


The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



T S4o Bae



ABSTRACT

Carbonyl reduction to secondary alcohols is a fundamentally important reaction in
organic chemistry and many reagents have been developed for achieving this
transformation efficiently, with regard to both the optical and material yield. An
alternative approach, popularized in recent times, is the dissociative reduction of ketals
to afford ethers as protected secondary alcohol derivatives and a number of approaches

accomplishing a high degree of stereoselectivity have been developed.

This thesis describes a study of a novel reagent combination, namely borane dimethyl
sulphide and trimethylsilyl trifluoromethanesulphonate (TMSOTTY) for reductive ketal

cleavage. The thesis begins with a review of the reaction in organic synthesis.

The reagent combination was found to chemoselectively reduce 1,3-dioxane ketals at
low temperature in dichloromethane in high yield, whereas reduction of simple 1,3-
dioxolanes resulted in a significant amount of side reaction. This can be attributed to the
advanced oxocarbenium ion character of these silylated ketals in the transition state of
the reduction step. The study was extended to include the regioselectivity of reduction
of unsymmetrical vicinal diols as models for carbohydrate derivatives. The reduction
was found to exhibit a solvent and structure dependent regioselectivity, which reflects
strongly on the nature of the silylated complex in the reaction. In THF, there was a
preference for reduction via silylation of the oxygen attached to the primary carbon
resulting in overall protection of a secondary hydroxyl group in the presence of a
primary hydroxyl group. A mechanism is postulated to explain the observed

regioselectivities in the light of a recent hypothesis by Denmark et al.

Stereochemical studies of the reaction reveal intermediate selectivities and are
consistent with hydride delivery anti to the C-O bond cleaved. As an extension of the

application of the reagent the chemo- and regioselectivity of reduction of ketals of
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various cyclic carbohydrate derivatives was studied in the context of selective
protection group methodology. For these derivatives it was found that reduction
proceeds via an intermediate derived from the more chelation orientated silyloxonium
ion. The benzylidene acetal functionality of the open chain ribo sugar 1-
benzyloxyimino-4,5-0-benzylidene-2,3-O-isopropylidene-D-ribose was reduced
chemo- and regioselectively to afford the 5-benzyloxy 4-hydroxy derivative. This result

is also consistent with a chelation controlled pathway.
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CHAPTER 1
REVIEW

This thesis constitutes a study of the use of borane dimethyl sulphide, in conjunction
with the Lewis acid trimethylsily! trifluoromethane sulphonate (TMSOTT), as a novel
reagent combination for the reduction of acetals and ketals in order to extend the use of
BH4SMe5 in organic synthesisla. The reducing ability of BHy'SMe,y is well
documented in the synthetic organic literaturelb, and from the outset it was envisaged
that the use of this reagent for ketal reduction offered the attractive features of stability
and availability of the reagent. In addition to this, it offered the possibility of anchoring
the borane to a suitable site in the molecule via metal-hydrogen exchange or
hydroboration for intramolecular reduction?. In order to put these ideas into
perspective, the thesis begins with a literature review of the utility of acetals and ketals

in organic synthesis and the reduction of this functional group by various reagents.

1.1. The Chemistry of Acetals and Ketals

Acetals and ketals are classically known for their use as temporary protecting groups of
aldehydes and ketones> and fulfil the major requirements for a good protecting group"',

namely:

(a) general accessibility of cheap reagents

(b) availability of protection procedures, which lead quickly to the substrate and in good
yield5v6. |

(c) inertness of the protecting group towards a range of reagents, thus making structural
modifications possible in another part of the substrate, and

(d) availability of methods for deprotection in good yield7v8.
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Apart from their use as protecting groups, acetals and ketals are very useful functional
groups in their own right. It has been known for some time that acetals undergo carbon-
carbon bond forming reactions by formal nucleophilic addition at the carbonyl carbon.
Most of the examples before 1976 required harsh reaction conditions? and are not
synthetically useful. However, over the past two decades the utility of acetals in
synthesis has been enhanced by the use of Lewis acidic promoters in conjunction10
with nucleophilic reagents, in particular silicon-based nucleophiles (scheme 1.1). This
reaction has evolved in parallel with the related addition of organosilicon nucleophiles

to aldehydes and ketones in the presence of Lewis acids10,

Lewis acid

1 3 1 3
R'. __OR R'. _OR
R2-Cor3 oo r2-SN
Me,SiNu R u
Scheme 1.1.
10

A recent review by Mukaiyama™" outlines advances made in cross-coupling reactions
based on acetals and emphasizes the use of organosilicon nucleophiles. It is beyond the
scope of this thesis to review the whole spectrum of nucleophilic substitution reactions
involving acetals. Therefore, the following chapter will concentrate on the reaction
involving nucleophilic hydride species. This reaction developed into an important
dissociative alternative to direct carbonyl reduction for both asymmetric and non-

asymmetric substrates. These reactions will be classified according to the metal in the

reducing agent.

1.2. Reduction of Acetals and Ketals by Organoaluminium Reagents

Acetals and ketals are stable towards lithium aluminium hydride in alkaline media and
advantage has been taken of this fact to protect carbonyl groups from reduction. The

first reduction of a ketal was reported in 195111 when diosgenine, a spiroketal, was



Chapter 1

reduced by LiAlH, to dihydrodiosgenine (scheme 1.2), by the addition of the reagent to
a solution of the starting material in anhydrous ether saturated with hydrogen chloride

(or bromide) gas.

o~ 1) LiAlH, +HCl
—>
2) H,0

HO HO

Scheme 1.2.

This report was noteworthy at the time for two reasons. Firstly, the combination of the
reagent was unusual, as neither reagent affects the spiroketal by itself and secondly,
because no procedure affording acceptable yields was available at that time for the
transformation.

Subsequent work by Eliel et al2-15 established that the reducing properties of LiAlH,
may be considerably altered by the addition of Lewis acids, in particular AICl3. In
1958, they established that acetals and ketals would be reduced with a mixture of
LiAlH4 and AICl3 in a ratio of 1:4 but did not ciearly understand the exact nature of the
reducing agent, and concluded that the reduction proceeded via a "mixed reagent" or
"mixed hydride". Later, it was shown by Brown et a116, that the species responsible for
reduction in a mixture of LiAlH4 and AICl3 are AlH3, A1H2Cl or AIHCl,, depending

upon the molar proportions of LiAlH,4 to A1C13 according to the following equations:

(a) AICl3 + 3LiAlH, — 4AlH3 + 3LiCl
(b) AlCI3 + LiAlH4 — 2AlH,Cl + LiCl
(c) 3AICI3 + LiAlH, - 4AIHCl, + LiCl

OH
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AlCly is converted stepwise to AlHg via AIHCl; and AlIH5Cl and this process is

reversible.

The nature of aluminium in the reducing agent was further exemplified by Zakharkin ef
all” when they showed that diisobutylaluminium hydride (DIBAH) is also able to
reduce acetals and ketals to the corresponding ethers. Reduction with these reagents
reflects the ability of aluminium to act as both electrophile (i.e. Lewis acid) and
nucleophile (i.e. reducing agent) (scheme 1.3), and H. Yamamoto18:19 has coined the

phrase "ambiphilicity" for this property.

X
., Ha ALY a ;
R™ . __OR R_.1_.OR ~ + XYAIOR
- 30 - R C\

X=Y=iBu for DIBAH
X=Cl, Y=H for 1:1 ratio of LiAlH4:AJCl3
X=Y=Cl for 1:3 ratio of LiAlH4:AlCl3

Scheme 1.3.

LiAlH,4 can also be used in conjunction with other Lewis acids such as BF3-OE1220,
B(Hal)2H21 and ZrC1222. Eliel e a!1% also demonstrated that reduction occurred with
a mixture of lithium hydride and aluminium chloride with only a catalytic amount of

LiAlH4 in which LiH and AICl; form LiAlH, in situ®3,

Recently in an attempt to enhance the nucleophilicity of organoaluminium reagents, H.
Yamamoto et al?* have found that treatment of trialkylaluminium with 2,6~
difluorophenol increases the reactivity of the aluminium reagent as an alkylation agent.
Further studies revealed that ketals of optically active 1,3 diols can be reduced to 8-

alkoxyketones in high yield and diastereoselectivity (see Chapter 3) with the combined
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use of diethylaluminium fluoride (1.2 eq) and pentafluorophenol (2.4 eq). The product

in this case is a result of an unique intramolecular Meerwein-Ponndorf-Verley-

Oppenauer reaction (scheme 1.4).

’
I3 i
", 4

Et . . 1
O. 0 + ELAIF = FAI-0 0+ — [y-0 O K
K H,CY H AR Et L
rRYR CH,”R* R“ R
J’CGFSOH
F
F F
Vi = Hum
. ~H/
\5‘(2 F  F -TEt \‘(2
HR HR

Scheme 1.4.

1.3. Reduction of Acetals and Ketals by Organosilicon Reagents

The first time trialkylsilane was reported as a reducing agent was in 1962 by Frainnet et
al®d, who discovered tha triethylsilane in conjunction with the Lewis acid ZnCl,
reduced acyclic acetals and ketals to their corresponding ethers. The same
transformation can be achieved by triethylsilane in trifluoroacetic acid at 50°C20 while
Jower temperatures (O°C — RT) for the reduction can be achieved by the use of

TMSOTf as a calalyst27 (scheme 1.5).

R*. __OR
R2'C ~ e e 2

~ 3
OR cat. Mes510TT

Scheme 1.5.
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In their search for a useful asymmetric reduction of ketals derived from chiral diols, H.
Yamamoto et al28 reported on the use of triethylsilane with a variety of Lewis acids at

-78°C. Among the Lewis acids examined, TiCly was highly effective giving high yields
and stereochemical outcome (see Chapter 3). The use of BF4'OEt, and SnCly also

resulted in high yields, but with AlCl5 the yields of the reduction were lower.

Olah et al?® have shown that Nafion-H, (a registered trademark of the DuPont
Company and a superacidic perfluorosulphonic acid resin) is an effective catalyst for
the reductive cleavage of acyclic acetals and ketals with triethylsilane in refluxing
dichloromethane solution. Both benzylic as well as aliphatic substrates are reduced in
high yields and the catalyst can be recovered and regenerated into an active form after
the reaction. Unlike Lewis acids, Nafion-H is stable in the presence of moisture and its

catalytic activity improves with small amounts of water.

Recently, Sato e/ al39 reported that dibutyltin bis(triflate) catalyses the Feaction between
ketals and silicon-based nucleophiles such as Et3SiH in dichloromethane. This report was
significant because the authors showed that at -78°C the Lewis acid chemoselectively
catalyses the reaction of aldehydes with a variety of silyl-nucleophiles in the presence of
ketones. Moreover, ketals are activated under the same conditions in preference to
acetals towards the addition of nucleophileé (Table 1.1). This selectivity is not observed
with other Lewis acids such as TiClg, SnCly, AICl3 and TMSOTY and the authors
ascribed fhe unique catalytic activity of dibutyltin bis(triflate) to its mild reactivity and

reduced oxygenophilicity compared to other Lewis acids.



Table 1.1.

substrates/ lequivalent each

7

Nucleophile/ 1 equivalent
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Products

'ol OH 9
C. C 85%
n-CsHis” "H OTMS n-C7H15)\/ j<
+ / +
9 OH 9
LC. 0%
n-C4Hg” "~ CH, Bu,Sn(OTf),, cat. “-C4H94C;/C\K
3
MeO. _OMe jﬁdj'q 100%
n-C4Hg” “CH n-C4H C\K
3 419
OTMS CH3
+ Vs +
MeO. _OMe OMe(”)
CHys”CH ¢ o
n-C;Hys Bu,Sn(OTH),, cat n-C;Hys 7<
MeO. _OMe MeO H
> 87%
n-C6H13 CH3 n-C6H13><CH3 7
+ El3SiH +
MeO., C,()Me MeO H 5%

1.4. Reduction of Acetals and Ketals with Boron Reagents

As is the case with LiAlH4, NaBH,4 does not reduce acetals and ketals in alkaline

media, although Gribble et al?1 have demonstr;ated that NaBH4 and trifluoroacetic acid

in THF at 20°C reduce benzylic acetals and ketals in high yield. However, this reaction

only gives low yields with aliphatic acetals and ketals even after refluxing for 24 hours.

Horne and Jordan32 reported on the reduction of dimethoxy acetals and ketals by

NaBH3CN, which is more stable than NaBHy in acidic media, in methanol at O°C after

HCl had been bubbled through the solution. When a cyclic ketal was used the only
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product was the methoxy ether which is presumably derived via ketal exchange with

solvent, followed by reduction.

Similarly, Zn(BH4)233 in conjunction with TMSCI is effective for the reductive
cleavage of aromatic acetals and ketals. 0.5 Equivalents of Zn(BHg), and 1.2
equivalents of the TMSCI are needed at 25°C in ether as solvent and once again
aliphatic ketals react more sluggishly in lower yield. The use of other Lewis acids such
as BF3-OEt, and ZnCl, was not successful. In these cases there may be reduction of the

Lewis acid occurring (ie. transmetallation).

In 1974, Fleming and Bolker34 reported that borane tetrahydrofuran complex in
tetrahydrofuran reduces acetals and ketals to their corresponding ethers. The reactions
were carried out at ambient temperatures and involved long reaction times (15 hours).
For aromatic acetals the yields were excellent, but for acyclic ketals the yields were
much lower and cyclic ketals required elevated temperatures (35°-50°C) for the reaction
to occur. As with AlH3 mentioned previously, the borane is acting ambiphilically.
Hence, the reagent by itself has limited chemoselectivity for ketal reduction. More
recently, Guindon et a39 have shown that the tandem use of dimethyl (or diphenyl)
boron bromide and borane THF complex effects the regioselective reduction (discussed
in detail in Chapter 4) of benzylidene acetals to their corresponding hydroxybenzyl
ethers. They have proposed that the acetals react with the dialkyl (or diaryl)
bromoborane at -78°C to form the corresponding a-bromoethers36. This species can be
trapped by a nucleophile such as thiophenol to form the corresponding hydroxy-0,S-

acetal or by BH4.THF, Super-hydride or DIBAH to form ethers (scheme 1.6).
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2) PhSH, BN, MeO —OMe
VS"\ 88%

I]“

!

MeO —OMe .
% 1) Me,BBr | -78°C, Thour 19 Oenspn
Oy 0 — Ph
Ph™ 'H 2) BH3. THF  MeO —OMe
L : 96%
78° t0 20°C, HO  O.
o CH,Ph

Scheme 1.6.

In contrast to borane, alkyldiboranes do not reduce acetals even up to temperatures of
130°C. Késter and Dahlhoff er al37 have used alkyldiboranes in the presence of
sulphonic acid derivatives such as 9-methanesulphonato-9-borabicyclo(3.3.1)nonane

(MSBBN) for the reduction of open chain and cyclic acetals and glycosides to ethers

(scheme 1.7).
HO AcO AcO OA
HO Q s ACO O |, AcO c
HO AcO A AcO OMe
HO OMe AcO AcO
a 45 : 55
B 10 : 90

a: Activated triethylborane and ethyl diborane, 4 eq.

b: MSBBN, reflux 120°C, 4 hours
c: Methanol, giycol

d: Acetylation with acetic anhydride, pyridine

Scheme 1.7.

An interesting feature of the reaction here, is the selectivity shown by the B-anomer
towards endocyclic C-O bond cleavage (see chapter 5). This methodology has been
used in the regiosclective reduction of amylose and cellulose to afford a novel polymer,

poly-1,4-anhydroglucitol with the retention of the polymer backbone37d (scheme 1.8).



Chapter 1 10

OH
—O0 3n Et3B
OH
O -3n EtH
OH
n
OH 0.
OH _ O.BEt
OH O O CHZO
OH 0 EtB\O N
Scheme 1.8.

1.5. Miscellaneous Reductions of Acetals and Ketals

The literature contains several references to the hydrogenolysis of aldehyde acetals to
ethers and alcohols, usually under conditions of high temperature and pressure38. By
hydrogenation, Gorin ez a9 cleaved some cyclic ketals of sugars and obtained ether
derivatives. Howard and Brown et af40 found that hydrogenation of acidified ketals
over a rhodium calalyst gives high yields of saturated ethers and alcohols under mild

conditions (scheme 1.9).

1t H,, R
3 3 o or> 2 3
RICH,” R? CH” g2 rRlcH, " R?
+ HOR3

Scheme 1.9.



11 Chapter 1

IfR3isa primary alkyl group (e.g. methyl or ethyl), the reaction proceeds at 50°- 80°C,
whereas if R3 is a secondary alkyl group (e.g. isopropyl or cyclohexyl) the reaction
proceeds rapidly to completion at room temperature. The authors propose that the
reaction proceeds via hydrogenation of an enol ether intermediate formed when the

ketal is subjected to acid.

In addition to allylic and benzylic ethers it is possible to reductively cleave acetals and
to a lesser extent alcohols in metal ammonia solutions41, but there is a tendency for
over-reduction to occur, particularly in the presence of an added proton source such as

ethanol. The reductions are carried out at -33°C and need long reaction times.

H. Yamamoto et a/?8 in their study of the effects of different Lewis acids on the
stereochemical outcome of the reduction of ketals by triethylsilane, also report that
tBuMgCl (5.0 equivalents) in conjunction with TiCl4 (1.2 equivalents) reduces ketals.
They do not, however, comment on the mechanism of the reductionlg, but it is

consistent with the known B-hydride transfer from the ¢tBu group.

1.6. Discussion of the Mechanism of Nucleophilic Addition to Acetals/Ketals

The following section will focus on the mechanism of nucleophilic substitution to
acetals and ketals. A great deal of information in the literature on this subject stems
from investigations on the cross-coupling reactions of nucleophiles with chiral acetals

where mechanism relates closely to stereoselectivity. This is discussed in Chapter 3.

The most prevalent types of acetals and ketals used in these studies are of type A, B and

C (scheme 1.10)42,



Chapter 1

gl O gl O gl O
szoj: R2><§ R2><

A B C

12

Scheme 1.10.
Chiral acetals of type A were first used by Johnson et af*3 in a SnCl 4 catalyzed alkene

cyclisation (scheme 1.11), and later by the same group44 in conjunction with

stereoselective substitutions by allylsilane.

H TR
SnCl OR OR
N _4 7 : 93
benzene
o 0O :
)_—{_: + 21%
z I:{ H
OR OR
94 6

Scheme 1.11.

The acetals can be cleaved by various organometallic nucleophiles in conjunction with
Lewis acids with varying degrees of success?9-48, resulting in a hydroxy ether
substituent in the product. This group may be removed by oxidation (e.g. Swern49) to
the keto-ether, followed by a-elimination to the correé;:.)onding alcohol (lithium in

ethylamine, reflux, 5 hours, or sodium in diethyl ether, 25°C, 22 hours).

The use of this class of acetal has largely given way to the dioxane acetal of type B, due
to the fact that the structures are generally more rigid leading to improved

stereoselectivities and the removal of the chiral auxiliary can easily be carried out by
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oxidation (Swern), followed by facile base-catalysed B-elimination to form the

unprotected alcohol43.

The fundamental issue in the mechanism of nucleophilic addition to acetals and ketals,
concemns the timing of the C-O bond breaking and the C-Nu (in this instance C-H) bond
formation stepsSO. This feature strongly impacts on the stereoselectivity. In addition,
stereoselectivity is dependent on which C-O bond is cleaved (ie. site selectivity of
complexation of the Lewis acid), and on the direction of attack by the nucleophile (syn
or anti). In explaining the high stereoselectivities observed in the reaction of dioxane-
acetals B or C with organometallic nucleophiles in the presence of Lewis acids, Johnson
et al4> proposed that complexation of the Lewis acid to the sterically more accessible
oxygen atom of the acetal (o to axial methyl group), followed by antr attack of the
nucleophile in an Sn2-like transition state, resulting in inversion of configuration at the

acetal carbon, occurred (scheme 1.12).

Lnl}d R2
R\ 25T ] §
r A— r\lg/+ e Rl /kNu
C‘) ¢ ML Nu H R
Rl\(/ﬁﬁ/
weo oK Nuc?’o’“o o™
b ,".--'I 1 = .
i ML R /S\Nu
R2 - VJN/Y
OH

Scheme 1.12.

The complexation of the Lewis acid to the oxygen o to the axial methyl group is

favoured, as it lengthens the C2-O1 bond and, by the anomeric effect, shortens the C2-
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03 bond. Chelation to the other oxygen would lengthen the C2-03 bond and shorten the
C2-01 bond, thus increasing the 1,3-diaxial interaction between the axial methyl group

and the axial substituent on C2, leading to a more strained complex.

Denmark et al°1 have shown by variable temperature 13¢ nmr that upon complexation
with various Lewis acids, the dioxane ring is not opened to any great extent and a single
complex is formed. In this paper, Denmark et al assume an electronic preference for
the complexation of O1 with its rehybridization towards spz, giving a planar or weakly
pyramidal complex. In this configuration the Lewis acid experiences eclipsing
interactions with the equatorial group a to the oxygen, and thus prefers coordination

next to the axial methyl group.

Most explanations of the stereoselectivities observed, involving nucleophilic
substitutions at acetal centres, up until the year 1990, are based on Sp2-type
substitutions involving a closed transition state. However, Y. Yamamoto et al>2 showed
though a strong dependence on the nucleophilicity of the reagent. With strong
nucleophiles, such as allyltributylstannane, stereoselectivity was determined by the
configuration of the acetal, while with weaker nucleophiles, such as allylsilanes, the
addition stereoselectivity was independent of acetal configuration following a Cram, ie

SN 1-type, pathway.

Recently, Heathcock, Bartlett and H. Yamamoto et al®3 examined the stereochemical
course of opening of meso acetals (type C) to distinguish between the limiting Sy1 and
SN2 mechanisms. They concluded that the reactions proceed largely via an Syji
(oxocarbenium ion) mechanism. However, to rationalize the high stereoselectivities
observed with chiral acetals, the authors modified their proposal to involve
oxocarbenium ion pairs that maintain some of the structural features of the intact six-

membered rings.
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These studies have culminated recently in a new unified mechanism put forward by
Denmark ef al®Q which incorporates both limiting scenarios in addition to the ones

mentioned above (scheme 1.13).

+O/\/\Ol_\4Ln 1,3 induction

L

R)I\H 1 - unselective -
oxocarbenium ion
LHM.;. Lnf}d intermediate | Nu O;\/:\OH
Ny P e r %54 -
¥ R0 = Rz - A
[+ selectivity R” “Nu
H H H v VI
: I exlernal ion pair
LHM{)_ seleclive
= R % e
?{/ o+ v inversion

internal ion pait

Scheme 1.13.

According to this scheme, the initially formed Lewis acid .complex, though
spectroscopically detectable, is not the reactive intermediate, and is in equilibrium with
the true reactive species, the intimate ion pair, the external ion pair and the
oxocarbenium ion. These two limiting species react with completely different
stereochemical profiles. For the intimate ion pair, the reaction would be stereospeciﬁé
with inversion of configuration at C2 while for the oxocarbenium ion, the reaction
would be stereo-random. The external ion pair is suggested to exhibit intermediate
selectivities between the two extremes. Thus the overall stereochemical result depends
on the equilibiium composition of the reactive species and their relative rates of

reactivity. This is strongly dependent on the structure and experimental conditions.
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(a) Acetal structure:

Previous investigations by Denmark et al>4 established a strong dependence on acetal
structure in an intramolecular version of the reaction. They demonstrated that methyl,
ethyl and isobutyl acetals react via a common synchronous ("SN1-like") mechanism
with bi-coordinate Lewis acids (TiCly, SnCly). Bulky diisopropyl acetals reacted via

the latter mechanism with all Lewis acids (scheme 1.14).

'MXnOR.;.O/R
|
SRS
R. ~ —
0 [
ML,
Q HN _OR RON _H
R MX,
. +
N \ \
ML, R\o ] syn anti
MX
N +9Q _
~ R
ML,

Scheme 1.14.

Heathcock et al®3 and his colleagues also showed that with increasing steric bulk of the

acetal alkoxy group, nucleophilic substitution proceeds via an oxocarbenium ion.

(b) C-2 Substituent Dependence

Denmark et al®0 showed that there was a dependence on the substituent at C-2

whereby, if one moves from R = n-hexyl to R = cyclohexyl or phenyl, the
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stereoselectivities decrease substantially. The authors explain this by the increased
concentration of the oxocarbenium ion III and the external ion pair IV in the latter, due

to increased resonance stabilization of charge.

(c) Lewis acid Dependence

A systematic study of Lewis acids has not yet been undertaken but the above results
(scheme 1.14) by Denmark e¢ alPY show a strong dependence on the Lewis acid used.
They also indicate that with TiCly, acetals apparently react via a reactive species which
is close to external ion pair IV in nature, whereas the more Lewis acidic BFg reacts

unselectively via the oxocarbenium ion III.

These findings may be supported by H. Yamamoto's work?8 where it was established
that, in the reduction of chiral acetals, the highest stereoselectivities were observed with
the Et3SiH/TiCly combination, and lower selectivities in conjunction with other Lewis

acids such as BF5-OEts, SnCly and AICl5.

(d) Nucleophile Dependence

In addition to Y. Yamamoto's’? observations mentioned previously, Denmark and
Almstead>? reported in another publication that the nucleophilicity of the reagent has a
significant impact on the stereoselectivity of the reaction. Thus, generally tin-

nucleophiles react with higher selectivity than silicon-nucleophiles.

(e) Stoichiometry and Concentration



Chapter 1 18

It has been demonstrated by Denmark et alP0 that stereoselectivity is independent of the
stoichiometry of both the nucleophile and the Lewis acid, indicating that the
equilibration of the reactive intermediates is faster than the nucleophile attack, and that

always the same number of Lewis acids are coordinated.
(f) Solvent Dependence

Perhaps the least understood aspect of the reaction is the solvent effect on the

equilibrium in scheme 1.13.

Conceptually, it can be envisaged that an increase in solvent polarity will increase the
proportion of oxocarbenium ion III, while in nonpolar solvents an increase in the
proportion of the internal ion pair V will result. This was confirmed by Heathcock et
al>3, whereby reactions in acetonitrile proceeded via an Sy-1-type oxocarbenium ion
and reactions in CH,Cl, via a "mixture of Sn2 and Sp1" ie. via external ion pair IV.
H. Yamamoto et al°® have observed the same trend in their study of the reduction of

bicyclic acetals (scheme 1.15).

| . Me |-
~Al-0 —Al-OR ", O
. H —
_Al-H i H Y \f @
o H CH,OH
o ¢
polar solvents \l[ ,ﬂ/nonpolar solvents
Me O
e szj - L
oa B CH,OH

| ~

Scheme 1.15.
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Denmark et al®0 ajso showed a similar trend in their studies. Yet, in all these three
studies mentioned above there seems to be a mechanistic divergence when non-polar
solvents such as hexane and CCly are used. Heathcock et al®3 indicated that in these
solvents the reaction could occur via both limiting mechanisms, whereas H. Yamamoto
et al®® had no explanation for the low selectivities observed in hexane and proposed a
complex association of the aluminium reagents. Denmark e al®0 rationalized the low
stereoselectivities observed in CCly and hexane by the possibility of forming
agglomerations of the charged complexes to distribute charge in these solvents. Another
possibility would involve an alternative mechanism via a neutral intermediate, such as

an a-chloroether (for TiCly as Lewis acid).
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CHAPTER 2

Results and Discussion

2.1. Ketal Reduction Model Studies using the Reagent BH3 SMe)/TMSOT>7 |

The experimental part of the thesis begins with the initial study carried out on the
reduction of some model acetals and ketals in order to gain some insight into the
chemoselectivity of the reagent combination (TMSOTE/BH4SMe;). As mentioned in
Chapter 1, acetal and ketal reductive opening using borane tetrahydrofuran complex in
tetrahydrofuran is known to afford moderate yields in the absence of a Lewis‘ acid34.
Furthermore, it is known from other studies®8 that TMSOTE is compatible at low
temperatures (-78°C) with boron reagents such as lithium n-butyltriallylborate and that

no transmetallation occurs at this temperature (scheme 2.1).

TMS "OTE
264 +tApl
ot R“0.__tOR
B(allyl)_ But] M "
[B(allyl),But] Rl <y

+ B(allyl);But + M*YOTF + TMSORZ  + B(allyl),But +M*OTf + TMSallyl

intermolecular allyl transfer transmetallation

Scheme 2.1.

Thus, it was anticipated that the Lewis acid would not be transmetallated by borane

dimethyl sulphide (scheme 22)
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TMS "OTf
BH,.SMe, + R;?><+(§§ ’
| K
R;?ng R;?X(ég ’
+ BH,OTE + TMSOR? + BH,OTf + TMSH
hydride transfer transmetallation
Scheme 2.2.

Borane dimethyl sulphide was chosen over borane THF as this reagent is available as a
neat liquid (10M), 1.0 M solution in CH>Cly or 2.0 M solution in THF. Furthermore the
reductions with borane THF proceeded sluggishly. The results of the model study are
summarised in table 2.1

The first ketal studied, 2,2-dibenzyl-1,3-dioxane 1 was completely reduced to 2 in very
high yield in one hour at -78°C in dichloromethane as solvent. Dichloromethane is a
convenient solvent to use for the reaction as it is easily dried, has a medium range
polarity and readily dissolved the substrates studied. Other solvents such as hexane,
diethyl ether and THF were also screened. THF deserves special mention because
reductions in this solvent were considerably slower, requiring higher temperatures.
Above 0°C, complications arose owing to solvent polymerisation resulting in
difficulties with product isolation. The lower reaction rate is probably due to the fact
that THEF, being Lewis basi059, competes with the substrate for complexation of the

[ewis acid.
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TABLE 2.1.
Substrate Product(s) Yield
OI/\C') O/\‘/\OH
Ph._><_ Ph ph._J_ P 95%
1 2
o~ O
\ Ph \}\/ Ph 51%
o_.0 4
Ph. > Ph OH
3 Ph._ A _Ph 20%
s
Y [ o"0u 83%
0__0 ,
07" 0H
6 8 14%
OH
T i
d Y 10~ _OH
L u ”
9 \
0/_ 0
Wanw A v R
12
/\‘/\
on o L 82.7%
c
\/\O/
0.9%
ﬁ/ 13 HO\/\O‘.\
)
160G G S .
0 0
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[t was established that at least 1 mol equivalent of both TMSOTY and BHySMe5 was
needed for optimum yield. However, most reductions were carried out with 2 mol

equivalents of both reagents without adverse side reactions occurring.

In comparison with dioxane 1, the corresponding five-membered ring ketal 3, 2,2-
dibenzyl-1,3-dioxolane, gave the product of reductive cleavage 4 (51%) together with a
significant yield of dibenzylmethanol 5§ (20%). This product could have been formed in

one of two ways (scheme 2.3).

—\ —\ : 5 OTMS
o_ 0 O__O“TMS S HOT
Ph._><__Ph Ph._><__Ph Ph Ph

3

o

O_ OTMS
Ph._>~__Ph Ph\/U\/ Ph

| |

H
-
e D OH
IMS-07 OTMS
Ph. >~ Ph ph.__L__Ph
{ 5
OTMS

Ph\)v Ph

Scheme 2.3,
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The formation of the unprotected secondary alcohol side-product S from dioxolane 3 at
this stage of the study indicated a significant mechanistic difference in reactivity of the

dioxolane ring compared with its dioxane counterpart.

The next substrate studied was the ketal 6 derived from 4-methylcyclohexane and 13-
propanediol for which simple diastereoselectivity became an issue. As before, the
reduction proceeded at -78°C in dichloromethane in one hour to afford the individual cis
8 and trans 7 isomers in a ratio of 6:1 after column chromatography. The structures of
the two products were established by the nmr signals for H-1. For the trans-isomer 7, this
signal was a triplet of triplets with coupling constants 4.2 Hz and 10.7 Hz indicative of
axial-equatorial and axial-axial coupling, respectively. The total width of the signal was
30 Hz. By comparison, the signal for H-1 of the minor cis-product 8 was a multiplet with

a total width of 16 Hz.

H O/\/\OH
N A ey
7 8
triplet of triplets multiplet
= idth of signal = 16 H
Jox-ax = 107 Hz width of signa z
Iyxeq = 42 Hz

width of signal = 30 Hz

The dioxolane ketal of 4-methylcyclohexanone and 1,2-ethanediol reduced in
dichloromethane at -78°C to give the unexpected dimeric product 12 in 71% yield as a
mixture of 3 isomers with very similar chromatographic properties. One of these was
isolated in a pure form and was found to be the trans-trans isomer of 12 with similar

coupling constants for H-1 as compound 10.

A possible mechanism of formation of the dimeric product is shown in scheme 2.4.
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O, O-TMS OTMS

- OTf
[\ o~ OTMS H
‘ [ \TMs
O J_ bt M d ,o0r0
TMSOTT @ BH; SMe, ?

HO‘\//\OH OTMS
] 0O O 0 o fo-1tMs
BH:‘).SMe2
0 P —
Scheme 2.4.

In this scheme, the opened ketal species competes with hydride as a nucleophile in
attack on an activated ketal complex as a result of activation to the sily! ether. Again,
the different product selectivities obtained from the five and six membered ketals
indicate that the structures of the activated ketal complexes of the two ring systems in

the nucleophilic addition step are different.

The expected reduced products 10 and 11 were isolated in 20% vyield in a ratio of
approximately 2:1. Once again, the configurations of the isomers were established by
the nmr signal for H-1. H-1 of 10 is a triplet of triplets with coupling constants of 4.2
Hz and 10.8 Hz while H-1 of 11 shows a multiplet of total width of signal of 9 Hz. The
last two examples demonstrate that there is some degree of simple diastereoselection in

the reduction of cyclic ketals with this reagent combination.
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O
H o ~H
O
Mo/\/ N MH
10 11

triplet of triplets ~multiplet

= width of signal = 9 Hz
T onx = 10.8 Hz g
Iox-eq = 42 Hz

The observed diastereoselectivity is consistent with two mechanistic scenarios. At the
one extreme of possible transition states, a spectrum hypothesised recently by Denmark,
the reactive complex could be a closed silylated oxonium ion 6A' or 6A" and the
observed stereoselectivity can be explained by kinetically favoured equatorial O-
silylation to afford 6A', followed by invertive hydride attack on the ketal carbon to give

an equatorial oxygen substituent (scheme 2.5).

o TMS. 0%
+
0 — O
™S
6A’ 6An

Scheme 2.5.
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At the other extreme, the reaction could proceed via an open oxocarbenium ion
followed by stereoelectronically favoured pseudo-axial hydride delivery as postulated
for diastereoselective ring carbonyl reductions(‘o, using sterically unhindered reducing
agents such as sodium borohydride. This bmethod of reduction is complementary,
therefore, to reductions of carbonyls with large reducing agents such as super-hydride,
in which equatorial attack of the carbonyl group is favoured for steric reasons. However
, as Denmark er al90 and Heathcock ef al9? have commented, it is unlikely that
nucleophilic additions to activated ketals goes via a strictly closed transition state with
Sp2-type inversion of configuration, but rather that the reactive complex is an extemal

ion pair as depicted by 6B' and 613"

Another example where simple diastereoselection is demonstrated is with the
androstane  derivative 13, 3,3(ethylenedioxy)-androst-5-on-178-yl  acetate. The
reduction of this ketal in dichloromethane occurred at -20°C to afford the o and B
isomers in a ratio of 1:99, assigned by the nmr signal for H-3. Again, it is evident that

axial-hydride attack is preferred, which is consistent with the previous example.

/\/OWKS HM

O
L HO™ > 15
triplet of triplets triplet of triplets
Jaxoax = 11.1Hz Jeq—ax =4.7Hz
Jeq—ax:4'1HZ Jeq_eq:1.4Hz

The third product isolated was again a dimeric product formed by the mechanism
depicted in scheme 2.4. The percentage yield of the dimeric product of the steroid 13 is

much lower than that of 3, and is likely to be due to the greater steric bulk of the steroid
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being unfavourable for dimer formation. It is noteworthy that the double bond at position
C5-C6 and the acetate at position C17 were unaffected by the reagents at

-20°C.

2.2. Relative Reactivity of Dioxane vs Dioxolane

As a result of the different behaviour of dioxolane and dioxane ketals towards the
reagent combination, competition experiments were carried out to gather more
mechanistic information about their reactivity. In this experiment, 1 mmol each of 2,2-
dibe‘nzyl-1,3—dioxane 1 and 2,2-dibenzyl-1,3-dioxolane 3 were reduced in
dichloromethane by 1 mmol each of the reagent combination. The latter were introduced
into a solution ofth.e two substrates at -78°C via a graduated 1.0ml syringe. In this step
the possibility of the introduction of a 5-10% error did exist. A more dilute solution of
the reagents could have been used to be more accurate, but the results obtained provided
enough information. TMSOTS was first added at -78°C, followed by the borane after 15

minutes. The length of time and the temperature was varied and the results are depicted

in table 2.2
Table 2.2
m = 1mmol TMSOTf
o0 _*t o_0 7~
Ph > Ph Ph > Ph Immol BH,SMe,
i 3
1mmeol Immol

0 OH o~Of 0™"0H
Temp Time 1 3 Ph._A_Ph Ph_A_PhPh _A_Ph  py_L_Ph
2

5 4

-78°C lThour - 095mmol 0.33mmol - - 0.67mmol
-18°C Jhours - 0.74mmol  0.52mmol 0.19mmol - 0.57mmol

-718°t0-40°C 2 hours - 0.86mmol 0.47mmol 0.18mmol - 0.46mmo
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In none of the experiments was there any starting dioxane ketal 1 isolated or any
product of ketal opening of the dioxolane 3. In all experiments there were significant
amounts of dibenzylketone isolated, and in each case some of this product must have
been a result of reaction of both the dioxane and dioxolane ketals. Furthermore, in
entries 2 and 3, dibenzylmethanol was isolated and less of the product 2 of reductive

cleavage of the dioxane ketal 1.
The following conclusions may be drawn from these experiments:

(a) Although BH3'SMe, contains 3 mol equivalents of hydride, only cne of them
appears to be important as a nucleophile indicating that HHBOTTf is not a competitive

reducing species under these reaction conditions.

(b) The most likely pathway for the production of dibenzylmethanol is via the ketone
(scheme 2.3), although the pathway via the reduction of reduced dioxane cannot be

ruled out.

(c) When borane is the limiting reagent, as in this case, the dioxane is reduced
chemoselectively in the presence of the dioxolane. Furthermore, under these limiting
conditions, some cleavage of the dioxane ring to ketone and/or alcohol directly is
possible. This was not observed in the model studies using 2 mol equivalents of reagent

(see table 2.1.)

A possible explanation of the chemoselectivity, consistent with recent thinldng"’2 in this
field, is that silylation of one of the dioxane ring oxygens with concomitant C-O bond
lengthening relieves the 1,3-diaxial strain between the C ketal carbon axial substituent
(benzy! in this case), and the axial hydrogens at C-4 and C-6. This non-bonded
interaction is less severe in ‘the dioxolane case. Moreover, the chemoselectivity is

consistent with seminal results obtained by Leggetter and Brown in the 1960's on the
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relative rates of reductive ring cleavage using LiAlH4/AICI3 as the reducing agent.
These authors concluded that the relief of 1,3 diaxial strain was a more important factor
in ring opening than the stereoelectronic requirements for oxocarbenium ion formation

which were more favourable in the dioxolane case.

In the present scenario, the reduction proceeded at a much lower temperature and, as
already discussed, the reaction might not proceed via a truly opened oxocarbenium ion,
but rather via an external ion pair. The difference in the reactivity and the outcome of
the reaction of the two substrates points towards a difference in the structure of the
transition states involving nucleophilic hydride delivery. The most plausible explanation
at this stage was that the dioxolane has a more opened reactive complex (more Sy1-
like) in the reduction step while the dioxane has a more closed transition state (more

Sn2-like).
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2.3. Reduction of Aromatic Acetals

The reactivity of aromatic acetals towards reduction was studied, since benzylidene
acetals are of major importance in carbohydrate chemistry62 and reduction of these

leads to benzyl protected hydroxy groups.

Table 2.3.
Substrate Product(s) Yield
P
/j MeO 18 .
O
MeO o >0
17 35%
McO 19 OMe
o0~ "0l 75%
oﬁ
o 21

o >0
20 - 25%

Oﬁ
o) 0" ~""0H

T7%
NO NO

2 23 2 24

The regioselectivity of their reduction will be dealt with in detail in Chapter 5, but
initially from a mechanistic point of view, it was interesting to study the relative
reactivity of acetals 17, 20 and 23, in which the aromatic substituents (-OMe, -H and -

NO,) were anticipated to have a rate effect (table 2.3).
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Acetals 17 and 20 both reacted rapidly at -78°C to give significant amounts of dimeric
product. The percentage of this side product was higher for acetal 17, but the lower
overall yield of products from acetal 17 may be attributed to the instability of the p-
methoxybenzyl group in the products©3,04 This possibility is supported by the result of
a model study, in which it was found that this hydroxyl protecting group was cleaved by
the reagents at -50°C (section 2.5). The reduction of acetal 23 proceeded to completion

only at 0°C and there was no evidence of a dimeric product.

Thus, it can be concluded that the formation of the dimeric product is enhanced by the
ability of the aryl group attached to the acetal centre to stabilise an oxocarbenium ion.
The methoxy group of acetal 17 is able to donate electron density mesomerically into the
aromatic ring to stabilise the incipient positive charge at the acetal carbon, while the

electron-withdrawing group of acetal 23 retards the formation of the oxocarbenium ion.
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2.4. Chemoselectivity Studies

In order to demonstrate that under these conditions reduction of ketals could occur
chemoselectively to double bond hydroboration and vice-versa, the ketal of ethyl
allylacetoacetate and 1,3-propanediol 25 was studied (table 2.4). Cooling the substrate
to -78°C before adding the TMSOTE and BH4-SMe, resulted in chemoselective
reduction of the ketal at -20°C to give product 26. By comparison, selective
hydroboration of substrate 25 could be achieved by reaction of 25 at 0°C with
| 65 (o

BH4'SMe, without Lewis acid followed by oxidative workup with basic peroxide

alford compound 27.

Finally, intramolecular reduction of 25 could be accomplished by firstly hydroborating at
0°C followed by cocling to -78°C and addition of TMSOTf Allowing the mixture to
warm to -20°C resulted in ketal reduction and the diol 28 was obtained after the normal

oxidative workup as a 3:2 mixture of diastereomers.

A similar reaction sequence was performed on substrate 29 and product 30 was isolated
as a 1:1 mixture of diastereomers. Thus, it appears that intramolecular reduction of
these systems is viable but proceeds with low diastereoselectivity, hence the concept of
intramolecular reduction via anchoring of the borane by hydroboration was not pursued

further at this point.
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Table 2.4.
Substrate Product Yield
m o) HO ™>"0 0
O O
OFt
‘ 25 ’ 26
"o o
O O O O
OEt OEt
80%
i 25 HO 27
HO ™0 0
OFt
369%
HO 28
HO” ™70
T2%
OH
29 30
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2.5. Protecting Group Studies

As an extension of the chemoselectivity studies in the context of multifunctionalised
substrates, the reduction of common protecting groups4 with TMSOT{/BH3SMe, was

examined. The results are summarised in table 2.5.

Table 2.5
Substrate Product(s) Conditions  Yield
O h .
ph” > T P no reaction -78°Cto RT -2
31
O CH OH 57%
h/\/ 3 “N 0
P T Ph -78° to 0°C
32 O 33
pp - OF 40%
34
o. / 780
Ph™ > /817< ph~~OH 78°C 70%
35 33
Ph/\/o\© ph/\/'OH 83%
36 33 -78° to -20°C
O OH
Ph™ > U 10%
37 '
L /L 60%
Ph o/\©\ Ph” OH -78° to -50°C
38 OMe 39

a: 98% of starting material recovered

As can be seen, the benzyl group 31 is stable towards the reagents even up to room

temperature. The acetate functionality 32 was stable at -78°C and reaction only occurred
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above -20°C with carbonyl reduction to the etliyl ether and cleavage to the alcohol. As
evidenced by examples 13 and 25, esters are far less reactive than a ketal centre towards
reduction under these conditions. The (-butyldimethylsilyl protecting group in 35 was
completely removed to afford the alcohol at -78°C within 30 minutes. The
tetrahydropyranyl protecting group in 36, an acetal itself, was of interest in order to
ascertain the direction of cleavage, i.e. exo with loss of the tetrahydropyran ring 33 or
endo with opening of the ring 37, see chapter 5. 2-Phenylethanol was the major product
together with traces of 37. Difficulty was experienced in the purification of 37 as there

were other unidentifiable products with similar chromatographic properties.

The p-methoxybenzyl group, a common protecting group in carbohydrate chemistry, and
usually cleaved by cerium ammonium nitrate, CANO3C was reduced at -50°C to the
alcohol even though the unsubstituted benzyl protecting group is stable. Again, this is
presumably due to the mesomeric release of electron density from the methoxy group to

activate the group towards reduction.
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2.6. Study of Different Lewis Acids

Besides TMSOTT, other Lewis acids were also used as activators and the results are

summarised in table 2.6.

Table 2.6. is aci
m) Lewis acid 0 ""0H
Ph h Ph
\)Q/ P BH3.SMC P \/K/ Ph
1 2
Lewis acid/CH,Cl, temperature "~ Yield
TMSOT{ -78°C, 1hour 95%
TiCly -78° to 0°C, 2hours 70%
SnCly -78° to 0°C, 2Zhours 88%
BF3.0Et, -78°Cto RT -

From this table, it may be concluded that TMSOTT is the Lewis acid of choice regarding
efficiency and selectivity. Although TiCly is a stronger Lewis acid than TMSOT £66, a
plausible explanation for the reversed reactivity is that upon complexation with the
Lewis basic ketal, TMSOTT dissociates and the triflate ion plays an activating role in
the hydride delivery step by priming the borane dimethylsuphide to form an "ate"
complex. By comparison, TiCl4 may well retain its four chlorine ligands up to a much

higher temperature thus retarding the reduction step via an "ate" complex (scheme 2.6).

- OTMS
O 0 O *O-TMS —» + e OK\H/ (\/OH
e — *Ox OTMS — —> O__H
R7<R R7<R 7R R7<R <R

ate
+ BH,OTf

Scheme 2.6.
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2.7. Reduction of Mixed O,8 Ketals and S,S Acetals

Monothioacetals and dithioacetals are very important and useful carbonyl derivatives”
in organic synthesis, providing carbanions for use in alkylation reactions. Otera ef al. 68
have recently reported that a monothioacetal can be converted by nucleophilic
displacement into either ethers or a thioether selectively using the Lewis acid catalysts
BF5OEt, or TiCly respectively. The authors explained the reaction outcome by the
high affinity of TiCl, towards oxygen. This prompted us to carry out an investigation
into the effect of the reagent combination BH4-SMe,/TMSOTY on an O,S ketal. It is
known that TMSOTT is a highly oxygenophilic Lewis acid and it was anticipated that

only C-O bond cleavage would occur in the reduction.

Reductions of O,S ketals were studied by Eliel ef al. 15 in 1962, when they reported on
the reduction of cyclic 1,3 oxathiolanes with a mixture of LiAlH 4/AICl5. They found
that with this reagent selective cleavage of the carbon-oxygen bond occurred. Leggetter
and Brown® showed that BF3 could also be used in conjunction with LiAlH4 to effect
this transformation. Eliel et al.1% also reported that these Lewis acids isomerised 1,3
oxathiolanes via a thionium ion and this step was faster than the reduction as the

product of both isomers was the thermodynamically favoured trans-isomer (scheme

2.7).
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S O
/> AlCl, or /‘>
tBu. O __“s iBu S

BF3

| LIAIH,
tBum S/\/OH

Scheme 2.7.

The results of the present study are summarised in table 2.7.

The first mixed O,S ketal studied was that of dibenzylketone and 3-mercaptopropanol
40. It was found that only C-O bond cleavage occurred and this was verified by the 13¢
nmr spectrum in which the signal for the reduced ketal centre was at 49.4 ppm

compared to 82.6 ppm for that of 2,2-dibenzyl-1,3-dioxane.

The next substrates studied were the mixed O,S ketals 42 and 43. Both ketals were
formed on ketalisation of 3-methoxyestra-1,3,5(10)-triene-17-one  with  3-
mercaptoethanol. The isomers were separated by chromatography, but it was not
possible to assign the stereochemistry of the C-17 position. The reduction of both
isomers resulted in an identical product 44, tentatively assigned to be the 1783-
derivative, which is consistent with Eliel's ﬁndings15 on the isomerisation of this type
of compound and clearly shows that for O,S ketals the reduction goes via an open
thionium ion (Sy;1). However, this does not prove that the identical mechanism operates

for O,0 ketals.

A simple S,S acetal 45 was also subjected to the reagent combination and some
reduction (37%) did occur at -78°C with 1.1 eq. of both reagents but, optimum yields
could not be obtained with excess reagent or higher reaction temperature. Further

studies on the use of other Lewis acids are warranted for this reaction.
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Table 2.7
Substrate Product(s) Yield
Q} S ""0H o
Ph.>><__Ph Ph._J__Ph ’
40 41

0
@‘ from 42
MeO

97%
from 43

PhS\CPh PhS_~_ 37%

45
45 42%
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In Conclusion

The reagent combination TMSOT{/BH3-SMe, is a potent reducing agent for acetals and
ketals. The reduction generally occurs at low temperatures (-78°C) and in good yield for
6-membered-ring dioxane ketals. However, with 5-membered dioxolane ketals and
acetals with electron-donating groups, side reactions occur to give products of
dimerisation or ketal ring fragmentation to afford ketone or alcohol. The former
pathway appears to be favoured over the latter for spiroketals except where steric
hindrance plays a major role. Conversely, the latter pathway is favoured for acyclic
ketals. The difference in reactivity is most likely due to the transition state for dioxolane
hydride reduction, being more open and thus having more oxocarbenium character than

its six membered ring counterpart.



42

CHAPTER 3

The Stereochemical Aspect of Ketal Reduction

The stereoselective addition of nucleophiles to ca