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Abstract
Two novel structurally related phosphoramidate compounds, 1 and 2, with likely b-diketone system were synthesized and
characterized by 1H, 13C, 31P NMR, IR spectroscopy and elemental analysis. Compound 2 exhibited a 31P NMR signal which
was significantly shielded (8 ppm) relative to compound 1. Determination of human erythrocyte acetylcholinesterase
(hAChE) inhibitory activity was carried out according to Ellman’s modified kinetic method and the IC50 values of compounds
1 and 2 were 1.567 and 2.986 mM, respectively. The ki values of 1 and 2 were 1.39 to 2.65 min21 respectively. A comparison of
the bimolecular rate constant (ki) and IC50 values for the irreversible inhibitors 1 and 2 revealed that the oxono analogue has
greater affinity for hAChE than the thiono compound. Furthermore effects of two conventional oximes paralidoxime (A) and
obidoxime (B) on reactivation of the inhibited hAChE were studied but low reactivity was shown by both the oximes.

Keywords: Human erythrocyte acetylcholinesterase, IC50 value, ki value, oxono and thiono phosphoramidate, inhibition,
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Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is a very

important enzyme in biological systems because of its

vital role in nerve impulse transmission [1]. Many

researchers have studied the pharmacological and

toxicological properties of AChE inhibitors over the

past fifty years [2,3]. Inhibitors such as the

organophosphorus compounds with various potency

towards AChE are being used increasingly as

insecticides today [4] and their synthesis and

characterisation continues [5]. The inhibitory effect

of organophosphorus compounds especially those in

the form of oxono (;P ¼ O) and thiono (;P ¼ S) is

known [4,6–10] but, in accord with our literature

search, this is first report on phosphoramidates

containing the -(CO)NHP(X)- moiety (X ¼ O,S).

Herein, two isosteric phosphoramidate 1 and 2,

were synthesized and characterized by 1H, 13C, 31P

NMR and IR spectroscopy and elemental analysis.

In vitro inhibition of hAChE (pure and crude) by the

phosphoramidates 1 and 2 was studied and the kinetic

parameters, inhibitory potency (IC50) and bimolecu-

lar rate constant (ki), were determined. Classic studies

have demonstrated that strong nucleophiles such as

oximes are able to reactivate phosphoramidate-

cholinesterase conjugates, giving rise to free enzyme

[11]. Here, the reactivation of the oxono-and thiono

phosphoramidate-AChE conjugates was examined

using two conventional oximes, pralidoxime, (A) and

obidoxime (B).

Materials and methods

All reactions for the synthesis of compounds 1 and 2,

were carried out under an argon atmosphere. Melting

points were determined on a Gallenkamp apparatus.
1H, 13C and 31P NMR spectra were recorded on
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a Bruker (Avance DRS 500 MHZ spectrometer) and

chemical shifts were determined relative to TMS and

85% H3PO4, respectively, as external standards. IR

spectra (KBr) were obtained with a Shimadzu, IR–60

model spectrometer. Elemental analysis was

performed using a Heraeus CHN-O-RAPID instru-

ment and UV measurements were performed by a

Shimadzu UV-2100 spectrometer. Pralidoxime and

obidoxime were obtained from Aldrich. Other

compounds and solvents for synthesis were obtained

from Merck.

Human erythrocyte acetylcholinesterase (hAChE)

from Sigma (50 units/785mL) was diluted 50-fold in

phosphate buffer (Na2HPO4, NaH2PO4, 70 mM,

pH ¼ 7.8). All other reagents for the enzymatic

experiments were obtained from Fluka. Native

human erythrocytes were obtained from the Institute

for Blood Transfusion in Tehran- Iran. A crude extract

of native erythrocytes was performed using the

reported procedure [13].

Synthesis

Benzoyl phosphoramidic dichloride, [Cl2P(O) NH

(COC6H5)] [12]. This was prepared by refluxing

phosphorus pentachloride and benzamide in 1:1

molar ratio, in CCl4 for 2 h. Formic acid was then

syringed drop-wise into the cold solution, and

resulting colorless solution with a fine precipitate

was stirred at 258C for 30 min. Volatiles were then

removed and the remaining white solid was dried in

vacuo.

N-benzoyl N 0,N 0-(tert-butybenzyl) phosphoramidic

chloride, [(C6H5CH2)(C(CH3)3)NP(O)(Cl)NHCOC6

H5], 1. A mixture of 50 ml of acetonitrile and 1.19 g

(5 mmol) of benzoyl phosphoramidic dichloride was

cooled to 2108C and a mixture of 0.815 g (5 mmol)

N-benzyl-N-tert-butylamine and 0.506 g (5 mmol)

triethylamine syringed dropwise into the cooled

solution against an argon counterflow. The solution

was then stirred at2108C for 30 min, warmed to 25 8C

and further stirred at room temperature for an

additional 90 min. Volatiles were removed and the

remaining white solid was dried in vacuo. The white

solid was washed with 40 ml of carbon tetrachloride.

An analytical sample was obtained by recrystallization

from ethanol. Yield (95%), m.p. ¼ 133.2 8C;

Anal.Calc. for C18H22ClN2O2P: C, 59.26; H, 6.08;

N, 7.68. Found: C, 59.3; H, 6.1; N, 7.59%; 1H NMR

(DMSO), d (ppm): 1.36 (9H, s, C(CH3)), 4.067–

4.088 (2H,m, CH2), 7.42–7.47 (10H, m, Ar), 9.47

(1H, d, 2JP-NH ¼ 8.96 Hz); 13C NMR(DMSO), d

(ppm): 25.627 (s, CH3), 44.991 (s, CH2), 57.330 (s,

C), 128.510 (s), 128.775 (s), 129.134 (s), 130.628

(s), 132.497 (s), 133.110 (s), 168.279 (s, CO); 31P

{1H} NMR (DMSO), d (ppm): 24.331(s); 31P NMR

(DMSO), d (ppm): 24.331 (d, 2JP-NH ¼ 8.96 Hz); IR

(KBr), n (cm21): 451(m), 707 (s), 981 (w), 1024 (w),

1096 (s), 1235 (vs), 1419 (s), 1448 (s), 1580 (s), 2975

(w), 3370 (m).

N-benzoyl N 0,N 0-(tert-butybenzyl) thiophosphoramidic

chloride, [(C6H5CH2)(C(CH3)3)NP(S)(Cl)NHCO

C6H5], 2. A mixture of 0.847 g (5 mmol) thio-

phosphorylchloride (PSCl3), 0.605 g (5 mmol) ben-

zamide and 50 ml of acetonitrile. The solution stirred

at room temperature. After 5 days 0.815 g, (5 mmol)

N-benzyl-N-tert-butylamine and 0.506 g (5 mmol)

triethylamine were added to the mixture and the

resulting yellow solution was cooled to 08C for 60 min.

Volatiles were removed and remaining solid was

washed once with 20 ml of carbon tetrachloride and

once with 10 ml of chloroform and purified by

recrystallization from dry ethanol. Yield (70%),

mp. ¼ 124.78C; Anal. Calc. for C18H22ClN2OPS:

C, 56.76; H, 5.82; N, 7.35. Found: C, 56.69; H, 5.85;

N, 7.37%; 1H NMR (DMSO), d (ppm): 1.27 (9H, s,

C(CH3)), 3.891–3.913 (2H, m, CH2), 7.21–7.26

(10H, m, Ar), 9.21 (1H, d, 2JP-NH ¼ 9.23 Hz); 13C

NMR(DMSO), d (ppm): 21.472 (s, CH3), 41.251 (s,

CH2), 53.991 (s), 124.411 (s), 124,676 (s), 125.038

(s), 126.529 (s), 128.391 (s), 129.014 (s), 162.951 (s,

CO); 31P {1H } NMR (DMSO),

d (ppm): 2 12.211(s); 31P NMR (DMSO), d

(ppm): 2 12.211 (d, 2JP-NH ¼ 9.23 Hz); IR (KBr),

n (cm21): 471(m), 581 (m), 710 (s), 980(s), 1018(s),

1420 (s), 1445(s), 1653(s), 2925(s), 3210(m).

Kinetic experiments

Acetylcholinesterase assay and inhibition experiments.

The activity of the enzyme was measured at 25 8C by a

modified Ellman’s method [14]. The reaction mixture

for determination of IC50 value consisted of DTNB

solution, 50mL (1024M); inhibitors 1 and 2, £ mL

(5–150), ((0.112 £ 1023 M – 3.358 £ 1023 M) and

(0.373 £ 1023 M – 1.121 £ 1022 M)); acetylthio-

choline (ASCh) solution, 15mL (1.35 £ 1024M);

phosphate buffer, (895-x) mL; hAChE solution,

40mL. A solution containing all of the above materials

except the inhibitor was used to determine the activity

of enzyme as a control. The reaction mixture for

determination of the inhibition mechanism and ki

values was: DTNB and ASCh (same as above); a

solution of the enzyme (40mL) plus inhibitor 1 and 2

were x ¼ 110mL and x ¼ 80mL respectively; phos-

phate buffer (935-x) mL.

Reactivation of the Inhibited Enzyme. Human

erythrocyte acetylcholinesterase, 25 mL, was

incubated with 80mL inhibitor (concentration

adjusted to give about 80% hAChE inhibition) at

378C. After 20 min, 50mL of 0.1 M oxime solution in

phosphate buffer was added to the above mixture
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which was incubated at 378C for 30 min. hAChE

activity in this sample was assayed by a modified

Ellman’s method [14]. The percentage of reactivation

was calculated according to the De Jong method [15].

Results

Synthesis and Spectral Data

Benzoyl phosphoramidic dichloride reacted smoothly

with N-Benzyl-N-tert-butylamine in the presence of

triethylamine to afford N-Benzoyl N0, N0-(tert-

butybenzyl) phosphoramidic chloride as a white

powder in high yield (95%), after purification by

recrystallization in ethanol. Benzamide reacts slowly

with PSCl3 in carbon tetrachloride solvent a scaled

reaction required more than 5 days to reach

completion at room temperature). The crude product

reacted with N-Benzyl-N-tert-buylamine in the

presence of triethylamine to afford N-Benzoyl

N0, N0-(tert-butybenzyl) thiophosphoramidic chloride

2 as a white powder in (70%) yield, after purification

by recrystallization in benzene. These compounds are

stable against hydrolysis in buffer solution and show

only a single peak in the 31P NMR spectra.

Some spectroscopic data and melting points for

these compounds are summarized in Table I. 1H and
13C NMR spectroscopy showed approximately equiv-

alent resonances for 1 and 2. The 1H NMR spectrum

of compounds 1 and 2 indicated the couplings of NH

hydrogen with phosphorus as 2JP-NH ¼ 8.96 Hz and
2JP-NH ¼ 9.23 Hz respectively according to similar

phosphoramidate compounds [16]. 31P {1H} NMR

spectra showed that the phosphorus atom in

compound 1 was deshielded with respect to that in 2

(Table I).

IR spectra of compound 1 indicated a strong band

at 1235 cm21 which belongs to P ¼ O moiety which is

absent in compound 2. A band at 581 cm21,

attributed to P ¼ S bond, compared with other

reported data [5]. Elemental analysis confirmed 1H,
13C, 31P NMR and IR spectroscopy data for the

synthesized compounds.

Enzymatic measurements

The rates of inhibition of hAChE were determined

with seven different concentrations of each phos-

phorus compounds. The IC50 values from Figure 1 of

compounds 1 and 2 in reaction with hAChE (pure and

crude) are shown in Table I.

Figure 2 shows the typical time-course of inhibition

of human erythrocyte AChE by compounds 1 and 2

plotted as ln percent activity remaining (vi/v0) vs time

the slopes of the graphs being linear. From these plots,

the inactivation constant for reaction of compounds 1

and 2 with hAChE, ki, was calculated and were 0.271

and 0.0287 min21, respectively (Table I).

The reactivating effectiveness of two oximes,

pralidoxime, (A) and obidoxime (B) was investigated.

In Table II the effect of oximes on hAChE inhibited by

compounds 1 and 2 are shown. Also the Km value for

the enzyme was determined and is 108.20 £ 1025

molL21 [17].

Table I. The spectral and enzymatic data for compound 1 and 2.

Compound d31P (ppm) nP=O (cm21) nP-S (cm21) 2JPNH (HZ) m.p. 8C IC50
a (mM) ki (min21) IC50

b (mM)

1 24.31 1235 – 8.68 133.2 1.567 1.39 2.34

2 212.211 – 581 9.23 124.7 2.986 2.65 4.64

a IC50 for pure enzyme
b IC50 for crude enzyme

Figure 1. A plot of vi/v0 against log ([I] £ 106) for inhibitors 1 and

2: vi and v0 are the activity of enzyme in the presence and absence of

inhibitor, respectively and [I] is inhibitor concentration (mol/L).

Figure 2. The plot of ln(vi/v0) versus time (min) for inhibitor

1 and 2.
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Discussion

Two isosteric phosphoramidate compounds 1 and 2,

with -(CO)NHP(X)- group, which have a likely

b-diketone skeleton, were designed and synthesized.

The inhibitory potency of organophosphorus com-

pounds is dependent upon the charge on the

phosphorus atom, stereochemistry, the leaving group,

reactivity and phosphorus atom substitutes [18].

According to the Sussman model for the tetrahedral

intermediate in AChE catalysis there is a covalent bond

between Ser200 of the enzyme and the carbonyl carbon

of acetylcholine (ACh) and also a hydrogen bond

between His440 and the leaving group on ACh [19].

Furthermore, it is known that the chlorine atom is a

leaving group [20] and this matter has been confirmed

by thermochemical bond energies in phosphorus

compounds [21]. Hence, inhibition of hAChE by

selected compounds probably resulted from the ability

of the P-Cl bond that phosphorylates the active site of

AChE by the phosphoryl residue [(C6H5CH2)

(C(CH3)3)NP(X)NHCOC6H5], (X ¼ O,S). This idea

is confirmed by hydrogen bonding between His440 and

the Cl atom and covalent bond between Ser200 and the

phosphorus atom in compounds 1 and 2.

As shown in Table I, the IC50 values indicate that

the replacement of oxygen in the P ¼ O moiety of

compound 1 by sulfur decreased the affinity toward

the active site of human erythrocyte AChE. These

results are in accord with previously reported work

with other organophosphorus compounds [7,8,22].

An explanation for the greater inhibition of AChE by

oxono compounds in comparison with thiono perhaps

is the greater electronegativity of oxygen. This effect

enhances the electrophilicity of phosphorus and

thereby increases its reactivity toward nucleophiles,

such as water or the active site serine of AChE [8].

In this study, compound 2 exhibited a 31P NMR signal

which is significantly shielded (8 ppm) relative to that

of compound 1.

On the other hand, substitution of the ester moiety

with an amino group of phosphoramidates ðROP ¼

! ¼ NPðOÞ ¼Þ decreased anticholinesterase activity

as did replacement of a substituted alkyl group by an

ester moiety (; CPðOÞ ¼ !ROPðOÞ ¼Þ [23]. There-

fore, the low value of IC50 for compounds 1 and 2 is

comparable with that of other phosphoramidate

compounds [23–25].

For simulation of the in vivo situation, the

inhibitory potency of compounds 1 and 2 was

measured using crude enzyme. In this case, IC50

values for compound 1 and 2 were 2.341 and 4.64 mM

respectively, which are similar to other reported

data [26].

Phosphorus compounds are very potent inhibitors

of AChE and usually react with the active site serine

forming a very stable covalent phosphoryl-enzyme

complex [18,23]. The biomolecular rate constants for

compound 1 and 2 were 0.271 and 0.0287 min21,

respectively, which indicate that both compounds are

irreversible inhibitors. These results are in agreement

with other reported values [18,23].

In the literature, there are many reports where

oxime-induced reactivation of organophosphorus-

AChE conjugate, were studied [11,15,23]. Here, the

reactivating potency of two conventional oximes was

studied. The results showed that the reactivation effect

of these oximes on hAChE inhibited by 1 and 2 was

relatively low (Table II), which was perhaps due to the

steric effect of the tetrahedral phosphorus [27].

In summary, two isosteric phosphoramidate

compounds [(C6H5CH2)(C(CH3)3)NP(O)(Cl)NH

(COC6H5)], (1) and [(C6H5CH2)(C(CH3)3)NP(S)

(Cl)NH(COC6H5)], (2) were synthesized and charac-

terized. The toxic properties of compounds 1 and 2 on

hAChE were determined and the results showed low

potency for these compounds, especially the thiono

compound. IC50 values of compounds 1 and 2 in the

reaction with crude hAChE were measured and were

in agreement with those for the pure enzyme. The ki

value indicated irreversible inhibition by compounds 1

and 2. Oxime-induced reactivation of hAChE

inhibited by the two phosphoramidates was studied

but reactivation was low using two different oximes.
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