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Abstract

A new approach leading to 3-deoxy-D-manno-2-octulosonic acid (KDO) and 4-deoxy-KDO is described. The key step is
the formation of the C;—C, bond catalysed by fructose-1,6-bisphosphate aldolase, which controls the stereochemistry of
these two centres. The important step of the aldehyde substrates (1a, 1b, 1c) synthesis is the Barbier reaction of
ethyl-bromomethylacrylate or bromomethylacrylonitrile with the monoacetal of glyoxal in the presence of indium. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

3-deoxy-b-manno-2-octulosonic acid (KDO) oc-
curs as a ketosidic component in al lipopolysaccha-
rides (LPS) of gram negative bacteria so far investi-
gated, and it has also been identified in several acidic
exopolysaccharides (k-antigens) [1,2]. This specific
occurrence of KDO makes its biosynthetic pathway a
possible therapeutic target. Some analogues have
been tested as antimicrobial agents [3,4]. For this
reason, syntheses of KDO and analogues have re-
tained attention in the last few years. Total syntheses
of KDO have been published [5,6], but the most
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convenient procedures involve hemisyntheses start-
ing from p-arabinose or b-mannose [7-11].

Two enzymatic syntheses, based on the metabolic
pathway of KDO, have been described: the first one
uses KDO-8-phosphate synthetase which catalyses
the condensation of phosphoenolpyruvate onto bp-
arabinose-5 phosphate [12]. The latter uses the KDO
adolase, acting in vivo on the biodegradation of
KDO by reversible retroaldolisation into p-arabinose
and pyruvate [13]. In both cases, C,—C, bond is
created with the control of the configuration in C,
(Scheme 1).

Although these methods can afford KDO-8-phos-
phate or KDO in moderate to good yields, they do
not allow the obtention of KDO analogues, due to
the specificity of the enzymes for phosphoenolpyru-
vate or pyrurate and close analogues of p-arabinose
[14]. In particular, 4-deoxy-KDO is not accessible.
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In the course of our studies on the utilisation of
aldolase for the enzymatic synthesis of monosaccha
rides and analogues [15], we looked for a more
versatile approach. Indeed, fructose-1,6-bisphosphate
aldolase (RAMA), which catalyses the condensation
of dihydroxyacetone phosphate (DHAP) onto a vari-
ety of aldehydes[16], can lead to KDO, according to
Scheme 2. In this reaction, the aldolase allows the
C;—C; bond formation and fixes the stereochemistry
on these centres in the configuration present in KDO.
On the contrary, the configuration a C, can be
chosen to lead to KDO or an epimer. Moreover, the
substitution in C, can be omitted to provide 4-de-
oxy-KDO. The stereospecific reduction of the car-
bonyl group in C, could be obtained by chemical
[17,18] or enzymatic reduction [19].

In this paper, we describe the synthesis of various
aldehyde precursors, the activity of the aldolase to-
wards them, and the synthesis of three KDO ana
logues.

2. Results and discussion

The utilisation of aldehyde A (Scheme 2) could
lead to a straight synthesis of 7-oxo-KDO, but we

preferred to use analogues with a masked keto group
namely a methylidene in C, in order to be able to
reduce specifically the keto group in C, and to
facilitate the structure determination of the products
by limiting the hemiacetal cyclic forms. For the
synthesis of 4-deoxy-KDO, we used the same strat-
egy, but, since the number of possible cyclic formsis
reduced in this case, we also synthesized the 2-oxo
compound.

2.1. Yynthesis of aldehyde substrates

Compounds 1a, 1b, 1c were synthesized accord-
ing to Scheme 3. The key step is the Barbier reaction
of ethyl-bromomethylacrylate or bromomethylacryl-
onitrile with the monoacetal of glyoxa in the pres-
ence of indium [20].

1,1,4,4-Tetramethoxybutene (5) was easily ob-
tained from furan [21] and led to the desired alde-
hyde 6 by simple ozonolysis, thus, providing a con-
venient access to this interesting synthon. 7b and 7c
were synthesized by known procedures from eth-
ylacrylate [22] or acrylonitrile [23]. The Barbier reac-
tion led to the desired compounds with satisfactory
yields of 90% and 96% for 8b and 8c respectively.
Usua acidic conditions for the acetal 8b brought
partial isomerisation of the a-hydroxyaldehyde into

0PO,%
o %l\// DHAP
RAMA 0 OH
H
HO COOH
o)
aldehyde A

Scheme 2.
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a-hydroxyketone in the case of 1b, thus, the alde-
hyde deprotection was carried out by the reaction of
LiBF, in acetonitrile [24].

Compounds 2a and 2b were obtained from ethyl
2-oxo-hex-5-enoate [25] by hydrolysis and oznolysis
(Scheme 4). 2a was washed with ethyl acetate and
methylene chloride, while 2b was purified by flash
chromatography; they were characterized by NMR.

The synthesis of 2c—2e have been previously
described [26].

! 20 *H NMR (400 MHz; CDCl ) & 9.57 (s, 1H, H5); 4.12 (g,
2H, CH,, J="7 Hz); 2.94 (1, 2H, H3, J =7 H2); 2.66 (t, 2H, H4,
J=7 H2); 165 (t, 3H, CH,, J=7 Hz). *C NMR (100 MHz,
CDCl,) & 199.57 (C5); 192.09 (C2); 159.97 (C1); 62.00 (CH.,);
36.49 (C4); 31.09 (C3); 13.37 (CH,). 2a 'H NMR (400 MHz
D,0) three forms in the presence of adehyde—monohydrate—di-
hydrate & 9.60 (s, 1H, H5); 5.1 (m, 2x 1H, 2X CH5(OH),); 2.85
and 1.95 (m, 3x4H, H3 and H4, 3x2CH,). *C NMR (100
MHz;, D,0) 6 210.2; 210.1; 208.8 (C5; C2); 185.4; 185.2; 183.9
(C1); 102.0; 93.5; 92.9 (CH(OH),); 37.5; 37.0; 36.7; 34.8; 33.2;
32.6 2XCH,, C3, C4).

2.2. Determination of the characteristic constants of
the aldolase catalysed reactions

Aldehydes 1a, 1b, 1c and 2a—2e were sub-
mitted to the action of adolase. The reaction
was monitored by the enzymatic titration of
residual DHAP (DHAP was prepared and as-
sayed according to Gefflaut et al. [27] and Jung
et a. [28]), and the characteristic constants of
the reaction, the Michaelis constant K, and the
maximum rate V., were calculated. To facili-
tate the comparison between different sub-
strates, the V., value is given in percent of the
activity of fructose-1,6-bisphosphate aldolase in the
natural reaction (V,,, .)- The results are reported in
Table 1.

All tested aldehydes are substrates for al-
dolase. In the case of «-hydroxyaldehydes 1a, 1b,
lc, the best substrate is the acid 1l1a, proba
bly due to the fact that the carboxylate group is
comparable to the phosphate group present in
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Relative activities of aldehydes 1a, 1b, 1c, 2a—2e with DHAP in RAMA-catalyzed aldol condensations

Vmax'
Aldehyde substrates Km" (mM) (% of the enzyme ” Vfat 50 niM
activity) o of enz.activity)
\jH\/”\
la 28 33 18
o
N COONa
N
COOEt
O,
~ CN
0
OV\)I\ 2a 47 26 13
XN
COONa
0
\/\/L 2 ™ 26 15
N
COOEt
MeO OMe
O\/\X 2 63 31 14
COOH
MeO OMe
O\/\X 2d 380 68 8
X
COOMe
O\A)‘\ 2e 127 49 14
N
COOEt

The V.« vaues are given in percent of the activity of fructose-1,6-bisphosphate aldolase in the natural reaction.
* These are apparent values since the experimental conditions cannot allow to measure the initial rate of the reaction, but only after at

least 10-20% DHAP consumption.

the natural substrate glyceraldehyde-3-phos-
phate. Moreover, in this case, the reaction is ex-
pected to proceed with some enantioselectivity as
pointed out by Lees and Whitesides [29]. 1b and 1c
present lower activities, although sufficient to make
the synthesis possible.

In the case of aldehydes 2a and 2b, again, the
results are better for the carboxylate 2a than for the
ester 2b. The presence of the keto group in C,
instead of a methylidene or gem-dimethoxy in the

previously reported substrates [26], improves the ef-
ficiency of the cataysis.

2.3. Yynthesis of KDO analogues

The syntheses were performed by aready pub-
lished protocols [15,26] (see Scheme 5).

*KDO analogue 3a: Aldehyde 1a was first put in
reaction with 0.5 equivalent of DHAP. When DHAP
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was totally consumed, the conversion rate of the
aldehyde was near 50%, however, the residual alde-
hyde presented an eniantomeric excess of only 40%?
which indicates that the enantioselectivity of aldolase
is probably too low to insure a diastereospecific
synthesis starting from racemic la. Obtention of 3a
by this way needs a purification step probably very
difficult with this salt, so, we decided to synthesize
the nitrile analogue starting from 1c.

*KDO anaogue 3c: After the aldolase catalysed
reaction,® the phosphate group was hydrolysed in the
presence of acid phosphatase, the mixture was con-
centrated in vacuo and acetylated. After column
chromatography purification, 3c was isolated as a
mixture of the two diastereomers, in an overal yield
of 23%. Analysis of the NMR spectra showed the

2 The residual aldehyde was reduced by NaBH, and the alco-
hol, extracted by ethyl acetate, led to a lactone, which was
analysed by chiral HPLC (Chiralcel OB), allowing to attribute the
40% ee vaue.

presence of two diastereomers (1/1) which could
not be separated by chromatography.®

*KDO analogue 4: The enzymatic synthesis was
run with 0.5 equivalent of DHAP in the same condi-
tions as 3c, but the phosphate was isolated by pre-

%3¢ 'H NMR (400 MHz; CDCl,) (diastereomer 1) 6 5.98 (s,
1H, =CH,); 5.77 (s, 1H, =CH,); 5.63 (d, 1H, H6, J = 3.6 H2);
5.28 (dd, 1H, H5, J = 8.3 and 2.2 Hz); 4.82 (d, 1H, H8a, J=16.1
Hz); 4.75 (d, 1H, H8b, J = 16.1 Hz); 4.24 (m, 1H, H4); 2.53 (dd,
1H, H3a, J=13.6 and 2.8 Hz); 2.49 (dd, 1H, H3b, J=157 and
2.3 Hz); 2.08 (s, 3H); 2.05 (s, 3H); 2.03 (s, 3H); 2.00 (s, 3H). B°C
NMR (100 MHz; CDCl,): 198.40 (C7); 170.48; 170.30; 170.06;
169.78 (4xC=0 Ac); 133.38 (=CH,); 118.83 (C2); 118.32
(C1); 74.41 (C6); 73.12 (C5); 71.52 (C8); 66.49 (C4); 33.92 (C3);
20.98; 20.89; 20.61; 20.34 (4 X CH; Ac). (diastereomer 2) § 5.90
(s, 1H, =CH,); 5.72 (s, 1H, =CH,); 5.39 (d, 1H, H6, J= 4.6
H2); 5.31 (t, 1H, H5, J=4.7 H2); 4.80 (d, 1H, H8a, J=17.0
Hz); 4.76 (d, 1H, H8b, J = 17.0 Hz); 4.18 (m, 1H, H4); 2.63 (dd,
1H, H3a, J=15.7 and 2.3 Hz); 2.59 (dd, 1H, H3b, J=15.0 and
3.3 Hz); 2.15 (s, 3H); 2.10 (s, 3H); 2.08 (s, 3H) ; 2.05 (s, 3H). °C
NMR (100 MHz; CDCl,): 197.55 (C7); 169.94; 169.70; 169.64;
169.48 (4x C=0 Ac); 131.98 (=CH2); 119.18 (C2); 117.97 (C1);
74.19 (C6); 73.13 (CB); 72.70 (C8); 66.75 (C4); 34.18 (C3);
20.68; 20.39; 20.35; 20.05 (4 X CH3 Ac).
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cipitation of its barium salt with a 70% yield.* The
yield of synthesis was drastically increased when
compared to the obtention of the 2-methylidene or
2,2-dimethoxy analogues previously reported [26].

3. Conclusion

These results show that fructose-1,6-bisphophate
aldolase provides a new and versatile approach to the
chemo enzymatic synthesis of ulosonic acids. To
accede to KDO itself, it will be necessary to start
with optically pure 1c or 1a whose synthesis is under
investigation.

This method allowed us to obtain 4-deoxy-7-0x-
KDO-8-phosphate, which can already be an interest-
ing analogue. Hydrolysis of the phosphate group and
specific reduction of the carbonyl in C, will lead to
4-deoxy-KDO.

References

[1] F.M. Unger, Adv. Carbohydr. Chem. Biochem. 38 (1981)
323-328.

“ Experimental procedure for the synthesis of 4: to a solution of
2b (1 g; 6.32 mmoal) in water:EtOH (95:5; 1 ml) was added 14.55
ml of a solution containing 3.16 mmol of DHAP, and the mixture
was adjusted to pH 7 with 1 N NaOH. 280 U of RAMA were
added; the total volume was ca. 42 ml. After 15.5 h, the mixture
was concentred to a volume of 20 ml, the pH was adjusted to 8.2,
asolution of barium chloride (12.64 mmol in 20.5 ml) was added,
and the solution was readjusted to pH 8.2. Ethyl alcohol (200 ml)
was added, and the resulting suspension was kept at 4°C for 5 h.
The precipitate formed was separated by centrifugation, washed
with EtOH and dried in vacuo to give barium salt. Then, it was
stirred with ion-exchange resin (Dowex 50W X H8, Na* form).
The resin was removed by filtration and washed with water. The
combined filtrated were lyophilised to provide 4 (756 mg, 70%
from DHAP) as white powder. [«]% = —9.43 (H,0, ¢ 0.026);
*p NMR (121 MHz; D,0): 3.10 (100%); *C NMR (100 MHz;
D,0) 7(a-pyranose) 208.40 (d, C7, J=5 Hz); 172.32 (Cl)
97.37 (C2); 81.90 (C6); 76.93 (C5); 69.99 (d, C8, J=4 H2);
33.12 (C3); 31.39 (C4). 7(B-furanose) 208.40 (d, C7, J=5 Hz);
173.32 (C1); 101.97 (C2); 86.42 (C5); 73.44 (C6); 70.10 (d, C8,
J =4 Hz); 38.62 (C3); 36.68 (C4). MS(ES™ )=m/z 321 (MH-
2Na)~.

[2] Anderson, F.M. Unger, Bacterial Lipopolysaccharides, ACS
Symposium Series, American Chemical Society Vol. 231,
Academic Press, Washington DC, 1983.

[3] SM. Hammond, A. Claesson, A.M. Jansson, L.G. Larsson,
B.G. Pring, C.M. Town, B. Ekstrom, Nature 327 (1987)
730-732.

[4] R. Goldman, W. Kohlbrenner, P.A. Lartey, P. Pernet, Nature
329 (1987) 162—-164.

[5] S.J. Danishefsky, M.P. De Ninno, S. Chen, J. Am. Chem.
Soc. 110 (1988) 3929-3940.

[6] A. Lubineau, J. Auge, N. Lubin, Tetrahedron 49 (1993)
4639-4650.

[7]1 M.A. Ghalambor, E.M. Levine, E.C. Heath, J. Biol. Chem.
241 (1966) 3207-3215.

[8] W. Frick, T. Krulle, R.R. Schmidt, Liebigs Ann. Chem.
(1991) 435-438.

[9] D.H.R. Barton, J.Cs. Jaszberenyi, W. Liu, T. Shinada, Tetra-
hedron 52 (1996) 2717.

[10] Ph. Coutrot, C. Grison, M. Tabyaoui, Tetrahedron Lett. 34
(1993) 5089.

[11] S.D. Burke, Org. Lett. 1 (1999) 71-74.

[12] M.D. Bednarski, D.C. Crans, R. Di Cosino, E.S. Simon, P.D.
Stien, G.M. Whitesides, Tetrahedron Lett. 29 (1988) 427—
430.

[13] T. Sugai, G.-J. Shen, Y. Ichikawa, C.-H. Wong, J. Am.
Chem. Soc. 115 (1993) 413-421.

[14] C. Augg, V. Delest, Tetrahedron: Asymmetry 6 (1995) 863—
866.

[15] C. Andre, C. Demuynck, T. Gefflaut, C. Guérard, L. Hec-
quet, M. Lemaire, J. Bolte, J. Mol. Cata. B: Enzym. 5
(1998) 113-118.

[16] C.H. Wong, G.M. Whitesides, Enzymes in Synthetic Organic
Chemistry, Pergamon, Oxford, 1994, p. 195.

[17] R. Noyori, Science 248 (1990) 1199-1994.

[18] R. Noyori, H. Takaya, Acc. Chem. Res. 23 (1990) 345-350.

[19] C.H. Borysenko, A. Spaltenstein, JA. Straub, G.M. White-
sides, J. Am. Chem. Soc. 111 (1989) 9275-9276.

[20] C.J. Li, Tetrahedron 52 (1996) 5643-5668.

[21] SM. Markin, N.I. Telegina, J. Gen. Chem. 32 (1962) 1082,
URSS.

[22] H.-S. Byun, K.C. Reddy, R. Bittman, Tetrahedron Lett. 35
(1994) 1371-1374.

[23] R. Csuk, U. Horing, M. Schaade, Tetrahedron 52 (1996)
9759-9776.

[24] B.F. Lipsutz, D.F. Harvey, Synth. Commun. 12 (1982) 267—
277.

[25] JA. Macritchie, A. Silcock, C.L. Willis, Tetrahedron: Asym-
metry 8 (1997) 3895-3902.

[26] C. Guéerard, C. Demuynck, J. Bolte, Tetrahedron Lett. 40
(1999) 4181-4182.

[27] T. Gefflaut, M. Lemaire, M.L. Valentin, J. Bolte, J. Org.
Chem. 62 (1997) 5920-5922.

[28] S.H. Jung, JH. Jeong, P. Miller, C.H. Wong, J. Org. Chem.
59 (1994) 7182-7184.

[29] W.J. Lees, G.M. Whitesides, J. Org. Chem. 58 (1993) 1887.



