 4.55 (lH, s, 2-H); 5.24-5.40 (2H, ABq, OCH2Ph); 5.55 (2H, s, OCH2Ph); 5.73 (lH,

d, 4.OHz, 5-H); 5.99 (lH, dd, 4.0, 8.5Hz, GH); 6.70 (lH, d, 8.5Hz, NH); 7.56-7.76 (7H, m); 8.26-8.33
(5H, m); 8.60 (lH, d, 8.5Hz); 9.10 (lH, d, 8.5Hz). IR (cell, CDC13) 1785m; 175Om; 1715m; 167Om; 1520s;
1350s. m/e (FAB) 685 (M+l)+. C34H28N40lOs

requires C 59.64; H 4.12; N 8.18. Found: C 59.47; H 4.15;

N 7.98.
(2S,5R,6R)-l-Aza-6-(5’-carboxynaphth-l’-oylamido)-3,3-dim~thyl-7-oxo-4thiabicyclo(3.2.0)heptane-2-carboxylic

acid (2i): To a solution of (17) (0.50 g, 0.73 mmol) in THF

(40 ml) was added a solution of NaHC03 (0.123 g, 1.46 mmol) in water (40 ml) and 10% Pd/C (0.5 g). The

reaction was hydrogenated for 6 h, after which the THF was evaporated and the remaining mixture filtered
(celite) and freeze dried. The black residue was taken up in water, washed with EtOAc and the aqueous layer
acidified to pH 3. The solution was then exmcti

with EtOAc, dried and the solvent removed to leave penicillin

(2i) as the free acid (0.190 g, 63%). This material was converted to the disodium salt by dissolving it in a

solution of NaHC03 (77 mg, 0.92 mmol.) in water and freeze drying, mp >200* *H NMR (500 MHZ, D20)
1.38 (3H, s, Me); 1.45 (3H, s, Me); 4.11 (lH, s, 2-H); 5.55-5.57 (2H, ABq, 4.OH2, 5-H, 6-H); 7.42-7.48
(3H, m); 7.55 (lH, d, 7.5Hz); 7.96 (IH, d, 8.OHz); 8.14 (lH, d, 8.OHz). m/e (FAB) 415 (M+l)+.
1,4-Dicarboxybenzene
mmol) and dicyclohexylamine

mono 4-Methoxybenzyl

ester (8): 1,4_Dicarboxybenzene

(5.32 g, 32

(12 ml, 64 mmol) were dissolved in dry DMF (40 ml) and heated to 70” for 20

mins. 4-Methoxybenzyl chloride (5.0 g, 32 mmol) and a few crystals of sodium iodide were added and the
heating continued overnight. The mixture was cooled, diluted with EtOAc, filtered, the organic layer washed
repeatedly with water and then extracted with 5% NaHC03 solution. Acidification to pH 9 precipitated a white
solid (0.20 g), shown to be the monOester (8) contaminated with some starting diacid, which was directly used
for the next reaction. 1H NMR (200 MHz, acetone-dg) 3.76 (3H, s, 0CH3); 5.27 (2H, s, 0CH2); 6.94 (2H,
d, 7.5Hz, MeOArH); 7.39 (2H, d, 7.5Hz, MeUArH); 8.02 (4H, s).
(4-(4’-Methoxybenzy~oxycarbonyl)-benzoyl)-(S-diphe~ylmethyl-~-cysteinyl)-(~-~a~ine
benzhydryl

ester) (9): A suspension of the impure mono-ester (8) (0.20 g), S-diphenylmethyl-L-cysreinyl-

D-valine benzhydryl ester (6)3 (0.30 g, 0.54 mmol) and EEDQ (0.172 g, 0.70 mmol) in CH2Cl2 (20 tnl) were
stirred

overnight. The CH2C12 was evaporated and the residue taken up in EtOAc, washed with 1N HCI and

10% NtiCO3 solutions, dried and the solvent removed. The crude product was purified by column
chromatography (60% ether/hexane) to give (9) as a white solid (0.28 g), mp 141- 144’ (decomp.) [aJD20= 11.4” (C 0.8, CHCl3). TLC (60% ether/hexane) Rf 0.30. 1H NMR (200 MHz, CDCl3) 0.77 (3H, d ,6,5Hz,
CMe); 0.91 (3H, d, 6.5Hz, CMe); 2.20-2.32 (lH, m, CHMe2); 2.84-2.97 (2H, AB of ABX, CH2S); 3.84
(3H, s, OMe); 4.64-4.74 (2H, m, a-cyst, a-val); 5.34 (2H, s, CH20Ph); 5.36 (lH,

S,

SCHPh2); 6.68 (lH,

d, 8.5Hz, NH); 6.90 (lH, s, CHPh2); 6.94 (2H, d, 8.5Hz, MeOArH); 7.01 (IH, d, 8.OH2, NH); 7.20-7.50
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(22H, m); 7.78 (2H, d, 8.5H2, ArHCON); 8.10 (2H, d, 8SHz, ArHCOO). m/e (FAB) 821 (M+l)+.
C50HqgC@N2Srequires: C 73.15; H 5.89; N 3.41. Found: C 73.20; H 6.26; N 3.14.
4-Carboxybenzoyl-L-cysteinyl-n-valine

(lj): The peptide (9) (0.100 g) was deprotected with

trifluoroacetic acid using the method described for compound (li) to give (lj) as a white solid, mp >2W. 1H
NMR (500 MHz, acetone-d6) 0.94 (3H, d, 6.5Hz, CMe); 0.98 (3H, d, 6.5Hz, CMe); 2.16-2.25 (lH, m,
CHMe2); 2.95-3.00 (lH, m, A of ABX, CHS); 3.06-3.12 (lH, m, B of ABX, CHS); 4.41-4.45 (lH, m, aval); 4.82-4.86 (lH, m, a-cyst); 7.56 (lH, d, 8,5Hz, NH); 8.01 (3H, d, 8.OH2, NH, ArH); 8.09 (2H, d,
8.OH2, ArH). m/e (FAB) 735 @sulfide, M+l)+.
tram-3-Hexenedioic

acid monobenzyl ester (12): Iruns-3-Hexenedioic

acid (5.76 g, 0.04 mol)

and dicyclohexylamine (5 ml) in DMF (40 ml) were stined at 700 for 20 mins. Benzyl bromide (4.76 ml, 0.04
mol) was added and the suspension stirred for another 20 mins. The reaction was then cooled, diluted with
EtOAc, filtered, washed with water and extracted with 5% NaHCO3 solution. ‘Ihe aqueous phase was acidified
to pH 2 with H2SO4 (5 M), extracted with ether, dried and the solvent evaporated to Ieave a solid which was
recrystallised from ether/hexane to give (12) as a white solid (2.0 g, 21%), mp 40-41’. 1H NMR (5ooMz,
CDC13) 3.16 (4H, t, 5.5H2, CH2CO); 5.14 (2H, s, OCH2Ph); 5.62-5.86 (2H, m, CCH); 7.32-7.42 (5H, m,
ArH). IR (cell, CDCl3) 1735s; 1710s. m/e (DCI, NH3) 252 (M+NH4)+; 235 (M+l)+; 108; 91.
(trans-5-Benzyloxycarbonyl-3-pentenoyl)-(S-benzyl-~-cyste~nyl)-(~-valine)
ester (13): A solution of mono-ester (12) (0.165 g, 0.70 mmol), S-benzyl-L-cysteinyl-p-valine

benzyl
benzyl ester

toluenesulfonic acid salt (0.38 g, 0.64 mmol), triethylamine (0.09 ml, 0.64 mmol) and EEDQ (0.160 g, 0.64
mmol) were stirred in CH2C12 overnight. The solvent was removed, EtOAc added and the solution washed with
10% NaHC03 solution, 10% HCI, H20 and dried. Evaporation of the solvent left a solid residue which was
recrystallised from ether/hexane to give a white solid (0.21 g, 53%), mp 67-68’, [a]~20= -5. lo (c 0.8, CHC13).
TLC (ether) Rf 0.65. 1H NMR (500 Mz, CDC13) 0.86 (3H, d, 6,5Hz, CMe); 0.92 (3H, d, 6.5Hz, CMe);
2.18-2.22 (lH, m, CHMe2); 2.68-2.72 (lH, A of ABX, CHS); 2.87-2.90 (lH, B of ABX, CHS); 2.99 (2H,
d, 7.OHz, CH2CO); 3.16 (2H, d, 6.5Hz, CH2CQ); 3.80 (2H, s, SCH2); 4.48-4.52 (lH, m, a-cys); 4.54-4.56
(IH, m, a-val); 5.13 (2H, s, 0CH2); 5.12-5.20 (2H, ABq, OCH2); 5.68-5.71 (lH, m, CCH); 5.73-5.77 (lH,
m, HCC); 6.45 (lH, d, 7_OHz,NH); 6.69 (lH, d, 8.5Hz, NH); 7.06-7.39(15H, m, ArH). IR (cell, CDC13)
1730s; 167Om. m/e (DCI, NH3) 617 (M+l)+; 495; 234; 208; 108; 91. C35H4106N2S requires: C 68.04; H
6.69; N 4.54. Found: C 68.15; H 6.63; N 4.54.
(Iruns-S-Carboxy-3-pentenoyI)-(~-cysteinyl)-(Il-valine)
(lk): Liquid ammonia (20 ml) was
distilled, from sodium, into a solution of (13) (78 mg), in dry THF (2 ml). Small pieces of sodium were added
until a blue colour persisted. After 2 mins, a few crystals of ammonium acetate were added to discharge the blue
colour, the ammonia was removed with a stream of argon and the II-IF evaporated to leave an oil which was
dissolved in water (15 ml) and washed with EtOAc. The aqueous phase was then acidified to pH 8.6 and
oxygen bubbled through for 3 h. Freeze drying left the crude material which was purified by HPLC (Reverse
phase ODS; 6% methanol/20 mM ammonium bicarbonate; flow rate 4 ml/min; retention times, thiol9 rnin,
disulfide 18 min) to give (lk) as the thiol (5 mg) and disulfide (12 mg). lH NMR (500 MHz, D20) 0.67 (3H,

Enzymatic synthesis of penicillins

d, 6.5I-k CMe); 0.72 (3H, d, 6.5Hz, CMe); 1.91-1.95 (lH, m, CHMe2); 2.78 (2H, d, 7.OHz, CH2CO);
2.81-2.83 (H-I, A of ABX, CHS); 2.93 (2H, d, 6.OHz, CH2CO); 3.02-3.06 (IH, B of ABX, CHS); 3.91
(lH, d, 54Hz,

a-val); 4.52-4.54 (IH, m, a-cyst);

5.39-5.44 (lH, m, CCH); 5.56-5.63 (IH, m, HCC). 13C

NMR 18.0; 19.8; 31.6; 39.6; 40.0; 42.0; 53.9; 61.5; 125.2; 131.2; 172.0; 175.8; 178.9; 180.5. m/e (FAB)
691.

cis-3-Hexenedioic

acid monolmzyl

ester (14): cis-3-Hcxenedioic

the method of Bcnington and Morin7 and mon&enzylated

acid was synthesised

using

using the procedure for (12) to give (14) as a clear

oil, in 37% yield. 1H NMR (200 MHz, CDC13) 3.14-3.22 (4H, m, CH2CO); 5.12 (2H, s, OCH2Ph); 5.765.92 (2H, m, CCH); 7.32-7.42 (5H, m, ArH). m/e (DCI, NH3) 252 (M+NH4)+;

235 (M+l)+;

(cis-5-Benzyloxycarbonyl-3-pentenoyl)-(S-benzyl-~-cysteinyl)-(~-valine)
(15): Using the procedure desciikd
benzyl-L-cysteinyl-P-valine
chromatography

for compound (13), the cis-monobenzyl

bcnzyl ester toluenesulfonic

(80% cther/hexane)

108; 91.

benzyl ester

ester (14) was coupled to S-

acid salt. The product was purified by flash

to give (15) as a white solid in 60% yield, mp 9O-92’, [a]D20=-8.5O (c

0.8, CHCl3). TLC (ether) Rf 0.80. 1H NMR (200 MHz, CDC13) 0.85 (3H, d, 6.5Hz, CMe); 0.91 (3H, d,
6.5Hz, CMe); 2.12-2.30 (lH, m, CHMe2); 2.67-2.92 (2H, AB of ABX, SCH2); 3.03 (2H, d, 6_5Hz,
CH2CO); 3.18 (2H, d, 6.OHz, CH2CO); 3.77 (2H, s, SCH2); 4.47-4.59 (2H, m, a-cyst,
OCH2); 5.08-5.12 (2H, ABq, 0CH2);

a-val);

5.14 (2H, s,

5.77-5.88 (2H, m, CCH); 6.67 (IH, d, 7.OH2, NH); 6.76 (IH, d,

9.OHz, NH); 7.32-7.37 (15H, m, ArH). 1R (cell, CDC13) 1740s; 1670s; 1500m. m/e (FAB) 617(M+l)+.
C35H4106N2S

requires: C 68.15; H 6.54; N 4.54. Found: C 67.79; H 6.72; N 4.68.

(cis-S-Carboxy-3-pentenoyl)-L-cysteine-&valine

(II): The benzyl protected

cis-tripeptide

(15) was deprotected using the conditions desctibed for the frcurs analogue (lk). Purification using the same
gave (11) in the disulfide form. 1H NMR (500 MHz, D20) 0.66 (3H, d, 6.5, CMe);

HPLC conditions

0,71(3H, 6.5Hz, CMe); 1.89-1.94 (lH, m, CHMe2); 2.77-2.80 (lH, A of ABX, CHS); 2.83 (2H, d, 8.OHz,
CH2CO); 2.98 (2H, d, 7.5Hz, CH2CO); 3.02-3.05 (lH, B of ABX, CHS); 3.90 (If-I, d, 5.5Hz, a-val); 4.51
(lH, t, 5.OHz, a-cyst);

5.44-5.47 (lH, m, CCH); 5.60-5.64 (lH, m, HCC). 13C NMR 18.0; 19.8; 31.6;

35.0; 36.4; 39.4; 53.8; 61.5; 124.2; 129.9; 172.1; 175.5; 178.9; 180.6. m/e (FAB) 691 (M+l)+.

Incubation

of tripeptides

with IPNS.

General procedure: To the tripeptide (1.0 mg) was added IPNS (10 1.U. in 50 mM NH~HCOJ
solution, 3.5 ml), ascotbate (50 mM, 100 pL), iron sulfate (5 mM, 100 PL) and dithiothreitol(lO0

mM, 100

pL) and the solution split in half and shaken (27O, 250 rpm). After 15 mins and 30 mins, extra aliquots of
dithiothreitol

(100 mM, 100 ~1) were added. After one hour the incubation was stopped, acetone ( 10 ml) added

and the supematant collected after centrifugation.

The acetone was evaporated and the residue freeze dried. The

sample was purified by HPLC (the fractions collected at dry ice temperature to inhibit ammonolysis)
penicillin product identified by *H NMR, mass spectroscopy

and biological activity.

(2S,SR,6R)-l-Aza-6-(S’-carboxynaphth-l’-oyla~~do)-3,3-dimethyl-7-oxo-4thiabicyclo(3.2.0)heptanel2-carboxylic
acid (2i): HPLC; reverse phase ODS; eluant, 3%

and the

3028
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acetonitrile/lO mM ammonium bicarbonate;flow rate, 3ml/min; retention time, 13 mins. lH NMR and IQ/C
identical to authentic material &scribed above. Active against Staphy~~ccur

(uveus and Escherichiu coli, with

activity about 1% of Pen G.
(2S,SR,6R)-l-Aza-6-(4’-carboxybenzoylamido)-3,3-dimethyl~7-oxo-4thiabicyclo(3.2.0)heptane-2-carboxylic
acid (23): HFLC; reverse phase ODS; eluant 20 mM
ammonium bicarbonate; flow rate, lml/rnin; retention time, 16 mins. 1H NMR (500 MHz, D20) 1.38 (3H, s,
Me); 1.50 (3H, s, Me); 4.13 (lH, s, 2-H); 5.48 (lH, d, 4.OH2, 5-H); 5.51 (lH, d, 4.OH2, 4-H); 7.65 (2H, d,
8.OHz. ArH); 7.77 (2H, d, 8.OHz, ArH). m/e (FAB) 387 (M+Na)+. Active against S. aureus.
(2S,5R,6R)-1-Aza-6-(truns-5’-carboxy-3’-pentenoylamido)-3,3-dimethyl-7-oxo-4thiabicyclo(3.2.0)heptane-Zcarboxylic
acid (2k): HPLC; reverse phase ODS; eluant, 20 mM
ammonium bicarbonate; flow rate, lml/min; retention time, 14 mins. lH NMR (500 MHz, D20) 1.29 (3H, s,
Me); 1.40 (3H, s, Me); 2.74 (2H, d, 6.OHz, CH2CO); 2.86 (W, d, 6.5Hz. CH2CO); 4.01 (lH, s, 2-H); 5.22
(lH, d, 4.OHz, 5-H); 5.33 (lH, d, 4.OHz, 6-H); 5.365.38 (lH, m, CCH); 5.51-5.56 (lH, m, HCC). m/e
(FAB) 343 (M+l)+. Active against S. ouTeus.
(2S,5R,6R)-l-Aza-6-(cis-5’-carboxy-3’-pentenoylamido)-3,3-dimethyl-7-oxo-4thiabicyclo(3.2.0)heptane-2-carboxylic
acid (21): HPLC; reverse phase ODS; eluant, 20 mM
ammonium bicarbonate; flow rate, 1 ml/min; retention time, 13 mins. 1H NMR (500 MHz, D20) 1.28 (3H, s,
Me); 1.40 (3H, s, Me); 2.78 (2H, d, 7.5H2, CH2CO); 2.94 (2H, d, 7.5H2, CH2CO); 4.01 (lH, s, 2-H); 5.22
(lH, d, 4.OH2, 5-H); 5.32 (lH, d, 4.OHz, 6-H); 5.40-5.42 (lH, m, CCH); 5.60-5.62 (lH, m, HCC). m/e
(FAB) 365 (M+Na)+. Active against S. uuTeus.
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