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Introduction 

Enzyme-catalyzed aldol addition reactions have proven 
synthetically usefu1.l Of the more than 20 aldolases 
known, the enzymes ~-fructose-1,6-diphosphate aldolase 
(EC 4.1.2.13, EDPA), L-fuculose-1-phosphate aldolase (EC 
4.1.2.17, FPA), L-rhamnulose-1-phosphate aldolase (EC 
4.1.2.19, RPA), and ~-tagatose-1,6-diphosphate aldolase 
(EC 4.1.2.-, TDPA) are of particular interest because of 
their ability to generate four possible stereoisomers a t  
the two formed stereogenic centerslbt2 (Scheme 1). These 
four enzymes require dihydroxyacetone phosphate (DHAP) 
as donor while accepting a broad spectrum of aldehyde 
 substrate^.^^^ Commercially available DHAP is, however, 
expensive and unstable, and therefore improvement of 
its synthesis and manipulation has been a subject of 
interest. 

Currently, there are five different methods for the 
preparation of DHAP: (1) generation of DHAP in situ 
from fructose-1,6-diphosphate using FDPA and triose- 
phosphate isomerase: (2) enzymatic phosphorylation of 
dihydroxyacetone (DHA) using adenosine-5'-triphosphate 
(ATP) and glycerol kinase with regeneration of ATP,3-5 
(3) generation of DHAP in situ from ~-glycerol-3- 
phosphate using flavine-dependent glycerol phosphate 
oxidase (GPO): (4) chemical phosphorylation of protected 
DHA dimer using phosphorus oxychloride,' diphenyl 
phosphorochloridate (DPPC)? or dibenzyl NJV-dieth- 
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Scheme 1p Enzymatic Aldol Reactions 

P G  1 RPA FDPA / p O J G  
OH O H  

,&OH 

P * H  lDPA 

O H  6 H  

-0P z -OP(O)(OH)n 

a RPA L-rhamnulose-1-phosphate aldolase; FDPA D-frUCtOSe- 
1,6-diphosphate aldolase; TDPA. ~-tagatose-1,6-diphosphate al- 
dolase; FPA L-fuculose-l-phosphate aldolase. 

ylphosphoramidite (DDP) followed by ~xida t ion ,~  (5) 
phosphorylation of protected dihydroxyacetone with DP- 
PC.l0 Generation of DHAP in situ from FDP is conve- 
nient, but the presence of FDP complicates product 
iso1ation.lbJ Moreover, the overall equilibrium may be 
unfavorable for the synthesis. The enzymatic phosphor- 
ylation of DHAP may be too expensive for a large-scale 
process, though DHAP can be generated in situ and the 
reaction can be coupled with other enzymatic reactions, 
especially with those requiring ATP regeneration. The 
generation of DHAP in situ from glycerophosphate oxi- 
dase-catalyzed oxidation of cglycerol-3-phosphate coupled 
with catalase (EC 1.11.1.6) could be generally applicable. 
The oxidase, however, only accepts the L substrate, and 
this strategy suffers from the high cost of ~-glycerol-3- 
phosphate and the formation of oxidandt (HzOz) during 
the reaction. On the basis of our experience, we prefer 
to prepare DHAP separately as the enzymatic aldol 
reaction can be performed with fewer reactants and the 
products are easier to isolate. The known chemical 
procedures for the preparation of DHAP are, however, 
low yielding and complicated by multistep purification 
procedures and in certain cases involve formation of 
unstable intermediates. We report here a practical 
procedure suitable for a multigram-scale synthesis of 
DHAP from DHA dimer (Scheme 2). 

Results and Discussion 

The hydroxyl group at the acetal position of dihydroxy- 
acetone dimer 1 was protected with triethyl orthoformate 
in ethanol1' as described previo~sly.~ In order to have a 
clean reaction, DHA is added slowly12 so that the 
concentration of DHA will not exceed 0.5 M. As aqueous 
workup and recrystalli~ation~-~ gave a low yield of 2, 
which is sensitive to acid and heat, dry workup conditions 
were applied, and residual sulfuric acid was removed by 
addition of anhydrous sodium bicarbonate followed by 
filtration. The filtrate was concentrated to a syrup under 
reduced pressure and trituated with hexane to produce 
a white solid which was filtered and dried in vacuum 
desiccator a t  room temperature. This product was highly 

(9) Pederson, R. L.; Esker, J.; Wong, C.-H. Tetrahedron Lett. 1991, 
47, 2643. 
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(11) When 98% ethanol is used, the amount of triethyl orthoformate 

should be increased as much as the equivalents of water calculated. 
(12) Addition of DHA in one time gave the product in more than 

80% yield and higher than 90% purity. If the initial DHA concentra- 
tion is lower than 0.5 M, the reaction gave the product with higher 
purity. 
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and gave a mixture of products. The phosphorylation of 
2 was, however, successfully accomplished with a stoi- 
chiometric amount of DPPC in pyridine, which eliminates 
contamination of the product so that no purification 
procedure was needed after simple workup. The NMR 
spectrum and TLC of 4 indicated only a mixture of cis 
and trans isomers (approximately 1:l ratio). These 
isomers, although separable by silica gel column chro- 
matography, were used directly in the next step. 

Removal of the phenyl group from compound 4 was 
accomplished in 24 h at room temperature by hydro- 
genolysis (50 psi Hz) using platinum oxide (5% by weight) 
in ethanol. To ensure completion of the reaction, a small 
aliquot was withdrawn, evaporated, and examined by 
NMR. If the reaction is incomplete, the catalyst was 
removed by filtration and another new catalyst added for 
further hydrogenolysis. f i r  completion of the reaction, 
the catalyst was removed by filtration and the solvent 
evaporated under reduced pressure. At this stage, 
intermediate 6 can be isolated as trisodium salt according 
to the procedure described previo~sly.~ To simplify the 
procedure, however, we dissolved it in distilled water16 
(1 g of phosphate 4 in 3 mL) and the solution was heated 
to 55-65 "C for 5-7 h. After hydrolysis, the solution was 
cooled to room temperature and adjusted to pH 3.7 and 
the concentration of DHAP was determined by enzymatic 
assay (65.5% yield).17 The resulting DHAP was frozen 
and found to be stable for up to 5 months as determined 
by enzymatic assay. 
This procedure for the preparation of DHAP is marked 

with high overall yield (61%) and easy operation without 
the need for further purification during the synthesis. 
DHAP prepared from this procedure has been success- 
fully applide to the synthesis of sugar derivatives in our 
laboratory. 
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Scheme 2. Synthesis of Dihydroxyacetone 
Phosphatea 
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a (a) HC(OEt)3, cat. HzSO4, EtOH (97%); (b) for 3, dibenzyl N J -  
diethylphosphoramidite, 1,2,4-triazole followed by HZOZ or dibenzyl 
phosphorochloridate, Pyr; for 4, CIP(O)(OPhb, Pyr (96%); (c) Hz, 
50 psi, Pd/C (4 h from 3, 84%) of ROz (24 h from 4); (d) HzO, 65 
"C (66% from 4). 

pure based on TLC and NMR analyses and used without 
hr ther  purification. 

The phosphorylation of 2 can be accomplished by 
reaction with POC13, with DDP followed by oxidation, 
with dibenzyl phosphorochloridate (DBPC),13 or with 
DPPC; however, the reaction is often incomplete when a 

DPPC DBPC DDP 

stoichiometric amount of the phosphorylation reagent is 
used. A n  excess amount of the phosphorylating agent, 
therefore, was used in all c a ~ e s , ~ - ~ J ~  which led to 
contamination of the phosphorylation reagent. A tedious 
purification procedure is therefore required for the 
method using P0C13,7 and recrystallization of 3 is inevi- 
table in the method using DDPg or DBPC.14 This 
recrystallization usually results in a significant loss of 
product 3 due to its relative instability to heat and acid. 
In addition, the phosphorylation with DDP requires 1,2,4- 
triazole, and DBPC is relatively expensive. Despite the 
easy removal by hydrogenolysis of the benzyl groups of 
3, the preparation of DHAP on large scales using DDP 
or DBPC as phosphorylation reagent was often inef- 
ficient. The phosphorylation of 2 with a stoichiometric 
amount of DPPC was therefore examined in the presence 
of different solvents and bases under various conditions: 
pyridine, pyridine (2.5 equiv) in ethyl acetate or dichlo- 
romethane, triethylamine, or triethylamine (2.5 equiv) 
in ethyl acetate or dichloromethane from 0 "C to room 
temperature. Using pyridine in different organic sol- 
vents, the reaction was not complete even aRer two days 
at room tempera t~re . '~  The reactions in triethylamine 
or triethylamine in different solvents were incomplete 

(13) Kenner, G. W.; Todd, A. R.; Weymouth, F. J. J. Chem. Soc. 1962, 
3675. 

(14) Three equivalents of DBPC are needed for the phosphorylation 
of 2 to complete the reaction, presumably due to the lower reactivity 
of DBPC compared to DPPC. 

(15) The phosphorylation reactions can be completed using 3 equiv 
of DPPC and 4 equiv of base, but the product was always impure after 
workup. 

Experimental Section 
Glycerol-3-phosphate dehydrogenase and NADH for enzyme 

assay were purchased from Sigma. Thin layer chromatography 
was performed on Silica gel GF264 plates from Merck and 
visualized with cerium sulfate-ammonium molybdate stain.'] 
NMR spectra were recorded in the presence of TMS (in CDCl3) 
or acetone (in DzO) as internal standard. 
2,S-Diethoxy-p-dioxae-2,S-dimethanol(2). To an oven- 

dry 1 L round-bottom flask were added anhydrous ethanol (500 
mL), concentrated sulfuric acid (3 mL, 56 mmol), and triethyl 
orthoformate (105 mL, 631 mmol). This solution was refluxed 
for 30 min under nitrogen. The solution was then cooled to 0-4 
"C and dihydroxyacetone dimer (4.23 g, 23.5 mmol) was added 
every 12 h over 3 days (total 25.4 g, 141 mmol).I2 After the final 
addition of dihydroxyacetone dimer, the solution was stirred for 
an additional 1 day and anhydrous sodium bicarbonate (19.0 g, 
226 mmol) was added. After stirring for 30 min a t  0-4 "C, the 
reaction mixture was warmed to room temperature and filtered 
through a 5 cm pad of an equal mixture of Celite and silica gel 
(230-400 mesh), and then the filter cake was washed with ethyl 
acetatela (100 mL). The filtrate was concentrated. "he residue 
was mixed with ethyl acetate (100 mL) and concentrated. 
Hexane (400 mL) was then added and the white solid formed 
was filtered, washed with hexane (100 mL), and dried in vacuum 
desiccator to afford 3 (32.3 g, 97.0%) as a white solid, which was 
identical to  an authentic sample by NMR and TLCS 

For further characterization, compound 2 (0.5 g, 2.12 mmol) 
was stirred with acetic anhydride (1.7 g, 16.67 mmol) in pyridine 

(16) Less than 50 mL of water should be used for the hydrolysis of 
6 obtained from 10 g of 4. Further dilution may prolong the hydrolysis 
and thus result in a lower yield of DHAP. 

(17) Bergmeyer, H. U. Methods of Enzymatic Analysis, 3rd ed.; 
Verlag Chemie: Deerfield, FL, 1984; Vol. 2, pp 146-7. 

(18) Ethyl acetate should be dried over anhydrous sodium sulfate 
before use. 



7184 J. Org. Chem., Vol. 59, No. 23, 1994 Additions and Corrections 

(10 mL) for 3 h at room temperature and then diluted with ethyl 
acetate (50 mL). The resulting solution was washed with water, 
cold aqueous hydrochloride, and saturated aqueous sodium 
bicarbonate, dried over anhydrous sodium sulfate, and evapo- 
rated under vacuum. TLC (ethyl acetate: hexane = 1:l) and 
the NMR spectrum of the residue indicated a mixture of cis and 
trans isomers which were separated by column chromatography 
(Rf 0.43, 208 mg, Rf 0.59, 256 mg; overall yield 68.4%) and 
recovered as white solid. NMR (CDCl3) for the trans isomer (Rf 
= 0.43) 6 1.24 (t, J = 7.1 Hz, 6H), 2.09 (s, 6H), 3.58 (m, 4H), 
3.60 (d, J = 11.6 Hz, 2H), 3.82 (d, J = 11.6 Hz, 2H), 4.00 (d, J 
= 12.1 Hz, 2H), 4.25 (d, J = 12.1 Hz, 2H); HRMS calcd for 
C14HZ408 + Na 343.1369, found 343.1359. NMR (CDCl3) for the 
cis isomer ( R f =  0.59) 6 1.17 (t, 7.0 Hz, 6H), 2.09 (s,6H), 3.47 (9, 
J=7.0Hz,lH),3.49(q,J=7.0Hz,lH),3.59(dd,J=1.8,12.4 
Hz,2H),3.67(q,J=7.1Hz,lH),3.69(q,J=7.1Hz,lH),3.74 
(d, J = 12.4 Hz, 2H), 4.00 (d, J = 12.1 Hz, 2H), 4.28 (d, J = 1.9, 
12.1, Hz, 2H); HRMS calcd for C14H2408 + Na 343.1369, found 
343.1360. 
2,S-Diethoxy-p-dioxane-2,S-dimethanol 0-21,0-61-Bis- 

(diphenyl phosphate) (4). Compound 2 (10 g, 42.4 mmol) 
obtained from the previous step was dissolved in anhydrous 
pyridine (45 mL). The resulting solution was cooled to 0-5 "C 
on an ice bath and diphenyl phosphorochloridate (22.8 g, 84.8 
"01) was added dropwise over 1 h. f i r  stirring for additional 
10 min, the reaction mixture was poured into ethyl ether (250 
mL) and washed sucessively with water (200 mL), cold 1 N 
aqueous hydrochloric acid (200 mL), water, saturated sodium 
bicarbonate aqueous solution, and water. After being dried with 
anhydrous sodium sulfate, the ether layer was evaporated under 
reduced pressure and the residue was dried under high vacuum. 
NMR spectrum and TLC of the residue showed only product 4 
(28.3 g, 95.6% yield), which existed as a mixture of trans and 
cis isomers with RfO.47 and 0.53 (SiOz, hexane:ethyl acetate = 

l:l), respectively. 'H-NMR (500 MHz, CDCl3) 6 7.36-7.32 (m, 
8H), 7.23-7.18 (m, 12H), 4.32 (d, J = 11 Hz, lH), 4.27 (dd, J = 
11.2Hz,1H),4.09and4.06(dd,J=11.6Hz,2H),3.75and3.59 
(JAB = 12 Hz, 2H), 3.73 and 3.52 (JAB = 12 Hz, 2H), 3.64-3.47 
(JAB = 9, 7 Hz, 4H), 1.17 and 1.12 (t, J = 7 Hz, 6H); 13C-NMR 

64.7, 63.5, 61.2,58.2, 15.2; m.p. 73-77 "C (lit8 78 "C); IR (neat) 
3069, 2978, 2930, 2896, 1590, 1489, 1456, 1289, 1189, 1164, 
1054; HRMS calcd for C3fi38012P2, 723.1736 (M + Na+), found 
723.1749; MS ( d e ,  M + Na+), 723 (100, 719 (61, 702 (6), 701 
(11). 

Dihydroxyacetone Phosphate (6). Compound 4 (22.4 g, 
32.0 mmol) was dissolved in ethanol (150 mL), and platinum 
oxide (1 g) was added. The reaction mixture was shaken under 
hydrogen gas (50 psi) for 1 day at  room temperature. During 
the initial 3 h, hydrogen uptake was very fast as indicated by 
the pressure drop. To ensure completion of the hydrogenolysis, 
a small aliquot was withdrawn and evaporated, and the NMR 
spectrum examined in DzO until the signals of the aromatic 
shifts at 6 7.23 and 7.32 from 4 disappeared. After removal of 
the catalyst by filtration through Celite, the solvent was 
evaporated under reduced pressure below 35 "C. The residual 
solvent was further removed under high vacuum for 2 h at  room 
temperature. The residue was dissolved in distilled water (70 
mL)16 and the resulting solution (pH 0.8) was heated at  65 "C 
for 5 h. After cooling to room temperature, the mixture was 
adjusted with 3 N NaOH and water to pH 3.7 and to a total 
volume of 100 mL. This final solution contained 42 mmol of 
DHAF' based on enzyme assay" (65.6%), with an overall yield 
of 60.9% based on dihydroxyacetone dimer. 'H-NMFt (500 MHz, 

(s), 2.13 (s), 1.22 (e). This solution was then frozen and stored 
for over 5 months without loss of DHAP as determined by 
enzymatic assay. 

(125 MHz, CDCl3) 6 150.4, 129.8, 125.5, 120.0, 97.0, 93.6, 66.5, 

DzO) 6 4.46 (s), 4.44 (s), 4.38 (s), 4.27 (91, 3.71 (81, 3.70 (91, 3.42 
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