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Abstract

The dibutylstannylene acetals of carbohydrate-derived primary-secondary 1,2-
diols 64, 104, 105 and 106 were found to be oxidized regiospecifically to
corresponding o-hydroxyketone derivatives in much better yields (81% to 95%) by N-
bromosuccinimide in chloroform solution at room temperature than had previously
been done with bromine. One of the products, 3-deoxy-1,2-O-isopropylidene-a-b-
erythro-hexofuranos-5-ulose (110), exists to about 20% in solution as a mixture of
dimers. One of the dimers can be obtained as a solid and its structure was determined
tentatively by a combination of NMR experiments and MM3 molecular mechanics
calculations.

The regioselectivity of p-toluenesulfonation of dialkylstannylene acetals
obtained from carbohydrate-derived primary-secondary 1,2-diols (64, 66, 104-106, 113-
117) was investigated. For a given diol, the regioselectivity depended on solvent,
rzaction temperature, and the alkyl groups on the tin atom. Selectivity at secondary
position increased on changing the solvent from toluene to chloroform, and also
increased on lowering reaction temperature (to 5 °C) with prolonged reaction time.
Among all factors, the nature of the alkyl groups on tin atom had the greatest
influence. When the R groups were changed from butyl to bigger groups such as
isopropyl, selectivity for reaction at secondary oxygen atoms was improved. Reversed
regioselectivity was achieved through using hexamethylenestannylene acetals.

The causes of regioselectivity for dialkylstannylene acetal reactions were
explored by means of ''’Sn NMR spcctral measurements and kinetic considerations.
It was postulated that p-toluenesulfonation of dialkylstannylene acetals occurs through
equilibrating dimers and the regioselectivity obtained was attributed to competition
between dimer populations and rates of reaction at individual oxygen atoms.

A general method for the preparation of pure dialkyltin oxides was developed
which involved preparation of dialkyldiphenyltin derivatives and selective cleavage of

the two phenyl groups with chloroacetic acid.

xi
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Chapter 1

Background of the Project

Selective functionalization and chemical manipulation of diols and polyols
have been subjects of much interest to organic chemists. This is particularly the case
in the field of carbohydrate chemistry. Carbohydrates and their derivatives are
becoming increasingly important because of the widespread recognition that the
surfaces of biological materials such as cells, viruses, antibodies, toxins, etc. either
contain complex oligosaccharides or polysaccharides, or interact with oligosaccharides
on other species. They are also important as sources of chiral building blocks for the
synthesis of bioactive compounds or natural products. New proteciing groups and
methods of manipulation for diol and polyol systems are continuously reported.

Dibutylstannylene acetals were first applied to carbohydrate chemistry, as
nucleophilic intermediates, by Moffatt e al.' and David.> During the last two decades,
dibutylstannylene acetals derived from different carbohydrates have been observed to
react with several types of electrophiles to give predominately monosubstituted
products.’ Moreover, dibutylstannylene acetal formation greatly increases the
reactivity of the parent hydroxyl groups towards electrophiles. Regioselectivity of
monosubstitution ranges from poor to excellent depending on the structure of the
carbohydrate substrate, the reaction conditions, and the nature of electrophile. For
particular classes of substrates with common reaction conditions, regioselectivity has

become predictable.’ Thus, the dibutylstannylene acetal reaction has now become one



of the standard methods employed in carbohydrate chemistry and for other organic
compounds containing diol and polyol units.

It is well known that primary hydroxyl groups are more reactive than secondary
hydroxy! groups in reactions with electrophiles.* As a result, it is usually possible to
perform regioselective acylation reactions on a primary hydroxyl group in a diol or
polyol uuit. It has been shown that dibutylstannylene acetals of carbohydrate-derived
primary-secondary diols react with acylating reagents to give higher regioselectivity for
reaction at the primary oxygen atoms than direct reactions of the parent diols.

Reversal of regioselectivity to direct reaction at secondary hydroxyl oxygen
atoms in the presence of primary hydroxyls is often highly desirable. There is no
practical method available for this purpose except for the brominolysis of
dibutylstannylene acetals and related tributylstannyl ethers. For trans-1,2-diols on a
pyranose ring, the regioselectivity obtained appears to be relared to the dimeric
structures assumed by dibutylstannylene acetals. The nature of the dimeric mixtures
present in solution is controlled mainly by steric effects.’ It is reasonable to believe
that the population ratio of different dimers in solution can be changed by altering the
steric effects of the alkyl groups on tin atoms. Thus, it is conceivable that reversed
regioselectivity may be obtained through employing an appropriate dialkylstannylene
acetal.

However, almost all dialkylstannylene acetal reactions studied thus far have
been performed on dibutylstannylene derivatives. The steric effects of alkyl groups

attached to tin atoms on regioselectivity have not been explored. It was highly



desirable to develop an efficient method for acylation and/or alkylation of
carbohydrate-derived primary-secondary diols directly at the secondary hydroxyl
groups without protecting the more reactive primary hydroxyls. For these reasons,
different dialkylstannylene acetals have been studied as intermediates for p-
toluenesulfonation of a series of carbohydrate-derived primary-secondary 1,2-diols
under various conditions in this thesis. The best results were obtained with
hexamethylenestannylene acetals derived from primary-secondary 1,2-diols, which
reacted with p-toluenesulfonyl chloride in chloroform regioselectively at the secondary
oxygen atoms.

In order to obtain a variety of dialkyltin oxides (the precussors of stannylene
acetals) in high purity for this study, it was necessary to develop a convenient method
for preparation of sterically hindered dialkyltin(IV) derivatives.

Although oxidation of dibutylstannylene acetals with bromine provides a useful
method to transform primary-secondary 1,2-diols directly to a-hydroxyketones, the
yields of brominolysis for carbohydrate-derived dibutylstannylene acetals are generally
low. Other oxidizing reagents have been examined in this thesis, and
N-bromosuccinimide proved to be far superior as an oxidizing reagent compared to all

of the others studied.



Chapter 2

An Overview of the Applications of Dibutylstannylene Acetals

Dibutylstannylene acetals are easily formed by refluxing a mi:ture of dibutyltin
oxide and one equivalent of a diol or polyol in benzene or toluene in a Dean-Stark
apparatus for the continuous removal of water.’ The formation of the

dibutylstannylene acetal of butane-2,3-diol (1) illustrates this procedure (Scheme 2.1):

Scheme 2.1

These compounds may also be prepared at fairly high dilution (1%) in refluxing
methanol, where the soluble methyl ether (CH;0SnBu,0SnBu,0OCH,) is probably the
reactive species.'®

In most cases, ti.? dibutylstannylene acetal intermediates thus obtained can be
used directly in the subsequent reactions without separation or purification, i.e., the
manipulation of the parent diols or polyols is a one-pot reaction. These intermediates
have proved synthetically useful for accomplishing monosubstitution or
monofunctionalization reactions. Acylation, alkylation and oxidation are the most

common reactions and the products are often obtained in a regiospecific or highly



regioselective fashion. Sometimes, even enzyme-like selectivity has been observed.’
Dibutylstannylene acetals also act as templates for the assembly of macrocyclic
oligolactones.® In addition, dibutylstannylene acetal intermediates have been applied to
other chemical manipulations of diols such as the optical enrichment of 1,2-diols’ and
the determination of enantiomeric purity of 1,2-diols in the absence of chiral
auxiliaries.'
1
2.1 Substitution and oxidation reactions of simple diols

It is highly desirable to develop an efficient method for selective protection of
symmetric and unsymmetric diols, because monoprotected diols are often usefui as
synthetic intermediates of bifunctional compounds in organic synthesis. Various
methods have been developed to accomplish this,* however, difficulties still arise in
practice because of the complexity of diol systems and the different requirements for
functionalization. Monosubstitution of diols through dibutylstannylene acetals has
been proven to be a solution to this problem.'” This method has also been shown to

be valuable in oxidation reactions for symmetric and nonsymmetric diols.

2.1.1 Substitutions of simple 1,2-diols

Dibutylstannylene acetals derived from symmetric 1,2-diols react with one
equivalent of electrophiles to give monosubstitution products. For example, Shanzer''
showed that the dibutylstannylene acetal derived from butane-2,3-diol (1) underwent a

condensation reaction with one equivalent of benzoy! chloride or p-toluenesulfonyl



chloride. Subsequent hydrolysis gave the corresponding hydroxybenzoate 2a or
hydroxy-p-toluenesulfonate 2b in quantitative yields. Nonsymmetric diesters could be
prepared if the reaction mixture was treated with a second equivalent of acyl chloride
instead of hydrolysis (see Scheme 2.2). Stepwise reaction in double esterification was
attributed to the presence of a deactivating electronegative chlorine substituent on tin

after the first esterification.

Scheme 2.2
Me_ _OH 1. Bu,SnO Me_ _OR Me__OR
I benzene, reflux IO HO IO
—_— e
M~ ©OH 2 RO Me” OSnBuCl M~ “OH
1

lR.C, 2aR=Bz
Me. OR 2bR=Ts

Me R

Alkylation of dibutylstannylene acetals generally require fairly strong reaction
conditions (i.e., ele:'ated temperature and prolonged reaction time) even with the
assistance of a stannophilic catalyst, such as a tetraalkylammonium halide. Nagashima
and Ohno'? found that monoalkylation of dibutylstannylene acetals could be carried out
under mild conditions in the presence of cesium fluoride. For example, the

dibutylstannylene acetal of dimethyl L-tartrate (3) was reacted with benzy! bromide in

DMF at room temperature in the presence of cesium fluoride (1.22 mole equivalent)



for 2h, giving 85% of mono-O-benzylated product, whereas the same reaction in the
absence of cesium fluoride required 3 h at 100 °C and gave only 41% of mono-O-
benzylated product. When this methodology was applied to nonsymmetric secondary-
secondary and secondary-tertiary diols, regioselective monoalkylation was achieved in
good to excellent yield. For instance, benzylation of the dibutylstannylene acetal
derived from 1-phenylethane-1,2-diol (4a) gave mono-O-benzylated products

quantitatively with the ratio of 90:10 in favour of the primary benzylation.'*

2.1.2 Oxidation reactions

Dibutylstannylene acetals are easily oxidized to hydroxyketones by bromine in
dichloromethane.>**'* The reaction proceeds at room temperature at a rate of titration.
In many cases, the bromine oxidation becomes sluggish after addition of two-thirds of
an equivalent of bromine. It was suggested that HBr generated in the brominolysis
step attacked the starting dibutylstannylene acetal and slowed the reaction (see Scheme

2.3). Nevertheless, good to excellent yields may generally be obtained for simple 1,2-

Scheme 2.3

R 0] R o
\ Br, “\
/SnBuz — /SnBu,Br + HBr
R’ (o) R 0
R o
—_— fo + Bu,SnBr,
R H
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diols in the presence of special bases or HBr scavengers, such as tributyltin methoxide
or molecular sieves.

For example, dibutylstannylene acetals formed from cis and trans-cycloheptane-
1,2-diol § are oxidized quantitatively to the hydroxyketone 6. This method also works
well for secondary-tertiary diols. Thus, the dibutylstannylene acetals of 1,2-
diphenylpropane-1,2-diol (7), trans-1-methylcyclohexane-1,2-diol (9) and trans-1-
phenylcyclohexane-1,2-diol (10) were oxidized to the corresponding o-hydroxyketones
8, 11 and 12, respectively (Scheme 2.4). When extended to unsymmetric diols, the

reaction proved to be highly regioselective (see Section 2.3.6).

Scheme 2.4
OH 0 Ph - Ph o
Me.;:O MeIO
OH OH
Ph OH Ph H
5 6 7 8
OH OH
“IOH o
9 R=Me 11 R=Me

10 R=Ph 12 R=Ph



2.1.3 Reversed regioselectivity in acylations of unsymmetric diols

Reversed reginselectivity for esterification has been reported' in mono-O-
acylations of unsymmetrically substituted diols through their dibutylstannylene acetals.
1-Phenylethane-1,2-diol (4a) and propane-1,2-diol (4b) were quantitatively converted
into their corresponding dibutylstannylene acetals (13a and 13b) and treated with
benzoyl chloride (1 eq.) and then with phenyldimethylsilyl chloride (1 eq.) at 0 to 5°C
in CHCl,. Hydrolysis of the regioisomeric silyl ether esters 14 and 15 was conducted

with cold HCi to give the corresponding hydroxyl esters 16 and 17 respectively

(Scheme 2.5). In both the reactions, the secondary hznzoates were the major products.

The yields and regioisomeric ratios of products obtained with this method (Method A)

are compared with the results from a conventional method (Method B) in Table 2.1.

Scheme 2.5
R OH
Bu,SnO l BzCl/ CHCI,
benzene / " 2. Mc2PhS|CI
H reflux
13
OBz R__OSsiPhMe, R<_ _OBz R _OH
\[ TO dil. HCI \[ \[
+ —_— +
OSiPhMe, Bz, OH OBz
14 15 16 17

a R=Ph; b R=Mc

%



10

Table 2.1 Yields and isomer ratios of monobenzoylation of 4a and 4b*

1,2-diol Method A Method B

Yield(%) Ratio(14:15) Yield(%) Ratio(14:15)
4a 90 95:5 81 4:96
4b 84 85:15 78 9:91

* Values determined by g.c. Method A: as described above; Method B: standard
acylation method in benzene, in the presence of stoichiometric amount of pyridine,
using (i) PhCOCI and (i1) Me,PhSiCl.

Extensive studies on various unsymmetric 1,2-, 1,3-, and even 1,4-diols
indicated that the reversed regioselectivity could be obtained even for some primary-
tertiary diols. The results obtained from diols 4a and 18-26 (see Figure 2.1 for

structures) are given in Table 2.2. These results will be discussed further in

connection with the results reported in Chapter 5.

n-C H, n-CcH,, n-C, i,
YOH \(\OH \(\OH

OH OH OH
18 19 20
OH
OH OH OH
21 22 23
o)
Ph%/\on \’/\(— N~ Y\OH
OH OH OH HO
24 25 26

Figure 2.1 The structures of diols listed in Table 2.2
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Table 2.2 Selected results of monobenzoylation of simple diols

Diol* Quenching Monoester Ratio"
reagent’ yield(%)" MME! LME®
4a Me,SiCl 83 98 2
18 (COOH), 84 72 28
19 (COOH), 80 72 28
20 (COOH), 70 66 34
21 (COOH), 76 78 22
PhMe,SiCl 80 79 21
22 PhMe,SiCl 61 69 31
23 PhMe,SiCl 61 90 10
24 PhMe,SiCl 50 77 23
25 Me,SiCl 92 63 37
26 Me,SiCl 72 76 24

* For structures of diols, see Figure 2.1. ® Yield and selectivity data were obtained by
'H NMR analysis, not from product separation. ° the reaction intermediates of
stannylene acetals with benzoyl chloride were quenched by quenching reagents
indicated and the quenched products were analyzed by 'H NMR. ¢ MME is most
substituted monoester. * LME is least substituted monoester.
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2.2  Synthesis of macrocyclic oligolactones
Esters may be prepared from mixtures of glycols and benzoic acid by heating

15 This method of esterification proved

the mixture in the presence of dibutyltin oxide.
extremely valuable in the synthesis of macrocyclic lactones and lactams, which were
obtained in good to excellent yields by refluxing solutions of an w-hydroxycarboxylic
acid, or an ®-aminocarboxylic acid in mesitylene with 10% (mol-equivalent) dibutyltin
oxide, using a Dean-Stark apparatus for continuous removal of water.'®

Shanzer et al. have developed an important reaction between dibutylstannylene
acetals (derived from chiral or achiral 1,2-diols) and diacyl dihalides or dicarboxylic
anhydric... .ztural or achiral) in apolar solvents to give macrocyclic tetralactones with
remarkable yields and outstanding regio- and stereo-selectivities.”'” They also
demonstrated that mixed tetralactones could be prepared as the only products by
successive addition of two different diacyl dihalides (or dicarboxylic anhydrides).
Some examples are given in Scheme 2.6.

Basson and co-workers'” applied dibutylstannylene acetals to the condensation
of methyl 4,6-O-benzylidene-a.-D-glucopyraioside with succiny! chloride, furnishing
two macrocyclic tetralactones, a hexalactone and an octalactone. Roelens et al."
studied the dibutylstannylene-mediatec. condensations of ethylene glycol with a series
of diacyl dichlorides and several types of polylactones were obtained.

Recently, Bredenkamp et al.® reported the use of dibutylstannylene acetals as

templates for the assembly of macrocyclic oligolactones. Dibutylstannylene-mediated

macrolactonization of methyl 4,6-O-benzylidene-a-D-glucopyranoside with glutaryl and



phthaloyl dichloride yields the respective dilactones, parallel tetra‘actones, as well as

antiparallel tetralactones.

Scheme 2.6
o N M/ 9
[ \ CICO-X-COCI »—o o—
/SnBuz ——D X X
° 0>/'— OuHQ

Me
\ CICO-X-COCI \>—0 o
/SnBuz ————— X X
o >/-—o 0—

R)

Me ° /_( 0

tox CICO-X-COCI % o

/SnBu_, —_— X X
0 >/—0 0—{
y o Y o
(dh Me

X = (CHz)s

13
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23  Applications in carbohydrate chemistry

Dibutylstannylene acetal reactions have been widely employed in synthetic
carbohydrate chemistry during the last twenty years. The major advantages of this
method are high regioselectivity and significant enhancement of reactivity of the parent
hydroxyl groups. The applications of dibutylstannylene intermediates are mainly
focused on acylation, alkylation, and oxidation in diol or polyol systems. By this
method, different protecting groups and functional groups can be introduced into the
desired positions regioselectively and hydroxyketones are easily obtained from diols
through oxidation of dibutylstannylene acetals.

A huge number of publications have appeared in literature. For those
published before 1989, several reviews are available.**® The examples given in the
following subsections are mainly selected from papers published during the last three

years.

2.3.1 Substitution reactions of cis-1,2-diols on glycopyranose rings

The reactivity of a hydroxyl group can be predicted to some extent from kinetic
and thermodynamic criteria.®® For instance, it is well-known that an equatorial
hydroxyl group on a pyranose ring can be acylated preferentially in the presence of
secondary axial hydroxyls. However, this process may not be sufficient and recourse
is made to prior functionalization, followed by generation of the desired hydroxyl
group for further transformation. This may involve several steps before the desired

transformation can be effected. The dibutylstannylene acetal method makes the
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acylation and alkylation reactions occur more efficiently in a one-pot manner and, in
most cases, with increased regioselectivity. Some recent literature results are given in
Table 2.3.

Monosubstitution (acylation and alkylation) of dibutylstannylene acetals in a
polar solvent or in the presence of added nucleophiles occurs regioselectively or
regiospecifically at the equatorial hydroxyl groups. Although the direction of
selectivity is similar to that obtained +ith conventional methods {acylation in pyridine,
for example),”’ the reactivity and regioselectivity of dibutylstannylene acetals are
much higher. In some cases, when the same reaction is carried out in a non-polar
solvent in the absence of added nucleophiles, the reaction occurs regioselectively at the
axial position. For example, benzoylation of the dibutylstannylene acetal of a-D-
mannopyranose derivative 30 in benzene in the presence of N-methylimidazole gave 3-
O-venzoate (reaction at equatorial position) with over 90% yield.** However, when
the reaction was carried out in the absence of N-methylimidazole, the regioselectivity

was reversed (85% of 2-O-benzoate and 15 % of 3-O-benzoate).”



Table 2.3 Selectivities in monosubstitution reactions of dibutylstannylene acetals

derived from carbohydrates with single cis-1,2-diol units un six-membered rings
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Diol* Reaction® Solvent  Temp. (°C) Yield (%) Ref.
C-2 C-3
27  methylation benzene 80 - 80 u
28 PMB DMF 90 - 83 ®
29  methylation benzene® 80 - 98 %
30  tosylation  dioxane’ 20 - 97 2
tosylation dioxane 20 10 40 2
31 allylation DMF - - 68 7
32 PMB DMF* 20 - 82 3
33 PMB DMF* 20 - 85 »
C3 C-4
34 DMT DMF 20 68 - 30
35  benzylation toluene reflux 47 43 3
36 benzylation DMF* - 70 - 32
37  benzylation DMF* reflux 81 - 33
38 benzylation DMF* reflux 82 - 34
39 TBDMS toluene* reflux 65 - 3

* For structures of diols, see Figure 2.2. ® DMT: dimethoxytritylation; PMB: p-

methoxybenzylation, TBDMS: ¢ -butyldimethylsilation. ¢ Added 4-

dimethylaminopyridine. ¢ Added Bu,NBr. ¢ Added CsF.
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27 R=Me, R'=0Bn, R"=H

28 R=All, R'=H, R"=0Bn

29 R=Bn, R'=H, R"=0Bn

Ph HO
0
HO
OMe

30

COOMe

o™ OAc

Olin
T

34

o
HO
R
R!
37 R=SEt
38 R =0O(CH,);NH,

OR OH
RO
R'O OH
OR

31 R=R'=All

32 R=R'=Bn

33 R=Bn, R'=PrCO
OR

Rl
OH
HO
35 R=Me, R'=H

36 R=R'=Bn

CO,Mc

OAll
39

Figure 2.2 The structures of the carbohydrate derivatives listed in Table 2.3
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2.3.2 Substitution reactions of trans-1,2-diols on glycopyranose rings

As for the substitution reactions of cis-1,2-diols on glycopyranose rings,
regioselective monosubstitution can also be obtained for frans-1,2-diols on pyranose
rings. In the rrams-diol systems, the siwation becomes more complicated because both
of the hydroxyl groups are almost always in equatorial orientations. Several factors
may affect regioselectivity as can be seen from the results summarized in Table 2.4.

Firstly, axial oxygen-containing substituents adjacent to the diol units have
important effects on selectivity. If only one axial oxygen-containing substituent is
next to the diol unit, mono-O-substitution occurs regioselectively on the hydroxyl
group which is adjacent to this axial substituent. For example, acylation reactions of
the dibutylstannylene acetal derived from methyl 4,6-O-benzylidene-ot-D-
glucopyranoside (40) in dioxane gave only 2-O-acylated products.?

Secondly, steric effects of substtiuents affect regioselectivity. If one side of the
diol unit is unsubstituted, i.e., a methylene group which possesses the least steric effect
of all substitution situations, the reaction occurs regioselectively at the hydroxyl group
adjacent to the methylene group. Compound 47 gives an example in this category.’
When two axial oxygen-containing substituents are on both side of the diol unit, the
reaction is not very selective and the direction of reaction regioselectivity is difficult to
predict.

The presence of added nucleophiles and other factors may also change the
selectivity of the reaction. Hypotheses have been made to interpret the selectivity of

dibutylstannylene acetal reactions by assuming that the reactions occur through the
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dimers or oligomers present in solutions (see Section 2.4 for detail).****

Yu and Fraser-Reid” reported an example which seemed to be in contrast to
the adjacent axial-oxygen-containing group effect. Benzylation of myo-inositol
derivative 49 (see Figure 2.3 for structure) via its dibutylstannylene acetal in the
presence of cesium fluoride gave mono-O-benzylated products. The ratio of 6-O-
benzylation (the oxygen atom next to an equatorial oxygen) to 1-O-benzylation was 97
to 3. This is probably due to the distortion of the six-membered ring which is fused to

two five-membered rings.

Ph
Ph/vo lVO
o . 0
HO 0
HO |,

40 R=H, R'=0OMe HO
OBn
41 R=0Bn, R'=H 44
42 R=0Me, R'=H 0
RO
43 R=SPh, R'=H MOM"
HO
C Bn 45 R=Bz
HO
HO 46 R =Bn
47
- o
o)
I-IO/H: o O O
~Z HO 0
HO HO
48 49

Figure 2.3 The structures of the carbohydrate derivatives listed in Table 2.4
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Table 2.4 Selectivities in monosubstitution reactions of dibutylstannylene acetals

derived from carbohydrates with single rans-1,2-diol units on six-membered rings

Diol* Reaction® Solvent Temp. (°C) Yield (%) Ref.
C-2 C-3
40 tosylation dioxane’ reflux 99 - 2
mesylation  dioxane’ reflux 93 - 2
Bs dioxane’ reflux 100 - 2
Sf dioxane* reflux 100 - 2
41  benzylation benzene* 80 21 55 5
benzoylation benzene® 25 53 37 5
42 tosylation dioxane’ reflux 77 - 2
43  benzylation CH,CN° reflux - 48 “©
44 benzylation benzene* 80 43 49 5
benzoylation benzene’ 25 38 46 5
benzoylation DME"$ 25 51 49 S
45  benzoylation benzene 0 . 83 a
46 benzoylation benzene 0 48 34 a
C-3 C4
47  tosylation toluene" 26 98 - 3
48  benzylation toluene® . 99 - 42

* For structures of diols, see Figure 2.3. ® Bs: benzenesulfonation; Sf: p-toluene-
sulfination. © Added 4-dimethylaminopyridine. * Added Bu,NBr. ¢ Molecular sieves
added. ' 1,1-Dimethoxyethane. ® Added triethylamine. " Added Bu,NI.



21

2.3.3 Substitution reactions of carbohydrate derivatives with more than two hydroxyl
groups on glycopyranose rings
Considerable work has been done on acylation and alkylation reactions in
partially protected or unprotected glycopyranosides. Table 2.6 gives some examples.
In most cases, high regioselectivities have been obtained. These results can be

understood by combining the regioselectivity arguments discussed in Sections 2.3.1

OH R"
" /0
HO R R
HO R HO
HO o, HO o
S0 R=H, R'=0Me §2 R=H, R"=0Me, R"=H, R"=0H
51 R=0OMe, R'=H 53 R=0Me, R'=H, R"=H, R"=0H

54 R=H, R'=0OMe, R"=OH, R"=H

QBn S5 R=Al, R'=H, R"=H, R"=0H
HO 56 R=H, R'=0Bn, R"=H, R"=0H
OH
OH

57 o
OH
OH _OTBS Ho OIr 0
HO
HO
s8 59

Figure 2.4 The structures of the carbohydrate derivatives listed in Table 2.5



Table 2.5 Selectivities in monosubstitution reactions of dibutylstannylene acetals
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derived from carbohydrates with more than two hydroxyl groups on pyranose rings

Diol* Reaction Solvent Temp. Yieid (%) Ref.
(°C) C2 C3 C-4 C-6
50  tosylation dioxane® reflux 28 - - 22 =
51  tosylation dioxane® reflux - . 92
52  tosylation  dioxane" reflux 32 - 52 ¢ 2
53  benzoylation benzene 0 - - 93 ° a
‘ benzene 20 - . 59¢ © !
tosylation  dioxane® reflux - - 100 °© 2
54 tosylation dioxane® reflux - 41 53 c 2
§§  benzoylation benzene 0 - - 81 °© 4
56 benzylation benzene 0 44 - 29f ¢ 4
§7  methylation THF® 0 - 86 - ¢ 43
S8 benzylation - - . 98 - ¢ 4
59  allylation toluene” 95 . 62 - c 45

* For structures of diols, see Figure 2.4. * Added 4-dimethylaminopyridine. ° Position
not available. ¢ 4-O-Acetylferuloylation. © With 15% of 3,4-di-O-substituted produc:.

 With 14% of 2,4-dibenzoate. ® Added CsF and imidazole. " Added Bu,NI.
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and 2.3.2 and, at the same time, considering the inhsrent reactivities of different
hydroxyl groups, as well as the ease of formation or stability of different
dibutylstannylene acetals when more than one such acetal may be formed in the same
molecule.

For example, compound 57 is a 2,3,4-trihydroxy derivative that can form two
dibutylstannylene acetals, i.e., a 2:3 acetal or a 3:4 acetal. The latter is formed from a
trans-diol unit and the fused five-membered ring has considerable strain energy.** In
contrast, incorporating two cis-hydroxyls into the five-membered ring to form the 2:3
acetal is much more favourable. Therefore, monosubstitution of 87 should occur
dominantly through the 2:3 stannylene acetal which is the one formed from an avial-
equatorial 1,2-diol. Thus, the reaction is predicted to occur regioselectively at O-3 in
spite of the fact that O-4 is the least sterically hindered. Methylation of this
compound occurs smoothly in tetrahydrofuran in the presence of cesium fluoride and
imidazole, affording the 3-O-methylated product in good yield (86%).* In
disaccharide 59, five secondary hydroxyl groups exist on the two pyranose rings.
Allylation of this compound via its dibutylstannylene acetal in the presence of
tetrabutylammonium iodide results in the 3'-O-substituted product in 62% yield
regioselectively.® This also provides a good example for predicting the
regioselectivity of this type of reaction.

Kiyoshima et al.*’ demonstrated that the dibutylstannylene acetal method could
be successfully applied to large molecules such as tylosin (60), a macrolide antibiotic

which possesses one disaccharide unit and one monosaccharide unit attached to a 16-
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membered ring. Compound 60 was first converted to its dibutylstannylene acetal 61
by refluxing with dibutyltin oxide in benzene for 3 h. The stannylated mixture was
allowed to react with acyl chlorides or alkyl halides in toluene with or without an

added nucleophile, giving 4"-O-substituted tylosins 62a-g, the bio-active derivatives,

regioselectively in reasonable yields for all reactions (Scheme 2.7).

Scheme 2.7
Me
HO
OMe

60 R=R'=H

61 R, R' = SnBuy,

62 R=H:
a, R' = PhCH,COO b, R' = p-MeOPhCH,COO
¢, R' = MeOCH, d, R’ = p-MeOPhCH,

e, R' = PhCH, f, R' = p-MeOPhCOCH,

g, R' = p-MeCOPhCH,
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2.3.4 Substitution reactions of carbohydrate-derived primary-secondary 1,2-diols

A few dibutylstannylene acetals derived from carbohydrates with primary-
secondary 1,2-hydroxyl groups have been subjected to acylation and alkylation
reactions (see Table 2.6). In general, high regioselectivities have been obtained at the
primary hydroxyl groups which are inherently more reactive than the secondary
hydroxyls.

Although electrophilic substitutions selectively occur at primary positions
through both the conventional method and dibutylstannylene acetal method, reactions
with the latter occur much more efficiently and often give much higher yields. For
instance, p-toluenesulfonation of 1,2-O-isopropylidene-o-D-glucofuranose (66) by using
its dibutylstannylene acetal afforded the 6-O-p-toluenesulfonate in 98% yield, while
direct p-toluenesulfonation of this compound in pyridine gave only 51% yield.”

When the reaction was carried out in a non-polar solvent (such as benzene) and
in the absence of an added nucleophile, the selectivity at the secondary hydroxyl group
increased. In the case of 1,2-O-isopropylidene-3-O-methyl-a-D-glucofuranose (64),
when the benzoylation of its dibutylstannylene acetal was carried out in pyridine, a
polar nucleophilic solvent, only the primary benzoate was obtained (75% yield). In
contrast, the same reaction in benzene gave a mixture of primary benzoate (38%),
secondary benzoate (7%), and dibenzoate (24%)."* As the secondary benzoate was
probably the precursor of the dibenzoate, it seemed that the selectivities at both
positions were comparable. Nevertheless, this result is very different from the

reversed regioselectivity for simple diols that was reported by Reginato et al .'*



Table 2.6 Selectivities in monosubstitution reactions of dibutylstannylene acetals

derived from carbohydrates with primary-secondary 1,2-diol units
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Diol* Reaction Solvent Temp. Yield (%) Ref.
(°C) primary secondary
63  Tosylation MeOH® 5 81 - 48
64  Benzoylation benzene’ rt 38 7¢ 13
Benzoylation®* C.HN rt 75 - B
65  Benzoylation C,H,N 20 100f - “
66 Tosylation  dioxane® 20 98 - 2
Benzoylation dioxane® 20 75 - 2
67  Benzoylation MeOH" 0 75 . 50
68  Alkylation" DMF 90 65-71 . sta
Acylation CI,CI/THF 0 84 - 51b
69a Benzylation toluene 70 74' - 52a
69b Benzylation toluene 70 60~ - 52b

* For structures of carbohydrates see Figure 2.5. ° Triethylamine added. © 4 A

molecular sieves added. ¢ With 28% 5,6-di-O-benzoate. © With 2 eq. of benzoyl
chloride. f Yield 65% after a second reaction in a one-pot procedure. ® Added 4-
dimethylaminopyridine. " Four alkylation reactions, the alkyl groups are C,;H,,,
C,¢H;,, C, ,H,, and C;H,;, respectively. ' Reaction was carried out with 2 equivalents
of Bu,SnO and then with 4 equivalents of BnBr in the presence of Bu,NI, giving 1,6-

di-O-benzylated product. ’° Added Bu,NBr. * 1,6-Di-O-benzylated product.
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HO—
o. OEt HO HO—
OBn R HO R—
H 0 R
oH O o‘,’ Ba —OH
L_OH
63 64 R=0Me, 65 R=0Bz 68 69a R = OBn
66 R=OH, 67 R=F 69 R=H

Figure 2.5 The structures of the carbohydrate derivatives listed in Table 2.6

2.3.5 Substitution reactions in other systems

The dibutylstannylene acetal method has also been used in electrophilic
substitutions on hydroxyl oxygen atoms in carbohydrates with other structures and
related compounds. The earliest application of this method was to the monoacylation
and monoalkylation of nucleosides 70a-d, a system having a cis-1,2-diol unit on a
furanose ring and a primary hydroxyl group.' For this series of nucleosides, reactions
conducted in methanol occurred regioselectively at one of the two hydroxyl groups in
the 1,2-diol unit on the ring but not at the primary position or on the basic amino
groups. In contrast, Gopalakrishnan et al.*® reported a totally different selectivity for
silylations on the same nucleosides. For example, silylation of compounds 70a-c¢ with
t-butyldimethylsilyl chloride (TBDMS) in DMF/dioxane (dry, 1:4 v/v), in the presence
of dibutyltin oxide, gave exclusively 5'-O-silyl derivatives 71a-c, the primary
substituted products, in high yields (see Scheme 2.8). No 2'- or 3'-O-silylations were

observed even with excess silylating reagents. This result was explained as arising
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from steric interference of the postulated cyclic stannylene acetal intermediate with the
very bulky TBDMS group.”

Recently, Grouiller et al.** reported a steric effect on the regioselectivity of the
p-toluenesulfonation of unprotected nucleosides 72a-¢. They found that the selectivity
was dependent upon the steric bulk at C-1' (see Scheme 2.8 for structures of 72a-c).
Upon treatment overnight at room temperature with 2.2 equivalents of dibutyltin oxide,
1.5 equivalents of p-toluenesulfonyl chloride and 1 equivalent of tetrahexylammonium
chloride in acetonitrile, compound 72a gave the 2'-O-p-toluenesulfonate in 70% yield
whereas compounds 72b and 72¢ afforded 70% yield of a mixture of 2'-O-p-

toluenesulfonate and 3'-O-p-toluenesulfonate.

Scheme 2.8
HO B . B
1. Bu,SnO/McOH  !-BuMeSi
reflux
»
R 2. t-BuMe,SiCl
OH OH DME / dioxane OH OH

70 R=H Tia (91%)
a B =uracil, b B =cytosine 71b (80%)
¢, B = adenine; d B = hypoxanthine Tie (82%)

72 B = thymine

a R=H; BR=CN;, ¢ R=Me
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Bredenkamp et al.*’ reported ihe selective benzoylation of the dibutylstannylene
acetals of L-arabinose derivatives (73a-e) which are acyclic carbohydrates with three
secondary hydroxyl groups. Their results (see Table 2.7) showed that, in all
experiments, no 3-O-benzoylation occurred. The formation of the dibutylstannylene
acetal intermediates selectively activated the 4-positions of both ethyl and benzyl
thioacetals (73a and 73e) and of the oxime ether (73b). Steric crowding of the ester
carbonyl group at position 5 led to loss of selectivity (see the result for compound
73d), yielding a mixture of 2- and 4-mono-O-benzoylated and 2,4-di-O-benzoylated
products. In fact, the latter was the major product. This suggested that, in this case,
the rate for the introduction of the second benzoyl group was of the same order as that
of the first. This was quite different from benzoylation of most dibutylstannylene
acetals derived from diols or polyols mentioned earlier in this chapter. Replacement
of sulphur atoms in the thioacetals with oxygen led to complete reversal of selectivity

(see result for 73c), favouring exclusive benzoylation at position 2.

73a R=CH (SEn,, R'=Ph

R
—OH 73b R=CHNOBn, R'=Ph
HO 73c R=CH (OMc),, R'=Ph
HO—
. 73d R=CH (SEt),, R'=CMe,
OCOR'

73¢ R=CH (SBn),, R'=Ph

Figure 2.6 The structures of the substrates listed in Table 2.7
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Table 2.7 Major products of benzoylation of L-arabinose

derivatives via their dibutylstannylene intermediates*

Substrate®  Total yield Ratio of products
(%) 2-0-Bz 3-0-Bz 4-0-Bz 2,4-di-O-Bz
73a 88 <1 - 85 14
73b 96 <1 - 95 4
73¢ 99 98 - <1 <]
73d A 26 - 33 41
73e 89 <1 - 90 9

* Dibutylstannylene acetals reacted with 1 eq. of benzoyl chloride in benzene at 0°C
and then stirred at r.t. for 3 h. ® For structures see Figure 2.6. ° As percentage of
carbohydrate substrate.

Highly regioselective acylations of free sucrose via the dibutylstannylene acetal
method have been patented twice during the last several years.’® For instance, the
dibutylstannylene acetal of sucrose was allowed to react with benzoyl anhydride in
DMF at 0-5 °C for 4 h and then at ambient temperature for 48 h to give 96% yield of

sucrose 6-benzoate despite the presence of eight hydroxyl groups (three primary and

five secondary) in the molecule.

2.3.6 Oxidation reactions of carbohydrate-derived dibutylstannylene acetals
Dibutylstannylene acetals derived from carbohydrates can be easily oxidized by

bromine to give hydroxyketones in the same way as those derived from simple diols.
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Carbohydrate-based diols are usually unsymmetric, and the brominolysis of
dibutylstannylene acetals derived from these diols are highly regioselective. Some

examples are illustrated in Table 2.8.

Table 2.8 Brominolysis of carbohydrate-derived dibutylstannylene acetals®

Substrate Solvent Yield (%) Ref.

C2 C3 C4 C5 C-6

56 chloroform® - . 72 ¢ ¢ 57
64 benzene® ¢ c c 48 - 13
66 benzene® ¢ - c 50 - 58
74 benzene® ¢ - 7 c ¢ 1
75 CH,CL,* ¢ ¢ 87 °© . 1
76 CH,CL* ¢ . 75 c c 13
77 benzene® - 46 ¢ ¢ 1

CH,C1 - 72 ¢ ¢ ¢ 1
78 CH,C1,* 17 ¢ . 5
79 CH,CL* A "
80 cel, I @

* All reactions were carried out at room temperature, for structures of substrate see
Figure 2.4, 2.5, and 2.7. ® Molecular sieves added. ° Position not available. ¢ In the
presence of tributyltin methoxide.



32

OR

OR™
HO HO
R"O HO R
OR'OR OR
74 R=R'=Me, R"=H, R"=Tr 76 R=Bn

78 R=R'=R"=Bn, R"=H

Ph
K O OH OH
(0] 0]
0 o R
0 HO
HO HO ..
OBn
HO 78 R=H, R'=0Me

77 79 R=0OMe, R'=H

Ph/vO

O OTBS

80

Figure 2.7 The structures of some substrates listed in Table 2.8

Although the reactions are very regioselective, yields are generally low or
moderate, often around 50%."’ In addition, unusual bases such as tributyltin
methoxide or molecular sieves are required to scavenge hydrogen bromide generated in

the reaction. One obvious advantage of this method is that the primary hydroxyl
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group, the inherently more reactive one, is not affected by the oxidizing reagent. For
instance, brominolysis of the dibutylstannylene acetals derived from compounds 64
and 65, the primary-secondary 1,2-diols, gave only 5-oxo derivatives. This is quite
dissimilar to the substitution reactions which occur regioselectively at primary
positions for both compounds.'>* Another noticeable aspect of this oxidation is that
in a axial-equatorial 1,2-diol unit, the reaction occurs regiospecifically at the axial
hydroxyl groups, while acylation and alkylation reactions give mainly equatorial
substituted products.

The related tributylstannyl ethers have also been employed as intermediates for
oxidizing diols or polyols with bromine in the very similar manner.’ Tsuda et al.*"*'**
claimed that good to excellent yields had been obtained from oxidation of a series of
carbohydrate-derived diols and polyols by means of the bis(tributyltin)oxide-bromine
oxidation. For instance, 1,2-O-isopropylidene-a-D-glucofuranose (66) was converted
into its 5-oxo derivative in 92% yield with this method. However, Reitz and Baxter*®
could only obtain the same product in 35% yield from compound 66 when they
followed the procedure reported by Tsuda's group.®® Marco-Contelles er al.*
demonstrated that when treated with this reagent by a similar method, 3-O-benzoyl and
3-O-p-toluenesulfonyl-1,2-O-isopropylidene-a-D-glucofuranoses (65 and 81) gave

corresponding 5-oxo derivatives in yields of about 70%.
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24  Structures of dibutylstannylene acetals

As synthetically useful intermediates, dibutylstannylene acetals both from
simple compounds and from carbohydrates have been subjected to structural studies by
different methods such as '"°Sn and *C NMR spectroscopy, X-ray crystallography,
molecular weight measurement, and mass spectrometry. Each of these methods gives

some useful information about the structures.

241 Structures of dibutylstannylene acetals in solid state

X-ray crystallography often provides direct structural information for
compounds forming good single crystals. A study of 82, the simplest
dibutylstannylene acetal derived from ethane-1,2-diol, showed that in the solid state,
the individual monomeric units are linked together through planar four-membered Sn-
0-Sn-O rings to form an infinite ribbon polymer.”® The association of the monomeric
units places the tin atoms in a severely distorted octahedral environment.

In contrast, an X-ray study of di-z-butyl-1,3,2-dioxastannolane (83) indicates
that this compound exists in the crystal as a dimer containing five-coordinated tin in a
distorted trigonal bipyramidal configuration with C, symmetry.* The bulky r-butyl
groups prevent further association. The solid state ''’Sn NMR spectrum also provides
evidence for the symmetric dimer in which the tin atoms show a single resonance at
-225 ppm, according to Bates and coworkers.** High-resolution ''*Sn CP/MAS spectra
indicated that the isotropic peaks of compound 83 actually contained four closely

spaced peaks at -222, -224, -225, and -226 ppm.® This arises from the fact that the
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CH,CH, group in the five-membered ring is disordered and that two independent
dimeric molecules in the unit cell are slightly different. These chemical shifts
correspond to pentacoordinate tin atoms. A schematic illustration for the structures of

compounds 82 and 83 is shown in Figure 2.8.

B gy b, [\
-ty N .
O B‘u O/g \0 g\o/ ’Bl}“" \0/ \0
\ / u \ Bu / Bu \ /
polymeric structure of 82 dimeric structure of 83

Figure 2.8 The structures of dibutylstannylene acetals 82 and 83 in the solid state

The first X-ray structure determination of a dibutylstannylene acetal derived
from a carbohydrate was performed on methyl 4,6-O-benzylidene-2,3-O-
dibutylstannylene-a.-D-glucopyranoside (84, derived from compound 40) where a
dimeric structure was observed.®® Each of the tin atoms is in the centre of a trigonal
bipyramid with the butyl groups occupying two equatorial positions. The two
monomeric units are joined together by a parallelogram involving Sn,0, which has a
pseudo C, axis of symmetry. In the dimer, one of the oxygen atoms of the diol unit is
tricoordinate and the other is dicoordinate. The R value obtained in this earlier study
was 10.9% and three carbon atoms were not located.® Recently, Cameron ef al.®’
redetermined this structure from data collected at -70 °C and confirmed that this

compound exists as a dimer with O-3 being tricoordinate. The deviations from C,
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Figure 2.9 The dimeric structure of methyl 4,6-O-benzylidene-2,3-O-

dibutylstannylene-a-D-glucopyranoside (84)

symmetry are much smaller than that reported earlier and lie mainly in the orientations
of the butyl groups.

Grindley ef al.%® reported that compound 84 showed two isotropic peaks with
equal intensities on the solid state ''’Sn NMR CP/MAS spectrum with chemical shifts
at -126 8 and -128.6 ppm. This is in ag:eement with the configuration ob.a.x «d . X-
ray crystallography with two slightly different pentacoordinate tin atoms in the dimer.
The 3,3-dimeric structure of 84 is illustraied in Figure 2.9,

Holzapfel et al.”® determined, by means of X-ray crystallography, the structure
of methyl 4,6-O-benzylidene-2,3-O-dibutylstannylene-a-b-mannopyranoside (85). The
crystalline 85 obtained from hexane was pentameric ( see Figure 2.10, only the rings

are shown for simplicity).
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Figure 2.10 The pentameric structure of methyl 4,6-O-benzylidene-2,3-O-

dibutylstannylene-a-p-mannopyranoside (85)

Although the solid state ''”Sn CP/MAS NMR spectra recorded from crystals of
85, recrystallized from hexane, showed extensive overlap, it was still possible to
confirm the presence of two isotropic peaks in the hexacoordinate tin region (-223 and
-224 ppm) and two in the pentacoordinate tin region (-119 and -127 ppm).® This is
consistent with a pentameric structure in the solid state if one of the peaks in the
hexacoordinate region corresponds to two tin sites.

It has been suggested™ that the difference in association between the two
dibutylstannylene acetals (84 and 85) is due to the difference in steric interaction
between the sugar residues. In the glucose derivative 84, the pyranose ring units lie in
the piane of the dimer and protect the tin atoms from furthar coordination, whereas the
pyranose ring units in the mannose derivative 85 project perpendicularly from this

plane and allow the association to proceed as far as a pentamer.
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2.4.2 Oligomerization equilibria of dialkylstannylene acetals in solution

It is suggested that the regioselectivity and enhanced reactivity of
dibutylstannylene acetals in mono-O-substitution reactions are related to the structural
and electronic environments of these intermediates in solution.>® Tin-119 NMR
spectroscopy huis proven to be a very powerful technique for studying the coordination
status of tin atoms in dialkylstannylene acetals.***"

Gnadley and Thangarasa® systematically studied the oligomerization equilibria
and dynamics of dibutylstannylene acetals 82, 86, 87 and 88 and found that these
stannylenes exist in solution in non-polar solvents as mixtures of oligomers, including
dimers, trimers, tetramers, and pentamers. The amount of monomer present in _olution
is below the level of detection by ''°Sn NMR at room temperature. The constitution
of the mixture present in solution is influenced by temperature, concentration, and the
nature of the substituents on the ring of the 1,3,2-dioxastannolane. For the parent
compound 82 (dibutylstannylene acetal of ethane-1,2-diol, or 2,2-dibutyl-1,3,2-
dioxastannolane), the trimer and tetramer constitute the majority of the species present
below -20°C, but the dimer dominates increasingly as the temperature is raised. Two
small frans-substituents on the parent diol do not influence the equilibria much,
however, with four methyl substituents in the diol unit, compound 86 exists almost
entirely as dimer. It has been concluded that 1,3,2-dioxastannolanes undergo
particularly complex exchange processes through a series of related association-
dissociation equilibria involving dimers, trimers, tetramers, and pentamers and possibly

monomers and hexamers (Scheme 2.9). The lowest energy barriers for compounds 82,
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86, (15,65)-8,8-dibutyl-7,9,8-dioxastannabicyclo[4.3.0]nonane (87) and its racemate

(88) were observed for association of two dimer molecules to a tetramer and a dimer

and a trimer to a pentamer (For monomeric structures, see Figure 2.11).**

Scheme 2.9
monomer + monomer = dimer
dimer + dimer = tetramer

dimer + tetramer = hexamer

I"”
%

0) 0 0] 0
\Sn’ \Sn
5 ) i
Bu Bu Bu Bu
82 86

dimer + monomer = trimer
dimer + trimer = pentamer

trimer + trimer = hexamer

Hn H
0 .0 0) O
\Sn \Sn
Mg 3
Bu Bu ‘Bu 'Bu
87 (15,2 8) 89
88 (IR, ZR)

Figure 2.11 Monomeric structwmes of dibutylstannylene acetals of simple diols

The only 1,3,2-dioxastannolane, 2,2-di-z-butyl-4,4,5,5-tetramethyl-1,3,2-

dioxastannolane (89) which exists in solution as a monomer, was prepared recently.”

This compound contains large substituents on both the tin and the carbon atoms in the

ring and the steric interaction of these substituents prevents the molecule from self-

associating. The concentration of monomer falls off steeply as the size of substituents
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decreases. For example, compound 86, for which the substituents on tin atom are n-
butyl groups instead of t-butyl groups as in 89, exists in solution chiefly as a dimer
although a small proportion of monomer is present above room temperature.

2,2-Dibutyl-1,3,2-dioxastannane, a six-membered ring analog of 82, exists in
the crystal as a infinitive polymer. In liquid phases, this compound is present as
mixtures of oligomers ranging from the dimer to higher oligomers. The compositions
of the oligomers vary widely depending on temperature and concentration.”” The
tendency to form oligomers containing hexacoordinate tin for this compound is slightly
less than that for 2,2-dibutyl-1,3,2-dioxastannolane (82).

David et al,, after investigation of stannylene derivatives of carbohydrates by
X-ray,% ''®Sn NMR spectroscopy,”’ field desorption,’” and analysis of reaction

137 suggested that the dibutylstannylene acetals derived from 40, 64, benzyl

products,
2,3-di-O-benzyl-B-p-glucopyranoside (90) and benzyl 2,6-di-O-benzyi-f-b-
galactopyranoside (91) exist as dimers with C, symmetry in all three physical states.
They attributed the driving forces for dimerization to the presence of two
electronegative substituents at tin atom and an acute angle at the tetrahedral tin which
can only be achieved with d-orbital participation. Specification of the favored dimer
of the two possible dimers with C, symmetry was not given.

Grindley er al’ studied the dibutylstannylene acetals derived from 40, 41, 44,
benzyl 4,6-O-benzylidene-a-D-glucopyranoside (92) and benzyl 4,6-O-benzylidene-o.-D-
galactopyranoside (93) in solution by means of 'H, '°C, and ''®Sn NMR spectroscopy.

The species present in solution have been identified from '"’Sn NMR spectral data, by
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comparison of the ?*C NMR chemical shifts of the stannylene acetals and their parent
carbohydrates and also by analysis of the products of reactions performed without
added nucleophiles. The results showed that the dibutylstannylene acetals derived
from compounds 40 and 93 in chloroform-d and the dibutylstannylene acetal of 40 in
toluene-d, gave spectra containing a single line in the region of the spectrum where
pentacoordinate tin is expected to absorb, consistent with a single dimeric structure.
For the dibutylstannylene acetal of 40, the structure of the dimer was confirmed as a
3,3-dimer which is consistent with its structure in the solid state as determined by X-

66,67

ray crystallography®®’ and solid state ''’Sn NMR spectroscopy.® Similarly, the
dibutylstannylene acetal of 92, the benzyl analog of 40, exists in chloroform as a 3,3-
dimer. The situation for the stannylene acetal derived from compound 41 is more
complex although it exists only as dimers in chloroform, in benzere and in toluene.
Two dimers have been identified by means of ''’Sn NMR spectroscopy. The major
isomer 1s a symmetric one (2,2 or 3,3-dimer) while the minor one is asymmetric (the
2,3-dimer). The 3,3-dimeric structure was suggested as the structure of the symmetric
dimer of this dibutylstannylene derivative and that of its methyl analog derived from
compound 44 based on analysis of benzylation and benzoylation products of these
acetals. In addition, an X-ray structure of crystals obtained for this stannylene acetal
showed that it was present as a 3,3-dimer.” The structures of the two dimers present
for the dibutylstannylene acetal of 41 are given in Figure 2.12. In chloroform, the
dibutylstannylene acetal of 93 is present as a single dimer, but a different one, the 2,2-

dimer.
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Figure 2.12 The dimeric structures of the dibutylstannylene acetal of compound 41

The identification of the dimeric structure assumed by a stannylene acetal in
solution is very helpful for explanation of the regioselectivity associated with
stannylene acetal reactions. In a dimer, one of the two oxygen atoms in the diol unit
is dicoordinate and the other tricoordinate. The former should be much more reactive
towards electrophiles than the latter. Thus, when a dibutylstannylene acetal exists
predominately as a single dimer (such as the acetals from 40, 92, and 93), reactions
normally occur at the dicoordinate oxygen, although the products of attack at the other
oxygen atom are sometimes observed. These other products are mainly found when
the reaction is conducted in the presence of added nucleophiles or polar solvents at
higher than room temperature.*

When the reaction is carried out in polar solvents (methanol, DMF, dioxane

etc.) or in the presence of added nucleophiles, the situation becomes more
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complicated. Competitive equilibria between the intermolecular coordination of a tin-

bounded oxygen atom in one monomeric molecule to the tin atom in the other and the

coordination of the tin by solvent molecules or other Lewis bases” may occur as

shown in Scheme 2.10. In monomeric species, the relative reactivities of the two

oxygen atoms result only from steric and electronic properties of the parent

compounds.

Scheme 2.10
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Chapter 3

A Convenient Preparation of Hindered Dialkyltin(IV) Derivatives

3.1 Introduction

Dibutylstannylene acetals are widely used intermediates for *i.e regioselective
monosubstitution of diol or polyol hydrogens by electrophiles.’® The regioselectivity
obtained ranges from poor to excellent depending on the structure of the diol and the
reaction conditions. It was postulated that good regioselectivity in the absence of
added nucleophiles was obtained only when one of the three possible stannylene acetal
dimers was dominant in solution.’ Steric effects appear to be the major factor in
determining which dimers are populated.’ On this basis, it was thought that changing
the sizes and shapes of the substituents on tin would alter the relative populations of
the three dimers and hence modify the regioselectivity obtained in reactions with
electrophiles. Thus, a general synthetic procedure was required for dialkyltin oxides,
the precursors of dialkylstannylene acetals.

Because electronegative substituents on dialkyltin(IV) derivatives can be
converted easily into other substituents,” preparation of any such derivative provides a
pathway for all derivatives. Most available methods have proceeded via the halides.
Three techniques are commonly used: cleavage reactions of tetraalkyltin(IV)
compounds, redistribution reactions of equimolar amounts of tetraalkyltin(IV)
compounds and tin tetrahalides, and direct synthesis from alkyl halides and metallic

tin. All of these methods yield equilibrium mixtures from which the major product,

44
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the dialkyltin(IV) dihalide, is separated by distillation.”® The major products are pure
enough to be adequate for most purposes if the alkyl group is primary and not
hindered but even then it is difficult to obtain absolutely pure products. Difficulties
arise when the alkyl groups become more complex. If the alkyl groups are hindered,
as for neopentyl groups, the tetraalkyltin derivatives are very difficult to prepare.

Pure dialkyltin dihalides containing secondary alkyl groups are difficult to obtain by
distillation because significant disproportionation occurs at the temperature required for
distillation. A number of solutions to this problem have appeared for specific
compounds (see later). This chapter outlines a general procedure for the preparation of
dialkyltin(IV) derivatives tha: works efficiently for all compounds, including those

containing bulky alkyl groups, and yields pure products.

3.2  Results and Discussion
3.2.1 Synthesis

The method reported here first involved formation of a dialkyldiphenyltin(IV),
then cleavage of the two pheny! groups by chloroacetic acid, followed by conversion
to the diorganotin(IV) oxide by reaction with sodium hydroxide.

In the first step, dialkyldiphenyltin(IV) derivatives (94) are formed by reaction
of diphenyltin dichloride with two equivalents of an alkyl Grignard reagent, usually ir
tetrahydrofuran. Diphenyltin dichloride is a stable crystalline compound easily
obtained from inexpensive tetraphenyltin by disproportionation with tin tetrachloride.

In most cases, the Grignard reaction proceeds in high yield. No difficulty was
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encountered in the preparation of compounds in which the R groups were large, such
as the neopentyl derivatives, where the tetraalkyitin derivative is very difficult to
prepare.”’ For larger groups like t-butyl or CH,C(Me),Ph groups, tetraalkyltin
derivatives can only be prepared in very low yields.””® Molloy and coworkers have
recently used this strategy to prepare several diphenyltin(IV) derivatives bearing two
hindered alkyl groups different from the ones studied here.” The reaction and the

yields obtained in this study are shown in Scheme 3.1.

Scheme 3.1

Ph,SnCl, + 2 RMgX ——— R,Ph,Sn + 2 MgXCl

X =BrorCl 94

a R = (CH,),CCH,- 98%
b R = (CH,),;SiCH,- 97%
¢ R =(CH,;),CCH,CH,- 98%
d R = cyclo-CH,,- 88%

e 2R = -(CH),- 30%
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The yield of 1,1-diphenylstannacycloheptane 94e obtained from the di-Grignard
reagent derived from 1,6-dibromohexane was lower than the others, but this reaction
had been performed previously with a yield of 26%.* Similar yields were obtained in
other studies where preparations of monomeric stannacycloalkanes were attempted.”’
Dimeric and oligomeric species are also obtained in these reactions but purification of
the monomer can be performed easily by distillation or silica gel chromatography.

The products were fully characterized by 'H, '*C, and ''”Sn NMR spectroscopy
and analysis where the compounds were new. Some of the data are listed in Table

3.1, the remainder in the experimental (Section 3.3).



Table 3.1 Tin-119 NMR spectral data of dialkyltin(IV) derivatives
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Compd &  Coupling constant to alkyl carbons and protons (Hz) 6 value (°)
PPm)  Tsnnoe Tsmare Tsne Tsact  Tsnnroc Json  from Eq. 3.1
94a -90.1 3624 3462 191 353 36.1 54.1 111
94b -486 2657 2537 ¢ 15.3 15.6 73.7 101
94c -642 3672 3510 219 66.8 68.3 d 111
94d -1063 3846 3676 173 62.0,59.2 62.0 d 113
944d° d 3869 3696 16.7 64.9 66.4 d 113
94e -585 3600 3438 114 21.5 22.0 d 111
95a -1133 5074 4845 315 63.4,606 63.4 65.3 125
95b -76.7 4700 439.7 c 52.5 53.7 103.2, 98.9 122
95¢ -120.1 553.2 5284 391 109.7 1122 d 130
95d -186.3 4888 4673 214 104,100 104.2 d 124
95¢ -58.0 4880 466.0 100 219 224 d 124

* Measured values. * Either measured value or where only an average value was

measured, calculated by multiplying the measured value by 2 g, 1,6/(Ysn.119 + Ysn117)-
° Not applicable. * Not measured. © Values measured for a solution in
dichloromethane-d, at 203 K.
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Many of the major peaks in the mass spectrum of 94e were the same peaks as
those from 1,1-diphenylstannacyclopentane,’ Sn*, PhSn*, Ph,Sn*, and M". A large
peak was observed at M- PhH for 94e, whereas that of 1,1-diphenylstannacyclo-
pentane contained peaks for both M"- PhH and M"- Ph" in equal amounts at low
intensities.

The key step in the procedure is the cleavage of the phenyl groups in the
dialkyldiphenyltin derivatives (94). It is well-known that electrophiles such as
halogens or acids cleave phenyl groups from tetraorganotin compounds more readily

than alkyl groups.®

Neither halogens or hydrogen halides were used here for three
reasons. firstly, the products are liquids and the potential mono- and di-cleavage
products are sometimes difficult to separate; secondly, the products are somewhat
reactive, being subject to hydrolysis and other reactions, and thus are less convenient
to store; finally, chloroacetic acid is much more convenient to handle than the
halogens or hydrogen halides.

Some time ago, Sasin ef al. observed that gentle reflux of tetrapropyltin or
tetraisopropyltin with one or two equivalents of chloroacetic acid for 0.5 h yielded the
crystalline mono- and bis-chloroacetates in moderate yields, 35 and 47%,
respectively.® Similar results were obtained with dichloroacetic acid.”” On the other
hand, trifluoroacetic acid cleaves vinyl or phenyl groups from tin derivatives, however,
only three vinyl groups were replaced when tetravinyltin was heated with

trifluoroacetic acid at 100 °C for several hours** while all vinyl groups were replaced

by reaction with alkanoic acids.** It has been suggested that increasing the number of
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bonds to acidic carboxylate groups strengthens the remaining tin-carbon bonds and that
the more acidic carboxylate groups are more effective.**

It has been found in the present work that diphenyldialkyltin compounds react
with two equivalents of chloroacetic acid to give the dialkyltin(IV) bischloroacetate
products in high yield. The reaction proceeds at 120 °C, but 20 min at 160 °C ensures
completion. Isolation is particularly simple. All of the bischloroacetates were

crystalline and could be obtained conveniently in high purity by recrystallization, as

shown in Scheme 3.2

Scheme 3.2

R,Ph,Sn + 2 CICH,COOH —p R,Sn(OCOCH,Cl), + 2 PhH

94 95

a R = (CH,),CCH,- 90%
b R = (CH,),SiCH,- 98%
¢ R = (CH,),CCH,CH,- 96%
d R = cyclo-CH,,- 97%
e 2R =-(CH,), 96%

The crystal structure of 95e was determined to confirm the assigned structure
and to determine the geometry about tin. Selected bond lengths and bond angles are
given in Tables 3.2 and 3.3. Compound 95e is present as a monomer with no

intermolecular Sn-O contacts less than 4.0 A (see Figure 3.1).
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Figure 3.1 ORTEP plot of 1,1-stannacycloheptane bischloroacetate (95e)
with thermal ellipsoids at the 50% probability level.

(Only one position of the disordered atoms is shown.)
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Table 3.2 Selected bond distances (A) for 1,1-stannacycloheptane

bischloroacetate (95e)"

52

Sn(1)-0(1)
Sn(1)-0(3)
Sn(1)-C(5)
CI(1)-C(2)
0o(1)-C(1)
0(3)-C(3)
C(1)-C(2)
C(5)-C(6)
C(7)-C(8)
C(9)-C(10)

2.089( 5)
2.079( 5)

2.115( 8)
1.756( 8)

1.284( 8)

1.310(10)
1.490(10)
1.551(15)
1.54 (2)
1.52 ( 2)

Sn(1)-0(2) 2.635( 5)

Sn(1)-0(4)  2.696( 7)
Sn(1)-C(10) 2.104( 8)
Cl(2)-C(4)  1.768(10)
0(2)-C(1) 1.235( 9)
0(4)-C(3) 1.216(11)
C(3)-C4)  1.502(13)
C(6)-C(7) 153 (2)
C(8)-C(9) 152(2)
C(5)-C(6*) 1.52 (2)

C(6*)-C(7*) 1.50 ( 2)
C(8*) -C(9*) 1.52 ( 2)

C(7*)-C(8*) 1.53 ( 2)
C(9*)-C(10) 1.53 ( 2)

* * indicates the second position of a disordered atom.



Table 3.3 Selected bond angles (deg) for 1.1-stannacycloheptane

bischloroacetate (95e)"

53

0(1)-Sn(1)-0(2)
0(1)-Sn(1)-0(4)
0(1)-Sn(1)-C(5)
0(2)-Sn(1)-0(3)
0(2)-Sn(1)-C(5)
0(3)-Sn(1)-0(4)
0(3)-Sn(1)-C(10)
0(4)-Sn(1)-C(10)
Sn(1)-C(5)-C(6)
C(6)-C(7)-C(8)
C(8)-C(9)-C(10)
Sn(1)-C(5)-C(6*)

C(6*)-C(7*)-C(8*%)
C(8*)-C(9*)-C(10)

53.9 (2)
1352 (2)
111.9 ( 2)
136.3 ( 2)
87.6 ( 2)
53.1 ( 2)
106.7 ( 3)
88.1 ( 3)
108.3 ( 6)
104.0 (10)
113.8 (11)
1149 (7)
116.1 (14)
112.6 (12)

0(1)-Sn(1)-0(3)
0(1)-Sn(1)-C(3)
0(1)-Sn(1)-C(10)
0(2)-Sn(1)-0(4)
0(2)-Sn(1)-C(10)
0(3)-Sn(1)-C(5)
0(4)-Sn(1)-C(5)
C(5)-Sn(1)-C(10)
C(5)-C(6)-C(7)
C(7)-C(8)-C(9)
Sn(1)-C(10)-C(9)
C(5)-C(6*)-C(7*)
C(7*)-C(8*)-C(9*)
Sn(1)-C(10)-C(9*)

824 ( 2)
109.7 ( 2)
112.6 ( 3)
170.3 ( 2)
90.1 ( 3)
113.9 ( 3)
853 ( 2)
122.2 (3)
114.7 (10)
1103 (11)
120.4 ( 7)
117.4 (12)
113.0 (13)
110.0 (7)

* * indicates the second position of a disordered atom.
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The hexacoordinate tin atom forms two bonds to each of the two anisobidentate
carboxylate groups. The Sn-O bond lengths to each group are very different: 2.089(5)
and 2.635(5) A for one, 2.079(5) and 2.696(7) A for the other. The four carbon atoms
in the stannacycloheptane ring that are not attached to tin are 50% disordered. The
ring adopts the lowest energy cycloheptane conformation, an approximately C,-
symmetric twist chair with the tin atom on the axis. In comparison to cycloheptane,®’
the conformation is flattened about the tin atom and more puckered at the other end.
The disorder arises because the ring is twisted but has no preference for the direction
of twist.

There has been considerable interest in the structures of dialkyltin
dicarboxylates [R,Sn(O,CR’),] because of their importance in industrial applications,
e.g., as PVC stabilizers” and as catalysts for a variety of reactions.®** The crystal
structures of a number of derivatives of this type have appeared in the last few years.
The crystal structures can be classified into three types: polymers with bridging ester
groups, loosely associated dimers, and monomers. Only one polymer is known,
dimethyltin(IV) diformate® Crystals of dibutyltin(IV) di-o-bromobenzoate (96)
contain monomeric units loosely associated in pairs through two additional weak
interactions between tin and oxygen atoms at somewhat less than the sum of the van
der Waals radii, 3.70 A, to give dimers containing four-membered rings.”’ Narula et
al. have reported two new structures and reanalysed several of the earlier structures™
and noted that most of these were also loosely bound dimers similar to that of 96.”

Three of those analyzed were monomers without further close intermolecular
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associations.”® Five further structures have heen examined in current study; four were
monomers with no intermolecular Sn-O associations shorter than 3.70 A;* one was a
dimer,” an ortho-substituted dibenzoate similar to many of the compounds that were
found to be dimeric.”® Narula er al. noted that in dimers, the C-Sn-C bond angle
increases from about 140 to 159° as the intermolecular Sn-O distance between
monomers decreases, consistent with conversion of the bonding arrangement at tin
from capped tetrahedral to distorted pentagonal bipyramidal.”* In monomers, the bond
angle is smaller, ranging from 130.6 to 140.7°°*%

The structure of 95e is very similar to the monomeric structures described
earlier,*** having hexacoordinate tin atoms coordinated to anisobidentate carboxylate
groups. The most marked difference is in the C-Sn-C angle, being 122.2(3)° here as a
result of ring formation. This bond angle is considerably smaller than any previously
reported for diorganotin(IV) dicarboxylates. Vedejs ef al. have recently reported a C-
Sn-C bond angle of 121.4° in a 1,1-dichloro-2,3:6,7-dibenzostannacycioheptane
derivative.”’” Compounds like this and 95e are expected to have unusual properties
because of their small bond angles. Perhaps as a result of the small bond angle, the
carboxylate groups in 95e are slightly more anisobidentate than any previously
examined,’®®® having both among the shortest Sn-O bonds and the longest Sn-O bond,
2.696(7) A.

For compound 95e, the ''Sn NMR chemical shift measured in chloroform-d,
-58.0 ppm, was very similar to that obtained from the CP/MAS spectrum of 95e in

the solid state, -61.8 ppm. If compound 9Se had a different structure in solution than
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in the solid state, quite different chemical shifts would be expected.
The dialkyltin bischloroacetates (95) were transformed into dialkyltin oxides
(97) by treatment of solutions in organic solvents with aqueous sodium hydroxide

solutions for times ranging up to one hour (Scheme 3.3).

Scheme 3.3

R,Sn(OCOCH,Cl), + 2 NSOH —— R,SnO + 2 CICH,CO,Na + H,0

9§ 97

a R = (CH,),CCH,- 92%
b R = (CH,),SiCH,- 98%
¢ R =(CH,),CCH,CH,- 93%
d R = cyclo-CH,,- 98%
e 2 R =-+(CH)s 100%

3.2.2 Other Preparations

Zimmer et al. reported that dibutyldineopentyltin reacted with two equivalents
of bromine at reflux in carbon tetrachloride to yield only dineopentyltin dibromide
(98), the product of selective cleavage of the less hindered butyl group.’® Repetition
of this work revealed that the cleavage process was not as selective as had been
reported; the product obtained was a 3:2 mixture of 98 and butylneopentyltin
dibromide (99), as determined by ''’Sn and '*C NMR spectroscopy (see experimental).

The original characterization of the product mixture had only been performed by
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elemental analysis and a 3:2 mixture of 98 and 99 fits the analytical data better than
pure 98.

Attempt was made to prepare dibenzyltin oxide following literature methods.”
The preparation was unsuccessful because the dibenzyltin oxide is unstable on standing

at room temperatu

323 Geometry and '"’Sn NMR Parameters
The 'Jg, 110,13 values yield interesting geometrical information. These have
been related to C-Sn-C bond angles by the relationships
Tgnnocay = 9.99 0 - 746 Hz (3.1
for dibutyltin(IV) compounds,” and
Jsnniocas = 10.7 0 - 778 Hz 3.2)
for dimethyltin(IV) groups.'® The two equations give fairly similar 8 values for
compounds 94a to 94e. Those from Eq. 3.2 are 3-6° less than those from Eq. 3.1.
The values from Eq. 3.1 are listed in Table 3.1 and seem reasonable except for those
of 94b. The geometry of compound 94b should not be markedly different than that of
94a The silicon atoms geminal to tin presumably alter the electronic characteristics of
the molecule sufficiently to change the 'J;, . value.
Geometrical information can also be obtained from ’J5, ¢, values."”"'® The
following Karplus-type relationship has been developed for trimethylorganotin(IV)
(1]

compounds:

Jsprro.cs = 304 - 7.6cos® + 252 cos 20 (3.3)
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Many of the compounds used to develop the relationship were strained compounds,
e.g. norbornyl derivatives. The geometries of most of the compounds studied here are
reasonably well defined (see following); thus these compounds provide an interesting
test to determine whether this Karplus-type relationship applies to all tin compounds.
The three methyl groups on tin are replaced by varying organic groups, and all
compounds are relatively unstrained. Often only average *Jg, ,15c.5 and *Tg, 1 17c.1
values could be obtained when the values were small and, particularly when the S/N
ratio was not large enough to perform resolution enhancement. The average values
were converted to °Jg, ,15c.1; values by assuming that the center to the average peak is

half-way between the satellites due to coupling to ''’Sn and ''°Sn atoms.

R(Ph),Sn E/R“
H\\\\\\\ X\ cycloHex(Ph)ZSnM
H R
94a R=Me,CCH,,R'=R"=Me, X=C 94d

94b R = Me,SiCH,, R' = R" = Me, X = Si
94¢ R = Me,CCH,CH,, R'= CMe, R" =H, X = C

Figure 3.2 Representations of the favored geometries of compound 94a to 94d

In compounds 94a and 94b, the tin atom is gauche to two methyl groups and

anti to the other and the observed coupling constant will be an weighted average of the

values for the two gawche relationships and the one anti relationship. For compound
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94c, the vicinal coupling constants, *J, ,, in the CH,CH, unit were obtained by
simulation and values of 14.4 and 4.1 Hz were obtained. The very different
magnitudes of these values and the very large size of the value for the protons having
anti relationships indicate that 94c is close to being in a conformation where the Sn-C-
C-C torsional angle is close to 180°. In compound 94d, the Sn atom is anti to C-3 and
C-S5 in the cyclohexane ring, if the Sn-bearing substituent is equatorial. A solution of
94d in CD,Cl, was examined by ’C NMR spectroscopy as a function of temperature.
Coalescence was observed for the signals of several cyclohexane carbons at about -30
°C. The *Jg, 19 c.13 values obtained were 62.1 Hz at 25 °C and 66.4 Hz for the major
species at -70 °C indicating that the 25 °C spectra arise from a conformational mixture.
The signals of the minor species were too small for coupling constants to be obtained.
The actual Sn-C-C-C torsional angle in the equatorial conformation of 94d is probably
aoout 175° because cyclohexane rings are normally flattened by about 5°.'” In
compound 94e, the Sn-C-C-C torsional angle will be approximately gauche.

The values calculated by means of Eq. 3.3 are in the right order but are slightly
small. For instance, for the compounds best defined geometrically, 94a, 94¢, and 94d,
values of 30.4, 63.2 and 62.8 Hz were calculated, whereas 36.1, 68.3, and 66.4 Hz
were observed. Adjusting Eq. 3.3 to Eq. 3.4 fits these values (+ 1.5 Hz):

Tsnnscas = 36.1 - 73 cos® + 24.9 cos 20 3.4)
Equation 3.5 gives an Sn-C-C-C value for 94e of 49° , whereas Eq. 3.4 gives 57°.
Both values are within the range of torsional angles expected for 94e.

The series of bischloroacetates can be considered in the same way. The C-Sn-
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C bond angles calculated for compounds 95a, 95¢, and 95d by means of Eq. 3.1 (see
Table 3 1) are slightly smaller than those previously determined from X-ray structures
of compounds found to be monomers, 130.6 to 140.7°.**** However, that calculated
for 95e, 123.5° is almost the same as the value obtained in the X-ray structure
determination (1.3° larger). Thus, the calculated bond angles probably are quite close
to actual values.

In contrast, the *Jg, o ..; values for compounds 95a to 95e are much larger
than the values calculated by equations 3.3 or 3.4. Attempts were made to fit the
values for this series of compounds both to equations having the same form as
equations 3.3 and 3.4 and to A (cos 0)* + B under the following constraints: 95b was
not included; the crystal structure torsional angle, -49.5°, was used for 95e, and it was
assumed that all coupling constants had the same sign. These attempts were
unsuccessful, even though it was apparent that torsional angles were the most
significant factor in determining the magnitudes of these values. An equation

snirs,cas = 50 - 30 cos © + 40 cos 20 (3.5)
calculates J values to within 15 Hz of the observed values but is still unsatisfactory.
Other effects must be important enough for these compounds that simple Karplus

equations do not fit the data with a reasonable degree of precision.
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3.3  Experimental

General Methods. Melting points were determined using a Fisher-Johns melting point
apparatus and are uncorrected. Dry column chromatography was done using TLC
grade silica gel (60 PF-254, Merck). NMR spectra were recorded on Bruker AC 250F
or AMX 400 spectrometers at 20 °C for solutions in CDCIl, unless otherwise
specified; 'H and C NMR spectra were referenced to internal TMS or for *C to
chloroform-d as 77.0 ppm, ''?Sn NMR spectra to external tetramethyltin. The ''’Sn
CP/MAS spectrum was recorded on a Bruker AMX 400 spectrometer, in ¢ 4 mm rotor
spun at rates of 7 to 9 kHz. Shifts were referenced to tetracyclohexyltin, which has a
chemical shift of -97.35 ppm relative to tetramethyltin.'™ AA'BB' 'H NMR patterns
were analyzed using the iterative fitting program, LAMES.'” Mass spectra were
measured on a Dupont-CEC 21-104 Mass Spectrometer at 70 eV ionization and a
source temperature of 105 °C, using a glass, direct-insertion probe. Microanalyses

were performed by Canadian Microanalytical Service Ltd., Vancouver, B. C.

General method for preparation of dialkyldiphenyltin compounds. The corresponding
Grignard reagent was prepared by adding an alkyl chloride or bromide (0.16 mol)
dropwise to magnesium turnings (0.15 mol) in dry THF (100 mL), then refluxing the
mixture overnight under a nitrogen atmosphere. The heat source was removed and a
solution of diphenyltin dichloride (20.6 g, 0.06 mol) in THF (35 mL) was added in
dropwise fashion at a rate that maintained reflux (about 30 min). The mixture was

refluxed overnight under nitrogen, then allowed to cool to room temperature. Excess
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Grignard reagent was hydrolysed with saturated ammonium chloride solution (30 mL).
The organic layer was filtered and the residue was washed with ether (3 x 30 mL).
The filtrate and washings were combined and the solvents were removed on a rotary
evaporator. The residue was taken up in ether (100 mL) and the resulting solution
was washed with 10% KF solution (30 mL) and then with water (2 x 25 mL). The
ether solution was dried over sodium sulfate. Removal of solvent afforded the desired
compound.

Dineopentyldiphenyltin (94a). Preparation using the general method gave
compound 94a, yield 24.4 g, 98%. Recrystallization was performed from hexane: mp
43-4 °C; '"H NMR & 7.65-7.20 (m, 10 H, Ar-H), 1.51 (s, 4H, CH,), 0.96 (s, 18H,

CH,); "C NMR 5 1424 (s, C,., Jso.c = 430.1 Hz and 412.0 Hz), 137.1 (d, Cyomorror
Jsn.c = 33.4 Hz), 1283 (d, C,rommews Isnc = 43.9 Hz), 128.2 (d, Cprompara)s 33.6 (q, CHy),
32.11 (s, C,), 32.08 (t, CH,); '""Sn NMR (pentane) 6 -90.1. Anal. Calcd: C 63.64, H
7.77;, Found: C 63.67, H 7.61.

Bis(trimethylsilylmethy?)diphenyltin (94b). Preparation using the general
method gave compound 94b, yield 26.2 g, 97%: bp 131-134 °C/0.18 torr, lit. 130-132
°C/0.2 torr'®; '"H NMR & 7.7 - 7.2 (m, 10H, Ar-H), 0.26, (s, 4H, CH,), -0.04 (s, 18H,
CH,); *C NMR § 141.6 (s, C o Jsp.c = 475.9 Hz and 454.9 Hz), 136.6 (d, C,.or cnnor
Jsnc =372 Hz), 128.4 (d, C,1on.meiwr Isnc = 47.7 Hz), 128.2 (d, Cyronpunn)» 1.6 (q, CH,), -
3.6 (t, CH,); '"°Sn NMR (neat) § -48.6.

Dineohexyldiphenyltin (94c). Preparation using the general method gave

compound 94c, yield 26.0 g, 98%; bp 150 °C/0.18 torr; 'H NMR & 7.6-7.3 (m, 10H,
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Ar-H), 1304, 1.567 ( 2 AA'BB' patterns, 8H, J,,. = -13.63 Hz, J,,= -12.62 Hz, J,;, =

14.37 Hz, ], = 4.07 Hz, from simulation, rms standard deviation 0.053 Hz, 2 CH,-
CH,), 0.97 (s, 18H, CH,); "*C NMR § 140.2 (s, C,.,,., Js,.c = 434.9 Hz and 415.8 Hz),
136.9 (d, C,.on-onno> Isnc = 32.4 Hz), 1283 (d, C,om.metnr Jsnc = 23.9 Hz), 128.6 (d,
Carompars)s 40.6 (t, CH,), 32.2 (s, C,), 28.7 (q, CH,), 4.2 (t, CH,-Sn); '"’Sn NMR (neat)
6 -64.2. Anal. Calcd: C 65.03, H 8.19; Found: C 64.81, H 8.08.
Dicyclohexyldiphenyltin (94d). Preparation using the general method gave
compound 94d, yield 23.2 g, 88%; mp 122-3 °C, lit.'” 119-20 °C; '"H NMR § 7.6-7.2
(m, 10H, Ar-H), 2.1-1.8 (m, 3H, H-1, H-2e, H-6e), 1.8-1.6 (m, SH, H-2a,H-3¢,H-4e,
H-5e, H-6a), 1.35-1.30 (m, 3H, H-3a, H-4a, H-5a); '*C NMR 8 139.9 (s, C, o> Jsnc =
389.9 Hz and 371.9 Hz), 137.5 (d, C,.om-orthor Isn-c = 29.3 Hz), 128.2 (d, C, om-meter Jsnc =
41.5 Hz and 39.6 Hz), 128.3 (d, Cponpeu)> 32.0 (t, CH,-2,6), 29.1 (t, CH,-3,5), 27.8 (d,
CH), 27.0 (t, CH,-4); "'?Sn NMR § -106.3, lit.'”* -106.5 (CHCI,).
1,1-Diphenylstannacycloheptane (94e). Compound 94e was prepared by a
modification of Zimmer's method.** The Grignard reagent was prepared by stirring a
mixture of 1,6-dibromohexane (29 g, 0.118 mol) and magnesium turnings (5.75 g,
0.236 mol) in anhydrous ether (1.0 L) at reflux for 12 h. A solution of diphenyltin
dichloride (33.4 g, 0.100 mol) in anhydrous THF (500 mL) was quickly added to the
cloudy Grignard reagent mixture. The reaction mixture was refluxed 12 h then
allowed to cool to room temperature. Water (50 mL) was added slowly. The
precipitate was removed by filtration, then washed with pentane (2 x 100 mL). The

combined filtrate and washings were concentrated on a rotary evaporator. The residue
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was taken up in hexane (300 mL). The solution was dried (Na,SO,) and
concentrated. Column separation of the residue (hexane as eluent) afforded the title
compound ( yield, 10.7 g, 30%); bp 146 ° C / 0.08 torr, lit.** 140 °C / 0.07 torr; 'H
NMR & 7.6-7.2 (m, 10H, Ar-H), 1.95 (m, 4H, Hy), 1.64 (m, 4H, H), 1.41 (m, 4H,
H,); C NMR 8 141.1 (s, C o> Jsnc = 434.9 Hz and 414.9 Hz), 136.7 (d, Coomornor
Jsoc =334 Hz.), 128.4 (d, C,.on-meww> Jsnc = 43.8 Hz), 128.5 (d, Cpromparas Isn.c = 10.5
Hz), 31.4 (d, Cp), 25.4 (d, C,), 11.2 (d, C,); '"®Sn NMR & -58.5; ms 358 (7.8%, M"),
281 (25%, PhSn(CH,),"), 280 (51%, M" - PhH), 274 (20%, Ph,Sn"), 197 (84%,
PhSn*), 120 (100%, Sn™), m* 215-224 [ (280)* / 358 = 219.0, (281)*/ 358 = 220.6],

135-143 [ (197)? / 280 =138.6].

Gencral method for preparation of dialkyltin bischloroacetates. The corresponding
dialkyldiphenyltin (0.02 mol) and chloroacetic acid (0.04 mol) were gradually heated
in a oil bath to 160 °C. The temperature was maintained at 160 °C for 20 min.
After the reaction mixture had cooled to room temperature, hexane (50 mL) was added
and the mixture was refluxed until the crystalline material dissolved. Cooling the
filtered solution to room temperature gave colourless crystals that were washed with
hexane (3 x 3 mL). The analytical samples were recrystallized again from hexane.
Dineopentyltin bischloroacetate (95a). Preparation using the general method
gave compound 95a, yield 8.0 g, 90%; mp 75-6 °C; '"H NMR § 4.10 (s, 4H, CH,C),
1.91 (s, 4H, CH,Sn), 1.08 (s, 18H, CH,); 'C NMR § 176.0 (s, C=0), 45.3 (t,

CH,Sn), 41.2 (t, CH,Cl), 32.3 (q, CH;), 32.7 (s, C,); "*Sn NMR (neat) 5 -113.3.
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Anal. Calcd: C 37.54, H 5.85, Cl 15.83; Found. C 37.54, H 5.84, Cl 15.90.

Bis(trimethylsilylmethyl)tin bischloroacetate (95b). Preparation using the
general method gave compound 95b, yield 9.4 g, 98%; mp 104-6 °C; 'H NMR § 4.10
(s, 4H, CH,Cl), 0.76 (s, 4H, CH,Sn), 0.11 (s, 18H, CH;); "C NMR & 176.3 (s, C=0),
41.1 (t, CH,CI), 10.2 (t, CH,Sn), 0.8 (4, CH,); '"’Sn NMR (neat) § -76.7. Anal.
Calcd: C 30.02, H 5.46. Found: C 29.95, H 5.45.

Dineohexyltin bischloroacetate (95c). Preparation using the general method
gave compound 95¢, yield 9.14 g, 96%; mp 94-6 °C; '"H NMR § 4.15 (s, 4H, CH,CI),
1.698, 1.529 (2 AA'BB' patterns, 8H, J,, = -12.40 Hz, J,,= -13.61 Hz, J,,= 13.49
Hz, J,,= 4.56 Hz, analyzed by simulation, rms standard dewviation, 0.039 Hz, 2
CH,CH,), 0.88 (s, 18H, CH,); "°C NMR § 176.7 (s, C=0), 40.91 (t, CH,Cl), 37.3 (t,
CH,), 32.0 (s, C,), 28.5 (q, CH,), 20.6 (t, CH,Sn); '"’Sn NMR (neat) 8 -120.1. Anal.
Calcd: C 40.37, H 6.35, Cl 14.90 ; Found: C 39.88, H 6.20, Cl 15.26.

Dicyclohexyltin bischloroacetate (¥5d). Preparation using the general method
gave compound 95d, yield 9.16 g, 97%; mp 102-3 °C; 'H NMR 5 4.13 (s, 4 H,
CH,Cl), 2.34 (m, 1H, H-1), 1.94 (m, 2H, H-2e, 6e), 1.77-1.57 (m, 5H, H-2a, 6a, 3e,
4e, Se), 1.31 (m, 3H, H-3a, 4a, 5a); '’C NMR & 176.4 (s, C=0), 44.4 (d, C-1), 40.9
(t, CH,CI), 29.5 (t, C-2,6), 28.3 (t, C-3,5), 26.1 (t, C-4, J5,c = 12 Hz);, '’Sn NMR § -
186.3. Anal. Calcd: C 40.72, H 5.55, Cl 15.02; Found: C 40.78, H 5.51, Cl 14.86.

1,1-Stannacycloheptane bischloroacetate (95¢). Preparation using the general
method gave compound 95e, yield 7.30 g, 96%; mp 96-8 °C; 'H NMR § 4.13 (., 4H,

CH,Cl), 1.94 (m, 4H, Hy), 1.75-1.68 (m, 8H, H, + H)); *C NMR & 175.8 (s, C=0),
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40.9 (t, CH.Cl), 30.3 (t, C,), 25.3 (t, C,), 23.2 (1, Cy); '°Sn NMR & -58.0.

Prepardation of didkyltin oxide.

Dinc2pentyltin oxide (97a). Dineopentyltin bischloroacetate (11.2 g, 0 025
mol) in ether (80 mL) was shaken with an aqueous sodium hydroxide solution (2.5 g,
0.062 mol in 25 mL) in a separatory funnel. He>ane (50 mL) was added and the
organic layer was separated and dried over aniiydious sodium sulfate. Removal of
solvents gave a colourless powder (6.6 g, 92%). Thz analytical sample was
recrystallized from hexane: mp 202-204 °C; 'H NMR & 1.40 (s, 4H, J,,; = 62.6 Hz,
CH,), 1.10 (s, 18H, J,,; = 31., Hz, CH,); "C NMR  43.0 (t, 'J5,. = 501.5 and
460.6 Hz, CH,), 33.6 (q, J5,c = 49.6 Hz, CH,), 31.8 (s, *J;,c = 23.4 Hz, C)); '"*Sn
NMR & 15.3. Anal. Calcd: C 43.36, H 8.01; Found: C 42.96, H 7.85.

Bis(trimethylsilylmethyl)tin oxide (97b). A solution of
bis(trimethylsilylmethyl)tin bischloroacetate (9.60 g, 0.020 mol) in ether (100 mL) was
shaken with an aqueous sodium hydroxide solution 2.0 g, 0.050 mol in 20 mL) in a
separatory funnel. Hexane (50 mL) was added and the organic layer was separated

~d dried over anhydrous sodium sulfate. Removal of solvents gave a colourless

powder (6.1 g, 98%). The enalytical sample was recrystallized from ethyl acetate; mp
152 °C, lit.'" softens and melts over the range 145-160 °C; 'H NMR 6 0.24 (s, 4 H,
CH,), 0.11 (s, 18 H, CH,); "“C NMR 3 8.9 (t, 'J5,. = 348 Bz, CH)), 1.7 (q, J5,c =
21.9 Hz, CH,); ""°Sn NMR § 50.0.

Dineohexyltin oxide (97c). A solut‘on of dineohexyltin bischloroacetate (9.52
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g, 0.020 mol) in ether (75 mL) was stirred with an aqueous solution of sodium
hydroxide (2.0 g, 9.050 mol in 25 mL) for i/2 h. The resulting precipitate was
collected and washed with water (10 mL x 3). The colourless powder was refluxed in
100 mL of toluene overnight with azeotropic removal of water. Filtration gave a
white amorphous solid (5.7 g, 93%), which is polymeric 97¢: mp > 300 °C. Anal.
Calcd: C 47.25, H 8.59; Found: C 46.99, H 8.49.

Dicyclohexyltin oxide (97d). A solution of dicyclohexyltin bischloroacetate
(9.44 g, 0.020 mol) in ether (140 mL) was stirred with an aqueous sodium hydroxide
solution (2.0 g, 0.050 mol in 25 mL) for 1 h. The resulting precipitate was collected
and washed with water (10 mL x 5) and acetone (20 x 3). The colourless powder was
dried under vacuum at 100 °C overnight. A white araorphous solid was obtained,

5.93 g, 98%, which is polymeric 97d: mp dec. over the range 283-290 °C, lit.'"” dec.
ca. 285 °C.

Hexamethylenetin oxide (97¢). To a solution of 1,1-stannacycloheptane
bischloroacetate (3.8 g, 0.010 mol) in dichloromethane (20 mL) was added an
aqueous sodium hydroxide solution (0.9 g in 20 mL ). The mixture was stirred for 0.5
h and the resulting solid was filtered, washed with H,0 (6 x 10 mL), acetone (3 x 10
mL), and ether (3 x 10 mL) in sequence, then dried under reduced pressure at 100 °C.
The title oxide was obtained quantitatively as a colourless powder, polymeric 97e: mp
dec. over the range 200-220 °C. Anal. Calcd: C 32.93, H 5.53; Found: C 3292, H

5.47.
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Other preparations.

Diisobutyltin oxide (100). Tetraisobutyltin was prepared by the conventional
Grignard method with isobutyl bromide.!® Organotin chloride or bromide impurities
were removed as insoiuble organotin fluorides by treatment with potassium fluoride.
Distillation under reduced pressure afforded tetraisobutyltin, b.p. 87°C/0.04 mm, "*Sn
NMR § -30.5. Tetraisobutyltin was converted to diisobutyltin dichloride, ''’Sn NMR
8 121, by heating for 22 h with one equivalent of tin tetrachloride at 200°C according
to the literature method.'"

The diisobutyltin dichloride thus obtained (12 g) was dissolved in ether (150
mL) and shaken with SM NaOH (100 mL).'"> The white solid that formed at the
interface was collected and washed with water, methano!l and ether. The very fine
powder of (100) was dried under vacuum at 100°C for 24 h (8.2 g, 82%). Anal.
Calcd: C 38.68, H 7.29; Found: C 38.38, H 7.03.

Diisopropyltin oxide (101). A solution of tin tetrachloride (86 g, 0.33 mole) in
hexane (150 mL) was slowly added to a Grignard reagent solution [from magnesium
(1.5 m) and 2-bromopropane (1.6 m) in THF (1000 mL)] under a nitrogen atmosphere.
The work-up procedure was the same as in the preparation of tetraisobutyltin.

Vacuum distillation afforded tetraisopropyltin (77 g, 81% from SnCl,); b.p. 88°C/0.55
mm; 'Sn NMR § -42,

To tetraisopropyltin (17.5 g, 0.06 mol) was added monochloroacetic acid (11.3

g, 0.12 mol) in approximately three equal portions over a period of 15 m, with

intermittent refluxing.”” The reaction mixture was boiled under gentle reflux for .:n



69

additional 20 m. The solid which resulted on cooling was recrystallized twice from
pet-ether. Colourless diisopropyltin bischloroacetate (15 g, 64%) was obtained; m.p.
54-56 °C, lit.*’ 54-55 °C; '"°Sn NMR § -172.4.

Diisopropyltin bischloroacetate (12 g, 0.03 mol) was dissolved in hot hexane
(150 mL) and stirred with SN NaOH (45 mL) at room temperature for 4 h. The
colourless solid thus formed was filtered and washed with water, acetone and ether.
Diisopropyltin oxide (101, 4.6 g, 70%) was obtained which is insoluble in water and
in organic solvents but dissolved on refluxing in toluene containing a small amoun¢ of
water. Anal. Calcd: C 32.63, H 6.39; Found: C 32.76, H 6.01.

Dimethyltin oxide (102).'” Dimethyltin dichloride (5 g) was dissolved in water
(100 mL). To this solution was gradurlly added 0.05 M NaOH (100 mL). The final
pH was 8. The white powder formed was collected and washed with water, then with
ether. The solid was poured into toluene' (80 mL) and refluxed overnight with
azeotropic removal of water. Filtration afforded a very fine white powder of 102 (3.3
g, 88%).

Di-t-butyltin oxide (103).'"* Di-r-butyltin dichloride (5 g) was dissolved in
toitiene (100 mL). The solutior -vas poured carefully into boiling SN NaOH (5C . \L).
After cooling, the colourless crystals were separated and washed with water (15 mL x
3). Recrystallization from toluene afforded colourless crystalline 103 (2.7 g, 68%); mp
dec. at 250-270°C; lit.""* mp ca. 250°C.

Diphenyltin oxide. This compound was prepared using a literature method.'"*

Attempted preparation of dineopentyltin dibromide (98). Dibutyldineopentyltin
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(*"*Sn NMR 8 -31.4 ppm; 25.7 g, 0.068 mol) was dissolved in dry carbon tetrachloride
(25 mL). A solution of bromine (22.0 g) in dry carbon tetrachloride (25 mL) was
added dropwise to this solution at the boiling point. After completion of the addition,
the mixture was refluxed for an additional two hours. The solvent was removed under
reduced pressure and the restdue was fractionally distilled using a concentric tube
column at a pressure of 0.25 torr. Three fractions were collected of 2 g, 5 g, and 20
g. The "”Sn NMR spectra of all fractions were very similar each containing two
peaks at 114.3 and 103.4 ppm, having ratios of the integrals of 2:3, respectively. The
former peak was assigned to butylneopentyltin dibromide (99) and the latter to 98.
The "C NMR spectrum contained two sets of peaks; one set at 47.2, 32.9, and 32.6
ppm (CH,, CH,, and C_ of neopentyl, respectively) assigned to 98; another set having
approximately 1/3 the intensity of those assigned to 98 at 46.7, 33.0, 32.7 ppm (CH,,
CH,, and C, of neopentyl, respectively), 27.7, 26.8, and 26.1, and 13.4 ppm (3 CH,
and CH; of Bu, respectively ), that were assigned to 99. The '*C NMR spectrum of
dibutyltin dibromide contained peaks at 27.0 (Jg,;15c.3 = 389.1 Hz, C-a), 27.6 (Jg, (.13
= 33.4 Hz, C-B), 26.0 (J;,.; = 83.9 Hz, C-y), 13.5 (C-3) ppm, consistent with the
above spectrum of 99.

Attempted preparation of dibenzyltin oxide. Dibenzyltin dichloride was
prepared according to a literature method:*® mp 162-163 °C, lit.”* mp 163-164 °C. A
solution of dibenzyltin dichloride (7 g) in ethanol (10 mL) was poured into 10%
NaOH solution (30 mL). The mixture was stirred at room temperature for 1 h. The

resulting white fine powder was collected by filtration and washed with water, ethanol
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and then with ether. The solid material turned to slightly yellowish during washing
and some greyish powder appeared on the surface of the sintered glass in the

collecting funnel. The crude dibenzyltin oxide could not be purified further.

Crystal Structure of 1,1-stannacycloheptane bischloroacetate (95¢). The X-ray crystal
structure of compound 95e was determined by P. K. Bakshi and T. S. Cameron,

Department of Chemistry, Dalhousie University. For details, see Appendix.



Chapter 4
An Improved Method for the Regioselective Oxidation of Dibutyl-

stannylene Acetals and Dimerization of the a-Hydroxyketone Products

4.1 Introduction

Dibutylstannylene acetals are readily prepared from diols or polyols by
refluxing with dibutyltin oxide with azeotropic removal of water.*® David showed in
1974 that dibutylstannylene acetals are oxidized by bromine at the speed of a titration.’
The products of the reaction are a-hydroxyketones and normally only a single
regioisomer is obtained.'>***!'*!"” The products are obtained in excellent yields for
dibutylstannylene acetals derived from simple diols® but the yields from carbohydrate-

1233116117 and those from terminal carbohydrate diols are

derived diols are usually lower,
often below 50%."* In addition, if a base is not added to the reaction mixture the
released hydrogen bromide causes the reaction to slow.'>* Rather unusual bases, such
as tributyltin methoxide, have been found to be most effective.'** Although the
reaction has been considered to be a very promising method to convert diols

regioselectively to a-hydroxyketones,*®

it has been employed in only a few
syntheses.*®**$'"™'"%. Tributylstannyl ethers react similarly with bromine and it has been
suggested that the yields are higher than with stannylene acetals.”” However, more
recent studies have found that for terminal diols the tributyltin ether method gives

lower yields.*®

Understanding the causes of the regioselectivity in reactions of

72
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dibutylstannylene acetals is important for improving the regioselectivity.*** Because
of the unexploited promise of this oxidation and because bromine oxidation did not
work well with terminal carbohydrate-derived diols, it was decided to examine
oxidizing reagents other than bromine. N-Bromosuccinimide (NBS) was found to be
the best of those studied. In this chapter, the results of the oxidation of
dibutylstannylene acetals with NBS will be described. The dimerization of the a-

hydroxyketone products will also be considered.

4.2  Results and Discussion
42.1 Reactions

The diols used in this study were 1,2-O-isopropylidene-3-O-methyl-o-D-
glucofuranose (64), 3-O-benzyl-1,2-0O-isopropylidene-a-D-glucofuranose (104), 3-
deoxy-1,2-O-isopropylidene-a-D-xylo-hexofuranose (105), methyl 2,3-O-
isopropylidene-a-D-mannofuranoside (106), an:} benzyl 4,6-O-benzylidene-c.-D-
galactopyranoside (107). All the diols were converted to their corresponding
dibutylstannylene acetals by refluxing with one equivalent of dibutyltin oxide in
toiuene. The acetals were directly oxidized with NBS in chloroform at room
temperature. In all cases single products were obtained. For the terminal or primary-
secondary 1,2-diols, yields were excellent (compounds 104 and 64, 90% and 95%,
respectively) or good (compounds 105 and 106, 84% and 81%, respectively). The
secondary-secondary diol 107 was regioselectively oxidized to one product in 44%

yield but 55% of the starting material 107 was recovered giving a yield of 97% based
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on consumed 107. Conditions could not be found to get the reaction to go to
completion. The general procedure of the oxidation and the structures of the related
compounds are given in Scheme 4.1.

Structures of the oxidation products were established primarily from their 'H
and "C NMR spectra, using COSY and HETCOR experiments to confirm the
assignments. The oxidation was highly regioselective in a consistent fashion. All of
the terminal diols (64, and 104-106) gave a-hydroxyketones (108-111). Compound
107, a 2,3-diol on a pyranose ring, gave the 2-hydroxy-3-ketone 112,

The products obtained are consistent with the idea that the reaction is initiated
by the most nucleophilic oxygen in the stannylene acetal attacking the electrophilic
oxidizing agent. Tin-119 NMR spectra of chloroform-d solutions of dibutylstannylene
acetals of compounds 64 and 104-107 indicate that the dibutylstannylene acetals are
present either as a single dimer (those derived from 64, 104, 106, 107) (to the level of
detection) or as a mixture in which the major dimer constitutes > 90% (that derived
from 105).>'"° For the stannylene acetals of 64 and 104-106, the major dimer has O-5

dicoordinate,'"®

and for the stannylene acetal of 107, O-3 is dicoordinate.>'"’ See
Figure 4.1 for the structure of the dimer of the dibutylstannylene acetal derived from

104. Dicoordinate oxygens were found to be more nucleophilic in acylation and

alkylation reactions.’
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Figure 4.1 The dimeric structure of the dibutylstannylene acetal derived from

3-0-benzyl-1,2-O-isopropylidene-a-D-glucofuranose (104)

422 Dimer Formation

Oxidation of the dibutylstannylene acetal derived from diol 105 was complete
almost instantaneously. TLC indicated that the reaction mixture contained one major
product, the monomeric a-hydroxyketone 110, plus a minor co;nponent with a much
smaller R; value that was later considered to be a mixture of dimeric structures based
on th;e following information.

The major product was isolated by directly placing the reaction mixture on a
flash column for purification. Despite the large difference in Ry values, the syrup that
was isolated still contained the apparent 'impurity. The 'H NMR spectrum indicated
that the syrup was a mixture of 110 (major) and minor amounts of other complex
components. Compound 110 was a monomeric o.-hydroxyketone based upon a

carbonyl absorption in its IR spectrum and a signal at 207 ppm due to a ketone carbon
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in its °C NMR spectrum.

On being kept under pentane for 12 h, the syrup deposited a colorless solid in
high yield. Recrystallization from ethyl acetate and hexane afforded fine crystals
(1104) that gave a very different 'H NMR spectrum than that of 110 when the
spectrum was recorded as soon as possible after the chloroform-d solution was
prepared. However, the peaks assigned to 110 grew into the new spectrum with time
(see Figure 4.2) and after 24 h the spectrum was similar to that of the syrup obtained
from the column. The presence of an equilibrium was confirmed by variable
temperature measurements; in the 'H and *C NMR spectra of samples that had been
kept 2 h at 60 °C before recording, the signals assigned to compounds other than 110
had been reduced so that they were only just perceptible. Allowing the heated sample
to sit for 24 h resulted in spectra identical to the original spectra. The behaviour of
the specific rotation of this compound provides further evidence for an equilibrium
between monomer and dimer. The -30° [a],, value measured in chloroform at 21 °C
just after solution preparatioﬁ from crystalline material gradually increased to a final

value of -70°.
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Figure 4.2 Part of the 400.14 MHz '"H NMR spectra of the crystalline dimer of
compound 110 as a function of time after making up the 0.1 M solution in CDCl,

(a, after 5 m; b, after 90 m; ¢, after 4 h; d, after 22.5 h)
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The NMR spectra recorded shortly after the crystalline material (110a)

dissolved were consistent with it being a nonsymmetrical dimer of 110. Both the 'H

20

-

and ">C NMR spectra contained two sets of peaks having equal intensities. The only
signal which occurred at the same chemical shift for both halves was that of C-1. A
particularly noticeable difference from the spectra of the monomer occurred for the H-
6 and H-6' signals; in the monomer, they were observed as either a siﬁglet at 4.50 ppm
or, if the sample was carefully dried, as a doublet due to coupling to the OH proton.
In the dimer, an AX pattern and an AMX were observed for the two sets of H-6 and
H-6' signals with doublets at 3.64 and 4.07 ppm coupled by -11.8 Hz and a doublet of
doublets at 3.99 ppm anc a doublet at 3.44 ppm coupled by -11.6 Hz. The chemical
shift differences and coupling constants observed are typical of axial and equatorial
protons in conformationally fixed 1,4-dioxane rings as expected in the dimer. The
additional coupling of 2.1 Hz of the signal at 3.99 ppm was to an OH proton. The
asymmetry in the dimer arises because the two new stereogenic hemiacetal centres
must have opposite chirality if the two furanosyl groups are to be equatorial and the
two new anomeric hydroxyl groups axial in the 1,4-dioxane ring, thus one new
stereogenic center is R, the other §.

Assignment of which half of the dimer contains which stereogenic center can
be made tentatively by means of a combination of molecular mechanics calculations
and NMR experiments. In a COSY spectrum, the signals for H-3b and H-3b' at
almost identical chemical shifts showed weak cross peaks with H-6b and H-6b' */hile

the a-pairs did not show cross-peaks. In a NOESY spectrum, the signal for H-4b



80

showed a cross-peak with both H-6b and H-6b' but no cross-peaks to H-6 signals were
observe * “or H-4a. Both observations ' ., the assignment of the pairs of H-6 signals
to particular monomer units i* the dimer. The NOESY observation indicates that
conformations in which H-4 is close io the H-6 hydrogens are more populated at the
"b" end of the molecule.

MM3 Molecular mechanics calculations were performed to try to evaluate the
conformational properties of dimer 110a. The program used was MM3(89),'*° modified
to run on a 486 microcomputer. The parameters present ir the program and an
improved set of OCCO torsional parameters'>' were both tried; the results differed by
< 0.2 kcal-mol”'. Similarly, using the dielectric constant of chloroform (4.7) rather
than the default value (1.5) had very little effect on the results. Numerical values
reported are with the standard parameters and the default dielectric constant. The
conformational space accessible was evaluated by first driving the two inter-ring
torsional angles in 45" steps. Two rotamers were found to be > 2 kcal-mol™ more
stable than the rest. For each of these conformations, the effects of torsions about the
two hemiacetal OHs were evaluated by driving the appropriate torsional angles in 120°
steps. Of the 18 possible conformers, six were within 2 kcal-mol” of the overall
minimum. These conformations were then fully minimized. Table 4.1 lists their
torsional angles and strain energies with respect to the overall minimum. The
conformations of the furanose rings were checked by arbitrarily starting with
alternative geometries. Only one conformation of the furanose rings gave minimum

energies for the overall conformations; a *T, conformation which has the 1,4-dioxane
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ring at an equatorial position and the torsional angle at the position of the fused

O-isopropylidene ring small (-13 to -13.6°).

Table 4.1 Conformations of dimer 110a

Conformer Torsional Angles® Energy
O-4aC-4a O0-4bC-4b (C-6a C-5a C-6b C-5b (kcal-
C-5a0-52 C-5b0-5b O-5a' H-OHa O-5b' H-OHb mol™)
la 174.2 -61.6 33.0 -37.5 0.0
1b 173.7 -63.0 379 -153.6 0.22
lc -172.8 -65.1 -74.0 -154.1 0.56
1d -173.0 -63.7 -72.1 -35.2 0.17
2a 73.6 -61.6 41.5 -37.0 0.42
2b 72.3 -63.6 156.0 -39.1 0.48

* Torsional angles (°); O-5 is in the 1,4-dioxane ring, O-5' is the OH O. ® The

energies reported are strain energies relative to the global minimum.
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The calculations indicate that only the rotamer with H-4 gauche to C-6 is
significantly populated at the (S)-end of the central 1,4-dioxane ring. At the (R)-end
of the central 1,4-dioxane ring, rotamers with H-4 gauche to C-6 and H-4 anti to C-6
are both significantly populated. A gauche relationship between H-4 and C-6 is
necessary for H-4 to be within 3 A of an H-6. On this basis, H-4 in the monomer unit
containing the S-center will spend more time close to the H-6s. Hence, the NMR
signals labelled b in the experimental section and elsewhere were assigned to the
monomer unit having the new S-stereoger:ic center. Figure 4.3 shows two of the low
energy conformations that have different rotameric orientations at the (R)-end of the
1,4-dioxane ring.

The spectra of the original syrup indicated that more than one dimer was
present. In the region of the 'H NMR spectrum where anomeric protons absorb, a
single doublet and a set of two equal intensity doublets appeared in addition to signals
assigned to 110 and 110a. The single doublet could be due either to a symmetrical
dimer or to the hydrated monomer. The pair of doublets must be assigned to a non-
symmetrical dimer that could be another 1,4-aioxane derivative, a 1,3-dioxolane
derivative or a mixed dimer with only one center as a hemiacetal. An integral of the
spectrum of the syrup indicated that the monomer constituted 70 + § % of the mixture;
in the more dilute (0.] M) sample obtained by allowing the dimer to equilibrate, the

moncmer made up 83 £ 5 % of the mixture.
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Figure 4.3 Two of the minimum energy conformations of the crystalline dimer 110a:
top, conformer 1a; bottom, conformer 2a. Oxygen atoms are represented by solid
black circles, carbon atoms by checked circles, and hydrogen atoms by open circles.
The positions of the new stereogenic centers are shown by the labels § and R. The

"b" end of the dimer is on the left for both conformers.
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There was no evidence for dimerization of any of the other a-hydroxyketones
obtained here. Steric effects must play a major role in the stability of dimers relative
to monomers. The absence of a substituent at C-3 in 110 allows it t dimerize to
some extent.

Other a-hydroxycarbonyl compounds dimerize; both glycolaldehyde'? and 1,3-
dihydroxyacetone'* exist as dimers having 1,3-dioxane rings in the solid.
Glycolaldehyde and also glyceraldehyde equilibrate to complex mixtures containing
monomer, 1,3-dioxanre-ring-containing dimers, 1,3-dioxolane-ring-containing dimers
and hydrated monomers in solvents containing water.''”'* The equilibrium mixture
present for 1,3-dihydroxyacetone in water and in dimethylsulfoxide contained no dimer
to the limit of observation on a 60 MHz NMR spectrometer.'” Several carbohydrates
containing o-hydroxyketones on pyranose rings have t.een observed to dimerize.
Solutions of 2,3-O-isopropylidene-f3-D-threo-hexo-2,4-diulopyranose are reported to
contain 40% of a symmetric dimer which is pictured as having C, symmetry '™ '2
The structure shown is clearly wrong since the two halves of the dimer cannot be
related by an S, axis if both halves are derived from D-fructose. Similarly, the C-
symmetric structure shown for the dimer of 1,2-O-isopropylidene-B-D-threo-hexo-2,5-
diulopyranose must also be incorrect.''” Methyl B-L-threo-pentopyranosid-4-ulose is
also reported to contain dimers of an unspecified structure.''® Dimers have also been
obtained from carbohydrate-derived B-hydroxy carbonyl compounds.'?

The unrecognized formation of dimers from carbohydrate-derived a-

hydroxyketones appears to have had an impact on their synthetic utility. During the
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' tried to prepare

synthesis of isopropylidenedioxytetrahydrofuran derivatives, Marco
compound 110 with two different sequences which had as their last steps removal of -
butyldimethylsilyl and pivaloyl groups from O-6. The last deprotection steps were
reported to fail but it is suspected that a complex mixture of dimers and monomer was
obtained which could not be separated or identified. 'fhe same group reported the

synthesis of compound 110 through brominolysis of tributyltin ether but claimed that it

was extremely unstable.®> It was found here that compound 110 is quite stable.

4.3 Experimental

General Procedures. Assignments of 'H NMR spectra were made by first-order
analysis using COSY experiments to confirm assignments where necessary; °C NMR
spectra were assigned by HETCOR experiments. Specific rotations were determined
with a Perkin-Elmer 141 polarimeter at 21 °C, and IR spectra were recorded on a
Nicolet 205 FTIR spectrophotometer. Molecular mechanics calculations were
performed with the MM3(89) program modified to run on 386 and 486
microcomputers using an NDP Fortran compiler (version 4.0.2). Structures were

drawn with the program ATOMS. For all other general methods see Chapter 3.

Siarting Materials.
3-0-Methyl-1,2-O-isopropylidene-a-D-glucofuranose (64). 1,2:5,6-di-O-
isopropylidene-a-D-glucofuranose was prepared from D-glucose in acetone in the

presence of zinc chloride and phosphoric acid.'*®* Recrystallization from hexane-
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chloroform (2:1 v/v) afforded colourless crystals; m.p. 110-111 °C; lit."** 105-109 °C.

A suspension of 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose (15.6 g, 0.06 mol) in
ether (60 mL) was added to the suspension of sodium hydride (14.4 g, 0.6 mole) in
ether (60 mL). The mixture was stirred at 25 °C for 20 m. Dimethyl sulphate (22.6
g, 0.09 mol) was added to the mixture in portions over 20 m. TLC indicated that
methylation was complete as soon as all dimethyl sulphate had been added. The
mixture was filtered and the filtrate was shaken with concentrated ammonium
hydroxide (100 mL). The ether layer was separated, washed with water, and dried
over potassium caibonate. A syrup was obtained after removal of solvent. To this
syrup was added 40% acetic acid (200 mL) and the mixture was stirred at room
temperature for 5 h. After water and acetic acid were removed under reduced pressure
at 50 °C, column separation afforded ¢ syrup of the title compound ¢4 (12.5 g, 89%
for two steps): [a]3' -52.5° (¢ 1.4, chloroform), lit.'”” [a], -54°. Data for 'H NMR
are listed in Tables 4.2 and 4.3. Carbon-13 NMR chemical shifts are given in Table
4.4,

3-0-Benzyl-1,2-O-isopropylidene-a-D-glucofuranose (104).  The crystalline
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose (20 g) were dissolved in redistilled
benzyl chloride (120 mL). To this solution was added powdered potassium hydroxide
(80 g). The mixture was stirred at 135 °C for 3 h.'* After the mixture was cooled to
room temperature, water (400 mL) was added and the mixture was extracted with
chloroform (2 x 150 mL). The extract was dried over potassium carbonate and the

solvent was removed under reduced pressure. A yellow syrup was obtained, which
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was directly hydrolysed overmight with 30% acetic acid (400 mL) at 40-45 °C.'”
After removal of solvents under reduced pressure, column separation afforded 78 (12
g, asyrup) [a)3' -47.3° (c 10, chloroform), lit '*° -48 4° Proton NMR .pectral data
are listed in Tables 4 2 and 43 Assignments were made by selective decoupling
experiments. Carbon-13 NMR chemical shifts are given in Table 4 4.

3-deoxy-1,2-O-isopropylidene-a-D-xylv-hexofuranose (105). Compound 105
was prepared by a literature method as colourless crystals:'>' mp 83-84 °C, lit."”! mp
82-83 °C Proton NMR spectral data are listed in Tables 4.2 and 4 3. Carbon-13
NMR chemical shifts are given in Table 4 4

Methyl 2,3-O-isopropylidene-a-D-mannofuranoside (106). Compound 106 was
prepared by a literature method'* as a syrup For '"H NMR spectral data see Tables
42 and 43 Carbon-13 NMR chemical shifts are given in Table 4.4.

Benzyl 4,6-0-benzylidene-a-D-galactopyranoside (107). Compound 107 was
prepared by a literature method’ as colourless needles with identical melting point,

specific rotation, 'H and C NMR spectra as those reported in the literature.’®
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Proton NMR chemical shifts for 64, 104, 10§ and 106*

Compd R-1 H-2 H-3 H-3 H4 H-5 H-6 H-6' CHOPhCH,
64 591 460 389 ° S120 399 383 371 3.46
104 539 462 410 ° 411 403 380 368 472 456
108 578 472 203 181 417 386 367 355 b
106 492 458 484 ° 394 402 386 3.72 330

* Chemical shifts are in ppm. ° Not applicable.

Table 4.3 Proton NMR coupling constants for 64, 104, 10§ and 106*

Compd Jia J2s Ly T i Jas Jse e Jos
64 38 0 b 32 ° 78 33 56 115
104 37 0 b 37 ° 73 31 55 115
105 37 0 134 46 106 45 ° ¢ ©
106 0 59 ° 38 ° 79 35 59 114

* Coupling constants are in Hz. ® Not applicable. ° Unresolved.
p
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Table 4.4 Carbon-13 NMR chemical shifts for 64, 104, 10S and 106°

Compd Cl C2 C3 Ca CS Ceé Cqb CH,0/PhCH,
64 1050 814 845 798 694 644 1117 57.8

104 105.1 82.1 820 800 692 644 1118 72.1

108 105.1 805 33.7 785 722 635 1113 ¢

106 1072 848 798 80.1 704 645 112.7 54.5

* Chemical shifts are in ppm. ° Acetal carbon. ° Not applicable.

Dibutyltin oxide. This compound (purity, 98%) was a product of Aldrich
Chemical Company, Inc. and was used directly without purification.
N-Bromosuccinimide. This compound was a product of Fisher Scientific

133 before use.

Company and was purified by recrystallization from water
General methods for oxidation of dibutyistannylene acetals with N-bromosuccinimide.
The diol (1 mmol) was refluxed with dibutyltin oxide (1 eq.) for 12 h in toluene (20
mL) in an apparatus for the continuous removal of water. The toluene was removed
on a vacuum line at 20 °C and the residue was dried for 30 m under reduced pressure
(0.1 torr). The residue was taken up in dry chloroform (10 mL) and N-
bromosuccinimide (NBS, 1 eq.) was added. The stirred reaction mixture was
monitored by TLC and the reaction was complete at times ranging from 2 to 30 m.

The mixture was poured directly onto a silica gel column for separation using the
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eluent listed for each compound.
1,2-O-Isopiopylidene-3-0O-methyl-a-D-xy/o-hexofuranos-5-ulose (108).
Oxidation of the dibutylstannylene acetal derived from 1,2-O-isopropylidene-3-O-
methyl-a-D-glucofuranose (64) with NBS was finished within 5 m. Column
chromatography (hexane:ethyl acetate from 4:1 to 2:1) afforded compound 108 (yield
95%) as a syrup: [a]3! -129.3° (¢ 1.30, chloroform), lit."** -92.5° (c ), acetone); 'H
NMR (250.13 MHz) 3 6.01 (d, 1H, J,, = 3.5 Hz, H-1), 4.77 (4, 1H, J,, = 3.7 Hz, H-
4), 4.58 (d, 1H, H-2), 4.50 (d, 1H, J,, = -20.5 Hz, H-6), 4.41 (d, 1H, H-6"), 4.06 (d,
1H, H-3), 3.32 (s, 3H, OCH,), 1.47 (s, 3H, CH,-endo), 1.33 (s, 3H, CH,-exo0), lit."’
chemical shifts agreed within 0.05 ppm, J,, = 3.5 Hz, J,, = 4 Hz; °C NMR (62.90
MHz) 6 208.0 (C-5), 112.6 (C,...;), 105.9 (C-1), 85.7 (C-3), 84.4 (C-4), 81.0 (C-2),
68.1 (C-6), 58.3 (OCH,), 26.9 (CH,,,,,), 26.2 (CH,,,,).
3-0-benzyl-1,2-O-Isopropylidene-a-D-xylo-hexofuranos-5-ulose (109).
Oxidation of the dibutylstannylene acetal derived from 3-O-benzyl-1,2-0-
isopropylidene-a.-D-glucofuranose (104) with NBS was finished within 5 m. The
eluent for column separation was the mixture of hexane and ethyl acetate (from 4:1 to
2:1). Evaporation of solvent from the corresponding fractions afforded 109 (280 mg,
90%). Colorless crystals were obtained from ethyl acetate-hexane: mp 117-8 °C, lit."”
115-6 °C (hemihydrate); [a]3' -114.5° (¢ 1.00, chloroform), lit."”® (]2’ -110.5° (¢
1.13, chloroform, hemihydrate); IR (nujol) 3491 cm (OH), 1725 cm™ (C=0); 'H
NMR (250.13 MHz) § 7.18-7.34 (m, 4H, Ar-H), 6.05 (d, 1H, J,, = 3.5 Hz, H-1), 4.82

(d, IH, 13_4 = 3.6 HZ, H‘4), 4.60 (d, IH, H'Z), 4.57 (d, ]H, JA!C-HI,AIC-"!’ = '} 1.7 HZ,
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ArC-i.a), 4.52 (d, 1R, H-6), 4.48 (d, 1H, J,, = -20.4 Hz, H-6'), 4.47 (d, 1H, ArC-Hb),
431 (d, 1H, H-3), 2.87 (br, 1H, OH), 1.47 (s, 3H, CH;- endo), 1.32 (s, 3H, CH;- exo),
BC NMR (62.90 MHz) § 208.2 (C-5), 136.6 (C,..), 128.6, 128.2, 127.7 (CH,....),
112.7 (C,...,), 106.0 (C-1), 84.5 (C-4), 83.4 (C-3), 81.7 (C-2), 72.6 (Cpensy), 68.3 (C-6),
26.9 (CH,,,,.), 26.3 (CH, ...).

Anal. Calcd for C,(H,,O.: C, 62.33; H, 6.54. Found: C, 62.04; H, 6.37.
3-Deoxy-1,2-0O-isopropylidene--D-ery thro-hexofuranos-S-ulose (110).

Oxidation of the dibutylstannylene acetal derived from 3-deoxy-1,2-O-isopropylidene-
a-D-xylo-hexofuranose (105) with NBS was finished in 1 m. Column separation
(hexane:ethyl acetate from 4:1 to 2:1) afforded 110 (yield 84%) as a syrup: [a]2' 70.0°
(¢ 1.30, chloroform);"*¢ IR (CHCl,) 1724 cm, s (C=0), 3515 ¢cm” m (OH); '"H NMR
(400.14 MHz) & 5.91 (4, 1H, J,, = 4.5 Hz, H-1), 477 (dd, 1H, J,, = 4.4 Hz, H-2),
475 (dd, 1H, J,, = 5.3 Hz, J,, = 11.0 Hz, H-4), 4.50 (d, 2H, J, o, = 4.6 Hz, 2H-6),
2.94 (t, 1H, OH), 2.46 (dd, 1H, J,, = -13.7 Hz, H-3), 1.81 (ddd, 1H, H-3'), 1.51 (s,
3H, CH;-endo), 1.36 (s, 6H, CH,-ex0), *C NMR (100.6 MHz) & 209.1 (C-5), 112.1
(Cocen)> 106.1 (C-1), 80.6 (C-4), 79.6 (C-2), 65.8 (C-6), 36.4 (C-3), 26.7 (CH,,,,), 26.1
(2 CH, ,,4.). The syrup deposited a colorless solid on being kept under vacuum or
under pentane. Recrystallization of the solid (110a) from ethyl acetate-hexane
provided a very fine powder, a dimer of compound 110: mp 119-22 °C; IR (Nujol)
3442 cm™' (OH), no C=0 absorption; 'H NMR (400.14 MHz) §'" 5.86 (d, 1H, J,,,, =
3.5 Hz, H-1a), 5.83 (4, IH, J,;,,, = 3.5 Hz, H-1b), 4.77 (m, 1H, H-2b), 4.74 (m, 1H, H-

2a), 4.24 (dd, IH, J,,,, = 4.4 Hz, J,,,, = 11.0 Hz, H-4a), 419 (¢, 1H, Jyy 0 + Ty =
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15.2 iIz, H-4b), 4.07 (d, 1H, Jg, ¢ = -11.8 Hz, H-6b), 3.99 (dd, 1H, Js, ¢ = -11.6 Hz,

Jeaons = 2.1 Hz, H-6a), 3.64 (d, 1H, H-6b'), 3.44 (d, 1H, H-6a"), 3.28 (s, |H, OH-b),
3.13 (d, 1H, OH-a), 2.13-2.18 (m, 2H, H-3b and H-3b'), 1.98 (dd, 1H, J,,,, = -13.1
Hz, H-3a), 1.76 (ddd, 1H, J,,,, = 4.6 Hz, H-3a'), 1.50 (br, €H, CH, ,,,-endo) 1.32 (br,
6H ,CH, ,,,-ex0); >°C NMR (100.6 MHz) 8 112.0, 111.8 (C,..., a,b), 105.7 (C-1a,b),
92.6, 92.0 (C-5a,b), 80.6 (C-2b), 80.2 (C-2a), 79.9 (C-4b), 79.7 (C-4a), 64.1 (C-6a),
62.2 (C-6b), 32.7 (C-3a), 32.3 (C-3b), 26.9, 25.8, 26.3, 26.2 (4 CH,).

Anal. Calcd for C;H,,0,,: C, 53.46; H, 6.98. Found: C, 53.42; H, 6.84.

Methyl 2,3-O-isopropylidene-a-D-xylo-hexofuranesid-5-uiose (111). Oxidation
of the dibutylstannylene acetal derived from methyl 2,3-O-isopropylidene-a-D-
mannofuranoside (106) with NBS was complete in 15 m. The cluents used for column
separation were mixtures of hexane and ethyl acetate (from 19:1 to 2:1).
Hydroxyketone 111 was obtained (yield, 81%) as a solid, which was recrystallized
from ethyl acetate-hexane, giving colorless needles: mp 110-1 °C; [a)3' -20.3° (¢
1.00, chloroform); IR (Nujol) 3500-3400 cm™ (OH), 1727 cm” (C=0); 'H NMR
(250.13 MHz) & 5.04 (s, 1H, H-1), 5.03 (dd, 1H, J,, = 4.1 Hz, J,, = 5.8 Hz, H-3),
4.60 (d, 1H, H-4), 4.58 (d, 1H, H-2), 4.55 (dd, 1H, J,, = -20.1 Hz, J,,, = 4.8 Hz, H-
6), 4.45 (d, 1H, J, o, = 4.0 Hz, H-6"), 3.35 (s, 3H, OCH,), 3.03 (dd, 1H, OH), 1.43 (s,
3H, CH,-endo), 1.28 (s, 3H, CH,-ex0); ’C NMR (62.90 MHz) § 206.8 (C-5), 113.2
(Coew)> 107.7 (C-1), 84.1 (C-2), 83.6 (C-4), 81.0 (C-3), 67.9 (C-6), 55.1 (OCH,), 25.8
(CH, ..4.), 243 (CH, ,,,).

Anal. Calcd for C,(H,;O,: C, 51.72; H, 6.95. Found: C, 51.76; H, 6.90.
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Benzyl 4,6-0-benzylidene-a-D-xylo-hexopyranosid-3-ulose (112). Oxidation of
the dibutylstannylene acetal derived from benzyl 4,6-O-benzylidene-o-D-
galactopyranoside (107) with NBS was carried out for 20 m in chloroform. Column
separation (hexane:ethyl acetate from 9:1 to 2:1) gave a white solid, compound 112,
(vield 44%) and starting material (55%). Compound 107 had mp 146-9 °C; [a];'
+141.0°% IR (Nujol) 3400-3260 cm™ (OH), 1744 cm™ (C=0), 'H NMR (250.13 MHz)
8 7.24-7.50 (m, 10H, aromatic H), 5.58 (s, 1H, acetal H), 5.40 (d, 1H, J,, = 4.3 Hz,
H-1), 4.97 (d, 1H, H-2), 4.72 (d, 1H, J, cyoarcn = -12.1 Hz, ArC-Ha), 4.63 (d, 1H,
ArC-Hb), 4.54 (d, 1H, J,; = 1.2 Hz, H-4), 432 (dd, 1H, J,, = 2.30 Hz, J,, = -12.8 Hz,
H-6), 4.11 (dd, 1H, J,; = 1.8 Hz, H-6'), 3.83 (m, 1H, H-5), 3.08 (br, 1H, OH); "*C

NMR (62.90 MHz) & 200.8 (C-3), 136.9, 136.5 (C,,,,), 129.4, 128.6, 128.4, 128.2,

1279, 126.1 (CH,p), 101.7 (C-1), 1006 (C,eua), 81.1 (C-4), 73.9 (C-2), 70.5 (Cgengy,
68.7 (C-6), 65.2 (C-5).

Anal. Calcd for C,(H,,0,: C, 67.41; H, 5.66. Found: C, 67.25; H, 5.64.



Chapter 5
Control of Regioselectivity in Mono-p-toluenesulfonation Reactions of

Dialkylstannylene Acetals by Altering the Alkyl Groups on Tin

N | Introduction

Dibutylstannylene acetals have been widely used for accomplishing mono-O-
substitution reactions for diols and polyols.” The success of this method lies mainly in
its high regioselectivity, enhanced reactivity and convenient one-pot procedure. For
secondary-secondary 1,2-diols on pyranose rings, the regioselectivity obtained appears
to be related to the dimeric structures assumed by dibutylstannylene acetals. The
nature of the dimeric mixtures present in solution is controlled mainly by steric effects
in the parent diols.’ As a result, the regioselectivity can often be predicted, especially
for isolated trans- or cis- 1,2-diols on pyranose rings.}

When the dibutylstannylene acetal method was applied to carbohydrate-derived
primary-sccondary 1,2-diols, mono-O-substitution reactions usually occurred
preferentially at the primary oxygen atoms (see Table 2.6 for examples). Although
this regioselectivity can be obtained with conventional method such as acylation in
pyridine, formation of dibutylstannylene acetal increases the reactivity of the parent
diol or polyol towards electrophiles. In some cases, reaction at the secondary position
increases if the reaction is carried out in a non-polar solvent in the absence of added
nucleophiles.”

As mentioned in Chapter 1, it is desirable to develop a method for mono-O-

94
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substitution of primary-secondary 1,2-diols with reversed regiochemistry. Based on
earlier results and a ccnsideration of probable reaction mechanism, it was thought this
aim could be accomplished by reaction via stannylene acetals. Oxidation of
dibutylstannylene acetals derived from primary-secondary 1,2-diols results in a-
hydroxyketones in a highly regioselective manner (see Chapter 4 in this thesis).
However, reversed regiochemistry had not been reported for mono-O-substitution
reactions of carbohydrate-derived primary-secondary 1,2-diols.

It was thought that altering the steric effects of the alkyl groups on the tin
atoms in stannyiene acetals would change the population ratio of different dimers in
solution and hopefully change the regioselectivity for mono-O-substitution reactions of
dialkylstannylene acetals towards electrophiles. In secondary-secondary 1,2-diols, the
steric effects on both hydroxyls may be changed by substituents in molecules and by
orientation of hydroxyl groups and other substituents. In primary-secondary 1,2-diols,
the primary hydroxyl groups are always mu " less sterically hindered than the
secondary hydroxyl groups. Thus, dimers of dialkylstannylene acetals formed through
primary oxygen atoins should be highly favoured. On this basis, dialkylstannylene
acetals with different steric environments have been studied as a means to obtain
regioselective p-toluenesulfonation of a series of carbohydrate-derived primary-

secondary diols.
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5.2 Results and Discussion

5.2.1 Reactions

The diols used in this study are all primary-secondary 1,2-diols derived from
monosaccharides, including glucose derivatives 64, 104 and 66, a mannose derivative
106, allose derivativas 113, 114 and 115, a 3-deoxy-xylo-hexose derivative 105, and
mannitol derivatives 116 and 117 (see Figure 5.1 for structures). All the compouirds
possess furanose ring uniis, except mannitol derivatives 116 and 117. Compounds 66
and 115 are triols with their third hydroxyl groups well separated from the diol units.
Dialkyltin oxides prepared for use in this study include dibutyltin oxide, diisobutyltin
oxide (100 ), diisopropyltin oxide (101), dineopentyltin oxide (97a), dineohexyltin
oxide (97¢), dicyciohexyltin oxide (97d), hexamethylenetin oxide (97e), and dihexyltin
oxide. As noted in Chapter 3, it was necessary to develop a new _vnthetic approach in
order to obtain these dialkyltin oxides pure.

For all p-toluenesulfonation reactions, dialkylstannylene acetals were prepared
from diols and dialkyltin oxides (1 mol-equivalent) in benzene or in toluene by the
standard method. The dialkylstannylene acetals thus obtained were used directly,
without separation or purification, for the subsequent p-toluenesulfonation. Monomeric
structures of the dialkylstannylene acetals 118 to 150 are given in Figure 5.2. In
addition, diphenyl-, di-s-butyl- and dimethylstannylene acetals were tried on some |,2-

diols and the results will be discussed in Section 5.2.2.
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A typical example for the reaction sequence is outlined in Scheme 5.1. 3-0O-
Benzyl-1,2-O-isopropylidene-a-D-glucofuranose (104, a carbohydrate-derived primary-
secondary 1,2-diol) was first refluxed with one equivalent of dibutyltin oxide in
toluene to form the corresponding dibutylstannylene acetal 118. Dry chloroform was
added after toluene was removed on a vacuum line. To this chloroform solution of
stannylene acetal 118 was added one equivalent of p-toluenesulfonyl chloride. The
reaction mixture was kept at room temperature for 20 h and then poured directly onto
a column for separation of the mono-O-substituted products, 3-O-benzyl-1,2-O-
isopropylidene-6-O-p-toluenesulfonyl-a-D-glucofuranose (104P) and 3-O-benzyl-1,2-O-
isopropylidene-5-O-p-toluenesulfonyl-a-D-glucofuranose (104S). Throughout the text
in this chapter, mono-O-p-toluenesulfonation products of diols are numbered in the
same way as used above for 104P and 104S: the number of the parent compound with
a capital letter P or S. P stands for the primary or the 6-O-p-toluenesulfonate, and S
for the secondary or the 5-O-p-toluenesulfonate.

Structural assignments for compounds 104P and 104S were made from their 'H
and "°C NMR spectra. Both were obviously mono-O-toluenesulfony! derivatives from
integrations of the signals of the aromatic protons and aryl methyl protons versus those
of the anomeric proton and the isopropylidene methyl groups. The most obvious
indication of structure was appearance of the signal for the OH proton of 104P; it was
a sharp doublet which could only arise from *J coupling to one proton, H-5 of 104P.
The OH signal for 104S was a broadened signal without obvious coupling. In

addition, expected downfield shifts were observed for the protons on the carbons
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bearing the OTs group. The signals of H-6 and H-6' moved from 3.68 and 3.80 ppm
in the spectrum of 104 to between 4.05 and 5.15 ppm in the spectrum of 104P. The
signal of H-5 moved from 4.03 ppm in the spectrum of 104 to 5.04 ppm in the
spectrum of 104S. Similar effects were noted for the corresponding signals in the *C

NMR spectra.

5.2.2 Regioselectivities

Solvent effect on regioselectivity. Several carbohydrate-derived primary-
secondary 1,2-diols had been subjected to mono-O-substitution reactions via their
dibutylstannylene acetals.'*¥**? In most cases, polar-nucleophilic solvents such as

methanol***° and pyridine'**

or a non-polar solvent containing an added nucleophile®
were used for reactions. Under these conditions, all reactions occurred exclusively at
primary positions. In present work, p-toluenesulfonations of dialkylstannylene acetals
were performed in different non-nucleophilic solvents in the absence of added
nucleophiles and it was found that chloroform was the best for increasing
regioselectivity for reaction at secondary positions.

Dibutylstannylene acetal 118 (from diol 104) was allowed to react with one
equivalent of p-toluenesulfonyl chloride at 20 °C to give mono-O-p-toluenesulfonates
104P and 104S in high yield. The ratios of 104S:104P were 31:69 in toluene, 55:45 in
chloroform, and 43:57 in dichloromethane (Table 5.1, entries 1 to 3). Thus, reaction

selectivity at the secondary position was higher in both chloroform and

dichloromethane than that in toluene. p-Toluenesulfonation of diisopropylstannylene
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acetal 120 showed similar solvent effect but differences in selectivity were not as large
(Table 5.1, entries 7, 8 and 10). When p-toluenesulfonation of stannylene acetals 118
and 120 were carried out in acetonitrile, selectivity at the secondary position was
lower than that in toluene (Table 5.1, entries 4 and 12). The lower selectivity at the
secondary position for reaction in acetonitrile was believed to be due to the
nucleophilicity of CH,CN. Acetonitrile is a weaker nucleophile in comparison with
DMF, pyridine and methanol which were used as solvents in similar reactions in
literature, thus the reaction still occurs at the secondary position to some extent.

Results from stannylene acetals 126, 134 and 135 (Table 5.1, entries 18, 19, 29
to 32) also indicated that chloroform was more effective than toluene for increasing
regioselectivity for reaction at secondary positions, although the differences were not
very large.

Tsuda and coworkers reported that p-toluenesulfonation of dibutylstannylene
acetal 125 ( from glucose derivative §6, a triol) in dioxane in the presence of 4-
dimethylaminopyridine gave only the 6-O-toluenesulfonate (66P) in high yield.* In
current study, the same reaction was carried out in toluene in the absence of added
nucleophile. The reaction occurred slowly at 20 °C for 4 days in a lower yield (51%),
however, the selectivity at the secondary position increased substantially (24% of the
products being 66S).

Temperature effect on regioselectivity. It was found that temperature affected
both regioselectivity and reaction speed. p-Toluenesulfonation of stannylene acetal

120 in chloroform, for example, gave an 88% yield of mono-O-substitution products in
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Table 5.1 Selectivities of the dialkylstannylene acetals in p-toluenesulfonation

Entry Acetal® Reaction conditions Selectivity (%) Yield®
Solvent Temp.(°C) Time* P! S (%)
Glucose derivatives
1 118 toluene 20 48 h 69 31 99
2 118 CHCI, 20 20 h 45 55 95
3 118 CH.Cl, 20 12 h 57 43 95
4 118 CH,CN 20 20 h 7 29 93
5 119 toluene 20 48 h 42 58 67
6 119 CHCI, 20 48 h 31 69 97
7 120 toluene 20 48 h 37 63 98
8 120 CHCI, 20 48 h 31 69 88
9 120 CHCl, 5 14d 20 80 94
10 120 CH,CL, 20 12 h 32 68 95
11 120 CHClL, 5 48 h 28 72 87
12 120 CH,CN 20 20 h 71 29 93
13 121 CHCI, 20 20 h 4 96 99
14 122 CHCI, 20 10 h 57 43 98
15 123 CHCI, 20 36 h 48 52 96
16 124 CHCI, 20 12 h 45 55 96
17 128 toluene 20 4d 76 24 51
18 126 toluene 20 48 h 80 20 97
19 126 CHCI, 20 12 h 60 40 98

(continued on next page)



(Table 5.1 continued)
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20
21
22
23
24
25
26
27
28

Mannose derivatives

29
30
31
31a’
32
33

Allose derivatives

34
35
36
37
38
39

127
128
128
128
129
130
131
132
133

134
134
135
13§
135
136

137
138
139
140
141
142

toluene
toluene
CHCI,
CH,C!,
CHCI,
CHCI,
CHCl,
CHCl,
CHCl,

toluene
CHCI,
toluene
toluene
CHCI,
CHCl,

CHCI,
CHCI,
CHCI,
CHCI,
CHCI,
CHCI,

20

20
20

20

20
20
20
20
20
20

48 h
24 h
14d
48 h
12 h
12 h
36 h
12 h
14d

12 h
5h
60 h
2h
12 h
12 h

12 h
12 h
12 h
12h
8h
12h

40
40
25
35

5
70
44
58
30

100
>95
67
68
62
30

100
67
92
64

100
92

60
60
75
65
95
30
56
42
70

<5
33
32
38
70

33

36

77
80
96
80
94
98
85
98
65

98
98
98
99
91
92

98
67
97
88
90
99

(continued on next page)



(Table 5.1 continued)

3-Deoxy-erythro-hexose derivatives

40 143 CHCl, 29 12 h 95 b 99
41 144 CHCI, 20 20h 79 21 90
42 145 CHCI, 20 20 h 78 22 90
43 146 CHCI, 20 20h 48 52 99
Mannitol derivatives

44 147 CHCI, 20 24 h 98 2 98
45 148 CHCI, 20 24 h 40 60 96
46 149 CHCl, 20 24 h 87 13 92
47 150 CHCI, 20 24 h 22 78 77

* Dialkylstannylene acetal, for structure see Figure 5.2. " Separated yield of mono-p-
toluenesulfonates in total. ° For reaction time: h stands for hour and d for day.

¢ Primary p-toluenesulfonate. ° Secondary p-toluenesulfonate; in the cases for triols
(Entries 14, 33 and 34), S stands for the 5-O-p-toluenesulfonate. ' This reaction was
carried out with 12 eq. of TsCl.
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48 h with tire ratio of 104S:104P being 7:3 at 20°C. The same reaction conducted at
5 °C resulted in mono-O-substitution products with a yield of 94%. The ratio of
104S:104P increased to 8:2. This was the best selectivity obtained at the secondary
position for p-toluenesulfonation of compound 104 through acyclic dialkylstannylene
acetals (for a result with the cyclic hexamethylenestannylene acetal, see later).
Similarly, good selectivity at the secondary position for compound 64 was also
obtained when the reaction was performed with diisopropylstannylene acetal at 5 °C
(64S:64P, 3:1). However, reactions at the lower temperature were very slow, taking
14 d to be complete.

Steric effect of substrates on regioselectivity. Very different regioselectivities
were observed from different diols. Diisopropylstannylene acetal 120 reacted with one
equivalent of p-toluenesulfonyl chloride in chloroform at 20 °C giving the secondary
p-toluenesulfonate as the major product (104S:104P, 69:31, Entry 8 in Table 5.1), but
under the exact same conditions, diisopropylstannylene acetals 135, 138 and 140
resulted in the primary p-toluenesulfonates as the major products (primary:secondary,
62:38, 67:33 and 64:36 respectively, see entries 32, 35 and 37 in Table 5.1).
Similarly, dibutylstannylene acetal 118 gave the highest regioselectivity at ths
secoiitdary position among all the dibutylstannylene acetals studied here. When the
reaction was carried out in chloroform at 20 °C, 118 slightly favoured substitution at
the secondary position whereas other dibutylstannylene acetals (137, 139, 143, 147 and
149) gave preferentially primary p-toluenesulfonates in yields ranging from 87% to

100%. In general, 3-O-substituted glucofuranose derivatives are the most selective at
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the secondary oxygen atoms. All the other carbohydrate-derived diols have very
strong preference for reaction at the primary positions. The differences in selectivity
are probably related to the relative reactivity of the primary and secondary hydroxyl
groups of the parent diols and will be further discussed in Section 5.2.5 together with
the kinetics of the dialkylstannyiene acetal reaction.

Effect of the alkyl groups (on tin atom) on regioselectivity. In order to
examine the steric effect of the alkyl groups (on tin atom) on regioselectivity,
p-toluenesulfonation reactions have been performed on different dialkylstannylene
acetals in this study.

Reginato ef al. reported that benzoylation of simple primary-secondary 1,2-diols
(such as propane-1,2-diol, 4b) via their dibutylstannylene acetals in chloroform gave
highly reversed regioselectivity (see Chapter 2, Section 2.1.3)."* They claimed that
this method had also been successful when applied to 1,3- and 1,4-diols of primary-
secondary and even primary-tertiary types. In this study, a very similar method was
employed for a carbohydrate-derived primary-secondary 1,2-diol 104 (a glucofuranose
derivative) but reversed regioselectivity could not be achieved with this substrate. In a
typical experiment, benzoylation of 104 through its dibutylstannylene acetal (118) with
benzoyl chloride (1 eq.) in benzene gave 77% of the primary benzoate and 15% of the
secondary benzoate. This result was very similar to that ob:ained from benzoylation
of 64, the methyl analog of 104, via its dibutylstannylene acetal, by David and
Thieffry, where they reported a lower overall yield with 38% of the primary benzoate

and 7.5% of the secondary berzoate.'’ An effort that was made to repeat Reginato's
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work on propane-1,2-diol (4b) failed to achieve the reversed regiochemistry that had
been reported.

One problem associated with benzoylation of stannylene acetals is that
migration of benzoyl groups in the onginally formed products was observed to occur
while the reaction was in progress. Benzoylation of 118 in benzene was traced by
TLC. It was clearly shown that migration of benzoyl group occurred at a rate
comparable to benzoylation. Thus, p-toluenesulfonation was selected as the reaction
to study instead of benzoylation because the p-toluenesulfonyl group does not
rearrange under the conditions used for reaction.

The most common dialkylstannylene acetals are dibutylstannylene acetals.
They have been widely used as intermediates for regioselective mono-O-substitution
reactions (alkylation and acylation, in most cases) of carbohydrate-related diols or
polyols on six-membered rings or similar systems. As mentioned earlier in this
chapter, only in several cccasions have dibutylstannylene acetals found applications in
mono-O-substitutions of carbohydrate-derived primary-secondary diols.”*?*% No
reversed regiochemistry has been achieved with substitution reactions of this type of
stannylene acetal. Changing reaction conditions (to conduct reactions in non-polar
solvents and in the absence of added nucleophiles) did increase the relative amounts of
products at secondary positions. However, the primary substitution products were still
the major constituents in p-toluenesulfonation reactions of all dibutylstannylene acetals

studied here except for that of compound 104, where secondary substitution was

slightly favoured over primary substitution (104S:104P, 55:45) when the reaction was
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carried out in chloroform (Table 5.1, entry 2).

It was clearly shown from the data in Table 5.1 that the sizes and shapes of
alkyl groups on tin atoms in dialkylstannylene acetals had a substantial effect on
regioselectivity. Changing the alkyl groups (R' groups on tin) from two butyl groups
to two isopropyl groups increased the selectivity at the secondary positions in all
cases. For example, both stannylene acetals 118 and 120 are derived form diol 104.
The alkyl groups (R' on tin) are butyl in 118 and isopropyl in 120.
p-Toluenesulfonation of 118 in toluene at 20 °C yielded 69% 104P and 31% 1048
whereas the same reaction carried out using 120 as the intermediate under exactly the
same conditions resulted in a reversed regioselectivity, the ratio of 104P:104S being
37:63. The diisobutylstannylene acetal of 104 also gave the reversed regiochemistry.
Dp-Toluenesulfonation of diol 64 in toluene gave similar results: the ratios of 64S to
64P increased from 20:80 with dibutylstannylene acetal (Table 5.1, entry 18) to 60:40
with diisopropylstannylene acetal (Table 5.1, entry 21). For other substrates like 106,
114 and 108, significant increases of selectivity at the secondary position were also
achieved by changing the R' groups from butyl to isopropyl, but the major products
were still the primary p-toluenesulfonates in these cases. In the case of diol 113,
p-toluenesulfonation through its dibutylstannylene acetal 137 yielded the primary
p-toluenesulfonate 113P as the only product. In contrast, 33% of the mono-O-
substituted products was the secondary p-toluenesulfonate 113S when the reaction was
carried out through the diisopropylstannylene acetal 138 (Table 5.1, entries 34 and 35).

Diisobutylstannylene acetals afforded very similar regioselectivity in
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comparison with diisopropylstannylene acetals. Dineohexyl-, dicyclohexyl- and
dihexyl-stannylene acetals resulted in the regioselectivities comparable to those
obtained from dibutylstannylene acetals with slight variations depending on the alkyl
groups and substrates. For example, dineohexylstannylene acetal 122 (from diol 104)
was slightly less selective at the secondary position than the dibutyl analog 118
although the neohexyl group is much larger and more sterically hindered. The same
trend was found for p-toluenesulfonation of diol 64. The dicyclohexylstannylene
acetal provided roughly the same selectivity as the dibutylstannylene acetal in the case
of diol 104, whereas a better selectivity for reaction at the secondary position was
obtained using dicyclohexylstannylene acetal rather than using the dibutyl analog for
p-toluenesulfonation of diol 64. For the reaction on diol 64, good selectivity at the
secondary position was observed by using dineopentylstannylene acetal 133, a very
sterically hindered stannylene acetal. However, the reaction became very slow and an
overall yield of only 65% was obtained after the reaction mixture was kept at 20 °C
in chioroform for 14 days.

In general, diisopropylstannylene acetals were best suited for selective
p-toluenesulfonation of carbohydrate-derived primary-secondary 1,2-diols at the
secondary positions among all acyclic dialkylstannylene acetals studied here.

A breakthrough on inversion of regioselectivity in p-toluenesulfonation of diols
via stannylene acetal intermediates was achieved through the use of
hexamethylenestannylene acetals. In all cases, the hexamethylenestannylene acetals of

carbohydrate-derived primary-secondary 1,2-diols yielded the secondary
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p-toluenesulfonates as major products of the p-toluenesulfonation reactions. For
example, p-toluenesulfonation of glucofuranose derivatives 64 and 104 using their
hexamethylenestannylene acetals (129 and 121) occurred at secondary hydroxyl
oxygen atoms (OH-5) selectively in excellent yields. The ratios of the mono-O-
substituted products at secondary oxygen atoms to those at primary oxygen atoms were
95:5 (for 64) and 96:4 (for 104), respectively (Table 5.1, entries 13 and 24). Even for
diol 116, where p-toluenesulfonation of its dibutylstannylene acetal (147) gave almost
entirely the primary substitution product (116S:116P, 2:98; Table 5.1, entry 44), the
ratio of selectivity at the secondary position to that at the primary position was
increased to 60:40 by using hexamethylenestannylene acetal 148 (Table 5.1, entry 45).
One exception was observed in the case of allofuranose derivative 1185, a triol with the
third hydroxyl group on the C-3 position. Stannylene acetals of this compound had
great preference for reaction at the primary position. The dibutylstannylene acetal of
115, on reaction with p-toluenesulfonyl chloride in chloroform for 8 h, gave the
primary p-toluenesulfonate as the only product in a yield of 90%.
p-Toluenesulfonation of the hexamethylenestannylene acetal of 115 also occurred
quickly in very high yield (99%), but only 8% of the mono-O-substituted products was
the secondary p-toluenesulfonate. This will be discussed in Section 5.2.3.

When compound 64 or 104 was refluxed with 1 eq. of diphenyltin oxide in
toluene in a standard method, the anticipated diphenylstannylene acetal did not form
and no reaction occurred after reacting the mixture with p-toluenesulfonyl chloride in

the standard way at room temperature for one week.
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p-Toluenesulfonation of the dimethylstannylene acetal derived from compound
64 in chloroform gave a mixture of mono-O-p-toluenesulfonates. The ratio of 64S to
64P was 1:15 as shown by '"H NMR spectrum.

Di-t-butylstannylene acetals derived from compounds 104, 105 and 113 were
also subjected to p-toluenesulfonation using the standard method in chloroform at
room temperature. In all the cases, reaction occurred very slowly giving primary O-p-
toluenesulfonates as major products. For example, p-toluenesulfonation of 113 was
carried out via its di-t-butylstannylene acetal in chloroform at room temperature for
two weeks, giving mono-O-substituted products in a yield of 36% with the ratio of

113S to 113P being 10:90.

5.2.3 Dimerization of dialkylstannylene acetals in solution

It is well known that oligomerization of dibutylstannylene acetals occurs both
in solution and in the solid state.**** For carbohydrate-derived dibutylstannylene
acetals, the major species present in solution are dimers. When the parent diol is
nonsymmetric, there are three possible dimeric structures. The major factor
determining which dimer of the three is more populated than the others has been
shown to be steric effects in the dimer molecule.’ A well established method to study
oligomerization of dibutylstannylene acetals is ''’Sn NMR spectroscopy. In general,
the region of the NMR spectrum where absorption occurs for tin atoms depends on the
coordination status of the tin atom. This methodology was employed in this thesis to

study dimerization (oligomerization, in general) of different dialkylstannylene acetals
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and thus to understand the sources of regioselectivity of dialkylstannylene acetals in
mono-O-substitution reactions.

All NMR samples of dialkylstannylene acetals were prepared carefully on a
vacuum line to avoid atmospheric moisture which can cause hydrolysis of stannylene
acetals. Tin-119 NMR spectra were recorded in 10 mm tubes on a Bruker AMX 400
spectrometer at 149.20 MHz or on a Nicolet NT-360 NB spectrometer at 134.62 MHz
and referenced to external tetramethyltin at 20 °C. Tin-119 NMR chemical shifts for
dialkylstannylene acetals are listed in Table 5.2.

The ''Sn NMR spectra of dialkylstannylene acetals derived from most diols
contained a single sharp peak at room temperature with a chemical shift typical of
pentacoordinate tin atoms.” The ''*Sn NMR line widths varied considerably due to the
decoupling efficiency and the presence of exchange processes (see later). When the
lines were narrow, additional ''’Sn satellite signals were observed due to coupling to
'"Sn atoms in the 7.5% of molecules containing ''*Sn that also contained ''’Sn atoms.
Observation of such coupling confirms that these compounds were indeed present as
dimers or higher oligomers, i.e. that more than one tin atom was present in the
structure.

The dialkylstannylene acetals can be classified into three different types,
according to the position of absorption in their ''’Sn NMR spectra: (i) those with
chemical shifts typical of pentacoordinate tin atoms in dimeric 2,2-dibutyl-1,3,2-
dioxastannolane structures (-115 to -124 ppm), (ii) the stannylene acetals with

chemical shifts at lower frequencies (-169 to -186 ppm), and (iii) the compounds with
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Table 5.2 Tin-119 NMR spectral data of the dialkylstannylene acetals®

Compd Solvent  Temp. (°C) Conc.(M)  Chemical Shift (8) Js..105n117
118 C,D, 19 0.2 -119.6
CDCl, 26 0.2 -118.3 146.3
CDCl, -60 0.2 -118.9 152.6
119 CDCl, 19 0.33 -120.1
CDCl, -60 0.33 -120.8
120 CDCl, 19 0.33 -170.1
CDC(l, -60 0.33 -167.8
121 CDCl, 20 0.3 -99.2
126 CDCl, 26 0.5 -118.9 143.2
cpal, 26 0.2 -118.8 148.5
cDCl, .60 0.2 1197
127 CDC(l, 19 0.33 -120.1
cDCl, -60 0.33 -123.8
128 CDCl, 19 0.33 -171.3
CDCl, -60 0.33 -169.8
129 CDCl, 20 0.3 -98.9 142
130 CDCl, 20 0.3 -114.5 137

(continued on next page)
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(Table 5.2 continued)

131

133

134

13§

136

137

138

141

147

148

149

150

CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,
CDCl,

cDCl,

20

20

19

19

20

19

19

19

20

20

20

20

03

03

0.33

0.33

03

0.33

0.33

0.33

03

03

0.3

03

-186.4
-120.2
-118.9
-168.9
-92.8
-119.3
-169.0
-121.8 (-130.8)°
-116.7
=935
-118.9

-97.2

134

1524

149 2

131.0

140.2

* Spectra were recorded in CDCI, solution in sealed tubes at 20 °C with

concentrations from 0.2 to 0.3 M, chemical shifts are in ppm from external

tetramethyltin at 20 °C. ® Coupling constants are in Hz, no entry indicates that the
coupling constant could not be measured (see text). ° The minor peak.
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slightly higher frequency chemical shifts (-93 to -99 ppm). The first type of
dialkylstannylene acetal includes all the stannylene acetals which have two primary
alkyl groups attached to tin atoms regardless of the structures of these groups. For
instance, stannylene acetals 126 and 133 have very similar chemical shifts ( -118.8
ppm for 126 and -120.2 ppm for 133), even though the former possesses two n-butyl
groups and the latter has two sterically hindered neopentyl groups. A single sharp
peak in each ''"Sn NMR spectrum at room temperature suggests that only one of the
three possible dimers is being observed. This dimer must be symmetric because the
asymmetric dimer should give two peaks with the same intensity corresponding to the
different environments of the two tin atoms. Carbon-13 NMR spectroscopy also
support symmetric dimeric structures because only one set of peaks was observed.

Diisopropylstannylene acetals 120, 128, 135 and 138 and dicyclohexyl-
stannylene acetal 131 belong to the second type. The difference between this type of
stannylene acetal and the first type lies in that the alkyl groups form carbon-tin bonds
through secondary carbon atoms. Although chemical shifts have been observed at
much lower frequencies for these stannylene acetals, the chemical shifts still fall in the
range of pentacoordinate tin absorption. Thus, this type of stannylene acetal also
exists in solution as single symmerac dimers.

Comparison of the increment in ''?Sn NMR chemical shift from
dibutylstannylene acetal and diisopropylstannylene acetal derived from same diol gives
some interesting results. For instance, dibutylstannylene acetal 118, derived from diol

104, gives a chemical shift of -118.3 ppm and diisopropylstannylene acetal 120, also
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derived from diol 104, has a single sharp peak at -170.1 ppm. The chemical shift

increment from 118 to 120 is -51.8 ppm. Each of the other three dibutyl-diisopropyl
pairs of stannylene acetals (126-128, 134-135 and 137-138) gives a very similar
chemical shift increment (-50 + 2 ppm). This increment argument can pe extended to
simple 2,2-dialkyl-1,3,2-dioxastannolanes. For example, the dimer of 2,2-dibutyl-
1,3,2-dioxastannolanes 82 has a ''"Sn NMR chemical shift of -126.8 in chloroform-d
solution whereas the dimer of 2,2-di-t-butyl-1,3,2-dioxastannolane 83, the analog of 82
with two tertiary alkyl groups on tin atom, gives a ''’Sn NMR chemical shift of -225

7' The chemical shift increment from n-butyl (primary) to t-butyl (tertiary) is

ppm
-98.2 ppm. 2,2-Diisopropyl-1,3,2-dioxastannolane, which has secondary alkyl groups,
should have a chemical shift of -176 ppm (half way between those of 82 and 83). The
dicyclohexylstannylene acetal 131, another stannylene acetal with secondary alkyl
groups, has a chemical shift of -186.4 ppm (68 ppm low frequency compared to that
of 126). This is perhaps due to the special conformation of the cyclohexyl groups in
this compound.

The third type of stannylene acetal consists of five hexamethylenestannylene
acetals. They are also present as single symmetric dimers in solution because there is
only one single sharp peak in the region where pentacoordinate tin absorptions appear
at room and at low temperature. In hexamethylenestannylene acetals, the
hexamethylene groups are bonded to tin atoms through two primary carbon atoms on

both ends. In contrast to the chemical shifts ranging from -115 to -124 ppm for all the

dialkylstannylene acetals of the first type, these stannylene acetals have chemical shifts
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from -93 to -99 ppm. The decreased shielding of ''*Sn absorption in this type of
stannylene acetal is probably caused by the presence of a seven-membered ring. The
substantial differences in shifts of signals from .i"1 atoms in five and six-membered
rings'*® has been attributed to bond-angie changes. The C-Sn-C bond angles in
hexamethylenestannylene acetals are slightly smaller than those in most acyclic
dialkylstannylene acetals(see Table 5.4 and related discussion).

Low temperature ''’Sn NMR spectra of a number of dialkylstannylene acetals
were recorded in chloroform-d and a few were also recorded in toluene-d,.

The glucofuranose derivatives will be considered first. In chloroform-d, all
derivatives showed single lines at all temperatures. These results are summarized in
Table 5.2.

The 'Sn NMR spectra of one compound, 5,6-O-dibutylstannylene-1,2-O-
isopropylidene-3-O-methyl-a-D-glucofuranose (126) were recorded for a 0.2 M solution
in toluene-d,. It had previously been noted®® that stannylene acetals are more
aggregated in toluene than in chloroform, and this was observed here. At room
temperature, one peak was present at -119.0 ppm with a line width of 115 Hz at 134.6
MHz. As the temperature was lowered, the main signal broadened and then split. By
-20 °C, three sharp equal intensity signals at -112.9, -115.7 and -287.6 ppm had
emerged from the main peak which had broadened and moved to a lower frequency.
The three sharp equal intensity signals can only be assigned to a trimer, since one
signal (at -287.6 ppm) is in the hexacoordinate tin region. By -40 °C, the major peak

was ca. 35 ppm wide and centered at -127.0 ppm. As the temperature was lowered
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further, the main peak sharpened and moved to larger frequencies, being 25 ppm wide
at -123.0 ppm at -50 °C, 12 ppm wide at -122.0 ppm at -60 °C, 7 ppm wide at -120.0
ppm at -70 °C, 7 ppm wide at -119.5 ppm at -80 °C and 7 ppm wide at -119.3 ppm
at -90 °C. The trimer peaks gradually decreased in relative intensity becoming
negligible at -90 °C.

The outcome of this process was the observation of two peaks at the lowest
temperature studied (-90 °C), one at -269.2 ppm and another, two to three times
bigger, at -119.3 ppm. The latter peak is at about the same chemical shift as the
original peak at -119.0 ppm. It seems likely that the coalescence process is for a
dimer-tetramer equilibrium. The tetramer has to have C, symmetry to give only one
peak in each of the pentacoordinate and hexacoordinate regions of the spectrum. It
was found earlier that hexacoordinate peaks in tetramers are less shielded than those in
trimers.”** The dimer peak and the pentacoordinate tin tetramer peak occur at the
same chemical shift.

Rates of interconversion and activation barriers can be obtained from
coalescence processes. The equations normally used:'*

k=nav/2" (5.1

and AG*=1.986 x 10° T [23.76 + In (T / k) + In x] (5.2)
apply to situations where two equally populated singlets coalesce. In the current
situation, a signal at -119.0 ppm (dimer) is exchanging with two signals at -119.3 ppm
(pentacoordinate tin in tetramer) and -269.6 ppm (hexacoordinate tin in tetramer). The

populations of the species present are changing rapidly as a function of temperature, and
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also the chemical shifts are changing as a function of temperature, particularly that at -
269.6 ppm. From equation 5.2, it can be seen that the main factor influencing the size
of AG® is the temperature of coalescence, not the rate constant at coalescence.
Therefore, a rough estimate of AG* for coalescence can be obtained from the
coalescence temperature, -45 °C and the chemical shift difference betwe.:1 the fartherest
apart exchanging signals, 2.0 x 10* Hz. This yields k = 4.5 x 10* s, AG* = 8.4 kcal-
mol”. Assuming the exchange is between the dimer peak and halfway between the
tetramer peaks and gives a AG” value of 8.7 kcal-mol”, thus a reasonable estimate is
8.5 + 1 kcal-mol'. The dimer-trimer barrier is even more difficult to estimate but & T,
of -50 °C and a Av of 10,000 Hz gives AG* of 10.3 kcal-mol™.

The spectra of benzyl 5,6-O-dibutylstannylene-2,3-O-isopropylidene-c.-b-
mannofuranoside were slightly more complex. At room temperature in chloroform-d, a
single peak was observed at -114.8 ppm for a 0.4 M sample and at -114.3 ppm for a
0.15 M sample, with a J5, ,55,.1,7 value of 140.5 Hz. The '”Sn NMR spectrum of the
0.15 M sample contained no additional signals at low temperature but the spectrum of
the 0.4 M sample contained small amounts of trimer peaks at -111.6, -117.1 and -
2749 ppm. From peak heights the ratio [trimer] / [dimer] was 0.072 at -60 °C. A
0.15 M sample of the same compound in toluene-d, precipitated at low temperature
but at 25 °C contained a broad peak (half-height line width, 3 ppm) at -120.1 ppm
plus a much smaller broad peak at about -112 ppm. The small broad peak probably
contained the pentacoordinate trimer signals that were starting to coalesce. The

analogous methyl glycoside showed similar behaviour.
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The spectra of the allofuranose compounds are still more complicated. Figure
5.3 shows variable temperature spectra of 0.3 M solution of 5,6-O-dibutylstannylene-
1,2-O-isopropylidene-3-0O-methyl-o-D-allofuranose (137) in chloroform-d. At room
temperature, a slightly broadened peak at -119.5 ppm is accompanied by a small broad
peak on its deshielded side. By -20 °C, in addition to the main peak at -117.9 ppm,
small peaks are clearly visible at -112.8, -119.6, -123.9 and -277.4 ppm. The peak at
-277.4 ppm increases in intensity as the temperature is lowered as does that at -119.6
ppm and these two peaks are about the same size at -60 °C. The signal at -277.4 ppm
must be assigned to the hexacoordinate tin atom in a trimer; a signal at -119.6 ppm is
due to the same trimer; a third signal is still needed. The only possibility is that the
third signal overlaps with the major peak. The two other small signals present at -20
°C in the pentacoordinate region could be due to either dimers or trimers. The very
small signal that appears at about -295 ppm in the -60 °C spectrum must be assigned
to a second trimer, because a tetramer would be expected to give a hexacoordinate tin
atom which would be expected to be less shielded than the signal at -277 ppm.***

The stannylene acetals with the most complicated behaviour in solution were
the derivatives of 1,2-O-isopropylidene-o-D-allofuranose (115). The '"°Sn spectra of
compound 141, the dibutylstannylene acetal of 118, will be discussed as the following,

The spectrum of a 0.3 M solution of 141 in chloroform-d at 20 °C contained

one large peak at -121.8 ppm plus a much smaller one at -130.8 ppm. When the
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Figure 5.3 134.6 MHz '”Sn NMR spectra of a 0.33 M solution of 137 in

chloroform-d at different temperatures (top to bottom: -60 °C, -20 °C, 20°C)
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temperature was raised the minor signal broadened and coalesced with the major signal
at about 60 °C then reappeared when the temperature was lowered, proving that it was
not an impurity. The minor signal is probably due to a second 5,6-O-
dibutylstannylere dimer. It cannot be due to a 3,5-dimer because tin atoms in six-
membered stannylene acetals absorb at very different ''’Sn NMR chemical shifts
approximately 60 ppm more shielded.”” Cooling the sample to 0 °C produced a new
signal at -332.4 ppm, plus another signal at -138.1 ppm. These latter signals
continued to grow as the temperature was lowered until by -60 °C, the ratio of
intensities was 6:3:1:1 for the peaks at -137.4, -331.9, -129.2 and -120.9 ppm,
respectively. The very shielded position for the hexacoordinate tin signal ma'.e it
unclear what the structure of the major species at low temperature is, although the 2:1
ratio of signal intensities at -137.4 and -332.4 ppm suggests a trimer. Participation by
the oxygen atom of third OH group in the molecule to give a six-membered ring
would be consistent with the greater shielding.

In summary, oligomerization of dialkylstannylene acetals depends on the
structure of their precursors. For the dialkylstannylene acetals of glucofuranose
derivatives, only single symmetric dimers were observed in chloroform-d at all
temperatures. The stannylene acetals of allofuranose derivatives were present as
dimers at room temperature, and at lower temperature higher oligomers were also
observed. For one compound, the dibutylstannylene acetal of 1,2-isopropylidene-a.-D-
allofuranose, a second dimer was present as a minor species even at room temperature.

There are known to be large temperature effects on dimer-oligomer equilibria.**
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Even for compounds in which oligomers are dominant at -100 °C, dimers constitute

the majority of the species present at room temperature.

5.2.4 Regioselectivity and dimeric structure of dialkylstannylene acetals

The three possible dimeric structures of dialkylstannylene acetals derived from
primary-secondary 1,2-diols (a primary-primary dimer, a primary-secondary dimer and
a secondary-secondary dimer) are illustrated in Figure 5.3 (R stands for the remaining
part of the parent diol in general). From the point of view of steric effects, the
stability of the three dimers is decreased in the order: primary-primary dimer (p-p
dimer) to primary-secondary dimer (p-s dimer) to secondary-secondary dimer (s-s
dimer). In the secondary-secondary dimeric structure, the steric interaction between
the R groups in the diol molecules and the two R' groups on the tin atoms is very
strong. This steric interaction makes the secondary-secondary dimer less stable. Only
in primary-primary dimers can the steric interaction be fully avoided (see Figure 5.4).
Therefore, whenever a single symmetric dimer of a dialkylstannylene acetal is
observed, it must be the primary-primary dimer.

It has been reported that °C NMR chemical shifts provided useful information
about the dimeric structures of dibutylstannylene acetals.’ Grindley and Thangarasa
found that formation of dibutylstannylene acetals caused deshielded chemical shift
changes for all carbon atoms (C-1 to C-6) in the diol molecule. The largest downfield
shifts (from 3.5 to 4.4 ppm) were observed on the carbon atoms bearing the

dicoordinate oxygens.*
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Figure 5.4 Dimeric structures of dialkylstannylene acetals derived from

primary-secondary 1,2-diols

Sixteen dialkylstannylene acetals derived from five primary-secondary diols
were subjected to '’C NMR spectroscopic study in this thesis. The data obtained from
stannylene acetals are compared with their precursors in Table 5.3.

In contrast to the literature results’, both upfield and downfield shifts in *C
NMR spectra were observed for the dialkylstannylene acetals derived from the
primary-secondary 1,2-diols studied here. The biggest changes were often observed on
the signals of carbon atoms next to the five-membered stannylene acetal ring, i.e., the
C-4, which were shifted downfield in most of the cases. The chemical shift changes
on C-5 and C-6 were generally quite small.

Changes in °C NMR chemical shifts are dependent on the nature of diol
structures. For example, downfield shifts of the C-4 signals are quite large for the
stannylene acetals of diols 104, 64 and 117 but are small for the stannylene acetals of
diols 106 and 116. However, the results from compounds with very similar structure

give some interesting trends. Both diols 64 and 104 are glucofuranose derivatives.
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Table 5.3 Comparison of ’C NMR chemical shifts of the dialkylstannylene acetals

with those of their precursors*

Compd

Chemical shifts®

C-1

C-2

C-3

C-4

C-5

C-6

Glucofuranose derivatives

"104
118
120
121

" 64
126
128
129
130
131
133

105.1

105.1 (0.0)
105.1 (0.0)
105.1 (0.0)

82.1

82.9 (+0.8)
82.9 (+0.8)
83.0 (+0.9)

105.0 81.4

105.1 (+0.1) 81.9 (+0.5)
105.0 (0.0) 82.0 (+0.6)
105.1 (+0.1) 82.1 (+0.7)
105.1 (+0.1) 81.9 (+0.5)
105.2 (+0.2) 82.0 (+0.6)
105.3 (+0.3) 81.9 (+0.5)

Mannofuranoside derivatives

"106
134
135
136

107.2 84.8

107.3 (+0.1) 84.7 (-0.1)
107.4 (+0.2) 84.7 (-0.1)
107.4 (+0.2) 84.9 )+0.1)

Mannitol derivatives

116
147
148

117
149
150

67.9
65.4 (-2.5)
65.9 (-2.0)

76.4
76.4 (0.0)
76.5 (+0.1)

66.5
67.3 (+0.8)
67.7 (+1.2)

76.0
75.4 (-0.6)
75.2 (-0.8)

82.0

81.6 (-0.4)
81.6 (-0.4)
81.4 (-0.6)

84.5
83.6 (-0.9)
83.7 (-0.8)
83.7 (-0.8)
83.6 (-0.9)
83.9 (-0.6)
84.5 (0.0)

79.8
79.9 (+0.1)
80.0 (+0.2)
80.0 (+0.2)

80.6
79.8 (-0.8)
79.9 (-0.7)

79.2
79.4 (+0.2)
79.8 (+0.6)

80.0

84.2 (+4.2)
84.1 (+4.1)
83.2 (+#3.2)

79.8

83.4 (+3.6)
83.4 (+3.6)
82.3 (+1.5)
83.4 (+3.6)
83.7 (+3.9)
83.8 (+4.0)

80.1
81.8 (+1.7)
82.2 (+2.1)
80.4 (+0.3)

80.6
81.6 (+1.0)
81.6 (+1.0)

78.6
83.4 (+4.8)
823 (+3.7)

69.2

68.6 (-0.6)
68.7 (-0.5)
68.6 (-0.6)

69.4

68.5 (-0.9)
68.6 (-0.8)
68.6 (-0.8)
68.7 (-0.7)
68.8 (-0.6)
68.1 (-1.3)

70.4

69.4 (-1.0)
693 (-1.1)
68.9 (-1.5)

72.3
73.8 (+1.6)
72.7 (+0.4)

71.1
71.8 (+0.7)
70.9 (-0.2)

64.4

65.0 (+0.6)
67.0 (+2.6)
65.3 (+0.9)

64.4
64.7 (+0.3)
69.9 (+5.5)
64.8 (+0.4)
65.3 (+0.9)
67.0 (+2.6)
64.9 (+0.5)

64.5

64.2 (-0.3)
66.0 (+1.5)
63.8 (-0.7)

63.8
64.0 (+0.2)
63.3 (-0.5)

63.6
65.5 (+1.9)
64.6 (+1.0)

* Compound number with * is for parent compound. * Number in () is the chemical
Shift increment, & = 8,my|ene acetal Sdiol'
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Comparison of their °C NMR chemical shifts with those of the nine corresponding
dialkylstannylene acetals gave the following results: formation of stannylene acetals
caused deshielded shifts on C-2, C-4 and C-6, and shielded shifts on C-3 and C-5 in
all cases. The largest changes in chemical shifts were observed for signals of C-4, the
carbon atoms next to the stannylene rings.

The difference between the results in Table 5.3 and those in reference 5 are
apparently caused by the structural dissimilarity of the parent diols. All the diols
studied in reference 5 were frans-1,2-diols on pyranose rings. Steric interaction
between the butyl groups on tin atoms and substituents in diol molecules exist in any
of the three possible dimers of a dibutylstannylene acetal, although the magnitudes of
the interaction may be very different. In the dialkylstannylene acetal derived from a
primary-secondary diol with a furanose ring structure, there is no significant interaction
between the alkyl groups on tin and the remaining part of the diol if the p-p dimers
are formed. The observed chemical shifts changes for C-5 and C-6 are consistent with
what would be expected if electronic effects were most important in determining
chemical shifts. In the dimer, the tricoordinate oxygen atom bears a positive charge
according to Lewis structure. Withdrawal of electrons from the carbon atom bonded
to tricoordinate oxygen atom should result in deshielding in the '*C NMR spectrum.
Similarly, the signal of the carbon atom with ihe electron-rich, dicoordinate oxygen
atom is shielded. Other factors, such as f3- and y- effects introduced by formation of
dimer, also influence the chemical shifts of carbon atoms.

Two factors need to be considered when evaluating how dimer formation
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influences the reactivity and selectivity of dialkylstannylene acetals. One is steric
effects and the other, electronic effects. In the primary-primary dimer of a stannylene
acetal, each of the monomeric units uses the primary oxygen atom to form a
coordination bond to the tin atom in the other monomeric unit. Thus, the primary
oxygen atom becomes tricoordinate and the secondary oxygen atom remains
dicoordinate. Formation of the third bond makes it difficult for an electrophile to
access the primary oxygen atom. The four R' groups on both tin atoms also shield the
primary oxygen atoms in space. These effects dramatically decrease the reactivity of
the primary oxygen atom. On the other hand, electron density will be redistributed on
formation of dimer. If th. Lewis structure picture of bonding in these molecules is
considered to have some validity, the tricoordinate oxygen atoms in the dimer bear
positive charges because of donation of electron pairs to the tin atoms. In contrast, the
dicoordinate oxygen atoms become more electron-rich in the dimer than in the
monomer due to the higher electron density on the tin atoms. On this basis, the
electronic effects of dimer formation are to increase the reactivity of the secondary
oxygen atoms and to decrease the reactivity of the primary oxygen atoms.

On this basis, all dialkylstannylene acetals would be anticipated to react
regioselectively at the secondary oxygen atoms of primary-secondary diols. In fact,
this is not the case. Other factors must be taken into account.

Although only one single sharp line corresponding to the primary-primary
dimer was observed in the ''’Sn NMR spectra of most dialkylstannylene acetals, other

dimers or higher oligomers may exist in concentrations below the level of detection by
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NMR spectroscopy. For dibutylstannylene acetals formed from secondary-secondary
1,2-diol units on pyranose rings, different dimeric species were observed with ''’Sn
NMR experiments.’ In some cases, trimers were also present in solutions in
significant amounts. It has been demonstrated that dimers and higher oligomeric
soecies are in equilibrium in solutions.®

For the dialkylstannylene acetals studied here, dimers other than the primary-
primary one have at least one primary oxygen atom dicoordinate. The primary oxygen
atoms are inherently much more reactive than the secondary oxygen atoms. In dimers,
reactivity of the dicoordinate primary oxygen atoms is very high. Reaction through
dicoordinate oxygen atoms occurs very quickly. If all the products are formed through
the dimers of a dialkylstannylene acetal, the primary p-toluenesulfonate (P) is obtained
from the primary-secondary dimer (p-s dimer) and secondary-secondary dimer (s-s
dimer), and the secondary p-toluenesulfonate (S) is formed from the primary-primary

dimer (p-p dimer) and p-s dimer.

5.2.5 Kinetics

As demonstrated by Grindley and Thangarasa, oligomerization equilibria of
dibutylstannylene acetals in solution are quite complicated.”® Although conversion of
one dimer to another may be achieved through higher oligomers or perhaps through a
monomer, the overall reaction mechanism of dialkylstannylene acetals will follow
Scheme 5.2 for the following reasons. Oligomers will not be reactive intermediates

because their terminal units should have about the same reactivity as the much more



populated dimers. On electronic grounds, monomers should be less reactive than
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dimers and they are much less populated than dimers. In support of this statement,

tributylstannyl ethers, which normally exist as monomers with tetracoordinate tin, are

much activated for reaction when an adjacent oxygen atom has the correct orientation

to form a intermediate with a five-coordinate tin atom.}

Scheme 5.2
- k, . k .
p-pdimer ———=— p-sdimer ====—= s-sdimer
k -1 k -2
TsCl 12 k, ke l TsCl l ko TsCllZ k2
S S P P

p-p: primary-primary; p-s. primary-secondary; s-s: secondary-secondary
P - primary p-toluenesulfonate; S - secondary p-toluenesulfonate

The following basic equations can be derived from the mechanism in Scheme 5.2,

d[S)/dt = 2 k,, [p-p] [TsCl] + k,, [p-s] [TsCl]

d[P)/dt = k,, [p-s] [TsCl] + 2 k,, [s-s] [TsCl}

K, = k/k,
and K, = k,/k,
where [p-p] is the concentration of the primary-primary dimer, [p-s] is the
concentration of the primary-secondary dimer and [s-s], the concentration of the

secondary-secondary dimer.

(5.3)
(5.4)
(5.5)

(5.6)

Since precise kinetic measurements have not been made, it will be assumed
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that the environments of the dicoordinate secondary oxygen atoms in the primary-
primary dimer and in the primary-secondary dimer are very similar. The environments
of the dicoordinate primary oxygen atoms in the primary-secondary dimer and in the

secondary-secondary dimer are almost the same. Therefore

and k
Similarly, it may be assumed that
K, =K,=K
According to '"’Sn NMR spectroscopy where only the signal of p-p dimer was
observed, it is always the case that
[p-p] >> [p-s]
and it can be assumed similarly that
[p-s] >> [s-s]
Therefore, the following conclusions can be arrived:
ki [p-p] >> k,; [p-s]
kyi [p-s] >> k., [s-s]

Thus, the equations 5.3, 5.4 and 5.5 become

d[S)/dt = 2 k, [p-p] [TsCl] (5.7
d[P)/dt = k, [p-s] [TsCl] (5.8)
K =k /k, (5.9)

The ratio of the increment of the product at the secondary oxygen atom to that at the

primary oxygen atom can be expressed in Eq. 5.10.
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d(S)/d[P] = (2 k/k,) ([p-p)/Ip-s!’ (5.10)
There are two possible kinetic situations corresponding to the concentration of
the p-s dimer present in solution, true equilibrium and steady-state.
When k, << k ,, the p-p dimer and the p-s dimer are in equilibrium and the
concentration of p-s dimer can be expressed as:
[p-pV/Ip-s] = 1/K
Thus, the regioselectivity of the p-toluenesulfonation reaction, or the ratio of the
increment of the product at the secondary oxygen atom to that at the primary oxygen
atom, depends only on the relative reactivity of the dicoordinate secondary and
primary oxygen atoms and the relative populations of the p-p dimer and the p-s dimer:
d[S)/d[P] = (2 k/k,) (1/K) (5.11)
When k, is comparable to or larger than k,, the concentration of the p-s dimer
can be assumed to be in a steady-state. Under this condition, the concentrations of p-p
dimer and p-s dimer can be related in the following:
k, [p-p] = k., [p-s] + k, [p-s] [TsCl]
[p-pVIp-s] = (k. + &, [TsCl])/k, = 1/K + [TsCl] (k/k,)
Thus, Eq. 5.10 becomes
d[S)d[P] = (2 k/k,) {1/K + [TsCl] (k,/k))} (5.12)
Therefore, the ratio of the reaction at the secondary hydroxyl oxygen atom to that at
the primary hydroxyl oxygen atom increases with the increase of the concentration of
TsCl used for the reaction.

In order to examine the magnitude of the effect of the concentration of TsCl on
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regioselectivity under steady-state condition, a special case can be considered as
follows.
If k, = k,,, Eq. 5.12 can be rewritten as Eq. 5.13.

d[SV/d[P] = (2 k/k;) (1/K) (1+ [TsCl]) (5.13)
ie., d[S)/d[P] ec (1+ [TsCl])
Suppose that the concentration of TsCl is charged from 0.1 M to 1.2 M and all other
conditions are unchanged, the ratio of selectivity at the secondary position to that at
the primary position will be doubled.

(dISV/A[Prscy - 12 = 2 (AISVA[PDyracy - 01 M (5.14)
When k, > k,, equation 5.14 becomes equation 5.15.

(d[SYAIPYrscyy - 12 > 2 (AISVA[PDrach - 04 m (5.15)

The steady-state reaction can be easily ruled out by the following observation.

Reaction of stannylene acetal 135 (1 mmol) with TsCl (1 mmol, [TsCl], = 0.1 M) in
toluene (10 mL) gave a mixture of mono-p-toluenesulfonates in 60 h with a overall
yield of 98%. The ratio of 106S to 106P was 33:67. When the above reaction was
carried out with 12 eq. of TsCl, i.e,, [TsCl], = 1.2 M, the reaction was speeded up
dramatically and finished in 2 h with a yield of 99%. Nevertheless, the
regioselectivity remained the same as that obtained from the reaction with 0.1 M TsCl,
the ratio of 106S to 106P being 32:68. The v.ry small difference in selectivity (33:67
and 32:68) was within experimentz! error. If the steady-state mechanism operated, a
large difference in seleciivity (106S:106P, 33:67 at [TsCl], = 0.1 M and > 50:50 at

[TsCl], = 1.2 M) would ke expected.
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On the other hand, regtoselectivity under true equilibrium conditions is
independent of the concentration of TsCl. Increasing the concentration of TsCl can
only shorten the reaction time. Therefore, p-toluenesulfonation of dialkylstannylene
acetals occurs under dimer equilibrium conditions.

Under these conditions, selectivity is determined by two factors, the equilibrium
constant, K, and the relative reactivity of dicoordinate secondary oxygen atom and the
dicoordinate primary oxygen atom, k,/k,. For a given starting diol, altering alkyl
groups on the tin atom in its dialkylstannylene acetals changes k /k,, but probably not
by much. For example, when the alkyl groups become more sterically hindered, it
will decrease the reactivity of the dicoordinate oxygen atoms on b. th primary and
secondary positions. If the effects on both kinds of oxygen atoms were different, it
would slow down the reactivity of the secondary oxygen atom more than that of the
primary oxygen atom because the former is already very sterically hindered. This is in
conflict with the observation that introduction of sterically hindered alkyl groups on tin
increases the selectivity for reaction at the secondary position.

A rezsonable explanation is that altering alkyl groups on the tin atom changes
selectivity of dialkylstannylene acetals through the effect of the alkyl groups on K, the
equilibrium constant between the p-p dimer and the p-s dimer. In other words, the
populations of the p-p dimer and the p-s dimer are controlled by the steric effects of
the alkyl groups (R') on the tin atom. When the alkyl groups on tin are small or not
sterically hindered (such as butyl group), the p-s dimer in solution is populated to a

certain extent. When the alkyl groups on the tin atom become larger or more
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sterically hindered, the population of the p-s dimer decreases. Therefore, sterically
hindered alkyl groups on the tin atom increase the regioselectivity for reaction at
secondary oxygen atoms in the dialkylstannylene acetal reactions. In fact, the
selectivity at secondary oxygen atoms was increased by changing the R' groups from
butyl to isobutyl or isopropyl, both being more hindered than butyl.

The cyclic hexamethylene group on tin atom exhibits the largest steric effect of
all stannylene acetals because the ring system is unable to adopt very different
orientations to escape steric interactions. Therefore, the best selectivity can be
obtained through using hexamethylenestannylene acetal as an intermediate for reaction.
On the other hand, sterically hindered alkyl groups on tin slow reactions down due to
their shielding effect of adjacent oxygen atoms. The cyclic hexamethylene group does
not move around as freely as do acyclic groups and is mainly restricted to certain
orientations with respect to the adjacent oxygen atoms. Therefore, it does not affect
the accessibility of the dicoordinate oxygen atoms and the reaction is not slowed
down.

Another factor that may influence the regioselectivity of reactions of
hexamethylenestannylene acetals is the geometry about tin in these compounds. If it is
changed in hexamethylenestannylene acetals, it could affect both conformational
flexibility as discussed above and also the geometry necessary for reaction to occur.

Evidence about changes in geometry of hexamethylenestannylene acetal with
respect to that of dibutylstannylene acetals comes from two sources. The first is a

preliminary study of the equilibria present for hexamethylenestannylene acetal of
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ethane-1,2-diol. Figure 5.5 shows ''’Sn NMR spectra of a 0.3 M solution of
hexamethylenestannylene acetal of ethane-1,2-diol in chloroform-d at 0 °C, -40 °C
and -60 °C. The mole fraction of dimer was calculated from integrals of the areas of
the large pentacoordinate tin peak and the hexacoordinate tin peak with the following
assumptions. The hexacoordinate tin peak is due to trimer but the trimer
pentacoordinate tin peak is coincident with the pentacoordinate tin peak of the dimer.
With these assumptions, the mole fraction of dimer of the hexamethylenestannylene
acetal of ethylene glycol is 0.90 at -60 °C. In comparison with the dimer mole
fraction of 0.14 for a much more dilute solution of the dibutylstannylene acetal of
ethylene glycol at -73 °C,*® it is obvious that hexamethylenestannylene acetals
favours dimers over higher oligomers much more than do acyclic dialkylstannylene
acetals bearing alkyl groups of comparable bulk.

The source of the difference between the two types of stannylene acetals is
probably due to steric restriction of C-Sn-C angles by ring formation. In
pentacoordinate tin sites of dibutylstannylene acetals, C-Sn-C bong angles average
127.8 + 5.1° whereas in structures where the tin atom is hexacoordinate the bond
angles are larger, averaging 138.1+3.0°.*° Stannacycloheptane rings are unable to
accommodate the larger bond angles required in higher oligomers as easily and thus
disfavour formation of higher oligomers.

Additional evidence for this point comes from that the C-Sn-C bond angle of
122.3° in hexamethylenetin bischloroacetate (95e) is much smaller than those of 136 +

5° in acylic dialkyltin dicarboxylates (for detail, see Chapter 3).
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Figure 5.5 149.2 MHz ''°Sn NMR spectra of a 0.30 M solution of
hexamethylenestannylene acetal of ethane-1,2-diol in chloroform-d

at different temperatures (top to bottom: -60 °C, -20 °C, 0°C)
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The actual bond angles in dialkylstannylene acetals can be calculated
approximately from 'Jg, 15 c..; values using Eq. 3.1. Table 5.4 lists the 'Jg,119 .13
values for a variety of stannylene acetals and the calculated bond angles. The C-Sn-C
bond angles for the hexamethylenestannylene acetals appear to be slightly smaller than
those of acyclic dialkylstannylene acetals.

In comparison to the regioselective p-toluenesulfonation reaction, oxidation of
dibutylstannylene acetals derived from primary-secondary 1,2-diols gave a-
hydroxyketones with very high regioselectivity. The selectivity difference between
these two types of reactions can be explained by means of Scheme 5.2 and equation
5.10. p-Toluenesulfonation of dialkylstannylene acetals is much slower taking between
12 h and 2 d to go to completion with one equivalent of p-toluenesulfonyl chloride at
room temperature if the alkyl group is not large. Oxidation of dibutylstannylene
acetals with bromine is complete almost instantaneously at room temperature and with
N-bromosuccinimide is complete between 1 m and 20 m (see Chapter 4). The
products obtained in oxidation reactions are consistent with control by the relative
populations of dibutylstannylene acetal dimers present in solution. As discussed
above, the only detectable species of a dibutylstannylene acetal of a carbohydrate-
derived primary-secondary 1,2-diol by '’Sn NMR spectroscopy in solution is the
primary-primary dimer. Oxidation of this dimer can only occur at the secondary
position, resulting in the corresponding a-hydroxyketone. Thus, the second kinetic

situation, steady-state of the minor dimer applies.
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C-Sn-C angles of dialkylstannylene acetals
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Coupling constant (Hz)"

1
Jsn119.c.15 used

Calcd C-Sn-C

Compd Usnniec.1s for calculation®  Bond Angle (°)°
118 585.8 584.2 585.0 133.2
119 575.0 575.0 132.2
121 557.4 561.9 559.7 130.7
127 574.1 574.7 574 4 132.2
128 584.1 584.1 133.2
129 556.2 560.7 558.5 130.6
130 588.2 582.0 585.1 133.2
131 562.6 562.6 131.0
133 575.8 554.4 565.1 131.2
136 559.1 552.6 555.9 130.3
147 603.5 603.5 1,5.1
148 566.5 546.8 556.7 130.4
149 588.0 577.9 583.0 133.0
150 5619 551.7 556.8 130.4

* The two numbers are from the two carbon atoms which are not equivalent in the
dimer, ® When two different coupling constants observed, the number used for
calculation is the average number. ° Calculated using Eq. 3.1.
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Under these conditions the product ratio can be predicted from equation 5.10,
converted into a more usable form for these purposes as equation 5.16.

d{S)d[P] = 2 (k/k,)(1/k )k, + k, [O]) (5.16)
where [O] is the concentration of oxidizing reagent.

Because the reaction is very fast, return of the minor dimer to major dimer is
much slower than conversion to product. Therefore, as long as oxidizing reagent
concentration is reasonable, equation 5.16 simplifies to

d[S}/d[P] = 2 (k/k,) [O] (5.17)
that is, the product ratio is determined by the relative rates at which the major dimer
goes to product or to minor dimer. Product formation is undoubtedly considerably
faster for bromine oxidation and, most probably, is also faster for NBS oxidation.
Simply, the oxidizing reagent reacts with the major dimer faster than the dimers
equilibrate. In other words, oxidation of dibutylstannylene acetals is so fast that all
species present in solution are converted to their corresponding products and there is
no time for the interchange of the different species to occur.

This conclusion explains many results in the literature where the
regioselectivity of bromine oxidation reactions had seemed at odds in comparison to
the regioselectivity obtained from other reactions. For example, bromine oxidation of
the dibutylstannylene acetal of benzyl 2,6-di-O-benzyl-a-D-galactopyranoside in
benzene gave only the 4-keto product in a yield of 69% at room temperature, whereas
benzoylation of this dibutylstannylene acetal under the same conditions as used for

oxidation resulted in a 74% yield of 3-O-benzoyl derivative after 24 h of reaction."®
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There is no evidence as yet available about the structures of the dimers present for this
type of cis-1,2-diol. However, if the 3,3-dimer is strongly favored in solution, the
results can be explained. Oxidation traps the 3,3-dimer by reaction at axial
dicoordinate 4-oxygen. Other reactions are much slower allowing equilibration to take
place so that the much more reactive equatorial 3-oxygen in 3,4-dimers reacts
preferentially. However, it is also possible that the 3-O-benzoy! derivative was
obtained by rearrangement of the initially formed 4-O-benzoate since benzoates are

known to rearrange under these conditions.
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5.3  Experimental

General methods. For general methods, see experimental sections in Chapters 3 and 4.

Starting materials.

For the preparation of dialkyltin oxides see Chapter 3. For the preparation of
carbohydrate-derived diols other than described in the follows, see experimental
section in Chapter 4.

1,2-0-Isopropylidene-a-D-glucofuranose (66). This compound was prepared
using a literature method:'** mp 162-163°C, lit.'*® 161-162°C; [a])2® -12.7° (c 1.0,
water), lit.'”® [a]3° -11.4°; '"H NMR (D,0) & 6.00 (d,1H, J,, = 3.6 Hz, H-1), 4.69 (d,
1H, H-2), 431 (4, 1H, J,, = 2.1 Hz, H-3), 4.08 (dd, 1H, J,; = 8.9 Hz, H-4), 3.90 (m,
1H, H-5), 3.79 (dd, 1H, J;¢ = 2.5 Hz, J,, = 12.0 Hz, H-6), 3.63 (dd, 1H, J;; = 6.0 Hz,
H-6"), 1.51 (s, 3H, CH,), 1.35 (s, 3H, CH,).

1,2-0O-Isopropylidene-3-O-methyl-a-D-allofuranose (113). This compound was
prepared according to a literature method:'*° mp 116-118 °C, lit."*° 120-121 °C; [«]3’
+105° (c 1.0, water); lit.'"** [a])3° +108.8° ; '"H NMR § 5.80 (d, 1H, J,, = 3.5 Hz, H-
1), 4.72 (dd, 1H, J,, = 4.2 Hz, H-2), 4.04-4.01(m, 2H, H-4, H-5), 3.82 (m, 1H, H-3),
3.75-3.65 (m, 2H, H-6, H-6'), 3.50 (s, 3H, OCH,), 3.14 (br, 1H, OH), 2.98 (br, H,
OH), 1.59, 1.37 (2s, 6H, 2CH,); *C NMR § 113.2 (s, C,....), 104.1 (d, C-1), 79.1 (d,
C-3), 78.8 (d, C-4), 77.0 (d, C-2), 70.9 (d, C-5), 63.0 (t, C-6), 57.8 (q, CH,0), 26.7,

26.5 (2q, 2CH,).
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1,2-0-Isopropylidene-3-0-tosyl-a-D-allofuranose (114). This compound was
prepared as described by Heap et al:'*' mp 151-153 °C (from ethyl acetate), lit.'*' 130
°C (from ethanol); [a)2’ 48.3° (c 1.0, acetone), lit.'""! [a]2* +50°;, '"H NMR & (DMSO-
dy) 7.82 (d, 2H, J = 8.0 Hz, 2Ar-H), 7.48 (d, 2H, 2Ar-H), 5.69 (br, 1H, H-1), 4.99 (m,
1H, H-2), 4.78 (m, 1H, H-3), 4.60, 4.51 (2m, 2H, H-6, H-6'), 4.07 (m, 1H, H-4), 3.57
(m, 1H, H-5), 1.41, 1.20 (2s, 6H, 2CH,); *C NMR § (DMSO-d,) 145.1 (s, C.....),
132.5 (5, Coonpar)s 1299 (4 2Ceom arn)> 127.9 (d, 2Cuomman)s 112.2 (5, Coa), 103.5 (d,
C-1), 77.8 (d, C-2), 75.8 (d, C-3), 77.5 (d, C-4), 70.0 (d, C-5), 61.6 (t, C-6), 26.6, 26.4
(2q, 2CH,), 21.2 (g, ArCH,).

iy2-0O-Isopropylidene-a-D-allofuranose (115). This compound was prepared
using a literature method:'*® mp 131-133 °C, lit."** mp 129-130 °C; [a]3® +44.4° (c
1.0, water), lit."® [a]2° +47.8°, '"H NMR & (D,0) 5.70 (d, 1H, J,, = 3.3 Hz, H-1), 4.56
(m, 1H, H-2), 4.04 (m, 1H, H-3), 3.84-3.80 (m, 2H, H-4, H-5), 3.60-3.43 (m, 2H, H-6,
H-6), 1.41, 1.23 (2s, 6H, 2CH,); ®C NMR 5 116.2 (s, C,_.,), 106.4 (d, C-1), 82.3 (d,
C-2), 82.2 (d, C-4), 73.6 (d, C-5), 72.6 (d, C-3), 64.8 (t, C-6), 28.4, 28.2 (2q, 2CH,).

1,2:3,4-Di-0O-isopropylidene-D-mannitol (116). This compound was prepared
from 1,2:3,4:5,6-tri-O-isopropylidene-p-mannitol according to Wiggins' method:'**
[o]2® +5.6° (¢ 1.0, chloroform); mp 36-37 °C, lit.'® mp 37 °C; '"H NMR § (D,0)
421 (m, 1H, H-2), 4.1-4.0 (m, 2H, H-1, H-1'), 3.91 (m, 1H, H-3), 3.8-3.6 (m, 4H, H-4,
H-5, H-6, H-6'), 1.39 (s, 3H, CH,), 1.38 (s, 9H, 3CH,); "C NMR § 110.3, 109.6 (2s,
2C,....), 80.6 (d, C-3, C-4), 76.4 (d, C-2), 72.3 (d, C-5), 67.9 (t, C-1), 63.8 (t, C-6),

26.8 (q, 2CH,), 26.3, 25.0 (2q, 2CH,).



145

3,4-Di-0-benzyl-1,2-0-isopropylidene-D-mannitol (117).

(A) 1,2:5,6-Di-O-isopropylidene-D-mannitol (A) was prepared from D-mannitol
using a literature method:'* mp 118-119 °C, lit."* mp 119-121 °C; [a]3’ +8.5° (¢ 1.0,
chloroform), lit.'* [a], +7.5-8.3° ; 'H NMR § 4.18 (m, 2H, H-2, H-5), 4.12 (dd, 2H,
J,m = 84 Hz, ], = 6.4 Hz, H-1, H-6), 3.99 (dd, 2H, J,,, = 5.4 Hz, H-1', H-6'), 3.74
(dd, J,5 045 = 6.1 Hz, Joy 5.4 = 6.7 Hz, 2H, H-3, H-4), 2.77 (d, 2H, 20H), 1.42 (s,
6H, 2CH,), 1.36 (s, 6H, 2CH,); °C NMR & 109.3 (s, 2C,....), 76.1 (d, C-2, C-5), 71.1
(d, C-3, C-4), 66.7 (t, C-1, C-6), 26.7 (q, 2CH,), 25.2 (q, 2CH,).

(B) 3,4-Di-O-benzyl-1,2:5,6-di-O-isopropylidene-D-mannitol (B), a syrup, was
prepared from compound A according to Gurjar's method:'** [a])2® +37.2° (c 1.0,
chloroform), lit. [a], +29.6°'* and [a]3® +36°,' 'H NMR & 7.31 (s, 10H, 10Ar-H),
4.70 (s, 4H, 2ArCH,), 4.24 (m, 2H, H-2, H-5), 3.99 (dd, 2H, J,.,, =83 Hz, J, = 6.4

Hz, H-1, H-6), 3.88 (dd, J,_ = 6.5 Hz, H-1', H-6), 3.82 (m, 2H, H-3, H-4), 1.41 (s,

ic

6H, 2CH,), 1.33 (s, 6H, 2CH,); “C NMR § 1383 (s, C,..,.), 128.4 (d, Cyrorpomnc), 128.1

(d, Coommen)s 127.8 (d, C, o para)> 108.6 (5, 2C,.,), 80.0 (d, C-3, C-4), 75.9 (d, C-2, C-
5), 74.7 (t, 2C,.n,y), 66.8 (t, C-1, C-6), 26.8 (q, 2CH,), 25.3 (2q, 2CH,).

(C) Compound B (20 g) was dissolved in 70% ethanol-water (40 mL). To this
solution was added conc. hydrochloric acid (1.5 mL). The mixture was kept at 40 °C
for 2.5 h and then cooled to room temperature. The reaction mixture was neutralized
with barium carbonate until slightly basic. The solid materials were removed by

filtration and the filtrate was concentrated to dryness. The residue was extracted with

acetone (200 mL). The combined extracts were dried (K,CO;) and the solvent was
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removed on a rotary evaporator after dried with anhydrous potassium carbonate. This
residue was stirred with hexane (300 mL) for 1 h at room temperature. The hexane
layer was decanted and concentrated to dryness to give starting material (7.04 g). The
residue after extraction was separated by flash column chromatography with hexane-
ethyl acetate as eluent. The first fraction was 3,4-di-O-benzyl-1,2-O-isopropylidene-D-
mannitol (117), 5.5 g (47% based on the consumed starting material), as a syrup: [a]?’
+25.8° (¢ 1.0, chloroform); '"H NMR & 7.31 (m, 10H, 10Ar-H), 4.76 (d, 1H,
Jarcnarcun = 11.3 Hz, ArCH-a), 4.71 (d, 1H, ArCH'-a), 4.66 (d, 1H, J s, cyacirp = 11.3
Hz, ArCH-b), 4.61 (d, 1H, ArCH'-b), 4.31 (m, 1H, H-2), 4.07 (dd, 1H, J, , = 8.24 Hz,
J,»=64Hz H-1),397 (dd, IH, J,,,,, =34 Hz, J,,,,; = 5.5 Hz, H-3), 3.95 (dd,
1H, J,., = 4.9 Hz, H-1'), 3.79 (m, 1H, H-5), 3.75-3.60 (m, 3H, H-6, H-4, H-6'), 2.91
(d, 1H, Jou s = 5.5 Hz, OH), 2.05 (m, 1H, OH), 1.45 (s, H, CH,), 1.36 (s, H, CH,), °C
NMR § 137.9, 137.8 (2s, 2C,,,,,), 128.7, 128.6, 128.5, 128.2, 128.1, 158.0 (6d, 8C,,,.),
108.6 (s, C,.qia), 79.2 (d, C-3), 78.6 (d, C-4), 76.0 (d, C-2), 74.5, 73.9 (2t, 2C,,,,\),
71.1 (d, C-5), 66.5 (t, C-1), 63.6 (t, C-6), 26.6 (q, CH,), 25.2 (q, CH;). Anal. Calcd:
C 68.64, H 7.51; Found: C 68.17, H 7.47.

The second fraction, which crystallized after being kept under toluene, was 3 ,4-
di-O-benzyl-D-mannitol, weighing 5.1 g (48% based on the consumed starting
material): mp 73-75 °C; '"H NMR § 7.3 (m, 10H, 10Ar-H), 4.65 (m, 4H, 4ArCH),
4.15 (br, 2H, 20H), 3.90 (br, 2H, H-2, H-5), 3.8-3.6 (m, 6H, H-1, H-1', H-3, H-4, H-
6, H-6"), 3.32 (br, 2H, 20H); *C NMR & 137.5 (s, 2C,,..), 128.6, 128.3, 128.1 (3d,

8Cyrom)» 77.8 (d, C-3, C-4), 73.8 (1, 2Cynsy), 71.5 (d, C-2, C-5), 63.4 (t, C-1, C-6).
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Other analyses were not performed because this compound proved to be highly

hygroscopic.'*

Greneral methods for preparation of dialkylstannylene acetals.

A 1,2-diol or triol (1 mmol) derived from a monosaccharide was refluxed with
one equivalent of dialkyltin oxide overnight in benzene (20 mL) or toluene with
continuous removal of water in a Dean-Stark apparatus. The solvent was removed on
a vacuum line and the stannylene acetal residue was kept under vacuum for an
additional half hour. To this residue was added a dry solvent (usually 10 mL) which
was used for p-toluenesulfonation reaction. The solvent used will be specified for

each reaction.

General method for work-up after p-toluenesulfonation reactions.

In all cases, unless specified elsewhere, the reaction of the stannylene acetal
intermediate with the electrophile was stopped by adding water and diluting with
methylene chloride as follows. To the reaction mixture [1 mmol stannylene acetal and
1 mmol electrophile in benzene (20 mL) or toluene (20 mL), or in chloroform (5 mL),
methylene chloride (5 mL), or acetonitrile (5 mL)] was added water (5 mL) and the
mixture was stirred for 2 h at room temperature. The mixture was filtered and the
filtrate was diluted with methylene chloride (25 mL) and washed with water (15 mL x
2). The organic layer was separated and dried over potassium carbonate. The solvent

was removed on a rotary evaporator. The residue thus obtained was separated or
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purified by means of dry column flash chromatography with hexane-ethyl acetate as

the eluent (usually in gradient manner).

p-Toluenesulfonation of 3-0-benzyl-1,2-0-isopropylidene-a-D-glucofuranose (104).
Using dibutylstannylene acetal (118) in toluene. The stannylene acetal 118 was
prepared using the general method from 104 (0.310 g, 1.0 mmol) and dibutyltin oxide
(0.249 g, 1 mmol), then reacted with p-toluenesulfonyl chloride (0.191 g, 1 mmol) in
toluene (20 mL) at room temperature for 48 h. Column separation of the reaction
mixture resulted in two monosubstituted products. The first fraction gave 3-O-benzyl-
1,2-O-isopropylidene-6-O-p-toluenesulfonyl-a-D-glucofuranose (104P, 0.310 g, 67%) as
a syrup: [a]2’ -8.0° (¢ 1.0, CH,0H), -23.7° (¢ 1.1, CHCL); lit. [a]:° -7.24°
(CH,0H),'” -39.2° (CHCl,);'* '"H NMR § 7.27-7.81 (m, 9H, Ar-H), 590 (d, 1H, J,,
=3.7Hz, H-1), 471 (d, 1H, J,,cy arcr = 11.7 Hz, ArCH,-H), 4.62 (d, 1H, H-2), 4.58
(d, 1H, ArCH,-H'), 4.28 (dd, 1H, J;4 = 2.7 Hz, J;,, = 10.0 Hz, H-6), 4.23 (m, IH, H-
5), 4.19-4.22 (m, 3H, H-3, H-4, H-6"), 2.68 (d, 1H, J,; s = 5.8 Hz, OH), 2.46 (s, 3H,
CH,-Ar), 1.48 (s, 3H, CH,), 1.35 (s, 3H, CH3), "C NMR § 127-145 (12C, Ar-C),
112.0 (s, q-C), 105.2 (d, C-1), 82.18 (d, C-2), 81.93 (d, C-3), 78.3 (d, C-4), 72.3 (¢,
2C, ArCH,-C and C-6), 67.4 (d, C-5), 26.8 (q, CH,), 26.3 (q, CH,), 21.61 (q, CH,-Ar).
The second fraction afforded 3-O-benzyl-1,2-O-isopropylidene-5-O-p-
toluenesulfonyl-a.-D-glucofuranose (1048, 0.150 g, 32%), which was also a syrup: [a]3?
-16.3° (¢ 1.2, chloroform);, 'H NMR § 7.20-7.76 (m, 9H, Ar-H), 585 (d, 1H, J,, =35

Hz, H-1), 5.04 (m, 1H, H-5), 4.57 (d, 1H, Jpcyacs = 11.0 Hz, ArCH,-H), 4.56 (d,
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1H, H-2), 4.54 (d, 1H, ArCH,-H), 436 (dd, 1H, J,, = 2.8 Hz, J,; = 7.7 Hz, H-4), 4.00
(d, 1H, H-3), 3.92 (m, 1H, H-6), 3.80 (m, 1H, H-6"), 2.40 (s, 3H, CH,-Ar), 2.26 (br,
1H, OH), 1.46 (s, 3H, CH,), 1.29 (s, 3H, CH,). C NMR 3§ 127-145 (12C, Ar-C),
112.2 (s, q-C), 105.1 (d, C-1), 81.5, 81.3 (2d, C-2 and C-3), 78.8, 78.5 (2d, C-4 and
C-5), 72.1 (t, ArCH,-C), 62.3 (t, C-6), 26.8 (q, CH,), 26.3 (q, CH,), 21.6 (q, CH,-Ar).

Compound 104S (0.300 g, 0.65 mmol, obtained from the previous reaction)
was dissolved in pyridine (1 mL). To this solution was added a solution of benzoyl
chloride (0.5 mL) in methylene chloride (3 mL) in 3 portions over 20 min with
intermittent shaking. The mixture was allowed to stand at room temperature for 1 h
and then diluted with methylene chloride (20 mL). The mixture was washed with
water (10 mL x 2) and the organic layer was dried over potassium carbonate. After
solvent was removed, column purification of the residue afforded 6-O-benzoyl-3-O-
benzyl-1,2-O-isopropylidene-5-O-p-toluenesulfonyl-a-D-glucofuranose (104D, 0.310 g,
86%): [a]2® -0.7° (c 1.35, chloroform), lit.'"* [a], -2.2 ° (¢ 3.12, chloroform); mp 68-
69 °C, lit'"’ mp 64-67 °C; '"H NMR § 7.10-7.91 (m, 14H, Ar-H), 5.88 (d, 1H, J,, =
3.4 Hz, H-1), 5.32 (m, 1H, H-5), 4.43-4.68 (m, 4H, H-2, H-4, H-6,, H-6,), 4.11 (d, 1H,
J,4 = 2.6 Hz, H-3), 2.27 (s, 3H, CH,-Ar), 1.45 (s, 3H, CH,), 1.30 (s, 3H, CH,).

Using dibutylstannylene acetal in chloroform. The stannylene acetal 118 (1
mmol) was prepared with the general method. The p-toluenesulfonation reaction was
carried out in chloroform (10 mL) at room temperature for 20 h. Column separation
gave the 6-O-p-toluenesulfonate 104P, 0.200 g, 43%, and the 5-O-p-toluenesulfonate

1048, 0.240 g, 52%, respectively.
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Using dibutylstannylene acetal in dichloromethane. The stannylene acetal 119
(1 mmol, prepared with the general method) was reacted with TsCl (1 eq.) in toluene
(20 mL) for 48 h. Column separation gave the 6-O-p-toluenesulfonate 104P (0.251 g,
54%) and the 5-O-p-toluenesulfonate 104S (0.189 g, 41%).

Using dibutylstannylene acetal in acetonitrile. The stannylene acetal 118 (1
mmol) was prepared with the general method. The p-toluenesulfonation reaction was
carried out in chloroform (10 mL) at room temperature for 20 h. Column separation
gave the 6-O-p-toluenesulfonate 104P, 0.305 g, 66%, and the 5-O-p-toluenesulfonate
1048, 0.125 g, 27%, respectively.

Using diisobutylstannylene acetal in toluene. The stannylene acetal 119 (1
mmol, prepared with the general method) was reacted with TsCl (1 eq.) in toluene (20
mL) for 48 h. Column separation gave the 6-O-p-toluenesulfonate 104P (0.132 g,
28%) and the S-O-p-toluenesulfonate 104S (0.183 g, 39%).

Using diisobutylstannylene acetal in chloroform. The stannylene acetal 119 (1
mmol, prepared with the general method) was reacted with TsCl (1 eq.) in toluene (20
mL) for 48 h. Column separation gave the 6-O-p-toluenesulfonate 104P (0.141 g,
30%) and the 5-O-p-toluenesulfonate 104S (0.311 g, 67%).

Using diisopropylstannylene acetal in toluene. The stannylene acetal 120 (1
mmol, prepared with the general method) was allowed to react with TsCl (1 eq.) in
toluene (20 mL) for 48 h. Column separation gave the 6-O-p-toluenesulfonate 104P
(0.139 g, 30%) and the 5-O-p-toluenesuifonate 104S (0.237 g, 51%).

Using diisopropylstannylene acetal in chloroform. The stannylene acetal 120 (1
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mmol, prepared with the general method) was allowed to react with TsCl (1 eq.) in
chloroform (10 mL) for 48 h. Column separation gave the 6-O-p-toluenesulfonate
104P (0.141 g, 30%) and the 5-O-p-toluenesulfonate 104S (0.316 g, 68%).

Using diisopropylstannylene acetal in chloroform at § °C. The stannylene
acetal 120 (1 mmol) was prepared with the general method. The residue was
dissolved in chloroform (8 mL) and the solution thus obtained was cooled to 0 °C in a
desiccator. A cold solution of TsCl (0.191 g, 1 mmol) in chloroform (2 mL) was
added quickly, with a syringe, to the stannylene acetal solution. The reaction mixture
was kept at 5 °C for two weeks. Hydrolysis of the reaction mixture was done by
adding to the mixture a pre-cooled solution of 0.5 M HCI (5 mL). The organic layer
was separated and dried over anhydrous potassium carbonate. Column separation
afforded the 6-O-p-toluenesulfonate 104P (0.0547 g, 19%) and the 5-O-p-
toluenesulfonate 104S (0.359 g, 75%).

Using diisopropylstannylene acetal in methylene chloride. The stannylene
acetal 120 (1 mmol, prepared with the general method) was reacted with TsCl (1 eq.)
in methylene chloride (10 mL) at room temperature for 12 h. Column separation gave
the 6-O-p-toluenesulfcnate 104P (0.137 g, 30%) and the 5-O-p-toluenesulfonate 104S
(0.300 g, 65%).

Using diisopropylstannylene acetal in methylene chioride at § °C, The
stannylene acetal 120 (1 mmol, prepared with the general method) was reacted with
TsCl (1 eq.) in methylene chloride (10 mL) at 5 °C for 48 h. Column separation gave

the 6-O-p-toluenesulfonate 104P (0.112 g, 24%) and the 5-O-p-toluenesulfonate 104S
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(0.290 g, 63%).

Using diisopropylstannylene acetal in acetonitrile. The stannylene acetal 120 (1
mmol, prepared with the general method) was reacted with TsCl (1 eq.) in acetonitrile
(10 mL) at room temperature for 20 h. Column separation gave the 6-O-p-
toluenesulfonate 104P (0.304 g, 66%) and the 5-O-p-toluenesulfonate 104S (0.127 g,
27%).

Using hexamethylenestannylene acetal in chloroform. The stannylene acetal
121 (1 mmol, prepared with the general method) was reacted with TsCl (1 eq.) in
chloroform (10 mL) at room temperature for 20 h. Cclumn separation gave the 6-O-p-
toluenesulfonate 104P (0.020 g, 4%) and the 5-O-p-toluenesulfonate 104S (0.440 g,
95%).

Using dineohexylstannylene acetal in chioroform. The stannylene acetal 122 (1
mmol, prepared with the general method) was reacted with TsCl (1 eq.) in chloroform
(10 mL) at room temperature for 10 h. Column separation gave the 6-O-p-
toluenesulfonate 104P (0.260 g, 56%) and the 5-O-p-toluenesulfonate 104S (0.195 g,
42%).

Using dicyclohexylstannylene acetal in chloroform. The stannylene acetal 123
(1 mmol, prepared with the general method C) was reacted with TsCl (1 eq.) in
chloroform (10 mL) at room temperature for 36 h. Column separation gave the 6-O-p-
toluenesulfonate 104P (0.212 g, 46%) and the 5-O-p-toluenesulfonate 104S (0.230 g,
50%).

Using dihexylstannylene acetal in chloroform. The stannylene acetal 124 (1
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mmol, prepared with the general method) was reacted with TsCl (1 eq.) in chloroform
(10 mL) at room temperature for 12 h. Column separation gave the 6-O-p-
toluenesulfonate 104P (0.200 g, 43%) and the 5-O-p-toluenesulfonate 104S (0.246 g,
53%).

Using di-z-butylstannylene acetal in chloroform. The di-z-butylstannylene acetal
of 104 (1 mmol, prepared with the general method) was reacted with TsCl (1 eq.) in
chloroform (10 mL) at room temperature for S d. Column separation gave the 6-O-p-
toluenesulfonate 104P (0.097 g, 25%) and the 5-O-p-toluenesulfonate 104S (0.015 g,

4%).

p-Toluenesulfonation of 1,2-O-isopropylidene-a-D-glucofuranose (66).

Using dibutylstannylene acetal. The stannylene acetal 125 (1 mmol, prepared
using the general method from 66 and dibutyltin oxide) was allowed to react with p-
toluenesulfonyl chloride (0.191 g, 1 mmol) in toluene (20 mL). The mixture was kept
at room temperature for 4 days. The first fraction from column separation was a di-O-
p-toluenesulfonate of compound 66 (0.030 g, 6%) which was not characterized. The
foliowing fraction contained 1,2-O-isopropylidene-5-O-p-toluenesulfonyl-o-D-
glucofuranose (66S, 0.045 g, 12%): mp 121-122°C, lit.'*® 122-124°C; [a]2® +6.5° (¢
1.0, chloroform), lit."* [a]3? +6°; '"H NMR § 7.27-7.84 (m, 4H, Ar-H), 5.90 (d, 1H,
J,» = 3.6 Hz, H-1), 4.83 (m, 1H, H-5), 4.58 (d, 1H, H-2), 4.36 (br, 1H, H-3), 427 (dd,
1H, J,, = 2.4 Hz, J,; = 9.3 Hz, H-4), 3.72-3.76 (m, 2H, H-6, H-6'), 3.31 (d, 1H, Joy;

= 4.4 Hz, C,-OH), 2.47 (s, 3H, ArCH,), 2.05 (br, 1H, C,-OH), 1.47 (s, 3H, CH,), 1.31
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(s, 3H, CH;). The third fraction gave 1,2-O-isopropylidene-6-O-p-toluenesulfonyl-a-D-

glucofuranose ( 66P, 0.145 g, 39%): mp 99-100 °C, lit.'"*! 100-101°C; [a]3? -5.7° (¢
1.1, chloroform), lit."”' [a]3® -6°; 'H NMR & 7.34-7.80 (m, 4H, Ar-H), 5.90 (d, 1H, J,,
= 3.6 Hz, H-1), 4.51 (d, 1H, H-2), 4.35 (br, 1H, H-3), 4.28 (dd, 1H, J; = 2.5 Hz, J,
= 10.2 Uz, H-6), 4.18 (br, 1H, H-5), 4.10 (dd, 1H, J,, = 6.8 Hz, H-6'), 4.01 (dd, 1H,
J,, = 2.7 Hz, J,5 = 7.8 Hz, H-4), 3.73 (br, 1H, OH), 3.50 (br, 1H, OH), 2.45 (s, 3H,

ArCH,), 1.45 (s, 3H, CH,), 1.29 (s, 3H, CH,).

P-Toluenesulfonation of 3-0-methyl-1,2-0-isopropylidene- a-D-glucofuranose (64).

Using dibutylstannylene acetal in toluene. The stannylene acetal 126 was
prepared using the general method from 64 (0.234 g, 1.0 mmol) and dibutyltin oxide
(0.249 g, 1 mmol), then reacted with p-toluenesulfonyl chloride (0.191 g, 1 mmol) in
toluene (20 mL) at room temperature for 48 h. Column purification gave a syrupy
mixture of two monosubstitution products (0.376 g, 97%) which could not be
separated by chromatography. The mixture contained 3-O-methyl-1,2-O-
isopropylidene-6-O-p-toluenesulfonyl-a-D-glucofuranose (64P) as the major product
(80%) and 3-O-methyl-1,2-O-isopropylidene-5-O-p-toluenesulfonyl-a-b-glucofuranose
(64S) as the minor (20%). These percentages were obtainea by integration of several
well-separated signals in the "H nmr spectrum, and averaging the results. NMR data
for the 6-O-p-toluenesulfonate 64P (5): 'H 7.27-7.84 (m, 4H, Ar-H), 5.85 (d, 1H, J,,
= 3.4 Hz, H-1), 4.56 (d, 1H, H-2), 4.26 (dd, 1H, J,, = 2.8 Hz, J,; = 8.0 Hz, H-4),

3.79-4.20 (m, 3H, H-5, H-6, H-6"), 3.88 (d, 1H, H-3), 3.43 (s, 3H, OCH,), 2.94 (d, IH,
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Jons = 6.0 Hz, OH), 2.45 (s, 3H, CH;-Ar), 1.46 (s, 3H, CH,), 1.31 (s, 3H, CH,); C

145.0 (s, C

arom

), 132.4 (s, C o pun)> 129.9 (d, 2C,1om0mmo)» 128.0 (d, 2C pp.men), 111.86
(s, Copr), 104.98 (d, C-1), 84.17 (d, C-3), 8131 (d, C-2), 78.95 (d, C-4), 72.23 (t, C-
6), 67.39 (d, C-5), 57.94 (q, OCH,), 26.76 (q, CH,), 26.19 (q, CH,), 21.68 (q, CH;,-
Ar). NMR data for 64S (8, only data significantly different from those of the 6-O-p-
toluenesulfonate 64P are given): 'H 4.92 (m, 1H, H-5), 3.75-3.95 (m, 2H, H-6,, H-6,),
3.27 (s, 3H, OCH,), 2.45 (s, 3H, CH,-Ar), 2.38 (br, 1H, OH);, "C, 78.34 (d, C-5),
62.34 (t, C-6).

Using dibutylstannylene acetal in chloroform. The stannylene acetal 126 (1
mmol, prepared using the general method) was reacted with p-toluenesulfonyl chloride
(0.191 g, 1 mmol) in chloroform (10 mL) at room temperature for 12 h, giving a
mixture of monotosylates (0.380 g, 98%). The major product was the 6-O-p-
toluenesulfonate 64P and the minor the 5-O-p-toluenesulfonate 64S in a ratio of 60:40.

Using diisobutylstannylene acetal in toluene. The stannylene acetal 127 (1
mmol, prepared using the general method) was allowed to react with TsCl (1 eq.) in
toluene (20 mL) at room temperature for 48 h, giving a mixture of monotosylates
(0.299 g, 77%). The major product was the 5-O-p-toluenesulfonate 64S and the
minor, the 6-O-p-toluenesulfonate 64P, in a ratio of 60:40.

Using diisobutylstannylene acetal in chloroform. The stannylene acetal 127 (1
mmol, prepared using the general method) was allowed to react with TsCl (1 eq.) in
toluene (20 mL) at room temperature for 48 h, giving a mixture of monotosylates

(0.370 g, 97%). The major product was the 6-O-p-toluenesulfonate 64P and the
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minor, the 5-O-tosylate 648, in a ratio of 68:32.

Using diisopropylstannylene acetal in toluene. The stannylene aceta .28 (1
mmol, prepared using the general method) was allowed to react with TsCl (1 eq.) in
toluene (20 mL) at room temperature for 24 h, giving a mixture of monotosylates
(0.310 g, 80%). The major product was the 6-O-p-toluenesulfonate 64P and the
minor, the 5-O-tosylate 648, in a ratio of 60:40.

Using diisopropylstannylene acetal in chloroform at § °C. The stannylene
acetal (128, 1 mmol) was prepared using the general method. The residue was
dissolved in chloroform (8 mL) and the solution thus obtained was cooled to 0 °C in a
desiccator. A cold solution of TsCl (0.191 g, 1 mmol) in chlorofori: {2 mL) was
added quickly, with a syringe, to the stannylene acetal solution. The reaction mixture
was kept at 5 °C for two weeks. Hydrolysis of the reaction mixture was done by
adding to the mixture a pre-cooled solution of 0.5 M HCi (5 mL). The organic layer
was separated and dried over anhydrous potassium carbonate. Column purification
afforded a mixture of monosubstitution products (0.372 g, 96%). The ratio of the 6-O-
p-toluenesulfonate 64P to the 5-O-p-toluenesulfonate 64S was 25:75.

Using diisopropylstannylene acetal in methylene chloride at S °C. The
stannylene acetal 128 (1 mmol, prepared using the general method) was allowed to
react with TsCl (1 eq.)) in methylene chloride (10 mL) at 5 °C for 48 h, giving a
mixture of mono-O-p-toluenesulfonates (0,345 g, 89%). The major product was the §-
O-p-toluenesulfonate 64S and the minor, the 6-O-p-toluenesulfonate 64P, in a ratio of

65:35.
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Using hexamethylenestannylene acetal in chloroform. The stannylene acetal
129 was prepared using the general method from 64 (0.234 g, 1.0 mmol) and
hexamethylenetin oxide (0.219 g, 1 mmol), was then reacted with p-toluenesulfonyl
chloride (0.191 g, 1 mmol) in chloroform (10 mL) at room temperature for 12 h,
giving a mixture of mono-O-p-toluenesulfonates (0.365 g, 94%). The major product
was the 5-O-p-toluenesulfonate 64S and the minor, the 6-O-p-toluenesulfonate 64P, in
a ratio of 95:5.

Using dineohexylstannylene acetal in chloroform. The stannylene acetal 130 (1
mmol, prepared using the general method) was reacted with TsCl (1.1 eq.) in
chloroform (10 mL) at room temperature for 12 h, giving a mixture of mono-O-p-
toluenesulfonates (0.380 g, 98%). The major product was the 6-O-p-toluenesulfonate
64P and the minor, the 5-O-p-toluenesulfonate 648, in a ratio of 70:30.

Using dicyclohexylstannylene acetal in chloroform. The stannylene acetal 131
was prepared using the general method from 64 (0.234 g, 1.0 mmol) and
dicyclohexyltin oxide (0.249 g, 1 mmol), then was reacted with p-toluenesulfonyl
chloride (0.191 g, 1 mmot) in chloroform (10 mL) at room temperature for 36 h,
giving a mixture of mono-O-p-toluenesulfonates (0.330 g, 85%). The ratio of the 6-O-
p-toluenesulfonate 64P to the 5-O-p-toluenesulfonate 64S was 44: 56.

Using dihexylstannylene acetal in chloroform. The stannylene acetal 132 (1
mmol, prepared using the general method) was allowed to react with TsCl (1 eq.) in
chloroform (10 mL) at room temperature for 12 h, giving a mixture of mono-O-p-

toluenesulfonates (0.381 g, 98%). The ratio of the 6-O-p-toluenesulfonate 64P to the
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5-O-p-toluenesulfonate 64S was 58:42.

Using dineopentylstannylene acetal in chloroform. The stannylene acetal 133
(1 mmol, prepared using the general method) was reacted with TsCl (1.1 eq.) in
chloroform (10 mL) at room temperature for two weeks, giving a mixture of mono-O-
p-toluenesulfonates (0.252 g, 65%). The major product was the 5-O-p-toluenesulfonate

648 and the minor, the 6-O-p-toluenesulfonate 4P, in a ratio of 70:30.

P-Toluenesulfonation of methyl 2,3-O-isopropylidene-a-D-man.-ofuranoside (106).
Using dibutylstannylene acetal in chloroform. The stannylene acetal 134 (1
mmol, prepared from 106 and dibutyltin oxide using the general method) was allowed
to react with p-toluenesulfony! chloride (0.191 g, 1 mmol) in chloroform (10 mL) at
room temperature. The reaction was complete after 12 h according to TLC. A syrup
was obtained after standard work-up, which contained a mixture of monosubstitution
products (0.373 g, 98%). 'H NMR spectroscopy showed that over 9574 of the product
was the 6-O-tosylate 106P (form integration of the well-separated signals of methoxy
protons). Treatment of the syrup with diethyl ether-hexane afforded colourless crystals
of methyl 1,2-O-isopropylidene-6-0-p-toluenesulfonyl-a-D-mannofuranoside (106P):
mp 95-96°C, lit."*> mp 94-95°C; [a]2? 4.1° (¢ 1.0, chloroform), lit."*? [a])2 4.5°; 'H
NMR 6 7.2-7.8 (m, 5H, Ar-H), 4.86 (s, 1H, H-1), 4.79 (dd, 1H, J,, =58 Hz, J,, =
3.3 Hz, H-3), 4.55 (d, 1H, H-2), 4.30 (dd, 1H, J,; = 10.1 Hz, J,, = 3.0 Hz, H-6), 4.18
(dd,1H, J;¢ = 5.9 Hz, H-6"), 4.13 (m, 1H, H-£), 3.90 (dd, 1H, J,; = 7.8 Hz, H-4), 3.26

(s, 3H, OCH,), 2.75 (br, 1H, OH), 2.45 (s, 3H, Ar-CH,), 1.43 (s, 3H, CH,), 1.31 (s,
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3H, CH,); ’C NMR § 144.9 (s, C,onpurs)s 129.8 (5, Ciom)s 129.5 (d, Coromorno)» 127.9
(d, Coonmen), 112.7 (s, C,.u), 107.0 (d, C-1), 84.6 (d, C-2), 79.6 (d, C-3), 78.0 (d, C-
4), 71.5 (t, C-6), 68.0 (d, C-5), 54.6 (q, CH,0), 25.8 (q, CH;), 24.5 (q, CH;), 21.6 (q,
CH,-Ar).

Using diisopropylstannylene acetal in toluene. The stannylene acetal 135 (1
mmol, prepared from 106 and diisopropyltin oxide using the general method) reacted
with p-toluenesulfonyl chloride in toluene at room temperature for 60 h, giving a
mixture of monosubstitution products (0.380 g, 98%) which were consisted of the 5-O-
p-toluenesulfonate 106S (33%) and the 6-O-p-toluenesulfonate 106P (67%), as
measured by integration of the signals of the methoxy group (3.28 ppm for 106S and
3.26 ppm for 106P) and the signals of the methyl groups in CMe, (1.27 and 1.12 ppm
for 1068, 1.43 and 1.31 ppm for 106P). In the 'H NMR spectrum of the mixture, the
following signals could be assigned to the 5-O-tosylate 106S, 5 4.82 (s H-1), 2.40 (t,
OH), 3.28 (s, OCH,), 1.27 and 1.12 (2s, CMe,).

The above reaction, carried out with 12 equivalent of TsCl (135, 1 mmol; TsCl,
12 mmol; tcluene, 10 mL), was complete in 2 h at room temperature. Column
purification afforded a mixture of monosubstitution products (0.385 g, 99%) which
were consisted of the 5-O-p-toluenesulfonate 106S (32%) and 6-O-p-toluenesulfonate
106P (68%).

Using diisopropylstannylene acetal in chloroform. The same reaction was
carried out with stannylene acetal 135 in chloroform (10 mL) at room temperature for

12 h. A mixture of two monosubstitution products was obtained in 91% yield (0.353
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g) with the ratio of the 6-O-p-toluenesulfonate 106P to the 5-O-p-toluenesulfonate
106S being 62 to 38.

Using hexamethylenestannylene acetal in chloroform. The stannylene acetal
136 (1 mmol, prepared using the general method) was reacted with TsCl (1 eq.) in
chloroform (10 mL) at room temperature for 12 h, giving a mixture of mono-O-p-
toluenesulfonates in 92% yield (0.357 g). The major product was the 5-O-p-
toluenesulfonate 106S and the minor, the 6-O-p-toluenesulfonate 106P, in a ratio of

70:30.

p-Toluenesulfonation of 1,2-O-isopropylidene-3-O-methyl- a-D-allofuranose (113).
Using dibutylstannylene acetal. The stannylene acetal 137 (1 mmol, prepared
from 113 and dibutyltin oxide using the general method) reacted with one equivalent
of TsCl in chloroform at room temperature for 12 h. Column separation afforded 1,2-
O-isopropylidene-3-O-methyl-6-O-p-toluenesulfonyl-a-D-allofuranose (113P, 0.380 g,
98%) as the only product: 'H NMR & 7.79 (d, 2H, J = 8.2 Hz, 2Ar-H_,, ), 7.34 (d, 2H,
2Ar-H..,), 5.74 (d, 1H, J,, = 3.5 Hz, H-1), 4.68 (dd, J,; = 4.1 Hz, H-2), 4.18-4.09 (m,
2H, H-5, H-6), 4.03 (dd, J;, = 8.0 Hz, J,, = 10.4 Hz, H-6"), 3.92 (dd, 1H, J,, = 8.7
Hz, J,; = 3.5 Hz, H-4), 3.76 (dd, 1H, H-3), 3.42 (s, 3H, OCH,), 2.79 (d, 1H, Jo;; s =
1.7 Hz, OH), 2.45 (s, 3H, ArCH,), 1.55, 1.35 (2s, 2 x 3H, 2CH,); ’C NMR § 145.0
(S, Curom) 132.6 (5, Copompars)s 129.9 (d, 2C,m.omno)» 128.0 (d, 2C, 0 mena)s 113.3 (s,
C.cew), 104.2 (d, C-1), 79.6 (d, C-4), 77.4 (d, C-3), 76.9 (d, C-2), 70.5 (t, C-6), 69.1 (d,

C-5), 57.9 (g, OCH,), 26 8, 26.4 (2q, 2CH,), 21.6 (g, ArCH,).
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Using diisopropylstannylene acetal. The same reaction carried out with the
stannylene acetal 138 gave an overall yield of 86% (0.334 g) as a mixture of primary
and secondary p-toluenesulfonates which contained 67% of the 6-O-p-toluenesulfonate
113P and 33% of 1,2-O-isopropylidene-3-0O-methyl-5-O-p-toluenesulfonyl-o-D-
allofuranose (113S) by the integration of signals of H-1s, methoxyl and isopropylidene
methyl groups on the 'H NMR spectrum. For 113S: '"H NMR § 7.79 (m, 2H, 2Ar-H),
7.34 (m, 2H, 2Ar-H), 5.38 (d, 1H, J,, = 3.7 Hz, H-1), 4.84 (m, 1H, H-5), 4.58 (dd,
I3 = 4.2 Hz, H-2), 3.44 (s, 3H, OCH,), 2.76 (m, 1H, OH), 2.44 (s, 3H, ArCH,), 1.51,

132 (25, 2 x 3H, 2CH,); "°C NMR & 144.8 (S, Cyon)> 133.8 (5, Corompans)s 129.6 (d,

2C,omone)s 128.0 (d, 2C,ommea)s 113.4 (5, Cyre), 103.9 (d, C-1), 81.1 (d, C-5), 79.2 (d,
C-4), 77.5 (d, C-3), 76.7 (d, C-2), 61.6 (t, C-6), 57.9 (q, OCH,), 26.8, 26.5 (2q, 2CH,),
21.6 (g, ArCH,).

Using di-f-butylstannylene acetal. The di-z-butylstannylene acetal of 113 (1
mmol, prepared using standard method) was allowed to react with 1 eq. of TsCl in
chloroform at room temperature for 14 days, giving an overall yield of 36% (0.140 g)
as a mixture of primary and secondary p-toluenesulfonates which contained 90% of the

6-O-p-toluenesulfonate 113P and 10% of 1,2-O-isopropylidene-3-O-methyl-5-O-p-

toluenesulfonyl-a-D-allofuranose (113S).

P-Toluenesulfonation of 1,2-O-isopropylidene-3-0-tosyl-a-D-allofuranose (114).
Using dibutylistannylene acetal. The stannylene acetal 139 (1 mmol, prepared

using the general method) was allowed to react with one equivalent of TsCl in
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chloroform at room temperature for 12 h. The first fraction from column sep=:«tion
afforded 1,2-O-isopropylidene-3,6-di-O-p-toluenesulfonyl-o-D-allofuranose (114P,
0.470 g, 89%): mp 118-119 °C, lit."*! mp 117-118 °C; '"H NMR § 7.85-7.76 (m, 4H,
4Ar-H,,. ), 7.35 (m, 4H, 4Ar-H, ), 5.69 (d, 1H, J,, = 3.5 Hz, H-1), 4.69 (dd, J,, =
4.6 Hz, J,, = 8.0 Hz, H-3), 4.55 (dd, 1H, H-2), 4.11-4.01 (m, 2H, H-4, H-5), 3.99 (dd,
J;6 = 2.5 Hz, H-6), 3.87 (dd, 1H, J;, = 7.9 Hz, J; = 10.2 Hz, H-6"), 2.57 (d, 1H, Jo s
= 3.7 Hz, OH), 2.46 (s, 6H, 2ArCH,), 1.49, 1.28 (2s, 2 x 3H, 2CH,). The second
fraction from column separation contained 1,2-O-isopropylidene-3,5-di-O-p-
toluenesulfonyl-o-D-allofuranose (1148, 0.042 g, 8%) which decomposed quickly: 'H
NMR § 7.85-7.76 (m, 4H, 4Ar-H ), 7.38-7.32 (m, 4H, 4Ar-H,,), 542 (d, 1H, J,, =
3.4 Hz, H-1), 4.77 (m, 1H, H-5), 4.67 (dd, J,, = 4.6 Hz, J,, = 8.6 Hz, H-3), 4.47 (dd,
1H, H-2), 4.17 (dd, 1H, J,s = 1.6 Hz, H-4), 3.59 (m, 2H, H-6, H-6'), 2.47, 2.45 (2s, 2
x 3H, 2ArCH,), 2.10 (t, 1H, Jo, s = 6.6 Hz, OH), 1.43, 1.24 (25, 2 x 3H, 2CH,).
Using diisopropylstannylene acetal. The same reaction using stannylene acetal
140 gave 0.296 g (56%) of the 3,6-di-O-toluenesulfonate 114P and the 0.169 g (32%)

of the 3,5-di-O-toluenesulfonate 114S.

p-Toluenesulfonation of 1,2-Q-isopropylidene-a-D-allofuranose (115).

Using dibutylstannylene acetal. The p-toluenesulfonation of 115 using 1:1
equivalent of the stannylene acetal 141 and TsCl in chloroform at room temperature
finished in 8 h. The first fraction from column separation contained 1,2-O-

isopropylidene-5-O-p-toluenesulfonyl-a-D-allofuranose (115P, 0.336 g, 90%) as th::
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only product: mp 115-117 °C, lit."® 117-119 °C; [a]3® +30.2° (¢ 1.0, chloroform);
lit.'* [«])2® +31.2° (c 0.81, :hloroform); 'H NMR & 7.77 (m, 2H, Ar-H,,,.), 7.35 (m,
2H, 2Ar-H,,), 5.74 (d, 1H, J,, = 3.7 Hz, H-1), 4.56 (dd, 1H, J,, = 5.0 Hz, H-2),

4 24-4.02 (m, 4H, H-3, H-5, H-6, H-6'), 3.73 (dd, 1H, J,, = 8.5 Hz, J,; = 4.8 Hz, H-
8), 2.99 (d, Jous s = 7.5 Hz, OH), 2.72 (d, 1H, Joy 5,5 = 9.1 Hz, OH), 2.57 (d, 1H,
Jous = 3.7 Hz, OH), 2.43 (s, 3H, ArCly,), 1.53, 1.34 (25, 2 x 3H, 2CH,), BCNMR §

145, 132 {25, 2C,...), 129.9, 127.9 {2d, 2 x 2C,,,.)), 113.0 (s, C...e), 103.9 (d, C-1),

78.8 (d, C-2), 78.7 (d, C-4), 72.0 (d, C-3}, 70.6 (t, C-6), 69.7 (d, C-5), 26.5 (q, 2CH,),
21.6 (q, ArCH,).

Using hexanethylenestannylene acetal. The stannylene acetal 142 (1 mmol,
prepared using the general method) was allowed to react with one equivalent of p-
toluenesulfonyl chloride in chloroform at room temperature for 12 h, giving the 6-O-p-
toluenesulfonate 115P (0.340 g, 91%) , and 1,2-O-isopropylidene-5-O-p-

toluenesulfonyl-c.-D-allofuranose (1158, 0.030 g, 8%): mp 175-177 °C, lit."** 178-179

°C; [a]2® +83.8° (c 1.0, chloroform), lit.'”® [a]}® +85.8° (c 0.88, acetone);

Pp-Toluenesulfonation of 3-deoxy-1,2-0-isopropylidene-a-D-eryihro-hexofuranose (105).
Using dibutylstannylene acetal. The stannylene acetal 143 (prepared from
dibutyltin oxide and compound 105 using the general method) was reacted with TsCl
(1 eq.) in chloroform at room temperature for 12 h. Column purification yielded a
syrupy mixture of two monosubstituted products which could not be separated by

TLC. The overall yield was 99% (0.370 g), consisting of 3-deoxy-1,2-O-
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isopropylidene-6-O-p-toluenesulfonyl-a-D-erythro-hexofuranose (105P, 94%) and 3-

deoxy-1,2-O-isopropylidene-5-O-p-toluenesulfonyl-a-D-erythro-hexofuranose (1088,
5%). This ratio was obtained from integration of well-separated signals in '"H NMR
spectrum: for the 6-O-p-toluenesulfonate 105P, 5.73 (d, 1H, J,, = 3.7 Hz, H-1); for the
5-O-p-toluenesulfonate 1058, 5.49 (d, 1H, J,, = 3.5 Hz, H-1), 427 (m, 1H, H-5).

Using diisobutylstannylene acetal. The p-toluenesulfonation of 105 using 1:1
mole ratio of the stannylene acetal 144 (1 mmol, prepared using the general method)
and TsCl in chloroform at room temperature finished in 20 h, giving 71% (0.264 g) of
the 6-O-p-toluenesu.fonate 105P and 19% (0.072 g) of 5-O-p-toluenesulfonate 105S.

Using diiscpropylstannylene acetal. The same reaction using stannylene acetal
145 (1 mmol, prepared from the general inethod) in chloroform at room temperature
finished in 20 h, yielding 70% (0.260 g) of 6-O-p-toluenesulfonate t0SP and 20%
(0.075 g) of 5-O-p-tcluenesulfonate 105S.

Using hexamethylenestannyiene acetal. The stannylene acetal 146 (1 mmol,
prepared using the general method) was reacted with one equivalent of TsCl in
chloroform (7 mL) at room temperature for 20 h. Column separation resulted in 51%
(0.191 g) of 6-O-p-toluenesulfonate 10SP and 48% (G.178 g) of 5-O-p-toluenesulfonate
10SS.

Using di-f-butylstannylene acetal. The di-s-butylstannylene acetal of 105 (1
mmol, prepared using the general method) was reacted with one equivalent of TsCl in
chloroform (7 mL) at room temperature for 14 d. Column separation resulted in 50%

(0.182 g) of 6-O-p-toluenesulfonate 105P and 45% (0.096 g) of starting material was
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recovered.

p-Toluenesulfonation of 1,2:3,4-di-O-isopropylidene-D-mannitol (116).

Using dibutylstannylene acetal. The stannylene acetal (147, 1 mmol, prepared
using the general method) was allowed to react with TsCl (1 eq.) in chloroform for 24
h. The first fraction from column separation afforded 1,2:3,4-di-O-isopropylidene-6-O-
p-toluenesulfonyl-D-mannitol (116P, 0.400 g, 96%), the major product, as a syrup:
[a]2? 19.8° (¢ 1.3, chloroform);, 'H NMR & 7.80 (m, 2H, Ar-H), 7.32 (m, 2H, Ar-H),
429 (dd, 1H, J,s = 1.6 Hz, J,, = 10.3 Hz, H-6), 4.17 (dd, 1H, J,,, =80 Hz, J,, = 2.3
Hz, H-1), 4.17 (dd, iH, J;; = 5.3 Hz, H-6"), 4.07-3.9 (m, 2H, H-2, H-1'), 4.3.82-3.65
(m, 4H, H-5, H-3, H-4, OH), 2.40 (s, 3H, CH,-Ar), 1.40 (s, 3H, CH,), 1.33 (s, 3H,
CH,), 1.30 (s, 6H, 2CH,); "°C NMR 5144.7 (s, C,,on.pura)> 133.0 (5, C, ), 129.8 (d,
2C, . om-onno)s 128.0 (d, 2C,mmew)s 110.3 (s, C,.ew), 1099 (5, C,.....), 80.9 (d, C-4), 79.2
(d, C-3), 76.1 (d, C-2), 71.3 (t, C-6), 70.7 (d, C-5), 67.7 (t, C-1), 26.8 (q, 2CHj,), 26.3
(9, CH,), 25.0 (q, CH,), 21.6 (q, CH,-Ar). Anal. Calcd for C,,H,,0,S: C 54.79, H
6.78; Found: C 54.48, H 6.77. The second fraction gave the minor product, also a
syrup, which was assigned to be 1,2:3,4-di-O-isopropylidene-5-O-p-toluenesulfonyl-D-
mannitol (1168, 0.010 g, 2%): (]’ 10.8° (c 0.86, chloroform); '"H NMR & 7.82 (m,
2H, Ar-H), 7.33 (m, 2H, Ar-H), 4.78 (m, 1H, H-5), 4.19 (dd, 1H, J,, ., s = 3.6 Hz, J,,
o34 = 6.4 Hz, H-4), 410 (dd, 1H, J,,, = 8.2 Hz, J,, = 5.8 Hz, H-1), 4.0-3.7 (m, 5H, H-
2, H-1', H-3, H-6, H-6"), 2.73 (t, Jou s = 7.0 Hz, OH), 2.43 (s, 3H, CH;-Ar), 1.37 (s,

3H, CH,), 1.32 (s, 3H, CH,), 130 (s, 3H, CH,), 127 (s, 3H, CH,); "*¢. NMR 5145.1
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(S, Curompan)s 133.5 (5, Coam), 130.1 (d, 2Coomnne)> 128.1 (d, 2C o men), 110.5 (5,

C.cew)s 110.1 (s, C,....), 80.8 (d, C-5), 79.1 (d, C-4), 77.6 (d, C-3), 77.0 (d, C-2), 67.6
(t, C-1), 61.3 (t, C-6), 27.2 (q, CH,), 27.0 (q, CH,), 26.3 (g, CH,), 25.2 (q, CH,), 21.7
(9, CH;). Anal. Calcd for C,;H,,0,S: C 54.79, H 6.78; Found: C 54.48, H 6.74.

Using hexamethylenestannylene acetal. The stannylene acetal (148, 1 mmol,
prepared using the general method) was reacted with TsCl (1 eq.) in chloroform for 24
h. Column separation afforded the 6-O-p-toluenesulfonate 116P (0.160 g, 38%) as tiie

minor product and the 5-O-p-toluenesulfonate 116S (0.240 g, 58%) us the major.

p-Toluenesulfonation of 3,4-di-0-benzyl-1,2-O-isopropylidene-D-mannitol (117).

Using dibutylstani.ylene acetal. The stannylene acetal (149, 1 mmol, prepared
using the general method) was allowed to react with TsCl (1 eq.) in chloroform for 24
h. The first fraction from column separation afforded 3,4-di-O-benzyl-1,2-O-
isopropylidene-6-O-p-toluenesulfonyl-D-mannitol (117P, 0.445 g, 80%) as a syrup:
[o]3* 27.2° (¢ 0.90, chloroform); '"H NMR § 7.76 (m, 2H, Ar-H), 7.4-7.2 (m, 12H, Ar-
H), 4.69 (d, 1H, Js,cuacine = 11.6 Hz, ArCH,), 4.65 (d, 1H, ArCH,), 4.60 (d, 1H,
Jarcuacup = 11.3 Hz, AICH,), 4.49 (d, 1H, ArCH,)), 4.24 (m, 1H, I7 ), 4.17 (dd, J;,
= 6.4 Hz, J,, = 10.2 Hz, H-6), 4.08 (dd, 1H, J;, = 5.2 Hz, H-6'), 4.03 (dd, IH, J, , =
8.7 Hz, J,, = 6.4 Hz, H-1), 3.99 (m, 1H, H-5), 3.89 (dd, J,, = 6.1 Hz, J,, = 2.8 Hz,
H-3), 3.85 (dd, J,., = 6.4 Hz, H-1), 3.66 (dd, 11, J,; = 7.6 Hz, H-4),2.48 (br, 1H,
OH), 2.42 (s, 34, CH,-Ar), 1.42 (s, 3H, CH,), 1.33 {s, 3H, CH,); "*C NMR 5145.0,

137.7, 137.4, 132.4, (4s, 4C, ), 130.0, 128 5, 128.4, 128.22, 128.20, 128.0, 127.97
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(7d, 14C,,,), 108.7 (s, C,...;), 78.9 (d, C-3), 78.1 (d, C-4), 76.0 (d, C-2), 74.5 (t,

arom
CH,Ar), 74.0 (t, CH,Ar), 71.6 (t, C-6), 69.2 (d, C-5), 67.7 (t, C-1), 26.6 (q, CH;), 25.1
(g, CH,), 21.7 (q, CH,-Ar). Anal. Calcd for C,;H,,0,S: C 64.73, H 6.52; Found: C
64.38, H 6.58. The second fraction gave the minor product (0.067 g, 12%) also as a
syrup which decomposed on storage at room temperature. It was assigned to 3,4-di-O-
1,2-O-isopropylidene-5-O-p-toluenesulfonyl-D-mannitol (117S): [a]3* 19.3° (¢ 0.90,
chloroform); 'H NMR & 7.78 (m, 2H, Ar-H), 7.4-7.2 (m, 12H, Ar-H), 4.84 (m, 1H, H-
5), 4.74 (d, 1H, J.ciacuy = 11.3 Hz, ArCH-a), 4.65 (s, 2H, ArCH,-b), 4.63 (d, 1H,
ArCH'-a), 4.08 (m, 1H, H-2), 3.99 (dd, J, . = 8.3 Hz, J,, = 6.1 Hz, H-1), 3.96-3.91
(m, 2H, H-6, H-4), 3.87 (dd, 1H, J,, = 6.1 Hz, H-1'), 3.83 (m, 1H, H-6"), 3.68 (dd, 1H,
J,, =43 Hz, J,, = 6.1 Hz, H-3), 2.24 (t, Jo; c = 6.4 Hz, OH), 2.43 (s, 3H, CH;-Ar),
1.38 (s, 3H, CH,), 1.30 (s, 3H, CH,); "°C NMR 5145.2. 137.8, 137.5, (4s, 4C,.,.),
130.0, 128.5, 128.4, 128.2, 128.1, 128.0, 127.9 (7d, 14C,,.), 108.9 (s, C,...1), 83.2 (d,
C-5), 80.4 (d, C-4), 79.3 (d, C-3), 76.2 (d, C-2), 75.0 (t, CH,Ar), 74.7 (t, CH,Ar), 66.7
(t, C-1), 61.3 (t, C-6), 26.5 (q, CH;), 25.2 (q, CH,), 21.7 (q, CH,). Anal. Calcd for
C,H,,0,S: C 64.73, H 6.52; Found: C 63.72, H 6.49.

Using hexamethylenestannylene acetal. The stannylene acetal (150, 1 mmol,
prepared using the general method) reacted with TsCl (1 eq.) in chloroform for 24 h.

Column separation afforded the 6-O-p-toluenesulfonate (117P, 0.094 g, 17%) as the

minor product and the 5-O-p-toluenesulfonate (1178, 0.333 g, 60%} as the major.
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Benzoylation of 3-0-benzyl-1,2-O-isopropylidene- aD-glucofuranose (104).

The dibutylstannylene acetal 118 (1 mmol) was prepared from 104 and
dibutyltin oxide in benzene (20 mL). To this acetal solution was added powdered 4A
molecular sieves (1 g). At room temperature, a solution of freshly distilled benzoyl
chloride (0.15 g, 1 mmol) in benzene (12 mL) was added dropwise over 20 min and
the mixture was stirred for 4 h. The molecular sieves were removed by filtration and
the resulting solution was worked up in the standard fashion. Chromatographic
separation afforded 6-O-benzoyl-3-O-benzyl-1,2-O-isopropylidene-a-D-glucofuranose
(0.320 g, 77%) as a syrup: 'H NMR & 7.30-8.10 (m, 10H, Ar-H), 5.97 (d, 1H, J,, =
3.7 Hz, H-1), 4.73 (d, 1H, J, .oy s = 11.7 Hz, ArCH), 4.65 (d, 1H, H-2), 4.63 (dd,
1H, J,; = 2.8 Hz, J,¢ = 11.7 Hz, H-6), 4.58 (d, 1H, ArCH'), 4.42 (dd, 1H, J;; = 6.0
Hz, H-6'), 4.33 (m, 1H, H-5), 4.24 (dd, 1H, J,, = 3.1 Hz, J,; = 5.0 Hz, H-4), 4.15 (d,
1H, H-3), 3.2 (br, 1H, OH), 1.48 (s, 3H, CH,), 1.32 (s, 3H, CH,); and 5-O-benzoyl-3-
O-benzyl-1,2-O-isopropylidene-a-D-glucofuranose (0.062 g, 15%), also a syr'up, 'H
NMR & 7.1-8.0 (m, 10H, Ar-H), 5.95 (d, 1H, J,, = 3.7 Hz, H-1), 5.45 (m, 1H, H-5),
4.63 (d, 1H, H-2), 4.56 (d, 1H, J,,cyacw = 11.3 Hz, ArCH), 4.54 (dd, 1H, J,, = 3.2
Hz, J,; = 6.0 Hz, H-4), 4.37 (d, 1H, ArCH'), 4.08 (dd, 1H, J;5 = 3.0 Hz, J,5 = 12.5
Hz, H-6), 4.02 (d, 1H, H-3), 3.96 (dd, 1H, J; ¢ = 4.2 Hz, H-6"), 2.5 (br, 1H, OH), 1.53

(s, 3H, CH,), 1.33 (s, 3H, CH,).

Benzylation of 3-0-benzyl-1,2-0-isopropylidene-ca-D-glucofuranose (104).

The stannylene acetal 118 (1 mmol) was prepared from 104 and dibutyltin



169

oxide in benzene (20 mL). To this benzene solution were added powdered 4 A
molecular sieves (1.5 g), tetrabutylammonium iodide (0.406 g, 1.1 mmol) and benzyl
chloride (0.140 g, 1.1 mmol). The mixture was refluxed for three days. The
molecular sieves and other insoluble materials were removed by filtration. Standard
work-up followed by flash chromatography yielded 3,6-di-O-benzyl-1,2-isopropylidene-
a-D-glucofuranose (0.24 g, 60%), a syrup: [a]2® -20.6° (c 1.1, chloroform), lit. [a)?’ -
25.9°"* and [a]2’ -14.5%,'* 'H NMR § 7.30-7.35 (m, 10H, Ar-H), 592 (d, 1H, J,, =
3.7 Hz, H-1), 4.66 (d,1H, J,.ci acer = 12.6 Hz, ArCH), 4.59 (d, 1H, H-2), 4.5-4.6 (m,
3H, 3 ArCH), 4.1-4.2 (m, 3H, H-3, H-4, H-5), 3.73 (dd, 1H, J;s = 2.8 Hz, J,, = 9.7
Hz, H-6,), 3.60 (dd, 1H, J;, = 5.6 Hz, H-6"), 2.72 (br, 1H, d, OH), 1.42 (s, 3H, CH,),
1.31 (s, 3H, CH,), and 3,5-O-dibenzyl-1,2-O-isopropylidene-a-D-glucofuranose (0.041
g, 10%), a syrup: 'H NMR 3 7.25-7.31 (m, 10H, Ar-H), 5.91 (d, 1H, J,, = 3.7 Hz, H-
1), 4.67 (d, 1H, J = 11.6 Hz, ArCH), 4.63 (d, 1H, J = 12.0 Hz, ArCH,-H,), 4.62 (d,
1H, H-2), 4.48 (d, 1H, ArCH, or ArCH,-H,), 4.47 (d, 1H, ArCH, or ArCH,'-H,), 4.30
(dd, 1K, J,, = 3.1 Hz, J,; = 8.6 Hz, H-4), 4.11 (d, 1H, H-3), 3.77-3.95 (m, 3H, H-5,

H-6, H-6"), 1.80 (br, 1H, OH), 1.49 (s, 3H, CH,), 1.31 (s, 3H, CH,).

Benzoylation of benzyl 2,3-0-isopropylidene- a-D-mannofuranoside.

Benzyl 2,3-O-isopropylidene-a-D-mannofuranoside (0.31 g, 1 mmol) and
dibutyltin oxide (0.274 g, 1.1 mmol) were refluxed overnight in benzene (20 mL) with
azeotropic removal of water. To this solution, at room temperature, was added a

solution of benzoyl chloride (0.191 g, 1 mmol) in benzene (6 mL) and the mixture was
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stirred at room temperature for half an hour. Standard work-up afforded a colourless
solid which was recrystallized from ethyl acetaic and hexane. Colourless crystalline
benzyl 6-O-benzoyl-2,3-O-isopropylidene-ci-D-mannofuranoside was obtained (0.290 g,
70%): mp 116-118 °C, '"H NMR § 7.25-8.08 (m, 10H, Ar-H), 5.14 (s, 1H, H-1), 4.91
(dd, 1H, J,; = 5.9 Hz, J,, = 3.6 Hz, H-3), 4.68 (d, 1H, H-2), 4.63 (dd, 1H, J,;, = 2.9
Hz, Js¢ = 11.7 Hz, H-6,), 4.62 (d, 1H, J,.cy acci = 11.7 Hz, ArCH), 4.90 (dd, 1H, J,¢
= 6.6 Hz, H-6), 4.46 (d, 1H, ArCH'), 4.32 (m, 1H, H-5), 4.06 (dd, 1H, H-4), 3.01 (d,

1H, Joy0s = 5.7 Hz, OH), 1.50 (s, 3H, CH,), 134 (s, 3H, CH,).

Benzoylation of 1,2-O-isopropylidene-a-D-glucofuranose (66).

To the solution of dibutylstannylene acetal 125 (1 mmol, prepared from
compound 66 and dibutyltin oxide using the general method) in toluene (20 mL) was
added benzoy! chloride (0.15 g, 1.05 mmol) in chloroform (7 mL) at -5°C with
vigorous stirring. The cold bath wus removed after 30 min and the mixture was kept
at room temperature for 3 h. After work-up, recrystallization of obtained residue from
ethyl acetate afforded 6-O-benzoyl-1,2-O-isopropylidene-a-D-glucofuranose (0.250 g,
75%): mp 194-195 °C, lit."** mp 196 °C; 'H NMR § (DMSO0-6,) 7.51-8.03 (m, SH,
Ar-H), 5.82 (d, 1H, J,, = 3.6, H-1), 532 (d, 1H, J = 5.0, OH), 5.23 (d, 1H, J = 5.7,
OH), 447 (dd, 1H, J;; = 1.9 Hz, J;, = 11.3 Hz, H-6), 4.42 (d, 1H, H-2), 4.20 (dd, 1H,
J;¢ = 5.4 Hz, H-6"), 409 (dd, 1H, J,, = 2.3 Hz, J,; = 4.9 Hz, H-4), 4.04 (m, 1H, H-5),

4.02 (d, 1H, H-3), 1.37 (s, 3H, CH,), 1.27 (s, 3H, CH,).
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Preparation of dialkylstannylene acetal samples for NMR spectroscopy

The mixture of a carbohydrate-derived diol (1 mmol) and dialkyltin oxide (1
mmol) was refluxed overnight in toluene (20 mL) with azeotropic removal of water.
The solvent was removed under reduced pressure and the residue was dried under
vacuum for one hour. Dry chloroform-d or toluene-d; (3 mL) was distilled through a
vacuum line onto the stannylene acetal thus obtained. The chloroform-d solution was
first filtered, under vacuum, into a pre-connected NMR tube through a bridge equipped
with a sintered glass, and then the tube was sealed. '"°Sn and *C NMR data for

dialkylstannylene acetals are listed in Tables 5.2, 5.3 and 5.4.



Chapter 6

Conclusions

Regioselectivity of p-toluenesulfonation of dialkylistannylene acetals.

For p-toluenesulfonation of carbohydrate-derived primary-secondary 1,2-diols
through their dialkylstannylene acetals, the regioselectivity depended on the nature of
the alkyl groups on tin atom, the solvent and temperature used for the reaction, as well
as the inherent steric environment in the parent diols. Among all factors, the nature of
the alkyl groups on tin had the greatest influence on regioselectivity for each diol.

Larger alkyl groups on tin increased the selectivity for reaction at secondary
hydroxyl oxygen atoms. Diisopropyl- and diisobutylstannylene acetals gave higher
selectivity for reaction at secondary oxygen atoms than did dibutylstannylene acetals.
Dineopentylstannylene acetal also resulted in higher selectivity for reaction at
secondary positions, however, the bulk of these groups caused the reaction to become
extren.cly slow.

Hexamethylenestannylene acetals of carbohydrate-derived primary-secondary
1,2-diols gave good to excellent regioselectivity for p-toluenesulfonation at seco‘ndary
oxygen atoms. In all cases, the hexamethylenestannylene acetals of primary-secondary
1,2-diols yielded secondary p-toluenesulfonates as major products, especially those
derived from glucofuranose derivatives, 64 and 104, where about 95% of the products
were secondary p-toluenesulfonates. In contrast to the reactions with bulky

dgialkylstannylene derivatives, the reaction with these intermediates occurred at ak:cut
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the same speed as with dibutylstannylene acetals. Therefore, hexamethylenestannylene
acetals show great promise as intermediates to obtain reversed regioselectivity in
electrophilic substitutions of carbohydrate-derived primary-secondary 1,2-diols.

At room temperature, dialkylstannylene acetals exist in chloroform-d solutions
as single symmetric dimers to the detection limits of ''’Sn NMR spectroscopy. It was
assumed that the symmetric dimers were primary-primary dimers based on
consideration of steric effects. At low temperature, the dialkylstannylene acetals of
glucofuranose derivatives were also present as single dimers, whereas the stannylene
acetals of allofuranose derivatives showed a substantial amount of other oligomers.

The regioselectivity of p-toluenesulfonation of dialkylstannylene acetals was
independent of the concentration of p-toluenesulfonyl chloride, but a higher
concentration of p-toluenesulfonyl chloride increased the reaction rate. Based on
kinetic considerations, it was concluded that p-toluenesulfonation of dialkylstannylene
acetals occurred through a mechanism in which dimer-dimer equilibration occurred

faster than reaction with p-toluenesulfony! chloride.

Oxidation of dibutylstannylene acetals with N-bromosuccinimide.
N-Bromosuccinimide was a much better choice for the oxidation of
dibutylstannylene acetals of primary-secondary 1,2-diols than bromine which had been
often used for this purpose in the literature. Oxidation of dibutylstannylene acetals of
carbohydrate-derived primary-secondary 1,2-diols (64, 104-106) with NBS gave the

corresponding a-hydroxyketone products in good yield (81-95%). No aldehyde
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products were found in NBS oxidation of all the primary-secondary 1,2-diols studied
in this thesis.

In comparison with the p-toluenesulfonation reaction, it was postulated that the
oxidation reaction cccurred through a steady-state mechanism in which the minor
dimer led to product. This hypothesis explains the difference in regioselectivities
between oxidation and substitution reactions of dialkylstannylene acetals for most
literature results and for the results obtained here.

Dimerization of the a-hydroxyketone products occurred only where the steric
effects in the monomeric molecules were not very large, such as for 3-O-deoxy
derivative 110. Other a-hydroxyketone products did not form dimers in observable

amounts.

Preparation of hindered dialkytin(IV) derivatives.

Dialkyldiphenyltin derivatives (R,Ph,Sn) were easily prepared by reacting
diphenyltin dichloride with excess Grignard reagent. The reaction gave excellent yield
when R was acyclic (compounds 94a to 94d). However, a lower yield was obtained
when use this method to prepare a cyclic compound, 1,1-diphenylstannacycloheptane
(94e).

Cleavage of the two phenyl groups occurred in excellent yield on heating of the
dialkyldiphenyltin derivatives (94) with two equivalent of chloroacetic acid, and the
resulting dialkyltin(IV) bischloroacetates (95) were easily purified by a single

recrystallization from hexane or dichloromethane-hexane. This method provide a
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solution to the contamination of the dialkyltin(IV) derivatives by mono- and
trialkyltin(IV) derivatives which was a recurring problem with other preparative
methods. With this procedure, no difficulty was encountered in the preparation of
sterically hindered compounds, such as dineopentyltin(IV) derivatives. Dialkyltin(IV)
bischloroacetates were readily converted to the corresponding dialkyltin oxides by
reaction with sodium oxide.

Stannacycloheptane bischloroacetate (95e) exists as monomer both in the
crystal and in solution as determined by X-ray structural determination, '*Sn NMR

spectral experiments in solution and in the solid state.



Appendix

Crystal Structure of 1.1-Stannacycloheptane Bischloroacetate (95¢)

A colourless hexagonal prismatic crystal of 95¢ was mounted in a glass
capillary on a Rigaku AFCS5R diffractometer as summarized in Table A.1. Cell
constants and an orientation matrix for data collection were obtained from a
least-squares refinement using the setting angles of 19 carefully centered reflections
in the range 40.33 < 20 < 44.38°, Based on the systematic absences of. h00: h # 2n;
0kO: k # 2n; and 00]: |1 # 2n, and the successful solution and refinement of the
structure, the space group was determined to be: P2,2,2,. Of the 1517 reflections that
were collected, 1516 were unique (R, = 0.056). Lorentz, polaiization, empirical
absorption'”’ and linear decay (27.0%) were applied to the data. The structure was
solved by direct methods."*®* The non-hydrogen atoms were refined anisotropically.
Four carbon atoms of the seven-membered ring are disordered; two positions of each
(C6 and C6*, C7 and C7*, C8 and C8* and C9 and C9*) were located and refined
with occupation factors of 0.5. The hydrogen atoms were placed in their
geometrically calculated positions with a distance of C-H 1.08 A; their positions and
their temperature factors were refined isotropically. Neutral atom scattering factors
were taken from Cromer and Waber.'” Anomalous dispersion effects were included in
Fcalc;'® the values for Af and Af" were those of Cromer.'® All calculations were
performed vsing SHELX 76.'s

Representations of the full X-ray structure with positions of disordered atoms
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of compound 95e are given in Figures A.1 and A.2. For supplemental X-ray data of

compound 95e, s<. Tables A.2 to A.6.
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Table A.1 Summary of crystallographic data for 1,1-stannacycloheptanc

bischloroacetate (95e)

molecular formula
formula weight

crystal colour, habit
crystal dimensions (mm)
crystal system

space group

a A

b, A

c, A

v, A

VA

D(calcd), g/cm®

F(000)

diffractometer
monochromator
temperature

raciation

u, cm™

scan type

scan rate

20 limit, deg

scan width

unique reflections measured
observed data (I >3.000(I))
no. of variables

R = 2JFo| - |Fe| / Z|Fol

R, = [( Zw ([Fo| - |Fc|)’ / ZwFo’]*

goodness of fit

max and min peaks in final diff. map

C,.H,s0,C1,Sn
389.83
colourless, hexagonal prism
0.45 x 0.40 x 0.35
orthorhombic
P2,2,2,
10.405 (2)
17.990 (2)
7.752 (2)
1451.2 (5)
4
1.784
768
Rigaku AFCS5R
graphite
18 °C
MoKa (A = 0.71069 A)
21.37
©0-20
8.0°/m (in omega)
50
(1.78 + 0.35 tan 0)°
1516
1134
218
0.0241
0.0241
1.132
0.305 e-/A’, -0.323 e-/A°
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CL2

H3

Figure A.1 The X-ray structure of 1,1-stannacycloheptane bischloroacetate (9Se):

position 1 of disordered atoms
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CL2

Figure A.2 The X-ray structure of 1,1-stannacycloheptane bischloroacetate (95e):

position 2 of disordered atoms
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Table A.2 Fractional atomic positional parameters and equivalent isotiopic
temperatuie facters (A?) for 1,1-stannacycloheptane bischloroacetate (95e)

x/a y/b z/c Ueq
Snl 0.00581( 4) 0.67456( 2) 0.09638( 6) 0.0450
cn 0.3946 ( 2) 0.4870 ( 1) -0.0232 ( 3) 0.0867
Cl2 0.0439 ( 2) 0.8801 (1) 0.5277 ( 3) 0.0905
01 0.1877 (4) 0.6431 ( 2) 0.1837 ( 5) 0.0482
02 0.1411 ( 4) 0.5605 ( 2) -0.0153 (7) 0.0614
03 0.0259 ( 5) 0.7553 ( 2) 0.2864 ( 6) 0.0600
04 -0.1554 ( 6) ¢ 7885 ( 3) 0.1611 ( 8) 0.0932
C1 0.2169 ( 6) 0.5861 ( 3) 0.0919 ( 9) 0.0438
C2 0.3475 ( 6) 0.5555 ( 4) 0.1252 (10) 0.0537
C3 -0.0757 ( 8) 0.7979 ( 4) 0.2737 (10) 0.0646
C4 -0.0932 ( 8) 0.8598 ( 9) 0.4016 (12) 0.0894
CS 0.0117 ( 8) 0.7169 ( 3) -0.1580 ( 8) 0.0689
Cé6 -0.1145 (11) 0.6945 (7 -0.2506 (17) 0.0668
Ceé* -0.0604 (13) 0.6708 ( 9) -0.2913 (15) 0.0933
C7 -0.1498 (12) 0.6121 ( 7) -0.2350 (16) 0.0626
c7* -0.1958 (13) 0.6482 (10) -0.2487 (22) 0.1108
C8 -0.2610 (11) 0.6112 (9) -0.1035 (16) 0.0709
cs* -0.2104 (19) 0.5813 ( 9) -0.1292 (17) 0.1096
C9 -0.2262 (15) 0.5633 (7) 0.0506 (16) 0.0879
Co* -0.2515 (12) 0.6027 (11) 0.0526 (16) 0.0939
C10 -0.1397 ( 7) 0.6019 ( 5) 0.1804 (10) 0.0707
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Table A.3 Hydrogen atom positional parameters (A) for 1,1-stannacycloheptane
bischloroacetate (95e)

Atom x/a y/b z/c U(iso)
H1 0.417 (1) 0.600 ( 0) 0.122 (1) 0.067 ( 4)
H2 0.346 (1) 0.531 (0) 0252 (1) 0.061 ( 4)
H3 -0.117( 1) 0.910 ( 1) 0331 (1) 0.083 ( 4)
H4 -0.172 (1) 0.845 (1) 0.486 ( 1) 0.076 ( 4)
HS 0.092 (1) 0.694 ( 0) -0.228 (1) 0.062 ( 4)
H6é 0.019 (1) 0.777 ( 0) -0.154 (1) 0.063 ( 4)
HS* 0.111 (1) 0.720 ( 0) -0.199 (1) 0.058 ( 4)
Hé6* -0.028 (1) 0.772 ( 0) -0.153 (1) 0.062 ( 4)
H7 -0.108 (1) 0.708 ( 1) -0.386 ( 2) 0.054 ( 4)
HS -0.192 ( 1) 0.726 (1) -0.193 ( 2) 0.046 ( 4)
HT7* -0.004 (1) 0622 (1) -0.324 ( 2) 0.062 ( 4)
H8* -0.069 ( 1) 0.706 ( 1) -0.403 ( 2) 0.058 ( 4)
H9 -0.180 (1) 0.590 ( 1) -0.358 ( 2) 0.060 ( 4)
H10 -0.068 (1) 0.581 (1) -0.188 ( 2) 0.059 ( 4)
H9* -0.246 (1) 0.694 ( 1) -0.188 ( 2) 0.061 ( 4)
H10* -0244 (1) 0.634 (1) -0.368 ( 2) 0.058 ( 4)
Hl11 -0.344 (1) 0588 (1) -0.166 ( 2) 0.050 ( 4)
HI2  -0282 (1) 0.667 ( 1) -0.064 ( 2) 0.059 ( 4)
H11* -0.118 (2) 0.555 (1) -0.122 ( 2) 0.068 ( 4)
H12*  -0.280 ( 2) 0543 (1) -0.181 ( 2) 0.069 ( 4)
HI3 0316 (2) 0.553 (1) 0.117 ( 2) 0.066 ( 4)
H14 -0.184 ( 2) 0511 (1) 0.010 ( 2) 0.061 ( 4)
H13* -0290 (1) 0.658 ( 1} 0.048 ( 2) 0.061 ( 4)
H14*  -0326 (1) 0.565 ( 1) 0.094 ( 2) 0.065 ( 4)
H1S -0.198 (1) 0.634 (1) 0.269 (1) 0.050 ( 4)
H16 -0.092 ( 1) 0558 (1) 0.250 (1) 0.067 ( 4)
HIS* -0175(1) 0.620 ( 1) 0304 (1) 0.053 (4)
H16* -0.102 (1) 0.546 (1) 0.192 (1) 0.063 ( 4)
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Table A4 Anisotropic temperature factors (A?) for 1,1-stannacycloheptane
bischloroacetate (95e)

Atom  Ull U2z U33 U23 u13 u12

Snl  0.0452(2) 0.0446(2) 0.0454(2) -0.0001(2) -0.0031(3) 0.0014( 3)
Cll  00775(14) 0.1067(17) 0.0760(13) -0.0366(13) -0.0126(12) 0.0394(13)
Cl2  0.1046(18) 0.0884(15) 0.0785(13) -0.0315(12) 0.0225(13) -0.0055(13)
o1 0.050 (2) 0049 (2) 0.046(2) -0.005(2) -0.002(2)  0.007 (2)
02 0.051 (3) 0069 (3) 0064 (3) -0017(3) -0017(2) 0.010 (2)
03 0.064 (3) 0054 (2) 0062 (3) -0.006(2) -0.003(3)  0.008 (3)
04 0.081 (3) 0.111(3) 0087(3) -0.021(3) -0024(3) 0.037(3)
Cl 0.051 (3) 0041 (3) 0.039(3) 0004 (3) -0.001(3) 0.003 (3)
c2 0.043 (3) 0.063(3) 0.056(3) -0.009(3) -0.006(3)  0.008 (3)
C3 0.076 (4)  0.064 (4)  0.054 (3) -0.003(3) 0001 (3) 0.018 (3)
o 0.096 (4)  0.094 (4) 0078 (4) -0.024 (4) 0003 (4)  0.044 (4)
Cs 0.084 (4)  0.065(3) 0.058(3) 0009(3) 0007 (4) 0.012 (4)
Cé 0.072 (4) 0077 (4) 0051 (4) -0.021(4) 0.005(4)  0.027 (4)
C6*  0.147(5) 0.086(4) 0.047(4) -0014(4) 0018 (4)  0.027 (5
C7 0.046 (4)  0.094 (4)  0.048 (4) -0.025(4) -0.009 (4)  -0.005 (4)
C7* 0091 (5) 0.117(5) 0.124(5) -0016(5) -0.043(5) 0.024 (5)
C8 0.048 (4) 0098 (4)  0.066 (4) 0021 (4) -0.027(4)  0.003 (4)
C8*  0.115(5) 0.087(5) 0.126 (5) -0.022(5) -0.051(5)  0.010 (5)
C9 0.082 (4) 0.068(4) 0.113(5) -0.008(4) -0.006 (5) -0.006 (4)
C9* 0078 (4) 0093 (5) O.111(5) -0.005(5) -0.004 (4) -0.041 (4)
Cl10  0052(3) 0.082(4) 0078 (4) 0015(4) 0004 (3) -0.006 (3)




Table A.S Heavy Atom Bond Angles (°) for 1,1-stannacycloheptane
bischloroacetate (95e).
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Atoms Bond Angle Atoms Bond Angle
0(1)-Sn(1)-0(2) 53.9(2) 0(1)-Sn(1)-0(3) 824 (2)
0O(1)-Sn(1)-0(4) 1352 ( 2) O(1)-Sn(1)-C(3) 109.7 ( 2)
0(1)-Sn(1)-C(5) 1119 (2) 0O(1)-Sn(1)-C(10) 112.6 ( 3)
0(2)-Sn(1)-0(3) 1363 ( 2) 0(2)-Sn(1)-0(4) 1703 ( 2)
0(2)-Sn(1)-C(3) 163.6 ( 2) 0(2)-Sn(1)-C(5) 876 (2)
0(2)-Sn(1)-C(10) 90.1 (3) 0(3)-Sn(1)-0(4) 53.1(2)
0(3)-Sn(1)-C(1) 109.7 ( 2) 0(3)-Sn(1)-C(5) 1139 (3)
0(3)-Sn(1)-C(10) 106.7 ( 3) 0(4)-Sn(1)-C(1) 162.2 ( 2)
0(4)-Sn(1)-C(5) 85.3(2) 0(4)-Sn(1)-C(10) 88.1 (3)
C(1)-Sn(1)-C(3) 137.0 ( 2) C(1)-Sn(1)-C(5) 100.1 ( 3)
C(1)-Sn(1)-C(10) 102.9 ( 3) C(3)-Sn(1)-C(5) 100.6 ( 3)
C(3)-Sn(1)-C(10) 97.2 (3) C(5)-Sn(1)-C(10) 1222 (3)
Sn(1)-0(1)-C(1) 104.5 ( 4) Sn(1)-0(2)-C(1) 80.2 ( 4)
Sn(1)-0(3)-C(3) 105.9 (' 5) Sn(1)-0(4)-C(3) 79.3 ( 5)
Sn(1)-C(1)-0(1) 482 ( 3) Sn(1)-C(1)-0(2) 73.2 (4)
Sn(1)-C(1)-C(2) 162.5 ( 5) 0(1)-C(1)-0(2) 1214 ( 6)
O(1)-C(1)-C(2) 114.5 ( 6) 0(2)-C(1)-C(2) 124.1 ( 6)
CI(1)-C(2)-C(1) 113.6 ( 5) Sn(1)-C(3)-0(3) 46.8 ( 4)
Sn(1)-C(3)-0(4) 749 ( 5) Sn(1)-C(3)-C(4) 165.3 ( 6)
0(3)-C(3)-0(4) 121.6 ( 8) 0(3)-C(3)-C(4) 1188 ( 7)
0(4)-C(3)-C(4) 119.6 ( 8) Ci(2)-C(4)-C(3) 1148 (7)
Sn(1)-C(5)-C(6) 108.3 ( 6) C(5)-C(6)-C(M) 114.7 (10)
C(6)-C(7)-C(8) 104.0 (10) C(7)-C(8)-C(9) 110.3 (11)
C(8)-C(9)-C(10) 113.8 (11) Sn(1)-C(10)-C(9) 1204 ( 7)
Sn(1)-C(5)-C(6*) 1149 ( 7) C(5)-C(6*)-C(7*) 117.4 (12)
C(6*)-C(7*)-C(8*) 116.1 (14) C(7*)-C(8*)-C(9*) 113.0 (13)
C(8*)-C(9*)-C(10) 112.6 (12) Sn(1)-C(10)-C(9*) 1100 (7)
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Table A.6 Heavy Atom Torsional Angles (°) for 1,1-stannacycloheptane

bischloroacetate (95e)

Atoms

Torsional Angle

Atoms

Torsional Angle

0(1)-Sn(1)-0(2)-C(1)
0(1)-Sn(1)-0(3)-C(3)
0(1)-Sn(1)-0(4)-C(3)
0(1)-Sn(1)-C(3)-0(3)
0(1)-Sn(1)-C(3)-C(4)
0(1)-Sn(1)-C(5)-C(6)
0(1)-Sn(1)-C(10)-C(9)
0(2)-Sn(1)-0(3)-C(3)
0(2)-Sn(1)-0(4)-C(3)
0(2)-8n(1)-C(3)-0(3)
0(2)-Sn(1)-C(3)-C(4)
0(2)-Sn(1)-C(5)-C(6)
0(2)-Sn(1)-C(10)-C(9)
0(3)-Sn(1)-0(4)-C(3)
0(3)-Sn(1)-C(1)-0(1)
0(3)-Sn(1)-C(1)-C(2)
0(3)-Sn(1)-C(5)-C(6)
0(3)-Sn(1)-C(10)-C(9)
0(4)-Sn(1)-C(1)-0(1)
0(4)-Sn(1)-C(1)-C(2)
0(4)-Sn(1)-C(5)-C(6)
0(4)-Sn(1}- C(10)-C(9)
C(1)-Sn(1)-C(3)-0(3)
C(1)-Sn(1)-C(3)-C(4)
C(3)-Sn(1)-C(1)-0(2)
C(1)-Sn(1)-C(5)-C(6)
C(5)-Sn(1)-C(1)-0(2)
C(1)-Sn(1)-C(10)-C(9)
C(10)-Sn(1)-C(1)-0(2)
C(3)-Sn(1)-C(5)-C(6)
C(5)-Sn(1)-C(3)-0(4)
C(3)-Sn(1)-C(10)-C(9)
C(10)-Sn(1)-C(3)-0(4)
C(5)-Sn(1)-C(10)-C(9)

1.2 (4)
175.9 ( 5)
-10.0 ( 6)
-43 ( 5)

-16.1 (25)
146.0 ( 6)

-123.0 ( 8)

178.7 ( 4)

-169.5 (10)

3.1 (11)
-14.9 (30)
96.7 ( 6)
-72.5 ( 8)
-1.8 (5)
-1.3 (5)
-10.1 (17)

-122.6 ( 6)

148.4 ( 8)
12.4 ( 9)
3.6 (21)

-76.7 ( 6)
98.0 ( 8)
-4.8 (7)

-16.6 (26)

178.9 ( 4)

120.3 ( 6)

-63.3 ( 4)

-96.2 ( 8)
633 ( 5)

-97.6 ( 6)
54.5 ( 5)

122.2 ( 8)

-70.3 ( 5)
14.3 ( 9)

0(2)-Sn(1)-0(1)-C(1)
0(3)-Sn(1)-0(1)-C(1)
0(4)-Sn(1)-0(1)-C(1)
0(1)-Sn(1)-C(3)-0(4)
C(3)-Sn(1)-0(1)-C(1)
C(5)-Sn(1)-0(1)-C(1)
C(10)-Sn(1)-0(1)-C(1)
0(3)-Sn(1)-0(2)-C(1)
0(4)-Sn(1)-0(2)-C(1)
0(2)-Sn(1)-C(3)-O(4)
C(3)-Sn(1)-0(2)-C(1)
C(5)-Sn(1)-0(2)-C(1)
C(10)-Sn(1)-0(2)-C(1)
0(4)-Sn(1)-0(3)-C(3)
0(3)-Sn(1)-C(1)-0(2)
C(1)-Sn(1)-0(3)-C(3)
C(5)-Sn(1)-0(3)-C(3)
C(10)-Sn(1)-0(3)-C(3)
0(4)-Sn(1)-C(1)-0(2)
C(1)-Sn(1)-0(4)-C(3)
C(5)-Sn(1)-0(4)-C(3)
C(10)-Sn(1)-0(4)-C(3)
C(1)-Sn(1)-C(3)-0(4)
C(3)-Sn(1)-C(1)-0(1)
C(3)-Sn(1)-C(1)-C(2)
C(5)-Sn(1)-C(1)-0(1)
C(5)-Sn(1)-C(1)-C(2)
C(10)-Sn(1)-C(1)-0(1)
C(10)-Sn(1)-C(1)-C(2)
C(5)-Sn(1)-C(3)-0(3)
C(5)-Sn(1)-C(3)-C(4)
C(10)-Sn(1)-C(3)-0(3)
C(10)-Sn(1)-C(3)-C(4)
C(10)-Sn(1)-C(5)-C(6)

1.2 (4)
178.7 ( 4)

-174.7 ( 4)

172.6 ( 5)

-179.3 ( 4)

-68.4 ( 5)
73.8 ( 5)
-4.7(5)

161.1 (10)

173.8 ( 6)
2.6 (9)

118.3 ( 4)

-119.4 ( 5)

1.7 ( 5)
176.6 ( 4)
176.5 ( 5)

65.2 ( 5)
727 ( 5)

-169.7 ( 5)

-18.0 ( 9)

-126.6 (' 5)

110.8 ( 6)
172.1 ( 4)
1.0 ( 6)
-7.7 (18)
118.8 ( 4)
110.0 (16)

-114.6 ( 4)
-123.3 (16)
-122.4 ( 5)
-134.2 (24)

112.8 ( 5)
101.0 (25)
8.0 (7)

(continued on next page)
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Sn(1)-0(1)-C(1)-0(2)
Sn(1)-0(2)-C(1)-0(1)
Sn(1)-0(3)-C(3)-0(4)
Sn(1)-0(4)-C(3)-0(3)
Sn(1)-C(1)-C(2)-CI(1)
0(2)-C(1)-C(2)-CI(1)
0(3)-C(3)-C(4)-CI(2)
Sn(1)-C(5)-C(6)-C(7)
C(6)-C(7)-C(8)-C(9)
C(8)-C(9)-C(10)-Sn(1)
0(1)-Sn(1)-C(10)-C(9*)
0(2)-Sn(1)-C(10)-C(9*)
0(3)-Sn(1)-C(10}-C(9*)
0(4)-Sn(1)-C(10)-C(3*)
C(1)-Sn(1)-C(10)-C(9*)
C(3)-Sn(1)-C(10)-C(9*%)
C(10)-Sn(1)-C(5)-C(6*)
C(5)-C(6*)-C(7*)-C(8*)
C(7*)-C(8*)-C(9*)-C(10

224 (1)
1.8 ( 6)
-3.5(9)
2.7(8)
-163.7 ( 7)
8.6 (7)
12.9 ( 9)
-49.5 (10)

-121.2 (11)

-37.2 (10)
1527 (7)
-1023 ( 7)

118.7 ( 7)

68.2 (7)
-125.9 ( 7)
92.4 ( 8)

-22.6 ( 9)

-80.3 (14)
-101.9 (12)

Sn(1)-0(1)-C(1)-C(2)
Sn(1)-0(2)-C(1)-C(2)
Sn(1}-0(3)-C(3)-C(4)
Sn(1)-0(4)-C(3)-C(4)
0(1)-C(1)-C(2)-Cl(1)
Sn(1)-C(3)-C(4)-Cl(2)
0(4)-C(3)-C(4)-CI(2)
C(5)-C(6)-C(7)-C(8)
C(7)-C(8)-C(9)-C(10)
0(1)-Sn(1)-C(5)-C(6%)
0(2)-Sn(1)-C(5)-C(6%)
0(3)-Sn(1)-C(5)-C(6*)
0(4)-Sn(1)-C(5)-C(6*)
C(1)-Sn(1)-C(5)-C(6*)
C(3)-Sn(1)-C(5)-C(6*)

C(5)-Sn(1)-C(10)-C(9*)
Sn(1)-C(5)-C(6*)-C(7*)

C(6*)-C(7*)-C(8*)-C(9*)
C(8*)-C(9*)-C(10)-Sn(1)

177.1 ( 5)

1776 (7)

176.6 ( 6)

-177.5 ( 8)
-170.9 ( 4)

22.6 (19)

-167.0 ( 5)

105.2 ( 9)
79.9 (12)
1154 (7)
66.1 ( 7)

1532 (7)
-107.3 ( 8)

89.8 ( 8)

-128.1 (7)

-15.0 ( 8)
49.4 (13)
105.9 (13)
57.7 (10)
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