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A short enzymatic route for the synthesis of L-fucose analogs
modified at the nonpolar terminus is reported. In particular,
fucose derivatives bearing extended linear (1b) and
branched (1e) saturated, or various unsaturated (1c, 1d)
aliphatic chains have been prepared, in order to increase
hydrophobic contacts. The rather general approach involves
a sequential application of the recombinant enzymes L-
fuculose 1-phosphate aldolase (FucA) and L-fucose ketol

isomerase (Fucl) from E. coli. Enantiomerically pure L-fucose
analogs have been prepared in up to 30% overall yield
starting from the appropriate hydroxyaldehyde precursors
and dihydroxyacetone phosphate as readily available
components. Unsaturated 2-hydroxyaldehydes have been
efficiently prepared by alk(en/yn)yl Grignard addition to
cinnamaldehyde followed by controlled ozonolysis of the
styrene fragment.

Introduction

In nature, complex oligosaccharides serve to encode in-
formation for a broad spectrum of biological recognition
processes.['l Of the sugars occurring most frequently in
mammalian oligosaccharides, L-fucose la is the most
hydrophobic residue. Fucosylated oligosaccharides are of
importance as partial structures of bacterial polysacchar-
ides! as well as of glycoproteins! and glycolipids® useful
for cancer diagnostics®! or immunotyping.[!'®! The fucosyl-
ated blood group antigens Le® and H-1 mediate adherence
to the human gastric epithelium of Helicobacter pylori,©
the causative agent of chronic gastritis and peptic ulcer-
ation! and associated with the development of gastric ad-
enocarcinoma.® The sialyl Lewis X (sLe*) determinant has
been identified as a tetrasaccharide ligand (Figure 1) of the
selectins,®! a family of cell adhesion molecules involved in
the early stages of the inflammation process.['%]

Studies using synthetic carbohydrates with specific struc-
tural modifications of the sLe* epitope have shown that the
specific hydroxylation pattern on the fucose residue is man-
datory for ligand recognition by E- and L-selectins.['!1 Elab-
orate NMR studies on sLeX!'2~14l have revealed that, in ad-
dition to interactions of the key polar groups, the fucose
methyl group is involved in van der Waals contacts with
the ring surface of the galactose moiety, which are likely to
stabilize the active conformation (Figure 1).I'3) In fact, it
has been demonstrated that removal of this methyl group,
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Figure 1. Major conformation of the sLe* tetrasaccharide in solu-
tion and complexed with E-selectin, as determined by NMR studies

i.e. replacement of L-fucose by D-arabinose, leads to a 5-
fold decrease in binding potency.!'°]

To facilitate investigations on the significance of hydro-
phobic contacts of fucosylated structures with regard to in-
tramolecular stabilization of oligosaccharide conformations
and intermolecular contacts during receptor binding, we
now report the synthesis of a number of L-fucose analogs
in which the methyl terminus of 1a (Scheme 1) is augmented
by hydrocarbon fragments (1b, 1e), including some having
conformationally less flexible unsaturated chains (1c, 1d).
In addition, a novel synthesis of the 6,6,6-trifluoro deriva-
tive 1f1'7] has been pursued. It should be pointed out that
a rather broad substrate specificity has been documented
for fucosyl transferases in relation to modifications of fu-
cose at C-6,!!81 which renders such derivatives particularly
attractive for biological studies.

Our synthetic approach was based on a two-step enzy-
matic sequence (Scheme 2), consisting of a C—C bond for-
ming reaction catalyzed by a dihydroxyacetone phosphate
(DHAP, 3) dependent aldolase to effect asymmetric chain
extensions of appropriate aldehydes to ketoses (5), followed
by a biocatalytic ketol isomerization to give the target al-
dose analogs (1). This strategy was originally developed by
Wong et al. for the synthesis of certain D-glucose derivatives
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Scheme 1. L-Fucose analogs modified by chain termini of incre-
ased hydrophobicity

using commercial fructose 1,6-bis(phosphate) aldolase
(FruA; EC 4.1.2.13) in conjunction with glucose isomerase
(Glcl; EC 5.3.1.5).1'T Recently, we have studied several
other microbial DHAP aldolases and isomerases, which are
readily available by recombinant expression,?°~22 and we
have shown that these enzymes are highly stereoselective yet
display sufficient tolerance towards substrate analogs to
support a general strategy for the de novo synthesis of a
range of unusual and nonnatural sugars.>'1[23] In particular,
the L-fuculose I-phosphate aldolase (FucA; EC 4.1.2.17)
and L-fucose isomerase (Fucl; EC 5.3.1.3) from E. coli have
proved to be of utility in the synthesis and conversion of L-
fucose, as well as of its derivatives and analogs.[?0-21-23726]
More recently, Wong's group has reported similar find-
ings.[?7]
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Scheme 2. Enzymatic synthesis of L-fucose analogs by aldoliza-
tion—isomerization; FucA = L-fuculose 1-phosphate aldolase,
P’ase = phosphatase, Fucl = L-fucose isomerase

Results and Discussion

Our synthetic plan required o-hydroxylated aldehydes
2b—f with various side chains as starting materials for the
aldol reactions (Scheme 3). 2-Hydroxy-2-methylpropanal 2e
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was synthesized by reaction of 1,1-dimethoxyacetone 1111]

with methylmagnesium bromide and subsequent acid hy-
drolysis.[?8! At first, dimethoxyethanal 7 was used as a
building block to prepare the remaining components, which
were obtained by addition of suitable alk(en/yn)yl Grignard
reagents followed by cleavage of the dimethyl acetals 8. This
furnished the aldehydes 2 as aqueous solutions that could
be used directly for the enzymatic steps. However, the yields
from the Grignard additions were often less than satisfac-
tory (ca. 50%) owing to the fact that commercial 7 is sold
as a 45% aqueous solution, is difficult to dry rigorously,
and shows a high propensity to undergo oligomerization.
Moreover, the trifluoromethyl derivative 8f, generated by
treatment of 7 with TMSCF; in the presence of catalytic
amounts of TBAF,?°! proved surprisingly resistant to acetal
hydrolysis by strong mineral acids, even at elevated tem-
peratures, as a result of the strong electron-withdrawing ef-
fect of the CF; group. In view of the applications envisaged
for the fucose analogs, routes from 7 thus proved impracti-
cal.

More conveniently, 2-hydroxybutyraldehyde 2b could be
generated from commercial 3-hydroxypentene 6 by ozon-
olysis in methanol followed by reductive workup. Because
the formaldehyde formed as a by-product is an excellent
competing substrate in the aldolization,?” this had to be
removed by repeated concentration of the aqueous product
solution. Since alkene ozonolysis at —78°C has proved to
be a most versatile and efficient method for the synthesis of
aldehydes under mild conditions!*”! and is compatible with
a wide range of functional groups, we chose to assess the
utility of cinnamaldehyde 9 as a common precursor for the
remaining aldehydes 2¢,d.f. The regioselective ozonolysis of
compounds with multiple sites of unsaturation seemed a
feasible aim in the light of earlier kinetic studies, which had
demonstrated a significant retardation in the rate of ozone
capture by alkenes having reduced electron density and/or
polarity.[3!1 Thus, we anticipated that the conjugated, in-
ternal styrene m-bond would be considerably more reactive
than that of a terminal alkene, and particularly that of an
alkyne. In practice, nucleophilic additions to 9 proved unre-
markable. Controlled ozonolyses of 10c,d were performed
by restricting the amount of ozone to equal to or slightly
less than one equivalent per mol of substrate. The kinetic
selectivity seemed to be practically complete, as determined
by high-field '"H-NMR analysis of the crude material ob-
tained from an incomplete conversion of 10¢, which showed
no detectable trace of the styrene-containing hydroxy alde-
hyde (=2%). Thus, the styrene m-system was evidently far
more reactive than the vinyl fragments in both the starting
diene and the initially formed ozonide. 3,3,3-Trifluoro-2-
hydroxypropanal 2f was also cleanly generated from the
corresponding styrene precursor 10f by ozonolysis.

After standard reductive workup with dimethyl sulfide,
the resulting aqueous aldehyde solutions were extracted
with diethyl ether to remove benzaldehyde. The hydroxyal-
dehyde solutions could then be used directly without any
further purification for the enzymatic aldol addition since
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the by-product DMSO formed in the ozonide reduction is
known to be generally well-tolerated by aldolases. 21321
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Scheme 3. Synthesis of 2-hydroxy aldehydes 2: (i) Oz (1 equiv.),
MeOH, —78°C; Me,S, room temp., (i) c.d: R"MgX; NH,CI, f:
TMSCF;, cat. TBAF; HCI, (iii)) H;0™", (iv) CH3;MgBr; NH,Cl

The natural substrate of the FucA from E. coli is L-lactal-
dehyde 2a. In previous studies,[?%242¢l we established that
hydroxylated aldehydes are good substrates for the recombi-
nant FucA from E. coli, resulting in complete stereocontrol
at the newly created C—C bond with respect to both asym-
metric centers. Moreover, we showed that the microbial al-
dolase displays an overwhelming kinetic preference for the
L-configured antipodes of 2-hydroxyaldehydes?*1>¢l (in
contrast, e.g., to the negligible preference shown by rabbit
muscle aldolase®?), which allows efficient and complete ki-
netic resolution of racemic precursors.

In practice, aldehydes 2b—d were found to be accepted
well with formation of the corresponding ketose 1-phos-
phates 4b—d (Scheme 2). DHAP (3) was synthesized enzy-
matically from glycerol 3-phosphate by using the convenient
procedure[*3 based on glycerol phosphate oxidase (EC
1.1.3.21). With 2d, it was found essential that the pH was
kept precisely at 7.0 to prevent acid- or base-catalyzed re-
arrangement with formation of highly electrophilic enzyme
deactivators. When rac-aldehydes were used in = 3-fold ex-
cess, single diastercomers were indeed obtained, having a
relative and absolute configuration identical to that of auth-
entic natural L-fuculose 1-phosphate (4a),*°! as shown by
'"H-NMR analysis of the crude sugar phosphates. Thus, the
kinetic enantioselectivity was not impaired by the steric
bulk of the hydrophobic side chain (de =95%), which al-
lowed effective control over three adjacent stereogenic cen-
ters in a single step. These results further corroborate our
mechanistic hypothesis for the FucA catalysis as derived
from inhibition® and X-ray!®! investigations, which re-
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quires an intrinsic recognition of a 2-hydroxyl group of the
aldehyde moiety in the transition state. 26!

The sterically more demanding branched dimethyl sub-
strate 2e was converted more slowly and, for preparative
purposes, required larger quantities of the catalyst to
achieve a sufficient reaction rate. The trifluoromethylated
analog 2f, however, did not serve as a substrate at all. Upon
prolonged incubation in the presence of DHAP, a decrease
in the pH was indicative of base-catalyzed HF elimination.
No conversion of 2f could be realized, neither by high cata-
lyst loading nor by strict pH control. According to its 'H-
NMR spectrum, the aldehyde exists in water exclusively in
its hydrated form 13f, owing to the electron-withdrawing
trifluoromethyl group, so that the free aldehyde is seemingly
not available to act as a substrate for the aldolase.

The sugar phosphates were hydrolyzed enzymatically to
furnish the free ketoses. Acid phosphatase (EC 3.1.3.2) at
pH 6.0 was preferred initially because of the sensitive nature
of the all-cis substitution pattern in the furanose ring iso-
mers that predominate in solution for both 4 and 5.[2¢
However, it was subsequently found that dephosphorylation
could also be achieved without complications using a more
economical alkaline phosphatase (EC 3.1.3.2) at pH 8.5
since all compounds proved sufficiently stable towards epi-
merization under these conditions. For analytical purposes,
free ketoses 5 were purified by chromatography on silica
gel. The unsatisfactory material balance recovered following
purification (e.g. ca. 30% yield of 5b) reflects the sensitivity
of the ketoses, but this can be obviated by direct submission
of the crude material to the ensuing step.

For isomerization of the ketoses, L-fucose isomerase
(Fucl) from E. coli® was employed. This enzyme, for
which recent X-ray determinations suggest an enediol
mechanism rather than a hydride shift,[?”) catalyzes revers-
ible ketol isomerization between sugars having absolute
(2S,3R)-stereochemistry, but tolerates modifications at
further centers permitting the use of epimeric, func-
tionalized, or deoxy sugars.?:2>38] The recombinant iso-
merase was produced and purified as described pre-
viously.?l All the terminus-modified fuculose analogs
5b—e indeed proved to be Fucl substrates. Reactions could
readily be monitored by TLC on silica plates by adding phe-
nylboronic acid to the eluent to facilitate separation by pro-
gressive elution of cis-vic diol compounds. Isomerization
rates decreased considerably with increasing steric bulk and
rigidity of the chain terminus (Sb < 5¢ < 5d < Se), which
indicates reduced substrate recognition by the Fucl. In fact,
the E. coli enzyme has a rather weak affinity for even its
natural substrate L-fucose (1a; K, = 37 mmP®]) and an ear-
lier detailed study using a variety of substrate analogs
showed that K, values increase rapidly upon even small
structural modifications.?® Thus, it proved to be advan-
tageous to dissolve the keto sugars 5 in the enzyme prep-
aration to achieve high substrate concentrations, to increase
the catalyst quantity (up to 350 U mmol '), and to extend
reaction times (up to several days). The aldose/ketose mix-
ture proved to be readily separable by complexation chro-
matography on a Ca>"-charged cation-exchange resin, pro-
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viding the aldoses 1 as crystalline solids. Alternatively, al-
dose separation from the mixtures may be greatly facili-
tated, particularly on a larger scale, by a group-specific
conversion of the ketose isomers to sugar phosphates by
using recombinant rhamnulose kinase (RhuK; EC 2.7.1.5),
which displays adequate substrate tolerance. 4[>l

All equilibrations were found to be strictly stereospecific
with formation of only a single aldose diastereomer, as
shown by high-field 'H-NMR analysis, thus confirming the
complete stereocontrol anticipated for enzymes of this
type.[31 The equilibrium fucose/fuculose ratio of 89:11 in
favor of the aldose!*! reflects the relative instability of the
all-cis substitution pattern in the ketofuranose and the
higher stability of the six-membered aldopyranose ring sys-
tem. In the 1b/5b couple, with an ethyl side chain in place
of the methyl group of the natural substrate, a virtually
identical ratio of ca. 90:10 was obtained and the crystalline
homo-fucose 1b was isolated in high yield (83%). Although
similar ratios were also expected for the remaining analogs
investigated, only a 75:25 ratio was seen with 1¢/5¢ and even
smaller fractions were obtained with the corresponding d/e
pairs after comparable reaction times. Presumably, the in-
ferior substrate quality of the sterically more rigid deriva-
tives precluded the attainment of overall equilibrium in the
preparative reactions and thus limited the yields of the cor-
responding aldoses 1c,d,e (58, 40, 34%). Similar obser-
vations have recently been reported for related compounds
bearing other substituents in the 6-position.!?’”l However,
the facile access to large quantities of Fucl from recombi-
nant clones®® and its sufficiently high protein stability
compensate for this disadvantage if a rapid synthesis of
these or related L-fucose analogs is required.

Proton and carbon NMR spectra of the fucose analogs
1b—e show gross overall similarity to those of the parent
compound in terms of coupling constants and anomer ra-
tios. This shows that the analogs adopt very similar struc-
tures in solution and hence can be expected to serve as suit-
able surrogates of L-fucose in a biological environment.

Conclusion

We have described herein the short and efficient enzy-
matic synthesis of four new L-fucose analogs modified at
the hydrophobic tail. The route employs inexpensive (ra-
cemic) starting materials and readily available enzymes and
is completely stereoselective at each step in controlling the
configuration at all four consecutive centers of chirality.
Whereas this strategy seems to be sufficiently flexible to be
used in the synthesis of other L-fucose structural anal-
0gs, 211381 the low substrate affinity shown by Fucl upon
structural modification of the substrate remains a short-
coming. However, this is not a general feature of the strat-
egy, but of the E. coli enzyme in particular, and may thus
be overcome by appropriate protein engineering on the
basis of the known 3D structure3”! or by screening for more
tolerant Fucl enzymes if demand exists. The aldolization—i-
somerization route nicely complements other chemical or
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enzymatic methods for deoxy sugar synthesis.*!l The intrin-
sic reactivity of the unsaturated sugar derivatives le—d is
particularly attractive with regard to investigations into the
metabolism of fucose-containing natural products and may
be suitable for the covalent restriction of oligosaccharide
conformation through intramolecular bridging reactions.
Work in these areas is currently in progress.

Experimental Section

General Remarks: NMR spectra were recorded on Varian VXR
300 and Unity 500 or Bruker AC 250 and WM 400 spectrometers;
chemical shifts are referenced to internal TMS (CDCl;) or TSP
(D,0O; 6 = 0.00). — Mass spectra were recorded on a Finnigan
MAT 212 system and elemental analyses were performed on a
Heraeus CHN-O-Rapid system. A Fischer 502 ozone generator was
used for ozonolyses. A Schott TitroLine alpha autotitrator was em-
ployed for pH control. — Column chromatography was performed
on Merck 60 silica gel (0.063—0.200 mesh); analytical thin-layer
chromatography was performed on Merck silica gel plates 60 GF,sy4
using anisaldehyde staining for detection. Analytical grade ion-ex-
change media (100—200 mesh) were purchased from Bio-Rad. Re-
combinant fuculose 1-phosphate aldolase and fucose isomerase
from E. coli were prepared according to published pro-
cedures. 2129 Acid phosphatase was purchased from Boehringer
Mannheim; alkaline phosphatase from bovine intestinal mucosa
(synthetic purity grade) was purchased from Fluka. Dihydroxyace-
tone phosphate was prepared from glycerol phosphate. 33!

(*)-2-Hydroxybutanal (2b): Ozone was passed through a solution
of 3-hydroxypentene 6 (0.86 g, 10.0 mmol) in methanol (50 mL) at
—78°C until a blue color persisted. The excess ozone was then re-
moved by nitrogen purging, Me,S (5.0 mL, 68.6 mmol) was added,
and the mixture was stirred at room temp. for 3 h. In order to
remove the formaldehyde produced, the solution was repeatedly
concentrated to a quarter of its original volume in vacuo and redi-
luted with methanol. Water (100 mL) was then added, and meth-
anol was removed in vacuo. The resulting aqueous solution of 2b
was used directly for enzymatic reactions without further purifi-
cation. — '"H NMR (250 MHz, D,0); carbonyl form (35%): 6 =
9.66 (d, 1-H), 3.67 (q, 2-H), 1.47 (qdd, 3-H), 1.38 (qdd, 3-H'), 0.97
(t, 4-H); hydrate (65%): 6 = 4.86 (d, 1-H), 3.43 (ddd, 2-H), 1.71
(qdd, 3-H), 1.65 (qdd, 3-H’), 0.97 (t, 4-H).

6,7-Dideoxy-L-lyxo-heptulose 1-Phosphate (4b): An aqueous solu-
tion of dihydroxyacetone phosphate (3) (30 mL, 1.0 mmol) was
combined with a solution of 2b (50 mL, 5.0 mmol) and the mixture
was adjusted to pH 6.8. It was then incubated with FucA (200 U)
for 2 d at room temp. The product was isolated by anion-exchange
chromatography (Dowex AGI1-X8, HCO;~ form), eluting with
0.2 M triethylammonium bicarbonate buffer. Repeated concen-
tration from water (3 X 10 mL), ion-exchange to give the free acid
(Dowex AG50 W-X8, H* form), neutralization with cyclohexylam-
ine, followed by crystallization from 90% aqueous ethanol provided
the colorless bis(cyclohexylammonium) salt of 4b (411 mg, 90%).
— a anomer: '"H NMR (400 MHz, D,0): § = 4.48 (d, 3-H), 4.26
(dd, 4-H), 3.92 (td, 5-H), 3.88 (m, 1-H), 1.70 (qd, 6-H), 1.69 (qd,
6-H'), 0.95 (t, 7-H); J54 = 6.8 Hz, J;5 = 4.5Hz, Js4 = 7.5Hz,
Jse = 1.5Hz, Js7 = 7.5Hz, Jg 7 = 7.5 Hz. — B anomer: '"H NMR
(400 MHz, D,0): § = 4.28 (d, 3-H), 4.23 (dd, 4-H), 4.10 (td, 5-H),
3.88 (m, 1-H), 1.65 (qd, 6-H), 1.69 (qd, 6-H"), 0.94 (t, 7-H); J34 =
5.0Hz, Jy5s = 3.0Hz, Js¢ = 7.5Hz, Jo; = 7.5Hz, J¢ ; = 7.5 Hz;
anomer ratio a:p = 1:2. — *C NMR (100.6 MHz, D,0): § = 101.9
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(C-2), 82.0 (C-5), 72.3 (C-4), 71.3 (C-3), 66.5 (C-1), 22.8 (C-6), 9.7
(C-7, JC—Z,P =177 HZ)

6,7-Dideoxy-L-lyxo-heptulose (5b): An aqueous solution of 4b
(370 mg, 0.81 mmol) was incubated at room temp. with acid phos-
phatase (30 U) at pH 6.0. After 3 d, the product was purified by
chromatography on silica (methanol/chloroform, 5:1) to give 5b as
a colorless, glassy solid (41 mg, 29%). — a anomer: 'H NMR
(400 MHz, D,0): 8 = 4.23 (d, 3-H), 4.21 (dd, 4-H), 3.88 (td, 5-H),
3.60 (d, 1-H), 3.53 (d, 1-H"), 1.70 (qd, 6-H), 1.69 (qd, 6-H"), 0.95
(t, 7-H); J11» = 11.7Hz, J3 4, = 4.8 Hz, J, s = 2.8 Hz, Js s = 7.2 Hz,
Jse =12Hz, Js; = 1.5Hz, Jo7 = 7.5 Hz. — B anomer: '"H NMR
(400 MHz, D,0): 8 = 4.32 (d, 3-H), 4.20 (dd, 4-H), 4.10 (td, 5-H),
3.67 (d, 1-H), 3.56 (d, 1-H’), 1.65 (qd, 6-H), 1.69 (qd, 6-H"), 0.94
(t, 7-H); anomer ratio o:f = 1:2.

6,7-Dideoxy-L-galacto-heptose (1b): An aqueous solution (0.5 mL)
of 5b (24 mg, 0.13 mmol) was incubated with Fucl (20 U) for 3d
at room temp. Protein was removed by filtration through charcoal
and the sugars were separated by chromatography on cation-ex-
change resin (Dowex AG50 W-X8, Ca®" form) eluting with water.
Fractions containing the aldose product 1b were eluted first, which
was crystallized from ethanol/ethyl acetate (20 mg, 83%). — a an-
omer: '"H NMR (400 MHz, D,0): § = 5.27 (d, 1-H), 3.84 (dd, 4-
H), 3.63 (dd, 3-H), 3.53 (td, 5-H), 3.47 (dd, 2-H), 1.51 (qd, 6-H),
0.95 (t, 7-H); J,, = 78 Hz, J,5 = 98 Hz, J34 = 3.5Hz, Jy5 =
03Hz, Jsg = 72Hz, Jg; = 7.5Hz. — 13C NMR (100.6 MHz,
D,0): & = 96.8 (C-1), 76.8 (C-4), 73.6 (C-3), 72.4 (C-2), 70.1 (C-
5), 23.4 (C-6), 9.7 (C-7). — B anomer: '"H NMR (400 MHz, D,0):
& = 4.55 (d, 1-H), 3.92 (dd, 4-H), 3.91 (td, 5-H), 3.85 (dd, 3-H),
3.78 (dd, 2-H), 1.52 (qd, 6-H), 0.94 (t, 7-H); J,, = 3.7Hz, J,; =
10.2Hz, J54 =3.0Hz, Js5 = 0.2 Hz, Jss = 7.2 Hz, Js; = 7.5 Hz;
anomer ratio a:f = 31:69. — '3C NMR (100.6 MHz, D,0): & =
92.6 (C-1), 72.2 (C-4), 70.6 (C-3), 70.0 (C-2), 68.8 (C-5), 23.4 (C-
6), 9.7 (C-7). — C;H 405 (178.186): caled. C 47.19, H 7.92; found
C 47.12, H 8.00.

(*)-1,1-Dimethoxybut-3-en-2-ol (8¢): To a stirred solution of dime-
thoxyethanal 7 (18.2 g, 175 mmol) in dry diethyl ether (200 mL) at
0°C was added dropwise a solution of 1.0 M vinylmagnesium bro-
mide in THF (140 mL). Stirring was continued at room temp. for
2 h, and then the reaction was quenched by the addition of satd.
aq. NH4CI solution (5.0 mL). The organic layer was decanted off,
and the remaining precipitate was dissolved in aq. NH,4Cl solution
and extracted twice with diethyl ether. The combined organic layers
were dried (MgSQO,) and concentrated. Distillation yielded the al-
cohol 8c as a colorless liquid (9.03 g, 49%); b.p. 58—60°C/15 Torr.
— 'H NMR (250 MHz, CDCl;): § = 5.93 (ddd, 3-H), 5.42 (ddd,
4-Hy), 5.17 (ddd, 4-Hp), 4.18 (d, 1-H), 4.14 (ddddd, 2-H), 3.47,
3.44 (25,2 CH3),2.35(d, OH); J1, =2.7THz, J,5 = 50Hz, J 45 =
1.5Hz, Jo4, = 1.5Hz, Joon = 1.7Hz, J34 = 10.5Hz, J34, =
17.3Hz, J4p4, = 1.5 Hz.

(*)-2-Hydroxy-3-butenal (2¢): (a) By Acetal Hydrolysis: A solution
of 8¢ (1.20 g, 9.1 mmol) in 50% aq. acetone (80 mL) was stirred
with ion-exchange resin (Dowex AG50 W-X8, H* form) for 2 d at
room temp. After removal of the resin by filtration, water (40 mL)
was added and the acetone was removed by vacuum distillation.
The volume was adjusted to 90 mL and a faint cloudiness was sepa-
rated by centrifugation. The resulting clear, colorless solution of 2¢
was used directly for the enzymatic step without further purifi-
cation.

(b) By Controlled Ozonolysis: A solution of 10¢™? (11.0 g,
68.6 mmol) in 90% aq. methanol (200 mL) was cooled to —78°C,
whereupon a stream of ozone was passed through it at a rate of
ca. 30 mmol/h until ca. 90% conversion (62 mmol, previously cali-
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brated by ozonolysis of a reference compound). Me,S (25 mL,
345 mmol) was then added and stirring was continued for 3 h at
room temp., after which a peroxide test proved negative. The solu-
tion was then diluted with water (80 mL) and the volatile organic
components were removed in vacuo. The remaining aqueous solu-
tion containing 2¢ was successively extracted with diethyl ether and
cyclohexane prior to submission to the enzymatic reaction. — 'H
NMR (250 MHz, D,0; hydrate): § = 5.94 (ddd, 3-H), 5.39 (ddd,
4-H,), 5.33 (ddd, 4-Hj), 4.91 (d, 1-H), 4.02 (dddd, 2-H); J;, =
53Hz, J,3 = 6.6Hz, Jo4p = 1.4Hz, Jy4, = 14Hz, J34¢ =
10.5Hz, J34, = 17.3Hz, Jyp4, = 1.5Hz.

6,7-Dideoxy-L-lyxo-hept-6-enulose 1-Phosphate (4c): An aqueous
solution (60 mL) of 3 (1.1 mmol) and aldehyde 2¢ (6.0 mmol) at
pH 6.8 was incubated with FucA (150 U) for 2 d at room temp.
The product was then isolated by anion-exchange techniques as
described above for 4b and was crystallized as the colorless bis(-
cyclohexylammonium) salt 4¢ (646 mg, 84%). — ¢ anomer: 'H
NMR (400 MHz, D,0): § = 5.99 (ddd, 6-H), 5.44 (ddd, 7-H,),
5.38 (ddd, 7-Hg), 4.53 (dddd, 5-H), 4.32 (d, 3-H), 4.28 (dd, 4-H),
3.75-3.85 (m, 1-H); J54 = 4.6Hz, J;5 = 43 Hz, Jss = 7.0 Hz,
Jsop = 1.0Hz, Js7, = 1.0 Hz, Jg;z = 17.3 Hz, Jg;, = 10.5 Hz,
Jig77z = 1.0 HzHz. — B anomer: 'H NMR (400 MHz, D,0): § =
5.96 (ddd, 6-H), 5.41 (ddd, 7-H), 5.35 (ddd, 7-Hp), 4.70 (dddd,
5-H), 4.48 (dd, 4-H), 4.21 (d, 3-H), 4.06 (ddd, 1-H), 3.75—3.85 (m,
I-H"); J1p = 78 Hz, J34 = 50Hz, Jy;5 = 54 Hz, Js4 = 7.8 Hz,
Js75 = 1.0Hz, Js;, = 1.0Hz, Js 75z = 17.4 Hz, Js7, = 10.5 Hz,
J7e77z = 1.0 Hz ; anomer ratio a:pf = 32:68.

6,7-Dideoxy-L-lyxo-hept-6-enulose (5¢): An aqueous solution
(200 mL) of 3 (6.5 mmol) and aldehyde 2¢ (20.0 mmol) at pH 6.8
was treated with FucA (1000 U). The mixture was incubated for 2
d at room temp., after which TLC indicated complete conversion.
After removal of the aldolase by filtration through a pad of char-
coal, the pH was adjusted to 8.5, alkaline phosphatase (500 U) was
added, and the resulting mixture was incubated for a further 2 d
at room temp. After protein removal, the solution was desalted by
passing it successively through anion- and cation-exchange resins.
Concentration of the resulting eluate provided 5c¢ as a colorless
syrup (580 mg, 51%). — a anomer: '"H NMR (D0, 300 MHz): § =
5.93 (ddd, 6-H), 5.40 (dd, 7-H_), 5.32 (dd, 7-Hp), 4.70 (dd, 5-H),
4.46 (dd, 4-H), 4.28 (d, 3-H), 3.62 and 3.55 (AB, 1-H); J;; =
10.5Hz, J54 = 45Hz, Ju5s = 54Hz, Jsq = 7.5Hz, Jo7, =
10.0 Hz, Js7z = 17.2Hz, J;z7, = 1.0Hz. — 3C NMR (D-0,
75 MHz): 6 = 135.6 (C-6), 122.5 (C-7), 107.7 (C-2), 83.4, 80.4, 75.7
(C-3, C-4, C-5), 65.3 (C-1) — B anomer: '"H NMR (D-0, 300 MHz):
8 =5.99 (ddd, 6-H), 5.43 (dd, 7-H), 5.38 (dd, 7-Hp), 4.50 (dd, 5-
H), 4.32 (d, 3-H), 4.27 (dd, 4-H), 3.59 and 3.58 (AB, 1-H); J, ;- =
10.0Hz, J54 = 45Hz, Ju5 = 43Hz, Jsg = T.0Hz, Jo7, =
10.0 Hz, Js7z = 17.2Hz, J7572 = 1.0 Hz; anomer ratio a:f =
32:68. — 13C NMR (D,0, 75 MHz): § = 136.1 (C-6), 122.2 (C-7),
105.4 (C-2), 84.3, 754, 73.7 (C-3, C-4, C-5), 65.5 (C-1). — FAB-
MS (SIMS, DTE/DTT); m/z (%): 183.1 [M + Li]* (100.0).

6,7-Dideoxy-L-galacto-hept-6-enose (1c): A sample of ketose 5S¢
(130 mg, 0.47 mmol) was dissolved in a Fucl stock solution
(1.5mL, 105 U) and the mixture was incubated for 4 d at room
temp. Protein was then removed by charcoal filtration and the re-
maining solution was applied to a column of Dowex AG50 W-X8§
(Ca?* form). Elution with water furnished 1c in a first fraction,
which was obtained as a colorless syrup that slowly crystallized on
standing (76 mg, 58%). — @ anomer: 'H NMR (DO, 300 MHz):
8 = 5.94 (ddd, 6-H), 5.41 (dd, 7-Hy), 5.34 (dd, 7-Hp), 5.38 (4, 1-
H), 4.58 (dd, 5-H), 3.97 (dd, 4-H), 3.93 (dd, 3-H), 3.82 (dd, 2-H);
Jio =37, 055 =102, J54 = 3.1, Jys = 1.2, Jss = 5.7, Jo7, =
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10.5, Jo72 = 17.2, Jg7, = 1.5Hz. — 13C NMR (D50, 75 MHz):
d = 136.6 (C-6), 120.7 (C-7), 95.1 (C-1), 74.2, 73.9, 71.8, 70.8 (C-
2, C-3, C-4, C-5). — B anomer: 'H NMR (D0, 300 MHz): § =
5.94 (ddd, 6-H), 5.41 (dd, 7-H,), 5.35 (dd, 7-Hp), 4.63 (d, 1-H),
4.23 (dd, 5-H), 3.91 (dd, 4-H), 3.69 (dd, 3-H), 3.50 (dd, 2-H); J,, =
8.0Hz, J,5 = 9.8 Hz, J54 = 3.6 Hz, J45 = 1.5Hz, Jsc = 5.7 Hz,
Je7z = 10.5Hz, Je7 = 172 Hz, J7577 = 1.5 Hz; anomer ratio
a:p = 33:67. — 3C NMR (D,0, 75 MHz): § = 136.1 (C-6), 120.7
(C-7), 99.1 (C-1), 78.3, 75.5, 74.3, 73.7 (C-2, C-3, C4, C-5). —
FAB-MS (SIMS, DTE/DTT); m/z (%): 183.1 [M + Li]" (100.0). —
C5H,,05 (176.170): caled. C 47.73, H 6.87; found C 47.60, H 6.99.

(*)-2-Hydroxy-3-butynal (2d): Ozone was passed through a solu-
tion of 10d*?1*31 (0.82 g, 9.8 mmol) in methanol (40 mL) at —78°C
at a rate of ca. 30 mmol/h until one equivalent had been absorbed
(10 mmol, previously calibrated by ozonolysis of a reference com-
pound). Me,S (5.0 mL, 69 mmol) was then added and the resulting
mixture was stirred at room temp. for 3 h. After dilution with water
(100 mL), the volatile organic components were removed in vacuo
and the remaining aqueous solution of 2d was extracted twice with
diethyl ether. — '"H NMR (300 MHz, D-O; hydrate): § = 5.00 (d,
1-H), 4.29 (dd, 2-H), 2.87 (d, 4-H); J,, = 5.0 Hz, J,; = 2.1 Hz.

6,7-Dideoxy-L-lyxo-hept-6-ynulose (5d): A solution of freshly pre-
pared aldehyde 2d (60 mL, 6 mmol) was treated with 3 (1.0 mmol)
and FucA (500 U) while the pH was kept constant at 7.0 by means
of an autotitrator. The solution was kept at room temp. until TLC
indicated complete conversion (2 d). The dark solution was then
filtered through charcoal and the filtrate was treated with alkaline
phosphatase (100 U) for a further 2 d. Workup as described above
provided 5d as a slightly yellow syrup (100 mg, 57%). — o anomer:
'H NMR (D,0, 300 MHz): § = 4.99 (dd, 5-H), 4.48 (dd, 4-H), 4.21
(d, 3-H), 3.58 and 3.54 (AB, 1-H), 3.56 (d, 7-H); J, ;- = 12.0 Hz,
Js4 = 50Hz, Ju5s = 5.0Hz, Js; = 2.7Hz. — '3C NMR (D,0,
75 MHz): § = 108.0 (C-2), 80.9 (C-6), 81.3, 77.5, 77.4, 74.5 (C-3,
C-4, C-5, C-7), 64.1 (C-1). — p anomer: '"H NMR (D0, 300 MHz):
8 =4.64 (dd, 5-H), 4.33 (dd, 4-H), 4.23 (d, 3-H), 3.75 and 3.66
(AB, 1-H), 3.56 (d, 7-H); J,;- = 11.8Hz, J54 = 4.7Hz, J;5 =
5.0Hz, Js; = 2.7Hz; anomer ratio a:f = 35:65. — *C NMR
(D50, 75 MHz): § = 105.9 (C-2), 80.6 (C-6), 78.9, 74.5, 74.3, 72.8
(C-3, C4, C-5, C-7), 65.2 (C-1). — FAB-MS (SIMS, DTE/DTT);
mlz (%): 175 [M + 1] (100.0).

6,7-Dideoxy-L-galacto-hept-6-ynose (1d): Ketose 5d (30 mg,
0.17 mmol) was incubated in a stock solution containing Fucl
(1.0 mL, 60 U) for 2 days at room temp. After concentration, the
residue was subjected to chromatography on a silica gel column,
eluting with chloroform/methanol (5:1), which gave colorless, sy-
rupy 1d (12 mg, 40%). — @ anomer: 'H NMR (D,O, 300 MHz):
5 =5.27 (d, 1-H), 4.89 (d, 5-H), 3.98 (dd, 4-H), 3.88 (dd, 3-H),
3.80 (dd, 2-H), 3.58 (s, 7-H); J,, = 3.7Hz, J,5 = 9.7Hz, J3, =
3.3Hz, J,5 = 1.2 Hz. — 3C NMR (D,O, 75 MHz): § = 95.3 (C-
1), 74.9, 74.0, 73.6, 71.2, 70.5, 65.1 (C-2, C-3, C-4, C-5, C-6, C-7).
— B anomer: '"H NMR (D,0, 300 MHz): & = 4.59 (d, 1-H), 4.53
(d, 5-H), 4.05 (dd, 4-H), 3.67 (dd, 3-H), 3.59 (s, 7-H), 3.51 (dd, 2-
H); Ji, = 74Hz, J,5 =9.7Hz, J5;4 = 3.4Hz, J,5 = 1.5 Hz; an-
omer ratio 0:f = 40:60. — 3C NMR (D,0, 75 MHz): § = 99.2
(C-1), 74.9, 74.0, 73.9, 73.6, 69.2, 65.1 (C-2, C-3, C-4, C-5, C-6, C-
7). — C;H (05 (174.154): caled. C 48.28, H 5.79; found C 48.11,
H 6.08.

2-Hydroxy-2-methylpropanal (2e): To a stirred solution of 1,1-di-
methoxypropanone 111" (10.0 g, 84.6 mmol) in dry diethyl ether
(60 mL) was slowly added a 3.0 M solution of methylmagnesium
bromide (33.9 mL, 101.7 mmol). After refluxing for 2 h, the cooled
reaction mixture was hydrolyzed by the addition of satd. aq. NH4Cl
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solution. The aqueous phase was extracted with diethyl ether, and
the combined organic layers were successively washed with satd.
aq. NaHSOj; solution, satd. aq. NaHCOj solution, and brine. After
drying with MgSO, and concentration in vacuo, 1,1-dimethoxy-2-
methylpropan-2-ol 12 was obtained as a colorless liquid (3.0 g,
81%). — 'H NMR (250 MHz, CDCl5): § = 4.0 (s, 1-H), 3.38 (s,
OCHs), 3.20 (s, OH), 1.10 (s, CH;). This compound was hydrolyzed
by stirring an aqueous solution (200 mL) with ion-exchange resin
(Dowex AG50 W-X8, H* form; ca. 2 g) for 3 h at room temp. After
filtration, the solution containing 2e was concentrated in vacuo to
remove most of the methanol and then was adjusted to 100 mm
prior to the enzymatic reaction. — '"H NMR (250 MHz, CDCl5):
8 = 9.49 (s, 1-H), 3.20 (s, OH), 1.24 (s, CHj).

6-Deoxy-5— C-methyl-L-lyxo-hexulose (5e): Aqueous solutions of
2e (10.0 mmol) and 3 (5.7 mmol) were combined and the mixture
was adjusted to pH 6.8 and a volume of 100 mL. FucA (800 U)
was then added and the mixture was allowed to stand at room
temp. for 2 d. After dephosphorylation with alkaline phosphatase
(500 U) for 2 d, the sugar was isolated in the standard manner to
furnish Se as a colorless syrup (344 mg, 34%). — o anomer: 'H
NMR (D,0, 300 MHz): 8 = 4.29 (d, 3-H), 4.14 (d, 4-H), 3.68 and
3.58 (AB, 1-H), 1.37, 1.24 (25, 2 CHy); Jy; = 118 Hz, J54 =
5.0 Hz. — 3C NMR (D0, 75 MHz): § = 107.3 (C-1), 76.7, 75.9,
67.7, 65.6 (C-2, C-3, C-4, C-5), 27.2, 25.8 (2 CH3). — B anomer: 'H
NMR (D-0, 300 MHz): 8 = 4.34 (d, 3-H), 3.94 (d, 4-H), 3.54 and
3.46 (AB, 1-H), 1.34, 1.23 (25, 2 CH;); J,;+ = 11.8 Hz, J34 =
5.5 Hz; anomer ratio a:f = 28:72. — 3C NMR (D,0, 75 MHz):
§ = 105.5 (C-1), 86.2, 79.2, 73.1, 65.5 (C-2, C-3, C-4, C-5), 29.7,
25.9 (2 CH;). — FAB-MS (SIMS, DTE/DTT); m/z (%): 201.0 [M
— 1 + LiOH]" (100.0)

6-Deoxy-5— C-methyl-L-galacto-hexose (1e): A sample of the ketose
5e (73 mg, 0.41 mmol) was treated with Fucl (2.0 mL, 140 U) for
5 d at room temp. After concentration of the mixture in vacuo, the
residue was purified by chromatography on silica gel (chloroform/
methanol, 5:1) to provide pure aldose 1e (17 mg, 23%). — a anomer:
'H NMR (D-O0, 300 MHz): § = 5.21 (d, 1-H), 4.33 (d, 4-H), 3.99
(dd, 3-H), 3.95 (dd, 2-H), 1.32, 1.24 (25, 2 CH;); J;, = 3.3 Hz,
Jo3 = 10.0 Hz, J3, = 47Hz. — 3C NMR (D,0, 75 MHz): § =
95.4 (C-1), 79.0, 76.8, 75.0, 73.1 (C-2, C-3, C-4, C-5), 28.2, 26.6 (2
CH3). — B anomer: '"H NMR (D0, 300 MHz): § = 5.26 (d, 1-H),
4.08 (dd, 2-H), 3.87 (d, 4-H), 3.65 (dd, 3-H), 1.28, 1.27 (2 s, 2 CH;);
Ji, = 47Hz, J,5 = 7.0Hz, J54 = 6.3 Hz; anomer ratio a:f =
58:42. — 13C NMR (D,O, 75 MHz): § = 97.2 (C-1), 79.7, 76.6,
73.9, 73.8 (C-2, C-3, C-4, C-5), 28.0, 26.5 (2 CH3). — FAB-MS
(SIMS, DTE/DTT); m/z (%): 200.9 [M — 1 + LiOH]* (100.0). —
C,;H 4,05 (178.186): caled. C 47.19, H 7.92; found C 47.03, H 8.05.

1,1,1-Trifluoro-3,3-dimethoxypropan-2-ol (8f): A mixture of a com-
mercial 45% aqueous solution of dimethoxyethanal (20 mL) and
dichloromethane (100 mL) was refluxed in a Soxhlet apparatus
charged with CaCl, (30 g) until a single organic phase persisted
(6 h). Refluxing was continued for a further 2 h, then the solvent
was distilled off under reduced pressure and the residue was frac-
tionated in vacuo using a Vigreux column to give pure dimethoxye-
thanal (8.6g, 92.0%); b.p. 65—68°C/160 Torr. — 'H NMR
(250 MHz, CDCl;): 6 = 3.46 (s, CH;), 4.50 (d, 2-H), 9.48 (d, 1-H,
Ji> = 1.5 Hz). A solution of the freshly distilled aldehyde (1.13 g,
10.7 mmol) and TMSCF; (3.0 mL, 20.0 mmol) in dry THF
(10 mL) was cooled to —20°C under nitrogen. After the addition
of 1.0m TBAF in THF (200 pL, 0.2 mmol), the mixture was al-
lowed to slowly warm to 0°C, whereupon an exothermic reaction
commenced. The solution was kept at 0°C for 30 min, then allowed
to warm to room temp. and stirring was continued for a further 5 h.
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The yellow solution thus obtained was quenched by the addition of
1.0 M HCI (3 mL) under vigorous stirring. After 3 h, the layers were
separated and the aqueous phase was extracted with diethyl ether
(5 X 10 mL). The combined organic phases were dried over MgSO,
and carefully concentrated. Distillation of the residue provided the
colorless product (712 mg, 38%); b.p. 65—69°C/10 Torr. — 'H
NMR (250 MHz, CDCly): 8 = 4.47 (d, 1-H), 3.93 (dq, 2-H), 3.47,
3.41 (25, OCH;), 3.23 (br, OH); J,, = 44Hz, J,r = 74 Hz. —
13C NMR (100.6 MHz, CDCl,): § = 124.0 (g, C-3), 101.0 (C-1),
70.7 (q, C-2), 55.5, 54.9 (2 OCH3); Jcor = 299Hz, Jesr =
282 Hz.

(*)-E-1,1,1-Trifluoro-4-phenylbut-3-en-2-ol (10f): A solution of cin-
namaldehyde (13.2 g, 100 mmol) and TMSCF; (15.0mL,
100 mmol) in dry THF was treated at —20°C under nitrogen with
1.0 m TBAF in THF (500 pL, 0.5 mmol). Upon slow warming to
—5°C, an exothermic reaction was noticed. Stirring was continued
at 0°C for 0.5 h and then at 20°C for a further 2 h, after which the
yellow mixture was quenched by the addition of 1.0m HCI
(30 mL). Workup as described above yielded 10f as a colorless oil
(19.5 g, 97%), b.p. 85—88°C/20 Torr, which solidified below 0°C.
— '"H NMR (250 MHz, CDCl;): 6 = 7.45—7.39 (m, H,,), 6.84 (d,
4-H), 6.19 (dd, 3-H), 4.60 (q, 2-H), 2.64 (s, OH); J,r = 7.5Hz,
Jo3 = 6.3Hz, J54 = 15.8 Hz. — *C NMR (100.6 MHz, CDCI;):
& = 135.5 (C-4), 136.3, 128.8, 128.7, 126.9 (C,,), 124.4 (q, C-1),
120.9 (C-3), 71.6 (q, C-2); Jc. ¢ = 282 Hz, Jcor = 32 Hz

(%)-3,3,3-Trifluoro-2-hydroxypropanal (2f): A solution of 10f
(10.0 g, 49.5 mmol) in methanol (350 mL) was treated with ozone
until a blue color persisted (ca. 2.5 h). Excess ozone was then re-
moved by purging with nitrogen. After the addition of Me,S
(25 mL, 350 mmol) at —78°C, the solution was allowed to warm
to room temp. over a period of 2 h. Water (100 mL) was then added
and the mixture was concentrated to half of its original volume.
After extraction with diethyl ether, the clear aldehyde solution was
adjusted to 200 mm with water and used directly for the subsequent
enzymatic reactions. — '"H NMR (400 MHz, D,0): § = 5.16 (d, 1-
H), 4.00 (dq, 2-H, J,», = 49Hz, J,r = 7.3Hz). — 3C NMR
(100.6 MHz, D,0): 6 = 124.8 (q, C-3), 88.2 (C-1), 72.4 (q, C-2);
Jeor = 28.6 Hz, Jos3r = 282 Hz.
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