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Abstract 

 Class C -lactamases have previously been shown to be efficiently inactivated by O-

aryloxycarbonyl hydroxamates. O-Phenoxycarbonyl-N-benzyloxycarbonylhydroxylamine (1) 

and O-phenoxycarbonyl-N-(R)-[(4-amino-4-carboxy-1-butyl)oxycarbonyl]hydroxylamine (2), 

for example, were found to be effective inactivators. The present paper describes a structure-

activity study of these molecules to better define the important structural elements for high 

inhibitory activity. The results show that a well-positioned hydrophobic element (which may 

interact with the Tyr221 residue of the enzyme) and a negatively charged element, e.g. a 

carboxylate group (which may interact with Arg204), are required for high reactivity with the 

enzyme. The new compounds were found to inactivate by forming a carbonyl cross-linked 

enzyme (probably Ser64OCONHLys 315) as for 1 rather than the inert hydroxamoyl derivative 

observed with 2. 
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1. Introduction 

 

Bacteria resist the antibiotic action of -lactams in several ways, most particularly by the 

production of -lactamases.1 These enzymes catalyze the hydrolysis of -lactams and readily 

evolve to do this most efficiently. To overcome the threat posed by -lactamases to both classical 

and new -lactams, there has been much interest for some years now in -lactamase inhibitors.2-4 

Such molecules can, in principle, inactivate the -lactamases and thus allow -lactams to inhibit 

bacterial cell wall synthesis, incapacitating the bacteria. Mechanistically, there are two groups of 

-lactamases, the serine -lactamases (classes A, C, and D) and the metallo--lactamases (class 

B). In the former group, an active site serine residue provides a nucleophilic hydroxyl group that 

catalyzes -lactam hydrolysis by a double displacement mechanism via a covalent acyl-enzyme 

intermediate (Scheme 1).5 Most effective serine -lactamase inhibitors, including those that are 

currently used in medicine, act by covalent modification of the enzyme, generally of the active 

site serine hydroxyl group. The recently developed diazabicyclooctanes6 and cyclic boronic 

acids7 are of this type. Although non-covalent inhibitors of serine -lactamases have been 

discovered, they have not yet achieved a sufficiently broad spectrum of high activity to allow 

clinical development.8-11 

Scheme 1. The -lactamase reaction. 
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Some time ago, we reported a new class of covalent inhibitors of serine -lactamases, the 

O-aryloxycarbonyl hydroxamates.12,13 The lead compound 1 (Figure 1) had major activity 

against class C -lactamases. The activity of various close analogues of 1 has also been 

described,13,14 as well as that of cyclic variants.15 These compounds have also been shown to be 

very effective inhibitors of N-terminal hydrolases such as the proteasome16 and penicillin 

acylase.17 Most recently, the synthesis and activity of the peptide analogue 2 against -

lactamases has been reported.18  This compound was designed to be an inhibitor of bacterial DD-

peptidases and thus an antibiotic. It had little DD-peptidase inhibitory activity, however, but was 

surprisingly active, more so than 1, against the Enterobacter cloacae P99 class C -lactamase. 

The latter activity was interpreted in terms of the modeled structure shown in Figure 2, where 

interactions between the polar terminus of the inhibitor and the protein were proposed to provide 

the specificity of 2 as an inhibitor.18 Hydrophobic interaction between the trimethylene chain of 

the inhibitor and the aromatic ring of Tyr221 may also be important. To determine the relative 

contributions of the interactions described above, a new series of compounds 3 – 7 (Figure 1) 

was designed. The synthesis of these compounds and their activity as inhibitors of the class C 

P99 -lactamase are described in this paper. 
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 Fig. 1. Aryloxycarbonyl hydroxamate inactivators of Class C lactamases 
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Fig. 2. An energy-minimized model of the tetrahedral intermediate formed on reaction of  

 

compound 2 with the P99 -lactamase. Only heavy atoms are shown. The preparation of this  

 

model is described in reference 18. 
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2. Results and Discussion 

2.1 Synthesis 

The O-aryloxycarbonyl hydroxamate inhibitors 3 - 7 were prepared essentially as 

described earlier,12-14 by acylation of the appropriate hydroxamic acid with phenyl 

chloroformate in the presence of the base imidazole (Schemes 4-8). Synthesis of the relevant 

hydroxamic acid for the functionalized inhibitors 5 – 7 (Schemes 6-8), was achieved by 

activation of an alcohol or phenol by reaction with carbonyl diimidazole in the presence of 

imidazole. The resulting acyl-imidazole was then treated with a hydroxylamine 

hydrochloride in the presence of imidazole. Protecting groups were removed in the final step 

by treatment with trifluoroacetic acid. The final products were characterized by their IR and 

1H NMR spectra and by high resolution mass spectrometry; the acyl hydroxamate moiety has 

a distinctive carbonyl stretching absorption around 1800 cm-1 in IR spectra and a highly 

downfield NH resonance around 12 ppm in 1H NMR spectra.12-14  

2.2 Kinetics of the inhibition reaction  

Aryloxycarbonyl hydroxamates have been shown to be irreversible inactivators of class C -

lactamases.12-14 The current compounds 3 - 7 also irreversibly inactivated a representative 

class C -lactamase, that from Enterobacter cloacae P99. In order to determine the kinetics 

of reaction of these compounds with the -lactamase, solutions containing a fixed 

concentration of the enzyme and varied concentrations of the inhibitor were incubated and 

the activity of the enzyme monitored as a function of time in each case (see Experimental 

section for details). No return of activity of the enzyme was observed after the activity 

reached a minimum value, i.e. the inactivation reaction is irreversible, as previously 

observed.12-14 Examples of two such experiments with compound 4 are shown in Figure 3A. 
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A titration of enzyme activity with various concentrations of 4 was also performed (see 

experimental section for details) with results shown in Figure 3B. The data from these 

experiments were fitted simultaneously to Scheme 2 as described in the experimental section 

and yielded the rate parameters presented in Table 1. Similar experiments were carried out 

with the other compounds giving rate parameters that are also presented in Table 1. 

Comparable results, previously published,12,18 for compounds 1 and 2 are also presented in 

Table 1. 

Scheme 2. Kinetic mechanism for reaction of the inhibitors 3 – 7 with the P99 -lactamase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (A) Activity of the P99 -lactamase (0.15 M) as a function of time in the presence of  

 

4 [5.0 M () and 10.0 M ()]. (B) Activity of the P99 -lactamase (0.15 M) after complete 

 

reaction with 4 at various concentrations. In both A and B the points are experimental and the  

 

lines represent a least squares fit to all of the data. 
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Table 1. Rate constants for reaction of inhibitors 1 – 7 with the P99 -lactamase. 

 

 

 

Compound k1 (M
-1s-1) k2/k3 ki (M

-1s-1)a 

 

1b (6.1  0.2) x 103 2.0  0.1 (2.0  0.1) x 103 

2c (3.50  0.04) x 104 1.25  0.20 (1.6  0.1) x 104 

3 (3.6  1.2) x 103 2.4  0.4 (1.1  0.4) x 103 

4 (3.7  1.2) x 104 25  1 (1.4  0.5) x 103 

5 (2.8  0.6) x 104 2.3  0.1 (8.5  1.8) x 103 

6 40  5 ≤ 1 20 - 40 

7 360  40 ≤ 1 180 - 360 

 

a ki = k1/(1 + k2/k3) 

b Data from reference 12.  

c Data from reference 18. 

 

2.3 Mass spectra of EI complexes 

Electrospray mass spectra of complexes of 3 - 7 with the P99 -lactamase were obtained 

as described in the Experimental section. The spectra of all five compounds displayed a 

dominant peak at M + (26  5) Da, where M is the mass of the parent protein (39,192 Da). 

This is the same result as obtained with 1.12 In that case it was shown by means of a crystal 

structure that the enzyme inactivation was achieved by insertion of a CO moiety (mass 28 

Da), derived from the inhibitor, between the side chain oxygen atom of Ser 64 and the side 

chain nitrogen atom of Lys 315 (with loss of two protons). Such an insertion probably arose 

by the mechanism of Scheme 3.  In this reaction, both X and Y are displaced by nucleophilic 

attack, probably first by the active site serine residue that is the nucleophile in normal 

substrate turnover, and then, in an intramolecular reaction, by Lys 315. In the present cases, 

the order of displacement of X and Y is not known, but, in the case of 1, OPh was first 

displaced.13 The protons released in the reaction are taken up by X and Y. Hydrolysis of 

EOCOX, competing with cyclization, leads to the observation of a small amount of turnover 
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accompanying inactivation (Schemes 2 and 3), as observed for 1 and its analogues previously 

studied.12-14,18 

Scheme 3. Reaction of the inhibitors 1 – 7 with the P99 -lactamase. 

 

 Compound 2, in contrast to 1, and now to 3 - 7, has been reported to yield an inert 

complex that retained the hydroxamate moiety of the inhibitor, i.e M + COX.18 It was 

suggested that this complex arose from a conformational arrangement of the initial acyl-

enzyme intermediate to one inert to nucleophilic attack catalyzed by the enzyme and also 

different from that needed to position it for attack by Lys 315 and cyclization (Scheme 3), the 

latter of which must occur with 1 and 3 - 7.13 It is interesting that the hydroxamate side 

chains of 5 and 6, despite their similarity to that of 2, although lacking the ammonium and 

carboxylate groups, respectively, cannot achieve an inert M + COX conformation. Either the 

charge or bulk of the polar terminus of 2 must favor the inert conformation rather than the 

one leading to the cyclization reaction. 

 It was also noticed that the mass spectrum of the enzyme complex of compound 3 

showed a peak at M + 185, i.e. M + CO + COX. Apparently 3 is less specific than the other 
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compounds, perhaps because of its mobile n-butyl side chain, and is able to acylate a second 

enzyme functional group, e.g. Lys 67. 

2.4 Structure-function issues among O-aryoxycarbonyl hydroxamate -lactamase 

inhibitors 

A combination of the data of Table 1 and the mass spectrometry results allows several 

interesting conclusions to be drawn. First, the relative k1 values (second order rate constants 

for reaction of E and I – see Scheme 2) will be discussed. The results from previous 

papers12,18 show that k1 for 2 is significantly larger than that for 1. This result was interpreted 

in terms of energetically favorable interactions between the polar side chain terminus of 2 

and protein residues, as shown in Figure 1, particularly Arg204 and Ser212. These 

interactions were proposed to restrict the mobility of 2 and thus contribute to its high rate of 

reaction with the enzyme. The former of these residues was thought to interact with the 

carboxylate terminus of 2 and the latter with the ammonium terminus. In addition, the 

aromatic ring of Tyr221 may promote the reaction by hydrophobic reaction with the side 

chain aromatic ring of 1 and the aliphatic chain of 2. 

That the k1 value of 3, with only an aliphatic side chain, is comparable to that of 1 may 

also reflect its hydrophobic interaction with Tyr221, as described above. Of more interest, 

however, is the finding that the k1 value of 4 is greater than those of 1 and 3 and, indeed, 

comparable to that of 2. This indicates that specifically placed hydrophobicity in the 

hydroxamate side chain is of great importance in achieving a rapidly reacting inhibitor of this 

type. The insertion of an additional methylene group into the side chain of 1 to yield 4 may 

allow better positioning of the aryl group with respect to Tyr221. 



  

 13 

Compounds 5 and 6 are structural analogues of 2 designed for evaluation of the 

importance of the terminal carboxylate and ammonium groups of the side chain, respectively; 

comparison of the reactivity of 5 and 6 is therefore of considerable interest. It is clear from 

the data of Table 1 that the side chain terminal carboxylate of 5, presumably because of its 

interaction with Arg 204, is much more effective in inducing reactivity than the side chain 

ammonium group of 6 with its putative interaction with Ser212. Whereas 5 has comparable 

activity to 2, 6 has little activity at all. This indicates that the ammonium group contributes 

very little to the reactivity of 2. It must, however, contribute to the formation of a more inert 

form of the acyl-enzyme (k4, Scheme 3), not susceptible to hydrolysis. 18 

Compound 7 was conceived of as an easily prepared combination of 1 and 2, containing 

the hydrophobic ring of 1 and the polar side chain terminal elements of 2. Its lack of 

significant activity (Table 1), however, indicates a less than optimal placement of both motifs 

with respect to the respective enzyme functional groups. Indeed, its failure emphasizes the 

specificity of 2, 4 and 5. 

The real effectiveness of these compounds as enzyme inactivators, as opposed to enzyme 

acylators, is provided by the rate parameter ki, which takes into account not only the 

acylation rate (k1) but also the partition of the acyl-enzyme between hydrolytic turnover (k2) 

and enzyme inactivation (k3) (Scheme 2); in terms of Scheme 2, ki = k1/(1 + k2/k3). 

Calculated values of ki from the experimentally determined k1 and k2/k3 values are also 

shown in Table 1. The ki parameter thus identifies 2 and 5 as the most effective inactivators. 

Notably 4, although the most reactive compound with the enzyme (k1), is a less effective 

inactivator because of the partitioning of its derived acyl-enzyme in favor of hydrolysis. This 

may derive from a relatively large k2 value, a small k3 value, or a combination of both.  
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3. Conclusions 

In this paper, we have identified two important side chain determinants for the class C -

lactamase inactivating power of O-aryloxycarbonyl hydroxamates. For high activity, the 

hydroxamate side chain should incorporate a hydrophobic element, as seen in 4 and a 

negatively charged element, as seen in 2 and 5, both of which should have optimal positions 

with respect to the enzyme surface during the acylation and inactivation reactions. It is likely 

that a combination of these elements, both optimally placed (unlike in 7), would produce a 

more potent -lactamase inactivator than those discovered to date, both in O-aroyl 

hydroxamates and also in other platforms. The specificity of the hydroxamate moiety itself 

and the aryloxide leaving group have been previously examined.13,14 

4. Experimental section 

4.1. General procedures 

The solvents ethyl acetate, toluene, and dichloromethane (DCM) were purchased from Pharmco. 

Hexanes, sodium sulfate and magnesium sulfate were purchased from Macron Fine Chemicals, 

hydrochloric acid  from Pharmco, benzene from EMD chemicals, triethylamine from Fluka 

Chemica, phenyl chloroformate and imidazole from Sigma Aldrich, pyridine from Spectrum, 

1,1’-carbonyldiimidazole (CDI), 4-butyl chloroformate, hydroxylamine hydrochloride, and -

valerolactone from Acros Organics, 1-amino-4-butanol and D-tyrosine t-butyl ester from Chem-

Impex, and O-benzylhydroxylamine hydrochloride from Aesar. Thin layer chromatography 

plates were purchased from AnalTech.  Silica gel for flash chromatography (32 – 63 m) was 

obtained from Silicycle. 

1H NMR spectra were obtained from a Varian 300 MHz spectrometer and IR spectra from a 

Perkin Elmer Spectrum BX FT-IR system. NMR chemical shifts are reported as  [ppm]. High 
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resolution mass spectra were obtained from the Mass Spectrometry Laboratory, University of 

Illinois at Urbana-Champaign. 

The class C β-lactamase from Enterobacter cloacae P99 was purchased as a pure protein from 

the Centre for Applied Microbiology and Research, Porton Down, Wiltshire, U.K. and used as 

received. Bovine serum albumin (BSA) and MOPS buffer were purchased from Sigma Aldrich. 

Absorption spectra and spectrophotometric reaction rates were obtained from a Hewlett Packard 

8453 UV spectrophotometer. 

4.2. Chemical Syntheses 

Synthesis of 3 (Scheme 4) 

Scheme 4 

 

O-Benzyl-N-(4-butyloxycarbonyl) hydroxylamine (A1) A solution of O-benzylhydroxylamine 

hydrochloride (1.48 g, 12.1 mmol) and pyridine (2.22 g, 28.2 mmol) in DCM (60 mL) was added 

drop-wise under a nitrogen atmosphere at 0°C to a solution of 4-butyl chloroformate (1.65 g, 

12.1 mmol) in DCM (120 mL). The reaction mixture was stirred for three hours at 0°C and then 

slowly brought back to room temperature. The organic layer was evaporated to dryness and the 

residues were dissolved in 50:50 ethyl acetate:ether. The organic layer was washed with 1 M 

HCl, dried over magnesium sulfate, and evaporated to dryness to obtain A1 as a colorless oil. 

Yield: 1.41 g, 52%. The product thus obtained was used in the next step without further 
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purification. 1H NMR (CDCl3, 300 MHz): 0.95 (t, 3H, J = 6.0 Hz), 1.41 (quint, 2H), 1.66 (hext, 

2H), 4.14 (m, 2H), 4.85 (s, 2H), 7.18 (s, 1H, -NH), 7.38 (s, 5H). 

N-(4-butyloxycarbonyl) hydroxylamine (A2) Compound A1 (1.41 g, 6.3 mmol) and 10% Pd/C 

catalyst (0.2 g) were added to ethanol (20 mL). The reaction was hydrogenated in a Parr 

apparatus at 45 psi for 4 hours. The catalyst was removed by filtration and the filtrate was 

concentrated by rotary evaporation to obtain A2 as a colorless oil. Yield 0.55 g, 64%. 

1H NMR (DMSO, 300 MHz): 0.88 (t, 3H, J = 6.2 Hz), 1.32 (m, 2H), 1.54 (m, 2H), 4.00 (m, 2H), 

8.65 (s, 1H, -NH), 9.54 (s, 1H, -OH). 

O-(Phenoxycarbonyl)-N-(4-butyloxycarbonyl) hydroxylamine (3) Imidazole (0.206 g, 4.1 mmol) 

in DCM (3.3 mL) was added to A2 (0.546 g, 4.1 mmol) in DCM (8 mL) under a nitrogen 

atmosphere at 0°C. The mixture was stirred for 20 minutes. A solution of phenyl chloroformate 

(0.46 g, 4.1 mmol) in DCM (1.6 mL) was added drop-wise to the reaction mixture over one 

minute. The resulting mixture was stirred for 45 minutes under nitrogen atmosphere at 0°C and 

then filtered. Ethyl acetate (10 mL) was added to the filtrate to produce a colorless precipitate. 

The precipitate was removed by filtration and the filtrate rotary evaporated to dryness and then 

dried further overnight by means of an oil pump. The crude product was purified by 

chromatography on silica gel (90:10 hexane:ethyl acetate), yielding 3 as a yellow oil (0.164 g, 

14%). 1H NMR (D6-DMSO, 300 MHz): 1.18 (t, 3H, J = 6.2 Hz), 1.33 (m, 2H), 1.69 (m, 2H), 

4.00 (m, 2H), 7.40 (m, 5H), 11.56 (s, 1H, -NH). FTIR (cm-1) 1734, 1799. High resolution 

ES(+)MS m/z  = 276.0840, calcd for C12H15H5NO5 276.0848. 

Synthesis of 4 (Scheme 5) 

Scheme 5 
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2-Phenylethyl chloroformate (B1) 2-Phenylethanol (2.06 g, 16.8 mmol) in DCM (62 mL) was 

added to a pre-cooled solution of triphosgene (5.00 g, 16.8 mmol) in DCM (31 mL) under a  

nitrogen atmosphere at -20°C and stirred for 10 minutes. Triethylamine (2.04 g, 20.2 mmol) in 

DCM (9.3 mL) was added to the reaction mixture and stirred to room temperature over 4 hours. 

The reaction mixture was evaporated to dryness and the resulting residue was stirred in ethyl  

acetate (60 mL). The resulting suspension was then filtered, the filtrate evaporated to dryness, 

and further dried overnight by means of an oil pump. The product thus obtained was used for the 

next step without further purification. 1H NMR (CDCl3, 300 MHz): 3.05 (t, 2H, J = 6.9 Hz), 4.51 

(t, 2H, J = 7.2 Hz), 7.30 (m, 5H). FTIR (cm-1) 1778. 

O-Benzyl-N-(2-phenylethyloxycarbonyl) hydroxylamine (B2) A solution of O-

benzylhydroxylamine hydrochloride (2.8 g, 16.8 mmol) and pyridine (3.06 g, 39.1 mmol) in 

DCM (83 mL) was added drop-wise under a nitrogen atmosphere to a solution of B1 (3.1 g, 16.8 

mmol) in DCM (167 mL) at 0°C. The reaction mixture was stirred for three hours at 0°C and 

then slowly brought back to room temperature. The reaction mixture was evaporated to dryness 

and the resulting residue was dissolved in 50:50 ethyl acetate:ether. The organic layer was 

washed with 1 M HCl, dried over magnesium sulfate, and evaporated to dryness to obtain the 
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crude product. This material was purified by flash chromatography on silica gel (90:10 

hexane:ethyl acetate), yielding the product B2 as a yellow oil. Yield 1.00 g, 22%. 

1H NMR (D6-DMSO, 300 MHz): 2.89 (t, 2H, J = 6.8 Hz), 4.22 (t, 2H, J= 5.1 Hz), 4.68 (s, 2H), 

7.29 (m, 10H), 10.34 (s, 1H). 

N-(2-phenylethoxycarbonyl) hydroxylamine (B3) Compound B2 (1.00 g, 3.69 mmol) was 

dissolved in ethanol (20 mL), !0% Pd/C catalyst (0.49 g) was added, and the reaction was  

hydrogenated at 45 psi for 4 hours. The catalyst was removed by filtration, the filtrate was 

concentrated using rotary evaporation, and the residue was further dried overnight under an oil 

pump vacuum. The residue was washed with ethyl acetate and the precipitate was dried under  

vacuum to obtain B3 as a colorless solid. Yield 0.50 g, 75%. 1H NMR (D6-DMSO, 300 MHz): 

2.89 (t, 2H, J = 6.6 Hz), 4.16 (t, 2H, J = 7.2 Hz), 7.24 (m, 5H), 8.64 (s, 1H, -NH), 9.62 (s, 1H, -

OH). 

O-(Phenoxycarbonyl)-N-(2-phenylethoxycarbonyl) hydroxylamine (4) Imidazole (0.11 g, 2.2 

mmol), dissolved in DCM (3 mL), was added to B3 (0.40 g, 2.2 mmol) in DCM (7 mL) under a 

nitrogen atmosphere at 0°C, and the combined solution stirred for 20 minutes. A solution of 

phenyl chloroformate (0.25 g, 2.2 mmol) in DCM (1.5 mL) was added drop-wise over one 

minute. The mixture was stirred for a further 45 minutes under nitrogen atmosphere at 0°C and 

then filtered. Ethyl acetate (10 mL) was added to the filtrate to form a colorless precipitate. The 

precipitate was removed by filtration and the filtrate was rotary evaporated to dryness and then 

dried by means of an oil pump for 4 hours. The crude product was purified by recrystallization 

(98:2 cyclohexane:benzene), yielding the product 4 as a colorless solid. Yield 76 mg, 11%. 1H 

NMR (D6-DMSO, 300 MHz): 2.89 (t, 2H, J = 6.7 Hz), 4.31(t, 2H, J = 7.1 Hz), 7.26 (m, 10H), 
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11.58 (s, 1H). FTIR (cm-1) 1722, 1786. High resolution ES(+)MS m/z = 324.0842, calcd for 

C16H15NO5 324.0848. 

Synthesis of 5 (Scheme 6) 

 

Scheme 6 

 
 

Potassium 5-hydroxypentanoate (C1) -Valerolactone (18.6 g, 189 mmol) and potassium 

hydroxide (10.6 g, 189 mmol) were combined in water (30 mL). This mixture was heated under 

reflux for three hours. Sufficient water was then to dissolve the salt and the resulting mixture 

filtered. The resulting filtrate was rotary evaporated to dryness. The resulting salt was suspended 

in toluene (40 mL) and evaporated to dryness. The crude product was recrystallized (95% 

ethanol) and dried overnight under an oil pump vacuum to yield C1. Yield 27.6 g, 94%. 

1H NMR (D2O, 300 MHz): 1.41 (br, 4H), 2.07 (t, 2H, J = 7.2 Hz), 3.45 (t, 2H, J = 5.7 Hz). 

4 Methoxybenzyl 5-hydroxypentanoate (C2) C1 (18.1 g, 0.116 mol), 4-methoxybenzyl chloride 

(15.8 g, 0.116 mol), and sodium iodide (333 mg, 2.22 mmol) were dissolved in 

dimethylformamide (400 mL) and stirred at room temperature for 24 hours. The reaction mixture 
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was rotary evaporated to dryness and dried further overnight by means of an oil pump. The 

resulting residue was dissolved in dichloromethane (125 mL) and washed with a saturated 

solution of sodium bicarbonate and water. The organic layer was separated and dried over 

magnesium sulfate. The solution was filtered and the filtrate rotary evaporated to obtain C2 as a 

yellow oil. Yield 27.6 g, 23%.1H NMR (D6-DMSO, 300 MHz): 1.41 (m, 2H), 1.56 (m, 2H), 2.31 

(t, 2H, J = 4.9 Hz), 3.37 (m, 2H), 3.77 (s, 3H), 4.41 (t, 1H, -OH, J = 3.6 Hz), 5.04 (s, 2H), 7.00 

(d, 2H, J = 7.2 Hz), 7.36 (d, 2H, J = 9.1 Hz). 

N-[4-(benzyloxycarbonyl)butoxycarbonyl] hydroxylamine (C3) To a solution of C2 (1.00 g, 4.2 

mmol) in acetonitrile (20 mL), carbonyl diimidazole (1.05 g, 6.3 mmol) was added and the 

resulting solution stirred at room temperature for 90 minutes. Imidazole (1.14 g, 16.8 mmol) and 

hydroxylamine hydrochloride (1.45 g, 21.0 mmol) were then added and the mixture stirred for 4 

hours. The imidazole hydrochloride precipitate was removed by filtration and the filtrate 

partitioned between ethyl acetate and 0.2 M aqueous citric acid. The organic layer was washed 

with a brine solution, dried over sodium sulfate, and evaporated to dryness to obtain C3 as a 

colorless oil. Yield 0.74 g, 60%. 1H NMR (D6-DMSO, 300 MHz): 1.54 (m, 4H), 2.31 (t, 2H, J = 

4.8 Hz), 3.73 (s, 3H), 3.95 (t, 2H, J = 3.6 Hz), 4.38 (q, 2H, J = 5.1 Hz), 4.98 (s, 2H), 6.92 (d, 2H, 

J = 6.3 Hz), 7.28 (d, 2H, J = 9.0 Hz), 8.62 (s, 1H, -NH), 9.51 (s, 1H, -OH). 

O-Phenoxycarbonyl-N-[(4-benzyloxycarbonyl)butoxycarbonyl] hydroxylamine (C4) Imidazole 

(0.13 g, 2.50 mmol) was added to C3 (0.74 g, 2.5 mmol) in DCM (10 mL) under a nitrogen 

atmosphere at 0°C and the mixture stirred for 20 minutes. A solution of phenyl chloroformate 

(0.31 g, 2.5 mmol) in DCM (1.5 mL) was then added drop-wise over one minute and the ensuing  

mixture was stirred for 45 minutes under the nitrogen atmosphere at 0°C. The resulting mixture 

was filtered. Ethyl acetate (10 mL) was added to the filtrate which led to the formation of a 
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colorless precipitate. The precipitate was removed by filtration and the filtrate was rotary 

evaporated to dryness and further dried overnight by means of an oil pump. This procedure  

yielded the crude product as a yellow oil that was purified by flash chromatography on silica gel 

(90:10 hexane:ethyl acetate).  The required product C4 was thus obtained as a colorless oil (57.6 

mg, 59% yield). 1H NMR (D6-DMSO, 300 MHz): 1.58 (m, 4H), 2.34 (t, 2H, J = 6.7 Hz), 3.74 (s, 

3H), 4.11 (t, 2H, J = 5.3 Hz), 4.99 (s, 2H), 7.35 (m, 9H), 11.54 (s, 1H). 

O-Phenoxycarbonyl-N-(4-carboxybutyloxycarbonyl) hydroxylamine (5) TFA (1 mL) was added 

drop-wise with stirring under a nitrogen atmosphere at room temperature to a solution of C4 

(100 mg) in DCM (1 mL). The subsequent reaction was monitored by TLC until it reached 

completion. Excess solvent was removed via rotary evaporation, yielding the required product 5 

as a colorless solid (72 mg, 100%). 1H NMR (D6-DMSO, 300 MHz): 1.57 (m, 4H), 2.23 (t, 2H, J 

= 6.9 Hz), 4.12 (t, 2H, J = 5.3 Hz), 7.35 (m, 5H), 11.55 (s, 1H). FTIR (cm-1) 1757, 1794. High 

resolution ES(+)MS 320.0739, calcd for C13H15NO7 320.0746. 

Synthesis of 6 (Scheme 7) 

Scheme 7 
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4- t-Butoxycarbonylaminobutanol (D1) To a pre-cooled solution of 4-aminobutanol (5.00 g, 56.1 

mmol) and triethylamine (8.50 g, 84 mmol) in 66% aqueous dioxane (225 mL), a solution of di-

t-butyl dicarbonate (14.0 mL, 61.6 mmol) in dioxane (75 mL) was added and the mixture was 

stirred at room temperature for 4 hours. The solvent was removed by rotary evaporation and the 

resulting residue was partitioned between ethyl acetate and 10% aqueous citric acid. The product 

was extracted from the aqueous layer with ethyl acetate three times and the combined organic 

layer was washed with a 5% sodium bicarbonate solution and dried over magnesium sulfate. The 

crude product was purified by fractional distillation from a Kugelrohr apparatus at 130 oC and 

0.1 torr, yielding D1 as a yellow oil (8.20 g, 77% yield). 1H NMR (D6-DMSO, 300 MHz): 1.35 

(s, 9H), 2.87(q, 4H), 3.35 (q, 4H), 4.34 (t, 1H, -OH, J = 5.3 Hz), 6.75 (t, 1H, J = 3.4 Hz). 

N-[(4-t-butoxycarbonylamino)butoxycarbonyl] hydroxylamine (D2) To D1 (1.00 g, 5.3 mmol) in 

acetonitrile (20 mL), carbonyl diimidazole (1.28 g, 7.95 mmol) was added and the mixture 

stirred at room temperature for 90 minutes. Imidazole (1.44 g, 21.2 mmol) and hydroxylamine 

hydrochloride (1.82 g, 26.5 mmol) were then added and the resulting mixture stirred for 4 hours. 

The imidazole hydrochloride precipitate was removed by filtration and the filtrate was  

partitioned between ethyl acetate and 0.2 M citric acid. The organic layer was washed with a 

brine solution, dried over sodium sulfate, and evaporated to dryness to obtain D2 as a colorless 

oil. Yield 1.10 g, 83%. 1H NMR (D6-DMSO, 300 MHz): 1.35 (s, 9H), 1.37 (m, 2H) 1.46 (q, 2H, 

J = 8.1 Hz), 2.90 (q, 2H, J = 5.9 Hz), 3.96 (t, 2H, J = 2.9 Hz), 6.76 (t, 1H, -NH), 8.62 (s, 1H, -

NH), 9.48 (s, 1H, -OH). 

O-Phenoxycarbonyl-N-[4-(t-butoxycarbonyl)butoxycarbonyl] hydroxylamine (D3) Imidazole 

(0.299 g, 4.4 mmol) was added to D2 (1.10 g, 4.4 mmol) in dichloromethane (10 mL) under a 

nitrogen atmosphere at 0°C. The mixture was stirred for 20 minutes. To the reaction mixture, a 
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solution of phenyl chloroformate (0.50 g, 4.4 mmol) in dichloromethane (2 mL) was added drop-

wise over one minute. The mixture was stirred for 2 hours under a nitrogen atmosphere at 0°C.  

The mixture was filtered. To the filtrate, ethyl acetate (10 mL) was added, giving rise to a 

colorless precipitate. The precipitate was removed by filtration and the filtrate evaporated to 

dryness. The residue was further dried overnight by means of an oil pump, yielding the crude 

product as a colorless solid (1.34 g). The crude product was purified by flash chromatography on 

silica gel (80:20 hexane:ethyl acetate), yielding D3 as a yellow oil. Yield 427 mg, 25% yield. 1H 

NMR (D6-DMSO, 300 MHz): 1.35 (s, 9H), 1.40 (m, 4H), 1.58 (q, 2H, J = 5.4 Hz), 2.91 (q, 2H, J 

= 5.8 Hz), 4.15 (t, 2H, J = 5.3 Hz), 6.85 (t, 1H, -NH), 7.26 (d, 2H), 7.32 (t, 1H), 7.47 (t, 2H), 

11.53 (s, 1H, -NH). FTIR (cm-1) 1757, 1805. 

O-Phenoxycarbonyl-N-(4-aminobutoxycarbonyl) hydroxylamine.TFA (6) TFA (1 mL) was added 

drop-wise with stirring under nitrogen at room temperature to a solution of D3 (100 mg) in 

dichloromethane (1 mL). The reaction was monitored by TLC to completion over 1 hour. 

Solvent and excess TFA were removed by rotary evaporation. Further drying under an oil pump  

vacuum yielded the trifluoroacetate salt of the required product 6 as a yellow oil. Yield 67 mg, 

100%. 1H NMR (D6-DMSO, 300 MHz): 1.64 (m, 4H), 2.49 (q, 2H, J = 1.5 Hz), 4.18 (t, 2H, J = 

6.3 Hz),7.26 (d, 2H, J = 6.2 Hz), 7.32 (t, 1H, J = 8.1 Hz), 7.47 (t, 2H, J = 7.8 Hz), 7.66 (br s, 3H, 

NH3+), 11.58 (s, 1H, -NH). FTIR (cm-1) 1744, 1800. High resolution ES(+)MS m/z = 269.1136, 

calcd for C12H17NO5 269.1137. 

Synthesis of 7 (Scheme 8) 

Scheme 8 
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O-(N-Hydroxyaminocarbonyl)-D-tyrosine (E3) was prepared as shown in Scheme 7 from N-t-

butoxycarbonyl-D-tyrosine t-butyl ester using the same methodology as in the syntheses 

described above. 

O-[(N-Phenoxycarbonyloxy)aminocarbonyl]-N-t-butoxycarbonyl-D-tyrosine t-butyl ester (E4) 

The hydroxamic acid E3 (100 mg, 0.252 mmol) and imidazole (17.2 mg, 252 mmol) were 

dissolved in DCM (1.4 mL) and the solution stirred to 0 oC in an ice bath. Phenyl chloroformate 

(39.6 mg, 0.252 mmol) dissolved in DCM (0.6 mL) was then added by syringe and the mixture  

stirred at 0 oC for 3h. The mixture was filtered and the filtrate rotary evaporated to dryness. The 

residue was stirred with ethyl acetate (4 mL) at room temperature. The precipitate was removed 

by filtration and the filtrate evaporated to dryness. Purification of the product was achieved by 

preparative thin layer chromatography on silica gel (30% ethyl acetate/hexane). Yield 34 mg, 

44%. 1H NMR (D6-DMSO, 300 MHz): 2.96 (m, 2H), 4.00 (m, 1H), 7.08 (d, J = 7.7 Hz, 2H), 
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7.19 (d, J = 8.7 Hz, NH), 7.25 (d, J = 8.7 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 7.34 (t, J = 7.6 Hz, 

1H), 7.48 (t, J = 7.7 Hz, 2H), 12.3 (br s, ONH). FTIR (cm-1) 1700, 1720, 1775, 1805. 

O-[(N-Phenoxycarbonyloxy)aminocarbonyl]-D-tyrosine (7) The N-protected material E4 (140 

mg) was dissolved in DCM (1 mL) at room temperature. Redistilled anisole (59 L, 2 eq) was 

added with stirring, followed by TFA (1.0 mL). This mixture was stirred at room temperature for 

5 h, after which benzene (2 mL) was added and the solvents and TFA were removed by rotary 

evaporation. An additional benzene addition (1 mL) was followed by evaporation. The residue 

was stirred with diethyl ether (4 mL) and the solid residue isolated by decantation. This 

procedure was repeated twice more and the residue, an off-white powder, was dried under an oil 

pump vacuum. Yield 38 mg, 42%. 1H NMR (D6-DMSO, 5% CF3CO2D): 3.09 (m, 2H), 4.12 (m,  

1H), 7.12 (d, J = 8.7 Hz, 2H), 7.24 (d, J = 7.3 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.30 (t, J = 8.5 

Hz, 1H), 7.44 (t, J = 7.5 Hz, 2H). FTIR (cm-1) 1740, 1805. High resolution ES(+)MS m/z = 

361.1031, calcd for C17H17NO7 361.1036. 

4.3 Analytical and Kinetics Methods 

The concentration of the P99 β-lactamase in stock solutions was measured 

spectrophotometrically, assuming the extinction coefficient of the enzyme to be 7.1 x 104 M-1cm-

1 at 280 nm.19 All kinetics experiments were performed at 25 oC in 20 mM MOPS buffer, pH = 

7.5. Stock solutions of 3 - 7 (10 mM) were prepared in dry DMF. Spontaneous hydrolyses of 3, 

5, and 6 (each 5.0 M) were monitored spectrophotometrically at 270 nm. The full progress 

curves were then fitted to a first order rate equation and the rate constants k0 thus obtained. Rate 

constants for hydrolysis of 4 and 7 could not be obtained in this way since no spectral change 

was observed over the relevant time period. The rate constants for 4 and 7 were assumed to be 

the same as that for 1 in fitting of the inactivation kinetics for these compounds. 
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Inactivation kinetics The P99 -lactamase (150 nM) was incubated with inhibitor (2.0 M and,  

separately, 5.0 M 3; 5.0 M and, separately, 10.0 M 4; 0.5 M and, separately, 2.0 M 5; 20.0 

M 6; and 2.5 M and, separately, 5.0 M and 10.0 M 7) in MOPS buffer containing 0.1% 

bovine serum albumin. At suitable times, aliquots of the reaction mixture (20 μL) were then 

added to cuvettes containing 980 μL of MOPS buffer containing cephalothin substrate (300 M, 

Km = 15.4 M). Initial rates of hydrolysis of the substrate were monitored at 270 nm. The initial 

rates, proportional to active enzyme concentrations, were plotted against time of reaction. 

Titration experiments were also performed. Here, enzyme (150 nM) was incubated with various 

concentrations of inhibitor (0 - 0.50 M 3, 0 - 2.0 M 4, 0 - 0.40 M 5, 0 - 2.0 M 6, and 0 - 2.0 

M 7) and the inactivation reaction allowed to proceed until no further loss of enzyme activity 

occurred. Initial rates of hydrolysis of cephalothin were then determined as described above and 

the initial rates plotted as a function of initial inhibitor concentration.   These data, from both 

types of experiment, taken together, were fitted to Scheme 2 by means of the Dynafit program.20 

To do this, since (k2 + k3) >> k1[I], k2 was fixed at 100 s-1 and the values of k1 and k3 allowed to 

vary. The fit, therefore, allowed determination of k1 and k2/k3 values. 

Mass spectra of inactivated enzymes Electrospray mass spectra of the P99 -lactamase before 

and after inactivation by 3 – 7 were obtained exactly as previously described.13,18 This involved 

acid precipitation of the enzyme by trichloroacetic acid followed by the washing and drying of 

the precipitate formed. 
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