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The fluoride ion-induced reactivity of a series of silyl heterocycles leads to the generation of

nucleophilic species capable of interacting with electrophiles, thus disclosing new classes of formyl

and acyl anion synthons. Moreover, when reacting stereodefined molecules, the stereoinformation

of the reacting carbon–silicon bond is transferred to the newly formed carbon–carbon bond,

suggesting possible applications in stereoselective synthesis. Thus, silyl dithiolanes, oxathiolanes,

dioxolanes, thiazolidines and oxazolidines can be efficiently and stereoselectively functionalized

under fluoride ion conditions in the presence of electrophiles. While direct access to silyl

heterocycles is generally either prevented or troublesome, a novel protocol for their synthesis has

also been developed, together with a simple general access route to several functionalized and

stereodefined mercaptans, building blocks for the construction of silyl heterocycles.

Introduction

Umpolung reactivity is a valuable synthetic strategy in organic

synthesis, providing unconventional access to molecules

through the formation of bonds via the inversion of normal

reactivity.1

In this context, the development of synthetic equivalents to

acyl anions has recently attracted a great deal of interest for

the synthetic potential that such reactions may disclose. In

relation to this, suitably protected carbonyl derivatives

represent a very interesting class of compounds that are able

to act as equivalents to acyl anions, and there are now a wide

range of molecules that can behave in this way.

Several acyclic derivatives have been shown to react as

masked formyl and acyl anion synthons. Some selected

examples are a-silyl sulfides (PhSCH2TMS2 and MeO(PhS)

CHTMS3), a-lithiated derivatives such as tris(phenylthio)

methyllithium4 and methoxy(phenyldimethylsilyl)methyl-

lithium,5 and a-metalated enol carbamates.6 Formaldehyde

hydrazones have been used as neutral formyl anion equivalents

in Michael additions to conjugated enones,7 while protected

hydroxymalonitriles were reported for the preparation of

activated esters in the synthesis of dipeptides.8

Thioacetals are probably one of the most versatile classes of

acyl anion equivalents, and among them, heterocyclic exam-

ples offer a variety of methods for the development of such

reactivity. For a long time, two of the most commonly used
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classes of cyclic S,S-acetals have been 1,3-dithianes and 1,3-

dithiolanes, which are useful carbonyl protecting groups and

can react as masked acyl carbanions.9 These compounds are

easier to obtain with respect to their oxygen analogues and

more stable to hydrolytic cleavage due to their stability

towards acidic and basic conditions. Many methods for their

unmasking are reported, but several require harsh conditions,

frequently use heavy and toxic metal ions, have long reaction

times, suffer for the occurrence of side reactions and often lack

generality.10

1,3-Dithianes can be easily metalated with BuLi and reacted

with a wide range of electrophiles, thus demonstrating their

behaviour as useful synthons and umpoled reagents.9,11 On the

other hand, deprotonation of related 1,3-dithiolanes invariably

leads to unstable anions and cleavage of the heterocyclic ring is

always reported, thus limiting their use in functionalization

under strong basic conditions.12

Despite the large scale application of these cyclic

S,S-acetals, the use of chiral 1,3-dithianes did not afford any

success in stereoselective synthesis, and thus different hetero-

cycles have been considered, such as 1,3-oxathianes,13 1,3-

dioxanes14 and 1,4-oxazines as representative examples.15

Also, mono- and disulfoxides of dithianes have found

increasing applications in asymmetric synthesis in recent

years.16

Besides six-membered heterocycles, five-membered ring

heterocyclic derivatives are valuable intermediates in organic

synthesis. Compounds containing either one heteroatom, as in

furans and pyrrolidines, or derivatives bearing two or more

heteroatoms have played an important role in different

synthetic strategies. Among these latter structures, 1,3-

dioxolanes,14b,17 1,3-oxathiolanes,18 1,3-thiazolidines, 1,3-oxa-

zolidines, imidazolines and benzotriazole derivatives19 have

found large scale application as building blocks for the

construction of more complex molecules.15

In recent years, chiral acyl anion equivalents have seen

increased use in asymmetric synthesis. There are many

examples of chiral masked acyl carbanions, and several reports

deal with five-membered heterocyclic systems.

Lithiated chiral oxazolidinones, including compounds

derived from camphor,20 have been reported to react with

aldehydes, ketones and imines, leading to enantioselective

formylation of the carbonyl compounds.21 Oxazolidines have

also found applications as chiral formyl anion equivalents,

either for direct metalation in the presence of (2)-sparteine22

or through the transmetalation of tributylstannyl derivatives

with BuLi and condensation with benzaldehyde.23

Thiazolidines, upon treatment with BuLi and aldehydes or

ketones in the presence of (2)-sparteine, also afforded

products with high ee but moderate diastereoselectivity.24

Isopropyl N-Boc-thiazolidines have been used as chiral

organolithium compounds in the addition to aldehydes,

leading to products in good stereoselectivity.25 Thiazolidines

are also metalated with BuLi via their respective formamidines,

but 40–50% fragmentation of the heterocyclic ring has been

observed.26 Chiral dioxolanes23a and dioxolanones17 have also

found applications as acyl anion equivalents.

In recent years, the chemistry of organosilicon compounds

has witnessed an unbelievable growth as a consequence of the

critical role it plays in many chemical and biochemical

transformations. Extensive investigations have been carried

out over the years, outlining these compound’s tolerance of

other functional groups and their versatility as intermediates in

organic synthesis.

Thus, reagents and methods based on organosilicon chemi-

stry are an area of increasing interest in organic synthesis. The

application of heterocyclic silanes to organic synthesis offers

the opportunity for new synthetic strategies, since these

compounds can behave as effective precursors to heterocyclic

carbanions and as masked functional group equivalents. In

this field the reactivity of 2-(trimethylsilyl)oxazoles and

oxazolines, their stannylated analogues27 as powerful building

blocks and their synthetic utility with respect the correspond-

ing 2-lithio derivatives have been reported, providing mole-

cules which are unaccessible by classical metallation.

Moreover, 2-(trimethylsilyl)thiazole has been shown to be a

versatile reagent, leading to carbodesilylation reactions with

various electrophiles. When chiral aldehydes were used, a good

diastereoselectivity was achieved in the final adducts.28

Silyl 1,3-dithianes

1,3-Dithianes have been widely used as acyl anion equivalents,

and some examples of silyl dithiane functionalization have

been reported.9d Nonetheless, fluoride-induced proto- or

carbodesilylation of such molecules has never been applied in

stereoselective synthesis.

On the other hand, it is firmly established that metalation of

1,3-dithianes11,29 and 1,3-diselenanes30 occurs regioselectively

at C-2 at the equatorial hydrogen rather than at the axial

hydrogen, and that their metallo derivatives lead invariably,

upon reaction with electrophiles, to products bearing the

incoming group at the equatorial position, whatever the other

substituent eventually present at C-2 is. Krief and co-workers

have extensively investigated the related 4,6-disubstituted six-

membered rings, 1,3-dithianes and diselenanes, and found that
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their treatment, even at very low temperatures (down to

2130 uC), still affords invariably the equatorially-functiona-

lized products, irrespective of the configuration of the

2-substituted starting compound.31

Axial functionalization has nevertheless been obtained in the

diselenane series upon reacting 4,6-dimethyl-2-methylseleno-

1,3-diselenane through a Se/Li exchange. On the other hand,

when the same protocol was applied to the dithiane series,

again, the equatorial isomer was the sole product obtained,

providing evidence in this case of an unexpectedly lower

configurational stability.

Furthermore, some examples of the functionalization of a

C–Si bond to a new C–C bond with retention of configuration

has been reported. In fact, with the exception of allylsilanes,32

there are only a few cases of stereoselective synthetic

transformations of sp3 C–Si bonds to C–C bonds. Such

examples include conversions of the C–Si bonds of epoxysi-

lanes to C–C bonds upon reaction with aldehydes,33 stereo-

selective insertion into strained bonds,34 palladium-catalyzed

conversions of chiral trifluoro benzyl silanes to chiral diaryl

silanes,35 the diastereoselective intramolecular reaction of a

benzyl silane,36 retention of configuration in the desilylative

hydroxymethylation of a-silyl sulfides37 and, more recently,

the reactivity of chiral benzyl silanes38 and silylated azir-

idines39 with aldehydes.

A recent investigation on the fluoride ion-induced proto-

desilylation of sterically defined silyl dithianes, has, on the

other hand, uncovered a novel interesting example of

protodesilylation with retention of configuration.40

Thus, for instance, both cis- (1) and trans- (3) 2-silyl-2,4,6-

trimethyl dithiane, when subjected to fluoride-induced desily-

lation with TBAF at rt for 4 h, reacted smoothly to afford the

corresponding 1,3,5-trimethyl dithianes 2 and 4, respectively,

in good yields with clean retention of configuration (Scheme 1).

The possible effect of carbanion-stabilizing species on C-2 in

the stereochemistry of the desilylation was also considered,

and it was shown that even in the presence of a further

sulfurated moiety (Table 1, entries 1 and 2) or a sulfoxide

group (Table 1, entries 3 and 4), no trace of epimerization

could be detected, thus showing an interesting generality of

this behaviour.

2,2-Bis-trimethylsilyl-1,3-dithiane was also investigated in

order to ascertain whether there could be a possible

discrimination between the two identical silyl groups, and it

was found that the trimethylsilyl moiety in the equatorial

position is the more reactive.

When 2-trimethylsilyl-2-phenyl-4,6-dimethyl-1,3-dithiane 5

was taken into consideration, the result of the desilylation

reaction was less straightforward, appearing to be a function

of temperature and the equivalents of TBAF used (Scheme 2).

Low temperatures (25 uC) and a catalytic amount of TBAF

lead to a low yield of 6a, while at higher temperatures (25 uC)

only 6b was isolated. Intermediate temperatures afforded

mixtures of 6a and 6b. Such behaviour was rationalized

through a still stereoconservative desilylation, but due to the

increased acidity of the C-2 hydrogen a to the aromatic ring,

epimerization of 6a into 6b followed.

These results therefore most likely indicate that all the

reported reactions proceed through a pentacoordinated silicon

intermediate rather than through a free carbanion, which

should be expected to epimerize easily.

Thus, once established that protodesilylation occurs with

retention of configuration, the more synthetically useful

carbodesilylation reactions were examined with the aim of

checking whether such stereoconservative behaviour could be

extended to the formation of new C–C bonds. Thus, various

stereochemically defined silyl dithianes, 7, 9 and 11, were

reacted with electrophiles and showed interesting stereocon-

servative functionalization (Table 2).

All the reactions yielded the corresponding adducts in good

yield. While the reactions of 7 appear quite obvious (Table 2,

entries 1–6), and disclose an alternative and milder methodol-

ogy for functionalizing such molecules, the reactions of

the trans diastereoisomer 9 yielded products 10 (Table 2,

entries 7–11), in which the electrophile is unequivocally in the

axial position.

Such results outlined for the first time a successful,

selective functionalization of the axial position of such

molecules, suggesting interesting applications in stereoselective

synthesis.

Scheme 1

Table 1 Desilylation of substituted silyl dithianes

Entry Substrate Product Yield (%)

1 100

2 98

3 98

4 90

Scheme 2
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Silyl heterocycles synthesis

As mentioned above, 1,3-dithiane anions have been extensively

used in the last few decades as masked acyl carbanions in

umpolung reactivity and have had a substantial impact on

synthetic organic chemistry.9 Nonetheless, although several

methods for their unmasking have been reported,10 they still

suffer from the generally harsh conditions required for their

unprotecting. On the other hand, dioxolanes, oxathiolanes,

dithiolanes and even thiazolidines have been reported to be

unmasked under milder conditions, thus possibly giving a

broader spectrum of applications to such molecules in the

generation of formyl and acyl anion equivalents.

Unfortunately, such heterocycles generally suffer difficulties

in their functionalization under strongly basic conditions. For

instance, 1,3-dithiolane anions, upon treatment with bases,

have been reported to undergo either deprotonation at C-2,

with subsequent cycloelimination to dithiocarboxylate anions

and ethylene derivatives,12c or C-4, to afford products derived

from thiocarbonyl derivatives and vinyl thiolate anion.12a,b A

similar behaviour was observed in unsubstituted dioxolanes,

whose anions undergo fragmentation. Thiazolidines are also

reported to be metalated, but only in the presence of specific

nitrogen protecting groups. Only two examples of dithiolanes

bearing an electron withdrawing group undergoing functiona-

lization in basic conditions are reported in the literature, thus

indicating the remaining need for a general protocol for their

functionalization.41 Thus, taking advantage of the previously

outlined results for the reactivity of dithianes, which seem to

occur via pentacoordinated silicon species and not a free

carbanion, we envisaged that functionalization of the C–Si

bond could possibly lead to a solution to the problem, and to

the development of a novel and general functionalization

methodology for such labile heterocycles.

In this context, since direct access to silyl heterocycles is

difficult or even prevented, an alternative route to such

molecules had to be devised.

A general route to silyl dithiolanes and, more generally, five-

membered ring silylated heterocycles could be envisaged

through the simple reaction of bifunctional molecules, such

as dithiols, amino alcohols, amino thiols and mercapto

alcohols with formyl trimethylsilane. Difficulties encountered

in the generating and handling of such a labile molecule42 led

to the search for a possible synthetic equivalent of such a

compound, and we envisaged bromo(methoxy)methyl tri-

methylsilane (14) to be the reagent of choice. In fact, such a

molecule can be obtained in a quantitative yield by the

treatment of commercially available methoxymethyl trimethyl-

silane (13) with bromine and a subsequent one-pot treatment

with the required mercaptan (Scheme 3).43

The reaction proved quite general, occurring under very

mild conditions, affording usually in very good yield the

corresponding heterocycles 15. Nonetheless, a possible limita-

tion to such a procedure could be the difficult availability of

the required functionalized mercaptans.

A possible general route to structures of type

HSCH2CH2XH was envisaged in the reactivity of a particular

compound, (TMS)2S (HMDST), which proved recently to be a

very useful intermediate in the transfer of sulfurated function-

alities44 with ring strained molecules such as oxiranes, thiiranes

and aziridines.

The ring opening of epoxides with various nucleophiles is

actually an important and useful synthetic transformation for

easy access to a large number of functionalized intermediates,

useful in the synthesis of more complex organic structures.45

In this context, reactions with sulfurated nucleophiles play

an important role,46 and in particular, the ring opening of

oxiranes with thiols yields b-hydroxy thioethers, which

represent starting compounds for the synthesis of leuko-

trienes47 of HIV-1 protease inhibitors48b and MMP inhibi-

tors.48a Such ring openings are promoted by either Lewis acids

or basic catalysts, and afford a-hydroxy sulfides in good yields

with a high degree of regiochemical control.

Thiosilanes have also been used as nucleophiles in reactions

with oxiranes in place of thiols.47c,49

Nonetheless, among the reactions of sulfur nucleophiles

with epoxides, there are a few methods which allow direct

Table 2 Stereoselective functionalization of silyl dithianes

Entry R E Yield (%)

1 H CH3I 31
2 H Ph–CHO 72
3 H C6H11–CHO 56
4 H 2-Furyl–CHO 76
5 H (p-CH3O)–C6H4–CHO 74
6 SiMe3 CH3I 59

Entry R E Yield (%)

7 H CH3I 26
8 H Ph–CHO 63
9 H C6H11–CHO 47
10 H 2-Furyl–CHO 70
11 H (p-CH3O)–C6H4–CHO 56

Entry R E Yield (%)

12 H C6H11–CHO 78
13 H 2-Furyl–CHO 85
14 H (p-CH3O)–C6H4–CHO 87

Scheme 3
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access to b-mercapto alcohols. Some procedures involve

reactions of H2S,50 NaBH2S3
44a and thiourea.51

In relation to this, it is worth mentioning the ring opening of

epoxides induced by silanethiols such as Ph3SiSH49c and
iPr3SiSH,52 which behave as mono-protected H2S but are

easier to handle and afford the desired b-hydroxy thiols in high

yields.

Thus, treatment of variously functionalized oxiranes 16 with

HMDST at rt in the presence of a catalytic amount of TBAF

led simply and smoothly to 2-substituted 1-mercaptoethan-2-

ols 17 (Table 3), arising from a clean regioselective attack of

the sulfurated nucleophile on the less hindered side of the

oxirane, disclosing a potentially useful and straightforward

route to 1,2-mercaptoalcohols.53

The reactivity proved general, leading to the synthesis of

substituted 1,2-mercaptoalcohols bearing aromatic, aliphatic

and vinylic moieties.54

Due to the mildness of the experimental conditions, this

methodology can also be applied to very useful but labile

compounds such as glycidol derivatives and epichloridrin

(Table 3, entries 3,4 and 5), which represent important

structures in different application fields.48a,49,55

This mild and selective procedure may also be usefully

applied to chiral molecules. When enantiopure epoxides were

reacted under the same conditions, optically active b-hydroxy

thiols were formed regioselectively (Table 4).

The reported reactivity may be conveniently extended to

other ring strained compounds such as thiiranes and aziridines,

affording easy access to a variety of building blocks for use in

the synthesis of five-membered ring silylated heterocycles,

which can be useful reagents in the synthesis of variously

functionalized heterocycles.

Aziridines, in fact, due to their high propensity for acting as

carbon electrophiles, are versatile intermediates for the

synthesis of biologically and chemically important compounds.

A number of ring opening reactions of activated and

unactivated aziridines have been reported, including reactions

with a wide range of heteroatom and carbon nucleophiles.56

The orientation of the attack generally occurs at the less

sterically hindered position to provide ring opened products,

but in some examples, the formation of mixtures of

regioisomers is reported.

Ring opening with sulfurated nucleophiles is an interesting

procedure for accessing b-amino sulfides, which are com-

pounds of undoubted synthetic utility in organic chemistry.57

While the nitrogens of non-activated aziridines behave as a

base to form the nucleophilic thiolate anion, activated

aziridines often require a strong acid (such as CF3SO3H)58

or a Lewis acid (i.e. BF3,59 ZnCl2
60 or MgBr2,61). Examples of

the cleavage of N-tosyl aziridines have been reported in water

in the presence of b-cyclodextrin or PBu3.62 Ring opening

reactions with nucleophiles can also be achieved under

basic conditions (Et3N),63 and TBAF has been used when

silylated nucleophiles have been reacted.64 Recently, TMS–

CN, TMS–N3, TMS–Br and TMS–I were demonstrated to

attack aziridines under Lewis base catalysis with a high

regioselectivity.

On the other hand, probably due to their ease of

polymerization and tendency to be desulfurized, ring opening

reactions of thiiranes are rarely studied, even if they represent

a very convenient method to introduce a sulfur heteroatom

into many interesting heterocyclic systems.65 Their ring open-

ing reactions are generally described as taking place under

Lewis acid catalysis66 and often show poor regio- and

stereoselectivity.66a,67

Thus, reaction of HMDST with variously functionalized

aziridines 18 (Scheme 4) and thiiranes 20 (Scheme 5), in the

presence of catalytic amounts of fluoride ion, led to the

smooth formation of the corresponding mercaptans 19

and 21, respectively, suitable as building blocks for

accessing a variety of heterocyclic systems. Interestingly,

as already observed in the case of oxiranes, the reactivity

can be efficiently extended to chiral substrates so as to

access stereodefined mercaptans, precursors of chiral

heterocycles.68

Table 3 Direct synthesis of b-mercaptoalcohols

Entry R R9 Yield (%)

1 Me H 65a

2 Ph H 95b

3 iPrOCH2 H 72c,d

4 CH2LCHCH2OCH2 H 87
5 ClCH2 H 40e

6 CH2LCH H 80f

7 CH3 CH3 55
8 Cyclohexyl Cyclohexyl 90

a 2-(trimethylsilyloxy)propane-l-thiol was isolated (72%) by using
10% TBAF. b 4.6% of the regioisomer. c 2.5% of the regioisomer.
d Silyl ether was obtained with 0.3 equiv. of TBAF (90%). e 70% of
silyl ether was obtained with 0.3 equiv. of TBAF. f 18% of silyl ether
was recovered.

Table 4 Enantioselective synthesis of 1,2-mercaptoalcohols

Entry Epoxide 1,2-Mercaptoalcohol Yield (%)

1 95a

2 84

3 65

4 86b

a 4.6% of the regioisomer was isolated. b Traces (3%) of silyl ether
were evident.
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Silyl 1,3-dithiolanes

The development of a general and reliable method to access a

variety of silyl heterocycles has opened the way to a thorough

investigation of their chemistry.

As already mentioned, simple 1,3-dithiolanes, when depro-

tonated at position-2, suffer from cycloreversion to the

corresponding alkene and dithiocarboxylate.12 Nonetheless,

2-ethoxycarbonyl dithiolane can be metalated, and undergoes

conjugate addition to unsaturated carbonyl compounds.69

Similarly, 1,3-benzodithiolanes have been reported to interact

with different electrophiles.70

The racemic trans-disulfoxide of 1,3-dithiolanes can also be

deprotonated and reacted with aldehydes with moderate to

excellent diastereoselectivity.

Thus, when silyl dithiolane 22 is treated with electrophiles in

the presence of different sources of fluoride ion (TBAF,

TBAT, TASF), a smooth reaction occurs, leading to the

corresponding functionalized a-hydroxy dithiolane 23

(together with desilylated dithiolane, ca. 20%), so revealing

the possibility of an effective transfer of a ‘‘dithiolane anion’’

onto electrophiles under mild conditions (Table 5).71 These

results show that, under the present conditions, 22 can behave

as a masked dithiolane anion (Fig. 1).

This reactivity may be conveniently performed with

aromatic (Table 5, entries 1 and 2), heteroaromatic

(Table 5, entries 3 and 4), aliphatic (Table 5, entry 6)

and a,b-unsaturated aldehydes (Table 5, entry 5), affording

in all cases protected a-hydroxy aldehydes. Reactive halo

derivatives, such as allyl bromide (Table 5, entry 8) and methyl

vinyl ketone (Table 5, entry 7), will also undergo reaction.

With a,b-unsaturated aldehydes, only 1,2-adducts have been

isolated, whereas reaction with methyl vinyl ketone afforded a

3 : 1 mixture of 1,2- and 1,4- adducts.

Furthermore, the hydroxydithiolanes obtained can be easily

and efficiently transformed into hydroxy aldehydes upon

treatment with Tl(NO3)3, thus providing a novel synthetic

route to an interesting class of compounds.

Once the possibility of an easy functionalization of silyl

dithiolanes was established, the stereochemical fate of the

reaction was considered.

Thus, both cis- and trans-4,5-dimethyl-2-trimethylsilyl-1,3-

dithiolanes (22a and 22b) were obtained from meso-2,3-

butanedithiol with bromo(methoxy)methyl trimethylsilane

(14) in a 1 : 3 ratio and separated by TLC. Subsequent

reaction of both isomers with aldehydes, as typical

electrophiles, in the presence of TBAF or CsF, led, as

expected, to the corresponding adducts 23a and 23b in

good yields (Table 6).72 Either aromatic, heteroaromatic or

aliphatic aldehydes can be efficiently reacted, and again

complete retention of configuration at C-2 was maintained in

both reactions. This shows that the stereoconservative

behaviour observed in the dithiane series also holds also for

the dithiolane series.

Scheme 4

Scheme 5

Table 5 Reactivity of silyldithiolanes

Entry E Yield (%)

1 Ph–CHO 79
2 (p-Br)–C6H4–CHO 78
3 2-Thienyl–CHO 83
4 N-Me pyrroyl–CHO 12
5 PhCHLCHCHO 81
6 (CH3)2CHCH2CHO 80
7 CH2LCHCOCH3 30a

8 CH2LCHCH2Br 30
a 3 : 1 mixture of 1,2- : 1,4-adducts.

Fig. 1 Silyl dithiolane as dithiolane anion synthon.

Table 6 Stereoselective functionalization of 4,6-disubstituted dithio-
lanes

Entry E Yield (%)

1 Ph–CHO 57
2 C6H11–CHO 38
3 2-Furyl–CHO 55
4 (p-CH3O)–C6H4–CHO 61

Entry E Yield (%)

5 Ph–CHO 54
6 C6H11–CHO 33
7 2-Furyl–CHO 54
8 (p-CH3O)–C6H4 CHO 56
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Silyl 1,3-thiazolidines

The thiazolidine ring system derives special importance from

the fact that it is an integral part of medicinally important

compounds like penicillins73 and some antiradiation drugs.74

Substituted thiazolidine derivatives represent important key

intermediates for the synthesis of pharmacologically active

drugs.75 Recently, a number of thiazolidines have been claimed

to be retroviral protease inhibitors75b,76 and have also been

investigated as possible substitutes for the carbohydrate

moiety in the synthesis of new antiviral nucleosides.77 More

recently, they have also been shown to be antitussive-active

molecules.78 Thiazolidines are also relevant in food chemistry

as they are incorporated into flavor enhancing additives.79

Their synthetic utility has been demonstrated by their use as

blocking groups80 and intermediates in the synthesis of

aldehydes81 and aminoethane thiols.82

Despite the utility of the thiazolidine moiety, very few

methodologies for the functionalization of position-2 of the

heterocyclic ring exist. In fact, to the best of our knowledge,

only a few reports deal with such functionalization, and their

efficiency seems to be related to the presence of specific

N-protecting groups. Meyers et al. reported the efficient

metallation of the thiazolidine ring when a tert-butylforma-

midine group was present on the nitrogen atom,26 while, more

recently, Gawley et al. have reported a nice functionalization

of thiazolidines bearing an N-BOC system,25 showing their

possible use as chiral acyl anion synthons. Toru et al. have

recently reported a very nice functionalization of N-Boc-

protected thiazolidines in the presence of (2)-sparteine,24

which afforded the corresponding adducts with low de values

but with very interesting ee (up to 93%).

Silyl thiazolidines can be easily accessed through the

previously mentioned procedure via the reaction of 14 in situ

with aminoethanethiol (Table 7). The thiazolidine thus

obtained can, again in situ, be easily protected at the nitrogen

atom with different groups, such as mesyl, tosyl, acetyl,

benzoyl, cinnamoyl, BOC and Cbz, to afford a general route to

various N-functionalized 2-silylthiazolidines 24 through a

simple one-pot procedure (Table 7).83

Reaction of the so-obtained silyl thiazolidines with

aldehydes under fluoride catalysis uncovered an efficient

methodology for their functionalization (Table 8), showing a

consistency with different protecting groups on the endocyclic

nitrogen, and occurring smoothly in the presence of different

N-protecting moieties such as tosyl, mesyl, acetyl and BOC.

No reaction was observed when the protecting groups were

benzoyl and cinnamoyl, with only the desilylated thiazolidine

being recovered from the reaction mixture in these instances.

The versatility of the present methodology is further

illustrated by another example. When the protecting group

itself contains an electrophilic centre, a clean cyclization

occurs, leading to polycyclic compounds in good yields.

Thus, when reacting N-(ortho-formyl)benzoyl-2-trimethylsi-

lyl-thiazolidine (24h) with fluoride ion, the polycyclic com-

pound 26 can be isolated in good yield, and with an interesting

de (of 70%) of the isomer with the two protons in an anti-

configuration, as evident from its X-ray crystal structure

(Scheme 6). Such a reaction opens up an easy and diaster-

eoselective route to polycyclic derivatives with possible

biological activity.

Furthermore, when the protecting group is a phthalimido or

succinimido derivative of a natural amino acid, silyl thiazoli-

dines can be obtained as mixtures of enantiopure diastereo-

isomers 27, which can be separated and reacted under fluoride

ion conditions to afford direct access to polycyclic derivatives

28 (Scheme 7). Interestingly, only one diastereoisomer seems to

be reactive in the present conditions, affording the polycyclic

derivative 28 with a very good de (.90%).

Table 7 Synthesis of N-protected silyl thiazolidines

Entry R Product Yield (%)

1 CH3SO2 24a 34
2 (p-CH3)–C6H4–SO2 24b 32
3 CH3CO 24c 31
4 PhCO 24d 30
5 PhCHLCHCO 24e 22
6 BOC 24f 45
7 Cbz 24g 56
8 (o-CHO)–C6H4–CO 24h 31

Table 8 Reactivity of N-protected thiazolidines

Entry PG R Yield (%)

1 Mesyl Ph 52
2 Tosyl PhCHO 43
3 Acetyl PhCHO 30
4 Acetyl p-NO2–C6H4–CHO 35
5 Boc PhCHO 50
6 Boc 2-thienyl–CHO 41

Scheme 7

Scheme 6
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A different behaviour was observed when the protecting

group was Cbz. In that case, under the same experimental

conditions, a clean cyclization to oxazolidinones was observed

(Scheme 8).84

In fact, by reacting Cbz-substituted 2-trimethylsilyl-1,3-

thiazolidine 24g with benzaldehyde at rt under fluoride ion

catalysis, no trace of the expected adduct was observed, but

oxazolidinone 29a was isolated as the sole product as a 1 : 1

mixture of diastereoisomers (Scheme 8), probably arising from

intramolecular attack by the alcoholate intermediate on the

Cbz carbonyl carbon.

A similar behaviour was observed by Gawley et al. in the

reaction of N-Boc 2-lithio-4-isopropyl-1,3-thiazolidine with

pivalaldehyde and cyclohexylaldehyde, which led to the

formation of the oxazolidinones, while on the contrary, the

reaction with benzaldehyde afforded only the open chain

adduct.25

When we looked for a generalization in such behaviour, the

reactivity proved not to be straightforward, but to be a

function of the temperature and the nature of the aldehyde;

higher temperatures favoring the bicyclic compounds and

lower ones leading to predominantly open chain adducts.

Thus, for instance, benzaldehyde, para-fluorobenzaldehyde,

butyrraldehyde and cyclohexylaldehyde (Table 9, entries 1–4)

at rt gave the bicyclic compounds 29 exclusively, while para-

trifluoro- and para-nitrobenzaldehyde (Table 9, entries 5 and

6) gave only the open chain adducts 30. 2-Thienyl- and para-

anisaldehyde, on the contrary, gave mixtures of both products

29 and 30 (Table 9, entries 7 and 8). The reactivity thus

appears to be clearly temperature dependent, in that higher

temperatures (35 uC) were shown to favour cyclization, while

lower ones gave open chain adducts. Interestingly, the syn-

adduct was shown to undergo cyclization faster that the anti-

adduct, leading to an interesting kinetic resolution. As an

example, thiophene-2-carbaldehyde at rt led to the isolation of

a mixture of cyclic compounds 29 (syn : anti 80 : 20), together

with the a-hydroxy thiazolidines 30 (Table 9, entry 7). These

latter compounds were isolated as single diastereoisomers with

an anti-configuration, while the fused oxazolidinones 29

appeared as a 80 : 20 mixture of syn- and anti-isomers, as

determined by NMR analysis.

The 29 : 30 overall ratio, determined at the end of the

reaction, was 65 : 35 (Table 9, entry 7).

Such results can be best explained by a faster intramolecular

cyclization rate for the syn-hydroxy thiazolidine with respect

the isomeric anti-adduct.

A similar behaviour was also evident for para-methoxyben-

zaldehyde (Table 9, entry 8).

Once the general behaviour of thiazolidine reactivity had

been established, the stereochemical aspect was taken into

consideration and the reactivity of different substituted

thiazolidines was considered.

Several substituted thiazolidines were synthesized, generally

as a mixture of cis- and trans-isomers that could be

chromatographically separated to afford the enantiopure

compounds (Table 10).

Thus, for instance, both trans- (31a) and cis- (31b)

diastereoisomers of 4-(isopropyl)-N-Boc-2-trimethylsilyl thia-

zolidine were synthesized and reacted with aldehydes to afford

the expected products as a mixture of diastereoisomers

(Table 10).85 No diastereoselectivity is observed, but interest-

ingly, the functionalization occurs with retention of config-

uration of the starting C–Si bond, thus affording a mixture of

enantiopure diastereoisomers. In search of more generality,

cis-5-methyl-2-trimethylsilyl thiazolidine (34) was also synthe-

sized and reacted with several aldehydes (Table 11). Again, no

diastereoselection was observed, only stereoconservative func-

tionalization of the C–Si bond.

Silyl 1,3-oxathiolanes

As already mentioned, oxathioacetals are important

derivatives that, together with acetals and dithioacetals, are

the most commonly used protecting groups for carbonyl

compounds.86

They can be employed as acyl anion equivalents in

umpolung reactivity to form new C–C bonds,86 while

differently substituted chiral derivatives have been used in

diastereoselective reactions.

Furthermore, the use of oxathioacetals is more convenient

than their corresponding acetals or dithioacetals, being more

Scheme 8

Table 9 Reaction of thiazolidines with aldehydes

Entry Aldehyde 29 30 T Yield (%)

1 PhCHO 100 0 rt 68
65 35 0 uC 60

2 (p-F)–C6H4–CHO 100 0 rt 61
65 35 0 uC 58

3 CH3(CH2)2CHO 100 0 rt 32
65 35 0 uC 31

4 Cy–CHO 100 0 rt 28
65 35 0 uC 31

5 (p-CF3)–C6H4–CHO 0 100 rt 37
65 35 35 uC 42

6 (p-NO2)–C6H4–CHO 0 100 rt 30
65 35 35 uC 32

7 2-Thienyl–CHO 65 35 rt 43
30 70 0 uC 46
100 0 35 uC 51
0 100 220 uC 48

8 (p-MeO)–C6H4–CHO 65 35 rt 40
100 0 220 uC 41
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stable than O,O-acetals under acidic conditions and easier to

deprotect than S,S-acetals.10

1,3-Oxathiolanes are also very interesting compounds, and

several methods have been reported for their synthesis. Typical

procedures involve the use of carbonyl compounds and 1,2-

mercaptoalcohols under suitable catalytic conditions.86,87

In addition, this heterocyclic ring is contained in several

pharmacologically active molecules. In fact, suitably substi-

tuted 1,3-oxathiolanes behave as muscarinic agents,88 antiviral

agents89 and also show biological activity.90

The methodology already used to access five-membered ring

silylated heterocycles was also applied to obtain 2-silyl

oxathiolanes through the reaction of b-mercaptoalcohols with

bromo(methoxy)methyl trimethylsilane (14) in the presence of

diisopropylethylamine, leading to the isolation of an open

chain intermediate that could, nevertheless, be cyclized by

adding concentrated HCl so as to obtain the desired silylated

1,3-oxathiolanes 36 (Table 12).91

The reaction was performed with 2-mercaptoethanol to

obtain the unsubstituted oxathiolane (Table 12, entry 1) and

also with b-mercaptoalcohols 17 bearing different substituents,

leading to the synthesis of 5-substituted-2-silyl-1,3-oxathio-

lanes 36 (Table 12, entries 2–6).

These 5-substituted oxathiolanes were isolated as a mixture

of diastereoisomers that could be chromatographically sepa-

rated. It is interesting to observe that the dr was usually up to

4 : 1. When enantiopure 1,2-mercaptoalcohols were reacted

(Table 12, entries 5 and 6), chiral oxathiolanes were obtained

as cis- and trans-isomers, the cis-derivative usually being the

major diastereoisomer.

Reaction with aldehydes allowed the nucleophilic transfer of

the oxathiolane moiety, leading to the corresponding function-

alized a-hydroxy oxathiolanes 37 (Table 13), so revealing a

smooth functionalization of such heterocyclic rings under mild

basic conditions and the generation of a novel class of acyl

anion synthons.43

Reaction again occurred in the presence of anhydrous

TBAF, which in our hands was demonstrated to be the most

efficient way of promoting the transformation.

No appreciable diastereoselectivity was evident but a

stereoconservative functionalization was obtained when chiral

oxathiolanes were used.

The functionalization seemed rather general and occurred

with different aromatic and heteroaromatic aldehydes, leading

to the synthesis of a representative number of homologous

a-hydroxy aromatic and heteroaromatic aldehydes. No reac-

tion was observed with non-enolizable aliphatic aldehydes,

only the desilylated oxathiolane.92

Table 10 Stereoselective functionalization of 4-isopropyl thiazolidine

Entry R Yield (%)

1 Ph 31
2 (p-CH3O)–C6H4 36
3 2-Thienyl 35

Entry R Yield (%)

1 Ph 35
2 (p-CH3O)–C6H4 38
3 2-Thienyl 35

Table 11 Reaction of 5-methyl thiazolidine

Entry R Yield (%)

1 Ph 28
2 (p-CH3O)–C6H4 47
3 2-Thienyl 30
4 (p-F)–C6H4 25
5 (p-CF3)–C6H4 34

Table 12 Synthesis of silyl oxathiolanes

Entry R R1 Yield (%)

1 H H 63
2 Me H 75
3 Ph H 61
4 (Me)2CHOCH2- H 79
5 (2R)-CH2OMe H 54
6 (2S)-CH2OCH2Ph H 71

Table 13 Reactivity of silyl oxathiolanes with aldehydes

Entry R R1 R2 Yield (%)

1 H H Ph 18
2 H H 2-Thienyl 24
3 Me H Ph 72
4 Ph H Ph 22
5 (5R)-MeOCH2 H (p-F)–C6H4 48
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Reactivity of silyl dioxolanes

1,3-Dioxolanes can be metalated, but in most cases the

resulting anions are unstable and undergo fragmentation with

elimination of an alkene to give the corresponding benzoates.

2-Aryl-substituted dioxolanes, on the contrary, can be

deprotonated at the 2-position, thus acting as effective acyl

anion equivalents.14b,17,93

2-Lithio dioxolanes can nevertheless be obtained through

reductive lithiation or transmetalation of the corresponding

stannane.14b

On the other hand, when 2-phenyl-2-trimethylsilyl-1,3-

dioxolane (38) was reacted with different electrophiles in the

presence of fluoride ion, a smooth transfer of the dithiolane

moiety was obtained, thus showing that dioxolanes can also be

efficiently functionalized under rather mild conditions, and

providing evidence of another acyl anion synthon (Table 14).94

When stereodefined dioxolanes were taken into considera-

tion, their behavior in reactions was shown to be quite

different from the previously considered heterocycles, showing

that, in the present case, stereoconservative carbodesilylation

appears to be strictly dependent on the substituent present on

the acetalic carbon and its ability to stabilize a carbanionic

species. Thus 2-(para-methoxyphenyl)-2-trimethylsilyl-, 2-phe-

nyl-2-trimethylsilyl- and 2-(para-trifluoromethylphenyl)-2-tri-

methylsilyl-4-methyl-1,3-dioxolanes were prepared, and the

obtained cis- (39a–c) and trans- (40a–c) stereoisomers sepa-

rated. Further reaction of the cis-diastereoisomer 39a (R =

(p-MeO)–C6H4) with 2-furylaldehyde (Table 15, entry 1)

afforded, in 95% yield, an equimolar mixture of only two

diastereoisomers, originating from the newly formed stereo-

center, thus confirming a clean functionalization with reten-

tion of configuration. The corresponding trans-isomer 40a

(R = (p-MeO)–C6H4) behaved similarly, affording the

corresponding adducts in a similar yield and with retention

of configuration. On the other hand, when reacting both the

cis- and trans-isomers 39b and 40b (R = Ph), respectively, with

2-furylaldehyde (Table 15, entries 2 and 6) and para-

anisaldehyde (Table 15, entries 3 and 7), four stereoisomers,

originating from the new stereocenter and epimerization, were

obtained for each reaction in a ratio of 25 : 25 : 20 : 20, thus

unequivocally showing that epimerization had occurred during

the reaction. Furthermore, when both cis- and trans-diaster-

eoisomers 39c and 40c (R = (p-CF3)–C6H4), respectively, were

similarly reacted (Table 15, entries 4 and 8), a yield of 85% was

obtained from a mixture of, once again, four diastereoisomers,

this time in an almost equimolar ratio, showing an even greater

degree of epimerization.94

As seen above, 2-functionalized dioxolanes show a variable

degree of epimerization, strictly depending on the nature of the

substituent. Such behaviour does not hamper their use as acyl

anion equivalents but poses some limits on their use in

stereoselective synthesis.

Silyl 1,3-oxazolidines

Oxazolidines have been used as chiral formyl anion equivalents

for addition to aldehydes.22 Thus, reactions of 2-stannyl-4,5-

disubstituted oxazolidines undergo lithium–tin exchange23 and

addition to aldehydes, albeit with poor diastereoselectivity.

On the other hand, 2-trimethylsilyl-1,3-oxazolidine (41) was

obtained by following the general protocol for the synthesis of

five-membered ring silylated heterocycles through the reaction

of 14 with a suitably N-protected 2-aminoethanol.

It has been found that the fluoride-induced reaction of

N-Boc-protected 2-silyl-oxazolidine with aldehydes affords

addition products of the oxazolidine and the formyl moiety

as a 1 : 1 mixture of diastereoisomers (Table 16).95

On the contrary, the reaction performed at rt with N-Cbz-

substituted oxazolidine and TBAF, in the presence of

benzaldehyde and 2-thienyl aldehyde, led exclusively to the

isolation of the cyclofused compounds, thus revealing a similar

behaviour to the analogous silyl thiazolidine. In this case, also

no appreciable diastereoselectivity was observed.95

Conclusions

Organosilanes have been widely used in the search for new

synthetic methodologies. In this context, the fluoride

Table 14 Functionalization of 2-phenyl-2-trimethylsilyl-1,3-dioxo-
lane (38)

Entry E Yield (%)

1 (CH3)2CHCHO 50
2 PhCOCH3 20
3 Cy–CHO 60
4 PhCHCH3CHO 60
5 n-C5H11CHO 50
6 PhCHLCHCHO 67
7 CH2LCHCOCH3 53

Table 15 Reactivity of chiral dioxolanes

Entry R R9 Yield (%)

1 (p-MeO)–C6H4 2-furyl 95
2 Ph 2-furyl 88
3 Ph (p-MeO)–C6H4 95
4 (p-CF3)–C6H4 2-furyl 85

Entry R R9 Yield (%)

5 (p-MeO)–C6H4 2-furyl 95
6 Ph 2-furyl 88
7 Ph (p-MeO)–C6H4 95
8 (p-CF3)–C6H4 2-furyl 85
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ion-induced reactivity of a C–Si bond has for a long time been

used in the generation of nucleophilic species under mild

conditions, as testified, for instance, by the level of importance

that the chemistry of allyl silanes has attained in recent years.

Application of these concepts to a series of silyl heterocycles

has led to the development of a simple and mild protocol for

their not always obvious functionalization. Thus, for instance,

while dithiolanes undergo cycloreversion under strongly basic

conditions, silyl dithiolane can be efficiently functionalized,

revealing a new synthetic equivalent of a dithiolane anion.

Similarly, different heterocycles, such as oxathiolanes, dioxo-

lanes, thiazolidines and oxazolidines, can be efficiently reacted

under similar conditions, affording new classes of potential

formyl and acyl anion synthons. An interesting feature of such

reactivity appears to be its stereoconservative behaviour,

which allows the transfer of stereochemical information from

stereodefined molecules to the corresponding products during

reactions.

A particular versatility was encountered in the thiazolidine

series, which, depending on the protecting group present at

nitrogen, may lead to the synthesis of open chain adducts, or,

depending on the reaction conditions, to polycyclic derivatives

with interesting degrees of diastereoselectivity, thus suggesting

the possible fine tuning of such reactions.

Furthermore, due to the non-obvious accessibility of current

silyl heterocycles, a novel protocol for their synthesis has been

developed through the reactivity of bifunctional molecules,

such as mercapto alcohols, dithiols and mercapto amines, with

bromo(methoxy)methyl trimethylsilane.

Finally, as a further generalization, a simple and high

yielding route to both racemic and stereodefined substituted

mercapto alcohols, dithiols and mercapto amines, useful

building blocks in the synthesis of the current heterocycles,

has been developed.
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