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IMPROVED SYNTHESIS OF ADENOSINE CYCLIC 3',5'-PHOSPHORAMIDATES
VIA ANHYDRIDES. PREPARATION OF ADENOSINE CYLIC 3',5'—(RP)—
AND (SP)-N—METHYLPHOSPHORAMIDATE

S. Bottkax and J. Tomasz
Institute of Biophysics, Biological Research Center,
Hungarian Academy of Sciences, H-6701 Szeged, Hungary

Abstract. The two-step method for the preparation of adeno-
sine cyclic 3',5'-phosphoramidate diastereoisomers, which
involves the activation of adenosine cyclic 3',5'-monophos-
phate (1) with an acid chloride and in situ aminolysis of the
anhydride intermediate (Bentrude, W.G.; Tomasz, J. Synthesis
1984, 27; Bottka, S5.; Tomasz, J. Tetrahedron lLett. 1985, 24,
2909), has been improved. The best yields were attained when
1 was reacted with 4.4 molar equiva%ents of phosphorus oxy-
chloride in trimethyl phosphate at 0°C for 3 h, and the solu-
tion o0f phosphorus oxychloride 1in trimethyl phosphate was
pretreated with 0.5 molar equivalent of water at room tempe-
rature for 20 min. R, and S, diastereoisomers of adenosine
cyclic 3',5'—N—meth?TphosphEramidate and N, N-dimethylphos-
phoramidate have been synthesized under these experimental
conditions.

Phosphorus diastereaisomers of adenosine cyclic
3',5’-N,N-dimethylphosphoramidate (6) have proved to be
valuable tools for studying the binding sites and activation
requirements af the enzymes 1involved in the metabolism of
adenosine cyclic 3',5'-monophosphate (cyclic AMP, 1), 1-2 a
fundamental intracellular mediator and regulatory molecule
of living systems. The same diastereolisomers have alsa
been useful probes for the chair ;:::i twist confgrmational

. It is

expected that diastereoisomeric pairs of other cyclic AMP

equilibrium of the 1,3,2-dioxaphosphorinane ring,

amides can also be successfully used in the above mentioned

biochemical and conformational investigations. Synthetic work

was, therefore, undertaken in our laboratory in the
early eighties to get new compounds according to a more
307
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convenient route than the multi-step ways to é.a
This work led to 1the elaboration of a simple, two-step

m=2thod [or the preparation of the individual diastereoisomers
of §5 and of adenosine cyclic 3',5'-phosphoramidate (i).6 The
method involved the activation of unblocked 1 with either
2,4 6-triisopropylbenzenesulfonyl chloride (TPS-chloride),
phrosphorus oxychloride or diphenyl phosphorochloridate in
anhydrous N,N-dimctihylformamide or trimethyl phosphate, fol-
lowed by in situ treatment of the reactive anhydride inter-
maodlate with ammonium carbonate under anhydrous conditions or
with aqueous dimethylamine (SCHEME 1). Phosphoramidate 6 was
prepared both by 1PS-chloride in N,N—dimethylformamide5 and
by diphenyl phosphorochloridate in trimethyl phosphate.7 For
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the synthesis of 4, phosphorus oxychloride in trimethyl phos-

phate was used.6 The structure of the intermediate depended

on the nature of the acid chloride used for activation. 31P
NMR studies showed that it was cyclic AMP symmetrical
anhydride (2) for TPS-chlaride® and cyclic AMP diphenyl phas-

phoric mixed anhydride (3b) for diphenyl phosphoro-

chloridate.7 The method preferentially gave §P—amide dia-
stereoisomers. The isolated yields were: 31.0% (§P) and 1.6%
(Rp) for 67, 38.6% (5,) and 9.2% (R,) for 4.°

To increase the vyield and change the diastereoisomeric
ratio in favor of (EP) diastereoisomer, we have compared the
acid chlorides and solvents used earlier as well as inves-
tigated the effects of the reaction time and the water
content of the reaction mixture on the yield and the distri-
bution of diastereoisomers. The synthesis of 6 has been se-
lected for these studies because of the greater stability of
6 compared to 4. On the basis of the results obtained, the
method for the preparation of 6 could significantly be im-
proved. In addition, the first synthesis of the diastereo-
isomeric pair of a new cyclic AMP amide derivative, adenosine
cyclic 3',5'-N-methylphosphoramidate (5) has also been per-
formed under the experimental conditions found optimal for

the preparation of 6. Results are presented in this paper.

RESULTS AND DISCUSSION
Studies aon the synthesis of adenosine cyclic 3',5'-N N-di-

methylphosphoramidate (6)

The synthesis of 6 was performed according to SCHEME 1.
Tri-n-butylammonium salt of 1 was reacted with 2.2 molar
equivalents of phaosphorus oxychloride, diphenyl phosphoro-
chloridate or TPS-chloride in anhydrous N N-dimethylformamide
or trimethyl phosphate, at 0°c. Aliquots of the mixtures were
removed at intervals, mixed with excess 40% agueous dimethyl-
amine solution that had been precooled to -20°C and analyzed
by HPLC. Yields and relative percentages of §P-§ are summa-
rized in TABLE 1.
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As shown in TABLE 1, of the three acid chlorides tested,
phosphorus oxychloride and diphenyl phosphorochloridate gave
similar results in trimethyl phosphate. The yields were be-
tween 70-75%. Earlier it was shown,7 that the maximal yield
of the reaction with diphenyl phosphorochloridate 1is nT5%.
This is a consequence 0of the fact that nucleophilic attack of
dimethylamine at the two phosphorus atoms of anhydride inter-

7 The maximal

mediate 3b occurs in a ratio of pl/p? ns3.q,
yield (74.3%) obtained for the reaction with phosphorus oxy-
chloride may indicate cyclic AMP dichloro phosphoric mixed
anhydride (3a) as reactive intermediate, but it is also pos-
sible that a mixture of 3a and 2 is generated. The use of
N,N-dimethylformamide instead of trimethyl phosphate, did not
cause noticeable change for the reaction with diphenyl phos-
phorochloridate. The yield significantly decreased, however,
and many by-products were formed in the reaction with phos-
phorus oxychloride. This finding may be 1interpreted on the
basis of the known interaction between phosphorus oxychloride
and N,N—dimethylformamide.9 TPS-chloride was less effective
than phosphorus oxychloride or diphenyl phosphorochloridate.
The yield never exceeded 50% in either solvents, as expected
on the basis of the structure of reactive intermediate 2.8

In all cases EP'E was the dominate diastereoisomer
formed. 0f the two solvents, the guantity of §P—§ was larger
in trimethyl phosphate than in N,N-dimethylformamide. A maxi-
mal yield for §P‘§ (69.5%) was attained when phosphorus oxy-
chloride in trimethyl phosphate was used for 60 min. For the
preparation of _Bp—é a 10 min reaction with diphenyl phos-
phorochloridate in N,N-dimethylformamide gave the best yield
(11.5%).

Earlier it was found6

that the relative percentage of
Ro-4 could be increased from 19.2% to 62.9% by changing the
solvent used in the ammonium carbonate treatment.6 However |
a similar effect was not abserved in the analogous synthesis
of 6. The relative percentage of Ep—é remained practically

unaltered (6.8+1.0%), irrespective of whether the inter-
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mediate was treated with dimethylamine in an agueous solution
or in four different anhydrous organic solvent systems.

The relative proportion cf RP—Q could, however, be in-
creased, 1f the solution of phosphorus oxychloride 1in  tri-
methyl phosphate was pretreated with 0.5 or 1.0 mular egui-
valent of water. Since the pretreatment reduced the rate of
the reaction, the quantity of phosphorus oxychleride was
doubled. Reproducible results were obtained only, when the
pretreatment was carried out at room temperature for at least
20 min. The effect of added water on the yield and the rela-
tive percentage of Bp“é is summarized in TABLE 2.

Data in TABLE 2 show, that practically the same yields
could be obtained 1in the reactions with added water during
3-6 h as found for the analogous reactions run without added
water for 10 or 60 min (see TABLE 1). The guantity of Rp-6 in
the reactions with added watlcr was abuul three times as large
as in the blank reaction run without water. An wunidentified
by-product (= 5%) was formed in the reaction, when 1.0 molar
equivalent of water was employed. tor this reason, the use of
0.5 molar equivalent is recommended. 0n a preparative scale
by using 0.5 molar eyuivalent of water and a reaction time of
3 h, Ep‘é and ip‘ﬁ were obtained by reversed phase MPLC in
isolated vyields of 13.0% and 54.0%, respectively. These
values are significantly higher than those obtained for the
preparation of 6 with TPS-chloride (1.6% EP and 31.0% EPS)
and represent the best vyields reported so far for the
synthesis of EP_é and EP—§.4
synthesis of adenosine cyclic 3',5'-N-methylphosphoramidate

(5)

Compound 5 was synthesized wunder the conditions found
optimal for the preparation of 6, i.e. by reacting 1 at 0°c
for 3 h with a solution of phosphorus oxychloride in tri-
methyl phosphate that had been pretreated with water at room
temperature for 20 min. The components were employed in a
molar ratio of 1/phosphorus oxychloride/water = 1.0:4.4:0.5.
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Treatment with methylamine was done in anhydrous N,N-di-
methylformamide at -ZOOC, because compound 5 is unstable in
aqueous alkaline sclution. The diastereoisomers were formed
in a ratio of Rp/Sp = 27:73 as detected by 31p NMR. On a pre-
parative scale EP—E and gp-é were isolated by reversed phase
MPLC in yields of 23.3% and 45.9%, respectively. Configura-
tions at phosphorus were assigned by 31P NMR spectroscopy. 0On

5,10-13

the basis of literature data, HBP-E having axial

methylamino group, is expected to absorb at higher field.

Attempted synthesis of adeposine cyclic 3',5'-N N-diiso-

propylphosphoramidate

Attempts to prepare adenosine cyclic 3',5'-N,N-diiso-
prapylphosphoramidate according to this anhydride route, have
failed. Both phosphorus oxychloride and TPS-chlaoride was used
for the activation and the aminolysis was perfarmed with
anhydrous diisaopropylamine. Adenosine cyclic 3',5'-N,N-diiso-
propylamidate could not be detected by HPLC in either case.
Similar unreactivity of diisopropylamine has been found 1in
the Appel-reaction and attributed to steric hindrance by the

two bulky isopropyl groups.14

EXPERIMENTAL

Materials and Methods

Cyclic AMP tri-n-butylammonium salt was prepared accord-

ing to Ref. 5. Phosphorus oxychloride and diphenyl phosphoro-
chloridate (b.p. 140-142°C/52 Pa) were distilled prior to
use. TPS-chloride was recrystallized from n-hexane. Solvents
were distilled (N,N-dimethylformamide over phosphorus pent-
oxide, trimethyl phosphate at reduced pressure) and stored
over 0.4 nm molecular sieves.

HPLC analyses were performed by wusing a Waters liquid
chromatograph with a UV absorbance monitor working at 254 nm
(Waters Model 440) and an integrataer (Labor MIM MP-85). The
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reversed phase column was a Hibar LiChrosorb RP-18
(250x4.0 mm I.0., 5 pm, Merck). An isocratic elutiaon mode was
used with a mixture of 100 mM aqueocus potassium phosphate
solution (pH 6.6)/methanal & 63:37 (v/v). The flaw rate was
1.0 mL/min.

Preparative reversed phase MPLC was conducted on a Li
Chroprep RP-18 (25-40 jim Merck) column (1.6x96.0 cm) in

water/methancl mixtures with 1.2 MPa overpressure. The elu-

Y

tion rate was 20.0 mlL/2.4 min/fraction. Triply distilled

water was used for all analyses.

TLC was carried out on HPTLC Kieselgel 60 F254 (Merck)
chromatoplates in the following solvent systems: S1; chloro-
form/methanol = 6:1 (v/v) (two successive developments), 52;

chloroform/ethanol = 1:1 and $3; n-buthanol/ethanol/water =
16:2:5. Spots were visualized under a short-wave (254 nm) UV

lamp (Desaga-Uvis).

31P NMR spectra were recorded on a Bruker WM-250 FT
spectrometer operating at 101.2 MHz. Positive chemical shifts
are downfield from external 85% H3P04.

Studies on the synthesis of adencsine cyclic 3',5'-N,N-di-

methylphosphoramidate (6)

Fffect of activating acid «chloride, solvent and

reaction time

Cyclic AMP tri-n-butylammonium salt (0.1 mmol) was dis-
solved in 0.5 mL of N,N-dimethylformamide (A) or trimethyl
phosphate (B). To the solution 0.22 mmol of the acid chloride
{20.0 pL phosphorus oxychloride (a) or 45.6 pL diphenyl phos-
phorochloridate (b) or solution of 66.4 mg TPS-chloride (c)
in 6.0 mL of N,N-dimethylformamide or trimethyl phosphate }
was added at 0°C. The six mixtures thus obtained, were
strirred with the exclusion of atmospheric moisture at 0%c.
Aliquots (100 PL> were removed from mixtures Aa and Ac after
5 and 30 min, from mixtures Ab, Ba, Bb and Bc after 10 and 60
min and were pipetted into 40% aqueous dimethylamine solution
(2 mL) that had been cooled to -20°C. After evaporation and

dissolution of the residues in 100 mM aqueous potassium phos-
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phate (pH 6.6) /methanol = 63:37 (v/v) mixture (2.0 mL), the
solutions were analysed by HPLC. Retention times (min) were:
5.4 (for 1), 6.3 (for R,-6) and 11.3 (for 5-6). VYields and
relative percentages of S,-6 were tabulated (TABLE 1).

Effect of solvent used for the aminolysis

Mixture Ba was wused in these studies. After 60 min
stirring at UOC, 50 PL aliguots were pipetted 1nto 6 mL of
the following solutions that contained 350 plL of anhydrous
dimethylamine and were cooled to -20%. 1. trimethyl phos-
phate, II. N,N-dimethylformamide, TII. pyridine and IV. N, ,6N-
dimethylformamide/pyridine = 9:1 (v/v). HPLC analysis of the
samples, % of 6 (rel. % of Rp-g): I. 75.9 (7.8), TI. 72.5
(5.9), IIT. 72.5 (6.5) and IV, 73.8 (7.1).

tffect of water

Phosphorus oxychloride (40.0 plL, 0.44 mmol) was dis-

saolved in trimethyl phosphate (0.2 mL). After stirring 20 min
at room temperature, the solution was added to a solution of
cyclic AMP tri-n-butylammonium salt (0.1 mmol) in trimethyl-
phosphate (0.3 mlL) that had been cooled to 0°C. The reaction
mixture was stirred with the exclusion of atmospheric mois-
ture at 0°C. After 30, 60, 180 and 360 min, 100 PL aliquots
were removed, reacted with agueous dimethylamine, and ana-
lyzed by HPIC as described. The reaction was repeated with
solutions of phosphorus oxychloride in trimethylphosphate
that contained deionized water (0.9 Fl’ 0.05 mmol or 1.8 PL’
0.1 mmol). Yields and relative percentages of EP—Q WEere sum-
marized in TABLE 2.

Preparation of BP”Q and §P-§

Experiment wunderlired in TABLE 2, was repeated on a
fivefold scale. The reaction mixture was dropped into 40%
agueous dimethylamine solution (50 mL) that had been cooled
to —ZOOC, under vigarous stirring. After warming up to room
temperature, the solution was evaporated. The residue from
evaporation was dissolved in a mixture of water/methancl =
75:25 (v/v) (1.0 mL) and applied onto the MPLC column. A

mixture of water/methanol of the same composition was used
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for elution. Diastereoisomers were isolated by evaporation of
the respective fractions in vyields of 24.3 mg (13.0%, RP—é,
from fractions 22-30) and 101.1 mg (54.0%, 5,-6, from frac-
tions 35-48), respectively. The products were identified by

3lP NMR and TLC comparisons with authentic Samples.5

Rp-

(5)

and §P-Adenosine cyclic 3' 5'-N-methylphosphoramidates

Phosphorus oxychloride (200.0 pL, 2.2 mmol) and de-
ionized water (4.5 PL’ 0.25 mmol) were added to trimethyl
phosphate (1.5 mL) (A). The solution was stirred with the
exclusion of atmospheric moisture at room temperature for 20
min. Cyclic AMP tri-n-butylammonium salt (0.5 mmol) was dis-
solved in trimethyl phosphate (1.0 mL) (B), and the solution
was cooled to 0°C. Solution A was poured into solution B,
then the reaction mixture was stirred with the exclusiaon of
atmospheric moisture at 0°C for 3 h. The reaction mixture was
poured into an anhydrous solution of methylamine (5 mL) in
N,N-dimethylformamide (20 mL) that had been cooled to -20°c.
Excess methylamine was immediately removed under reduced
pressure. The solid deposited was filtered off, and the solu-
tion was evaporated. The evaporational residue was dissolved
in a mixture of water/methanol = 85:15 (v/v, 5 mlL). A pre-
cipitate started to deposit by slightly cooling the solution.
After a couple of hours standing, the precipitate was
filtered by suction, and the mother liquor was applied onto
the MPLC column. The precipitate after recrystallization from
hot deionized water (5 mL) gave 42.0 mg of pure EP-E. The
column was washed with mixtures of water/methanol = B85:15
(v/v, 1200 mL) and 82:18 (800 mL). After evaporating the
appropriate fractions, 39.8 mg (23.3%) Rp-> (from frac-
tions 45-58) and 36.5 mg S,-5 (from fractions 84-97) were ob-
tained. The yield for §P—§ was 45.9%. For recrystallization
hot deionized water (for 5,-5, ~ 70 fold) and methanol (for
Rp
without decomposition at -5°C for 6 months. Anal. (5p-5)

Calcd for C NGDBP (342.25): C 38.60, H 4.42, N 24.56,

-5, 120 fold) were used. The compounds can be stored

1115
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P 9.05; found: 38.89, H &4.47, N 24.53, P 9.16.

e NMR (OMSO-d): 6 +7.75 (Rp-5), +9.37 (S,-5); relative
signal intensities: SP/RP = 11:4.

M.S. m/e rel. int. of S,-5 and Rp-5 (%) , M(TMS);™ 558(6.4
and 2.2), 543 (23 and 23), 264(24 and 24), 236(100 and 97)
and 147(23 and 100).

TLC, Ry values of Rp-5 and Sp-5: 0.21 and 0.25 (S1), 0.28 and
0.34 (S2), 0.36 and 0.42 (S3).
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