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Fumarase-Catalyzed Synthesis of t-threo-Chloromalic Acid and lts

Conversion to 2-Deoxy-D-ribose and D-erythro-Sphingosine
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This paper descr ibes the use of  p ig heart  fumarase (E.C. 1.2,1.2)  as a catalvst  in the mul t igram synthesis of '

t , - threo-chloromal ic acid (1)  (>99.5% enant iomeric excess) on 50-g scale.  l - fhreo-Fluoromal ic acid has been

synthesized in a coupled enzymic system from difluorofumaric acid. Compound 1 serves as starting material

for syntheses of 2-deoxy-o-ribose and o-erythro-sphingosine.

Introduction

Much of the current effort in developing applications
of enzymes to enantioselective organic synthesis has fo-
cused on classes of enzymes with broad substrate specif-
icity: Iipases, esterases, amidases, and related hydrolases.l 3

These enzyrnes are indisputably valuable but have certain
disadvantages, among which is often imperfect enantio-
selectivity. The standards in enantioselective synthesis
are now very high: for most applications, an enantiomeric
excess (ee) in an enantioselective step of less than 90% is
essentially useless, and values of ee >99% are very de-
sirable.a It is often difficult to achieve broad substrate
selectivity and high enantioselectivity simultaneously. This
difficulty poses a strategic question for the synthetic
chemist: Is it better to use a structurally "efficient" in-
termediate with modest enantiomeric purity in a synthetic

(1) Whitesides, G. M.; Wong, C.H. Angew. Chem.,Int. Ed. Engl.1985,
24,677-638.

(2) Findeis, M. A.; Whitesides, G. M. Annu. Rep. Med. Chem. 1984,
19,263-272.

(3)  Chibata, l -  Immobi l ized Enzymes, Research and Deuelopment;
Halsted: New York, 1978.

(4) Valentine, D.;Scott, J.W. Synthesis 1978,329-356. Seebach, D.;
Hungerbuhler, H.In Modern Synthetic Methods; Scheffold, R., Ed.;Otto
Salle Verlag: Frankfurt am Main, 1980; Vol. 2, Chapter 2.

scheme-that is, an intermediate that can be generated
easily and converted to the desired product by using an
ef'f icient synthetic sequence (but with imperfect overall
control of enantiomeric puritSr)-or is it better to use a less
"efficient" intermediate having higher enantiomeric purity?
There is no general answer to this question, but it does
pose a related question in enzyme-catalyzed synthesis:
What are the relative values as catalysts of enzymes with
broad substrate specificity and moderate enantioselectivity
relative to enzymes with narrow substrate specificity and
high enantioselectivity? This paper explores the utility
in organic synthesis of  a representat ive enzyme-
fumarase-in the second catagory.

Fumarase (8.C. 4.2.1.2) generates a chiral center(s) from
an achiral substrate by stereospecific hydration of a car-
bon-carbon double bond.s In vivo, fumarase catalyzes the
reversible hydration of fumarate to t--malate; it is used in
a commercial synthesis of this substance (eq 1).3 We
demonstrate here that it also is a useful catalyst for con-
version of chlorofumaric acid to t -threo-chloromalic acid
(1) (eq 2); its broader application in organic synthesis is,
however, limited, because only a few analogs of fumaric

(5) Stryer, L. Biochemisfr-y, 2nd ed.; W. H. Freeman: San Francisco,
1981 ;  p  288 .
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acid other than chlorofumaric acid are substrates (vide
infra).

Fumarase is a component of the citrate cycle and is
found in a wide variety of organisms.6 The pig heart
enzyme is a tetramer composed of four identical subunits
with an aggregate MW of 194 000. The enzyme has a
variable isoelectric point from 5 to 8 depending on the
buffer in which the determination is made, a reflection of
differential binding of various ions. There is no cofactor
required for catalysis. There are no disulfide bonds be-
tween subunits; these are associated noncovalently. Thiols
in the subunits appear to be buried in the folded protein.G

Although fumarase from pig heart has been described
as absolutely specific for fumarate and L-malate,i it actu-
ally accepts several dicarboxylic acids other than fumarate
or L-malate al though general lv wi th low'  react ion r .e loci-
t ies.8 's Fluorof t rmarate is the onlv reportecl  unnatr i ra l
substrate to have 3 l 'n, , , ,  greater than that f i l r  fumarate.e
L imi ta t ions  in  fumarase 's  app l i cab i l i t v  a re  apparent .
however.  f rom the smal l  number of  substrates that  rv i l l
allog'srntheticallv trseful reaction velcrcit ies. The cost and
specific actir-ity' of fumarase presently' limits the practically
useable substrat€s to those with a value of V,,',,. > l% that
of fumarate.l0 The only substrate that fits these criteria
and is also an economically practical starting material is
chlor<lfumarate. While mono- and difluorofumarate are
both excellent substrates they also both suffer from
drawbacks for use as substrates for fumarase. Fluoro-
fumarate is of no practical use since it is hydrated by
fumarase predominantlv in an orientation that results in
the formation of oxalacetate from the decomposition of
2-fluoromalate.8 1,2-Difluorofumarate is hvdrated to 1.2-
di f luoromalate.  This substance spontaneouslv el iminates
HF and forms ll-f luorooxalacetate. l l-Fluorooxalacetate is
sufficientl l 'stable in solution that it can be trapped bv in
si tu reduct ion wi th malate dehydrogenase (eq 3).11 Di-
fluorofumarate is, however, expensive.l2

o R e a c t i o n  v e l o t  i l l ( . r  , \ ( , r r  c l e t e r m i n e d  i n  t h i s  w o r k  i n  1 0  m M
H E P F I S  l t t r l t e r .  l r l l  ,  i i .  t n  i t  l - t 1 1 ,  r ' t i l u m e  c o n t a i n i n g  < 0 . 1  m g / m L
o i  f  u n r t i r a s e .  I n  r t  r r t  l , r r s .  t h p  r e a c t i o n  v e l o c i t v  i s  r e d u c e d  ( s e e

t e x t  ) .  . \ - . i r r , . , l  i n  I  h e  l ) r e s e n c e  o f  1  N {  n u c l e o p h i l e .  d  C v a n i d e  i n -
h i l r i t .  l r r n , , i r a : t .  \ t '  t ' h a n g e  i n  t h e  e q u i l i b r i u m  o f  t h e  a s s a v  m i x -
t i t r r .  r r  i l r ,  l r r t ' . t ' n t  t  l f  ( ) O H  t l r  H S  w a s  o b s e r v e d .

- l 'he 
oir jet ' t ives of ' th is l taper are to def ine the breadth

ol  : \ 'nthet ic 'a l lv  useful  substrates accepted by fumarase,
to cievelop a practical synthesis of 1 from chlorofumaric
acid,  and to convert  I  to representat ive natural
products-2-deoxy-n-ribose and o-erythro-sphingosine-by
using routes that establish the utility of I as a new chiral
synthon.

Resul ts and Discussion

Substrate Specificity. Table I l ists compounds that
have been tested as substrates for hydration by fumarase
(eq 4), together with estimates of reaction rates. In the

(4 )

(6 )  H i l l ,  R .  L . ;  Te ipe l ,  J .  W.  l n  The  Enz t ,mes .3 rd  ed . :  Bover .  P .  D . ,
Ed. ;  Academic:  New York,  1971; Vol .  V,  pp 539-5?1.

(7)  Bergmeyer,  H.  U. ,  Bergmeyer,  .1. ,  Grassl ,  M.,  Eds.  I lethod,s r t f
Enzymat ic 'Anoly.s i .s ;  Ver lag Chemie GmbH: Weinheim. 1983: \ 'o l .  I I .  p
190.

(8 )  Te ipe l ,  J .  W. ;  Hass ,  G .  M. ;  H i l l ,  R .  L .  J .  B io l .  Chem.1968 .  2 -1 ,1 ,
5684-5694.

(9)  Nigh,  W. G.;  Richards,  J.  H.  J.  Am. Chem. Soc.  lg69,  91.
5847 5848.

(10) Fumarase purchased f rom Sigma costs -945/5000 LI  ( r . -malate
as substrate. I LI = 1 gmol of substrate converted to product per mintrte).'Ib produce I mol of product per da;- requires -700 U constant activitv.

( l l )  Mar le t ta .  M .  A . :  Cheung ,  Y . -F . ;  Wa lsh ,C .  B iochemis fn ,  1982 ,2 / ,
2637 2644. Walsh,  C.  In Aduonces in Enzl ,mologl ,and Reloted Areas
of  Molecular  Bio logl ' ;  Meister ,  A. ,  Ed. ;  Wi l .y '  

* i \ew 
York,  1983; pp

197 289.
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case ol '3-ni t roat  rv lat t ,  a s lon'  loss of  I  f \ t  absr l rbance of  the
olet ' in n 'as olr-erved. l t r r t  th is react io l t  \ \ 'as independent of
t i t t '  l t re:et t ( '€ l1 ( ' l tzvnte and l t r r t l ta i t lv  re l lects nonspeci f ic
hr c l rat ion.  \ \ ' t -  o l rserr-ed no er ic lence for al ternat ive nu-
t leopir i le part i t ' i l tat ion i r . r  enzvrnic react ic)n mixtures in-
c luding HS .  ( ' \ .  anci  HOO .  C1'anide is a potent inhib-
i tor  of ' the enzvrne. and peroxide would be expected to
eventually inactivate the enzyrne by oxidation. From these
results and the literature data we concluded that fumarase
would not be broadiy useful as a catalyst and turned to
the exploitation of two good substrates of fumarase-
chlorofumarate and difluorofumarate-for the synthesis
of r-threo-chloromalic acid and t -threri-fluoromalic acid.

Fumarase: Stabil ity. 1'o be useful in organic syn-
thesis, an enzyme must be stable for a sufficiently long
period under reactor conditions to allow the accumulation
of useful quantities of product. Fumarase contains thiols
and is sensi t ive to oxidat ion.13 In di lute buffer solut ion
(10 mM TRIS acetate,  pH 7.3) the enzyme losses al l  ac-
t i r . i tv  wi th in 16 h.  With 5 mM di th iothrei to l  (DTT)
present. one-third of'the original activity remained in the
same per iod ol ' t ime. In reactors producing I  f rom chlo-
rofumarate, DTT cannot be used as an antioxidant. how-
ever, because the presence of DTT in this system leads t<r
inactivation of the enzyme and no accumulation of' prod-

(12 )  Raasch ,  M.S . ;  M iege l ,  R .
8 1 , 2 6 7 8 - 2 6 8 0 .

(1 i l )  Kanarek ,  1 , . ;  H i l l ,  R .  L .

E . ;Cas t le .  . J .8 .  J .  Am.  Chem. .Sr r t .  1959 .

J .  f J ioL .  Chen t .  1961 .2 .19 . -110 ,1  .1206 .
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Figure l. Stability of fumarase under varying conditions: (r)
soluble enzyme in 32 mM (NH4)2SO4, under nitrogen; (o) in 10
mM TRIS acetate, under nitrogen; (r) in 10 mM TRIS acetate,
exposed to air; (o) immobilized in PAN gel suspended in 10 mM
TRIS acetate. Al l  solut ions: pH 7.3-7.5.

1 2

rrr--rrTr-r-.]-n
4 0 r 5 9

Figure 3. tH NMR spectra (250 MHz) at 6 5.9-€.0 of the methine
proton at C-2 of chloromalate of dimethyl (+)-MTPA esters of
(a) enzl'mically produced t--threo-chloromalic acids, (b) ot--
lhr t ' , , - t 'hLrromal ic acid,  (c)  base l ine detai l  of  a,  (d)  c,  wi th 0.5%
ot'b. re) w.ith i,/, of b. (f) with 27o of b, (s) with 57" <tf b, (h) with
l ( ) %  o t  l t .

rveek) emploved to minimize the quant i t t 'of  enzyme used
resul ted in suf ' f ic ient  deact ivat ion of  the enzyme (Figure
1) that it was necessary to add additional enzyme. A
reaction using the more stable immobilized enzyme was
more practical. Figure 2 shows the progress of a reaction
initially containing 64 g of chlorofumaric acid and 45 U
(chlorofumarate as substrate) of fumarase immobilized in
PAN15 gel in 0.7 L of solution. After 7.5 days the reactor
was stopped and the enzyme-containing gel collected by
centrifugation. After isolation of product the recovered
starting material was recombined with the immobilized
enzvme. From these tw'o reactors a total  of  54.5 g of
i ' r vs ta l l ine  L- lh r ( ' / i - ch lo romal ic  ac id  was iso la ted .  The
rec 'overe< l  enzvme ge l  s t i l l  re ta ined most  (>60% )  o f  i t s
ac t iv i t v  e r l te r  r . t se  i t ' t  l l o th  reac t io t t - .

Enant iomer ic  Pur i ty '  o f  1 .  The i . - rh reo-ch lo romal ic
acid obtained trom these enz\-tnic reactors w'as of compa-
rable melting point and optical rotation to that sy'nthesized
chemically from D-tartaric acid.16 We determined the
enantiomeric purity of the enzymically prepared material
using the MTPA esterl7'l8 of the dimethyl chloromalate.
Racemic thre.o-chloromalic acid prepared from cis-epoxy-
succinic acid was used f<rr comparison (Figure 3). Addition
of as little as 0.5% ofthe MTPA ester of racemic dimethyl
threo-chl<Lromalate to the MTPA ester of the enzymically
derived dimethyl chloromalate resulted in an observable
signal in the ]H NMR spectrum. We conclude that en-
zymically sythesized r-threo-chloromalic acid has ee
>99.5Vo.

2-Deoxy-o-ribose. We confirmed the stereochemistry
of 1 and illustrated its use as a chiral synthon in organic
synthesis by synthesis of two natural products. 2-Deoxy-
t-ribose was prepared following the sequence of reactions
summarized in Scheme I. Compound I was reduced to
chloro triol2 with borane in THF.le Triol2 was converted
to acetonide 3 and then treated with base to form epoxide
4 as has been previously done with racemic 2.20 Opening
of 4 with a carbon nucleophile proved troublesome. Re-

(16) Kuhn, R.; Zell, R. Chem. Ber. 1926, 59, 2514-252L
(17) Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512-519.
(18) The use of strongly basic conditions in the workup of the MTPA

esters of halomalates reported here resulted in decomposition of the
product and was therefore avoided.

(19) Yoon, N.M.;Pak,  C.  S. ;Brown, H. C. ;  Kr ishnamurthy,  S. ;Stocky,
T.  P.  J.  Org.  Chem.1973, 38,  2786-2792.

(20) Niedbal la,  U. ;  Gr ies,  H.  Ger.  Offen.  DE 3150917, 1983 [ to
S c h e r i n g  A . - G . .  p  l 7 l .
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Figure 2. Progress of a reactor containing PAN gel imrnobil ized
fumarase (45U, chlorofumarate as substrate) and chkrrcfumarate
(64 g),  pH 7.5.

uct . la Al l  solut ions used in reactors wi th fumarase n'ere
thoroughly deoxygenated. Fumarase is more stable when
immobilized than when free in solution and more stable
when at high ionic strength than at low (Figure 1). Im-
mobil ization yields, however, have been only moderate
when PAN gelrs is used (<25%). It is thus problematic
whether to immobilize and gain stability at the cost of
initial loss in activity or to use soluble enzyme. For
small-scale reactions (up to 5 g of chlorofumarate) it is
more convenient to use soluble enzyme. For synthesis of
larger quantities, it is worthwhile to immobilize the enz)'rne
to improve its stabil ity in reactions requiring extended
operat ing t ime (1-2 weeks).

r-threo-Chloromalic Acid. Small-scale synthesis of
t-threo-chloromalic acid is straightforward using soluble
enzyme; the procedure is described in the Experimental
Section. Equilibrium (K"o = 6.2 toward hydration, chlo-
rofumarate as substrate)u limits the maximum theoretical
yield to 86% of starting material; with recycling, yields can
in principle be nearly quantitative. In practice, losses in
handling and the slow hydration of chlorofumarate to
2-chloromalate and thence to oxalacetate preclude quan-
titative yield.s

Large-scale reactions have been more difficult to carry
out using soluble enzyme. The long reaction times (-1

(1a) We believe the inactivation of fumarase in the presence of chlo-
rofumarate and DTT results from reaction of the enzyme with a reactive
intermediate caused by the reaction of DTT with chlorofumarate. We
do not know if the enzyrne promotes the formation of the reactive species.

(15) Pol lak,  M.;Blumenfeld,  H. ;Wax, M.;Baughn, R.  L. ;Whitesides.
G. M. J. Am. Chem. Soc. 1980. 102.6324-6336.
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Scheme I .  Synthesis of  2-Deoxy-n-r ibose f rom
(-\  -  t  hreo -Chloromal ic Acido
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Figure 4. Curve of velocit l '
fluorofumarate.

vs.  pH for  fumarase ac ' t i r " rg on di -

lithiated phenyl n-tetradecyl sulfone followed by acetyla-
tion yielded the acetoxlr' suifone 15 as a mixture of dia-
stereomers which on Na-Hg reduction produced predom-
inantly the trans-olefin 16.31 Debenzvlation gave the
hydroxy carbamate 17, an intermediate in a published
synthesis of  18. : r : r  Hvdrolvsis of '  l7 af forded crude
sph ingos ine  in r l i s t iner r i shab le  t ro rn  an  au thent ic  sample
l t r .  iH  ar t r l  r ' ( '  \ \1 l l  : | tec t r ( )s ( ' ( )p \ ' .  ' l ' he  

t r iace ty la ted  de-
r i r  r i t  r r  t .  o l  I  h i -  n ' r i i1 t . r i . t l  r i ' u .  a1 . , ,  inc l i s t ingu ishab le  f rom
' . r i r r t  t . t r  l . r t r c l  , r r l t  i r t n t i t  I S .  '

' ,  - t h reo  -F luo roma l i c  Ac id .  l ' : e  o f  d i f l uo ro fumara te
i ,  r 1  1 i 1 "  r n1 \ ' l l t i t  - \  l : i t t ' > i :  . |  1 . - i l t r , ' ' , - f l t t t t r oma la te  requ i res
i l  I l ( , r t -  r  , , l l l ) l i t  l t l r L l  , . t t a i r - t i t  : \ ' s t em than  t ha t  used  fO r  t he
( ) n F - : t e 1 t  h v d t i t l i , n , , 1  t h i , , r ( ) l L l n t r t r . t t e  s i n c ' e  m a l a t e  d e -
h1 -c l r ogenase  t a ta l vzed  redu t ' t i on  o t  i n te r rnec i i a te  f l uo ro -
oxa lacetate  wi th  NAI)H is  necessar . r ' . i r  On a sca le  o f  (1

g of dif luorofumarate, a stoichiornetr ic quanti tv of '  NADH
can be used, but this procedure increases the quanti ty of
organic material present in the reactor and complicates
isolation of product. The inclusion of an NADH recycling
scheme increases the complexity of the reactor by adding
another enzyme but has the advantage of introducing
additional driving force for the rapid reduction of fluoro-
oxalacetate and redrrces the organic content of the reactor.
We used the formate/fcrmate dehydrogenase method of
regeneration of NADH.t While this enzy'rne is more costly
than others that can be used for NADH regeneration, the

(30) Schlosser,  NI . :  ( 'hr is tmann, K.  F.  Angeu. Chem., lnt .  Ed.  Engl .
1966 .  5 .  126 .

(31) Kocienski ,  P.  J. ;  Lythogoe, B. ;  Ruston,S.  J.  Chem. Soc. ,  Perkin
Trans. l 1978, 829-834.

(32) Jul ina,  R. ;  Herzig,  T. ;  Bernet ,  B. ;  Vasel la,  A.  Helu.  Chim. Acta
1986. 69.  368-373.

(33) In an alternative strategy to obtain 18, triol 2 was protected as
the benzylidene 20 in moderate yield.:ra 36 Carbamate 2l was readily
prepared, but all attempts to cyclize it with displacement of chloride to
give 21 were unsuccessful. The failure of this reaction appeared to result
from a preference for trans-diaxial elimination of HCI from 20:

O H
u n  I  b -tt.-a'^--rAnu
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" (a) BHr, THF; (b) MeCOMe, MeC(OMe)2Me, TsOH; (c) KOH,
EtrO; (d) (CH2CH)2Cu(CN)Li2, THF, -78 oC; (e) H2O, MeOH,
TFA; (f) O,, MeOH; (g) Me2S, MeOH.

action with 2-l i thio-1,3-dithiane2l was slow and incomplete.
V inv lmagnes ium b rom ide  res r r l t ed  i n  an  un iden t i f i ed  re -
ar rangenle l r t  pr ( )duct  n ' i thout  addi t ion r i f  the v i r tv l  gro111.y .
L i p s h u t z ' s  h i g h e r  o r d e r  c u p r a t e  m e t h o d l -  r ' i e l d e d  , , l e f i n
5  i n  a  f as t .  e f f i c i en t  r eac t i t ' n .  O Ie f i n  5  i s  t he  s i r r ne  i n te r -
n red ia te  used  i n  o the r  svn theses  o f  2 -deo r r ' - f r - r i b r l se  t ha t
L rse  : . : l - r / - i sop ropv l i dene -n -g l vce ra ldehvde  as  s ta r t i ng
mater ia l . r r r {  Ole f in  5  was h1 'dro l1 'zed to  the o le f in  t r io l
6 and ozonized as previously described23 fol lowed by' re-
duction with dimethyl sulf ide24 to yield 2-deoxy-n-r ibose
I

D-erythro-Sphingosine. The synthesis of o-erythro-
sphingosine 18 was achieved as outl ined in Scheme II.
Hydroxy acetonide 3 was allowed to react with benzyl
isocyanate and give the acyclic carbamate 8, which was
cyclized with displacement of chloride by treatment with
potassium ferf-butoxide.25 The acetonide g was hydro-
lyzed26 to the diol 10, which was selectively silylated2? to
afford cleanly the secondary alcohol 11. When benzvlated%
the fully protected amino triol 12 was obtained mixed with
- 30Vo of the 1-O-benzyl-2-O-tert-butyldimethylsilyl iso-
mer resulting from silyl group migration under the ben-
zylation conditions. Desilylation allowed the isolation of
the monobenzyl diol 13, which was cleanly oxidized by the
method of Swern to afford the aldehyde 14.2e This al-
dehyde was stable to rapid chromatography on sil ica gel
but epimerized (as observed by lH NMR spectroscopy) if
exposed to acid during workup. Introduction of the desired
alkenyl group using the Schlosser-Wittig procedure pro-
ceeded in low yield.30 React ion of  a ldehyde 14 with

(21 )  Seebach ,  D . ;  Corey ,  E ,J ,  J .  U rg .  Chen t .  1975 .  {0 .2 ;11 .
(22) t , ipshutz,  B.  H. ;  Wi lhelm, R. S. ;  Kozlowski ,  .1.  A. :  Parker,  D.  . / .

Org.  Chem. 1984, 49,3928-3938.
(23) H<"rffman, R. W.; Endesf'elder, A.; Zeiss, H.-J. Corboft-r'dr. r?t,s.

r983, /2,?, 320-325.
(24) Harada, T. ;  Mukaivama, T.  Chem. Let t .  1981,1109-1110.
(25 )  M inami ,  N . ;  Ko ,  S .  S . ;  K i sh i ,  Y .  J .  An t .  Chem.  Soc .1982 ,  j 1 t .

1 1 0 9  1 1 1 1 .
(26) Corey,  E.  J. ;  Kim, S. ;  Yoo, S. ;  Nicolaou,  K.  C. ;  Melv in,  L.  S. ,  Jr . ;

Brunel le,  D.  J. ;  Falck,  J.  R. ;  Trybulski ,  E.  J. ;  Let t ,  R. ;  Sheldrake.  P.  W.
J.  Am. Chem. Soc.  1978, 100.4620 4622.

(27) Chaudhary, S. K.; Hernand ez. O. Tetrahedron Lett. 1979, 99-I02.
(28) Czernecki, S.; Georgoulis, C.; Provelenghiou,C. Tetrahe,dntn Lett.

1976, 3535-3536.
(29) Mancuso, A.  J. ;  Huang, S.-L. ;  Swern,D. J.  Org.  Chem.l978,  ,13,

2480-2482.

(34) De Belder,  A.  N.  Adu. Carbohl ,dr .  Chem. 1965, 20,219-302.
(35) The stereochemistry of 20 has been assigned on the basi-q of rH

NMR spectroscopy. Coupling constants indicate that the chlorine is an
axial position in a benzylidene ring with a boat conformation. The exo-
cyclic hvdroxymethyl is hydrogen-bound to the adjacent ring oxvgen in
a re lat ively r ig id conformat ion.  The phenyl  group is  assigned to the
equatoria-l position. If it were in the pseudoaxial position we would expect
the r ing to f l ip  into the al ternat ive boat  resul t ing in equator ia l  chlor ine.

(116) The synthesis of  compound 20 was carr ied out  by Jaesang Kim.
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Scheme I I .  Synthesis of  t rans -o-erythro-Sphingosineo
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product from formate is CO2, and the workup is simple.
Previously reported kinetic data for the fumarase-cat-

alyzed hydration of difluorofumarate were obtained in
phosphate buffer.e Phosphate, however, is a known in-
hibitor of fumarase at the concentration used,6.3? un.1 values
of the Michaelis constant Kn, will be raised in the presence
of this ion. We redetermined K,,, for dif luoroftrmarate in
10 mM TRIS acetate buffer (pH 7.3) and ohtained a value
of 4.4 X 10-5 M. almost an order of  magnitude krs 'er  than
the previousl l '  reported value.e Determinat ior-r  ,1 1, , , . , .
under these conditions resulted in a valrre l, j l  t imes Kreater
than Vn*  fo r  fumara te  under  the  same cond i t ions .  The
previously reported valuese gave difluorof'umarate as a
slightlv less active substrate than fumarate in 10 mNI
phosphate buffer I V,'* ( d ifl uorofumara te) f V ̂ ^*(fumarate )
= 0.83]. In assays with high concentrations of dif luoro-
fumarate, however, the rate of reaction is only about 7 Vo
of that with fumarate after an initial period of high activity.
We have not investigated the cause of this reduced activity
under reactor conditions. To further characterize the
hydration of difluorofumarate by fumarase we determined
the profi le of reaction velocity vs. pH to find the pH op-
timum for this process (Figure 4). With difluorofumarate
as substrate, fumarase displays a broad range ot'ac,tivitr.
from pH 6 to 8 with the optimum at pH 7.t). ' I 'his 

com-
pares with pH optima for chlorofumarate and bromo-
fumarate of 7.6 and 7.8,7 respectively, and an optimum pH
for the hydration of fumarate at pH 6.8-7.0 depending on
concentration and buffer conditions.si

t-threo-Fluoromalic acid was prepared as shown in eq
3 and isolated as the dimethyl ester. The pH of a reaction
producing fluoromalate from difluorofumarate depends on
competing factors: release of HF tends to lower the pH;
formation of alkoxide by the reduction of fluorooxalacetate
by NADH tends to raise it. Depending on the relative
amounts of substrates and enzyrnic activities, the pH may
move in either direction. To avoid damaging enz5rmes and
decomposing NAD (at high pH) or NADH (at low pH),38

O B n

I
cH,1cH.y,r- \A/ \9

B r -  
'

1 6  
t {

o

(37) Alberty,  R.A. ;Massey,  V. ;Fr ieden, C. ;Fuhlbr igge.  A.  R.  J.  Am.
Chem. Soc. 1954, 76.2485-2493.

6.0 5.6 r 5.?

Figure 5 .  rH NMR spect r t rm (250 N{Hz)  a t  6  5 .2-6.7  o f  the
(+)-MTPA ester of dimethvl t .- thrco-f luoromalate produced en-
zvmical ly I ' rom dif luorolurnarit '  i r t ' ic i .  

' l 'he 
rnajor peaks shown

correspond to the methine protons o1' l luuromalate at C-2 [6 5.83
( J :  j l O ,  L i l  [ { z )  a n d  ( ' - ; ]  l ; 5 . ; 2  ( J  =  4 6 , 2 . 3 H 2 ) .

t he  p l l  i i i r .  t , r n t r o l l ed  by  t he  add i t i on  o f  1  N  HCI  o r  1  N
\ a 0  H .

'I'he 
crude material from the enzyrnatic reaction contains

primari ly a single compound with the same rH NMR
spectrum previously reported for threo-fluoromalic acid.se
After chromatography, the stereochemical purity of the
enzymically synthesized fluoromalate was determined by
preparing the (+)-MTPA ester of the isolated dimethyl
f luoromalate. Figure 5 indicates that there is a minor
product present in the isolated dimethyl f luoromalate
representing <5% of the total.  We have not posit ively
identi f ied this material but bel ieve that i t  is the MTPA
dimethyl ester of t -erythro-fluoromalic acid resulting from
epimerization at C-3 of 3-f luorooxalacetate before i t  is

(38) Oppenheimer, N. J. In The P1'ridine Nucleotide Coenzymes;
Everse, J., Anderson, B., You, K.-S., Eds.; Academic: New York, i982;
Chapter 3.

(39) Goldstein,  J.  A. ;  Cheung, Y.-F. ;  Mar let ta,  M. A. ;  Walsh,  C.  Bio-
chemistry 1978. 1 7.  556i  -5575.
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Fumarase-Catalyzed Synthesis of t -threo-Chloromalic Acid

enzl'micall l 'reduced with NADH in the reaction mixture
or resulting from epimerization during the preparation of
the  \ ITPA es ter .

Conclusions

Fumarase has narrow substrate specificity. Although
it n' i l l  accept a modest number of substrates with low
activity, the only useful substrates at current costs for the
enzyme are fumaric acid, chlorofumaric acid, and 1,2-di-
fluorofumaric acid. If the cost of the enzyme were to be
reduced (for example, through the development of an ef-
ficient recombinant DNA-based fermentation) it might be
possible to include bromo-, iodo-, and 2-methylfumaric
acids as useful substrates.T We have focused our attention
on fumarase from pig heart since it is commerciall l '
available at reasonable cost. It is possible that a fumarase
from some other source (especially a microbial source)
might have different and broader specificity. In the longer
term, it may be possible to broaden the specificity of the
enz)ryne by site-specific mutagenesis. The first requirement
for an effort of this sort-an X-ray crystal structure of the
enzyme-is not available.

Within its l imited range of application, fumarase is a
useful catalyst for the preparation of t-threo-chloromalic
(t) and t-threo-fluoromalic acids. The fumarase-based
route to I is superior t<l presently available chemical
srntheses from tartaric or fumaric acids: these procedures
proceed in low to moderate y- ie ld and require resol t t -
t ions . l6 r t '  There  is  p resent lv  no  compet i t - rg  rou te  to  L -
f  h rer r - f luoromal ic  ac id .  a l though ta r ta r ic  ac id  n r igh t  a lso
prov ide  a  s ta r t ing  mater ia l  fo r  th is  compound.  Read i l r '
available as]rynmetric natural products have received much
attent ion as sources of  chiral  synthons. l r  1{  Compound
I is equivalent to selectively functionalized me.so-tartaric
acid in which the R configuration hydroxyl group has been
replaced with inversion by chloride. No procedure for the
direct selective modification of meso-tartrate to obtain I
is currently available. The n and I isomers of tartrate
cannot be manipulated to provide I in a straightforward
manner either.

The syntheses demonstrat ing conversion of  1 to 2-
deoxy-n-ribose and D-en'fhro-sphingosine are not the most
direct  or  ef f ic ient  n lutes to these compounds, but t l - rer '
demonstrate methods I 'or conversion of 1 into a number
of potentially useful chiral synthons. Moreover they
provide routes that may be useful for specialized appli-
cations such as the preparation of labeled compounds. The
best preparation of 2-deoxy-n-ribose is certainly by isola-
tion from DNA. Recent chemical syntheses of 7 have used
n-glyceraldehyde as a starting material23'24'45-4e or have
relied on degradation of more complex carbohydrate pre-
cursors to obtain 7.s|F52 The svntheses starting from n-

(40) Kuhn, R. ;  Ebel ,  F.  ( 'hem. Rer.  1925,58,  919-932.
(41 )  Sc<r t t ,  J .  W.  In  As1 'n tme t r i t 'S - r ' n lhcs i s ;  N {o r r i son .  J .  l ) . .  Sco t t . . l .

W.,  Eds. ;  Academic:  Or lando, 1984; \ 'o l .  ,1,  Chapter 1.
(42) Modern S1'nfhcl ic  Methods:  Scheff i r ld,  R. ,  Ed. ;Otto Sal le Ver lag:

Frankfur t  am Main,  1980; Vci l .  2,  Chapters 2- .1.
(411) Hanessian,  S.  Total  S1'nthesis oI  Natural  [ ) roclut ts:  7 'he

*Chiron" Approac'h;  Pergamon: New York,  1983.
(44) Inch,  T.  D.  Tetrahedron 198.1,  .J0,  : l16l  3213.
(45) Baldwin, . I .  ,1. ;  Raab, A.  W.;  Mensler ,  K. ;  Ar ison,  R.  H. ;  McClt r re.

D .  E .  J .  Org .  Chem.  1978 ,43 ,4876  4878 .
(46 )  Murakami ,  M . ;  Muka iya rna ,T .  Chem.  Le t t .1982 ,241  211 .
(47) Yamamoto,  Y. ;  Kir ihata,  M.;  Ichimoto,  I . ;  LJeda, H.  Agr ic.  Ri t t l .

Chem. 1985, . / .e,  1435 1439.
(48) Kozikow'ski ,  A.  P. ;  Ghosh, A.  K.  J.  Am. Chem. Soc' .  1982, 10.1,

5788-5789.
(49) Heathcock,  C.  H. ;  Young, S.  D. ;  Hagen, J.  P. ;  Pir rung,  M. C.;

Wh i te ,  C .  T . ;  Vanderveer ,  D .  J .  Org .  ( -hem.1980 ,45 ,3846"3856 .
(50) Wong, M. Y. ;  Gray,  G. R.  J.  Am. Chem. Soc.  1978, 100,  3548-3553.
(51) De Lederkremer,  R.  M.;  Sala,  L.  F.  Carboht 'dr .  Re.s.  1975, 10,

385 386.
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glyceraldehyde are, however, stereoselective rather than
stereospecific and afford diasteromeric intermediates.53
The synthesis of 7 that we present here is stereospecific
starting from 1. While it does not allow the possibility of
substitution at C-2 of 7 Lhat other s1'ntheses do, our syn-
thesis represents the best available chemical route to 7 that
does not involve a degradative strategy.

Sphingosine is costly to isolate from natural sources.s4
Several syntheses of l8 and derivatives have been pub-
lished;32'55 63 1lt. procedures of Vasella'r2 and Schmidtss
being among the best developed. In comparison, our
synthesis is longer and less efficient. The intermediates
8-14 do, however, serve to expand the demonstrated syn-
thetic uti l i ty of 1. The syntheses of 7 and 18 from l and
its derivatives demonstrate the uti l i ty of I in asymmetric
synthesis now that it is readily available by fumarase-
catall 'zed h-vdration oi chlorof'umaric acid.

Exper imental  Sect ion
General. Pig heart fumarase was purchased as a crystall ine

suspension in 3.2 M ammonium sulfate from Sigma or Boehringer.
Ultrafi ltration devices used for desalting and concentrating en-
zymes solutions were from Amicon and fitted with PM 10 or YM

10 membranes. Dialysis tubing was from Spectrapor. PAN-850
was prepared previously in th is laboratory.15 NADH disodium
salt,947o purity, was from Sigma. cls-Epoxysuccinic acid was
from F'luka. Diazald was from Aldrich. Ficoll. TRIS. and HEPES
were from Sigma. 1,1,2-Trichloro-2,3,3-trif luorocyclobutane was
from S( lM Special i tv  Chemicals.  Vinyl l i th ium was f rom Or-
gan omet a l l ics.  l l {et  hvlene chlor ide,  pyr id ine,  d i isopropylethyl -
i r rn ine .  an r i  t r i t  t hv lami r te  r vas  d i s t i l l ed  f rom ca lc ium hydr ide .
( ' a r l r r  )n  t f  t  ra ( ' h l ( , r i r l e  u  r r s  d i s t i l l ed  f  rom phosphorus  pen tox ide .
' l 'e t rahvdrolr r r t i r . r  

r ' l 'HF r  r ras r l i . t i l lec l  1 ' ronr socl ium benzophenone
k e t l - I .  A n h r  c i r o r r :  c l i r n e l h r  l t o r t n r i t t r i d e  ( D \ I F )  a n d  c l i m e t h y l
su l tox ide  t  N Ie . rSO )  \ \ ' e re  l ron r  A lc l r i c ' h .  I )o tass i t tm  / r ' r 1 -bu tox ide
was subl imed. m-C-hloroperbenzoic acid w'as pur i f ied b1'washing
with pH ?.5 phosphate buf fer .6a Oxaly l  chlor ide was redist i l led.
Water was deionized and then disti l led in a Corning AG-1b glass
stil l. Water was deoxygenated by refluxing and disti l l ing under
nitrogen. Fumaric acid was recrystall ized from water. DL-
threo-Cl'loromalic acid,16 chlorofumaric acid,65 difluorofumaric
acid,12 fumaric acid monoamide,ffi /ron s-4-chloro-2-butenoic acid,67
ni t roacry ' l  ic  ac id i i "  and I  ro n.s-4-h1'droxy- 2-butenoic acidGe were
prepared  bv  the  l i t e ra tu re  methods .  (+ ) -MTPA ch lo r ide  was
prr , l t r i rer l  t  r t  i rn t  + r  -  nret  horr '  [  (  t  r i f l  r roromethy' l )phenyl ]acet ic  acid
b v  t h e  1 . l r r l r l i - h e r l  n r e 1 h , , t l . : -  - { i l  t , t h e r  c h e m i c a l s  w e r e  r e a g e n t
g rade .  

' l ' l t lS  
a ( r , t a1e  l r r r t l e r .  r re re  10  n r \ l  i n  T I t IS  base  a t rd  ace t i c

ac id  r vas  adde ,c l  t ,  t he  c ie - i re i l  pH .  \ \ l l t  spec t ra  u 'e re  ob ta ined
by  us ing  so lven t  p reaks  as  re le ren ( 'e  r " ' hen  y ross iL l l e :  o the rw ise

(52 )  Hauske ,  ' f  .  R . ;  Rapopor t .  H .  J .  ( ) r s .  ( ' hem.1979 .44 ,2472-2476 .
(53) Diastereoselectivity in the formation of products from addition

to the carbonyl of o-glyceraldehyde is variable. Ty'pical product mixtures
contain -80% of the desired diastereomer. In one case, addition of allyl
to the aldehyde was achieved with 96:4 selectivity in favor of the desired
is<lmer.15

(54) trcns-o-erythro-Sphingosine isolated from bovine brain can be
purchased from Sigma at -$50/25 mg.

( i r f i )  Rout in,  R.  H. ;  Rapoport ,  H.  J.  Org.  Chem.1986, 51,  5320-5327.
(56) Bernet ,  R. ;  Vasel la,  A.  Tetrahedron Let t .1983,24,5491-5494.
(57 )  Oba l ' ash i .  M . ;  Sch losse r ,  M .  Chem.  Le t t .  1985 ,1715-1718 .
{58) Schmidt .  R.  R. ;  Z immerman, P.  Tetrahedron Let t .  1986, 27,

181 .18.1
t , : r9)  Nel l 'man. H.  . / .  Am. Chem. Soc.  1973, 95,  4098-4099.
(60) Roush, \ \ ' .  R. ;  Adam, M. A.  J.  Org.  Chem.l985,50,  3752-3757.
( (11 )  M<r r i .  K . ;  Funak i ,  \ ' .  Te t rahedron  1985 ,  41 ,2369  2317 .
(62 )  Mr r r i .  K . :  F r rnak i .  Y .  Te t rahedron  1985 .  41 .2379-2386 .
(6l l )  ( 'ard i l lo .  (1. ;  Orena, M.;  Sandr i ,  S. ;  Tomasini ,  C.  Tetrahedron

19u6 ,  .12 ,  91?  922 .
(6.1)  Schwartz,  N.  N. ;  Rlumbergs,  J.  H.  J.  Org.  Chem. 1964, 29,

19?6  1979 .
(65 )  Perk in ,  W.  H .  J .  Chem.  Soc .  1888 ,  53 ,695- i12 .
(66) Tal ley,  E.  A. ;  F i tzpatr ick.  T.  J. ;  Porter ,  W. L.  J.  Am. Chem. Soc.

1 9 5 9 .  8 1 .  r 1 4  1 1 5 .
(67 )  B raun ,  G .  .1 .  Am.  Chem.  Soc .  1930 ,  52 ,316 i -3116 .
(68 )  Schec te r .  H . ;  Conrad ,  F . ;  Dau l ton ,  A .  L . ;  Kap lan ,  R .1 , .  J .  Am.

Chem.  Soc .  1952 .  7 / .  3052  3056 .
(69) \ ressiere,  R.  IJU11. Soc.  Chim. 1959, 16'15-1650.
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tetramethylsilane was the reference. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter. Infrared spectra
were taken from thin films unless otherwise specified. All thin-
layer chromatography (TLC) was with silica gel 60 thin-layer
chromatography plates from Merck. Melting points were de-
termined on a Thomas-Hoover apparatus equipped with a cali-
brated thermometer. Elemental analyses were done by Galbraith
Laboratories. K- and V-"* values were calculated by using the
method of Scatchard.To'71

Desalting Fumarase. (a) Fumarase ammonium sulfate
suspension (0.1 mL, 10 mg protein/ml) was dissolved in 10 mL
of pH 7.3 buffer previously deoxygenated with nitrogen gas. In
a 25 mm diameter Amicon stirred ultrafiltration cell under argon
pressure, this solution was concentrated to 1 mL. Buffer was
added to a total volume of 10 mL, followed by concentration to
1 mL. The enzyme solution was diluted and concentrated once
more. This procedure reduces the ammonium sulfate concen-
tration from 3.2 M to less than 0.5 mM. These solutions of
fumarase in deoxygenated buffer were stable for several days at
4  0 c .

(b) Fumarase ammonium sulfate suspension (1.5 mL) was
transferred to 10-mm diall-sis tubing. The tubing was then seaied
with plast ic cl ips. The sealed tube was placed in 200 mL of '
HEPES buffer (50 mM, pH 7.5, with 5 mN{ DTT). After 8 h the
buffer was changed. At this point the contents of the tube u'ere
sti l l  cloudy and had absorbed buffer, result ing in a t ightlv f i l led
tube. After sitting overnight, the solution was unchanged in
appearance. The tube was removed from the buffer and dry Ficoll
(MW 400 000) was applied to the outside of the dialysis tubing
and allowed to stand for 20-30 min, at which time the resulting
gel was gently scraped from the dialysis tubing and dry Ficoll was
reapplied to the tubing. In 2 h the volume in the tubing was
reduced to less than 1 mL, and the solution became clear. The
solution of enzyme was recovered and the dialysis tubing rinsed
with buffer. The combined solution and washes had a volume
of 1.2 mL. Half of the start ing fumarase activi t-r- was recovered.

Assays of  Potent ia l  Subst ra tes for  Act iv i t l '  r * ' i th  Fu-
marase. Assal 's n'ere based on standard proc'eclrrres.- e A tr-pical
assay used 0.01{ .1  rng ml .  desa l ted f r rmarase in  l ( )  nr \ l  HEPFIS
buf fer  (pH 7.6) .  Test  sr rbst ra tes \ \ 'e re  added to  a  cr ) l t (ent r i t t i r r l t
o f  -1mM. The enzvnte a( ' t iv i tv  present  g 'as  suf t le i€ l t t  to  reach
equi l ib r ium u- i th  I  nr \ l  fumarate i t r  l -1( l  s .  Thus.  act iv i tv  on rhe
order of a fract iou of l  % of that of fumarate should have beer-r
detectable. t ' \ '  nreasurements of olef inic absorbance u'ere made
in the reg ion around 250 nm.

Fumarase Stab i l i ty  in  l0  mM TRIS Acetate  (pH 7.3) :
With and q'ithout 32 mM Sulfate. (a) TRIS acetate buffer (10
mM, pH 7.3) was degassed with nitrogen and 1.0-mL port ions
were added to a pair of 1.5-mL plastic microtubes. Desalted
fumarase solution (80 pL) prepared as described was added to
each tube. One tube was purged with nitrogen, sealed, and placed
under nitrogen in a glovebag. The other tube was left open to
the atmosphere. Perriodic aliquots (10 sL) were removed, diluted
to 1.0 mL u' i th TRIS acetate buffer. and vortexed to mix. Fu-
marase activi ty '  rvas assaved in quartz curvettes containing 1.0
mL of  TRIS acetate  (10 rnNl ,  pH 7.3) ,  o0 sL of  1  mM fumarate
so lu t ion,  and 100 t tL  < f ' the d i lu ted enzt 'me so lu t ion.  Loss of
absorbance at 230 nm was monitored in the LIV spectrometer.

(b) Ammonium sulfate suspension of fumarase (10 pL, 3.2 M
in ammonium sulfate) was added direct l l '  to 1.0 mL of 10 mM
TRIS acetate, resulting in a solution 32 mM in ammonium sulfate.
Assay for enz5,'rnic activity was with 50 pL of the enzyme solution
diluted 100-lbld in buffer added to 1.0 mL of buffer plus 0.1 mL
of 1 rnM fumarat,e. Absorbance at 2ll0 nm was monitored.

(c) Sodium sulfate was dissolved in 10 mM TRIS acetare ro
a concentrat ion of '32 rnm (pH 7.5). Fumarase Q pL) was added
directly to l0 mL ofthe sodium sulfate solut ion. Al iquots (25
pl,) were removed for assav in I  mL of TRIS acetate buffer and
0.1 mL of  I  mL furnarate .

Immobi l iza t ion o f  Fumarase in  PAN Gel . r i  PAN was as-
sayed at a content of 88l l  smol/g of act ive ester. HEPES huffer
(0 .3  M,  pH 7.5 ,  24 mL) ,  conta in ing 10 mM fumarate and 5 mM
DTT, was added to 6.0 g of 'PAN, and the mixture was st irred

(70) Scatchard,  G. Ann. l t l .  Y.  Acad. Sci .  1949, 51,660-672.
(71) f )eranleau.  l ) .  A.  J.  Am. Chem. Soc.  1969. 91.4044-4049.

Findeis and Whitesides

with a glass rod for 2 min to dissolve the PAN. The thick solution
was stirred magnetically for another minute, at which time 6 mL
of desalted fumarase solution (20 000 U, fumarate as substrate)
was added, and this mixture was stirred for 90 s. Triethylene-
tetramine (4.5 mL,0.5 M solution) was added. The rapidly stirred
mixture gelled in 40 s. The gel was allowed to stand at room
temperature for t h under nitrogen and then transferred to a
blender containing 200 mL of 50 mM HEPES buffer with 50 mM
ammonium sulfate. This mixture was blended at low speed for
2 min followed lx' high slreed for 30 s. The resulting suspension
of immobil izecl Iumarase was st irred for 15 min and centr i fuged
(3000 rpm. 10 min). The supernatant was decanted and 175 mL
of  50 mM HEPES buf fer  (no ammonium su l fa te)  was added to
the swollen gel. This mixture n'as stirred for 15 min and collected
by centr i fugation as before. The volunre of the gel rvas 68 mL.
I t  assa l 'ed for  12(X)  [ -o l 'ac t iv i tv  l f 'umarate as subst ra te) .  On the
basis of ' the r i i t t '  o1 t ov.11'6,1-1on , r l '  chlorofttmarate to chloromalate
in  a  reac t i on .  t i r e  ge l  t on ta ined  l t l l ' r  L -  t I ' un ra ra te  as  subs t ra te ,
t 'a lc t r la ted t ro1.11 1111 in i t ia l  ac t i \ - i tv  o1 ' -15.2 L ' r r ' i th  ch lorof i tmarate
as sr r l ls t ra le  r '  lo r  dn i tnnrob i l iz t r t ion r - ie ld  o t '  87c .

S m a l l - S c a l e  S l  n t h e s i s  o f  r . - t h r e o  - C h l o r o m a l a t e  ( 1 ) .
( 'hkr ro fumar i t '  ac id  11. {x)  g)  and ammoni t rm s t r l fa te  (63 mg)  were
c l isso lvec i  in  r ieorvgenated w'a ter .  and deox l 'genated 1 N NaOH
r i 'as  added to  br ing the pH up to  7 .6 .  The so lu t ion vo lume was
made up to 20 mL w'i th water, and 50 gL of a suspension of
fumarase was added. The mixture was st irred gently under
nitrogen. Absorbance at240 nm \r'as monitored over 4 days. On
the fourth day the solution was concentrated by evaporation to
10 mL and acidif ied to pH 1.5 with concentrated HCl. The
acidified solution was extracted continuously with ether. The
ether extract was concentrated to a syrup that was dried to a white
sol id under vacuum, 1.0 g. The crude product was dissolved in
wet ether with warming, and petroleum ether (20-40 "C fraction)
was added unti l  the solut ion was cloudy. On standing clear
colorless crystals were obtained. Continued additions of petroleum
ether  rest r l ted in  f t r r ther  crvs ta l l iza t ion.  unt i l  a  gra iny whi te
precipitate of chlorol 'unraric acid began to appear. at which point
a  sn ta l l  amoru r t  o t  e l he r  n ' as  ac i c l ed  t o  red i sso i ve  t h i s  ma te r i a l .
l -h t .pr t . ,  ip i l i r l t , rv r l -  t  o l ls ,  t " , i  i rnr l  c i r iec l  in  vact to  to  r lh i te  c ' rvs ta ls ;
| . r r , ! t  j  r r l . , . ' ,  r :  l l ) l )  l r l f . t  l r i r  o ( - '  r l j 1  p 1 1 1  l t i r  l ; t l c ( ' t : 4 ,  , T [ , C  

I h e x _
i l t t -  ( . 1  h t r  l t . - , ' ' ,  i ' , 11 j t  t t . .  i r l  , l l ' 1 t )  l  ) l  R .  t t . ; 1  r de te r . t i 6n  q i t h  baS iC
l t r o r l l r hen i , l  i t l , r e  u t  n re than , , l  t :  I  , ] t - r  1 ' ) , oo  r (  1 .0 .96% e thano l )
l l i t . : -  [ , , ] - - 1 ,  l l . l "  r r  =  l . { . 9 6 %  e t h a n t ' l l .  : H  \ \ I R  ( C D T C O C D T )
i  - 1 . 8  ( b r  s .  I  H r ,  1 . 9 ; l  ( d . . /  =  J . 9  H z .  1  H ) , 5 . 0 1  ( d .  J  =  2 . 9 H 2 .
1 H ) ,  1 1 . 0  ( b r  s . 2  H ) ;  t i c  N \ , I R  o  6 0 . 6 , 7 2 . 0 ,  1 6 ? . 9 .  1 7 1 . 7 .

Large-Scale Synthesis of r-threo-Chloromalic Acid ( l)
with Soluble Fumarase. Chlorofumaric acid (50 g,332 mmol)
and ammonium sulfate (2.22 g) were dissolved in water. NaOH
was added to pH 7.5 in a volume of 500 mL. The solution was
filtered through a medium-porosity glass frit. The frit was washed
with 150 mL of water. The water was combined with the chlo-
rofumarate solution and degassed by stirring under reduced
pressure. Fumara-se (5m0 U) was added, and the reaction mixture
was st irred under nitrogen. After 6 days -30% of the chloro-
fumarate had been consumed and the residual enzymic activity
was lolv. N{ore fumarase (-4000 U) in 100 mL of deoxygenated
water was added and the mixture stirred momentarily and allowed
to st,and under nitrogen. After a further 7 days the mixture was
ultraf i l tered through a YM 10 membrane. The f i l t rate was
concentrated at reduced pressure (<40'C) to 160 mL and acidified
with concentrated HCI to pH 1.3. The solut ion was extracted
continuously with ether for 16 h. The ethereal solut ion was
concentrated to a damp sol id and taken up in ether. Complete
dissolut ion of the sol id was aided by the addit ion of a small
amount of'water. Petroleum ether was added with warming until
the solut ion was cloudy. Vigorous st irr ing of this solut ion at 0
"C resulted in 25 g of a white precipitate. Start ing material (8
g) was recovered from the supernatant. Further extract ion and
precipitat ion as described above yielded a total of 34 g (60%) of
chloromalic acid with the same properties as that obtained from
the small-scale reaction. Recovered start ing material totaled 10
s  ( 2 1 % ) .

Large-Scale  Synthes is  o f  r - - threo -Chloromal ic  Ac id  ( l )
with PAN-Immobil ized Fumarase. Chkrrofumaric acid (611.7
g,42 i )  mmol)  and ammonium su l fa te  (3 .57 g)  were d isso lved in
water. NaOH was used to adjust the pH to 7.5. This solut ion
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(700 mL) was filtered and degassed as above. PAN gel containing
45 U of fumarase (chlorofumarate as substrate) was added, and
the result ing mixture was st irred gently under nitrogen. After
7.5 davs the enzr.rne-containing gel was collected by centrifugation
(30CI) rpm x 10 min), and the supernatant was concentrated under
reduced pressure at 40 oC to a volume of 500 mL. The gel was
stirred with 100 mL of water and centrifuged and the wash
combined with the solution from the reactor. The pH of the
solution was adjusted to pH 1.5 by slow addition of concentrated
HCl. The crude product was collected by continuous extraction
with ether as above. From this first reaction 42.5 g of crystalline
chloromalic acid was isolated and 17.7 g of crude chlorofumaric
acid. The recovered starting material was recombined with the
recovered immobilized fumarase for a further 7 days. The initial
fumarase activity in this reactor was 80% that of the first reactor.
The second reactor was worked up in the same manner as the
first. The enzyne-containing gel was stored at 4 oC. Chloromalic
acid (12.0 g) was obtained from the second reactor for a total yield
of 54.5 g (76%) of isolated crystalline material with the same
properties as described above. Crude starting material (2.2 g7
was also recovered.

Dimethyl t-threo-Chloromalate. Diazomethane was gen-
erated from Diazald (N-methyl-N-nitroso-p-toluenesulfonamide).72
To r--threo-chloromalic acid (337 mg, 2 mmol) in a minimum
amount of MeOH at 0 oC was added dropwise diazomethane in
ether until a yellow color persisted. A minimum of methanolic
HCI was added to decompose the excess diazomethane, and the
solut ion was concentrated to a colorless oi l  to yield dimethyl
t . - threo-ch loromalate  quant i ta t ive lv :  TLC Ie ther i  20 -10 oC pe-
t r o l eum e the r  ( 55 : -15 ) l  R ;0 .39 ;  [ , r ] 25p  { l . l 50  ( r ' 2 .  CHCIq ) :  IR :1 -180 .
l g t i o .  l ; { ; .  l { j l ; r .  l l ; l } .  l l  l ; r . 9 9 t )  t , m  r :  r H  \ \ l R  , ( ' l ) ( ' l . r  , i ; i  l x
( s , 3  H ) . ; 1 . ; 9  ( s . 3  H ) . ; 1 . 9 5  ( b r  s ,  1  H ) .  { . ; 6  r c i . . /  =  1 . 5  H z .  I  H r .
{ . 8 1  t d .  J  =  2 . i t  H z .  1 H ) ;  I ' ' C  \ \ I R ;  D ; 1 . 1 . 5 : 1 . { . 5 9 . 5 . ; 1 . 8 .  1 6 6 . E .
170.5.  Anal .  Calc 'd  for  C*H, ,ClO. :  C. :16.66;  H.  1 .61.  Found:  C.
36.53;  H,  -1 .68.

Dimethyl Dr,-threo-chloromalate was prepared in the same
manner as above from or,-rhreo-chloromalic acid. The racemic
material had the same chromatographic and spectral properties
as dimethyl r-thre o-chloromalate.

(+)-MTPA Esters of Dimethyl Chloromalates. Pyridine
(0.30 mL) was transferred via syringe to an oven-dried 10 mm
X 7ll mm test tube sealed with a serum cap. (+)-MTPA chloride
(26 pI) was added and the mixture swir led to mix. Carbon
tetrachloride (0.30 mL) was added via syringe folkrwed b','dimethvl
t . - threo-ch loromalate  (15 sL.  0 .1  rnmol ) .  and the nr ix t r r re  rvas
shaken. I leaction begau at ouce as evidencecl bt '  the yrreci l ; i tat i ,n
of  pyr id in ium hydrochkrr ide.  

' l 'he  
reat ' t i<)n  appeared to  be,  r . r , r r i -

plete within 1ir min l tut w'as al lowed to stand f irr  I  h t() er):Llre
complete reaction. The reaction mixture was di lutecl w' i th 1 rnl.
of ether and transferred to a small separatory funnel and uashed
w i th  2  x  l  mL  o f  3  N  HC l ,2  x  1mL  10% NaHCOr .  and  1  m I_
of saturated NaCl. The organic layer was passed through a
Pasteur pipet containing a short column of MgSOa over Celite
which was washed with 1 mL of ether. Ihe combined organic
phases were evaporated, and the residue was dried in vacuo for
several minutes to ensure removal of organic solvents. The residue
was taken up in CDCI3 for NN{R experiments: TLC [si l ica gel,
e ther /hexanes (90:10) j  I i ;0 .75;  IH NMR (CDCl" )  6  3 .54 (d ,  J  =
1 .0  Hz ,  3  H ) ,  3 .79  ( s ,  3  H ) ,  3 .81  ( s ,  3  H ) ,  , 1 .99  (d ,  J  =  3 .9  Hz ,  1
H) ,  6 .00 (d ,  . /  =  l l .9  Hz,  I  H) ,  7 .35-7. ,1 i r  ( rn ,  3  H) ,  7 .55 7.65 (m,
2  H ) .

The (+)-MTPA ester of dimethyl nr-threo-chloromalate
was prepared in the same manner: 1H NMR (CDCl.r) 6 3.53 (d,
J  =  1 .0  Hz ,  1 .5  H ) ,  3 .58  ( s ,  1 .5  H ) ,  3 .62  (d ,  J  =  1 .2  Hz .1 . i r  H ) .
3 .76  ( s ,  1 .5  H ) ,3 .77  ( s ,  1 .5  H ) ,3 .82  ( s ,  1 .5  H ) ,4 .95  (d ,  J  =  3 .1Ha
0.5 H) ,  4 .98 (d ,  J  =  3 .9  H2,0.5  H) ,  5 .95 (d ,  J  =  3 .4  H2,0.5  H) ,
5 .99 (d ,  J  =  3 .9  Hz,  0 .5  H) ,  7 .35-7.45 (m,  3  H) ,  7 .55-7.65 ( rn ,  2
H ) .

( 2R,3J? ) - 3-Chlorobu tane- | p,4-triol (2 ). r- t hr e o -Chloromali c
acid (16.9 g, 100 mmol) was dissolved in 300 mL of THF and
stirred at 0 oC. Borane (1 M in THF, 300 mL, 300 mmol) was
added dropwise. The reaction was stirred at room temperature
for 5 h, during which time a white precipitate developed. The

. J  t  t r t  (  i l ,  , ,

r eac t i on  was  quenc 'he r l  a t  r i  t r ( ' r r r t h  \ 1 t . t  )H  r1 j . 5  mL) ,  r esu l t i ng
in  a  C lea r  so lu t i < l n .  

' l ' he  
re t r t  t i , , n  : : | \ t  . : F ' - \ , t -  (  ( ) nCen t ra ted  t o  a

foam ing  sy rup ,  s t i r r ed  i t l  l r r r r  n t l .  ,  I  \ 1 r . t  t l i  , , ' , t . r r r i gh t ,  and  con -
cent ra ted to  a  c lear  co lor less , , r1 .  . - \  :  : r tn t - r  . ' . ,  r : r l .  r ' f  N{eOH was
removed f rom the crude prodrrc t  h , ,  r - ' .  r l r ,  , r  i r i , ,n  , t t  reduced
pressure and dry ing in  vacuo t t . r  an o i l .  1 . ,  f t  . .  (  , , l r r r r rn  c 'hroma-
tography on si l ica gel with ethyl acetate arrr l  I ' r '  .  F.t( )H in ethyl
acetate gave a clear colorless oi l ,  12.5 g (89% r. () lr  . tartr l ing. slow
crystal l izat ion to long thick needles was obsen'ed: myr : t t i -  10 oC;

TLC Iethylacetate] Rf 0.2S,withtrai l ing; [ ,r ]22n-{).2-1o rt  l . l .  H-O):
tH NMR (CD3COCD3 wi th  D2O) 6 3 .55-3.58 (m,  2  H ) .  :1 .6( l  :1 .88
(m,  2  H) ,  3 .91-3.98 (m,  1  H) .  4 .05-4.13 (m,  1  H) ;  lnc  NNIR t l ) ,O:
re fe rence ,  MeOH peak  a t  6 .19 .0 )  6  62 .9 ,63 .4 ,63 .6 ,70 .7 .  Ana l .
Calcd for CnHoClO3: C, 34.18; H. 6.15. Found: C, 34.02; H, 6.59.

1,2- O -Isopropyl iden e- (2 R,3 R ) -3-chlorobutane- 1,2,4-tr iol
(3). Crude triol (a light brown riil) from the above procedure (4.96
g,  35.3 mmol)  was combined w' i th  20 rn l ,  o f  acetone,  d imeth-
ox lpropane (5 .21 mL,42. - l  mmol) .  and TsOH (69 mg.0.35 mmol) .
After 17 h, NaOMe (20 mg, (').115 mmol) wa^s added and the mixture
concentrated to a volume of 10 rnL. EtOAc (50 mL) u'as added
and evaporated at reduced pressure. Ether (100 mL) was added
and the resulting mixture filtered and concentrated to a pale
brown oi l :  5.8 g $2%);TLC [ethyl acetatefhexane (1:1)] R;0.50;
[n]"n -16.0" (c 7.2, EtoAc); IR 3430, 2980,2940,2890, 1?10, lfiss,
1385 ,  1255 ,1215 ,1155 ,  1060 ,850  cm- I ;  IH  NMR (CDCI3 )  61 .34
( s , 3  H ) ,  1 . 4 4  ( s , : l H ) , 2 . 4 i  ( b r  s ,  1  H ) , 3 . 8 2 - 4 . I 2  ( m , 5  H ) , 4 . 3 8
(dt ,  J  =  6 .4 ,  4 .5  Hz. .  1  H r :  13C NMR 6 25.7,  26.0,  62.2,64.0,  66.2,
; 6 .0 ,  110 .1 :  \ 1S  t ( ' 1 .  i -BuH) .  exac t  mass  ca l cd  f o r  C7H1aC lO3+
l , q 1 . o 6 : l l .  l o u n r l  1  S l . ( ) 6 j l - l

3 . J -  O  -  I  sop rop t ' l  i dene -  (  2S ,38  ) -3 ,4 -d ihyd roxybu t -  I  - ene
Oxide (  l ) .  T , ,  l . : t -1  g  (1 j l  mmol)  o f  aceton ide 3 in  15 mL of  e ther
r ra :  ar ic ler l  I i ( )H rs ;16 mg.  l l l  rnmol )  in  smal l  por t ions and the
rn i r l r r re : t i r rec l  r r t  ser ) t le  re f l r rx  for  2  h .  Ether  (15 mL)  was added,
and the nr i r t r r re  r r  i r :  t i l te red thror rgh C 'e l i te  and concent ra ted to
a  l i gh t  l ) r o r vn  t , r l  r l . l l  g .  l l ! 11  r .  

. l ' 1 , ( '  
I e thv l  ace ta te /hexane  (1 :1 ) ]

R / 0 . ; ( ) .  I e t h v i  a c e t a t e  h e x a n e  r 1 : 2 t ] R ; l t . J 6 ;  [ , v l 2 2 r + 1 6 , - 1 o  ( r ,  1 1 . 6 ,
EtOAc) ;  IR (CHCIT)  2990,  29,10,  2890.  11180,  1150,  1060 cm r ;  rH

NMR (CDCI " )  6  i . 33  ( s ,  l l  H ) ,  1 .42  ( s ,3  H ) ,2 .62  (dd ,  J  =  4 .9 ,2 .6
H a l  H ) , 2 . 8 1  ( d d d ,  J  =  4 . 9 , 4 . 0 , 0 . 8  H a l  H ) , 2 . 9 6 - 3 . 0 1  ( m ,  1
H) ,  3 .76-3.92 (m,  2  H) ,  4 .06-4.12 (m,1 H) ;  lsg  NMR: 6  25.3,26. i ,
45.6,52.0,66.9, 76..1, 109.8; MS (CI, i-BuH), exact mass calcd for
c iHr3c lo , r+  145.0865,  found 145.0862.

5,6-O-Isopropyl idene-(45,5R)-hex-l  -ene-4,5,6-tr iol  (5). To
(luCN ( 1.60 g. 17.!) mmol) st irred in suspension in 10 mL of THF
tr t  ;8  o( '  was ar l r lec l  droyr rv ise v inv l l i th ium (0.9  M in  THF,  40
rn l . . ; 15 .R  ru ro l t  

' l ' he  
n r i r t r r r e  u ' as  s t i r r ed  a t  0  oC  fo r  t  h  and

t o 0 l ( , ( l  1 , ,  ; i  c ( '  F . l r , , r r r l t '  1 t 1 . 1 -  g .  1 1 . 9  m m o l )  w a s  a d d e d
( l r ( ) l ) \ \ r > r . . .  l ' h t . r n l \ l r l r ( , r r i r s  a l l t , r v e c l  t o  r r . a r t n  t o  ( )  o ( ' ,  b V  w h i c h
t i n r e  t  h t .  r t , r r t ' l  r ,  ' I l  \ \ ' i t i  c o r r r l r l e t e  l t v  T L ( ' .  

' l ' h e  
r e a c t i o n  w a s

r l r r e n c h e d  u i t i t  r l t  ) r r r l .  r ' t  s a t r r r a t e d  \ H , ( ' l  \ H , O H  t 9 : l ) .  s t i r r e d
f i r r : l (  t rn in .  i rnc l  e \ t ra ( te ( l  r r r l h  e the r .  

- l ' he  
comb ined  o rgan ic  phase

( l ( )0  n r l - l  was  r l r i e t l  , r ve r  \ l gSO. , .  l i l t e rec l ,  and  concen t ra ted  t c r
a yel low oi l ,  which was pur i f ied by column chromatography on
silica gel [EtOAcr hexane (1:2.5)]: yield, 948 mg (46To); TLC [ethyl
acetate/hexane (1:2)l R10.40; [.]t 'n +4.7o (c 0.6, EtOAc); IR 34?0.
3080,2990, 2900, 1640, 1375, 1250, 1215, 1160, 1065,915.950 cm r :
t H  N M R  ( C D C I " )  6 1 . 3 6  ( s , 3  H ) ,  1 . 4 3  ( s , 3  H ) . 2 . 1 2  ' 1 . - 1 0  { r n .  j l

H ) , 3 . 7 7  ( d t , J  =  8 , 4  H z ,  1 H ) , 3 . 8 9 - 4 . 0 6  ( m .  j l  H ) . ; i . i l  t l i r  s ,  I
H ) , 5 . 1 9  ( m ,  1 H ) ,  5 . 7 6 - 5 . 9 4  ( m ,  1  H ) :  r l a ' \ \ l l l  , '  ' l r  i J .  l r j . ; . ; l ; . 6 ,
6 5 . 2 , 7 0 . , 1 , 7 8 . 1 ,  1 0 9 . 0 ,  1 1 8 . 1 .  1 i l l l . 9 :  \ l S  r ( ' 1 .  r - F l u H r .  e x a c t  m a s s
c a l c d  f o r  C o H r i o . r *  1 7 : 1 .  i  1 1 8 .  f o r r r r t l  t ; : j . 1  1 ; b .

( 4 S , 5 R  ) - H e x -  I  - e n e - 1 , 5 . 6 - t r i o l  ( 6 ) .  . {  m i x t u r e  o f  a c e t o n i d e
5 ( ,131 mg, 2. , i r  rnrnol t .  t ) . j l  n t l .  of  t r i f l r toroacet ic  acid,3 mL of  water,
and  : l  m l ,  o f ' \ l eOH w 'as  a l kxved  to  s tand  f r t r  12  h .  The  m ix tu re
\ \ 'as concentrated t< i  an oi l .  and 5 mL of  water was added. The
w'ater  \ \ 'as removed f  rom the residue by evaporat ion.  Addi t ion
and evaporat ion of  i r  mL of  EtOAc lef t  a brownish precip i tate.
which was recrystall ized from EtOAc/petroleum ether (.10 60 '( 't

as a whi te sol id:  mp 55.5-56.5 oC ( l i t .30 mp 54-55 'C);  v ie ld.  2+9
mg (7SVo) ;  [ o ) "o  +? .0o  (c  5 .0 ,  D2O)  [ i t . 2 '  [ . t ] ' ou  +9 .2  { r .  =  i . 7 .
OrO)l ;  lH NMR (DzO; reference,  HOD peak at  6 4.80) ;  I  -1o (m,

1 H ) , 2 . 5 5  ( m ,  1 H ) , 3 . 6 5 - 4 . 1 0  ( m , 4  H ) , 5 . 3 1  ( m , 2  H ) . 6 . o i r  ( r n ,

1 H);  13C NMR (DzO;reference,  MeOH peak at  6 49.0r  ;  l l t i .6 .  62.6,
7 1 .3 ,  7  4 .2 ,  \ r7  .6 ,  135.  1 .

2-Deoxy-n-r ibose (7).  Olef in t r io l  6 (231 mg) r ia.  c l issolved
in 50 mL of MeOH and stirred at -78 oC. Ozone rr as uussecl into(72) Black,  T.H. Aldr ichimica Acfc 1983. 16.  3-10.
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this solution until a blue color persisted (5 min), and after 20 min
nitrogen was passed through the solution for 0.b h to eliminate
excess ozone. Dimethyl sulfide (b.5 mL) was added and the
mixture allowed to warm to room temperature. The solution was
concentrated at reduced pressure and dried in vacuo to a clear
colorless syrup: 283 mg; [olrro -4bo (c 9.2, H2O) Uit.73 [rr]D -bgo
(c 1.65, UrO)i;  13C NMR (DzO; reference, MeOH peak at 5 +g.O)
6 34.0,  35.2,  41.2,61.6,  62.6,  62.9,64.7,65.5,  66.5,  67 .2 ,  67 .4 .7r .0 .
71.2,85.2,85.8,91.6,93.7,98.0.  Authent ic  Z '?4 r3C NMR 6 gg.g,
35.2, 41.2, 6r.6, 62.7, 62.9, 64.7, 65.7, 66.5, 67 .3, 6i .1, i  l .O, 7 L.2,
85.2,  95.9,  91.7,  93.9,  99.1.

(2R,3 R ) - 1,2- O -Isopropyl idene-4- (tr /-ben zylcarbamyl )-3-
chlorobutane-L,2,4-tr iol  (8). Acetonide 3 (9.75 g, 54 mmol),
benzyl isocyanate (7.91 g, 59.4 mmol), and diisopropylethylamine
(14.1 mL, 81 mmol) were combined with benzene (100 mL) and
stirred at 50-60 oC for 6 h. The mixture was concentrated on
a rotary evaporator and then in vacuo to a light brown oil, 19.1
g. Chromatography on silica gel (4 X 20 cm) with ethyl ace-
tate/hexane (1:2.5) afforded acyclic carbamate 8 as a light yellow
oil :  16.4 g(97%);TLC [ethyl acetatefhexane (1:2)] Ry0.35; [ . ]sn-2.Io (c 1.4, CHCI3); IR 3340, 2985, 2930, 2880, t720,Lb20, 1B?0.
1245,1065, 845 cm t; tH NMR (CDCI3) d 1.gS (s, 3 H), 1.46 (s,
3  H ) ,3 .93  (dd ,  J  =  8 ,6  Hz ,  1  H ) ,  4 .04 -4 .12  (m ,2  H ) ,  4 .27 -4 .41
(m,  5  H) ,  5 .27 (br  s ,  1  H) ,  7 .24-7.3G (m,  5  H) ;  t3C NMR 6 25.2,
26.1, 45.L,59.9, 65..1, 66.2, 7 5.4, 110.1, r27 .5, 129.6, 139.0, 155.6.
Anal. Calcd for Cl5HonClNOo: C,57.42;H,6.42; N, 4.40. Found:
C ,  57 .45 ;  H ,  6 .62 ;  N ,  4 .31 .

(4S, l 'S ) -3-Ben zyl-4-[ 1,2- ( isopropyl idenedioxy)ethyl]- t ,J-
oxazol idin-2-one (9). Acycl ic carbamate 8 (18.6 g,48.2 mmol)
was dissolved in THF/DMF (4:1,50 mL). Potassium tert-but-
oxide (5.34 g, 47.6 mmol) was added in several portions with
stirring. The resulting mixture became warm. After 2 h solvent
was removed in vacuo, the residue dissolved in ether and filtered,
and solvent evaporated to aff<lrd a light orange residue, which
was recrystallized lrom methylene chloride/hexane, affording
sl ightly colored 9, 5.70 g (48Vo). Recrystal l izat ion from ethyl
acetate/hexane gave f lat colorless needles: mp 183-13b "C;TLC
[ e t h y l  a c e t a t e , l h e x a n e  t l : l ) ] R r 0 . 3 6 ;  I o 1 2 2 1 )  - 0 . 9 o  ( c  1 . 0 .  C H C I l ) :
IR 2990,2890,  1?;15.  1J:10.  12f i1 .  t (110.8; ( )  r 'm-1:  iH N\ IR {CD( ' I , }
d  1 . 3 1  ( s , 3  H ) ,  1 . . 1 1 1  ( s .  l l  H t . ; 1 . ; : l  r d c i , . /  =  5 , 6 .  t t . t  H z .  1  H r . : t . t l l
( m ,  1 H ) , 3 . 9 7  ( d d ,  J  =  8 . 6 . 6 . 9  H z ,  I  H r .  - 1 . 1 t 1  r d ,  J  =  t t . 5 H z .
I  H ) ,4 .21 -4 .38  (m ,  3  H ) ,  . 1 .86  (d ,  J  =  15 .5  Hz .  I  H r .  ; . 26 -7 . i 18  rm .
5 H); r3C NMR 6 24.4,26.0. .16.6. bb.8, 68.3, 65.6, 74.0, 109.6. I2i. i ,
128.7,135.8, 158.4. Anal. Calcd for C,^HleNOa: C, 64.gT; H, 6.g1;
N,  5 .05.  F ound:  Cl ,  65.06;  H,  7 .05;  N,  4 .96.

(4S, l 'S ) -3-Ben zyl-4- ( 1,2-dihydroxyethyl )- l ,J-oxazol idin-
2-one (10). Acetonide I (3.73, g, 13.b mmol) was dissolved in 1
N HCI/THF' (1:1, 140 mL) and st irred for 6 h. THF was evap-
orated at reduced pressure, the reaction mixture was neutralized
with NaOH (2.8 g,70 mmol), and the mixture was evaporated
to dryness in vacuo at (40 "C. The resulting white solid was taken
up in hot ethyl acetate and filtered to remove NaCl. On cooling.
clusters ,f <'.1'rless needles were obtain ed (2.2G g). Concentration
of the suprernatant and I 'urther crystal l izat ion -"- ielded further l0
(0 .72  g ) :  t o ta l  v i e l d .  2 .99  g ,  ( ga%, ) ;  mp  106 .5  oC ;  

[ , , ] , r o  - 9 .9o  ( c
1.0, CH'rCN): IR 3-1t10, 2900. 1720, 1.1.10. 12.10, 1030 cm-r. lH NMR
(cDScN) 6  3 .00 ( t ,  J  =  5 .6  Hz.  I  H,  OH),  3 .38 (dd,  J  =  5 .6 ,  5 .6
Hz,2 H)  (wi th  DrO co l lapse to  d) ,  3 .16 (d ,  J  =  l . l  Hz,  1  H,  OH),
3 . 7 2  ( d d d ,  J  = 9 , 6 , 2 H 2 ,  t  H ) , 3 . 8 8  ( t d d ,  J  =  5 . 6 ,  5 , 2 H z , l H )
(wi th  DrO co l lapse to  td) ,  4 . I i  (d ,  J  =  l i . i  Hz,  1  H) ,  4 .18 (dd,
J  =  9 ,9H41  H) ,  4 .32  (dd ,  J  =  9 ,  6  Hz ,  I  H ) ,  4 .69  (d ,  J  =  I b .1
Hz, l  H) ,7 .26 -7 .40 (m,  5  H) ;  13C NMR d 46.6,  52.5,  63.3,  69.6,
68.9, 128.6, 128.8, 129.7,137.8, 159.9. Anat. Calcd for C12H15NOa:
C,  60.75;  H,  6 . i17;  N,  5 .90.  Found:  C,  G0.72;  H,  6 .b1;  N,  S.g+.

( 4S, l 'S ) -3- Ren zyl- 4 -tZ - ((tert -butyldimet hylsi lyl  )oxy )- I  -
hydroxyethyl l-1,3-oxazol idin-2-one (t l) .  Diol l0 (2.?B g, 11.5
mmol) was st irred with tr iethylamine (2.0 mL, 14.4 mmol) and
(dimethylamino)pyricl ine (14 mg, 0.115 mmol) in DMF (20 mL)
under nitrogen. tert-Butyldimethylsi lyl  chloride (1.91 g, 12.6b
mmol) in DMF (26 mI-) was added dropwise with stirring. After
30 min, solvent was removed in vacuo at (35 oC. The residue
was taken up in 150 mL of ethyl acetate, f i l tered from tr iethvl-
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amine hydrochloride, and then concentrated to a pale yellow oil,
which crystallized to a white solid on drying in vacuo,4.36 g. This
material was dissolved in a minimum of hot ethyl acetate and
diluted with several volumes of hexane. On standing at room
temperature fine colorless needles separated from solution and
were collected by filtration: 3.76 g (93%); mp 94.5-95 "C; TLC
[ethyl acetate/hexane (1:2)] R10.28;[n]r2o +9.3o (c 1.1, CHCU;
IR 3450,  2925,2960,  1750,  1725,1425,1255,  1060,  g40,770 cm- l ;
rH NMR (CDCI3)  6  0 .00 (s ,  6  H) ,  0 .81 (s ,  3  H) ,  0 .82 (s ,  6  H) ,  3 .13
( m ,  1  H ) ,  3 . 5 3  ( m ,  2 H ) , 3 . 7 7  ( d d d ,  J  =  9 , 7 , 2 H 2 , 1  H ) ,  3 . 9 1  ( m ,
1 H) ,  4 .14-4.23 (m,  I  H) ,  4 .20 (d ,  J  =  15.3 Hz,  1  H) .  4 .43 (dd.  J
= 9, '7  Hz,  1  H) ,  4 .79 (d ,  J  =  15.3 Hz,  1  H) ;  t3C NMR d -b .b ,  2b.8,
46.4,56.6,62.5,  63.6,  67.9,  r27.9,  129.0,  129 j  ,135.9,  159.0.  Anal .
Calcd for ClsH2eNOaSi: C, 61.50; H, 8.32; N, 3.98. Found: C,
61 .59 ;  H ,  8 .25 ;  N ,  4 .14 .

(4S  , l 'S  ) - 3 -Benzy l -a -  [  l  - ( benzy loxy ) -  2 - ( ( t e r t  - bu t y l d i -
methylsi lyl)oxy)ethyl l-1,3-oxazol idin-2-one (12). Alcohol I  I
(3.52 g, 10 mmol), benzyl bromide (1.31 g, 11 mmol), and tetra-
butvlammonium iodide (185 mg, 0.5 mmol) were st irred in THF
(50 mt,) at 0 oC. Sodium hydride (60% dispersion in oi l ,  0.40
g, 10 mmol) u'as added in small portions over 10 min. The reaction
wa-s stirred a further 10 min at 0 oC and then at room temperature
for 1.5 h. The mixture was concentrated at reduced pressure to
a volume of 10 ml,,  ether (100 mL) was added, and precipitated
salts were removed by filtration, followed by concentration to a
yellow oil, 4.99 g. Chromatography on silica gel (4 x 18 cm) with
ethyl acetate/hexane (1:5) al ' forded 12 mixed with i ts 1-O-
benzyl-2-O-TBDMS isomer as a pale vel low oi l :  3.77 g 8S%);
TLC [e thy l  ace ta te /hexane  (1 :2 ) ]  R r  0 .47 ;  l a l 2211*31 .3o  ( c  1 .3 ,
CHCI3) ;  IR 2930,2860.  1750,  i { :0 ,  1250,  1090,830,  ?75 cm-1;  lH
NMR (CDCI3 )  6  0 .0  ( s ,  4 .3  H ) ,0 .08  ( s ,0 .9  H ) ,0 .10  ( s ,0 .9  H ) ,0 .89
(s ,6 .8  H ) ,0 .89  ( s ,2 .2  H ) ,3 .25 -3 .48  (m ,0 .7  H ) ,3 .b9  ( s ,  2H) ,9 .67
(d ,  J  =  15 .7  H40 .7  H ) ,  3 .78  (dd ,  J  =  9 .3 ,6 .1H2 ,1  H ) ,  3 .gb  (d ,
J  =  I5 .2  H2,0.2  H) ,  4 .05-4.12 (m,0.7  H) ,  4 .17 (dd,  J  =  9 .3 ,  8 .6
H2,0.7  H) ,4 .35 (d ,  J  =  I2 .0Ha0.7 H) ,  4 .35-4.47 (m,0.8  H) ,4 .b1
(dd,  J  =  8 .6 ,  5 .9  H2,0.8  H) ,  4 .61 (d .  J  =  71.8 Hz,  0 .7  H) ,  4 .63 (d ,
, J  =  1 5 . 3  H 2 , 0 . 7  H ) . 4 . 9 5  ( d ,  J  =  1 5 . 2 H 2 , 0 . 2  H ) , 7 . 1 5 - 7 . 4 0  ( m ,
t0  H) :  t116 '  ruJ \ {R r1  5 .6 .  18.0.  25.7.  45.9.  55.9.  61. .1 .  62.6 .  71.7,74.3,
I J ; . 1 .  1 l ;  r i .  l J ; ; .  P ; 9 .  t 2 R . l .  t : , q . 5 .  l : 1 , i . ? .  I  j t 7 . ; .  1 5 8 . o ,  I m i n o r
i : o n r € - l " 1 t e r r k . ]  t ,  ' . .  l i . t l .  J ; ;  l t j . J .  { l l . l .  ( l ; . f 1 . ; 1 . 1 , ; ; } . j 1 .  A n a l .
( ' a l t c i  t i r r  ( '  . , H  \ ( ) . , s i :  ( ' .  t l l  9 ! ) ;  H .  1 . 9 S , , :  \ . 3 . 1 ; .  F o u n d :  C ,
61 .8 ; l :  H .  B . ( )9 :  \ .  : i . l - 1 .

( .1S,1 'S 
) - .3-Ben z ] ' l - { -  [  I  -  (  ben zy loxy) -2-hydroxyethy l ] -  l ,B-

oxazol id in-2-one (13) .  Protected d io l  12 (  3 .gg g,7 .G7 mmol)
was dissolved in THF (50 mL). Tetrabutylammonium fluoride
(1 M in  THF,7.7 mL,7.7  mmol)  was added and the mix ture
stirred for 15 min and then concentrated under reduced pressure
to an oil that was chromatographed on silica gel (4 x 16 cm). The
column was washed with ethyl acetate/hexane (1:1, 500 mL; 6:5,
500 mL) and ethyl acetate (300 mL). Fractions containing the
main component were pooled and concentrated to a pale yel low
oil  that slowly crystal l ized to a white sol id. 13, 1.66 g (:GG%). An
analytical sample was obtained by recrystallization from ethyl
acetate/hexan_el mp 83.5-84 oC; TLC [ethyl acetate] Ri 0.60; [n)rro*25.7o (c 1.0, CHCIJ; IR 3420, 3030, 2920, 2870.1725,I45b,IJ4b,
1055,  735 cm r ;  rH NMR (CDCI3)  6  3 .52 (dd,  J  =  11.5.  3 .8  Hz,  1
H ) , 3 . 6 3  ( d d d ,  J  =  4 . 2 , 3 . 8 ,  1 . 9 ,  1  H ) , 3 . 6 9  ( d d ,  J  =  1 1 . 5  4 . 2 H 2 ,
1  H ) ,3 .73  (m ,  1  H ) ,  4 .23  ( t , J  =  I  Hz ,  1  H ) ,4 .43  (b r  s ,  1  H ) ,4 .40
(d,  J  =  12 Hz,  I  H) ,  4 .46 (dd,  J  =  8 .8 ,  5 .8  Hz,1 H) ,  4 .S8 (d ,  J  =
12 Hz,  1  H) ,  4 .66 (d ,  J  =  \5 .3  Ha1 H) ,  7 .15-7.40 (m,  10 H) ;  '3C
NMR 6 46.4, 56.3, 61.3, 63.3, 72.3, 75.5, 727.9, 129.1, 129.5, 135.9,
137.4,158.7.  Anal .  Calcd for  C,eH2,NOn:  C,69.21;  H,6.47;  N,
4.28. Found: C, 70.00; H, 6.69; N, 4.24.

A less polar minor component, the 2-}-benzyl isomer of 13,
was a lso iso la ted:  0 .45 g ( t8%); lH NMR (CDCI3)  b  9 .42 (d ,  J
=  5 . 2 H u 2 H ) , 3 . 7 +  ( d d d ,  J  =  8 . 7 , 6 . 5 ,  1 . 8  H z ,  1 H ) , 4 . 0 3  ( m ,  1
H) ,  4 .16 (dd,  J  =  9 ,  9  Hz,  1  H) ,  4 .20 (d ,  J  =  15.3 Hz, I  H) ,4 .40
(dd,  J  =  8 .7 ,  6 .5  Hz,  I  H) ,  4 .45 (s ,  2  H) ,  4 .77 (d ,  J  =  75.3 Hz, I
H) ,7 .2-7.4  (m,  10 H) ;  t tC NMR 6 46.5,  56.9,62.7,70.4, i :1 .G, t27.G,
127.8,  127.9,  \29.4 ,  129.9,  136.0,  137.3,  159.9.

(4S, l 'S )-3-Ben zyl- 4-l  I  -  (ben zyloxy ) -2-oxoethyl l-  1,J-oxa-
zol idin-2-one (14). Oxalyl chloride (366 rr l ,  4.2 mmol) in
methylene chloride (9.2 mL) was cooled to -b0 to -G0 "C under
nitrogen. Dimethyl sulfoxide (593 rr l ,8.4 mmol) in methylene
chloride was added dropwise with stirring. After 5 min, alcohol
13 (917 mg, 2.8 mmol) in methylene chloride (4 mL) was added
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dropwise. After 20 min, tr iethylamine (1.95 mL,14 mmol) was
added and the mixture stirred at -60 oC for 5 min and then at
room temperature for 10 min. Water (25 mL) was added to the
reaction mixture. The aqueous phase was extracted with meth-
ylene chloride (2 x 20 mL), and the pooled organic phases were
dried over MgSOa and concentrated to an oil that was chroma-
tographed on silica gel with ethyl acetate/hexane (5:2) to afford
14 as a clear colorless oil that was dried by evaporation of toluene
from the oil (3 x 10 mL): yield, 843 mg (93%); TLC [ethyl acetate]
R10.67;  [o ] , ,n  -53.6o (c  0 .? ,  cHCls) ;  IR 3380,  3030,  2920,2875,
1725, L430, 1230, 1065,745 cm-r; lH NMR (CDCI3) 6 3.73 (d, J
= 15.3 Hz,  1  H) ,  3 .83 (dd,  J  =  2 .3 ,0 .9  Hz,  1  H) ,  3 .92 (qd,J  = 9 .0 ,
5 .2 ,2 .3  Hz,  I  H) ,  4 .13 (dd,  J  =  9 .0 ,  8 .8  Hz,  I  H) ,  4 .23 (dd,  J  =

8.8,  5 .2  Hz,  1  H) ,4 .38 (d ,  J  =  11.8 Hz,  1  H) ,4 .55 (d ,  J  =  l5 .3Ha
I  H) ,  4 .57 (d ,  J  =  11.8 Hz,  I  H) ,7 . I -7 .4  (m,  10 H) ,  9 .57 (d ,  J  =

0.9 Hz, 1 H); t3C NMR d 46.6, 55.5,62.5,73.5, 80.1, 128.05, 128.1,
128.4,128.6, 128.8, 135.5, 136.1, 158.2,201.2; MS (CI, i-BuH), exact
mass calcd for C1eH26NOn* 326.1392, found 326.1394.

Phenyl n -Tetradecyl Sulfide. Tetradecyl bromide (2,77 g,
10 mmol), thiophenol (1.03 mL, 10 mmol), tr iethylamine (1.53
mL, 11 mmol), and tetrabutylammonium iodide (40 mg) were
dissolved and stirred in THF (50 mL). A white precipitate soon
began to form. After 6 h, solvent was evaporated and the residue
taken up in ether, filtered, and concentrated to a white solid, which
was recrystallized from ethyl acetate/methanol to yield colorless
flat needles: 2.75 S (90%); mp 41 oC; TLC [hexane] .Ry 0.56; IR
2920,2850, 1460, L440,730,685 cm-l;  lH NMR (CDCI3) 6 0.88
( t ,J  =  7  Hz,3 H) ,  1 .2-1.5  (m,22 H) ,  1 .64 (p ,J  =  7  Hz,2 H) ,2 .91
( t ,  J  =  i  Hz ,2H) ,7 .1 -7 .4  (m ,5  H ) ;  13C  NMR 614 .1 ,  22 .8 ,28 .9 ,
29.:\ ,  29.i ,  31.0, 32.0, 33.9, 125.6, I28.7, 729.0, 137.1. Anal. Calcd
f 'or  CosH,1.S:  C.  78.27;  H,  11.16.  Found:  C,  78.36;  H,  11.29.

Phenyl n -Tetradecyl Sulfone. Phenyl tetradecyl sulf ide
(a.39 g, i l . i l  rnmol) rvas dissolved in methylene chloride (50 mL)
and stirred at rfi)m temperature. A solution of m-chloroperbenzoic
acid (6.18 g, 35.8 mmol) in methr' lene chloride (70 mL) u'as added
dropwise. After I  h, the solut ion was f i l tered, washed s' i th 10%
Na2SO3 (15 mL) and saturated NaHCOT (2 x 25 mL), dried over
Na2SOa, f i l tered, and evaporated to a white sol id 4.86 g (100% ).
Recrystallization from methanol (4 oC) yielded fine colorless
needles: 4.47 g (927o); mp 43-44'C; IR 3060, 2920,2850, 1770,
1450,  1310,  1215,1150,  1090,725,690,  600,  5?0 cm-r ;  rH NMR
( C D C I " )  d 0 . 8 8  ( l , J  = 7  H z , 3  H ) ,  1 . 1 - 1 . 4  ( m , 2 2 H ) , 1 . 7 0  ( m , 2
H) ,3 .07  (m ,2  H ) ,7 .5 -7 .7  (m ,3  H ) ,7 .85 -7 .95  (m ,2  H ) ;  t 3C  NMR
6 14. 1, 22.7, 29.4, 29.0, 29.3, 29.4, 29.5, 29.7, 32.0, 56.5, 1 28.0, 729.7,
133.3,  139.7.  Anal .  Calcd for  C26H3aSO2:  C.  70.87:  H.  10.11.
Found :  C ,  71 .02 ;  H ,  10 .11 .

(4S,1 'S ) -3-Benzy l -4- [2-acetoxy-  I  - (benzy loxy ) -3-  (  phenl ' l -
su l fony l )hexadecy l ] -1 ,3-oxazol id in-2-one (  15) .  l )henr . l  te t -
radecy l  su l fone (67.7 mg,0.2  mmol)  was s t i r red in  I 'HF t {  mLt
at -70 oC. n-Butyl l i thium (2.5 N'I in hexanes,20 ttL) was slowlv
added until a yellow color persisted. Additional butyllithium (80
pL,0.2 mmol) was then added dropwise, resulting in a clear yellow
solution. Aldehyde 14 (30 mg,0.09 mmol) in THF (0.5 mL) was
added dropwise to the cooled sulfone solution. After 30 min, acetic
anhydride (75 pL,0.8 mmol) was added and the reaction stirred
at -70 oC for t h. The reaction was quenched by the addition
of saturated NH4CI (0.5 mL). The aqueous phase was extracted
with ether (3 x Z mL). The combined organic phases were dried
over MgSOa and concentrated to a colorless oil, which was
chromatographed on silica gel with ethyl acetate/hexane (1:2.5),
affording 15 as a clear colorless oi l :  39.1 mg (55%); TLC [ethyl
acetatef hexane (1:3)l Rt 0.28 (intermediate hydroxy sulfone, Ri
0 .11) ;  lH NMR (CDCI; )  6  0 .88 (m,  3  H) ,  1 .0-1.5  (m,  24 H) ,
1.86-1.89 (m, 3 H), 2.8-5.3 (m, 10 H),7.1-7.5 (m, 5 H); 13C NMR
(major component) 6 14.2,22.7,29-30 (m), 31.9, 46.4, 54.6,62.3,
68.0, 73.6, 128-130 (m), 134.0,135.2, 158.2. Anal. Calcd for
C4IH55NOTS: C, 69.76; H, 7.85; N, 1.98. Found: C,69.27;H,7.92;
N,  1 .99.

(2' 8,4 S,l'.R ) -3-Ben zyl- - [ I - (ben zyloxy ) hexadec-2-eny[-
1,3-oxazolidin-2-one (16). Sulfone acetate 15 (627 mg,0.85 mmol)
was stirred in methanol/ethyl acetate (2:1, 18 mL) at 0 oC with
10 g of 2% sodium amalgam for 6 h. The solution was decanted
from the amalgam and extracted with 5 mL of 50% saturated
NH4CI. The aqueous phase was extracted with 50 mL of ether.
The combined organic solutions were dried over MgSO,{, con-
centrated, and chromatographed on silica gel [ethyl acetate f
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hexane (1 :5) l  to  y ie ld  16 as a  c lear  co lor less o i l :  231 mg (51%);
TLC [ethyl acetate/hexane (1:D) Rr 0.66; [a]22p -48.2" (c 1.2,
CHC[) ;  IR 2920,  2855,  1755,  1420.  1205,  1065 cm-I ;  IH NMR
( C D C I 3 )  6  0 . 8 8  ( t ,  J  =  7  H 4 3  H ) ,  1 . 1 5 - 1 . . 1  ( m . 2 2  H ) , 2 . 0 9  ( q ,  J
=  7  H z , 2  H ) , 3 . 6 5  ( d d d ,  J  =  9 , 6 ,  l 1  H z ,  I  H ) , 3 . 7 9  ( d d ,  J  =  8 , 3
Hz,  1  H) ,  3 .95 (d ,  J  =  15.1 Hz,  1  H) ,  , t . l i -4 .24 (m,  2  H) ,  4 .2 I  (d ,
J  =  11 .9  Hz ,  1  H ) ,  4 .55  (d ,  J  =  71 , . 9  Hz ,1  H ) ,  4 .76  (d ,  J  =  15 .1
Ha I  H) ,  5 .24 (dd,  J  =  15.4,8 .0  Hz,  1  H) ,  5 .75 (d t .  J  =  I5 .4 ,  7
Hz ,  1H) ,7 .1 -7 .4  (m ,  10  H ) ;  t tC  NMR 614 .1 ,  22 .7 ,28 .7 -29 .7  (m) ,
31.9,32.4, 46.5,57 .4,63.4, 69.8, 77 .9, 124.4, r27 .6-128.5 (m), 137.5,
13?.6, 138.4, 158.7. Anal. Calcd for C3"Ha7NO3: C,78.37; H,9.37;
N,  2 .77.  Found:  C,  78.01;  H,  9 .66;  N,  2 .79.

(2 '8  ,4S , l 'R ) -4- (  I  -Hydroxyhexadec-2-eny l ) -  1 ,3-oxazol i -
din-2-one (17). Dibenzyl olef in l6 (233 mg. 0.46 mmol) was
dissolved in ether (5 mL) and added to a solution of sodium metal
(25 mmol) in ammonia (10 mL) at -70 oC. The reaction mixture
was st irred at 70 oC for 2.5 h. The reaction \\ 'as quenched by
the addi t ion o t 'so l id  NH{Cl .  and the ammonia was a l lowed to
evaporate at rrxrm temperature. The ethereal soltrtion was filtered
and evapurated to a u'hite sol id. which was chromatographed on
s i l ica  ge l  Ie thv l  acetate , i  hexane (2 :1) ]  to  y ie ld  17:  100 mg $7%);
TLC [ethvl acetateT'hexane 0:2)) Rr 0.07; mp 63-64 oC (l i t .32 mp
?: l -7 .1  oc) ;  rH NMR (CDCI3)  6  0 .88 ( t ,  J  =  6 .6  Hz,  3  H) ,  1 .26 (m,
'22 H) ,2 .07 (q ,  J  =  7  Hz,  2  H) ,  3 .83 (d td ,  J  =  8 .9 ,  5 .0 ,  0 .9  Hz,  I
H) ,  4 .05 ( t ,  J  =  6  Hz, l  H) ,  4 .32 (dd,  J  =  8 .9 ,  5 .0  Hz,  1  H) ,  4 .46
( I , J  =  8 .8  Hz ,  1  H ) ,5 .07  (b r  s ,  1H) ,5 .41  (dd ,  J  =  15 .4 ,7 .6H2 ,
1H) ,5 .86  (d t ,  J  =  15 .4 ,6 .8H2 ,1H) ;  13C  NMR 614 .1 ,  22 .7 ,29 . r ,
29.3, 29j ,  3r.9, 32.4,56.5, 65.9, 72.2, L26.2, 135.4, 160.7 ( l i t .30 6
14.1, 22.6, 28.9-29.6, 31.9, 32.4, 56.4, 66. 1, 7 2.7, 126.4, 1 36.0, 160. 5).

o-erythro-Sphingosine (18). Hydroxy carbamate l7 (100 mg,
0.31 mmol) was hydrolyzed as described32 in 1 N NaOH/ethanol
(1:1) at 80'C for 2.5 h. The hydrolysis mixture was di luted with
ether (25 mL) and extract,ed with 1 N NaOH (2 x 5 m[,).  The
combined etherea l  so lu t ions were dr ied over  MgSOI and con-
c e n t r a t e d  t o  c r u d e  l 8 :  9 2  m g  ( 1 0 0 % ) :  r H  N N , I R  ( C D C I T )  6 0 . 8 8
( t . . 1  =  7  H z .  j l  H ) .  1 . 1 ; - 1 . - 1  ( m .  l 2  H ) . 2 . 0 6  ( q , J  = 7  H z , 2 H ) ,
2 . 8 9  ( m .  I  H ) . : 1 . 6 ;  ( m . 2  H ) , . 1 . 0 4  ( t . J  =  6 . 3  H z ,  1 H ) , 5 . 4 8  ( d d ,
. l  =  15 .3 ,7 .1H2 ,1  H ) ,5 .76  (d t ,  J  =  15 .3 ,  6 .7  Hz ,1H) ;  13C  NMR
6 1,1.1, 22.7, 29.4, 29.7, 32.0, 32.4, 56.2, 63.5, 74.9, L29.2, 134.3.
Authentic l8: tH NMR (CDCI") 6 0.87 (t ,  J = 7 Hz,3 H), 1.15-1.4
(m ,22  H ) ,  2 .05  (q ,  J  =  6 .8  Hz ,  2  H ) ,2 .3 : l  ( b r  s ,  3  H ) ,  2 .84  ( t ,  J
=  5 .2H2 ,1  H ) ,  3 .65  (m ,  2  H ) ,  4 .04  ( t ,  J  =  6 .3  Hz ,  1  H ) ,  5 .46  (dd ,
J  =  15 .4 ,7 .1H2 ,1  H ) ,5 .?5  (d t ,  J  =  15 .4 ,7  Hz ,1  H ) ;  13C  NMR
d 1 4. 1, 22.7, 29.3, 29.3, 29.5, 29.7, 32.0, 32.4, 56.3, 64.2, 7 5.5, 129.3,
134.6.

N,O,O-Tr iacety l -n-ery thro-sphingos ine (19) .  Crude t8
(92 mg. f). i lO mmol) was acetvlated as described32 in methylene
c h l , , r i d e  t l  n r l . t  r v i t h  a t ' e t i c ' a n h v d r i d e  ( 0 . 1 8  n t L ,  1 . 9 5  m m o l ) ,
t r i e th l ' l a rn i ne  r { i , 1 , ,  r n l . . , l . J  n t t t t o l ) .  anc l  c ' a ta l v t i c  ( d ime thy l -
a m i n o ) p v r i d i n e  r l . i  n r g ) t , r  I  i  h .  \ l e t 1 - ' s 1 1 , r l  ( l  m l , ) u ' a s  a d d e d
and  the  m ix t r r r e  s t i r r ed  t i r r  l l  m in :  t he  t n i r t r t r e  \ \ 'As  ( ( ) t ) cen l ra ted
at reduced pressure and di luted rvith ether (25 mL). The ethereal
solut ion was washed with saturated NaCl (3 x 3 mL), dried over
MgSOa, and concentrated to afford crude 19 (123 mg,96Vo), which
was chromatographed on si l ica gel Iethyl acetate/hexane (1:1)]
and recrystallized from hexane: yield, 50 mg (39%); mp 101-102
oC (l i t .32 for synthetic 19 mp 103.5-104 oC; for natural 19 mp
101-102 'c ) ;  

Io ] 'un -13.3o (c  1 .4 ,  cHCI3)  [ l i t .32 [ (1 ]25n -12.8o (c
1,  CHCIg) l ;  tH NMR (CDCI3)  6  0 .88 ( t ,  J  =  7  Hz,3 H) ,  1 .15-1.4
(m,22 H) ,  1 .95-2.1  (m,  11 H;  Me peaks at  6  1 .98,  2 .06,2.07) ,4 .04
( d d ,  J  =  1 1 . 5 , 3 . 8  H z ,  1 H ) , . 1 . 3 0  ( d d , . /  =  1 1 . 5 . 6 . 0  H z ,  1 H ) ,
4 .38  4 .48  (m ,  1  H ) ,  5 .28  ( t .  J  =  1  Hz .  1  H ) ,  5 .38  (dd ,  J  =  15 .0 ,
i . 4 H z , 1  H ) , 5 . 6 8  ( d , J  =  9 H 2 , 1  H ,  N H ) , 5 . 7 9  ( d t ,  J  =  I 5 . 0 , 7
Hz ,  1  H ) ;  13C  NMR 6  14 .1 ,  20 .8 ,27 . I , 22 .7 ,23 .3 ,28 .9 ,29 .1 ,29 .3 ,
29.4,  29.6,31.9,  32.3,  50.6,  62.5,  73.7,  r24.0,  137.2,169.6,  169.8,
I70.7. This product was indistinguishable from authentic triacetyl
19 prepared as above from authentic 18.

(25,4R,5R1 -2- 4- O -Ben zylidene-3-chloro- 1,2,4-butanetriol
(20). Triol2 @40 mg, 3.1 mmol), fused zinc chloride (947 mg,
9.4 mmol), and freshly distilled benzaldehyde (1.48 mL, 1.1.6 mmol)
were st irred in benzene (5 mL) aL25"C for 48 h. Ethyl acetate
(10 mL) was added to dissolve the resulting slurry, and the solution
was extracted with water (10 mL. 2 x 2 mL) and dried over
MgSOa. Solvent was evaporated and 20 was isolated by chro-
matography on si l ica gel [ethyl acetate/hexane (1:1)],  R1 0.28.
Crystal l ine 20: yield, 310 mg (41%): mp 113-11-1 oC; 

[ , t l"n -16.7o
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(c 1.0, CHCIe); IR 3300, 2940,2870. 1450, 1390, 1365, 1140, 1080,
1015,  745 cm- l ;  lH NMR (CDCI")  1 .96 (br  s ,  1  H) ,  3 .73 (dd,  J  =
1 1 . 6 , 5 . 2  H z ,  1 H ) , 3 . 9 2  ( d d , J  =  1 1 . 6 , 7 . 2 H 2 , 1 H ) , 4 . 0 3  ( d d d , J
=  1 . 7 , 1 . 6 ,  1 . 4 ,  7 H ) , 4 . 2 2  ( d d d ,  J  =  7 . 0 , 5 . 2 , L G  H z ,  1  H ) , 4 . 3 1  ( d d .
J  =  12 .7 ,7 . i  Hz ,1  H ) ,  4 .37  (dd ,  J  =  L2 .7 ,1 .4  Hz ,1  H ) ,  5 .57  ( s ,
1 H ) , 7 . 3 - 7 . 6  ( m , 5  H ) ;  1 3 C  N M R  6  5 3 . 7 , 6 3 . 4 , 7 2 . 3 , 7 8 . ? ,  1 0 1 . 8 ,
126.2,128.3,  129.3,  137.3.  Anal .  Calcd for  C11H13ClO3:  C,57.78;
H ,  5 .73 .  Found :  C ,57 .74 ;  H ,  5 .63 .

(2  S,4n,5R )  -5-Chloro-4-  [  (N-ben zy lcarbamyl  )  hydroxy-
methy l l -2-pheny l -1 ,3-d ioxane (21) .  Benzy l idene 20 (229 mg,
1.0 mmol), benzyl isocyanate (148 pL, 1.2 mmol), and di iso-
propylethy' lamine (260 pL,1.5 mmol) were st irred in benzene (5
mL) at 55 'C for 5 h. The solution was concentrated and chro-
matographed on silica gel [ethyl acetate/hexane (1:1.75)]: Rr0.35;
mp 1?1 1i2"c; [ , t ] ,un +23.10 (c 0.6, CHCI3);IR 3340, 2990,'2970,
1700,  1540,1270,1140,  1080,755,740 cm-r ;  rH NMR (CDCI3)  6
4.01 (s ,  I  H) ,  4 .32-4.43 (m,  7  H) ,  5 .56 (s ,  I  H) ,  7 .2-7.4  (m,  8  H) ,
7 .55 -7 .7  (m ,  2  H ) ;  t 3C  NMR 6  45 .2 ,53 .7 ,65 .2 ,72 .2 ,76 .5 ,101 .8 ,
126.3,I27 .6, 128.3, 128.7 , 729.2,137.5, 139.0, 156.1. Anal. Calcd
fo r  C reH2eC lNOr :  C .63 .07 ;  H ,5 .57 ;  N ,3 .87 .  Found :  C ,63 .30 ;
H ,  5 .61 ;  N ,  4 .06 .

t-threo-Fluoromalic Acid. Dif luorofumaric acid (1.22 g, 8
mmol)  was d isso lved in  water  (50 mL) ,  and NaOH (0.64 g,  16
mmol) was added to neutralize the solution. Sodium formate (0.58
g, 8.5 mmol) was added, and the solution was deoxvgenated. The
pH was adjusted t<s i .2, and NADH (125 mg. 0.16 mmol) was
added, fcrllowed by formate dehydrogenase (375 mg, 250 U), malate
dehydrogenase (43 pL, 500 U), and fumarase (0.8 mL, 1250 U,
fumarate as substrate). The solution was stirred under nitrogen
with the pH maintained at 7.\-7.2 by using a pH control ler
operating a peristaltic pump adding 1 N HCI or I N NaOH to
the reaction mixture. Progress of the reaction was monitored at
230 nm. After 24 h the mixture was acidified to pH 1 with
concentrated HCI and continuously extracted with ether. The
ether extracts were evaporated and dried in vacuo to a white solid;
1.35 g; lH NMR (DzO) d 4.85 (dd, J = 33.0, I .7 Hz,1 H), 5.56 (dd,
J  =  46 .4 ,7 .7  Hz ,1  H )  i l i t . 61  6  4 .gg  (dd ,  J  =  33 ,2  Hz ,  1  H ) ,5 .5 i r
(dd,  J  =  45,  2  Hz.  1  H) l ;  t3C NMR (D2O: re ference,  MeOH peak
a t  6  49 .0 )  6  7 t ) . 6  (d ,  J  =  10 .2  Hz ) ,  89 .6  ( r l . . J  =  186 .8  Hz ) ,  l t ( ) . ; l
( d . J = 2 4 . 7 H 2 1 . 1 ; : . 8 .

Dimethyl t-threo-Fluoromalate. The crude product from
the above react,ion was dissolved in ether, filtered, and treated
with excess diazomethane at 0 oC. The solution was evaporated
to a clear oi l ,  which was chromatographed on si l ica gel [ethyl
acetate/ hexane (2:ll) I to yield crude dimethyl t.- thre o-fluoromalate
as a clear colorless oil (1.12 g,787" from difluorofumarate): TLC
[ethvl acetate/hexane (2:3)] Rr0.23. This material was rechro-
matographed on si l ica gel [ether/hexane (1.5:1)] with part ial
separation of the main product from a less polar minor product,
yielding crystalline dimethyl r-threo-fluoromalate: 703 mg 1A9%);
mp 53.5 54 oC; IR 3480, 2960,1745,7435,1270,1215, 1130, 1075,
970,  595 cm 1:  [ , , ]22t )  -14.7o (c  2 .6 ,  cHCla) ;  iH NMR (CDCI3)  6
3.25 (d ,  J  =  i .a  Hz,  I  H,  OH),  3 .84 (s ,  3  H) ,  3 .86 (s ,  3  H) ,  4 .66
(ddd ,  J  =  30 .5 .  i . 4 .1 .1  Hz .  1  H ) ,  5 .23  (dd ,  J  =  47 .0 ,7 .7  Ha7  H) ;
13C  NMR 6  52 . i  . 53 .2 .  71 .1  (d .  J  =  20 .8  Hz ) .  88 .7  (d .  /  =  193 .0
Hz),766.7 (d, J = 24.4H2),770.2. Anal. Calcd for C6HeFO5: C,
40.11;  H,  5 .04.  Found:  C,  39.87;  H,  5 .02.  A mixed f ract ion o f
dimethyl f luoromalates was also obtained, 169 mg (12%).

(+)-MTPA ester of dimethyl t .- threo-f luoromalate was
prepared in the same manner as for chloromalic acids above: rH

NMR (CDCI3)  A :1 .51 (d ,  J  =  0 .9  Hz,3 H) ,  3 .80 (s ,  3  H) ,  3 .83 (s ,
3  H ) ,5 .45  (dd ,  J  =  46 .2 ,2 .3H2 ,0 .05  H ) ,  5 .52  (dd ,  J  =  45 .9 ,2 .3
Hz,  1  H) ,  5 .62 (dd,  J  =  30.5,  2 .3  Ha0.05 H) ,  5 .83 (dd,  J  =  29.7,
2 .3  Hz ,  1H \ ,7 .26 -7 .59  (m ,  5  H ) .
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