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c-Amiuo Aldehyde Equivalents as Subetratee for Rabbit Muscle Aldolase:
Syntheeis of 1,4-Dideoxy-o-arabinitol and

2(A ),5(B )-Bis(hydroxymethyl)-3(B ),4(B )-dihydroxypyrrolidine
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This worl eramined the application of rabbit muecle aldolEse (RAMA) to st€reo€pecific carbon-arbon bond
fotmation in the pt€psation of carbohydrates containing anino group* Several a-amino aldehyde equivalents
were evaluat€d as Eub€trata8 for RAMA and for their synthetic utility in transformations followinS the aldol
reaction. This methodology is illurtrated by the syntheses of the pynolidine alkaloids 1,,1-dideoxy-D-atabinitol
and 2(R),5(R)-bis(hydroxynethyl)-3(8),4(R)-dihydroxypyrrolidine. The kinetic resolution of racemic aldehydes
by RAMA and mild methods for trangforming tlle arnino equivalents into tlre d€qired amines are discussed briefly.

Introduction imino-o-arabinitol (l), and 2(8),5(R)-bis(hydroxy-
Polyhydroxylatcd amines have attracted attention for methyl)-3(R),4(fi)-dihydroxypyrrolidine (2)l inhibit several

their activity as glycoeidase inhibitors, with potential
pharnaceutical. a_pplicatione as antibiotic. and. antitumor
agents.r Pyrrolidines [e.g., swainsonine, 1,4-dideory-1,+ x.; rtoet, c. w. i. Binne;.',l icsl, in5,iii.---

0022-3263 | 91 | 19ffi-3849$02.50/0 @ 1991 American Chemical Society



3850 J Org. Chem., Vol. 56, No. 12, 1991

Scheme I. Equivalente of a-Amino Aldehydes That Are
Known as Subetrates for RAMA

Slow reaction
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Previous studies have shown that a small number of
d-amino aldehyde equivalents are substrates for RAMA
(Scheme I),r? but that their rates of reaction rue too slow
to be synthetically useful. Unprotected amino aldehydes
are generally impractical as substrates because they are
self-reactive. Preliminary data, along with a crystal
structure at 2.7 A, also suggest that a positively charged
ammonium ion would bind poorly in the postively charged
active site of RA14r4.s't3 Among the protected aldehydes,
only the adduct formed from N-(carbobenzyloxy)amino-
acetaldehyde and DHAP has been adequately character-
ized.1 Other protected amino aldehydes have been tested
with the enzyme and found not to be substrates, with only
products of  decomposi t ion observed. 1a

A range of data suggests that RAMA prefers, as sub-
strates, aldehydes that have small substituents in the
a-position.s We hypothesized that small groups such as
azide and formamide would be accepted by the enzyme
at synthetically practical rates. The ease of preparation
of the a-substituted aldehyde and the utilitv in synthesis
of the aldol product derived from it are also important in
determining usefulness in synthesis. Not only should the
amino equivalent serve as a substrate for the enzy.rne with
a useful rate, but it should also be readily transformed into
the desired amine.

We chose two pyrrolidine alkaloids, 1,4-dideoxy-1,4-im-
ino-n-arabinitol ( 1) and 2(R),5(R)-bis(hydroxymethyl)-3-
(R),4(R)-dihydroxypyrrolidine (2) as the targets to test our
synthetic methods. The syntheses of the piperidines de-
oxynojirimicin and deoxymannojirimicin using RAMA with
d-azido aldehydes have been reported.Ta'lr Pyrrolidine I
has been previously synthesized enzymatically by using a
thiamin-dependent transketolase to construct interm ed iate
4s or by using aldolases with N-(carbobenzyloxy)amino-
acetaldehyde.T'to Here, we report an efficient route to the
key intermediate 4 using RAMA. The C2-symmetric six-
carbon pyrrolidine 2 has been prepared previously from
both o-fructose and l-sorbose by classical carbohydrate
methods.15 Our work showed that RAMA catalyzes the
formation of the desired p)'ranose from achiral starting
materials. The routes to I and 2 formally require no
protection and deprotection steps (although an acetonide
is formed en route to 2 to improve separation of two dia-
stereomers by chromatography).

The kinetic resolution of a-hydroxy aldehydes bV RAMA
has been documented, but the utility and limitations of
this method have not been well-defined.s'8,1r We also
wished to use the synthesis of 2 to explore the ability of
RAMA to resolve racemic a-nitrogen-substituted alde-
hydes. In fact, the levels of diastereoselectivity observed
were low, and the diastereomer required for the synthesis
of 2 was the minor product. Nonetheless, this synthesis,
in combination with various reductive strategies, illustrates
an efficient methodology for stereospecifi c carbon-carbon
bond formation in the preparation of polyhydroxylated
amines.

Results

Preparation of Aldehydes. We have found that the
ozonolysis of olefinic precursors generally provides the
most convenient route to the aldehydes required as sub-

(13) Sygusch, J.;Beaudry, D.;Allaire, M. Foc. Nat| Acad. Sci. U.S.A.
l9E7, 84,7846.

(14) T'he adduct of N-(carbobenzyloxy)aminoacetaldehyde and DHAP
has been converted to the known compound l. See ref 7.

(15) Billhardt, U. M.; Whitesides, G. M., unpublished reeults.
(16) Fleet, G. M. J.; Smith, P. W. Tetrohedron Lett. 1986, 26, L469.

Card, P. J.;Hitz, W. D. J. Org. Chem.1985,50,891.

9Hr H

A.NH+o aricxo
H \_NAc

No reaction

BocNH
H

CbzNH AFO

H

p,?

\aoarrott
t l

xosf"'nn..
OH

?"
,oatto

NHBoc

9H,

olctto
)1NBoc/ l

9H'
,\-cHo

- . '

h-NBoc
o

a- and B-glucosidases and mannosidases with values of ID56
{the concentration for 507o inhibition) below 10 pffi.z-r
Piperidines (e.g., deoxynojirimicin and deoxymanno-
jirimicin) exhibit similar activity.2

1 2

This work demonstrates the application of rabbit muscle
aldoiase (RAMA, EC 4.1.2.13, fructose-1,O-diphosphate
aldolase) to the synthesis of polyhydroxylated amines.
RAMA catalyzes the stereocontrolled aldol condensation
of dihydroxyacetone phosphate (DHAP) with aldehydes
and affords (3S,4R)-a-keto phosphates. The enzyme has
been used previously to prepare polyhydroxylated com-
pounds, including amino sugars.tslr The best method for
incorporation of nitrogen in RAMA-catalyzed reactions has
not, however, been systematically investigated. We have
examined several aldehydes having protected nitrogen in
the a-position, in order to establish effective strategies for
their incorporation into the keto phosphate and for pro-
tection/deprotection in this position (eq 1).12
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Table I. Rclative Rates for the RAMA-Catalyzed Reaction
of Aldehyde XCHTCHO with DIIAP _

PiOCH2CHOHb'' 1oo
HCONHb 15
Nr' 10
cHscoNHb,d 5
BocNHd 2
CbzNHdP 1

" [Aldehyde] = 50 mM; [DHAP] = 45-50 mM; [RAMA] = t0
units/mL. bReaction complete within 10 min. 'D-Glyceraldehyde

3-phosphate. dReference 5. "Reference 7.

scale reactions to afford the corresponding keto phos-

phates.
Synthetic Applications. Although the formamide was

kinetically superior to the azide as a substrate, the azide
is more useful synthetically because it is more readily
reduced to the desired amine. Using the azide as starting
material, we developed syntheses of the pyrrolidine alka-
loids 1 and 2 (Schemes II and III). lH and 13C NMR
spectra of the pyrrolidines corresponded to those previ-
ously reported.2o'21

Azidoacetaldehyde (9) was obtained by the ozonolysis
of cinnamyl azide. The RAMA-catalyzed reaction of
azidoacetaldehyde (9) with DHAP, followed by dephos-
phorylation with acid phosphatase, afforded the key in-
termediate 4 in the synthesis of 1,4-dideoxy-1,4-n-
arabinitol. Hydrogenation in the presence of palladium

(20) Nash, R. J.; Bell, E. A.; Williams, J. M. Phytochemistry 1985,24,
1620. Jones, D. W. C.; Nash, R. J.; Bell, E. A.; Williams, J. M. Tetra-
hedron Lett. L985, 26, 3L25.

(21) Welter, A.; Jadot, J.; Dardenne, G.; Marlier, M.; Casimir, J.
Phytochemistry 1976, 15, 7 47.
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strates for RAMA.I? The ozonolysis of allyiic azides,
however, is complicated by the tendency of these olefins
to exist as an equilibrium mixture of two isomers, inter-
converting by facile [3,3] sigmatropic shifts at room tem-
perature.ls'le Ozonolysis of this mixture generates four
aldehydes. Conjugation of the allylic azide to a phenyl ring
successfully shifted the equilibrium in favor of the desired
alkene (eq 2). In these conjugated systems, only a single
isomer was detected bv tH NMR.
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Kinetics. The kinetic data for simple a-substituted
acetaldehydes confirmed that RAMA prefers sterically
unhindered nitrogen equivalents in the aldehyde (Table
I). The rates of the reactions were foUowed by monitoring
the disappearance of DHAP versus time.E Both the azido-
and N-formamido acetaldehydes reacted rapidly enough
to be synthetically practical equivalents for preparative-
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Table II. Kinetic Diastereoselectivity of RAMA

Hung et al.

epimerization and equilibration for each of the three
substrates. Although RAMA exhibited no kinetic selec-
tivity for aldehyde 13, in preparative-scale reactions, partial
equilibration occurred in favor of the 55 diastereomer.
Useful ratios (>4:1) of 5S to 5ft epimers can be achieved
by increasing the concentration of enzyrne and prolonglng
reaction times.

Deprotection of the Protected Amine. While the
azide may be reduced to the amine by a variety of mild
reagents including hydrogen, phosphines, and thiols,% the
simple amides require more strenuous deprotection con-
ditions. Using N-formyl-1-amino-1-deoxy-l-xylitol (24)
(prepared by reduction of the corresponding xylulose 23
with t -iditol dehydrogenase and formate dehydrogenase
as an NADH regeneration system)6 as a model compound,
we surveyed various conditions for deprotecting the amide
to afford the amino polyol2S (eq 3). (It was necessary to
use 24 rather than 23 because 23 was too reactive to strnrive
some of the reaction conditions surveyed.)
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HO
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5:95o
50:50D
75:25b
70:300

oThe 5R diastereomer, D-fructose 1,6-diphosphate, exists prima-
rily as the furanose in solution.6 bAs each reaction proceeded, the
initial ratio of 5s:5R diastereomers increased due to variable rates
of epimerization of aldehyde and equilibration toward a thermo-
dynamic ratio of products.

hydroxide on carbon (Pearlman's catalyst) furnished the
desired pyrrolidine in high yield, with less than 10% of the
undesired epimer at C-2. This undesired epimer can be
removed by recrystallization of the hydrochloride from
methanol/ether.e

While the simple azidoacetaldehyde provided a
straightfonilard route to its corresponding pynolidine, the
analogous synthesis of 2 required a chemical separation
of the 5rt and 55 ketoses formed by the aldol condensation.
Methylenation of trans-cinnamaldehyde with dimethyl-
sulfonium methylide furnished the conjugated allylic ep-
oxide 11.22 Nucleophilic opening of the conjugatea aUyii.
epoxide ll with sodium azide to yield 12 and subsequent
ozonolysis provided aldehyde 13 for the RAMA-catalyzed
reaction with DHAP (prepared in situ from fructose-1,6-
diphosphate and triose phosphate isomerase)E to produce
a 1:1 mixture of C-5 epimers.a After dephosphorylation,
conversion of the diastereomeric mixture to L,2-acetonides
facilitated chromatographic separation. Acid hydrolysis
and reduction of the 5R ketose 14 cleanly afforded the
C2-symmetric pyrrolidine 2.16

Diastereoselectivity. Introduction of nitrogen at a
chiral a-center presented the possibility of kineiic reso-
lution of the aldehyde by RAMA. A series of a-substituted
p-hydroxypropanals were examined (Table II). The N-
acylamino aldehydes were prepared from azide 12 by a
three-step^.sequence of reduction with triphenyl-
phosphine,2a acylation, and ozonolysis. The ratios of bR
to 55 diastereomerc were determined by lH and 31P NMR
spectroscopy. The configuration of the major dia^stereomer
of each RAIVIA adduct was assigned according to lH NMR
coupling constants of each pyranose following dephos-
phorylation. While the enzyme showed no kinetii aia-
stereoselectivity between the (28)- and (2S)-azido-B-
hydroxypropanals, RAMA did exhibit a preference for the
2,S colfiguration of the amides. The 25 atdehyde yielded
the all- equator ial, thermodynam ically preferred pyranose.
In contrast, the natural substrate n-glyceraldehyde B-
phosphate has the B configuration, affoiding n-fructose
1,6-diphosphate. Although one might postulate a steric
explanation for selectivity, a shift to the larger acetamide
did not result in a significant increase in kinetic diaster-
eoselectivity beyond that achieved with the formamide.
At higher percentages of conversion of aldehyde, the
analysis became complicated by the variable 

-rates 
of

I D H / N A D H

F D H / N a H C 0 2

HCI/H2O or tl-,,\A-o" (3)

(22) Corey, E.J.; Chaykoveky, M. J. Am. Chem. Soc. 1g65,82, lgbg.
. (23) Prolo-nged incubation with RAMA after compretion of the reac-

tion..resulted.in^ slightly- higher ratios of bs:5R diastereomen upon
equilibration in favor of the thermodynamically preferred equatoriai 5s
azide.
_-(24) Vaultier, M.; Mnouzi, N.; Carrie, R. Tetrahedron Lett.lggg,24,
763.

LiooH/H2o/THF

r
frr"r-jlt of the amide with aqueous acid at pH 1 at

room temperature for 36 h cleanly yields polyol25, whose
tH NMR spectrum was indistinguishable from that of the
D enantiomer.r At pH 3, the same amide is stable for over
24h. Oxidative cleavage in 10% aqueous hydrogen per-
oxide at 60 oC for 24 h afforded only a 507o yield of the
desired compound, along with both starting material and
products of decomposition.% These oxidative conditions,
however, failed to cleave N-formylethanolamine. Nu-
cleophilic cleavage with lithium hydroperoxide in aqueous
THF for 18 h furnished 25 as the free amine in modest
yield (47 %) following purification by ion-exchange chro-
matography." Under these mildly basic conditions, n-
mannose epimerizes to n-glucose less than L\Vo.30 Hy-
drogenolysis of the amide 23 in acetic acid at 1200 psi
directly afforded pyrrolidine I in 30% yield, along with
products of decomposition.st Although amide 23 was
successfully cleaved, the imine resulting from treatment
with lithium hydroperoxide could not be isolated from the
reaction mixture. The results of this brief survey suggest
that, for systems that can withstand strongly acidic con-
ditions, aqueous acid provides a convenient method for
deprotection of simple amides. For more sensitive com-
pounds, cleavage with lithium hydroperoxide serves as a

(25) Scriven, E. F. V.; Turnbull, K. Chem. Reu. l9tt, 88, 351 and
references therein.

(26) Chakrovorty, M.; Veiga, L. A.; Bacila, M.; Horecker, B. L. J. Biol.
Chem. 1962, 237,1014. Chenault, H. K.; Whitesides, G. M. Appl. Bio-
chern. Biotechnol. L987, 14, 147.

(27) Blanc-Muesser, M.; Defaye, J.; Horton, D. Carbohydr. Res. l9?g,
ffi, L75.

(28) Loese, G.; Zonnchen, N. olusfus Leibigs Ann. Chem. 1960, 636,
140.

(29) Evans, D. A.; Britton, T. C.; Ellman, J. A. Tetrahedron Lett.19t7,
28,6L41. BHT-stabilized THF was used to avoid side reactions involving
radicals.

(30) Lithium hydroperoxide in aqueous THF catalyzed the isomeri-
zation of mannme to glucoee and fructoee with a half-life of 69 h. [n pure
aqueous solution, hydroperoride degrades carbohydrates to formic acid.
Isbell, H. S.; Frush, H. L.; Martin, E. T. Ccrbohydr. Res. lg7g, 26,287.
Isbell, H. S.;Czubarow, P. Carbohydr. ftes. lgg0, 203,287. This degra-
dative pathway was not observed when THF was ueed as a cosolvent.

(31) Loese, G.; Nadolski, D. J. Praht. Chem.1964, 24, 118.
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milder mode of deprotection.

Discussion

The sterically unhindered azido and N-formylamino
aldehydes display a marked kinetic advantage over ana-
logues having larger N-protecting groups in the RAMA-
catalyzed aldol condensation. Improved yields reflect this
kinetic advantage. Accompanylng this rate enhancement,
however, is a decrease in the kinetic diastereoselectivity
in analogous chiral aldehydes by the enzyme. In the series
of a-substituted p-hydroxfpropanals, the kinetic selectivity
shifted from the R configuration of the natural substrate
to the thermodynamically favored S configuration. While
thermodynamic selectivity rrray be improved in principle
by increasing the size of the a-substituent, this selectivity
is ultimately limited by the enzyme's kinetic preference
for small, polar substituents.

The simplicity and convenience of the azide as the amino
equivalent have been demonstrated by the efficient
syntheses of 1,4-dideoxy-1,4-imino-n-arabinitol and 2-
(R) ,5 (R)  -b is  (hydroxymethy l )  -3  (n ) ,4  (R)  -d ihydroxy-
pyrrolidine. Although the enzyme failed to resolve al-
dehyde l3 kineticdly, , simple separation provided access
to both diastereomers in reasonable yields. The yield of
the thermodynamically preferred diastereomer can be
markedly improved under equilibrating conditions.

We have extended the well-established carbon-carbon
bond forming strategy of rabbit muscle aldolase to sub-
strates bearing a-amino equivalents on the aldehyde
reactant. Our methodology, in combination with aldolases
having other stereochemistry,s2 provides rapid entry into
a series of novel amino sugars.

Experimental Section
General. NMR chemical shifts are reported relative to acetone

and CHCI3 (1H) and CH3OH, DMSO-d6, CDCIa (r3C) as internal
standards and phcphoric acid as an external standard (3tp). The
enzymes rabbit muscle aldolase (EC 4.1.2.13), alcohol de-
hydrogenase (EC 1. 1. 1. 1), a-glycerophosphate dehydrogenase (EC
1.1.1.8), l- iditol (polyol) dehydrogenase (EC 1.1.1.14), triose-
phosphatc isomerase (EC 5.3.1.1), and acid phosphatase (EC
3.1.3.2) were purchased from Sigma Formate dehydrogenase (EC
L.2.L.2') was purchased from Boehringer Mannheim. Enarme units
are defined in micromoles/minute for the natural substrates.
Ethyl formate was supplied by MCB Chemicat. All other reagents
were obtained from Aldrich. Dihydroxyacetone phosphate was
prepared by following the method of Effenberger and Straub.s

N-Formylallylamine (5). Allylamine (8.b? g,0.1b mol) was
refluxed with ethyl formate (13.3 mL, 0.1? mol) for I h.il The
volatiles were removed in vacuo. The residue was distilled to
afford 11.04 g (86%) of the amide 5 as a clear, colorless liquid:
!p_e,Q_S 

oC (0.4 mm); lH NMR (250 MHz, CDCU 6 8.tb (s,i H,
NCHO), 6.24 (br s, I H, NI{), S.8b-5.72 (m,1 H, HC:CHr),
5.23-5.08 (m,2 H, HC:{&),3.86 (m, 2H,CH2);tf NMR (68-.0
MHz, CDCI') d 161.1, 133.0, 11b.4,3g.g; IR (neat) 1666, 1bB4 cm-r.
Anal. Calcd for CaHTNO: C, b6.4b; H, 8.29; N, 16.46. Found:
C,55.96; H, 8.23; N, 15.94.

Cinnanyl Azide (6). Sodium azide (0.94 g, 14.b mmol) in
water (5 nL) was gently refluxed with cinnamyl chloride (1.02
g, 6.48 mmol) in acetone (f0 mL) for I h. The acetone was
removed in vacuo. Water (15 mL) was added, and the mixture
was extract€d with methylene chloride (g x Zb mL). The organic
extracts were dried with Na2SOa, filtered, and concentrated to
yield a yellow liquid. The crude azide was purified by flash

chromatogr",r,,l;i'; :k:i", j 
"l;J"' ],l,J::

S (94Vo) of cinnamyl azide as a clear, colorless liquid, whose lH
NMR spectrum was indistinguishable from that reported pre-
viously.s

N-Acetylallylamine (7). The amide 7 was prepared from
allylamine and acetic anhydride according to the method of Stille
and Becker.ffi

N-Formamidoacetaldehyde (8), Azidoacetaldehyde (g),
and N-Acetamidoacetaldehyde (10). The aldehydes 8-10 were
prepared by the ozonolysis of the corresponding olefins. The olefin
was treated with ozone at -78 oC in a solution of 4:1 methylene
chloride/methanol. After reduction with dimethyl sulfide (10
equiv), the aldehyde was purified by flash chromatography. 8:
(silica, CHgCN); tH NMR (300 MHz, D2O) 6 8.0? (s, 1 H, NCHO),
LOg (t, 1 H, J = 5.3 Hz, CH(OH)il, 3.32 (d, 2H, J = 5.3 Hz, CHr);
t3C NMR (100 MHz, D2O) d 165.6, 89.1, 44.5. 9: (si l ica, 1b:1
CH1CL2|CH"OH); tH NMR (500 MHz, D2O) d 5.15 (t, I H, J =
4.8 Hz, hydrate), 3.33 (d, 2 H, J = 4.8 Hz, CH2N); r3C NMR
(CD3OD, 100 MHz) 0 98.0,55.6. l0 (silica, CH3CN): spmtral data
were in agreement with that previously reported.r?

Kinetic Assay of a-Substituted Acetaldehydes. The rate
of the RAMA-catalyzed reaction with each aldehyde was followed
by monitoring the loss of DHAP, as described by Bednarski et
al.5 The aldehyde concentration was determined by assay with
alcohol dehydrogenases? and by tH NMR. The rate coefficients
for the disappearance of DHAP were calculated for pseudo-
first-order plots of ln [DHAP] versus time.

5-Azido-5-deoxy-o-xyluloee l-Phosphate (3). a-Azido-
acetaldehyde (9) (273 mg,3.21 mmol) was added in two portions
to a solut ion of DHAP (1.54 mmol) in water (14 mL), adjusted
to pH 6.8 with 1 N NaOH. The solution was purged with argon.
The reaction was initiated with RAMA (tOO units) and stirred
at room temperature for 24 h. An aliquot (300 pL) was lyophilized
for analysis. The remaining keto phosphate was dephosphorylated
with acid phosphatase without purification: rH NMR (300 MHz,
D2O) 6 4.71 (dd, 1 H, J = 18.7 Hz, Jp-s = 6.3 Hz, H-1), 4.59 (dd,
I H, J = 18.7 Hz, Jp-11= 6.7 Hz, H-1'), 4.49 (br s, 1 H, H-g), 4.27
(m, 1 H, H-4), 3.49-3.41 (m, 2 H, H-5 and H-5');31P NMR (l2b
MHz, pH 6.4, H2O) D 2.76 (t, J = 6.5 Hz).

5-Azido'5-deoxy->xylulose (a). The solution containing the
crude 5-azido keto phosphate 3 was adjusted to pH 4.8 with 1 N
HCl. Acid phosphatase (76 units) was added, and the reaction
mixture was stirred at room temperature. After 24 h, the hy-
4rolysis of the phosphate ester was complete as determined by
3tP NMR. The reaction mixture was concentrated in vacuo, and
the residue was purified directly by flash chromatography (silica,
4:1 CH2CI2/CHgOH) to yield 211 mg (78% overall from aldehyde
9) of 4 as a yellow foam: rH NMR (500 MHz, D2O) 6 4.65 (d, 1
H, J = 19.5 Hz, H-1),4.54 (d, I  H, J = 19.5 Hz,H-L'),4.43 (d,
J = 2.3 Hz, H-3), 4.2L (m, 1 H, J = 2.3, 5.3,7.7 Hz, H-4), 3.52
(dd, 1 H, J = 7.7 , L2.8 Hz, H-5), 3.47 (dd, I H, 

"I 
= 5.3, L2.8 Hz,

H-5');  t3C NMR (125 MHz, D2O) 6 2L3.4,76.8, 71.6, 6?.1, 53.5;
IR (neat) L729,2L08 cm-r; HR-FABMS (MH+) 176.0694.

1,4-Dideoxy-1,4-imino-n-arabinitol (l). A solution of azido
ketose 4 (265 mg, 1.51 mmol) in 507o aqueous methanol (10 mL)
was hydrogenated under 1200 psi at room temperature for 16 h
in the presence of palladium hydroxide on carbon (110 mg, 12
mol %). The reaction mixture was filtered through Celite and
concentrated in vacuo to yield 148 mg (74To) of pyrrolidine I as
a clear, colorless oil, whose tH and t3C NMR spectra were in-
distinguishable from those reported previously.m

(.8' ) - I 2-Epoxy-4- phenyl-3-b utene ( I I ). Dimethylsulfonium
methylide was prepared under nitrogen from sodium hydride and
trimethylsulfonium iodide in DMSO and THF.2 Sodium hydride
(8.67 g, 0.22 mol,60% mineral oil dispersion) was washed with
petroleum ether (3 x 30 mL). The residual petroleum ether was
removed under vacuum. Under nitrogen, dry THF (110 mL) and
dry DMSO (110 mL) were added and the reaction mixture was
cooled in an ice/salt bath. A solution of trimethylsulfonium iodide
(42.43 g,0.2I mol) in DMSO (160 mL) was added by cannula over
5 min. After the addition was complete, frons-cinnamaldehyde
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(9.25 g, ?0 mmol) was added in one portion. The reaction mixture
was stirred at 0 oC for 30 min and at room temperature for an
additional 40 min. The reaction mixture was slowly quenched
with 400 mL of water and ice and extracted with methylene
chloride (3 x 300 mL). The combined organic extracts were
washed with water (2 x 300 mL), dried with potassium carbonate,
filtered, and concentrated to yield a brown liquid. Distillation
afforded 22.76 g (82%) of the epoxide as a pale yellow liquid: bp
67-70 oC (0.2 mm); lH NMR (300 MHz, CDCIg) 67.43-7.24 (m,

5 H, aromatic), 6.80 (d, 1 H, J = 16.0 Hz, PhCH:C), 5.87 (dd,

J = 16.0,8.0 Hz, PhCH:CII),  3.50 (m, 1 H, CHO), 3.04 (dd, I
H, oI = 5.2,4.0 Hz, CIIHO) 2.76 (dd, 

"/  
= 5.2,2.6H2, CHIIO); tBC

NMR (?5 MHz, CDCU 6 134.4, 128.6, 128.0, L27.0, L26.4,52.5,
49.1. Anal. Calcd for C6H16O: C,82.16;H,6.89. Found: C,81.66;
H ,6 .96 .

(E\-2-Azido-4-phenyl-3-buten-l-ol (12). A solut ion of the
epoxide I I (4.05 g, 27.7 mmol) and sodium azide (3'63 g, 55.8
mniol) in acetone (40 mL) and water (20 mL) was refluxed gentlv
for 2 h. The reaction mixture was acidified by the addition of
ammonium chloride (1.0 e) and stirred for an additional 10 min
at room temperature. Water (10 mL) was added, and the acetone
was removed in vacuo. The aqueous residue was extracted with
methylene chloride (3 x 50 mL), dried with Na2SOn, filtered. and
concentrated. The crude azido alcohol l2 was purified b-v flash
chromatography (silica, 5:1 hexane/ethyl acetate) to yield 4.79
g (}LEo) of a clear, yellow liquid: tH NMR (250 MHz, CDCI3)
67.24-7.4L (m,5 H,  aromat ic ) ,6 .71 (d ,  1H,  J  =  15.9 Hz,H-4) ,
6.12 (dd, 1 H, J = 15.9, 8.1 Hz, H-3),4.24 (m, 1 H, H-2), 3.67 (m,

2 H, H-l and H-1'), 1.86 (dd, 1 H, J = 5.8, 7.2H2, OI/); tBC NMR
(100 MHz, CDCI3) 6 135.6, 135.3, L28.7,128.5, 126.7,122.9, 66.3,
65.0);IR 3380, 2109 cm-r. Anal. Calcd for C1eFI11N3O: C,63.48;
H, 5.86; N,22.22. Found: C, 63.15; H, 5.91; N, 22.52.

(+ )-3-IIyd roxy -Z-azidopropanal ( I 3 ). The azido alcohol I 2
(2.11g,11.1 mmol) was treated with ozone in methylene chloride
(15 mL) and methanol (15 mL) at -78 oC until a blue color
persisted. The reaction mixture was purged with nitrogen.
Dimethyl sulfide (12 mL) was added and the reaction mixture
allowed to warm to room temperature. Water (6 mL) was added,
and the mixture was stirred overnight at room temperature.
Following removal of the volatiles in vacuo, the residue was pu-
rified by flash chromatography (silica, 3:1 hexane/ether, 1:1
hexane/ether, ether) to afford 1.10 g (79%) of the aldehyde as
a clear, colorless oil: tH NMR (400 MHz, D2O) 6 5.01 (d, 1 H,
J  = 5 .2  Hz,  H-1) ,3 .77 (dd,  1  H,  J  =  3 .6 ,  11.9 Hz,  H-3) ,  3 .60 (dd,

1  H ,  J  =7 .6 ,11 .9  Hz ,  H -3 ' ) , 3 .51  (ddd ,  1  H ,  J  =  3 .6 ,  5 .2 ,7 .6 ,H2 ,
H-2); t3C NMR (100 MHz, D2O) 6 90.2,68.3,61.7.

5-Azido-5-deoxy-o-fructose (14) and 5-Azido-5-deoxy-l-
eorbose (15). A solution of aldehyde 13 (589 mg, 4.43 mmol) and
fructose 1,6-diphosphate (1.18 g, 2.88 mmol, sodium salt) in water
(35 mL) was adjusted to pH 7.0 with I N NaOH. RAMA (150

units) and triose phosphate isomerase (500 units) were added and
the reaction mixture was allowed to stand at room temperature
for 22 h. The pH was adjusted to 5.2 with 1 N HCl. Acid
phosphatase (100 units) was added and the mixture stirred at room
temperature for 12 h. The pH was readjusted to 7.0 with 1 N
NaOH, and the reaction mixture was applied directly onto 20 mL
of AG-1X8 (HCOg-) ion-exchange resin and eluted with water (80
mL). The fractions containing 14 and 15 were combined, applied
to 25 mL of AG-50W-X8 (H+), and eluted with water (75 mL).
The aqueous fractions were combined and concentrated in vacuo.
The crude pyranmes were purified by flash chrcmatogaphy (silica,
acetone) to yield 649 mg (7LVo) of a clear, pale yellow oil, which
crystallized upon standing.

5-Azido-5-deoxy-o-fructoge l,2-Acetonide ( 16) and 5-Azi-
do-5-deoxy-l-eorbose l,2-Acetonide (17). The mixture of 14
and l5 (1.03 g, 5.02 mmol) was stirred with 2-methoxypropene
(1.5 mL) and p-toluenesulfonic acid (10 mg) in acetone (a0 mL)
at room temperature for 2 h. The reaction mixture was con-
centrated in vacuo and purified by flash chromatography (silica,
1:1 ether/hexane to 4:1 ether/hexane) to afford 272 mg (22%)

of 16 as a white solid and 693 mg (56%) of 17 as a white solid.
16: R1= 0.17 (4:1 ether/hexane);mp 114 oC; lH NMR (500 MHz,
CDCI3) 6 4.17 (d, J = 8.9 Hz, H-1),4.01 (d, J = 8.9 Hz, H-1'),  3.95
(dd,  J  =  1 .6 ,  12.6Hz,  H-6) ,3 .93 (m,  J  =  1 .6 ,  1 .8 ,  3 .6  Hz,  H-5) ,
3 .90 (ddd,  J  =  3 .6 ,  4 .L ,9 .4  Hz,  H-4) ,3 .76 (dd,  J  =  1 .8 ,  L2.6Hz,
H-6'),  3.?0 (dd, J = 9.4,10.7 Hz, H-3), 2.49 (d, J = 4.1, OH), 1'72
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(d, J = L0.7 Hz, OH), 1.48 (s, CH3), 1.42 (s, CH3); t3C NMR (100

MHz,  CDCIJ 6 IL2.2,105.5,  72.2,71.9.  69.3.  62.0,  61.6,  26.3,26.2 '
Anal. Calcd for CeH15N3O5: C,44.08; H, 6.1?; N. 1?.16' Found:
C,43.88;  H,6.18;N,  17.09.  17:  R1= 0.30 (4 :1  e ther ihexane) ;  mP
110 oC;  lH NMR (400 MHz,  CDCU 6 4.14 (d ,  J  =  8 .8  Hz,  H-1) ,
3 .95 (d ,  J  =  8 .8  Hz,H- l ' ) ,3 .72 (dd,  J  =  4 .5 ,10.2Ha H-6) ,  3 .65
(ddd, J = 2.6,9.0,9.2 Hz,H-4),3.56 (dd, J = 10.2,11.1 Hz, H-6'),
3 .49  (m ,  J  =  4 .5 ,9 .0 ,  11 .1  Hz ,  H -5 ) ,  3 .39  (dd ,  J  =  9 .2 ,10 .5  Hz ,
H -3 ) ,2 .95  (d ,  J  =  2 .6  Hz ,  OH) ,2 .01  (d ,  J  =  10 .5  Hz ,  OH) ,  1 .47
(s, CH), 1.42 (s, CI{r); t3C NMR (100 MHz, CDCU 6112.4,104.9,
75.L,7I.9,71.8, 61.3,60.8, 26.4, 26.3. Anal. Calcd for CeFIlsN3Os:
C,  44.08;  H,  6 .17;  N,  17.16.  Found:  C,43.94;  H,  5 .97;  N,  17.09.

5-A zido-5-deoxy-ufructose ( I 4 ). 5-AzidoS-deoxy->fructoee
l,2-acetonide (16) (482 mg,1.91 mmol) was hydrolyzed in water
(25 mL) and ethanol (10 mL) with DOWEX-50W (H*, 5 mL) at
?0 oC for 4 h. The solution was filtered and the resin washed
with an additional 30 mL of water. The aqueous extracts were
concentrated and purified by flash chromatography (silica' ace-
tone) to yield 369 mg (92%) of 14 as a white, crystalline solid:
tH NMR (400 MHz, D2O) 6 3.96 (dd, J = 3.9,9.8 Hz, H-4)'  3.93
(dd,  J  =  1 .6 ,  12.9 H1 H-6) ,  3 .88 (m,  J  =  1 .6 ,  1 .8 ,  3 .9  Hz,  H-5) .
3 . 6 4  ( d d .  J  =  1 . 8 .  1 2 . 9  H z ,  H - 6 ' ) , 3 . 6 2  ( d , J  =  9 . 8  H z ,  H - 3 ) , 3 . 5 4
( d . , J  =  1 1 . 8  H z .  H - 1 ) .  : 1 . 3 8  ( d .  J  =  1 1 . 8  H z ,  H - 1 ' ) ;  t 3 C  N M R  ( 1 0 0

\ { H z ,  D 2 O )  I 9 9 . 2 . ; 0  8 , 6 1 J . 8 , 6 1  ; . 6 3 . ? , 6 1 . 9 .
5-Azido-5-deoxy-L-sorbose ( 15). 5-Azido-5-deoxy'-L-sorbose

1,2-acetonide (17) (1t l t)  mg, 0.41 mmol) was h-v-drolyzed in water
(8 mL) and ethanol (5 mL) with DOWEX-50W (H*,4 mL) at 70
oC for 5 h. The solution was filtered and the resin washed with
an additional 15 mL of water. The aqueous extracts were con-
centrated and purified by flash chromatogtaphy (silica, acetone)
to yield 65 mg (77%) of l5 as a white, crystalline solid: tH NMR
(500 MHz, D2O) 6 3.67 (dd, J = 5.3,10.9 Hz, H-6), 3.60 (dd, J
= 9.4,9.6 Hz, H-4),3.55 (d, J = 11.8 Hz, H-1), 3.48 (dd' J = 10.9,
IL.4Hz, H-6'),  3.42 (m, o/ = 5.3, 9.4, lL.4 Hz, H-5), 3.41 (d, J =

9.6 Hz, H-3), 3.35 (d, J = 11.8 hz, H-1'); lrc NMR (100 MHz, D2O)
6 98.9,73.8, ?1.5, 64.4,62.4,61.0; HR-FABMS (MNa") 228.0592.

2(R \ ,5(n)  -B is  (hydroxymethv l  )  -3  (R ) ,4(R )  -d ihvdroxv-

pyrrolidine (2',. 5-Azido-5-deoxy-o-fructose (14) (369 mg, 1.80
mmol) was hydrogenated rn 50To aqueous ethanol (50 mL) at 1200
psi in the presence of palladium hydroxide on carbon (360 mg,
20 mol %) at room temperature for 14 h. The reaction mixture
was f i l tered twice through Celi te and concentrated in vacuo to
afford 271. mg $2%) of 2 as a clear, colorless oil, which crystallized
as needles upon standing and whose lH and 13C NMR data were
ind is t ingu ishable  f rom those prev ious l l '  repor ted.16 '21

(E ) -2 -Amino - - l - pheny l -3 -bu ten - t - o l  ( 18 ) .  To  a  so lu t i on  o f
the azido alcohol l2 (1.00 g,5.23 mmol) in THF (20 mL) was slowly
added tr iphenylphosphine (1.51 g,5.75 mmol) in THF (30 mL)'
The reaction mixture was stirred overnight at room temperature.
Water (5 mL) was added, and the solution was stirred for an
additional 24h at room temperature. The THF was removed in
vacuo. Ether (30 mL) was added, and the organic fraction was
extracted with 5% HCI (3 x 30 mL). The aqueous extracts were
combined, and the pH was adjusted to 13 with 1.0 N NaOH until
a white precipitate formed. The aqueous fraction was reextracted
with methylene chloride (3 x 40 mL). The organic extracts were
dried with Na2SOa, filtered, and concentrated to yield 0.78 g (91To)

of a white solid. The crude amino alcohol was recrystallized from
ether to yield white crystalline plates: mp 70-?1 oC; lH NMR
(500 MHz, CDCI3) 6 7.36-7.20 (m, 5 H, aromatic), 6.56 (d, 1 H,
J = 16.0 Hz, H-4),6.15 (dd, 1 H, J = 16.0, 5.7 Hz, H-3),3.67 (dd'

1 H, J = 10.3, 4.5 Hz, H-1), 3.62 (m, 1 H, H-2), 3.43 (dd, 1 H, J
= 10.3, 7.6 Hz, H-1'),  2.54 (br s, 3 H, OH, NH2); t3C NMR (125

MHz, CDCI3) d 136.6, 131.0, 130.1, 128.6, L27.7,L26.5,66.3' 55.4.
Anal. Calcd for C19H13NO: C, 73.59; H,8.03; N, 8.59. Found:
C ,  73 .36 ;  H ,8 .07 ;  N ,8 .35 .

N-Formyl-2-amino'4-phenyl-3-buten' l-ol ( l9). A suspension
of amino alcohol 18 (355 mg, 2.18 mmol) in ethyl formate (10 mL,
excess) was refluxed for 90 min.e The volatiles were removed
in vacuo, and the residue was purified by flash chromatography
(silica, ethyl acetate, 1:1 ethyl acetate/acetone) to yield 283 mg
(68%) of a white solid, which upon recrystallization from a mixture
of hexane and ethanol afforded a white crystalline solid: mp 89-91
oC; Rr = 0.29 (1:1 ethyl acetate/acetone); tH NMR (400 MHz,
DMSO-d6)  6  8 .19 (d ,  J  =  8 .3  Hz,  NH),8 .10 (s ,  CHO),7.4L-7.20
(m, aromatic),6"49 (d, J = 16.1 Hz, H-4),6.27 (dd, J = 5.8, 16.1
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Hz, H-3),4.93 (br s, OH), 4.53 (m, oI = 5.8, 8.3 Hz, H-2), 3.47 (dd,
H-l and H-1');  13C NMR (100 MHz, DMSO-d6) 6 160.7, 136.6,
129.9, 128.6, L28.4, L27.4, L26.2, 63.5, 51.4. Anal. Calcd for
Cl rHlBNO2:  C,69.09;  H,6.85;  N,7.33.  Found:  C,68.96;  H,6.88;
N, 7.05.

N-Acetyl-2-amino-4-phenyl-3-buten-l-ol (20). The amino
alcohol 18 (326 mg, 2.00 mmol) was stirred with acetic anhydride
(2lA pL,2.25 mmol) in dry pyridine (12 mL) at room temperature
for 12 h. Toluene (3 x 15 mL) was added, and the reaction
mixture was concentrated in vacuo. The residue was purified by
flash chromatography (silica, ethyl acetate, 4:1 ethyl acetate/
acetone) to afford 394 mg (96%) of a white crystalline solid: mp
L46-L47 oC; tH NMR (500 MHz, DMSO-d6) 6 7.91 (d, 1 H, J =

8.2H2, N/{),7.39-7.20 (m, 5 H, aromatic),6.46 (d, I  H, J = 16.1
Hz, PhCIf),6.25 (dd, t  H, J = 5.9, 16.1 Hz, PhCH:CII),  4.83
(t,  1 H, J = 5.7 Hz, OII),  4.44 (m,1 H, J = 5.9, 8.2 Hz, CFIN),
3.44 (m, 1 H, J = 5.7 Hz, CH2O); rsc NMR (100 MHz, DMSO-d6)
6 168.6, 136.7, 129.6, 129.0, 128.6, 127.4,126.1,63.6,52.7,22.8. Anal.
Calcd for C12H15NO2: C, 70.22:t1,7.37; N, 6.83. Found: C, 69.78;
H,  7 .43;  N,6.68.

Aldehydee 2l and 22. Olefins 19 and 20 were treated with
ozone at -78 oC in 1:1 methanol/methylene chloride as described
earlier. The aldehydes were purified by flash chromatography.
21 (silica,7:1 methylene chloride/methanol): tH NMR (500 MHz,
D2O) major rotamer 6 8.13 (s, NCHO),5.07 (d, J = 4.7 Hz,hy-
drate),3.98 (m, J = 4.6,4.7,6.8 Hz, CIIN),3.73 (dd, J = 4.6, 11.8
Hz, CI{HO), 3.62 (dd, J = 6.8, 11.8 Hz, CHHO); minor rotamer
67.97 (s ,  NCHO),5.02 (d ,  J  =  4 .9  Hz,  hydrate) ,3 .76 (dd,  J  =  4 .1 ,
11.8 Hz, CI{HO), 3.60 (dd, J = 8.0, 11.8 Hz, CH,F/O) 3.47 (m, J
= 4.I,4.9,8.0 Hz, CFIN); 13C NMR (100 MHz, D2O) 6 165.7, 89.5,
61.1,55.7. 22 (silica,8:1 methylene chloride/methanol): tH NMR
(500 MHz, D2O) 6 5.04 (d, J = 4.8 Hz, hydrate),3.89 (m, J = 4.4,
4 .8 ,6 .9  Hz,  CI {N) ,3 .71 (dd,  J  =  4 .4 ,LL.7 Hz,  CI /HO),3 .60 (dd,
J = 6.9, LL.7 Hz, CFIHO), 2.00 (s, CHr); trc NMR (100 MHz, D2O)
6  L75 .7 ,89 .8 ,61 .2 ,  57 .0 ,  23 .1 .

Iletcrmination of Diaetereoselectivity by lII and 3rP NMR
Spectroecopy. The reactions of aldehydes 13, 21, and 22 with
DHAP in the presence of RAMA were followed by tH (SOO MHz)
and 3rP (202 MHz) NMR. To a freshly prepared solution of
DHAP (hydrolyzed in D2O and adjusted to pD 6 with NaOD) was
added a solution of aldehyde in D2O. The concentrations were
adjusted to approximately 50 mM DHAP and 200 mM aldehyde.
Each reaction mixture was characterized by NMR at t = 0. The
reaction was initiated with the addition of RAMA (10-20 units),
and the ratio of products was determined as a function of time.
After all the DHAP had been consumed, additional DHAP was
added to convert all remaining aldehyde to products. The
stereochemistry of the major diastereomer in each reaction was
assigned by tH NMR after dephosphorylation with acid phos-
phatase.

N-Formyl-5-deoxy-5-nrnil6plylulose (23). Aldehyde 8 (522
mg,6.0 mmol) was stirred with DHAP (4.0 mmol) in water (40
mL), adjusted to pH 6.4 with 1 N NaOH. RAMA (100 units) was
added and the reaction mixture incubated at room temperature
for 24 h. The pH was lowered to 4.8 with 1 N HCl. Acid
phosphatase (120 units) was added, and the mixture was stirred
at room temperature for 48 h. The solution was concentrated
in vacuo to afford a yellow semisolid, which was redissolved in
water (3 mL), applied to a column of AG-501-X8 ion-exchange
resin (mixed bed, 20 mL), and eluted with water. The fractions
were pooled and concentrated in vacuo to afford 565 mg (80%)
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of a yellow oil as a mixture of the desired ketose and its hydrate:
tH NMR (500 MHz, DzO) ketone 6 8.31 (s, NCI/O), 4.58 (d, J
= 19.4 Hz,  H-1) ,  4 .48 (d ,  J  =  19.4 Hz,  H-1 ' ) ,4 .36 (d ,  J  =  2 .2H2,
H-3) ,  4 .12 (ddd,  J  =  2 .2 ,5 .3 ,8 .1  Hz,H-4) ,3 .46 (dd,  J  =  5 .3 ,  13.8
Hz, H-5), 3.32 (dd, o/ = 8.1, 13.8 Hz, H-5');  hydrate 6 8.37 (d, J
= l .2Hz,  NCHO),  4 .24 (ddd,  J  =  i .0 ,7 .L ,7 .5  Hz,H-4) ,3 .96 (d ,
J = 7 . l  Hz, H-3), 3.88 (dd, J = 7 .5, L2.2 Hz, H-5), 3.80 (d, J =

72.4H2, H-l),  3.74 (d, J = l2.4Hz, H-1'),  3.03 (ddd, J = L.2,7.0,
L2.2Hz, H-5');  13C NMR (100 MHz, D2O) hydrate 6 165.2,89.7,
7 6 . 8 , 7 1 . 7 , 6 3 . 1 ,  4 7 . 8 .

N-Formyl-1-amino-l-deoxy-r,-xyl i tol  (24). Ketose 23 (216
m9l.22 mmol) was dissolved in a solution of sodium formate (250
mg, 3.68 mmol) and NADH (12 mg,0.017 mmol, trisodium salt)
in water (20 mL). The reaction mixture was purged with argon
for 15 min before the addition of enzyme. L-Iditol dehydrogenase
(10 units) and formate dehydrogenase (10 units) were added, and
the reaction mixture was allowed to stand at room temperature
for 48 h. The reaction mixture was purified by desalting through
AG-501-X8 (mixed bed). The fractions containing polyol24 were
pooled and concentrated to yield 119 mg (54To) of a yellow oil:
lH NMR (500 MHz, D2O) 6 7.96 (s, NCIIO), 3.72 (m,J = 4.0,4.4,
8.0 Hz, H-2), 3.67 (m, J = 4.3, 4.8,6.8 Hz,H-4),3.56 (dd, J = 4.3,
lL.7 Hz, H-5), 3.48 (dd, J = 6.8, lLj Hz, H-5'), 3.44 (dd, J = 4.0,
4 .8H2,  H-3) ,  3 .34 (dd,  J  =  4 .4 , l4 .0Hz,  H-1) ,  3 .21 (dd,  J  =  8 .0 ,
I4.OHz, H-l ' ) ;  t3C NMR (100 MHz, D2O) 6 165.7, 73.0,72.4,70.9,
63.6, 41.8; HR-FABMS (MH*) 180.0877.

l-Amino-l-deoxy-l-xylitol (25). Amide 24 (55 mg, 0.31 mmol)
was dissolved in hydrogen peroxide (0.5 mL, 30%) and THF (6
mL). Lithium hydroxide (52 mg, ]r24 mmol) in water (1.5 mL)
was added and the mixture stirred at room temperature for 18
h. After the reaction mixture was cooled in an ice bath, saturated
aqueous sodium bisulfite was added dropwise until the mixture
no longer showed a positive response with starch-iodide paper.
The reaction mixture was concentrated to remove the THF. The
aqueous residue was purified by ion-exchange chromatography
(AG-50W-X8, H+) and eluted with a gradient of ammonium
hydroxide (0.5-3.0 M). The fractions were concentrated and dried
under vacuum to yield 22 mg (47%) of the free amine of 1-
amino-1-deoxy-l-xylitol as a clear, colorless oil. The tH NMR
spectrum of its hydrochloride was identical with that reported
for the o enantiomer.2T lH NMR analysis of the crude reaction
mixture indicated that only the desired product was present; a
significant loss of yield was incurred upon purification.
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