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Abstract: The synthesis of diphenyl phosphonate analogues of aspartic and glutamic acid, and their inhibitory 
activity against S. aureus Vg protease and granzyme B, is described. The study has revealed diiculties with 
protecting group compatibility in the synthesis of these analogues. Two analogues, Acetyl.AspP(OPh)2 and 
Acetyl.GluP(OPh)2 were found to function as irreversible inactivators of V8 proteinase, yet exhibit no activity 
against granzyme B. 0 1998 Elsevier Science Ltd. All rights reserved. 

Introduction: 

a-Aminoalkylphosphonic acids are analogues of natural aminoacids and as such have been the subject of 

much research effort over past years]. The abiity of these compounds to act as enzyme inhibitors2 and exhibit 

other diverse biological activity3 has added to their interest and intensified efforts to establish their actual or 

potential pharmaceutical value. 

It has now been shown by us4 and others5 that the diphenyl esters of a-aminoalkylphosphonic acids are 

particularly potent and show high selectivity as irreversible inhibitors of serine proteinases, a large group of 

enzymes with a wide range of important biological functions 6. Thus far, a-aminoalkylphosphonic acid ester 

analogues of a numkr of aliphatic- and aromatic aminoacids have been prepared including valine, phenylalanine, 

tryptophan, and tyrosine,‘t and the basic aminoacids omithine, lysine, etc7. However, to date, no similar a- 

diphenyl phosphonate analogues of the acidic aminoacids, aspartic and glutamic have been reported. Such 

derivatives might prove to be effective inactivators of those serine proteinases exhibiting a Pl speciftcity for 

aspartate and glutamate (nomenclature of Schecter and Berger8 ). Examples of such proteinases are S. aureus 

V8 protease, which exhibits dual specificity for both Asp and Glu at P19, and granzyme B, which exhibits an 

almost exclusive specificity for AsplO. Both of these proteinases are of biomedical importance. For example, the 

former is known to cleave al-antichymotrypsinl 1 and might thus contribute to the known pathophysiological 

role of Staph. aureus in cystic fibrosis 12. Likewise, granzyme B is an effector proteinase, produced by cytotoxic 

T lymphocytes, which has been demonstrated to activate pro-caspase 3, via limited proteolysis, thus generating 

one of the central cysteine proteinases implicated in apoptosis (programmed cell death) 13314. 

A considerable number of preparations of analogues (1) with osubstituted phospbinate and phosphonate 

groups have been published*5 which for the glutamic acid analogue give structures related to phosphinothricin 

(1, R=Me, n=2) which has antibiotic, fimgicidal and herbicidal properties. The a-substituted analogue (2, R=H, 

n=l) of aspartic acid and its trimethyl ester have also been reported ‘6, but the procedures used could not easily 

be adapted to our use. 
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(1) (2) 
We now wish to report the synthesis of the diphenyl phosphonate analogues (2, R=Ph) of Asp and Glu and 

their inhibitory activities against S. aureus V8 protease and granzyme B. 

Chemistry: 

The synthetic strategy chosen for their preparation was based on a previously reported phase transfer 

alkylation procedurel7, but modified by us to provide diphenyl esters under non-phase transfer conditions (see 

Scheme 1). The required imine diphenyl N-(diphenylmethylene)aminomethylphosphonate (4) was prepared via 

an initial Arbusov reaction between diphenylethyl phosphiters and N-(bromomethyl)phthalimide (3). 

Deprotection of the phthalimido group with hydrazine hydrate/acetic acid in refluxing THP, followed by 

treatment with benzophenone imine, at room temperature in dry dichloromethane overnight, provided (4) in 

78% yield. 
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i, (PhO)zPOEt, xylene, reflux, 5 days; ii, NH2NHZ.H20, AcOH, THF, reflux, 4h.; iii, Ph$=NH, CH$& R.T.: 

iv, KHMDS, Br(CH&COZCH2Ph, THF, -78°C; v, dil. HCI, ether; vi, TFA, CHzClz 

The anion of (4) was generated using KHMDS (potassium hexamethyldisilazide) in dry THF at -78OC and 

alkylated with benzyl bromoethanoate and bcnzyl-3-bromopropanoate to give @a) (72%) and (5b) (75%), 

respectively. Acid hydrolysis with ethereal dilute HCl of (5a) and (5b) resulted in complete and selective 

removal of the benzophenone protecting group to give (6a) and (6b), respectively. However, when 

deprotection was attempted using TFA in dichloromethane (5b) gave the cyclized pyroglutamic acid derivative 

(7) in 85% yieldr9. A similar cyclization occurs when a related (+) - camphor glutamic acid analogue is 

hydrolysed in aqueous acetic acid2O. Presumably the stronger acid (HCl) used in our case suppresses 

equilibrium with the free base and hence the cyclisation reaction (Scheme 2). 
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Scheme 2 

We now envisaged hydrogenolysis of (6a) and (6b) to remove the benzyl group followed by CBZ 

protection at nitrogen to complete the synthesis (Scheme 3). 

(CH2),,C02CH2Ph (CHt)nCOzH (CH2)&02H 

A 
i 

(PhO)z &H3 CT - b 

B 90% 
(PhO)z \ 

ii 1;H3 Cl- - NHCbz 

0 80% 

(6) (8) (9) 

100% iii or iv 
\ 

(a) n=l; (b) n=2 

(CH2)&02CH2Ph (CH2)nCOzH 

(PhO)s & NHAc 
i 

B 
. b 

90% 
(PhO)z \ NHAc 

0 

(18) (11) 
Scheme 3 

i, HZ, Pd/C, THF; ii, CbzCVpH 9.5; iii, AcCI, EtjN; iv, AczO 

However, following hydrogenation, attempts to N-protect the free acid (8a) with Cbz led to the loss of a 

phenoxy group at phosphorus to form (9a),21 even under very mild basic conditions. Since simple diphenyl 

phosphonate esters are stable under much more basic conditions, this suggests that the carboxylate anion 

generated during Cbz protection is participating in the hydrolysis reaction. Bruice et al. has observed enhanced 

rates of ester hydrolysis for o-carboxyl substituted-phenyl phosphodiesters22 and attributed them to similar 

anchimeric assistance from the carboxylate group. Work is now in hand to examine the kinetics of this reaction. 

Unfortunately, initial Cbz protection of (6a) offered no advantage, as the conditions needed for 

debenzylation, i.e. hydrogenolysis or acid treatment, also removed the Cbz group. An alternative approach 

using the Cbz protected t-butyl ester of (6a) was also unsuccessful since the minimum acidic conditions 

necessary for removal of the t-butyl group led to N-deprotection. To obviate these difktlties, acetylated 

derivatives were prepared (either with acetyl chloride/triethylamine or neat acetic anhydride). These acetylated 

compounds (lOa) and (lob) could then be readily deprotected by hydrogenolysis over Pd/C to give analogues 

(1 la)23 and (11 b) 23 respectively. > 
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Enzymes Inhibition:24 

We examined the ability of Acetyl-AspP(OPh)2 (lla) and Acetyl-GluP(OPh)2 (11 b) to block the 

enzyme-catalysed hydrolysis of the appropriate fluorogenic substrate for each proteinase. Figure 1 shows the 

progress curves obtained for the V8 proteinase-catalysed hydrolysis of Cbz-Leu-Leu-Glu-P-naphthalamide, 

carried out in the presence of varying amounts of Acetyl-GluP(OPh)2. These progress curves are typical of the 

action of an active-site-directed irreversible inhibitor, operating via the mechanism listed bel0w~~3~~. Similar 

progress curves were obtained with Acetyl-AspP(OPh)z (data not shown). However, neither of the two 

diphenyl phosphonates caused any inhibition of granzyme B. 

K m k cat 
E+ S’-- ES-E+P 

K. 
1 

it 

EI- EI 
k. I 

In this scheme, the proteinase E catalyses the hydrolysis of substrate S, to generate the fluorescent 

product P. This reaction is characterised by the standard kinetic constants Km and kcat. In the presence of 

competing inhibitor I, the proteinase binds the inhibitor to form the Michaelis complex EI (the af?inity of this 

interaction is character&d by the inhibitor constant Ki), which is then covalently modified with first-order rate 

constant ki, to form the inactivated complex E-I. 

Data fiorn progress curves such as those shown in Figure 1, were fitted, using non-linear regression 

analysis 25, to the integrated rate equation 1. 

[P] = A. ( 1-exp(-kapp.t)) (1) 

This rate equation represents a first-order process of apparent rate constant kapp and amplitude A, for 

the formation of product P as a function of time*5. The values of A and kapp for 5 diierent inhibitor 

concentrations were then determined and, fiorn these, the inhibitor specificity constant k, / K, was evaluated for 

each of the diphenyl phosphonate9. These are recorded in Table 1. 
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Figure 1. Progress curves for the formation of p-naphthylamine generated by the 
Staph aureus V8 proteinase-catalysed hydrolysis of Cbz-Leu-Leu-Glu-l% 
naphthalamide (50 @I) in the presence of 5 uM (0) 10 pM (0) and 50 pM (m) 
Acetyl_GluP(OPh)2. 

Diphenyl phosphonate 

analogue 

Apparent second-order rate constant (ki / Ki) 

S. aureus V8 proteinase Granzyme B 

Acetyl_GluP(OPh)2 

Acetyl-AspP(OPh)2 

5.3 + 0.5 x 103 M-Is-I N.I. 

5.0 + 0.5 x lo2 M-l.s-1 N.I. 

Table 1. Second-order rate constants for the inactivation of S. aureus V8 proteinase 

with aspartate- and glutamate diphenyl phosphonates. The inactivation studies were 

performed in 100 mM phosphate buffer, pH 7.4, maintained at 25’C. N.I. = not inhibited 

(no effect was observed using inhibitor concentrations as high as 150 PM). 

Conclusions: This study has presented details of the first synthesis of diphenyl phosphonate analogues of 

aspartic and glutamic acids and has demonstrated that they Iunction as irreversible inactivators of S. aureus V8 
proteinase. The lo-fold greater inhibitory activity of the glutamic acid analogue is in keeping with the known 
relative effectiveness of substrates containing Asp and Glu at Pl . 
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