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Oxygen Chiral Phosphodiesters. 1.

Synthesis and Configurational Analysis of

Cyclic [18Q]-2'-Deoxyadenosine 3’,5'-Monophosphate
Sir:

It is now generally accepted that stereochemical investiga-
tion of the mechanism of a phosphotransferase reaction is the
most direct method for determining whether the mechanism
involves the formation of a covalent adduct between the en-
zyme and substrate. The majority of these experiments have
been carried out with phosphorothioate mono- and diesters.
The use of sulfur analogues of the normal substrates simplifies
the synthesis and configurational analysis of the chiral sub-
strate and product, but the presence of sulfur often decreases
the velocity of the enzymic reaction and may introduce some
uncertainty in interpretation of results when coordination of
the substrate by a metal ion is required for catalysis.! Phos-
phate esters which are chiral by virtue of oxygen isotopes
cannot pose such problems. Knowles’ group recently reported
the syntheses of a number of 10,-170,!80-labeled chiral
phosphate monoesters and described an elegant mass spectral
technique for the configurational analysis of such esters.? These
esters have been used to probe the mechanisms of a number
of enzyme-catalyzed reactions, including demonstration of a
retention of configuration at phosphorus during the reaction
catalyzed by the alkaline phosphatase from Escherichia coli?
and an inversion of configuration in the reaction catalyzed by
glycerol kinase.* However, many phosphotransferases catalyze
reactions involving phosphate diesters, and Knowles’ synthetic
method is not amenable to their preparation. In this commu-
nication we report the stereospecific synthesis of both diaste-
reomers of cyclic ['80]-2’-deoxy-AMP and a simple method
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Figure 1. 80.9-MHz 3'P NMR spectra of cyclic ['80]-2"-deoxy-AMP
prepared from the axial P-anilidate diluted (top) and undiluted (bottom)
with unlabeled cyclic 2’-deoxy-AMP. The samples were prepared in 0.10
M EDTA, pH 7.0, containing 20% D,0. The approximate chemical shift
of the unlabeled cyclic 2-deoxy-AMP is 2.6 ppm (upfield shift relative
to an external capillary containing 85% H3;PQ,). The total concentration
of cyclic 2’-deoxy-AMP is 20 mM in each sample.

for the direct determination of their absolute configurations
at phosphorus.

The diastereomeric P-anilidates of cyclic 2’-deoxy-AMP
can be readily prepared by the stereospecific potassium zer:-
butoxide catalyzed cyclization of diastereomerically pure
samples of 2’-deoxy-3’-(o-chlorophenyl-N-phenyl phosphor-
amidate)adenosine.>® Stec’s group has demonstrated that
P-anilidates react smoothly with carbon disulfide after
treatment with sodium hydride to provide the corresponding
phosphorothioates.” This reaction was found to proceed with
retention of configuration at phosphorus, as would be predicted
on the basis of apical attack-apical departure from a penta-
coordinate intermediate. We have found that the sodium salts
of P-anilidates also react smoothly with carbon dioxide in
pyridine to provide the phosphate diesters in quantitative
yield.

When the P-anilidates of cyclic 2’-deoxy-AMP were reacted
separately with a tenfold excess of 99% enriched C'30; and
the products purified by chromatography on DEAE-Sephadex
A-25,® phosphodiesters were obtained which were identical
with authentic cyclic 2-deoxy-AMP using the criteria of TLC,
'H NMR at 270 MHz, and 3'P NMR at 32 MHz. The pres-
ence of 130 in the diesters was confirmed by examination of
31P spectra which were obtained at 80.9 MHz using a 250-Hz
sweep width, 16K data points (0.03 Hz/real data point), and
40 transients. In Figures 1 and 2 we present these spectra and
those obtained under identical conditions when the two labeled
diesters were mixed with a threefold molar excess of unlabeled
cyclic 2’-deoxy-AMP. In the spectra recorded on the undiluted
samples, one major resonance and one minor resonance are
observed. In the spectra recorded on the isotopically diluted
samples, the same two resonances are observed, with the up-
field resonance being associated with the labeled diester.® The
minor resonance in the spectra of the undiluted samples is due
to a small amount of unlabeled cyclic 2’-deoxy-AMP. The 180
perturbation in the diester prepared from the axial anilidate
is 2.38 Hz, and that in the diester prepared from the equatorial
anilidate is 2.56 Hz. A spectrum was obtained at 145.7 MHz
on a sample containing 12 mM unlabeled cyclic 2’-deoxy-AMP
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Figure 2. 80.9-MHz 3!P NMR spectra of cyclic [180]-2’-deoxy-AMP
prepared from the equatorial P-anilidate diluted (top) and undiluted
(bottom) with unlabeled cyclic 2’-deoxy-AMP. The total concentration
of cyclic 2’-deoxy-AMP is 20 mM in each sample.

and 2 mM of each '80-labeled diester at pH 7.0; the line widths
of the '%0 and 80 resonances were identical within error, in-
dicating that the observed difference in the 120 perturbations
of the two 180-labeled diesters is not significant.

Although the reaction of P-anilidates with carbon dioxide
would be predicted to occur with retention of configuration at
phosphorus, it is important to verify this prediction if these
esters are to be used in stereochemical studies of enzymic re-
actions. One method of performing the configurational analysis
would be to hydrolyze the diesters in H17O using the bovine
heart cyclic AMP phosphodiesterase as catalyst and analyze
the chirality of the resulting !60,170,!30,-labeled chiral
samples of 5-dAMP with Knowles’ procedure? (the cyclic
AMP phosphodiesterase is known to catalyze the hydrolysis
of the Sp diastereomer of cyclic adenosine 3’,5’-phosphoro-
thioate with inversion of configuration!); however, we sought
an alternate method of analysis which would be more direct
and require less material.

Samples of the triethylammonium salts of each of the two
labeled diesters (50 wmol) were mixed with equimolar amounts
of the salt of the unlabeled diester and acidified with 2 equiv
of aqueous HCI, After drying, the two samples were suspended
in anhydrous ethanol and treated with an excess of di-
azoethane. The water-soluble triesters and unreacted diesters!!
were dissolved in a mixture of 2 mL of aqueous 0.02 M EDTA,
pH 7.0, containing 80% D,0, and 1.5 mL of anhydrous etha-
nol; the 3'P NMR spectra were then obtained at 80.9
MHz.!2

The spectra obtained are shown in Figure 3. The top spec-
trum is that of the mixture prepared from the diester obtained
from the axial P-anilidate. Three sets of resonances are ob-
served, the most downfield being that of unreacted diester, the
middle that of the equatorial ester, and the most upfield that
of the axial ester'4. The '80 perturbation in the equatorial is
3.1 Hz and that in the axial ester is 1.2 Hz. This difference in
the magnitudes of the perturbations can be explained on the
basis of recent reports that the magnitude of the perturbation
increases with the order of the bond between the 80 and
phosphorus nucleus!® and the fact that the incorporation of '80
proceeded stereospecifically. The relative values of the 80
perturbations in this spectrum indicate that the '30 is located
in the axial exocyclic position, demonstrating that the reaction
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Figure 3. 80.9-MHz 3'P NMR spectra of ethyl esters of cyclic 2’-deoxy-
AMP prepared from equimolar mixtures of unlabeled cyclic 2’-deoxy-
AMP and the cyclic [80]-2'-deoxy-AMP samples: top, the !80-labeled
ester from the axial P-anilidate; bottom, the 180-labeled ester from the
equatorial P-anilidate. Sample preparation is described in the text. The
spectra were obtained with a 500-Hz sweep width and 8K data points (0.12
Hz/real data point). The approximate chemical shift of the unlabeled
diester is 3.0 ppm in this solvent, that of the equatorial ester is 4.5 ppm,
and that of the axial ester is 6.5 ppm.

with carbon dioxide proceeds with the predicted retention of
configuration. Thus, this diastereomer has the Sp configuration
at phosphorus.

The bottom spectrum in Figure 3 shows the products of the
reaction of the 1¥O-labeled diester prepared from the equatorial
anilidate. The '#0 perturbations in this spectrum (1.3 Hz for
the equatorial ester and 3.2 Hz for the axial ester) demonstrate
that the absolute configuration at phosphorus in this ester is
Rp.

In an accompanying communication results are reported
from the laboratory of Stec!é which demonstrate that the di-
astereomeric P-anilidates of 2-oxo-2-hydroxy-4-methyl-
1,3,2-dioxaphosphorinane react with ['30]benzaldehyde with
retention of configuration at phosphorus, in agreement with
the results reported in this communication.

We have also found that the sodium salts of acyclic P-
anilidates, e.g., the P-anilidates of thymidine 3’- and 5’-(4-
nitrophenyl phosphate), react smoothly with carbon dioxide
to provide quantitative yields of the phosphate diesters.® Thus,
the demonstration that the reaction of P-anilidates with car-
bonyl compounds proceeds with retention of configuration
permits the confident synthesis of a wide variety of oxygen
chiral phosphate diesters for use in studying the mechanisms
of a large number of enzyme-catalyzed reactions.

The application of 180 perturbations of 3P NMR chemical
shifts to deduce absolute configurations at phosphorus as de-
scribed in this communication should be useful for other
'80-labeled esters, e.g., chiral [a-!80]-ATP.!7
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Stereospecific Synthesis of
Cyclic Adenosine 3',5-(Sp)-['30]Phosphate’
Sir:
We have recently demonstrated that dialkyl phosphoroan-
ilidates 1 can be easily converted into the corresponding

phosphorothioates (X = O, Y = S),! phosphoroselenoates (X
=0, Y = Se),? phosphorodithioates (X = Y = §),! phospho-

A X A X
\ / 1. NaH \ / +
/P\ o /P\_ Na (1)
B NHPh B Y
1 2

A,B = alkyl, alkoxyl, aryloxyl, alkylamino, arylamino
X=0,58eY=0,8,Se

* Dedicated to Professor Jan Michalski on the occasion of his 60th birthday.
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roselenothioates (X = S, Y = Se),? phosphorodiselenoates (X
=Y = Se),2and phosphates (X = Y = O)3 of general formula
2(eq 1).

It has been proven that the P-N — P-Y conversion (eq 1,
X # Y) is fully stereospecific and proceeds with retention of
configuration at the phosphorus atom.!** By means of this
synthetic method, the first stereospecific synthesis of both di-
astereomers of CAMPS has been realized.>® In view of the
increasing interest in stereospecific methods for the preparation
of biologically relevant phosphate esters which are chiral at
phosphorus by virtue of the stable isotopes of oxygen (160, 170,
180),7# we have applied our method of P-N — P-Y conversion
to the synthesis of cyclic adenosine 3’,5"-(S)-['®O]phosphate
(3). The recently described cyclic N®,N6,0%-tribenzoyl-
adenosine 3’,5’-(Rp)-phosphoranilidate (4) has been used as
the precursor to 3. Instead of ['#O]carbon dioxide? as the 130
source, [#O]benzaldehyde (5)° has been used. Treatment of
a tetrahydrofuran solution (10 mL) of 4 (0.120 g, 0.17 mmol)
with sodium hydride followed by 5 (0.184 g, 1.7 mmol) gave
cyclic sodium N® N6 0-tribenzoyladenosine 3’,5-['30]-
phosphate (6). After removal of the benzoyl protecting
groups,'9 we obtained ['80]-cAMP (3) in 28% yield. The 'O
enrichment in 3 was determined after silylation using rert-
butyldimethylchlorosilane-imidazole-DMF; the mass spec-
trum of (TBDMS),-['30]-cAMP (M* — C4Hy, m/e 500,
55%) demonstrated 81.7% 80 enrichment. The configuration
at phosphorus in 3 is predicted to be S.

The assumption of retention of configuration in the con-
version of 4 — 3 is based on our previous experiments in which
the stereospecificity of the conversion of 1 =2 (X =160,Y
= '80) was supported by the IR spectra of the methyl esters
of cis- and trans-['80]-2-hydroxy-2-oxo-4-methyl-1,3,2-
dioxaphosphorinanes (7 and 8)!! resulting from trans- and
cis-2-phenylamino-2-oxo-4-methyl-1,3,2-dioxaphosphorinanes
(9 and 10),'? respectively, after treatment with NaH-5. Be-
cause the IR method is not adequate for a quantitative deter-
mination of the stereospecificities accompanying the conver-
sions of 9 — 7 and 10 — 8, in this communication we present
further experimental evidence that the reaction of phospho-
roanilidates 9 and 10 with NaH-5 proceeds with retention of
configuration at the phosphorus atom.

Compound 7 prepared from diastereomerically pure 9 and
5 was treated with an excess of phenyldiazomethane (ethereal
solution).!? The product of this reaction consisted of a mixture
of the two diastereomeric triesters 11 and 12 in a ratio of 67:
100, respectively (Scheme I). The product mixture was sepa-
rated into pure triesters 11 and 12 by means of TLC (11,
031p(cHcls) — 7.45 ppm; 12, d31p(chcly) ~ 5.44 ppm).'4 Using
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