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Abstract—Cu-mediated cleavage, coupled with diastereoselective binding and orientational preferences supplied by y-cyclodextrin,
lead to substantial kinetic diastereoselectivity between phosphonamidothioate diastereomers. © 2003 Elsevier Science Ltd. All

rights reserved.

Continuing interest in the degradation of phosphonate
and phosphonothioate toxins has stimulated much
research focused on model substrates or ‘simulants.’!
We have examined the hydrolyses of the thiophosphate
and phosphonothioate substrates parathion (1) and O-
methyl  O-4-nitrophenyl  phenylphosphonothioate
(methyl-EPN) (2) mediated by several reagents, includ-
ing the copper ‘metallomicelle’ derived from N-n-hexa-
decyl-N,N’,N'-trimethylethylenediamine, 3. In the case
of chiral 2, for example, we found that Cu-OH
hydrolytic cleavage mediated by micellar 3 occurred
with complete inversion at phosphorus®® and with sub-
stantial acceleration.?®

Cyclodextrins are among the preeminent models for
hydrolytic enzymes; their ability to recognize, bind, and
catalyze the cleavage of complementary substrates has
been extensively documented.®> However, their reactivity
toward phosphorus ester substrates has been only
sparsely studied. a-Cyclodextrin (a-CD) is reported to
stereoselectively cleave the enantiomers of isopropyl
methylfluorophosphonate (sarin),* and a covalent o-
iodosobenzoate-B-CD conjugate binds and cleaves the
nerve agent soman at its P-F bond.> Phosphonates,5
phosphates,®® and phosphodiesters® have also been
examined. Our laboratory described the B-CD and y-
CD catalyzed hydrolyses of several p-nitrophenyl phos-

photriesters, including the activated p-nitrophenyl
1,8-naphthyl phosphate. Here, as in other phosphoroly-
ses mediated by simple CD catalysts, rate accelerations
were relatively low (<100).”

Recently, two important new studies of CD-mediated
phosphate® and thiophosphate’ reactions have
appeared: Easton et al. reported that Cu complexes of
diaminoalkyl-B-CD derivatives afforded 7-9.5x10* rate
accelerations in the pH 7 hydrolyses of 4-¢-butyl-2-
nitrophenyl dimethyl phosphate,® whereas de Rossi et
al. observed that basic hydrolysis of the thiophosphate
insecticide fenitrothion (4) was inhibited by native B-
CD, which bound 4 so that its labile thiophosphate
linkage was shielded from external OH™, and not suit-
ably oriented for attack by the (sec) OH(O™) groups of
the CD.°

Here we report that CD-inhibition of thiophosphonate
hydrolysis can be harnessed to effect strong amplifica-
tion of stereoselectivity in cleavages of the
diastereomeric phosphonamidothioates (SpSc)-5 and
(RpSc)-5. As these compounds can be used in stereospe-
cific syntheses of phosphonothioate enantiomers,?®!°
their stereoselective hydrolyses could, in principle, be
incorporated into enantioselective syntheses based on
kinetic resolutions.
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The diastereomeric phosphonamidothioates were pre-
pared from racemic 4-nitrophenyl methylphosphono-
thiochloridate [MeP(=S)CIOPNP] and (S)-(-)-o-
phenylethylamine as described by Reddy and Kovach.!°
The diastereomers were separated and purified by frac-
tional crystallization!® and their mp’s, P NMR reso-
nances, and optical rotations were in good agreement
with reported values.!®!! The diastereomer with mp
79-80°C and [x]3 +61.0° was assigned the (SpSc)
configuration based on a single crystal X-ray structure
determination.'?

Diasterecomeric substrates 5 were subjected to Cu-medi-
ated cleavage in the presence or absence of a, B, or y-CD.
The Cu reagents included the 1,2-diaminocyclohexane
derivatives (1R,2R)-6,"* (1R,2R)- and rac-7,'*'> Cu*—
kanamycin A (8),'° and Cu(NO,),.

Cleavage rates were initially measured in the absence of
CD, but in the presence of 5-fold excess Cu catalyst at
pH 7 in HEPES buffer. The release of p-nitrophenoxide
was followed at 400 nm by UV spectroscopy. The first
section of Table 1 collects the observed rate constants for
the Cu-mediated cleavages of (SS)-5 and (RS)-5.

The Cu reagents greatly accelerate the cleavages of
substrates 5: in the absence of Cu, reactions failed to
occur over 40 h. Based on a half-life of ~8 min for the
‘slow’ reaction of 6 with (RS)-5, Cu—OH mediated
acceleration!” must be substantial. However, the Cu
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reagents elicit very little diastereoselectivity in the cleav-
ages of (RS)-5 and (SS)-5. Kinetic differentiation is
minimal, not exceeding a factor of 1.5 (with reagent 6),
even though the ‘sense’ of the diastereoselectivity does
vary with the particular Cu reagent chosen.

Addition of 5 mM «-CD had little effect on the reaction
rates, but B-CD, and especially y-CD, evoked more
interesting responses. As represented in the middle sec-
tion of Table 1, the addition of B-CD lowered most of
the Cu-mediated rate constants. This effect was stronger
for (SS)-5 than for (RS)-5, so that the cleavages,
although slower than in the absence of B-CD, became
significantly (RS) diastercoselective in the presence of
B-CD. The largest diastereoselectivity was observed with
reagent 8, where kp>kgs by ~3.6. Note, however, that
ligand identity has little effect on the diastereoselectivity;
Cu(NO,), elicits a comparable diastereoselectivity.

The diastereoselectivity developed by B-CD is both
reversed and greatly surpassed by y-CD; see Table 1.
Addition of this cyclodextrin strongly retards the Cu-
mediated cleavage of (RS)-5, whereas that of (S5)-5 is
either considerably less slowed or even slightly acceler-
ated. The result is a striking diastereoselectivity in which
ks exceeds krg by factors ranging from 8.5 (with 6) to
12.7 (with rac-7). Even Cu(NO;), affords a diastereo-
selectivity of ~ 10.

We suggest that the cyclodextrins preferentially bind
either (S5)-5 (B-CD) or (RS)-5 (y-CD). In the latter case,
Cu-mediated cleavage of bound (RS)-5 is much less
effective than that of free substrate (e.g. kg is reduced
by a factor of 12.8 with rac-7 and y-CD), whereas the
corresponding cleavage of bound (SS)-5 is only mar-
ginally reduced (e.g. by a factor of 1.13 with rac-7 and
v-CD).'"® The net result is that y-CD ‘protects’ (RS)-5
from cleavage more effectively than it shields (SS)-5, so
that diastereoselectivity is strongly amplified.
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Table 1. Rate constants (s!) for the Cu and CD mediated cleavages of 52

Cu reagent Without CD With 5 mM B-CD With 5 mM y-CD

10° kps 10° kss kss/krs 10° kps 10° kss ksslkrs 10° kgs 10° kss ksslkrs
6 1.45 2.24 1.5 0.98 0.55 0.56 0.14 1.19 8.5
rac-7 21.0 23.5 1.1 8.81 5.24 0.59 1.64 20.8 12.7
(RR)-7 23.7 19.7 0.83 1.95 21.7 11.1
8 3.21 2.36 0.74 3.62 1.00 0.28 0.35 3.94 11.3
Cu(NO,),® 2.96 2.88 0.97 243 0.76 0.31 0.40 3.94 9.8

@ Conditions: [5]=0.02 mM; [Cu]=1.0 mM, [CD]=5 mM, [HEPES]=20 mM, [KCIl]=20 mM, pH 7, 25°C.
b Conditions as in a, but at pH 6.0, with the addition of 1 mM CTACI to aid homogeneity.
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Figure 1. Rate constants (kgg and kgg) for the cleavage of
(SS)-5 and (RS)-5 by rac-7 versus the concentration of added
v-CD. Inset. Diastereoselectivity (kgg/krs) versus [y-CD]. For
conditions, see Table 1.

This scenario was studied in detail for the reactions of
rac-7 with (RS)-5 and (SS)-5. Figure 1 portrays the
dependence of kg¢ and krg on the concentration of
v-CD at pH 7 in the presence of 50-fold excess rac-7.
v-CD suppresses both reactions, but that of (RS)-5 is
clearly slowed more, and more sharply, resulting in a
[CD]-dependent kinetic diastereoselectivity favoring the
cleavage of (S5)-5. The inset of Figure 1 depicts the
dependence of kgg/krs on the CD concentration, where
the maximum diastereoselectivity is 12.7.

Binding and saturation kinetics are apparent in Figure
1. Non-linear fitting of the data according to Tee et
al.'” afforded values of K, the dissociation constants
of the y-CD/5 complexes: K, (SS)-5=0.96 mM and
K (RS)-5=0.28 mM; the corresponding binding con-
stants, K, (M™') are 1047 (SS-5) and 3548 (RS-5).
Clearly, the SS/RS diastereoselectivity is not solely due
to differential binding of the diastereomers into com-
pletely unreactive y-CD complexes; the ratio of RS/SS
binding constants is only 3.4, whereas with (e.g.) rac-5,
we must account for a diastereoselectivity of 12.7.
Moreover, diastereoselectivity in the absence of y-CD is
only 1.1, so that Cu-mediated diastercoselectivity of
unbound 5 is unimportant.

Therefore, the observed amplification of the
diastereoselectivity arises from differential shielding of
the y-CD-bound diastereomers toward Cu-mediated
cleavage. (RS)-5 is both bound more strongly than
(SS)-5 and better protected by the host from the Cu
reagent. Bound (SS5)-7, on the other hand, must be so
oriented that its Cu-mediated cleavage is little impeded,
relative to free (SS)-5.2° Note that the diastereoselectiv-
ity largely depends on the binding and orientational
preferences afforded by the CD host; chiral ligands on
the Cu modulate the diastereoselectivity but their iden-
tity (and even their presence) are not principal factors.

In conclusion, the substantial observed kinetic
diastereoselectivity between phosphonamidothioates
(RS)-5 and (SS)-5 is the product of Cu-mediated cleav-
age coupled with diastereoselective binding and orienta-
tional preferences supplied by y-cyclodextrin.
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