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Abstract: A new preparation of the stable barium salt of 2,5-bis(phosphonooxy- 
methvl)-2.5-diethoxv-1.4-dioxane Ba-2 is described, which bv treatment with 
DOWEX 50 B+ gives dihydroxyacetone ph&phate (DHAP) in high yield. DHAP pre- 
pared by this method was used for aldolase-catalyzed condensations. 

An increasing number of papers dealing with enzymatic aldol reactions de- 

monstrates their synthetic utility 1,2,4 . Rabbit muscle fructose-1,6-diphos- 

phate aldolase (EC 4.1.2.13), which has been used as a catalyst, is rather 

specific for dihydroxyacetone phosphate (DHAP) reacting as a nucleophile while 

accepting a wide variety of aldehydes as electrophiles. However, the prohibi- 

tively high costs (in 1986, the price of 1 mm01 DHAP was 175 $) of DHAP have 

discouraged the use of this highly stereospecific C-C-bond tormation method as 

an efficient preparative tool in organic synthesis. 

DHAP can be synthesized by enzymatic phosphorylation of dihydroxyacetone 

(DHA) with ATP, the latter being regenerated with some loss with acetylphos- 

phate3. In comparison, an in situ generation of DHAP from fructose-1,6-di- --- 
phosphate in the presence of triose phosphate isomerase affords in many cases 

lower yields in the subsequent aldolase-catalyzed sugar synthesis4. 

In attempting chemical routes to DHAP, the polyfunctionality of DHA has un- 

til now required complicated multistep syntheses5. A typical a-step synthesis 

proceeding via the monoacetylated derivative of DHA yields the dimethyl ketal 

of DHAP which can be isolated as its stable cyclohexylammonium salt5. Another 

way6 involves first ketalating the DHA-dimer with triethyl orthoformate 7 to 

1 -- Phosphorylation of 1 with (Ph0)2POC1 followed by catalytic hydrogenation 

gives 2, isolated as its cyclohexylammonium salt6. Our attempts at reprodu- 

cing a reported direct phosphorylation of DHA with POC13' resulted in complex 

reaction mixtures containing only small amounts of DHAP which were not useful 

for enzymatic aldol reactions. 
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We now report a successful direct phosphorylation of 1 with POC13/pyridine - 
to form 2 which is isolated as its very stable barium salt Ba-2 in 85% yield. 

From Ba-2 DHAP can be generated easily by treatment with acid. 
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Aldolase-catalyzed reactions of aldehydes 1 with DHAP obtained by the de- 

scribed method give yields of condensation products 4 comparable with those 

from DHAP obtained enzymatically3, as demonstrated in the case of the reaction 

with DL-glyceraldehyde. 

Table 1. Aldolase-catalyzed Reactions of Aldehydes 2 with DHAP from Ba-2 

3 Product 4 3 Product 4 - - - 
R Yield/% R Yield/% 

CH3CH2CH2- 80 CH3-CH-CH- 94 

(CH3j2CH- 65 '0' 

(Et0)2P(0)CH2- 90 2-Pyridyl- 95 

H02C- 100 3-Pyridyl- 84 

OCH- 94 C6H5CH2- 73 

0CHCH2CH2CH2- 89 C6H5CO- 90 
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The utility of Ba-2 as DHAP precursor in aldolase-catalyzed reactions was 

investigated with a great number of aldehydes 1. In Table 1 the results of al- 

do1 reactions not yet described in the literature are summarized. 

The progress of the reaction was monitored by enzymatic determination of 

residual DHAP. The decrease of DHAP correlates exactly with the increase of 

product formation, proven by measurement of the generated optical activity in 

several cases. Using DHAP generated in situ from fructose-1,6-diphosphate is -- 

not desirable in determining the suitability of various aldehydes as substra- 

tes because the starting material is also optically active. This would need- 

lessly complicate our chosen method of simply using polarimetry to follow ge- 

neration of the newly formed sugars. 

Aromatic aidehydes and a,a-unsaturated aldehydes did not react with DHAP 

under these conditions. However, 1,2,3,6-tetrahydrobenzaldehyde was an active 

substrate. Aliphatic aldehydes with increasing chain lengths as well as chain- 

branching gave lower yields of addition products. Pivalaldehyde, for example, 

was inactive. 

Dihydroxyacetone Phosphate. DHA was ketalated according to ref. 
7 

yielding 

1 (50%). A solution of POC13 (11.84 ml, 127 mmol) in 84 ml abs. pyridine was 

maintained at -10 to -2“C while 1 (11.61 g, 50 mmol) in 84 ml pyridine was 

dripped in over 45 min. The solution was stirred at room temperature for 30 

min and then poured into 700 ml of ice-cold 0.5 M NaHC03 (the pH was kept at 

7 by addition of 2N NaOH). After stirring for IO h at room temperature fol- 

lowed by degassing, 60 ml magnesia mixture8 was added to precipitate inor- 

ganic phosphate (Pi), which was removed by centrifugation after 12 h of stan- 

ding at 4OC. To the supernatant (free of Pi according to 31 P-NMR) 60 ml of a 

solution of 40 g BaCl2 - 2 H23 in 100 ml C02-free water was added and the pH 

was adjusted to 8.2 by the addition of 2N NaOH. After 10 h at 4OC the solution 

was filtered, the barium salt of 2 was precipitated by the addition of I,2 1 

of ethanol to the filtrate and the resultant mixture was kept at O'C Ear 3 h. 

The salt was collected by centrifugation, washed twice with ethanol (808, then 
10 

absolute) and ether and dried in vacua to yield 28.13 g (85%) of Ba-2 . This --- 

salt (9.0 g , 13.80 mmol) was treated tiith 90 ml of DOWEX 50 WX 8H+ in a to- 

tal volume of 210 ml of water and hydrolyzed at 65'C, pH 1.0 for 4 h6, to give 

DHAP in 80% yield. The solution can be frozen and stored for months without 

noticeable decomposition. It should be neutralized with 2N NaOH just before 

use, because of the instability of DHAP at this pH. 

Aldolase-catalyzed Reactions. An aqueous solution of DHAP (5.55 mmol), DL- 

glyceraldehyde (590 mg, 6.55 mmol) and aldolase (100 u) was incubated accor- 

ding to ref. 
9 

until a turnover of 100% had been achieved. The resulting su- 

gar phosphates were hydrolyzed to give 912 mg (91%) of g-fructose and &-sorbo- 

se. Although being present in a 4-fold excess, some other aldehydes reacted 
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quiet slowly and then only at relatively low concentrations (IO-50 mM), due 

to inhibition of aldolase at higher substrate levels. 

References 

1) C.H. Wong, G.M. Whitesides, J.Org.Chem., 48, 3199 (1983). 
2) C.H. Wong, F.P. Mazenod, G.M. Whitesides, J.Org.Chem., 48, 3493 (1983). 
3) D.C. Clans, G.M. Whitesides, J.Am.Chem.Soc., 107, 7019 (1985). 
4) M.D. Bednarski, H.J. Waldmann, G.M. Whitesides, Tetrahedron Lett., z, 

5807 (1986). 
5)a) C.E. Ballou, H.O.L. Fischer, J.Am.Chem.Soc., 78, 1659 (1965). - 
b) C.E. Ballou, Meth.Carbohydr.Chem. 2, 284 (1963). - c) G.A. Gettys, 
C.D. Gutsche, Bioorg.Chem., 7, 141 (1978). 

6) R.L. Colbran, J.K.N. Jones, N.K. Matheson, I. Rozema, Carbohydr.Res., 4, 
355 (1967). 

7) H.O.L. Fischer, H. Mildbrandt, Ber.Dtsch.Chem.Ges., 57, 710 (1924). 
8) E. Baer, N.H. Grant, G.F. Lata, H.E. Carter, Biochem.Prep., 2, 25 (1952). 
9) A.S. Serianni, E. Cadman, J. Pierce, M.L. Hayes, R. Barker, Meth.Enzymol., 

E, 83 (1982). 

IO) Ba-2 is actually Bal15H-2 . 3 H20. 

'H-NMR (D20), 1.19, 1.12 (2t,J=7Hz,6H,2Cg3CH20-,ax/eq), 3.94-3.53 (m,l2H, 

2CH3CH2, 4CH2), 4.78 (s,6H,H20); 

13C-NMR (D20), 6 = 17.56, 17.68 (~H~CH~O, ax/eq), 60.85, 60.45 (CH3CH20, 

ax/eq), 64.39, 65.60 (ring-CH -), 66.38, 
3 

66.87 (CH20P, ax/eq), 97.84 

(d,3~CCOp=10.5Hz), 100.50 (d, JCCOp=10.8Hz). 

Spectra were recorded at pH 4 after treatment with D2S04 (supernatant). 

After acid hydrolysis of Ba-2, all spectra proved to be identical with 

those obtained from commercial DHAP (with 1 mol ethanol). 
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