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1. Introduction

The past decade witnessed a renaissance in the
chemistry and biochemistry of inositols, mainly due
to the realization of the role played by phosphorylated
myo-inositol (1, Chart 1) derivatives in important
biological phenomena® such as cellular signal trans-
duction, calcium mobilization, insulin stimulation,
exocytosis, cytoskeletal regulation, intracellular traf-
ficking of vesicles, and anchoring of certain proteins
to cell membranes. A growing number of membrane
proteins are being identified as harbored to cell
membranes by glycosylphosphatidylinositol (GPI)
anchors. Although our understanding of the phos-
phoinositide-based cellular process is continually
widening, a clear understanding of the biological role
played by a bewildering array of myo-inositol phos-
phates and their lipid derivatives identified and/or
isolated from plant as well as animal cells is still
lacking, making it clear that the area is far more
complex than originally imagined. Progress in un-
derstanding this well-developed area is greatly aided
by the availability of synthetic phosphoinositols, their
derivatives, and analogues. Discovery of compounds
which could specifically interfere with steps of the
myo-inositol cycle would be of great use as biochemi-
cal tools as well as potential drug leads. Conse-
qguently, the chemical emphasis in this field is now
focusing on the synthesis of structurally modified
inositol derivatives as potential enzyme inhibitors
and receptor antagonists for pharmacological inter-
vention in various diseases.

Inositols are cyclohexanehexols? (Chart 1): four
isomers, viz., myo-, neo-, chiro-, and scyllo-inositol,
have been recognized to occur in nature, while the
others, viz., cis-, epi-, allo-, and muco-inositol are
unnatural synthetic isomers. myo-Inositol (1) occurs
widely in nature in both free and combined forms.
Although 1 has the meso configuration, in the com-
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bined form it occurs almost always as an optically
active derivative. Despite a reasonably good under-
standing of the biological roles played by myo-inositol
and its phosphorylated derivatives, there is still no
definite understanding of the biological functions of
other naturally occurring isomeric cyclitol deriva-
tives.

The key intermediates for the synthesis of biologi-
cally important derivatives of inositols are the cor-
responding hydroxyl group-protected derivatives (hav-
ing free hydroxyl group(s) at desired positions).
Protected inositol derivatives and their analogues
have been prepared (Scheme 1) from (a) naturally
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occurring cyclitols and their derivatives [myo-inositol
(2),*03 pinitol (D9),* and quebrachitol (L10)];* (b)
carbohydrates [glucose (11),° p-xylose (12),°M6 p-
galactose (13),°" b-mannitol (14),” and L-iditol (15)];®
(c) chiral acids (tartaric acid, quinic acid, and dehy-
droshikimic acid);® (d) benzene and its derivatives
(17);1° (e) cyclohexene (18);!* and (f) p-benzoquinone
(19).%2

Syntheses starting from 1 necessarily involve
several protection and deprotection steps (of the six
secondary hydroxyl groups) and chemical or enzy-
matic resolution of intermediates to obtain the re-
quired enantiomerically pure protected inositol. Syn-
theses starting from chiral D9 and L10 avoid the
problem of resolution but require the inversion of one
of the axial hydroxyl groups to obtain derivatives of
1. The synthetic routes from carbohydrates 11—15
give access to optically pure intermediates, since the
starting materials are chiral, but involve C—C bond
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a (a) Hydroxyl groups protection/deprotection; (b) Ferrier reac-
tion; (c) Smly-mediated cyclization; (d) Pseudomonas putida-
mediated hydroxylation followed by dihydroxylation reactions; (e)
hydroxylation.

formation, usually via Ferrier cyclization®® reaction.
The syntheses from benzene or its derivatives (17)
involve their microbial oxidation to cyclohexadiene-
diol and have an advantage in that they can be used
to generate isomeric inositols or their derivatives
from a common intermediate. Among the different
strategies developed for the synthesis of protected
myo-inositol derivatives and their analogues, those
starting from commercially available 1 are preferred
many times because of its low cost and convenience.
Several methods are now available for the desym-
metrization of symmetric myo-inositol derivatives
and efficient resolution of racemic myo-inositol de-
rivatives, which provide enantiomerically pure prod-
ucts.*
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Tremendous efforts have been made in synthesiz-
ing partially protected inositols having free hydroxyl
groups at specific positions. The selectivity patterns
observed could be dependent on various factors such
as inherent acidity of the free hydroxyl groups, their
hydrogen bonding or other interactions with neigh-
boring functional groups, nature of the protecting
groups already present, conformation of the carbocy-
clic ring, reaction conditions, and reagents used. In
some cases, the reasons for the observed selectivity
patterns are obvious, while in other cases they are
debatable (see the following sections). An attempt has
been made in the following sections to survey and
categorize selective protection and deprotection reac-
tions, so that practicing chemists/biologists may be
able to choose a method for the preparation of
protected inositol derivatives, depending on their
requirement. In addition to being useful for those who
work with inositols, it is hoped that this review would
help to widen the scope of using cyclitol derivatives
for the synthesis of various classes of natural and
unnatural compounds with interesting properties
(see section 4). Emphasis is given to the literature
published between 1985 and the end of the year 2002,
involving selective protection/deprotection of inositol
hydroxyl groups. Although some of the earlier rel-
evant work is included, earlier reviews and mono-
graphs must be referred to for details.1®%

2. Regioselective Protection of Hydroxyl Groups
of myo-Inositol and Its Derivatives

myo-Inositol is a meso-isomer of 1,2,3,4,5,6-hexa-
hydroxycyclohexane with five equatorial hydroxyl
groups and an axial hydroxyl group. The carbon
bearing the axial hydroxyl group is designated as C2,
and the other ring carbons can be numbered from
C1 to C6, starting from a C1 atom and proceeding
around the ring in clockwise or anticlockwise fashion.
There is a plane of symmetry passing through C2 and
C5 atoms. According to convention, an anticlockwise
numbering in an asymmetrically substituted myo-
inositol leads to the configurational p- prefix (Chart
2), and the clockwise numbering gives the substituted
myo-inositol an L- prefix.141® An ITUPAC nomencla-
ture allowing all biologically relevant compounds to
be denoted as p-isomers has also been proposed.t’
Although most of the asymmetrically substituted
myo-inositol derivatives included in this article are
racemic, for clarity and simplicity they are repre-
sented by only one enantiomer in charts and schemes.
For all the enantiomers mentioned, the corresponding
compound numbers are prefixed by a D or L.

Chart 2
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2.1. Regioselective Protection of myo-Inositol:
Selectivity among the Six Hydroxyl Groups

Traditionally, the hydroxyl groups of 1 were ini-
tially protected as ketals of acetone,'® cyclohex-
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anone,*® or cyclopentanone;*®®2° however, the cyclo-
pentylidene ketals have not been used extensively for
synthetic purposes. An attempt?! to synthesize ben-
zylidene derivatives of myo-inositol led to a mixture
of products consisting of myo- and epi-inositol deriva-
tives, but the yields seemed to be irreproducible.
Direct allylation of myo-inositol using dibutyltin oxide
and allyl bromide led to the formation of a mixture
of products, 1,3,4-triallyl ether being the major
product.?? Although this procedure does not seem to
be suitable for multistep syntheses, these experi-
ments suggested that the order of reactivity of
hydroxyl groups in 1is C1 ~ C3 > C4 > Cb. Previous
workers studying regioselectivity in carbohydrates
have suggested that hydrogen bonding of the proton
on the reacting hydroxyl group to a cis-vicinal oxygen
can enhance its reactivity relative to other hydroxyl
groups without such possibilities.?

Angyal and MacDonald® synthesized isopropy-
lidene derivatives of different inositols and quercitols.
myo-Inositol, on treatment with acetone in the pres-
ence of a Lewis acid (ZnCl,) and acetic acid, followed
by acetylation, gave the tetraacetate 22, which was
converted to 23 (Scheme 2) by alcoholysis. Later, Gigg

Scheme 22

22 R = Ac (47%)
23R'=H (76%)

R20 o
o%
v’ “Me
24 R2 = Bz (26%)
e

l 25 R?2=H (94%)
a (a) Dry acetone, ZnCl,, AcOH, reflux, 9 h; Ac,O, pyridine; (b)
2,2-dimethoxypropane, TsOH, DMSO, 110 °C; (c) EtzN; (d) pyri-
dine, BzCl, 2 h; (e) NaOH, MeOH, reflux.

et al.18¢ gbtained 23 using 2,2-dimethoxypropane
instead of acetone, in good yield. Desai and co-
workers?* prepared 23 and found conditions to isolate
it by crystallization in about 75% yield. Ketalization
of 1 with an excess of 2,2-dimethoxypropane!® gave
a mixture of ketals from which the diketal 25 was
isolated as its dibenzoate 24, owing to its lower
solubility in DMF.

Angyal et al.,'® and later Baker et al.,’% synthe-
sized the cyclohexylidene derivative 26 (Scheme 3)
by the treatment of 1 with cyclohexanone in the
presence of an acid catalyst. The monoketal 26 was
formed by the in situ hydrolysis of the trans-cyclo-
hexylidene group in the initially formed mixture of
bis-cyclohexylidene derivatives. A convenient method
for the isolation of 26 by precipitation, after the
reaction of 1 with 1,1-dimethoxycyclohexane, has also
been described.®® Angyal et al.,’®® and later Garegg
et al.,’® isolated dicyclohexylidene derivatives 27—
29 obtained by the reaction of 1 with 1-ethoxycyclo-
hexene.

Sureshan et al.

Scheme 32
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2 (a) Cyclohexanone, TsOH, benzene; (b) benzene—light petro-
leum—ethanol (4:5:1); (c) 1,1-dimethoxycyclohexane, TsOH, DMSO;
(d) CHCI3, NEtg; (e) filtration; (f) 1-ethoxycyclohexene, TSOH, DMF
or DMSO.

Bruzik et al.?> synthesized diastereomeric camphor
ketals (D30—D33, Scheme 4) and separated them as

Scheme 42

OH ; 0!
't Ok ont %H * Sojﬂo,H
orc H OH OH
D30 O35k HOX—"5)
D31 D32

ad +
D30 (70%)

2 (a) b-Camphor (2 equiv), DMSO, concentrated H,SO,, 68—70
°C; (b) CHCl3—MeOH—H0 (90:10:2), TsOH, room temperature,
1.5 h; (c) camphor dimethyl ketal, TMS triflate, DMSO, 110 °C,
97%; (d) CHCI3—MeOH—-H,0 (50:5:1), TsOH, room temperature,
12—-16 h.

their tetrabenzyl ethers. myo-Inositol was first treated
with 2 equiv of b-camphor in the presence of sulfuric
acid, and the mixture of products thus obtained was
hydrolyzed selectively to obtain a diastereomeric
mixture of monoketals, which were benzylated and
separated as their tetrabenzyl ethers. Later the same
group modified?d the procedure by using b-camphor
dimethyl acetal (instead of camphor) in the presence
of TMS triflate and separated the four tetrols D30—
D33 in better yield (97%). Salamohczyk and
Pietrusiewicz?® prepared the diastereomer D30 by the
acid hydrolysis of a mixture of ketals obtained by the
reaction of 1 with p-camphor. This procedure led to
the formation of a single product, D30 (65—70%), due
to a precipitation-driven equilibrium. It is surprising
tosee that different product formations are reported?226
after the partial hydrolysis of a mixture of camphor
ketals under almost identical conditions.

A comparison of the experimental procedures avail-
able in the literature shows that the use of DMF
(instead of DMSO) as a solvent and transketalization
with dimethyl ketals (rather than the use of the
required ketone) for the ketalization of 1 gives cleaner
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products in better yields. As is evident from literature
reports, the isolated yield of a single regioisomer of
diketal of 1 does not exceed 40%, and often the
isomeric ketals are not easy to separate by chroma-
tography. This could be due to the formation of
oligomeric ketal derivatives, in addition to the forma-
tion of regioisomers.

Ley et al.?” reported a highly regioselective forma-
tion of the bis-dispoke acetal 36 on treatment of 1
with bis-dihydropyran 35 (Scheme 5). Similarly,

Scheme 52

9
50 ¢

36 (40%)

a (a) TIPDSCI, (2 5 equiv), pyridine, room temperature; (b) 35,
CSA, DMF, 100 °C

highly regioselective introduction of a tetraisopropyl-
disiloxane-1,3-diyl (TIPDS) group or a bis(butane-2,3-
diacetal) group to 1 has been achieved.?® TIPDS-
protected myo-inositol derivatives (such as 34) were
used to synthesize myo-inositol phosphates (section
2.5.6).2%2 It is important to note that bis-dihydro-
pyran, disiloxane, and butanedione reagents do not
form 1,2 (or 2,3)-cis derivatives, unlike in ketal
formation reactions, wherein cis-ketals are the pre-
ferred products. Consequently, these three reagents
provide protected myo-inositol derivatives in which
the C2-OH is free (see section 2.2.1). Thus, the use
of TIPDSCI; represents an alternative strategy to the
standard inositol ketal protection, which affords
derivatives with free axial hydroxyl groups. Initial
investigations?® on the use of TIPDSCI, for the
protection of diols revealed that the reagent initially
adds to the most accessible hydroxyl group of a
molecule and then proceeds to cyclize to form a seven-
or eight-membered ring. It has also been well estab-
lished?? (also see following sections) for both myo- and
chiro-inositol that the equatorial hydroxyl groups
vicinal to the axial hydroxyl group are the most
reactive toward both alkylation and acylation. Also,
an examination of the models suggests that steric
strain or constraints imposed by the axial C2-OH for
the formation of dioxane or disiloxane derivatives
could contribute to the nonformation of cis deriva-
tives. Although reactions of inositols with trans-diol
protecting reagents are selective, they often result
in modest to low yields of the protected inositol
derivative and, being bulky protecting groups, might

Chemical Reviews, 2003, Vol. 103, No. 11 4481

offer high steric hindrance for further derivatization
of the remaining hydroxyl groups.3°

Lee and Kishi®! reported the simultaneous protec-
tion of three (C1, C3, and C5) hydroxyl groups of 1
as orthoformate (Scheme 6). They used the ortho-

Scheme 62

07~0

0
1 @bl o \M
H RO lore

O/\O\O R' R2 R® R*

37H H H H(76%)
38H AcAc Ac
HO 39Me H H H(65%)
- 0,
HO" 44 OH 40n-BuH H H (91%)

a(a) (EtO)sCH, DMF, TsOH, 100 °C; (b) (EtO)sCCHs, DMF,
TsOH, 100 °C; (c) (EtO)sCCsHe, DMSO, CSA, 60 °C.

formate 37 as the starting material for the synthesis
ofenterobactin analogues.®? Earlier, in 1966, Luk’yanov
and Tolkachev® disclosed the synthesis of a mono-
orthoformate of myo-inositol; however, their assign-
ment of its structure as 41 was incorrect. Unfortu-
nately, no physical data were available from the first
report3® which could be compared to conclude that
this product was identical with the orthoformate 37
obtained by Lee and Kishi.3! Protection of the C1-,
C3-, and C5-hydroxyl groups of 1 as ortho esters 39
and 40 is also reported.?* As in the case of the
preparation of ketals, use of DMF instead of DMSO
as a solvent for the reaction results in cleaner
products (myo-inositol ortho esters) with reproducible
yields.3® Formation of 1,2-O-ethylidene-myo-inositol
during the reaction of 1 with triethyl orthoformate
in DMSO has also been reported.?*¢ Andersch and
Schneider®* prepared the triacetate 38 on a 100-g
scale, which on methanolysis gave the triol 37 in good
yield, and we reported a rapid method for the
preparation of 37 and 39 via their tribenzoates.3
Protection of three hydroxyl groups of a fluoroinositol
derivative as the corresponding orthoformate is also
reported, although in much lesser yield.*®¢ The po-
tential of ortho esters of 1 as intermediates for the
preparation of several natural and unnatural cyclitol
derivatives is evident from recent publications (see
section 2.4.5).

Watanabe et al.®” described a short and practical
synthesis of racemic myo-inositol 1,3,4,5-tetrakispho-
sphate via the direct benzoylation of 1. They benzoy-
lated 1 with 3.5 equiv of benzoyl chloride in pyridine
at different temperatures and obtained tetraben-
zoates 42, 43, and the pentabenzoate 44 (Scheme 7).
The pentabenzoate 44 was the major product of
benzoylation at room temperature, while the tetra-
benzoate 42 was the major product at 65 and 90 °C.
These results were explained on the basis of the
solubility of partially benzoylated inositols (1 is
sparingly soluble in pyridine at room temperature,
and the benzoylated derivatives with fewer benzoyl
groups tend to be less soluble as compared to those
with more benzoyl groups). However, the possibility
of benzoyl migration being responsible for the ob-
served predominant formation of isomeric benzoates
was not ruled out. Acylation of 1 with p-anisoyl
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Scheme 72
HO ORS®
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t 15 3 48 72
65°C 34 9 25
oM
® 90oc 33 13 14

a (a) BzCl (3.5 equiv), pyridine, 2 h; (b) AnCl, pyridine, 0 °C to
room temperature; (c) (i) perborylation, (ii) Bu;Sn(acac),, MntClI.

chloride resulted in the formation of the pentaester
45, which was isolated as a crystalline solid.®® Under
the reaction conditions, acylation of the axial C2-OH
occurred only to a negligible extent. Regioselective
1-O-acylation of myo-inositol and simultaneous opti-
cal resolution has been achieved by perborylation,
transmetalation using di-n-butyltin-bis-acetylaceto-
nate, followed by acylation with (—)-menthyl chloro-
formate.®® The diastereomerically pure 47 obtained
was used for the synthesis of b-myo-inositol 1,4,5-
trisphosphate [Ins(1,4,5)P3].

2.2. Regioselective Protection of
myo-Inositol-Based Pentols: Selectivity among
Five Hydroxyl Groups

2.2.1. myo-Inositol-Based 1(3),2,4,5,6-Pentols

During the synthesis of metabolically stable ana-
logues of Ins(1,4,5)Ps, Fauq and co-workers* reported
diisopropylidenation of D48. Reaction*! of D48 with
2-methoxypropene at 65 °C gave D51 and D54 in the
ratio 2:1 (Scheme 8). The same reaction, when carried
out at 80 °C, gave D51 and D54 in the ratio 1:2.3.
This reversal of ratio of products at higher temper-
ature could be due to the isomerization of D51 to D54
in the presence of the acid catalyst. Angyal and
Hoskinson*? prepared isopropylidene derivatives of
both racemic 49 and (—)-bornesitol by the ketal
exchange method. Racemic 49, on treatment with 2,2-

Scheme 82
HO OH
OH D48R=F
OH 49 R=0OMe
R OH D50 R = H
a/b/c/d J
Me
Me Me
+ /{—-Me
OH " 00 M
R ° oK
0% R%—o Me
Me Me OH
D51R=F D54 R=F
52R=0OMe  55R=OMe
D53R=H D56 R=H

a (a) 2-Methoxypropene, CSA, DMF, 80 °C, 4 h, 83% (D51:54 =
1:2.3); (b) as in (a) at 65 °C, 5 h, 80% (D51:D54 = 2:1); (c)
(MeQ),CMe;, TsOH, reflux, 1 h, 35% (52:55 = 9:1); (d) as in (a),
60 °C, 88% (D53:D56 = 1:1.3).
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dimethoxypropane in the presence of p-toluene-
sulfonic acid (TsOH), gave the diketal 52 as the major
product. Similar results were observed for the diiso-
propylidenation of D50.43

The azide D57, on reaction with TIPDSCI, in
pyridine, gave the 1,6-di-O-protected derivative D59;*
the use of larger amounts of TIPDSCI, resulted in
the formation of the tetra-O-protected derivative D61
(Scheme 9). Similarly, C1- and C6-hydroxyl groups
of D58 could be protected using TIPDSCI,.2%

Scheme 92

HO OH
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~
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" OH %OH
s HO Ny HO
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b
l HO OTBDPS
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Ho 0™~ \l OH
o) HO
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Ny O /
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HO OTBDPS
OH
H
o4 ©
R = Si(i-pr),0Si(i-pr), R~
D60 (80%)

2 (a) TIPDSCI; (1.2 equiv), pyridine, room temperature, 10 h;
(b) TIPDSCI; (2.5 equiv), pyridine, 73 °C, 40 h.

Benzoylation?0445 of the silyl ether D58 with 3
equiv of benzoyl chloride in pyridine provided the
tribenzoate D63, while benzoylation with 1 equiv of
benzoyl chloride gave the C3-benzoate D64 as the
major product. The use of 2 equiv of benzoyl chloride
resulted in the formation of a mixture of benzoates,
D65 being the major product (Scheme 10). Silyla-

Scheme 102

OH
OR? OH
OH OR!?
OH OH
HO o RZO S OR*

R3
D58 R' = TBDPS
62 R'=Bz D63-D65

&. 64 (racemic, 90%)

a R" R2 R3 R4

_~——"D63 TBDPS Bz Bz Bz (88%)

D58 —2> D64 TBDPS Bz H H (73%)

~__.D65TBDPS Bz Bz H (39%)
[}

2 (a) BzCl (3 equiv), pyridine, —10 °C; (b) BzCl (1 equiv),
pyridine; (c) BzCl (2 equiv), pyridine; (d) TBDPSCI, imidazole,
DMF.

tion* of 62 with tert-butyldiphenylsilyl chloride (TB-
DPSCI) gave the racemic silyl ether 64 in very good
yield (90%). Hence, it can be inferred that the
observed selectivity in these reactions is independent
of the pre-existing protecting group at the C1-O
position.

Among the five hydroxyl groups in C3-O-protected
myo-inositol derivatives, C1-OH seems to be the most
reactive with electrophiles, and hence results in
predominant formation of 1,3-di-O-protected deriva-
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tives. The enhanced nucleophilicity of the C1-OH
could be due to its intramolecular hydrogen bonding
with the C2-OH. The formation of a 1,6-bis-protected
derivative from the C3-O-protected myo-inositol de-
rivatives (on treatment with diol protecting groups
such as TIPDSCI,) can also be explained on the basis
of first attack by the C1-OH and subsequent reaction
at the C6-OH, because of its proximity and equatorial
disposition (see section 2.1).

2.2.2. myo-Inositol-Based 1,3,4,5,6-Pentols

These pentols have the meso configuration and
hence possess three kinds of hydroxyl groups. The
methoxy tetrahydropyranyl (THP) ether 66 (Scheme
11), on reaction with Markiewicz reagent (TIPDSCI,),

Scheme 112
MTHPO . MTHPO oy
OH_— » OH
HO OH a HO 0
2
6 OH O—r

67 (62%
MTHP = (O<0Me ( °:
R = Si(i-pr),0Si(i-pr),

a (a) TIPDSCIy, imidazole, NEts, HMPA.

gave the 4,5-di-O-protected derivative 67 in good
yield.®® This reaction suggests that C1(3)-OH is not
the most reactive hydroxyl group in 66. This could
be due to the steric hindrance offered by the cis
substituent at the C2 position for the reaction of the
C1(3)-OH. Another reason for the nonformation of
silyl ether at the C1(3) position might be the nonex-
istence of (or weaker) hydrogen bonding between
C1(3)-OH and the C2-O due to protection of the
C2-OH. It may be possible to obtain the 1,6-di-O-
protected derivative of 67 by carrying out the reaction
at a higher temperature (see Scheme 9).%8

2.3. Regioselective Protection of
myo-Inositol-Based Tetrols: Selectivity among
Four Hydroxyl Groups

2.3.1. myo-Inositol-Based 1,2,3,5-Tetrols

Enzymatic acylation3¢46 of 4,6-di-O-substituted
myo-inositol derivatives occurs exclusively at the
C1-0 position (Scheme 12). This has been exploited

Scheme 122
HO
OH OR'alb HO oR2 oR!
OO o S
OR! bR
68 R'= Bz D70 R'= Bz R?= Bt
69 R"=Bn D71R'=Bn; R2= Ac

a (a) Vinyl butyrate, LPL; (b) vinyl acetate, amanolipase PS.

for the efficient synthesis of b-myo-inositol 1-phos-
phate*¢ [Ins(1)P] and p-myo-inositol 1,2,6-trisphos-
phate [Ins(1,2,6)P3, a-trinositol].#” Acylation of this
class of tetrols in the absence of enzymes has not been
investigated; however, the same regioselectivity can
be expected since C1-OH appears to be the most
reactive (see following sections) in most of the par-
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tially protected myo-inositol derivatives (except the
C2-O-protected derivatives).

2.3.2. myo-Inositol-Based 1(3),2,4(6),5-Tetrols

Alkylation*® of tetrols 72—74 led to the predomi-
nant alkylation at the C1-OH group, as expected
(Scheme 13). Ketalization of 3,6-di-O-substituted

Scheme 132

HO, ore HO oR:
OH ab OH
HO OH ™ oo %OH
) R°0

R20
R' R2 R R2 R?
72Bn Bn 76 Bn Bn All (60%)
73 Al Bn 77 All Bn PMB (74%)
T4 Al All 78 All All PMB (65%)
75Bz Bz
¢ HO OR! Me
0w
HO o Ve
72 R20
d 80 R', R2 = All (29%)
81R, R2 = Bz (40%)
HO OBn OM';e
o)
HO (0] Me
BnO OMe
79 (80%)

a (a) (i) BuzSnO, BusNI, PhMe, reflux; (ii) AlIBr (2 equiv), reflux,
1 h; (b) (i) as in (a); (ii) CsF, PMB—CI; (c) DMF, 2,2-dimethoxy-
propane, TsOH, 20 °C; (d) 2,3-butanedione, methanol, CH(OMe)s,
CSA, reflux.

myo-inositol derivatives 74*° and 75% vyielded the
trans-ketals 80 and 81, respectively (Scheme 13). In
these reactions, yields of the products appeared to
depend on the reagent used. Racemic dibenzyl ether
72, on treatment with 2,3-butanedione, gave the
diketal 79 selectively in very good yield.5* Although
the formation of trans-diketal with 2,3-butanedione
was as expected,?852 trans-ketal formation with 2,2-
dimethoxypropane was not. It is likely that 80 and
81 were isolated from a mixture of isomeric ketals
formed.

2.3.3. myo-Inositol-Based 1(3),2,5,6(4)-Tetrols

Dibutyltin oxide-mediated alkylation of these tetrols
preferentially at the C1-O position is reported.>?
Benzoylation?>445 of the disilyl ether 82 with 1, 2, or
3 equiv of benzoyl chloride proceeded with good
regioselectivity to afford (after silyl ether deprotec-
tion) 1-benzoate 62, 1,6-dibenzoate 83, and 1,5,6-
tribenzoate 84, respectively (Scheme 14). Recently,
Taniguchi et al.>* reported similar diesterification of
82 with feruloyl chloride in pyridine to get the
corresponding 1,6-di-O-feruloyl derivative. Similar
regioselectivity was observed during monosilylation*
of the racemic dibenzoate 83 to give the racemic silyl
ether 65 (Scheme 10). Ley et al.?’ reported the
selective protection of C5- and C6-OH of 85 with bis-
dihydropyran 86 to form the bis-dispoke adduct 87
exclusively in low yield. Formation of the trans-acetal
is preferred over the cis-acetal, as observed for the
reaction of myo-inositol (Scheme 5) with bis-dihydro-
pyrans.

2.3.4. myo-Inositol-Based 1,3,4,5-Tetrols

Acylation of the tetrol D88 (Scheme 15) with (4-
chlorophenoxy)acetyl chloride (CPACCI) gave a mix-



4484 Chemical Reviews, 2003, Vol. 103, No. 11

Scheme 142
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a (a) BzCl, pyridine; (b) HF, MeCN; (c) TBDPSCI, imidazole,
DMF; (d) CSA, CHCls.
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a(a) CPACCI, 1H-tetrazole, DMAP, MeCN, pyridine, room
temperature; (b) lipase, vinyl acetate.

ture of the triester D89 and the tetraester D90.3®
From these results, it is clear that the C1-OH is the
least reactive among the four hydroxyl groups of D88.
Lipase-catalyzed acetylation of racemic 2,4-dibenzyl
ether 91 resulted in regio- and enantiospecific acety-
lation of the C5-OH, which was exploited for the
preparation of both of the enantiomers of p-myo-
inositol 1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)P4].%®
Ketalization of 91 provided a mixture of monoketals,
the 3,4-ketal being the major product.>® These results
are in contrast to the observed reactivity of most
other inositol derivatives, wherein C1-OH is the most
reactive. It appears that protection of the C2-OH
group decreases the reactivity of the C3-OH group
for reasons mentioned in section 2.2.2.

2.3.5. myo-Inositol-Based 1,3,4,6-Tetrols

As the 2,5-di-O-protected tetrols are symmetric, the
reactivities of each pair of chemically equivalent
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hydroxyl groups are the same. So, in principle, there
are only two possible monosubstitutions and only one
vicinal diol protection possible. The order of reactivity
of hydroxyl groups cannot be predicted easily since
C2-0 substitution is known to reduce the reactivity
of the C1(3)-OH group. There appear to be no reports
on the monosubstitution of this class of tetrols in the
literature. The question of regioselectivity does not
arise during vicinal diol protection; however, diaste-
reoselectivity has been achieved through vicinal diol
protection with chiral bis-dihydropyrans.?”*” p-1,2,5,6-
Tetra-O-benzyl-myo-inositol [95% enantiomeric ex-
cess (ee)] has been prepared from 2,5-di-O-benzoyl-
myo-inositol using a chiral bis-dihydropyran.® One
of the pairs of vicinal hydroxyl groups in 2,5-di-O-
benzyl-myo-inositol has been protected as the corre-
sponding monoisopropylidene derivative.>¢

2.3.6. myo-Inositol-Based 1(3),4,5,6-Tetrols

Protection of 2,3-di-O-protected myo-inositol de-
rivatives is of special interest since they have all
trans-diequatorial vicinal diols. Most of the tetrols
reported in the literature belonging to this category
are 1,2(3)-ketals. Although C1(3)-OH appeared to be
the most reactive during silylation,?*%° acyla-
tion,142.250.60 and phosphorylation?® of 26 and D30,
relative yields of the products 93—D100 varied
greatly (Scheme 16). In some cases, considerable

Scheme 162
1/0 ORZ o
s (i 1
%H + R\/ OH OH
[e) OH
93 C(CH )s TBDPS (75%) - ORR22
0

94 C(CH,); TBDMS (24%) 101 C(CH,), TBOMS (7%)
95 C(CH,), TMS (23%) 102 C(CH.). TMS (45%)
96 C(CH,); PhCH(OTBDMS)CO(55%) 2 >
97 C(CH,), Bz (47%)

D30 a D98 camphor ketal Piv (65%)
> D99 camphor ketal PO(OBn), (23%)

D100 camphor ketal TBDPS (88%)

2 (a) For detailed experimental conditions, see refs 14a, 25b, 59,
and 60.

amounts of C4-OH-protected derivatives were also
formed.?¢ However, it is clear that a sufficiently good
distinction can be made between C1-OH and C4-OH
with sterically hindered silylating and acylating
agents such as TBDPSCI and pivaloyl chloride.

An exception to this general pattern of selectivity
was observed during acetylation of racemic 26,
wherein acetylation®-62 at the C4-O and C5-O posi-
tions occurred to yield a mixture of the corresponding
C4- and Cbh-acetates. The reasons for this anomaly
are not clear; but this could be a result of intra-
molecular acetyl migration since acetate groups are
known to migrate with extreme facility among the
hydroxyl groups of myo-inositol.®3

It is interesting to note that the observed regio-
selectivity in the enzyme-assisted acylation!46! of
these tetrols (in organic solvents) depended on the
source of the enzyme used. Acetylation of 26 in the
presence of lipase CES (from Pseudomonas species)
gave p-1,2-O-cyclohexylidene-3-O-acetyl-myo-inositol
(and p-2,3-cyclohexylidene-myo-inositol) in 49% yield
(98% ee), while acylation in the presence of other
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lipases [porcine pancreatic lipase (PPL), Candida
cylindracea lipase (CCL), and Pseudomonas species
lipase (PSL)] resulted in regioselective and enanti-
oselective acylation at the C5 position (of p-2,3-O-
cyclohexylidene-myo-inositol). Use of cholesterol es-
terase gave equal amounts of C4- and C5-acetates
(of p-2,3-O-cyclohexylidene-myo-inositol), while the
use of subtilisin gave equal amounts of C5- and C6-
esters of p-1,2-O-cyclohexylidene-myo-inositol. The
presence of small amounts of water in the reaction
mixture during lipase-mediated acylation, however,
resulted in the migration of the acyl group to other
free hydroxyl groups. In one of these studies,#
enzymes that gave high ee resulted in low yield of
the product, while those that gave high yield gave
low ee.

Diprotection of 1,2-ketals?425°6465 resulted in the
formation of 3,6-di-O- or 3,5-di-O-protected deriva-
tives (Scheme 17). Experimental conditions for the
isolation of the dibenzyl ether 104 by crystallization
have been reported.?

Scheme 172
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a (a) BuzSnO, BusNBr, MeCN, BnBr; (b) TBDPSCI, imidazole,
pyridine; (c) TIPDSCI,, pyridine, room temperature.

The cyclohexylidene derivative 26, on treatment
with 1 equiv of TIPDSCI; in pyridine at ambient
temperature, gave the 5,6-diol 105 in very good
yield.?® Similarly, regioselective bisprotection of a
mixture of all four diastereomers of monocamphor
ketal derivatives of myo-inositol with TIPDSCI, gave
a mixture of all the 5,6-diols of general formula 106
(Scheme 17).2°® Formation of 105 and 106 is clearly
the result of initial silylation of the C1(3)-OH followed
by cyclization with C6(4)-OH. If the initial silylation
was at the C6(4)-OH, in principle this must have
resulted in the formation of two products, due to
cyclization with C1(3)- and C5-hydroxyl groups.

Dibutyltin oxide-mediated trialkylation of 2354 and
26% led to a mixture of 1,4,5- and 1,4,6-tri-O-
alkylated derivatives in a 1:1 ratio (Scheme 18).
Alkylation resulting in the formation of 1,5,6-tri-O-
substituted derivatives was not observed. As dialky-
lation gives the 1(3),4(6)-di-O-alkylated product (see
above), it is obvious from the product distribution
that there is no selectivity among C5- and C6(4)-
hydroxyl groups for the third alkylation in this class
of tetrols. Acylation of a camphor ketal derivative of
myo-inositol with 3 equiv of pivaloyl chloride resulted
in O-substitution predominantly at the 1,4,5-posi-
tions.5®
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Scheme 182
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From these results, it is clear that, during mono-
protection of 1,2-O-protected myo-inositols, C3-OH
and, during diprotection, C3- and C6-OH are pref-
erentially protected; both C4- and C5-OH have
similar reactivity. Thus, largely, the order of reactiv-
ity of hydroxyl groups in 1,2-O-protected myo-inositol
derivatives is C3 > C6 > C4 ~ C5. It appears that,
in this class of tetrols, the selectivity pattern varies
slightly when 1,2-positions are protected by groups
other than ketals.®® However, a comparison of the
reactivity and the observed selectivity pattern of this
class of tetrols, with tetrols where C1- and C2-OH
are free suggests that protection of the C2-OH group
results in reduced reactivity of the C1-OH group. This
supports the suggestion that the higher reactivity of
C1-OH group in myo-inositol and its derivatives could
be a result of intramolecular hydrogen bonding
between the C1- and C2-OH groups.

2.4. Regioselective Protection of
myo-Inositol-Based Triols: Selectivity among
Three Hydroxyl Groups

2.4.1. myo-Inositol-Based 1(3),2,5-Triols

The bis-silyl ether D113, on phosphorylation with
the phosphite 114, resulted in the formation of the
1-phosphate D115 (Scheme 19) in a completely
regioselective manner®” without affecting the hy-
droxyl groups at the C2 and C5 positions.

Scheme 192
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2 (a) 114, pyridinium bromide perbromide, EtsN.

2.4.2. myo-Inositol-Based 1(3),2,6(4)-Triols

Silylation*® of 84 and alkylation®® of 116 yielded
the corresponding 1-O-substituted derivatives (race-
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Scheme 202
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a (a) TBDPSCI, imidazole, DMF; (b) Bu,SnO, benzene, reflux;
AlIBr or BnBr, BusNI, 70 °C; (c) 2,2-dimethoxypropane, acetone,
TsOH, 72 h.

mic 63, 118, and 119) predominantly (Scheme 20).
The triol 117, on reaction with 2,2-dimethoxypro-
pane, yielded the corresponding 1,2-ketal 120, as
expected.®® The regioselectivity observed in these
reactions is due to the enhanced nucleophilicity of
the C1-OH, as mentioned earlier (section 2.2.2).

2.4.3. myo-Inositol-Based 1,3,5-Triols

The triol 121 was regioselectively benzylated at the
C1- or C3-O position (1:1) under phase-transfer
catalysis (PTC) conditions.” Miller et al.”* developed
peptide-based catalysts for the asymmetric phospho-
rylation of the triol 122 and synthesized p- and L-Ins-
()P in good overall yields. Triol 122, on dibenzoyla-
tion,”? gave the dibenzoate 125 in good yield. Thus,
alkylation, acylation, or silylation?® of 1,3,5-triols
predominantly leads to reaction at the C1-O and
C3-0 positions, even though the C2-OH group is
protected (see next section). Use of 1 equiv of the
reagent gives a mixture of 1-O- and 3-O-substituted
products (in asymmetrically substituted derivatives),
while the use of an excess of the reagent gives the
1,3-di-O-substituted derivatives (Scheme 21). These

Scheme 212
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a(a) BusNBr, BnBr, aqueous NaOH, CH,Cl,, 16 h; (b) BzCl,
pyridine; (c) peptide catalyst, CIP(O)(OPh),.

results show that, among the three hydroxyl groups,
C5-OH is the least reactive. The enhanced nucleo-
philic reactivity of C1- and C3-OH toward electro-
philes has been attributed to the through-space
a-effect’ caused by the cis-related C2-oxygen.

2.4.4. myo-Inositol-Based 1,3,(4)6-Triols

Reaction of the triol 67 (Scheme 11) with DtpxCl
(Scheme 15) in the presence of pyridine yielded the
corresponding C6-ether as the major product.® The
selectivity observed again shows that the reactivity
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of C1-OH is reduced on O-substitution at the C2
position (section 2.2.2). These intermediates, contain-
ing solely acid-labile and base-labile protecting groups,
were used for the synthesis of phosphatidylinositols
(PtdIns). The use of benzyl and related protecting
groups that are removable by hydrogenolysis was
avoided, since naturally occurring PtdIns have ole-
finic double bonds in the arachidonoyl residue which
are susceptible to catalytic hydrogenation.

2.4.5. myo-Inositol-Based 2,4,6-Triols

The 2,4,6-triols most frequently used for the syn-
thesis of phosphoinositols and other derivatives of
cyclitols are the myo-inositol 1,3,5-ortho esters, since
large quantities can easily be obtained in a short
time. Since formation of myo-inositol 1,3,5-ortho
esters involves flipping of the carbocyclic ring, these
ortho esters have one equatorial oxygen and five
axially disposed oxygens. Due to the rigid adaman-
tane-like structure of these ortho esters, and due to
the presence of two equivalent 1,3-diaxial hydroxyl
groups, they can be chemically distinguished from the
third equatorial hydroxyl group. As a result, methods
for the selective protection of (a) C2-OH, (b) C4-OH,
and (c) C2-OH and C4-OH simultaneously, as well
as (d) C4-OH and C6-OH simultaneously, have been
developed.

C2-OH in these triols can be protected (Scheme 22)
by silylation,317* acylation (in pyridine3s or in the

Scheme 222
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a (a) TBDMSCI, imidazole; (b) BzCl, pyridine, (c) acyl chloride/
anhydride, NaH (2 equiv); (d) TsClI, pyridine; (e) trityl chloride,
NEts; (f) acyl chloride/anhydride, NaH (1 equiv); (g) TsCl, NEts;
(h) alkyl halide, NaH; (i) tetrabenzylpyrophosphate, NaH.

presence of 2 equiv of sodium hydride” or lipase3®°),
sulfonylation,”® and tritylation.”” Experimental condi-
tions for the acylation,®”7> sulfonylation,”® alkyla-
tion,3%**78 and phosphorylation3®® of the C4(6)-OH
exclusively have also been developed. The high
degree of regioselectivity observed for alkylation,3.78
acylation,” and sulfonylation’® of this class of triols
in the presence of metal hydrides, resulting in the
formation of 4-O-protected derivatives, has been
attributed to the chelation effect (151).3%0:7% Tosyla-
tion of myo-inositol ortho esters is particularly in-
teresting, since it allows the preparation of any
monotosyl or ditosyl derivatives (of 37 and 39, see
below). Although sulfonates are generally not used
as hydroxyl protecting groups, due to the difficulty
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in regenerating the parent hydroxyl group, it is
possible to use them for the protection of hydroxyl
groups of myo-inositol ortho esters due to their rigid
adamantane-like structure, which allows the cleav-
age of sulfonates with retention of (myo-) configura-
tion.”®

A careful comparison of the results on monoacyla-
tion of the triol 37 under different reaction conditions
reveals that the regioselectivity can be controlled by
changing the acylating agent and/or the base used.”
For instance, the use of benzoic anhydride as the
acylating agent is reported’® to give the C4-benzoate
139 as the major product, while the use of benzoyl
chloride gave different products, depending on the
base used. The use of benzoyl chloride with pyridine
as the base gave the C2-benzoate 130, while the use
of triethylamine”2 as the base gave the C4-benzoate
139 (Scheme 22). In pyridine, benzoyl chloride forms
an intermediate benzoyl pyridinium ion, which is
both highly reactive and sterically hindered. The
acylation reaction takes place through a transition
state where the hydroxyl group is mostly un-ionized,
and hence the selectivity is thought to be governed
by steric factors.” In contrast, with the less reactive
benzoic anhydride, the acylation proceeds via the
previous activation of the hydroxyl group (by Et3N)
in the form of an intermediate alkoxide anion and
leads to acylation at the C4-O position. Acylation of
these triols in the presence of 1 equiv of sodium
hydride gave the C4-ester, while the use of 2 equiv
of sodium hydride gave the C2-ester. These results
could be explained on the basis of a chelation-assisted
acylation and acyl migration.” From these results,
it is clear that, by and large, reaction of myo-inositol
1,3,5-ortho esters with electrophiles in the presence
of stronger bases results in substitution at the C4-
(6)-0O position, while in the presence of weaker bases
(pyridine, imidazole) the substitution is at the C2-O
position.

Acylation of myo-inositol ortho esters with 2 equiv
of acyl chloride yields the corresponding unsym-
metrical diesters® (Scheme 23). This has been uti-
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HO' OH R'O OR?
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R'" R2 R R4
152 H Bz Bz H
D153 H camph R2 H (23%)
D154H camph H R
D155 Me camph R2 H (45%)
D156 Me camph H
157 H TBDMS R2 H (92%)
188 H Ts Ts H (80-90%)
camph = (1S)-(-)-camphanoyl

a (a) Pyridine, BzClI (2.5 equiv), 0 °C to room temperature, 16
h; (b) camphCIl, DMAP, CHCl,, Et;N; (c) TBDMSCI (2 equiv),
imidazole, DMF, room temperature; (d) TsCl (2 equiv), pyridine
or EtzN, DMF, room temperature.

lized for the desymmetrization of ortho esters 378!
and 39342 as their dicamphanates (D153—D156)
during the synthesis of Ins(1,3,4,5)P, and Ins(1,4,5)-
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Ps. Silylation®? of 37 with 2 equiv of TBDMSClI is also
reported to give the unsymmetrical disilyl ether 157.
Recently, we developed a method’® for the ditosyla-
tion of ortho esters of 1 to obtain the unsymmetrical
ditosylate 158. Conditions for the simultaneous pro-
tection of C2-OH and one of the axial hydroxyl groups
(C4 or C6) as ethers has not been developed yet for
these ortho esters.

Although attempts were made to prepare sym-
metrical di-O-protected derivatives 159,%% 160,8 and
161,8* most of them resulted in poor isolated yields.
During our study on regioselective sulfonylation
reactions of myo-inositol 1,3,5-ortho esters, we de-
veloped a method’®8 to obtain the symmetrical
ditosylate 162 in good yield (Scheme 24). Formation

Scheme 242
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159 R = Bn (30%)
160 R = PMB (40%)
161 R = All (44%)
162 R = Ts (72%)

a (a) DMF, NaH (2 equiv), RX (2 equiv), X = CI, Br.

of the symmetrical derivatives 159—162 as major
products in the presence of sodium hydride has been
attributed to chelation of Na* (similar to 151), which
stabilizes the alkoxide at C4, as compared to the
alkoxide at the C2 position, during the second
substitution (for example, in 145).

There are two possible routes for the formation of
2,4-di-O-substituted derivatives of myo-inositol ortho
esters. Which of these routes will be followed pref-
erentially depends on the initial formation of a
monosubstituted derivative. All the possibilities are
shown in Scheme 25.

Scheme 25
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Diacylation of myo-inositol ortho esters in the
presence of pyridine proceeds via route A,E. This does
not lead to a mixture of isomers, since C2-O-
substituted derivatives 163 are symmetric. Since
alkylation of the myo-inositol ortho esters needs the
presence of a strong base (e.g., sodium hydride),
dialkylation proceeds via routes B,C and B,D to give
a mixture of isomeric diethers 165 and 166. However,
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the diaxial diethers 165 are formed in larger amounts.
Di-O-sulfonylation of triols is dependent on the base
and the solvent used for the reaction. Sulfonylation
in the presence of pyridine or triethylamine gives the
2,4-di-O-sulfonyl derivatives via routes A,E and B,D
respectively, while the presence of strong bases
(NaH) leads to predominant formation of 4,6-di-O-
sulfonyl derivatives 165 (via routes B,C).

The different regioselectivities observed (Schemes
22—24) for the acylation of the triols 37 and 39 have
been attributed to one or a combination of the
following factors: (a) The presence of intramolecular
hydrogen bonding® between the C4- and C6-OH
groups increases the acidity of one of them and
stabilizes the anion formed in the presence of strong
bases. The increased acidity of one of the axial
hydroxyl groups is evidenced by (i) a higher chemical
shift for the axial hydroxyl groups in the *H NMR
spectrum of the triol 37 as compared to that of the
equatorial hydroxyl group; (ii) alkylation of one of the
axial hydroxyl groups in the presence of potassium
carbonate®” (which is not possible for normal alco-
hols); (iii) glycosylation of 378 and its analogues3®.742
with carbohydrate-derived diazirenes; and (iv) the
X-ray crystal structure of 37.8 (b) Stabilization of the
axial alkoxide by a metal ion due to its chelation with
the other cis-axial oxygen atom. (c) The lesser prob-
ability of formation of an equatorial alkoxide anion,
due to electron pair repulsion with the lone pair of
electron on the C1 and C3 oxygens.”® (d) Higher
nucleophilicity of the C2-OH (as compared to the
axial hydroxyl groups) due to its lower acidity. (e) 1,3-
Diaxial steric interactions, especially during acylation
with bulky reagents (e.g., pyridine/benzoyl chloride,
where the acylating species is the benzoyl pyridinium
ion). Factors (a), (b), and (c) above contribute toward
predominant substitution of the C4- or C6-OH groups,
while factors (d) and (e) facilitate the reaction at the
C2-OH. The final outcome of a reaction seems to be
dependent on an interplay between these factors,
which are governed by the reaction conditions and
the reagent used. The observed selectivity for the
acylation®* of myo-inositol ortho esters in the pres-
ence of lipases cannot be rationalized with the
existing data in the literature, since not much is
known about the interaction between the enzyme and
the substrates.

The tribenzoate 167, on coupling with 2,3-
O-protected alkyl hydrogen tartrates, afforded
both diastereomeric monotartrates D168 and D169
(Scheme 26) in moderate yield.®8 The diastereoselec-
tivity was dependent on the protecting groups in the
chiral acylating agent. No acylation was observed at
the C2-O position, perhaps due to the steric hin-
drance of the substituents at C1 and C3 positions for
reaction at the C2-OH.

2.4.6. myo-Inositol-Based 4,5,6-Triols

Pivaloylation?®® or silylation?®602 of 45 6-triols
yields the corresponding 4-O-protected derivatives
selectively in good yield (Scheme 27). However,
monobenzoylation of D100 lacked selectivity and
yielded a mixture of the corresponding mono- and
dibenzoates.?>® Dibenzoylation, on the other hand,
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0 °C.
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2 (a) TIPDSCIy, pyridine, room temperature; (b) TBDMSCI (1.2
equiv), DMF, EtsN, DMAP, —20 °C; (c) PivCl, pyridine, —10 °C;
(d) TBDPSCI, imidazole, pyridine.

proceeded with good regioselectivity to yield the
corresponding 4,5-dibenzoates in 90% yield.?®d
Silylation42250.89 with TIPDSCI, resulted in the
formation of 4,5-O-bis-silyl ether (172 or 173), which
is a consequence of the initial reaction at the C4-OH.

2.5. Regioselective Protection of
myo-Inositol-Based Diols: Selectivity among Two
Hydroxyl Groups

Most of the reports on the selective protection of
this class of myo-inositol derivatives involve ketals.
Due to the conformational rigidity imposed on the
inositol ring by cyclic ketals, protection of the re-
maining free hydroxyl groups can be selectively
manipulated under suitable conditions. However,
there have been few systematic investigations on the
origin of the differential reactivities of the hydroxyl
groups in these compounds.

2.5.1. myo-Inositol-Based 1(3),2-Diols

Acylation,514e.f.250,90  gyIfonylation,®® silylation,%
alkylation4eb.180.19c.48a,69.901.93 and phosphorylation®-%4
of 3,4,5,6-tetra-O-substituted myo-inositol derivatives
gave the corresponding C1-O derivative as the major
product (65—95%), irrespective of the protecting
groups present in the diols (Scheme 28). In some
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Scheme 282
HO OH 5
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R20 R'O R0

174 175

R R?, R3, R*= Alkyl, alkylidene, acyl, silyl,
phosphodiester, or any combination of
these protecting groups.

RS = Acyl, alkyl, sulfonyl, silyl.

a(a) R®X (X = ClI, Br), base.

experiments, small amounts of 1,2-di-O-substituted
derivatives were also obtained. The selectivity ob-
served is as expected, since C1-OH, being in the
equatorial position, is more reactive and the resulting
products are thermodynamically stable. From these
results, it appears that the conformation of the
carbocyclic ring does not deviate much (from the chair
form) with variation of the protecting groups in 1,2-
diols. Many myo-inositol-based 1,2-diols have been
resolved as their diastereomers via esterification with
chiral acylating agents.?851.89 |n all the cases, a
mixture of diastereomeric C1- and C3-esters was
predominantly formed. Selectivities observed during
the benzoylation of 1,2-diols of 3-deoxy-myo-inositol*
and 3-deoxy-3-halo derivatives*®41.2%¢ were similar to
those observed for the acylation of tetra-O-protected
myo-inositol derivatives. Oxidation of racemic 174
(Rt = R? = R® = R* = Bn) via its stannylene
derivative led to the oxidation of the C2-OH predomi-
nantly to afford the corresponding ketone.%

2.5.2. myo-Inositol-Based 1(3),4(6)-Diols

The diisopropylidene derivative 25 and the dicy-
clohexylidene derivative 28 showed similar reactivi-
ties toward alkylation,°d485.¢197 geylation,950.971.98
sulfonylation,®”#?9 silylation,®’"1% and phosphoryla-
tion.%’"h—i Both 25 and 28 gave the corresponding
C1-O-substituted derivative as the major product
(Scheme 29), but isolated yields (30—75%) of these
products were much less than those obtained in the
case of 1,2-diols. This observed decrease in the
selectivity for C1-O substitution is in accordance with
the results reported for the reaction of other C2-O-
protected myo-inositol derivatives (section 2.2.2).

Scheme 292
25 OR 28
R? al Rt
/| /|
o]
E O} SOH + 99 OR?
R20 O HO

176 O\R/1 177 \R/1

R?=CMe,, C(CH,),
R2 = alkyl, acyl, sulfonyl, silyl, phosphoryl

a(a) Alkylation or acylation or sulfonylation or silylation or
phosphorylation; for details, see references cited in text.

The observed selectivity during the benzoylation®®
of 28 was dependent on the reagent and the reaction
conditions used. Among benzoyl chloride, benzoic
anhydride, and benzoyl imidazole, the last reagent
gave the best result; in other cases, a significant
amount of the C4-benzoate 177 (R = C(CHy)s, R2 =
Bz) was also formed. Aneja et al.®’9 reported a
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selective mono-allylation at C1-OH of 28 by treat-
ment with allyl bromide in DMF and gradual addi-
tion of sodium hydride to provide kinetic control,
which resulted in a higher yield of 176 (R? = allyl).
A combination of barium oxide and barium hydroxide
has been used for the benzylation of 28 to obtain the
corresponding C1-benzyl ether in 70% yield.' It is
of interest to note that this method did not lead to
the formation of the C4-benzyl ether, as observed in
sodium hydride-assisted benzylation of 28.

A study of the crystal structure®#192 of 25 showed
that the C1-OH is more sterically hindered than C4-
OH, owing to the proximity of the adjacent cis-2,3-
O-isopropylidene ring. This result does not correlate
with the experimentally observed fact that C1-OH
is more reactive than C4-OH in 25. Hence, the
difference in the reactivity of the hydroxyl groups in
25 does not appear to be due to steric effects. The
observed differences in relative reactivities of the
hydroxyl groups in 25 have also been evaluated using
semiempiricall®® and quantum mechanical calcula-
tions. It appears that the observed increased reactiv-
ity of the C1-OH as compared to the C4-OH in these
diketals could be due to the following reasons: (a)
increased kinetic acidity of the C1-OH through its
intramolecular hydrogen bonding with the cis-vicinal
oxygen at C2 and (b) enhancement in the nucleophi-
licity of the Cl-alkoxide due to its interaction with
the cis-vicinal oxygen in a manner similar to the
through-space a-effect.’® In the structurally similar
dicyclohexylidene diol 28, the inositol ring adopts a
distorted chair conformation. The conformation of the
inositol ring is qualitatively consistent with that
observed in solution by NMR spectroscopy, which
suggests that the observed relative reactivity of the
two hydroxyl groups in 28 cannot be attributed to
the differences in their acidity or steric effects.1%

2.5.3. myo-Inositol-Based 1(3),5-Diols

2,3,4,6-Tetra-O-substituted myo-inositol deriva-
tives, on acylation,%2¢ alkylation,®* and phosphoryla-
tion,%¥ preferentially yielded the corresponding 1-O-
substituted products (Scheme 30), as observed in the
case of other myo-inositol-derived 1,n-diols (in which
either C1-OH or C3-OH is not protected).

Scheme 302
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HO OH D179 (+)-camphor
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l al/bl/c
R20 OR!’
OBn
R3O OH
OBn
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180 PMB Bn PhOC(S)
D181 (+)-camphor ketal PO(OBn), (71%)
D182 (+)-camphor ketal PMB (71%)

2 (a) PhOCSCI (2.6 equiv), DMAP, MeCN, 0 °C, 60 h; (b) (i)
(i-Pr)2NP(OBn),, 1H-tetrazole, CHCl,, 23 °C, 2 h; (ii) m-CPBA,
—40 °C, 1 h; (c) (i) Bu;SnO, benzene, reflux, 6 h; (ii) PMBCI, CsF,
DMF, 23 °C, 12 h.
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a (a) BzCl, pyridine, 18 h; (b) BuzSnO, PhMe, MntCIl, NaHCOg3; (c) 5% aqueous NaOH, BusNHSO,, BnBr, CHCl,, reflux; (d) Bu,SnO,
BnBr, CsF, DMF; (e) Bu,SnO, PhMe, reflux then DMF, AlIBr; (f) BuSnO, PhMe, reflux; BtCl, CsF, DMF; (g) 193, 2,6-lutidine, pyridinium

tribromide, —45 to 0 °C, 1.5 h.

2.5.4. myo-Inositol-Based 1(3),6(4)-Diols

Regioselectivity during acylationl%10410%.c gnd
alkylation¢93k104106 of this group of diketal diols
(Scheme 31) was dependent on the reaction condi-
tions used. Benzoylation'®® of 29 with benzoyl chlo-
ride in pyridine gave the corresponding C1-benzoate
184 as the major product. Acylation of 183 (below
ambient temperature) with pivaloyl chloride was
much more selective (81%) toward the C1-OH, and
the product could be isolated by crystallization from
hexane.®* However, pivaloylation over an extended
period at room temperature resulted in poor selectiv-
ity, perhaps due to the base-catalyzed isomerization
of the product (as indicated by TLC) involving the
vicinal trans-hydroxyl group. Schmidt et al.,'% dur-
ing the synthesis of p-erythro-ceramide-1-phospho-
inositol, resolved racemic 29 by regioselectively con-
verting it to two diastereomers of C1(3)-O-menth-
yloxycarbonyl derivative 186 via the tin-mediated
esterification reaction. During the synthesis of Ins-
(1,3,4,5)P4, Chen'0c selectively butyrylated 29 at its
6-O-position via the stannylene derivative. Alkylation
with p-methoxybenzyl chloride (PMBCI) resulted in
the formation of only the C6-benzyl ether.®” From
the results in Scheme 31, it is obvious that stan-
nylene-mediated alkylation or acylation results in the
formation of 6-O-substituted derivative (except in the
case of 186), whereas acylation in pyridine yields the
1-O-substituted derivative. The reaction via the stan-
nylene method occurs at C6-OH, perhaps because of
the attack of the electrophile on the stannylene
intermediate from the less hindered side.

The relative reactivity of the two hydroxyl groups
in 183 was similar to that of the corresponding
cyclohexylidene derivative. Benzylation of 183 in the
presence of sodium hydride in DMF proceeded with
poor regioselectivity. The observed selectivity (for the
reaction at C1-OH) could, however, be increased by
using toluene instead of DMF as the solvent.’®* The
observed large regioselectivity difference in benzy-
lation resulting from a change of solvent could be due
to the reactivity difference of the alkoxide in the two
solvent systems (DMF/toluene) rather than confor-
mational changes accompanying the solvent change.
This is suggested by a comparison of the 'H NMR

spectra of 183 in CDCIl; and DMSO-ds. The selectivity
of hydroxyl group protection could be reversed by
carrying out the benzylation via the stannylene
derivative.104106abd Thys, selective protection of either
of the hydroxyl groups in 1,6-diols can be achieved
by choosing appropriate reaction conditions.

The diol 183 has a twist-boat (skew) conformation
in its crystal, and it appears to be an equilibrium
mixture of chair and twist-boat in solution.%* The
crystal structure of 183 revealed that the C1-OH is
more sterically hindered than the C6-OH, owing to
the proximity of the adjacent cis-isopropylidene ring.
This result does not correlate with the fact that the
C1-OH is more reactive than the C6-OH, as in the
case of 25 (section 2.5.2). Thus, the observed differ-
ences in reactivity could not be accounted for on the
basis of steric effects.1%? Hence, the observed regiose-
lectivity during the protection of myo-inositol-derived
1,6-diols (29 or 183) might be traced to the following
factors: (a) the enhanced reactivity of the C1-OH
could be due to its higher acidity, potentially involv-
ing the vicinal oxygens as intermediate bases; (b)
cation chelation between the alkoxide anion gener-
ated and the cis-vicinal ether oxygen [such a cation
chelation effect has been invoked to explain the
regioselectivity during the alkylation of the ortho-
formate 37 (section 2.4.5)]; (c) through-space interac-
tion between the alkoxide anion and the cis-vicinal
ether oxygen, which could enhance the nucleophilicity
of the alkoxide.l%* Protection of myo-inositol-based
1,6-diols other than diketals, by alkylation,*8:57¢.937,108
acylation, %1% or phosphorylation,*'° resulted in the
predominant protection of the C1-OH group, but the
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2 (a) BzCl, pyridine, —30 °C; (b) Bu,Sn(OMe),;, PhMe, AlIBr,
BusNlI; (c) BuzSnO, BnBr.
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isolated yield of the C1-O derivative varied. These
results seem to indicate that the instances of en-
hanced reactivity of the C6-OH group (as compared
to the C1-OH group) in diketals (see above) could be
mainly due to the conformational changes in the
carbocyclic ring induced by the presence of two ketals.
Thus, the relative reactivity of the two hydroxyl
groups of 1,6-diols seems to vary, depending on the
nature of the other protecting groups present in the
inositol derivative. Although the observed relative
reactivity of the hydroxyl groups can be rationalized,
it is difficult to pinpoint exact reasons, and hence to
predict the outcome of a reaction.

2.5.5. myo-Inositol-Based 2,4(6)-Diols

A detailed investigation® on the alkylation and
acylation® of 2,4-diols revealed that (Scheme 33)
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a (a) Alkylation; (b) acylation; (c) 206, NIS (1.3 equiv), TBDM-

SOTTf (catalytic), CH,Clz, 10 min; (d) 207, as in (c), 0 °C, 20 min;
(e) MsClI, N-methylmorpholine, DMAP, THF, 0 °C.

alkylation preferentially occurred at the C2-O posi-
tion, while acylation occurred at the C4-O position.
It appears that chelation of the metal ion with 1,2-
cis oxygens could result in predominant reaction at
the axial C2-OH, while the inherent higher reactivity
of the equatorial C4-OH prevails during acylation in
the absence of metal hydrides. No reports on the
acylation of these diols in the presence of metal
hydrides are as yet available to verify this line of
thought.

Regioselectivity during glycosylation%8111 of 119
with n-pentenyl glycosides 206 and ortho esters 207
was dependent on the glycosylating agent. This site-
selective glycosylation is of interest as C2 and/or C6
mono- and diglycosylated inositols occur in GPIs and
lipoarabinomannans (LAMSs), the biological “war-
heads” of malaria and tuberculosis cell—surface oli-
gosaccharides, respectively.

The unsymmetrical diols (Scheme 34) obtained
from myo-inositol 1,3,5-ortho esters, on acylation3>d:8
or silylation3#:36.74 in the presence of mild bases, gave
the corresponding C2-O-protected derivatives. Ben-
zylation under acidic conditions®52 gave the C2-ether,
while the use of PTC or sodium hydride for benzy-
lation yielded a mixture of both C2- and C4-ethers.3%
In the case of PTC reaction,®* the C2-ether was the
major product, while the use of sodium hydride gave
the C4-ether as the major product. Preferential
formation of the diaxial diether in the presence of
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metal hydride could be a result of the stabilization
of the axial anion due to chelation of the metal ion
(213, see section 2.4.5). The absence of such stabiliza-
tion for the anion during the PTC reaction or non-
formation of anions during the acid-catalyzed reac-
tion could have resulted in the predominant formation
of the C2-O-substituted derivatives in the absence of
metal ions. The reactivities of the C2-OH and C4-
OH groups in 4-deoxy and 4-fluoro analogues34°-36.74
of myo-inositol ortho esters were similar to those
mentioned above.

2.5.6. myo-Inositol-Based 2,5-Diols

Different regioselectivities have been observed dur-
ing the O-substitution of 2,5-diols, perhaps due to the
nature of protecting groups present in these deriva-
tives. Glycosylation of the diastereomer D11587
(Scheme 19) resulted in the predominant reaction at
the C2-OH, while phosphitylation of the bis-silyl
ether 34 (Scheme 5) yielded the corresponding 5-phos-
phite.’'? The latter example suggests that, when C2-
and C5-OH have similar environments, O-substitu-
tion occurs at the equatorial C5-OH, as the two cis
protecting groups offer steric hindrance for the reac-
tion at C2-OH. This has been exploited for a concise
synthesis of neo-inositol starting from 1.28°¢ The
reason for the opposite selectivity in D115 may be
the masking of the C5-OH group by the bulky
glycoside present at the C6-O position, forcing the
glycosylating agent to react with the comparatively
less hindered C2-OH.

2.5.7. myo-Inositol-Based 4(6),5-Diols

Acylation?943.113 gnd alkylation?067.93.1054.114 (Scheme
35) of 4,5-diols led to a mixture of products, the C4-
O-substituted derivatives (215) being major products.
Glycosylation®”114¢ of 105 and 106 (Scheme 17)
resulted in predominant formation (60—95%) of the
corresponding 4-O-glycosyl derivatives. The ratio of
isomers (a:3) during glycosylation depended on the
promoter used in the reaction.®” In contrast, lipase-
mediated acetylation of racemic ketal 27 (Scheme 3)
in organic solvents resulted in the enantioselective
acylation of the C5-OH of the p-isomer.'1®

2.5.8. myo-Inositol-Based 4,6-Diols

There appears to be no published report on the
regioselective protection of myo-inositol-based 4,6-
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Scheme 352
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R* = acyl, alkyl

a (a) Acylation or alkylation.

diols in which the other four hydroxyl groups are
protected unsymmetrically. The only known 4,6-diols
derived from myo-inositol are those from myo-inositol
orthoformate. As these are symmetric, there is no
question of regioselectivity in these systems. But one
of the hydroxyl groups in these diols (127,352 130%7)
can easily be protected due to strong intramolecular
hydrogen bonding between them (section 2.4.5).

2.6. Regioselective Regeneration of Hydroxyl
Groups from Protected myo-Inositols

In previous sections, methods for the selective
hydroxyl group protection of 1 and its derivatives
were discussed. Another way of obtaining desirably
protected myo-inositol derivatives is by the selective
deprotection of protected hydroxyl groups. Although
this approach has not been explored as extensively
as the selective protection of myo-inositol hydroxyl
groups, such deprotection reactions are important,
since they provide convenient access to many O-
protected myo-inositols. In a few cases, these pro-
tected myo-inositol derivatives cannot be accessed
directly by the selective protection of the relevant
hydroxyl groups.

2.6.1. Selective Cleavage of Ketals

Several reports on the selective cleavage of
trans-ketal in the presence of cis-ketal have ap-
peared_4e,14e,19a,b,40,41,53,93k,95a,b,e,97b,e,99,101,106b,d,107,116 The
selective cleavage of trans-ketals is possible due to
the lesser stability of the trans-ketals as compared
to the cis-ketals. Angyal et al.'® prepared 26 (Scheme
3) from a mixture of diketals 27—29 in very good yield
by the selective hydrolysis of trans-ketal, since the
direct conversion of 1 to 26 seemed to be difficult. A
comparison®® of the yield and facility of selective
deprotection of the trans-isopropylidene group in 217
(R* = CMe,, Scheme 36) by transketalization with
ethylene glycol showed that the nature of protecting
groups R? and R? influenced the rate of hydrolysis of
the 4,5-trans-di-O-isopropylidene moiety. Hydrolysis
of the trans-ketal was slow when ester groups were
present and smooth and fast when benzyl groups
were present. Generally, the yield of the trans-diol
(diketal from triketal or monoketal from diketal) is
better when protecting groups are bigger (or more
hydrophobic). This could also be due to differences
in solubility of the products having different protect-
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ing groups. However, this aspect has not been
investigated systematically in inositol derivatives to
separate kinetic and thermodynamic factors that
could control such selective cleavage reactions.
Conditions for the selective hydrolytic cleavage of
the THP ethers (87%) without affecting the ortho-
formate moiety in the diTHP ether 221 have been
described.®®@ This selective removal of THP ethers,
in preference to the orthoformate, could be a conse-
guence of the higher stability of the rigid trioxa-
adamantane structure of myo-inositol orthoformate.

2.6.2. Selective Cleavage of Ortho Esters

Ortho esters of 1 have been cleaved by hydroly-
sis34247.117 or with reducing agents®41054.118 tg liberate
the hydroxyl groups selectively. Partial hydrolysis of
ortho esters derived from cis-vicinal diols provided
the corresponding axial esters as the major product!*®
(Scheme 37). This strategy has been used for the
preferential acylation of the C2-OH of cis-1,2-diols
derived from 1.28d:47.1100.113.117 This js complementary
to the normal esterification of cis-1,2-diols (using
acylating agents), which results in acylation of the
C1-OH group. Acid hydrolysis of D156 (Scheme 23)
is reported®* to give a mixture of 3-O-acetate D224
and 1-O-acetate D225. The 4-deoxy derivative 226,
on treatment with acid in methanol, gave the 2-O-
pentanoyl derivative 227 (Scheme 37) exclusively.34
Formation of the C2-ester 227 in the latter could be
due to acyl migration from the C1-O position to the
C2-0 position. Migration of the acetyl group from the
C1-0O position to the C2-O position in myo-inositol
derivatives has been reported earlier.®® But this acyl
migration is not possible in D224 and D225 because
the C2-O protecting group is already present. An-
other route for the formation of 227could be via the
intermediacy of 228. This route is also not viable in
the case of D156 since the C2-OH is blocked.

Cleavage of myo-inositol ortho esters with reducing
agents or Grignard reagents affords the correspond-
ing acetal, ketal, or ether in moderate to very good
yields (55—98%). The required selectivity in ortho
ester cleavage can be achieved by selecting an ap-
propriate reagent (Scheme 38).
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Scheme 372
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Different selectivities observed for the cleavage of
myo-inositol ortho esters with diisobutylaluminum
hydride (DIBALH)%8be and trimethylalumi-
num®4105d.1185 haye been rationalized on the basis of
the difference in steric bulk of these reducing agents.
The regioselective cleavage of ortho esters effected
by Grignard reagents appears to be a result of
chelation of magnesium ion with substrates (233).118¢
This reasoning is supported by the fact that the
scyllo-inositol derivative 234, on treatment with
MeMgl, yielded 235 but not the ortho ester-cleaved
product(s). From these results, it is clear that cleav-
age of the ortho ester or the acetal depends on the
orientation of the C2 oxygen.

2.6.3. Selective Cleavage of Esters

Ester groups have been extensively used in inositol
chemistry for the selective protection, ease of isola-
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tion,18¢:35¢1120 gnd chemical or enzymatic resolution
of inositol derivatives. Ester groups have also been
used to mask the negative charge of phosphoinositols
to increase their ability to cross biological mem-
branes,?84.907.121 since esters can be cleaved by intra-
cellular esterases to generate the parent (often hy-
drophilic) inositol derivative inside the living cell.
Also, some myo-inositol esters such as surugatoxin,
neosurugatoxin, and prosurugatoxin are marine natu-
ral products.'?? Esters are frequently used as tran-
sient protecting groups for inositol hydroxyl groups.
Due to the small differences in the reactivity of
different esters in the same molecule, selective non-
enzymatic cleavage of one ester over the other is not
frequently encountered in the literature. However,
there are reports of selective cleavage of esters, many
of which were probably discovered by serendipity.
One problem associated with the use of esters as
protecting groups in polyols is their tendency to
migrate (intermolecular or intramolecular) to other
hydroxyl groups, leading to loss of selectivity/specific-
ity, during acylation or subsequent manipulations.
In inositol-derived esters, acyl migration is almost
equally probable in trans and cis directions,524263 in
basic conditions as mild as traces of pyridine in
water.®! Although acyl migration in polyhydroxy
compounds is considered to be a nuisance by a
majority of chemists, reports on the exploitation of
acyl migration as a key step in the synthesis of myo-
inositol derivatives have appeared. Since these acyl
migrations involve cleavage of one ester (and subse-
guent formation of another), they are included in the
present section.

Acetate and butyrate functions in D236 (Scheme
39) could be preferentially solvolyzed in the presence

Scheme 392
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of a base, due to the higher stability of the benzoate
groups. However, selective removal of the C6-ben-
zoate (along with acetate and butyrate) without
disturbing the C4-benzoate was unexpected.*” This
could be due to the difficulty in the formation of the
tetrahedral intermediate at the C4 position as com-
pared to the C6 position due to steric hindrance by
the protecting groups at the C3 and C5 positions.
This rationale is supported by the fact that the C6-
benzoate (along with the butyrate) in D238 is more
labile to methanolysis, as compared to the C4-
benzoate.*” Selective solvolysis of the C4-benzoate
over the C2-benzoate in racemic 152 (Scheme 23) was
achieved® to isolate the 2-benzoate 130 as the major
product. That this facile reaction was due to the
intramolecular assistance of the neighboring hy-
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droxyl group was evident since the C4-benzoate in
the THP ether 240 did not undergo solvolysis. Ac-
celeration of ester hydrolysis by a suitably placed
neighboring hydroxyl group has been reported ear-
lier.123

A comparison of silver(l) oxide—silver halide-medi-
ated alcoholysis of 152, and its 6-O-methyl (241) and
6-O-sulfonylated derivatives (244), under identical
conditions revealed interesting results (Scheme 40).12*

Scheme 402
H
I~ H
OO ? og)\o
R1O OBz
241 RO OH
R'= H, Me 242
bl
L
H
I~ 05 @
05 0
BzO
BzO B OI
| Z! 4
R20 OR? 244 OSO,R
243 b la
H
oo/)\o /})4\
R3O 05 o
| HO
R*0 OSO,R* HO
245 246~ OSO,R*
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a (a) DMF, Ag;0, AgX, MeOH; (b) DMF, Ag,0, R3X.

While only the C4-benzoate underwent solvolysis in
the former two (152, 241), to yield the corresponding
C2-benzoate 242, the C4- as well as the C2-benzoates
underwent solvolysis in the latter (244), to yield
racemic 6-O-sulfonyl derivatives 246. The facility of
solvolysis of the C4-benzoate in the dibenzoate 152
was much more as compared to that in its methyl
ether (241, R* = Me). These results showed that
solvolysis of the C2-benzoate in the sulfonates 244
was a consequence of intramolecular assistance by
the sulfonyl group. The catalytic efficiency of the
silver halides to bring about solvolysis of the ben-
zoates decreased in the order Agl > AgBr > AgCl.
The observed selectivity during solvolysis was at-
tributed to the involvement of silver—inositol deriva-
tive chelates. Cleavage of esters and subsequent
O-alkylation in myo-inositol ortho ester derivatives
(241, 244) could be carried out in a one-pot reaction,
which provided a new route for the synthesis of
important ether derivatives of myo-inositol (243,
245), which are intermediates for the preparation of
phosphoinositols.?®

Enzyme-mediated enantioselective hydrolysis of
esters in myo-inositol derivatives has been used to
obtain enantiomeric inositol derivatives. The dibu-
tyrate 247, on PLE-mediated hydrolysis, gave both
regio- and stereoselectively the corresponding bu-
tyrate D248 (Scheme 41).3%2 Cholesterol esterase-
mediated hydrolysis'®® of racemic diacetate 249
yielded (—)-p-1,2:5,6-di-O-cyclohexylidene-myo-inosi-
tol (50%) and L-4-O-acetyl-1,2:5,6-di-O-cyclohexy-
lidene-myo-inositol (38%) in high optical purities. The
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racemic butyrate 190 has also been resolved!® by
its enantioselective hydrolysis with PPL. Dinkel et
al.28d observed a highly regiospecific hydrolysis of a
tributyryl ester of myo-inositol, brought about by
lipase from C. cylindracea, but with no enantioselec-
tivity.

Base-catalyzed isomerization'?® of the 1,4-diben-
zoate 75 (Scheme 13) gave 250 (Chart 3) as the major

Chart 3
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product, which could be phosphorylated to obtain
racemic Ins(1,3,4,5)P,. This constituted the first
report of exploiting ester migration for the synthesis
of myo-inositol phosphates. Several decades ago,
Angyal had encountered®® the migration of acetate
groups during the tosylation of tetra- and penta-
acetates of myo-inositol. However, these results were
not exploited for the synthesis of biologically impor-
tant inositol derivatives. Benzoyl group migration in
several myo-inositol derivatives (e.g., 75, 251) was
studied by Chung and co-workers,5%.97113.127 They
standardized conditions for the separation of isomeric
myo-inositol polybenzoates by HPLC.'?"2 Various
benzoates obtained were used for the preparation of
myo-inositol polyphosphates.’?’® These studies indi-
cated that cis migration was generally faster than
trans migration, and the presence of a cyclic acetal
enhanced the cis/trans migration ratio. A study of the
X-ray crystal structures of 81 (Scheme 13) and 251
indicated that smaller the torsional angle between
the vicinal hydroxyl groups, the faster the migration
occurred.’®® Trans-benzoyl migration has also been
observed during the phosphorylation of the TIPDS
derivative 252 in the presence of butyllithium.?8 We
reported” an unusual 1 — 3 acyl migration in myo-
inositol orthoformate derivatives. Treatment of 4-O-
acyl derivatives (139, 146—150, Scheme 22) with
sodium hydride in DMF resulted in acyl migration
to the 2-O-position, to provide 129, 130, 132—135in
very good yields. This, in fact, provided a general and
better method for the 2-O-acylation of myo-inositol
ortho esters as compared to their acylation in the
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presence of organic bases, wherein the observed
regioselectivity was dependent on the acylating agent
and the nature of the base, as well as the reaction
conditions used (see section 2.4.5). Intermolecular
migration of a benzoyl group (in 152) in the solid
state, resulting in the formation of the diol 130 and
the tribenzoate 253, was observed.'?° The facility of
this transesterification reaction in the solid state
could be explained on the basis of the electrophile—
nucleophile interaction between the two molecules of
152 in its crystal.

Selective dephosphorylation'* of myo-inositol hexa-
kisphosphate [Ins(1,2,3,4,5,6)Ps, phytic acid] with
baker’s yeast yielded Ins(1,2,6)Ps, which has anti-
inflammatory activity. myo-Inositol phosphodiesters
can be obtained by phosphatidylinositol-specific phos-
pholipase C-catalyzed transesterification of b-myo-
inositol 1,2-cyclic phosphate [Ins(1,2-cyc)P] with pri-
mary alcohols.'®* However, these methods are unlikely
to be useful for the preparation of O-protected myo-
inositol derivatives, since facile manipulation of the
remaining hydroxyl groups is not easy in the pres-
ence of phosphates which are prone to migration.

2.6.4. Selective Cleavage of Ethers

Although incidence of selective cleavage among the
same types of ethers is less due to their high stability,
a few selective ether cleavage reactions in inositol
derivatives are reported in the literature. Angyal’s
report'3? on the regioselective acetolysis of different
myo-inositol tetra-, penta-, and hexabenzyl ethers
with acetic anhydride and 60% perchloric acid (200:1
v/v) constitutes an early report on the selective
cleavage of inositol derived ethers. This study re-
vealed that the benzyl ethers at 1-, 2-, and 3-positions
are stable, and those at 4-, 5-, and 6-positions are
labile to acetolysis. Hexa-O-benzyl-myo-inositol, how-
ever, gave a complex mixture of different mono-, di-,
and tribenzyl ethers, and hence the reaction was not
synthetically useful. In contrast, Lewis acid (SnCl,/
TiCly)-assisted cleavage of benzyl ethers in hexa-O-
benzyl-myo-inositol showed some degree of specificity
and resulted in the cleavage of the benzyl ethers at
the C1 and C2 positions.*f

Catalytic hydrogenolysis of 104 (Scheme 42) in the
presence of triethylamine resulted in the predomi-
nant cleavage of the C3-benzyl ether.?* Debenzylation
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of 255 with CrCl,/Lil resulted in the cleavage of the
C2-benzyl ether exclusively. This method provides an
indirect way of obtaining 4,6-di-O-benzyl myo-inositol
orthoformate, which has so far not been obtained by
the direct benzylation of myo-inositol orthoformate
(see section 2.4.5) in good vyields. The observed
selective C2-ether cleavage has been attributed to the
simultaneous coordination of chromium to oxygens
at the C1, C2, and C3 positions.’*? It is of interest to
note that 4,6-diaxial dibenzyl ethers in myo- and
scyllo-inositol orthoformates resisted cleavage under
the normal hydrogenolysis conditions in the presence
of Pd—C, but could be cleaved in the presence of
Pd(OH),.3%87 Gilbert et al.'8 have reported a selec-
tive debenzylation and acetal migration in 256,
leading to the formation of 257 in good yield. Conrad
and co-workers® reported a serendipitous observa-
tion on the selective oxidative removal of the C6-PMB
ether in b-1-O-allyl-2-O-acyl-3,6-di-O-(p-methoxy-
benzyl)-4,5-O-isopropylidene-myo-inositol. However,
the cause for this regioselective debenzylation reac-
tion remains a mystery.

3. Selective Protection/Deprotection of Inositols
Other than the myo-Isomer

Reports on the protection/deprotection of hydroxyl
groups of inositols other than the myo-isomer are few
in comparison with the number of reports on the
manipulation of the hydroxyl groups in 1. This is
mainly because only a few of them have been isolated
from natural sources, and most of the other isomers
are synthesized from 1, carbohydrates, or benzene
and its derivatives.'®* Among the known isomeric
cyclitols, other than myo-inositol, only chiro-inositols
are relatively abundant in nature, and other isomers
are usually synthesized in the laboratory. Conse-
guently, synthetic steps are designed in such a way
as to yield the cyclitol derivative with hydroxyl
groups protected as desired for future applications.
Also, their chemistry is perhaps not well investigated
due to a lack of reports on their biological activity.
This was indeed the case with 1, the chemistry of
which was resurrected in the past 15 years due to
the realization of the biological importance of phos-
phoinositols. There are reports on the protection/
deprotection of hydroxyl groups of both enantiomers
of chiro-inositol, perhaps because methyl ethers of
chiro-inositols, D9 and L10 (Scheme 1), are available
from natural sources and have served as starting
materials for the synthesis of several enantiomeric
cyclitol derivatives. These naturally occurring methyl
ethers were the preferred starting materials for the
synthesis of enantiomeric myo-inositol derivatives,
especially phosphoinositols, before good methods
were developed for the resolution/enantioselective
reactions of racemic/meso derivatives of 1.

3.1. chiro-Inositols (D2, L2)

The problems concerning selectivity of hydroxyl
group protection are less in the case of chiro-inositols
(as compared to the myo-isomer), since they are C,-
symmetric and hence the selectivity to be achieved
during protection of hydroxyl groups is among three
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kinds of hydroxyl groups. Furthermore, chiro-inositol
has two axial hydroxyl groups, which are expected
to be less reactive than the four other equatorial
hydroxyl groups.

As in the case of 1, initial protection of hydroxyl
groups of chiro-inositols is done by ketalization'3®
with acetone or cyclohexanone; such reactions invari-
ably result in the formation of a mixture of ketals
(Scheme 43). However, ketals of the vicinal hydroxyl
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groups with cis geometry are preferentially formed.
The experimental procedures have been tuned to
obtain either the mono ketal L2583 or the diketal
L2591%2 as the major product. Epimerization of
hydroxyl groups has been observed during acetaliza-
tion with chloral.'3® Trans-diequatorial hydroxyl
groups can be protected selectively by reaction with
2,3-butanedione and trimethyl orthoformate to obtain
L260,%% or with TIPDSCI, to obtain L261.1% Similar
hydroxyl group protection reactions are also reported
for D2.137:139 Although the reactions of chiro-inositols
with trans-diol protecting reagents are selective, they
often result in a low yield of the protected inositol
derivative, and such bulky protecting groups might
offer high steric hindrance for further derivatization
of the remaining hydroxyl groups, as mentioned
earlier (section 2.1).%0

Benzylation of L2 is reported to yield the tribenzyl
ether L262 (Scheme 44),'° while benzylation of D2
in the presence of cesium fluoride yielded dibenzyl
and monobenzyl ethers D264 and D265 (Scheme
44).13%%d 1n poth these reactions, as expected, the
axial hydroxyl groups remain unaffected. The differ-
ence in product formation observed between the two
enantiomers could be due to the differences in the
reaction conditions, such as the catalyst, alkyl halide,
etc. Silylation of L2 with TBDPSCI gave a low yield
of the corresponding monosilyl ether L263.14! Al-
though these benzylation and silylation reactions
appear to be selective, the isolated yields of the
O-protected inositol derivatives are often low and
could involve tedious separation procedures.

Ketalizations of methyl ethers D94? and L10'%
and the mesylate L267 (Scheme 45), as well as
preparation of the ortho ester derivative of D9, are
reported; monoketals or diketals are obtained in
moderate to good yield. But, as observed in the
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reactions of myo- and chiro-inositols, reagents that
result in the protection of vicinal trans-hydroxyl
groups give lower yields of the products D272 and
D273.145

Partial benzylation and benzoylation of the di-
benzyl ether D274 (Scheme 46) is reported to yield
the tetrabenzyl ether D275%72 and the tribenzoate
D276,#¢ respectively. As expected, the equatorial
hydroxyl groups get protected preferentially. How-
ever, whether the formation of the tribenzoate D276
is a result of benzoyl group migration among the
hydroxyl groups has not been investigated. This
guestion arises, especially since 60% of the material
is unaccounted for.
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Ketalizations of the triols D272 and D273 (Scheme
47) yield the corresponding ketals, D277 and D278,14°
in which the axial hydroxyl group is free.
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Acylation or alkylation of the tetra-O-protected
chiro-inositol derivatives (Scheme 48), in which the
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two hydroxyl groups have relative axial—equatorial
orientation, results in predominant protection of the
equatorial hydroxyl group, irrespective of the protect-
ing groups used for the protection of the other four
hydroxyl groups_6a,135,139a,140a,142,144,147 This perhaps
indicates that conformation of the carbocyclic ring
does not deviate from the chair form, even after
heavy substitution, as observed in myo-inositol de-
rivatives. Monobenzylation of the C,-symmetric diol
L259 (Scheme 43), which has vicinal equatorial
hydroxyl groups, results in the formation of the only
possible monoether.*8 However, considerable efforts
were required to obtain monoesters of L259 and its
enantiomer.4°

Scheme 49 shows selective deprotection reactions
of some chiro-inositol derivatives. Triketals L285 and
L286 were used to prepare diketals L259 and L287
by selective cleavage of the trans-ketal,*d148.1%0 since
the yield of these diketals by the direct ketalization
of L2 was low. The yield of the diketal obtained was
better for the cleavage of the cyclohexylidene deriva-
tive L286 as compared to the isopropylidene deriva-
tive L285. Similarly, in the diketal L288, the trans-
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Scheme 492
R R

o
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Me. HO OH
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#fz 0 OH
R ¢
o oX —= H
Q R Ho ©OH
L200RR = (CH,), ~ L291(80%)

e

R R

2 (a) H*, MeOH,; (b) AcClI (catalytic), MeOH—CH,Cly; (c) BCls,
—60 °C.

ketal could be cleaved selectively to obtain the
monoketal L289.1? This approach (selective cleavage
of triketals to obtain diketals) has not been used for
the preparation of diketals of 1. Itis likely that 1, on
ketalization, results in the formation of oligomers due
to the presence of five equatorial hydroxyl groups
instead of forming the triketal in high yields. In the
case of chiro-inositols, formation of oligomers is
perhaps prevented due to the presence of two axial
hydroxyl groups, which results in the formation of
two relatively stable cis-ketals. Deprotection of the
methyl ether L290 presents an interesting case
wherein boron trichloride is used to cleave the ketals
as well as the methyl ether, leaving the tosylate
undisturbed.*5?

The differences in reactivity between esters of
aliphatic and aromatic carboxylic acids have been
exploited to solvolyze the acetate L292 in the pres-
ence of a benzoate (Scheme 50).152 The modest success
of this selective deprotection is perhaps due to the
fact that vicinal hydroxyl groups to the benzoate in
L292 are blocked as ethers. Free hydroxyl groups at
these positions could have resulted in the migration
of the benzoyl group. Benzoyl migration in chiro-

Scheme 502
1
RO OBz R'O OR?
OR' OR!
OH —— OH
Ho OAc alb Ho OR®
L292 R' = MOM R' R2R3
L293 MOM Bz H (64%)
L294 MOM H H(81%)
L280 —» OMe
OMe
R'-R4=Me MeO OMe
R5=Bz R4 RS

L295 Me Bz (minor)
L296 Bz Me (major)
2 (a) MeOH—MeONa (0.1 equiv); (b) MeOH—MeONa (10 equiv);
(c) Mel/Ag20.
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Scheme 512
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inositol derivatives has been observed during the
methylation of the benzoate L280 (R! = R? = R% =
R* = Me, R®> = Bz) in the presence of silver(l) oxide.'%3
It is also interesting to see that much less than 1
equiv of sodium methoxide (0.1 equiv) brings about
64% cleavage of the acetate. Whether the remaining
36% of the material consists of a mixture of L292 and
its isomeric acetates is not clear. It is known that
the acetyl group migrates among the hydroxyl groups
of inositol with extreme facility.53.9

chiro-Inositol hydroxyl groups have also been pro-
tected as ortho esters (Scheme 51), which on partial
hydrolysis yield the corresponding esters.** Whether
the lack of specificity observed (see section 2.6.2) is
due to a lack of specificity during cleavage of the
ortho esters or due to migration of the resulting acyl
groups has not been investigated.

Scheme 532
HO H
BzO. BzO
a
HO%%H_» 02\o BzO
306
BzO HO'QH
307 (42%)
HO
b BzO

o) OMe

Me+0 X

Me 308 (34%)

a (a) HC(OMe)s/H*; (b) 2-methoxypropene/H™.

Sureshan et al.

Other selective reactions of chiro-inositol deriva-
tives (Scheme 52) include selective deprotection of the
mesylate L302 in the presence of ketals,'*? BFs-
catalyzed regiospecific opening of the epoxide 303
with allyl alcohol,*3%@ and fluorination of D9 with
(diethylamino)sulfur trifluoride (DAST).143

3.2. scyllo-Inositol (3)

scyllo-Inositol is the simplest among the isomers
of inositol in terms of symmetry, since all the hy-
droxyl groups are equatorial. Its solubility in solvents
is low, perhaps because of the high lattice energy that
results from the strong hydrogen bonds that are
possible due to its symmetry. The question of selec-
tive monoprotection of hydroxyl groups of 3 does not
arise, since all the hydroxyl groups are equivalent.

Ketalization of the monobenzoate 306 (Scheme 53)
results in a mixture of diketals 308 and 309, while
protection with triethyl orthoformate leads to the diol
307, the only possible product, in low yield.*%* It is
interesting to note that the reaction of 3 with triethyl
orthoformate does not lead to the formation of its
ortho ester.’®> Ketalization of the dibenzoate 310
leads almost exclusively to the monoketal 311,'%* but
the reason for this high selectivity does not seem to
be clear.

Intramolecular migration of acyl groups has been
exploited!® to prepare isomeric O-acylated scyllo-
inositol derivatives, which serve as precursors for the
synthesis of scyllo-inositol phosphates. Treatment of
benzoates 310 and 316 (Scheme 54) with aqueous
pyridine gave rise to a mixture of isomeric benzoates,
which were separated by HPLC, and the individual
isomers were phosphorylated to obtain scyllo-inositol
phosphates. The dibenzoate 310 was also used to
prepare isomeric tribenzoates 312 and 313, which
were used as precursors for scyllo-inositol trisphos-
phates. It is likely that the reactivities of the two sets
of hydroxyl groups (due to the presence of a plane of
symmetry in 310) are the same. Again, it is not clear
whether the observed product formation on benzoy-
lation of 310 is due to migration of the benzoyl groups
subsequent to benzoylation (selectively at one of the
hydroxyl groups of 310).

3.3. epi-Inositol (4)

Ketals of 4 have been prepared directly from 4 as
well as by the selective cleavage of its triketal 320

HO Me ' Me

AN LI AN
OH OH

BzO
OH OH

311 (90%)

BZWO

Me o

Me 309 (51%)
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Scheme 542
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(Scheme 55). In the former experiment, one of the
diketals (319) could be separated by crystallization.>®
During the partial hydrolysis of 320 to obtain the
diketal 318, a solvent mixture (benzene—light petro-
leum) in which it has very low solubility had to be
used, as 318 is susceptible to further hydrolysis.
Coupled with nucleation, this procedure resulted in
crystallization of the diketal 318 from the reaction
mixture in about 70% vyield. Ketalization of the
acetate D322 resulted in the protection of vicinal cis-
hydroxyl groups.*** Benzoylation of the diol 318 gave
the monobenzoate 321 as the major product;'®
similar results were observed during tosylation of
318. The preferential acylation observed was thought
to be due to the intramolecular hydrogen bonding of
the reactive hydroxyl group with the vicinal cis
oxygen.19a

3.4. cis-Inositol (5)

cis-Inositol is an interesting compound, first iso-
lated from a mixture of products obtained on high-
pressure hydrogenation of tertrahydroxyquinone.1572
It readily forms strong complexes with metal ions and
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Scheme 562
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oxyacid anions (such as borate) due to the presence
of three syn-axial hydroxyl groups.®”® Ortho ester
324 (Scheme 56) was obtained in very good yield from
cis-inositol which has three axial and three equatorial
hydroxyl groups. Benzoylation of 324 gave a mixture
of mono-, di-, and tribenzoates.”

3.5. muco-Inositol (6)

The dibenzyl ether 328 (Scheme 57) of muco-
inositol, on benzoylation, resulted in the formation
of the dibenzoate 329 as expected, leaving the axial
hydroxyl groups undisturbed.%®

Scheme 572
HO
OH OH HO oH OBz
OBn a OBn
OBz
BnO 328

BnO 329 (33%)
a (a) Benzoyl imidazole.

4. Conclusions

The chemistry of inositols developed in the past two
decades has reached a level of understanding that
seems to allow a prediction of the regioselectivity and
relative reactivity of hydroxyl groups of many inositol
derivatives. By choosing an appropriate method, any
desirably protected myo-inositol derivative can be
synthesized. Although enzymatic methods of resolu-
tion of myo-inositol derivatives have contributed
much to the total synthesis of inositol phosphates and
related lipids, further investigation is necessary to
understand and explain the regioselectivities and
enantioselectivities observed. A valuable alternative
to chemical or enzyme-mediated resolution of inositol
derivatives is the direct chromatography of enanti-
omers, but this technique has not yet been explored
sufficiently.28d.110.,159

The general trend of reactivity among hydroxyl
groups observed in myo-inositol (or its derivatives)
is C-1 (C-3) > C-4 (C-6) > C-5 > C-2, except in myo-
inositol 1,3,5-ortho esters, where the reactivity pat-
tern is C-4 > C-2 ~ C-6. Although a general pattern
of selectivity is observed in the reactivity of myo-
inositol hydroxyl groups, the selectivity could be
altered in some derivatives by manipulating the
protecting groups. Differences in reactivity between
axial and equatorial hydroxyl groups are reasonably
well understood in terms of conformation and steric
hindrance, but there are several exceptions to this.
The nonequivalence of the reactivity of equatorial
hydroxyl groups requires further study. Such general
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statements on the relative reactivity of hydroxyl
groups of other isomers of inositols cannot be made
since they have not been investigated extensively.
However, it is clear that relative reactivities of the
inositol hydroxyl groups are often dependent on
factors such as intramolecular and intermolecular
interactions, especially hydrogen bonding and metal
ion chelation effects, which are influenced by reaction
conditions and other reagents/solvents present in the
reaction mixture. Furthermore, a chemical modifica-
tion at a given position on the inositol ring could
induce changes in other functional groups in the ring
due to charge distributions, hydrogen bonding, con-
formational change, chelation, steric bulk, etc., which
could result in a change of the relative reactivities
of the hydroxyl groups. The X-ray crystal structures
of inositol derivatives could provide important data
for explaining or predicting the reactivity of hydroxyl
groups. However, this approach needs to be pursued
more vigorously in research related to inositols.
Investigations on the chemistry of inositols have also
had implications in areas of chemistry such as
natural product synthesis,® % asymmetric synthe-
sis,®! reaction mechanisms,*?° development of novel
metal complexing agents,®?162 supramolecular chem-
istry,'®2 liquid crystals,'%8164 and polymers.'® Hence,
it appears that the potential of using inositol deriva-
tives in different areas of chemistry is ever-expanding
and could open up newer areas of research and
applications.
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