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ABSTRACT

1,2-O0-Cyclohexylidene- and 1,2-O-isopropylidene-a-D-glucofuranose react
with hexa-alkylphosphorous triamides to give the corresponding 3,5,6-phosphites.
Treatment of the latter compounds with chlorine and bromine affords 1,2-substituted
6-deoxy-6-halogeno-a-D-glucofuranose 3,5-phosphorohalogenidates. Replacement of
halogen at phosphorus by hydroxyl and amino groups has been investigated. Cyclic
phosphorohalogenidates isomerize in N,N-dimethylformamide. The stereochemistry
of the compounds investigated was established by using *H- and **C-n.m.r. data.

INTRODUCTION

This paper is concerned with the synthesis and stereochemiecal investigation of
a new type of sugar derivative, namely sugar phosphites, which are easily formed by
treatment of 1,2-O-cyclohexylidene-a-D-glucofuranose (1) and 1,2-O-isopropylidene-
a-D-glucofuranose (2) with hexaethylphosphorous triamide.

RESULTS AND DISCUSSION

Reaction of 1! and 2 with hexaethylphosphorous triamide proceeds smoothly
to give the corresponding crystalline phosphites 3 and 4 in yields of 80-85%. Due to
the geometry of the molecules, 3 and 4 are unreactive towards electrophilic reagents.
For example, they could not be oxidised to the respective phosphates and did not
undergo an Arbuzov reaction with alkyl halides. Treatment of 3 and 4 with chlorine
selectively opened the five-membered phosphorus-containing ring to give the cor-
responding phosphorochloridates 5 and 6. These reactions prebably do not follow
the conventional Arbuzov scheme vig a quasiphosphonium salt, but involve penta-
covalent phosphorus. This assumption is favoured by the fact that the **P-n.m.r.
spectrum of each reaction mixture at —75° contains a signal at 24.5 p.p.m. cor-
responding to pentacovalent phosphorus. This signal disappears on increasing the
temperature, with concomitant, pronounced enhancement of the intensity of the
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halogen phosphate signal. The phosphorochloridates 5 and 6 are reactive and the
phosphorus halogen is smoothly displaced by various nucleophiles. Thus, 6-bromo (7)
and 6-chioro-6-deoxy-1,2-O-isopropylidene-a-D-glucofuranose 3,5-phosphoropiperi-
didate (9), 6-chloro-1,2-0-cyclohexylidene-6-deoxy-¢-pD-glucofuranose 3,5-phosphoro-
piperididate (8) and 3,5-phosphoramidate (10), and 6-chloro-6-deoxy-1,2-O-isopro-
pylidene-a-pD-glucofuranose 3,5-phosphate (11) were prepared. Removal of the
cyclohexylidene or isopropylidene groups of 8a or ¢ with trifluoroacetic acid gave
6-chloro-6-deoxy-p-glucofuranose 3,5-phosphoropiperididate (12).
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The foregoing phosphorochloridates tended to isomerize. Thus, 5, obtained as
the stereoisomer 5a (3'P, § +8.0 p.p.m.), gave a new isomer 5b (*'P, § +17.0 p.p.m.)
on dissolution in ,N-dimethylformamide. The rate and degree of the isomerization
was concentration-dependent. In a saturated solution, isomerization was complete
within 1 h to give 5a and 5b in the ratio 1:2. In dilute solution, the transformation of
S5a into 5b was almost complete. Addition of piperidine then gave 8b, which is the
geometrical isomer of 8a. These data conﬁrm earlier results® for 2-chloro-2-oxo-
1,3,2-dioxaphosphorinanes. :

The structure and stersochemistry of _the foregoing compounds were in-
vestigated by n.m.r. spectroscopy. The resulting !3C-n.m.r. data may be of general
value in the stereochemical analysis of other carbohydrates which possess cyclic
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1H-N.m.r. spectra were sufficiently simple for first-order analysis. In order to
identify the P-H coupling constants, 'H/3'P double-resonance was used. Fig. 1
shows the 'H/?>'P mono- and double-resonance spectra of 3. The appropriate data

=
=

H-5
A pJ Y
‘.J PPM,

1 I v 1 L 1 i L 1 I 1 i
6.0 58 5.6 5.4 5.2 50 48 45 44 4.2 40

Fig. 1. Partial *H-n.m.r. spectrum (100 MHz) of 3 in chloroform solution: 4 normal spectrum;
B spectrum measured with simultaneous irradiation at the 3!P-resonance frequency.

are listed in Table I, together with that for the model compound 2,7,8-trioxa-1-
phosphabicyclof3.2.1Joctane (13), for which the six-membered ring has a chair
conformation®. A comparison of the H-H and P-H coupling constants for 3 and 13
showed agreement of the parameters for H-4,5,6,6’. Thus, the geometry of the
five-membered ring of 3 resembles that of 13. The differences in the coupling constants
involving H-3 were used to estimate the change of the conformation of the six-
membered ring in 3. Using a Karplus-like dependence of the coupling constant
3 J(POCH) on the dihedral angle®-*, a decrease of the H-3/P coupling of 3 to ~0 Hz
(¢f. 3.5 Hz in 13) demonstrates an increase in P-O-C-H-3 dihedral angle of up to 90°.
This results in an almost planar distribution of O-3, C-3, C4, and C-5 with non-
parallel C-5-O and C-3-O bonds and a twist conformation of the six-membered ring.
The H-C-C-H and H-C-O-P dihedral angles measured from Dreiding models are
in good agreement with the values found from Karplus-like dependénces and conﬁrm
the proposed twist conformation of 3.

The J, 5, J2.3, J5,4, and J, 5 values for 5a and 5b were similar to those of 3.
Thus, the geometry of the carbohydrate part of 5a and 5b was unchanged and there
is no inversion of the six-membered ring (Scheme 1, A==C); for the inverted ring,
J, s must be 10-12 Hz (ax—ax orientation). Hence, the chloromethyl group is axial
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TABLE1I

1y AND 31P2-N.M.R. DATA AND DIHEDRAL ANGLES

3 5a 5b 8a i3

] Dihedral angles H-C-C-H and H-C-O-P J ) ) 4
Dreiding model from Karplus
equation

H-1 6.07 —_ —_ 6.02 5.61 6.05 —
H-2 4.51 —_ — 4.76 4.28 4.10 —_
H-3ax 4.57 — — 5.08 445 4.10 4.21
H-deq 409 — — 4.54 3.97 447  —
H-5eq 4.82 —_— —_ 3.88 4.12 4.76 4.64
H-6 4.28 — —_ 3.88 3.62 3.80 4,32
H-6 3.91 —_ — 3.88 3.62 3.80 3.86
i,z 3.6 40° 53° 3.7 3.7 3.5 —
J23 0 100° 90° 0 0 0 —
F3axsacq 3.0 50° 57° 2.9 2.7 3.3 4.0
Taaere 0 100° 90° 6.0 1.7 5.6 3.5
Jaca,sea 2.7 80° 58e 2.9 33 3.6 2.8
Focar 1.9 — —_ 2.3 3.6 14 3.8
Tseq, 0.7 90° 93° 44 6.2 3.6 0.7
Tsear 9.8 165° 170° 8.2 125 3.6 9.6
Js.60 9.2 — — — — — 8.8
Jo.p 4.5 135° — — — — 4.4
Jer.p 1.6 100° — — _— — 1.7
Jd(3'P) -117.0 +8.0 +17.4 0.0 —

2In p.p.m. with respect to Me,Si; solutions, 10% in CHCl; (3, Sa, 8a, 13) and 10% in N,N-dimethyl-
formamide (5b). %In p.p.m. with respect to HyPOy; solutions, 10% in N,N-dimethylformamide
(5a, 5b) and 10% in CH,Cl, (3, 82); 8b 6(®1P) +10.1 p.p.m.

and the isomerization is accounted for by differences in the phosphorus moiety
(Scheme 1, A=B).

To establish the conformation of the phosphorus-containing ring, the 13C-
n.m.r. data shown in Table I were used. The signals were assigned on the basis of the
additivity of the parameters of the various substituents. Unequivocal assignment of
the signalis for 3 and 5 was performed by means of selective ! *C/'H double-resonance,
together with the use of p.m.r. data.

3J(*H-3'P) spin-coupling constants are wxdely used in conformational
analysis, in conjunction with the Karplus-like equation®'*. Likewise, we have used
3J(*3C-3*P) spin-coupling constants. A correlation with dihedral angle was first
established by using the results for 4,4,6-trimethyl-2H-2-0x0-1,3,2-dioxa-
phosphorinanes® and 4-ethyl-2,6,7-trioxa-1-o0x0-1 -phosphabicyclof2.2.2]octane®
(Tabie I, Fig. 2). On this basis, the values Jc 5 p 6.0, Jo_4p 5.8%, and Jegp 4.8 Hz

»The dihedral angle is determined by dividing the constant into two, in accordance with the number
of ways of spin-spin interaction.
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8b R = o, R"’::O

Scheme 1

correspond to the dihedral angles 145°, 55°, and 46°, respectively, which are consistent
with a chair form having the chloromethyl group axial. This resuit is confirmed by the
analysis of the Jy_3 p and Jy_s p values on the basis of the known dependence®.

The corresponding dihedral angles of 163°, 46°, and 32° for Sa indicate a
flattening of the six-membered ring at the phosphorus end, or the presence of a
conformational equilibrium between chair gnd boat forms; the boat form of
1,3,2-dioxaphosphorinanes is associated with only 1 kcal/mol more energy than that
of the chair form®. Likewise, the data for 8a and 8b reveal the similarity of the
conformations 5a and 8a, and 5b and 8b.

We have also used these constants to determine the configuration at phosphorus.
This" method has been employed to determine the configuration at phosphorus in
some isomers of 2(R)-4-methyl-1,3,2-dioxaphosphorinanes®, and reference data for
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TABLE III
DIHEDRAL ANGLE DEPENDENCE OF 2J(*3C-3'P)
] ¥ (H2) Ref. Type of atom
Q°a 12.2% 6 CH,
55.5°¢ 3.04 5 5-CH,
100°* 1.8 5 6-CH ;2>
140° ¢ 5.9 5 6-CH ;%
178°°¢ 8.9 5 4-CH3*?

“The value of the angle is determined by the symmet:y of the molecule. *The experimental value of
3J(13C-31P) is divided into three, in accordance with the number of ways of spin—spin interaction.
cX-Ray data’. 9The experimental value of 3J(*3C-31P) is divided into two, in accordance with the
number of ways of spin—spin interaction. #From Dreiding models.
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Fig. 2. Plot of coupling constants against dihedral angle.

the cis and frans isomers of 4-methyl-2-chloro-2-oxo- (14a,b) and 4-methyi-2-di-
ethylamino-2-0xo0-1,3,2-dioxaphosphorinanes (15a,b) are recorded in Table IV; the
configuration at phosphorus in these compounds has been established!®:'*, Data
are also included for the trans phosphorochloridate 16 (the product of ring-scission
of 13 by chlorine), the stereochemistry of which is determined by the route of synthesis.
Comparison of the Jc_s p value of cis- and zrans-14 with the Jc 4 p values of Sa
and 5b (Table II) reveals an identical configuration at phosphorus for the pairs
5b/trans-14 and 5a/cis-14. Comparison of the bhosphoramidates reveals an identical
configuration for the pairs 8a/cis-15 and 8b/trans-15. Hence, Sa and 8b are the cis
isomers and Sb and 8a are frans isomers. Thus, replacement of chlorine by piperidine
leads to inversion of configuration at phosphorus, which accords with the data
obtained on the mechanism of nucleophilic substitution for 2-chloro-2-oxo-1,3,2-
dioxaphosphorinanes?-1°:*? and phosphorochloridates of carbohydrates®>. .
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The comparison of *'P-chemical shifts for the isomers of 5 and 8 with those for
the model compounds 14 and 15 shows that there is a high-field shift of the resonance
signals of > 10 p.p.m., which is accompanied by a reversal of the chemical shifts for
each pair of isomers. These facts may be accounted for by non-bonded interactions
between the phosphorus atom and the substituents at positions 3 and 5. This inter-
action (y-effect) is well-known in **C-n.m.r. spectra'* and has also been observed in
31p.n.m.r. spectra'®. The reversal of chemical shifts is explained by a weaker non-
bonded interaction for 5a and 8a, in the conformation of which the boat form plays

an important role.

EXPERIMENTAL

N.m.r. spectra were determined with a Varian XL-100 instrument. Optical
rotations were measured with a Perkin-Elmer 141 polarimeter on solutions in dichloro-
methane unless stated otherwise. Melting points were determined on a Leitz micro-
scope heating-stage and are corrected. All the experiments with trivalent phosphorus
compounds were carried out under argon. T.l.c. was performed on Silica Gel L
100/250, using 4 benzene or B 3:1 benzene—p-dioxane, and detection by charring with
sulphuric acid.

1,2-O-Cyclohexylidene-a-p-glucofuranose 3,5,6-phosphite (3) — A mlxture of 1
(10.4 g) and hexaethylphosphorous triamide (9.8 g) was heated for 2h at 80-90°
with distillation of the liberated diethylamine. The mixture was then kept at 10 mmHg
for 0.5 h at the same temperature. Crystallization of the residue from tetrahydrofuran
gave 3 (9.8 g, 85%), m.p. 169-170°, [«]2° +30.5° (c 0.3, chloroform); lit.! m.p. 169-
170°.

1,2-O-Isopropylidene-a-p-glucofuranose 3,5,6-phosphite (4). — In a manner
similar to that for 1, 2 (11 g) and hexaethylphosphorous triamide (12.4 g) reacted to
give, after crystallisation from toluene, 4 (9.6 g, 81%), m.p. 155-156°, [«]3° +45°
(c0.3)*.

Anal. Calc. for CoH,306P: C, 43.5; H, 5.3; P, 12,5, Found: C, 43.8; H, 5.2;
P, 12.3.

6-Chloro-1,2-O-cyclohexylidene-6-deoxy-a-D-glucofuranose 3,5- ghosphoro -
chloridate (5a,b). — A stream of chlorine was passed at —25° through a solution of 3
(1.4 g) in dichloromethane (25 ml) until a green colour appeared. The temperature
was then slowly increased to room temperature, the mixture was stirred for 0.5 h,
the solvent was then evaporated, and the residue was crystallized from:carbon
tetrachloride to give 5a (1.6 g, 90%), m.p. 150-151°, [«]2° +36° (c 0.04).

Anal. Calc. for C,H,,CLL,O¢P: C, 40.1; H, 4.7, Cl, 19.8; P, 8.8. Found:

C,404; H, 4.7; C1, 20.0; P, 8.7.

*Editor’s footnote: S. Inokawa, K. Seo, H. Yoshida, and T. Ogata, Bull. Chem. Soc. Jap., 44 (1971)
1431, described the preparation of compound 4, m. p 155°, [adp —24.3° (V,N- dxmethylformamlde),

by a different route.
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‘When the reaction was carried out using tetrahydrofuran as sclvent and the
product was crystallised from chloroform, then 5b (20%) was obtained; m.p. 180—
181°, [al, +-42° (c 0.05).

Anal. Found: C, 40.2; H, 4.7; Cl, 19.9; P, 8.7.

6-Chloro-6-deoxy-1,2-O-isopropylidene-a-D-glucofuranose  3,5-phosphoro-
chloridate (6). — In a manner similar to that for 3, 4 (1.24 g) reacted with chlorine
to give 6 (1.4 g, 92%), m.p. 116-117°, [«]3® +32° (c 0.15).

Anal. Calc. for C,H,;CLO6P: C, 33.9; H, 4.1; Cl, 22.3; P, 9.7. Found: C, 33.7;
H,4.1; Cl, 219; P, 9.9.

6-Bromo-1,2-0-cyclohexylidene-6-deoxy~a-D-glucofuranose 3,5-phosphoro-
piperididate (T). — A solution of bromine (0.8 g) in dichloromethane (10 ml) was added
to a solution of 3 (1.44 g) in the same solvent (20 ml) at —20°, with vigorous stirring.
The temperature was slowly increased to room temperature and piperidine (0.86 g)
was added. After stirring for 1 h, the solvent was evaporated; the residue was then
washed with 0.1M HCI and water, and crystallized from carbon tetrachloride to give 7
(1.5g, 65%), m.p. 168-169°, [«]3° +42° (c 0.02); R0.06 (solvent A) and 0.65
(solvent B).

Anal. Calc. for Cy,H,,BINOP: C, 41.5; H, 59; Br, 129; N, 3.9; P, 6.7.
Found: C, 41.1; H, 5.7; Br, 12.5; N, 3.9; P, 6.8.

6-Chloro-1,2-O-cyclohexylidene -6 -deoxy -o.-D - glucofuranose 3,5-phosphoro-
piperididate (8a,b). — Freshly distilled piperidine (0.86 g) was added at 0°, with
vigorous stirring, to a solution of 5a (1.8 g) in dry tetrahydrofuran (15 ml). The
mixture was stirred for 1 h at room temperature, the solvent was then evaporated, and
tke residue was washed with 0.1 H(Cl and water, and crystallized from carbon
tetrachloride to give 8a (1.4 g, 72%), m.p. 154-155°, [«]3° +37.5° (¢ 0.02), R 0.07
(solvent 4) and 0.67 (solvent B).

Anal. Calc. for C, ;H,,CINOGP: C,49.7; H, 6.6; Cl, 8.7; N, 3.4; P, 7.6. Found:
C,49.6; H, 6.6; C1,8.8; N, 3.3; P, 7.5.

In a similar manner, 8b (1.8 g) was converted into 8b (1.3 g, 72%), m.p. 125-
126°, [oJ3° +30° (c 0.02). Addition of piperidine to a 10% solution of 5a in N,N-
dimethylformamide also gave 8b. N.m.r. data (*1P): +10.1 p.p.m.

Anal. Found: C, 49.6; H, 6.6; Ci, 8.8; N, 3.23; P, 7.5.

6-Chloro-6-deoxy-1,2-0-isopropylidene-a-D-glucofuranose  3,5-phosphoro-
piperididate (9). — In a manner similar to that described for 8a, 6 (1.24 g) gave 9
(1.5g, 75%), m.p. 138-140°, [«]2® -+32° (¢ 0.15), R 0.1 (solvent A) and 0.86
(solvent B).

Anal. Calc. for C, ,H,;CINOP: C, 45.6; H, 6.5; Cl, 10.0; N, 3.7; P, 8.4. Found:
C, 45.8; H, 6.6; Cl, 10.2; N, 3.7; P, 8.8.

6-Chloro-1,2-O-cyclohexylidenz-6-deoxy-o-D-glucofuranose 3,5-phosphoro-
amidate (10). — Gaseous ammonia was passed through a solution of § (1.8 g) in dry
tetrahydrofuran (15 ml) at 0° for 1 h. The solvent was then evaporated, and the
residue was washed with water and crystallized from carbon tetrachloride to give 10
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(1.2 g, 56%), m.p. 148-149°, [«]2° +49.5° (c 0.01), R 0.08 (solvent 4) and 0.75
D

(solvent B).

Anal. Calc. for C;,H,,CINOP: C,42.4; H,5.6; N, 4.2; P,9.1. Found: C, 41.9;
H,57;N,4.1; P, 9.2.

6-Chloro-6-deoxy-1,2-O-~isopropylidene-a-D-glucofuranose 3,5-phosphate (11). —
Water (0.02 g) was added to a solution of 6 (0.3 g) and triethylamine (0.1 g) in
tetrahydrofuran (15 ml). The mixture was boiled under reflux for 0.5h, cooled,
filtered, and then concentrated, and the residue was dried at 0.1 mmHg for 1k to
give 11 as a colourless oil (0.12 g, 65%), [¢]3° +25° (¢ 0.02).

Anal. Cale. for C,;H,,0,P: C, 53.8; H, 5.8; Ci, 18.4; P, 20.8. Found: C, 53.5;
H, 5.7; Cl, 19.0; P. 204.

6-Chloro-6-deoxy-D-glucofuranose 3,5-phosphoropiperididate (12). — A solution
of 8a (0.2 g) in 90% trifluoroacetic acid was stirred for 10 min and then concentrated
at 10 mmHg. The residue was triturated to crystallisation with dry ether to give 12
(0.15 g, 90%), [«13° +3° (¢ 0.05, N,N-dimethylformamide).

Similar treatment of 9 also gave 12.

Anal. Cale. for C,,H,,CINP: C, 31.2; H, 4.5; N, 3.3; P, 7.3. Found: C, 31.0;

H, 4.5; N, 3.3; P, 74.
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