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Rabbi t  musc le  a ldo lase (RAMA) is  a  usefu l  cata lys t  for  the
synthesis of sugars.s,6 The "normal" appl icat ion of t l i is enzyme

Scheme I. Strategies for Using RAMA To Synthesize Ketoses and
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group at C2 rather than an aldehyde group at C I .  Conversion
of a ketose to an aldose is not straightforward.T

Here we descr ibe a  new st ra tegy for  us ing RAMA ( the
" inver ted"  s t ra teg) .  Scheme I )  that  increases the usefu lness of
th is  enzyme as a cata lys t  in  the synthes is  o f  sugars .  We a lso
demonst ra te  the va lue of  r - - id i to l  dehydrogenase ( lDH) as a
catalyst for the diastereospecif ic reduction of the ketone in this
class of carbohydrates to an alcohol.8'e

RAMA-catalyzed aldol condensation between DHAP and a
half-protected dialdehyde, OCHR'(CHg;n, generates a protected
aldose having a ketone (that derived from DHAP) at Cn-,.  De-
phosphorylat ion. reduction. or other transformation of the ketone
and deprotect ion o f  the a ldehyde prov ide the a ldose.  Both the
structure of this aldose and the location of the vicinal diol formed
in the aldol reaction can be control led 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  i l lustrates this * inverted" approach to the synthesis of
sugars  us ing RAMA wi th  syntheses of  t - -xy lose (4)  and 2-
deoxy-o-ar abi no-hexose (9).

RAMA-cata lyzed (50 un i ts )  condensat ion o f  d ie thoxyacet -
a ldehyde ( l ) r0  ( l  mmol .  added in  f ive  por t ions over  5  days)  and
o- f ructose 1,6-d iphosphate (1  mmol)  in  the presence of  t r iose-
phosphate isomerase (EC 5.3.1 .1 ,  ca.  200 un i ts ) ,  fo l lowed by
treatment in situ with acid phosphatase (AP, 20 units), afforded
2 in 60Vo overal l  yield. 'r  Conversion of ketone 2 (1 mmol) to
alcohol 3 with L stereochemistry was accomplished in 69Vo yield,
using IDH (from Condida utilis,l0 units),e coupled with formate
dehydrogenase (FDH, 10 units) and sodium formate (3 mmol)
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( I I ) Compounds 2-4 and 6-9 were purified by flash chromatography on

sifica gel (l}-z|Eo CH3OH/CH2CI2). NMR analysis indicates that they are
greater  than 957o pure.
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oThe designation (:g;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 carbon-*arbon bond having the o-threo configuration (Scheme
I ) . s

RAMA has three useful characteristics as a catalyst for aldol
condensations: When RAMA is used, the hydroxylgroups present
in the reactants need not be protected. It accepts a wide variety
of aldehydes.6 Its reactions are stereospecif ic. [ t  also has l imi-
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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Scheme II. Synthesis of l-Xylose (4) and 2-Deoxy-o-arabino-hexose
(e)'
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moved by treating the mixture of diastereomers 7 (0.9 mmol) with
IDH (13 units)8 and NAD+ (0.005 mmol),16 using an r--glutamic
dehydrogenase (GluDI I ,  48 un i ts ) /2-ketog lu tarate  (KG,  0 .3
mmol), ammonium sullrte (0.3 mmol) cofactor recycling system.r2
The product of oxidation,6 (15Vo), could, in principle, have been
recycled to increase the yield of 8 but was, instead, discarded.
Compound 8 was isolated in 55Vo yield (from 7). Deprotection
of  the a ldehyde 8 wi th  aqueous 1.0  M HCI /THF (1: l )  y ie lded
2-deoxy-o- arabino-hexose (9, 95Vo), which was indistinguishable
f rom authent ic  mater ia l  by  r3C and tH NMR (500 MHz)
spectroscopy.

These two procedures demonstrate that RAMA accepts the

half-protected aldehydes I 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(OAc)r 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 o-threo
stereochemistry for the vicinal diol-by exploring aldolases having
stereochemical preferences dif ferent from RAMA.6

Supplementary Material Available: Experimental details for
the synthesis of compounds 2-9 (5 pages). Ordering information
is given on any current masthead page.

( l2) Chenault, H. K.; Whitesides, G. M. Appl. Biochem. Biotechnol. 1987,
1 4 .  t 4 7 .

( I 3) Aldehyde 5 was prepared by ozonolysis of the corresponding alkene.
Experimental details are given in the supplementary material section.

(14) DHAP was synthesized by a l i terature procedure:  Ef fenberger,  F. ;
Straub,  A.  Tetrahedron kt t .1987,28.1641. We added DHAP rather than
generating it in situ in order to minimize reaction time.o Longer reaction times
led to deactivation of RAMA in the presence of aldehyde 5.
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,(" l  nar.,ra tEc +. r.z.nl:(b) AP (EC 3.1.3.2); (c) IDH (EC
1.1.1.14, from Candida ut i l is) INADH/FDH (EC I .2.1.2) l formate;
(d) aqueous HCI/THF; (e) NaHB(OAc;r/HOAc; (f)  IDH (EC
l . l . l . l4  f rom sheep l iver /NAD+/GluDH (EC I  .4 .1 .3)  IKG lNHo*.

to recycle NADH (0.017 mmol).12 Hydrolysis of the acetal with
aqueous HCI  (0 .5  M) /THF ( l :1)  y ie lded 4 (95Vo) ,  which was
indist inguishable by '3C and rH NMR (500 MHz) spectroscopy
from the commercial ly avai lable enantiomer o-xylose.

To generate the opposite (o) stereochemistry on reduction of
the ketone required an additional step (Scheme II). Ketone 6 was
obtained in 66Vo yield by RAMA-catalyzed (250 units) reaction
of 1,3-dioxane-2-acetaldehyde (5)t3 (3.8 mmol) and DHAP'4 (3.5
mmol) fol lowed by dephosphorylat ion with AP (200 units).
Compound 6 (2 mmol) was reduced with NaHB(OAc)3 (5
mmol)r5 in acetic acid. This reduction yielded a mixture of the
desired (5R) and undesired (55) diastereomers in a 2: l  rat io
(NMR analysis) and 75Vo yield. The 55 diastereomer was re-
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Rabbit muscle aldolase (RAMA) is a useful caralyst for rhe
synthesis of sugars.s'6 The "normal" appl icat ion of this enzyme

Scheme I. Strategies for Using RAMA To Synthesize Ketoses and
Aldoseso
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oThe designation (:9;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 carbon--carbon bond having the o-threo configuration (Scheme
I ) . 5

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. [t accepts a wide variety
of aldehydes.6 l ts reactions are stereospecif ic. I t  also has l imi-
tations: It requires DHAP as one substrate, and it generates only
vicinal diols having o-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 C I .  Conversion
of a ketose to an aldose is not straightforward.T

Here we describe a new strategy for using RAMA (the
"inverted" strategy, Scheme I) that increases the usefulness of
th is  enzyme as a cata lys t  in  the synthes is  o f  sugars .  We a lso
demonst ra te  the va lue of  r - - id i to l  dehydrogenase ( lDH) as a
cata lys t  for  the d iastereospec i f ic  reduct ion o f  the ketone in  th is
c l ass  o f  ca rboh rd ra tes  t o  an  a l coho l . 8 ' e

RAMA-cata ly 'zed a ldo l  condensat ion between DHAP and a
half-protected dialdehyde, OCHR'(CH9;n, generates a protected
aldose having a ketone (that derived from DHAP) at C,-1. 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 control led through the structure of
R'. The ketone group derived from the DHAP offers control of
the chemist ry  a t  the end of  the sugar  d is ta l  to  the a ldehyde.
Scheme II  i l lustrates this " inverted" approach to the synthesis of
sugars  us ing RAMA wi th  syntheses of  l -xy lose (4)  and 2-
deoxy- o-ar a b i no-hexose ( 9).

RAMA-catalyzed (50 units) condensation of diethoxyacet-
aldehyde ( l) '0 ( l  mmol. added in f ive port ions over 5 days) and
o-fructose 1,6-diphosphate ( l  mmol) in the presence of tr iose-
phosphate isomerase (EC 5.3.1 .1 ,  ca.  200 un i ts ) ,  fo l lowed by
treatment in situ with acid phosphatase (AP, 20 units), afforded
2 in 60Vo overal l  yield,rr Conversion of ketone 2 ( l  mmol) to
alcohol 3 with L stereochemistry was accomplished in 69Vo yield,
using IDH (from Candida utilis,l0 units),e coupled with formate
dehydrogenase (FDH, 10 units) and sodium formate (3 mmol)
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silica gel (10-20Vo CH3OH/CH2CI2). NMR analysis indicates that they are
greater than 9570 pure.
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