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1. Introduction
The second half of last century has witnessed an

enormous progress in organic synthesis as a conse-
quence of the advent of innovative concepts with high
predictable power and the development of new strat-
egies and technologies culminating in the preparation
of numerous natural and unnatural products of great
complexity.1 Formidable goals were achieved owing
to the continuous efforts in the search of new
reagents and methods, particularly those allowing
one to assemble molecular building blocks via chemi-
cally efficient and stereoselective carbon-carbon
bond-forming reactions. At present, research in this
field is even more actively promoted by the interplay
of organic chemistry and various disciplines of life
science such as biology, pharmacology, and medicine
that are posing a pressing demand for natural
products and synthetic analogues in meaningful scale
and high purity.2 Although a great deal of new
reagents and catalysts have been formulated as the
result of profitable studies in organometallic chem-
istry, also members of classical families of organic
compounds proved to serve as effective synthetic

auxiliaries. This is the case of heterocyclic compounds
whose utility in organic synthesis, although recog-
nized in recent times, is now well established. The
publication in 1974 of the Meyers book entitled
Heterocycles in Organic Synthesis3 describing the
main transformations of various heterocycles into
common functional groups highlighted the concept
of heterocycle-functional group equivalence as a
powerful tool in new synthetic programs. Reviews
and articles dealing with the use of readily available
and simple heterocycles were also reported. These
include 1,3-dithianes,4 oxazolines,5 oxazoles,6 thio-
phenes,7 isoxazolines,8 isoxazoles,9 pyrrolidines,10

2-silyloxyfurans,11 thiazoles,12 benzotriazoles,13 and
various heteroaromatics such as pyrroles, furans, and
imidazoles.14 Since substantial research has been
carried out over the last 20 years on the use of
thiazole as synthetic auxiliary but only partial ac-
counts were reported in various instances,12,15 the aim
of this paper is to review our and other’s work dealing
with the service of thiazole as latent formyl group in
the assembly of a great variety of densely function-
alized and chiral molecular systems. The thiazolyl
to formyl equivalence was central to the chemistry
involved in synthetic schemes of some complexity. In
fact, while the high and multiform reactivity of the
formyl group is widely exploited in synthetic endeav-
ors toward complex molecular systems, a drawback
of this functionality stems from its scarce compat-
ibility with various reaction conditions. Conse-
quently, it is convenient, if not necessary, to introduce
in a substrate the formyl group in a stable masked
form from which it can be liberated in the late stage
of the synthesis. Hence, we will describe synthetic
schemes leading to a wide variety of compounds and
which are based on a general strategy consisting of
the introduction of thiazole or a thiazole-containing
residue in a substrate, followed by the elaboration
of the moiety linked to the thiazole ring and the final
conversion of the latter into the formyl group (Thia-
zole-Aldehyde Synthesis). The wide scope of this
synthetic strategy relies on two main properties of
the thiazole ring: first, its tolerance to a broad range
of reaction conditions, thus allowing for the elabora-
tion of the substrate in which it has been introduced,
and, second, the easy transformation into the formyl
group under almost neutral conditions, thus leaving
unaltered stereocenters and acid- and base-sensitive
functional groups which are present in the molecule.
It is intended that this contribution provides testi-
mony to the potential of the thiazole ring as a latent
functional group in synthetic methodology, thereby
stimulating further developments in this field. Other
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applications in the synthesis of thiazole derivatives,
such as N-alkylthiazolium salts in the acyloin con-
densation16 and the Stetter reaction17 wherein the
role of the heterocycle is to promoting the carbon-
carbon bond formation between two reactants rather
than participating as a masked functionality to the
construction of the target molecule, will not be
treated in this review.

2. Thiazole−Aldehyde Synthesis
Among the various syntheses of aldehydes18 there

are some methods based on the use of heterocyclic
compounds. One of these methods was reported by
Corey and Seebach4 in 1965. They introduced sub-
stituents at C-2 of the 1,3-dithiane ring by reaction
of 2-lithio-1,3-dithiane with C-electrophiles and then
liberated the aldehyde by metal-assisted hydrolysis
of the heterocycle. Another interesting method based
on the use of 2-alkyl-dihydro-1,3-oxazines was re-
ported a few years later by Meyers and co-workers.19

In this case the 2-alkyl group linked to the hetero-
cycle was elaborated via metalation and reaction with
electrophiles, then the oxazine nucleus was com-

pletely reduced with sodium borohydride, and the
resulting tetrahydro-1,3-oxazine was cleaved with
dilute oxalic acid. These methods stimulated more
research in the field. In fact, in analogy to the Meyers
oxazine-aldehyde synthesis, Altman and Richheimer
described20 in 1971 the synthesis of an aldehyde,
3-phenylpropanal 4, starting from 2,4-dimethylthi-
azole 1 (Scheme 1). This appears to be the first

registered aldehyde synthesis by the use of the
thiazole nucleus as a formyl group equivalent. The
method consisted of the chain elongation of the C-2
methyl group of 1 via selective metalation21 and
benzylation to give the 2-alkylthiazole 2. The alde-
hyde 4 was liberated via a three-step reaction se-
quence constituted of N-methylation of the thiazole
ring of 2, reduction of the resulting N-thiazolium salt
(not shown) to the thiazolidine 3, and finally HgCl2-
promoted hydrolysis of the heterocyclic nucleus of 3.

Very soon after the publication of Altman and
Richheimer, Meyers introduced another approach
to aliphatic aldehydes starting from 2-methyl-2-
thiazoline 5 as the carrier of the latent formyl
group22 (Scheme 2). In this method too the first step
consisted of the alkylation of the 2-methyl group of
5 via metalation and reaction with suitable electro-
philes (alkyl, benzyl, allyl halides), whereas the
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release of the aldehyde 8 was performed by reduction
of the thiazoline 6 with aluminum amalgam in moist
ether and then cleavage of the thiazolidine 7 using
HgCl2 in aqueous acetonitrile. This reaction sequence
provided monoalkylated acetaldehydes in 30-70%
overall yield. This process was repeated to produce
dialkylated and trialkylated thiazolines 9 and 12
which in turn were transformed into di- and trialky-
lated acetaldehydes 11 and 14, respectively.23 Note-
worthy is that the precursors to the substituted
acetaldehydes, i.e., the thiazolidines 7, 10, and 13,
were transformed into products under neutral reac-
tion conditions. It was emphasized that these condi-
tions were crucial for the application of this aldehyde
synthesis to acid-sensitive compounds. The Meyers
2-thiazoline method was also employed in the prepa-
ration of â-hydroxy aldehydes.24

Other leading researchers became interested in
thiazole derivatives as latent formyl group equiva-
lents. In 1978 Corey and Boger reported on the
synthesis of various aldehydes including unsaturated
derivatives using 2-lithiobenzothiazole 15 as a formyl
anion equivalent.25 As illustrated in Scheme 3, the
addition of 15 to cyclohexanone 16 afforded the
tertiary benzothiazole carbinol 17 which was dehy-
drated (three methods were suggested) to give the
vinyl benzothiazole 18. This compound proved to be
a masked form of the cyclohexene carboxaldehyde 21
which in fact was obtained by cleavage of the benzo-
thiazole ring using a similar sequence to that em-
ployed by Altman and Richheimer,20 i.e., N-methy-
lation (MeOSO2F), hydride reduction (NaBH4), and
metal-promoted hydrolysis (AgNO3 in aqueous MeCN).

These methods did not receive a great deal of
attention as the concept of utilizing thiazole or its
derivatives as a latent functionality in organic syn-
thesis was ignored for almost a decade. However,
following earlier studies of the uncatalyzed reactions
of a new metalated thiazole, 2-(trimethylsilyl)thiazole
(2-TST, 22),26 with various carbon electrophiles26,27

(ketenes, acyl chlorides, aldehydes, azaryl cations),

Dondoni and co-workers reported28 in 1985 on the
thiazole-based one-carbon homologation of 2,3-O-iso-
propylidene-D-glyceraldehyde 23 to protected D-eryth-
rose 27. This reaction sequence involved the stereo-
selective anti-addition of 2-TST 22 to 23 and the
aldehyde releasing from the adduct 24a by thiazole
cleavage via N-methylation (Me3OBF4), reduction
(NaBH4), hydrolysis (HgCl2 in MeOH-H2O) (Scheme
4). Since the overall transformation of 23 to 27
corresponded to the addition of the formyl anion to
the carbonyl of 23, it became apparent that 2-TST
22 served in this methodology as the synthetic equi-
valent of this umpoled synthon.29 The method was
fairly efficient as the aldehyde 27 was isolated in 38%
yield from 23.30 Noteworthy were two main features
of the synthesis: first, the high level of stereoselec-
tivity31 (ds 95%) of the addition of 2-TST 22 to the
chiral aldehyde 23; second, the liberation of the
formyl group from the thiazole ring without affecting
the acid-sensitive isopropylidene protective group and
stereocenters. This was the first example of a chiral
aldehyde synthesis via thiazole-based methodology.

On the basis of this and the other processes which
will be illustrated in the forthcoming sections, a
general scheme can be formulated wherein an R′-
substituted aldehyde can be obtained from a given
substrate by three sequential operations: A, intro-

Scheme 4

Scheme 2 Scheme 3
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duction of the thiazole ring in a substrate by reaction
of a C-2-functionalized thiazole (FGTh) with a suit-
able functionality of the substrate (coupling); B,
transformation of the resulting C-2-substituted thia-
zole RTh into R′Th by elaboration of the group R
(elaboration); C, releasing of the target aldehyde
R′CHO from R′Th by cleavage of the thiazole ring
(unmasking) (Figure 1). This synthetic strategy lead-
ing to an aldehyde through a thiazole derivative was
appropriately named ‘thiazole-aldehyde synthesis’.12b

Owing to the variety of reactive functional groups
(FG) which can be introduced at C-2 of the thiazole
nucleus, different types of thiazole-armed reagents
(FGTh) can be prepared (see below). Hence, depend-
ing on the reagent employed in step A, one can install
in the starting substrate the sole thiazole ring or a
more complex residue containing this heterocycle. For
example, the coupling of the substrate with meta-
lated thiazoles (FG ) Li, SiMe3) results in the
introduction of the thiazole nucleus, namely, the
masked formyl group as shown in Scheme 4, whereas
the coupling with thiazolylmethylene triphenylphos-
phorane ThCHdPPh3 serves to introduce the frag-
ment ThCHd, namely, the masked formylmethylene
group. The scarce nucleophilicity and basicity of
thiazole21 and the inertness of its double bonds to
undergo addition reactions make this heterocycle
tolerant of a broad range of elaborations of the
substituent R, so that convenient methods can be
employed for the conversion of this group into the
desired substituent R′ of the target aldehyde.

The key operation of the thiazole-aldehyde syn-
thesis is carried out in step C, where the target
aldehyde is released from its thiazole-masked equiva-
lent R′Th by cleavage of the thiazole ring. This
unmasking procedure was carried out under mild and
neutral conditions in order to avoid side reactions of
the resulting aldehyde and leave unaltered protective
groups and stereocenters. As shown in Schemes 1,
3, and 4, the thiazole-to-formyl conversion consisted
of a three-step reaction sequence involving N-methy-
lation to N-methylthiazolium salt, then hydride
reduction to thiazolidine32 (or benzothiazoline, see
Scheme 3), and finally metal-ion-assisted hydrolysis
to aldehyde. Aiming at improving the conditions of
the thiazolidine hydrolysis and particularly avoiding
the use of the noxious HgCl2, Dondoni and co-workers
introduced33 the mixture CuCl2-CuO in acetonitrile-
water as an efficient promoter. However, this system
was scarcely effective with benzothiazolines. On the
other hand, the use of AgNO3 originally employed by
Corey and Boger25 (see Scheme 3) was found to be
superior to CuCl2-CuO and equally effective for the
cleavage of thiazole and benzothiazole derivatives.34

As it will be illustrated below, all variants of the
thiazole-to-formyl unmasking protocol were compat-

ible with commonly used hydroxyl and amino protec-
tive groups such as O-isopropylidene, O-silyl, O-ben-
zyl, N-tert-butoxycarbonyl, and N-benzyloxycarbonyl
as well as with a variety of functionalities. Overall
yields of isolated aldehydes ranged between 60% and
90%. By contrast, this unmasking procedure gave
poor results in the presence of free hydroxyl groups
and was incompatible with N-alkylamino groups.
Recent studies in the authors’ laboratory (unpub-
lished results), aiming at developing a fully auto-
mated unmasking protocol and simplifying the iso-
lation of the target aldehyde in a satisfactory pure
state, demonstrated that the hydride reduction of the
thiazolium salt and the metal-promoted hydrolysis
of the thiazolidine can be effectively carried out by
use of polymer-supported reagents, namely, borohy-
dride on Amberlite resin (IRA-400) and Amberlyst
15 (Ag+ form).

The ease of introduction of a variety of reactive
functional groups (FG) at C-2 of the thiazole ring led
to the preparation of a collection of thiazole-based
reagents (FGTh) allowing for the execution of step
A via a great variety of carbon-carbon bond-forming
reactions. These reagents are shown in Scheme 5.
Although some of these compounds are commercially
available, a synthetic route to each of them is
indicated. 2-Bromothiazole 28 was the commercially
available starting material whose halogen-metal
exchange with butyllithium at low temperature (-70
°C) led to the in situ generation of 2-lithiothiazole26

(2-LTT, 31). This organometallic compound was used
both as a reagent and precursor for the synthesis of
other thiazole-based reagents via reaction with suit-
able electrophiles. Thus, quenching the ethereal solu-
tion of 31 with trimethylsilyl chloride and trimeth-
ylstannyl chloride afforded the corresponding orga-
nometallic 2-(trimethylsilyl)thiazole26,27c (2-TST, 22)
and 2-(trimethylstannyl)thiazole35 29, respectively,

Figure 1. Thiazole-aldehyde synthesis: A, coupling; B,
elaboration; C, unmasking.

Scheme 5a

a Reagents: (a) BuLi; (b) Me3SiCl; (c) Me3SnCl, (d) AcOEt; (e)
i. BrCH2CO2Et, ii. PPh3, iii. NaOH; (f) DMF; (g) i. NaBH4, ii. PPh3-
CCl4, iii. PPh3, iv. t-BuOK; (h) BnNHOH; (i) NH2OH; (j) i. Cl2, ii.
Et3N; (l) LiAlH4.
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both stable at room temperature. Furthermore, the
coupling reactions with N,N-dimethylformamide and
ethyl acetate furnished 2-formylthiazole36 34 and
2-acetylthiazole37 (2-ATT, 30) in high yields. 2-LTT
31 was also the precursor to the stabilized thiazole-
armed carbonyl phosphorane38 (2-TCMP, 32), al-
though this compound was prepared in higher yield
starting from 2-TST 22. In both routes the common
intermediate was 2-(bromoacetyl)thiazole, which was
transformed into a phosphonium salt and then into
the ylide 32 by treatment with sodium hydroxide.
Other reactive functional groups were introduced
starting from the aldehyde 34. This compound was
transformed through the alcohol and the iodo deriva-
tive into the thiazole-armed phosphorane, 2-thiaz-
olylmethylene triphenylphosphorane39 (2-TMP, 33),
and through the oxime 37 into the nitrile oxide40 36
and the amine41 38. Finally, a direct conversion of
the aldehyde 34 to the nitrone42 35 was carried out
by treatment with N-benzyl hydroxylamine in the
presence of a dehydrating agent. With the exception
of the organometallic 2-LTT 31 and the nitrile oxide
36, which must be generated in situ at low temper-
ature, the other thiazole-armed reagents can be pre-
pared in large quantities, isolated as pure materials,
and adequately stored for a long time without appre-
ciable decomposition. Such a variety of reactive func-
tional groups linked at C-2 of the thiazole ring opened
many opportunities for performing the coupling step
A toward the formation of a great number of thiazole-
containing systems RTh of variable complexity.

Among the reagents shown in Scheme 5, the
organometallic 2-(trimethylsilyl)thiazole 22 which
has been already introduced in Scheme 4 as a stable
formyl anion equivalent, deserves some comments for
its special reaction mechanism with carbon electro-
philes.26,27 This reagent shows the striking feature
of reacting very rapidly with electrophiles under
fluoride-free conditions, whereas other heteroaro-
matic silanes react more slowly or require suitable
catalysts.43 Of special importance for the numerous
synthetic applications is the stereoselective addition
of 2-TST 22 to chiral aldehydes to give secondary
thiazolyl alcohols which are then transformed into
R-hydroxy aldehyde homologues (see Scheme 4). This
effective one-carbon homologation process has been
applied to a variety of aldehydes containing groups
R of variable complexity.44 A reaction mechanism was
proposed15a,27 wherein the carbodesilylation process
of 22 occurs through an activated intermediate, the
thiazolium 2-ylide 39 (Scheme 6), i.e., a species
postulated in chemical16,17 (acyloin condensation,
Stetter reaction) and biochemical45 processes involv-
ing thiazole derivatives. It was suggested that the
facile formation of the ylide 39 relied on the syner-
gistic action of the three heteroatoms, i.e., nitrogen,
sulfur, and silicon, linked to C-2 of the thiazole ring.
Actually, this process involves the quaternization of
the nitrogen atom by the aldehyde and the migration
of the silyl group from C-2 to the oxygen atom of the
N-alkyl group. The resulting negative charge at C-2
is stabilized by the adjacent sulfur atom (R-sulfur
effect).46 Some evidence supporting this mechanism
was obtained from a kinetic study47 and the observa-
tion by NMR in the early stage of the reaction of
the 3:1 adduct 41 between the aldehyde and 2-TST

22 and having the structure of spiro(thiazoline-2,4′-
dioxolane). The conversion of 41 into the final product
42 should proceed through further reversible steps
involving the loss of two molecules of aldehyde and
transfer of the silyl group from the N-alkyl to the
C-alkyl moiety. This reaction pathway was found to
be in agreement with the results of a theoretical
study based on ab initio calculations.48 These cal-
culations showed that the 2-ylide was formed via
concerted nitrogen alkylation and silyl group migra-
tion without the formation of an initial betaine
intermediate.

The hypothesis of the ylide 39 as a key intermedi-
ate in carbodesilylation reactions of 2-TST 22 was
consistent with the finding that the addition of this
organometallic compound to ketones was restricted
to trifluoromethyl derivatives,49 i.e., strong carbonyl
electrophiles capable of giving the quaternization of
the nitrogen atom of the thiazole ring. Aiming at
extending the scope of the reaction to other ketones,
Carcano and Vasella carried out the reaction in the
presence of catalytic amount of aldehydes.50 A fine
kinetic study demonstrated that only highly electro-
philic aldehydes, and particularly 2-fluorobenzalde-
hyde, increased the rate of addition of 2-TST 22 to
electrophilic ketones, such as fluorinated acetophe-
nones, whereas 2-methoxybenzophenone and ben-
zophenone were unreactive in any case.

Having presented the strategy and some tools of
the thiazole-aldehyde synthesis, examples will be
reported in the following sections to illustrate the
scope of the methodology in synthesis. In one case
the use of benzothiazole instead of thiazole will be
described as well because in this strategy the chem-
istry of the benzo derivative is qualitatively similar
to that of the parent compound.

3. Synthesis of Mono- and Oligosaccharides
3.1. Higher Carbon Sugars

As shown in Scheme 4, the use of 2-TST 22 as a
reagent in step A of the thiazole-aldehyde synthesis
allowed for the transformation of an aldehydo sugar
into one-carbon higher homologue in good yield and
stereoselectivity. This is equivalent to the addition
of the formyl anion to the lower isomer and is
reminiscent of the classical Kiliani-Fischer cyano-
hydrin synthesis.51 Hence, in order to test the ef-
ficiency of this new homologative method, the thia-
zole-aldehyde synthesis with 22 as a reagent was

Scheme 6
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repeated over several consecutive cycles starting from
2,3-O-isopropylidene-D-glyceraldehyde 23.52 In this
way the chain elongation of the triose 23 was brought
up to the thiazole nonose 51a53 through a series of
lower homologues, all exhibiting the anti-configura-
tion in the 1,2-polyol units (Scheme 7). This struc-
tural feature was proved by X-ray analysis of the
thiazole D-ribose 43a and transformation of the
thiazole D-octose 49a into a meso-octitol. This se-
quential assembly of benzyloxymethylene groups did
not appear to have been pushed to the limit of
application, since high chemical yields and levels of
diastereoselectivity were maintained in all steps A
over the whole iterative sequence, and the unmask-
ing protocol C proved to be equally efficient with
short and long polyhydroxylated systems. The same
iterative chain-elongation methodology was employed
starting from 4-O-benzyl-2,3-O-isopropylidene-L-

threose, thus affording a series of aldehydo L-sugars
up to a seven-carbon-atom member.52b

Extension of the scope of the methodology by a full
stereocontrol in the addition sequence A in order to
obtain either 1,2-anti- or 1,2-syn-diol units was
hampered by the inherent anti-selectivity of the
addition of 2-TST 22 to R,â-dialkoxy aldehydes. The
control of the selectivity by the use of Lewis acids
acting as chelating agents was also hindered by
substantial decomposition of 2-TST 22. This limita-
tion was overcome by conversion of the anti-adduct
into the syn-isomer via an oxidation-reduction se-
quence54 as illustrated in Scheme 8. The secondary
(R)-alcohol 24a was oxidized to ketone 52 in dry
dichloromethane with potassium permanganate partly
solubilized with TDA-1 (tris[2-(2-methoxyethoxy)-
ethyl]amine). It was proved that under these neutral
nonaqueous oxidation conditions no appreciable ra-
cemization occurred via exchange of the proton at the
secondary carbon R to the carbonyl. An alternative
method of oxidation which proved to be quite effective
in scaled up reactions,55 was the Albright-Goldman
oxidation using acetic anhydride/dimethyl sulfoxide.
The hydride reduction56 of the carbonyl of 52 with
K-Selectride afforded the (S)-alcohol 53 in very high
yield and stereoselectivity. Thus, the overall result
of the oxidation-reduction sequence was the inver-
sion of configuration of the R-carbon to the thiazole
ring. Having the syn-adduct 53 in hand, the synthesis
of the protected aldehydo-D-threose 54 was achieved
through the usual steps B and C of the thiazole-
aldehyde synthesis, i.e., elaboration of 53 by protec-
tion of the free hydroxyl group and formyl group un-
masking.57 Hence, the original triose D-glyceralde-
hyde 23 resulted to have been homologated into the
two tetrose epimers, D-erythrose 27 and D-threose 54.

In a similar way each of these tetroses was trans-
formed in a pair of epimeric pentoses,55 i.e., 27 in
D-ribose and D-arabinose and 54 in D-xylose and
D-lyxose. However, in the latter case the methodology
was scarcely efficient because of the unusual syn-
selectivity of the addition of 2-TST 22 to D-threose
54 to give the thiazole xylose as major product
instead of the expected lyxo derivative. Nevertheless,
the thiazole lyxose was obtained from the thiazole
xylose by the oxidation-reduction sequence. In turn,
all these thiazole sugars (ribo, arabino, xylo, and lyxo)
were transformed into the corresponding aldehydo
sugars by the usual thiazole-to-formyl unmasking
reaction sequence.

The above one-carbon homologation scheme was
applied to dialdoses52b,57 with the aim of preparing

Scheme 7a

a Key: A, coupling with 2-TST 22; B, elaboration (BnBr, NaH);
C, unmasking (MeI, then NaBH4, then HgCl2, H2O).

Scheme 8
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higher carbohydrates as potential building blocks for
biologically active compounds. In fact, the building
up of a stereochemically well-defined polyhydroxy-
lated carbon chain at C-5 of a pyranose ring is an
important operation58 since the resulting higher
sugars are present in various antibiotics, such as
hikizimycin59 and tunicamycin.60 Thus, the iterative
repetition of the thiazole-aldehyde synthesis (se-
quences A, B, and C) over four consecutive cycles
starting from 1,2:3,4-di-O-isopropylidene-R-D-galacto-
hexodialdo-1,5-pyranose 55 (Scheme 9) provided52b a
series of long-chain dialdogalactopyranosides in good
chemical yields and diastereoselectivity up to 10
carbon atoms as shown in the thiazole sugar 62. The
configurational assignment57 of the newly formed
stereocenter in the adduct 56a was supported by the

identical physical properties of the D-galacto-hepto-
dialdopyranoside 57 with the same compound pre-
pared by the addition of other organometals61 to the
dialdohexose 55. The stereochemical outcome of the
first homologative cycle leading to 57 was confirmed
by subsequent work of Aspinall and co-workers.62

However, extension of the same method to other
hexodialdo-1,5-pyranoses, such as the D-gluco and the
D-manno derivatives 63 and 64 (Scheme 10), turned
out to be scarcely efficient because the addition of
2-TST 22 to these dialdoses gave the corresponding
6-thiazolyl derivatives 65 and 66 and their C-6
epimers with very low selectivity. The configuration
at C-6 of the major adducts 65 and 66 was found to
be the opposite to that obtained by addition of 2-TST
22 to the D-galacto derivative 55. These results led
Aspinall to conclude62 that the high level and sense
of diastereoselectivity observed in the C-6 homolo-
gation of a hexodialdo-1,5-pyranose derivative using
2-TST 22 were restricted to the galactose series and
that the stereochemical outcome of the addition was
presumably controlled by the steric effect of the axial
oxygen substituent at C-4.

While the Aspinall work pointed out some problems
regarding the stereoselectivity of the addition of
2-TST 22 to complex aldehydes, another example of
efficient thiazole-aldehyde synthesis was reported.57

This involved the one-carbon homologation of R-D-
xylo-dialdofuranose 3-O-methyl and 3-O-benzyl ethers
67 and 68 (Scheme 11). The addition of 22 to these
dialdoses showed high levels of stereoselectivity and

Scheme 9a

a Key: A, coupling with 2-TST 22; B, elaboration (BnBr, NaH);
C, unmasking (MeI, then NaBH4, then HgCl2, H2O).

Scheme 10

Scheme 11a

a Key: A, coupling with 2-TST 22; B, elaboration (BnBr, NaH);
C, unmasking (MeI, then NaBH4, then HgCl2, H2O).
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in the same sense observed in the addition to the
dialdopyranose 55. Both 5-thiazolyl adducts 69 and
70 were transformed into the corresponding R-D-
gluco-dialdofuranoses 71 and 73, respectively, by the
usual unmasking protocol, and the structure of the
former compound was confirmed by conversion into
the known D-glucofuranose derivative 72. Quite
interestingly, the aldehyde 73 was employed by
Momenteau and co-workers63 in the synthesis of
glycosylated porphyrins as new photosensitizers for
the application in cancer photochemotherapy.

The above thiazole-based homologation of alde-
hydes was named after its principal inventor and was
cited among a selection of classical and modern
reactions of synthetic relevance.64

The two-carbon chain elongation of aldehydes was
performed by use of the thiazole-armed ylide 2-TMP
33 (see Scheme 5) as a reagent in step A of the
thiazole-aldehyde synthesis.39,65 However, the re-
sulting higher homologues were found to be saturated
aldehydes instead of R,â-enals because of the con-
comitant reduction of the double bond of the 2-alk-
enylthiazole intermediates during the unmasking of
the formyl group. For example, the coupling of the
phosphorus ylide 33 with the R-D-galacto-dialdopy-
ranose 55 afforded the olefin 74 (E,Z mixture), which
when subjected to the formyl group unmasking
protocol furnished the two-carbon higher dideoxy
homologue 75 in good yield66 (Scheme 12). In a
similar way the coupling of 33 with the nine-carbon-
atom dialdose 61 obtained from 55 via the iterative
one-carbon homologation using 2-TST 22 gave the
2-alkenylthiazole 76 which was subsequently trans-
formed into the dideoxy undecadialdose 77. Scheme
12 illustrates quite well the sequential use of two
thiazole-based reagents (2-TST 22 and 2-TMP 33) in
a reaction sequence leading to a densely functional-
ized alkyl chain linked to C-5 of a pyranose ring.
Unfortunately the elaboration of the double bond of
2-alkenylthiazoles via addition reactions such hy-
droxylation, aminohydroxylation, and epoxidation
was not examined.

The three-carbon chain elongation of aldehydo
sugars and dialdoses using suitable thiazole-based
reagents was also examined. 2-Acetylthiazole (2-ATT,
30) was initially employed in the transformation of

Scheme 13

Scheme 12
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aldehydo sugars into higher homologues containing
syn- and anti-1,3-diol units.67 For example, the aldol
condensation of the lithium enolate68 of 2-ATT
30 with 2,3-O-isopropylidene-D-glyceraldehyde 23
(Scheme 13) afforded the anti-adduct 78, a â-hydroxy
ketone. The elaboration of this product was carried
out by reduction of the carbonyl with appropriate
metal hydride reducing agents69 in order to form syn-
and anti-1,3-diol systems. In fact, treatment of 78
with tetramethylammonium triacetoxyborohydride
(TETABH, Me4NBH(OAc)3) and acetonization fur-
nished the anti-1,3-dioxane derivative 79, whereas
the use of diisobutylaluminum hydride (DIBALH)
gave the syn-isomer 81, in both cases with excellent
diastereoselectivity. Then the application of the thia-
zole-to-formyl unmasking protocol to 79 and 81
provided the epimeric tetraalkoxy hexanals (3-deoxy-
aldehydo-hexoses) 80 and 82 in good yield. The same
thiazole-based scheme was followed for the three-
carbon homologation of 4-O-benzyl-2,3-O-isopropy-
lidene-L-threose (Mukaiyama aldehyde). Moreover, in
order to further probe this homologation method for
the synthesis of long chain polyalkoxy aldehydes, the
sequence was repeated with the aldehyde 82. The use
of DIBALH as a reducing agent of the new â-hydroxy
ketone 83 furnished another syn-1,3-diol system
which, however, was anti to the existing one. Finally,
the thiazole-to-formyl unmasking gave the polyalkoxy
nonanal 84 featuring a sequence of 1,2- and 1,3-diol
groups. As a conclusion, it was pointed out that the
reduction of 83 with TETABH would give the epimer
of 84 while the iterative homologation of 80 would
lead to other stereoisomeric polyalkoxy aldehydes
with predictable configuration at each newly formed
stereocenter.

Another efficient implementation70 of 2-ATT 30
based homologation is represented by the conversion
of the R-D-galacto-hexodialdo-1,5-pyranose derivative
55 into the 7-deoxynonodialdose 87 (Scheme 14).
Both asymmetric reactions in this scheme, i.e., the
addition of 30 to 55 and the hydroxy-directed reduc-
tion of the â-hydroxy ketone 85 with TETABH,
proceeded with high levels of stereoselectivity to give
the protected anti-1,3-diol 86 whose structure was
established by X-ray crystallography. The C-8 epimer
(not shown) of 86 was in fact prepared by reduction
of 85 with DIBALH. The opposite configuration at
C-6 was obtained70 by another homologative scheme
employing triphenyl(thiazol-2-ylcarbonylmethylene)-
phosphorane (2-TCMP, 32) as an equivalent of a
three-carbon synthon.38 In this case the Wittig reac-
tion between the aldehyde 55 and the stabilized ylide
32 afforded the E-configured R,â-enone 88. This
activated olefin treated with sodium benzyloxide at
low temperature (-50 °C) underwent the Michael-
type 1,4-addition giving rise to an 80:20 mixture of
epimers in which the â-benzyloxy ketone 89 was the
major product as proved also in this case by X-ray
structure determination. Hence, it appeared that the
aldol condensation route and the olefination-alkoxy-
lation route allowed for the stereoselective installa-
tion of (R)-â-hydroxy- and (S)-â-benzyloxypropanoyl
moieties at C-5 of the galactopyranosyl ring starting
from the dialdose 55. Then the reduction of 89 with
DIBALH in the absence of the hydroxyl-directing
group was scarcely selective. Nevertheless, the major

product isolated after benzylation was the syn-isomer
90 (ds 78%), which when subjected to the standard
thiazole-to-formyl unmasking protocol afforded the
7-deoxynonodialdose 91, a C-6 epimer of 87.

In conclusion, it has been shown that one-, two-,
and three-carbon chain elongation of polyalkoxy
aldehydes and dialdoses were carried out in good
yield and stereoselectivity via the thiazole-aldehyde
synthesis using four different thiazole-based reagents
in the key coupling step, i.e., 2-TST 22, 2-TMP 33,
2-ATT 30, and 2-TCMP 32. These methods appear
to be amenable to the construction of higher carbo-
hydrates with high molecular diversity.

Scheme 14
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3.2. Rare Sugars
The stepwise construction of densely functionalized

carbon chains with orthogonal protection of the
functional groups allowed selective transformations
leading to products with a well-defined structure to
be carried out. This tactic was exploited by the
Dondoni group in the thiazole-based synthesis of the
so-called uncommon or rare sugars whose importance
stemmed from their presence in the glycidic sub-
units of bioactive compounds. The first target was
4-O-tert-butyldimethylsilyl (TBDMS) (-)-L-rhodinose
98 (Scheme 15),71 whose desilylated parent compound
is the constituent of various oligosaccharides which
are present in the rhodomycin family of anthracycline
antibiotics.72 An earlier synthesis of 98 by Schlessing-
er and Graves from ethyl (S)-lactate in five steps
(46% yield)73 prompted Dondoni and co-workers to
report their own synthesis from the same starting
material using two different thiazole-based reagents.
The first key intermediate (Scheme 15) was the
2-silyloxy-3-alkoxy butanal 95 featuring a syn-
relationship between the two protected hydroxyl
groups. This aldehyde, a 4-deoxy-L-threose derivative,
was prepared starting from ethyl (S)-O-benzyloxym-
ethyl-lactate 92 using 2-lithiothiazole (2-LTT, 31) as
the homologating agent and L-Selectride as the
hydride donor for the syn-stereoselective carbonyl
reduction54 of the resulting thiazolyl ketone 93. These
reactions afforded the protected syn-1,2-diol 94 from
which the aldehyde 95 was liberated by the thiazole-
to-formyl unmasking protocol. The subsequent two-
carbon chain elongation of 95 was carried out using
the phosphorane 2-TMP 33. The resulting 2-alk-
enylthiazole 96 subjected to the thiazole-to-formyl
unmasking underwent the concomitant reduction of
the exocyclic double bond,39 leading to a saturated
aldehyde, namely, aldehydo-rhodinose 97. The selec-
tive removal of the benzyloxymethyl group by hydro-
genolysis under mild conditions afforded the 4-O-

TBDMS-(-)-L-rhodinose 98 in the exclusive pyranose
form as a mixture of R- and â-anomers. The overall
yield of 98 from 92 was 15%. The compound showed
physical properties (mp and optical rotation) identical
to those reported by Schlessinger and Graves,73 while
an accurate NMR analysis indicated a higher purity.

A concise and gram-scale synthesis of the rare
sugars L-gulose 103 and L-idose 106 (Scheme 16) was
reported by the Dondoni group in more recent years.74

Since these hexoses are epimers at C-2, the 2-TST
22-based one-carbon chain elongation strategy of a
pentose52 combined with the inversion of configura-
tion at the newly formed stereocenter by an oxida-
tion-reduction sequence54,57 was employed for the
preparation of both compounds. Succinctly, the anti-
selective addition of 22 to aldehydo-L-xylose diac-
etonide 100 produced the (R)-configured alcohol anti-
101, which when subjected to the improved33 thiazole-
to-formyl unmasking protocol afforded the aldehydo-

Scheme 15 Scheme 16

2566 Chemical Reviews, 2004, Vol. 104, No. 5 Dondoni and Marra



L-gulose derivative 102. Instead, the Swern oxidation
of anti-101 and reduction (NaBH4) of the resulting
ketone 104 gave the (S)-configured alcohol syn-101,
which was readily transformed into the aldehydo-L-
idose derivative 105 by the usual thiazole-to-formyl
unmasking protocol. It is noteworthy that all the
above transformations occurred in good yields and
the two asymmetric reactions were highly stereose-
lective. Both aldehydo sugars 102 and 105 were
transformed into the free sugars 103 and 106,
respectively, the former existing mainly in the pyra-
nose form as shown and the latter as a mixture of
pyranoses and furanoses.

A significant example demonstrating the impor-
tance of L-gulose in a bioactive molecule is repre-
sented by the disaccharide subunit of bleomycin A2
(Figure 2), the major constituent of a family of
glycopeptide antibiotics75 capable of mediating the
cleavage of DNA and RNA by a metal-dependent
oxidative process. This disaccharide is constituted of
L-gulose coupled at C-2 through an R-glycosidic
linkage with 3-O-carbamoyl-D-mannose.

A concise thiazole-based synthesis of a protected
form of the disaccharide subunit of bleomycin A2 is
illustrated in Scheme 17. The chiral thiazolyl alcohol
anti-101 which was obtained in high yield by the
addition of 2-TST 22 to aldehydo-L-xylose diacetonide

100 (see Scheme 16) proved to be a very convenient
precursor74 to the tetra-O-acetyl-L-gulopyranose 108
bearing a free hydroxyl group at C-2. This selectively
protected L-gulose derivative served as glycosyl ac-
ceptor in the coupling with the mannopyranosyl
donor 109 to give the peracetylated R-D-linked dis-
accharide 110 in a rewarding yield of 90% (23.5%
from L-xylose in nine steps). An earlier synthesis of
the disaccharide 110 and its use in the glycosylation
of the aglycone of bleomycin A2 was reported by Boger
and Honda.76 However, their synthesis was less
efficient than that described above because of the
higher number of steps employed for the preparation
of the L-gulose acceptor (nine steps and 12.5% yield
from benzyl R-D-mannopyranoside). Hence, this new
synthesis of the disaccharide 110 is noteworthy
because it provides an improvement of the total
synthesis of bleomycin A2.

The thiazole-based synthesis of another uncommon
sugar suitably protected for use as a building block
for a complex molecule such as everninomicin
13384-1 was reported by Nicolaou and co-workers.77

The target molecule was L-lyxopyranose 115 (frag-
ment G) (Scheme 18). In this case too the scheme

which was employed consisted of the one-carbon
chain homologation of a protected polyhydroxy alde-
hyde using 2-TST 22 as the formyl anion equivalent.
After an abortive route due to the unsuccessful
elaboration of a thiazole-aldehyde adduct, a satisfac-
tory preparation was carried out as follows. The bis-
allylated diisopropyl L-tartrate 111 was reduced,
monosilylated, and oxidized to the selectively pro-
tected hydroxy aldehyde 112. This compound reacted
very cleanly with 22 but unfortunately without any
diastereoselectivity as the resulting alcohol 113 (91%)
was a 1:1 mixture of diastereoisomers. Nevertheless,
the synthesis was continued because the wrong syn-
diastereoisomer was recycled by an oxidation-reduc-
tion sequence (see Scheme 8) into a 2:1 mixture in
favor of the desired isomer, which was isolated as the
O-benzoyl ester 114. Completion of the sequence
included only the unveiling of the aldehyde by the
improved thiazole-to-formyl deblocking protocol33 and
desilylation to give the orthogonally protected L-sugar
115. This compound activated as trichloroacetimidate

Figure 2. Antitumor antibiotic Bleomycin A2.

Scheme 17

Scheme 18
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was used as a glycosyl donor in the coupling with
another sugar (fragment F) for the assembly of the
oligosaccharide portion of everninomicin 13384-1.

3.3. Amino Sugars
The stereoselective construction of polyhydroxy

aldehydes bearing an amino group was performed
through various schemes, all based on the thiazole-
aldehyde synthesis. These procedures provided new
entries to biologically active target molecules such
as amino sugars78 and to building blocks for other
complex natural products such as sphingosines.79

An early approach80 (Scheme 19) consisted of the

2-TST 22 based homologation of amino aldehydes
starting from the configurationally stable N-Boc
L-serinal acetonide 116, the so-called Garner alde-
hyde.81 The execution of the methodology over two
consecutive cycles afforded the O- and N-protected
amino sugars 118 (L-erythro)82 and 120 (L-ribo) in
good overall yields. Hence, in both cycles the addition
of 22 to the corresponding aldehyde was anti-dias-
tereoselective83 as shown by the structure of the
alcohols 117 and 119.

The scope of the homologation of the aldehyde 116
illustrated in Scheme 19 went beyond the synthesis
of amino sugars80 since the aldehydes 118 and 120
were convenient intermediates84 via Wittig olefina-
tion with suitable phosphoranes for the synthesis of
triacetyl D-erythro-C20-sphingosine 121 and tet-
raacetyl D-ribo-phytosphingosine 122 (Figure 3).

Other syntheses of sphingosines via addition of metal
acetylenes to the amino aldehyde 116 were reported
in the same year 1988 by four independent groups.85

The advantage of the synthesis employing a more
advanced intermediate such as the aldehyde 118 was
that the stereochemistry of the whole hydrophilic
part of the sphingosine under construction was
already established in that intermediate. However,
the low yield of the Wittig olefination induced Don-
doni and co-workers to reconsider the synthesis of
sphingosines in more recent years86 via the O-silyl-
protected analogue of 118, i.e., the aldehyde 123
(Scheme 20) and the C-2 epimer 125. The required

E-configuration of the double bond of the target (E)-
sphingosines was introduced by photoisomerization
of the mixture of Z- and E-alkenes resulting from the
Wittig olefination of 123 and 125. In this way the
N,O,O-triacetyl-D-erythro C18-sphingosine 124 and
the L-threo isomer 126 were prepared in 37-44%
overall yield from the aldehydes 123 and 125, re-
spectively.

Another reaction scheme leading to amino sugars
included as a key step the amination of 2-alkenylthi-
azoles derived from aldehydo sugars. This operation
was carried out by a Michael-type 1,4-addition of
nitrogen nucleophiles to the N-methylthiazolium
salts derived from 2-alkenylthiazoles.87 Hence, in this
case the thiazole-based reagent employed in the
coupling step A of the thiazole-aldehyde synthesis
was the nonstabilized phosphorane 2-TMP 33 as
illustrated in Scheme 21. The coupling between the
model alkoxy aldehyde 23 and the ylide 33, generated
in situ (toluene, t-BuOK) from the corresponding
phosphonium salt, was essentially unselective as the
2-alkenylthiazole 127 was obtained as a 1:1 mixture
of Z- and E-isomers. The mixture was enriched in the
isomer (E)-127 (E:Z ) 9:1) by refluxing in dichloro-
ethane in the presence of iodine. The pure isomer (E)-
127 was isolated in 72% yield from the aldehyde 23.
While this olefin did not react with benzylamine,
treatment of the N-methylthiazolium iodide (E)-128
with the same amine and quenching with sodium
borohydride afforded the aminated 2-alkyl N-meth-
ylthiazolidine 129 as a complex mixture of diaster-
eomers. Protection of the benzylamino group of 129
as N-Boc derivative and completion of the unmasking
protocol by HgCl2-mediated hydrolysis of the thiazo-
lidine ring afforded the â-amino aldehyde 130 and
its C-3 epimer (not shown) in an 80:20 ratio. The
stereochemistry of the major product 130 featuring
the NBocBn and the adjacent alkoxy group in a syn-

Scheme 19

Figure 3. D-Erythro-C20 sphingosine 121 and D-ribo C18
phytosphingosine 122 prepared from the debenzylated
analogue80 of 118 and the amino sugar 120, respectively.

Scheme 20
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relationship was assigned by NMR analysis of the
pyranose derived therefrom. The NMR spectrum of
this compound was in fact consistent with the methyl
R-D-threo-pyranoside 131. This demonstrated that the
addition of benzylamine to (E)-128 was syn-stereo-
selective with a ds of ca. 80%. Hence, this reaction
scheme illustrated a new stereoselective amination
strategy of chiral 2-alkenylthiazoles by combination
of the thiazole-to-formyl unmasking protocol with the
1,4-conjugate addition of benzylamine.

A similar scheme was followed88 in the two-carbon
chain elongation and amination of the aldehydo
tetrose 4-O-benzyl-2,3-O-isopropylidene-D-erythrose
133 (Scheme 22). This hitherto unknown stereoiso-
mer of the four possible tetroses protected as 4-O-

benzyl-2,3-O-isopropylidene derivatives was prepared
starting from the alcohol 24a, namely, the adduct of
2-TST 22 to D-glyceraldehyde acetonide 23 (see
Scheme 4), by a protection-deprotection sequence of
the hydroxyl groups and thiazole-to-formyl unmask-
ing. Since also in this case the Wittig olefination of
133 with 2-TMP 33 gave a mixture of E- and Z-2-
alkenylthiazoles in equal amounts, the almost com-
plete conversion of the Z- into E-isomer 134 was
carried out by refluxing the mixture in 1,2-dichloro-
ethane containing iodine. Then the combined amina-
tion and aldehyde unmasking sequence was carried
out. First, 134 was transformed into the N-methyl-
thiazolium iodide, which upon treatment with benzyl-
amine and quenching with sodium borohydride af-
forded the syn Michael-type adduct 135 with high se-
lectivity. The completion of the formyl group unmask-
ing by metal-assisted hydrolysis of the thiazolidine
ring of 135 gave the protected chiral amino hexanal
136 in 72% overall yield. The stereochemistry of this
product was demonstrated through the NMR spec-
trum of the methyl pyranoside 137 derived from it
by treatment with hydrochloric acid in methanol. The
structure of 137 corresponded to that of the 2-deoxy
derivative of the amino sugar called kanosamine (3-
amino-2,3-dideoxy-D-glucopyranose), which is one of
the sugar fragments isolated from the natural prod-
uct hikizimycin,89 a potent anthelmintic agent.

It was realized that the method illustrated above
was also amenable to the construction of 3-amino-
2,3,6-trideoxy-hexoses,90 a class of simple amino
sugars such as daunosamine, acosamine, ristosamine,
and vancosamine, of great importance due to their
presence in anthracycline antitumor antibiotics (adri-
amycin, daunomycin, daunorubicin).91 Since it was
known that stereochemical modifications of the amino
sugar residue of these antibiotics provided some
variations of their biological activity, 3-epi-D-daun-
osamine 139 (Scheme 23) was prepared87 in good

yield and stereoselectivity92 by olefination of 4-deoxy-
D-threose acetonide93 138 and amination as described
above.

A further example which is worth reporting on the
application of the above methodology is that dealing
with the transformation87 of the R-D-galacto-hexodi-
aldo-1,5-pyranose derivative 55 into the amino
dialdooctose 140 (Scheme 24). In this case too the
coupling step between 55 and 2-TMP 33 was scarcely
stereoselective,66 whereas the amination-unmasking
sequence was both sufficiently stereoselective92 and
efficient as the amino sugar 140 was isolated in 82%
yield from the 2-alkenylthiazole (E)-74. The formyl
group of the â-amino aldehyde 140 was transformed
via reduction to alcohol and dehydroxylation into a
methyl group, thus producing an aminoalkyl chain
linked to C-5 of the protected galactose ring. The
resulting compound 141 featured some modifications

Scheme 21

Scheme 22

Scheme 23
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in the C-5 aminated side chain with respect to the
amino octose lincosamine, which is a component of
the commercially important antibiotic lincomycin.94

A wide-scope thiazole-based synthetic methodology
was developed by Dondoni and co-workers as a way
of homologating aldehydes and at the same time
introducing an R-amino group (aminohomologation).95

This methodology entailed the coupling of aldoni-
trones with a 2-metalated thiazole followed by elabo-
ration of the nitrogen-containing functionality in the
adduct. When the initial aldehyde was an aldehydo
sugar or a protected dialdose, a new entry to amino
sugars was provided (see below). The choice of
nitrones in this methodology was suggested by some
advantages offered by these compounds, such as the
ease of preparation96 and stability and even more
important the superior reactivity toward nucleo-
philes97 with respect to other CdN derivatives of
aldehydes such as imines. A model scheme of this
new approach to R-amino aldehydes95 is illustrated
in Scheme 25. The (Z)-N-benzyl nitrone 142 derived
from D-glyceraldehyde acetonide 23 treated with
2-lithiothiazole (2-LTT, 31) generated in situ at low
temperature afforded the 2-thiazolyl N-benzyl hy-
droxylamines 143 (syn-adduct) and 144 (anti-adduct)
in good overall yield (82%) and 92:8 ratio.98 On the
other hand, the addition of diethyl aluminum chloride
(or titanium tetrachloride) to the nitrone 142 before
treatment with 2-LTT 31 gave the same syn- and
anti-adduct 143 and 144 (84% overall yield) but in
an opposite ratio (3:97). Each individual N-benzyl
hydroxylamine 143 and 144 obtained as major prod-
uct under the above conditions was transformed into
the corresponding amine 145 and 146, respectively,
by a reductive dehydroxylation reaction using aque-
ous TiCl3 at room temperature.99 These reaction
conditions were well tolerated by both the thiazole
ring and the acid-sensitive acetonide protecting
group, whereas the benzyl group was removed from
nitrogen. Therefore, the resulting primary amine was
protected again as N-Cbz derivative. Finally, the
unmasking of the formyl group by the CuCl2-based
method33 supplied the R-amino aldehyde 147 (2-
amino-2-deoxy-D-threose) and the epimer 148 (2-
amino-2-deoxy-D-erythrose).

Addition reactions of 2-LTT 31 to nitrones derived
from aldehydo sugars and dialdoses were carried out
in the absence and presence of Lewis acids.95 While
mixtures of syn- and anti-adducts were obtained in
good yields in all cases, the effect on stereoselectivity
exerted by the precomplexation of the nitrone with
Lewis acids was not as marked as shown in Scheme
25. In one case there was no change of selectivity at
all. In fact, the addition of 2-LTT 31 to the nitrone
150 derived from aldehydo-D-arabinose diacetonide
149 (Scheme 26) was anti-selective either in the
absence of a Lewis acid (ds 72%) or in the presence
of Et2AlCl (ds 75%). Hence, under both conditions the
major product was the 2-thiazolyl N-benzyl hydroxy-
lamine 151 and the minor product was the epimer
152. The elaboration of these compounds via reduc-
tive dehydroxylation, protection of the amino group,
and formyl group unmasking completed the two
parallel aminohomologation sequences to give the
N-acetyl-D-mannosamine diacetonide 155 and the
gluco epimer 156. Both compounds were readily
transformed into the hydroxyl-free acetamido sugars
157 and 158. It is worth noting that the amino sugar
155 was earlier prepared from D-gluconolactone
(52%) and transformed into N-acetyl-neuraminic acid
by Vasella and co-workers.100

The use of Lewis acids was crucial in the amino-
homologation of the D-galacto-dialdose 55 because the
addition of 2-LTT 31 to the N-benzyl nitrone 159 in
the absence of complexing agents was essentially
unselective.95,101 Instead, the complexation of 159
with two different Lewis acids such as ZnBr2 and Et2-
AlCl induced substantial selectivity but in an op-
posite sense (Scheme 27). The isolation of the major
products 160 and 161 and their elaboration afforded

Scheme 24 Scheme 25
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the epimeric amino aldehydes 162 and 163, respec-
tively, thus completing the stereodivergent amino-
homologation sequence of the aldehyde 55. This
scheme represented a formal stereoselective synthe-
sis of the polyhydroxylated ε-amino acid 164 (destom-
ic acid)102 and amino sugar 165 (lincosamine).103 In
fact, synthetic routes leading to these natural prod-
ucts through compounds 162 and 163 as intermedi-
ates were previously reported.104,105

The wide scope of the aminohomologation of alde-
hydo sugars and dialdoses was further demonstrated
by the synthesis of other pairs of diastereomeric
amino sugars, some of which are shown in Figure 4.

3.4. 3-Deoxyulosonic Acids
The ease of oxidation of the formyl group to the

carboxyl allowed exploitation of the thiazole-based
methodology for the preparation of natural higher
3-deoxy-2-ulosonic acids and unnatural analogues. A
great deal of interest has been focused over the years
on enzymatic and chemical synthesis of these carbo-
hydrates106 due to their potential as building blocks

for more complex glycoconjugates and use by glyco-
biologists in studies of their function in important
biological processes as well as for the development
of their inhibitors. Some common natural members
of these sugar carboxylic acids are shown in Figure
5. The 7-phosphate of the seven-carbon compound
3-deoxy-D-arabino-2-heptulosonic acid (DAH) 170 is
a key intermediate in the biosynthesis of aromatic
amino acids from glucose in microorganisms and
plants (shikimate pathway);107 the well-known eight-
carbon compound 3-deoxy-D-manno-2-octulosonic acid
(KDO) 171 occurs in the lipopolysaccharide region of
the cell surface of all Gram-negative bacteria and is
an essential component for their replication;108 the
nine-carbon compound 3-deoxy-D-glycero-D-galacto-
2-nonulosonic acid (KDN) 172 has been isolated from
polysialoglycoproteins of rainbow trout eggs, and its

Scheme 26 Scheme 27
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presence is thought to allow those polysialoglycopro-
teins to perform some important functions in egg
activation;109 finally, the aminated analogue of 172,
namely, 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-
2-nonulosonic acid (N-acetyl-neuraminic acid, Neu5Ac
or NANA) 173, is the most common member of a
large class of aminononulosonic acids (sialic acids)110

which are incorporated at the terminal positions of
glycoproteins, glycolipids, and oligosaccharides and
play an essential role in biological molecular recogni-
tion processes, such as cell adhesion and differentia-
tion phenomena.111

The most logical and simple synthetic approaches
to 3-deoxy-2-ulosonic acids VI in general are those
based on biomimetic pathways, i.e., the enzyme-
catalyzed couplings of an aldehydo sugar V with a
pyruvic acid derivative112 or the chemical coupling
of the same aldehydo sugar with a surrogate for the
pyruvate unit (Scheme 28).113 The Dondoni group
developed two synthetic routes leading to these
higher sugars based on the thiazole-aldehyde syn-
thesis. These routes employed the thiazolyl ketone
2-ATT 30 and the phosphorane 2-TCMP 32 as
synthetic equivalents of pyruvaldehyde. Crucial to
the viability of these routes was the ready access to
R- or S-configured â-hydroxy or â-alkoxy ketone I.
In the most direct route, the â-hydroxy ketone I was
obtained by aldol condensation of the aldehydo sugar
V with the lithium enolate generated from 2-ATT 30
and a suitable base.68 The other route was based on
the Wittig olefination of V by 2-TCMP 32 to give the
R,â-enone III, which in turn underwent the Michael-

type addition of benzyl oxide anion to give the
â-alkoxy ketone I. This intermediate furnished the
aldosulose IV, a three-carbon higher homologue of
the aldehydo sugar V, by intramolecular hemiketal-
ization (formation of the thiazole masked precursor
II) and formyl group unmasking. The conversion of
IV to the target ulosonic acid VI occurred by the
almost quantitative oxidation of CHO to CO2H. A
direct conversion of the intermediate II into VI
appeared to be hampered by the lack of methods
allowing for an effective conversion of the thiazole
ring into the carboxyl group.114 Some examples which
serve to illustrate the two aforementioned synthetic
routes in some detail are reported in the following
schemes.

The aldol condensation route was first followed37

for the synthesis of a heptulosonic acid starting from
2-O-benzyl-3,4-isopropylidene-D-erythrose 27 (Scheme
29). After searching for suitable conditions to gener-
ate the lithium enolate from 2-ATT 30, the aldol
condensation with 27 was carried out to give the anti-
adduct 174. The configuration of this â-hydroxy

Figure 4. Amino sugars prepared by aminohomologation
of the corresponding aldehydo sugars (the C-2 epimers are
not shown).

Figure 5. Naturally occurring 3-deoxy-ulosonic acids.

Scheme 28

Scheme 29
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ketone was demonstrated by NMR analysis of the
methyl pyranoside 175, the precursor to the 3-deoxy-
2-heptosulose 176 (ribo configuration). This aldehyde
was transformed into the O-protected 3-deoxy-D-ribo-
2-heptulosonic acid (DRH) 177 in virtually quantita-
tive yield (24% from 174). It is worth noting that
DRH is the C-4 epimer of the naturally occurring
product DAH 170 shown in Figure 5.

Having observed that the condensation of the
lithium enolate of 2-ATT 30 with the alkoxy aldehyde
27 and with other polyalkoxy aldehydes67 occurred
with high levels of anti-selectivity (see Scheme 13),
the synthesis of KDO 171 was carried out37,115 start-
ing from the aldehydo-D-arabinose diacetonide 149
(Scheme 30). As expected, the addition of a mixture
of this aldehyde and 2-ATT 30 to the solution of
t-BuOLi afforded the desired anti-aldol 178 with good
diastereoselectivity (ds 90%) although in modest
isolated chemical yield (54%). The formation of
substantial amounts of side products explained the
modest yield in this and other aldol condensations
of the lithium enolate of 2-ATT 30 with aldehydo
sugars. The synthesis was continued following the
established scheme constituted of (a) intramolecular
hemiketalization of 178 to 179, (b) conversion of 179
into the aldosulose 180 by thiazole-to-formyl unmask-
ing, and (c) oxidation of the latter to KDO116 171 in
6.5% overall yield from the protected D-arabinose 149.

The addition of the lithium enolate of 2-ATT 30 to
a set of aldehydo sugars confirmed high levels of anti-
selectivity. On the other hand, initial studies117

indicated that syn-adducts I were accessible by the
Wittig-Michael route. In fact, the addition of ben-
zyloxide anion to the R,â-enones derived from D-
glyceraldehyde acetonide 23 and D-arabinose diace-
tonide 149 afforded the corresponding â-alkoxy
ketones with high syn-selectivity. Hence, a formal
synthesis of the C-4 epimer of KDO 171, i.e., 3-deoxy-
D-gluco-2-octulosonic acid was reported.117 Also, the
addition of benzyloxide anion to the R,â-enone 181
(Scheme 31) prepared via Wittig reaction of 2-TCMP
32 with 4-O-benzyl-2,3-O-isopropylidene-D-erythrose

133 was syn-selective (ds 81%)38 as it afforded the
tetraalkoxy ketone 182 with the arabino configura-
tion.118 This ketone was transformed into DAH119 170
through the aldosulose 184. Quite interestingly this
synthetic work revealed the high dependence on the
substrate structure of the stereochemical outcome of
the 1,4-conjugate additions to these polyalkoxy R,â-
enones. In particular, it appeared that the protection
of the γ-hydroxyl group was critical in that respect.
In fact, the addition of benzyloxide anion to com-
pound 185 derived from the D-erythrose derivative
27, an isomer of 133, was essentially anti-selective
(ds 78%) as proved by the conversion of the major
adduct 186 featuring a ribo configuration into 187
which in turn was transformed into DRH, 177.

Scheme 30 Scheme 31
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The same chemistry was extended38,120 to prepare
the 2-nonulosonic acids KDN 172 and the isomer
4-epi-KDN 197 (Scheme 32). The differentially pro-
tected aldehydo-D-mannoses 188 and 193 were em-
ployed as starting compounds in order to obtain via
Wittig-Michael route two polyalkoxy ketones with
opposite configuration at the carbon bearing the
â-alkoxy group. In fact, under suitable conditions the
addition of BnONa to the R,â-enones 189 and 194
was syn- (ds 70%) and anti-selective (ds 85%), re-
spectively, leading to the diastereomeric ketones 190
and 195 in good isolated yields. The elaboration of
190 through the usual reaction sequence (hemiket-
alization, formyl group unmasking) afforded the
aldosulose 192, which was then transformed into

KDN121 172 via oxidation and protective group re-
moval. On the other hand, the hemiketalization of
195 was accompanied by a second ring closure via
elimination of methanol. This reaction led to a 1,6-
anhydro-pyranoside, which upon benzylation was
isolated as the tetrabenzylated C-thiazolyl derivative
196. The thiazole cleavage to formyl, oxidation of the
latter to carboxyl, and reductive debenzylation af-
forded compound 197 which corresponded to the 2,7-
anhydro form of 4-epi-KDN. Unfortunately the an-
hydro sugar 197 proved to be quite stable and
resistant to the conversion to 4-epi-KDN even by
treatment with aqueous trifluoroacetic acid.

It was realized that the use of nitrogen nucleophiles
in the Wittig-Michael route shown in Scheme 28
would lead to ulosonic acids bearing a nitrogenated
functionality at C-4. Hence, after an initial study122

where conditions were searched to achieve a good
level of syn-selectivity in the addition of benzylamine
to a model R,â-enone,123 a target compound was
considered.124 This was the hitherto unreported 4-ac-
etamido-3,4-dideoxy-D-glycero-D-galacto-2-nonuloson-
ic acid 202 (Scheme 33), a positional isomer of
N-acetylneuraminic acid (Neu5Ac) 173 (Figure 5).
For this reason compound 202 was named iso-
Neu4Ac. Given the essential role of Neu5Ac 173 and
sialic acids in general in the biological activity of
various glycoconjugates, it appeared important to
prepare sialic acid analogues since these compounds
are potential inhibitors of the above biological pro-
cesses. Hence, an initial approach to iso-Neu4Ac 202
was carried out by addition of benzylamine to the
thiazolyl R,â-enone 189 and acylation at low temper-
ature. The reaction turned out to be poorly syn-
selective (ds 66%) and afforded the required â-amino
ketone 198 in 57% yield. The conversion of this
compound into the aldosulose 200 was carried out
without any problem via hemiketalization to 199 and
thiazole-to-formyl unmasking. Also, the oxidation of
the formyl group of 200 to carboxyl was effectively
carried out by Ag2O, whereas the removal of the
N-benzyl group required harsh conditions such as the
use of lithium in liquid NH3. The methyl iso-Neu4Ac
201 obtained in this way was contaminated by small
amounts of numerous side products whose removal
proved to be unsuccessful. Consequently, the syn-
thesis was interrupted at this point. A more effective
synthesis was carried out by using trimethylsilyl
azide (TMSN3) as nitrogen nucleophile. One of the
advantages of using this nucleophile was a more
substantial syn-selectivity (ds 75%) in the 1,4-
conjugate addition to the R,â-enone 189, thus leading
to the â-azido ketone 203 in 75% isolated yield. Then
the synthesis was continued by the usual scheme to
give in this case pure methyl iso-Neu4Ac 201 through
the intermediates 204 and 205. Finally, the removal
of the methyl group from 201 by acid hydrolysis gave
the target iso-Neu4Ac 202 in pure form. From this
work it appeared that another common functional
group such as the azido group was compatible with
the thiazole-to-formyl unmasking protocol.

The carbanion of nitromethane was found to react
readily124b with R,â-enones derived from aldehydo
sugars by carbonylolefination with 2-TCMP 32. Hence,
the syn-stereoselective addition (ds 86%) of this

Scheme 32
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carbon nucleophile to 189 leading to the ketone 206
(Scheme 34) was the key step in the preparation of a
one-carbon higher homologue of iso-Neu4Ac 202,
which is the branched amino ulosonic acid 210 in
which the acetamido group was attached to the
pyranose ring through a methylene bridge. The inter-
est for this type of ulosonic acid stemmed from the
above-mentioned importance of preparing analogues
of Neu5Ac. The hemiketalization of ketone 206 to
methyl pyranoside 207 was carried out without any
problem, whereas the elaboration of this compound
was far for being a trivial operation. The nitro group
was first reduced to amino group, and then this and
the hydroxyl groups were protected as shown in the
methyl pyranoside 208 in order to perform the formyl
group unmasking and oxidation to carboxylic acid.
The isolated compound 209 was a protected deriva-
tive of the target 4-N-acetylaminomethyl nonulosonic
acid 210.

3.5. Ulosonides and Ketosides
A wide-scope thiazole-based synthetic methodology

emerged from research in the Dondoni laboratory
aiming at preparing formyl C-glycosides125 (see sec-
tion 4.1) as building blocks for more complex C-
glycosides. The methodology relied on the coupling
of the easily available sugar lactones I with 2-LTT
31 to give thiazolylketoses II (Scheme 35). The
O-acetates of these adducts served as ketosyl donors
toward various oxygen, nitrogen, phosphorus, and
carbon nucleophiles15e to give glycosides III, which
when subjected to the formyl unmasking afforded
aldosulosides IV. Owing to the facile reduction and
oxidation of the formyl group, the aldehydes IV were
transformed into ketosides V and ulosonides VI,
respectively.

While thiazolylketoses II were inert as ketosyl
donors, the activation as O-acetates transformed
these compounds in very reactive species under
polar glycosylation conditions.15e Hence, two reaction
pathways were reported125b for the preparation of
thiazolylketose acetates as pure R- or â-anomers.
Typically, the reaction of 2,3,4,6-tetra-O-benzyl-D-
galactonolactone 211 with 2-LTT 31, generated in

Scheme 33 Scheme 34
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situ from 2-bromothiazole 28 and BuLi at -78 °C,
followed by aqueous workup afforded the R-anomer
thiazolylketose 213 in good isolated yield (78%)
(Scheme 36). Treatment of this compound with Ac2O

and Et3N in dry dichloromethane furnished the
corresponding O-acetate 214 in essentially quantita-
tive yield (method A). On the other hand, reacting
211 and 31 at -78 °C and then quenching the crude
reaction mixture with Ac2O, the â-anomer ketose
acetate 215 was obtained as major isolated product
(68%) (method B). Thus, it appeared that the acety-
lation at low temperature allowed for the efficient
trapping of the lithioketose 212 whereas the aqueous
workup of this product induced the conversion of the
â- into the R-ketose 213, the latter being the most
stable isomer because of the anomeric effect. Given
the availability of a large variety of pyrano- and
furano-lactones, a collection of thiazolylketose ac-
etates in either R- or â-form was prepared by the
above methods A and B.125 The compounds obtained
as major isomers by the most employed method A
are shown in Figure 6.

The glycosidation of thiazolylketose acetates by
primary and secondary sugar alcohols upon activa-
tion with trimethylsilyl triflate (TMSOTf) (O-glycosi-
dation) was reported.126 For example, the coupling
between 1-C-(2-thiazolyl)-R-D-galactopyranosyl ac-
etate 214 and methyl 2,3,4-tri-O-benzyl-R-D-glucopy-
ranoside 223 furnished exclusively the R-linked
thiazolylketodisaccharide 224 in good isolated yield
(73%) (Scheme 37). The same R-selectivity was
observed using the â-anomer of 214 as ketosyl donor.
This result was in agreement with the formation of
a sugar oxycarbenium ion intermediate arising from

Scheme 35

Scheme 36

Figure 6. Thiazolylketose acetates prepared by method
A (total yield % of isolated R and â anomers, and % of the
major product that is shown).

Scheme 37
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214 by removal of the acetoxy group followed by a
sterically controlled nucleophilic addition according
to the general mechanism of polar glycosidation
reactions.127 Hence, it appeared that thiazolylketose
acetates as R- or â-anomers or their mixtures could
be equally employed as ketosyl donors without af-
fecting the stereochemical outcome of their glycosy-
lation reactions. As a completion of the thiazole
aldehyde synthesis according to Scheme 35, the
thiazole ring of the ketodisaccharide 224 was trans-
formed into the formyl group to give the aldehyde
225. The easy reduction and oxidation of this com-
pound afforded the O-ketoside 226, a disaccharide of
a ketose, and the O-ulosonide 227, a disaccharide of
an ulosonic acid, respectively. Similar O-ketosides
and O-ulosonides which were prepared using other
thiazolylketose acetates are collected in Figure 7. The
synthesis of these functionalized disaccharides is
noteworthy because of the well-known difficulties of
O-glycosidation of ketoses and ulosonic acids.128

The ketosyl donor properties of 214 were exploited
in the preparation of the alcohol 240, which was
designed to serve as ketosyl acceptor in a synthetic
route to R-D-(2,1)-linked ketoside oligomers129 (Scheme
38). In fact, the O-glycosidation of 214 with 4-penten-
1-ol followed by thiazole-to-formyl transformation
and reduction afforded the pentenyl hydroxymeth-
ylketoside 240 in very good overall yield (73%). It is
worth noting that the O-pentenyl group was tolerant
of the formyl group unmasking and its reduction
conditions. The pentenyl hydroxymethylketoside 240
was glycosylated by the thiazolylketosyl phosphite
241, which in turn was prepared in gram-scale
quantities from the thiazolylketose 213 and ClP-

(OEt)2. The BF3‚Et2O-promoted coupling between 240
and 241 was quite stereoselective since it afforded
exclusively the R-D-ketodisaccharide 242 in good
isolated yield (66%). The application of the O-pente-
nyl compatible thiazole-to-formyl unmasking protocol
furnished the aldehyde 243, which was readily
reduced to the hydroxymethyl ketodisaccharide 244
(48% overall yield from 240). The repetition three
more times of the same homologative cycle consti-
tuted of sequential R-selective glycosidation with 241
and generation of the hydroxymethyl group from the
thiazole ring afforded the ketotrisaccharide 247
(42%), the ketotetrasaccharide 250 (33%), and the
ketopentasaccharide 252 (28%), all exhibiting D-ga-
lacto-2-heptulopyranose units assembled through
R-(2 f 1) linkages. There was only a slight decrease
in yield from the first to the fourth cycle, which
indicated that the assembly of longer oligoketosac-
charidic chains should be possible. Furthermore, the
thiazolyl ketosides 238, 242, 245, 248, and 251, all
bearing the O-pentenyl group, were considered as
potential glycosyl donors via the Fraser-Reid pen-
tenyl glycoside method130 for preparing more complex
oligosaccharides or glycoconjugates.

While the synthesis of the above linear ketoside
oligomers highlighted the role of thiazole as synthetic
auxiliary in multistep methodologies, the use of these
compounds as biological probes was not investigated.
On the other hand, their transformation into cyclic
systems was considered129 with the aim of preparing
new molecular receptors similar to the so-called
cyclofructins, the cyclic oligomers of D-fructofuranose
produced by enzymatic degradation of inulin.131 Ac-
cordingly, the intramolecular glycosidation of the
ketotrisaccharide 247 under the Fraser-Reid activa-
tion conditions (N-iodosuccinimide and TMSOTf)130

afforded the cyclic (R,R,R)-D-trisaccharide 253 whose
highly symmetrical structure was consistent with 1H
and 13C NMR spectra and was confirmed by X-ray
analysis. Debenzylation of this compound by hydro-
genolysis produced the hydroxy-free product 254. The
recognition ability in an organic solvent (CHCl3/CH3-
CN) of the benzylated cyclic trimer 253 was tested
using neutral and charged species. The alkali metal
cations lithium, sodium, potassium, calcium, and to
a lesser extent magnesium formed stable complexes.

In relation to their interest on the construction of
water-soluble chiral receptors by introduction of
carbohydrate molecules at either rim of calixare-
nes,132 Dondoni and co-workers exploited the good
ketosyl donor properties of thiazolylketose acetates
as a means for the installation of ketosyl and ulosonyl
residues in calixarenes.133 In particular, the reaction
of the model D-galacto derivative 214 with the sym-
metrical calixarene diol 255 (Scheme 40) under the
usual TMSOTf-promoted conditions afforded the bis-
O-ketosyl calixarene derivative 256 in good isolated
yield. It was firmly established by NMR analysis that
both ketosyl moieties were linked with an R-D (axial)
orientation and that the calixarene system retained
the cone conformation as in the original diol 255. The
elaboration of the bis-ketoside 256 was carried out
by the usual procedure, i.e., the unmasking of the
dialdehyde 257 followed by the oxidation and protec-

Figure 7. Disaccharides obtained by glycosidation with
primary and secondary sugar alcohols.
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tive group removal to give the diacid 258. This
calixsugar exhibiting two heptulosonic acid residues
represented the first member of a new class of
calixsugars bearing charged functional groups at C-1
of the sugar moieties.

Glycosidation reaction of thiazolylketose acetates
occurred readily also with trialkyl phosphites to give
P-glycosides.134 As illustrated in Scheme 41, a ste-
reoselective reaction took place between the acetate
214 and triethyl phosphite to give the Arbusov-type

Scheme 38
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product glycosyl phosphonate 259 as R-D-anomer in
high isolated yield. The phosphonate group did not

interfere with the thiazole-to-formyl transformation
as the elaboration of 259 to the aldosulosyl phos-
phonate 260 by the copper-based protocol33 was
carried out in high yield (at least 90%). Then the
reduction of this aldehyde to the alcohol 261 and oxi-
dation to the ester 263 followed by the benzyl group
removal and ester saponification afforded the ketosyl
and ulosonyl phosphonic acids 262 and 264, respec-
tively. The same approach was successfully applied
to other thiazolylketose acetates (see Figure 6), and
therefore, a collection of ketosyl and ulosonyl phos-
phonates was prepared (Figure 8). It was pointed out
that these P-glycosides were nonisosteric but isopolar
analogues of glycosyl phosphates since the phosphono
group was directly linked to the glycosyl residue.
Hence, interest for these compounds135 lacking the
enzymatically susceptible ester linkage of phosphates
stemmed from their potential activity as competitive
inhibitors of glycosyltransferases and therefore from
their use as lead structures in drug discovery against
carbohydrate-based metabolic disorders.136

Trimethylsilyl azide (TMSN3) was found to be a
suitable nitrogen nucleophile reacting with thiaz-
olylketose acetates upon activation with TMSOTf to
give the corresponding azido glycosides.137 The first
compound which was targeted through this glycosi-
dation reaction was the peculiar azido acetaldehyde
276 sharing its central carbon atom with the D-
ribofuranose ring (Scheme 42). The synthesis of 276
was carried out by addition of TMSN3 to the thiazolyl-
â-D-ribofuranose acetate 220 or its R-isomer. Both
reactions furnished the â-azido glycoside 275 and its
R-anomer (not shown) in a 3:1 ratio and 84% overall
yield. Compound 275 was transformed into the target

Scheme 39

Scheme 40

Scheme 41
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aldehyde 276 in satisfactory yield (57%) by the
thiazole-to-formyl transformation protocol. In this
case, the latter operation required some adjustments
of the experimental conditions to avoid side reactions
between the N-methylthiazolium ring, an intermedi-
ate of the unmasking sequence, and the adjacent
azido group acting as a 1,3-dipolar partner of cy-
cloaddition reaction. An earlier synthesis of 276 from
D-fructose (seven steps, 34%) was reported by Mio
and co-workers.138 Then this aldehyde was converted
into the herbicide and plant growth regulator (+)-
hydantocidin 277, a natural product produced by
fermentation processes.

Given the facile reduction of the azido to the amino
group and the oxidation of the formyl to carboxyl
group, this method opened opportunities for prepar-
ing a special class of sugar amino acids called fused
glycosyl glycines because the central carbon atom of
the amino acid residue coincided with the anomeric
carbon atom of a furanose or pyranose ring.139

Compounds 278 and 279 shown in Figure 9 are two
examples of these amino acids and were prepared by
reaction of TMSN3 with the corresponding thiaz-

olylketose acetates 214 and 219, respectively.137

These glycosidation reactions occurred with high
R-selectivity to give in each case a single azido
glycoside in high yield (88% and 84%). Synthetic
approaches to this special class of glycosyl amino
acids and their use as precursors to biologically active
compounds have been recently reviewed.139

4. Synthesis of Carbon-Linked Glycoconjugates

4.1. Formyl C-Glycosides
The preparation of compounds in which a glycosyl

residue is linked to another sugar residue or to a
nonsugar moiety (amino acid, ceramide, fatty acid)
through an anomeric carbon-carbon bond instead of
the native carbon-oxygen or carbon-nitrogen bond
is a very important topic in modern carbohydrate
chemistry.140 The need for these compounds, particu-
larly those which are true isosteres of natural prod-
ucts,141 stems from their high stability toward chemi-
cal and enzymatic degradation. Therefore, these
compounds can have application in medicinal chem-
istry as leads for new drug discovery or for improve-
ment of known drugs acting as inhibitors of carbo-
hydrate processing enzymes. Application can be also
foreseen in glycobiology,2a-c the science dealing with
studies of the role of carbohydrates in biological
processes. However, while numerous O-glycosidation
methods have been developed both in solution and
the solid phase,127 several difficulties can arise in
C-glycosidation reactions, particularly in those cases
directed toward the formation of complex systems.
An alternative approach is to proceed stepwise by
first introducing a simple yet reactive C-functional
group at the anomeric center and then exploit suit-
able carbon-carbon or carbon-heteroatom bond-
forming reactions of that functional group for the con-
struction of a more complex residue. Following this
leading concept, Dondoni and co-workers pointed to
glycosyl aldehydes, namely, formyl C-glycosides IV
(Scheme 35, R ) H), as suitable compounds in a pro-
gram directed to the synthesis of C-oligosaccharides
and C-glycoconjugates. They reasoned that these
anomeric sugar aldehydes could be obtained by
reductive dehydroxylation of thiazolylketoses II via
reaction of their acetates with a suitable hydride-
releasing reagent followed by the formyl group un-
veiling from the thiazole ring. This methodology125a,b

is illustrated in Scheme 43, showing the TMSOTf-
promoted reduction of 1-C-(2-thiazolyl)-R-D-galacto-
pyranosyl acetate 214 with triethylsilane (Et3SiH) to
give exclusively the â-linked thiazolyl C-glycoside
280, which in turn was converted into the formyl
C-galactopyranoside 281 in very good yield. The
anomeric configuration of 280 was in agreement with

Figure 8. Protected ketosyl and ulosonyl phosphonates
prepared from the corresponding thiazolylketose acetates.

Scheme 42

Figure 9. Fused glycosyl glycines prepared from thiaz-
olylketose acetates.
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a stereoselective addition of the hydride ion to a
postulated sugar oxycarbenium intermediate.127 The
scope of this methodology was further broadened by
the development of the SmI2-(CH2OH)2 reductive
dehydroxylation method of thiazolylketose acetates.142

In fact, the reductive removal of the OAc group with
the above samarium-based reagent afforded as a
main product a thiazolyl C-glycoside exhibiting an
opposite configuration to that obtained by the use of
Et3SiH. A thiazole-assisted two-electron reduction
process was suggested to take place in the SmI2-
promoted reaction. The most significant example was
provided by the reduction of the bis-acetonide-
protected thiazolylmannofuranose acetate 219 which
upon treatment with Et3SiH-TMSOTf supplied125b

the â-linked thiazolyl C-mannofuranoside 282 whereas
with SmI2-(CH2OH)2 afforded142 the R-linked isomer
284, in both cases in very good yields (Scheme 44).
The subsequent application of the thiazole-to-formyl
unmasking protocol to these compounds furnished
the stereoisomeric formyl C-mannofuranosides 283
and 285.143

In addition to those presented in Schemes 43 and
44, other formyl C-glycosides were prepared by the

above complementary methods (Figure 10). The lower
yields which were registered in the case of the R- and
â-D-gluco derivatives 286 and 287 with respect to the
â-D-galacto and â-D-manno derivatives 281 and 288
were due to the unselective dehydroxylation of the
thiazolylketose acetate 217 (see Figure 6), which
afforded the two diastereomeric R- and â-linked
thiazolyl C-glycosides in almost equal amounts.125b

However, synthesis of the â-isomer 287 was carried
out in very good yield and on a multigram scale by
replacing thiazole with benzothiazole144 as the masked
formyl group (Scheme 45).145 In fact, although the
reductive dehydroxylation of the benzothiazolylketose
acetate 297 by Et3SiH-TMSOTf was unselective as
well as it afforded the R- and the â-linked benzothia-
zolyl C-glycosides 298 and 299 in almost equal
amounts, the â-isomer 299 was obtained in 80% yield
from 297 by base-catalyzed isomerization of the
R-isomer 298. The same isomerization did not occur
with the thiazole analogue of 298. The synthesis of
the â-linked formyl C-glucopyranoside 287 was com-
pleted by the AgNO3-based thiazole-to-formyl un-
masking protocol.

Although other syntheses of formyl C-glycosides
have been reported over the years from various
laboratories,146 their generality was far from being
demonstrated. On the other hand, a number of these
compounds with a wide range of structural diversity
were prepared via the thiazole-based methodology
(Figure 10). Hence, in support to their view on the
high potential of these anomeric sugar aldehydes as
intermediates for the synthesis of more complex
C-glycosides, Dondoni and co-workers reported sev-
eral applications via different carbon-carbon bond-
forming reactions (Figure 11). Thus, the R-(1 f 6)-
carbon-linked pentasaccharide147 300 and the R-(1 f
5)-carbon-linked trisaccharide125c 301 were con-
structed by iterative Wittig reaction; the C-glycosyl
amino acid148 302 was prepared by the Mukaiyama-
type condensation; the C-glycosylated fulleropyrro-
lidine149 303 and the isoxazole150 304 were synthe-

Scheme 43

Scheme 44

Figure 10. Formyl C-glycosides obtained from the corre-
sponding thiazolylketose acetates (yield in parentheses).
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sized by cycloaddition of glycosylated 1,3-dipolar
systems, namely, an azomethine ylide and a nitrile
oxide, respectively, generated in situ; the C-nucleo-
sides 305 and 306 were prepared by the multicom-
ponent Biginelli151 and Hantzsch152 cyclocondensation
reaction, respectively.

4.2. C-Glycosyl Amino Acids
Given the growing importance of unnatural amino

acids in which the glycinyl moiety (CH(NH2)CO2H)
is linked to the anomeric carbon of sugars by one or
more carbon-carbon bonds,139 the synthesis of C-
glycosyl glycines via stereoselective aminohomologa-
tion of formyl C-glycosides was reported.153 As dis-
cussed in section 3.3, this thiazole-based methodology
involved as a carbon-carbon bond-forming reaction
the addition of 2-lithiothiazole (2-LTT, 31) to N-
benzyl aldonitrones. The control of the stereoselec-
tivity of this reaction was crucial to obtaining R- or
S-configured R-amino aldehydes whose oxidation
would lead to the corresponding carboxylic acids. This
issue was addressed by the use of suitable Lewis
acids capable of nitrone complexation. Accordingly,
the addition of 2-LTT 31 to the N-benzyl nitrone 308
derived from formyl C-mannofuranoside diacetonide
283 showed opposite diastereoselectivity depending
on whether the reaction was carried out with the free
nitrone or its precomplexed derivative with Et2AlCl
(Scheme 46). Under the former conditions, the main
product was the N-benzyl hydroxylamine 309 with
S-configuration, whereas under the latter conditions
the main product was the R-configured epimer 311.
Suitable elaboration of these products, i.e., reduction
of the N-benzylhydroxylamino group to amino group

with TiCl3 and protection as tert-butylcarbamate
(Boc), then transformation of the thiazole ring to
formyl (MeOTf, then NaBH4, then CuCl2, H2O), and
oxidation of the aldehyde with NaClO2 afforded the
pair of â-D-mannofuranosyl glycines as L- (compound
310) and D-isomer (compound 312). It was pointed
out that unlike other syntheses of C-glycosyl gly-
cines,139 this method overcame the problem of con-
trolling the stereochemistry at the anomeric center
of the sugar moiety because this was already estab-
lished in the original aldehyde 283.

The same nitrone-based approach was employed153

for the preparation of the epimeric â-D-galactopyra-
nosyl glycines 313 and 314 (Figure 12) by the use of
the N-benzyl nitrone derived from the formyl C-
galactoside 281 as starting material (see Scheme 43).
However, in this case the addition of 2-LTT 31 to
either the free nitrone or its precomplexed derivative
with Et2AlCl afforded mixtures of diastereomeric
N-benzylhydroxylamines in similar ratios. Neverthe-
less, separation and elaboration of these intermedi-

Scheme 45

Figure 11. Selected examples of complex C-glycoconju-
gates prepared starting from formyl C-glycosides.
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ates as described above afforded the individual sugar
glycines 313 and 314 as pure compounds.

4.3. C-Glycosyl Hydroxy Acids
Other methods based on the thiazole-aldehyde

synthesis were developed with the aim of introducing
functionalized carbon chains at the anomeric center
of carbohydrates. One of these approaches relied on
a domino process constituted of a Wittig-type con-
densation of the anomerically unprotected sugar with
the phosphorane 2-TCMP 32 followed by the spon-
taneous intramolecular cyclization (Michael-type ad-
dition) of the resulting alkene.154 This reaction se-
quence furnished a mixture of R- and â-1-C-(2-

thiazolacyl)glycosides. In particular, the reaction
mixture obtained from the manno derivative 315
(Scheme 47) upon basic treatment gave an R/â
equilibrium ratio of 15:85. The major product â-C-
glycosylmethyl ketone 316 was reduced with two
different hydride-releasing reagents, i.e., LiAl(t-
BuO)3H and DIBALH which afforded as main prod-
ucts the alcohol 317 and the epimer 318, respectively.
The subsequent unveiling of the aldehydes from the
O-benzyl derivatives of these compounds and oxida-
tion furnished the C-glycosyl R-alkoxy propionic acids
319 and 320 in good yields. The same synthetic
scheme could not be developed by use of the stabilized
phosphorane Ph3PdCHC(O)CO2Et because this re-
agent failed to react with furanoses. However, the
use of 2-TCMP 32 was limited to furanoses because
a pyranose such as 2,3,4,6-tetra-O-benzyl-D-glucopy-
ranose did not afford the corresponding C-glycoside.

4.4. Carbon-Linked Disaccharides
While in the last two decades a great deal of effort

was made to find effective synthetic methods for
preparing carbon-linked disaccharides in which a
methylene group replaced the bridging oxygen of the
natural glycosidic linkage,155 there was also some
interest on a special class of disaccharides in which

Scheme 46

Figure 12. C-Galactosyl glycines obtained by amino-
homologation of formyl C-galactoside 281.

Scheme 47
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two aldoses were directly linked through a carbon-
carbon bond either at the anomeric or nonanomeric
position.156 Hence, a reaction scheme along the lines
of the thiazole-aldehyde synthesis was developed in
the Dondoni laboratory for building up a pyranose
ring on an existing one.157 This scheme was based
on the hetero-Diels-Alder (HDA) reaction of ethyl
vinyl ether 321 (Scheme 48) with the R,â-enone 88
which for that purpose was acting as an oxabutadiene
system. This cycloaddition partner was readily avail-
able in high yield by carbonylolefination of the R-D-
galacto-hexodialdo-1,5-pyranose derivative 55 with
the thiazole-armed phosphorane 2-TCMP 32 (see
Scheme 14). The reaction between 88 and 321 was
moderately endo and face selective. Under thermal

conditions the main product isolated was the endo
cycloadduct 322 in low diastereomeric excess, whereas
in the presence of Eu(fod)3 (europium tris(6,6,7,7,8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedionate) the prod-
uct isolated in slight excess was compound 325,
which is an endo adduct as well but with opposite
configuration at the newly formed stereocenters. The
individual cycloadducts 322 and 325 were elaborated
in an identical manner via aldehyde unmasking from
the thiazole ring and hydroxylation of the double
bond by hydroboration-oxidation. It is noteworthy
that whereas the unmasking of the thiazole ring of
2-alkenylthiazoles occurred with concomitant reduc-
tion of the carbon-carbon double bond (see section
3.1), the same operation applied to compounds 322
and 325 did not affect their double bond and afforded
the formyl-substituted dihydropyrans 323 and 326
in excellent yields. The inertness of the N-methyl
thiazolium derivatives of 322 and 325 toward the
hydride addition to the double bond of the dihydro-
pyran ring was explained as being due to a captoda-
tive effect. The cis-selective hydroboration of 323 and
326 by BH3 with concomitant reduction of the formyl
group followed by introduction of a hydroxyl via
addition of hydrogen peroxide proceeded smoothly,
giving rise to the diastereomeric C-disaccharides 324
and 327.

The same methodology described in Scheme 48 has
been recently applied by Kniezo and co-workers158 to
the R-D-glucopyranosylacetaldehyde 328 (Scheme 49).
In this case too the HDA reaction of the oxabuta-
diene 329 with ethyl vinyl ether 321 was endo
selective but totally lacking of stereoselectivity. Hence,
two cycloadducts were obtained in almost equal
amounts. These compounds were elaborated as in
Scheme 48 and transformed into the C-disaccharides
330 and 331 featuring a methylene bridge holding
the two pyranose rings. Hence, these compounds can
be considered as genuine methylene isosteres of (1
f 3)-O-disaccharides.

5. Synthesis of Azasugars

The search for selective and effective inhibitors of
oligosaccharides processing enzymes has promoted

Scheme 48 Scheme 49
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intense research over the last 20 years in the
synthesis of stereochemically well-defined polyhy-
droxylated pyrrolidines and piperidines.159 These
compounds are called azasugars or more appropri-
ately iminosugars since they are related to sugars
by replacing the ring oxygen by the NH group.
Iminosugars are known to be endowed with a re-
markable therapeutic potential as antiviral, antime-
thastatic, antibacterial, antiadhesive, and antihyper-
glycemic agents. Hence, given the current interest
in the development of new synthetic approaches to
either natural azasugars160 or analogues, the poten-
tial of the thiazole-based synthetic methodology was
exploited in this field as well. In some cases two
different thiazole-based reagents were sequentially
employed in the de novo synthesis of these com-
pounds from nonsugar precursors.

Wishing to exploit the atom array and chirality of
serine for preparing polyhydroxylated δ-amino hexa-
nals as precursors to azahexoses, Dondoni and co-
workers described161 the three-carbon-atom elonga-
tion of the L-serine-derived aldehyde81b 116 by Wittig
reaction with the phosphorane 32 (Scheme 50). This
reaction afforded the chiral R,â-enone 332 in excellent
yield. The cis-hydroxylation of this compound with
catalytic osmium tetroxide in the presence of N-
methylmorpholine N-oxide as a reoxidant (OsO4/
NMO) followed by acetonization of the main 1,2-diol
furnished the thiazolyl ketone 333 in 51% overall
yield from the aldehyde 116. The stereocontrolled
reduction of the ketone 333 to an alcohol with either
R or S configuration was envisaged as a route to C-2
epimeric azahexoses. Indeed, the reduction of 333
with two different hydride donors such as NaBH4 and
Red-Al [NaAlH2‚(OCH2CH2OMe)] occurred with high
levels of selectivity but in opposite sense to give the
alcohol 334 and the epimer 335, respectively. The
suitable protection of the hydroxyl group and the
application of the standard thiazole-to-formyl de-
blocking protocol transformed these compounds into
the aldehydes 336 and 337. The removal of all
protective groups from these compounds by acid
treatment furnished the azahexose 338, (-)-nojir-
imicyn, and the epimer 339, (-)-mannojirimicyn.
These products are the antipodes of the natural
azasugars which, however, would be available through
the same versatile method starting from the enan-
tiomer of the aldehyde 116, which in turn can be
prepared from D-serine.

The use of 2-acetylthiazole (2-ATT, 30) as the
three-carbon chain elongating reagent of serinal 116
constituted the basis of a thiazole-based entry161 to
3-deoxy derivatives of (-)-nojirimicyn 338 and (-)-
mannojirimicyn 339 (Scheme 51). New azasugars
featuring chemical modifications with respect to
natural products are considered as interesting targets
both for their potential biological activity and for
studies in structure and enzyme-inhibitory activity
relationships. Hence, the key intermediate â-hydroxy
ketone 340 was prepared in good isolated yield by
anti-stereoselective aldol condensation of the alde-
hyde 116 with the lithium enolate of 2-ATT 30. In
this case too two routes were opened by the stereo-
controlled reduction of the carbonyl of 340. This

operation was easily carried out owing to literature
precedents on the stereoselective reduction of chiral
â-hydroxy ketones. In fact, the reduction of 340 with
sodium borohydride in the presence of diethylmethox-
yborane162 (NaBH4‚Et2BOMe) afforded a syn-1,3-diol,
which was isolated as the O-benzyl derivative 341,
whereas the use of tetramethylammonium triacetoxy
borohydride69 (Me4NBH(OAc)3) gave the anti-epimer,
which was isolated as the O-benzyl derivative 342.
In both cases the diastereoselectivity of the reduction
was higher than 95%. The two diastereoisomers 341
and 342 were easily transformed into the protected
3-deoxy azasugar 345 and the epimer 346 through
the aldehydes 343 and 344. It is worth noting that
this transformation was carried out under different
reaction conditions with respect to those employed
in a preliminary communication163 in order to avoid
the formation of 1,6-anhydro derivatives.

Guided by a retrosynthetic analysis, a reaction
scheme involving two thiazole-based reagents was

Scheme 50
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developed36,164 for the totally chemical synthesis of
the natural azasugar (+)-galactostatin 354 and its
unnatural (-)-antipode from D- and L-serine, respec-
tively (Scheme 52). Given the recent isolation of 354
from natural sources,165 only a few syntheses of this
compound were reported, all employing carbohydrate
precursors.166 Instead, the thiazole-based synthesis
of 354 began by allowing 2-LTT 31 to react with the
methyl ester of protected D-serine 347 to give the
ketone 348. This clean acylation of the thiazole ring
at C-2 was expected on the basis of a similar reaction
reported by Chikashita and co-workers between
2-lithiobenzothiazole and various esters and lac-
tones.167 According to Chikashita, the stabilization
of the ketone 348 as a lithium complex of the
hemiketalic intermediate avoids the formation of a
bis adduct. The syn-stereoselective reduction of the
carbonyl of 348 to give the desired alcohol 349 was
expected on the basis of earlier studies on the
reduction of 2-thiazolyl R-amino ketones.168 After
protection of the hydroxyl group of 349, the aldehyde
350 was liberated by the standard thiazole-to-formyl
unmasking protocol. Then a two-carbon chain elon-
gation was carried out by reaction of this aldehyde
with the unstabilized thiazolylphosphorane 2-TMP
33. Quite luckily this olefination was very selective
since it afforded almost exclusively the E-olefin 351.
The cis hydroxylation of this alkene by OsO4/NMO
was also an efficient and stereoselective reaction as
it furnished a 1,2-diol, which was isolated as the

acetonide derivative 352. The application of the
thiazole-to-formyl unmasking protocol to this com-
pound afforded the second key intermediate alde-
hyde, namely, the amino- and hydroxy-protected
5-amino-5-deoxy-aldehydo-D-galactose 353. This com-
pound was transformed into the target (+)-galac-
tostatin through its bisulfite adduct. The overall
chemical yield (17.8% from 347) of isolated 354 was
higher than those registered (from 2.4% to 9.3%) in
other approaches reported in the literature.166 An-
other advantage of this thiazole-based synthesis is
that the unnatural (-)-galactostatin antipode of 354
can be equally prepared starting from L-serine.
Actually the synthesis of this compound was de-
scribed in a preliminary communication,164 although
in low yield due to an unoptimized group protection
strategy.

Considerable attention was given in recent years
to a class of natural and synthetic azasugars of both
pyrrolidine and piperidine families bearing a hy-
droxymethyl group or a polyhydroxylated carbon
chain at the carbon atom adjacent to nitrogen, the
anomeric carbon, so that they were called homoaza-
sugars or aza-C-glycosides.169 These compounds were
found to retain the same type of biological activity of
the parent azasugars and, in some cases, exhibit
higher selectivity and potency. Moreover, they have
great stability toward chemical and enzymatic deg-
radation, a drawback of the parent azasugars as
carbohydrate mimics due to the lability of the O,N-
acetal function. Homoazasugars too were targeted
via an appropriate thiazole-based methodology.170

Scheme 51 Scheme 52
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This was based on a variant of the aminohomologa-
tion strategy described in section 3.3 since it required
an extra step constituted of an intramolecular sub-
stitution reaction as illustrated in Scheme 53. Start-
ing materials were anomerically free aldofuranoses
such as, for example, 2,3,5-tri-O-benzyl-D-arabino-
furanose 355. Treatment of this aldose with N-
benzylhydroxylamine resulted in the formation of the
corresponding arabinosyl hydroxylamine 356 (R-
anomer only) very likely in equilibrium with the
open-chain nitrone 357 (not detectable by NMR). In
fact, subsequent addition of 2-LTT 31 afforded the
formal adduct to 357, i.e., an open-chain thiazolyl
hydroxylamine (not shown), which by reduction of the
N(OH)Bn group to NHBn furnished the secondary
amine 358. The activation as O-triflate of the free
hydroxyl group which was present in the N-alkyl
chain of this compound induced an intramolecular
substitution reaction leading to the 2-thiazolylpyr-
rolidine 359. A careful NMR analysis of this product
allowed its structure as well as that of its precursor
358 (anti-adduct) to be established on the basis of
the reasonable assumption that the ring closure had
occurred via an SN2-like mechanism. Finally, the
unveiling of the formyl group from the thiazole ring
afforded the 2-formyl pyrrolidine 360 (formyl aza-C-
glycoside) as a stable compound. The reduction of the
formyl and the removal of the benzyl protective
groups furnished the target pyrrolidine homoaza-
sugar 361 (2,5-dideoxy-2,5-imino-D-glucitol) in 21%
overall yield from the aldose 355. The scope of this
methodology was broadened by the synthesis of three
more pyrrolidine homoazasugars (Figure 13) includ-
ing the natural product 2,5-dihydroxymethyl-3,4-
dihydroxypyrrolidine (DMDP) 364 (2,5-dideoxy-2,5-
imino-D-mannitol). Unfortunately this synthetic
scheme could not be applied to aldopyranoses because
their hydroxylamine-nitrone mixture did not react
with 2-LTT 31. It is of relevance to mention that
owing to its sufficient stability the formyl aza-C-

glycoside 360 served as a building block for aza-C-
disaccharides via Wittig olefination with sugar
phosphoranes.170b

6. Synthesis of Peptide Mimetics

6.1. Dipeptide Isosteres
Definition, design, synthesis, and application of

peptide mimetics, also called peptidomimetics, were
reported in several specialized publications.171 A wide
class of peptidomimetics includes compounds featur-
ing modification of the peptide backbone by isosteric
or isoelectronic exchange of units in the peptide
chain. Hence, a modern yet socially relevant field of
research in which the thiazole-based synthetic meth-
odology was successfully employed was that dealing
with the synthesis of building blocks for protease
inhibitors, especially peptide isosteres against two
different aspartic protease enzymes, renin and hu-
man immunodeficiency virus (HIV) protease. Renin
inhibitors may develop into drugs against hyperten-
sion,172 and HIV inhibitors have been shown to be
clinically useful in the control of AIDS.173

A communication174a appeared in 1992 from the
Dondoni laboratory followed by a full report a few
years later174b dealing with the synthesis of ketom-
ethylene and hydroxyethylene isosteric dipeptides by
thiazole-based homologation of L-phenylalanine and
L-leucine. One of the routes went through thiazolyl
amino ketones as intermediates. As illustrated in
Scheme 54, the N,N-diprotected phenylalanine meth-
yl ester 365 upon treatment with 2-LTT 31 was
transformed into the amino ketone 366 in very high
yield. The reasons for the highly selective monosub-
stitution reaction between esters and 31 have been
commented on in section 5. The reduction of the
carbonyl group of 366 afforded the expected168 syn-
amino alcohol 367 almost quantitatively, which after
protection of the hydroxyl group was transformed
into the aldehyde 368 by the copper-based thiazole-
to-formyl unmasking protocol.33 The Wittig olefina-
tion of this aldehyde with the stabilized (methoxy-
carbonylmethylene)triphenylphosphorane (Ph3Pd
CHCO2Me) furnished the (E)-enoate 369 in high
isolated yield. This chiral unsaturated ester was the
ultimate precursor to dipeptide isosteres incorporat-
ing the phenylalanine residue. Indeed, desilylation
of 369 and oxidation of the resulting alcohol gave the
(E)-enone 370, whose ethylenic double bond was
readily reduced with hydrogen over Pd/BaSO4 to give
the δ-amino-γ-ketoester 371. This compound cor-
responded to the Phe-Gly ketomethylene dipeptide
isostere, Pheψ[COCH2]Gly, which was previously
incorporated by Almquist and co-workers in various
peptides to produce angiotensin-converting enzyme
inhibitors.175 Instead, the effective reduction of the

Scheme 53

Figure 13. Homoazasugars prepared by aminohomologa-
tion of furanoses.
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ethylenic double bond of 369 using the scarcely
exploited yet very convenient reagent nickel boride
(from NiCl2 hexahydrate and NaBH4)176 and the
removal of the silyl protective group afforded the
γ-lactone 372. This compound was further elaborated
by stereoselective benzylation at C-2 using lithium
hexamethyldisilazide (LiHMDS) as a base and benzyl
iodide as electrophile. Then, the removal of the
N-benzyl group furnished compound 373 (24% overall
yield from phenylalanine 365), which corresponded
to the lactone form of Phe-Phe hydroxyethylene
dipeptide isostere, Pheψ[CH(OH)CH2]Phe. This com-
pound had been previously prepared by Merck re-
searchers177 from D-mannose (19% overall yield) and
used as a precursor to potent and selective hydroxy-
ethylene dipeptide isostere inhibitors of HIV-1 pro-
tease. The same synthetic route shown in Scheme 54
was followed for the synthesis of Leu-Leu analogue
of 373, i.e. Leuψ[CH(OH)CH2]Leu, in 19% overall
yield from leucine.174b

Aiming at improving the bioavailability of renin
inhibitors by incorporation of suitable molecular
residues containing polar groups, Hoechst research-
ers reported178 on the synthesis of the protected
amino diol 379 (Scheme 55), a dipeptide mimic

bearing a pyridine ring at one terminal side of the
carbon chain. The synthesis involved the iterative
one-carbon homologation methodology of aldehydes
using 2-TST 22 as the formyl anion equivalent (see
section 3.1). Starting from the N-monoprotected
cyclohexylalaninal 374, the first homologative cycle
via syn-stereoselective addition83 of 2-TST 22 and
thiazole-to-formyl unmasking furnished the aldehyde
376. Application of the second homologative cycle to
this aldehyde afforded the expected (see section 3.1)
anti-adduct 377 from which the new one-carbon chain
extended alkoxy aldehyde 378 was unveiled by cleav-
age of the thiazole ring. It is noteworthy that in both
cycles the latter transformation was carried out by
the use of N-bromosuccinimide (NBS) instead of
mercury(II) chloride, thus demonstrating that the
thiazole aldehyde synthesis can be an environmen-
tally friendly methodology. The conversion of 378 into
the target 2-pyridinyl derivative 379 was performed
via Wittig olefination with a pyridine-armed phos-
phorus ylide and hydrogenation.

An interesting and practical application of â-amino-
R-hydroxy aldehydes obtained via the thiazole-
aldehyde synthesis was reported179 by Tourwé and
co-workers in a solid-phase synthesis procedure lead-
ing to hydroxyethylamine peptide isosteres. For
example, the aldehyde 382 (Scheme 56) prepared by
the 2-TST 22-based stereoselective homologation of
the N-Boc prolinal 380 was installed in a resin-bound
peptide by reductive amination, thus creating an
hydroxyethylamine dipeptide isostere, Proψ[CH(OH)-
CH2NH]Phe, in the peptide chain. After a further
peptide synthesis by reaction of 383 with BocTyr, the
pseudopeptide 384, an hydroxyethylamine analogue
of â-casomorphin-5, was cleaved from the resin and
purified by HPLC for biological testing.

Scheme 54 Scheme 55
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The thiazole-based methodology was considered by
a Hoffman-La Roche group180 as a synthetic tool
amenable to large-scale production of the hydroxy-
ethylamine isosteric dipeptide 386 (Scheme 57) pre-

cursor to the potent and selective HIV protease
inhibitor Saquinavir 387 (Ro 31-8959). This com-
pound was the first FDA-approved (1995) HIV pro-
tease inhibitor for the treatment of AIDS.173a The
aldehyde 385 featuring a hydroxyl and amino group
in an anti-relationship was considered a key building
block for the dipeptide 386 via reductive amination
with a decahydroisoquinoline derivative.

Notwithstanding an earlier report80b by Dondoni
and co-workers showing that the addition of 2-TST
22 to N,N-diprotected R-amino aldehydes was anti-
selective whereas the same reaction with N-mono-
protected derivatives was syn-selective, the synthesis
of 385 by the Hoffman-La Roche researchers was
approached180 by addition of 22 to the nitrogen singly
protected N-Boc-L-phenylalaninal 388 (Scheme 58).
This reaction furnished the desired anti amino
alcohol 389 as minor product (ds 38%), which was
isolated in a pure form in very low yield (13%). Hence,
the target aldehyde 385 was obtained in low overall
yield from 388, a result which precluded performing
an effective total synthesis of the dipeptide isostere
386. Nevertheless, the planned synthesis of this
compound by reductive amination of the aldehyde

385 with a decahydroisoquinoline derivative in the
presence of sodium cyanoborohydride was demon-
strated to occur in good yield.

An improved synthesis of the aldehyde 385 as the
O-silyl derivative 395 was reported181 by Dondoni and
co-workers via homologation of the N,N-diprotected
phenylalaninal 392 (Scheme 59). This aldehyde was

obtained from L-phenylalanine 391 in good yield. The
reaction of 392 with 2-TST 22 provided the expected
anti amino alcohol 393 as a major product in 64%
isolated yield. The oxidative removal of the p-meth-
oxybenzyl group with cerium ammonium nitrate
(CAN, (NH4)2Ce(NO3)6) and silylation furnished the
compound 394, which was transformed into the
aldehyde 395 in excellent yield. Hence, given the
previous report of the Hoffman-La Roche group,180 a
formal synthesis of the hydroxyethylamine isosteric
dipeptide 386 was achieved in good yield from the
aldehyde 392.

A wide-scope approach to two different classes of
isosteric dipeptides, 2-hydroxy-1,3-propyldiamines
and δ-amino-γ-hydroxy-vinyl sulfones, was recently
reported by Jung and co-workers.182 The novelty in
this approach is that the key intermediates â-amino-
R-hydroxy aldehydes were obtained by the hitherto
unreported solid-phase thiazole-based homologation
of N-terminal resin-bound R-amino acid Weinreb
amides (Scheme 60). The successful transfer of the
solution-phase thiazole-aldehyde synthesis to solid-
phase chemistry provided a new and operatively

Scheme 56 Scheme 58

Scheme 57

Scheme 59
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simple manner by which this flexible methodology
can be utilized. The selected R-amino acid, for ex-
ample, phenylalanine, was anchored by its amine
function to a carbamate resin, i.e., Boc-resin (loading
ca. 0.7 mmol/g), and then transformed into the
Weinreb amide 396. This resin-bound substrate upon
treatment with a THF solution of 2-LTT 31 at low
temperature afforded the thiazolyl ketone 397. Re-
duction of this ketone to alcohol and protection by
silylation furnished racemic O-silyl ether 398. These
steps were followed on bead by FT-ATR-IR spec-
troscopy. Finally, application of the mercury-based
thiazole to formyl unmasking protocol to 398 gave
the N-terminal Boc-resin-bound O-tert-butyldimeth-
ylsilyl-protected â-amino-R-hydroxy aldehyde 399.
The generality of this solid-phase thiazole-based
synthesis of functionalized aldehydes was demon-
strated by using other R-amino acids (Val, Lys(Z),
Leu, Ile) as starting material. The transformation of
the resin-anchored aldehyde 399 into the hydroxy-
ethylene peptide isosteres 400 (89% purity) and 401
(70% purity) was carried out via Horner-Emmons
coupling with a phenylsulfonyl phosphonate and via
reductive amination with tryptamine, respectively,
followed by the cleavage of the products from the
solid support using trifluoroacetic acid in dichlo-
romethane. Unfortunately the chiral version of this
methodology was not investigated, and therefore, no

comparison can be made with the results of solution-
phase approaches.

6.2. Conformationally Constrained Dipeptides
Research on peptidomimetics171 has gained an

enormous importance in recent years with the emer-
gence of conformationally constrained systems that
mimic certain structural features and therapeutic
effects of natural peptides.183 The efficient service of
the thiazole-aldehyde synthesis was demonstrated
in this field as well as it provided an effective entry184

to the formyl C-iminosugar 403. This aldehyde served
as the key precursor to the 6,7-dihydroxylated
azabicyclo[3.3.0]octan-2-one amino acid 406 (Scheme
61), which can be regarded as a conformationally
restricted substitute for Ala-Pro dipeptide. There is
increasing interest to develop synthetic methods of
rigidified dipeptide surrogates since the incorporation
of these systems into a peptide can provide a better
understanding of the spatial requirements of its
biological activity.185 Moreover, these conformation-
ally constrained systems can serve as rigid scaffolds
onto which a variety of pharmacophores may be
introduced by exploiting suitable reactions of the
amino and carboxyl groups. Compound 406 offers in
addition two hydroxyl groups as anchoring points for
side chain moieties implicated in ligand-receptor
interaction.186

The synthesis of the 2-formylpyrrolidine 403
(Scheme 61) exploited the readily available hydroxy-
lated 2-thiazolylpyrrolidine 359 whose preparation
from 2,3,5-tri-O-benzyl-D-arabinofuranose 355 was
illustrated in Scheme 53. Compound 359 was first
elaborated in order to establish an orthogonal protec-
tion of the hydroxyl groups. To this aim the 5-O-
benzyl group was selectively removed by acetolysis,
and the resulting free hydroxyl group was protected
with p-methoxyphenol (PMP) via Mitsunobu reaction
to give product 402. The unveiling of the formyl group
from thiazole of 402 by the silver-based procedure129

afforded the aldehyde 403 in very good yield (84%).
The construction of the second five-member ring

Scheme 60 Scheme 61
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involved as a first step the chain elongation of the
aldehyde 403 by Horner-Emmons olefination with
the difunctionalized phosphonate 404. The resulting
olefin 405 was transformed into the target product
406 through a reaction sequence involving the reduc-
tion of the carbon-carbon double bond and the
change of O- and N-protective groups, then intramo-
lecular cyclization via amide formation, and finally
deprotection of the primary alcohol and oxidation to
carboxyl group. It was emphasized that compound
406 is the first member of a new class of conforma-
tionally constrained dipeptides featuring hydroxyl
groups in one of the heterocyclic ring and that
libraries of these compounds should be accessible by
the same route employing stereoisomers170 of the
hydroxylated 2-thiazolylpyrrolidine 359 and ana-
logues with different ring size.

7. Synthesis of Diamino Alcohols
Short chiral carbon chains containing amino and

hydroxyl groups in a well-defined disposition are
precious tools in organic and medicinal chemistry.
They can be used as ligands for the preparation of
organometallic catalysts or as chiral synthetic aux-
iliaries or can be an essential part of biologically
active compounds.

A thiazole-based synthesis of 1,2-diamino diols via
aminohomologation of N-Boc serine-derived alde-
hydes was reported.187 It has been already illustrated
in section 3.3 that aldehyde aminohomologation
involves the transformation of the aldehyde into
nitrone, addition of a 2-metalated thiazole, reduction
of the hydroxylamino to amino group, unmasking of
the formyl group from the thiazole ring. This reaction
sequence was extended to transform the Garner
aldehyde 116 into the homologue 409, i.e., an O- and
N-protected 2,3-diamino-4-hydroxybutanal, in 33%
overall yield (Scheme 62). As expected, the addition
of 2-LTT 31 to the nitrone 407 was syn-selective in
analogy to the reaction of the same organometallic
reagent with the nitrone 142 derived from D-glycer-
aldehyde acetonide 23 (see Scheme 25). Hence, the
one-pot reduction of the aldehyde 409 to alcohol and
deacetonization furnished the optically active N,N′-
Boc threo-2,3-diaminobutane-1,4-diol 410 (yield not
reported).187 The epimer of this compound, i.e., the

optically inactive erythro isomer, was prepared187 by
the same methodology starting from the N-benzyl
nitrone of O-tert-butyldiphenylsilyl-N-tert-butoxycar-
bonyl L-serinal. In fact, the addition of 2-LTT 31 to
this nitrone was anti-selective.

The synthesis of symmetrically substituted 1,3-
diamino-2-propanols have elicited a great deal of
interest because the chiral pseudo C2-symmetric
stereoisomers of this class of compounds were re-
ported to be the key core unit of very potent and
selective inhibitors of both protease activity and acute
HIV-1 infection in vitro.188 Hence, the thiazole-based
synthesis of the four benzyl-substituted 1,3-diamino-
2-propanol stereoisomers carried out by Dondoni and
co-workers189 is illustrated here (Scheme 63). To
begin the synthesis, the one-carbon homologation of
N-Boc L-phenylalaninal 388 was carried out by syn-
stereoselective83 addition of 2-TST 22 and cleavage
of the thiazole ring of the intermediate 411. Because
of its scarce stability, the resulting protected â-amino-
R-hydroxy-aldehyde 412 was transformed as a crude
material into the stable and crystalline N-benzyl
nitrone 413. This served as a key intermediate in the
preparation of two of the four possible stereoisomers
by stereocontrolled addition of BnMgCl. In fact, the

Scheme 62 Scheme 63
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addition of this organometallic reagent to free 413
was syn-stereoselective and furnished the hydroxy-
lamine 415, whereas the addition of the same reagent
to 413 precomplexed with Et2AlCl was anti-stereo-
selective and afforded the hydroxylamine 414. The
products 415 and 414 were transformed into the meso
compound 417 and the (S,S)-configured isomer 416,
respectively. The synthesis of the latter pseudo C2-
symmetric stereoisomer (23% overall yield from the
phenylalaninal 388) merits special attention because
the N-ValCbz derivative A-74704, 418 developed by
Abbott re-
searchers,188b was shown to be a potent and very
selective C2-symmetric peptidic HIV-1 protease in-
hibitor.

While it was pointed out189 that the (R,R)-config-
ured stereoisomer, namely, the antipode of 416,
would be available through the same route starting
from the (R)-enantiomer of 388, the synthesis of the
remaining fourth stereoisomer meso 419 (Figure 14)
was carried out by anti-stereoselective addition of
BnMgCl to the nitrone C-2 epimer of 413 precom-
plexed with Et2AlCl. By the same methods were
prepared the stereoisomers of other 1,3-diamino-2-
propanols symmetrically substituted with the i-
propyl group (from N-Boc leucinal) and cyclohexyl-
methyl group (from N-Boc cyclohexylalaninal) (Figure
14). This work was continued189b with the study of
BnMgCl double addition to a chiral bis-nitrone
incorporating a diol moiety, which led to symmetri-
cally benzyl-substituted 1,4-diamino-2,3-butandiols.
Also, these compounds were considered of great
importance because they constituted the nonscissile
core units of C2-symmetric peptidic190 and nonpep-
tidic191 HIV protease inhibitors.

8. Synthesis of Hydroxylated Amino Acids

As it has been shown in sections 3.4 and 3.5, the
ease of oxidation of the formyl to the carboxyl group
under mild conditions allowed for the development
of thiazole-based synthesis of sugar carboxylic acids.
The same approach was followed to prepare nonpro-
tein amino acids containing one or more hydroxyl

groups, a rich class of compounds deserving special
attention due to their presence in numerous natural
and synthetic products of great biological relevance.192

The synthesis of four pairs of C-2 epimer â-amino-
R-hydroxy acids by one-carbon homologation of serine,
threonine, phenylalanine, and leucine was reported.193

The method is illustrated in Scheme 64. At first the
thiazolyl amino ketone 427 was prepared by treating
the threonine methyl ester 426 with 2-LTT 31. This
N,N-diprotected amino ketone was reduced168 to the
alcohol 428 by treatment with NaBH4. The conver-
sion of 427 into the N-monoprotected analogue 431
and reduction168 with L-Selectride furnished the
alcohol epimer of 428, which was isolated as the
O-acetyl derivative 432. Compounds 428 and 432
were transformed into the C-2 epimer â-amino-R-
hydroxy acids 430 and 433, respectively, by formyl
unmasking from the thiazole ring and oxidation of
the resulting aldehydes. The other pairs of hydroxy-
lated â-amino acids prepared are shown in Figure 15.

The thiazole-based synthesis of another simple yet
very important â-amino-R-hydroxy acid such as 3-phe-
nylisoserine was reported.194 This amino acid was
prepared as the N-Bz and N-Boc derivatives since
these compounds correspond to the C-13 side chains

Figure 14. Other 1,3-diamino alcohols prepared.

Scheme 64
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of taxol195 and taxotere,196 respectively. The highly
promising therapeutic application of taxol and taxo-
tere as anticancer agents and the difficulty of extrac-
tion of the former from the natural source have
stimulated the development of semisynthetic routes
to these compounds and their analogues employing
baccatin III and phenylisoserine derivatives. Hence,
because of the need of this amino acid building block,
various syntheses have been reported over the years.197

Unfortunately the route described in Scheme 64 could
not be followed in this case because the N-Bn-N-Boc
phenylglycine methyl ester upon treatment with
2-LTT 31 failed to give the corresponding thiazolyl
amino ketone.193 By contrast, N-benzoyl phenylgly-
cinal 441 reacted194 readily and stereoselectively with
2-TST 22, affording a syn-amino alcohol as major
product,83 which upon acetonization was isolated as
the oxazolidine 442 (Scheme 65). The thiazole-to-

formyl unmasking transformed compound 442 into
the aldehyde 443, which was readily oxidized to the
target 3-phenyl isoserine derivative 444. This com-
pound was established to have an enantiomeric
purity of 84% due to some racemization of the amino
aldehyde 441. By the same route the N-Boc protected
analogue (enantiomeric purity 90%) of 444 was
prepared starting from N-Boc phenylglycinal. The

coupling of suitable baccatin III derivatives with
these amino acids prepared by another method was
reported earlier by Commerçon and co-workers in a
semisynthetic route to taxol and taxotere.198

An interesting example of thiazole-based synthesis
of a polyhydroxylated amino acid such as 5-O-
carbamoyl polyoxamic acid was recently reported by
Baltas and co-workers.199 This unusual amino acid
represents the nonglycosidic part of several polyoxins,
a class of peptidyl nucleosides antibiotics endowed
with potent antifungal properties.200 Although poly-
oxins are mainly used as agricultural antifungal
agents, more recently considerable attention has been
addressed to these compounds as inhibitors of op-
portunistic fungal infections in immunocompromised
hosts such as AIDS victims and organ transplant
patients. The Baltas synthesis of the protected 5-O-
carbamoyl polyoxamic acid 453 (Scheme 66) included
as a key operation the one-carbon homologation of
the chiral epoxybutanal 447 into the functionalized
aldehyde 450. This transformation was effectively
carried out by totally stereoselective anti-addition of
2-TST 22 to the aldehyde 447, followed by stereo- and
regioselective oxirane ring opening of the epoxy
alcohol 448 by NaN3/NH4Cl, acetonization, and thia-
zole to formyl unmasking. Fortunately enough the
aldehyde 450 under mild basic conditions epimerized
quantitatively to the C-2 isomer 451, thus establish-
ing the correct configuration of all asymmetric car-
bons which were present in 5-O-carbamoylpolyoxamic
acid. The final elaboration of 451 to the target amino

Figure 15. Other â-amino-R-hydroxy-acids prepared.

Scheme 66

Scheme 65
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acid 453 was based on a sequence of common
functional group transformations such as the reduc-
tion of the formyl and azido groups, the carbamoy-
lation of the primary alcohol, the removal of the
O-silyl protective group, and oxidation. Curiously,
among the numerous syntheses of 5-O-carbamoyl
polyoxamic acid,201 that reported by Dondoni and co-
workers employed furan instead of thiazole as a
synthetic auxiliary.200a,202

A very efficient synthesis of an unusual dihy-
droxyamino acid serving as a building block for the
natural pseudopeptide microbial agent AI-77-B, 458
(Scheme 67), was reported by Ghosh and co-workers
in 2001.203 In this case too the key operation of the
synthesis involved the chain elongation of an alde-
hyde, the formyl oxazolidine 454, to the R-alkoxy
homologue 456. This transformation was carried out
in the usual manner using 2-TST 22 as a formyl
anion equivalent. The very good overall yield of
isolated 456 (75%) was due to both the high stereo-
selectivity of the addition of 22 to 454 and the
efficiency of the improved33 thiazole-to-formyl un-
masking protocol. The final oxidative step of the
aldehyde 456 to the target amino acid 457 occurred
in almost quantitative yield. The coupling of 457 with
an isocumarine derivative bearing an aminated side
chain and the conversion of the terminal alkene into
carboxyl through an aldehyde intermediate fur-
nished, after the removal of all protective groups, the
natural product AI-77-B, 458.

9. Conclusions
Review of synthetic schemes which have been

developed in about 20 years of research by the use
of thiazole-based methodology may serve to illustrate
the potential of this approach in synthetic programs

toward the construction of complex systems or special
molecular fragments. The type and variety of the
classes of compounds which were accessible by this
methodology demonstrate its wide scope and utility.
This was primarily due to a small arsenal of readily
accessible thiazole-armed reagents and their effective
carbon-carbon bond-forming reactions. Noteworthy
among these reagents is the organometallic 2-(trim-
ethylsilyl)thiazole (2-TST, 22) (Scheme 5), which is
now commercially available or can be easily prepared
in multigram scale as described in a well-detailed
procedure reported in Organic Synthesis.26 The rapid
diffusion of this new reagent in several laboratories
is due to its use as an effective formyl anion equiva-
lent for the stereoselective one-carbon homologation
of alkoxy and amino aldehydes, an operation which
happens to be carried out quite frequently in organic
synthesis. In addition to the examples illustrated
above, other stereoselective homologations of chiral
alkoxy aldehydes using 2-TST 22 were reported as
key steps in the synthesis of biologically active
compounds.204 Moreover, this reagent has been found
to be a convenient mean in the preparation of
thiazole-containing pharmaceutically interesting com-
pounds205 and for the rare yet synthetically useful
carbon-sulfur bond formation at C-2 of the thiazole
ring.206 Another reagent which deserves special at-
tention is the stabilized phosphorus ylide triphenyl-
(thiazol-2-ylcarbonylmethylene)phosphorane (2-TC-
MP, 32) (Scheme 5) since this allows for the intro-
duction of a three-carbon atom residue containing the
thiazole-masked formyl group via Wittig-type cou-
pling with aldehydes (Schemes 14, 31-34, 48, and
49). However, other thiazole-based reagents shown
in Scheme 5 have been conveniently used. Hence, it
may be concluded that although the major contribu-
tion in this field has so far given by the authors’
group at the University of Ferrara, the synthetic
utility of the thiazole-based methodology has been
sufficiently established through the examples re-
ported in this review and its scope should be ex-
panded in the future. From the same examples it is
apparent that the use of the thiazole ring as synthetic
auxiliary allows a great deal of potential chemistry
compatibility problems to be avoided, which may be
a great obstacle to the execution of synthetic pro-
grams directed toward the preparation of densely
functionalized chiral systems. In fact, the thiazole
ring appears to be endowed with some properties
which make it a very convenient tool in synthetic
methodology. Specifically, it withstands a great deal
of chemistry throughout the elaboration of the sub-
strate in which it has been introduced, but it can be
rapidly and efficiently immolated to give the formyl
group by a procedure which is well tolerated by a
wide variety of functional groups and does not affect
existing stereocenters.
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(179) Tourwé, D.; Piron, J.; Defreyn, P.; Van Binst, G. Tetrahedron

Lett. 1993, 34, 5499.
(180) Parkes, K. E. B.; Bushnell, D. J.; Crackett, P. H.; Dunsdon, S.

J.; Freeman, A. C.; Gunn, M. P.; Hopkins, R. A.; Lambert, R.
W.; Martin, J. A.; Merrett, J. H.; Redshaw, S.; Spurden, W. C.;
Thomas, G. J. J. Org. Chem. 1994, 59, 3656.

(181) Dondoni, A.; Perrone, D.; Merino, P. J. Org. Chem. 1995, 60,
8074.

(182) Redemann, T.; Bandel, H.; Jung, G. Mol. Diversity 1998, 4, 191.
(183) (a) Peptide Secondary Structure Mimetics. In Tetrahedron

Symposia-in-Print 1993, 49, 3433. (b) Hanessian, S.; McNaugh-
ton-Smith, G.; Lombart, H.-G.; Lubell, W. D. Tetrahedron 1997,
53, 12789.

(184) Dondoni, A.; Marra, A.; Richichi, A. Synlett 2003, 2345.
(185) (a) Gosselin, F.; Lubell, W. D. J. Org. Chem. 2000, 65, 2163. (b)

Dietrich, E.; Lubell, W. D. J. Org. Chem. 2003, 68, 6988.
(186) (a) Polyak, F.; Lubell, W. D. J. Org. Chem. 2001, 66, 1171. (b)

Feng, Z.; Lubell, W. D. J. Org. Chem. 2001, 66, 1181. (c) Artale,
E.; Banfi, G.; Belvisi, L.; Colombo, L.; Colombo, M.; Manzoni,
L.; Scolastico, C. Tetrahedron 2003, 59, 6241.

(187) Dondoni, A.; Merchan, F. L.; Merino, P.; Tejero, T.; Bertolasi,
V. J. Chem. Soc., Chem. Commun. 1994, 1731.

(188) (a) Erickson, J.; Neidhart, D. J.; VanDrie, J.; Kempf, D. J.; Wang,
X. C.; Norbeck, D. W.; Plattner, J. J.; Rittenhouse, J. W.; Turon,
M.; Wideburg, N.; Kohlbrener, W. E.; Simmer, R.; Helfrich, R.;
Paul, D. A.; Knigge, M. F. Science 1990, 249, 527. (b) Kempf, D.
J.; Norbeck, D. W.; Codacovi, L. M.; Wang, X. C.; Kohlbrener,
W. E.; Wideburg, N. E.; Paul, D. A.; Knigge, M. F.; Vasavanonda,
S.; Craig-Kennard, A.; Saldivar, A.; Rosenbrook, W., Jr.; Clem-
ent, J. J.; Plattner, J. J.; Erickson, J. J. Med. Chem. 1990, 33,
2687.

(189) (a) Dondoni, A.; Perrone, D. Tetrahedron Lett. 1997, 38, 499. (b)
Dondoni, A.; Perrone, D.; Rinaldi, M. J. Org. Chem. 1998, 63,
9252.

(190) (a) Kempf, D. J.; Codacovi, L.; Wang, X. C.; Kohlbrener, W. E.;
Wideburg, N. E.; Saldivar, A.; Vasavanonda, S.; Marsh, K. C.;
Bryant, P.; Sham, H. L.; Green, B. E.; Betebenner, D. A.;
Erickson, J. W.; Norbeck, D. W. J. Med. Chem. 1993, 36, 320.
(b) Hosur, M. V.; Bhat, T. N.; Kempf, D. J.; Baldwin, E. T.; Liu,
B.; Gulnik, S.; Wideburg, N. E.; Norbeck, D. W.; Appelt, K.;
Erickson, J. W. J. Am. Chem. Soc. 1994, 116, 847.

(191) (a) Lam, P. Y. S.; Jadhav, P. K.; Eyermann, C. J.; Hodge, C. N.;
Ru, Y.; Bacheler, L. T.; Meek, J. L.; Otto, M. J.; Rayner, M. M.;
Wong, Y. N.; Chang, C.-H.; Weber, P. C.; Jackson, D. A.; Sharpe,
T. R.; Erickson-Viitanen, S. Science 1994, 263, 380. (b) Rossano,
L. T.; Lo, Y. S.; Anzalone, L.; Lee, Y.-C.; Meloni, D. J.; Moore, J.
R.; Gale, T. M.; Arnett, J. F. Tetrahedron Lett. 1995, 36, 4967.

(192) (a) In Chemistry and Biochemistry of the Amino Acids; Barrett,
G. C., Ed.; Chapman and Hall: London, 1985. (b) Wagner, I.;
Musso, H. Angew. Chem., Int. Ed. Engl. 1983, 22, 816.

(193) (a) Dondoni, A.; Perrone, D.; Merino, P. J. Chem. Soc., Chem.
Commun. 1991, 1313. (b) Dondoni, A.; Perrone, D. Synthesis
1993, 1162.

(194) Dondoni, A.; Perrone, D.; Semola M. T. Synthesis 1995, 181.
(195) Nicolaou, K. C.; Dai, W.-M.; Guy, R. K. Angew. Chem., Int. Ed.

Engl. 1994, 33, 15.
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