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Rabbit muscle aldolase (RAMA) is a useful catalyst for the
synthesis of sugars.>® The “normal” application of this enzyme

Scheme I. Strategies for Using RAMA To Synthesize Ketoses and
Aldoses®
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?The designation (=O)P refers to a protected aldehyde group.

in synthesis is to catalyze the aldol condensation of dihydroxy-
acetone phosphate (DHAP) and an aldehyde with formation of
a csarbon—carbon bond having the p-threo configuration (Scheme
D).

RAMA has three useful characteristics as a catalyst for aldol
condensations: When RAMA is used, the hydroxyl groups present
in the reactants need not be protected. It accepts a wide variety
of aldehydes.S Its reactions are stereospecific. It also has limi-
tations: It requires DHAP as one substrate, and it generates only
vicinal diols having D-threo stereochemistry at C3—C4.6 It also
does not produce aldoses: Its products necessarily have a ketone
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group at C2 rather than an aldehyde group at C1. Conversion
of a ketose to an aldose is not straightforward.’

Here we describe a new strategy for using RAMA (the
“inverted” strategy. Scheme I) that increases the usefulness of
this enzyme as a catalyst in the synthesis of sugars. We also
demonstrate the value of L-iditol dehydrogenase (IDH) as a
catalyst for the diastereospecific reduction of the ketone in this
class of carbohydrates to an alcohol.®°

RAMA-catalyzed aldol condensation between DHAP and a
half-protected dialdehyde, OCHR'’(CHO)P, generates a protected
aldose having a ketone (that derived from DHAP) at C,_,. De-
phosphorylation. reduction. or other transformation of the ketone
and deprotection of the aldehyde provide the aldose. Both the
structure of this aldose and the location of the vicinal diol formed
in the aldol reaction can be controlled through the structure of
R’. The ketone group derived from the DHAP offers control of
the chemistry at the end of the sugar distal to the aldehyde.
Scheme 11 illustrates this “inverted” approach to the synthesis of
sugars using RAMA with syntheses of L-xylose (4) and 2-
deoxy-D-arabino-hexose (9).

RAMA-catalyzed (50 units) condensation of diethoxyacet-
aldehyde (1)'° (1 mmol, added in five portions over 5 days) and
D-fructose 1,6-diphosphate (1 mmol) in the presence of triose-
phosphate isomerase (EC 5.3.1.1, ca. 200 units), followed by
treatment in situ with acid phosphatase (AP, 20 units), afforded
2 in 60% overall yield.!" Conversion of ketone 2 (1 mmol) to
alcohol 3 with L stereochemistry was accomplished in 69% yield,
using IDH (from Candida utilis, 10 units),? coupled with formate
dehydrogenase (FDH, 10 units) and sodium formate (3 mmol)
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Scheme II. Synthesis of L-Xylose (4) and 2-Deoxy-D-arabino-hexose
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9(a) RAMA (EC 4.1.2.13); (b) AP (EC 3.1.3.2); (c¢) IDH (EC
1.1.1.14, from Candida utilis)/NADH/FDH (EC 1.2.1.2)/formate;
(d) aqueous HCI/THF; (e) NaHB(OAc);/HOAc; (f) IDH (EC
1.1.1.14 from sheep liver/NAD*/GluDH (EC 1.4.1.3)/KG/NH,*.

to recycle NADH (0.017 mmol)."? Hydrolysis of the acetal with
aqueous HCI (0.5 M)/THF (1:1) yielded 4 (95%), which was
indistinguishable by '3C and 'H NMR (500 MHz) spectroscopy
from the commercially available enantiomer D-xylose.

To generate the opposite (D) stereochemistry on reduction of
the ketone required an additional step (Scheme 11). Ketone 6 was
obtained in 66% yield by RAMA-catalyzed (250 units) reaction
of 1,3-dioxane-2-acetaldehyde (5)'3 (3.8 mmol) and DHAP' (3.5
mmol) followed by dephosphorylation with AP (200 units).
Compound 6 (2 mmol) was reduced with NaHB(OAc); (5
mmol)'3 in acetic acid. This reduction yielded a mixture of the
desired (SR) and undesired (5S) diastereomers in a 2:1 ratio
(NMR analysis) and 75% yield. The 5S diastereomer was re-

moved by treating the mixture of diastereomers 7 (0.9 mmol) with
IDH (13 units)® and NAD™* (0.005 mmol),'® using an L-glutamic
dehydrogenase (GluDH, 48 units)/2-ketoglutarate (KG, 0.3
mmol), ammonium sul{ate (0.3 mmol) cofactor recycling system.!?
The product of oxidation, 6 (15%), could, in principle, have been
recycled to increase the yield of 8 but was, instead, discarded.
Compound 8 was isolated in 55% yield (from 7). Deprotection
of the aldehyde 8 with aqueous 1.0 M HCI/THF (1:1) yielded
2-deoxy-D-arabino-hexose (9, 95%), which was indistinguishable
from authentic material by *C and '"H NMR (500 MHz)
spectroscopy.

These two procedures demonstrate that RAMA accepts the
half-protected aldehydes 1 and 5 as substrates and illustrate the
application of this observation in syntheses of aldoses. These
syntheses also show the value of IDH, or of NaHB(OACc); in
combination with IDH, in generating alcohols of either stereo-
chemistry from the ketones derived from DHAP.

We are now addressing the most important remaining limitation
of aldolase-catalyzed synthesis—the restriction of the D-threo
stereochemistry for the vicinal diol—by exploring aldolases having
stereochemical preferences different from RAMA.S
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group at C2 rather than an aldehyde group at Ci. Conversion
of a ketose to an aldose is not straightforward.’

Here we describe a new strategy for using RAMA (the
“inverted” strategy, Scheme I) that increases the usefulness of
this enzyme as a catalyst in the synthesis of sugars. We also
demonstrate the value of L-iditol dehydrogenase (IDH) as a
catalyst for the diastereospecific reduction of the ketone in this
class of carbohydrates to an alcohol.®?

RAMA-catalyzed aldol condensation between DHAP and a
half-protected dialdehyde, OCHR’(CHO)P, generates a protected
aldose having a ketone (that derived from DHAP) at C,_,. De-
phosphorylation, reduction, or other transformation of the ketone
and deprotection of the aldehyde provide the aldose. Both the
structure of this aldose and the location of the vicinal diol formed
in the aldol reaction can be controlled through the structure of
R’. The ketone group derived from the DHAP offers control of
the chemistry at the end of the sugar distal to the aldehyde.
Scheme II illustrates this “inverted” approach to the synthesis of
sugars using RAMA with syntheses of L-xylose (4) and 2-
deoxy-D-arabino-hexose (9).
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phosphate isomerase (EC 5.3.1.1, ca. 200 units), followed by
treatment in situ with acid phosphatase (AP, 20 units), afforded
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