
lable at ScienceDirect

Tetrahedron 67 (2011) 2355e2389
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Tetrahedron report number 934

Recent advances in inositol chemistry: synthesis and applications
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1. Introduction

Cyclitols, described as polyhydroxy-substituted cycloalkanes
with at least three hydroxy groups, each attached to a different ring
carbonatom,have for thepast decades attracted interest due to their
significant biological properties and diverse synthetic in-
termediates.1 Among the cyclitols, chemists have extensively stud-
ied inositols due to their remarkable, comprehensive, and important
biological functions2 including glycosidase inhibitors, intercellular
Ml, benzyloxymethyl; CSA, camph
thylhydantoin; DBU, 1,8-diazabicy
late; DIBAL, diisobutylaluminum h
e; DMP, 2,2-dimethoxypropane;
MPM, 4-OMeePhCH(OMe)2; NMI, N
ethoxybenzyl chloride; PMB, 4-p-

hylsilylchloride; TBDMSCl, tert-but
SCl2, 1,3-dichloro-1,1,3,3,-tetraisop
P, meso-tetraphenylporphyrin; Troc
x: þ90 312 210 3200; e-mail addre
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communication, protein anchoring, phosphate storage etc. In recent
years, inositol phosphates, which are important players in diverse
cellular functions, such as cell growth, apoptosis, cell migration,
endocytosis, and cell differentiation, have been particularly studied
and new derivatives have been discovered, which possess vital bi-
ological and physiological functions in cellular signaling events. For
instance, D-myo-inositol-1,4,5-trisphosphate [Ins(1,3,5,)P4], a sec-
ond messenger molecule, is used in intracellular transduction
events, such as controlling the intracellular Caþ2 concentration.3
orsulfonic acid; DABCO, 1,4-diazabicyclo[2.2.2]octane; DABP, diethylamino-2,3,4-
clo[5.4.0]undec-7-ene; DCC, dicyclohexyl carbodiimide; DDQ, 2,3-dichloro-5,6-di-
ydride; DMA, dimethylacetamide; DMAD, dimethyl acetylenedicarboxylate; DMAP,
DMS, dimethyl sulfide; DPCP, diphenyl chlorophosphate; m-CPBA, meta-chloro-
-methylimidazole; NBS, N-bromosuccinimide; NMO, NMMO, N-methylmorpholine-
methoxybenzyl; PTS, pyridinium p-toluenesulfonate; PTSA, p-toluenesulfonic acid;
yldimethylsilylchloride; TBDMS, tert-butyldimethylsilyl; TBDPSCl, tert-butyldiphe-
ropyldisiloxane; TEA, triethylamine; TFA, trifloroacetic acid; TIPS, triisopropylsilyl;
Cl, 2,2,2-trichloroethyl chloroformate.
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Inositols (cyclohexanehexols) are a class of cyclitols that possess
nine possible isomers (1e9). Five are known as naturally occurring
inositolsnamelymyo-, chiro-, scyllo-,muco-, andneo-inositols and the
unnaturally occurring isomers are cis-, epi-, and allo-inositols (Fig. 1).

Among the possible isomers, myo-inositol is the most abundant
that is found in eukaryotic cells, including inositol phosphates,
1 myo-inositol 2 neo-inositol 3 scyllo -inositol

4 muco-inositol 5 D-chiro- inositol 6 L-chiro- inositol

7 epi-inositol 8 cis-inositol 9 allo -inositol
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Fig. 1. Structures of isomeric inositols.
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Scheme 1. Reagents: (i) Pig pancreas lipase; (ii) KOH, THF, 80%; (iii) dibenzyl phos-
phate, 55%; (iv) Ac2O, pyridine, quant; (v) RuCl3, NaIO4, 86%; (vi) DABP, 1H-tetrazole
then m-CPBA, 80%; (vii) Pd/C, H2 then 0.25 M NaOH, quant.
phosphatidylinositol (PI), and phosphatidylinositol phosphate (PIP)
lipids as secondary messengers.3h In plants, the hexaphosphate of
inositol is found as phytic acid. myo-Inositol (1) has a meso con-
figurational structure and, therefore, it possesses a symmetry plane
with five equatorial and one axial hydroxy group. The other inositol
derivatives can be obtained by epimerization of one or two hydroxy
groups of myo-inositol.3b,4

Numerous synthetic approaches for inositol derivatives have been
developed including the use of naturally occurring inositols,5 sugars,6

aromatic compounds,7 chiral acids,8 tetrahydrobenzoquinone,9

cyclohexene and its derivatives,10 and norbornene.11 This report is
intended to provide an overview of new synthetic methodologies for
inositols and their derivatives, primarily covering the literature pub-
lished in the last decade. Furthermore, the report is not intended to be
comprehensive, but rather to highlight those advances that are of
most interest to synthetic chemists.

2. Synthesis of inositols via conduritols from benzoquinone

Conduritols have remarkable biological properties, namely they
act as glycosidase inhibitors like inositols.1d They have one more
remarkable biological property namely that they are t is particularly
useful as glycosidase inhibitors like inositols.1d
OH
OH

OH
OH

10 conduritol
Recently, conduritols have been used as precursors of the cor-
responding inositol derivatives. This is because of the presence of
four hydroxy group and a C]C double bond in 10. Hydroxylation of
the double bond provides the synthesis of diverse inositols.
Altenbach et al.12 developed a new synthetic approach to myo-
inositol tetrakisphosphate derivatives, such as Ins(1,2,3,4)P4 20a
and Ins(1,2,3,6)P4 20b (the enantiomer of 20a) starting from p-
benzoquinone.

Racemic dibromodiacetate 12 obtained from p-benzoquinone
(11) in three steps was subjected to enzymatic resolution with pig
pancreas lipase to afford enantiomerically pure dibromo com-
pounds 13 and 14.13 The reaction of 14 with base in methanol in
turn yielded the diepoxide 15 followed by a ring-opening reaction
with dibenzyl phosphate, which afforded diphosphoconduritol-B
16 (Scheme 1). Because conduritol-B has C2-symmetry, it can easily
be converted into myo-inositol derivatives. Acetylation of 16 to
form 17 followed by cis-dihydroxylation led to protected myo-
inositol derivative 18. Phosphorylation of 18, which was followed
by oxidationwithm-CPBA, gave 19. Hydrogenation and subsequent
cleavage of the acetate groups in aqueous NaOH afforded the cor-
responding compound 20a. Synthesis of the enantiomer 20b was
also achieved.
After isolation, 20a and 20b were exposed to enzymatic
dephoshorylation reactions with the appropriate phytases to fur-
nish inositol triphosphates 21 and 22, as shown in Scheme 2.

For the synthesis of isomeric phosphorylated myo-inositol de-
rivatives, enantiomerically pure dibromodiol 13 was easily con-
verted into conduritol-B derivative 23 with sodium benzylate in
benzyl alcohol (Scheme 3) followed by cis-dihydroxylation to give
24. The phosphorylation of 24 and subsequent oxidation with m-
CPBA provided 25. The deprotection of the Ins(1,2,4,5)P4 derivative
25was achieved in one step by Pd-catalyzed hydrogenation to give
26. The triphosphate Ins(1,2,4)P3 27 was achieved by the de-
phosphorylation of 26.14 Furthermore, Altenbach et al.15 succeeded
in achieving the selective functionalization of axial and equatorial
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hydroxy groups in conduritol-B and synthesized symmetric inositol
phosphates as well as unsymmetrical, enantiomerically pure ino-
sitol phosphates.

Azido-myo-inositols 28 and 29 (Fig. 2), amino-myo-inositols,
and their phosphorylated derivatives were prepared starting from
conduritol-B. First, nitrogen-containing functional groups were
introduced selectively into the desired positions followed by fur-
ther functionalization to yield the target compounds.16
N3HO
OH

HO OH
OH

OHHO
OH

N3 OH
OH

N3 OH
OH

OHHO
OH

HO OH
OH

N3HO
OH

+28 +29 -29-28

Fig. 2. Structures of azido-myo-inositols.
myo-Inositol synthesis from the conduritol-B derivatives
attracted the synthesis of stereoisomeric inositols that differ
from myo-inositol. Altenbach et al.17 described new chiral
inositols from key intermediates, conduritol-B, -C, -E, and, -F.
Dibromodiacetate 14 was directly epimerized to conduritol-E18

derivative 30 in the presence of aqueous acetic acid and so-
dium acetate, by heating for 10 days, followed by cis-hydroxyl-
ation with RuCl3 and NaIO4 provided (via 31) allo-inositol 9,
which was transformed into the corresponding hexaphosphate
derivative 32 (Scheme 4).
The neo-inositol (2) and its hexaphosphate 35were synthesized
by the epoxidation of 33 to conduritol-E 30 with trifluoroperacetic
acid to give 33 followed by a subsequent ring-opening reaction
(Scheme 5). The hydrolysis of 34 with NaOMe in MeOH provided
the neo-inositol 2, which was converted into the corresponding
hexaphosphate 35.17
For the synthesis of chiro-inositol 5, diacetate 14 was used. The
reaction was carried out by heating 14 with an excess of sodium
benzylate in anhydrous THF. The intermediate epoxide was opened
with benzylate anion at the allylic position in order to give the
conduritol-B derivative 36 in over 80% yield (Scheme 6). Direct ep-
oxidation of 36 followed by ring opening by treatment with sulfuric
acid in dioxane/water gave the chiro-inositol derivative 5 via 38 in
high yield, which was converted into the hexaphosphate 39.17

The regioselective epoxide opening of 37 was performed by the
protection of the hydroxyl groups in the 5 and 6 positions with 2,2-
dimethoxypropane as a cyclic isopropylidene group (Scheme 7).
Treatment of the ketal 40 with allyl alcohol followed by depro-
tection with HCl provided 41 with a scyllo-inositol configuration.17

The removal of the benzyl groups in 41 formed the pure isomer 3,
which was transformed into 42 in high yield.

Conduritol-C 45,18,19 a flexible precursor, was used as the key
compound for the synthesis of epi-inositol 7. The reaction of dibro-
modiacetate 14with RuCl3 andNaIO4 gave 43, whichwas acetylated
to give 44. Bromine elimination in 44 in the presence of zinc and
acetic acid resulted in the formation of 45.17 Further oxidation of 45
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with RuCl3 and NaIO4 followed by acetylation gave 46, which was
hydrolyzed to epi-inositol 7 in quantitative yield (Scheme 8).

Chung et al.20 reported the synthesis of all the possible di-
astereomers of conduritol in high enantiopurity starting from myo-
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inositol. The formed conduritol derivatives were then converted into
various inositol derivatives by an oxidationereduction or Mitsunobu
reaction, andcis-hydroxylation ina stereo- andregioselectivemanner.

Conduritol-C derivative 47 was synthesized from myo-inositol
under Samuelsson conditions.20,21 The conduritol-C derivative 47
was transformed into dibenzyl derivative 48 (Scheme 9). The cis-
hydroxylation of (þ)-48 with OsO4 and NMMO in aqueous acetone
gave the neo-inositol derivative 49 as expected due to steric rea-
sons. On the other hand, the replacement of the acetonide group of
48 with benzoyl protecting groups afforded 50 followed by cis-
hydroxylation, which resulted in the formation of neo-inositol 52 as
well as epi-inositol 51 in 45 and 39% yields, respectively.
Selective protection of enantiomeric diol (þ)-47 with benzoyl
chloride gave three separable isomers 53e55. Themajor product 53
was oxidized to 56 by SO3/pyridine complex and TEA in DMSO
followed by reduction with NaBH4, which led stereoselectively to
conduritol derivative-D 57 (Scheme 10). cis-Dihydroxylation of 57
in the presence of OsO4 and NMMO gave an allo-inositol derivative
58 in quantitative yield. The observed facial stereoselectivity arises
from the acetonide group, which hinders the cis-addition to the
olefinic group.

For the synthesis of allo- and muco-inositol derivatives, the
hydroxyl group in 53 was protected using methyl chloromethyl
ether (MOMCl) followed by deprotection of the benzoyl group that
afforded 59 (Scheme 11). The stereochemistry of the hydroxyl
group in 59 was inverted by treatment with BzOH, Ph3P, and DEAD
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to give the conduritol-A derivative 60. cis-Dihydroxylation of 60 led
to allo-inositol 61 as well as muco-inositol 62. The acetonide group
hinders the cis approach to the double bond. The removal of the
acetonide group in 60 followed by treatment with MOMCl (to give
63) and cis-hydroxylation afforded stereoselectively the muco-
inositol derivative 64.

Enantiomerically pure conduritol-B derivative 66 synthesized
by benzylation of 65 with NaH in DMF followed by cis-hydroxyl-
ation led to the myo-inositol derivative 67. The double inversion of
the hydroxyl groups in 65was achieved by the treatment of 65with
BzOH, PPh3, and DEAD in 90% yield to give the conduritol-E de-
rivative 68. Replacing the protecting groups by benzyl groups to
give 69 followed by cis-hydroxylation provided the allo-inositol
derivative 70. Enantiomerically enriched scyllo-inositol derivative
71 was prepared by the Mitsunobu reaction of myo-inositol diol
(�)-67, as shown in Scheme 12.22

Conduritol-F derivative 74was prepared by the inversion of one
of the hydroxyl groups in 65. One of the hydroxyl groups was
protected by reacting diol 65with BzCl in pyridine to give 72 and 73
as the minor products. The inversion of configuration of the un-
protected hydroxyl group in 72 was achieved by a Mitsunobu re-
action to give the conduritol-F derivative 74, which was subjected
to cis-dihydroxylation to afford L-chiro-inositol 75 (Scheme 13).

The inositol derivative 71 is a suitable protected intermediate for
the synthesis of chiral phosphorylated scyllo-inositol derivatives
(Scheme 14). Removal of the benzoate group from 71 with a cata-
lytic amount of NaOH formed the vicinal diol 76.22 On the other
hand, the acid-catalyzed hydrolysis of 71 provided the triol 77. The
vicinal dibenzoate 78 was prepared by the benzoylation of the free
hydroxyl group in 71 followed by hydrogenolysis in the presence of
a small amount of AcOH. The obtained precursors 76e78were later
converted into the phosphorylated compounds 79e81 by succes-
sive treatment with phosphoramidite and 1H-tetrazole, and then
with m-CPBA.

Inosamines are inositols in which one of the hydroxyl groups is
exchanged with an amino functional group. They show interesting
roles in the cellular metabolism of animals, plants, and
microorganisms.23 Conduritols are not only important precursors
for the synthesis of inositols, but are also important backbones for
the synthesis of inosamine derivatives. Recently, Llebaria et al. have
successfully synthesized an inosamine derivative with a myo-ino-
sitol configuration (Scheme 15).24

The starting material, racemic conduritol-B 82, was resolved by
Pd-catalyzed kinetic resolution using a chiral diphosphine de-
veloped by Trost and Hembre.25 Hydrolysis of 83 followed by ep-
oxidation to give 84 and then protection with benzyl chloride
furnished 85 in 65% yield.26 trans-Epoxide opening of 85 was ac-
complished with NaN3 in the presence of LiClO4 to give 86. The
critical point was the inversion of configuration of the free hydroxyl
group after transformation into the mesylate 87. The conversion of
87 into 88 was carried out in a sealed tube at 140 �C in DMF. Re-
duction of the azide functionality followed by deprotection of the
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benzyl groups resulted in the formation of (�)-89 in a myo-inositol
configuration.

3. Synthesis of inositols via naturally abundant cyclitols and
their derivatives

As mentioned previously, among the possible diastereoisomers
of inositols, myo-inositol is inexpensive and is generally the most
abundant in nature. Due to its commercially availability and having
one more stereogenic center, it is a convenient starting material for
the synthesis of inositol derivatives.

Miyake et al.27 reported a short and practical method for chiro-
inositol synthesis starting from the optically inactivemyo-inositol 1
in four steps. First, myo-inositol was reacted with enantiomerically
pure camphor dimethyl acetal to afford the ketal 90a (Scheme 16).
In order to introduce a leaving group at the C-1 carbon atom, the
ketal 90awas reactedwith Tf2O or TsCl to give the corresponding 1-
triflate or 1-tosylate 90b. The remaining hydroxyl groups were
protected by conversion into the triacetate 91. The critical point was
the configuration isomerization at the C-1 carbon atom. The high-
est yield was obtained by the reaction of 91 with BzOLi in DMF at
80 �C to give 92. The subsequent hydrolysis of 92 afforded D-chiro-
inositol 5 in a quantitave yield (Scheme 16).

Another practical and more economical route for the synthesis
of chiro- and allo-inositols starting from myo-inositol was reported
by Watanabe and Sureshan.28 First, 1,2:4,5-di-O-isopropylidene-
myo-inositol 93, which was used as a key intermediate, was
synthesized by the reaction of myo-inositol with 2,2-dimethoxy-
propane in the presence of an acid, as reported by Gigg et al.29 The
free hydroxy groups in 93were subjected to esterification by (S)-O-
acetylmandeloyl chloride in the presence of pyridine (Scheme 17).
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The resulting diastereoisomers 94a and D-95a were separated by
crystallization in a suitable solvent system followed by aminolysis
with isobutylamine in methanol at reflux to give the enantio-
merically pure key compounds 94b and 95b.

One of the free hydroxy groups of 95b was converted into the
monotriflate 96 by regioselective protection with triflic anhydride
(Scheme 18).28 The configuration isomerization of the monotriflate
96 was achieved by KOAc in DMA to give 97 as the L-chiro-inositol
derivative. Methanolysis of the acetate functionality followed by
acid hydrolysis of the diketal 99 provided L-chiro-inositol 5.
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On the other hand, the sulfonylation of both free hydroxy groups
with 2.2 equiv of triflic anhydride in pyridine gave the triflate 99.
Treatmentof99againwithKOAcprovidedallo-inositol derivative100
in quantitative yield. Free allo-inositol 9 was obtained by the hydro-
lysis of the functional groups in 101 as described above (Scheme 18).
Mono and ditriflates 96 and 99 were suitable starting materials
for the synthesis of amino-inositols. For the isomerization of the
configuration of the triflate groups, 96 and 99 were reacted with
NaN3 in DMF to give 102 and 105 followed by the hydrolysis of the
ketal groups to form 103 and 106 and hydrogenolysis of the azide
functionalities to give 104 and 107 with chiro- and allo-inositol
configurations, respectively (Scheme 19).30
1,2:4,5-Di-O-isopropylidene-myo-inositol monotriflate 96 is
also a reliable precursor for the synthesis of pinpollitol, di-O-
methyl-(þ)-chiro-inositol 109. (þ) Pinpollitol was isolated from the
pollen and needles of the plant Pinus radiata.31 The D-chiro-inositol
structure of pinpollitol was established by a demethylation re-
action, although the exact position of the methoxy groups was not
assigned. The absolute structure of pinpollitol was determined by
its total synthesis, as described in Scheme 20. First, 96 was con-
verted into the chiro-inositol derivative 98, as described in Scheme
18. The formed diol 98was methylated to give 108 followed by acid
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hydrolysis to provide the racemic 1,4-di-O-methyl-chiro-inositol
109 (Scheme 20).32

Brahol, a methylinositol 11133 isolated from the folklore me-
dicinal plant Stocksia brahuica, was synthesized starting from the
diacetate 100 (Scheme 21). Aminolysis of 100 with isobutylamine
gave the monoacetate 110 in quantitative yield (Scheme 21).34 The
methylation of the free hydroxyl group with methyl iodide fol-
lowed by acidic hydrolysis of the ketal groups provided the natural
product, brahol 111, in high yield.
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Photolabile compounds that are biologically inactive, such as the
2-nitrobenzyl ester ofmyo-inositol 1,4,5-triphosphate 112,35 which
can release the active compound myo-inositol (1) upon illumina-
tion with UV light, are called caged compounds.36 Recently, Dinkel
and Schultz reported the synthesis of a new enantiomerically pure
Ins(1,3,4,5)P4 derivative that has a photosensitive nitroveratryl
group.37

The starting material was the protected myo-inositol derivative
113, which was prepared by regioselective protection of myo-ino-
sitol (1) with cyclohexanone in the presence of an acid catalyst
followed by reaction with 1,3-dichloro-1,1,3,3-tetraisopropyldisi-
loxane (Scheme 22).38
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The diol 113was phosphorylatedwith bis(fluorenylmethyl) N,N-
di-isopropylphosphor-amidite, followed by oxidation with tBuOOH
(Scheme 23).37 Removal of the ketal group gave the diol 114. The
regioselective esterification of the axial hydroxyl group was ach-
ieved by treatment with trimethyl orthobutyrate to give 115. The
equatorial hydroxyl group in 115was reacted with 120 to introduce
the photolabile part of the caged compound.
Subsequent oxidation of 116 provided the fully protected myo-
inositol derivative 118, via 117. Final phosphorylation and removal
of the protecting groups resulted in the formation of the target
compound 119.

Chemically resolved and protected myo-inositol derivative 113
was used to access the naturally occurring myo-inositol phos-
phates, which are important molecules for cell biology, particularly
in intracellular signal transduction, exocytosis, and the regulation
of membrane trafficking. The diol 113was exposed to esterification
followed by a known phosphorylation method to give 122 via 121
(Scheme 24).39 Cleavage of the silyl protecting group in 122 with
TBAF$3H2O and AcOH in THF afforded 123. Regioselective addi-
tional phosphorylation at the 3-OH position gave 124, then sub-
sequent deketalization resulted exclusively in the formation of 125.
The more reactive hydroxy group at the 1-O position was subjected
to phosphorylation with the dipalmitoylglycerol phosphite 129 to
afford 126, which was easily transformed into 127. The reactivity of
the eOH groups was dramatically affected by the solvent system.
The ratio of pyridine/dichloromethane was very important to reach
the target molecule. The desired compound 128 was obtained as
a single product by removal of the benzyl groups. Similar reactions
were also carried out with the other enantiomer of 113.

The racemic tetraol 130,29 obtained by the ketalization of myo-
inositol, was used as a precursor for the synthesis of 6-deoxy-myo-
inositol 1,3,4,5-tetrakisphosphate 139, which is a structural ana-
logue of myo-inositol 1,3,4,5-tetrakisphosphate. This compound
may be used in the elucidation of the mechanism of action within
the Ins(1,3,4,5)P4 moiety. Monoketal 130 was converted into rac-
131 and rac-132 with p-methoxybenzyl chloride in the presence of
dibutyltin oxide and tetrabutylammonium iodide (Scheme 25).40

All hydroxy groups except those located at the C-6 position were
regioselectively protected. Radical deoxygenation of the free hy-
droxy group in 131 by the BartoneMcCombie reaction to give 13341

followed by deketalization under acidic conditions afforded 134.
Subsequent regioselective protection of 134 gave rac-135 quanti-
tatively. The remaining eOH group was easily protected by benzyl
bromide to form 136. Selectively removing the p-methoxybenzyl
groups with TFA in CH2Cl2 led to the formation of 137. Successive
phosphorylation of 137 followed by hydrogenation produced rac-
139 via 138. Recently, Potter et al.42 used DL-1,2-O-isopropylidene-
myo-inositol as a precursor to synthesize the first derivatives
modified at positions 2 and 3.

Recently Schoffers et al.43 reported an efficient route to obtain
scyllo-inosamine 144 starting from myo-inositol (1). Diol 140 was
synthesized in three steps according to known procedures. Aceto-
nide protection of the cis-diol,29 and subsequent benzylation44

followed by removal of the acetonide functionality gave the pro-
tected diol 140. Dibutyltin oxide was then used for the regiose-
lective benzylation to yield 141 followed by a nucleophilic
substitution reaction to afford the azide 142. Reduction of the azide
142 to its amine 143 with triphenylphosphine and subsequent
deprotection of all benzoyl groups led to scyllo-inosamine de-
rivative 144 (Scheme 26).

An efficient route to optically active inositol derivatives via the
resolution of myo-inositol 1,3,5-orthoformate was recently de-
veloped by Watanabe and Sureshan45 First, myo-inositol (1) was
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converted into an adamantane-like orthoester 14646 obtained from
the protection of O-1, O-3, O-5 of myo-inositol. The orthoester cage
provides a restrictedmyo-inositol conformation andmakes it easier
to differentiate the other three hydroxyl groups.
Acylation of triol 145 with (S)-O-acetyl-mandeloyl chloride in
pyridine gave two diastereoisomers 146 and 147, which were sep-
arated by column chromatography (Scheme 27). After determining
the absolute configuration of the diastereoisomers, the free hy-
droxyl group in 146 was phosphorylated with dibenzyl N,N-di-
isopropylphosphoramidite using Fraser-Reid’s method47 followed
by m-CPBA oxidation to give 148. After removal of all of the pro-
tecting groups in 149, D-myo-inositol-4-phosphate derivative 150
was isolated as its bis-cyclohexylammonium salt (Scheme 28).
Adenophostins A and B (152 and 153) are 10e100-fold more
potent as agonists of than the endogenous product and they con-
tain the important functions of Ins(1,4,5)P3.48
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Schlewer et al.49 have synthesized an adenophostin mimic
based on the Ins(1,4,5)P3 backbone starting from myo-inositol.
Again, the orthoester 145 derived from myo-inositol (1) served as
the starting material. The remaining hydroxyl groups were pro-
tected by means of tert-butylsilyl chloride, benzyl chloride, and
allyl chloride to give 155 via 154. After removal of the silyl group,
the free hydroxyl group in 156 was alkylated with 1-O-tosyl-4-O-
TBS-butane-1,4-diol to give 157. Cleavage of the orthoester was
performed using trimethylaluminium to give 158 and 159.

Alcohol functionalities were protected with benzyl bromide to
give the fully protectedmyo-inositol derivatives 160 and 161, which
were hydrolyzed to the triols 162 and 163, respectively (Scheme 29).

The allyl protective group in 163 was removed giving the triol
164. The chloropurine group was introduced by a selective Mitsu-
nobu reaction to give two isomers differing in the position of
chlorine atom. After separation of the isomers, 164 was phos-
phorylated to give the protected compound 165. The other pro-
tective groups and chlorine were removed in the presence of
palladium dihydroxide in a microwave oven to furnish the target
compound 166 (Scheme 30). Activity tests showed that 166 is a full
agonist of with the same order of potency as D-myo-inositol 1,4,5-
tris(phosphate).

myo-Inositol orthobenzoate 167 synthesized from myo-inositol
(1) was used as a key intermediate to obtain the anticancer agent,
Ins(1,3,4,5,6)P5 171, in gram quantities.50 The orthobenzoate ester
167 was used instead of the commonly used orthoformate in this
work, and was synthesized by the reaction of myo-inositol with
trimethyl orthobenzoate in the presence of an acid catalyst
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(Scheme 31). The advantage of using 167 is that it forms the stable
benzoate after hydrolysis. The hydrolysis was carried out with TFA/
H2O. All free hydroxyl groups in 168 were exposed to a phosphity-
lation reaction by using N,N-diethyl-1,5-dihydro-2,4,3-benzodiox-
aphosphepin-3-amine in the presence of 5-phenyltetrazole to give
169, followed by oxidation with m-CPBA to afford 170 quantita-
tively. Protected pentakisphosphate 170 was hydrogenated by Pd
(OH)2 on carbon. The reduction of the benzoyl group on the ring
gave 171 in a yield of 86%.
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scyllo-Inositol 1,3,4,5,6-pentakisphosphate 178 inhibits angio-
genesis and blocks the growth of tumor cells, as mentioned pre-
viously. Recently, Potter et al.51 synthesized scyllo-inositol
pentakisphosphate 178 as an analogue ofmyo-inositol. Oxidation of
the free hydroxy group of myo-inositol 1,3,5-orthobenzoate de-
rivative 172, followed by a stereoselective reduction of the ketone
173, afforded an axial alcohol having a scyllo-inositol configuration
as the sole product 174 (Scheme 32).52 Cleavage of an orthoformate
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Scheme 32. (i) NaBH4, THF, MeOH; (ii) BnBr, NaH, DMF; (iii) 1.0 M HCl/EtOH (1:2), reflux; (iv) 1. (BnO)2PNiPr2, 1H-tetrazole, MeCN; 2. m-CPBA, CH2Cl2, �78 �C to rt; (v) Pd/C, MeOH,
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ester in 175 with HCl in refluxing EtOH gave 1-O-benzyl-scyllo-
inositol 176 followed by a phosphorylation reaction, which resulted
in the formation of scyllo-inositol pentakisphosphate 178 via 177.
Protection of the free hydroxyl group of 172 without any oxidation
reaction followed by similar reaction sequences to those just men-
tioned gave exclusively the myo analogue 182 through 179e181.
Among the various phosphatidylinositol derivatives, 3,4,5-tri-
phosphate 183 has also attracted much attention due to its various
biological activities.53

For the synthesis of the target compound 183, the ortho-
benzoate 167 was used as the starting material. Desymmetrization
of the orthoester 167 with (1S)-(�)-camphanoyl chloride provided
the chiral precursor 184, which was converted into the dibenzyl
ether 185 (Scheme 33).54 Acidic hydrolysis of 185 gave the regioi-
someric triols 186 and 187. After separation, the isomer 186 was
phosphorylated to give 188 followed by removal of the benzoate
group with EtMgCl to form the monoalcohol 189.

The free hydroxyl group in 189 was phosphitylated with phos-
phoramidite 190 in the presence of tetrazole to furnish 191. The
ketal group was removed by TFA to give the diol 192, which was
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a key compound for the synthesis of various phosphatidylinositol
derivatives (Scheme 34).54 Esterification of the diol with octanoic or
stearic acid to give 193a and 193b followed by removal of the
benzyl protecting groups by hydrogenolysis gave PtdIns(3,4,5)P3
analogues 194a and 194b in high yields.
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Investigations have revealed that L-a-phosphatidyl-D-myo-ino-
sitol 5-phosphate (5-PIP) and L-a-phosphatidyl-D-myo-inositol 3,5-
bisphosphate (200, 3,5-PIP2) are potential new members of the PI
cascade.55 Falck et al.56 reported the synthesis of some phosphati-
dyl-D-myo-inositol derivatives starting from orthoformate 195
(Scheme 35). Ketalization of 195 with (þ)-camphor dimethyl ketal
following the acid hydrolysis of 195 provided separable isomers 196
and 197. The reaction of diastereomers 196 and 197 with excess
O,O-dibenzyl-N,N-di-isopropylphosphoramidite and peracid oxi-
dation generated the corresponding bisphosphate triesters. Sub-
sequent cleavage of the camphor ketal with trifluoroacetic acid
gave the diol 198, which was converted into 199. Removal of the
benzyl groups provided the target compound 200. By the applica-
tion of this methodology, other isomeric phosphatidyl-myo-inositol
bisphosphates were also synthesized successfully.57

Inositol orthoesters have proved to be an important class of
compounds for the synthesis of myo-inositol 1,4,5-tri- and myo-
inositol 1,3,4,5-tetraphosphate. Full or partial cleavage of the
orthoester cage can be carried out by either acidic hydrolysis or
reduction. Most recently, Gaffney et al.58 have demonstrated that
a reduction of myo-inositol orthobenzoates 202aed with excess
DIBAL-H exclusively gave the diastereoisomers 203aed. The full
reduction of 202aed with 3.5 equiv DIBAL-H generates both
204aed and 205aed derivatives, which were subjected to sub-
sequent deprotection and phosphorylation processes to complete
the synthesis of 206a and 206b (Scheme 36).

The key steps in the synthesis of the inositol derivatives are the
regioselective protection of the free hydroxyl groups and depro-
tection. The most protection is from the simultaneous protection of
three hydroxyl groups (C-1, C-3, and C-5 in myo-inositol) as the
orthoformate (Schemes 28e33).4b,49,59 The cleavage of benzyl
ethers and acetals using a palladium-based catalyst is a short and
efficient route to obtain diverse cyclitols. Recently, Shashidhar
et al.60 demonstrated that, by varying the conditions of the hy-
drogenation reaction and the amount of Pd(OH)2/C, methoxy-
methyl ethers as well as the orthobenzoate functions can be
cleaved.

Reaction of 207 with Pd(OH)2/C in ethyl acetate in the presence
of H2 only cleaved the benzyl group and formed 208 (Scheme 37).
On the other hand, when the reaction was carried out in methanol
in the absence of H2, 208 was also formed after a prolonged period
of time. When the reaction was carried out in methanol in the
presence of H2 and Pd(OH)2/C, 209was formed as the sole product.
When the reaction was carried out in the presence of excess Pd
(OH)2/C, however, all the protected groups were removed to give 1,
which was isolated as 210.

Orthoesters are very important keymolecules in the synthesis of
phosphoinositols. The protection of the free hydroxyl groups of the
adamantane-like orthoester cage is also a crucial point. Generally,
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these hydroxyl groups have been protected by acylation, benzyla-
tion, silylation etc. A sulfonyl group is generally not preferable for
protection, since it has a great tendency to undergo substitution
and elimination reactions owing to it being a good leaving group.
Furthermore, their deprotection is difficult. However, Shashidhar
et al.4b,61 have, however, explored a convenient method for regio-
selective and regiospecific sulfonylation of free hydroxyl groups in
orthoesters depending on the reaction conditions and the nature of
the base. Moreover, no inversion of configuration was observed
during the cleavage of the sulfonylated orthoester.
R = sulfonyl group
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As an example, 1 equiv of sodium hydride or triethylamine
resulted in the monosulfonylation of the orthoester at the C-4 po-
sition in 211. Sulfonylation occurred at the C-2 position, however, if
pyridine was used as a base. Excess sodium hydride provided sul-
fonylation at the C-4 and C-6 positions. Excess pyridine or tri-
ethylamine afforded regiospecific sulfonylation at the C-2 and
C-4 positions. All of these regiospecific protection reactions pro-
vided a means for the synthesis of 2,4-di-O-benzyl-myo-inositol
and 2-O-benzyl-myo-inositol, which are important precursors for
phosphoinositol derivatives.

Tosylate protection has been successfully applied to the syn-
thesis of scyllo-inositol (3). myo-Inositol 1,3,5-orthoformate was
first benzoylated followed by tosylation of the remaining hydroxyl
group to give 212 (Scheme 38).61c After removal of the benzoyl
group by aminolysis, the alcohol 213 was subjected to a Swern
oxidation reaction to give 214. The reduction of the carbonyl group
with sodium borohydride gave 215, then methanolysis of the
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tosylates yielded scyllo-inositol 1,3,5-orthoformate 217 (isolated as
the triacetate 216). The subsequent cleavage of the orthoformate
resulted in the formation of scyllo-inositol (3) in a yield of 64%.

Recently,Watanabe et al.32 reported the synthesis of an isomeric
pinpollitol (109) derivative 222, starting from myo-inositol (1). The
free hydroxyl groups of myo-inositol 1,3,5-orthoformate were
converted into the fully protected tribenzyl ether 218 (Scheme 39).
Hydrolysis of the orthoformate group followed by regioselective
benzylation of 219 provided the tetrabenzyl ether 220. The more
reactive hydroxyl group in 220 was sulfonylated with triflic
anhydride to give the triflate 221a. For characterization, the free
hydroxyl group in 221a was transformed into the corresponding
acetate 221b. Nucleophilic substitution at the C-3 position by
acetylation led to the chiro-inositol derivative 222a, which was
successfully transformed into 222b and 222c. After hydrolysis of
the acetyl group followed by methylation with MeI in the presence
of NaH, subsequent deprotection of the benzoyl group successfully
gave the racemic dimethyl ether chiro-inositol 223a (isolated as the
triacetate 223b).

MosA is an enzyme that has been proposed to catalyze the
conversion of scyllo-inosamine into 3-O-methyl-scyllo-inosamine.
Palmer et al.62 recently synthesized scyllo-inosamine 227 as well as
a methyl derivative 228 starting from myo-inositol orthoformate
218. The removal of the orthoformate with DOWEX (Hþ) ion-ex-
change resin in methanol followed by benzylation of the tribenzyl-
inositol provided hexabenzyl inositol 224 (Scheme 40). The regio-
selective deprotection of the axial benzyl group with SnCl4 gave
225. The mesylation of the hydroxyl group followed by substitution
with NaN3 (with configurational isomerization) provided the azide
226 with a scyllo-inositol configuration. The reduction of the azide
functionality and the deprotection of the benzyl groups furnished
scyllo-aminoinositol 227. The corresponding methyl derivative 228
was synthesized by similar routes.62 Finally, the interaction ofMosA
enzyme with 227 and 228 did not show any methyl transfer.

It has been demonstrated that scyllo-inositol (3) has shown
promise as a potential therapeutic agent for Alzheimer’s disease by
inhibition of the Ab42 peptide.63 Nitz et al.64 have synthesized
a series of scyllo-inositol derivatives that contain fluoro, chloro, and
methoxy substituents in order to study the inositol-Ab42 peptide
interaction. The reaction of vicinal diequatorial diols in myo-ino-
sitol (1) with 2,2,3,3-tetramethoxybutane gave 229,65 which was
exposed to a regioselective benzoylation reaction (Scheme 41).
Direct chlorination or fluorination of the monoalcohol 230 was
achieved with phosphorus pentachloride or diethylaminosulfur
trifluoride to give 231a and 231b. The debenzoylation of the halo-
substituted inositol with sodium methoxide in methanol and the
subsequent cleavage of the acetal protecting group in the presence
of an acid afforded the target molecules 232a,b exclusively. An
assay revealed that the 1-fluoro-scyllo-inositol 232a significantly
inhibits the formation of Ab42 fiber.

Crown ethers, known as metal-complexing agents, have for the
past decades attracted much interest. There have been many
studies on the modification of crown ethers depending on the se-
lectivity and ability of the metal binding. Recently, inositol-derived
crown ethers have been designed from inositol derivatives. It was
interesting to see whether the incorporation of an inositol unit into
the crown ethers would affect the binding or complexation ability
of the crown ethers with metal ions. myo-Inositol-derived crown
ethers have been synthesized where the relative orientations of the
oxygen atoms (such as 1,3-diaxial, 1,2-diequatorial, and 1,2-axial-
equatorial) were varied.66

myo-Inositol derivatives 234, 236, and 238 were synthesized by
the reaction of the properly protected diols 233, 235, and 237 with
an oligo(ethylene glycol) ditosylate, in the presence of NaH
(Scheme 42). These myo-inositol-derived crown ethers showed
a strong binding ability toward silver and potassium picrate.

Further studies on myo-inositol- and scyllo-inositol-derived
crown ethers have revealed that the binding efficiency to silver and
potassium ions could be enhanced by the incorporation of benzyl
ethers in the inositol ring.67

The enantioselective phosphorylation of inositol isomers is as
important as the regioselective phosphorylation. Sculimbrene and
Miller68 have shown that some low-molecular-weight, peptide-
based catalysts can be used in the asymmetric phosphorylation
reactions. This methodology was successfully applied to the syn-
thesis of D-myo-inositol-1-phosphate 241 via 240 (Scheme 43).
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myo-Inositol (1) was first converted into the protected tribenzyl
derivative 239, which was then reacted with ClP(O)(OPh)2 in the
presence of pentapeptide 242 to furnish themonophosphate (þ)-241
as a single enantiomer with high enantioselectivity (>98% ee).69
On the other hand, the other enantiomer, D-I-3P (�)-241, was
synthesized by using the peptide 243 as a catalyst at 70% conversion
in turn affording the product in 94% ee.

The enantioselective synthetic methodology described for the
synthesis of (þ)-241 and (�)-241 has successfully been applied to
the synthesis of many of the inositol polyphosphates, such as
244e247 (Scheme 44).70
The protected inositol derivative 248, synthesized from myo-
inositol (1) in four steps served as the starting material for the
enantioselective synthesis of 253. The asymmetric phosphorylation
of 248 was achieved using the peptide 243. The 1- and 5-hydroxyl
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groups in 249 were protected as the benzyloxymethyl ether fol-
lowed by transesterification of the phosphate group to give 250.
Protection of the PMB ether groups was achieved with DDQ. The
phosphorylation of the free hydroxyl groups in 251 to give 252
followed by hydrogenolysis provided the target compound 253,
which was isolated as the sodium salt (Scheme 45).

4. Synthesis of inositols and derivatives from quebrachitol
and pinitol

L-Quebrachitol (254) is a methylated chiro-inositol derivative
obtained from the exudate of rubber trees. Although naturally oc-
curring quebrachitol is less abundant, compared tomyo-inositol (1),
it is a convenient precursor for the synthesis of different inositol
derivatives. Sincenaturallyoccurringquebrachitol is opticallyactive,
it has also been used as a chiral auxiliary in the asymmetric reaction.
Akiyama et al.71 have recently synthesized new crown ethers
where inositols are incorporated into the crown ether units, start-
ing from the L-quebrachitol. The protected diol 25572 was synthe-
sized starting from quebrachitol 254 in three steps, followed by the
reactionwith diethylene glycol di-O-tosylate in the presence of NaH
in DMF to give the crown ether 256 in 67% yield (Scheme 46).

This crown ether was used as a catalyst in the Michael addition
reaction of glycine imine with several Michael acceptors. The ap-
plied Michael reactions in the presence of the new crown ether
proceeded in high yield and high enantioselectivities.

1,2-Anhydro-myo-inositol (conduritol-B epoxide) 262 has
played an important role as an irreversible inhibitor of various
b-glucosidases and can be exclusively obtained from L-que-
brachitol.73 First, L-chiro-inositol 6 was synthesized by the
demethylation of L-quebrachitol 254 in the presence of an acid
(Scheme 47). Diketalization of the vicinal diequatorial diol with
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2,3-butadienone in the presence of camphorsulfonic acid to form
257 and subsequent protection reaction of the remaining free
hydroxy group with allyl bromide provided 258. Cleavage of the
bis-diacetal groups to provide 259 followed by protection of the
four hydroxyl groups with benzyl bromide again gave the fully
protected chiro-inositol 260. Deprotection of the allyl groups
followed by epoxide formation successfully afforded conduritol-B
epoxide 262 via 261.

Kozikowski et al.74 described a novel synthesis of phosphati-
dylinositol polyphosphates from L-(�)-quebrachitol. Four of the
hydroxyl groups in L-(�)-quebrachitol 254 were protected as the
acetonide 263. Mesylation of the remaining hydroxyl group
followed by demethylation and concurrent deprotection of the
acetonide groups gave the monomesylate, which was submitted to
reprotection to furnish two easily separable regioisomers 264 and
265. The protection of regioisomer 265 with p-methoxybenzyl
chloride gave 266. The inversion of the stereochemistry of the
mesylate was accomplished through an oxidationereduction se-
quence (266/267) after the reduction of the mesylate group with
LiAlH4. Sequential protection/deprotection of the hydroxyl groups,
as shown in Scheme 48, afforded the key intermediate 270 via 269.
Phosphorylation of the free hydroxyl group in 270 followed by
removal of the protected groups furnished the target compound
273 through the intermediates 271 and 272.
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Six-membered carbocyclic nucleosides have been shown to
possess potent antiviral activities.75 In order to study their struc-
tureeactivity relationships, Lou et al.76 have synthesized some six-
membered carbocyclic nucleosides, starting from D-pinitol (274),
a diasteroisomer of L-quebrachitol (254), found in nature. The key
intermediate, diacetonide275, was synthesized in quantitativeyield
from D-pinitol 274. Mesylation of the free hydroxyl group afforded
the fully protected chiro-inositol derivative 276 (Scheme 49). The
mesyl group was replaced by adenine with configuration isomeri-
zation to give 277. Deketalization afforded the 4/5-deoxy-4/5-
nucleobase derivative 278. Some derivatives of 278 showed a mild
inhibitory effect against human cancer cells.
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In order to avoid the tedious resolution of the intermediates
involved in the synthesis of inositol phosphates, the optically active
natural products, pinitol (274) and quebrachitol (254), were used as
starting materials by Potter et al.5h D-Pinitol (274) was treated with
hydroiodic acid to furnish D-chiro-inositol (5) followed by regiose-
lective protection with 2,3-butanedione that afforded the diol 279,
whichwas converted into the fully protected inositol derivative 280
(Scheme 50). Removal of butane-2,3-diacetal by trifluoroacetic acid
to form 281 followed by a phosphitylation reaction gave the fully
protected tetrakisphosphate 282. The benzyl groups were removed
upon treatment with H2 over palladium on carbon to give the tet-
rakisphosphate 283. The tetrakisphosphate enantiomer ent-283
was also synthesized starting from L-quebrachitol by application of
the same synthetic methods (Scheme 50).

Larner et al.77 have recently isolated a putative insulin mediator
287 from beef liver. A structural analysis has revealed that it has
a pseudo-disaccharide Mn2þ chelate complex containing pinitol
(274) and galactosoamine 285 structures. The structure of 287 was
established by chemical synthesis. Glycosyl donor 284 derived from
galactosamine was reacted with acetonide 275 synthesized from
pinitol, by the assistance of trimethylsilyl triflate to give the key
compound 286. Deprotection procedures and reaction with MnCl2
of 286 afforded the target compound 287 (Scheme 51).

Recently, Miethchen et al.78 reported a one-pot procedure for
the selective epimerization of cyclitols having a cisetrans sequence
of three neighboring hydroxyl groups. The mechanism of the re-
action is given in Scheme 52. The configuration at the C-2 carbon
atom was inverted by the treatment of the triol 288 with the re-
agent combination, chloral and dicyclohexyl carbodiimide (DCC)
through the intermediates 289e291 (Scheme 52). The application
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of this method to inositols, such as myo-inositol and L-quercitol
failed, although substituted L-quebrachitol and pinitol derivatives
were successfully epimerized.

The starting material 29272a,79 was synthesized from L-que-
brachitol. The refluxing of 292 with chloral and DCC formed three
products: muco-inositol derivatives 293 and 294 and the chiro-
inositol derivative 295 (Scheme 53).80 As shown in Scheme 52, only
the middle carbon atom C-5 of the triol unit was inverted. It was
interesting to note that the D-chiro-inositol derivative 295 was
formed from the L-chiro-inositol derivative 292 where the config-
uration at C-4 as well as at C-5 was inverted.
Later, two competitive regio- and stereoselective epimerization
reactions were investigated in cyclitols having four contiguous OH
groups and two substituents 296 and 299.81 It has been noted that
the substituents have an important effect on the product distribu-
tion; the lower the electron-withdrawing effect of the substituents,
the higher the percentage of the doubly invertedproduct. In the case
of 296, the doubly inverted product 298 was isolated in 1.2% yield.
When the fluorine atom was replaced by H (299), however, the
amount of the doubly inverted product 301was increased up to 19%.
In all cases, however, the singly inverted products 297 and 300were
always formed as the major products (Scheme 54).
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5. Synthesis of inositols from aromatic compounds

The development of synthetic routes, even to themost abundant
inositols initiated the discovery of additional synthetic methodol-
ogies, in turn leading to various inositol derivatives. A reliable and
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efficient route for the synthesis of inositol analogues is the che-
moenzymatic biooxidation of aromatic compounds. Recently,
Hudlicky et al.82 succeeded in the synthesis of various inositol
derivatives.

Neo-inositol (2) was synthesized by the enzymatic oxidation of
bromobenzene 302 in seven steps (Scheme 55). Toluene dioxyge-
nase was used for this conversion to obtain the chiral material 303.
The formed diol was protected as the acetonide followed by the
reaction with 1,3-dibromo-5,5-dimethylhydantoin in acetone/wa-
ter to give 304. The treatment of 304with KOH formed the epoxide
305, which underwent a ring-opening reaction at elevated tem-
peratures to form 306. Debromination of 306 and subsequent hy-
droxylation provided the protected neo-inositol skeleton 308 via
307. The cleavage of the acetonide in the presence of an acid ex-
clusively afforded neo-inositol (2).

Novel O- and N-linked inositol oligomers described as a class of
unnatural saccharide mimics are used as heparin analogs, insulin
mediators, or inhibitors of natural glycosidase enzymes.83 Hudlicky
et al. synthesized some new inositol oligomers by a chemo-
enzymatic approach, starting from bromobenzene 302.7e,84a Bro-
mocyclohexadiene-cis-diol 303, prepared by the biooxidation of
bromobenzene, was easily converted into the acetonide vinyl-
oxirane 309 by dimethoxypropane with an acid and followed bym-
CPBA (Scheme 56). The reaction of vinyloxirane 309with ammonia
in the presence of Yb(OTf)3 resulted in the rapid cleavage of epoxide
to give the trans-amine, which was subjected to a coupling reaction
of the vinyloxirane to yield the oligomer 310. The radical debro-
mination of 310 followed by acetylation of the free hydroxyl groups
resulted in the formation of 311, which was transformed into 312.
Cleavage of the acetonide ring successfully gave the dimer oligomer
313. The O-linked oligomer 314 (X¼O) was also synthesized by
application of the same methodology.

epi-Inositol (7) has recently been evaluated as a potential anti-
depressant drug, which interacts with lithium and myo-inositol.85

epi-Inositol (7) was synthesized by the chemoenzymatic route.85

The treatment of bromocyclohexadiene-cis-diol 303 with OsO4
and NMO followed by ketalization to give 315 and subsequent
epoxidation led to 316 (Scheme 57). Epoxide 317 obtained by
a radical debromination procedure was boiled in water containing
either an acidic or basic resin to exclusively afford epi-inositol (7).

More recently, Gonzalez et al. reported the synthesis of unnatural
cyclitol derivatives containing an eSCN group, starting from the
epoxide309 synthesized frombromobenzene.86Nucleophilic attack
of thiocyanate on the oxirane 318 obtained by the radical debromi-
nation of 309 gave thiocyanohydrin 319 (Scheme 58). cis-Dihy-
droxylation of 319 gave the triol 320 and the subsequent removal of
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the ketal group successfully yielded 6-thiocyanodeoxy L-chiro-ino-
sitol 321. Biological activity tests of 321 proved it to be a potential
leader for the development of insect deterrents of high selectivity.

Since the inositols belong to an important class of biologically
active compounds, synthetic analogues of inositols have also
attracted much interest. Mehta et al.87 introduced a new term,
‘bicyclic inositols’ 324 (inosito-inositols), as new structural motifs
that might show unusual biological activities as well as metal-
binding character. Furthermore, they have synthesized annulated
inositols 322/323 and conjoined inositols 325 (Fig. 3). These new
classes of compounds are principally derived from naphthalene,
anthracene, and indene.

The trans-fused bicyclic inositols, such as 322 and 323, are rigid
and can be locked into a high-energy conformation. The presence of
two chemodifferentiated tertiary hydroxyl groupsmay facilitate the
generation of functional-group diversity. Furthermore, these kinds
of compounds would have different activities. The syntheses of
trans-fused bicyclic inositols 322 and 323 have been accomplished,
starting from the readily available aromatic compounds, tetralin and
indane.

Regioselective epoxidation of 326 followed by ring opening of the
epoxide 327 and the subsequent acetylation of the resulting diol
afforded the trans-diacetate 328. The key compound, diene 329, was
formed by allylic bromination and subsequent elimination of hy-
drogen bromine. Diene 329 was treated with m-CPBA to yield two
oxirane isomers, 330 and 331, where the former was obtained as the
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major product. The oxirane 330, when treatedwith 10% AcOH inTHF,
gave 332 as well as the unexpected product 333 arising from the
neighboring acetate-mediated opening of the epoxide ring followed
by an SN20 displacement. These products were exposed to cis-dihy-
droxylation separately, followed by hydrolysis, to give the cyclohexa-
annulated chiro-inositol 336 and cyclohexa-annulated myo-inositol
335 via 334, respectively (Scheme 59).
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Scheme 59. (i) a)m-CPBA, CH2Cl2, �5 �C, 5 min, 85%; (ii) 1. 10% AcOH, rt, 2 h, 90%, 2. Ac2O, BF3/Et2O, rt, 2 h, 88%; (iii) 1. NBS, AIBN, CCl4, reflux, 4 h, 2. DBU, DMSO, rt, 52% (two steps);
(iv) m-CPBA, CH2Cl2, 10 �C, 5e6 h, 73% (based on recovered starting material); (v) 10% AcOH, THF, 50 �C, 16 h, 80%; (vi) K2CO3, MeOH, rt, 1 h, 95%; (vii) OsO4 (cat.), NMMO, acetone/
water 4:1, rt, 6 h, 80%; (viii) 1. OsO4 (cat.), NMMO, acetone/water 4:1, rt, 2 h, 88%. 2. K2CO3, MeOH, rt, 2 h, 96%.
The synthesis of cyclopenta-annulated inositols 338 and 339
were also accomplished by the implementation of the same pro-
tocol to the diacetate 337 (Fig. 4) synthesized starting from indane.
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Fig. 4. Cyclopenta-annulated inositols.
Inosoeinositols were successfully synthesized by Mehta and
Ramesh, starting from naphthalene.88 Isotetralin 340, obtained by
the Birch reduction of naphthalene, was subjected to a cis-dihy-
droxylation reaction to give the isomers 341 and 342, where the
latter was formed as themajor product in a ratio of 8:1 (Scheme 60).
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Scheme 60. (i) OsO4 (1 mol %), NMMO, acetone/water (4:1), 10 �C, 60%; (ii) 1. m-CPBA, CH2C
(iv) 1. NBS, AIBN, CCl4, reflux, 1 h, 2. DBU, DMSO, 3 h, 56% (two steps); (v) OsO4, NMMO, a
The regioselective epoxidation of the major product 342 afforded
thediastereoisomeric epoxides343 and344, whichwere exposed to
a ring-opening reaction byan acid to give 345. The resulting diolwas
acetylated followed by allylic bromination and subsequent elimi-
nation of 2 mol hydrogen bromide to furnish the diene 346. Two
sequential cis-dihydroxylations followed by hydrolysis successfully
afforded the annulated chiro-inositol 348 via 347.
Cyclohexa-annulated neo-inositol derivative 355 was synthe-
sized starting from the trans-diolecis-diacetate 349, which was
obtained by the treatment of a mixture of 343 and 344 with mild
acid.88 Bromination of the double bond in 349 to give 350 followed
by treatment with potassium tert-butoxide furnished the cyclic
ether 351, which was subjected to a cis-dihydroxylation reaction to
give 352 (Scheme 61). Tetrabutylammonium iodide in the presence
of BF3-etherate cleaved the ether linkage and formed 353. Again,
the cis-dihydroxylation of the double bond on the opposite face to
the acetate groups furnished 354. Finally, the hydrolysis of the ac-
etate groups with potassium carbonate gave the bicyclic inositol
derivative 355 having the neo-inositol configuration.

More recently, Mehta and Sen89 reported the synthesis of the
conjoined inositol (325) precursors 357 and 359 from the com-
mercially available aromatic precursor, anthracene (356) (Fig. 5).
Hexahydroanthracene synthesized from the Birch reduction of
anthracene was treated with m-CPBA to give the epoxide followed
by cleavage of epoxide that afforded the diol. Similar procedures to
those described in Scheme 61, were applied to afford conjoined
precursors 357 and 358 having more stereogenic centers.
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l2, �5 to 0 �C, 2. Ac2O, pyridine; (iii) 1. 10% AcOH, 1 h, 85%, 2. Ac2O, BF3$O(Et)2, 3 h, 88%;
cetone/water (4:1), 2 days, 52%; (vi) K2CO3, MeOH, 1 h, 95%.
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The ring-closing metathesis (RCM) method was also used in the
asymmetric synthesis ofmyo-inositols starting from tartrates.90 Bis-
Weinreb amide of D-tatrate36091was reactedwith vinylmagnesium
bromide followed by a subsequent Luche reduction that produced
the 1,7-diene 361. Conduritol derivative 362was formed by the RCM
reaction. The protection of hydroxyl groups followed by cis-dihy-
droxylation gave 363. Subsequent protection series (364, 365a,b)
afforded the myo-inositol analog 366a,b, which were used for gly-
cosylphosphatidylinositol (GPI) anchor synthesis (Scheme 62).
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Recently, Roush et al.92 described a novel asymmetric inositol
synthesis, starting from the diene 369, which was synthesised by the
stereoselective g-allylboration of aldehyde 367 with chiral g-silyl-
allylborane368 (Scheme63). Subsequent ring-closingmetathesis gave
the cyclohexenylsilane 370. The cis-hydroxylation of 370 with OsO4
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Scheme 62. (i) Me3NHOMe$HCl, AlMe3, CH2Cl2, �10 �C, 84%; (ii) 1. vinylmagnesium bromid
PCy3IMesH2 (2 mol %), CH2Cl2, reflux, 89%; (iv) 1. PMBCl, BnEt3NþCl�, 50% KOH/H2O, toluen
H2O, 23 �C, 88%; (v) 1. Bu2SnO, toluene, reflux, 2. Allyl bromide, TBAI, 60 �C, toluene, 91%; (vi
23 �C, 89% (gives 365b); (vii) DDQ, CH2Cl2, 0 �C, 70% yield of 366a, 60% yield of 366b.
furnished trihydroxysilane derivative 371 in quantitative yield.
Hydroxysilane 371was exposed to FlemingeTamao oxidation to give
372, followed by debenzylation to give D-(þ)-chiro-inositol (5). Neo-
inositolwasalsosuccessfullysynthesizedusingsimilarmethodologies.
6. Synthesis of inositols from carbohydrates

Carbohydrates are also versatile and convenient synthetic pre-
cursors for inositol derivatives, since they have more stereogenic
centers and they are readily available. Among the synthetic
approaches to inositol, Ferrier rearrangement,93 ring-closing
metathesis (RCM),94 and pinacol coupling95 have predominated.

The Ferrier-II reaction is an efficient one-step conversion of 5,6-
unsaturated hexapyranose derivatives into cyclohexanone
derivatives useful for the preparation of enantiomerically pure
inositols or their amino and deoxy derivatives. The hydroxymercu-
ration of 373 with mercury chloride gave the hemiacetal 374 from
which aldehydoketone 375 and, hence, the hydroxyketone 376were
formed spontaneously (Scheme 64).93a

In a Ferrier-II reaction, palladium and mercury are the essential
metals that are used for conversion of carbohydrates into inositols.
Ikegami et al.96 preferred palladium instead of mercury for the con-
version of 6-deoxyhex-5-enopyranosides into the corresponding
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substituted cyclohexanones, which are the precursors of inositol
diastereoisomers.

Ikegami et al.96 first synthesized isomeric acetyl aldehydes,
starting from protected methyl 2,3,4-tri-O-benzylglycosides. The
oxidation of these compounds 377e379 followed by acetylation
provided easily separable Z- and E-isomers 380e382, which were
then exposed to a Pd(II)-mediated Ferrier-II reaction to afford chiral
penta-oxygenated cyclohexanones 383e385 (Scheme 65). Stereo-
selective reduction of the b-hydroxy ketones with NaBH4 or Me4NB
(OAc)3 provided the precursors of inositol diastereoisomers in good
yields.

Although palladium was used as a catalyst in the Ferrier-II re-
action and provides diverse inositol diasetereoisomers, it may
cause inseparable isomeric products, depending on the nature of
the precursors. More recently, Conway et al.97 reported the Hg(II)-
O

CH2

BzO

BzO
OTs

OMe

O

O
BzO

BzO
OTs

OMe

HgCl

H

O

O

BzO

BzO
OTs

HgCl

O

O-

BzO

BzO
OTs

BzO

BzO
OTs

OH

O

373 374 376

i

375
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mediated Ferrier rearrangement-assisted D-myo-inositol 1,4,5-tri-
phosphate synthesis, starting from methyl a-D-myo-inositol.

Anisylidene acetal 387 obtained frommethyl a-D-glucopyranose
386 in three steps was reacted with DIBAL-H to cleave the anisy-
lidene acetal group to give 388 (Scheme 66). DesseMartin peri-
odinane oxidation of the hydroxyl group furnished aldehyde 389,
O
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Scheme 65. (i) 1. DCC, DMSO, pyridine, TFA, benzene, rt, 12 h, 2. Ac2O, Et3N, DMAP, ClCH2CH2

MeCN/AcOH or NaBH4 (1.5 equiv), MeOH.
which was converted into the enol acetate 390 by the reaction of
the corresponding aldehyde with potassium carbonate and acetic
anhydride as precursor for Ferrier reaction. The treatment of enol
acetate 390 with mercury(II) acetate afforded the cyclohexanone
derivative 391, which was reduced to the protected inositol
derivative 392. Suitable protection, deprotection, and phosphory-
lation afforded the unnatural inositol phosphate derivative 394 via
393.

Ring-closing metathesis (RCM)94 is also a facile and practical
method for inositol formation from carbohydrates. Shirai et al.98

achieved the synthesis of L-a-phosphatidyl-D-myo-inositol (PI)
and its phosphates (PIPn), showing biological activities in in-
tracellular signal transduction as second messengers, from D-glu-
cose by utilizing ring-closing metathesis.99
The aldehyde 396 prepared from 1,2,5,6-diisopropylidene-D-
glucose 395 was reacted with organocopper reagent to afford the
allyl alcohol 397 (Scheme 67). After benzylation of the hydroxyl
group in 397, the isopropylidene acetal group was removed and the
formed hemiacetal 398 was subjected to Wittig olefination to give
the 1,7-diene 399, which is the desired compound for the ring-
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Cl, 100 �C, 2 h; (ii) PdCl2$H2O, dioxane/water, 60 �C, 3 h; (iii) Me4NBH(OAc)3 (5.0 equiv),
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closing metathesis reaction. The diene was reacted with Grubbs’
catalyst100 to give conduritol derivative 400. The protection of the
free eOH groups followed by cis-dihydroxylation of the double
bond resulted in the formation of diastereoisomeric cis-diols 402
and 403, which were separated by column chromatography after
regioselective benzylation and transformed into 404 and 405, re-
spectively. The coupling reaction of phosphoramidite with 406
followed by hydrolysis and following phosphorylation gave PI
3.5P2 407, exclusively.

D- and L-myo-inositol 3,4,5,6-tetrakisphosphates, D-410 and
L-410, are bioactive molecules and play important roles in cellular
signaling.101 Conduritol-B derivative 409 was used as the key
compound, which was synthesized by a ring-closing metathesis
reaction of 408, obtained from the protected D-glucose 395
(Scheme 68).102 OsO4-catalyzed cis-dihydroxylation of conduritol-B
derivative 409 followed by protection to give 411, hydrolysis, and
phosphorylation provided D- and L-myo-inositol 3,4,5,6-tetraki-
sphosphates 410, successfully.

Aldol-type intramolecular cyclization is another key step to af-
ford inositols from carbohydrates. The treatment of 2,6-di-O-ben-
zyl-L-arabinose-aldohexos-5-ulose 413103 derived from methyl b-D-
galactopyranoside 412with DBU in toluene led tomeso-inosose 414
by intramolecular aldol cyclization (Scheme 69). Debenzylation of
414 by catalytic hydrogenation followed by reduction of the car-
bonyl group in 415with NaBH4 or Raney-Ni furnished epi-inositol 7
in quantitative yield.104

D-chiro-Inositol (5) was also synthesized by intramolecular aldol
cyclization of hexos-5-uloses, starting from bis-glycosides 416a,b
(Scheme 70).105 Bis-glycosides were reacted with trifloroacetic acid
in MeCN to furnish hexos-5-uloses 417. The treatment of 417 with
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DBU to give 418aec and subsequent reduction of the carbonyl
group and debenzylation reactions successfully afforded chiro-
inositol (5).

Recently, d’Alarcao andMarnera106 demonstrated the synthesis of
D-chiro-inositol derivative 425 obtained by the SmI2-promoted
pinacol coupling of an appropriately protected dialdehyde. The re-
action of 419 with excess vinylmagnesium bromide led to the for-
mation of isomeric alcohols. The protection of diols with TBDMSCl
afforded a fully protected isomeric mixture 420 (Scheme 71). The
reaction of 420 with ozone and subsequent reduction with NaBH4
gave 421a,b, 422, and 423. The protection of the hydroxyl groups in
421 and 423 was followed by the regioselective deprotection of TBS
groups, providing diol 424a,b. Swern oxidation of 424 followed by
SmI2-mediatedpinacol coupling formed the chiro-inositol derivatives
425a,b, exclusively. Interestingly, the cis-configuration of hydroxyl
groups, which are trans aligned with respect to the alkoxy sub-
stituents, from intramolecular pinacol cyclization is well known as
SmI2-assisted selectivity.107 The resulting chiro-inositol derivatives
425were subjected to further glycosylation to formgalactosaminyl D-
chiro-inositols.

7. Synthesis of inositols from norbornene

The synthesis of inositol derivatives is an active area of re-
search. A great deal of effort has been devoted to the
development of new synthetic methodologies for inositols and
their derivatives. Mehta and Laksminath108 have used the nor-
bornane skeleton and applied a Grob-like ‘top-to-bottom’ frag-
mentation sequence to generate polyoxygenated cyclohexenoids,
which were used as the intermediates in the synthesis of
cyclitols.

The known starting material 426, synthesized from 1,2,3,4-
cyclopentadiene and vinyl acetate in a few steps, was reacted with
NaOMe to give the fragmentation product 428 through the in-
termediate 427 as a single product (Scheme 72). The ester 428 was
transformed into the tosylate 429,109 which was submitted to an
ozonolysis reaction following an iodide-assisted elimination
reaction to afford 431 via 430. The reduction of the ketone followed
by mesylation gave 432, subsequent base-mediated elimination
afforded the protected conduritol-E derivative 433. The cis-dihy-
droxylation of bis-acetonoid 433 and deprotection gave allo-ino-
sitol (9) in high yield.

The cycloaddition product 434, obtained from the reaction of
5,5-dimethoxy-1,2,3,4-tetrachlorocyclopentadiene and p-benzo-
quinone, was transformed into the tricyclic diene 435,110 which was
exposed to a cis-hydroxylation reaction with OsO4 to afford tetrol
436 (Scheme 73). Selective protection of the diol followed by re-
ductive elimination of chlorine atoms gave the acetonide 437,
which was carefully hydrolyzed to the ketone 438. The cyclo-
hexadiene moiety in 439 was produced by thermally induced
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B. Kılbaş, M. Balci / Tetrahedron 67 (2011) 2355e2389 2383
decarbonylation. Double cis-dihydroxylation followed by depro-
tection successfully resulted in the bicyclic polyalcohol 440.111
8. Bishomo-inositols

Balci and Kara112 described a new class of inositols, bishomo-
inositols from the commercially available cyclooctatetraene.

Cyclooctatetraene 441was easily converted into diacetoxydiene
442113 by mercury(II) acetate, which was subjected to a TPP-sen-
sitized photooxygenation reaction to furnish the endo peroxide 443
(Scheme 74). Selective reduction of the peroxide linkage in 443
with thiourea followed by acetylation of the hydroxyl groups
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Scheme 74. (i) Hg(OAc)2, AcOH, rt, 84%; (ii) 1. O2, TPP, hn, CCl4, rt, 70%; (iii) 1. thiourea,
2. Ac2O, pyridine, 73%; (iv) KMnO4, MgSO4, EtOH, H2O, 30%; (v) NH3, MeOH, rt, 98%.
resulted in the formation of tetraacetate 444. cis-Dihydroxylation
of 444 with KMnO4 in EtOH gave cis-diol 445. Deacetylation of the
diol exclusively yielded the bishomo-inositol 446 (Scheme 74).

More recently, bishomo-inositol derivatives with a rigid bicyclo
[2.2.2]octane geometry have been synthesized by Balci et al.114 For
the construction of the bicyclo[2.2.2]octane skeleton, diene 447
was reacted with vinylene carbonate to give the isomeric cyclo-
addition products 448 and 449 (Scheme 75). Hydrolysis of the ketal
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Scheme 76. (i) m-CPBA, CHCl3, reflux, 21 days, 86%; (i
ring and opening of the carbonate functionality provided two
separable isomeric bicyclic tetraacetates. The tetraacetate 450 was
subjected to a cis-dihydroxylation reaction followed by acetolysis
to give the highly symmetrical hexaacetate 451. The removal of the
acetate groups furnished symmetrical hexol 452.

For the synthesis of other isomeric bishomo-inositols with
a bicyclo[2.2.2]octane skeleton, the tetraacetate 450 was epoxi-
dized to give only one isomer 453 with an exo-configuration. The
reaction of the epoxide 453 with acidified acetic anhydride gave
a mixture of hexaacetates 454a and 455a. The formation of the
expected product 454a can easily be explained by trans ring
opening of the oxirane. Interestingly, during the formation of the
other isomer 455a, the configuration of one acetate group in 453
was changed, due to the neighboring group participation. The re-
moval of the acetate functionalities with ammonia gave the
expected hexols 454b and 455b. The hexol 454b exhibited enzyme-
specific inhibition against a-glycosidase (Scheme 76).

For the synthesis of various inositol analogues, Baran and
Balci115 have used a 1,3-diene 457116 as the starting material. The
synthesis of 457 was accomplished in four steps, starting from the
anhydride 456 obtained by the addition of maleic anhydride to in
situ generated butadiene. Photooxygenation of the diene 457 fol-
lowed by selective cleavage of the peroxide linkage in 458 and
subsequent acetylation furnished the diacetate 459, which was
subjected to cis-dihydroxylation to give 460 and the subsequent
deprotection and further hydrolysis afforded bishomo-allo-inositol
461 in high yield (Scheme 77).

For the synthesis of other isomeric bishomo-inositol derivatives,
the diacetate 459was reactedwithm-chloroperbenzoic acid to give
462a as the sole isomer (Scheme 78). Epoxydiacetate 462b was
subjected to a sulfamic acid-catalyzed ring-opening reaction in
acetic acid and acetic anhydride to give the hexaacetate 463 with
a bishomo-chiro-inositol configuration. The deacetylation of 463
with ammonia gave bishomo-inositol 464 in 94% yield.115

For the synthesis of bishomo-allo-inositol 469, one of the double
bonds in 457 was exposed to cis-dihydroxylation with OsO4/NMO
oxidation followed by acetylation to only furnish a single isomer
465. The subsequent epoxidation of the diacetate 465 resulted in
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the formation of two separable isomeric oxiranes 466 and 467. The
cleavage of epoxide and the tetrahydrofuran ring followed by hy-
drolysis of the formed tetraacetate 468 gave bishomo-myo-inositol
469 (Scheme 79).
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9. Miscellaneous

Among the numerous synthetic approaches toward inositol de-
rivatives, (�)-3-bromocyclohexene (470) was used as the starting
material. (S,S)-Hydrobenzoin (471) and (S)-mandelic acid served as
the source of an oxygen atom and the chirality in the stereoselective
cis-dihydroxylation reaction and enantiopure D-chiro- and allo-
inositols were synthesized successfully.

The reaction of 3-bromocyclohexene (470) with (S,S)-hydro-
benzoin (471) in the presence of NaH in DMF gave two dia-
stereoisomeric allylic ethers 472 and 473, which were directly
subjected to intramolecular oxyselenation with PhSeOTf to provide
474 as the sole product (Scheme 80).117 The treatment of selenide
474 with NaIO4 followed by elimination afforded 475 in high yield.
Epoxide 476 synthesized by the reaction of 475 with dime-
thyldioxirane was reacted with in situ-generated benzeneselenoate
to give the ring-opening product 477, which was again subjected to
oxidation with hydrogen peroxide and the subsequent elimination
reaction resulted in the formation of 478. The protection of the
allylic eOH group followed by the epoxidation of the double bond
in 479 afforded the epoxide 480. The regiospecific ring opening of
epoxide with PhSeSePh led to the formation of hydroxyselenide
481. Subsequent elimination to provide 482 followed by cis-dihy-
droxylation gave the tetrol 483, which was reduced to chiro-inositol
(5) exclusively.

Oxidation of the allylic alcohol 478 with PCC followed by
the reduction of the resulting ketone 484 with NaBH4 afforded the
allylic alcohol 485 with inverted geometry. The treatment of the
alkoxide generated by the reaction of 485 with BuLi, and then
benzyl chloroformate gave the ester 486. Cyclic carbonate 487 was
synthesized by a selenium(II)-mediated cyclization reaction. The
application of similar methodologies to the carbonate 487, as
described in Scheme 80, afforded the allo-configured inositol (9)
exclusively (Scheme 81).

Glycosylphosphatidylinositols are glycolipids, which have bi-
ological functions to anchor various extracellular molecules onto
cell membranes.2k They are composed of a phosphatidylinositol
group linked through a carbohydrate-containing linker. Recently,
Martín-Lomas et al. reported a new synthesis approach to 499.118

For the synthesis of the inositol part, D-chiro-inositol (5) was used
as the starting material (Scheme 82).

D-chiro-Inositol (5) was treated with 1,3-dichloro-1,1,3,3-tetra-
isopropyldisiloxane (TIPDSCl2) in dimethylformamide in the pres-
ence of imidazole to give the protected diol 488. This diol was
converted to the epoxide 489 by the reaction of triphenylphosphine
and diethyl azodicarboxylate. The opening of epoxide with the aid
of a Lewis acid in the presence of allyl alcohol to give 490 followed
by the protection of the remaining free hydroxyl with methoxy-
methyl chloride (MOMCl) gave the fully protected chiro-inositol
derivative 491. Desilylationeacetylation followed by deacetylation
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and benzylation afforded 493 via 492. The removal of the MOM
group using thiophenol with the aid of a Lewis acid led to the key
compound 494 in quantitative yield.

The trichloroacetimidate method119 using 2-azido-2-deoxy-
glucose as a glycosyl donor is a reliable method for the glyco-
lysation of the less reactive axial eOH group in inositol 494. Tri-
chloroacetimidate 495a was condensed with inositol derivative
494 where TMSOTf was used as a promoter. The formed di-
saccharide 496 was reacted with palladium chloride to remove the
allyl group. The phosphorylation of the hydroxyl group in 497,
followed by hydrogenolysis, furnished the target compound 499 via
498 (Scheme 83).

Martín-Lomas et al.120 have also synthesized a pseudohex-
asaccharide precursor 503 (504 was also formed as the side prod-
uct) starting fully protected inositol derivative 500, which were
first converted into 501 and 502. To reach the target molecule, the
reaction of myo-inositol derivative 503 and D-glucosamine 506,
synthesized from 505, using the trichloroacetimidate methodology
was the key step. myo-Inositol was first converted into the key
compound 503 in four steps.121 The glycosylation of 503 with gly-
cosyl donor using 506 with TMSOTf in ether afforded the key unit
507 of the pseudohexasaccharide precursor (Scheme 84).
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