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ABSTRACT 

5,6-Dideoxy-6-phosphono-D-arabriro-hexose, an isosteric phosphonate analogue 

of D-arabinose 5-phosphate, was synthesized in six steps from the known methyl 
5-O-triphenylmethyl-x-D-arabinofuranoside_ The key step involves pyridinium 
chlorochromate oxidation of methyl 2,3-di-O-acetyl-cc-D-arabinofuranoside to the 
5afddzydo derivative, and Wittig synthesis with (diphenyl phosphonomethylene)tri- 

phenylphosphorane. 5,6-Dideoxy-6-phosphono-D-a,-abli?o-hexose, a compound of 
interest for the study of Gram-negative lipopolysaccharide biosynthesis, is converted 
by 3-deoxyoctulosonate S-phosphate synthetase from Esclzerichia co/i K 235 into a 
material yielding a thiobarbituric acid chromophore with i,,,, 550 nm, probably 

9-phosphono-3,S,9-trideoxy-D-~~z~~~~zo-nonulosonate, an isosteric phosphonate analog 
of 3-deoxyoctulosonate S-phosphate (KDO S-phosphate). 

INTRODUCTION 

In a search for inhibitors of the biosynthesis of the Gram-negative bacterial 
lipopolysaccharide (LPS), we are studying the biosynthesis and cell-surface incorpora- 

tion of 3-deoxy-D-manno-octulosonic acid (KDO), a component present in all Gram- 
negative LPS structures investigated so far’. One step of KDO biosynthesis involves 
condensation of D-arabinose 5-phosphate with phosphoenol pyruvate, catalyzed by 
3-deoxyoctulosonate S-phosphate synthetase’ (I). The 3-deoxyoctulosonate S- 

phosphate (KDO S-phosphate) formed is dephosphorylated by a specific phosphatase3 

to give KDO (2) 

D-Ara-5-P + phosphoenol pyruvate --, KDO-S-PtPr (0 

KDO-8-P + KDO+Pi (2) 

It was expected that 5,6-dideoxy-6-phosphono-D-arabi,ro-hexose (13), an 
isosteric phosphonate analog of D-arabinose 5-phosphate, would be a substrate-of 

reaction (I) so as to produce 3,8,9-trideoxy-9-phosphono-D-l?rmalo-nonulosonic acid 

(14), which would resist dephosphorylation in step (2) and possibly inhibit dephos- 
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phorylation of the natural substrate. KDO S-phosphate. Since KDO S-phosphate is 

not a substrate of the “activ~atinp” enzyme, CMP-j-deosyoctulo~onate sgnthetasea, 

and since there appears to be an essential requirement for KDO in LPS biosynthesis5. 

it was felt that such inhibition might provide a basis for the rational design of anti- 

bacterial agents. 

The present synthesis of 13 constitutes an adaptation of :LR original phosphonate 

synthesis that Jones and Moffatt” developed for application to ribonuclcosides and 

certain pentofuranosides. In this procedure. an unprotected hydrosymcthyl group 
(at C-4 of a pentofurnnoside or C-5’ of a nucleoside) is oxidized to an aldehyde 
group. lvhich is condensed with crystalline fdiphenylpl~osphonon~eth~lene)tri- 
phenylphosphorane’ to give a vinyl phosphonate. This, upon selective hydra- 

genation of the double bond, affords the saturated phosphonic acid ester. IMethyl 
S-U-triphenylmethyl-r-D-arabinofuranoside’ (1) \‘:a~ acetylated and the rosultin~ 

compound detritylated to afford the diacctate 3 in very good yields. Oxidation 

of 3 to the uicfefz~*cfo derivative. 4, was best carried out by use of the pyridinium 
chlorochromate reagent’ in benzene solution_ Several other methods were tested, 
such as Pfitzner-MofTatt oxidation I\ ith a variety of acidic catalysts I0 and oxidations 

with silver carbonate. h-chlorobenzotriazole7 chromium trioside-on-graphite, and 

pyridinium chronutte’L, but gave inferior yields. The aldehyde 4 could not be 

isolated in the pure btate by column chromatography on silicic acid. Compound 9, a 

crystalline f _3-diphenylimidazofidine derived from 4. was obtained in 50% yield by 

the procedure used by Jones and Moffatt” for the analogms derivathe of 2’,3’-O- 
cyclohexylideneuridine: release of 4 from 9 was accompanied, however, by extensive 
losses. It was, therefore, found more convenient to utilize the pyridinium chloro- 

chromate reagent and to proceed directly to 5 as soon as the presence of maximal 
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amounts of 4 was indicated by t.1.c. The Wittig adduct 5, obtained in crystalline form. 

showed an n.m.r. spectrum in excellent agreement with the values reported by Jones 

and Moffatt6 for the correspondin g vinyl phosphonate derived from uridine, thus 
suggesting a tram geometry of the vinyl group. Even under optimal conditions, 
pyridinium chlorochromate oxidation proceeded with some elimination to give the 

u&unsaturated aldehyde 10. The correspondin, 0 Wittig adduct, 11, was chromato- 
graphically isolated and identified by n.m.r. spectroscopy (see Experimental section). 
Formation of elimination products analogous to aldehyde 10 has been reported to 

occur in Plitzner-Moffatt oxidations of appropriately protected nucIeosides ” and 
hexopyranosides’ 3; the more basic dimethyl sulfoxide-sulfur trioside-pyridine- 
triethylamine reagent was used in the latter work’ 3. Catal) tic hydrogenation of 5 with 
10% palladium-on-barium sulfate gave 6 in quantitative yield. Treatment of 6 with 
sodium benzyl alcoholate by the procedure of Jones and IMoffatt6 gave, in good 1 ield. 
the benzyl ester 7, which \\as stable on prolonged storage in a desiccator. Hence. ir 
~vas found convenient to prepare the free sugar phosphonate 13 in small batches from 
7, as required for enzyme esperiments. Catalytic hydrogenation of 7 over palladium 
oxide in methanol yielded the unstable phosphonic acid 8, which could be converted 
into its ammonium salt, but for practical purposes \vas immediately hydrolyzed to 

CTive the free sugar phosphonic acid 12. This was immediately converted into its 
Sisodium salt (13). and then stored in small aliquots at - 20’. The * H-n.m.r. spectrum 
of 13 gave little information on the structure, but the specific rotation and the 

behavior on electrophoresis. t.1.c.. toward silver nitrate reagents, and as substrate of 
3-deoxgoctuiosonate S-phosphate synthotase from E w/i K 235 (see Esperimcntal 
section) are closely similar to those of the commercially available disodium D- 
arabinose 5-phosphate. 

The formation of a compound reacrin g with thiobarbituric acid, probably free 
KDO. from phosphoenol pyruvate and increasin, 0 concentrations of n-arabinose 

Fig. 1. Absorbance at 550 nm, obtained in the standard ?-deosyoctulosonate S-phosphate synthct.lsr 
xsay of Ghalambor anti Heath’, L’S. ifI of substrate solution used; 0. o-arabinow 5-disodium 
phosph.tte (lOm>l); 0. 13 (39mxr. IOmv. and 3mu). 
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5-phosphate, catalyzed by 3-deoxyoctulosonate S-phosphate synthetase, is shown in 
Fig_ 1 (open circles)_ The product formation increases steadily with increasing con- 

centrations of D-arabinose 5-phosphate. By contrast, increasing concentrations of 13 
under identical conditions gave rise to a limited formation of a compound reacting 

with thiobarbituric acid, probably 3,8,9-trideoxy-9-phosphono-D-17ranno-nonulo- 

sonate (14, closed circles in Fig. I)_ When 13 was the substrate, the initial rates were 

high, whereas a certain concentration of product seems to inhibit the reaction. As the 

3-deoxyoctulosonate S-phosphate synthetase present in the crude extracts used in 
this study is usually associated with 3-deoxyoctulosonate S-phosphate phosphatase3, 

it is probable that the enzymically produced KDO S-phosphate was immediately 

dephosphorylated into KDO. Therefore, increasing concentrations of KDO were 
observed rather than of KDO S-phosphate when D-arabinose 5-phosphate was the 
substrate (open circles in Fi,o. 1). With 13 as substrate, the enzymic synthesis of 14. 

lvhich is resistant to the physiological dephosphorylation mechanism. is expected and 

conceivably, the curves (closed circles in Fig. 1) represent the inhibition by 14 of 
product formation by 3-deoxyoctulosonate S-phosphate synthetase. Previous experi- 
ments ‘A have sho\vn that product inhibition by KDO S-phosphate can be observed 

with highly purified (phosphatase free) preparations of 3-deosyoctulosonate S- 

phosphate synthetase acting on o-arabinose 5-phosphate as the substrate_ 

ESPtRIIlESTAL 

General. - Melting points were determined on a Kofler hot-stage and are 

uncorrected_ Optical rotations were determined on a Perkin-Elmer 141 polarimeter. 
Elemental analyses were performed by Dr. J. Znk, Mikroanalytisches Laboratorium 

am Institut fiir Physikalische Chemie. UniversitBt Wien. N.m.r. spectra were obtained 
on a Varian HA-100 instrument with tetramethylsilane as the internal standard: 

chemical shifts are reported in p.p.m. (3) and signals are quoted as s (singlet), 
d (doublet), t (triplet), q (quartet), or m (cornpIes multiplet); coupling constants are 

first order. Thin-layer chromatography (t.1.c.) was performed on Merck pre-coated 
plates (5 x 10 cm), layer thickness 0.35 mm, Silica gel 60 FzsA_ Compositions of 

solvent mixtures are indicated throughout by volume (v/v)_ Spots were detected by U.V. 
light and by spraying with an anisaldehyde-sulfuric acid reagent’ ‘. N-Chloro- 

benzotriazole ivas obLained from the Parish Chemical Co., Provo, Utah 84601 

(USA) and chromium trioside-on-graphite (Seloxcette) came from Alfa Products. 
Beverly, MA01915 (USA). 

:Ifcvh_~*f ~-O-trip/l~ft~ifflet~f~~-rr-D-arabiftof~lraftosi~e (1). - This compound was 
prepared as described by Glaudemans and Fletcher’ in 73% yield (lit. yield, 65%). 

m.p. 112-l 14” (from benzene-petroleum ether), b]‘,” f92.9” (c 0.53, chloroform); 
Iit.8 m-p. 112-I 13’ and [z]:’ t62.4” (c 1.56, ethyl acetate); n.m.r. (chloroform-c/): 
ci 2.53 (d, 1 H, J - 10 Hz, OH), 3.27 (d of d’s, 1 H, J5,5. - 11 Hz, J5,4 -2.5 Hz, 
H-5), 3.40 (s, 3 H, CH,O), 3.65 (d of d’s, 1 H, J,,,, - 11 Hz, Jsc,4 - 3 Hz, H-5’), 
3.75420 (m, 4 H, H-2, H-3, H-4, OH), 5.00 (s, 1 H, H-l), and 7.20-7.55 (m, 15 H, 
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A&), 3.42 (s, 3 H, CH,O), 4.65 (d of d’s of d’s, 1 H, JGV6 -2 Hz. Jas3 -6 Hz, 

fsV5 -4 Hz, H-4), 4.S4 (d of d’s, 1 H. J3,4 -6 Hz, fj.2 - 1.5 Hz, H-3), 5.01 (s, 1 H, 

H-l), 5.10 (d, 1 H, J2,3 - 1.5 Hz, H-Z), 6.36 (d of d’s of d’s, 1 H, J6,s - 17 Hz, 

.J 6.P -21 Hz, Jbv4 -2 Hz, H-6)6, and 6.90-7.45 (m. I I H, H-5 and aromatic H’s of 

phenyl groups6): ~‘,‘,‘j 1745 (GO esters), 1797, 1490 (C=C aromatic rings), and 

1260-I 190 cm- r (P=b, C-O-P, and C-O esters): j$,;F” 267 (E 165), 26 I (E 152). 

and 256 nm (.s 165). 
.-III&. Calc. for C2,H,,0,P: C. 55.0: H_ 5.3: P. 6-5. Found: C. 5Y.S: H. 5.3; 

P, 6.7. 
Further elution gave a 4th fraction (560 m_e, R, 0.31), probably containing a 

dimeric compound; n.m.r. spectrum showed 4 acetyi and 2 methosyl groups: mol. 

\\t. >-.I61 (m-s.): its structure has not been established so far. Finally, unchanged 3 

(1.97 g. R, 0.2) ws eluted. 

Alltfi~~V 2,3-~ii-O-acer~~i-l-(i.j-tlipi~~~~~~~Iit~~~~fa~o~i~~it~-~-~i)-~-~-arabino-tetru- 
0-firr-atroside (9). - This compound was prepared in 50% yield from 3. essentialI> 

follwving the procedure described by Jones and kloffatt” for the preparation of the 

corresponding derivative of 2’,3’-O-cyclohesylideneuridine. m-p. I 17-I 1 S” (from 

methanol), [xl? +- S 1.3” (c O--15, chloroform): n.m.r. (chloroform-d): 5 1.71, 2.07 

(1 s. 6 H. AcO). 3.32 (s. 3 H. CH,O). j_5%-3.95 [m, 4 I-1, -H(CH,),N-J, 4.52 (d of 

d-s. I H. .iJ,; -5 Hz, Jam5 - I .S Hz. H-l). 4.90 (s, I H, H-lj, 4.93 (d, I H, J,., 

- 1.5 Hz. H-2). 5.22. (d of d’s_ 1 H, .J3.& -5 Hz, 5x.2 - 1.5 Hz, H-3). 5.93 (d, I H, 

Js .1 - 1.5 Hz. H-5). 6.65-6.95. and 7.1%7.40 (9 m‘s_ 6 H +l H, aromatic H‘s of 

dipheny1etl~y1enediamine moiety): rnlJ, _ hRr 7030 (CH arom.), 1735 (C=O esters): 1593. 
149s (C=C arom. rings). and 1320 cm- * (C-O esters); 2_tt:eff 353 (E 33 700) and 
293 nm (E Lf190). 

.-liral. Calc. for G,H,,N,O,: C. 65.5: H. 6.4; N. 6.4. Found: C. 65.6; H, 6.4: 
x. 6.4. 

.\ic>tilj.l ~.3-tli-O-crcc~~~~i-5,6-cii~leo_~~--6-(O,O-~~i~~i~~~~~~i~~~l~~~.~~~i~~~~o-r-~-arabit~o- 
lws&w~~osid~~ (6). - This compound was prepared from 5 by catalytic hydrogenation 

in the presence of lO?L palladium-on-barium sulfate in practically quantitative yield: 
the reaction \ias follo\ked by t.1.c. (21 benzene-ethyl acetate), 5 having R, 0.4 and 6 
R, 0.34: colorIess syrup, [z]z + 37.7” (c 0.44, chloroform) : n.m.r. (chloroform-cl): 
3 2.09 (s, 6 H, AcO), 3. IO-I.45 (m, 3 H, H-5, H-6), 3.35 (s, 3 H, CH,O), 4.15 (d of 

t’s, 1 I-r, .I$ 5 - 5 Hz, Js 3 -7 Hz, H-G), 4.S9 (d of d-s, I H, J,., -7 Hz, Js.z -2 Hz, 
H-3), 4.90 is, 1 H, H-lj, 5.0s (d, 1 H, JZV3 -2 Hz, H-3), and 7.00-7.45 (m, IO H, 
aromatic H’s of phenyl groups); 1 *C,z’-I 1745 (C=O esters), 1397, 1490 (C=C arom. 
rings), and 1250-I 190 cm- ’ (P=O, C-O-P, and C-O esters); j:~~,“” 268 (E 1090), 
363 [E 1X0), and 257 nm (E 1040). 

.&zal. Calc. for C,,H,-,O,P: C, 57.7; H, 5.6: P, 6.5. Found: C, 57.1; H, 5.7: 
P. 6.3. 

:Ifetlryl 6-(0,0-~lib~~~~~l)pho~pl~orro-5,6-~i~eo_~~-~-~-arabino-hesojirra~~o~i~f~ (7). 
- Compound 6 (2.0 g, 4.2 mmol) was dissolved in dry benzyl alcohol (10 ml), and a 
solution of sodium ( -OS g, 34.5 mmol) in dry benzyl alcohol (40 ml) was added. 
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After 2 h at room temperature with exclusion of moisture, t.i.c. (5:5:1 butanone- 
benzene-ethanol) showed that 6 (R, O.SO) had disappeared with formation of 7 

(R, 0.40). The reaction mixture was neutralized with Dowex 50 (H’, 20 ml, pre- 
viously rinsed with benzyl alcohol) cation-exchange resin, and most of the benzyl 
alcohol removed by evaporation (oil pump)_ The syrupy residue was applied to a 
column (SO x 3 cm) of silica gel (Merck 60 FZjg), chromatographed with the just 
described solvent misture, and the fractions containing 7 were pooled to give 1.27 g 
(72%) of a colorless syrup, @]2,” i- 57.2” (c 0.36, chloroform); n.m.r_ (chloroform-~): 
S 1.73-2.25 (m, 4 H. J - 5-6 Hz, -CHICH2P-), 3.29 (s, 3 H, CH,CO), 3.73 fd of d’s, 

1 Hz J3.2 -3.5 Hz, J,., -6 Hz, H-3), 3.90 (q, I H, J4,s- J+,5.5. -6 Hz, H-4), 

4.09 (d of d’s, 1 H, J?,, -1.5 Hz, J2,s -3.5 Hz, H-2), 4.79 (d, I H, J,,? -1.5 Hz; 

H-l), 4.95 (d, 4 H, JCH~OP -S Hz, aliphatic Bzl H), and 7.29 (s, 10 H, aromatic Bzl 

H): ~*‘n~‘~ 3375 (OH), 2S35 (OCH,), 1240-l lS0, 1090. and 1020-960 cm-’ (several nl.,X 
bands, P=O and P-O-C): LA,, _ “‘On 768 (a 300), 263 (E 435), 257 (E 504), and 252 nm 

(E 411). 
rInn/. Calc. for C,,H,,O,P: C, 59.7: H, 6.4: P. 7.3. Found: C, 59.0: H. 6.5: 

P, 7.1. 

5,6-Di~Jeo_~~.-6-pJro\pl~ot~o-D-arabino-Jllesose, sodimr sn11 (13). - Compound 7 

(300 mg, 0.71 mmol) was dissolved in dry methanol (20 ml) and hydrogenated at 
atmospheric pressure in the presence of palladium oxide (500 m@ overnight. The 

reaction was monitored by t.1.c. (5:5: 1 butanone-benzene-ethanol) whereby 7 had 

R, -0.4 and 8 remained at the origin. The catalyst was filtered off over Celite and 

washed well with dry methanol. and the filtrate and washings were evaporated to give 
8 ( 170 mg. 99%) as a clear, slightly pink syrup. It was dissolved in water (I 0 ml) and 
the solution \vas boiled \vith Do\vrs 50 (H’) cation-exchange resin under a stream of 
argon for - 2 h. after which 8 ( R, -0.43 in 3:2:3 butanol-acetic acid-water) had been 

converted into the free sugar 12 (R, -0.39). The resin was tilrered off and the pH 
of the solution wxs adjusted to 7.0 \vith sodium hydroxide; Iyophilization gave 13 
(170 mg 93% based on 7: 25% based on l), [z]? f 12.O”(c O.&k, water: equilibrium): 

by comparison, commercial D-nrabinose disodium 5-phosphate (Sigma Chemical CO.. 

St. Louis. Missouri. U.S.A.) had [rr];’ t7.4” (c 0.41, water, equilibrium). On t.1.c. 

(3:2:3 butanol-acetic acid-water), both commercial D-arabinose disodium j-phosphate 
and 13 had R, 0.39. On analytical paper clectrophoresis (30 min, 2500 V. 35 mA: 

Whatman 3 MM: 9S9: 10: I water-pyridine-acetic acid, pH 6.9: total distance 42 cm), 

commercial D-arabinose disodium j-phosphate travelled a distance of 14 cm and 13 
moved 13 cm, both beins detecred w.ith a silver nitrate spray”. Compound 13 has 

not been obtained crystaliine so far: after Iyophilization of its solution, a hygroscopic 

glass was obtained vv*hich did not give the required values on elemental analysis. 
Fommtiolz of con~porrt~d~ reactire lr-itlz tltiobat-bituric acid frOIII 13 OJld plzos- 

phoozoi p~wmzte itz the ptx~se~~ce qf 3-cf~~o.~-~.octuio.\o,zutc S-pJ~o.~pl~crt~~ .s_wtJrctn.se jPom 
Escherichia coli K 235. - Crude extracts of E. co/i K 235. used as the source of 

enzyme, were prepared essentially by the procedure described by Nirenbergi’ for 
E. coii W3100, except that the final ultracentrifugation was carried out at 200 OOOg. 



356 F-M. UNGER, D. STIX, E. MijDERNDORFER, F. HAMMERSCHMIP 

The supematant solutions (S-200) were satisfactory for 3-deoxyoctulosonate 8- 
phosphate synthetase reaction_ A typical solution contained - 12 mg of protein’* 
per ml and a specific activity of N 0.10 unit* of %deoxyoctulosonate 8-phosphate 
synthetase per mg of protein. The reaction mixture (in triplicate) contained M glycyl- 
&cine buffer (pH 7.2, 20 pl), 0.1~ phosphoenol pyruvate (5 pl), 0.01 hi D-arabinose 
phosphate 5-disodium (IO-50 ~1) or various concentrations of 13 (IO-50 pl, see 
legend to Fig. I), S-200 (5 pl), and water for a total volume of 100 ,A. The reactants 

were mixed at 0” and the mixtures incubated at 37” for 30 min. The concentration of 
compounds reacting with thiobarbituric acid (I.,,, 550 nm) was measured by the 

Warren assay I9 as modified by Kean and Roseman”. 
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