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Introduction

C-Glycosyl amino acids belong to a class of glycosides most
of which are non-natural products, featuring carbohydrates
anomerically linked to amino acid residues through one or
more carbon�carbon bond(s). The interest in synthetic
methods[1] which are amenable to the production of these
compounds in usable quantities orginates from their subse-
quent incorporation into peptides. Both co- and post-transla-
tional synthetic strategies are used for this task.[2] The result-
ing materials display carbohydrate residues which are linked
to the polyamide backbone through a carbon�carbon bond
(C-glycopeptides). Hence, unlike native peptides carrying
oligosaccharides through carbon–oxygen or carbon–nitrogen
linkages (O- and N-glycopeptides),[3] these artificial glyco-

peptides are more resistant toward enzymatic and chemical
degradation. Given the central role exerted by O- and N-
glycopeptides in glycoprotein biological functions at the cel-
lular level[4] (cellular recognition, adhesion, cell-growth reg-
ulation, cancer cell metastasis, and inflammation), the intro-
duction of structurally defined, metabolically stable C-glyco-
peptides is expected to provide the opportunity to probe
and intervene in critical biological processes. The final goal
of these studies is the development of glycopeptide-based
drugs for the control of bacterial and viral diseases, cancer
therapy, and treatment of inflammatory processes.[5] Conse-
quently, a variety of C-glycosyl a-amino acids have been
prepared thus far; particular attention has been paid to
methylene isosteres of O-glycosyl serine and threonine and
ethylene isosteres of N-glycosyl asparagines,[1,2,6] because
these glycosyl amino acids are the most common compo-
nents of natural glycopeptides. However, it appears of some
importance to opening viable routes also to C-glycosyl b-
amino acids in order to introduce a further diversification in
newly designed C-glycopeptides. In fact, in the recent
decade there has been a great interest in b-amino acid syn-
thesis[7] not only for their own pharmacological activities[8]

and structural properties[9] but especially for their use as a-
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amino acid surrogates in the construction of hybrid a- and
b-peptidic materials, which display enhanced stability
toward proteolysis[10] and possess interesting folding patterns
in the form of well defined and stable helical, turn, and
pleated-sheet conformations in solution.[11] However, at
present, there are only three accounts describing multistep
routes to sugar b-amino acids. The approaches by Tripathi[12]

and Sharma[13] and their co-workers were both based on the
Michael-type addition of amines to sugar derived g-alkoxy
a,b-unsaturated esters; the route by Palomo[14] and co-work-
ers involved the reaction of a-amido glycoalkyl sulfones
(prepared from C-glycosyl propionaldehydes) with the lithi-
um enolate derived from 2-acetylisoborneol, followed by the
elaboration of the resulting b-amino ketone. However, the
Tripathi[12] and Sharma[13] route afforded compounds of type
I (Figure 1) which cannot be considered C-glycosyl b-amino

acids because the amino acid residue is linked to the C-4 or
C-5 of furanose or pyranose ring, respectively, rather than to
the anomeric carbon of the sugar fragment.[15] The method
of Palomo[14] allowed for the synthesis of a few compounds
of type II in which the sugar and the amino acid fragments
are linked through an ethylene bridge. Therefore two years
ago we became particularly interested in developing effi-
cient routes to a new class of genuine C-glycosyl b-amino
acids such as those of type III featuring the amino acid resi-
due directly linked to the sugar fragment. We reported pre-
liminary results of a successful approach to those target mol-
ecules based on a one-pot, three-component cross-Mannich-
type reaction of sugar aldehydes.[16,17] We have now set for
ourselves a goal to broadening the scope of the Mannich-
type approach to C-glycosyl b-amino acids 7 from aldehydes
1, amines 2 and silyl ketene acetals 4 as well as developing a
complementary route based on the Reformatsky reaction
using as nucleophiles the bromozinc enolates 5 (Scheme 1).
Apparently, the reagents 4 and 5 serve as the equivalents of
the d2 synthon 6, a carboxylate stabilized a-carbanion, that
by addition to the C-glycosyl imine intermediate 3, com-
pletes the assembly of the three reaction partners via car-
bon�carbon bond formation. Delighted by the high diaster-
eoselectivity levels registered in an earlier exploratory
work,[16] we hoped that similar stereochemical control would
result in new reactions. For many years the Mannich[18] and

the Reformatsky[19] reactions have represented the most
common routes to b-amino carbonyl compounds. Both reac-
tions involved an aldehyde, an amine, and a carbonyl-stabi-
lized nucleophile and were performed stepwise. Our ap-
proach consists of performing the reactions in a three-com-
ponent manner (3-CR) by adding successively the amine,
then aldehyde and finally the nucleophile to the resulting
imine.[20,21] The design of multicomponent syntheses often
relies on the integration of multiple individual reactions to
give a one-pot synthetic operation. In recent years there has
been an increasingly awareness among the synthetic organic
chemistry community on the great potential of multicompo-
nent reactions as step-economical strategies in target-orient-
ed synthesis.[22,23] It can be foreseen that from the 3-CRs
shown in Scheme 1 large libraries of C-glycosyl b-amino
acids should be accessible by the use of a wide range of
reagents. Structural and stereochemical diversity can be
achieved by changing the sugar residue in aldehydes 1, the
group R in the amine 2, as well as the substituents R’ and
R’’ in the nucleophiles 4 and 5. The results of this investiga-
tion are presented in the following.

Results and Discussion

While efficiency and scope of synthetic methodologies are
quite often evaluated by the use of simple model reagents,
in the target oriented synthesis of C-glycosyl b-amino esters
7 we needed as starting materials rather special aldehydes,
such as formyl C-glycosides 1. Earlier studies were carried
out in our laboratory on the stereoselective anomeric formy-
lation of pyranoses and furanoses via thiazole and benzo-
thiazole chemistry.[24] Hence, a collection of sugar aldehydes

Figure 1. Three different types of sugar b-amino acids.

Scheme 1. Complementary Mannich and Reformatsky one-pot routes to
C-glycosyl b-amino esters.
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1 was at hand for the present study. Also the choice of the
amine 2 was carefully considered because this reagent had
to be sufficiently reactive towards sugar aldehyde 1 and at
the same time bear a group R; this residue should be easily
removable from the final product 7 and replaceable by an-
other amino protecting group, such as Boc and Fmoc, suita-
ble for peptide synthesis. The primary amine p-methoxyben-
zylamine (PMBA, 2a) appeared to be endowed with the re-
quired properties since it is a good nucleophile and the N-
PMB group can be readily cleaved under both oxidative and
mild acid conditions.

One-pot Mannich route to b-amino esters 7: In a model
system suitable for optimization studies we started with per-
benzylated b-linked C-galactosyl formaldehyde 1a, PMBA
2a, and the commercially available ketene silyl acetal 1-me-
thoxy-2-methyl-1-trimethylsilyloxypropene (4a) (Scheme 2).
The promoter was InCl3, an active catalyst of the Mannich
reaction both in water and methanol which was recently in-
troduced in multicomponent approaches by Loh and co-
workers.[20a] As we anticipated to perform the reaction
under one-pot stepwise conditions, a solution in methanol of
the aldehyde 1a, amine 2a (1.0 equiv), and catalytic InCl3
(0.2 equiv) was stirred at room temperature for 30 min and
then the nucleophile 4a (1.5 equiv) was added in one por-
tion. Work up of the reaction mixture after 12 h afforded
the three-component coupling product C-galactosyl b-amino
ester 7aa[25] as the sole diastereoisomer as observed by
1H NMR analysis of the crude reaction mixture. Pure prod-
uct 7aa was isolated by chromatography in 80% yield.
Noteworthy, the same high diastereoselectivity and yield
were registered in different scale reactions starting from
100 mg up to one gram of the aldehyde 1a. The b-linkage at
the sugar anomeric center of 7aa was easily established by
estimating the J4,5 value of about 9.0 Hz in the 1H NMR
spectrum. On the other hand, the configuration at the newly

formed C-3 stereocenter carrying the NHPMB group was
more laboriously assigned after transformations of 7aa into
MosherKs amides (see below) as being R.

The assembly of the sugar aldehyde 1a, amine 2a, silyl
ketene acetal 4a was examined under the light of amount
and promoter changes while maintaining the same reaction
conditions, that is, 12 h at room temperature in methanol as
the solvent (Table 1). The results obtained in this study indi-
cated that the best performing catalyst was by far InCl3
since only 0.2 equiv of this Lewis acid served to perform the
aminocarbonylation with very good yields (80%) of the
target product 7aa. However, the inexpensive and environ-
mentally friendly FeCl3·6H2O appears to be promising in
this endeavor although it is less effective than InCl3. Also
Yb(OTf)3 showed good activity but the high costs constitute
a serious limitation. In comparison to these promoters,
TMSOTf was much less efficient and BF3·OEt2 was practi-
cally ineffective. With all catalysts, the (3R)-epimer 7aa was
observed as the sole product in the crude reaction mixtures.

The Mannich-type 3-CR under the InCl3 catalysis was
then applied to other b-linked C-glycosyl aldehydes 1b–e
(d-gluco, d-manno, d-ribo, d-arabino series)[26] to give the
corresponding three-component coupling products C-glyco-
syl b-amino esters 7ba–ea as single 3R diastereoisomers (see
below for the configurational assignments) in fair to excel-
lent isolated yields (60–90%) (Table 2). These results dem-
onstrated the applicability of this approach to different
sugar aldehydes. However, the synthesis of b-amino ester
7ca (manno series) required some experimental adjust-
ments. In fact, dichloromethane was chosen as the solvent
because of the insolubility of the intermediate imine in
methanol and the whole synthetic sequence was performed
at 0 8C for 16 h (overall time) to limit the formation (30%)
of the two epimeric (1:1 ratio)
glycal amino esters 8 (see
below) resulting from the elimi-
nation of BnOH from C-1 and
C-2 of the sugar moiety. This
side reaction occurred later
than the imine formation as

Scheme 2. Model synthesis of a C-glycosyl b-amino acid via the one-pot
three-component Mannich approach.

Table 1. Mannich reaction of 1a, 2a, 4a, and different promoters.[a]

Entry Promoter % mol promoter Yield 7aa [%][b]

1 InCl3 20 80
2 InCl3 100 85
3 Yb(OTf)3 20 60
4 Yb(OTf)3 100 70
5 TMSOTf 20 25
6 TMSOTf 100 60
7 BF3·Et2O 20 <5
8 BF3·Et2O 100 10
9 FeCl3·6H2O 20 60
10 FeCl3·6H2O 100 70

[a] All reactions were run with 1.0 mmol 1a and 1.0 mmol 2a in 3 mL
MeOH in the presence of the promoter and 4 M molecular sieves. Then
4a (1.5 mmol) was added in one portion after 30 min. [b] Isolated yields.
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confirmed by 1H NMR analysis of the crude reaction mix-
ture before 4a was added. This experiment showed the ab-
sence of glycal derivatives of 1c and its corresponding
imine. The elimination pathway was very likely favored in
the manno series by the trans-diaxial disposition of the
anomeric proton and the OBn group at C-2 of the carbohy-
drate unit.[27]

Reagent diversity was next considered in respect to the
silyl ketene acetal 4 since this component served to modu-
late the extent and the type of substitution at C-2 of the
amino acid side chain. Thus, the construction of a C-a un-
substituted fragment was examined by the use of (1-ethoxy-
vinyloxy)trimethylsilane (4b), a known ketene silyl acetal
for which an optimized preparation from lithium diisopropyl-
amide/ethyl acetate/trimethylsilyl chloride was available.[28]

Unfortunately, this enol silane was found to isomerize to the
corresponding a-silylated or desilylated acetate due to the
migration of the SiMe3 group from oxygen to carbon.[28a]

The consequence of this undesirable behavior became mani-
fested by the low yield, even when using 5.0 equiv of 4b, for
three new C-glycosyl b-amino propionates 7ab, 7bb, and
7db synthesized from the corresponding aldehydes 1a, 1b,
and 1d (Table 3). In addition the reactions showed a re-

markably high stereochemical control as only one single
Mannich adduct (see below for the configurational assign-
ment at C-3) was observed in the crude reaction mixture
and briefly characterized. Quite disappointing was the unex-
pected lack of Mannich adduct formation starting from the
mannopyranosyl and arabinofuranosyl aldehydes 1c and 1e,
respectively. The only products isolated were PMBA 2a,
and the C-formyl glycals 9–10 (manno series) and 11–12
(arabino series). It can be speculated that these products
arise from the retro-Mannich reaction of the expected glyco-
syl b-amino esters 7cb and 7eb (see Table 5). Accordingly,
the formation of glycals 9 and 11 can be explained by the
hydrolysis of the water-sensitive imine intermediates (the
retro-Mannich products along with 2a and ethyl acetate) to
the aldehydes 1c and 1e, followed by the ready 1,2-trans
elimination of BnOH. The route leading to compounds 10
and 12 is instead open to various interpretations.

Table 2. Three-component Mannich reactions of the b-linked C-glycosyl
aldehydes 1b–e with PMBA 2a and silyl ketene acetal 4a in the presence
of InCl3 (0.2 equiv).[a]

R1 b-amino ester Yield[b] [%] de[c] [%]

b-glucosyl, 1b 90 100

b-mannosyl, 1c 60[d] 100

b-ribosyl, 1d 85 100

b-arabinosyl, 1e 75 100

[a] All reactions were performed in MeOH at room temperature with
1.0 mmol 1, 1.0 mmol 2a, and 0.2 mmol InCl3 in the presence of 4 M mo-
lecular sieves. Then 4a (1.5 mmol) was added in one portion after
30 min. [b] Isolated yields. [c] Determined by 1H NMR analysis of the
crude reaction mixture. [d] Reaction run at 0 8C in CH2Cl2.

Table 3. Three-component Mannich reactions of the b-linked C-glycosyl
aldehydes 1a–e with PMBA 2a and the silyl ketene acetal 4b in the pres-
ence of InCl3 (0.2 equiv).[a]

R1 b-amino ester Yield[b] [%] de[c] [%]

b-galactosyl, 1a 60 100

b-glucosyl, 1b 58 100

b-mannosyl, 1c 50[d,e]

b-ribosyl, 1d 62 100

b-arabinosyl, 1e 55[e]

[a] All reactions were performed in EtOH at room temperature with
1.0 mmol 1, 1.0 mmol 2a, and 0.2 mmol InCl3 in the presence of 4 M mo-
lecular sieves. Then 4b (5.0 mmol) was added in one portion after
30 min. [b] Isolated yields. [c] Determined by 1H NMR analysis of the
crude reaction mixture. [d] Reaction run at 0 8C in CH2Cl2. [e] Isolated as
a ca. 1:1 mixture of glycals.
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In view of the synthetic application of the newly prepared
amino esters as precursors to glycopeptides, compounds
7aa–7ea and 7ab–eb were transformed into their corre-
sponding N-Boc derivatives 13aa–ea and 13ab–eb, all of
which are expected to be suitable for co-translational intro-
duction into peptides by Boc-based peptide synthesis. The
N-protecting group modification required removing of the
PMB group under oxidative conditions using ammonium
cerium nitrate (CAN) and then treatment with di-tert-butyl
dicarbonate (Boc2O) under mild basic conditions for the for-
mation of the carbamate-type protection. The overall yield
of this optimized one-pot transformation varied in the range
70–85% and was carried out both in milligram and gram
scale. The compounds thus obtained are presented in
Table 4. It is at this point worth mentioning that the attempt
to obtain the N-Boc protected amino esters 13 directly from
the Mannich 3-CR using the tert-butyl carbamate (BocNH2)
as the amine component, failed in our hands. This unfortu-
nate finding can be ascribed to the lack of imine formation
in the first step of the Mannich reaction. The reluctance of
carbamates to take part in Mannich reactions is well known
and appears to be attributable to their low nucleophilicity.[29]

However, a successful reaction of this type has been report-
ed quite recently by Xia and co-workers.[23y]

One-pot Reformatsky route to b-amino esters 7: Having
pointed out some limitations in the Mannich-type approach
to the desired C-glycosyl b-amino esters 7, it became quite
obvious to us exploring the complementary Reformatsky re-
action to see whether new molecular diversity could be ach-
ieved for the compilation of a small yet significant collection
of these amino acids. Only three examples were reported up
to 2002 on the Reformatsky-type reaction carried out under
the light of a three-component technique.[21a–c] Very recently,
Adrian and Snapper reported on an efficient, nickel-cata-
lyzed, Reformatsky-type three-component condensation
that allowed to prepare a library of 64 b-amino carbonyl
compounds constituted of b-amino esters, amides, and keto-
nes.[21d] Consistent with earlier observations of POrichon and
co-workers,[30] the key element in this technique was the use
a nickel-based catalyst which was identified as NiCl2 to
which were added two equivalents of PPh3. Thus, substantial
experimentation led Adrian and Snapper to the preparation
of the Reformatsky reagent from ethyl 2-bromoacetate, a di-
alkyl zinc and [NiCl2(PPh3)2] and perform the 3-CR in a
one-pot reaction but with the addition of the reagents in a
successive manner. While the aldehydes that we intended to
use in our target-oriented synthesis were more complex sub-
strates than those tested by Adrian and Snapper in their

Table 4. Transformation of the N-PMB amino esters 7aa–ea and 7ab–eb into their corresponding N-Boc derivatives 13aa–ea and 13ab–eb.

N-PMB derivative N-Boc derivative Yield [%][a] N-PMB derivative N-Boc derivative Yield [%][a]

7aa 85 7ca 78

7ab 81 7da 82

7ba 78 7db 80

7bb 71 7ea 76

[a] Isolated yields.
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model systems, we decided to apply the optimized condi-
tions established by these authors to our own chemistry.
Adopting once again as starting material the perbenzylated
b-linked C-galactopyranosyl aldehyde 1a, we proceeded in
the following way (Scheme 3). Aldehyde 1a and PMBA 2a

(1 equiv) were stirred in CH2Cl2 at room temperature for
30 min and then a toluene solution of the zinc donor Me2Zn
(3.5 equiv) was added followed, after 15 min, by ethyl bro-
moacetate 14 (3.0 equiv) and a dichloromethane solution of
the catalyst [NiCl2(PPh3)2] (0.05 equiv). The latter three spe-
cies served to form in situ the Reformatsky reagent
BrZnCH2CO2Et (5b) very likely through the catalytic cycle
propose by Adrian and Snapper.[21d] These conditions
worked beautifully because after 12 h of stirring the reaction
mixture the Reformatsky three-component adduct 7ab was
afforded as one single stereoisomer (crude 1H NMR analy-
sis) and in much higher isolated yield (78 vs 60%) of the
identical Mannich product reported in Table 3.

Encouraged by this result, the same strategy was tested
with C-glycosyl aldehydes 1b–e (d-gluco, d-manno, d-ribo,
d-arabino series).[26] The corresponding C-glycosyl b-amino
esters 7bb, 7cb, 7db, and 7eb were obtained as single ob-
servable diastereoisomers (Table 5). The yields of the two
glucosyl 7bb and ribosyl 7db derivatives (70 and 72%) were
higher by about 10% of those registered in the Mannich-
type route (Table 3). Also quite gratifyingly was the success-
ful access, although in low yield, to the mannosyl 7cb and
arabinosyl 7eb derivatives, which cannot be synthesized via
the Mannich-type route. Hence the power of the Reformat-
sky route in this chemistry appears to be sufficiently demon-
strated.

Although the substitution of the N-PMB group with the
N-Boc was demonstrated to be performable easily with the
compounds previously prepared, we decided to test the fea-

sibility of this transformation also with the newly prepared
amino esters 7cb and 7eb. Hence we observed that the N-
protective group replacement was readily carried out in 7eb
using CAN and then Boc2O to give the target amino ester
13eb in 84% yield (Scheme 4). Glycal 15 was obtained in-

stead starting from 7cb under the same conditions. In this
case the BnOH elimination which was concomitant to the
PMB group removal was not prevented even by using the
neutral oxidant 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

Scheme 3. Model synthesis of a C-glycosyl b-amino acid via the one-pot
three-component Reformatsky approach.

Table 5. Three-component Reformatsky reactions of the b-linked C-gly-
cosyl aldehydes 1b–e with PMBA 2a and ethyl bromoacetate 14 in the
presence of Me2Zn and [NiCl2(PPh3)2].

[a]

R1 b-amino ester Yield [%][b] de [%][c]

b-glucosyl, 1b 70 100

b-mannosyl, 1c 60 100

b-ribosyl, 1d 72 100

b-arabinosyl, 1e 45 100

[a] All reactions were run in CH2Cl2 at room temperature for 12 h (see
Experimental Section). [b] Isolated yields. [c] Determined by 1H NMR
analysis of the crude reaction mixture.

Scheme 4. N-Protective group replacement.
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(DDQ). This is a typical case of an unexpected event, thus
stressing the view on the highly experimental basis of our
chemical discipline. From the practical standpoint this may
serve to alert on the ease of trans-elimination of BnOH in
the manno series not only in the starting reagent C-formyl
glycoside 1c or in the corresponding imine, but also in the
final amino ester C-glycoside 7cb.

Applications of fluorinated amino acids, especially gem-
difluoro derivatives[31] in biological and medicinal studies as
well as in pharmaceutical research toward the development
of new drugs, are of great interest. It is well known that
compounds in which hydrogen atoms are replaced by fluo-
rine atoms represent bioisosteres of great importance.[32]

Hence isosteric changes represent another element of diver-
sity in the target-oriented preparation of special libraries for
life science. We anticipated that a route to a,a-difluoro C-
glycosyl b-amino acids by the Reformatsky-type synthesis as
described above would now be possible. The preference for
this route over the Mannich-type route was dictated by the
ready access to the a,a-difluoro Reformatsky reagent
BrZnCF2CO2Et (5c); this reagent could be conveniently
prepared from ethyl bromodifluoroacetate (16) and has also
been successfully implemented in addition reactions to
imine derivatives both under classical[33] and catalytic[34] con-
ditions. On the other hand, the synthesis of difluoroketene
ethyl trimethylsilyl acetal F2C=C(OSiMe3)OEt (4c), that is
reported to occur in only 12% yield from 16,[35] failed in our
hands thus precluding us from exploring a Mannich-type ap-
proach. Quite disappointingly, the application of optimized
conditions to the one-pot three-component Reformatsky re-
action of the perbenzylated b-linked C-galactopyranosyl al-
dehyde 1a, PMBA 2a, and ethyl bromodifluoroacetate 16 in
the presence of Me2Zn and [NiCl2(PPh3)2] resulted in no for-
mation of the target a,a-difluoro C-galactosyl b-amino ester
7ac (Scheme 5).

Although we were aware of the crucial role of catalyst
and solvent in the Reformatsky-type addition involving
ethyl bromodifluoroacetate (16),[36] we did not carry out a
systematic screening of reaction conditions to opening a suc-
cessful one-pot route to derivatives of type 7ac. Neverthe-
less, the need for sufficient amounts of these compounds for
biological and structural studies led us to consider an alter-
native and more straightforward access to this class of fluo-
rinated b-amino acids. Hence, since the fluorinated Refor-
matsky reagent 5c, due to its instability,[37] is usually gener-
ated and reacted in refluxing THF we focused our attention
on the use of traditional Reformatsky conditions. Accord-
ingly, galactosyl imine 18a, which was separately prepared
from the corresponding aldehyde 1a and p-anisidine 17
(THF, room temperature, 45 min), was added to a suspen-
sion of ethyl bromodifluoroacetate (16 ; 4.0 equiv) and acti-
vated zinc powder in boiling THF. The reaction was com-
pleted under reflux conditions in 45 min and furnished the
gem-difluoro N-p-methoxyphenyl (PMP)-b-amino ester 19
in 30% yield after purification by column chromatography
(Table 6). Compound 19 was isolated as a single diaster-

eoisomer along with uncharacterized byproducts arising
from the thermal decomposition of the imine 18a. The pre-
cautionary use of p-anisidine 17 as amine component was
suggested by earlier studies reporting on the preferential
formation of b-lactam derivatives in the addition reactions

Scheme 5. Abortive synthesis of a a,a-difluoro C-glycosyl b-amino acid
via the one-pot three-component Reformatsky approach.

Table 6. Classical Reformatsky reactions of the b-linked C-glycosyl
imines 18a and 18d with ethyl bromodifluoroacetate 16 in the presence
of activated zinc powder.

R1 b-amino ester Yield [%][b] de [%][c]

b-galactosyl, 1a 30 100

b-ribosyl, 1d 32 100

[a] Isolated yields. [b] Determined by 1H NMR analysis of the crude reac-
tion mixture.
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of zinc enolates to N-PMB imines under conventional Re-
formatsky conditions.[38] A complete diastereoselectivity and
a comparable moderate yield (32%) was also observed for
the synthesis of b-amino ester 20 prepared under the above
reaction conditions from the corresponding C-ribosyl form-
aldehyde 1d (Table 6). Any attempts to assign the absolute
configuration at C-3 of derivatives 19 and 20 (see next sec-
tion) as well as to improve the chemical yield of the above
transformations have been fruitless so far.[39] Evidently, this
exploratory work on the synthesis and structural analysis of
a,a-difluoro C-glycosyl b-amino acids needs further re-
search. In our laboratory both issues are intensely pursued
by addressing effective catalytic Reformatsky conditions and
exhaustive crystallographic and NMR investigations.

Structure assignments : Structure and absolute configuration
assignments of b-amino esters 7 were performed by using
one- and two-dimensional 1H and 13C NMR spectroscopic
analysis supported by X-ray crystallographic data. The b-
linkage at the anomeric carbon (C-4) of the sugar moieties
was confirmed for all compounds by estimating the J4,5

values or by the aid of NOE measurements, as appropriate.
In fact, as anticipated, galactopyranosyl and glucopyranosyl
derivatives showed J4,5 values around 9.0 Hz. The ribofura-
nosyl and arabinofuranosyl derivatives instead displayed
NOE values between H-4 and H-7, the mannopyranosyl de-
rivatives between H-4 and H-8. These results indicate that
the stereochemical integrity at the anomeric carbon of the
sugar aldehydes 1 and intermediate imines 3 was retained in
the course of the three-component reactions in agreement
with previous studies in our laboratory.[16,17,22l,23h,i] The as-
signment of the absolute configuration at the newly formed
C-3 stereocenter of b-amino esters 7 was a crucial problem
of this research and we thought to conveniently solve it by
means of X-ray crystallography. Nevertheless, the reluctance
of most of these compounds to give suitable crystals for X-
ray analysis prompted us to consider an alternative method-
ology. In this regard, we focused out attention on NMR
methods for the determination of the absolute configuration
of chiral primary amines.[40] These methods usually involve a
double derivatization of the substrate of unknown configu-
ration with the two enantiomers of a chiral auxiliary. Then
the chemical shifts of the signals due to protons in the re-
sulting diastereoisomers are determined and the correspond-
ing differences expressed as DdRS. Accordingly, compound
7aa was transformed into the corresponding hydroxy-free
(R)- and (S)-methoxytrifluoromethylphenylacetic (MTPA)
amides (R)-21aa and (S)-21aa (MosherKs amides)[41] by
means of a simple reaction sequence involving N-PMB
group removal, (R)- or (S)-MosherKs acid condensation, and
benzyl groups hydrogenolysis (Scheme 6).[42] The assignment
of the configuration at C-3 was then straightforward from
the analysis of the 1H NMR spectra of (R)-21aa and (S)-
21aa and determination of DdRS signs in agreement with the
protocol developed by Riguera and co-workers.[40d] In fact, a
positive DdRS value was observed for the protons of the
sugar moiety (from H-4 to H-9) while a negative DdRS value

was found for the protons of the alkyl chain (H-2’ and H-1’).
This result allowed us to pinpoint the spatial location of the
substituents (the sugar moiety and the alkyl chain) around
the C-3 stereocenter and therefore assign the 3R configura-
tion on the basis of the proposed configurational model.[40d]

Fortunately enough, this structure assignment was confirmed
by the X-ray crystallographic analysis of a derivative of 7aa
which was obtained in a suitable crystalline form (see Sup-
porting Information and ref. [16]). Having thus validated the
above NMR methodology for this class of glycosylated b-
amino esters, we applied the same protocol to the MosherKs
amides arising from the a,a-dimethyl b-amino esters 7ba–ea
and to the representative a-unsubstituted b-amino ester 7ab
(see Experimental Section).[43] The results of this NMR in-
vestigation led us to assign the 3R configuration to all b-
amino esters 7 and therefore postulate an identical steric
course for all relevant reactions.

Mechanistic considerations : The astonishing stereoselectivity
observed in the three-component Mannich and Reformatsky
reactions of sugar aldehydes 1a–e, PMBA 2a, and ketene
silyl acetals 4a,b or bromozinc enolate 5b, respectively,
which afforded exclusively b-amino esters 7 with 3R config-
uration, can be explained in terms of attack of the above C-
nucleophiles from the less hindered Re face of the a-chelate
formed by the simultaneous coordination of indium (Man-
nich route) or zinc (Reformatsky route) to the nitrogen of
the intermediate imine 3 and the a-endocyclic oxygen of the
carbohydrate moiety (Figure 2). The observed stereochemi-
cal outcome is in accordance with that previously described
by GQlvez and DRaz-de-Villegas and co-workers[44] for the
Lewis acid-promoted addition of ketene silyl acetals to
imines derived from d-glyceraldehyde. Also in that case, the

Scheme 6. NMR method for the determination of the absolute configura-
tion at b-carbon.
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stereodifferentiation at the C=N double bond of imines was
explained with a a-chelate model. Nevertheless, the forma-
tion of b-amino esters 7 is also consistent with a Felkin–Anh
model[45] (Figure 2) in agreement with the formation of 7aa
via the Mannich route promoted by the non-chelating
Lewis-acid TMSOTf (Table 1, entries 5 and 6). On the con-
trary, the polar Felkin–Anh model,[46] which is commonly ac-
cepted as the preferred explanation for 1,2-asymmetric in-
duction in a-heteroatom-substituted aldehydes, predicted
the opposite 3S configuration. Currently, the proposal of
transition-state models that take into account the above-
mentioned features (Figure 2) and rationalize the observed
stereochemical outcome is highly speculative. We feel that
more information on the imine structure as well as the com-
plexing ability of all the oxygen functions of the carbohy-
drate toward Lewis acids is needed for a better understand-
ing of the reasons of the strong stereocontrol. The need for
more detailed studies is also justified by the paucity of any
in depth systematic investigations reported in the literature
examining the addition of C-nucleophiles to imine deriva-
tives containing an adjacent stereocenter.[18a,44]

Conclusion

In summary, it has been shown that the implementation of
the valuable sugar aldehydes 1 as key components in the
one-pot Mannich and Reformatsky 3-CR allows for an effi-
cient and straightforward entry to the class of C-glycosyl b-
amino esters 7. It is noteworthy that both Mannich-type and
Reformatsky-type routes occur with complete asymmetric
induction furnishing the target b-amino esters 7 with 3R
configuration. We believe that both strategies, which are
also applicable to parallel synthesis programs, are of great
value for the rapid generation of structurally related com-
pound libraries. Studies on the insertion of unnatural amino
acids of type 7 into glycopeptides of biological relevance
and evaluation of the pharmacological activity of the result-
ing C-glyco-b-peptide mimetics are currently underway.

Experimental Section

All moisture-sensitive reactions were performed under a nitrogen atmos-
phere by using oven-dried glassware. Solvents were dried over standard
drying agent and freshly distilled prior to use. Commercially available
powdered 4 M molecular sieves (5 mm average particle size) were used
without further activation. Reactions were monitored by TLC on silica
gel 60 F254 with detection by charring with sulfuric acid. Flash column
chromatography was performed on silica gel 60 (230–400 mesh). Melting
points were determined with a capillary apparatus. Optical rotations
were measured at 20�2 8C in the solvent given; [a]D values are given in
10�1 degcm2g�1. 1H (300 MHz), 19F (282 MHz), and 13C (75 MHz) NMR
spectra were recorded for CDCl3 solutions at room temperature unless
otherwise specified. Assignments were aided by homo- and heteronuclear
two-dimensional experiments. MALDI-TOF mass spectra were acquired
using a-cyano-4-hydroxycinnamic acid as the matrix. Aldehydes 1a–e[24]

and (1-ethoxyvinyloxy)trimethylsilane (4b)[28] were synthesized as de-
scribed.

General procedure for the Mannich-type synthesis of C-glycosyl b-amino
esters 7aa, 7ba, 7ca, and 7ea : A mixture of aldehyde 1 (1.00 mmol), p-
methoxybenzylamine 2a (131 mL, 1.00 mmol), activated 4 M powdered
molecular sieves (150 mg), and anhydrous MeOH (3 mL) was stirred at
room temperature for 15 min; then InCl3 (44 mg, 0.20 mmol) was added
in one portion. The mixture was stirred at room temperature for 30 min;
then 1-methoxy-2-methyl-1-trimethylsilyloxypropene (4a ; 304 mL,
1.50 mmol) was added slowly. The mixture was stirred at room tempera-
ture for an additional 12 h, then diluted with AcOEt (10 mL), filtered
through a pad of Celite, and concentrated. The residue was suspended in
AcOEt (100 mL) and washed with H2O (2S10 mL). The organic phase
was dried (Na2SO4), concentrated, and purified by column chromatogra-
phy on silica gel with the suitable elution system to give the correspond-
ing b-amino ester.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-threo-l-galacto-nonanoate (7aa): Column chro-
matography with cyclohexane/AcOEt 5:1 afforded 7aa (619 mg, 80%) as
a white foam; [a]D=�12.0 (c = 1.3, CHCl3);

1H NMR (C6D6): d=7.40–
6.70 (m, 24H, Ph), 5.02, 4.65 (2d, J=11.0 Hz, 2H, PhCH2), 4.98, 4.50
(2d, J=11.5 Hz, 2H, PhCH2), 4.42, 4.32 (2d, J=11.8 Hz, 2H, PhCH2),
4.24, 4.16 (2d, J=12.0 Hz, 2H, PhCH2), 4.15 (dd, J4,5=9.0, J5,6=9.5 Hz,
1H, H-5), 4.04, 3.72 (2d, J=12.5 Hz, 2H, PhCH2), 3.86 (dd, J6,7=3.0,
J7,8~0.5 Hz, 1H, H-7), 3.58–3.53 (m, 2H, H-9a, H-3 or H-9b), 3.45–3.40
(m, 3H, H-4, H-8, H-9b or H-3), 3.42 (s, 3H, OCH3), 3.36 (dd, 1H, H-6),
3.29 (s, 3H, OCH3), 1.43 (s, 3H, CH3), 1.37 (s, 3H, CH3);

13C NMR: d=
178.2, 158.4, 139.1, 138.6, 138.3, 137.9, 133.8, 129.1, 129.0, 128.5–127.3
(12C), 113.5, 113.4, 85.7, 77.5, 77.4, 76.1, 75.1, 74.4, 73.7, 73.5, 72.0, 68.9,
61.4, 55.3, 54.2, 51.5, 48.2, 23.1, 20.9; MALDI-TOF MS: m/z : 773.3 [M +

], 796.9 [M ++Na]; elemental analysis calcd (%) for C48H55NO8 (773.95):
C 74.49, H 7.16, N 1.81; found: C 74.47, H 7.12, N 1.80.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-erythro-l-galacto-nonanoate (7ba): Column
chromatography with cyclohexane/AcOEt 5:1 afforded 7ba (697 mg,
90%) as a white foam; [a]D=�17.7 (c = 0.4, CHCl3);

1H NMR: d=7.40–
6.80 (m, 24H, Ph), 4.95, 4.71 (2d, J=11.0 Hz, 2H, PhCH2), 4.94, 4.87
(2d, J=10.5 Hz, 2H, PhCH2), 4.84, 4.65 (2d, J=10.8 Hz, 2H, PhCH2),
4.53, 4.46 (2d, J=12.0 Hz, 2H, PhCH2), 3.80, 3.61 (2d, J=12.5 Hz, 2H,
PhCH2), 3.76 (s, 3H, OCH3), 3.73–3.59 (m, 5H, H-5, H-6, H-7, 2H-9),
3.62 (s, 3H, OCH3), 3.42 (ddd, J7,8=9.0, J8,9a=1.5, J8,9b=3.5 Hz, 1H, H-8),
3.37 (d, J3,4~0.5 Hz, 1H, H-3), 3.34 (dd, J4,5=9.5 Hz, 1H, H-4), 1.60 (br s,
1H, NH), 1.21 (s, 3H, CH3), 1.19 (s, 3H, CH3);

13C NMR: d=178.2,
159.3, 139.0, 138.8, 138.7, 138.5, 134.5, 129.3–127.6 (14C), 112.2, 112.1,
88.1, 79.8, 78.7, 78.2, 77.3, 75.8, 75.3, 75.2, 73.8, 69.4, 61.2, 55.7, 54.0, 51.9,
48.0, 23.9, 20.7; MALDI-TOF MS: m/z : 774.3 [M ++H], 796.3 [M ++Na];
elemental analysis calcd (%) for C48H55NO8 (773.95): C 74.49, H 7.16, N
1.81; found: C 74.45, H 7.20, N 1.85.

Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-me-
thoxybenzylamino)-d-glycero-d-altro-octanoate (7da): Column chroma-
tography with cyclohexane/AcOEt 5:1 afforded 7da (556 mg, 85%) as a
white foam; [a]D=�43.0 (c = 1.1, CHCl3);

1H NMR: d=7.40–6.70 (m,

Figure 2. a-Chelate (A) and Felkin-Anh (B) models explaining the for-
mation of 3R-configured b-amino esters 7.
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20H, Ph, NH), 4.62, 4.40 (2d, J=11.8 Hz, 2H, PhCH2), 4.58, 4.54 (2d,
J=12.0 Hz, 2H, PhCH2), 4.36, 4.31 (2d, J=11.5 Hz, 2H, PhCH2), 4.16
(ddd, J6,7=6.0, J7,8a=4.0, J7,8b=4.5 Hz, 1H, H-7), 4.13 (dd, J3,4~0.5, J4,5=

4.5 Hz, 1H, H-4), 3.90 (dd, J5,6=2.5 Hz, 1H, H-6), 3.79 (dd, 1H, H-5),
3.75 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.55, 3.42 (2d, J=13.0 Hz, 2H,
PhCH2), 3.46 (dd, J8a,8b=10.0 Hz, 1H, H-8a), 3.38 (dd, 1H, H-8b), 3.06
(d, J3,4 = �0.5 Hz, 1H, H-3), 1.23, 1.21 (2s, 6H, 2CH3);

13C NMR: d=
178.4, 158.3, 138.0, 137.8, 137.7, 133.7, 129.0–127.6 (11C), 113.4, 113.3,
81.6, 80.6, 79.1, 76.3, 73.1, 71.9, 71.6, 70.0, 63.1, 55.2, 54.2, 51.6, 48.0, 23.1,
21.3; MALDI-TOF MS: m/z : 653.9 [M +]; elemental analysis calcd (%)
for C40H47NO7 (653.80): C 73.48, H 7.25, N 2.14; found: C 73.53, H 7.22,
N 2.18.

Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-me-
thoxybenzylamino)-d-glycero-d-ido-octanoate (7ea): Column chromatog-
raphy with cyclohexane/AcOEt 5:1 afforded 7ea (490 mg, 75%) as a
white foam; [a]D=1.1 (c = 1.2, CHCl3);

1H NMR: d=7.40–6.70 (m,
19H, Ph), 4.60 (s, 2H, PhCH2), 4.58, 4.51 (2d, J=11.0 Hz, 2H, PhCH2),
4.48, 4.42 (2d, J=12.0 Hz, 2H, PhCH2), 4.08–4.01 (m, 2H, H-6, H-7),
3.98 (dd, J3,4=2.5, J4,5=4.5 Hz, 1H, H-4), 3.91 (dd, J5,6=4.5 Hz, 1H, H-
5), 3.88, 3.49 (2d, J=12.5 Hz, 2H, PhCH2), 3.78 (s, 3H, OCH3), 3.62 (s,
3H, OCH3), 3.58 (dd, J7,8a=5.0, J8a,8b=10.0 Hz, 1H, H-8a), 3.52 (dd,
J7,8b=5.5 Hz, 1H, H-8b), 3.32 (d, J3,4 = 2.5 Hz, 1H, H-3), 1.80 (br s, 1H,
NH), 1.21 (s, 3H, CH3), 1.14 (s, 3H, CH3); MALDI-TOF MS: m/z : 654.6
[M ++H]; elemental analysis calcd (%) for C40H47NO7 (653.80): C 73.48,
H 7.25, N 2.14; found: C 73.52, H 7.22, N 2.20.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-erythro-l-gluco-nonanoate (7ca): A mixture of
aldehyde 1c (552 mg, 1.00 mmol), p-methoxybenzylamine 2a (132 mL,
1.00 mmol), activated 4 M powdered molecular sieves (150 mg), and an-
hydrous CH2Cl2 (3 mL) was stirred at room temperature for 15 min and
then cooled to 0 8C. To the mixture was then added InCl3 (44 mg,
0.20 mmol) in one portion. The mixture was stirred at 0 8C for 30 min
then 1-methoxy-2-methyl-1-trimethylsilyloxypropene (4a ; 304 mL,
1.50 mmol) was slowly added. The mixture was stirred at 0 8C for an addi-
tional 16 h, then diluted with CH2Cl2 (10 mL), filtered through a pad of
Celite, and concentrated. The residue was suspended in CH2Cl2 (100 mL)
and washed with H2O (2S10 mL). The organic phase was dried
(Na2SO4), concentrated, and eluted from a column of silica gel with cy-
clohexane/AcOEt 2:1 (containing 3% Et3N) to afford first byproduct 8
(200 mg, 30%) as a 1:1 mixture of 3R and 3S epimers.

Second eluted compound was 7ca (464 mg, 60%) as a white foam [a]D=
�30.7 (c = 0.8, CHCl3);

1H NMR: d=7.40–7.10, 6.90–6.60 (2 m, 24H,
Ph), 5.26, 4.72 (2d, J=11.5 Hz, 2H, PhCH2), 4.90, 4.67 (2d, J=11.0 Hz,
2H, PhCH2), 4.80 (s, 2H, PhCH2), 4.63, 4.42 (2d, J=12.0 Hz, 2H,
PhCH2), 4.07 (dd, J6,7=9.2, J7,8=9.5 Hz, 1H, H-7), 3.87, 3.34 (2d, J=
12.5 Hz, 2H, PhCH2), 3.80 (dd, J8,9a=4.5, J9a,9b=11.5 Hz, 1H, H-9a), 3.78
(dd, J4,5~0.5, J5,6=2.5 Hz, 1H, H-5), 3.72 (s, 3H, OCH3), 3.69 (dd, J8,9b=

1.5 Hz, 1H, H-9b), 3.66 (dd, 1H, H-6), 3.60 (s, 3H, OCH3), 3.42 (ddd,
1H, H-8), 3.18 (dd, J3,4=2.5 Hz, 1H, H-4), 3.00 (d, J3,4 = 2.5 Hz, 1H, H-
3), 1.61 (br s, 1H, NH), 1.20 (s, 3H, CH3), 1.07 (s, 3H, CH3);

13C NMR:
d=178.2, 158.1, 139.4, 139.3, 139.2, 139.1, 134.1, 129.7–127.2 (14C), 113.2,
113.1, 85.3, 79.8, 77.9, 76.9, 75.1, 75.0, 74.7, 73.3, 72.8, 69.6, 63.5, 55.2,
54.2, 51.5, 49.1, 22.1, 20.0; MALDI-TOF MS: m/z : 774.4 [M ++H]; ele-
mental analysis calcd (%) for C48H55NO8 (773.95): C 74.49, H 7.16, N
1.81; found: C 74.55, H 7.19, N 1.85.

Analytical samples of each epimeric 8 were obtained by preparative TLC
(cyclohexane/AcOEt 2:1 containing 3% Et3N). First eluted compound:
1H NMR: d=7.40–6.80 (m, 19H, Ph), 4.83 (d, J5,6=3.0 Hz, 1H, H-5),
4.82, 4.69 (2d, J=11.5 Hz, 2H, PhCH2), 4.65, 4.55 (2d, J=11.5 Hz, 2H,
PhCH2), 4.56 (s, 2H, PhCH2), 4.25 (dd, J6,7=5.5 Hz, 1H, H-6), 4.14 (ddd,
J7,8=8.0, J8,9a=4.5, J8,9b=3.0 Hz, 1H, H-8), 3.88 (dd, 1H, H-7), 3.82 (dd,
J9a,9b=10.5 Hz, 1H, H-9a), 3.81 (s, 3H, OCH3), 3.76 (dd, 1H, H-9b), 3.74,
3.50 (2d, J=13.0 Hz, 2H, PhCH2), 3.62 (s, 3H, OCH3), 3.22 (s, 1H, H-3),
1.62 (br s, 1H, NH), 1.24 (s, 3H, CH3), 1.19 (s, 3H, CH3); MALDI-TOF
MS: m/z : 666.3 [M ++H];, elemental analysis calcd (%) for C41H47NO7

(665.81): C 73.96, H 7.12, N 2.10; found: C 74.00, H 7.16, N 2.12.

Second eluted compound: 1H NMR: d=7.40–6.70 (m, 19H, Ph), 4.84,
4.71 (2d, J=11.0 Hz, 2H, PhCH2), 4.80 (d, J5,6=3.0 Hz, 1H, H-5), 4.68,

4.59 (2d, J=11.5 Hz, 2H, PhCH2), 4.56 (s, 2H, PhCH2), 4.23 (dd, J6,7=

5.5 Hz, 1H, H-6), 4.13 (ddd, J7,8=8.0, J8,9a=4.5, J8,9b=3.0 Hz, 1H, H-8),
3.92 (dd, 1H, H-7), 3.88 (dd, J9a,9b=11.0 Hz, 1H, H-9a), 3.80, 3.54 (2d,
J=13.0 Hz, 2H, PhCH2), 3.79 (s, 3H, OCH3), 3.74 (dd, 1H, H-9b), 3.60
(s, 3H, OCH3), 3.15 (s, 1H, H-3), 1.62 (br s, 1H, NH), 1.18 (s, 6H,
2CH3); MALDI-TOF MS: m/z : 666.5 [M ++H].

General procedure for the Mannich-type synthesis of C-glycosyl b-amino
esters 7ab, 7bb, and 7db : A mixture of aldehyde 1 (1.00 mmol), p-me-
thoxybenzylamine 2a (132 mL, 1.00 mmol), activated 4 M powdered mo-
lecular sieves (150 mg), and anhydrous MeOH (3 mL) was stirred at
room temperature for 15 min; then InCl3 (44 mg, 0.20 mmol) was added
in one portion. The mixture was stirred at room temperature for 30 min;
then (1-ethoxyvinyloxy)trimethylsilane (4b)[28] (801 mg, 5.00 mmol) was
slowly added. The mixture was stirred at room temperature for an addi-
tional 12 h, then diluted with AcOEt (10 mL), filtered through a pad of
Celite, and concentrated. The residue was suspended in AcOEt (100 mL)
and washed with H2O (2S10 mL). The organic phase was dried
(Na2SO4), concentrated, and purified by column chromatography on
silica gel with the suitable elution system to give the corresponding b-
amino ester.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-threo-l-galacto-nonanoate (7ab): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7ab
(456 mg, 60%) as a colorless syrup; [a]D=1.5 (c = 1.1, CHCl3);
1H NMR (CDCl3 + D2O): d=7.40–6.70 (m, 24H, Ph), 5.01, 4.61 (2d, J=
11.5 Hz, 2H, PhCH2), 4.88, 4.48 (2d, J=10.5 Hz, 2H, PhCH2), 4.77, 4.68
(2d, J=11.5 Hz, 2H, PhCH2), 4.48, 4.44 (2d, J=11.5 Hz, 2H, PhCH2),
4.30 (brdd, J4,5=9.5, J5,6=9.2 Hz, 1H, H-5), 4.14 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.01 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 3.86, 3.62 (2d, J=
12.5 Hz, 2H, PhCH2), 3.72 (s, 3H, OCH3), 3.62 (dd, 1H, H-6), 3.58–3.51
(m, 3H, H-8, H-9a, H-9b), 3.50 (ddd, J2a,3=5.5, J2b,3=6.0, J3,4~0.5 Hz,
1H, H-3), 3.31 (dd, 1H, H-4), 2.72 (dd, J2a,2b=14.0 Hz, 1H, H-2a), 2.62
(dd, 1H, H-2b), 1.24 (t, J = 7.0 Hz, 3H, OCH2CH3);

13C NMR: d=

172.4, 158.5, 138.9–137.8 (5C), 129.6, 129.5, 128.4–127.3 (12C), 113.6,
113.5, 85.0, 81.1, 76.8, 75.1, 74.9, 74.3, 73.7, 73.4, 72.2, 68.7, 60.3, 55.1,
52.6, 50.0, 36.4, 14.2; MALDI-TOF MS: m/z : 760.1 [M ++H], 798.1 [M +

+K]; elemental analysis calcd (%) for C47H53NO8 (759.93): C 74.28, H
7.03, N 1.84; found: C 74.00, H 7.10, N 1.80.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-erythro-l-galacto-nonanoate (7bb): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7bb
(441 mg, 58%) as a white foam; [a]D=�8.7 (c = 1.0, CHCl3);

1H NMR
(CDCl3 + D2O): d=7.40–6.80 (m, 24H, Ph), 4.88 (s, 2H, PhCH2), 4.83,
4.56 (2d, J=11.0 Hz, 2H, PhCH2), 4.81, 4.50 (2d, J=12.0 Hz, 2H,
PhCH2), 4.59, 4.51 (2d, J=10.5 Hz, 2H, PhCH2), 4.13 (q, J=7.0 Hz, 2H,
OCH2CH3), 3.97 (dd, J4,5=9.5, J5,6=9.2 Hz, H-5), 3.88, 3.58 (2d, J=
13.0 Hz, 2H, PhCH2), 3.72 (s, 3H, OCH3), 3.71–3.66 (m, 3H, H-6, 2 H-9),
3.61 (dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7), 3.47 (ddd, J2a,3=6.5, J2b,3=7.5,
J3,4~0.5 Hz, 1H, H-3), 3.42–3.38 (m, 1H, H-8), 3.32 (dd, 1H, H-4), 2.74
(dd, J2a,2b=14.0 Hz, 1H, H-2a), 2.67 (dd, J2b,3 = 7.5 Hz, 1H, H-2b), 1.22
(t, J = 7.0 Hz, 3H, OCH2CH3);

13C NMR: d=172.4, 158.6, 138.8, 138.7,
138.6, 138.5, 138.4, 129.6–127.5 (14C), 113.7, 113.6, 87.3, 80.9, 78.9, 78.3,
78.1, 75.5, 74.9, 74.7, 73.3, 69.1, 60.4, 55.1, 52.5, 50.0, 35.0, 14.2; MALDI-
TOF MS: m/z : 760.3 [M ++H], 782.3 [M ++Na], 798.3 [M ++K]; elemen-
tal analysis calcd (%) for C47H53NO8 (759.93): C 74.28, H 7.03, N 1.84;
found: C 74.30, H 7.10, N 1.87.

Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(p-methoxybenzylami-
no)-d-glycero-d-altro-octanoate (7db): Column chromatography with cy-
clohexane/AcOEt 5:2 (containing 3% Et3N) afforded 7db (397 mg,
62%) as a white foam; [a]D=2.3 (c = 0.6, CHCl3);

1H NMR: d=7.40–
6.70 (m, 19H, Ph), 4.58, 4.51 (2d, J=11.8 Hz, 2H, PhCH2), 4.50 (s, 2H,
PhCH2), 4.48, 4.42 (2d, J=12.0 Hz, 2H, PhCH2), 4.20–4.08 (m, 4H, H-4,
H-7, OCH2CH3), 4.04 (dd, J5,6=4.5, J6,7=5.0 Hz, 1H, H-6), 3.93 (dd,
J4,5=4.5 Hz, 1H, H-5), 3.80 (s, 3H, OCH3), 3.72, 3.54 (2d, J=13.0 Hz,
2H, PhCH2), 3.60 (dd, J7,8a=3.5, J8a,8b=10.5 Hz, 1H, H-8a), 3.48 (dd,
J7,8b=4.0 Hz, 1H, H-8b), 3.10 (br s, 1H, H-3), 2.57 (d, J=6.5 Hz, 2H, 2H-
2), 1.61 (br s, 1H, NH), 1.26 (t, J=7.0 Hz, 3H, OCH2CH3);

13C NMR:
d=172.3, 158.6, 138.0, 137.9, 137.8, 137.7, 129.3–127.6 (11C), 113.6, 113.5,
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83.8, 80.6, 78.0, 77.3, 73.2, 71.8, 71.6, 71.5, 69.8, 60.5, 55.2, 55.1, 50.2, 14.2;
MALDI-TOF MS: m/z : 640.4 [M ++H], 662.4 [M ++Na], 678.3 [M +

+K]; elemental analysis calcd (%) for C39H45NO7 (639.78): C 73.22, H
7.09, N 2.19; found: C 73.27, H 7.11, N 2.14.

General procedure for the synthesis of N-Boc derivatives 13aa–ab,
13ba–bb, 13ca, 13da–db, 13ea–eb, and 15 : CAN (1.10 g, 2.00 mmol) was
added in one portion to a cooled (0 8C) stirred solution of N-PMB-deriv-
ative (0.50 mmol) in CH3CN (20 mL) and H2O (5 mL). The resulting
mixture was vigorously stirred at room temperature for 6 h, quenched
with a few drops of saturated aqueous Na2SO3 solution, and then concen-
trated to remove most of the CH3CN.

The above mixture was diluted with dioxane (10 mL) then Boc2O
(546 mg, 2.50 mmol) and a few drops of saturated aqueous NaHCO3 solu-
tion (until basic pH) were added. The solution was stirred at room tem-
perature for 12 h then diluted with Et2O (100 mL) and washed with a
10% aqueous solution of citric acid (2S10 mL). The organic phase was
separated, washed with brine (2S10 mL), dried (Na2SO4) and concentrat-
ed. The residue was then purified by column chromatography on silica
gel with the suitable elution system to give the corresponding N-Boc de-
rivative.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-threo-l-galacto-nonanoate (13aa):
Column chromatography with cyclohexane/AcOEt 6:1 afforded 13aa
(320 mg, 85%) as a white foam; [a]D=31.4 (c = 1.5, CHCl3);

1H NMR:
d=7.50–7.25 (m, 20H, 4Ph), 5.42 (d, J3,NH=10.5 Hz, 1H, NH), 5.01, 4.58
(2d, J=12.0 Hz, 2H, PhCH2), 4.86, 4.77 (2d, J=10.5 Hz, 2H, PhCH2),
4.78, 4.71 (2d, J=11.5 Hz, 2H, PhCH2), 4.47, 4.42 (2d, J=11.8 Hz, 2H,
PhCH2), 4.26 (dd, J3,4~0.5 Hz, 1H, H-3), 4.00 (dd, J6,7=2.8, J7,8~0.5 Hz,
1H, H-7), 3.73 (dd, J4,5=9.0, J5,6=9.1 Hz, 1H, H-5), 3.61 (dd, 1H, H-6),
3.59 (ddd, J8,9a=6.5, J8,9b=5.0 Hz, 1H, H-8), 3.56 (s, 3H, OCH3), 3.52
(dd, J9a,9b=11.5 Hz, 1H, H-9a), 3.45 (dd, 1H, H-9b), 3.44 (dd, 1H, H-4),
1.42 (s, 9H, tBu), 1.22 (s, 6H, 2CH3);

13C NMR: d=176.8, 156.3, 139.4,
138.7, 138.3, 137.8, 128.6–127.2 (12C), 84.9, 79.0, 77.2, 76.2, 75.4, 75.3,
74.3, 73.6, 73.4, 72.3, 68.3, 55.2, 51.6, 45.5, 28.4 (3C), 23.5, 23.0; MALDI-
TOF MS: m/z : 754.5 [M ++H], 776.2 [M ++Na], 792.8 [M ++K]; elemen-
tal analysis calcd (%) for C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86;
found: C 71.65, H 7.32, N 1.80.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbo-
nylamino)-d-threo-l-galacto-nonanoate (13ab): Column chromatography
with cyclohexane/AcOEt 5:2 afforded 13ab (300 mg, 81%) as a white
syrup [a]D=26.2 (c = 0.8, CHCl3);

1H NMR: d=7.45–7.20 (m, 20H,
4Ph), 5.16 (d, J3,NH=10.0 Hz, 1H, NH), 5.02, 4.60 (2d, J=11.5 Hz, 2H,
PhCH2), 4.87, 4.70 (2d, J=10.0 Hz, 2H, PhCH2), 4.80, 4.74 (2d, J=
12.0 Hz, 2H, PhCH2), 4.58 (dddd, J2a,3=8.0, J2b,3=8.0, J3,4~0.5 Hz, 1H,
H-3), 4.49, 4.45 (2d, J=11.0 Hz, 2H, PhCH2), 4.20–4.02 (m, 2H,
OCH2CH3), 4.02 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 3.87 (dd, J4,5=9.0,
J5,6=9.5 Hz, 1H, H-5), 3.65 (dd, 1H, H-6), 3.62–3.50 (m, 3H, H-8, 2H-9),
3.35 (dd, 1H, H-4), 2.58 (d, J = 8.0 Hz, 2H, 2H-2), 1.44 (s, 9H, tBu),
1.25 (t, J=7.0 Hz, 3H, OCH2CH3);

13C NMR: d=171.1, 155.3, 138.4,
138.2, 138.0, 137.8, 128.7–127.4 (12C), 84.5, 79.5, 79.2, 76.4, 75.5, 75.1,
74.3, 73.7, 73.5, 72.3, 68.6, 60.4, 46.9, 38.2, 28.3 (3C), 14.1; MALDI-TOF
MS: m/z : 762.5 [M ++Na], 778.5 [M ++K]; elemental analysis calcd (%)
for C44H53NO9 (739.89): C 71.43, H 7.22, N 1.89; found: C 71.40, H 7.28,
N 1.82.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-erythro-l-galacto-nonanoate (13ba):
Column chromatography with toluene/AcOEt 14:1 afforded 13ba
(294 mg, 78%) as a white foam; [a]D=26.6 (c = 1.2, CHCl3);

1H NMR:
d=7.50–7.05 (m, 20H, 4Ph), 5.40 (d, J3,NH=10.5 Hz, 1H, NH), 4.93 (s,
2H, PhCH2), 4.84, 4.62 (2d, J=11.0 Hz, 2H, PhCH2), 4.82, 4.79 (2d, J=
10.0 Hz, 2H, PhCH2), 4.57, 4.51 (2d, J=12.0 Hz, 2H, PhCH2), 4.24 (dd,
J3,4~0.5 Hz, 1H, H-3), 3.74 (dd, J8,9a=4.0, J9a,9b=11.0 Hz, 1H, H-9a), 3.71
(dd, J4,5=6.5 Hz, 1H, H-4), 3.62 (dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7),
3.61 (dd, J8,9b=1.5 Hz, 1H, H-9b), 3.57 (s, 3H, OCH3), 3.50–3.38 (m, 2H,
H-5, H-6), 3.35 (ddd, 1H, H-8), 1.51 (s, 9H, tBu), 1.26 (s, 6H, 2CH3);
13C NMR: d=176.6, 156.1, 138.5, 138.3, 138.2, 138.1, 128.5–127.2 (12C),
87.4, 79.3, 78.5, 77.9, 76.9, 75.7, 75.2, 74.9, 73.2, 68.7, 55.8, 55.0, 51.6, 45.5,
28.4 (3C), 23.4, 23.2; MALDI-TOF MS: m/z : 774.6 [M ++Na]; elemental

analysis calcd (%) for C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86;;
found: C 71.73, H 7.37, N 1.80.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbo-
nylamino)-d-erythro-l-galacto-nonanoate (13bb): Column chromatogra-
phy with cyclohexane/AcOEt 5:2 afforded 13bb (263 mg, 71%) as a
white foam; [a]D=24.5 (c = 0.6, CHCl3);

1H NMR: d=7.50–7.10 (m,
20H, 4 Ph), 5.05 (d, J3,NH=10.0 Hz, 1H, NH), 4.94, 4.90 (2d, J=11.0 Hz,
2H, PhCH2), 4.83, 4.59 (2d, J=10.5 Hz, 2H, PhCH2), 4.79, 4.68 (2d, J=
10.0 Hz, 2H, PhCH2), 4.58 (dddd, J2a,3=8.0, J2b,3=8.0, J3,4~0.5 Hz, 1H,
H-3), 4.56, 4.52 (2d, J=11.0 Hz, 2H, PhCH2), 4.16–4.08 (m, 2H,
OCH2CH3), 3.72 (dd, J8,9a=5.0, J9a,9b=11.0 Hz, 1H, H-9a), 3.71 (dd, J5,6=

9.0, J6,7=9.2 Hz, 1H, H-6), 3.68 (dd, J8,9b=2.8 Hz, 1H, H-9b), 3.62 (dd,
J7,8=9.0 Hz, 1H, H-7), 3.50 (d, J4,5=9.2 Hz, 1H, H-5), 3.40 (ddd, 1H, H-
8), 3.32 (dd, J3,4 �0.5, J4,5 = 9.2 Hz, 1H, H-4), 2.60 (d, J=8.0 Hz, 2H,
2H-2), 1.44 (s, 9H, tBu), 1.26 (t, J=7.0 Hz, 3H, OCH2CH3);

13C NMR:
d=171.0, 155.1, 138.5, 138.4, 138.1, 138.0, 128.7–127.7 (12C), 87.0, 79.4,
78.8, 78.3, 78.1, 75.6, 75.3, 75.0, 73.4, 69.0, 60.5, 46.6, 38.4, 29.7, 28.3 (3C),
14.1; MALDI-TOF MS: m/z : 762.6 [M ++Na], 778.4 [M ++K]; elemental
analysis calcd (%) for C44H53NO9 (739.89): C 71.43, H 7.22, N 1.89;
found: C 71.50, H 7.18, N 1.92.

Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-erythro-l-gluco-nonanoate (13ca): Column
chromatography with cyclohexane/AcOEt 5:1 afforded 13ca (294 mg,
78%) as a white foam; [a]D=1.5 (c = 0.8, CHCl3);

1H NMR: d=7.40–
7.10 (m, 20H, 4 Ph), 5.37 (d, J3,NH=9.5 Hz, 1H, NH), 4.88, 4.80 (2d, J=
11.5 Hz, 2H, PhCH2), 4.84, 4.57 (2d, J=11.0 Hz, 2H, PhCH2), 4.69, 4.65
(2d, J=11.8 Hz, 2H, PhCH2), 4.66, 4.51 (2d, J=12.0 Hz, 2H, PhCH2),
4.18 (dd, J3,4~0.5 Hz, 1H, H-3), 3.96 (dd, J6,7=9.5, J7,8=9.0 Hz, 1H, H-7),
3.87 (dd, J4,5~0.5, J5,6=2.5 Hz, 1H, H-5), 3.77 (dd, J8,9a=5.0, J9a,9b=

11.0 Hz, 1H, H-9a), 3.67 (dd, J8,9b=1.5 Hz, 1H, H-9b), 3.60 (s, 3H,
OCH3), 3.55 (dd, J5,6 = 2.5, J6,7 = 9.5 Hz, 1H, H-6), 3.40 (ddd, 1H, H-8),
3.27 (dd, J3,4 �0.5, J4,5 �0.5 Hz, 1H, H-4), 1.25 (s, 9H, tBu), 1.22 (s, 3H,
CH3), 1.17 (s, 3H, CH3);

13C NMR: d=177.1, 156.1, 139.2, 138.6, 138.4,
138.3, 128.3–126.9 (12C), 84.7, 79.5, 78.9, 78.0, 75.4, 75.1, 74.7, 74.1, 73.1,
72.3, 69.5, 56.6, 51.8, 47.8, 28.1 (3C), 23.7, 20.3; MALDI-TOF MS: m/z :
774.6 [M ++Na], 792.6 [M ++K]; elemental analysis calcd (%) for
C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86; found: C 71.75, H 7.32, N
1.78.

Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(tert-
butoxycarbonylamino)-d-glycero-d-altro-octanoate (13da): Column chro-
matography with toluene/AcOEt 14:1 afforded 13da (260 mg, 82%) as a
white foam; [a]D=2.6 (c = 1.2, CHCl3);

1H NMR: d=7.41–7.20 (m,
15H, 3Ph), 5.70 (d, J3,NH=10.0 Hz, 1H, NH), 4.60, 4.53 (2d, J=12.0 Hz,
2H, PhCH2), 4.53, 4.47 (2d, J=11.5 Hz, 2H, PhCH2), 4.51, 4.41 (2d, J=
11.8 Hz, 2H, PhCH2), 4.21 (dd, J3,4~0.5, J4,5=5.0 Hz, 1H, H-4), 4.06
(ddd, J6,7=5.0, J7,8a=4.5, J7,8b=4.5 Hz, 1H, H-7), 3.97 (dd, J3,NH = 10.0,
J3,4 �0.5 Hz, 1H, H-3), 3.79 (dd, J5,6=4.8 Hz, 1H, H-6), 3.74 (dd, 1H, H-
5), 3.60 (s, 3H, OCH3), 3.46 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.35 (dd, 1H,
H-8b), 1.40 (s, 9H, tBu), 1.20 (s, 6H, 2CH3);

13C NMR: d=176.8, 156.2,
138.1, 138.0, 137.9, 128.4–127.6 (9C), 81.3, 80.5, 79.8, 79.0, 77.1, 73.1, 72.8,
72.0, 69.3, 57.4, 51.8, 45.6, 28.4 (3C), 23.1, 22.8. MALDI-TOF MS: m/z :
656.2 [M ++Na], 672.0 [M ++K]; elemental analysis calcd (%) for
C37H47NO8 (633.77): C 70.12, H 7.47, N 2.21; found: C 70.15, H 7.45, N
2.25.

Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbonyl-
amino)-d-glycero-d-altro-octanoate (13db): Column chromatography
with toluene/AcOEt 14:1 afforded 13db (248 mg, 80%) as a white foam;
[a]D=14.9 (c = 0.7, CHCl3);

1H NMR: d=7.40–7.20 (m, 15H, 3Ph), 5.70
(d, J3,NH=9.5 Hz, 1H, NH), 4.66, 4.56 (2d, J=11.5 Hz, 2H, PhCH2), 4.60,
4.48 (2d, J=12.0 Hz, 2H, PhCH2), 4.55, 4.42 (2 d, J=11.5 Hz, 2H,
PhCH2), 4.34–4.04 (m, 5H, H-3, H-5, H-7, OCH2CH3), 4.00–3.88 (m, 2H,
H-4, H-6), 3.62 (dd, J7,8a=3.5, J8a,8b=10.5 Hz, 1H, H-8a), 3.42 (dd, J7,8b=

3.0 Hz, 1H, H-8b), 2.61 (d, J=8.0 Hz, 2H, 2H-2), 1.41 (s, 9H, tBu), 1.28
(t, J=7.0 Hz, 3H, OCH2CH3);

13C NMR: d=171.1, 155.5, 137.8, 137.7,
137.6 128.5–127.6 (9C), 83.0, 81.1, 78.6, 77.7, 73.1, 72.3, 72.1, 69.0, 60.5,
49.2, 38.1, 35.3, 29.7, 28.4 (3C), 14.2; MALDI-TOF MS: m/z : 642.6 [M +

+Na], 658.5 [M ++K]; elemental analysis calcd (%) for C36H45NO8

(619.74): C 69.77, H 7.32, N 2.26; found: C 69.80, H 7.27, N 2.28.
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Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(tert-
butoxycarbonylamino)-d-glycero-d-ido-octanoate (13ea): Column chro-
matography with toluene/AcOEt 14:1 afforded 13ea (241 mg, 76%) as a
white foam; [a]D=14.4 (c = 0.5, CHCl3);

1H NMR ([D6]DMSO): d=

7.40–7.20 (m, 15H, 3Ph), 6.10 (d, J3,NH=9.0 Hz, 1H, NH), 4.50, 4.44 (2d,
J=11.0 Hz, 2H, PhCH2), 4.49 (s, 2H, PhCH2), 4.46 (s, 2H, PhCH2), 4.13
(dd, J3,4=2.5 Hz, 1H, H-3), 4.02 (dd, J5,6=5.0, J6,7=3.5 Hz, 1H, H-6),
3.98 (dd, J4,5=5.0 Hz, 1H, H-5), 3.96 (dd, J3,4 = 2.5, J4,5 = 5.0 Hz, 1H,
H-4), 3.83 (ddd, J7,8a=5.0, J7,8b=4.5 Hz, 1H, H-7), 3.50 (s, 3H, OCH3),
3.48 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.43 (dd, 1H, H-8b), 1.35 (s, 9H,
tBu), 1.24, 1.22 (2 s, 6H, 2CH3);

13C NMR: d=177.3, 156.0, 137.9, 137.8,
137.7, 128.4–127.2 (9C), 84.1, 81.7, 80.9, 78.2, 77.5, 77.1, 73.2, 72.5, 71.8,
69.0, 54.1, 51.8, 28.4 (3C), 23.9, 20.5; MALDI-TOF MS: m/z : 656.5 [M +

+Na]; elemental analysis calcd (%) for C37H47NO8 (633.77): C 70.12, H
7.47, N 2.21; found: C 70.18, H 7.53, N 2.25.

Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbonyl-
amino)-d-glycero-d-ido-octanoate (13eb): Column chromatography with
toluene/AcOEt 14:1 afforded 13eb (260 mg, 84%) as a white foam;
[a]D=�2.0 (c = 0.3, CHCl3);

1H NMR: d=7.40–7.12 (m, 15H, 3Ph),
5.64 (brd, J3,NH=8.5 Hz, 1H, NH), 4.47 (s, 2H, PhCH2), 4.46, 4.40 (2d,
J=12.0 Hz, 2H, PhCH2), 4.41 (s, 2H, PhCH2), 4.25 (bdddd, J2a,3=7.5,
J2b,3=6.0, J3,4=4.0 Hz, 1H, H-3), 4.14 (dd, J4,5=3.5 Hz, 1H, H-4), 4.06
(dd, J5,6=5.5, J6,7=5.0 Hz, 1H, H-6), 4.04 (q, J=7.0 Hz, 2H, OCH2CH3),
3.97 (dd, 1H, H-5), 3.91 (dddx, J7,8a=5.0, J7,8b=4.5 Hz, 2H, H-7), 3.50
(dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.46 (dd, J7,8a = 5.0, J8a,8b = 10.5 Hz, 1H,
H-8b), 2.57 (dd, J2a,2b=15.5 Hz, 1H, H-2a), 2.48 (dd, J2a,2b = 15.5, J2b,3 =

6.0 Hz, 1H, H-2b), 1.30 (s, 9H, tBu), 1.26 (t, J = 7.0 Hz, 3H,
OCH2CH3);

13C NMR selected data: d=137.8, 83.2, 82.0, 81.3, 73.1, 71.8,
69.2, 60.4, 37.2, 29.7, 28.4 (3C), 14.2; MALDI-TOF MS: m/z : 642.6 [M +

+Na], 659.3 [M ++K]; elemental analysis calcd (%) for C36H45NO8

(619.74): C 69.77, H 7.32, N 2.26; found: C 69.80, H 7.35, N 2.22.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3,5-trideoxy-3-(tert-butoxycar-
bonylamino)-d-erythro-l-gluco-nonan-4-enoate (15): Column chromatog-
raphy with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 15
(221 mg, 70%) as a white foam; 1H NMR of a 1.5:1 mixture of conform-
ers: d=7.40–7.20 (m, 15H, Ph), 5.25, 5.24 (2brd, J3,NH=8.0 Hz, 1H, NH),
4.97 (d, J5,6=3.5 Hz, 0.4H, H-5), 4.96 (d, J5,6=3.0 Hz, 0.6H, H-5), 4.80,
4.64 (2d, J=11.5 Hz, 1.2H, PhCH2), 4.79, 4.63 (2d, J=11.5 Hz, 0.8H,
PhCH2), 4.62, 4.48 (m, 5H, H-3, PhCH2), 4.21–4.04 (m, 4H, H-6, H-8,
OCH2CH3), 3.84–3.60 (m, 3H, H-7, 2 H-9), 2.75–2.50 (m, 2H, 2H-2),
1.42, 1.41 (2s, 9H, tBu), 1.21, 1.20 (2 t, J=7.0 Hz, 3H, OCH2CH3);
MALDI-TOF MS: m/z : 670.5 [M ++K]; elemental analysis calcd (%) for
C37H45NO8 (631.76): C 70.34, H 7.18, N 2.22; found: C 70.40, H 7.15, N
2.25.

General procedure for the Reformatsky-type synthesis of C-glycosyl b-
amino esters 7ab–eb : p-Methoxybenzylamine 2a (131 mL, 1.00 mmol)
was added to a stirred solution of aldehyde 1 (1.00 mmol) in anhydrous
CH2Cl2 (8 mL) at room temperature. After 30 min, a solution of dime-
thylzinc (1.75 mL, 2m, 3.50 mmol) in toluene was added all at once. After
another 15 min, ethyl bromoacetate 14 (333 mL, 3.00 mmol) was added,
followed immediately by a freshly prepared solution of bistriphenylphos-
phine nickel(ii) dichloride (2.5 mL, 0.02m, 0.05 mmol) in CH2Cl2. The
mixture was stirred for an additional 12 h and then quenched by the addi-
tion of aqueous HCl (2.0 mL, 2m). The organic phase was separated,
washed sequentially with saturated aqueous NaHCO3 (10 mL) and brine
(10 mL), dried (Na2SO4), and concentrated. The residue was then puri-
fied by column chromatography on silica gel with the suitable elution
system to give the corresponding b-amino ester.

Compound 7ab : Column chromatography with cyclohexane/AcOEt 3:1
(containing 3% Et3N) afforded 7ab (593 mg, 78%) as a colorless syrup.

Compound 7bb : Column chromatography with cyclohexane/AcOEt 3:1
(containing 3% Et3N) afforded 7bb (532 mg, 70%) as a white foam.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-erythro-l-gluco-nonanoate (7cb): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7cb
(456 mg, 60%) as a white foam; [a]D=�3.6 (c = 0.4, EtOH); 1H NMR
([D6]DMSO, 120 8C): d=7.40–6.80 (m, 24H, Ph), 4.98 (dd, J4,5=4.0, J5,6=

4.5 Hz, 1H, H-5), 4.74, 4.68 (2d, J=12.0 Hz, 2H, PhCH2), 4.63, 4.55 (2d,

J=11.5 Hz, 2H, PhCH2), 4.60, 4.56 (2d, J=12.5 Hz, 2H, PhCH2), 4.54 (s,
2H, PhCH2), 4.20–4.10 (m, 2H, H-6, H-8), 4.06 (q, J=7.0 Hz, 2H,
OCH2CH3), 3.84–3.66 (m, 4H, H-4, H-7, 2 H-9), 3.74 (s, 3H, OCH3),
3.71, 3.59 (2d, J=13.0 Hz, 2H, PhCH2), 3.48–3.40 (m, 1H, H-3), 2.60–
2.40 (m, 2H, 2H-2), 1.20 (t, J = 7.0 Hz, 3H, OCH2CH3); MALDI-TOF
MS: m/z : 760.6 [M ++H]; elemental analysis calcd (%) for C47H53NO8

(759.93): C 74.28, H 7.03, N 1.84; found: C 74.33, H 7.10, N 1.85.

Compound 7db : Column chromatography with cyclohexane/AcOEt 5:2
(containing 3% of Et3N) afforded 7db (461 mg, 72%) as a white foam.

Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(p-methoxybenzylami-
no)-d-glycero-d-ido-octanoate (7eb): Column chromatography with cy-
clohexane/AcOEt 5:2 (containing 3% Et3N) afforded 7eb (288 mg, 45%)
as a white foam. [a]436=6.9 (c = 1.2, CHCl3);

1H NMR: d=7.40–6.70
(m, 19H, Ph), 4.58, 4.54 (2d, J=12.0 Hz, 2H, PhCH2), 4.56, 4.51 (2d, J=
11.5 Hz, 2H, PhCH2), 4.47, 4.29 (2d, J=11.8 Hz, 2H, PhCH2), 4.10 (ddd,
J6,7=3.5, J7,8a=5.5, J7,8b=6.5 Hz, 1H, H-7), 4.08 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.04 (dd, J3,4=8.0, J4,5=3.5 Hz, 1H, H-4), 4.00 (dd, J5,6~
0.5 Hz, 1H, H-6), 3.93 (dd, J4,5 = 3.5, J5,6 �0.5 Hz, 1H, H-5), 3.78 and
3.73 (2d, J=12.5 Hz, 2H, PhCH2), 3.76 (s, 3H, OCH3), 3.63 (dd, J8a,8b=

10.0 Hz, 1H, H-8a), 3.51 (dd, 1H, H-8b), 3.49 (ddd, J2a,3=4.5, J2b,3=

6.5 Hz, 1H, H-3), 2.44 (dd, J2a,2b=14.5 Hz, 1H, H-2a), 2.35 (dd, J2a,2b =

14.5, J2b,3 = 6.5 Hz, 1H, H-2b), 1.80 (br s, 1H, NH), 1.24 (t, J = 7.0 Hz,
3H, OCH2CH3);

13C NMR: d=172.0, 158.6, 138.2, 137.7, 137.3, 132.2,
129.6 (2C), 128.4–127.6 (9C), 113.7 (2C), 82.3 (4C), 73.3, 71.4, 71.0, 70.4,
60.4, 55.2, 53.9, 50.7, 36.3, 14.1. MALDI-TOF MS: m/z : 640.4 [M ++H],
662.4 [M ++Na], 678.3 [M ++K]; elemental analysis calcd (%) for
C39H45NO7 (639.78): C 73.22, H 7.09, N 2.19; found: C 73.25, H 7.15, N
2.22.

Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-difluoro-3-(p-
methoxyphenylamino)-d-threo-l-galacto-nonanoate (19): p-Anisidine
(126 mg, 1.02 mmol) in one portion was added to a stirred solution of al-
dehyde 1a (552 mg, 1.00 mmol) in anhydrous THF (8 mL) at room tem-
perature. The reaction mixture was stirred at room temperature for
45 min. In a separate flask, to a freshly activated suspension of zinc dust
(327 mg, 5.00 mmol) in anhydrous THF (2 mL) heated under reflux, a
few drops of ethyl bromodifluoroacetate 16 were added. After the green
colour had appeared (ca. 15 min), the above C-galactosyl imine solution
was slowly added. The remaining ethyl bromodifluoroacetate 16 was
added dropwise over 30 min (total amount of ethyl bromodifluoroacetate
16 : 513 mL, 4.00 mmol). The reaction mixture was stirred under reflux for
an additional 15 min then cooled to room temperature, treated with satu-
rated aqueous NaHCO3 solution (5 mL), and filtered through a pad of
Celite. The filtrate was extracted with Et2O (3S75 mL); the combined or-
ganic layers were dried (Na2SO4), concentrated, and purified on a silica
gel column with toluene/cyclohexane/AcOEt 6:0.5:0.5 to afford 19
(235 mg, 30%) as a yellow syrup. [a]D=3.2 (c = 1.1, CHCl3);

1H NMR
([D5]pyridine): d=7.90–7.10 (m, 24H, Ph), 5.89 (d, J3,NH=10.5 Hz, 1H,
NH), 5.45, 5.07 (2d, J=11.0 Hz, 2H, PhCH2), 5.37, 4.62 (2d, J=11.5 Hz,
2H, PhCH2), 5.23 (dddd, JFa,3=6.5, JFb,3=18.0, J3,4~0.5 Hz, 1H, H-3),
5.16, 5.0 (2d, J=11.8 Hz, 2H, PhCH2), 4.92, 4.82 (2d, J=12.0 Hz, 2H,
PhCH2), 4.65 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 4.56–4.48 (m, 4H, H-4,
H-5, OCH2CH3), 4.32 (ddd, J8,9a=7.5, J8,9b=5.5 Hz, 1H, H-8), 4.28 (ddd,
J4,6=2.0, J5,6=8.0 Hz, 1H, H-5), 4.14 (dd, J9a,9b=9.5 Hz, 1H, H-9a), 4.03
(dd, 1H, H-9b), 3.80 (s, 3H, OCH3), 1.40 (t, J=7.0 Hz, 3H, OCH2CH3);
13C NMR: d=163.9 (dd, 2JC,Fa=32.3 Hz, 2JC,Fb=32.3 Hz), 153.0, 141.7,
138.9, 138.5, 137.9, 137.8, 128.4–127.3 (12C), 116.2 (2C), 115.2 (dd,
1JC,Fa=260.0 Hz, 1JC,Fb=261.0 Hz), 114.7 (2C), 84.8, 76.5, 75.6, 74.8, 74.5,
74.4, 73.5, 73.3, 72.0, 68.2, 62.7, 57.6 (dd, 2JC,Fa=25.1 Hz, 2JC,Fb=25.2 Hz),
55.6, 13.8; 19F NMR ([D5]pyridine): d=�107.9 (dd, JFa,H=6.5, JFa,Fb=

253.3 Hz, 1F, Fa), �115.4 (dd, JFb,H=18.0 Hz, 1F, Fb). MALDI-TOF MS:
m/z : 781.1 [M +], 804.1 [M ++Na], 820.1 [M ++K]; elemental analysis
calcd (%) for C46H49F2NO8 (781.88): C 70.66, H 6.32, F 4.86, N 1.79;
found: C 70.68, H 6.35, F 4.90, N 1.78.

Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-difluoro-3-(p-me-
thoxyphenylamino)-d-glycero-d-altro-octanoate (20): Treatment of alde-
hyde 1d (432 mg, 1.00 mmol) as described for the preparation of 19 gave,
after column chromatography with cyclohexane/AcOEt 4:1, 20 (212 mg,
32%) as a yellow syrup. [a]D=�18.2 (c = 0.8, CHCl3);

1H NMR: d=

Chem. Eur. J. 2005, 11, 7110 – 7125 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7121

FULL PAPERGlycosyl Amino Acids

www.chemeurj.org


7.40–7.10, 6.70–6.30 (2m, 19H, Ph), 5.58, 4.44 (2d, J=12.0 Hz, 2H,
PhCH2), 4.47 (dd, J3,4~0.5, J4,5=6.0 Hz, 1H, H-4), 4.45, 4.41 (2d, J=
11.8 Hz, 2H, PhCH2), 4.32, 4.22 (2d, J=11.5 Hz, 2H, PhCH2), 4.21 (ddd,
J6,7=4.0, J7,8a=3.5, J7,8b=3.0 Hz, 1H, H-7), 4.20 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.05 (ddd, JFa,3=5.0, JFb,3=21.0 Hz, 1H, H-3), 3.79 (dd, J5,6=

5.0 Hz, 1H, H-6), 3.72 (s, 3H, OCH3), 3.66 (dd, J4,5 = 6.0, J5,6 = 5.0 Hz,
1H, H-5), 3.62 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.46 (dd, J7,8b = 3.0, J8a,8b

= 10.5 Hz, 1H, H-8b), 1.22 (t, J = 7.0 Hz, 3H, OCH2CH3);
13C NMR:

d=163.8 (dd, 2JC,Fa=32.3, 2JC,Fb=32.2 Hz), 152.6, 140.9, 137.6, 137.5,
137.4, 128.5–127.8 (9C), 115.0 (dd, 1JC,Fa=260.0, 1JC,Fb=261.0 Hz), 114.8
(4C), 82.3, 78.5, 77.9, 76.3, 73.5, 72.3, 72.1, 69.6, 62.9, 57.1 (dd, 2JC,Fa=

25.1, JC,Fb=25.0 Hz), 55.7, 13.8; 19F NMR: d=�107.9 (dd, JFa,H=5.0,
JFa,Fb=256.3 Hz, 1F, Fa), �118.6 (dd, JFb,H=21.0 Hz, 1F, Fb); MALDI-
TOF MS: m/z : 662.0 [M ++H], 684.1 [M ++Na], 700.0 [M ++K]; elemen-
tal analysis calcd (%) for C38H41F2NO7 (661.73): C 68.97, H 6.25, F 5.74,
N 2.12; found: C 68.94, H 6.22, F 5.77, N 2.15.

General procedure for the synthesis of Mosher?s amides 21aa–ea and
21ab : CAN (1.10 g, 2.00 mmol) was added in one portion to a cooled
(0 8C) stirred solution of N-PMB-derivative (0.50 mmol) in CH3CN
(20 mL) and H2O (5 mL). The resulting mixture was vigorously stirred at
room temperature for 6 h, and quenched with saturated aqueous Na2SO3

solution (15 mL). The aqueous layer was extracted with AcOEt (3S
30 mL), and the combined organic layer was washed with saturated aque-
ous NaHCO3 solution (3S10 mL), dried (Na2SO4), and concentrated to
give the corresponding unprotected b-amino ester.

To a stirred solution of the above crude b-amino ester (~0.25 mmol) in
anhydrous CH2Cl2 (2 mL) were added either (R)- or (S)-a-methoxy-a-
(trifluoromethyl)phenylacetic acid (73 mg, 0.30 mmol), 1,3-dicyclohexyl-
carbodiimide (63 mg, 0.30 mmol), and a catalytic amount of 4-N,N-(dime-
thylamino)pyridine. The mixture was stirred for an additional 12 h at
room temperature then concentrated. The residue was taken into
AcOEt, washed with saturated aqueous NaHCO3 and brine, dried over
Na2SO4, and concentrated. The residue was purified by column chroma-
tography with the suitable elution system affording the corresponding
benzylated MosherKs amide in almost quantitative yield.

A vigorously stirred mixture of the above crude MosherKs amide
(~0.25 mmol), 20% palladium hydroxide on carbon (50% w/w of sub-
strate), AcOEt (2 mL), and EtOH (2 mL) was degassed under vacuum
and saturated with hydrogen (by a H2-filled balloon) three times. After
stirring under a slightly positive pressure of hydrogen (balloon) at room
temperature for 3–5 h, palladium hydroxide on carbon was filtered off
through a plug of cotton and washed thoroughly with MeOH (2 mL),
H2O (0.5 mL), and DMF (2 mL). The combined filtrates were concentrat-
ed to give the corresponding deprotected MosherKs amide in almost
quantitative yield. This debenzylation step was unnecessary starting from
7ba (gluco series) since a homogeneous distribution of DdRS signs was al-
ready observed in the 1H NMR spectra of the corresponding benzylated
MosherKs amides (see ref. [42]).

(2’R)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((R)-
21aa): 1H NMR (CDCl3 + D2O): d=8.70 (d, J3,NH=9.0 Hz, 1H, NH),
7.63–7.43 (m, 5H, Ph), 4.06 (dd, J3,4~0.5 Hz, 1H, H-3), 4.02 (dd, J6,7=3.0,
J7,8~0.5 Hz, 1H, H-7), 3.86 (dd, J8,9a=7.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.76
(s, 3H, OCH3), 3.70 (dd, J8,9b=3.0 Hz, 1H, H-9b), 3.66 (dd, J5,6=9.0 Hz,
1H, H-6), 3.55 (q, J=0.7 Hz, 3H, OCH3), 3.51 (dd, J4,5=8.5 Hz, 1H, H-
4), 3.50 (dd, J4,5 = 8.5, J5,6 = 9.0 Hz, 1H, H-5), 3.49 (ddd, J7,8 �0.5, J8,9a

= 7.0, J8,9b = 3.0 Hz, 1H, H-8), 1.34 (s, 3H, CH3), 1.16 (s, 3H, CH3).

(2’S)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((S)-
21aa): 1H NMR (CDCl3 + D2O): d=8.93 (d, J3,NH=9.0 Hz, 1H, NH),
7.64–7.43 (m, 5H, Ph), 4.06 (dd, J3,4~0.5 Hz, 1H, H-3), 3.97 (dd, J6,7=2.5,
J7,8~0.5 Hz, 1H, H-7), 3.86 (dd, J8,9a=7.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.79
(s, 3H, OCH3), 3.69 (dd, J8,9b=3.0 Hz, 1H, H-9b), 3.57 (dd, J5,6=9.0 Hz,
1H, H-6), 3.47 (dd, J4,5=9.0 Hz, 1H, H-4), 3.45 (ddd, 1H, H-8), 3.42 (q,
J=0.7 Hz, 3H, OCH3), 3.28 (dd, J4,5 = 9.0, J5,6 = 9.0 Hz, 1H, H-5), 1.36
(s, 6H, CH3).

(2’R)-Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimeth-
yl-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-phenylpropionylamino)-d-erythro-l-

galacto-nonanoate ((R)-benzylated-21ba): 1H NMR ([D6]acetone): d=

7.75–7.20 (m, 25H, 5Ph), 7.60 (d, J3,NH=10.0 Hz, 1H, NH), 4.94, 4.91
(2d, J=11.0 Hz, 2H, PhCH2), 4.88 , 4.83 (2d, J=10.0 Hz, 2H, PhCH2),
4.86, 4.69 (2d, J=10.5 Hz, 2H, PhCH2), 4.64, 4.59 (2d, J=12.0 Hz, 2H,
PhCH2), 4.60 (dd, J3,4~0.5 Hz, 1H, H-3), 3.80 (dd, J8,9a=3.5, J9a,9b=

11.0 Hz, 1H, H-9a), 3.75 (dd, J4,5=9.0, J5,6=9.5 Hz, 1H, H-5), 3.71 (dd,
J8,9b=1.5 Hz, 1H, H-9b), 3.65 (dd, J3,4 �0.5, J4,5 = 9.0 Hz, 1H, H-4), 3.63
(dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7), 3.53 (s, 3H, OCH3), 3.51 (ddd, J7,8

= 9.2, J8,9a = 3.5, J8,9b = 1.5 Hz, 1H, H-8), 3.48 (q, J=0.7 Hz, 3H,
OCH3), 3.27 (dd, J5,6 = 9.5, J6,7 = 9.0 Hz, 1H, H-6), 1.20 (s, 3H, CH3),
1.02 (s, 3H, CH3).

(2’S)-Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-
3-(3’,3’,3’-trifluoro-2’-methoxy-2’-phenyl-propionylamino)-d-erythro-l-
galacto-nonanoate ((S)-benzylated-21ba): 1H NMR ([D6]acetone): d=

7.79–7.22 (m, 25H, 5Ph), 7.60 (d, J3,NH=10.5 Hz, 1H, NH), 4.88, 4.82
(2d, J=11.5 Hz, 2H, PhCH2), 4.76, 4.62 (2d, J=11.0 Hz, 2H, PhCH2),
4.70, 4.64 (2d, J=10.0 Hz, 2H, PhCH2), 4.59, 4.55 (2d, J=11.5 Hz, 2H,
PhCH2), 4.46 (dd, J3,4~0.5 Hz, 1H, H-3), 3.68 (dd, J8,9a=3.5, J9a,9b=

11.0 Hz, 1H, H-9a), 3.63 (dd, J8,9b=2.0 Hz, 1H, H-9b), 3.62 (s, 3H,
OCH3), 3.57 (dd, J5,6=9.5, J6,7=9.0 Hz, 1H, H-6), 3.55 (q, J=0.7 Hz, 3H,
OCH3), 3.53 (dd, J4,5=9.0 Hz, 1H, H-4), 3.40 (ddd, J7,8=9.0 Hz, 1H, H-
8), 3.17 (dd, J6,7 = 9.0, J7,8 = 9.0 Hz, 1H, H-7), 2.75 (dd, J4,5 = 9.0, J5,6 =

9.5 Hz, 1H, H-5), 1.25 (s, 3H, CH3), 1.22 (s, 3H, CH3).

(2’R)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-erythro-l-gluco-nonanoate ((R)-
21ca): 1H NMR (CDCl3 + D2O): d=7.92 (d, J3,NH=9.5 Hz, 1H, NH),
7.65–7.40 (m, 5H, Ph), 4.11 (dd, J3,4=2.5 Hz, 1H, H-3), 3.85 (dd, J4,5~0.5,
J5,6=3.5 Hz, 1H, H-5), 3.79–3.62 (m, 2H, H-9a, H-9b), 3.72 (dd, J6,7=8.5,
J7,8=9.0 Hz, 1H, H-7), 3.71 (s, 3H, OCH3), 3.54 (dd, J3,4 = 2.5, J4,5

�0.5 Hz, 1H, H-4), 3.48 (dd, J5,6 = 3.5, J6,7 = 8.5 Hz, 1H, H-6), 3.30 (q,
J=0.7 Hz, 3H, OCH3), 3.19 (ddd, J7,8 = 9.0, J8,9a = 3.5, J8,9b = 2.0 Hz,
1H, H-8), 1.24 (s, 6H, 2CH3).

(2’S)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-erythro-l-gluco-nonanoate ((S)-
21ca): 1H NMR (CDCl3 + D2O): d=8.06 (d, J3,NH=10.0 Hz, 1H, NH),
7.60–7.38 (m, 5H, Ph), 4.28 (dd, J3,4=2.0 Hz, 1H, H-3), 3.83 (dd, J4,5~0.5,
J5,6=3.0 Hz, 1H, H-5), 3.78–3.60 (m, 2H, H-9a, H-9b), 3.72 (s, 3H,
OCH3), 3.68 (dd, J6,7=9.0, J7,8=9.5 Hz, 1H, H-7), 3.52 (dd, J3,4 = 2.0, J4,5

�0.5 Hz, 1H, H-4), 3.45 (dd, J5,6 = 3.0, J6,7 = 9.0 Hz, 1H, H-6), 3.32 (q,
J=0.7 Hz, 3H, OCH3), 3.17 (ddd, J8,9a=3.0, J8,9b=3.5 Hz, 1H, H-8), 1.26
(s, 6H, 2CH3).

(2’R)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-altro-octanoate ((R)-
21da): 1H NMR (CDCl3 + D2O): d=8.63 (d, J3,NH=9.0 Hz, 1H, NH),
7.60–7.40 (m, 5H, Ph), 4.18 (dd, J3,4=2.5, J4,5=7.5 Hz, 1H, H-4), 4.11
(dd, J3,NH = 9.0, J3,4 = 2.5 Hz, 1H, H-3), 4.08 (dd, J5,6=6.0, J6,7=8.5 Hz,
1H, H-6), 3.92 (ddd, J7,8a=3.5, J7,8b=5.0 Hz, 1H, H-7), 3.81 (dd, J4,5 =

7.5, J5,6 = 6.0 Hz, 1H, H-5), 3.74 (dd, J8a,8b=12.5 Hz, 1H, H-8a), 3.68 (s,
3H, OCH3), 3.58 (dd, J7,8b = 5.0, J8a,8b = 12.5 Hz, 1H, H-8b), 3.42 (q, J=
0.7 Hz, 3H, OCH3), 1.35 (s, 3H, CH3), 1.23 (s, 3H, CH3).

(2’S)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-altro-octanoate ((S)-
21da): 1H NMR (CDCl3 + D2O): d=8.36 (d, J3,NH=9.0 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.10 (dd, J3,4=4.5 Hz, 1H, H-3), 4.09 (dd, J4,5=

6.0 Hz, 1H, H-4), 3.76 (ddd, J6,7=5.5, J7,8a=3.0, J7,8b=3.5 Hz, 1H, H-7),
3.68 (s, 3H, OCH3), 3.61 (dd, J5,6=4.5 Hz, 1H, H-6), 3.59 (dd, J8a,8b=

12.5 Hz, 1H, H-8a), 3.54 (q, J=0.7 Hz, 3H, OCH3), 3.52 (dd, J4,5 = 6.0,
J5,6 = 4.5 Hz, 1H, H-5), 3.35 (dd, J7,8b = 3.5, J8a,8b = 12.5 Hz, 1H, H-8b),
1.34 (s, 3H, CH3), 1.29 (s, 3H, CH3).

(2’R)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-ido-octanoate ((R)-
21ea): 1H NMR (CDCl3 + D2O): d=8.17 (d, J3,NH=10.5 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.48 (dd, J3,4=8.0 Hz, 1H, H-3), 4.25 (dd, J5,6=

1.5, J6,7=5.0 Hz, 1H, H-6), 4.08 (dd, J4,5=4.5 Hz, 1H, H-4), 3.98 (dd, J4,5

= 4.5, J5,6 = 1.5 Hz, 1H, H-5), 3.90 (ddd, J7,8a=3.5, J7,8b=2.0 Hz, 1H, H-
7), 3.73 (dd, J8a,8b=13.5 Hz, 1H, H-8a), 3.68 (s, 3H, OCH3), 3.64 (dd, J7,8b

= 2.0, J8a,8b = 13.5 Hz, 1H, H-8b), 3.57 (q, J=0.7 Hz, 3H, OCH3), 1.28
(s, 3H, CH3), 1.14 (s, 3H, CH3).
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(2’S)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-glycero-d-ido-octanoate ((S)-
21ea): 1H NMR (CDCl3 + D2O): d=8.59 (d, J3,NH=10.0 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.46 (dd, J3,4=7.5 Hz, 1H, H-3), 4.09 (dd, J5,6=

1.5, J6,7=4.0 Hz, 1H, H-6), 4.08 (dd, J4,5=3.5 Hz, 1H, H-4), 3.92 (dd, J4,5

= 3.5, J5,6 = 1.5 Hz, 1H, H-5), 3.83 (ddd, J7,8a=1.5, J7,8b=3.0 Hz, 1H, H-
7), 3.74 (s, 3H, OCH3), 3.46 (dd, J8a,8b=12.0 Hz, 1H, H-8a), 3.40 (dd, J7,8b

= 3.0, J8a,8b = 12.0 Hz, 1H, H-8b), 3.33 (q, J=0.7 Hz, 3H, OCH3), 1.21
(s, 3H, CH3), 1.30 (s, 3H, CH3).

(2’R)-Ethyl 4,8-anhydro-2,3-dideoxy-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-
phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((R)-21ab):
1H NMR (CDCl3 + D2O): d=7.98 (d, J3,NH=8.0 Hz, 1H, NH), 7.60–7.40
(m, 5H, Ph), 4.74 (dddd, J2a,3=7.5, J2b,3=5.0, J3,4~0.5 Hz, 1H, H-3), 4.20–
4.00 (m, 2H, OCH2CH3), 4.07 (dd, J6,7=3.0, J7,8~0.5 Hz, 1H, H-7), 3.92
(dd, J8,9a=6.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.80 (dd, J8,9b=3.5 Hz, 1H, H-
9b), 3.66 (dd, J5,6=9.0 Hz, 1H, H-6), 3.58–3.51 (m, 2H, H-5, H-8), 3.46
(q, J=0.7 Hz, 3H, OCH3), 3.28 (dd, J4,5=9.0 Hz, 1H, H-4), 2.76 (dd,
J2a,2b=15.0 Hz, 1H, H-2a), 2.64 (dd, J2a,2b = 15.0, J2b,3 = 5.0 Hz, 1H, H-
2b), 1.23 (t, J=7.0 Hz, 3H, OCH2CH3).

(2’S)-Ethyl 4,8-anhydro-2,3-dideoxy-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-
phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((S)-21ab):
1H NMR (CDCl3 + D2O): d=8.20 (d, J3,NH=9.0 Hz, 1H, NH), 7.60–7.40
(m, 5H, Ph), 4.70 (dddd, J2a,3=6.5, J2b,3=6.0, J3,4~0.5 Hz, 1H, H-3), 4.30–
4.10 (m, 2H, OCH2CH3), 4.01 (dd, J6,7=3.0, J7,8~0.5 Hz, 1H, H-7), 3.90
(dd, J8,9a=5.5, J9a,9b=12.0 Hz, 1H, H-9a), 3.76 (dd, J8,9b=4.0 Hz, 1H, H-
9b), 3.57 (ddd, J5,6=8.5, J4,6=1.5 Hz, 1H, H-6), 3.51 (ddd, J7,8 �0.5, J8,9a

= 5.5, J8,9b = 4.0 Hz, 1H, H-8), 3.40 (q, J=0.7 Hz, 3H, OCH3), 3.28 (dd,
J4,5=9.0 Hz, 1H, H-5), 3.24 (ddd, J3,4 �0.5, J4,5 = 9.0, J4,6 = 1.5 Hz, 1H,
H-4), 2.77 (dd, J2a,2b=14.5 Hz, 1H, H-2a), 2.70 (dd, J2a,2b = 14.5, J2b,3 =

6.0 Hz, 1H, H-2b), 1.32 (t, J=7.0 Hz, 3H, OCH2CH3).

Acknowledgements

We gratefully acknowledge MIUR (COFIN 2004) for financial support.

[1] A. Dondoni, A. Marra, Chem. Rev. 2000, 100, 4395–4421.
[2] G. J. McGarvey, T. E. Benedum, F. W. Schmidtmann, Org. Lett.

2002, 4, 3591–3594.
[3] a) G. J. Boons, R. L. Polt, in Carbohydrate Chemistry (Ed.: G. J.

Boons), Blackie Academic and Professional, London, 1998, pp. 223–
242; b) G. Arsequell, G. Valencia, Tetrahedron: Asymmetry 1997, 8,
2839–2876; c) G. Arsequell, G. Valencia, Tetrahedron: Asymmetry
1999, 10, 3045–3094; d) J. F. G. Vliegenthart, F. Casset, Curr. Biol.
1998, 8, 565–571.

[4] a) A. Varki, Glycobiology 1993, 3, 97–130; b) R. A. Dwek, Chem.
Rev. 1996, 96, 683–720; c) Essentials of Glycobiology (Eds.: A.
Varki, R. Cummings, J. Esko, H. Freeze, G. Hart, J. Marth), Cold
Spring Harbor Laboratory Press, New York, 1999 ; d) E. Saxon,
C. R. Bertozzi, Annu. Rev. Cell Biol. 2001, 17, 1–23; e) R. C.
Hughes, Glycoconjugate J. 2001, 18, 567–575; f) C. R. Bertozzi,
L. L. Kiessling, Science 2001, 291, 2357–2364.

[5] a) L. A. Marcaurelle, C. R. Bertozzi, Chem. Eur. J. 1999, 5, 1384–
1390; b) Q. Wang, M. W. Wolff, T. Polat, Y. Du, R. J. Linhardt,
Bioorg. Med. Chem. Lett. 2000, 10, 941–944; c) B. Kuberan, R. J.
Linhardt, Curr. Org. Chem. 2000, 4, 653–677; d) F. Peri, L. Cipolla,
M. Rescigno, B. L. Ferla, F. Nicotra, Bioconjugate Chem. 2001, 12,
325–328; e) Carbohydrate-based Drug Discovery, Vols. 1 and 5 (Ed.:
C.-H. Wong), Wiley-VCH, Weinheim, 2003.

[6] For a list of papers published after our review in ref. [1], see: a) A.
Dondoni, P. Giovannini, A. Marra, J. Chem. Soc. Perkin Trans. 1
2001, 2380–2388; b) T. Nishikawa, M. Ishikawa, K. Wada, M. Isobe,
Synlett 2001, 945–947; c) B. Westermann, A. Walter, U. Flçrke, H.-J.
Altenbach, Org. Lett. 2001, 3, 1375–1378; d) F. Schweizer, T. Inazu,
Org. Lett. 2001, 3, 4115–4118; e) J. J. Turner, M. A. Leeuwenburgh,
G. A. van der Marel, J. H. van Boom, Tetrahedron Lett. 2001, 42,
8713–8716; f) E. G. Nolen, M. M. Watts, D. J. Fowler, Org. Lett.

2002, 4, 3963–3965; g) E. Brenna, C. Fuganti, P. Grasselli, S. Serra,
S. Zambotti, Chem. Eur. J. 2002, 8, 1872–1875; h) X. Xu, G. Fakha,
D. Sinou, Tetrahedron 2002, 58, 7539–7544; i) T. Nishikawa, K.
Wada, M. Isobe, Biosci. Biotechnol. Biochem. 2002, 66, 2273–2278;
j) Y. Ohnishi, Y. Ichikawa, Bioorg. Med. Chem. Lett. 2002, 12, 997–
999; k) L. Colombo, M. di Giacomo, P. Ciceri, Tetrahedron 2002, 58,
9381–9386; l) D. E. Paterson, F. K. Griffin, M.-L. Alcaraz, R. J. K.
Taylor, Eur. J. Org. Chem. 2002, 1323–1336; m) S. Manabe, Y.
Marui, Y. Ito, Chem. Eur. J. 2003, 9, 1435–1447; n) V. Boucard, K.
Larrieu, N. Lubin-Germain, J. Uziel, J. AugO, Synlett 2003, 1834–
1837; o) Q. Wang, R. J. Linhardt, J. Org. Chem. 2003, 68, 2668–
2672; p) T. Gustafsson, M. Saxin, J. Kihlberg, J. Org. Chem. 2003,
68, 2506–2509; q) E. G. Nolen, A. J. Kurish, K. A. Wong, M. D. Or-
lando, Tetrahedron Lett. 2003, 44, 2449–2453; r) S. B. McNabb, M.
Ueda, T. Naito, Org. Lett. 2004, 6, 1911–1914; s) A. Dondoni, P. P.
Giovannini, A. Massi, Org. Lett. 2004, 6, 2929–2932; t) K. CzifrQk,
P. SzilQgyi, L. SomsQk, Tetrahedron: Asymmetry 2005, 16, 127–141;
u) D. J. Chambers, J. R. Evans, A. J. Fairbanks, Tetrahedron: Asym-
metry 2005, 16, 45–55; v) T. Nishikawa, Y. Koide, S. Kajii, K. Wada,
M. Ishikawa, M. Isobe, Org. Biomol. Chem. 2005, 3, 687–700.

[7] a) Enantioselective Synthesis of b-Amino Acids (Ed.: E. Juaristi),
Wiley-VCH, New York, 1997; b) G. Cardillo, C. Tomasini, Chem.
Soc. Rev. 1996, 25, 117–128; c) Y. Aoyagi, R. P. Jain, R. M. Williams,
J. Am. Chem. Soc. 2001, 123, 3472–3477; d) J.-A. Ma, Angew. Chem.
2003, 115, 4426–4435; Angew. Chem. Int. Ed. 2003, 42, 4290–4299;
e) J. Holz, A. Monsees, H. Jiao, J. You, I. V. Komarov, C. Fischer, K.
Drauz, A. Bçrner, J. Org. Chem. 2003, 68, 1701–1707; f) A. HamzO,
J.-F. Hernandez, P. Fulcrand, J. Martinez, J. Org. Chem. 2003, 68,
7316–7321; g) A. E. Taggi, A. M. Hafez, T. Lectka, Acc. Chem. Res.
2003, 36, 10–19; h) H.-S. Lee, J.-S. Park, B. M. Kim, S. H. Gellman,
J. Org. Chem. 2003, 68, 1575–1578; i) J. Gardiner, K. H. Anderson,
A. Downard, A. D. Abell, J. Org. Chem. 2004, 69, 3375–3382.

[8] a) C. N. C. Drey, in Chemistry and Biochemistry of the Amino Acids
(Ed.: G. C. Barrett), Chapman and Hall, London, 1985, pp. 25–54;
b) O. W. Griffith, Annu. Rev. Biochem. 1986, 55, 855–878; c) C. A.
Bewley, D. J. Faulkner, Angew. Chem. 1998, 110, 2280–2297; Angew.
Chem. Int. Ed. 1998, 37, 2162–2178.

[9] a) D. Seebach, J. L. Matthews, Chem. Commun. 1997, 2015–2022;
b) S. H. Gellman, Acc. Chem. Res. 1998, 31, 173–180.

[10] a) S. Poenaru, J. R. Lamas, G. Folkers, J. A. L. de Castro, D. See-
bach, D. Rognan, J. Med. Chem. 1999, 42, 2318–2331; b) M. North,
J. Pept. Sci. 2000, 6, 301–313; c) S. Reinelt, M. Marti, S. Dedier, T.
Reitinger, G. Folkers, J. A. L. de Castro, D. Rognan, J. Biol. Chem.
2001, 276, 24525–24530.

[11] a) D. Seebach, S. Abele, K. Gademann, B. Jaun, Angew. Chem.
1999, 111, 1700–1703; Angew. Chem. Int. Ed. 1999, 38, 1595–1597;
b) K. Gademan, B. Jaun, D. Seebach, R. Perozzo, L. Scapozza, G.
Folkers, Helv. Chim. Acta 1999, 82, 1–11; c) D. H. Appella, L. A.
Christianson, I. L. Karle, D. R. Powell, S. H. Gellman, J. Am. Chem.
Soc. 1999, 121, 6206–6212; d) D. H. Appella, L. A. Christianson,
D. A. Klein, M. R. Richards, D. R. Powell, S. H. Gellman, J. Am.
Chem. Soc. 1999, 121, 7574–7581; e) M. North, J. Pept. Sci. 2000, 6,
301–313.

[12] a) R. P. Tripathi, R. Tripathi, V. K. Tiwari, L. Bala, S. Sinha, A. Sri-
vastava, R. Srivastava, B. S. Srivastava, Eur. J. Med. Chem. 2002, 37,
773–781; b) R. C. Mishra, R. Tripathi, D. Katiyar, N. Tewari, D.
Singh, R. P. Triphati, Bioorg. Med. Chem. 2003, 11, 5363–5374.

[13] G. V. M. Sharma, V. G. Reddy, A. S. Chander, R. Reddy, Tetrahe-
dron: Asymmetry 2002, 13, 21–24.

[14] C. Palomo, M. Oiarbide, A. Landa, M. C. GonzQlez-Rego, J. M.
GarcRa, A. GonzQlez, J. M. Odriozola, M. MartRn-Pastor, A. Linden,
J. Am. Chem. Soc. 2002, 124, 8637–8643.

[15] Only compound 21 in ref. [13] can be considered as a genuine C-gly-
cosyl b-amino acid. The first sentence of the present paper and the
footnote [9] in ref. [1] provide a correct and widely accepted defini-
tion of C-glycosyl amino acids in general.

[16] A. Dondoni, A. Massi, S. Sabbatini, V. Bertolasi, Tetrahedron Lett.
2004, 45, 2381–2384.

Chem. Eur. J. 2005, 11, 7110 – 7125 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7123

FULL PAPERGlycosyl Amino Acids

www.chemeurj.org


[17] In a parallel study, we also developed an efficient access to a special
class of C-glycosyl-b-amino-a-hydroxy esters (C-glycosyl isoserines)
via a one-pot, three-component Staudinger-type reaction followed
by base-promoted opening of the resulting b-lactam ring: A. Dondo-
ni, A. Massi, S. Sabbatini, V. Bertolasi, Adv. Synth. Catal. 2004, 346,
1355–1360.

[18] Reviews: a) R. A. Volkmann, in Comprehensive Organic Synthesis,
Vol. 1 (Eds.: B. M. Trost, I. Fleming), Pergamon, Oxford, 1991,
p. 355–396; b) M. Tramontini, L. Angiolini, in Mannich Bases,
Chemistry and Uses (CRC), Boca Raton, 1994 ; c) N. Risch, M.
Arend, B. Westermann, Angew. Chem. 1998, 110, 1096–1112;
Angew. Chem. Int. Ed. 1998, 37, 1044–1070.

[19] Reviews: a) A. FVrstner, Synthesis 1989, 571–590; b) M. W. Rathke,
P. Weckelipert, in Comprehensive Organic Synthesis, Vol. 2 (Eds.:
B. M. Trost, I. Fleming), Pergamon Press, New York, 1991, pp. 277–
299; c) A. FVrstner, in Organozinc Reagents (Eds.: P. Knochel, P.
Jones), Oxford University Press, New York, 1999, pp. 2.

[20] Several accounts on one-pot Mannich-type reactions have been re-
ported very recently, see: a) T. P. Loh, S. L. Chen, Org. Lett. 2002, 4,
3647–3650; b) Y. Hayashi, W. Tsuboi, I. Ashimine, T. Urushima, M.
Shoji, K. Sakai, Angew. Chem. 2003, 115, 3805–3808; Angew. Chem.
Int. Ed. 2003, 42, 3677–3680; c) W. Notz, F. Tanaka, S. Watanabe,
N. S. Chowdari, J. M. Turner, R. Thayumanavan, C. F. Barbas III, J.
Org. Chem. 2003, 68, 9624–9634; d) N. S. Josephsohn, M. L. Snap-
per, A. H. Hoveyda, J. Am. Chem. Soc. 2004, 126, 3734–3735; e) A.
CWrdova, Acc. Chem. Res. 2004, 37, 102–112; f) I. Ibrahem, J. Casas,
A. CWrdova, Angew. Chem. 2004, 116, 6690–6693; Angew. Chem.
Int. Ed. 2004, 43, 6528–6531; g) T. Ollevier, E. Nadeau, J. Org.
Chem. 2004, 69, 9292–9295; h) C. Rondot, J. Zhu, Org. Lett. 2005, 7,
1641–1644.

[21] Only four accounts on one-pot Reformatsky-type reactions have
been reported thus far, see: a) T. Nishiyama, H. Kishi, K. Kitano, F.
Yamada, Bull. Chem. Soc. Jpn. 1994, 67, 1765–1768; b) M. R. Saidi,
N. Azizi, H. Zali-Boinee, Tetrahedron 2001, 57, 6829–6832; c) T.
Honda, H. Wakabayashi, K. Kanai, Chem. Pharm. Bull. 2002, 50,
307–308; d) J. C. Adrian, Jr., M. L. Snapper, J. Org. Chem. 2003, 68,
2143–2150.

[22] Recent accounts and reviews with concepts, examples, and leading
references: a) R. W. Armstrong, A. P. Combs, P. A. Tempest, S. D.
Brown, T. A. Keating, Acc. Chem. Res. 1996, 29, 123–131; b) S. Ko-
bayashi, Chem. Soc. Rev. 1999, 28, 1–15; c) L. Weber, K. Illgen, M.
Almstetter, Synlett 1999, 366–374; d) S. L. Dax, J. J. McNally, M. A.
Youngman, Curr. Med. Chem. 1999, 6, 255–270; e) A. Dçmling, I.
Ugi, Angew. Chem. 2000, 112, 3300–3344; Angew. Chem. Int. Ed.
2000, 39, 3168–3210; f) S. L. Schreiber, Science 2000, 287, 1964–
1969; g) H. BienaymO, C. Hulme, G. Oddon, P. Schmitt, Chem. Eur.
J. 2000, 6, 3321–3329; h) L. Weber, Drug Discovery Today 2002, 7,
143; i) L. Weber, Curr. Med. Chem. 2002, 9, 1241–1253; j) G. Balme,
E. Bossharth, N. Monteiro, Eur. J. Org. Chem. 2003, 4101–4111;
k) A. Jacobi von Wangelin, H. Neumann, D. Gçrdes, S. Klaus, D.
StrVbing, M. Beller, Chem. Eur. J. 2003, 9, 4286–4294; l) A. Dondo-
ni, A. Massi, Mol. Diversity 2003, 6, 261–270; m) D. J. RamWn, M.
Yus, Angew. Chem. 2005, 117, 1628–1661; Angew. Chem. Int. Ed.
2005, 44, 1602–1634.

[23] For selected recent papers, see: a) O. Lockhoff, Angew. Chem. 1998,
110, 3634–3637; Angew. Chem. Int. Ed. 1998, 37, 3436–3439; b) L.
Banfi, G. Guanti, R. Riva, Chem. Commun. 2000, 985–986; c) K.
Oertel, G. Zech, H. Kunz, Angew. Chem. 2000, 112, 1489–1491;
Angew. Chem. Int. Ed. 2000, 39, 1431–1433; d) J. R. Porter, J. F. Tra-
verse, A. H. Hoveyda, M. L. Snapper, J. Am. Chem. Soc. 2001, 123,
10409–10410; e) T. Dudding, A. M. Hafez, A. E. Taggi, T. R. Wa-
gerle, T. Lectka, Org. Lett. 2002, 4, 387–390; f) G. K. S. Prakash, M.
Mandal, S. Schweizer, N. A. Petasis, G. A. Olah, J. Org. Chem. 2002,
67, 3718–3723; g) T.-P. Loh, S.-L. Chen, Org. Lett. 2002, 4, 3647–
3650; h) A. Dondoni, A. Massi, S. Sabbatini, V. Bertolasi, J. Org.
Chem. 2002, 67, 6979–6994; i) A. Dondoni, A. Massi, E. Minghini,
V. Bertolasi, Helv. Chim. Acta 2002, 85, 3331–3348; j) A. Dondoni,
A. Massi, E. Minghini, S. Sabbatini, V. Bertolasi, J. Org. Chem.
2003, 68, 6172–6183; k) M. F. Abbacinamento, T. Skrydstrup, J. Org.

Chem. 2003, 68, 7112–7114; l) E. Bossharth, P. Desbordes, N. Mon-
teiro, G. Balme, Org. Lett. 2003, 5, 2441–2444; m) C. Wei, Z. Li,
C.-J Li, Org. Lett. 2003, 5, 4473–4475; n) D. J. Vugts, H. Jansen, R. F.
Schmitz, F. J. J. de Kanter, R. V. A. Orru, Chem. Commun. 2003,
2594–2595; o) U. Kusebauch, B. Beck, K. Messer, E. Herdtweck, A.
Dçmling, Org. Lett. 2003, 5, 4021–4024; p) S. J. Patel, T. F. Jamison,
Angew. Chem. 2003, 115, 1402–1405; Angew. Chem. Int. Ed. 2003,
42, 1364–1367; q) C. Hebach, U. Kazmaier, Chem. Commun. 2003,
596–597; r) R. Lavilla, M. C. Bernabeu, I. Carranco, J. L. DRaz Org.
Lett. 2003, 5, 717–720; s) A. Dondoni, A. Massi, E. Minghini, V.
Bertolasi, Tetrahedron 2004, 60, 2311–2326; t) H.-X. Wei, C. Tim-
mons, M. A. Farag, P. W. ParO, G. Li, Org. Biomol. Chem. 2004, 2,
2893–2896; u) B. B. TourO, D. G. Hall, J. Org. Chem. 2004, 69,
8429–8436; v) K. Paulvannan, J. Org. Chem. 2004, 69, 1207–1214;
w) W. H. Pearson, P. Stoy, Y. Mi, J. Org. Chem. 2004, 69, 1919–
1939; x) D. A. Black, B. A. Arndtsen, Org. Lett. 2004, 6, 1107–1110;
y) L.-W. Xu, C.-G. Xia, L. Li, J. Org. Chem. 2004, 69, 8482–8484.

[24] a) A. Dondoni, M.-C. Scherrmann, Tetrahedron Lett. 1993, 34,
7319–7322; b) A. Dondoni, M.-C. Scherrmann, J. Org. Chem. 1994,
59, 6404–6412; c) A. Dondoni, Pure Appl. Chem. 2000, 72, 1577–
1588; d) A. Dondoni, P. Formaglio, A. Marra, A. Massi, Tetrahedron
2001, 57, 7719–7727; e) A. Dondoni, A. Marra, Tetrahedron Lett.
2003, 44, 4067–4071; f) A. Dondoni, A. Marra, Tetrahedron Lett.
2003, 44, 13–16; g) A. Dondoni, N. Catozzi, A. Marra, J. Org.
Chem. 2004, 69, 5023–5036.

[25] In all compounds 7xy, the first letter refers to the sugar employed,
that is, 1a, 1b, 1c, etc., while the second letter corresponds to the
ketene silyl acetal (4a, 4b, and 4c) or the Reformatsky reagent (5b
and 5c). Thus compound 7ab arises from aldehyde 1a and enol
silane 4b or bromozinc enolate 5b.

[26] The use of a-linked C-glycosyl aldehydes (d-gluco and d-arabino) in
the three-component Mannich-type and Reformatsky-type reactions
resulted, under different reaction conditions, in no formation of the
corresponding b-amino esters 7 very likely because of the intrinsic
instability of these a-configured sugar aldehydes. The synthesis of a-
linked C-glycosyl b-amino acids by a different route is the subject of
a forthcoming paper.

[27] It is widely documented that the abstraction of protons adjacent to
the carbon–nitrogen double bond of imine derivatives competes and
often prevents the addition of nucleophiles to imines (see ref. [18a]).

[28] a) K. Mikami, S. Matsumoto, A. Ishida, S. Takamuku, T. Suenobu, S.
Fukuzumi, J. Am. Chem. Soc. 1995, 117, 11134–11141; b) T.
Harada, T. Egusa, Y. Igarashi, M. Kinugasa, A. Oku, J. Org. Chem.
2002, 67, 7080–7090.

[29] a) N. Srivastava, B. K. Banik, J. Org. Chem. 2003, 68, 2109–2114;
b) C. Palomo, M. Oiarbide, R. Halder, M. Kelso, E. GWmez-Bengoa,
J. M. GarcRa, J. Am. Chem. Soc. 2004, 126, 9188–9189, and referen-
ces therein.

[30] a) S. Sibille, E. d’Incam, M. Leport, M.-C. Massebiau, J. POrichon,
Tetrahedron Lett. 1987, 28, 55–58; b) S. Mcharek, S. Sibille, J.-Y. NO-
dOlec, J. POrichon, J. Organomet. Chem. 1991, 401, 211–215; c) A.
Conan, S. Sibille, J. POrichon, J. Org. Chem. 1991, 56, 2018–2024.

[31] a) S. Marcotte, X. Pannecoucke, C. Feasson, J.-C. Quirion, J. Org.
Chem. 1999, 64, 8461–8464; b) A. Vidal, A. Nefzi, R. A. Houghten,
J. Org. Chem. 2001, 66, 8268–8272; c) D. D. Staas, K. L. Savage,
C. F. Hommick, N. N. Tsou, R. G. Bali, J. Org. Chem. 2002, 67,
8276–8279; d) A. Suzuki, M. Mae, H. Amii, K. Uneyama, J. Org.
Chem. 2004, 69, 5132–5143, and references therein.

[32] a) Fluorine-Containing Amino Acids. Synthesis and Properties (Eds.:
V. P. Kukhar’, V. A. Soloshonok), Wiley, Chichester, 1994 ; b) Bio-
medical Frontiers of Fluorine Chemistry (Eds.: I. Ojima, J. R. Mc-
Carthy, J. T. Welch), ACS Books, American Chemical Society, Wash-
ington, 1996 ; c) Enantiocontrolled Synthesis of Fluoro-Organic Com-
pounds: Stereochemical Challenges and Biomedicinal Targets (Ed.:
V. A. Soloshonok), Wiley, Chichester, 1999.

[33] A. Sorochinsky, N. Voloshin, A. Markovsky, M. Belik, N. Yasuda, H.
Uekusa, T. Ono, D. O. Berbasov, V. A. Soloshonok, J. Org. Chem.
2003, 68, 7448–7454.

www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7110 – 71257124

A. Dondoni et al.

www.chemeurj.org


[34] A. Otaka, J. Watanabe, A. Yukimasa, Y. Sazaki, H. Watanabe, T. Ki-
noshita, S. Oishi, H. Tamamura, N. Fujii, J. Org. Chem. 2004, 69,
1634–1645.

[35] K. Iseki, Y. Kuroki, D. Asada, M. Takahashi, S. Kishimoto, Y. Ko-
bayashi, Tetrahedron 1997, 53, 10271–10280.

[36] K. Sato, A. Tarui, T. Kita, Y. Ishida, H. Tamura, M. Omote, A.
Ando, I. Kumadaki, Tetrahedron Lett. 2004, 45, 5735–5737.

[37] a) A. E. Hallinan, J. Fried, Tetrahedron Lett. 1984, 25, 2301–2302;
b) T. Taguchi, O. Kitagawa, Y. Suda, S. Ohkawa, A. Hashimoto, Y.
Iitaka, Y. Kobayashi, Tetrahedron Lett. 1988, 29, 5291–5294; c) J. M.
Altenburger, D. Schirlin, Tetrahedron Lett. 1991, 32, 7255–7258.

[38] a) F. Dardoize, J.-L. Moreau, M. Gaudemar, Bull. Soc. Chem. Fr.
1972, 3841–3846; b) J. C. Adrian, J. L. Barkin, L. Hassib, Tetrahe-
dron Lett. 1999, 40, 2457–2460.

[39] Attempts to use catalytic amounts (4% mol) of CeCl3·7H2O in the
Reformatsky reaction (THF, room temperature or 50 8C, 12 h) of
imine 18a, zinc dust and ethyl bromodifluoroacetate 16 (4.0 equiv)
failed to give the target b-amino ester 19. This result contrasts the
ability of CeCl3 to enhance the Reformatsky reaction of ethyl bro-
modifluoroacetate 16 with aldehydes and ketones: Y. Shen, M. Qi, J.
Fluorine Chem. 1994, 67, 229–232.

[40] a) T. Kusumi, T. Fukushima, I. Ohtani, H. Kakisawa, Tetrahedron
Lett. 1991, 32, 2939–2942; b) T. Kusumi, I. Ohtani, in The Biology-
Chemistry Interface. A Tribute to Koji Nakanishi (Eds.: R. Cooper,
J. K. Snyder), Marcel Dekker, New York, 1999, Chapter 6; c) B.
Lopez, E. Quinoa, R. Riguera, J. Am. Chem. Soc. 1999, 121, 9724–
9725; d) J. M. Seco, E. QuiÇoQ, R. Riguera, Tetrahedron: Asymmetry
2001, 12, 2915–2925; e) K. Omata, T. Fujiwara, K. Kabuto, Tetrahe-

dron: Asymmetry 2002, 13, 1655–1662; f) S. Porto, J. Duran, J. M.
Seco, E. QuiÇoQ, R. Riguera, Org. Lett. 2003, 5, 2979–2982; g) J. M.
Seco, E. QuiÇoQ, R. Riguera, Chem. Rev. 2004, 104, 17–117.

[41] a) J. A. Dale, H. S. Mosher, J. Am. Chem. Soc. 1973, 95, 512–519;
b) G. R. Sullivan, J. A. Dale, H. S. Mosher, J. Org. Chem. 1973, 38,
2143–2147.

[42] The removal of benzyl groups was essential to guarantee an NMR
spectral nonequivalence (DdRS) with a regular sign distribution for
all protons of 7aa.

[43] The lack of any diagnostic protons in the alkyl chain part of a,a-di-
fluoro C-glycosyl b-amino acids 19 and 20 doesnKt allow for a relia-
ble assignment of the absolute configuration at C-3 of this class of
compounds by NMR.

[44] R. Badorrey, C. Cativiela, M. D. DRaz-de-Villegas, J. A. GQlvez, Tet-
rahedron Lett. 2003, 44, 9189–9192.

[45] a) M. ChOrest, H. Felkin, N. Prudent, Tetrahedron Lett. 1968, 2199–
2204; b) N. T. Anh, O. Eisenstein, Nouv. J. Chim. 1977, 1, 61–70, for
an additional discussion of this model, see: c) E. L. Eliel, in Asym-
metric Synthesis, Vol. 2 (Ed.: J. D. Morrison), Academic Press, New
York, 1983, pp. 125–155.

[46] a) N. T. Anh, Top. Curr. Chem. 1980, 88, 145–162. For theoretical
studies which support the polar Felkin–Anh model, see: b) Y.-D.
Wu, K. N. Houk, J. Am. Chem. Soc. 1987, 109, 908–910; c) G.
Frenking, K. F. Kçhler, M. T. Reetz, Tetrahedron 1993, 49, 3983–
3984; d) N. T. Anh, F. Maurel, J.-M. Lefour, New J. Chem. 1995, 19,
353–364.

Received: July 15, 2005
Published online: October 14, 2005

Chem. Eur. J. 2005, 11, 7110 – 7125 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7125

FULL PAPERGlycosyl Amino Acids

www.chemeurj.org

