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Abstract. The 1,8-naphthyl phosphotriester (2) is 1-2 orders of magnitude more
reactive than the “standard” model phosphotriester (1) in phosphorolytic reactions

with commonly employed nucleophilic phosphorolytic “decontamination” reagents.
© 1997 Elsevier Science Ltd. All rights reserved.

Interest in the efficient chemical destruction of nerve agents and other toxic phosphorus ester
derivatives remains strong,” with attention focused on peroxides,’ iodosocarboxylates,’ metallomicelles,’
enzymes,® and antibodies’ as hydrolytic catalysts. The extreme toxicity of the phosphorus nerve agents
(sarin, soman, VX)? mandates that most laboratory research employ models or simulants in place of the actual
compounds. Since its introduction in 1969, p-nitrophenyl diphenylphosphate (PNPDPP, 1) has become the
unofficial standard simulant for phosphotriester hydrolytic reactions.*****? Its widespread use allows ready
comparison of kinetic data obtained with many different nucleophiles under widely varying reaction

conditions, an activity essential to the development of effective decontamination reagents.
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Our ongoing concern with nerve agent decontamination and phosphotriester hydrolysis,** led us to
consider the effects of simple structural “mutations” on the reactivity of PNPDPP; for example, “fusion” of
the phenyl residues of 1 into a naphthyl moiety, as in p-nitropheny] 1,8-naphthyl phosphate, 2 (PNPNP).
Here, we report that PNPNP is 1-2 orders of magnitude more reactive than PNPDPP toward 8 of the
nucleophilic systems previously deployed in phosphorolytic reactions. Its enhanced sensitivity toward
nucleophilic attack should secure its place as a valuable simulant in phosphorolytic decontamination
chemistry.

PNPNP was prepared in 70% yield from 1,8-naphthalene diol'® by reaction with an equimolar
quantity of p-nitrophenyl phosphorodichloridate (Aldrich) and excess Et,N in dry ether. Recrystallization
from CH,Cl, afforded 2 as a light yellow solid, mp 108-110 °C, which gave an appropriate NMR spectrum,
elemental analysis, and X-ray crystal structure.'' In order to compare the reactivities of 1 and 2, phosphoro-
lyses were carried out with a number of aqueous nucleophilic reagents. These included: (1) hydroxide ion in
pH 9 buffer; (2) hydroxide jon in micellar cetyltrimethylammonium chloride (CTACI) at pH 8;
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(3) iodosobenzoate (3, IBA)**" in micellar CTACI at pH 8; (4) iodosonaphthoate (4, INA)*"> under the same
conditions; (5) monoperoxyphthalate (5, MPP)® in micellar CTACI at pH 8.5; (6) cetyltrimethylammonium
hydroperoxide (6, CTAOOH)* in micellar CTACI at pH 8; (7) the Cu* complex of N-hexadecyl-N,N',N'-
trimethylethylene diamine (7, HTMED),”* in micellar CTANO, at pH 8; and (8) the Eu* (2.2.1) cryptate, 8,
at pH 8." The kinetics of cleavage of 1 and 2 were followed spectrophotometrically, monitoring the
appearance of p-nitrophenylate ion at 400 nm; rate constants were obtained from computer-generated
correlations of log (4,-4,) with time. Reactions were generally followed to >90% completion, and exhibited
good first-order kinetics with reproducibilities of better than £5%. Rate constants appear in Table 1.

The cleavages of PNPNP are uniformly 1-2 orders of magnitude faster than those of PNPDPP, and a

normal reactivity/selectivity pattern obtains: kinetic discrimination between 2 and 1 is greatest for the least

reactive nucleophiles (OH , CTAOOH), and least for the most reactive reagents (INA, IBA, MPP). The latter
3 reagents cleave micellar PNPNP with exceptionally large rate constants. Note also that PNPNP is cleaved
80-100 times more rapidly than PNPDPP by the metal-OH reagents, 7 and 8.

Why are phosphorolyses of PNPNP so rapid? The mechanism of nucleophilic displacement at
phosphorus(V) esters is complicated and controversial.”’ The reaction may proceed via a trigonal bipyramidal
intermediate (TBP). If the TBP is sufficiently long-lived, substituent pseudorotation may occur.
Alternatively, the TBP lifetime may be so short as to render the displacement effectively concerted. In the
limit, the TBP
becomes a transition state rather than an intermediate, and the reaction is best described as S, 2(P).>'*¢

Whether the reactions of PNPNP transit a short-lived TBP intermediate or a TBP S,2(P) transition
state, the X-ray structure (9)'® suggests that PNPNP is ideally suited for nucleophilic displacement. In
particular, the 1,8-naphthylenedioxy unit is “tied back,” so that, in contrast to PNPDPP with its 2 “floppy”
phenoxy groups, nucleophilic access to P should be much less hindered. This may be a principal source of the

kinetic advantage enjoyed by PNPNP.



Table 1. Kinetics of the Phosphorolytic Cleavages of PNPNP and PNPDPP

k. s
nucleophile conditions® PNPNP (2) PNPDPP (1)  kyk,
OH 0.02M Tris, 0.01 M KCI° 3.28x10° 291x10°¢ 113
OH 7 mM CTAC]}, 0.02 M H,PO,, 530x 107 248x10*¢ 214
0.08 M NaCl
IBA (3) as above, 0.1 mM IBA 2.82 0.064° 44
INA (4) as above, 0.1 mM INA 4.83 0.26" 18.6
MPP (5) as above,f 0.3 mM MPP 3.33 0.024" 138
CTAOOH (6) 0.02 M Tris, [subst.] =3 x 10° M. 0.13 4.27 x 10 304
(Cu™) (7) 0.05 M HEPES, [CTANO;] = 0.20 2.50 x 10! 80
10 mM, [Cu*"] = [HTMED] = ImM*
(Eu*) (8) 0.01 M Tris, 0.1 M NaCl, 10% 0.16 1.60x 10°™ 100

MeCN, [8] = 0.8 mM*

*At 25 °C and pH 8.0, unless otherwise noted; [substrate] = 1 x 10° M. °pH 9.0. “Reference 9b.
°k,(max) at ImM CTACI. ‘Reference 12, [CTACI] as in d. ‘References 4a,13, k,(max) at 0.5
mM CTAC]I. ®0.1 M KCl instead of NaCl, [substrate] = 3 x 10° M, pH 8.5. "Reference 3b, ImM
CTACI, pH 8.5. TH,0,] = 10 mM, [CTAOH] = 1.5 mM, [CTACI] = 5.5 mM, pH = 8.0.
iReference 3c. “[substrate] = 4 x 10° M. /Reference 5a. "Reference 14.

Nucleophilic attack will convert PNPNP to a TBP in which the nucleophile and the p-nitrophenylate
leaving group occupy apical positions, while oxygen (O,) and the naphthalenedioxy group are equatorial, in
keeping with TBP substituent rules.”'® The O,-P,-O, bond angle, which from the X-ray structure is 105.8°
and unstrained'® in ground state PNPNP, will expand toward 120°, engendering strain.!” Relative to acyclic
PNPDPP, where such strain is absent, compensation for PNPNP may be found in the absence of non-bonded
phenyl/phenyl interactions in the TBP,'® which should be present for PNPDPP, but not for PNPNP, and thus
another likely source of the latter’s kinetic advantage.

One could also suggest that the TBP derived from PNPNP would hydrolyze with acceleration,
compared to PNPDPP, due to stereoelectronic factors associated with antiperiplanar lone pairs that are
“locked” into favorable positions on the oxygen atoms of the naphthalenedioxy moiety.'™ The magnitude of

this stereoelectronic effect, however, remains uncertain'*®"

and may be quite small.

In conclusion, a simple structural “mutation” of the widely used phosphotriester substrate, PNPDPP,
converts it to PNPNP, which is much more reactive toward a variety of standard “decontamination”
nucleophiles. The readily prepared PNPNP should find many applications as an exceedingly sensitive

substrate for synthetic and mechanistic phosphorolysis studies related to the problems of decontamination.”
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