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   The synthesis of a series of analogues of clavulanic acid, possessing a substituted 1,2,3-
triazole ring in place of the exocyclic hydroxyl group, is described. Quantitative structure-
activity relationships in this series are discussed.

   Clavulanic acid (1) is a moderately-active broad-spectrum antibiotic and potent 1°-lactamase in-

hibitor which is used as a potentiator of the antibacterial activity of 3-lactamase sensitive antibiotics". 

As part of an extensive program') directed at the synthesis of novel derivatives of 1 we have prepared 

a series of 1,2,3-triazol-l-yl analogues (2, 5, 9a-i).

              Chemistry 

    The 1,2,3-triazole esters (4, 6, 7a-i, 8a, 8h) 

were prepared by the 1,3-dipolar cycloaddition 

reaction of acetylenes3) to the azido ester (3) 

(Scheme 1). The rate of reaction was found to 

be a function of the nature of the acetylene sub-

stituent, many reactions being sluggish and requir-

ing several days to yield even moderate amounts of product. Thus, whereas diethyl acetylenedicar-

boxylate reacted with the azide (3) at room temperature to give the 4,5-disubstituted product (4) in 

good yield, acetylenes with only a single electron-withdrawing substituent were found to require warm-
ing at 4045°C to initiate reaction and those with no activating substituent (propargyl alcohol, 

phenylacetylene and acetylene itself) needed heating at 70 - 75°C. Yields at these higher temperatures 
were generally poor due to competing side reactions and the thermal instability of the azido ester (3). 

   The protecting 4-nitrobenzyl group of the triazole esters was removed by hydrogenolysis over 

palladium on carbon in ethyl acetate solution. For the poorly-soluble esters (7e and 7f), 1,4-dioxane 

was used as a co-solvent. The products were isolated by precipitation of their sodium or potassium 

salts following treatment of the reaction solution with the corresponding salts of 2-ethylhexanoic acid. 

   Structural assignments for the 4- and 5-monsubstituted triazole isomers were based on a com-

parison of their spectroscopic properties with those of the unsubstituted ester (6) and the 4,5-disub-
stituted analogue (4). The proton magnetic resonance ('H NMR) spectrum of the parent triazole (6) 

in CDC13 solution showed the resonance of the prochiral methylene protons adjacent to the triazole 

ring as a singlet at 8 5.08, while the analogous group in the 4,5-disubstituted compound (4) appeared 

as a multiplet at o 5.28, the proximity of the 5-substituent making apparent the non-equivalence of the 

two protons, which are shifted downfield relative to the 5-unsubstituted derivatives. Spectroscopic 

data for the deprotected salts are given in Table 1.

Fig. I.
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Scheme I   Preparation of 1,2,3-triazole derivatives of clavul 
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                             Biological Activity 

   The antibacterial and /3-lactamase inhibitory properties of the triazole series are given in Table 2 

and show some improvement upon clavulanic acid (1). The 4-substituted derivatives prepared were 

chosen, within the limits of synthetic accessibility, to give as broad a range of substituent properties as 

possible, in order that quantitative structure-activity relationships (QSAR) in this series could be studied 

with minimal cross-correlation between different substituent parameters'). Regression analyses were 

performed on the antibacterial activity of 4-monosubstituted derivatives against substituent parameters 

representing steric, electronic and lipophilic properties. Values for substituent lipophilicity - and 

substituent electronic parameters were taken from published tables") and the steric parameter V, re-

presenting VAN DER WAALS volume, was calculated by the method of MoRiGUCxl et al.;'. 

   The antibacterial activity was expressed as log, A, the mean logarithm to the base two of MIC 

values (in pmol/ml) (Table 3); for the purpose of calculating loge A, MIC's of >250 jig/ml were assigned 

values of 500 It,-/mi. The analysis was applied to those organisms having similar cell-wall membranes' 

and was therefore limited to activity against ten members of the Enterobacteriaceae against which all
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Table 1. Spectroscopic data.
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compounds had been tested (Table 2). A significant parabolic relationship was observed between 

the biological activity A and substituent lipophilicity r.: 

                                         logy A=0.68r.2-+                                                   -1.05--4.76 (1) 

                                           n=10 r2=0.92 

   Regression of the activity A against VI also showed good correlation, but as and V show cross-

correlation') this was not to be unexpected. None of the electronic parameters investigated (6r, F and 

R)" were found to contribute towards biological activity. 

   The parabolic form of Equation I is typical of QSAR studies modelling transport across biological 

membranes) and suggests that the antimicrobial activity of this series of compounds is related to their 

ability to permeate passively across cell membranes. However, other processes dependent upon the 

hydrophilic-lipophilic properties of the substrate, such as interaction with a receptor"), cannot be ex-

cluded. The lack of activity of the 4,5-diester (5) against most Gram-negative organisms appears to 

be attributable to poor penetration of the cell membrane, since activity against the cell wall mutant DC2 

is similar to the 4-monosubstituted compounds studied (Table 2).

                                    Experimental 

   MICs were determined by the agar dilution method in Casitone agar. Serial dilutions of freshly 

prepared antibiotic solutions were added to the agar to give concentrations in the range 250 to 0.1 
micrograms per milliliter. The MIC, in micrograms per milliliter, was read after 18-hour incubation 
at 37°C as the lowest concentration that inhibited visible growth. j3-Lactamase enzyme preparations 
were made as previously described" and study of ji-lactamase inhibition performed by the spectrophoto-
metric monitoring'' of hydrolysis of a standard (ampicillin) in the presence and absence of clavulanic 
acid derivative. 

   NMR spectra were recorded at 100 MHz using Varian HA-100 and Jeol-MH 100 spectrometers. 
IR spectra were taken on a Perkin Elmer 257 spectrophotometer. Preparative TLC was carried out
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Table 2. Antibacterial and  ]actamase
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Figures in parenthesis indicate MIC against the cell wall mutant strain DC2'='. 
 ' With respect to inhibition of hydrolysis of ampicillin by isolated penicillinases .

on Merck pre-coated F-254 silica gel plates. Hydrogenations were carried out at 1 atmosphere pres-
sure, the hydrogenation mixture being shaken vigorously for several minutes on a mechanical shaker 

until completion of reaction. Petroleum ether refers to the fraction boiling at 40-60°C. The follow-
ing examples comprise a representative selection of preparative procedures and further examples may 
be found in the patent literature"'. 

   Sodium (3R,5R,Z)-2-[2-(1,2,3-Triazol-1-yl)ethylidene]clavam-3-carboxylate (2)

   Acetylene gas (dried by passage through cone H.SO,) was passed through a solution of 4-nitro-
benzyl (3R,5R,Z)-2-(2-azidoethylidene)clavam-3-carboxylate"' (3.0 g) in dioxane (50 nil) at 70°C 
for 1 hour. The reaction mixture was sealed and heated at 70 - 75°C for 65 hours. The mixture was 
then concentrated and passed down a column of silica gel (50 g) using ethyl acetate - petroleum ether 

(3: 1) eluent to give 0.88 g (25 %) of the ester (6); mp 121 -123°C (EtOH); IR (CHBr3) 1800, 1750, 1520 
and 1342 cm-'; NMR (CDCI3) 5 7.70 and 7.53 (s, triazole protons), 5.80 (1H, d, J=2 Hz, 5-H), 5.28 

(2H, s, benzyl protons), 5.08 (2H, s, CHN), 3.60 (dd, J3 and 16 Hz, 6a-H) and 3.14 (d, J=16 Hz, 
6;3-H). 

      Anal Calcd for C,7H,;N;O;,: C 53.0, H 3.9, N 18.2. 
          Found: C 52.8, H 4.0, N 18.0. 

   A solution of the ester (6) (0.24 g) in ethyl acetate (25 ml) was hydrogenated over palladium on 
carbon (10%, 0.35 g) until uptake of hydrogen ceased. The mixture was filtered through diatomaceous 
earth and the filtrate treated with a solution of sodium 2-ethylhexanoate (0.08 g) in ethyl acetate (3 ml). 
The mixture was concentrated and the deposited solid filtered off to yield 0.09 g of the title compound; 
IR (Nujol) 1785 and 1620 cm-'; NMR (D.O) 3 8.00 and 7.82 (s, triazole protons), 5.82 (1 H, d, J-3 
Hz, 5-H), 5.15 (2H, s, CH..N), 5.02 (1H, s, 3-H), 3.61 (1H, dd, J=2 and 17 Hz, 6a-H) and 3.12 (1H, d, 
J=17 Hz, 6,3-H). 

      Anal Calcd for C,0H9N,O,Na • 1.5H_O: C 40.15, H 4.05, N 18.7. 
          Found: C 40.45, H 4.25, N 17.95.
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Strains used in calculation of loge A. 
S.f. Streptococcus faecalis, S.t. Salmonella typhi, P.mi. Proteus mirabilis, 
Serratia marcescens.

P.mo. Proteus morganii, S.m.

Table 3. Substituent parameters for QSAR analysis.
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Sodium (3R,5R,Z)-2-[2-(4,5-Diethoxycarbo-

nyl-1,2,3-triazol-l-yl)ethylidene]clavam-3-carbo-

xylate (5) 
   A solution of diethyl acetylenedicarboxylate 

(0.25 g) and the azido ester (3) (0.54 g) in tetra-
hydrofuran (3 ml) was allowed to stand at room 
temperature for 3 days. The mixture was chro-
matographed on preparative silica gel plates, 
using ethyl acetate - petroleum ether (1: 1) eluent 
to give 0.38 g of the ester (4); IR (CHBr3) 1804, 
1750, 1730, 1530 and 1348 cm-1; NMR (CDCI3) 
5.73 (1H, d, J=2 Hz, H-5), 5.28 (2H, m, CH.N), 
5.25 (2H, s, benzyl protons), 5.12 (1H, s, 3-H), 
4.95 (1H, t, J=7 Hz, =CH-), 3.53 (IH, dd, J=2 
and 17 Hz, 6a-H) and 3.13 (1H, d, J=17 Hz, 6j3-H).

      Anal Calcd for C 3H~3N;O,O: C 52.2, H 4.4, N 13.2. 
          Found: C 52.0, H 4.5, N 13.6. 

   A solution of the ester (4) (0.59 g) in ethyl acetate (50 ml) was hydrogenated over palladium on 
carbon (10%, 0.45 g) until uptake of hydrogen ceased. The mixture was filtered through diatomaceous 
earth and a solution of sodium 2-ethylhexanoate (0.116 g) in ethyl acetate (10 ml) added to the filtrate, 
which was concentrated to a small volume and diluted with ether (50 ml). The deposited solid was 
filtered off and dried, yielding 0.33 g of the sodium salt (5); IR (Nujol) 1792, 1730, 1700 and 1620 
cm-1; UV (H,O) 223 nm (s 13,600); NMR (D,O) 6 5.72 (1H, d, J=2 Hz, 5-H), 5.30 (2H, m, CH,N), 
5.00 (1H, t, J=13 Hz, =CH-), 4.93 (s, 3-H), 4.44 (4H, m, OCHZCH3), 3.58 (1H, dd, J=2 and 17 Hz, 
6a-H), 3.02 (1H, d, J=17 Hz, 6,8-H) and 1.35 (6H, m, OCHZCH3).
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     Anal Calcd for C16H17N4OBNa-H,0: C 44.2, H 4.4, N 12.9. 
         Found: C 44.4, H 4.6, N 12.6. 

   4-Nitrobenzyl (3R,5R,Z)-2-[2-(4- and 5-Ethoxycarbonyl-1,2,3-triazol-1-yl)ethylidene]clavam-3-
carboxylate (7a and 8a) 

   A solution of ethyl propiolate (0.75 ml) and the azido ester (3) (2.0 g) in benzene (10 ml) was warmed 
on an oil bath at 40°C for 3 days. The mixture was then chromatographed on silica gel plates using 
ethyl acetate - petroleum ether (2: 1) eluent to give 0.20 g (8 %) of the 5-ethoxycarbonyl ester (8a); mp 
142-j 144°C (EtOH - EtOAc, 1: 1); IR (CHBr3) 1800, 1752, 1725, 1704, 1552 and 1344 cm-1; NMR 

(CDC13) 5 8.13 (1H, s, triazole proton), 5.78 (lH, d, J=2 Hz, H-5), 5.42 (2H, m, CH,N), 5.27 (2H, s, 
benzyl protons), 5.14 (1H, s, 3-H), 5.00 (1H, t, J=7 Hz, =CH-), 4.37 (2H, q, J=7 Hz, OCH2CH3), 
3.56 (1H, dd, J=2 and 17 Hz, 6a-H), 3.17 (1H, d, J=17 Hz, 615-H) and 1.38 (3H, t, J=7 Hz, OCH.,CH3). 

      Anal Calcd for C•,3H11N,O9: C 52.5, H 4.2, N 15.3. 
         Found: C 52.3, H 4.2, N 15.35. 

   0.90 g (35 %) of the 4-ethoxycarbonyl ester (7a); IR (CHBr3) 1802, 1750, 1716, 1522 and 1348 cm-'; 
NMR (CDCI3) 5 8.05 (1 H, s, triazole proton), 5.79 (1H, d, J=2 Hz, 5-H), 5.28 (2H, s, benzyl pro-
tons), 5.21 (1H, s, H-3), 5.16 (s, CH,N), 4.41 (21-I, q, J=7 Hz, OCH.CH3), 3.59 (lH, dd, J= 2 and 17 
Hz, 6a-H), 3.13 (1H, d, J17 Hz, 6(3-H) and 1.39 (3H, t, J=7 Hz, OCH,_,CH3). 

      Anal Calcd for C_0H10N;O9: C 52.5, H 4.2, N 15.3. 
          Found: C 52.4, H 4.25, N 14.9. 

   Sodium (3R,5R,Z)-2-[2-(4-Carbamoyl-1,2,3-triazol-1-yl)ethylidenejclavam-3-carboxylate (9e) 
   A solution of propiolamide (1.4 g) and the azido ester (3) (7.0 g) in tetrahydrofuran (35 ml) was 

warmed at 38°C for one week. The deposited crystals were filtered off, yielding 1.75 g (21 %) of the 
4-carbamoyl ester (7e); mp 185 188°C; IR (Nujol) 1794, 1750, 1694, 1634, 1524 and 1348 cm-1; NMR 

(DMSO-de) 6 8.52 (1H, s, triazole proton), 8.25 and 7.63 (4H, m, phenyl protons), 7.80 and 7.47 (2H, 
m, CONH,), 5.87 (1H, d, J=2 Hz, 5-H), 5.60 (1H, s, 3-H), 5.38 (2H, s, benzyl protons), 5.13 (2H, s, 
CHN), 3.78 (1H, dd, J=2 and 17 Hz, 6a-H) and 3.23 (1H, d, J=17 Hz, 6(3-H). 
     Anal Calcd for C1gH,,N,O,: C 50.45, H 3.75, N 19.6. 

          Found: C 50.5, H 3.75, N 19.8. 
   A solution of the ester (7e) (0.75 g) in 1,4-dioxane - ethyl acetate (2: 1, 30 ml) (ester dissolved by 

warming) was added to a suspension of palladium on carbon (10 %,1.0 g) in dioxane - ethyl acetate (2:1, 
30 ml) and the mixture shaken on a hydrogenator until uptake of hydrogen ceased. The mixture was 
filtered through diatomaceous earth and a solution of sodium 2-ethylhexanoate (0.20 g) in ethyl acetate 

(5 ml) added to the filtrate. The deposited solid was filtered off, washed with ethyl acetate and dried 
to yield 0.32 g of the sodium salt (9e); IR (Nujol) 1782, 1660 and 1620 cm-1; NMR (D20) 6 8.44 (1H, 
s, triazole proton), 5.83 (1H, d, J=2 Hz, H-5), 5.17 (2H, s, CH2N) and 5.06 (1H, s, 3-H). 
     Anal Calcd for C11H1ON,O,Na • 2H.,O: C 37.6, H 4.0, N 19.9. 

          Found: C 37.5, H 3.5, N 18.9. 

   Potassium (3R,5R,Z)-2-[2-(4-Hydroxymethyl-1,2,3-triazol-1-yl)ethylidene]clavam-3-carboxylate 

(9h) 
   A solution of propargyl alcohol (1.7 g) and the azido ester (3) (5.0 g) in dioxane (25 ml) was heated 

at 70C for 115 hours. The mixture was concentrated and chromatographed on a column of silica 

gel (150 g) using ethyl acetate - tetrahydrofuran (2: 1) eluent to give 0.52 g (9 %) of the 5-hydroxymethyl 
ester (8h); IR (CHBr3) 3600, 1810, 1760, 1705 and 1615 cm-1; NMR (CDC13) 8 7.50 (1H, s, triazole 

proton), 5.78 (1 H, d, J=2 Hz, H-5), 5.28 (2H, s, benzyl protons), 4.8 - 5.05 (3H, m, H-3 and CHIN), 
4.70 (2H, s, CH2OH), 3.55 (lH, dd, J=2 and 17 Hz, 6a-H) and 3.14 (1H, d, J=17 Hz, 613-H). Further 
elution yielded 0.46 g (8 %) of the 4-hydroxymethyl ester (7h); IR (CHBr3) 3600, 1808, 1760, 1704, 
1528 and 1340 cm-1; NMR (CDC13) 6 7.54 (1H, s, triazole proton), 5.80 (1H, d, J=2 Hz, 5-H), 5.29 
(2H, s, benzyl protons), 5.03 (2H, s, CH2N), 4.76 (2H, s, CH2OH), 3.60 (1H, dd, J=2 and 17 Hz, 6a-H) 
and 3.15 (1H, d, J=17 Hz, 613-H). 

   A solution of the ester (7h) (0.45 g) in ethyl acetate (25 ml) was hydrogenated over palladium on 
carbon (10%, 0.50 g) until uptake of hydrogen ceased. The mixture was filtered through diatomaceous 
earth and the filtrate treated with a solution of potassium 2-ethylhexanoate (0.10g) in ethyl acetate. The
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mixture was then concentrated to ca. 5 ml and diluted with ether (5 ml). The precipitated solid was 
filtered off and dried to give 0.12 g (34%) of the potassium salt (9h); IR (Nujol) 1790, 1700 and 1620 
cm-1; NMR (D,O) 6 7.92 (1H, s, triazole proton), 5.78 (IH, d, J=2 Hz, 5-H), 5.09 (2H, s, CH,N), 
5.02 (1H, s, 3-H), 3.59 (1H, dd, J=2 and 17 Hz, 6a-H) and 3.12 (IH, d, J=17 Hz, 6,3-H). 
     Anal Calcd for C11H11N,O,K•2H,O: C 37.4, H 4.3, N 15.8. 

          Found: C 37.9, H 4.7, N 15.2. 

   Potassium (3R,5R,Z)-2-[2-(4-Phenyl-1,2,3-triazol-1-yl)ethylidene]clavam-3-carboxylate (9i)

   Phenylacetylene (3.2 ml) was added to a solution of the azido ester (3) (5.0 g) in dioxane (25 ml) 
and the mixture heated at 70°C for 65 hours. The reaction mixture was concentrated and passed down 
a column of silica gel (150 g) using ethyl acetate - petroleum ether (3: 2) eluent to give 0.41 g (6 %) of the 
4-phenyl ester (7i); IR (CHBr3) 1800 and 1760 cm-1; NMR (CDCI,) 8 8.2, 7.9 7.1 (10H, m, aromatic 

protons), 5.82 (IH, d, J=2 Hz, 5-H), 5.29 (2H, s, benzyl protons), 5.22 (1H, s, 3-H), 5.10 (2H, s, CH,N), 
3.62 (1H, dd, J=2 and 16 Hz, 6a-H) and 3.16 (1H, d, J=16 Hz, 6(3-H). 

   A solution of the ester (0.38 g) in ethyl acetate (20 ml) was hydrogenated over palladium on carbon 

(10 %, 0.50 g) until uptake of hydrogen ceased. The mixture was filtered through diatomaceous earth 
and a solution of potassium 2-ethylhexanoate (0.10g) in ethyl acetate added to the filtrate. The filtrate 
was concentrated to ca. 5 ml, then diluted with ether (10 ml). The precipitated solid was filtered off and 
dried, yielding 0.13 g (43 %) of the potassium salt (9i); IR (Nujol) 1790 and 1720 cm-1; UV (pH 6 buffer) 
241.5 nm (e 13,700); NMR (D>O) d 8.00 (1 H, s, triazole proton), 7.8 - 7.2 (5H, m, phenyl protons), 5.80 

(IH, d, J=2 Hz, 5-H), 5.00 (3H, s, 3-H and CH.N), 3.08 and 3.62 (2H, ABq, J=17 Hz, 6a-H and 6;3-
H). The NMR spectrum showed the presence of ca. 20% of an E-isomer of the phenyltriazole.* 

      Anal Calcd for C,,H13N,O,K • 2H.,O: C 47.9, H 4.3, N 14.0. 
          Found: C 47.6, H 4.3, N 13.5.
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 * E-Isomers of clavulanic acid derivatives are considerably less active biologically than the corresponding 

Z-isomers.




