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Abst6ct :  p-Fructosc-1,6-b isphosphate a ldo lase f rom rabbi t  musc le  (RA\ tA,  EC 4.1.2  l3)  is  a  synthet ica l ly  uscfu lcata lys t
for the stcreoselective aldolcbndensation between dihydroxyacetone phosphate (DHAP, l)  and aldehl 'des having a rangc of
structurcs. This paper dcmonstratcs that more than 50 aldehydcs [in addition to its natural substratc, >glyccraldehyde 3-phcPFtc'
G-3-P (2) l  arc  iu6st ra tes for  RAMA. Unhindered a l iphat ic ,  a-heteroarom-subst r tu ted,  and d i f ie rent ia l ly  protectcd.a lkory

and amino aldehydes are substi tutes;sterical ly hindercd al iphatic and a,6-unsaturated aldehydes are not. Aromatic aldehydcs
are either poot 

"t  
substrates or they do not react. Phosphorylated aldehydcs react more rapidly than thcir unphosphorylated

counterparts, and aldehydes substi tuted in the a posit ion with an electroncgative group react more rapidl l '  than unsubsti tutcd
al iphatic aldehydes. Pcrmissible variat ions in t t ie structure of the DHAP moiety'  are much more restr icted; only two-I,3'
d ihydroxy-2-butanone 3-phosphate (68)  and 1,4-d ihydroxy-3-butanone- l -phosphonate (69)-o f  I  I  DHAP analogues tcs tcd
weic substrates for RA\{A. neVn is stable under tire reattion conditions used in synthetic applications: it withstands organic

cosolvents (up to 207o D\1SO or EIOH); i t  can be uscd in immobil ized iorm, in soluble form, or enclosed within a mcmbranc;

i t  is  a lso a i r -s tab le .  Synthcscs of  5 ,6-d ideoxy-D- threo-2-hexulose l -phosphate (82) ,5-O-methy l -D- f ructose (85) ,  o-xy lu lcc
(8t),  and peracetylatedvglycero-o-altru2-octulose (91) on scales of 4 mmol-l  moldemonstrate practical appl icat iongf thit

catalyt ic synthetic methodoiogy. In a l imited srudy of kinetic diastereoselectivi ty, RAMA exhibits useiul select ivi ty in tyo

cascsl * i t i r  (*)-glyccraldchydc 3-phosphate [2; 20: ' l  rat io, the major isomer being >fructose 1,6-bisphosphate (3)] andwilh
(+)-2-(benzyloxyipropanal [19; 3:t  rai io, t i r i  major isomer being (S,S,R)-5-(benzyloxy)-3,4-dihydroxy' l-(phosphon*xl) '
h.*"n-i-on. igtlj 

'When 
1+j-f -hydroxybuunal (lm) reacs with DHRP, high thermodynamic diasterecelectivity was sbccnrcd:

the ratio of the two stcrcoisomers (ror to lo{) is 97:3 and the major isomer is 5,?-didcoxy-t-gluco2-heptulopyrance l'phcpbatc
(103) .

The development of methods for stereoselective formation of
carbon-carbon bonds using the aldol reaction is a current focus
of effort in organic synthesis.?-12 Many successful strategies using
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chiral auxiliaries have been reported.lF2l In principle, howe;e:'
a catalytic asymmetric aldol reaction requiring minimal cffor: to
prepare the catalyst would be preferable to methods rcquiring a
stoichiometric equivalent of a chirotopic auxil iary. hevious re-
ports22 describe three nonbiological catalysts-Zn(II) compleres

Q2) Arganic Syntlesis Today and Tomorror4 Trost, B. M' Hutchils:r:.
C.  R. ,  Eds. ;  Pergamon: New York,  1981. :

(13) Evans, D' A.; Nclson, J. V.;Tahr, T' R. Iop. Sterapr'lu'nr. 19t1 /J'
l .

l.
(21) Mukaiyama, T. Org. React. ( ,v ' f ' )  19t2, 28,20r.
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of amino acid esters,2l Eu(DPPM)t,2t and a chirotopic ferroccnyl
phosphinc-gold(l) complex2s-for the asymmetric aldol rcaction.
The chiral gold complex givcs thc highest stereoselcctivities:
72-97Vo enantiomeric exccss and 60-100% diastereomcric exccss.

Enzymes often provide products with higlrer cnantiomcric purity
than do nonbiological catalysts.ry This papr discusscs the utility
of the most readily available membcr of the clas of protcins that
catalyzes the aldol reaction,2t-32 rabbit muscle aldolase (RAMA,
EC 4.1,2 .13) ,  as  a  cata lys t  for  the asymmetr ic  a ldo l  react ion.3 l

Properties of RAMA.ra [n vivo, RAlvtA catalyzes the e4ui-
librium condcnsation of dihydroxyacctone phosphatc (DHAP, l)
with ugly'ceraldehyde 3-phosphate (G-3-P, 2) to form Dfructose
1,6-b isphosphate (FDP,  3) .  Thc equi l ib r ium constant  for  th is
react ion is  K = t3 l / t l l [2 ]  =  101 N{- r  (eq l ; . : t ' rz  Scvera l

F
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3
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Trble I .  Rctat ive React iv i t ics of  Aldehydes (RCHO) wi th DHAP rn

RA MA-Cat alyzed Aldol Condensations

substr classT rcF or cosolr

P,OCH:CH(OH) 2 l00d +++ 32
t. l  4 105 +++
HrC 5 120 +++
cHrcH:  6  105 +++
cHrcH:cH 2 7 43 +++ l0% D\ lso
cHrcHrcH2cH2 8  7  +  l0%Dr{so
(cHr ) :cH 9  19  ++
(cHr)2cHcHr lo 6 +
PhcH2 l l  27  +++ 20% D\ tso
cH2-cH 12 o -
CHrCH-CH 13 0 -
(cAr)rc l {  o -  8% EtOt-{
Ph(cAr)cH 15 v ' t  + 20% D\{-St-)
Ph(cH;o)cH 16 9 + l0% D\{s i r
l - iocHr l7 33 +++
cHrcH(oH)  l t  l0 '  ++  38
cH;cH(oBzl)  19 zuJ ++ lo% D\ lso' '
cHrcH2cH(oH)  20  lod  ++ 38
HOCH2CH(CHr) 21 7a + 48
HOCH2CH(CH2OH) 22 34 +++ 48
HOCH2CH(OH)  23  15 ' ,  ++
cHrocH:cH(oH) 21 l5d ++ 46
HO-CH,CH(CHrO) 25 22d ++ 46
HOCH:C(CHr)(OH) 26 2' ,  + 46
o-ery throsc 21 < l
o-ery throse-4-P,  28 23 +
o-ribosc 29 <l 39' 40, 4' l
o - r i bose -5 -P ,  30  5 t  +  39 ,40 , ' l J
D-ar rb inose 3 l  <  I  -  39,  40,  ' l -1

o -a reb inose -5 -P ,  32  l s  +  39 ,40 " t ' l
2 -deoxy-o-g lucose 33 < I
2-dcox1 -o-g lucose '6-P,  3{  3 t  +  39
o-g lucosc 35 < I
o - g l u c o s e - 6 - P , 3 6 1 + 3 9
BzlOCH2 31 25 +++ 49,  50
THPOCHT 38  15  ++  49 ,  50
c H r o c H z c H ( c H r o )  3 9 9 + 5 1

",\;1" 40 l0/ ++ s2

x rc -  cH  41  7a  +  53
oYo

c i r r ' s c x 2 c x 2

cHrscH2cH2 42 40 +++ 54
ocH 43 12  ++
ocH(cH: )2cH2 u  l0  ++
cHrco  45  l2d  ++
NaO2C 46 4 +
c lcH2 41 340 +++ 55
BrCH2 4E 400 +++ 55
c lcH2cH2cH2 49 160 +++
c t r c 5 0 0 - 5 5
BTCH2CH2 51  0  -

N O 2 C H 2 C H 2 5 2 o - i
NO2CH2CH2CH2 53 170 +++
N r C H 2 c H 2 5 { o - 4 6
A ; N H C H 2 5 5 5 + 4 6
r-BocNHCH2 36 2 + 16
CbzNHCH2 51 l t  +  46
AcNHCH(CHr)  5S 6 '  +  46
cyclopcntyl 59 5t + 46
N-ACetylpyrrolidinYl 60 4t + 46
l/-t-Boc-pyrrol idinyl 6t I  + ' i46

BocNHiH(CooMc)CHr 62 5t '^ + 56
Ph 53 0 - 20% D\tso
2-pyrrolyl  64 <l l0% D\{SO
Z-iuranyt 65 <l '10% D\tS')
3-pyridyl 6 2 + I0%D\{SO
i - iy i ioyr cz r  + l . ; torPrtso

'Rcactivitics were measured in 0.2 M tricthanoleq;linc buffcr (ph

7.0,25 oC) containing both subatratcs ar 50 mM ciu8&tihtion, unles'

indlcatcd. 
-c 

(+++) in,> 25; (++) 25 > vd> lQ (O l0 ) Y,a > | '

(-) tr r < l. cThc rcfcrcncss dcscribc thc prcparatbn"'of aldeh"dc'
that wcrc not commerciatly availablc. d /,-1 is for tbc o'rtereo\sr.tr,t:
'A racemic mixture was assayed. /The kinctic diartcrccclecti"t:.' ol

thesc aldchydcs is discusscd in thc text. tEstimatcd frout prcparar,'"c'
scalc reactions. rOnly thc L'amino aldehydcs were rsseycd.

vra,

o P o r r '  ( 1 )

propertics oi RAIIA makc it a useful catalyst in organic synthcsis.
Commercialll' available preparations of the cnzymc are inexpcnsive
and have a useful spccif ic act ivi ty (60 units/mg, I  unit  (U) =

I pmol of product formcd/min). Although product inhibit ion by
unnatural substrates has not been cxplorcd thoroughly, product
inhibition is not significant whcn FDP is a subtrate.r The enzyme

(21) Danrshcfsky has rcportcd a catalytic asymrnctric hctcreDicls-Aldcr
reaction using Eu(hfc)1 that gives aldol-typc produas, albcit in only modcratc
enant iofaci r i  re lect iv i ty  (58% cc):  Bednarski ,  M.;  Mar in,  C. ;  Danishcfsky,
S.  Tetrahedron Iz: t . l9 t f ,  ?r ' ,  3.151.  Chira l  amincs can also givc cnant iom-
er ical ly  enr iched prCucts:  Ando, A. ,  Shioi r i ,  T.  J.  Chem. Soc. ,  Chem.
Commvn.  l 9 t l ,  l 6 :0 .

(23) Nakagawa, I { . :  Nakao, H. ;  Watanabc,  K.  Chem. bt t .  1983,391.
(2{)  fv{ ikami,  K. :  Terada, M,;  Nakai ,  T.  52nd Annual  Mcct ing of  thc

Chcrnical  Society of  Japan, Kyoto,  Apr i l  l -4,  1986; Papcr 3Y29.
(15 )  I ro ,  Y . :  Sa*amura ,  l v l . ;  Hayash i ,  T , I . , lm .  Chem.Soc .1986 ,108 ,

6.10 5 .
( 26 ) \\ 'hitcsidcs, C I{ : Won8, C. H. Angew. Che m., Int. Ed. Engl. 1985,

2 1 , 6 t 1 .
(27) Joncs,  J.  B Tetrahedron 1986, {1,  3 l5 l
(28 )  Ser iann i ,  A .  S ;Cadman,  E . :  P ie rce ,  J . ;  Haycs ,  l t { .  L . ;  Ba rke r ,  R .

Llethods Enzymol.  19E2, 69,  8 l
(29) Horecker,  B.  L. :  Tsolas,  O.;  [ : i .  C.  \ '  .  En:1,ws,  3rd Ed.1n2,8,213.
(30) Mosc, D. F.; Horccker, B. L. Adu. En:smol. Relat. Areas Mol. Biol.

1968 ,  J / ,  125 .
(31) Willnow,P.ln Mcthods of Enzymatic Anall 'sis, 3rd cd.; Bcrgmeyer,

H. U. ;  Bcrgmeyer,  J. ,  Grasl ,  M. Eds. l  Ver lag Chene: Weinbcim, 1984;Vol .
I I ,  p  146 ;  Vo l .  IV ,  p  346 .

(32) The Enzyme Handbook: Barman, T. E., EC.;Springer-Verlag: New
York ,  1969 ;  Vo l .  I I ,  p  736 .

(33) Othcr cnzymat ic a ldol  react ions (using aicc lases and t ranskctolase)
have reccntly bccn rcported to bc useful in synthesrs: Bolte, J.; Dcmuynck,
C.:  Samaki .  H.  Tetrahedron lz t t . l987,  28.  5515

(34) RAMA is a class I aldolase-it requircs no metal ions.DJ2 It cxists
as a tetramer wi th an approximate molecular  wcigbt  of  158000.2e DHAP
appcars to bind first during a cycle of catalysis (Sprck J. C., Jr.; Rowlcy, P.
T.; Horecker, B. L. J. Am. Chem. ̂ Soc. 1963, EJ, l0l2); a lysinc c-amino
residuc in the active site forms a Schiff base with tbe ketonc group of DHAP,
Thc aldchydc binds sccond. Treatmcnt of a mi:ture of the enzymc and DHAP
with sodium borohydridc deactivatcs the cnzymc and a glyccrol-lysinc con-
jugate can bc isolated from the reaction mixture aftcr proteolysis and de-
phosphorylation. In control cxperiments, no inactivation occurs whcn G-3-P
is subject to similar conditions, suggesting that the binding of DHAP is thc
first cvent in catalysis. Isotopic labcling expcrimenLs (Rose, I. A. J. An.
Chem, Soc. 195t, 80, 5835) also suggest thc formation of an rdduct of lysinc
with DHAP as thc first step in thc catalytic cyclc, followed by binding of thc
aldchydc and subse4uent carbon-carbon bond formation. Rcccnt invcstiga-
tions support this mcchanistic scquencc: Kuo, D. J.:Rcc, l. A. Biuhemistry
1985, 21,3947. Rsc,  I .  A. ;  Warms, J.  B.  Ib id.  19t5,21,3952. Ray,  B.  B. ;
Harpcr, E. T.; Fife, W. K. J. Am. Chem. Soc. l!)t3, 105,3732. Amino acid
scquencc analysis (confirmcd by a nuclcotidc scquencc analysis) has cstab-
lishcd thc composition of thc polypcptidc chain: Sygusch, J.; Boulct, H.;
Bcaudry, D. J. Biol. Chcm.yn$260,15286. Thc enzymc hrs bccn clooed:
Tolan,  D.  R. ;Amsden, A.  B. ;Putney,  S.  D. ;  Urdca-,  M.S.;Pcnhoct ,  E.  E.  / .
Biot. Chem. lgt4, 259,1 127. Low-icsolution (5 A) X-ray cryrtallographic
investigations havc lcd to a proposcd modcl for thc tlre+dimcnsional ilrusture
of thc protcin: Eagles, P. A. M.; Johnson, L. N.; Jqvnson. M. A.; McMurray,
C. H.; Cutfrcund, H, J. Mol. Biol. 1959, JJ, 5ll. Dctails of thc binding
intcractions in thc active sitc are not, howcver, kaown.



Aldolase as Catalyst in Organic Synthesis

is not particularly air-sensitive ind may bc used in immobilizcd35
or soluble forms or enclosed in a dialysis membrane.l6

Previous studies of the application of RAMA as a catalyst in
organic synthesis by us,l7-le Jones,4 Wong,al 'a2 and othersaHs
have focused mainly on the synthesis of carbohydrates. The
qualitative conclusion of these and other biochemical studies3o is
that RAMA acceptsa broad range of aldehydes as the clectrophilic
component of the aldol reaction, but accepts only DHAP or close
analogues of DHAP as the nucleophil ic component.

Objectives. The objectives of this work are (l) to suggest the
range of synthetic utility of RAMA by establishing the structures
of substrates accepted by the en4fme, (2) to provide reprcsentative
cxper imenta l  procedures for  the product i r tn  o [  0 .1-1.0-mol
quanti t ies of aldol adducts, and (3) to investigate the diastereo-
facial stereoselectivity of RAMA-catalyzed reactions with chiral
aldehydes.

Results and Discussion

Reactivity of Aldehydes ss Substrates. We describc clsewhcre
the preparation of aldehydes not avai lable from commercial
sources.6 We found ozonolysis of a-olefins, when these precursors
were avai lable, to be the best route to the aldehydes used in the
study. Table I lists aldehydes that have been tested as substrates
with RAN{A, together with estimates of the init ial  rclat ive ve-
locit ies ( I / , .1) expressed as a pe rcentage of the init ial  velocity of
the natura l  subst ra te  D-G-3-P (%o,r " r  =  100) .  The subst ra tes
are group€d by reactivi ty into four classes: ( l )  Vnt> 25 (+++);
( 2 ) 2 5 )  V ' n t >  l 0  ( + + ) ;  ( 3 )  l 0  )  l ' , " t >  I  ( + ) ;  ( 4 ) V a <  I  ( - ) .
Th is  grouping prov ides a convenient ,  i f  qua l i ta t ive,  gu idc to  ap-
plicability in synthesis. Standard concentrations used in the survey
cxper iments  were 50 mlv t  for  both a ldehyde and DHAP. '7

The observation of a slow disappearance of DHAP (l /*r (  l )
in  these exper iments  cou ld  be due to  severa l  fac tors :  a  s low
e nzyme-catalyzed reaction of the aldehyde substrate, a fast en-
zyme-catalyzed reaction with impurit ies prcsent at low conccn-
trat ion in the aldehyde, or a slow non-enzyme-catalyzed decom-

j posit ion or condensation. We have not confirmed that al l  of the
' more slowly reacting substrates listed in Table I do, in fact, producc

aldol adducts with DHAP, because slowly reacting substrates are
of intr insical ly less interest in synthesis than are rapidly reacting
ones.  For  severa l  representat ive s lowly  react ing (Vnr  15)  a l -

(35) Pol lak,  A. ;  Blumenfcld,  H. ;  Wax, l t {  ;  B.rughn, R L. ;  Whi tcs idcs,  G.
M.  J .  Am.  Chem.  Soc .  1980 ,  102 .6321 .

(36) Bednarskr,  lv t .  D. ;Chcnaul t ,  H.  K. ;Simon, E S :  \ l 'h i tcs idcs,  G. N{.
J.  Ant .  Chem. Soc.  1987, / ,09,  1283.

(37 )  Wong ,  C . -H . ;  Wh i tes idcs ,  G .  N{ .  J  Org  C f iem.  1983 ,  18 ,3199 .
(38) Wong, C.-H.: Mazcnod, F. P.: Whitcsidcs, G it{ I &S.Chem.19t3,

48 ,  3493 .
(39) Bcdnarski ,  M. D. ;  Waldmann, H.  J. ;  Whi tesides,  G. t 'v l .  Tetrahedron

brt. 1986, 27 . 5801 .
(40 )  Jones ,  J .  K .  N . ;  Seph ton ,  H .  H .  Can .  J .  Chem.1960 ,  J8 ,753 .
(41 )  Dur rwach te r ,  J .  R . ;  Sweers ,  H .  N I . ;  Nozak i ,  K : ' * ' ong ,  C . -H .  Te t '

rahedron Iztt. 1986, 27, 1261.
( .12) Durrwachter,  J .  R. ;  Drueckhammer,  D.  G.;  Nozakj ,  K. ;Sweers,  H,

iU . ;  Wong ,  C . -H .  J .  Am.  Chem. .Soc .  19 t6 ,  108 ,1812 .
(43) Wcbster ,  D. ;  Jondorf ,  \ [ ' .  R. ;Dixon,  H.  B.  F.  Biochem. J.1976,/ ,55,

4 3 1 ,
(4. f )  Kapuscinski ,  M.:  Franke,  F.  P. ;  F lanigen,  I . ;  Iv{acLeod, J.  K. ;  Wi l -

l iams, J.  F.  Carbohydr.  Res.1985, 110,69.
(a5) Ei fenbcrger,  F. ;  Straub,  A.  Tetrahedran Let t .1987,28,  1641.
(16) Bischofberger,  N. ;  Waldmann, H. ;  Sai to,  T. ;Simon, E.  S. ;  Lecs,  W.;

Bcdnarski ,  M. D. ;  Whi tcs idcs,  G. M. / .  Org.  Chem.l98t ,  JJ,  3457.
(a7) Thc Michacl is  constant  (K1,)  for  o-G-3'P is  I  m\{ ;  that  for  DHAP

is 2 mlvt.2e
(48 )  V ik ,  J . -E .  Ac ta  Chem.  Scand .1973 ,27 ,239 .
(49) Danishefsky,  S.  J. ;  DcNinno, t t { .  P.  J.  Org.  Chem.1986,51,2615.

Thc THP protecting group was substituted for Bzl in thc synthcsis of 38.
(50) Arndt ,  H.  C. ;  Carrol l ,  S.  A.  SyntAesis 1979, 201.
(5 I ) Fedoronko, M.; Tcmkovic, P.; lvlihalov, V.; Tvaroska, l. Carbohydr.

Res .  1980 ,  87 ,51 .
(52) Schray,  K.  J. ;O'Conncl l ,  E.  L. ;  Rosc,  I .  A.  . I .  Bio l .  Chcm.1973,248,

22t1.
(53) Bacr,  E. ;  F ischer,  H.  O. L.  J.  Bio l .  Chem.1939, 128,463.
(54) Availablc from Kodak.
(55) Prcparcd by acid-catalyzcd hydrolysis of the conesponding dimcth-

oxyacctals:  Rcfercncc 51.
(56) Turner, N. J.; Whitcsides, C. frt. submitted for publicationin J' Am.

Chem. Soc.
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Scbeme I.  Enzymatic and Chemical Routes to DHAP ln
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o Reagenrs: (a) (EtO)rCH; (b) POCi;-prr iCinc. H2O-HCOi-OH-.
lvtgCl2-NH.Cl, BaCl2-EtOH; (c) Dowex 50w'XB resin, Ht form'

dehydes (15, 60) we have, however, isolated thc aldol products

from the reaction, although in low yields (eq 2 and 3).

o
t,t-rA" +

I
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,o-- i l 
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The studies summarizcd in Table I support the fol lowing
general izat ions concerning the substrate specif ici ty of RAMA:
(i; ntiptr"tic aldehydes are good substrates. Steric hindrancc ne.rt

to the aldehyde group reduces reactivi ty, but modest stcric hin-

drrnce is tolerated; pivaldehyde ( l{),  for example, is apparently

not a substrate, but isobutyraldehyde (9) is a substratc. (ii) Most

aldehydes that have unsaturation in conjugation with thccarbonyl

group are not accepted as substrates. a,p-Unsaturatcd aldehydes
(tZ, if) Co not rcact. Simple aromatic aldehydes c-ither arc poor

iubstrates (66, 67) or they do not react (63-65). In assay-scale

expe riments, the presence of I equiv of either crotonaldehyde (13)

or benzaldehyde (63) did not inhibit  the cleavage of FDP by

RAIvIA; others have reported that benzaldehydc is an uncom-

pctir ive inhibitor of RAlvIA.57 ( i i i )  Aldehydes.substi tuted with

ieaving groups in the posit ion p to the carbonyl group [c'8' ,  X-

CHrCH:CHO; X = Br  (51) ,  NO:  (52) '  N:  ( t f ) l  a re  not  usefu l

subitrates, probably because p-el imination under tbc reaction

condit ions forms a,0-unsaturated aldehydes, ( iv) Molecules in

which the aldehyde gfoup is prescnt predominantly as a hemiaccul

or hydrate [e.g., CCI3CHO (50)] are unreactive, with the exception_

of formaldlnyA.. (v) In contrast, some degrec of act ivat ion oi

the carbonyl group by electron-withdrawing sub'stituents increa-ses

reactivity, even though it must also increase the extent of hydration

of the aidehyde group: CICH2CHO (47) and BTCH2CHO (48)

are more react ive than CH3CHO (5)  and CH3CHICHO (6) ;

Cl(CH2)rCHO (49) is more reactive than CH3(CH)3CHO (8)

The balance between increased reactivi ty due to electron-with-
drawing substi tuents and decreased reactivi ty due to hydration

is not clear. (vi) Introduction oi a phosphate Sroup into the

aldehyde-containing substrate increases reactivi ty: G-3'P (2) is

a better substrate than glyccraldehyde (23); pentose S-phosphates
(30, 32) are better substrates than unphosphorylated C5 su!ars
(29, 3l).  (vi i)  N-Protected primary and secondary a'amino

aldehydes can be substrates; aldehydes derived from N'acetyl-
glycine (55), N-l-Boc-glycine (56), N'acetylprol ine (60), and

N-l-Boc-prol ine (61) al l  react at useful rates. The sl ight rate

differences in this series are probably due to steric effccts. These
data also demonstrate that the enzyme tolerates scvcral different
protcct ing groups.

(57) Spolter, P. D.; Adctman, R. C.; Wcinhouse, S. t. Blol.Chcm.1945,
240, 1327 .

(58) Hartman, F. C. Biochemistry 1970,9, l7'16.
(59) Paterson, M. C.lNorton, l .  L.;  Hartman, F. C. Bluhemlstry 19i2,

I t .  2070.
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Trble II. Relative Rcactivitics of DHAP and Analogues R,COR2
with G-3-P in RAMA-Catalyzcd Aldbl Condensationsn

100 32
rff 46
l 0  3 7

<0. t  37
<0.1 37
<0 . I  37
<0.1 46
<0, I  46
<0.1.  46

0  5 9 , 5 9
0 5 9
0 5 9

o Rclative velocitics were measurcd in 0,2 M trierhanolaminc buffcr
(pH 7.0, 25 oC) containing 50 mM substrates. ,Refcrcnccs arc to
preparation oi thc dihydroxyacetone substrate. cA mixturc of o and t
cnantiomcrs was assaycd.

We conclude that RAMA accepts a broad range of aldehydcs.
There is significant discrimination between enantiomers of chiral
aldehydes in ccrtain systerrrs, and this discrimination may provide
the basis for a useful mcthod for control l ing an addit ional ster-
cogenic ccntcr. The issue of diastereoselectivity is discusscd bclow.

Reectivity of Analogues of DHAP as Substrates. The synthcses
of analogues of DHAP are dcscribed elsewhere.6 In gencral, wc
found that reaction of diazoketones with dibenzyl phosphate was
the bcst route to these compounds (eq 4). A potcntially useful

oP(o)(o8rrh H/fr 
.

I
xo-.,\-oco,r' (4)

I
route to analogues of DHAP procceds via analogues of the dimer
of DHAP;45 Scheme I describes the preparation of DHAP by this
method. We havc not cxplored this route to analogues of DHAP
in dctai l .

Othcr rcportsro describe RAlvtA as being highly selective for
DHAP. Our l imited studies (Table II)  confirm this sclect ivi ty,
but also establ ish that a l imited variat ion in structurc is possible
but  on ly  a t  C-1.  For  example,  RCH(CHr)OPi  (68)  and
RCH2CH2PO3H2 (69)60 are subst rares.

Synthesis of Dll-AP. DHAP can be prepared by tbree proce-
dures (Scheme I):  ( l)  from dihydroxyacetone (79) by phos-
phory la t ion us ing PEP and g lycero l  k inase (EC 2.1.1 .30) , t7  (2)
from 1,3-dihydroxyacetone phosphate dimer 8l by chemical
phosphorylation of dimer 80,rz"ts and (3) from FDP using RAMA
and t r iosephosphate isomerase (TIM,  EC 5.3.1 .1) .  Chemica l
phosphorylat ion of dihydroxyacetone with POCl3r? provides
solut ions of DHAP of lower puri ty (-60Vo) than do methods I
and 2.

In our exprience, the most convenient of these methods is that
from FDP. RAMA converts FDP into DHAP and G-3-P; tr io-
sephcphate isomerase (TIM) in turn converts G-3-P into DHAP.
In some cases, however, the presence of excess FDP complicates
the isolation of products, especially when conversion of substrates
to products is not complete. In addition, reactions using relatively
purc prcparations of DHAP (formed chemical ly or by using
glycerol kinase) favor the formation of product; the equilibrium
betwecn products and FDP can in some cases be unfavorable. The
advantage of the chemical method from dihydroxyacctonc (79)
is that i t  provides the cleanest preparation of DHAP and the
barium salt of the dimer formed in the chemical routc is stable
to storage. The advantage of the route to DHAP using glyccrol
kinase is its simplicity and case of use. Table III compares thcse
methods.6l

Bednarskl ct al.

Table III. Comparison of Methods of Synthcsizing DHAF

YfttR2Rr
enzymat ic chemical

(from 7917; (from 79r)
cnzymstic

(from FDPrT)
t HocH: cH2oPi

68 HOCHr CH(CHr)OPi
59 HOCHI CH2CH2POTH2
70 HOCH: CH2SOTH
7t  HOCH2 CH2OH
72 HrC OCH2OP|
73 NrCH2 CH2OPi
74 AcNHCH2 CH2OP;
75 HOCH(CH!) CH2OPi
76 CICH2 CH2OPi
71 BrCH2 CH2OPi
7t ICH2 CH2OPi

yie ld
pur i ty
prepn (no.  of  steps)
convenience

83%
8't%
I
++

34%
95%b
8
+

inTitu
NA
I
+++

oschcme I  summarizes synthet ic  routes.  tPur i ty  analyzcd by t tP

and lH Nlv{R spectroscopy.
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Figure l. Stability of rabbit muscle aldolasc (RAMA). (A) imnobilizcd
on PAN gel or dissolved in a homogeneous solution (RAMA 0.2 mg/ml
in 50 mM TEA, pl l  7.5, 25 oC): (o) PAN-immobil izcd and storcd
under air;  (r) PAN-immobil izcd and storcd with 2 mM 2-mcrcapto-
ethanol undcr nitrogen; (a) homogeneous solut ion storcd undcr air;  (o)
homogeneous solution stored undcr nitrogcn; (o) homogencous dution
storcd with 2 mM 2-nrercapttxthanol under air. (B) Membranccnclccd
RAI!{A in 50 mlvt TEA (pH 7.5 and 25 oC): (o) conccntratcd (50
mg/mL) RA|vtA; (r) conccntrated (50 mg/mL) RAMA witb 20 mg/
mL BSA; (CI) di lutc (0.2 mg/mL) RAlv{A; (o) di lutc (0.2 mg/ml)
RAMA with 20 mglmL BSA; (a) di lutc (0.2 mg/mL) RAMA with 20
mg/ml BSA in a mcmbrane prctreated with BSA. Thc activi ty of thc
enzyme was assayed by removing al iquots from the volume containcd
wi th in  the mcmbranc.

Practical Issues

Stab i l i ty .  A l though the potent ia l  o f  RAMA as a cata lys t  in
organic s.v-nthesis rests on i ts breadth of appl icabi l i ty and on i ts
stereoselectivity, a number of other isues---cspecially is cct and
stabi l i ty-bear on i ts practical ut i l i ty, RAMA is a relat ivcly
inexpens ive enzyme (S0.01/U) ,  and in  our  exper iencc,  the most
expens ive component  o [  the react ion mix tures is  usual ly  the a l -
dehy'de (which often must be s.v-nthesized) rather than the enzyme.

A numbcr of factors detcrminc the l i fet ime of the enzyme in
usel5  inc lud ing sens i t iv i ty  to  ox idat ion,  to  proteases,  and to  de-
naturation by adsorption at interfaces and by aggrcgation in
solut ion. Figure I shows the stabi l i ty of RAMA in a number of
circumstances. We conclude that the enzyme is not scnsit ive to
02 and that it should be used without adding reducing agents such
as dithiothreitol or 2-mercaptoethanol. Either immobil izat ion of
RAlvtA on PAN gells or confining it within a dialysis membrane
( lv {EEC)r5 a t  a  h igh concent ra t ion o f  pro te in  (10 mg/ml)  ap-
preciably increases its operating lifetime; RAMA is unstablc when
enclosed in a dialysis membrane at low concentrat ions. Init ial
studies suggest that this instabi l i ty is due to adsorption onto the

(61) Even if pure DHAP is used, FDP may stil l form in thc rcaction
mixture. Trioscphosphatc isomerase contaminates most com-crcially
availablc preparations of RAMA and converls DHAP to G-3-P; RAMA thcn
rapidly forms FDP from thcsc two substanccs. Thc formation of FDP can
bcan imporunt compctitive pro@ss in thc casc of stowty rcacting nibitntcs.
This problcm can bc circumventcd by tbc addition of l-bromccctdiri 3-
phosphatc, which inhibits the activity of TIM without intcrfcring rith that
of RAMA: Dc La Mare, S.; Coulson, A. F. W,; Knowlcs, J. R.; hiddlc, J.
D. ;  Offord,  R.  E.  Biochen. J.  1972, 129.321

0

(60) Str ibl ing , D. Biochem, J, 1974, I4l ,725.



L
Aldolase as Catalyst in Organic Synthesis

2 0  3 0  4 0

J. Am. Chem. Soc., Vol. I  I  I ,  No. 2, 1989 631

the phmphate group can easily be removed by enzymatic hydrolysis
wi th  phosphatasc.

In cases where no excess of DHAP or FDP is prescnt, pre-
cipitation of a barium or cyclohexylammonium salt of thc organic
phosphate is thc most straightforward method of isolat ing the
product. Products obtained in the form of barium or alkyl-
ammonium salts are seldom pure, but usually are satisfactory for
use in  o ther  enzyme-cata lyzed t ransformat ions:  inorganic
phosphate is normally the major impurity. A solut ion of the
(essential ly) barium-free organic phosphate is easi ly generated
by treating a suspension of the barium salt with sulfuric acid, with
concomittant formation of barium sulf:r te. In cascs in which
greater purity is desircd or in which other phosphate-containing
compounds are prcsent in solution, purihcation by ion-cxchange
chromatograpby provides satisfactory results. Thc cluant may
be a gradicnt of formic acid or, in the casc of acid-scnsitive
compounds, tricthylammonium bicarbonate solution (prcparcd
by saturating a tricthylamine-watcr solution with carbon dioxide
unti l  the pH is S 8) or an ammonium bicarbonatc solut ion.

Analytical Techniques. Enzymatic assays3l are prccise but
t ime-consuming methods for monitoring thc progrcss of
RAMA-catalyzed reactions. A more convenicnt qual i tat ive
technique for following reactions involves thin-laycr chromatog-
raphy on siliqe gel, eluting with solutions of 2-propanolanunonium
hydroxidrwatcr (6:3:2) or l-butanol-acetic acid-watcr (5:3:2).
The blue-gray oxidized complexcs are visual ized with a ccric
sulfatrammonium molyMate stain.fl For quantitative analysis,
HPLC us ing ion-pa i r ing reagents  (such as the commerc ia l ly
avai lable Waters PIC reagcnts) in acctonitr i l rwatcr solut ions
has proven useful.  3tP Niv{R spectroscopy also is a convenient
and simple method for monitoring reactions.

Examples. The synthcsis of 5,6-dideoxy-D-threu2-hexulose
l -phosphate (82;  eq 5)  as the bar ium sa l t  demonst ra tcs  thc  use

fl 
' 

[:",]l' 
'? 

ff ' od.r !o, r
H'c\ -Ax 

, - . ro*"*  
x 'c- -  I  

Y 
u 

-  
oPolgr  

f f i

6 

';{^-* 

I 

s't

T8x'cv!!,oH (5)
Ion

&t

of RAlvfA in a synthesis carr ied out on a l-mol scale;dctai ls arc
described in the Experimental Section. In this synthesis, TI lvf
was used with RAMA to generate DHAP from FDP; excess
aldehyde was used in the reaction to drive the equil ibr ium and
to consume al l  the DHAP formed. To establ ish thc stcreochem-
istry of the adduct, we used acid phosphatase to convert 82 into
5,6-d ideoxv-o- threo-2-hexulose (83) .  Th is  t r io l  had the same
specif ic rotat ion as a sample prepared from o-fructose.65

The synthesis of 5-Omethyl->fructose (85) on a &mmol scale
i l lustrates a procedure that uses DHAP synthesized from di-
hydroxyacetone (DHA, 79) with glycerol kinase (eq 6). Acidic

1 2 0

r00

.a 
80

.: 60
q

1 4 0
;<

1 U

i l

o/o Cosolvent

Figure 2. .Activi ty of RAN{A in a solut ion conraining an organic co.
s.olvent (v/v) in an aqueous TEA (80 mM, pH 7.0) buffer soluiion: (o)
d.imcthyl sulfoxidc (DMSO); (r) ethanol. The enzymc *as cxpos.d to
the solution for 60 min beforc bcing samplcd. diluted in buffer containing
no addcd organic cosolvent, and assayeC for residual activity.

surfacc of the membrane. although prerreatment of the membrane
with bovine serum albumin (BSA) did not increase i ts stabi l i ty.

^ It is practical (based on considerarions of cost of enzymc and
of reaction time) to usc the cnzyme in soluble form to 

-catalyze

aldol condensations involving substrares with a Vra) |  (Ta6la
I and II)  and a l-10-mmol scale. Under ideal condit ions, ap
proximately 700 U of enzymatic act ivi ty is needed to producc I
mol of product per day; the cost of the commercial Cnzymc in
rcsearch quanti t ics is $60/5000 U. Thus, to make 0.1 mol of
product in a rcaction having V,"t = I ove r a 5-day intcrval would
requi rc  RAMA cost ing approx imate ly  S l? .

Sincc deactivation of RAIvIA is fair ly rapid in solut ion, the
enzyme reactor should be rechargcd with fresh cnzymc approx-
imately every 48 h i f  soluble enzyme is used. Of coursc,-undcr
thcse conditions, the protein cannot bc recovered from thc reaction
mixture and reused. The prescncc of soluble protein in thc rcaction
mixture may, in some cases, also complicate the purif icat ion of
products. The MEEC techniquel6 circumvents this problern.

organic cmolvents some substrates are poorly solubri in water
and the stability of RAMA toward organic cmolvents is important
(F igure 2) .  I t -appears  that  RAMA to lerares IFZO% (v lv)
concentrations of DMSO or ethanol with only slight (-2g7d ioss
of act ivi ty compared with activi ty in aqueous tr iethanoramine
buffer. As noted, we successful ly used mixed watcr-organic
solut ions to obtain several of the data in Tabre I involving al-
dehydes that are poorly soluble in warcr.62

Removrl of Phosphate Groups. We have explored several
chemical and enzymatic methods for removing the phosphate
group introduced into the product as a part o[ the DHAP moiety:
acid'catalyzed hydrolysis using soluble acids or cation-exchange
resins and hydrolysis catalyzed by acid phospharase (EC 3.1.3.t)
or alkal ine phosphatase (EC 3,1.3,1). The most usefur procedure
uses acid phosphatase. In general, the nonenzymatic routes cause
too much decomposition of the aldol adducts to be usefur, arthough
for certain acid-stable products this method can be used. The
values of pH required (pH 8-9) for reasonable activity of alkarine
phosphatase (EC 3.1.3 .1)  may a lso cause decomposi t ion and
reactions other than hydrolysis of phosphate in the case of adducts
that are sensitive to base. Acid phosphatase (EC 3.1.3.2) operates
in. a pH range (pH 5-7) _tolerated by most adducts; it accepts a
wide range of substrates;63 it is inexpensive; it is stablc and easily
manipulatcd. Acid phosphatase may be used in soluble form, but
containment within a dialysis membrane is morc convenient on
a large scale36 bccause separation of the protein from the reaction
mixture is simpli f ied.

Purificetion. The most useful methods-precipitation or ion-
cxchange chromatography-for purifying the adducts from al-
dolase rcactions take advantage of thc charged phosphatc group:
the presence of the phosphate group can thus be a significant
advantagc in product separation even when a nonphosphorylated
product is ultimately required. After purification of the product,

... (0zl A changc in solvent can atso occasionally bc useful in rhifting cqui-
lilliur constants, alrhough thc shifts arc typicilty not targe: Shil,-y.lS..
Whitcsidcs, G. M. J. Org. Chem.191,1,12:4t65. '
.. (93) !!y !11tye Handbrck Barman, T. E.; Ed.; Springer-Vcrlag: Ncw
York, 1969; Vol. I I ,  p 523.
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hydrolysis dephosphorylates the aldol adduct 84 and givcs tbe o
sugar E5, based on a comparison of the optical rotatioo of t5 to
that of a compound prepared from >fructose.6 No cpimcrization

(6a) Thc stain contained 24 g of ammonium molybdatc and I g of ccri-
um(l l l )  sul fate in 500 mL of  l0% (v/v)  HrSOr.

(65) Gorin, P. A. J.; Hough, L.: Jones, J, K. N. J. Chcm.5a.1955,2699
(66) Hcyns,  K. ;  Hcukcshoven, J.  Justus Liebigs Arn.  Chcm.ln6,269
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of aldehyde 25 or product 84 occuned during the aldolase reaction,
nor during prccipitat ion with barium chloride and dephosphory-
la t ion.

The synthesis of o-xylulose (88) i l lustrates the use of RAMA
wi th  subst ra tes that  requi re  organic  coso lvents  (eq 7) .  In  a

Bednarski et al

Teble IV. Kinctic Diastereoselectivity of RAMA with Aldchydcs
(RCHO)

% conv stcrcoeclcctivitv
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solut ion containing 207o DMSO (v/v), (benzyloxy)acculdehyde
(37) rcacts with DHAP generated from FDP using Tllvt to form
86 in  y ie lds  o f  -80% on a 5-10 mmol  sca le  fo l lowingdcphos-
phorylation using acid phosphatase, extraction of the product into
ethyl acetate, and chromatography on si l ica gel.  (Tetrahydro-
pyranyloxy)acctaldehyde (38) reacts under similar condit ions to
give 87. In this instancc, thc hydrophobic protecting groups
faci l i tate the purif icat ion of the products by increasing their
solubi l i ty in organic media; phosphates, sugars, and protein stay
in the watcr layer. The convcrsion of 86 and 87 to >xylulosc (88)
showed that both reactions produccd only one stercoisomcr; no
arab inu lose was detected.6T

Chain Extension in Sugars. We believe that the condensation
of a sugar phosphate with DHAP wil l  be a broadly useful class
of reactions for the preparation of complex monosacchararides.3e
The synthesis of o- glycero-o-altro-2-octulose l  -phosphate (89),
charactcrized as peracetate 90, from ribose 5-phosphate (30)
illustratcs this reaction (eq 8).3e The key clement in this synthetic

mixture of aldehyde caused by a diflerence in the relative stabilitl
of the diastereomeric products that are lormed by usc of RA]vfA.

We examined four aldehydes, 2, 15, 16, and I9, for cvidence
of kinetic diastereoselectivi ty (Table IV). Aldehydcs 15 and l6
did not show useful diastereofacial selectivity at 60% convcrsion
of DHAP in the prescncc of a 2-fold e.\ccss oi aldehydc. The
reaction of 2.5 equiv of a racemic mixture of l9 with I  equiv of
DHAP, however, gave two diastereomcric producs 9l and 92 in
a ratio of 3:l after 45Vo of the DHAP was consumcd; the major
diastereomer was 9t (cq 9). We determined the stcrcochcmistr;r
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of the adducts by two independent methorls: ( i)  by synthcsizing
an enantiomerical ly cnrichcd mixture of aldehydc l '19 from
l-lact ic acid, subjecting i t  to excess DHAP in thc prescnce of
RANIA, and assigning the stereochemistry of thc adducts b1
spect roscopic  methods;  ( i i )  by  dephosphory la t ing and per-

acetylating 9l and 92 to give 93 and 9.1 which could bc scParated
by HPLC. Deprotcct ion of 93 (NaOCHj-CHTOH fol lowed b1
H2-Pd) gave 6-deoxy-D-fructose (96): L'sorbose (97) was not
detected. The spectral propert ies of 96 wcre thosc rcported in
the l i te ra ture (eq l0) .
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We also confirmed6s that RAlvlA selects D-G-3-P (o-2) in
preference to t--G-3-P (r--2) Our experiment monitored the
consumption of DHAP by ' 'P Niv{R spectroscopy and uscd en-
zymatic assays specific for p-2 and t-'2 to measure thc relative
reactivities of these two enantiomers. When a mixture containing
2 cquiv of racemic G-3-P and I equiv of DHAP rcacted in the
presence of RAMA, the ratio of the consumption of p-2 to t-2
was 98:2 after 98Vo of the DHAP had reacted. In separate ex-
pcriments, we measured the relative reactivity of >G-3-P and
L-G-3-P and found that D-G-3'P reacted 7 times fastcr than
L-G-3-P.

We also examined several aldehydes for evidencc of thcrmo-
dynamic diastercoselectivity6e'7o in RAMA-catalyzcd-aldol re-

. t  A t  t r .

(68) Tung. T--C.; Ling, K.H.; Byrnc, W' L.; Lardy, iffiwnr^
Biophys. Acta 195,4, r{, 488.

(69) An clcgant cxamplc illustratcs tbc usc of protcasct o'#3iil rao-*
mirturcs of cstcrs with in situ racemizrtion: F[lling, G.; Sih, C. J. J. lm
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mcthod is its ability to extend an unprotected pcntose 5-phosphate
or  hexose 6-phosphate cha in  by three carbon atoms,  whi le  in-
t roduc ing two new stereogenic  centers .  We found that  DHAP
generated by phosphorylat ion of dihydroxyacetone with glycerol
kinase and PEP gave higher yields than DHAP generated in situ
by us ing FDP and TIM because the presence of  res idual  FDP
seriously complicated the purification of the products. The DHAP
from dihydroxyacetone dimer 8l should also serve well .  Analysis
of the 500-lv{Hz tH NMR spectrum of 90 esrabl ished the ster-
eochemist ry  o f  the a ldo l  adduct .  We conc lude that  the threo
stereochemistry is retained during reactions of RAivIA with sugar
phosphates because, in this example, the small  coupling constant
bc tween  the  C -3  and  C -4  p ro tons ,3 .8  Hz ,  imp l i es  a  t r ans  d i -
equator ia l  ar rangement  o f  these protons.  A range of  o ther  ex-
amples suppor ts  th is  conc lus ion.se

Pentoses substi tuted at C-5 with phosphate and hexoses sub-
s t i tu ted at  C-6 wi th  phosphate react  wi th  DHAP in  RAMA-
catalyzed reactions faster than unphosphorylated sugars (for
example, Table I,  e ntr ies 29-34). A similar dif ference in rate
is also observed with glyceraldehyde and glyceraldehyde 3-
phosphate: G-3-P reacts 7 t imes faster than glyceraldehyde with
RAlvIA. This dif ference in rate between phosphorylated and
nonphosphorylated aldehydes probably ref lects an important in-
teraction between the phosphate group and a posit ively charged
group in  the prote in .

Diastereoselectivity Using Racemic Aldehydes. Wc havc ob-
served both kinetic and thermodynamic diastereoselectivi ty in a
l imited number of cases whcn racemic mixtures of aldehydes
reacted with DHAP in RAMA-catalyzed reactions: rcaction of
2 or 19 with DHAP showed kinctic diastereoselectivity and re-
action of 100 with DHAP showed thermodynamic diastcrcose-
lectivity, i.e., a discrimination bctwecn the antipodes in a raccmic

(67) Mcndic ino,  J.  F.  J.  Am. Chem. Soc.  1960, 82,4915. Chem. Soc, 19t7, 104,2845.
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S.h€m. Il. An Examplc of Thcrmodynamic Sclcctiviry in . RAMA-Caralyzcd Rcaction.
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actions. With racemic rnixtures of the a-subsrituted aldchydes
15, 16, 18, and 19, we observcd a l : l  mixture of the acycl ic
diastereomeric aldol adducts after reaction times of I wcck; there
was no thermodynamic preference for either diastereomer. When
a racemic mixture of aldehydes L-100 and o-100 (generated in
situ from D,L-pent-4-en-2-ol) reacted with DHAP in the presence
of RAlv{A, however, the ratio of the two diastercomeric prducts
103 and l0.f  was 97:3 after 5 days (Scheme II).  In this case,
the in i t ia l  d ias tereomer ic  adducts  ( l0 l  and 102)  cyc l ize to  py-
ranose r ings in which the methyl group can be in eithcr the
equatorial (103) or axial (104) posit ion; the energy dif fcrence
between these forms causes the obscrved thcrmodynamic ste-
reoselectivi ty. We confirmed that this rat io is based on rclat ive
thermodynamic stabi l i ty by isolat ing the minor diastereomer 104
and reacting i t  again with a solut ion of DHAP, racemic 100, and
RAMA; the same 97:3 ra t io  o f  products  was observcd for  103
and 104.

Experimental Section
Materiels rnd iltethods. Chemicals were purchased from Aldrich and

\r'ere reagent grade. Enzymes and biochemicals were obtained from
Sigma. Enzyme immobilization or enclosure in membranes were canied
out as described.rr 'r6 Optical rotat ions were measured with a Pcrkin-
Elmer 241 polarimeter. Nlvf R spcctra were recorded by using tetra-
methylsi lanc (Tlv{S ), sodi um 2,2-di met hyl-2-si la prcntane-5-sulfonate
(DSS), chlorof lorm (CHCI]),  or phosphate (HrPO.) as inrcrnalstandard.
Elemental analyses have been prepared by Galbraith Laboratorics. Mass
sp€ctra were obrained with a Kratos fvtS 50.

Enzymatic Assays. Kinetic lVleesurements. To I mL of 0.2 tvt tri-
ethanolamine (TEA) buffer (pH 7) containing DH,.\P or G-3-P (50 mM)
and the potcntial substratc (50 mM) was added 20 yL of a solut ion
containing aldolasc (-500 U/mL of the TEA buifer).  At t ime intervals
of I  min during the course of 5-10 min,0. l  mL oirhc assaysolut ion was
withdrawn, quenched with 30 ttL of 7% perchloric acid solut ion, neu-
t ra l ized wi th  20 pL of  I  N NaOH, and d i lu ted wi th  0 .5  mL of  0 .2  M
pH 7 TEA buffer. This solut ion (0.05-mL al iquot) was subsequently
assayed for ci ther ppl4ptt ' r :  or G-3-P.2t A control reaction containing
the natural substrates was run and assayed at the lrme time for reference.
The rate of reaction for aldehyde analogues (de{ined as Zrub, in units of
micromole of product produced per minute) was calculated by plott ing
time versus consumption oi DHAP. The relative rate (/,.1) for analogues
of G-3-P is defined as the ratio Vru6f 26.3-p. The relative rate for ana-
logues of DHAP is V-,of Vos^p where %uu is a measure of the con-
sumption of the analogues of DHAP.

Assay of Preparative-Scale Experiments. Large-scale reactions were
monitored as follows: 100-pL aliquots of the reaction mixture were
withdrawn, and the protcin was denaturcd by addit ion of 100 pLof 7Vo
perchloric acid solut ion. After neutral izat ion with I  N NaOH and
ccntr i fugation in an Eppendorf centr i fuge, an al iquot (100 tL) of the
supcrnatant was dissolved in 2.9 mL of 0.04 lvl TEA buffcr (pH 7.6, 40
mM EDTA) and transferred to a 3-mL plastic cuverre. To this cuvette
was addcd 50 rrl of a 5 mM solution of NADH in thc abovc buffcr, 50

(70) A chcmical example using a similar straregy has reccntly bccn rc-
pgrtcd: Rcider, P. J.; Davis, P.; Hughcs, D. L.; Grabowski, E. J. J.l. Org.
Chcm.1967,  J2,  955.

(71) Bcrgmcycr, H. U. ln Methods of En:ymatic Analysls,3rd cd.;
Bcrgmcyer, H. U., Bcrgmeyer, J.,  Grassl,  M., Eds.; Academic: Ncw York,
l9E4;  Vol .  VI ,  p  3a2.

(72) Wood, t* ' .  A. Methods Enzvmol. 1966,9.210.

pL of  a solut ion of  g lycerol-3-phosphatc dehydrogenasc (40 U/mL) as
a suspcnsion in ammonium sulfetc, and 50 yL of a suspcnsion of aldolasc
in ammonium sulfate ( 13.5 U/mt).D The oxidation of NADH to NAD
was monitored at 340 nm to give the value of A-41. Aftcr 20 min, 50 rrL
of a suspcnsion of triosephosphatc isomcrase (TIM) in ammonium srlfate
(250 U/mL) was addcd and tbe disappearance of  NADH was again
recordcd to givc the value of A.{2. Thc perccnt of DHAP consumcd is
(Alr - LA)l@At * Arr) x 100. The error in this measuremcnt is
* l jVo .

S,GDideoxy->2-thra-hexulce l-Phosphate (82). A 0.2 M solution
of  FDP (3;  3.75 L)  was prepared by st i r r ing thc dicalc ium sal t  of  FDP
with ion-exchangc resin (Dowex 50W-X8, H+ form; resin was addcd until
the solution bccame homogenous) for 24 h and then rcmoving the resin
by f i l t rat ion.  Thc pH was adjustcd to 7,  and af tcr  dcgassing wi th n i -
trogen, 750 U of aldolase and 1000 U of TIlvl (both immobilized on PAN
gelrr )  wcre addcd.  Af ter  thc resul tant  mixturc was st i r rcd for  I  b,  162
mL (2.25 mol)  of  f rcshly d ist i l led propionaldchyde (O was added drop-
wisc during 20 h. Aftcr 24 h, tbc same amount of immobilizcd cnzlmes
was addcd, and af ter  an addi t ional  8 h,  th is procedure was repcated.
St i r r ing wrs cont inued for  48 h,  and the gel  then was removcd by ccn'
t r i fugat ion.  Af ter  thc supcrnatant  was cooled to 4 oC,42l  g of  bar ium
acetate (1.7 mol)  was addcd in port ions wi th st i r r ing and thc pH was

adjustcd to 7.5. Acctone (3.5 L) was added, and thc rcsulting suspcnsion
was stored at 4 oC for 3 days. The precipitate formed was isolatcd by
centr i fugat ion,  successively washcd wi th acetone and cthcr ,  and then
dr ied in vacuo to y ic ld 515 g oia yel lowish sol id.  Enzymat ic analysis
indicated that  l . l  mol  of  product  82 (13Vo y ie ld)  was prcsent .  The
compound was not  fur ther character ized and was uscd di rcct ly  in the
fol lowing stcp.

5,6Dideoxy ->2-thrm-hexuhce (83). A half l iter of a 0.2 M solution
oialdol  adduct  82 (-100 mmoi)  was prepared by st i r r ing thc bar ium
sal t  wi th ion-exchange resin (Dowex 50W-X8, H+ form) overnight
Af ter  f i l t rat ion,  the pH was adjusted to 5.0,  and af ter  purging wi th

ni t rogen, 600 U of  acid phosphatase was added. Af ter  the resul lant
mixture was st i r red for  6 days at  room temperature,  thc cnzyme \r 'as

denatured by heating to 75 oC. The solution was concentrated to 5O mL
and then cont inuously extracted * i th ethyl  acetate for  24 h.  The aqueou.
layer was evaporatcd at  reduced pressurc near ly to dryness and then
extracted live times with 100-mL portions of boil ing acetonc. The com-
bined organic layers were dried over lv{gSOr and conccntratcd in t?cuo

The remaining residue was chromatographed (s i l ica gel ,  ethyl  ac. tate-
hexane  l : l )  t o  y ie ld  l 0  g  (687" )  o i83  as  a  ye l l ow  o i l :  [ a ]p  =  -14 .6o  (c
=  l ,  CH3OH)  i l i t . 26  [ c t ]o  =  - l 3o  (c  =  1 .2 ,  CHrOH) l ;  tH  N \ lR
(CD3OD, 300 lv tHz) 6 4.53 (d.  , t  = 19.2 Hz,  I  H,  CH2.OH),  4.42 (d.

J  =  19 .3  Hz ,  I  H ,  CH2bOH) ,  1 .11  (d ,  J  =  2 .2  Hz ,  CH(OH)CO) ,  3 .78
(ddd ,  " I r  

=  2 .2H4  Jz=  6 .3H4  t  j  =  7 .8  Hz ,  I  H ,  CH(OH)C) ,  1 .58  (m,

2  H ,  CH2) ,  0 .95  ( t ,  J  =  7 .5  Hz ,  3  H ,  CHr ) ;  r rC  NMR (CDrOD,  75

MHz)  6  214 .0  (CO) ,  78 .7  (CH(OH)CO) ,  74 .8  (CH(OH)CHJ,  67  7
(CH2OH),  27.0 (CH2),  10.5 (CHr) ;  IR (neat)  1725 (C-=O) c-- t .

9O-lVlethyl-o-fructose l-Pbcpbste (8{). An aqueous solution of

2-@mcthyl-o-glyccraldehydcm (25;  9 mmol in 15.? mL of  water)  was

mixcd wi th l0 mL of  a solut ion contain ing 9 mmol of  DHAP pre red

enzymatically by using glycerol kjnase,lT and the solution was adjustcd
to pH 7 with I N KOH. Aldolasc immobilized in PAN gcllt (58 U) was

addcd; the total volume was ca. 60 mL. Aftcr thc mixture was stirred
at room tcmpcraturc for 5.5 h, tbe gel was separatcd by ccntrifugation
and thc supcrnatant was fi ltcred through a layer of Cclitc. 'Aftcr con-

centration of thc fi ltratc to a volumc of 20 mL, the pH of the mixture
was adjusted to 8.2, a solution of barium acetate (2.76 g,10.8 mnpl) in

5 mL of water was addcd, and tbc solution was readjusted to pH E 2

Ethanol (250 mL) was added, and the rcsulting suspcnsion was kcpt at

4 oC ovcrnight. The prccipitate formed was separated by ccntrifugztion,

,
I
I

i
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washed with ethanol, and dried in vacuo to give 3.08 g of a white powdcr.
This matcrial was not characterized further and was uscd dircctty in thc
fol lowing step.

SO-lltethyl->fructce (85). The barium salt of t4 (2.5 e) was stincd
with ion-exchange resin (Dowex 50W-X8, [{* form) overnight. Thc resin
was rcmoved by l i l t rat ion and washed wi th watcr ,  and thc combincd
f i l t rates wcrc conccntratcd to a volume oi  20 mL. This solut ion was
mixcd wi th 25 mL of  2 N sul fur ic  acid,  and thc tota l  volumc of  thc
mixture was di luted to 50 mL wi th water.  The solut ion was hcatcd to
87 oC, and thc rcact ion was moni tored by analyzing the re leasc of  in-
organic phosphate.lo After 3 h, the reaction was completc and the
mixture was passed through a column of Dowex l-X8 (HCO3- form).
The eluant  was conccntratcd in vacuo to g ive 85 as a palc yci l -ow foam
(796 mg, 56Vo yieldbased on 25): [a]e = -150o (c = l, H2O) [l it.6 [c]p=  - 1 5 6 o  ( c  =  l , H : o ) l ;  ' r c  N N t R  ( D 2 o , 7 5  t v { H z )  6  9 8 . 5  ( c - 2 ) , 7 9 . 6
(c -5 ) ,  70 .1  ( c - { ) ,  68 .8  (C-3 ) ,  64 .7  (C- l ) ,  60  (C_6) ,  57 .9  (OCH! ) .

_5- O -Benzyl- >xylulose ( 86). n solu tion of ( bcnzyloxy)acctaldchydc
(31;2 e, 13.2 mmot), FDP (sodium salt. 3 g. 7 mmol), disti l lcd *ater (OO
mL), and DMSO (a mL) was adjusted to pH 6.8 with I N NaOH. This
solution was purged wirh nitrogen, and 60 l,-r of aldolax and 40 u of rIM
coimmobilizcd on PAN gellr were added. After the rcaction mixturc was
st i r red at  room temperature for  l0 h,  an addi t ional  l0 mg (130 U) of
lyophi l ized aldolasc was added. Af tcr  the sorur ion was sr i r rcd under
nitrogen for 48 h, cnzymatic assay (see description of assays above)
ind,icatcd approximatcly a92vo conversion to products. Addition of I N
HCI adjustcd the solut ion to pH 5.6,  and t00 mg (70 U) of  acid phos-
phatasc was added. Af ter  24 h,  TLC analysis (s i l ica gel ,  l -but inol-
ac€tone-water 5:3:2) indicated that the reection was complctc. Following
cont inuous extract ion wi th ethyl  acetare for  2.1 h,  the organic layer was
dricd ovcr N{gso. and conccntratcd in vacuo. puriircation of thc rcsiduar
oi l  (s i l ica gcl ,  c thyl  accrarrhexanc l : l )  grve 2.6 g of  85(82%yic ld for
thc phosphatc cleavagc; 7SVo yield bascd on 37): Ia]e = -2.2o (i = 0.98,
CHCI r ) ;  'H  NMR (CDC! r -D2O 9 :1 ,500  t v {Hz)  d  j . 5 - ' t . t  (m ,5  H) ,4 .55
( d ,  " l  =  1 9 . 6  H z ,  I  H ) , 4 . 5 4  ( s ,  2  H ) , 4 . 4 1  ( d ,  J  =  t 9 . 6  H z ,  I  H ) , 4 . 3 3
( d , . 1 =  2 . 4 H z , l  H ) , 4 . 1 5 - 4 . 1 I  ( m ,  I  H ) , 3 . 6 7 - 3 . 6  ( m , 2  H ) ;  I r C  N M R
( C D C l r - D : O  9 : 1 ,  1 2 5  M H z )  6  1 8 7 . 3 ,  t 3 7 . 4 ,  1 2 8 . 4 ,  t  2 ' t . 8 , 7 5 . 9 , 7 3 . 4 ,'10.7,  

7A.6,  66.5;  IR (CHClr)  3700, 35 I  0,  3025, 2{05,  I  725,  1520, t420,
l 2 0 0 c m - r .  A n o l .  C a l c d f o r C l 2 F I l 5 O r :  C , 5 9 . 9 9 ;  H , 6 . ? 1 .  F o u n d :  C ,
5 9 . 7 0 ;  H ,  6 . 8 5 ,

5-O -Tetrahydropyrenyl-o-xylu lose (87).  (Tctrahydropyranyloxy)-
acc ta ldehyde  (38 ;  1 .6  g ,  l l . l  mmo l )  and  FDp (3 )  ( t r i sod iumsa l t ,  l . l l
g ,  2.2 mmol)  werc t rcared wi th a ldolasc and TIM by fo l lowing a s imi lar
proccdure used for  the 37.  When cnzymat ic assay indicatcd approxi-
matc ly a 9 lvo conversion of  reactants to products,  the react ion mixturc
was treated with acid phosphatasc and worked up as dcscribcd for com-
pound 86 to provide 750 mg of 87 as a l: l mixrure of stereoisomcrs (8ff7o
yie ld for  the phosphare c leavage, 73Vo y ie ld bascd on FDp):  t re NMR
( C D C l r ,  1 2 5  l v t H z )  6  1 8 7 . 5 ,  1 8 7 . 2 ,  1 0 0 . 1 ,  1 0 0 . 0 , ' t 5 . 9 3 , 2 5 . 9 ,  ? 0 . 8 4 ,
70 .79 ,  69 .65 ,  68 .36 ,  66 .86 ,  66 .61 ,  61 .39 ,  61 .31 ,  30 .46 ,  30 .39 ,  24 .98 ,  19 .86 ,
1 9 . 8 .  A n a l .  C a l c d  f o r  C 1 6 H , 3 O r :  C , 5 l . l ;  H , 7 . 7 5 .  F o u n d :  C , 5 l . 2 j ;
[ { ,  7 .91  .

o-Xylu lose (88) by Hydrolysis of  87.  Ion-exchangc resin (Dowex
50W-X8,  H*  fo rm)  was  added  to  a  so lu r ion  o i87  (100  mg,0 .42  mmol )
in 5 mL of  water,  and the mixture was st i r red at  room tempcrature for
3 h.  The resin was rcmoved by f i l t rat ion and washed wi th water,  and
the combined f i l t rates were extracted thrce t imes wi th d ichloromcthane.
Evaporat ion in vacuo of  rhe aqueous solut ion y ie lded 63 mg (95%) of  88:
[ a ] o  =  - 3 1 . 8 o  ( c  =  2 ,  H r O )  [ l i t . 2 r  - 3 J o  ( c  =  2 . 5 ,  H : O ) ] ;  t r c  N M R
( D 2 O ,  1 2 5  M H z )  6  1 9 5 . 0 ,  1 0 7 , 2 ,  1 0 . { . 4 , 9 8 . 6 , 8 2 . 2 ,  j 1 . 8 , j j . 4 , 2 6 . 8 , 7 6 , 5 ,
71 .5 ,  73 .3 ,  71 .8 ,  67 .5 ,  64 .6 ,  64 ,0 ,  63 .3 .  The  spec t ra l  da ra  were  ind is t i n -
guishable f rom those of  a sample purchased f rom Sigma.

o-Xylu lose (89) by Hydrogenolysis of  t6.  Benzyl  ether 86 (150 mg,
0.62 mmol)  was dissolved in ethanol ;  20 mg of  l07o pd/C catalyst  was
added, and th is suspe nsion was st i r red at  room temperaturc under hy-
drogen for  l2 h.  A mixture of  Cel i te and Flor is i l  was then addcd,  and
the mixture was fi ltered through a laye r of celite and chromatographed
on P-2 Biogel (eluant, H:O). Concentration of the fi ltrate in vacuo gave
88 (82 mg,87Vo). Thc product was indistinguishablc in its spcctroscopic
propcrt ies f rom the sample obtained through hydrolysis of  87.

(SJ,R )-5-(Benzyloxy)-  1,3,4- t r ibydroxy-2-hexrnone l -Phosphete
( 9 I ) rnd (S 

"S,.'S ) -5- ( Benzyloxy ) - 1,3,4-trihydroxy-2-bexrnone l-Phos-
phate (92).  A solut ion of  p-19 and l . l9  (65 mg, 0.40 mmol) ,  DMSO
(0.20 mL), and DHAP (0.24 mmol) in 4 mL of 200 mI{ tricthanolamine
(TEA) and 200 mM EDTA (pH 6.7) was added to a lGmm NMR tubc.
A rrP NMR spcctrum was rctordcd and aldolase was addcd (50 U, 100
pL of  a solut ion contain ing 500 U/mL in a solut ion of  0.2 M TEA
buffer). ItP NMR sp€ctra, recorded at intervals of 5 min, showed four
pcaks in addition to thc pcak at 1.82 ppm corresponding to thc refercnce
pcak o[ inorganic phosphatc: two peaks corresponding ro thc diastcrco
mcr ic products 9 l  and 92 oi the aldol  react ion (1.45 and 3.48 ppm) and

Bednarskl et al.

two peaks corresponding to DHAP (1 .10 ppm. hydrate;  3.58 ppm, kc '
tone). The calculatcd pcrccnt conversion was the ratio of thc sum of the
areas of the pcaks corresponding to the prducts dividcd by fic sum of
the areas of all four pcaks. The calculated diastereosclcctivity was the
rat io of  the areas of  thc pcaks correspondtng to the products.  Af tcr  l5
min the calculated diastereoselect iv i ty  of  9 l  to 92 was 3:1,  and -45%

of the DHAP had been consumcd. A simrlar assay procedurc dctcrmincd
the diastereomeric rat io o i  l5 to 16.  The react ion was qucnchcd wi th

2 mL of I N HCI and lcft at room tcmpcrature for 2 h. Thc rclution
was fi ltered, adjustcd to pH 5.3 with I N NaOH, and dilutcd witb watcr
to a volume of  35 mL. The solut ion was c)( t racted threc t imcs wi th
20-mL portions of methylene chloride, an,l thc aqueou laycr was
transferrcd to a 5GmL graduatcd cylinCer Acid phosphatasc (-100 U)
was added to thc st i r red react ion mi. r ture , \ i ter  l l  h,  analysi r  by "P
NMR spcctroscopy indicatcd that tbc clcavage oi phosphatc w83 com-
plete. The solution was conccntrated n v3cuo to a volumc of 2 mL and
extracted threc timEs with 25-mL ponions oi cthyl acctatc. Thc com'
bined organic layers were dried ovcr lv{gSO. and conccntratcd in vacuo.
Chromatography (silica gel; cluant, hexane-ethyl accratc t:l-3:l) yicldcd

9.6 mg (207o) of a mixturc of diastcreome n of dephosphorylatcd 9l and
92. When the conversion of DHAP reachcd 857o in a similar rcaction,
the calculated diastcreosclect iv i ty  of  9 l  to 92 was I .2:1.  Thc i lcrco-
chemistry of thc major isolatcd product was proven by its convcrsion to
6-deoxy->.fructosc (97) as describcd bclow.

5-O-Benzyl-Gdeoxy-o-fructose Trircetate (93) rnd SO'B€nzyl'G
deoxy-L-sorbose Triacetate (9.1). A solution of raccmic l9 (1.0 g, 6

mmol) ,  FDP ( t r isodium sal t ,  1.6 g,  3.1 mmol)  DMSO (2 mI ) ,  and
aldolase in 40 mL of water was adjustcd to pH 7 with I N NaOH. Aftcr
thc reaction solution was stirrcd for 2.1 h, analysis by cnzymatic assay
indicatcd -40% consumption of FDP. The solution was l-rltcrcd, thc
react ion f lask was r insed wi th -40 mL of  water,  and the combincd
aqueous washcs were extracted twicc *irh 5GmL portions of mcthylcnc
chlor idc.  The combincd organic phascs we rc back-extractcd wi th two
20-mL port ions of  water.  The combined aqueous laycrs werc conccn'
t ratcd in vacuo to 80 mL, and the solut ion was adjusted to pH 5.0 wi th
I  N HCl.  The solut ion was then t reated wi th acid phosphatasc as dc-
scr ibcd abovc.  Af tcr  -2{  h,  the mixture was conccntrated iqvacuo to
a volumc of  3 mL and extracted three t imes wi th 100-mL port ions of
ethyl  acetete.  Thc organic phases \ , rcrc concentrated in vacuo and
chromatographed (s i l ica gel ;  c luant ,  hexanc*ethyl  acctatc l : l - l :3)  to
yie ld 338 mg (557o y ic ld)  of  a mixturc of  g l  and 92.  A port ionof  tb is
mixturc (  la0 mg) was accty lated by standard proccdurcs (acct ic  anhy'
dr ide,  DN{AP, pyr id ine) and pur i f icd (s i l ica gel ;  e luant ,  bcxanc-cthyl
acc ta te  3 : l - l : l )  t o  p rov idc  180  mg (86?)  o f  a  m ix tu re  o f  S -@bcnzy l -
6-deoxy-u'fructose triacetate (93) and 5-Gbenzyl-6-deoxy't.rcrbcc
triacctate (91). A portion of this mixture wrs purif icd by HPLC (Watcn
p-Porasi l  column, 3.9 mm X 30 cm; berane-t thyl  acctatc 3: l ;  f low,0.6
mL/min ) .  Compound  93 :  rH  N l " lR  (CDCl r ,  500  MHz)  67 .35 -7 .21
( m ,  5  t l ) ,  5 . 6 1  ( d ,  J  =  2 . 3  H z ,  I  H ) .  5  : 8  ( d d ,  J  =  8 . 3 ,  2 . 2 H 2 ,  I  H ) ,
4 . 8 2  ( d ,  J  =  l ' l . l  H z ,  I  H ) , 4 . 7 5  ( d , , r  =  l 7 . l  H z ,  I  H ) , 4 . 5 9  ( { J -  l l . 5
F I z ,  I  H ) . 4 . 3 5  ( d ,  J  =  l l . 4 H z , l  H t ,  I 7 0  ( d q . /  =  8 . 3 , 6 . 1  H z ,  I  H ) .
2 . 0 8  ( s , 3  H ) , 2 . 0 5  ( s , 3  H ) , 2 , 0 3  ( s . 3  H r ,  l . 2 l  ( d , , I  =  6 . 1  H a  3  H ) :
r rC  N iv lR  (CDCl r ,  125  MHz)  6  198 .10 .  I70 .06 ,  169 .78 ,  137 .42"  128 .51 '
I  2 8 . 2 0 ,  I  2 7 . 9 8 ,  7  4 . 4 1 ,  7  3 . 1 2 ,  7  1 . 5 2 ,  7 0  I  t ,  6 6 . 4 9 ,  2 0 . 6 1 ,  2 0 . 3 4 ,  t 5 . 7 0 .
compound 9.1:  rH NMR (CDClr ,  500 \ { l - lz)  6 7.34-7.24 (m,5 H),  5.39
( d ,  " /  

=  4 . 6  H z , l  H ) ,  5 . 3 1  ( t ,  " /  =  4 l  H z .  I  H ) , 4 . 8 0  ( d ,  J  =  1 7 . 0  H z .
I  H ) . 4 ] 6  ( d .  " l  

=  1 7 . 0  H z ,  I  H ) , 4 . 5 ' 1  ( d ,  " /  =  l l . 7  H z ,  I  H ) , 4 . 3 9  ( d ,

. /  =  l l . 5  H z ,  I  H ) , 3 . 8 0  ( d q , /  =  4 . 3 . 6  J  H z .  I  H ) , 2 . 1 5  ( s , 3  H ) , 2 . 1 0
( s , 3  H ) . 2 . 0 8  ( s , 3  H ) ,  l . l 9  ( d , J  =  6 {  H z . 3  H ) :  r r c  f i M R ( C D C l r ,
1 2 5  M H z )  6  1 9 7 . 5 5 ,  1 6 9 . 9 4 ,  1 6 9 . 7 0 ,  1 6 9 . 6 . 1 ,  1 1 7 . 8 0 ,  1 2 8 . 3 5 ,  1 2 7 . 8 2 ,
127  . ' 12 ,  7  4 . t9 ,  73 .5  l ,  7  2 . ' 10 ,  7  1 .22 .  66 . i5 .  20 .68 ,  20 .39 ,  20 .35 ,  15 .48 .

5-O-Benzyl-6dmxy-o-f ructose (95).  Compound 93 (4.5 m8, 0.012

mmol)  was dissolved in 2 mL of  metbanol .  and sodium mct loxidc was

added until the pH of thesolution was -3. After 2 h, ion-exchangcresin
(Dowex 50W-X8, H+ form) was addeC to neutralize thc solution. The

reaction mixture was fi ltered througr glass wool and concentratcd in
vacuo, and the residue was purified (sil ica gel; cluant, cthyl acctatr

hexane  3 : l -5 : l )  t o  y ie ld  1 .4  mg  (17%)  o i95 :  rH  NMR (CDCI ! ,500

N l H z )  6 7 . 3 7  ( m ,  5  H ) ,  4 . 6 7  ( d , " / =  l l . 3  H z ,  I  H ) , 4 ' 5 7  ( s ,  t  H ) , 4 . 5 5
(d,  J = 19.6 Hz,  I  H),  4.44 (d,  " /  

= 20 Hz.  I  H),  4.42 (d,  J ' '  l l .2  Hz
I  H) ,  3 .82 -3 .76  (m,  2  H) ,  1 .32  (d ,  J  =  6 .0  Ha  3  H) ;  r rC  NMR (CDCI ! ,

I  25  l v {Hz )  6  137  .44 ,  128 .67 ,  I  28 .  I  9 ,  I  27 .95 ,  75 .60 ,  7  4 .57 ,71 .65 ,  66 .9  I ,
t 6 .22 .

GDeoxy-o-fructose (96). Compound g5 (0.7 mg,0.@3 nhbl) and
-5 mg of l0% Pd/C catalyst were aCCed to I mL of mcthrirol Ttc
reaction mixture was then stirrcd at room temperaturc undcr byrlrogco
( I atm). After 6 h, the reaction mixture was filtercd and the filtntc was

concentrated in vacuo to give 96. Tbc stqctral propcrties of this rample

agreed with thosc reportcd in the literature. ft{ajor ring fornu lH NMR
( D 2 O , 5 0 0  l v t H z )  6 4 . 0 6  ( d ,  J  = 8 . 4  H a  I  H ) , 3 . 8 E  ( t ,  J  = E . 2 H z ,  I  H ) ,
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3 .79  (dq .  " l  
=  8 .0 ,  6 .2Hz , l  H ) , ' 3 .56  (d ,  " /  

=  l 2 . l  Hz ,  I  H ) ,3 .49  (d , , /
=  12 .0_Hz ,  I  H ) ,  1 .32  (d ,  J  =  6 .2  Hz ,3  H) ;  r r c  NMR (DrO,  DSS,  125
MHzlrr  6 103.74,  82.09,  79.04,  ?7.gg,65.56,  21.50.  Only 6n. ,oon"n".
of the minor stereoisomer could be assigned in the lH NMR spectrum;
1 , 3 0 ( d , J = 6 . 2 H 2 ) .

(S /R 
"S 

)-5- Phenyl- 1,3,4- trihyd roxy-2-bexenone (98 ). To a solution
of  2-phenylpropanal  ( t5;  370 mg,2.7 mmol) ,  FDp (sodium sal t ,970 mg,
2.4 mmol) ,  water  (30 mL),  and DMSO (6 mL) was addcd I  N NaOH
to adjust thc solution to pH 7.0. The solution was purged with nitrogen,
and 100 U of aldolase and 40 U of TIM coimmobilized on pAN gclrr
wcrc added. Aftcr the reaction mixture was stirred at room tcmpcrature
for  24 h,  100 U of  lyophi l ized aldolase and 250 U of  TIM wcre added.
Aftcr the reaction was stirred for an additional 36 h, thc above procedure
was repcated. After an additional 24 h, analysis by cnzymatic assay
indicated that 60% of the DHAP originally prcscnr had bccn consumcd.
The rcaction mixture was extractcd threc timcs with 30-mL portions of
CH:Cl:, and thc aqueous layer was transferred to a 100-mL Erlcnmcyer
flask. Thc solution was adjusred to pH 5.6 with I N HCl, and 200 mg
(140 U) of acid phosphatasc was addcd. After bcing stirred for 4g h,
thc reaction mixture was continuously cxtracted with cthyl acctatc for
24 h. Thc organic layer was dried over MgSO. and concentratcd in
vacuo. Purification on sil ica gel (ethyl accrate-hcxanc l:l) yiclded 210
mg (307o) of a mixture of diastereomers of 98 ( 1.3:l ). Scparation using
HPLC on s i l ica (Waters Porasi l  column; cthyl  acetatc-hcxanc 3: l )
yiclded the major diastereomer as a homogenous compound: tH NMR
(500 lv{Hz,  CDCI,  and D2O (100 rr l ) )  b 7.5- i .2 (m, 5 H),  4.49 (d,  J
=  19 .2  Hz ,  I  H ) ,4 .30  (d ,  J  =  19 .2  Hz ,  I  H ) ,3 .94  (d , , I=  9 .8  Hz ,  I  H ) ,
3 .90  (b r  s ,  I  H ) ,  3 .2 -3 .0  (m,  I  H ) ,  1 .42  (d ,  J  =  6 .9  Hz ,  3  H) ;  IR
(CHClr)  l?26 cm-r;  MS, rn le 224 ( iv t+) .

{ ( N-Acetylpyrrolidin-2-yl)- 1,3,.t- dhydroxybutan-2-one l -Phcphete
(99).  A 100-mL graduared cyl inder cquippcd wi th a magnct ic  st i r r ing
bar was charged wi th 5.3 g (13 mmol)  of  rhc sodium sat t  of  FDp in ?0
mL of  H2O, and thc solut ion was adjusred to pH 6.7 wi th I  N NaOH.
Fol lowing the addir ion oi  3.0 g (20 mmol)  of  d0,6 rhc solut ion was
dcgasscd for  30 min wi th n i t rogen and 2-mcrcaptoethanol  (15 pL) was
added. A solut ion of  a ldolase (500 U) and TM (ca.  500 U) in 2 mL
of thc react ion mixture was placcd in a d ia lys is bag (SpcctraPor 2,
MWCO l2-14,000, l2-mm width) which was then placcd in the reaction
mixturc.  Af tcr  the react ion mixture was st i r rcd for  5 days at  room
temperature, analysis by enzymatic assay showcd that -357o of thc FDp
or ig inal ly  present had bccn consumed. Thc rcact ion mixturc was con-
centrated in vacuo and chromatographed IAG-lX ion-exchange rcsin,
fo rmate  fo rm;  e luan t ,  H rO (150  mL) ,  I  N  HCOOH (100  mL) ,  Z  N
HCOOH (100  mL) ,4  N  HCOOH (400  mL) l  t o  y ie td  0 .96  g  (3  mmot ,
ll%) of 99 as a mixture of two isomers (due to restricted rotation about
the amidc bond):  'H Nlv lR (D:O, 500 lv{Hz,  major  pcaks) d 4.21 (dd),
3 .82  (d ) ,  3 .75  (d ) ,  3 .7 -3 .6  (m) ,  3 .5 -3 .3  (m) ,  2 .0 -1 .6  (m con ta in ing  1 .95
( s ) ,  l . 9 l  ( s ) ) ;  M S  ( F A B ) ,  m l e  2 5 4  ( [ M  +  N a ] * )

5,7- Dideoxy- t- g I uc o -2-beptulopyranoce I - Pbcpbe te ( I 03 ). A solution
of  o, l -pcnt-4-en-2-ol  (250 mg, 2.9 mmol)  in dry mcthanol  (20 mL) was

(73)  Thc  l lC  spec t rum o f  97  was ob ta ined f rom a  sample  tha t  a lso  con-
tained 6-dcoxy-L-sorbose.
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cooled to -78 oC and treated with ozone until a palc bluc color pcnisted.
Dimcthyl sulf idc (1.0 mL, 13.5 mmol) was added, and thc mixturc was
stirred (ca. 2 h) at room tcmpcrature until a ncgative idfuestarch test
indicatcd thc abscncc of pcroxides. Evaporation of the solution in vacuo
at 0 oC provided l f i ) ,  which was taken up in water (15 mL) to give a
clear, colorlcss solut ion. FDP (sodium salt,  125 mg,0.25 mmol) was
added, and the solut ion was careful ly adjusted to pH 6.8 with I  N
NaOH. Aftcr addit ion of solublc aldolase (20 U) and TIM (50 U), the
mixture was allowed to stand at room tcmperature. Thc disappcarance
of thc aldehydc and appcarance of thc products were dctermincd by
analyzing thc 500-MHz rH NMR spcctra oi lyophil izcd al iquots (0.2
mL). After 6 h, al l  of the FDP had been consumcd and two scts of
signals in a ratio of l:l indicated that two diastcreomcrs had forurcd. The
signals assigncd to 104 diminished after 5 days to give a hnal ratio of 97:3
of 103 to 104. Compound 103: 'H NlIR (500 lv{Hz. D1O) 6 4.14 (m.
I  H ) , 3 . 9 1  ( d d d ,  I  H , . I  =  1 1 . 7 , 9 . 6 . 2 . 1  H z ) , 3 . 8 - l  ( d d ,  I  H , J  =  1 1 . 1 ,
7 .4  Hz) ,3 .74 (dd,  I  H,  . /  =  I  L l ,  5 .5  Hz) ,  1 .48 (d ,  I  H,  J  -  9 .6  Hz) ,
2 .04  (ddd ,  I  H , /=  12 .8 ,  11 .7 ,5 .0  Hz ) ,  1 .39  (qua r t ,  I  H , J=  12 .8 ,  I 1 .7
Hz), Ll9 (d, 3 H, J = 6.3 Hz). Compound 104: rH NMR (5m MHz.
D2O)  t  4 .31  (m ,  I  H ) ,4 .08  (qua r t ,  J  =  3 .2 ,2 .5  Hz , l  H ) ,3 .93  (dd ,  /
= I  1.3, 9.8 Ha I H), 3.75 (d, "/  = 3.2 Hz, I  H), 3.48 (dd, . l  = I  t .3, 6.6
Hz ,  I  H ) ,  1 .75  (m ,  I  H ) ,  1 .69  (m ,  I  H ) ,  l . 19  (d ,  J  =  6 .3  Ha  3  H ) ;  MS
(FAB),  mle 261 ( [M (d . )  +  H -  OD]*) .
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