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dried over NagSO, to afford a toluene solution of 22. Reduction.
To a mechanically stirred, heated (50 °C) solution of 234 mL (3.4
M in toluene, 0.796 mol) of sodium bis(2-methoxyethoxy)alu-
minum hydride in 375 mL of dry toluene was added the solution
of 22 over a 1-h period. The solution was then heated for 1 h at
80 °C. The reaction mixture was cooled to 20 °C and the excess
hydride quenched by the cautious addition of 1.3 L of 1.3 M
aqueous NaOH. Following the addition of 3.1 g (11 mmol) of
n-Bu,NCl, the mixture was stirred rapidly for 4 h at 20 °C. The
mixture was partitioned and the organic layer washed with 1.3
M aqueous NaOH (2 x 860 mL), H,0 (860 mL), and brine (860
mL), dried over Na,SO,, and concentrated in vacuo to afford 23
free base as an oil. The oil was dissolved in 2.1 L of 9:1 Et,0/
EtOH and then treated with 90 mL of 7 M HCl in EtOH. The
mixture was cooled to 0 °C and stirred for 1 h. The mixture was
filtered and the cake washed with 860 mL of 9:1 Et,0/EtOH and
860 mL of Et,0. The product was dried in vacuo to afford 149
g (94%) of 23-HCI as a white solid. An analytical sample was
recrystallized from MeCN: mp 230-232 °C [lit.!* mp 231-233 °CJ;
'H NMR (DMSO-dg) {as free base] 46.98 (d, 1, J = 8.5 Hz, H-7),
692 (d, 1, J = 2.5 Hz, H-10), 6.73 (dd, 1, J = 2.5, 8.5 Hz, H-8),
4.15(d, 1, J = 9.0 Hz, H-10b), 3.97 (dd, 1, J = 2.5, 11.5 Hz, H-2),
3.74 (dt, 1, J = 2.3, 11.5 Hz, H-2), 3.69 (s, 3, OCH,), 2.68-2.85
(m, 4, H-1’, H-3, 2 H-6), 2.02-2.31 (m, 4, H-1’, H-3, H-4a, H-5),
1.33-1.52 (m, 3, 2 H-2’, H-5), 0.85 (t, 3, J = 7.8 Hz, 3 H-3"); 8C
NMR (DMSO-dy) [as free base] 6 157.3 (s, C-9), 137.4 (s, C-10a),
128.8 (d, C-7), 126.7 (s, C-6a), 113.2 (d, C-8), 109.2 (d, C-10), 78.2
(d, C-10b), 66.6 (t, C-2), 62.1 (d, C-4a), 54.8 (q, OCHj,), 54.2 (t,
C-3), 51.8 (t, C-1'), 26.5 (t, C-6), 23.8 (t, C-5), 18.6 (t, C-2), 11.7
(q, C-3); [a]sgs +49.0° (c 1.09, EtOH) [lit.!® [cr]sg0 +47.3° (c 0.108,
EtOH)]. Anal. Calcd for C;eH, NO,Cl: C, 64.53; H, 8.11; N, 4.70.
Found: C, 64.55; H, 8.11; N, 4.81.
(4aR,10bR)-3,4,4a,5,6,10b-Hexahydro-4-propyl-2H -
naphth[1,2-b]-1,4-0xazin-9-0l Hydrochloride (1). Caution:

1 is a potent CNS agent. Do not allow solutions of 1 or solid 1
to come in contact with the skin, eyes, nose, or mouth! To a
mechanically stirred suspension of 226 g (1.51 mol) of (%)-
methionine in 1.5 L of MeSO;H at 20 °C was added 148 g (0.497
mol) of 23 portionwise over a 10-min period. The mixture was
stirred for 40 h at 20 °C. The mixture was cooled to 5 °C and
diluted with 1.5 L of H,0 and the pH adjusted to 13.5 with 3.6
L of 6.1 M aqueous NaOH while the temperature was maintained
at <10 °C. Following the addition of 30 g of charcoal (Darco KB,
prewashed with aqueous NaOH), the mixture was stirred for 1.5
h at 20 °C. The mixture was filtered through a pad of Super-Cel
and the cake washed with 1.0 L of HyO. The pH of the combined
filtrates was adjusted to 9.0 with 300 mL of 12 M aqueous HCI
and the mixture cooled to 0 °C and stirred for 1 h. The mixture
was filtered and the cake washed with 3.1 L of cold H,0. The
free base was dried in vacuo and then dissolved in 1.6 L of EtOH
at 40 °C. Following the addition of 12 g of charcoal (Darco G-60),
the solution was filtered through a pad of Super-Cel. The solution
was cooled to 20 °C, treated with 122 mL of 7 M HCl in EtOH
over a 0.5-h period, and diluted with 1.6 L of Et,0 and the mixture
stirred 1 h at 0 °C. The mixture was filtered and the cake washed
with 1.5 L of cold 1:1 Et,0/EtOH. The product was dried in vacuo
at 30 °C to afford 127 g (90%) of 1-HCI as a white crystalline solid:
mp 308-305 °C [lit."® mp >260 °C]; 'H NMR (DMSO-d;) [as the
free base] 6 9.07 (s, 1, OH), 6.8-6.9 (m, 2, H-7, H-10), 6.57 (dd,
1,J =19, 7.8 Hz, H-8), 4.11 (d, 1, J = 8.3 Hz, H-10b), 3.95 (br
d, 1,J = 10.8 Hz, H-2), 3.74 (br t, 1, J = 11.2 Hz, H-2), 2.63-2.86
(m, 4, H-1/, H-3, 2 H-6), 2.00-2.35 (m, 4, H-1’, H-3, H-4a, H-5),
1.30-1.55 (m, 3, 2 H-2’, H-5), 0.90 (t, 3, J = 7.3 Hz, 3 H-3'); 13C
NMR (DMSO-dg) [as the free base] § 155.2 (s, C-9), 137.2 (s,
C-10a), 128.6 (d, C-7), 124.8 (s, C-8a), 114.0 (d, C-8), 111.3 (d, C-10),
78.4 (d, C-10b), 66.6 (t, C-2), 62.2 (d, C-4a), 54.2 (t, C-3), 51.9 (4,
C-1), 26.5 (t, C-6), 24.0 (t, C-5), 18.6 (t, C-2), 11.7 (q, C-3"); []sse
+55.9° (¢ 1.0, 0.10 M HC! in MeOH).
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A number of epimeric pairs of 3-X-trans-2,4-dioxa-3-Y-3-phosphabicyclo[4.3.0]nonanes (1, X = OCH,, Y =
0;2,X=0CH;, Y=5;83X=0Ph,Y=0;4,X=0PhL, Y=5;5X=C,Y=0;6,X=CLY=S8;7,X =
N(CHj),, Y=0;8, X =N(CHy);, Y=5;9,X=8,Y=0; 10, X =0, Y = O) have been prepared and their
configuration and conformation studied by *'P and 'H NMR. The cis isomers 1a-6a and the trans isomers 7b
and 8b are shown to populate exclusively chair conformation 18. Their diastereomers 1b—6b, 7a, and 8a, however,
exist as an equilibrium between chair conformation 18 and twist conformation 19. The mole fraction of twist
is found to vary with the nature of the exocyclic substituents on the phosphorus atom, being maximal for the
chloro compounds 5b and 6b. In addition, it is shown that the chair = twist equilibrium is solvent-sensitive.
The charged compounds 9a, 9b, and 10 are in a chair conformation. The position of the negatively charged sulfur
atom has no influence on the preferred conformation of the phosphorothioates 9a and 9b. The results for 9a
and 9b are discussed in relation to the difference in biological activity of (Sp)- and (Rp)-cAMPS.

Introduction

3,5'-Cyeclic nucleotides, e.g., cAMP and ¢cGMP, play a
central role in hormone action and cell communication.!
Recently, it was shown that the biological activity of cyclic
nucleotide analogues, derivatized at phosphorus, is gov-
erned by the configuration on the phosphorus atom (Sp
or Rp).2 Furthermore, it was established that the con-

(1) See, e.g.: Miller, J. P. Cyclic 3/,5-Nucleotides: Mechanism of
Action; Cramer, H., Schultz, J., Eds.; Wiley: London, 1977; p 77.
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formation of the dioxaphosphorinane ring of comparable
cyclic nucleotides is determined by the phosphorus con-
figuration.® In this paper we present a detailed configu-

(2) (a) van Haastert, P. J. M.; van Driel, R.; Jastorff, B.; Baraniak, J.;
Stec, W. J.; de Wit, R. J. W. J. Biol. Chem. 1984, 259, 10020. (b) de Wit,
R. J. W.; Hekstra, D.; Jastorff, B.; Stec, W. J.; Baraniak, J.; van Driel,
R.; van Haastert, P. J. M, Eur. J. Biochem. 1984, 142, 255. (c) Erneux,
C.; van Sande, J.; Jastorff B.; Dumont, J. E. Biochem. J. 1986, 234, 193.
(d) van Ool, P. J. J. M.; Buck, H. M. Eur. J. Biochem. 1982, 121, 329. (e)
van Ool, P. J. J. M,; Buck, H. M. Recl. Trav. Chim. Pays-Bas 1984, 103,
119. (f) van Ool, P. J. J. M. Ph.D. Thesis, Eindhoven University of
Technology, 1983.

© 1987 American Chemical Society



Model Compounds for Cyclic Nucleotides

Scheme 1

0
Xag / Yo /Nzo X\ R ) X\ /
.P ——— .
0* 0-- - -

18:X=0CH, 1M8IX=0CH,, Yalone pair 28:X=0CH,
33:X20Ph 128: X-OPh Y=lone pair 48:x=0Ph

NO,/N.0, Y\ P /o
. e ——n . ’
r‘ ‘» \

1b: x= OCH, nb: X=0CH,, Y=lone pair 2b: xeoCH

3
ab: X:OPh 12b: x=oph Y«lone pair 4b:x=0pPh

rational and conformational analysis of a number of ep-
imeric trans-2,4-dioxa-3-oxo- and trans-2,4-dioxa-3-thi-
oxo-3-phosphabicyclo[4.3.0]nonanes 1a-9a, 1b-9b, and 10.
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These compounds contain a dioxaphosphorinane ring
trans fused to a cyclopentane ring and can be considered
as simple model compounds for cyclic nuceotides. Other
bicyclic model compounds in which the phosphorus con-
taining ring was transannelated with a six-membered
tetrahydropyran or cyclohexane ring have been already
studied.#® It seems, however, likely that conclusions
drawn from model compounds possessing a five-membered
ring adjacent to the dioxaphosphorinane ring are more
directly applicable to cyclic nucleotides.

Results and Discussion

Synthesis. The cis compounds la and 3a (singly
bonded substituent on phosphorus cis to H;) were prepared
from the corresponding cis methyl and phenyl phosphites
11a and 12a.° respectively, by stereochemically retentive’
NO,/N,;0, oxidation (Scheme I). The trans diastereoi-
somers 1b and 3b were obtained in an analogous way from
the trans phosphites 11b and 12b, respectively. Since these
phosphites were never completely free of their thermo-
dynamically favored cis isomers, the trans phosphates 1b
and 3b were always obtained as mixtures with their cis
epimers 1a and 3a. The phenyl phosphates 3a and 3b,
however, could be separated by column chromatography.
Reaction of the phosphites 11a and 12a with elemental
sulfur, which is known to proceed with retention of con-
figuration at the phosphorus atom,? yielded the cis thi-

(3) Sopchik, A. E.; Bentrude, W. G. Tetrahedron Lett. 1980, 21, 4679.

(4) (a) Bouchu, D.; Dreux, J. Tetrahedron Lett. 1980, 21, 2513. (b)
Bouchu, D. Phosphorus Sulfur, 1983, 15, 33.

(5) (a) Haemers, M.; Ottinger, R.; Reisse, J.; Zimmermann, D. Tetra-
hedron Lett. 1971, 461. (b) Gorenstein D. G.; Rowell, R. J. Am. Chem.
Soc. 1979, 101, 4925. (c) Gorenstein, D. G.; Rowell, R.; Findlay, J. J. Am.
Chem. Soc. 1980, 102, 5077. (d) Taira, K.; Lai, K.; Gorenstein, D. G.
Tetrahedron 1986, 42, 229.

(6) Hermans, R. J. M,; Buck, H. M. Phosphorus Sulfur 1987, 31, 255.

(7) (a) Denney, D. Z.; Chen, G. Y.; Denney, D. B. J. Am. Chem. Soc.
1969, 91, 6838. (b) Michalski, J.; Okruszek, A.; Stec, W. J. J. Chem. Soc.
D 1970, 1495. (c) Mosbo, J. A.; Verkade, J. G. J. Am. Chem. Soc. 1973,
95, 4659.
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oxophosphorinanes 2a and 4a, respectively. The trans
isomers 2b and 4b were obtained by separation of the
cis/trans mixtures which resulted from the reaction of
sulfur with the mixture of 11a and 11b and of 12a and 12b
(Scheme I). Stereospecific removal of the methyl group
of the phosphates 1a,b and 2a,b by tert-butylamine® led
almost quantitatively to the charged compounds 10 and
9b,a, respectively.

The chlorophosphonates 5a and 5b were prepared in two
steps from the thiophosphates 9a and 9b via the inter-
mediate sulfenyl chlorides 13a and 13b according to a
method described by Michalski et al.l° Both steps pro-
ceeded with predominant retention of configuration at
phosphorus. Compound 5a was also obtained as major
product by the oxidation of the cis chlorophosphonite 14!
with NO,/N,0, (Scheme II).

Independent confirmation of the configurational as-
signment of the chlorophosphonates 5a and 5b was ob-
tained by their transformation into the methyl phosphates
1b and la, respectively. In addition, nucleophilic sub-
stitution of the chlorine atoms in 5a and 5b by di-
methylamine yielded the phosphoramidates 7b and 7a,
respectively, with complete inversion of configuration at
phosphorus. Reaction of thiophosphoryl chloride 15 with
(LRS,2SR)-2-hydroxycyclopentanemethanol (16)'2 afforded
a mixture of the thiophosphonates 6a and 6b (22/78 as
judged by 3P NMR), which could not be separated by
column chromatography. Methanolysis of this mixture at
room temperature yielded a mixture of 2b and 2a (22/78)
(Scheme III). On the basis of this result, 6a could be
assigned the cis configuration and 6b the trans configu-
ration. This assignment was confirmed by the formation
of the phosphoramidates 8b and 8a (18/82) in the reaction
of a mixture of 6a and 6b (19/81) with dimethylamine.
Equilibration of the initial mixture of 6a and 6b with a
catalytic amount of tetraethylammonium chloride in ace-
tone at room temperature resulted in the formation of a
mixture containing 6a and 6b in the ratio 76/24.

Oxidation of a mixture of (dimethylamino)phosphonites
17a (20%, dimethylamino group cis) and 17b (80%, di-
methylamino group trans) furnished a mixture of phos-
phoramidates 7a and 7b (20/80). A mixture of 7a and 7b
(23/77) was also obtained by the reaction of dimethyl-
chloroamine with a mixture of methyl phosphites 11a and
11b (40% of 11a) (Scheme IV).2 The spectral parameters
of the phosphoramidates thus obtained were identical with
those of the compounds obtained by the reaction of the
chlorophosphonates 5a and 5b with dimethylamine.

A mixture of the isomeric thiophosphoramidates 8a and
8b (20/80) was obtained by the reaction of elemental sulfur
with a mixture of 17a and 17b (20/80) (Scheme V).
Chromatographic separation of this mixture yielded the
single diastereomers which were identical with the ones
obtained by the reaction of the chloro compounds 6a and
6b with dimethylamine (Schemes III and V).

Assignment of Configuration at Phosphorus. The
assignment of the cis and trans configurations to the di-
astereomers 1a-9a and 1b-9b was made on the basis of

(8) Maryanoff, B. E.; Hutchins, R. O.; Maryanoff, C. A. Top. Stereo-
chem. 1979, 11, 187.

(9) (a) Smith, D. J.; Ogilvie, K. K.; Gillen, M. F. Tetrahedron Lett.
1980, 21, 861. (b) Sopchik, A. E.; Bentrude, W. G. Tetrahedron Lett.
1981, 22, 307.

(10) Bouchu, D.; Tardy, F.; Moreau, M.; Dreux, J.; Skowronska, A.;
Michalski, oJ. Tetrahedron Lett 1985, 26, 443.

(11 The chloro substituent in 1412 i cis according to the large Jy, p
(10.6 Hz) and small J, p coupling (5.3 Hz).

(12) Ramirez, F.; Marecek J. ¥.; Ugi, I.; Lemmen, P.; Marquarding,
D. Phosphorus 1975, 5, 73.

(13) Penney, C. L.; Belleau, B. Can. J. Chem. 1978, 56, 2396.
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Table I. Selected 'H NMR Spectral Parameters for 1a-9a, 1b-9b, and 10 at 300 MHz and 300 K°

chem shift?

coupling constants®

compd H;, Hgy, H;¢ J5a5b Jeap Jeae Jap Jons Jip
la¢ 4.20 4.46 4.32 -104 0.5 114 22.2 4.5 <0.6
2a° 4.26 4,42 4.32 -10.2 1.0 11.5 22.7 4.5 1.1
3a° 4.39 4.54 4.56 -10.3 0.5 11.5 229 4.6 <0.6
4a° 4.49 4.56 4,59 -10.2 1.2 11.5 23.5 4.5 14
5a¢ 4.42 4.67 4.52 -10.6 1.5 11.5 27.6 4.5 2.2
6a° 4.47 4.66 4,52 -10.6 2.8 11.6 28.2 4.4 3.6
7a¢ 4.03 4.39 4,22 -10.0 7.1 114 13.5 5.3 0.8
8a° 4.16 4.37 4.30 -10.1 3.6 114 19.2 4.8 1.3
9a/ 4,12 4.27 4,31 -10.3 2.5 114 24.4 4.5 3.0
1¢/ 4.01 4.25 4.17 -10.5 1.3 114 21.2 4.6 0.8
1b® 4,27 4,51 4.43 -10.2 5.7 11.6 15.6 5.3 <0.6
2be 4.29 4.46 4.44 -~10.1 4.6 11.5 20.8 4.9 2.3
3b° 4.32 4.59 4.56 -10.2 10.2 11.7 10.2 5.9 <0.6
4b® 4.39 4.60 4.55 -10.3 7.3 11.6 17.2 5.3 1.8
5b¢ 4.49 4.79 4.57 -10.1 17.5 11.9 5.4 6.5 1.6
6b® 4.52 4.81 4.69 -10.2 18.5 11.8 6.5 6.6 1.6
7b¢ 4.18 4.33 4.30 -10.4 0.9 11.5 21.7 4.6 1.2
8b* 4.25 4.31 4.41 -10.4 2.0 11.5 24.7 4.5 2.6
9b/ 4,14 4,27 4.24 -10.5 2.4 11.5 21.4 4.5 1.8
dcAMPé 1.10 1.27 1.73 -9.7 2.2 10.7 20.6 4.6 2.0

¢ Obtained by iterative fitting using the PANIC program,* unless stated otherwise. ?Proton chemical shift in parts per million downfield
from TMS as internal standard. °Coupling constants in Hz. 9 Noniterated value. ¢In acetone-ds. fIn D,0. éIn D,0 with proton chemical

shifts in parts per million downfield from TMA as internal standard.!®

their stereospecific way of synthesis (vide supra). As was
noted previously for other isomeric pairs of monocyclic and
bicyclic 1,3,2-dioxaphosphorinanes,*>® the *'P chemical
shifts of the cis isomers of 1-9 (Table III) are upfield of
those for the trans isomers except for the chlorophosphates
5a and 5b and the dimethylamino compounds 8a and 8b.

'H NMR Conformational Analysis. The '"H NMR
data of the dioxaphosphorinane part of the compounds
1a-8a and 1b—-8b (in acetone-d;) and of 9a, 9b; and 10 (in
D,0) are listed in Table I. The spectral parameters for

H;, and Hy, were obtained by iterative fitting of expansions
of the H;, and Hj, patterns of the 300-MHz 'H NMR
spectra using the PANIC program.* The chemical shift and
J, p coupling of H; are noniterated values. For comparison,
the relevant parameters of 2’-deoxy-3',5’-cyclic AMP
(dcAMP) are also given.!®

Neutral Phosphorinanes 1a-8a and 1b—8b. The di-

(14) paniC program: Copyright, Bruker Spectrospin AG, Switzerland.
(15) Lee, C.-H.; Sarma, R. H. J. Am. Chem. Soc. 1976, 98, 3541.
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oxaphosphorinane ring of the compounds 1a-6a, 7b, and
8b is readily assigned the chair conformation 18 on the
basis of the similarity of its coupling constants to those
for underivatized cyclic nucleotides, for instance dcAMP,
which unquestionably possess chair form phosphate rings.

Hy

Most diagnostic is the combination of a large Jj, p cou-
pling constant (21.7-28.2 Hz) with small J;,p and Jyp
coupling constants (0.5-3.6 Hz). The variations in J;, p
and particularly Ji, p values for the compounds 1a—6a, 7b,
and 8b, result from the dependence of these couplings on
the nature of the substituents on the phosphorus atom.16
A significant change in the conformation of the dioxa-
phosphorinane ring, resulting also in differences in the J;,p
and Jy, p couplings, can be excluded since J5, ¢ and Jgp6
are almost equal for the compounds la-6a, 7b, and 8b.
The population of a chair conformation by the cis isomers
la—6a is consistent with the strong predilection of the
electronegative methoxy (la, 2a), phenoxy (3a, 4a), and
chloro (5a, 6a) substituents for an axial position in 2-oxo-
and 2-thioxo-1,3,2-dioxaphosphorinanes.®® The relatively
large size of the dimethylamino group and its consequent
preference for an equatorial position explains the chair
conformation of 7b and 8b. The coupling constants of
1b—6b, 7a, and 8a are inconsistent with chair conformation
18. Due to the trans fusion of the dioxaphosphorinane ring
with the cyclopentane ring, the only nonchair conformation
energetically accessible to these isomers is the twist con-
formation 19. In conformation 19, dihedral angle H;,CsO,P
can be as large as 180°, leading to a large J;,p coupling
(>22 Hz) and a small J5bp coupling (~1 Hz). The Js,4
couphng in 19 will remain relatively unchanged compared
to that in the chair conformation 18. This leads to the
combination of large couplings of Hg, to both phosphorus
and Hg, which is not possible in a chair conformation. The
somewhat reduced dihedral angle H,C;HsHy;, in 19 results
in an increased Jg,¢ coupling in 19 relative to the chair
conformation 18.

Hy Yl Hy
Hgg p Hsa 0
~q-P~x - <
° _ o Y
|
H Hsp
Hg Sb Hg X
18 9

1b- 6b: ¥s0 or S, X=OCH,, OPh, Cl

3
7a~ la:Y=N(CH3)2. X=0 or §

(16) Bentrude, W. G.; Tan, H.-W. J. Am. Chem. Soc. 1973, 95, 4666.
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Table II. Mole Fraction of Twist Conformation x (T) of
Compounds 1b-6b, 7a, and 8a at 300 K

acetone-dg benzene-dg
compd %(T)® 2(T)® x(T)® %(T)®
1b 0.24 0.30 0.21 0.28
2b 0.17 0.09 0.13 0.03
3b 0.43 0.57 0.35 0.44
4b 0.27 0.28 0.17 0.12
5b 0.62 0.85 0.61 0.82
6b 0.62 0.85 0.60 0.82
Ta 0.30 0.40 0.46 0.59
8a 0.07 0.24 0.15 0.30

¢ Calculated from eq 1 and 2. ?Calculated from eq 1 and 3.

From the intermediate Jg, p and J;;,p couplings of the
compounds 1b-6b, 7a, and 8a, it is obvious that these
compounds do not entirely exist in a twist conformation.
An equilibrium between chair conformation 18 and twist
conformation 19, however, can explain the observed cou-
plings of H;, and Hy, to phosphorus. The mole fraction
of 19 can be calculated by using eq 1-3, where J;, p(obsd)

2(T) + x(C) = 1 1)
Jse,p(0bsd) = x(T)J5, p(T) + x(C)J5,p(C) (2)
Isp,p(0bsd) = 2(T)J5, p(T) + x(C)eJ5,p(C) (3)

and Jy, p(obsd) are the observed coupling constants for Hs,
and H;;, and phosphorus in Table L. 5, p(T) and Jy,2(T)
are the phosphorus—proton coupling constants to HSa and
H;;, in the twist conformation 19, respectively J5,p(C) and
J5,p(C) are the J5, p and Jy, p couplings in the chair con-
formation 18. x(T) and x(C) are mole fractions of twist
and chair conformation, respectively. The J5,p(C) and
I p(C) couplmgs of the chair conformation of 1b—6b, 7a,
and 8a are given the values of J5ep and Jsb p found for thelr
epimers la—6a, 7b, 8b, which are also in a chair confor-
mation (the phosphorus configuration has little effect on
these couplings in 2-oxo- and 2-thioxo-1,3,2-dioxaphos-
phorinanes®). The J;,p(T) and Jg, p(T) couplmgs of the
twist conformations of 1b-6b, 7a, and 8a are assumed to
be equal to the respective J5b’p and J;, p couplings of their
diastereomeric counterparts. The assumption seems rea-
sonable since dihedral angles H;,C;0,P and H;,C;O,P in
the twist conformation 19 are about 180° and 60°, re-
spectively. (Compare the values of 60° and 180° for di-
hedral angles H,,C;0,P and H,C;0,P, respectively, in the
chair conformation of 1a~6a, 7b, and 8b). The results of
the calculations are listed in Table II.

As can be seen, the mole fractions calculated from
J5e,p(0bsd) (using eq 1 and 2) and from Jg, p(obsd) (using
eq 1 and 3) show for several compounds a large difference.
This results from the fact that the sum of the J;,p and J5,p
couplings is different for the cis and trans isomers in these
cases. Although an exact analysis of the results in Table
II is hampered by the noted differences several conclusions
can be drawn. Thus, the mole fraction of twist increases
upon going from the methoxy to the phenoxy to the chloro
derivatives in the oxo and thioxo compounds. This in-
crease is consistent with the increasing electronegativity
and consequent increasing preference of these substituents
for the pseudo-axial position in the twist conformation.
Furthermore, replacement of the doubly bonded oxygen
atom by sulfur results in a considerable decrease in the
twist population for the compounds 1b—4b, 7a, and 8a. In
case of the chloro compounds 5b and 6b, however, sub-
stitution of oxygen by sulfur has no effect. The mole
fraction of twist populated by 7a is substantially smaller
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Table II1. 3P NMR Chemical Shifts for 1a-9a, 1b-9b, and 10 at 81.0 MHz and 300 K°

b ¢
isomer isomer
compd a b Ala-b) a b Afa-b)
1 -0.1 1.6 -1.7 -5.0 ~2.8 -2.2
2 69.1 72.1 -3.0 63.8 68.0 -4.2
3 -7.2 -5.5 -1.7 -12.6 -10.0 -2.6
4 61.0 65.1 —4.1 55.4 61.2 ~-5.8
5 2.7 2.0 0.7 -2.0 -2.5 0.5
6 64.9 65.9 -1.0 58.2 60.3 -2.1
7 11.4 12.9 -1.5 6.0 8.2 -2.2
8 79.6 79.0 0.6 74.2 74.5 -0.3
9 54.1¢ 56.9¢ -2.8
10 0.8¢

In parts per million with 85% H,PO, as external standard. ®In acetone-dg. ©In benzene-dg. ¢In D,0.
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than the value of 0.64 reported for the cyclic nucleotide
analogue 20 in acetone-dg.?
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T
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The difference in twist population between 7a and 20
may be the result of the replacement of thymidine in 20
by a cyclopentane ring in 7a. However, further information
on the twist populations of the thymidine analogues of
1b—6b is necessary in order to support this conclusion. In
order to obtain information about a solvent dependence
of the conformations of the phosphorus containing ring,
the compounds 1a—8a and 1b—8b were also measured in
the apolar benzene-dg.!” For the cis compounds 1a—6a and
the trans compounds 7b and 8b, no differences are ob-
served between the couplings in both solvents. In contrast,
the J5,p and Jy, p couplings of some of their diastereomers
change significantly. The mole fractions of twist calculated
from these couplings are given in Table II. As can be seen,
the compounds 1b—6b populate the twist form to a lesser
extent in benzene-dg. By contrast, the mole fraction of the
dimethylamino derivatives 7a and 8a is strongly increased.

(17) Hermans, R. J. M,; Buck, H. M,, unpublished results.

\

72 (CH:’)ZNCI
na,nb
-b (e”

Both observations are consistent with twist 19 being the
more polar form in case of 1b-6b and chair 18 being the
more polar form for 7a and 8a.® In addition, the noted
effect of solvent change upon the chair = twist equilibrium
is parallel to what is reported for compound 20 (mole
fraction in toluene-ds is 0.75)° and other bicyclic dioxa-
phosphorinanes.®

Charged Compounds 9a, 9b, and 10. Natural cyclic
nucleotides bear a negative charge on the phosphate group.
In order to assess the effect of a negatively charged
phosphate group on the dioxaphosphorinane ring confor-
mation, the compounds 9a, 9b, and 10 were synthesized
and measured in D,O. In phosphate 10 the negative charge
is delocalized between the two exocyclic oxygen atoms. In
the compounds 9a and 9b, however, the negative charge
is localized on the axial (9a) or equatorial sulfur atom (9b)
as can be inferred from recent *'P NMR investigations on
0,0-dialkyl phosphorothioates.’®* The couplings of 9a, 9b,
and 10 (Table I) are clearly indicative of a chair confor-
mation. The preference for this conformation results from
the introduction of the negative charge and is independent
of the exact position of this charge. The diastereomeric
forms of adenosine 3’,5’-cyclic monophosphorothioate,
(Sp)-cAMPS and (Rp)-cAMPS, have been shown respec-
tively to mimic and to inhibit activation of protein kinase
type I and II by cAMP 2ab

“’b °"b b
Rp-cAMPS cAMP

Sp-cAMPS

Regarding the results obtained for the compounds 9a,
9b, and 10, which closely resemble (Sp)-cAMPS, (Rp)-

(18) (a) Iyengar, R.; Eckstein, F.; Frey, P. A, J. Am. Chem. Soc. 1984,
106, 8309. (b) Frey, P. A.; Sammons, R. D. Science (Washington, D.C.)
1985, 228, 541. (c) Frey, P. A.; Reimschiissel, W.; Paneth, P. J. Am.
Chem. Soc. 1986, 108, 1720.
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cAMPS, and cAMP, respectively, it seems likely that the
difference in biological activity is not due to a different
conformation of the phosphate rings of these nucleotides
if bound to the enzyme.

3P Measurements. The 3'P chemical shifts of the
compounds 1a-8a and 1b-8b in acetone-dg and in ben-
zene-dg and of 9a, 9b, and 10 in D,O are listed in Table
III. In addition, the difference in chemical shift for each
pair of epimers 1a-8a and 1b-8b in acetone-dg and in
benzene-d; is given.

Findlay et al.,’ used the 3'P chemical shift difference
between the epimers of a number of 3-(aryloxy)-trans-
2,4-dioxa-3-0x0-3-phosphabicyclo[4.4.0]decanes to calculate
the percentage of twist conformation populated by the
trans isomers in several solvents. According to his results,
a greater chemical shift difference corresponded with a
smaller percentage of twist population. The results in
Tables II and III show that the increased chemical shift
differences for the compounds 1la-4a and 1b—-4b in ben-
zene-dg relative to acetone-dg are in agreement with a
decreased twist population in benzene-ds. Furthermore,
the almost identical shift differences of the chloro-
phosphonates 5a and 5b in acetone-d; and benzene-dg are
consistent with the equal twist populations in both sol-
vents. According to Table II, one would expect the same
difference in chemical shift for 6a and 6b as was found for
5a and 5b. In this case, however, a quite large chemical
difference is observed in benzene-dg. The results for 7a
and 7b are contrary to what is expected, since an increase
in twist population is accompanied with a larger chemical
shift difference. In addition, the chemical shift difference
between 8a and 8b in both solvents is very small, although
the twist population of 8a is very low. These observations
clearly show that one must be cautious in assessment of
twist populations solely from the observed chemical shift
differences.

Conclusions

It is shown that the conformation of the dioxaphos-
phorinane ring of the bicyclic phosphates 1a,-9a, 1b-9b,
and 10, which are simple model compounds for cyclic
nucleotides, is determined by the nature and the spatial
arrangement of the exocyclic substituents on the phos-
phorus atom. Thus, the cis isomers 1a-6a and the trans
isomers 7b and 8b populate a chair conformation. Their
epimers 1b—6b and 7a and 8a, however, exist as an equi-
librium between a chair and twist conformation. The
percentage of twist is solvent-sensitive. Introduction of
a negatively charged phosphate group (compounds 9a, 9b,
and 10) results in a preference for a chair conformation.

Note Added in Proof. The results of a recent 'H NMR
investigation'® on the conformation of the phosphate ring
of the diastereomeric cis and trans forms of thymidine
phenyl cyclic 3’,5-monophosphate triesters closely resem-
ble those found in the present study for 3a,b.

Experimental Section

All solvents and materials were reagent grade and were used
as received or purified as required. All reactions involving
phosphorus compounds were routinely run under an atmosphere
of dry nitrogen. 'H NMR spectra were run in the FT mode on
a Bruker CXP-300 spectrometer at 300.1 MHz, 32K data base,
3000 Hz SW, and a 5.47-s acquisition time. Coupling constants
were taken from expansions of the Hy, and Hy, patterns and
iteratively analyzed with the PANIC program.!* 13C NMR spectra

(19) Nelson, K. A.; Bentrude, W. G.; Setzer, W. N.; Hutchinson, J. P.
J. Am, Chem. Soc. 1987, 109, 4058.
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were recorded on a Bruker AC-200 at 50.3 MHz. Chemical shifts
in parts per million for ‘H and '*C are referenced to TMS for
acetone-dg and benzene-dg and the sodium salt of 3-(trimethyl-
silyl)propanesulfonic acid (DSS) for D;0. 3'P spectra were run
on a Bruker AC-200 spectrometer at 81.0 MHz. Positive 3P
chemical shifts are in § (parts per million) downfield from external
85% H,;P0O,. Melting points are uncorrected. Column chroma-
tography was performed by using silica gel (type 60 Merck) as
the stationary phase. TLC was performed on silica gel 60 F-254
(Merck). Detection was effected by exposure to iodine vapor.
The syntheses of the diol 16 and compounds 11a,b, 12a,b, and
14 have been described before.®
38-Methoxy-trans-2,4-dioxa-3a-0x0-3-phosphabicyclo-
[4.3.0]nonane (la). A solution of NO,/N,04 in CH,Cl, (1 g/40
mL) was added dropwise to a stirred solution of methyl phosphite
11a (200 mg, 1.14 mmol) in 15 mL of methylene chloride at —78
°C until a faint greenish blue color appeared in the solution (TLC
(hexane/ether, 5/4) indicated that no starting material remained).
The mixture was allowed to come to room temperature. Evap-
oration of the methylene chloride yielded 220 mg (1.14 mmol,
100%) of 1a as a colorless oil: 3'P NMR (acetone-dg) § —0.1; ‘H
NMR (acetone-dg) 6 1.18-2.36 (m, 7 H, Hg, Hy,, Hy,, Hg,, Hgy, Hy,,
Hgy), 3.78 (d, 3 H, OCHy), J = 11.1 Hz), 4.17-4.25 (m, 1 H, H;,),
4.28-4.39 (m, 1 H, H,), 442-4.54 (m, 1 H, Hy); *C NMR
(benzene-dg) 6 19.3 (C;, J = 1.0 Hz), 21.0 (Cq, J = 1.0 Hz), 29.2
(Cy, J = 8.1 Hz), 42.4 (Cq, J = 5.6 Hz), 53.7 (OCHj,, J = 5.8 Hz),
73.3 (Cg, J = 7.2 Hz), 84.7 (Cy, J = 6.0 Hz).
38-Methoxy-trans-2,4-dioxa-3a-oxo- and 3a-Methoxy-
trans-2,4-dioxa-38-0xo0-3-phosphabicyclo[4.3.0]nonanes (la
and 1b). NO,/N,0; oxidation of a mixture of 11a and 11b (60/40)
according to the procedure described for the synthesis of la
afforded a mixture of la and 1lb (60/40) as a yellowish oil.
Separation of the epimers by column chromatography was not
successful. 1b: 3P NMR (acetone-dg) 6 1.6; 'TH NMR (acetone-dg)
5 1.10-2.42 (m’ 7H, Hﬁv H7a’ H7b: HSar HSb, H.‘)a, HQ:)’ 3.74 (d, 3
H, OCH,, J = 11.5 Hz), 4.23-4.31 (m, 1 H, Hy,), 4.48-4.56 (m, 2
H, H;, Hy,); 3C NMR (benzene-dg) § 19.5 (C;, J = 1.0 Hz), 21.8
(Cgq, J = 0.8 Hz), 29.4 (Cy, J = 7.7 Hz), 42.1 (C¢, J = 6.7 Hz), 55.1
(OCHg, J = 6.6 Hz), 73.5 (C;, J = 6.3 Hz), 83.9 (C,, J = 4.9 Hz).
38-Methoxy-trans-2,4-dioxa-3a-thioxo-3-phosphabicyclo-
[4.3.0Jnonane (2a). A solution of 500 mg (2.84 mmol) of phos-
phite 11a and 91 mg (2.84 mmol) of elemental sulfur in 5 mL of
benzene was heated under reflux until TLC (hexane/ether, 5/4)
indicated that the reaction was completed. The solvent was
removed under reduced pressure. Column chromatography of
the resulting crude product with hexane/ether (5/4) as eluent
afforded 220 mg (1.1 mmol, 37%) of 2a, which solidified upon
standing: mp 53.2-54.2 °C. Anal. Caled for C;H,30,PS: C, 40.38;
H, 6.29. Found: C, 40.49; H, 5.99. P NMR (acetone-dg) § 69.1;
'H NMR (acetone-dg) 6 1.19-2.29 (m, 7 H, Hg, Hy,, Hy,, Hg,, Hagp,
Hg,, Hyp), 3.72 (d, 3 H, OCHg, J = 13.4 Hz), 4.21-4.49 (m, 3 H,
H,, H,, Hy); °C NMR (benzene-dg) § 18.7 (C;, J = 0.8 Hz), 21.5
(Cq, J = 1.4 Hz), 29.3 (Cy, J = 7.5 Hz), 42.0 (Cq, J = 6.0 Hz), 53.5
(OCH,, J = 4.8 Hz), 72.8 (C;, J = 10.3 Hz), 82.6 (C;, J = 8.3 Hz).
38-Methoxy-trans-2,4-dioxa-3a-thioxo- and 3a-Methoxy-
trans-2,4-dioxa-38-thioxo-3-phosphabicyclo[4.3.0]nonanes
(2a and 2b). (a) Reaction of Sulfur with Phosphites 11a and
11b. A mixture of 11a and 11b (60/40, 500 mg, 2.84 mmol) was
dissolved in 5 mL of dry benzene. To this solution was added
91 mg (2.84 mmol) of elemental sulfur. The resulting mixture
was heated under reflux until TLC (hexane/ether, 5/4) indicated
that all starting material had been converted. Evaporation of the
solvent afforded 630 mg of crude product containing 2a and 2b
(58/42), which was separated over silica gel with hexane/ether
(5/4) as eluent. In order of elution, 2b (250 mg, 1.20 mmol, 42%)
and 2a (180 mg, 0.86 mmol, 31%) were obtained. 2b: colorless
liquid. Anal. Caled for C;H;30;PS: C, 40.38; H, 6.29. Found:
C, 40.64; H, 6.29. °'P NMR (acetone-dg) 6 72.1; 'H NMR (ace-
tone-ds) 6 1.21-2.35 (m, 7 H, Hs, H7m H7bs HSa’ HBb’ H9a’ Hgb), 3.80
(d, 3H, OCH,, J = 13.6 Hz), 4.24-4.33 (m, 1 H, Hy,), 4.32-4.51
(m, 2 H, H;, Hy,). 3C NMR (benzene-dg) § 19.1 (C;, J < 0.8 Hz),
21.5 (Cq, J < 0.8 Hz), 29.1 (Cy, J = 8.2 Hz), 42.9 (C;, J = 5.8 Hz),
54.6 (_OCH3, J = 5.6 Hz), 72.0 (C5, J = 6.2 Hz), 824 (C, J = 4.7
Hz).
(b) Reaction of Methanol with 6a and 6b. A mixture of 6a
and 6b (22/78, 250 mg, 1.2 mmol) was dissolved in 15 mL of



5156 J. Org. Chem., Vol. 52, No. 23, 1987

anhydrous methanol and stirred for 1 day at 25 °C. Methanol
was then evaporated. The residue was dissolved in 25 mL of
benzene. After washing with sodium carbonate, drying (Na,SO,),
and evaporation of the solvent, a mixture of 2a and 2b (78/22)
(220 mg, 1.06 mmol, 89%) was obtained. v
38-Phenoxy-trans-2,4-dioxa-3a-oxo-3-phosphabicyclo-
{4.3.0]nonane (3a). This compound was prepared by oxidation
of the phenyl phosphite 12a with NO,/N,0O, at 0 °C analogous
to the procedure described for the preparation of 1a. The crude
product was purified by column chromatography using hex-
ane/ether (1/1) as eluent. The solid product thus obtained was
recrystallized from ether: mp 104.8-105.2 °C. Anal. Calcd for
C.H1s0,P: C,56.70; H, 5.95. Found: C, 56.88; H, 5.70. *'P NMR
(acetone-dg) 8 —7.2; 'TH NMR (acetone-dg) § 1.27-2.39 (m, 7 H, H,,
H7A, H7b, HS&! Hsb, H9&7 H9b)! 4.35-4.42 (m, 1 H, HSa)’ 4.47-4.61
(m, 2 H, H;, Hy,), 7.28-7.32 (m, 5 H, Ar H); 3C NMR (benzene-d;)
6 19.3 (C,, J = 1.0 Hz), 21.0 (Cq, J = 1.1 Hz), 29.1 (Cy, J = 8.2
Hz), 424 (Cq, J = 5.5 Hz), 73.0 (C;, J = 8.1 Hz), 84.5 (C, J =
6.8 Hz), 120.1 (Ar C, J = 5.3 Hz), 124.9 (Ar C, J = 0.9 Hz), 130.0
(Ar C, J = 0.5 Hz), 151.5 (Ar C, J = 6.3 Hz).
38-Phenoxy-trans-2,4-dioxa-3a-0xo- and 3a-Phenoxy-
trans-2,4-dioxa-38-0x0-3-phosphabicyclo[4.3.0]nonanes (3a
and 3b). A mixture of 12a and 12b (50/50, 450 mg, 1.88 mmol)
was dissolved in 30 mL of methylene chloride and oxidized by
NO,/N;0, at 0 °C. Purification of the crude product by column
chromatography (eluent, chloroform) afforded 360 mg (1.42 mmol,
76%) of a mixture of 3a and 3b (55/45). This mixture melted
at 84.6-88.6 °C. Column chromatography of this mixture with
ether as eluent afforded the single diastereomers 3a and 3b. Anal.
Caled for C;,H;;0,P: C, 56.70; H, 5.95. Found for mixture: C,
56.64; H, 5.83. 3b: mp 89.2-90.2 °C; 3'P NMR (acetone-dg) & -5.5;
1H NMR (acebone-ds) 61.13-2.56 (m, 7 H, He, H7a’ H7b, Hsa, HSb!
Hg,, Hgy), 4.27-4.38 (m, 1 H, H;,), 4.52-4.65 (m, 2 H, H,, Hy),
7.19-7.54 (m, 5 H, Ar H); 1*C NMR (benzene-dy) 6 19.5 (C;, J =
1.0 Hz), 22.2 (Cg, J = 1.0 Hz), 29.5 (Cy, J = 7.4 Hz), 41.5 (C¢, J
= 8.1 Hz), 72.7 (C;, J = 7.0 Hz), 83.4 (C,, J = 5.2 Hz), 120.7 (Ar
C,J =49Hz),125.1 (Ar C,J = 1.3 Hz), 129.9 (Ar C, J = 0.9 Hz),
151.6 (Ar C, J = 7.0 Hz). Penney and Belleau'® reported a melting
point of 83-85 °C for the product obtained by the reaction of
phenyl dichlorophosphinate with diol 16. This product was
probably a mixture of 3a and 3b.
33-Phenoxy-trans-2,4-dioxa-3a-thioxo-3-phosphabicyclo-
[4.3.0lnonane (4a). Thiophosphate 4a was prepared by the
reaction of phenyl phosphite 12a with elemental sulfur according
to the procedure described for the preparation of 2a. It was
recrystallized from ether: mp 90.0-90.6 °C. Anal. Calcd for
CoH;s0,PS: C, 53.33; H, 5.59. Found: C, 53.55; H, 5.73. P
NMR (acetone-dg) 6 61.0; 'H NMR (acetone-dg) § 1.22-2.39 (m,
7 H, HG! H7ﬂ, H7bv HS&’ HBb! Hgn, Hgb), 4.44-4.64 (m, 3 H, Hl? H5a,
H;p), 7.15-7.30 (m, 5 H, Ar H); 13C NMR (benzene-dg) 6 18.7 (Cs,
J = 0.7 Hz), 21.5 (Cq, J = 1.4 Hz), 29.2 (Cy, J = 7.5 Hz), 42.0 (C,
J = 6.1 Hz), 73.7 (Cs, J = 10.7 Hz), 83.4 (C,, J = 8.6 Hz), 120.8
(Ar C, J = 5.3 Hz), 125.1 (Ar C, J = 1.5 Hz), 1299 (Ar C, J =
1.0 Hz), 151.6 (Ar C, J = 6.6 Hz).
3a-Phenoxy-trans-2,4-dioxa-38-thioxo-3-phosphabicyclo-
[4.3.0lnonane (4b). This compound was obtained by chroma-
tographic separation (eluent, hexane/ether, 3/1) of the reaction
product of the reaction of 400 mg (1.68 mmol) of a mixture of
12a and 12b (50/50) with 50 mg of elemental sulfur in benzene
at 10 °C. In order of elution, 4a {140 mg, 0.52 mmol, 30%) and
4b (150 mg, 0.56 mmol, 33%) were obtained. 4b: mp 96.6-97.6
°C. Anal. Caled for C,H;503PS: C, 53.33; H, 5.59. Found: C,
53.68; H, 5.70. 3'P NMR (acetone-dg) 4 65.1; 'H NMR (acetone-dg)
6 1.24-2.48 (m, 7 H, Hg, Hy,, Hyy, Hg,, Hay, Hog, Hop), 4.34-4.44
(m, 1 H, Hs,), 4.49-4.66 (m, 2 H, H,, Hy}), 7.12-7.48 (m, 5 H, Ar
H); ¥C NMR (benzene-dg) 8 19.0 (C;, J = 0.9 Hz), 21.7 (Cq, J =
1.1 Hz), 28.2 (C,, J = 8.0 Hz), 42.5 (Cg, J = 6.7 Hz), 72.6 (C;, J
= 6.9 Hz), 82.7.(C,, J = 5.2 Hz), 121.7 (Ar C, J = 4.9 Hz), 125.5
(Ar C,J = 2.0 Hz), 129.8 (Ar C, J = 1.6 Hz), 151.3 (Ar C, J =
7.8 Hz).
38-Chloro-trans-2,4-dioxa-3a-0x0-3-phosphabicyclo-
[4.3.0Jnonane (5a). (a) From Thiophosphate 9a according
to the Procedure Described by Michalski et al.!° Sulfuryl
chloride (94.5 mg, 0.70 mmol) in 2 mL of deuteriated methylene
chloride was added to a stirred suspension of 198 mg (0.70 mmol)
of 9a in 3 mL of CD,Cl, at =20 °C. After the addition was
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completed, the solution was clear. 3'P NMR showed that all
phosphate 9a had been converted to a mixture of two compounds
with dsip signals at 12.7 and 15.4 ppm in the ratio 69/31. This
mixture was cooled to —78 °C, and 89.6 mg (0.70 mmol) of
phosphorus trichloride in 2 mL of CD,Cl; was added dropwise.
After the addition was finished, the solution was brought to room
temperature and filtered. The methylene chloride was evaporated
and the residue triturated with ether and then filtered. The ether
was evaporated to give 90 mg of a brown, viscous liquid. 3'P NMR
of this liquid indicated the presence of chlorophosphonate 5a
(major compound) and minor amounts of 5b and 6a and other
phosphates. 5a: *'P NMR (acetone-dg) § 2.7; 'H NMR (ace-
tone-ds) 6 1.15-2.50 (m, i H, H81 H7a’ H7b7 HS&) Hsb, Hga, Hgb),
4.35-4.78 (m, 3 H, H;, H;,, Hg); 1°C NMR (acetone-dg) 6 19.7 (C,,
J = 1.1 Hz), 21.4 (Cy, J = 1.2 Hz), 29.3 (Cy, J = 9.0 Hz), 43.2 (C,,
J = 5.7 Hz), 75.5 (Cg, J = 8.8 Hz), 86.4 (C;, J = 7.3 Hz).

(b) By Oxidation of Chlorophosphonite 14. Oxidation of
chlorophosphonite 14 with NO,/N,0, according to the method
described by Ramirez et al.!® furnished an oil consisting of 5a and
varying amounts of 5b (up to 30%) and acyclic compounds.

3a-Chloro-trans-2,4-dioxa-38-0x0-3-phosphabicyclo-
[4.3.0]nonane (5b). The preparation of this compound from 9b
is analogous to that described for its stereomer 5a. In this case
reaction of sulfuryl chloride with 9b yielded two compounds with
dsip signals at 18.1 and 17.2 ppm in the ratio 70/30. Chloro-
phosphonate 5b was obtained as a very viscous oil contaminated
with small amounts of 5a and 6b and other phosphates. 5b: P
NMR (acetone-dg) § 2.0; 'H NMR (acetone-dg) 6 1.18-2.94 (m,
7 H, Hg, Hy,, Hyy,, Hgo, Hap, Hgoy Hgp), 4.41-4.62 (m, 2 H, H,, H,),
4,75-7.83 (m, 1 H, Hy,); 1*C NMR (acetone-dg) 6 20.2 (C;,J = 1.0
Hz), 23.8 (Cg, J = 1.3 Hz), 30.2 (Cy, J = 6.6 Hz), 40.3 (Cq, J =
13.5 Hz), 76.1 (C;, J = 8.9 Hz), 86.9 (C{, J = 7.1 Hz).

38-Chloro -trans-2,4-dioxa-3a-thioxo- and 3a-Chloro-
trans-2,4-dioxa-38-thioxo-3-phosphabicyclo[4.3.0]nonanes
(6a and 6b). A solution of 2.55 g (22.0 mmol) of diol 16 and 3.48
g (44.0 minol) of dry pyridine in 50 mL of dry toluene was added
dropwise to a stirred solution of 8.73 g (22.0 mmol) of thio-
phosphoryl chloride in 100 mL of toluene held at 40 °C. After
the addition was completed, the mixture was stirred for 2.5 h at
40 °C. The pyridine-HCl salt was filtered off and the organic
phase washed twice with 15 mL of water. After drying on calcium
chloride, toluene was evaporated to give a viscous oil. 3P NMR
showed the presence of three compounds: 6a (13%), 6b (47%),
and a compound with dsip 63.9 (40%). The isomers 6a and 6b
were obtained as a mixture (22/78) by column chromatography
using hexane/ether (5/4) as eluent. Stirring a solution of this
mixture in acetone in the presence of a catalytic amount of tet-
raethylammonium chloride resulted in the formation of a 76/24
mixture of 6a and 6b and a compound with dsip 67.6. The latter
could be removed by column chromatography using hexane/ether
(5/4) as eluent. 6a: *'P NMR (acetone-dg) 6 64.9; 'H NMR
(acetone-de) 4 1.32-2.45 (m, 7 H, HB, H7a, H’]b, Hsa, Hsb, Hga, HQb)’
4.43-4.58 (m, 2 H, H;, H;,), 4.59-4.74 (m, 1 H, Hy); *C NMR
(acetone-dg) 6 19.1 (C,, J = 1.0 Hz), 22.0 (Cq, J = 1.5 Hz), 29.5
(Cy, J = 8.4 Hz), 43.1 (Cq, J = 6.1 Hz), 76.3 (C;5, J = 11.5 Hz),
85.7 (Cy, J = 9.0 Hz). 6b: 3'P NMR (acetone-dg) 6 65.9; 'H NMR
(acetone'da) 6 1.00-2.36 (m, 7 H, He, H7B’ H7b, HS&! th, H9&’ Hgb),
4.44-4.58 (m, 1 H, H;,), 4.63-4.74 (m, 1 H, H,), 4.76-4.85 (m, 1
H, Hy,); 3C NMR (acetone-dg) 6 19.7 (C,, J = 0.7 Hz), 24.4 (Cq,
J = 1.4 Hz), 30.2 (Cy, J = 5.7 Hz), 40.3 (Cg, J = 14.6 Hz), 77.0
(Cs, J = 11.3 Hz), 85.8 (C, J = 8.6 Hz).

38- and 3a-(Dimethylamino)-trans-2,4-dioxa-3-phospha-
bicyclo[4.3.0]nonanes (17a and 17b). Diol 16 (3.48 g, 30 mmol)
and 0.05 equiv of 1H-tetrazole were dissolved in 200 mL of dry
dioxane. To this solution was added dropwise 4.90 g (30 mmol)
of tris(dimethylamino)phosphine at room temperature. After the
addition was completed, the mixture was stirred for 2 h at 70 °C.
The dioxane was evaporated, and the resulting crude mixture was
fractionated to give 3.34 g (17.1 mmol, 57%) of a mixture of 17a
and 17b (20/80): bp 60-62 °C (0.34 mm) [lit.'? bp 51-52 °C (0.1
mm)]; 1P NMR (acetone-dg) 6 137.3 (17a) and 144.7 (17h).

38-(Dimethylamino)-trans-2,4-dioxa-3a-0xo- and 3a-(Di-
methylamino)-trans-2,4-dioxa-38-oxo-3-phosphabicyclo-
[4.3.0]nonanes (7a and 7b). (a) Oxidation of a Mixture of
17a and 17b with NO,/N,0,. A solution of NOy/N,0;, in
methylene chloride (1 g/40 mL) was added to a stirred solution
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of 350 mg of 17a and 17b (20/80) in 15 mL of methylene chloride
at —78 °C until a blue color appeared in the solution. Evaporation
of the solvent furnished a mixture of 7a and 7b (20/80). Attempts
to separate this mixture by column chromatography were not
successful. 7a: 3P NMR (acetone-dy) & 11.4; 'H NMR (acetone-dg)
5 1.10-2.40 (m, 7 H, Hy, Hy,, Hr, He., Hgy, Hoo, Hop), 2.60 (d, 6
H, N(CHjy),, J = 10.8 Hz), 3.98-4.08 (m, 1 H, H;,), 4.21-4.44 (m,
2 H, H;, Hy); 3C NMR (benzene-dg) 8 19.8 (C,, J = 0.7 Hz), 23.0
(Cg, J < 0.7 Hz), 30.0 (Cy, J = 6.3 Hz), 36.3 (N(CHy)y, J = 3.3
Hz), 41.8 (C4, J = 10.1 Hz), 71.6 (C5, J = 7.2 Hz), 83.4 (C;, J =
6.0 Hz). 7b: 3P NMR (acetone-dg) § 12.9; 'H NMR (acetone-d;)
6 1.10-2.19 (m, 7 H, Hs, H7a, H7b7 st Hgb, HQE! Hgb), 2.66 (d, 6
H, N(CHjy),, J = 10.1 Hz), 4.14-4.22 (m, 1 H, H;,), 4.25-4.39 (m,
2 H, H,, Hy); ®*C NMR (benzene-dg) & 19.5 (C;, J = 0.8 Hz), 21.5
(Cg, J = 0.9 Hz), 29.6 Hz (C,, J =8.2 Hz), 36.1 (N(CHy), J = 4.7
Hz), 43.0 (Cg, J = 4.0 Hz), 71.1 (Cs, J = 6.2 Hz), 81.6 (Cy, J =
4.5 Hz).

(b) Reaction of Dimethylchloroamine with 11a and 11b.
Addition of 230 mg (2.8 mmol) of dimethylchloroamine to a stirred
solution of 500 mg (2.8 mmol) of 11a and 11b (40/60) in 5 mL
of CD,Cl, at —78 °C resulted in the formation of a mixture of 7a
and 7b (23/77).

(¢) Reaction of Dimethylamine with Chlorophosphonates
5a and 5b. Dimethylamine was bubbled through a solution of
5a and 5b (73/27) in CD,Cl, held at 0 °C. After 1 h 'P NMR
showed that all chlorophosphonate had been converted to a
mixture of 7a and 7b in the ratio 25/75. The methylene chloride
was then evaporated and the residue triturated with ether then
filtered. The filtrate was evaporated to yield a viscous oil.

38-(Dimethylamino)-trans-2,4-dioxa-3a-thioxo- and 3a-
(Dimethylamino)-trans-2,4-dioxa-38-thioxo-3-phosphabicy-
clo[4.3.0]nonanes (8a and 8b). (a) By Reaction of Amino-
phosphonites 17a and 17b with Sulfur. Elemental sulfur (59.0
mg, 1.85 mmol) was added in portions to a stirred solution of 350
mg (1.85 mmol) of 17a and 17b (20/80) in 2 mL of benzene at
5-10 °C. After the addition was completed, the mixture was
stirred for 24 h at room temperature. Evaporation of the solvent
yielded 360 mg of a mixture of 8a and 8b. Chromatographic
separation of this mixture afforded in order of elution 290 mg
(1.31 mmol, 71%) of 8b and 70 mg (0.32 mmol, 17%) of 8a. 8a:
mp 77.8-79.0 °C. Anal. Caled for CgH;(NO,PS: C, 43.43; H, 7.29;
N, 6.33. Found: C,43.41; H,6.94; N, 6.12. P NMR (acetone-dg)
6 79.6; TH NMR (acetone-dg) § 1.12-2.34 (m, 7 H, Hg, Hy,, Hypp,
Hag,, Hey, Hog, Hyy), 2,51 (d, 6 H, N(CH,),, J = 13.3 Hz), 4.12-4.21
(m, 1 H, Hy,), 4.24-4.42 (m, 2 H, H;, Hy); °C NMR (benzene-dy)
6189 (C;, J < 0.8 Hz), 22.2 (Cg, J = 1.3 Hz), 29.5 (Cy, J = 6.7
Hz), 36.6 (N(CHy),, J = 2.5 Hz), 41.8 (Cg, J = 7.6 Hz), 72.0 (C;,
J =9.6 Hz), 82.5 (C,, J = 8.1 Hz). 8b: mp 79.4-81.0 °C. Found:
C,43.69; H, 6.87; N, 6.38. 3'P NMR (acetone-dg) & 79.0; 'TH NMR
(acetone-ds) 6 1.18-2.19 (m, 7 H, Hs, H7a, H7b! HSB’ HSb! Hga, Hgb),
2.80 (d, 6 H, N(CHy),, J = 11.5 Hz), 4.20-4.46 (m, 3 H, H,, H,,,
Hgy); °C NMR (benzene-dg) 6 19.1 (C;, J = 0.8 Hz), 21.3 (Cg, J
= 0.9 Hz), 29.2 (Cy, J = 8.5 Hz), 36.5 (N(CH),, J = 5.7 Hz), 43.2
(Ce, J = 4.3 Hz), 70.8 (C;, J = 6.0 Hz), 81.5 (C,, J = 4.7 Hz).

(b) By Reaction of Dimethylamine with Chloro-
phosphonates 6a and 6b. Dimethylamine (45 mg) in 1 mL of

J. Org. Chem., Vol. 52, No. 23, 1987 5157

C¢Dg was added to a solution of 210 mg (0.98 mmol) of 6a and
6b (19/81) in 1 mL of benzene at 10 °C. After the addition was
completed, the dimethylamine-HCl salt was removed by filtration.
3P NMR of the filtrate showed the presence of 8a and 8b (82/18).
38-Thioxo-trans-2,4-dioxa-3a-0x0-3-phosphabicyclo-
[4.3.0]Jnonane N-Methyl-tert-butylammonium Salt (9a). A
solution of 110 mg (0.53 mmol) of 2b in 5 mL of tert-butylamine
was refluxed for 48 h. The excess tert-butylamine was removed
by evaporation and the resulting white solid reerystallized from
methanol/ether: yield, 147 mg (0.52 mmol, 98%); mp 213-216
°C dec. Anal. Caled for C;;Hy,NO,PS: C, 46.96; H, 8.60; N, 4.98.
Found: C, 46.28; H, 8.56; N, 4.72. 3P NMR (D,0) 4 54.1; 'H NMR
(D2O) 61.10-2.14 (my 7 H, HG’ H7a’ I-I7b’ HSas HBb’ HQas Hgb), 1.34
(s, 12 H, CHy), 4.07-4.16 (m, 1 H, Hy,), 4.20-4.37 (m, 2 H, H,, Hy);
13C NMR (D,0) 8 21.5 (C;, J < 0.7 Hz), 23.7 (Cg, J = 0.7 Hz), 29.4
((CHy)5C), 31.3 (Cq, J = 8.0 Hz), 45.7 (C¢, J = 4.5 Hz), 54.7
((CH,)3C, CH3N), 74.0 (C;, J = 6.3 Hz), 85.5 (C,, J = 5.1 Hz).
3a-Thioxo-trans-2,4-dioxa-38-0x0-3-phosphabicyclo-
[4.3.0]nonane N-Methyl-tert-butylammonium Salt (9b). This
compound was prepared from 2a according to the procedure
described for the preparation of 9a. It was recrystallized from
methanol/ether: mp 139-142 °C dec. Anal. Caled for
CuHyNO4PS: C, 46.96; H, 8.60; N, 4.98. Found: C, 46.36; H,
8.44; N, 5.23. 3P NMR (D,0) § 56.9; 'H NMR (D,0) 6 1.10-2.20
(m, 7 H, Hg, Hy,, Hy,, Hg,, Hey, Hy,, Hyy), 1.35 (s, 12 H, CHjy),
4.09-4.17 (m, 1 H, H;,), 4.18-4.34 (m, 2 H, H,, Hy,); *C NMR
(Dy0) 6 21.1 (Cy, J < 0.7 Hz), 24.1 (Cg, J = 1.1 Hz), 294 ((CHy);C),
31.8 (Cg, J = 7.0 Hz), 45.1 (Cq, J = 4.7 Hz), 54.7 ((CH3)5C, CH;N),
74.0 (Cs, J = 8.4 Hz), 84.0 (C,, J = 6.6 Hz).
38-Oxo-trans-2,4-dioxa-3a-0x0-3-phosphabicyclo[4.3.0]-
nonane N-Methyl-tert-butylammonium Salt (10). This
compound was synthesized from la and 1b by refluxing with

- tert-butylamine. It was recrystallized from methanol/ether: mp

226-228 °C dec. Anal. Caled for C;;H, NO,P: C, 49.80; H, 9.12;
N, 5.28. Found: C, 49.21; H, 8.84; N, 5.67. 3P NMR (D,0) &
0.8; 'H NMR (D,0) 5 1.00-2.18 (m, 7 H, Hy, H,, Ho, Ha., Hgy,
Hy,, Hyy), 1.36 (s, 12 H, CH,), 3.96-4.08 (m, 1 H, H,,), 4.12-4.36
(m, 2 H, H,, Hy,); 1°C NMR (D,0) 6 21.6 (C;, J = 0.8 Hz), 23.6
(Cg, J = 0.9 Hz), 29.3 ((CHy);C), 31.6 (Cg, J = 7.7 Hz), 45.6 (Cq,
J = 4.4 Hz), 54.6 ((CH,)3C, CH3N), 73.7 (C;, J = 6.1 Hz), 85.6
(Cy, J = 5.1 Hz).

Registry No. la, 109717-99-9; 1b, 109718-01-6; 2a, 109669-77-4;
2b, 109718-02-7; 3a, 109718-04-9; 3b, 109718-06-1; 4a, 109669-80-9;
4b, 109718-07-2; 5a, 109718-08-3; 5b, 109718-11-8; 6a, 109669-78-5;
6b, 109718-03-8; 7a, 109669-82-1; 7b, 109718-14-1; 8a, 109669-83-2;
8b, 109718-15-2; 9a, 109669-81-0; 9a (N-methyl-tert-butyl-
ammonium salt), 109718-16-3; 9b, 109718-10-7; 9b (N-methyl-
tert-butylammonium salt), 109784-31-8; 10 (N-methyl-tert-bu-
tylammonium salt), 109718-18-5; 11a, 109717-98-8; 11h, 109718-
00-5; 12a, 109669-79-6; 12b, 109718-05-0; 14, 109718-09-4; 16,
53229-68-8; 17a, 109718-12-9; 17b, 109718-13-0; (Sp)-cAMPS,
71774-13-5; (R,)-cAMPS, 73208-40-9.



