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This paper describes the syntheses of five analogues of dihydroxyacetone phosphate (3-azidohvdroxl'acetone
1-phosphate (5), 3-(acetylamino)hydroxyacetone 1-phosphate (12), (R)-1,3-dihydroxy-2-butanone 1-phosphate
(18), (+)-1,3-dihydroxy-2-butanone 3-phosphate (26), and phosphonomethyl glycolate (31)). The syntheses of
18 and 26 are based on a new reaction: that is, the introduction of the phosphate group by reaction of a diazo
ketone with dibenzyl phosphate. These methods provide easy access to a number of compounds that are potential
substrates for the synthetically useful enzvme aldolase (fructose-1,6-phosphate aldolase from rabbit muscle, EC
4.1.2.I3, RAMA) and perhaps for other enzymes of glycolysis. This paper also describes syntheses of 14 aldehydes
for examination as substrates for aldolase. When the precursor was available, ozonolysis of vinyl groups proved
to be the best route to the corresponding aldehydes.

Introduction
Fructose-1,6-diphosphate aldolases catalyze the reaction

of dihydroxyacetone phosphate (DHAP) with n-glycer-
aldehyde 3-phosphate (G-3-P) (eq 1).7'8 The stereochem-
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istry of the reaction is that indicated in eq 1; the enzyme
removes the pro-S hydrogen of DHAP.e The enzyme from
rabbi t  muscle (EC 4.I .2.13, RAMA) is commercial ly
available and inexpensive (-$20/500 U, 1 U = 1 pmol of
product formed per min with DHAP and G-3-P). It is
useful as a catalyst in the synthesis of carbohydrates,lrl7
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and its broader applicability in organic synthesis is now
being actively developed.l8'1e The conclusions from these
studies are (1) aldolase accepts a variety of aldehydes as
substrates and (2) it will accept only a few close analogues
of DHAP.

As part of a research program designed to explore the
substrate specificity of aldolase and to evaluate the utility
of its reactions in organic synthesis, we required a number
of analogues of the natural substrates.le DHAP and G-3-P
are relatively sensitive compounds, and syntheses of
structural analogues of these substances are not trivial.
Here we report synthetic routes to five new analogues of
DHAP and 14 analogues of G-3-P. The best synthesis of
DHAP analogues is based on a new method to generate
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a-hydroxy ketone phosphates by reaction of diazo ketones
with dibenzyl phosphate. The best route for the synthesis
of analogues of G-3-P is the ozonolysis of terminal olefins,
when these olefins are accessible. These methods should
be useful for the preparation of a number of other sub-
stances that are potential substrates of aldolase, triose-
phosphate isomerase, sn-glycerol-3-phosphate de-
hydrogenase, and perhaps of other enzymes of glycolysis.

We describe detailed studies of the reactivity of these
compounds in reactions catalyzed by aldolase, and of their
uti l i ty in synthesis, in a separate paper devoted to that
subject . le

Results

Synthesis of  Analogues of  DHAP. 3-Azido-
hydroxyacetone 1-Phosphate (5). Following the estab-
lished procedure for the preparation of halo hydroxy
acetone phosphates,2O chloromethyl ketone I (prepared in
two steps from 1-chloropropane-2,3-diol20 was converted
to the azidomethvl  ketone 2 (eq 2).  Ketal izat ion.  ester
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(a)  NaNr,  CH3COCHg-HzO, 12 h (938a);  (b)  HC(OCH3)g,  H2S-
Oa, MeOH, 2 days (73Vo);  (c)  POCls,  pyr id ine,  THF, 0 oC, t  h;
pyr id ine-water;  ion exchange, Dowex 50W-X1 cyclohexyl-
ammonium form (26%),  R = c-C6HrrNHs*;  (d)  Dowex 50W-X1,
H*  fo rm,  60  oC,  18  h ;  NaHCq 01%) .

hydrolysis, phosphorylation, and hydrolysis of the ketal
yielded compound 5. Efforts to reduce the azide group of
5 to an amino functionality resulted in reduction of the
ketone group.

3-(Acetylamino)hydroxyacetone 1-phosphate ( 12)
was synthesized by using a related procedure (eq 3).
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(a)  Isoamyl  n i t r i te ,  MgSOa,  PhCH2OH, re f lux ,  2  h  (2 i%);  (b l
SOClz,  re f lux ;  (c )  g11r t r .  Et2O ( igV") ;  (d)  PhCH2O)2P(O)OH,
PhH,60 'C .  12  h  (89%) ;  ( e )  10% Pd -C /H2 .  AcOH,  12  h ;  NaHCO"
B i  % \ .
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tyldimethylsilyl protecting group.
Phosphonomethyl  Glycolate (31 ) .  The ;rhosphonate

29 was prepared in two steps from dibenzvl phosphonate
(eq 6).26 Cleavage of  the s i l l l l  protec' t ing gro1111 ot 'curred
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(a) TMSCN, 120 oC, 2h (86Vo); (b) Zn, Ac2O-AcOH, th (71%);
(c) c(oEtr)3, H2soa, EtoH, 1 day (68%); (d) 10% Pd-c/H2,
EIOH, 3 days (91%); (e) POCle, pyridine, THF, 0 oC, 30 min;
pyridine-water; ion exchange, Dowex 50W-X1, H+ form, 80 oC, 5
h; NaHCOs (80%).

Treatment of the acid chloride 621 with trimethylsilyl
cyanide gave the acyl cyanide 7. Reduction of 7 with zinc
in acetic acidf acetic anhydride22 occurred smoothly with-
out affecting the a-alkoxymethyl ketone moiety and
yielded 8. Ketalization, deprotection, phosphorylation, and
deketalization gave 12.

The synthesis of (^R)-1,3-dihydroxy-2-butanone 1-
phosphate (18) illustrates the introduction of the phos-
phate group by a reaction of a diazo ketone with dibenzyl
phosphate (eq 4). Aldolase selectively removes the pro-S
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(22) Pfaltz, A.; Anwar, S. Tetrahedron Lett. 1984,25,2977.
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Synthesis of Triose Phosphate Analogues

at room temperature by using a mixture of aqueous tet-
rahydrofuran and acetic acid as solvent;2? hydrogenation
removed the benzyl protecting group to give 31.

Synthesis of Aldehydes. trf-(Benzyloxycarbonyl)-
aminoacetaldehyde (3a) was prepared by two procedures:
that shown in eq 7 and ozonolysis. The latter was the

i t r t t^ct-t1ocn,), ---3- cbzNH cH(ocH.), .orrnfY (7)
U

(a) PhCHzOCOCI, EtOAc, pyridine (50V"); (b) (COOH)2, THF,
H2O, reflux, 4 days (72%).

preferred method (eq L4). The synthesis of 3-O-
methyl-n-glyceraldehyde (40) started with fructose
(35);28 the optical purity of 39 was established by meas-
uring its optical rotation (eq 8). The preparation of 2-O -
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(a) PhcHzococl, K2co3, EtoAc/H2o (97%); (b) os, MeoH/
cH2clz, znlAcoH (s8-95%); (c) EteN' CH2CI2' (tBuOCO)zO'
(91%);  (d)  AczO (95Vo);  (e)  NaH, PhCH2Br,  THF (67Vo);  ( f )  Or,
MeOH/CHzClz ,  (CH3)2S (60 -71%) ;  (g )  CH2CH2MgBr ,  THF
(63%) ;  (h )  NaH,  Me I ,  THF (71%) .

59 and 61, the corresponding protected allylamine deriv-
ative was the starting material. For the synthesis of al-
dehyde 68, the addition of vinyl Grignard to benzaldehyde
65 followed by protection of the secondary alcohol with
methyl iodide preceded ozonolysis.36 In general, the ap-
proach based on ozonolysis gave cleaner reactions and
higher yields of products than did other methods of
forming aldehydes.

Acid-catalyzed hydrolysis of the corresponding ketals
Iead to a-substituted aldehydes (eq 19). The concentra-
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tion of these aldehydes was measured in aqueous solution
by using the Willstaedter-Schudel alkaline iodide me-
16o4.ez,ss

Discussion
Analogues of DHAP. Methods for the preparation of

halohydroxyacetone phosphates have been described in the

(34) Ozonation in Organic Chemistry; Bailey, P. S., Ed.; Academic:
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H o  - r o . . , o n  f n a o o 1  - o .  . o  
o H

(  " #  
?  -  ( Y "  i  o  - " o - A  _ _

\ - j l '  o ,  \ " ,^  oH I  
\ - /  -cHloEt) ,

n J I - " " l
35 36 37

o ? '
- c  *  / \  , "  

d  .  n , c o -  - \- - - - \ :  'cH(oEr) ,
-cH(oEt) ,

38 39

(a) AcOH, Pb(OAc)r, (COOH)2; (b) HC(OEt)3, NH4NOB, EIOH
(24%,35 -- 37); (c) CHsSOzCl, pyridine -10 oC * 0 oC; NaOH,
H2O (5380); (d) NaOMe, MeOH, ref lux, 24 h (76%); (e) HzSO+, 40
oc,  t2  h  (91%).

methyl-o-glyceraldehyde (a ) started from mannitol and
followed the route leading to the analogous 2-O-benzyl
derivative (eq 9).2e To circumvent problems in isolation,

(a)  NaH, MeI,  (CH3OCH2)2,  37-40 oC, 16 h (85%);  (b)  AczO,
AcOH, H2SO4 $j%o);  (c)  Dowex 1-X8, IO4- form, H2O (81%).

43 was oxidized with an anion exchange resin previously
treated with per iodate.30 (+)-2,3-Dihydroxy-2-
methylpropanal (48) was synthesized via oxidation and
deketalization of 46, prepared following the literature
procedure for the preparation of acrolein diethyl acetal
from acrolein (eq 10).31
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(a) NHrNO3, EIOH, HC(OCH3)3, 40-45 oC, 3 h (68%); (b)
KMnOa, HzO (45%); (c) Dowex 50W-X4, H+ form (79%).

Oxidation of the corresponding N-protected alcohols by
the method of Swerns2 led to -l[-acetylprolinal (51) and
N-(tert-butoxycarbonyl)prol inal (53) (eq 11 and 12).
Pyridinium dichromate oxidation of cyclopentane meth-

anol 54 yielded cyclopentanaldehvde (55) (eq 13).33
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(a)  AczO, CH2CI2 @5V"\ ;  (b)  (COCI)2,  DMSO, CH2CI2,  EteN; (c)

PDC, CH2CI2 GjVo).

A general strategy based on ozonolysis3a of an appro-
priately placed vinyl group followed by a reductive workup
(zincf acetic acid3a or dimethyl sulfides5) provided aldeh-
ydes 34, 59, 61, 64, and 68 (eq 14-18).  In the case of  34,

",.;:-O 
-4 * cozNa'-V b - . '.J-Y' (14)
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literature,20 but synthetic routes leading to more chal-
lenging analogues of dihydroxyacetone phosphate, espe-
cially the alkyl-branched compounds 18 and 26, have not
been reported. As demonstrated in eq 2-6, the former
method can be extended to obtain additional heteroatom
analogues of DHAP by nucleophilic displacement of hal-
ogens. The alkyl-branched derivatives were not available
by using standard methods but could be synthesized by
reaction of suitably functionalized acid chlorides, e.g., 15
and 22, with diazoalkanes to form intermediate azo ke-
tones, followed by introduction of the phosphate group
with the aid of dibenzyl phosphate. This method should
prove general for the synthesis of analogues of DHAP. We
found the acid-labile tert-butyldimethylsilyl group to be
superior to benzyl ether as a protecting group. The benzyl
ethers exhibited an unexpected resistance to hydrogen-
olysis: we were not, for example, able to prepare 26 from
the benzyl ether corresponding to 24. The convenient
synthesis of the protected epoxy aldehyde 38 from fructose
provides another potential chiral building block for use in
organic sy'nthesis. Although the enantiomeric excess of 40
was not established independentl-v-. the method of slnthesis
suggests that it should be high.

DHAP is a substrate for three important enz],'rnes: FDP
aldolase, triosephosphate isomerase, and sn-glycerol-3-
phosphate dehydrogenase.3e Derivatives of DHAP have
been suggested as medicinal agents.a0 The synthetic
methods described in this paper provide routes to a variety
of analogues of DHAP and should be useful in studying
the enzSrmology and medicinal chemistry of this substance.

Analogues of G-3-P. The preparation of most aldeh-
ydes followed standard methods. Ozonolysis was especialll'
effective because of its simplicity, high yields, and ease of
product isolation. In addition, this method avoids intro-
ducing toxic metals into enzymatic reactions. In a re-
ductive workup with dimethyl sulfide, for example, the side
product (DMSO) is tolerated by aldolase. Time-consuming
purif ication steps may thus be omitted.

Experimental Section

Materials and Methods. Chemicals were reagent grade.
NMR spectra were recorded on a Bruker AM 300 (300-N'1Hz tH

NMR and 75-MHz lec NMR) or a Bruker AM 500 (500-\{Hz 1H

nMR and 125-MHz 13C NMR) spectrophotometer u'ith tetra-
methylsilane (TMS) or sodium 2,2-dimeth5,' l-2-silapentane-5-
sulfonate (DSS) as internal standards. 31P NMR spectra were
recorded on a Bruker WM 300 machine (121.5 MHz). Optical
rotations were measured with a Perkin-Elmer 247 polarimeter
at room temperature unless otherwise noted. Elemental analyses
have been performed by Galbraith Laboratories. High resolution
mass spectra (HRMS) were obtained with a Kratos MS 50
spectrometer.

3-Azid,o-2-oxo-l-propyl Benzoate (2). To a solution of
acetone (50 mL) and water (20 mL) was added a mixture of
3-chloro-2-oxo-1-propyl benzoate2O (5 g, 23.5 mmol) and sodium
azide (1.74 g,26.8 mmol), and the solution was stirred at room
temperature for 12 h. The reaction mixture was poured into
methylene chloride (450 mL), extracted twice with water, and
dried over MgSOa. Concentration in vacuo yielded a.8 g (9.3%)
of a crystalline solid. An analy'tical sample was recrystallized from
chloroform/cyclohexane (1:1):  mp 61 oC; IR (KBr) 2100, 1; i15,
1605, 1270,710 cm 1; lH NMR (CDCI3, 300 MHz) 6 8.2-7.9 (m.
2 } { ) , 7 . 7 - 7 . 2 5  ( m , 3  H ) , 4 . 9 5  ( s , 2  H ) , 4 . 1  ( s , 2  H ) .  A n a l .  C a l c d
for C16HeN3O3: C, 54.80; H,4.14; N, 19.17. Found: C, 54.90; H.
4.32: N. 19.22.

(39) Michal ,  G. In Methods of  Enzl ,aql ic  Analysis,3rd ed. :  Berg-
meyer,  H.  U. ,  Ed. ;  Ver lag Chemie:  Weinheim, 1984; Vol .  VI ,  p 342.

(40) Rao, G. V. ;  Que, L. ;  Hal l ,  L.  D. ;  Fondy,  "1.  P.  Carbohl 'dr .  Res.
1975,40,311. Pero, R. W.;Babiarz-Tracy, P.;Fondy, T. P. J. Med. Chem.
t977 .  20 .644 .

Bischofberger et ,  a l .

3 -Az ido -2 ,2 -d ime thoxy - l -p ropano l  (3 ) .  A  m ix l .u re  o {  the

benzoate 2 8.92 g.  17.9 mmol) ,  t r imethl , ' l  or thoformate (20 mL),

methanol  (10 mL),  and concentrated sul{ t t r i t 'ac id { twt t  rJrops) was

st,irred at room temperature. After 2 davs of'analvsis, TLC showed

that  a l l  of  the star t ing ntater ia l  hacl  l teetr  cot ' ts t tnter l  (cy 'c lo-

hexane/methylene chlor ide, /ether 20:  I  0:  I  ) .  I )otassi t tm carbonate
(2  g )  was  adder l  anc l  a f te r  s t i r r i ng  I ' o r . i t t  i t r l d i t i o t ra i  ? l  h .  t he

reac t ion  m ix tu rc '  was  p ( )u red  in t , ,  e th l ' l  a ( ' e ta te  r20 ( )  n r l , )  and

extracted trvice with water and once with satttratecl aqtteotts Na('l.

The organic laver rva-.  dr ied over N'1gS0, and the solvent  rva,c

removed by'evaporation in vacuo. The crude prt.rduct ('1.-1 g) u'as

ch romatographed  i s i l i ca  ge l .  hexaneT i  e thy l  ace ta t ,e  2 :1  to  l : 2 )  t r r

v i e l d  i l  { J . l  g , ; ' , \ % l  a s  a  c ' o l t t r l e s s  o i l :  I R  ( n e a t ) 3 6 2 0 . 3 5 0 0 , : 1 2 0

cm r :  rH  N I IR  (CDCIB ,  l l 00  N IHz)  6  3 .65  (d ,  J  =  5  Hz .2  H) .  ; 1 . .1

l s ,  2  H ) ,  i l . 3  ( s ,  6  H ) ,  2 . 3  ( s .  1  H .  O H ) .
3 -Az ido -2 ,2 -d ime thoxy - l -p ropy l  Phospha te ,  B is (cyc lo -

hexy lammon ium sa l t )  (4 ) .  A  so lu t i c r t t  o f  i l - az ido -2 ,2 -d ime th -

oxy-1-propanol  i j ] )  (3.5 g.  15.5 mmri l )  in  tetrahvdrofuran (50 ml, )

ivas added dnrprv ise to a solut iot r  ot '1;hosphort ts oxt 'chlor ide (11

mL,  3 i l  mrno l )  i n  pv r id ine  (15  mL)  and  te t rah l ' d ro f t t ran  (20  mL)

a t  0  oC.  A f te r  s t i r r i ng  fo r  I  h  31  ( )  o ( - ' .  l 0  mL  o f  a  so lu t i on  o1 '
py ' r i d ine /wa te r  (1 : l l )  r vas  added . ' I ' he '  so lu t i on  was  co t t cen t ra ted

in vacuo and the residue 1 'ys, .  passed through an ion exchange

column (Dowex i ( ) \ \ ' -Xi ,  cvclohexvlammonit tm I 'orm, i rO 10( l

mesh, 3.5 x 15 cni) .  Addi t ion of  cyclohexl- lamine adjusted the

solut ion to pH 8.  The solut ion was evaporated repeatedlJ '  t t r

dryness wi th cont inual  addi t ion of  2-propanol  to remove water.

The resul t ing oi l  rvas dissolr ,ed in a soi t t t ion of  2-propanol /eth1' l

acetaLef  ether (1: l :1.  1,50 mL) and stored overnight  at  -1o oC. The

resul t ing precip i tate was separated b1'  f i l t rat ion and ret luxecl  in

100  mL t t f  e thano l .  F i l t ra t i on  remrx ,ed  inso l r rb le  sa l t s  and  the

f i l t ra te  was  d i l u ted  w i th  e the r  t5o  mL)  and  a i l owed  to  s tand

overnight .  The precip i tate was col lected b1' t ' i l t rat ion and crys-

tail ized t'rrlnr water,'acetttne i 1:2.;-r i. (, ont'etrtratiotl of the m<lther

l iquors and repeatecl  t ' rvsta i l izat i t . r t is  v ie l r lec l  1 as a whi te J lowder
( 1 . 8  g ,  2 6 7 c ) :  1 : r ( -  N l l J l  I i ) - t t i  , r  i t l ; l  1 .  { l : i  r ) .  i : 1 . ! 1 .  , , 1 . : .  ; 1 . 2 .  3 2 . 9 .

2 6 . 9 ,  2 6 . 4 ; 3 r P  N N , , I R  r l ) " ( - 1 .  H , i ' O 1 t  i ,  l . l .  . \ n i t i .  ( ' a l t ' r i  t i r r

C 1 7 H . 8 N 5 O 6 I ' :  ( ' , ' 1 6 . ' 1 6 :  H .  S . ? 1 :  \ .  l i . ! t : l  F t , t t t r i l :  ( ' . ' 1 t i . t i : j :  H .

8 . 9 2 ;  N ,  1 5 . 6 3 .
3 - A z i d o h y d r o x y a c e t o n e  l - P h o s p h a t e  ( ;  ) .  

' l ' h e  
t ' 1 ' c l o -

hex l ' ' l ammon ium sa l t  -1  i 1 i { l  mc  1  n t t t t , , i t  r r l t .  c l  i . so l ve r l  i n  I  m l ,

o f  w a t e r  a n d  t h e  s o l i t l i r ) l t  \ \ ' i t s  t l ' t ' ; t r t ' r l  r i r l i t  ; ( ) l t  t ' \ t h a l ) g e  r e s i n
( D o w e x  5 0 W - X i .  H -  t i r r r t r r  

' i ' h e  
i r ' : i r t  \ \ r r .  r ( ' l t t  \ t ' r l  l r r - l i l t r a t i t , n .

t h e  a C i d i C  e l u a n t  w a - s  h e a t t , d  ( ) p  i r  : t e A t p  i r a t i t  a t  q j r  r  c ( ' 1 o r  l X  h .

a n d  t h e . , , 1 1 1 1 i o n  * ' i i s  a r i i u : 1 e t l  t ,  1 r l . l  i  
- '  

i r r  r t r i r l i t r , ) t t  ( ) l  s ( ) ( l i t l n l

l l i c a r i r o t t a t e .  \ \  a t t ' r  r t a :  : t t i t i t ' i i  1 , r  i , t ' i t t r  t i l t  t i r r . r i  r , i i l t t t t ( '  t o  i . 0

t t l l ,  l t t l C i  t i l t ' r ' t ) l l r ' r ' l l ' r l i l l , r l l ' , 1  r r r l l l l r r , l l i l r i , - l  t r l i -  r t r ' t e r t l l l t t e ' r l  l r t

e l t z \ - n t a t i r  i t : s l i r ' 1  r ,  I  l i )  1 t \ l :  l l ' ,  r i e i c i  I  
- l - h e  

- o l u l i r ) n  (  ( ) u l d

l t e  s t o r e c i  I r o z e t i  I r ) r  n 1 ( ) l l t h s  u ' i t h o i t t  d e c o t t l l - r i . , " i l l g .

( B e n z y l o x l ' ) a c e t y l  C y a n i d e  ( 7 ) .  A  t n i x t r t r e  o f  l b e n z r ' l o x r - i -

ace ty ' l  ch lo r ide  (6 )21  (11  g .  59 . -1  mmol )  and t r imethv ls i l l ' l  o 'an ide

( T M S C N ; ? . 4  m L . 5 9 . 2  m m o l l 4 l  w a s  s k r r v l y  h e a t e d  t o  1 2 0  o ( ' o v e r

the course of  2 h.  Tr imethvls i iy ' l  chlor ide was removed bv dis-

t i l la t ion and the residue remaining af ter  cool ing was dis l i l lec l  at

reduced  p ressure  to  p rov ide  7  as  a  co lo r less  o i l  ( ! )  g .  86% ) :  bp
( 0 . 7  T o r r )  9 5 - 1 0 r  " ( ' :  i H  N M R  ( C D C I l 1 .  l l ( X )  \ { H z t  I  l . ( t t s . , ' r  H ) ,

4 . 2 5  ( s , 2  H ) , 3 . 5 ;  t s . 2  H ) .  A n a l .  C a l c d  l i r r  ( 1 r , , H , , \ O . :  ( ' . 6 E . i r 6 :

H ,  o . l 8 ;  N .  S . t i t t .  F o u n d :  C ,  6 8 . 5 2 ;  H .  i . 0 0 ;  N ,  8 . ; i : .
,Af- [2-Oxo- i ] - (benzy' loxy)- I -propyl lacetamide (8 l .  To a s l t t rn '

o l ' 22  g  o f  z inc  ( i l l lE  mg-a tom)  in  a  m ix tu re  o f ' 35  rn l ,  o f  ac 'e t i c ' ac id
and  l l 5  m l ,  o1 'ace t i c  anh l ' d r i de  was  s lowh '  added  a  so lu t i on  o f
(benzy loxy )ace tyq l  cyan ide  (7 t  (5 .3  g ,  l )0  mmo l )  i n  a  soh : t i on  o f '

ace t i c  ac id  (7  m[ , )  and  ace t i c  anh l ' d r i de  (7  mL) : the  tempera t t t re
o { ' t he  so lu t i on  was  kep t  a t  20  o ( ' .  A { ' t e r  s t i r r i ng  the  reac t ion

mix tu re  a t  roc lm tempera tu re  fo r  t  h ,  t he  z i l t c ' n 'as  removed  l l 1 '

f i l t rat ion and washed wi th methvler te t 'h lor ic ie.  
' I 'he 

conr l t inecl
fi ltrate and washings were concentrated in vacuo and the restrlt ing
bnrwn residue was chromatographecl  (s i l ica gel .  ethvl  acetate)  to
p r o v i d e  8  a s  a  c t , l o r l e s s  o i l  ( 1 . 7  g .  T 1 %  t :  I I I  t n ( ' a t ) i J 1 - t { } .  i l : 1 5 0 .

1 7 4 5 ,  1 6 9 0 c m r ; 1 H  N \ , I R  ( C D C I r . : l ( x )  I I H z ) r i  l . ; i  1 . . . , . r  H ) , 6 . ? r
( s ,  1 H ,  N H ) , 4 . 5 5  ( s . 2  H 1 , 4 . 2 5  ( d . . /  =  5 H z ,  )  H r ,  - 1 . 1 5  t s , 2  H ) ,

(41 )  Lang ,  C . ln  Me thods  r t f  F ,nz tmot rc  Ano l rs i s . : l r d  ed . ;  Be rgmever ,
H .  t l . ,  Ed . ;  \ I e r l ag  Chemie :  \ \ ' e rnhe im.  1984 :  \ I o l .  \ ' 1 .  pp  525-5 : l l .

(42) For the preparat ion of  acy ' l  cvanides,  -"ee:  Huenig,  S. :  Schal ler ,
H .  ACIEE 1982 .21 .  i J6 .  Her rmann .  K . :  S imchen .  ( ]  ^Srn thes is  1979 ,  204



Svnthesis of Triose Phosphate Analogues

2 .1  ( s .  l l  H ) .  Ana i .  Ca l cd  f o r  C r2H ,5NO3:  C ' . 65 .1 .1 ;  H ,6 .83 ;  N ,
{ i . : l :1 .  F 'or rnd:  ( . .  64.85;  H,  6 .60;  N,  6 .02.

N - [2,2- Diethoxy-l ]-  (ben zyloxy )- I  -propyl lacetamide (9 ).  A
mix ture o f  the ketone 8 (2 .0  g .  9  mmol) .  10 mL of  e thanol .  3  mL
( i b mmol) of triethvl orthoformate, and two drops of sulfuric acid
was stirred at room temperature for 1 dav. Anhvdrous potassium
carbonate (200 mg) was added, and, after st irr ing overnight, the
mixture wa-s diluted with ether and extracted with a dilute solution
of KOH and then with saturated aqr:eous NaCl. The organic
Iavers were dried over NIgSOI and concentrated in vacuo.
Chromatographv of '  the crude product  (s i l i ca  ge l ,  e ther /e thv l
acetate 1:1 to ethvi acetate) r'ielded 9 as a vellowish oil (1.8 g.689c):
IR (neat) 3440, ; l ;1.10. 2980. 2930. 2800. 1690. 1680 cm-r: lH NMR
(( lDc l l " ,  l l00 NlHz)  6  ? .30 ts ,  5  Hr .  5 .85 (s .  I  H.  NH).4 ,55 (s .  2  H) .
3 .8 -3 .3  (m ,8  H ) .  1 .85  { s .  : l  H ) .  1 .15  ( t . , /  =  1  Hz .6  H ) .  Ana l .  Ca l cd
for  C16H2"NOa:  C,  65.05:  H.  8 .53;  N.  4 .76.  Found:  ( ' .  65.23:  H.
8.74:  N,  4 .41.

n- - (2 ,2-Diethoxy-3-hydroxy-  l -propy l )acetamide (  I  0) .  A
solut ion of the ketal 9 (720 mg. 2.4 rnmol) in 20 mL c'f  ethanol
was hvdrogenated over 10% palladium on charcoal for i l  davs.
The catalvst was removed by f i l t rat ion through Celi te. and the
fi l trate was concentrated in vacuo to yield 10 as a colorless oi l
(450 mg, 9l%): IR (neat) 1690, 1680 cm-lt  lH NMR (CDCI", 300
MHz)  6  6 .3  (m .  I  H ) .  3 .8 - : 1 .0  (m .  8  H ) ,  2 .05  ( s ,  3  H ) .  1 .2  ( t ,  J  =
7 Hz,6 H). Anal. Calcd for CqHleNOa: C. 52.6i:  H,9.331N,6.83.
Found:  C,  52.86;  H,  9 .04;  N,  7 .10.

3- (Acety lamino)-2 ,2-d ie thoxy- l -propy l  Phosphate,  B is-
(cyclohexylammonium salt) (11). Fol lowing the procedure of
Hartmann,m a solution of the diethyl ketal l0 (380 mg, 1.85 mmol)
in 2.5 mL of tetrahydrofuran was added dropwise at 0 oC to a
solution of phosphorus oxychloride (0.25 mL,2.7 mmol), pyridine
(0.5 mL, 6.2 mmol), and tetrahydrofuran (5 mL). After stirring
at 0 oC for 30 min and qtrenching the reaction b-'.- slowly adding
l l .5 mL of a solut ion of pvridine/water (1:6), the volat i les were
removed in vacuo, and the remaining residue was passed through
an ion exchange column (I)owex 50-X8. cvclohexvlammonium
form.400 mesh.8 X I  cm).  T 'he e luant  was ad justed to  pH 8 bv
addition of c-t-clohexvlamine. and the solution was evaporated to
dryness in vacuo. The result ing white sol icl  was treated r i ' i th l f)
mL of  a  so lu t ion o f  e thv l  acetate , l2-propanol  t1 :1 t .  kept  a t  -1  o( '

overnight, and then f i l tered. The precipitate u'as suspended irr
20 ml, of ethanol, and, after refluxing the suspension firr t h. the
insoluble portion (cyclohexylammonium phosphate) was remo'n'ed
by f i l t rat ion. The f i l t rate was di luted with ether (10 mL) and
kept below 0 o(l for 24 h. The addition of 10 mL of ether caused
a precipitate to form. The precipitate was isolated by'filtration
and recrvstal l ized from water/acetone (1:1) to give 11 (170 mg,
19%): rtp NMR (D2O. H"POI as reference) d 4.73. Anal. Calcd
fcr r  C l , rH. roN.O;P:  C,  52.13:  H,9.58;  N.  8 .72.  Found:  C,52.12,
H .  9 .26 .  N .  8 .6 :1 .

3- (Acety lamino)hydroxyacetone 1-Phosphate (12) .  The
bis(cyc lohexv lamm<in ium sa l t )  1 l  (120 mg,0.25 mmol)  was d is-
solved in I mL of water. and the solution was passed through an
ion exchange column (Dowex 50W-X1, H+ form). The acidic
eluant was heated at 80 oC for 5 h and the solut ion was then
adjusted to pH 5.5 with sodium bicarbonate. Water was added
to bring the f inal volunre to 2.0 mL, and the content of 12 was
determined by enzymatic assar'{ t  (c 100 mM, 80% yield).

(S) -2- (Benzy loxy)prop ion ic  Ac id  and ( -R)-2- (Benzy l -
oxy)prop ion ic  Ac id  (1 .1) .  A mix ture o f  L-a lan ine (25.3 g .284
mmol), benzyl alcohol (200 mL). isoamvl nitr i te (40 mL, 299
mmol). and MgSO + (22 g, l  was heated under ref lux for 2 h; gas
evolution ceased after t h. The reaction mixture was allowed to
cool to room temperature and rvas f i l tered. The f i l t rate was
distilled under reduced pressure to vieid the desired S acid (13.7
g,2 iVo) :  bp (0 .05 Torr )  128-131 oC:  

Ia lp  -53o (c  4 .6 .  benzene)
(lit.23 [a1n -52"). By the same procedure, starting from o-alanine.
the corresponding (R)-(benzSrloxy)propionic acid ( I 4) ( 13.7 g. 36Ta)
was obtained: Ialp +56' (c 5.1, chloroform).

(f i  )-3-(Benzyloxy)- l-diazo-2-butanone (16). A solut ion of
(R)-2- (benzv lox l ' )prop ionv- l  ch lor ide (15)  (2 .31 g,  11.7 mmol ;
prepared from acid 14 by refluxing with SOCI2 according to the
literature23) in 5 mL of ether was added dropwise to a solution
(36 mmol)  o1 'd iazomethane (1 .5  g)  in  e ther  (100 mL) .  Excess
diazomethane was destrol'ed by the careful addition of acetic acid,
and the solvent was removed by evaporation in vacuo. The
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product isolated after chromatography (silica gel, ether/hexane
1:1)  was a ve l low l iqu id  (1 .89 g,  79%):  Ia ]p  *32"  (c  4 .8 ,  ch loro-
form): IR (neat) 2100, 1640, 1500, 1100,695 cm-l; IH NMR (CDCI3,
300 MHz)  6  7 . .1  (s ,  5  H) ,  5 .7  (s ,  1  H) ,  4 .5  (s ,  2  H) ,  3 .9  (q ,  J  =  8
Hz,  1  H) .  1 .35 (d ,  J  =  8  Hz,3 H) .  The product  decomposed on
storing and was used immediately in the next step.

(.R ) -Dibenzy I 3- ( Ben zyloxy\ -Z-oxo- 1 -butyl Phosphate ( 1 7 ).
A mix ture o f  the d iazo compound 16 (1 .52 g,7 .4  mmol)  and
dibenzyl phosphate (2.41 g,8.7 mmol) in benzene (40 mL) was
heated at 60 oC for 12 h. The benzene was removed by evapo-
ration in vacuo, and the crude product was chromatographed
(silica gel, hexane/ethyl aceLatef chloroform 2:I:1L<t 1:1:1) to yield
compound l7 as a colorless l iquid (3.0 g, 89To): [a]p *10.2' (c
5.0, chloroform); IR (neat) 1750, 1280, 1270, 1035, 1010, 1000, 695
cm r :  rH NNIR (CDCI" ,  300 MHz)  6  7 .30 (s ,  15 H) ,  5 .10 (d ,  J  =

8  Hz ,  4  H ) ,  5 .00  (m .  I  H ) ,  4 .70  (m ,  1  H ) ,  4 .50  ( s ,  2  H ) ,  4 .05  (q ,
J = gHz,l  H), 1.30 (d. J = gHz,3 H). Anal. Calcd for C5H27O6P:
( ' .  6 t j . 06 ;  H .  : r . 99 .  Found :  C ,  66 .15 ;  H ,  6 .05 .

( IC ) -3-Hvdroxy ' -2-oxo-  1-buty l  Phosphate (18) .  A so lu t ion
ol the prot.ected phosphate l7 (: .5 g.5.5 mmol) in 50 mL of acetic
acid was hydrogenated under 50 psi of hydrogen with 10%
palladium on charcoal for 12 h. The catalyst was removed by
filtration through Celite, and the filtrate was evaporated to
dryness. The residue was dissolved in water, and the solution
was adjusted to pH 7 with a solution of 1 N NaOH. A solution
of 5 g of barium chloride in 20 mL of water was added, followed
by 40 mL of ethanol. The mixture was chilled, and the precipitate
was collected by centrifugation and redissolved in water by
treatment with ion exchange resin (Dowex 50W-X1, H+ form).
The resin was removed by filtration, the solution was adjusted
to pH 5.5, and the water was removed by dist i l lat ion to yield a
white powder (1.'2 g,l)5clc pure as determined by'enzyrnatic a-ssay,ar
37% v ie l d ) :  I i r c  NMR (D2o )  , i  61 .9 ,  58 .2 ,  9 .7 .

n  - tsuty i  [ ( ter t -Buty ld imethy ls i ly l )oxy]acetate  (20) .  To
a mixture of n-butyl glycolate (19) (6.0 g, 45 mmol) and imidazole
(9 g,132 mmol) was added tert-butyldimethylsi lyl  chloride (8 g,
53 mmol) at 0 oC. After being stirred at toom temperature for
4 h, dist i l lat ion yielded 20 as a colorless l iquid (9.7 g,87To): bp
(0.01 ' I ' rrrr) i r9 o(l ;  IR (neat) 1770,I740,1150,840 cm-r; rH NMR
( ( l I ) C 1 3 . : l 0 r t  N l H z )  6 . 1 . 2  ( s , 2  H ) , 4 . 1 5  ( L , J  = 7  H z , 2  H ) ,  1 . 9 - 0 . 8
r n r . 7  H ) . 0 . 9  r s , 9  H ) . 0 . 1  ( s . 6  H ) .  A n a l .  C a l c d  f o r  C 1 2 H 2 6 O 3 S i :
C.  5 tJ . -19:  H.  10.6;1 .  l 'ound:  C,  58.57;  H,  10.40.

f ( ter t  -Buty ld imethy ls i ly l )oxy lacet ic  Ac id  (21) .  To a so-
lution o1'the ester 20 {21.E g. 88 mmol) in 50 mL of tetrahydrofuran
was slowly added a solut ion of potassium hydroxide (5.0 g, 89
mmol) in methanol (10 mL) and water (20 mL) at -10 'C. The
reaction mixture was allowed to warm to 5'C over 30 min, diluted
with 300 mL of water, and extracted with 200 mL of ether. The
aqueous layer was acidified by addition of a solution of 9 mL (90
mmol) of concentrated HCI in 20 mL of water at 0 oC. This
mixture was extracted twice with ether (200 mL), and the ether
layer was then washed with water and with brine. After drying
over MgSOa and removing the solvent by distillation, 21 was
obtained as a colorless liquid which solidified upon cooling (15.2
g,90Vo) :  rH NMR (CDCI. ,  300 MHz)  6  4 .3  (s ,  2  H) ,0 .95 (s ,9  H) ,
0.15 (s,6 H). Anal. Calcd for CsHlsO3Si: C, 50.54; H,9.54. Found:
C,  50.80;  H,  9 .10.

3-Diazo- 1-[ ( tert -butyldimethylsilyl)oxy]-2-butanone (23).
The protected acid 2L (2.6 g, L3.7 mmol) was dissolved in benzene
(20 mL) and a small amount of benzene (5 mL) was removed by
distillation to remove water. Oxalyl chloride (2 mL,23 mmol)
was added dropwise, and the reaction mixture was stirred at room
temperature for 30 min and then refluxed for 30 min. Excess
oxalyl chloride and most of the benzene were removed by dis-
tillation at atmospheric pressure to give 22. The remaining so-
lution was added dropwise at 0 oC to a solution of diazoethane
in ether (300 mL of a diazoethane solution prepared from 12 g
of N-ethyl-N-nitroso-N'-nitroguanidinea3). After the reaction
mixture was stirred at room temperature overnight, the solvent
was removed by evaporation in vacuo, and the remaining residue
was chromatographed (si l ica gel,  ether/hexane 1:5 to 2:5) to
provide 23 as a yellow oil (2.1 g,70To): IR (neat) 2080, 1740, 1635,
1260, 840 cm-r; 1H NMR (CDCI3, 300 MHz) d 4.35 (s, 2 H), 1.95

(43) McKay, A.F. ;  Ott ,  W. L. ;Taylor ,  G.W.;  Buchanan, N. ;Crooker,
J .  F .  C o n .  J .  R e s . 1 9 5 0 . 2 8 8 . 6 8 3 .
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(s,3 H),0.90 (s, 9 H), 0.05 (s,6 H). The product was used direct ly
in the next step.

( + ) -Diben zyl 4-l(tert -B utyldimethylsilyl )oxy I -3 - oxo-2-
butyl Phosphate Q$. To a solution of dibenzyl phosphate (2.6
g, 9.3 mmol) in benzene (a0 mL) was added a solution of diazo
ketone 23 (2 g,9.2 mmol) in 5 mL of benzene. The mixture was
stirred at room temperature for 2 h, the solvent was removed by
distillation, and the residue was chromatographed (silica gel,
hexane/ethyl acetatef methylene chloride 3:1:1 to 2:1:1) to yield
24 as a colorless liquid (2.3 g,53%): lH NMR (CDCI3, 300 MHz)
6 7.3  (s ,  10 H) ,  5 .2-4.85 (m,  5  H) ,  4 .35 (s ,  2H\ ,1 .45 (d ,  J  =  7  Hz,
3 H) ,0 .85 (s ,  9  H) ,0 .05 (s ,6  H) .  Anal .  Calcd for  C2aH35O5PSi :
C,  60.28;  H,  7 .38.  Found:  C,  60.50;  H,7.25.

(+)-Diben zyl 4-Hydroxy-3-oxo-2-butyl Phosphate (25). A
solution of 24 (1.7 g, 3.6 mmol) in a mixture of 30 mL of tetra-
hydrofuran, 5 mL of acetic acid, and 10 mL of water was refluxed
for t h. The volatiles were evaporated in vacuo and the residue
was chromatographed (silica gel, methylene chloride/ethyl acetate
2:1tn 1:3) to give25 as a colorless liquid (550 mg, +2%): lH NMR
(CDCI3,  300 MHz)  6  7 .25 (s ,  10 H) ,5 .2-4.75 (m,  5  H) ,  4 .25 (s ,2
H) ,3 .1  ( s ,  1H ,  OH) ,  1 .35  (d , J=  7  Hz ,3H) .  Ana l .  Ca l cd  f o r
C18H21O6P:  C,  59.38;  H,  5 .81.  Found:  C,  59.10;  H,  5 .79.

(+)- -Hydroxy-3-oxo-2-butyl Phosphate (26). A solut ion
of the dibenzvl phosphate 25 (180 mg, 0.5 mmol) in 5 mL of
methanol was h-v-drogenated in the presence of 10% palladium
on charcoal for t h.2? The catalyst was removed by filtration
through Celite, and the filtrate was evaporated to dryness. The
residue was dissolved in water, and the solution was adjusted to
pH 5.5 with a solution of 1 N NaOH. The solvent was removed
under reduced pressure to provide 26 in quantitative yield: 13C

NMR (D2O) 6 72.8,62.3,17.I. Compound 26 could not be reduced
by glycerol phosphate dehydrogenase (GPDH) in the presence
of NADH in an enzymatic assay.al

Dibenzyl (Hydroxymethyl)phosphonate (28). A mixture
of paraformaldehyde (1.2 9,40 mmol), dibenzyl phosphonate (27)
(5 g, 19.1 mmol), tr iethylamine (1 mL, 7 mmol), and 10 mL of
benzene was refluxed for 2 h; paraformaldehyde slowly dissolved.
Ethyl acetate (100 mL) was added, and the solution was extracted
three times with a solution of 1 N HCI and once with water. After
drying over MgSO4 and concentration in vacuo, the residue was
chromatographed (silica gel, methylene chloride/ethyl acetate 2:1
to methylene chloride f acetone 1:1) to yield the phosphonate 28
as a colorless oil (1.5 g,27To): IR (neat) 1320, 1140 cm-l;rH NMR
(CDCI3, 300 MHz) 6 5.05-4.98 (m,4 H, 2 CH2Ph), 4.35 (br, 1 H,
OH),  3 .8a (dd,4 = 5 .8  Hz,  Jz= 5.9H2,2H,  CH2PO);  13C NMR
(CDCI3) 6136.1, 128.5 and 127.9 (3 s, aromatic C),68.05 (CH2PO),
58.8 and 56.25 (2 CH2Ph). Anal. Calcd for Cr5HrTOaP: C, 6i.64;
H, 5.86. Found: C, 61.48; H, 6.04.

(Dibenzylphosphono)methyl 2- O - (tert -B utyldimethyl-
silyl)glycolate (29). Oxalyl chloride (2 mL,23 mmol) was added
dropwise to the protected acid 21 (1.33 g, 7 mmol) in 39 mL of
toluene. The reaction mixture was stirred for 30 min at room
temperature and was heated at 80 oC for 30 min. Approximately
15 mL of liquid was removed by distillation at atmospheric
pressure, and the remaining mixture was slowly added to a solution
of 1 g (3.4 mmol) of alcohol 28 in 30 mL of pyridine at 0 oC. After
being stirred at room temperature for 24h, the reaction mixture
was concentrated in vacuo. The residue (in 100 mL of ether) was
extracted three times with a 1 N solution of sodium bicarbonate
and once with water. After drying over MgSOa, the solvent was
evaporated at reduced pressure and the material was chroma-
tographed (silica gel, hexane/ethyl acetate 2:l) tn yield 0.9 g (58%)
of ester 29: IR (neat) 1775, 1310, 1140 cm-l;  lH NMR (CDCI3,
300 MHz)  6  7 .33 (m,  10 H) ,5 .08-5.04 (m,  4H,2 CH2Ph) ,4 .38
(d, J = 8.6 Hz, 2 H, CH2PO),4.2 (s, 2 H, CH2CO), 0.89 (s, 9 H,
((CH3)3C), 0.06 (s, 6 H,2 CHr). Anal. Calcd for C23H33O6PSi:
C,  59.46;  H,7. I7 .  Found:  C,  59.68;  H,  6 .99.

(Dibenzylphosphono)methyl Glycolate (30). The ful ly
protected ester 29 (300 mg,0.64 mmol) was dissolved in a mixture
of 3 mL of acetic acid, 1 mL of tetrahydrofuran, and 1 mL of water
and was stirred at room temperature for 24 h.n The solvents were
evaporated at reduced pressure, and the residue was chromato-
graphed (silica gel, methylene chloride/ethyl acetate 1:2) to yield
200 mg (89Vo) of 30 as a colorless l iquid: IR (neat) 1750, 1320,
1130 cm-l; tH NMR (CDCI3, 300 MHz) 67.23 (m, 10 H), 5.02-4.89
(m,  4  H,  2  CH2Ph) ,  4 .29 (d ,  J  =  8 .7  Hz,2 H,  CH2PO),  4 .03 (s ,  2
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H, CH2CO), 3.67 (br, 1 H, OH); 13C NMR (CDCI3) 6172.0 (CO),
135.5, 128.5 and 127.9 $ s, aromatic C), 68.2 (CH2PO), 60.25
(CH2CO), 58.5 and 56.2 (2 CH2Ph). Anal. Calcd for C17H1eO6P:
C,  58.29;  H,  5 .46.  Found:  C,  58.60,  H,5.2 I .

Phosphonomethyl Glycolate (31). The dibenzyl phosphonate
30 (150 mg, 0.43 mmol) was treated with I0To palladium on
charcoal as described for the phosphate 26 to yield 82 mg of 31:
13c NMR (D2O) 6 174.9 (CO),  60.83 (CH2PO),  50.0 (CHzCO);
MS(FAB), mf e calcd 191.979, mf e fowd 191.980 (M*).

N-(Benzyloxycarbonyl)aminoacetaldehyde Dimethyl
Acetal (33). Benzyl chloroformate (30 mL, 210 mmol) was added
dropwise to a solution of aminoacetaldehyde dimethyl acetal (32)
(16.9 g, 161 mmol) in 50 mL of ethyl acetate and 50 mL of py'ridine
at 0 oC. The mixture was stirred at room temperature overnight,
and the product was isolated by distillation as a colorless oil (20.2
g,50To): bp 145 'C (0.03 Torr);  IR (neat) 3465, 3350, 1730, 1305,
1220 cm-t;13C NMR (CDCI3) 6 156.1 (CO), 136.1, 127.9 and 127.5
(aromatic C),102.2 (CH(OCHg)2), 69.1 (CH2O), 53.4 (CH2NH),
41.9 (CH3) .  Anal .  Calcd for  C12H17NOa:  C,60.24;  H,7.16;  N,
5.85.  Found:  C,  60.55;  H,6.97;  N,  5 .80.

N-(Benzyloxycarbonyl)aminoacetaldehyde (3a). A mixture
of the acetal 33 (2.4 g, 10 mmol), oxal ic acid (200 mg), 20 mL of
tetrahydrofuran, and 10 mL of water was refltxed for 4 days. After
evaporation of the solvent, the mixture was chromatographed
(silica gel, hexane leLhyl acetate 2:I to 1:2) to yield 34 as a colorless
l iqu id  (L .4g,12%):  IR (neat )  3460,  1730,1770,1320,  1105 cm-I ;
lH NMR (300 MHz, CDCI3) 6 9.3 (s, 1 H), 7.30 (m, 5 H), 5.65 (br,
1  H) ,  5 .1  (s ,  2  H) ,4 .05 (d ,  J  =  5  Hz,  2  H) .  Anal .  Calcd for
Cr6Hl lNOs:  C,62.77;  H,5.74;  N,7.25.  Found:  C,62.57;  H,5.87;
N,  6 .81.

o-Glyceraldehyde Diethyl Acetal (37). n-Fructose (35) (20
g, 111 mmol) was dissolved in 20 mL of water and the solution
was stirred with 1 L of glacial acetic acid. After cooling to 16 oC,

lead tetraacetate (I02 g,230 mmol) was added with vigorous
stirring during 10 min. After stirring for an additional 30 min,
a solution of oxalic acid (20 g) in 200 mL of glacial acetic acid
was added, and the resulting suspension was filtered through a
layer of Celite. The solvent was removed in vacuo, the remaining
oil was treated with ethyl acetate, and the insoluble matter was
removed by filtration. The filtrate was concentrated in vacuo
to give a colorless viscous oil 36 which was not characterized.aa
Triethyl orthoformate (50 mL) and a hot solution of L e (12.5
mmol) of ammonium nitrate in 20 mL of 'absolute ethanol was
added to 36 with stirring, and the solution n'as kept at 30-32 "C
for t h and Lhen at room temperature for 15 h. Anh-'-drous sodium
carbonate (7 g) was then added. After being stirred for 1.5 h, the
mixture was diluted with 200 mL of ether ar-rd the insoluble matter
was removed by filtration. Evaporation ofthe solvents in vacuo
left an oil that was dissolved in 70 mL of methanol and added
to a solution of 18 g of sodium methoxide in 300 mL of methanol.
After stirring the reaction mixture at room temperature for 2 h,
5 mL of water was added and carbon dioxide was bubbled through
the reaction mixture to neutralize the alkoxide. The resulting
precipitate was separated by filtration, the filtrate was concen-
trated in vacuo, and 150 mL of ether was added to the residue.
After filtration and concentration in vacuo, chromatography (silica
gel, chloroform to chloroform/methanol 10:1) followed by dis-
tillation yielded 37 as a colorless oil (4.32 g,24To yield based on
fructose): bp 85 'C (0.5 Torr);  [o]"o +30.3' (c 1.04, ethanol);
lH NMR (CDCI3, 300 MHz) 6 4.49 (d, J = 5. i  Hz, 1 H, CH),
3 .85-3.5  (m,  7  H) ,  2 .48 (br ,  1  H,  OH),  2 .2  (br ,1  H,  OH),  1 .23 ( t ,
J = 7 Hz,3 H, CH3), I .2I (L, J = 7 Hz, 3 H, CHr). Anal. Calcd
for C7H16O a: C,5I.2I;  H, 9.82. Found: C, 51.17; H, 9.48. The
product was further identified by conversion of the free aldehyde
(obtained by treatment of 37 with 0.1 N H2SO4 at 35 oC over 20
h) to i ts dimedone derivative; mp 199 oC, 

[a]n +216' (c 0.6,
ethanol);  l i t .44 mp 196-198 oC, [o]o 2I0 (c 0.6, ethanol).

o-Glycidaldehyde Diethyl Acetal (38). A solut ion of 4.11
g (25 mmol) of o-glyceraldehyde diethyl acetal (37) in 15 mL of
pyridine was cooled to -10 oC and 2.98 g (26 mmol) of meth-
anesulfonyl chloride was added with stirring at -10 to -5 oC over
20 min. The reaction mixture was kept at 0 oC for 1.5 h and then
evaporated to dryness. The resulting residue was partioned

(44) Perlin, A. S. In Methods in Carbohydrate Chemisfry; Academic
Press:  New York,  1962; Vol .  1,  p 61.
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between methylene ctrloride (80 mL) and cold water (10 mL). The
organic layer was washed three times each with saturated solutions
of sodium bicarbonate and NaCl, dried over MgSOn, and con-
centrated in vacuo to yield a colorless oil. Chromatography (silica
gel, chloroform/ethanol 10:1) gave a colorless oi l  which was
identified by its tH NMR spectrum to be the 3-O-mesylate of 37:
lH NMR (CDCI3)  6  4 .48 (d ,  J  =  6  Hz,1 H,  CH),  4 .42 (dd,  Js"^
= l l  H4 J, i" = 4.4 Hz,1 H, CI{2'OSOz), 4.3 (dd, Jge^ = l1'  Hz,
J , i "=  4 .3H2,1 H,  CFl2bOSOr) ,  3 .83 (m,  1  H,  CH),  3 .85-3.7  (m,
4H,2 CH2"CH3),3.7-3.5 (m,2 H, 2CH2;C}{),3.06 (s,3 H, SCH"),
2 . 4 2  ( d , J  =  4 H z , 1 H ,  C O O F I ) , I . 2 3  a n d  1 . 2 1  ( 2 t , J  =  7  H z , 6
H, 2 CHJ. This material was used in the next step without further
characterization.

A solution of 1 N NaOH was added to a solution of 37 in 20
mL of water at 30'C containing phenolphthalein (l% in ethanol)
as an indicator; 16.5 mL of NaOH solution was added during 60
min to keep the pH of the mixture slightly basic. The reaction
mixture was then extracted three times with 20 mL of methylene
chloride. The combined extracts were washed with brine, dried
over MgSO4, corcentrated in vacuo, and distilled at reduced
pressure to yield I .94 g of 38 (53% based on n-glyceraldehyde
die thy l  aceta l ) :  bp72"C (24 Torr ) ;  [o ] t8o +7.2"  (c  1 ,  e thanol ) ;
lH NMR (CDCI3)  6  4 .32 (d ,  J  =  4 .3  } {z ,1  H,  CH),  3 .8-3.6  (m,  2
H, 2 CH1.CH3), 3.6-3.4 (m, 2 H, 2 CHzbCHr), 3.08 (m, 1 H,
CHCH2),  235 (m,2 H,  CHCH2), I .23 and 1.2  (2  t ,  J  =  7  Hz,2
CHr). Anal. Calcd for C7H1aO s: C, 57.52; H, 9.65. Found: C,
57.09; H, 9.28.

3-O-Methyl-o-glyceraldehyde Diethyl Acetal (39). A so-
lut ion of the epoxide 38 (1.46 g, 10 mmol) in 5 mL of methanol
was added to a solution of sodium methoxide (100 mg, 1.85 mmol)
in 45 mL of methanol and the resulting solution was refluxed for
24 h. Carbon dioxide then was bubbled through the solution. and
the mixture was concentrated in vacuo and triturated with 20 mL
of ether. The resulting precipitate was separated by filtration
and the filtrate was evaporated to leave a colorless oil that was
purified by distillation under reduced pressure to yield 1.35 g of
3g (76%);bp 111 'C (27 Torr);  [a]p +31.6 (c 1, ethanol);  lH NMR
(CDCIJ 6  4 .46 (d ,  J  =  3 .7  Hz,1 H,  CH),  3 .8-3.4  (m,  7  H) ,  3 .37
(s ,  3  H,  OCH3),  2 .37 (d ,  J  =  3 .5H2,  \  H,  CHO.FI ) ,  I .27 (2  t ,  J  =

7 Hz,2 CHr). Anal. Calcd for CsHlsOa: C,53.92; H, 10.18. Found:
C,  53.71;  H,  10.40.

3-O-Methyl-n-glyceraldehyde (40). A solut ion of 891 mg
(5 mmol) of 39 in 5 mL of 0.1 N sulfuric acid was heated at 40-42
oC for 12 h. The solution was neutralized with 1 g of ion exchange
resin (Dowex 1-X8, HCO3- form), the resin was removed by fil-
tration, and the filtrate was concentrated in vacuo. The con-
centration of 40 in the aqueous solution was 4.58 M (91% yield)
according to the Willstaetter-Schudel alkaline iodine method.37'38
Identification of 40 as its (2,4-dinitrophenyl)hydrazone was as
follows. An aliquot (0.1 mL, 0.458 mmol of aldehyde) of the
aqueous solut ion was added to a mixture of 81 mg (0.41 mmol)
of 2,4-dinitrophenylhydrazine, 2 mL of 2-methoxyethyl ether
(diglyme), and 0.3 mL of acetic acid. After being stirred at room
temperature, the solution was diluted with 5 mL water, and the
precipitate that formed was separated by filtration, washed with
water, and dried in vacuo to give a yellow solid (74 mg, 64%).
Recrystallization from ethanol/water yielded 40 [(2,4-dinitro-
phenyl)hydrazonel as yellow needles: mp 122-123 oC; 

[a]o -21'.9"

(c 0.33, chloroform/methanol 2:1); lH NMR (CDCI3) 6 9.1 (d, J-ut"
=  2 .5H2 ,1H ,  H -3 ' ) , 8 .31  (dd ,  Jo . t ho  =  9 .5H2 ,1H ,  H -5 ' ) , 7 .9  (d ,
1H,  CI {2"OCHr) ,3 .63 (dd,  Ju i "  =  5 .2H2,1 H,  C,F/2bOCH3),3 .43
(s ,3  H,  OCH3),  2 .86 (d ,  J  =  5 .2  Hz.  1  H,  OH),  1 .55 (s ,  1  H,  NH);
HRMS, mf e calcd 284.075, mf e found 284.075.

2,5-Di- O -methyl- 1,3;4,6-di- O -methylene-D-mannitol (42 ).
To a st irred suspension of 1,3;4,6-di-O-methylene-D-mannitolas
(41) (11.96 g, 58 mmol) in 1,2-dimethoxyethane (200 mL) was
added 16.8 g (0.35 mmol) of a 50% dispersion of sodium hydride
in oil. After 15 min a solution of 34.1 g (0.24 mmol) of methyl
iodide in 10 mL of 1,2-dimethoxyethane was added dropwise
during 10 min. The mixture was stirred at room temperature for
3 h and then at 37-40 oC for 16 h. Methanol (20 mL) was added,
the mixture was stirred for an additional 30 min, then water (10
mL) was added, and the reaction mixture was evaporated in vacuo.

(45) Haskins, W. T.; Hann, R. M.; Hudson, C. S. J. Am. Chem. Soc.
1943. 65. 67.
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The residue was part i t ioned between water (100 mL) and chlo-
roform (200 mL). The organic layer was washed three times with
water. dried over Na2SOa, and concentrated in vacuo. Trituration
with n-hexane lielded 42 as colorless needles after filtration (11.49

g,85Vc ). An analyt ical sample was recrystal l ized from hexane:
mp 83-84 oC: 

[alp -69.6' (c 0.5, CHCI3): 1H NMR (CDCI3) 6 5.06
(d ,4 " -  =  5 .9  Hz .  2H ,2  OCH2"O) .4 .56  (d ,  2H .2  OCH2bO) '  4 .33
(dd, Jn.- = 10.? Hz, J, i ,  = 4.9 Hz,2H,2 OCH2,CH), 3.6 (dd, J"i"
= ca. '0 Hz, 2 H, CH2bCH), 3.55 (ddd, Ju.i , ,  --  9.5 H4 2 H, 2
CHOCH3),  3 .37 (s ,  6  H,  2  OCH' , ) .  3 .31 (dd,  Ju i . '  =  10.2 Hz,2 H,
2  CH(O)CH(O) ) .  Ana l .  Ca l cd  f o r  C rsH lsO6 :  C ,51 .28 :H , i . 74 .
Found:  C,  51.20;  11, ,7 .74.

2,5-Di-O -methyl-o-mannitol (43). A solut ion of 42 (10.78

g, 46 mmol) in 40 mL of glacial acetic acid and 90 mL of acetic
anh5'dride wa-s cooled to 0 oC and 0.2 mL of concentrated sulfuric
acid was added. After the reaction mixture was st irred at room
temperature for 80 min. the solut ion was poured into ice water
(700 ml , ) .  and th is  mix ture was s t i r red for  t  h  and then rvas
ext racted fo t t r  t imes rv i th  ch loroform (200 mL) .  The combined
organic layers were u'ashed rvith a saturated solut ion of 'sodium
bicarbonate and with water, dried over Na,SO.. and evaporated
in vacuo to yield an oi l  that was not characterized but was dis-
solved in 200 mL of a solution of 1 N HCI in methanol and kept
at room temperature for 24 h. After evaporation of the solution
in vacuo, crystallization from chloroform yielded colorless needles
of 43 (5.84 g.60%): mp 55-57 oCl 

[rv]p -20.3o (c 1, CH.OH); i :rC

NMR (DMSO-d6)  6  81.57,68.61,  60.73,  58.02.  Anal .  Calcd for
C s H l s O 6 :  C . 1 5 . 7 2 :  H , 8 . 6 3 .  F o u n d :  C , 4 5 . 7 8 :  H . 8 . 6 6 .

2-O-Methy l -o-g lycera ldehyde (44) .  Ion exchange res in
(Dowex 1-X8. IOl- form. prepared from the chloride form (2 g)
according to the procedttre of Harrison and Hodge30) was added
to a  so l t r t ion o f  13 { .120 mg.  2  mmol)  in '1  mL of  water .  and the
mixture rvas st irred at rt tom temperature for: l  h. The resin u'a- '
removed blr f i l t rat ion and the f i l t rate rvas di luted rr ' i th water to
10 mL. The concentrat ion of aldehyde 11 in this solut i t)n \ l 'as
325 mM (81% yield) according to the Wil lstaedter-Schr.rdei al-
kaline iodine method.37'38 An aliquot (1 mL) of this solution was
added over a 10-min period to a solut ion of 2,4-dinitrophenyl-
hydrazine (5? mg, 0.29 mmol) in 1.3 mL of 2-methoxyeth-"-l ether
(diglyme) and 0.2 mL of acetic acid. After being st irred for 17
h, the yel low solut ion was di luted with water (2 mL) and the
resulting precipitate w€Ls removed by filtration, washed with water.
and dried in vacuo (65 mg, 79%). Recrystallization from methanol
gave ye l low needles:  mp 150-151 oC;  

Ia ]p  *48o (c  0 .5 .  CHClr t ;
1H  NMR (CDCI3 )  6  9 .11  (d ,  J  =  2 .6H2 ,1  H ) ,  8 .33  (dd ,  J1  =  9 ' 5
H z , J 2 =  2 . 6 H 2 , 1  H ) , 7 . 9 3  ( d ,  J  =  9 . 5 H 2 , 1  H ) . 7 . 4 5  ( d ,  J  =  6 . i t
Hz ,  1  H ) ,  4 .02  (m ,1  H ) ,  3 .95 -3 .7  (m ,  2  H ) .  3 .46  ( s ,  3  H ) ,  2 .07  ( t ,

J = 6.5 Hz, 1 H); HRMS, mf e ca\cd287.075, m/e found 287.075.
2-Methylpropenal Diethyl Acetal (46). A hot solut ion of

870 mg (11 mmol) of ammonium nitrate in 15 mL of ethanol was
added to a stirred mixture of freshly distilled methacrolein (45)
(16 g, 228 mmol) and tr iethyl orthoformate (30.7 g,20i mmoi).
and the resulting suspension was heated at 40-45 oC for 3 h. A
precipitate formed and was removed bv f i l t rat ion. Anhydrous
sodium carbonate was added to the filtrate. and the mixture was
stirred at room temperature overnight. The reaction mixture was
filtered, concentrated in vacuo, and distilled to yield 46 as a
colorless l iquid (20.2 g,68%),bp 142-143 "C. This compound
was identified by converting it to its (2,4-dinitrophenyl)hSrdrazone

as fol lows: To a solut ion of 179 mg (0.9 mmol) of 2,4-dinitro-
phenylhydrazine in a mixture of 5 mL of 2-methoxyeth5'l ether
(diglyme) and 0.7 mL of acetic acid was added l44mg (l  mmol)
of acetal 46 in 0.5 mL of diglyme, fol lowed by 2.5 mL of water.
After stirring at 30*35 oC for 48 h, the precipitate that formed
was removed by filtration, washed with water, and dried in vacuo'
Crystallization from ethyl acetate furnished orange prisms (20-9

mg,84To): mp 203-204 oC (l i t .46 mp 206-206.5 oC).

r,t -2,3-Dihydroxy-2-methylpropanal Diethyl Acetal ('17).
A suspension of acetal 46 Q0 g, 139 mmol) in 170 mL of water
was cooled to 0 oC and a solution of potassium permangalrtate (22

g, 139 mmol) in 420 mL of water was added at 5-8 oC during 3
h. After stirring at room temperature for 3 h and heating at 100
oC for t h, the manganese dioxide precipitate was separated and
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washed thoroughly with water. The combined filtrates were ctxrled
and 335 g of anhydrous potassium carbonate was added. After
four extractions with ether, the combined organic layers were dried
over MgSOn, the solvents were removed in vacuo, and the product
was d is t i l led under  reduced pressure to  y ie ld  47 (11g,45%) as
a co lor less l iqu id :  bp 108 "C (1? Torr ) ;  lH NMR (CDCI3,  300
MHz)  6  4 .35  ( s ,  1H ,  CH) ,3 .9 -3 .8  (m ,2H ,2  CH2uCH ' r ) . 3 .72  (dd ,
JHa-ou = 5.3 Hz, JHa-s. = 11.4 Hz,I H, CH2.IOH), 3.65-i l . ;r  (m.
2H,2 CH2"CH3) ,3 .38 (dd,  JH-or i  =  7 . i  H41 H.  CH".OH).  2 .49
(dd,  1  H,  CH2OH),1.22 (2  t ,  J  =  7  Hz,2 CH3) .  1 .11 (s ,  3  H.  CH,r ) .

D,L-2,3-Dihydroxy-2-methylpropanal (48). A mixture of 47
(535 mg, 3 mmol) and ion exchange resin (Dowex 50W-X4, H*
form) was stirred in water (6 mL) at 30 oC for 100 min. The re-qin
was removed by filtration and the filtrate was concentrated in
vacuo and then diluted with water to a volume of 10 mL. The
concentration of 48 in this solution was 238 mM (i9% vield).31'ei
The (dinitrophenyl)hydrazone (DNP) derivative was prepared
as described for 44. Yellow prisms of the DNP derivative were
obtained from ethanol/water (1:2) in 76% yield: mp 177-178 oCl
1H NMR (CDCI3)  6  9 . I2  (d ,  Jmeta = 2 .5  Ha1 H,  H-3 ' ) ,  8 .33 (dd,

4, t r ,o  =  9 .5H2,1H,  H-5 ' ) ,7 .86 (d ,  1H,  H-6 ' ) '  3 .8  (dd.4" -  =  l1-3
Hz.  J , ; "  =  6 .9  Ha 7 H,  CH2"OH).  3 .67 (dd.  J , i .  =  5 .6  Hz.  1  H.
c H 2 b o H ) , 3 . 1 2  ( s ,  1  H ,  H O C ( C H " ) ) . 2 . 0 - 1  ( d d .  1  H ,  C H , O H ) .  1 . - 1
( s , 3  H ,  C H 3 ) .  1 . 2 3  ( s ,  1 H .  N H ) .  A n a l .  C a l c d  f o r  C ' 1 , , H p N a O 6 :
C ,42 .26 ,  H ,  4 .25 ;  N ,  19 .71 .  Found :  C ,  12 .51 :  H .  . 1 . -11 .

N-Acet l ' lp ro l ino l  (50) .  A 250-mL round-bot tomed t lask
equipped with a magnetic st irr ing bar was charged with .1.0 g of
t--prol inol (49) (40 mmol) in 100 mL of CH2CI2. The f lask was
cooled in an ice bath, and acetic anhydride (6 mL, 60 mmol) was
added during 30 min. The reaction was stirred for an additional
3 h and then was concentrated by evaporation at reduced pressure.
Chromatography (si l ica gel,  ethyl acetate) yielded 5.4 g (95V0)
of 62 whose lH NMR spectrum matched that of an authentic
sample: 13C NMR (75 MHz, CDCI3) 6 171.5, 68.7,66.1.60.5. 28.0,
24.0,22.4:  IR (neat ,  NaCl)  3350 (br ) ,  17.10,  1720,  161i  cnr  1 .

N-Acety lpro l ina l  (51) .  Ox idat ion o f  50 to  5 l  l i r l loued the
procedure of Swern32 using freshly distilled reagents. To a dr1'.
500-mL round-bottomed flask was added 3.90 mL (55 mmol) of
DMSO in 20 mL of methylene chloride. The solution was cooled
to -78 oC and a cold solut ion of 2.46 mL of oxal5' l  chloride in 10
mL of methylene chloride was added. After stirring this solution
for t h at -78 oC, a cold solution of alcohol 50 (3.58 g, 25 mmoles)
in 20 mL of methylene chloride was added by sy'ringe pump during
15 min. The solution was stirred for 3 h at -60 oC and then 1-1
mL of triethylamine was added. After being stirred for an ad-
ditional 10 min, the reaction mixture was allowed to warm to room
temperature, diluted with 50 mL of water, and filtered. The
filtrate was extracted with three 50-mL portions of methylene
chloride and the precipitate was washed three times with 20 mL
of water; the aqueous layer was extracted with methylene chkrride.
The combined organic phases were dried over MgSOa and con-
centrated by rotary evaporation at reduced pressure to yield a
mixture (3.0 g1 containing predominantly hydrates of a compound
identified as 51 by comparison of its lH NMR spectrum to that
reported;47 triethylamine and dimethyl sulfide were also present.
This mixture was used without further purification in subsequent
enzymatic reactions.

N-(rert-Butoxycarbonyl)prol inal (53). Compound 52 Q.0
g, 10 mmol) in 20 mL of methylene chloride reacted with a solution
of oxaiyl chloride (0.96 mL, 11 mmol) and dimethyl sulfoxide (1.56
mL,22 mmol) in 60 mL of cold methylene chloride according to
the method of Swern.32 After the addit ion of 3.5 mL of tr i-
ethylamine, the reaction mixture was allowed to warm to room
temperature and then 50 mL of water was added. Following
extraction with three 50-mL portions of methylene chloride, the
organic phases were washed with saturated aqueous NaCl, dried
over MgSO4, conC€ntrated in vacuo, and passed through silica gel
(eluant: hexane/ethyl acetate 1:1) to yield a pale yellow oil (1.8
g,9lTo). The rH NMR spectrum was in agreement with the
literature4 and indicated that two isomers were present: lH NMR
(CDCI3,  300 MHz)  6  9 .50 (s)  and 9.41 (d)  (1  H,  CHO),  4 . i -1  and

(4?) Becker, Y,; Eisenstadt, A.; Stil le, J. K. J. Org. Chem. 1980, 45,
2145 .

(48) Evans, D. A.;Takacs, J. M.; Hurst, K. M. J. Am. Chem. Soc. 1979,
1 0 1 , 3 7 r .

F l i s t ' h o l l r e r g e , r  e t  a l .

1 1 . 0 7  ( m ,  I  H .  m e t h i n e i .  l i . i ; r  : ' i . ; l t i  ( n r .  f  F I ,  N ( l H , t .  J . i : t  1 . , 1  i n r .

2  H , 2  C H r t .  l . - 1 i i  . i r r r 1  I  ; , i  { : .  ' : t  t l "  H o c i .
C y c l o p e n t a n a l d e h y ' d e  ( " i 5 ) .  . ' \  . o l t t l t o t t  t t f  l . 0  g  l i o  t t r t l t t l i

o f  cvc lopen tane t t re thano i  r . i . 1  tanc i  , "  t r - l  !  r i J  mtn r r l )o l  1 l r r r t l i r r i t tm
d ich romate3 i r  i n  25  m l ,  o f  t r re th r l t ' t r t ' ,  h i , , r i t l e  u ' l t s  s1  i r re ( l  r t l  r oo t t t

t e m p e r a t r . t r e  l i r r  i  d a 1  .  I ) i i t t t r o n  ' ' i i t i r  t ' 1 1 ' , ' 1  i , l ; r  r r r i , i .  f  i l t r . t i t ( , 1 1 .

a n d  p u r i f i c a t i o n  o r r  s i i r c a  g e l  ( e l t t u t t t :  h t ' r l t t t e  e l i i i ' l  a c e 1 , , 1 s .  l : . i l
p r o v i d e c l  1 ( ) i i  m g  i l \ c ' i , l , r f ' 5 5  u ' h o s r '  i H  \ \ l f  {  . J r t ' t ' l r l i r l i  r l l i r l ( ' h € ' ( l

t ha t  rep t l r t ec l . {e
N- (Benz1 ' l oxyca rbony l )a l l y ' l am ine  (57 ) .  . \  I  L  r .11111 i -

bot tomed f lask eqrr ipped wi th a nragnet i t 's t i r r ing bar rvas t  harger l
w i t h  i r . 7 ( ) g  ( 1 ( ) ( )  r t t n r o l i t r l ' a l l r - l a m i n e  ( 5 6 ) ,  1 5 0  r n l  o f ' q a t e r .  i l - l . ' r

g (25(t  nrnrol . )  of  pot ,assium carbot tate.  at td I50 in l ,  of  ethvl  a( 'etate.

The f lask u 'as cooled in an ice i tath and 15.7 ml,  (9 i t7r . l0 i  nt t r io l i

o l  benzl  l  lh iorolormate was adcl t rc l  dt r r i t ig  i l t )  mir- r  by usi r tg a
s r - r i nge  pu rnp .  A f te r  s t i r r i ng  a t  r ' ) ( ) rn  l empera tu re  f< t r  2  h .  t he

organi . '  prhase \ r 'cr :  sep&r i t ted and extracted twice wi th lO()-rn l ,
portions of 1 N H( i. once rvith 1(X) ml, of satttrrtted aqueous NaCl,

and  d r ied  ove r  \ l gS( )1 .  
' l ' he  

r :omb ined  o rgan ic  phases  rve re

c o n c e n t r a t e d  i n  r a ,  r r , ,  t o  - r . ' i e l d  1 8 . 5 9  g  ( 9 7 . i r  r n m o l . 9 i % l  o f  5 7

a s  a  c l e a r  o i l :  i F t  \ \ 1 l i  t ( ' l ) ( ' l ' , . ; J ( t 0  \ { H z )  i ' , . 3 , 1  ( m .  i r  H .  a r o -
r r r a t i c ) . ; 1 . 8 3  ( m .  1 l l .  r r r t ' t h i n c ) . , r . 2 1  i r . 0 , 8  ( m . 2  H .  ( ' 1 1 2 C H )

tpart ia l lv  ohsc'urer i  hv rnel  hviene per lk) ,  5.10 (s.  2 H, ( lH2Ph).  4.85
i b r s .  N H ) .  r i . , ! ( )  r r .  J  H .  ( ' H , N ] i r :  1 : r C  N N , I R  { C D C l r .  1 2 5  N I H z t

d  1 5 6 . 2 ,  1 3 6 . . 1 ,  1 : 1 . 1 . ; 1 ,  i i r . ; J .  l : b . 0 .  1 1 i . 3 . 6 6 . ( i . , 1 : l . i J .
A l te rna t i ve  Syn thes is  o f  : \  - (Renzv loxp ' ca rbon ] ' l ) am ino -

a c e t a l d e h y d e  ( 3 4 ) .  A  s o l t t t i ' , n  , , 1  . ' , . ( i t '  l l t i  t t t t t t o l )  o f ' 5 7  i n  2 5 0

mL o f  me th t ' l ene  ch lo r i< ie  z r t rd  i i  m l ,  r ' l  t ne lhano l  u 'as  t rea te r i

a t  -78  oC w i th  ozone  r tn t i l  a  pa le  b i r re  co lo r  y re rs i s ted .  Z inc  ( l ' l

g )  and  ace t i t ' ac id  (5  n r l - )  r ve re  then  adder i  and  the  reac t ion
mixture was st i r red overnight  and al lowed to warm to room

temperature. 
'Ireatment 

of starch -iodine paper rvith the reactiou

mixture showed that peroxides were not present. and the reactiot't

rn ixt t r re was f  i i tered and concentrated by ' rot .arv evaporat ion i t t
vacuo and Jrrr r i t ied on s i l i r :a gei  thexane/ethy ' l  acetate,  l :1)  to y ie ic l

1 .a6  g  (88% )  , r i  l ] . 1  a r  a t i  n i l ,  The  lH  N \ , ' lR  spec t rL lm matched
l  i r a t  o f  m a t e r i a i  : \ ' l r i  l r e : r Z r ' t l  l r o n l  3 3 .

N- ( te r f  -Bu tox l ' ea rbonr ' l ) a l l v lam ine  (58 ) .50 '51  A  500-mt ,

round-bot tomed f lask t r l r r ipJreci  rv i th a nragnet ic st i r r ing bar rvas

charged  w i th  2 .28  g  {  11 )  r r t r t . i o l )  r ' t  r r i l r i r t n r i t - i e  (56 )  and  1 ( ) .5  m l ,
(80 mmol)  of  t r iethvlamine t t t  2(x-r  tn l - , , t  r r r t ' thv iene <:hlor ide.  Af ter

coo l i ng  the  f l ask  i n  an  i t ' t ' f r r r t h .  d t - t ' r l - l r t t 1 - t ' l  c ' i r rbona te  (9 .6  g .4a

mmol)  was skrwh'added. i '  Af ter  l rerng.  . t i r rer l  overnight  at  rc lom

tempera tu re .  the  so lu t i on  \ \ ' as  r ' o r i t  €n t ra tec l  l t v  evap t l ra t i t rn  a t
reduced pressure and chrotnatographect or-i sil ic'a gel (hexane;'ethyl

acetate,  g: l )  to.v ie ld 58 ( l ) .88 g.  91(7c t :  r I l  NN' IR (CDCI3,  250 MHz)

6  5 . 8 2  ( r n ,  I  H ,  m e t h i n e ) . ; r . 2 0  i . { ) , : r  ( n r , :  H ,  C H 2 C H ) , 4 . 5  ( b r  s .

1 H ,  N - H ) , 3 . 7 2  ( t , 2  H ,  C H r N H ) ,  1 . - l ; i  r s , 9  H ,  B o c ) .
N  -  ( t e r t  - B  u t o x y c a r b o n y l  ) a m i n o a c e t a l d e h y d e  ( 5 9  ) . ;

Ozonoly 's is  at  -78 oC of  a solut ion of  2. i r ( )  g (15.5 mmol)  of '58 in

100 mL of  methylene chl<-rr idelmethanol  (9:1)  as descr ibed for
compound 34 fo l lowed b1'reduct ive workup wi th z inc (2 g)  and
acetic acid (2 mL) and concentration in vacuo 1,'ielded a pale .'.-ellow
oil. The oil was passed through a plug of sil ica gel (hexanei ethyl

ace ta te ,  1 :1 )  to  v ie ld  2 . .10  g .  $5%)  o f  59  as  a  c lea r  o i l ;  t he  o i l
ye l l owed  upon  s tand ing :  1H N l , {R  (CDC'1 r ,250  }1Hz)  , }  9 .61  (s .

r  H ,  C l H O r ,  5 . 2  t l r r  s ,  I  H .  N H ) ,  - 1 . 0 - i  ( d .  I  H ,  ( l H z ) ,  1 . 4 2  ( s ,  9  H .
B o c ) .

N-Acet1'laminoacetaldehyde (61 ). Acetvlation of allvlamine
(56) to r \ -acety la l lv lamine (60) fo l lowed the l i terature.5a Ozo-
nolvsis fo l lowed bv reduct ive rvorkup rv i th z int 'ers descr ibed for
compound  3J  p rov rded  61 .  r i ' h , r se  iH  \ \ IR  spec t rum was  con-

s i s ten t  r v i t h  tha t  repor ted  in  the  l i t e ra tu re . t ' '

, . 19 )  Rodr igL rez . . l .  ( i . ;  Ben i t , r .  \ ' . ;  
' l ' emprano .  F - . , / .  I l c te roc ' ' ' t  i .  ( ' hem.

19t i5.  2J.  120; .
(50) L 'omptxrnd 57 has uls, ,  i leet t  made f roni  t i r t 'a i lv l ic  seierr ide:  Shea.

R .  G . l  F i t z n e r .  ' 1 .  N . :  F a n k h a u s e r , , J .  F l . :  H , , p k i n s .  I ' . 1 1 . ^ 1  .  ( ) r c .  ( ' h e m .
1984. .19,  36.17.

( 5 1 )  H a n z l i k .  R .  f ' . :  
' l ' h t r m p s o n ,  S .  \ . . / .  . \ [ t c i  .  ( ' h + ' n r .  1 9 8 , 1 , 2 7 , 1 1 1  .

t52) For the use ol  d i - fer f -but1 ' l  d ic, i r l ionate:  \ ' l r , roder.  L. ;  Hai let t ,  A. ;
Wtrnsclr ,  E. ;  Kei ler ,  0. :  S 'ers in,  G. l l r . ,ppe-St ' - r le ' r 's  Z.  Ph; 's ioL.  Chem.
197 6,  357,  1651. Ci i rnmercia l ly '  avai ia i r le nrater ia l  (Aldr ich)  was used in
th i s  work .

(53) Thonrpson. S.  A. :  Andrews. I '  R. :  f ianzl ik ,  R.  I ' } .  J .  lv Ied.  ( 'ht ' rn.
1986. 2.9.  104.

r ; r4 )  S t i l l e .  J .  K . :  I l e i : ke r .  \ -  J .  ( ) r4 .  ( -h t ' ' r  1980 .  J ,5 .2139



Synthesis of  Tr iose Phosphate Anal<tgtres

3 - (Benzy loxy ) - l -bu tene  (63 ) .  A  so lu t i on  o f  sod ium hydr ide
(4.80 g of  r , - t \Vc dispersion.  1()0 mrnol)  in dry 'THF (60 mI-)  was
warmed to 45 o( '  in  an oi l  bath and benzyl  bromide (6.0 mL. 50
mmol )  was  added . i rd  : . 1 -Hvdroxvhu t -1 -ene  (62 )  (1 .08  g .  l 5  mmo l )
in THF (20 mL) w'as added dropwise dr . r r ing 20 min.  Af ter  being
heated ftir an additional 45 min. the reaction rnixture was allorved
to crrol t.o room temperat.ure and water was adcled unt,i l er.'olution
of  hydrogen ceased. The aqueous layer was separated and ex-
t racted twice wi th ether;  the combined urganic solut ions were
washed rn ' i th a saturaled solut ion o{ .NaCl.  dr ied over NIgSO,.  anr l
evapora ted  in  r -acuo .  Pur i f i c i r t i o r r  r l r  - s i l i ca  ge l  i he rane  e ih r l
a c e t a t e .  2 0 : 1 )  g a r - e  l . t i 2  g  t 6 7 ( ; t c i  t , t ' 6 i ] : 5 6  r H  N M I I  { i . ' i ) ( ' 1 , )  , !
; . - 1 [ ]  ; . J ( )  r r } ) .  i i  F { i .  

- , 8 3  
i d d d .  1  H ) . 5 . 3 t )  5 . 1 6  ( m .  J  H i ,  t . 6 t  t d .

1 H ) , - 1 . { i  t d .  i  H ) .  i : i . 9 r  ( m .  1 H ) ,  1 . 3 : t  ( d . 3  } I ) .
2 - (Benzy loxy )p ropana l  (64 ) .  Ozone  was  bubb led  thn rugh

a  s o l u t i o n  o { ' 6 1 }  ( 1 . 1  g . 7  m m o l )  i n  1 0 0  m l ,  o f  m e t h r . l e n e  c h l o -
r i de /methano l  (9 : l  )  a t  -78  "C  un t i l  t he  so lu t i on  rema ined  h lue .
After purgir-rg u,ith oxvgen. I .0 mL of dimetlir,, ' l  srrlf ide was added.
When  s ta rch  ioc i i de  paper  i nd i ca ted  tha t  no  pe rox ides  rve re
preselr t ,  the sol t r l i r ) l . l  wns t :oncentrated in vacuo and Jrrr r i f ied i rv
chromatographr '  (s i l ica gel .  l rexanel 'eth-v l  acetate,  3: l  )  to g ive 0.82

s ,  (1 I% )  O f  64 :5 ;  lH  NMR (C I )C l , r .  250  MHz)  6  9 .65  (d .  J  =  2 t l z .
1  H ) ,  7 . , 1 0 - 7 . 2 5  ( m ,  5  H ) .  4 . 6 . 1  ( d ,  J  =  1 2  H z . 1  H ) .  . 1 . 5 8  ( d ,  J  =

7 2 H z . l  H ) , 3 . 8 8  t q d .  J  = 7  H z . ' 2 H z .  l  H ) .  i . 3 l  ( d . 7  H z . 3  H ) .
3-Phenyl-3-h-"'-drox1'propene (66).,,\ solution of henzaldehl'de

(65 )  (2 .55  mL.  i i r  mmo l )  i n  THF t60  mt , )  r vas  coo ied  to  -78  oC

and .15 mL of  1.0 M solut ion of ' r ' inv lmagnesirrm hromide in THF
was added dropwise.  The mixture was alkrwed to rvarm t( )  r (x)m
temperature and thetr  75 mL of  a salr r rated soiut ion o1' l r i l r t r i runat t ,
was  added .  The  r€ l r r - t i on  n t i r l r r re  \ \ ' l t - r  t ' r l t e re r l  i l t i l  i i r t , i t t J r i p ( ' us
f i l t r a t e  w a s  e x l r a t ' l e t l  l r r ' i t t ' ' . r ' i l l l  1 r i  n r l . l r r , r . 1 , q r y 1 -  1 r i  .  J l 1 1 . r '  I ' l t t .
c o t n h i n e d  r i r g a r t i t  I h r r s i ' s  \ \ e l ' ( - \ \ i r . h e r l  t h r e , :  t i r l r ( , . ' , r r t i r  l l  n r l ,
o f  sa t t r ra ted  Na( '1 .  r l r i e r l  r i ve , r  \ l gs ( ' ) , .  ru td  e . , ' apo ra tec i  i r t  vac ,uo
to  v ie ld  1 . l l  g  o f  I  r -e l l , r r v  l i l  ( ' h r ,n ia tog raphv  (s i l i ca  ge l .  i r ex -
a n e ' e t h r l  a r ' e t r i t e .  1 : 1 t  1 r r , r ' i d e r l  2 . 1  g  ( 6 3 % \  o t ' 6 6 ' i 8  i H  N \ , I I i
( c D C l i . : 1 0 0  \ { H z )  ; ; . 1 ( } - ; . ' l ;  r m . 5  H ) . 6 . 0 ?  { d d d .  1  H ) . 5 . 4 0 - 5 . 3 4
( r n .  1  H ) .  , i . 2 - 1  , i . 1 9  ( r n .  I  H ) .

3 -Pheny l -3 -methoxypropene  (67 ) .  A  so lu t i on  o f '  sod ium
h-vd r ide  (0 .50  g  t f  50% d ispers ion  in  o i l ,  10  n in ro l )  i r r  dn " fHF
(6  mL)  was  warmed  to  45  "C  in  an  o i l  ba th  and  rne f  hv l  i od ide
(0 .60  mL.  9 .7  mmol )  u .as  a r l r l e r l . ; ' 6  A lcoho i  66  i l l . i t l  g )  i n  TH! -
( l l . ?  m l , )  u 'as  added  d rop rn - i se  r l r r r i ng  a  l 5 -m in  pe r ioc i .  A f te r  a
f ' u r the r  ,15  m in  o f  hea t ing ,  the  reac t ion  n r i x tu re  was  a l l ou -ec l  t t ,
r : o< l l  t o  room tempera tu re  an r l  t hen  $ 'a te r  was  a , , l ded  d rop lv i se
r. rnt i l  er 'o l r r t ion r i f  hvdrogen ceased. 

' I 'he 
aqueous laver \ f  i ls  sep-

a ra ted  i rnd  t x t rac ted  tw ice  w i th  e the r ;  t he  comb ined  o lgan ic
solut ions then rvere rvashed rv i th saturated aqueous NaCl,  dr ied
over MgSO..  and concentrat .ed in vacu() .  Pur i f icat ion on s i l ica
gel (20:1 hexane,i eth-vl acetate) gave 0.i18 g, G1% ) of 67:5e lH NMR

(55)  Lew is ,  C .  A . .  J r . ;  Wo l fenden .  R .  B io t ' hemrs l r - r  1977 .  16 . .1886
(56) Beger. .L:  Duschek,  ( ' . :  F i ie l lh ier .  H. ;  Gaube. W . / .  f ) roht .  ( -hem

1 9 7 5 . 3 1 6 .  2 6 .
(57 )  Taka i ,  K . :  Hea thcock .  C .  H .  J .  Org .  Chem.1985 ,5 ( / ,
(58) Rautenstrauch.  \ ' . :  Rr ichi .  (1. :  Wi iest .  H.  J.  ,1nt .  ( 'hcryt

96 .25 i6 .
(59 )  Har t .  H . :  B rewbaker .  J .  1 , .  J .  Am.  ( ' hen t .  Soc .  1969 .  91 .

J Org Chem.,  Vo l .  53,  No.  15,  1988 3465

(( - 'Dc l i r ,  300 MHz)  6  i .40-7.25 (m,  5  H) ,  6 .00-5.90 (m,  1  H) ,
5 .35 -5 "28  (m .  2  H ) ,  4 .65 -4 .6 I  ( b r  d ,  I  H ) ,  3 .35  ( s ,  3  H ) .

2-Methoxy-2-phenylethanal (68).uu A solut ion of 67 (0.49?
g, i i .4 mmol) in 10 mL of methylene chloride/methanol (9:1) was
cooled t<' -lR "('. treated with ozone, and worked up as described
for coml;onnd 64 to give 0.30 g (60% ) of 68: lH NMR (250 MHz)
r5  9 .58  ( r l , . . J  =  1 .7 .  1  H ) .  i . 4 l - 7 .32  (m ,5  H ) ,4 .63  (d ,  J=  1 .7 ,  1H) ,
3 .411 (s .  l l  H i .

2-Azidoacetaldehyde (70). A solut ion of acetal 69 (1 g, 7.6
mmol)  in  a  s t i lu t ion o f  acetone (3  mL)  and water  (0 .5  mL)  con-
taining appr<iximatel5r 20 mg of p-toluenesulfonic acid was allowed
to stand at room temperature for 2 days. Analysis by gas chro-
matographv indicated one product; the aldehyde concentrat ion
w'as deterrnined to be 1.04 mmol by the Wil lstaedter-Schudel
alkaline iodicle method.37'38 The material was used for enzlrmatic
assav zrnd was not further puri f ied.

2-Chloroaceta ldehyde (72) .  A mix ture o f  aceta l  7 l  A mL,
i l5  mnro l ) .  water  ( j1 .5  mL) .  and I  N HCI  (0 .5  mL)  was heated tcr
9( )  oC in  an o i l  bath .  The two-phase svstem became c lear  and
h()nr()genous after t  h. The temperature of the oi l  bath was raised
arrd a fract ion dist i l l ing at 80-95 oC rvas removed. The residue
was neutralized bv the addition of 1 N NaOH. This material was
used for enzl 'matic assay without further puri f icat ion.

2-Bromoacetaldehyde (74). A st irred mixture of bromo-
acetaldehl 'de acetal 73 Q4.8 g, 147 mmol) and concentrated
sulfuric acid (0.5 mL) in 40 mL of water , ' 'as heated to 100 'C

on an oi l  bath for 2 h. Addit ion of I  N NaOH to this solut ion
raised the pH to near pH 5, and the volume was adjusted to 100.0
nr i .  i ' r '  the addi t i< ln  e f  rvat€r .  T i t ra t ion wi th  12/NarSror t t t t
r l t . te rnr inec l  1 |1p 11rnt  r?nt ra t ion o f  the a ldeh-r "de to  be 1.51 mmoi .

Reg i s r r . r  \ o  l .  l ; ! r j i . i  : ( i - l :  2 .  111 ;90 -16 -8 :  3 .  114790 -17 -9 ;
J  l i  i , i f r r - i : r  l .  , 5 .  1 1 - 1 ; ! ) ( l - J 0 - - 1 :  { . i .  l ! } ' q 1 o - 3 1 - 2 : 7 . 1 1 4 7 9 0 - 2 1 - 5 ;  8 ,
l  l -1 ;9o- lJ - { j :  f .  i  l t r ;9( ) -2 ; i - i :  10.  1  14;90- '1 ,1- .e :  1  1 .  1  1-1790-26-0:  12.
I  l - 1790 -2 ; -  1 :  t . -  l i ] .  56 - , 11 -7 :  D - l  3 .  338 -69 - l :  i  S ) -  I  1 .  331  06 - :12 -0 :
( f i ) - 14 ,  100836 -85 -9 ;  15 ,  8297? -93 - l l :  16 .  I  1 -179 ( ) -28 -2 :  17  ,
11479t ) -29- l l :  18.  1  14790-30-6:  19.  7397-62-8;  20.  1  14?90-31-7;  21,
I 05459-05- t), 22. i 8826-45-6 ; 23, 714i 90-32-8; 24, 1 14819 - 62- 1: 25,
1 l '1790-33-9; 26, 1 14790-34-0 ; 27, 17 77 6-i  i  - l :  28, 1 14790-35- 1 ; 29,
1 14790-36-2; 30, 114790-37-3; 31, 114790-38-4; 32, 22483-09-6; 33,
114790-39-5;  34,  67561-03-9;  35,  57-48-7;  36,  114790-40-8;  37,
1 14882-9 1-6; 37 (3- O-mesy'late), 1747 90- 47 -5; 38, 1 148 82-92-7 ; 39,
I 1.1790-1 1-9: 40, 10512 1-51 -5; 40 [ (2,.1-dinitrophenyl)hydrazone],
I  i ,1790-48-6:  l l ,  10300-97-7:  42,114790- ,12-0;  43,  75828-9 i -6 ;44,
I 14790-.13- I  ;  -1,1 [ (  2.4-dinitrophenl ' l )h1'drazone], 1 14790-50-0; 45,
78 -85 -3 ;  45  [ ( 2 . . 1 -d in i t r ophenv l )hyd razone ] ,  5077 -73 -6 ;  46 ,
2 i155: l -21-1:  17.  L  11?90- ,1-1-2;  {8 .  11 '1?90-45-3 i  48 [ (2 ,4-d in i t ro-
phenv l )hvdrazonel .  I1 .1790-49-7;  {9 .  23356-96-9;  50,  66158-68-7;
51.  73323-64-5;  52.  59378-81-3;  53,  59378-82-4;  54,  3637-61 -4 ;  55,
872-53-7: 56, 107-1 1-9; 57, 5041-33-8; 58, 78888-18-3; 59, 8971 1 -08-0;
60,  692-33-1;  61,  64790-08-5;  62,598- :12-3;  63.  i ;3329-00-3;  64,
5 i1346-05-7;  65,  100-52-7;  66,  .1393-06-0:  67.  22665-13-0;  68,
19190-53-5;  69,  l l4 i90- .16-4;  70,  67880-11-9;  73.  i252-83- ' i ;  74.
17157- .18-1;  FDP a ldo lase,  9024-52-6;  71.9 i -97-2;  72,  107-20- t l .

, i ,u f  r+*-. El H.

r 9 7 1

,  I  t ) .
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