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Foreword

THE ACS SYMPOSIUM SERIES was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset, but are reproduced as they are submit-
ted by the authors in camera-ready form. Papers are reviewed
under the supervision of the editors with the assistance of the
Advisory Board and are selected to maintain the integrity of the
symposia. Both reviews and reports of research are acceptable,
because symposia may embrace both types of presentation.
However, verbatim reproductions of previously published
papers are not accepted.
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About the Cover

HO OP

It wasn’t possible to include both pieces of art on the cover, therefore
they are printed here. The turtle representation of an inositol phosphate
was generously provided by B. W. Agranoff and the artwork by Thomas
Ford—Holevinski.

Steric relationships are conveniently visualized by employing the image
of a turtle to represent the myo-inositol molecule. For example, in D-
myo-inositol-1-phosphate, the head represents the axial hydroxyl at D2,
while the four limbs and tail comprise the five equatorial groups. Viewed
from above, the right front leg of the turtle is at D1 and proceeding coun-
terclockwise, the head is D2, etc.
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Preface

INOSITOL PHOSPHATES AND THEIR DERIVATIVES are remarkably versa-
tile compounds, crucial for the transduction of information in living
organisms. As with the formation of c-AMP by adenylate cyclase, phos-
pholipase C-catalyzed cleavage of membrane-bound phosphatidylinositol
triphosphate (PIP,) into myo-inositol 1,4,5-triphosphate and diacylglyc-
erol is a keenly important means of cellular signaling. Indeed, 28 of 74
receptors listed in the 1991 “Receptor Nomenclature Supplement” of
Trends in Pharmacological Sciences are reported to be linked to an
increase of PIP, turnover following receptor activation. Key aspects of
research in the general area of inositol phosphates and derivatives are
highlighted in the book, especially from the viewpoint of synthetic organic
chemistry, with contributions from biochemistry and pharmacology.

Organic and medicinal chemists have synthesized the natural inositol
phosphates to demonstrate unambiguously their structure. Additionally,
these chemists have prepared a host of unnatural inositol phosphates,
isosteres, and related derivatives in a search for selective and useful
enzyme modulators.

If the inositol phosphates and the pathways that create them are a
ubiquitous means by which cells respond to extracellular stimuli, then
how can one hope to obtain therapeutically useful selectivity for one sys-
tem over another? There are a number of reasons to believe that this
second-messenger pathway, like others, can be favorably manipulated in
vivo. Enzymes have different tissue selective isoforms, such as phospholi-
pase C, for which five isoforms are known. Receptors and enzymes have
heterogeneous distributions. Other organ- or disease-specific factors may
conspire to make selectivity possible. As our knowledge of fundamental
biochemistry and pharmacology grows in this area, so also will our ability
to conceive of approaches to intervene with advantage.

Chemists have used a mixture of standard and novel methods to
prepare inositol phosphates and derivatives. The synthetic challenges are
formidable and include issues of stereocontrol, resolution of enantiomers,
regioselectivity of reactions such as phosphorylations, and protecting
group manipulations.

Overall, this book provides a glimpse into the chemistry required to
prepare the inositol phosphates and derivatives and into the uses to which
such molecules are being put as enzyme inhibitors, biochemical tools, and
potential pharmacological agents. This book is intended as a resource for

xi
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scientists involved in the field of inositol phosphates and derivatives in
academia and industry, as well as a broad reference for organic, medicinal,
and carbohydrate chemists and biochemists who are generalists with a
passing interest.
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Chapter 1

Biochemistry, Stereochemistry,
and Nomenclature of the Inositol
Phosphates

R. Parthasarathy! and F. Eisenberg, Jr.2

'Department of Psychiatry, University of Tennessee Health Science Center,
Memphis, TN 38105
26028 Avon Drive, Bethesda, MD 20814

With the intense interest created by the inositol phospholipids a need
has arisen for a review of the stereochemistry and nomenclature of
their hydrolytic products, the myo-inositol phosphates. From ele-
mentary considerations of molecular geometry the concepts of
conformation, configuration, chirality, and the meso compound are
developed and how these concepts lead to a consistent nomenclature
is explained. A new nomenclature applicable mainly to this family
of compounds, including the adoption of the symbol Ins, is presented.
These principles are examined in the light of enzymatic reactions of
myo-inositol leading to chiral products and of published methods for
the laboratory synthesis of chiral myo-inositol phosphates involved in
second messenger function.

The need for a review of these topics was first recognized at about the time the role
of inositol phospholipids in cellular signalling was demonstrated (I). With that
revelation the steady but quiet activity surrounding myo-inositol and its congeners
erupted into an avalanche of published papers. The multitude of workers newly
attracted to this field were to encounter not only the subtleties of inositol stereo-
chemistry but also confusion and even error in the codification of the rules of
nomenclature. As a result many of those errors continue in the literature. We hope
that this review which is based in part on the review of 1986 (2) and in part on the
recent presentation of this subject (3) will help correct erroneous notions that persist
and bring investigators in the field up to date.

A Source of Second Messengers

Although the myo-inositol molecule has engaged the interest of organic chemists for
more than a century, the most exciting development has occurred in its biochemistry

0097-6156/91/0463—0001$06.00/0
© 1991 American Chemical Society
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2 INOSITOL PHOSPHATES AND DERIVATIVES

with the discovery that the inositol phospholipids are the precursors of second
messengers in receptor-mediated intracellular Ca?* mobilization and protein
phosphorylation. Events leading to that discovery, however, began thirty-odd years
ago with the observation by Hokin and Hokin (4) of the increased turnover of
phosphatidylinositol in exocrine pancreas stimulated with acetylcholine. The
turnover of phosphatidate also increased but not that of the major membrane
phospholipids, phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin.
Thereafter the observation was repeated in a vast array of systems exposed to a
variety of agonists, but for the next twenty years its role in cell physiology remained
an enigma.

Turnover of the Inositol Phospholipids

The chemistry of the turnover of the inositol phospholipids is summarized in
Figure 1. Although the synthetic phase of the cycle had been worked out early on
(Figure 1c and Figure 2)(5,6), the breakdown of phosphatidylinositol remained
ambiguous with three possibilities considered: reversal of synthesis (Figure 2);
phospholipase D type of hydrolysis with the formation of phosphatidate and free
myo-inositol (not shown); and phospholipase C type giving diacylglycerol and myo-
inositol 1-phosphate (Figure 1d) which would then be hydrolyzed to free myo-inositol
and inorganic phosphate (Figure 1b). The key to this puzzle was the discovery that
the lithium ion was a specific inhibitor of myo-inositol 1-phosphatase (7). In the
presence of Li*, stimulated breakdown of phosphatidylinositol led to the accumula-
tion of myo-inositol 1-phosphate, clearly pointing to the phospholipase C mechanism,
followed by hydrolysis of myo-inositol 1-phosphate in the absence of Li* (8). In the
last decade a role for this turnover has emerged with the discovery, foreshadowed
by earlier work (9,10), that it is the agonist-sensitive breakdown of phosphatidyl-
inositol 4,5-bisphosphate that is the crucial step in the turnover giving rise transiently
to Ins(1,4,5)P;, the second messenger for Ca’* mobilization within the cell.
Concurrent with the breakdown of all the phosphoinositides (1), diacylglycerol is
liberated and plays its second messenger role as the transient activator of protein
kinase C (12). Apart from rapid appearance at low concentration, the other criterion
which defines a signalling role is the rapid disappearance of the compound;
mechanisms for the removal and reutilization of both second messengers are also
shown in Figure 1. Owing to the vast output of experimental work confirming these
observations these seminal discoveries seem to be universal.

Enantiomers of myo-Inositol 1-Phosphate

Figure 1 comprises two regions marked de novo and turnover. In the de novo
pathway (13) labeled (a), its brevity belying its complexity, glucose 6-phosphate is
isomerized to Ins(3)P which is then hydrolyzed by a specific phosphatase to free
myo-inositol and inorganic phosphate (Figure 3); this reaction along with dietary
sources provides a net pool of myo-inositol. In the turnover cycles free myo-inositol
is generated by the same enzyme from Ins(1)P. These monophosphates are different
forms of myo-inositol 1-phosphate, differing only optically as indicated by the
rotational signs (-) and (+), respectively. The unusual circumstance of finding
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Glucose-6-P

a l de novo synthesis

(-) Ins-3-P
eap %
Li*
(+) Ins-1-P Turnover

Ins-1 ,4-P2
c
Ins-1,4,5-P3 Ptdlns
Ptdlns-4-
Ptdlns-4 ,5-Py

Figure 1. Biosynthesis of myo-inositol and turnover of the phosphoinositides.
Ptd, phosphatidyl; Ins, myo-inositol numbered counterclockwise; P, phosphate;
CTP, cytidine triphosphate; DG, diacyl glycerol.

HO OH Mn?*
CDP-DG + @
transferase

OH
myo-inositol Phosphatidylinositol

CDP-DG

+ CMP

Figure 2. Reversible biosynthesis of phosphatidylinositol. (Reproduced with
permission from ref. 2. Copyright 1986 The Biochemical Journal.)
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4 INOSITOL PHOSPHATES AND DERIVATIVES

optical isomers, or enantiomers, of the same compound in a metabolic sequence
invites an inquiry into the stereochemistry of both free and esterified myo-inositol
and the influence it has had on the evolution of the rules of nomenclature in this
class of compounds. In a practical application of stereochemical principles, Sherman
and his colleagues (14) assessed the relative contribution of the two pathways to the
myo-inositol pool in bovine brain. Since both enantiomers are equal substrates for
the specific phosphatase, their relative contributions can not be ascertained by
measurement of free myo-inositol. With the addition of Li*, the phosphatase is
inhibited and now by chromatographic resolution of the accumulated enantiomers
these investigators found a preponderance of Ins(1)P, the enantiomer arising from
the breakdown of phosphatidylinositol. Phospholipase C activity is thus the source
of brain myo-inositol. Hoffmann-Ostenhof ez al. (15) similarly assessed the relative
contributions of competing reactions in a study of stereospecific enzymatic
methylation of myo-inositol. The application of stereochemical principles is clearly
vital to biochemical studies.

Stereochemistry and Molecular Geometry

It must be stated at the outset that stereochemistry, despite its long history, is an
ever developing discipline, aptly characterized as "in statu nascendi” (16). Even
among experts there are sharp theoretical differences (I7) and no set of rules of
nomenclature has satisfied the versatility required of it. Our interest is confined to
a relatively small class of compounds embodying the inositol structure whose
stereochemistry can be understood in simple terms and with a few rules. For more
advanced treatment of the subject the reader is directed to the work of Mislow and
Siegel (I18), among others.

To understand stereochemistry it is necessary to examine molecular geometry,
a fact first recognized by Pasteur who separated by hand enantiomorphic forms of
tartrate salts by their opposite crystal habits. The development of stereochemistry
followed from the tetravalency of carbon and the assumption that the four valences
were uniformly disposed in space. A regular tetrahedron could then represent the
carbon atom which if bound to four different ligands was said to be asymmetric or
stereogenic. The same structure can exist in the form of its non-superimposable
mirror image or enantiomer. Because of its application to organic chemistry,
stereochemistry tends to be associated with the carbon atom only; in addition, the
phosphorus atom is of stereochemical importance as attested by current studies of
the mechanism of the reactions of phosphoinositide-specific phospholipase C (19).

The Six-Carbon Ring. Since myo-inositol consists of a ring of six carbon atoms
joined by single bonds, we begin with a simplified perspective diagram of a ring of
six regular tetrahedra (Figure 4). To accommodate the spatial requirements peculiar
to this structure we arrange the solids in their most favorable, i.e., least energetic,
strain-free state known as the chair form, in which alternating members lie above
and below the plane common to their bases. A line connecting the centers of each
solid through an apex reveals the familiar puckered ring of myo-inositol (Figure 5).
Emanating perpendicularly from the centers (Figure 4) are the six axial valences
alternating above and below the ring; lines joining the centers to the remaining
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6
POCH, OH
0 oH NAD* specific HO OH
OH 1 synthase monophosphatase @ + Pi
HO
OH HO
B-Glucose-6-P L-myo-Inositol-1-P myo-Inositol

(D-myo-Inositol-3-P)

Figure 3. De novo biosynthesis of myo-inositol.

Figure 4. Chair form. a, axial; e, equatorial. (Reproduced with permission
from ref. 2. Copyright 1986 The Biochemical Journal.)

Figure 5. Myo-inositol, conformational diagram, with hydroxyls omitted.
(Adapted from ref. 2.)
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6 INOSITOL PHOSPHATES AND DERIVATIVES

apexes and alternating up and down at about 20° represent the six equatorial
valences. By rotating each tetrahedron another equally probable strain-free form
results in which axial and equatorial valences are interchanged. Although it is
necessary to strain the ring, this change can be effected without rupture of the
connections between the solids. Such a chair-chair interconversion is known as a
conformational change and the two forms are called conformational isomers or
conformers. Binding of a hydrogen and a hydroxyl to each carbon tetrahedron
produces the hexahydroxycyclohexanes or cyclohexanehexols, known more familiarly
as the inositols. Although containing six OH groups, the inositols are not hexitols
as they are sometimes erroneously referred to; as isomers of C¢H,,0; the inositols
are at the same level of oxidation as the hexoses. Hexitols, C;H;,0q, are reduced
hexoses; the inositols have no such analogs.

Stereoisomers

These six secondary hydroxyl groups can be arranged among nine stereoisomeric
forms with axial groups varying from none to three (Figure 6). Referred to by their
prefixes they are scyllo- (no axial OH); myo- (1); neo-, epi-, D-chiro-, and L-chiro-
(2); cis-, muco-, and allo- (3). Those with three axial OH groups can undergo chair-
chair interconversions readily; those with less than three are less readily intercon-
verted. allo-Inositol is unique in that its conformer is also its enantiomer. An
optically inactive mixture (50/50) of enantiomers is known as a racemate. allo-
Inositol is such a racemate. Although several of the inositols are found in nature,
far and away the most abundant is myo-inositol and it is the only stereoisomer to
occur in the phospholipids. Why nature has selected the myo structure to build on
is conjectural; the most cogent argument is its uniqueness in containing a single axial
OH group which may impose just the right number of stereoselective sites for
enzyme attack. scyllo-Inositol with no axial OH group is devoid of stereoselective
sites. Notwithstanding its small size and compact carbocyclic structure, the myo-
inositol molecule serves as a paradigm for the illustration of conformation, chirality,
configuration, and optical and geometric isomerism.

Numbering of the myo-Inositol Ring

The heavy lines in Figure S indicate that C3 is nearest the viewer with the axial OH
group at C2 above the plane of the ring. To ensure that the ring is numbered
consistently on the side bearing the axial OH group, Agranoff (20) has contrived a
whimsical mnemonic in the form of a turtle with the head erect at C2, the splayed
legs representing C1, C3, C4, C6 and the tail C5. By convention the numbering of
myo-inositol is clockwise viewed from above the ring.

Haworth Projection

A projection originally applied to carbohydrates by Haworth to highlight configura-
tional relationships is shown in Figure 7 for myo-inositol. It represents a more
compact form of perspective drawing than Figure 5, with the puckered ring projected
onto a plane and the hydroxyl groups placed vertically above and below the plane
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1. PARTHASARATIY & EISENBERG  Bio-, Stereochemistry, and Nomenclature 7

according to their up or down direction in Figure 5. The OH groups at C1, C2, C3,
C5 are cis to each other as are those at C4, C6. The two groups in turn are zrans
to each other. The C3, C4 edge is closest to the viewer and numbering is clockwise
viewed from above the ring. myo-Inositol is unique in having a single cluster of
three vicinal (adjacent) cis OH groups; the middle one is axial at C2 and the
transannular cis OH group, equatorial at C5.

From Figures 5 and 7 it is apparent that the myo-inositol molecule can be
divided into mirror image halves as shown by the trace of the plane of symmetry
between C2 and CS. In this connection there is a curious anomaly in the Haworth
projection of allo-inositol, the result of the failure of Haworth projections to
distinguish axial from equatorial bonds. In Figure 6 allo-inositol is shown to consist
of a mixture of enantiomers but Figure 8 is contradictory in showing a spurious
plane of symmetry in one or the other enantiomer according to the Haworth
projection when in fact no plane exists as seen in the chair form.

Vicitrans Rules

This discrepancy points up the difficulty in inferring three-dimensional conformations
from Haworth projections. Although deriving the Haworth diagram from the chair
form is obvious, the reverse is not. To facilitate this translation we have devised
what we call vicitrans (vicinal, cis, trans) rules: Rule 1, in a vicinal cis pair of OH
groups, if one is axial the other must be equatorial, and conversely; Rule 2, in a
vicinal ¢rans pair both must be axial or equatorial. The rules can be tested with
Figure 7; starting clockwise from C1 vicinal OH pairs follow the order cis, cis,
trans, trans, trans, trans. If the OH group at C1 is arbitrarily called equatorial, then
by Rule 1 the OH group at C2 is axial and continuing clockwise, by Rule 2 the
remaining OH groups are equatorial. This order e, a, e, €, €, e is unique to myo-
inositol. If C2 had been called axial instead the order would have been a, e, a, a,
a, a, the less probable conformer of myo-inositol. D-chiro- and L-chiro-inositols can
not be distinguished from each other by these rules.

The Meso Compound

myo-Inositol (Figure 7) consists of a ring of six hydroxymethylene groups four of
which, C1, C3, C4, C6, are stereogenic. Although chemically identical those at C1
and C3 are geometrically opposite; the same applies to C4 and C6. Since each
group compensates geometrically for its paired opposite, the net stereogenicity of
these four groups is zero. And since the groups at C2 and CS lie in the plane of
symmetry, they contribute no chirality to the molecule. myo-Inositol, then, is an
achiral molecule which is divisible along the line connecting C2 and C5 into
compensating chiral halves. Compounds of this kind are called meso compounds.
Contrary to what is often seen in the literature myo-inositol is neither D nor L;
configurational prefixes are not applicable to meso compounds.
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Chirality of myo-Inositol Derivatives

Substitution of a phosphate (or any other group) on an OH at a stereogenic position
will disturb the symmetry of myo-inositol and render the derivative chiral; substitu-
tion at C2 or C5 will not disturb symmetry and the derivative will remain achiral
and meso. myo-Inositol 1-phosphate is chiral but both myo-inositol 2-phosphate and
myo-inositol hexakisphosphate (phytic acid) are meso compounds. They also are
often given configurational prefixes where none should be applied.

Figure 9 illustrates the enantiomers of myo-inositol 1-phosphate and shows
that they are in fact non-superimposable mirror images. The D enantiomer [called
Ins(1)P in Figure 1] is derived from the breakdown of phosphatidylinositol and the
L enantiomer [Ins(3)P in Figure 1] from the isomerization of glucose 6-phosphate.
Their numbering is in accordance with the convention that newly substituted
positions be assigned to the lowest possible locant (numbered position)(27). To meet
that requirement the two compounds must be numbered in opposite directions,
clockwise for L and counterclockwise for D, on the side of the ring bearing the axial
OH group. Before 1968 the assigned configurations were the reverse of Figure 9
and readers referring to the literature of that era should be aware of the change.
Originally, configuration of myo-inositol derivatives was assigned according to the
rules of carbohydrate nomenclature in which the highest numbered stereogenic
carbon specified configuration, but in 1968 the rule was changed to the lowest
numbered stereogenic carbon, C1 of myo-inositol. For the L enantiomer rotating the
molecule in the plane of the ring and viewing the C6-C1 edge with C6 at the top,
the phosphate will point left, hence L configuration. A simple hand maneuver will
make this clear. Extend the right hand palm up and thumb bent; rotate the hand
90°. Calling the index finger C6 and the thumb (phosphate) C1 the direction of the
phosphate is left.

Configurational Relationships

Historically the myo-inositol 1-phosphates are important in the comprehension of the
stereochemistry and nomenclature of the myo-inositol phosphates in general. In their
classical proof of structure of phosphatidylinositol (Figure 2) Ballou and Pizer (22)
hydrolyzed soybean phosphoinositides and isolated an enantiomer of myo-inositol 1-
phosphate of unknown configuration. To establish the configuration of this
compound they also prepared the opposite enantiomer from galactinol (Figure 10),
a compound of known L configuration. Accordingly, the phospholipid-derived
enantiomer and the parent phosphatidylinositol were assigned D configuration. By
optical comparison with these enantiomers L configuration was assigned to the myo-
inositol 1-phosphate produced in the enzymatic cyclization of glucose 6-phosphate
(Figure 3)(13). Since all work cited in this paragraph was done before 1968, the
published configurational notation is opposite to that reported here.

Recognition of Chirality

The enantiomers of myo-inositol 1-phosphate reflect the enantiotopic regions
(thermodynamically identical but geometrically compensating loci) within the parent
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myo-inositol.  Although obviously not separable these regions are nevertheless
resolvable by stereospecific enzymatic attack giving rise to enantiomeric substitution
products. A non-stereoselective attack on a meso compound can not effect this
resolution; acid or alkali treatment of myo-inositol 2-phosphate, causing migration
of the phosphate group, leads to a racemic mixture of enantiomers of myo-inositol
1-phosphate. Only stereoselective attack can recognize enantiotopic regions in a
meso compound. It is to be expected then that enzymatic reactions with myo-inositol
will result in optically pure products.

Stereospecificity

The general principle of stereoselective attack on a meso compound will be
illustrated in the examples which follow. It is interesting and probably related to
nature’s predilection for the myo isomer that the C1-C6 edge of the molecule is the
preferred site of attack.

Phosphorylation. L-myo-inositol 1-phosphate (Figure 9) is the sole product of
phosphorylation of myo-inositol by ATP catalyzed by a plant kinase (23). This is
the only known direct route for the phosphorylation of myo-inositol; the indirect
routes are shown in Figure 1.

Galactosylation. Two reactions are known for the galactosylation of myo-inositol
(Figure 10). UDPgalactosyl transferase attacks myo-inositol at C1 to give galactinol
(24), L-1-O-galactosylinositol; beta-galactosidase attacks at C6 but to conform to the
lowest-locant rule the product, beta-galactinol (25), is named D-4-O-galacto-
sylinositol. It is interesting that each enzyme attacks the same side of the ring but
at sites that differ diastereotopically (stereoisomeric but not mirror images), a
reflection of a chemical difference between C1 and C6. In contrast to enantiotopic
sites that require a stereoselective agent for recognition, diastereotopic sites can be
differentiated by any chemical agent or physical method.

Dephosphorylation. Phytic acid, myo-inositol hexakisphosphate, is hydrolyzed by
a 1-phytase from Pseudomonas and a 6-phytase from wheat bran (26). Like the
galactosylating enzymes the phytases are enantioselective but differ from each other
in selecting diastereotopic positions. By the lowest-locant rule the product of 1-
phytase hydrolysis is D-myo-inositol 1,2,4,5,6-pentakisphosphate and of a 6-phytase,
L-myo-inositol 1,2,3,4,5-pentakisphosphate. These compounds are diastereomers.

Oxidation. An important enzyme found in all plants and mammalian kidney is myo-
inositol oxygenase which catalyzes the atmospheric oxidation of myo-inositol to D-
glucuronic acid via myo-1-inosose as shown in Figure 11 (27). Not only is the C1-
C6 edge the preferred site of addition and removal of substituents but of ring
opening as well. Glucuronic acid is a precursor of ascorbic acid and plant
polysaccharides.

Biosynthesis. The C1-C6 edge is also the site of ring closure as seen in the
irreversible isomerization of beta-D-glucose 6-phosphate to L-myo-inositol 1-
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Figure 11. Mechanism of action of myo-inositol oxygenase. (Reproduced with
permission from ref. 2. Copyright 1986 The Biochemical Journal.)
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phosphate (Figure 3) (13). The first step in this reaction is an intramolecular aldol
condensation but the synthase does not fit either the Class I (Schiff base mechanism)
or Class II (metal ion catalysis) categories of aldolases (28) and probably operates
by a base-catalyzed reaction mechanism (29). The substrate glucose 6-phosphate is
activated for C1-C6 ring closure through oxidation by tightly bound NAD* to a
short-lived species which then cyclizes to relatively long-lived but enzyme-bound
myo-2-inosose 1-phosphate (30,31). This intermediate is then reduced to L-myo-
inositol 1-phosphate by bound NADH generated in the first step. Although the
short-lived species can be formally represented as 5-ketoglucose 6-phosphate there
is no evidence for the finite existence of that compound. There are many sites of
stereospecific selectivity in this reaction sequence eventuating unerringly in the myo
structure. These involve the transfer of H at C4 of the coenzyme, the retention of
H at C6 of glucose 6-phosphate and the selection of C-O bonds of trigonal (carbonyl)
carbon at all stages of the reaction (2). These studies have all been performed with
mammalian synthases; yeast synthase which catalyzes the same overall reaction has
been analyzed from the biochemical, molecular, and genetic standpoints with the
ultimate goal the dissociation of the protein into regions which can catalyze
separately the partial reactions described above (32).

The second step is hydrolysis by a phosphatase different from either acid or
alkaline phosphatase and specific for either enantiomer of myo-inositol 1-phosphate,
behavior that departs from the optical specificity usually displayed by enzymes.
That the enzyme selects equatorial phosphates is borne out by its full activity with
L-chiro-inositol 3-phosphate (13) and Ins(4)P (Figure 1) and its inactivity toward the
axial phosphates in myo-inositol 2-phosphate and alpha-glucose 1-phosphate (I13).
Myo-inositol 1-phosphatase serves as an analytical reagent in the measurement of
myo-inositol biosynthesis (33). The enzyme is inhibited by Li* (Figure 1).

Phosphatidylation. The notable exception to the rule stated earlier that the C1-C6
edge is the preferred site of enzymatic attack is the phosphatidylation of myo-inositol
at C3 in the reversible synthesis of phosphatidylinositol (Figure 2). From the
lowest-locant rule phosphatidylinositol is named systematically phosphatidyl-1-D-
myo-inositol, the numbering of the ring counterclockwise.

The Phosphoinositides

Phosphatidylinositol, the major membrane phosphoinositide, is accompanied by its
phosphorylated derivatives, phosphatidylinositol 4-phosphate and phosphatidylinositol
4,5-bisphosphate. As shown in Figure 1 these give rise on hydrolysis by phospho-
inositide-specific phospholipase C to Ins(1)P, Ins(1,4)P,, and Ins(1,4,5)P;,
respectively, the last now established as a second messenger in agonist-sensitive Ca?*
mobilization.  Diacylglycerol, the remainder of the molecule, is the second
messenger for protein phosphorylation by protein kinase C. A series of newly
discovered phosphoinositides has appeared whose functions remain unclear; these are
phosphatidylinositol 3-phosphate (34), phosphatidylinositol 3,4-bisphosphate (35, 36),
and phosphatidylinositol 3,4,5-trisphosphate (37,38). Whether this last is a
precursor of the other participant in Ca?* mobilization Ins(1,3,4,5)P,, is unclear but
it has been shown that this tetrakisphosphate is the product of phosphorylation of
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Ins(1,4,5)P; (39). The structures of three of these compounds of current interest are
shown in Figure 12.

Other Functions of Phosphatidylinositol

Phosphatidylinositol also appears in glycosylated forms to provide anchorage for
hydrophilic proteins in cell membranes and by virtue of their susceptibility to
hydrolysis by phosphoinositide-specific phospholipase C to provide for quick release
of these proteins from the membranes (40). The linkage at one end of the branched
sugar moiety is to C6 of myo-inositol of the phospholipid and the other end of the
oligosaccharide is linked through mannose 6-phosphate esterified to the C-terminal
alpha carboxyl of protein-bound aspartic acid. These inositol glycolipids also serve
as precursors of insulin mediators (41), which in general have been shown to contain
linked galactose, glucosamine, and myo-inositol. A more recently discovered
mediator contains instead mannose, galactosamine, and D-chiro-inositol (see Figure
6 for structure) (42). This finding suggests that myo-inositol is not the only
stereoisomer found in inositol phospholipids. The chirality of the chiro-inositol was
established as D by comparison with authentic D- and L-chiro-inositols by GC/MS
analysis on a capillary column of Chirasil Val III, a chiral resin originally designed
for the resolution of enantiomeric amino acids. This is the same method that was
used in the identification of Ins(1)P in bovine brain mentioned earlier (I4).

myo-Inositol Phosphates

Flowing from the phosphoinositides is an ever widening stream of hydrolytic
products and their phosphorylated progeny (I). Of sixty-six possible isomers of
phosphorylated myo-inositol (43) sixteen have been found in all known pathways.
It seems likely that with the exploration of other plant and animal systems the list
may well expand. Most of these are products of agonist-sensitive phosphoinositide
hydrolysis and of these most are of D configuration as expected from their anteced-
ents, a few are of L configuration, and some are achiral.

Nomenclature of the myo-Inositol Phosphates. Because of this large number of
known myo-inositol phosphates with probably more to come and to avoid the
confusion arising out of the vagaries of configuration dictated by the lowest-locant
rule, it was felt by people in the field that these compounds should constitute a
family with its own rules of nomenclature. Accordingly, the Nomenclature
Comnmittee of the International Union of Biochemistry promulgated a set of proposals
and recommendations to meet these needs (21). They propose the adoption of the
stereospecific numbering (sn) system used with glycerol derivatives and as a
corollary the relaxation of the lowest-locant rule. Implicit in this proposal is the
numbering of all myo-inositol phosphates counterclockwise since that is the direction
of numbering in the phosphoinositides. Only those few presently known compounds
of L configuration would be affected by this change; L-myo-inositol 1-phosphate
would become myo-inositol 3-phosphate; L-myo-inositol 1,6-bisphosphate, myo-
inositol 3,4-bisphosphate; and L-myo-inositol 1,4,5,6-tetrakisphosphate, myo-inositol
3,4,5,6-tetrakisphosphate. Although the D prefix is used in the published rules the
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sn system obviously does not require it. The second recommendation is the adoption
of the symbol Ins to represent myo-inositol numbered counterclockwise. myo-
Inositol 1-phosphate becomes Ins(1)P and its enantiomer becomes Ins(3)P. The
drawback in these rules is that they obscure not only enantiomeric relationships but
the absence of chirality as well. The symbol Ins must imply only counterclockwise
numbering and not necessarily D configuration; otherwise, there would be a conflict
in its application to meso compounds like Ins(1,3)P, and other achiral phosphates.
With those caveats in mind the symbol Ins should serve the phosphoinositide
community well.

Synthetic Methods for myo-Inositol Phosphates and Related Compounds

We conclude with a summary of synthetic methods for myo-inositol phosphates and
analogs developed to provide adequate amounts of material for further investigation
of this expanding field. Some of these methods will be described in detail in the
chapters which follow. They all illustrate the principles of stereochemistry set out
in this review and in general they follow two courses: (a) racemate formation by
non-stereoselective attack on a meso compound followed by resolution to yield pure
enantiomers, and (b) preparation of pure enantiomers from chiral precursors without
the need for resolution.

(@). myo-Inositol is the usual meso starting compound. Hydroxyl groups are
protected with an array of ethers, acetals, and esters and then differentially
deprotected to expose those groups destined for phosphorylation, for which a large
variety of newly developed phosphorylating agents is available. Either before or
after phosphorylation the resulting racemate is resolved by various chiral agents,
including an enzymatic resolution. The diastereomers are purified by crystallization
or chromatography and the chiral agent and protective groups removed, liberating
the pure chiral phosphate. In this way Ins(4)P (44) and its enantiomer (44),
Ins(1,4)P, (44) and enantiomer (44), Ins(1,3,4)P; (45), Ins(1,4,5)P; (44-49) and
enantiomer (44,46,47), and Ins(1,3,4,5)P, (45,50) have been prepared.

Instead of myo-inositol as precursor benzene can also be converted into the
inositol structure. By oxidation with Pseudomonas putida benzene gives rise to cis-
1,2-dihydroxycyclohexa-3,5-diene, a meso compound (51). The substrate is achiral
with no geometrically opposite pairs to differentiate but by introduction of oxygen
at one of the double bonds compensating stereogenic hydroxymethylene groups are
generated. These are then blocked and the product is oxidized further to give
another pair of OH groups; the product is now a racemic mixture as expected from
a non-stereoselective attack on a meso compound. These enantiomers are resolved,
the remaining double bond oxidized to give six hydroxyl groups and with suitable
methylation and deprotection D- and L-pinitol are produced. The pinitols are methyl
ethers of D- and L-chiro-inositol, respectively, and serve as precursors of other
inositol stereoisomers.

(b). In these procedures chiral starting materials are used and no racemization takes
place at any stage of synthesis.
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As described in a subsequent chapter L-quinic acid (L-1,3,4,5-tetrahy-
droxycyclohexane 1-carboxylic acid), a widely distributed plant product, can be
converted in several steps into the myo structure and ultimately to the myo-inositol
phosphates and their analogs.

Chiral myo-inositol phosphates have been prepared in high yield from D-
pinitol (D-5-O-methyl-chiro-inositol) and L-quebrachitol (L-2-O-methyl-chiro-
inositol), available in abundance from plant sources. Both of the chiro-inositols are
numbered clockwise from a cis pair of OH groups above the ring (Figure 13). The
letter a indicates a single pair of vicinal axial OH groups. See Figure 6 for the chair
form of the chiro-inositols to visualize the axial OH groups.

For the synthesis of Ins(1)P, L-quebrachitol was first subjected to oxido-
reductive inversion at the C1 axial OH group to give the myo-inositol structure in
which C1 is derived from C5 of L-quebrachitol. By demethylation followed by
suitable protection of OH groups the OH at C1 was phosphorylated (52).

In a highly sophisticated synthesis (53) of Ins(1,4,5)P; and Ins(3,5,6)P; (the
D and L enantiomers of myo-inositol 1,4,5-trisphosphate, respectively) D-pinitol and
L-quebrachitol (Figure 13) were first demethylated to D- and L-chiro-inositol,
respectively. The free chiro-inositol was benzylated at the vicinal cis OH groups
(LS, L6; D3, D4) and three of the remaining OH groups were benzoylated leaving
one axial OH free, which was inverted by triflate displacement giving the myo
structure. Which of the two axial OH groups is inverted is inconsequential since the
chiro-inositols with their unique pair of vicinal axial OH groups can be folded on the
line a to give superimposable halves. These are not mirror image halves as in myo-
inositol but thermodynamically and geometrically identical halves; the fold line does
not locate a plane of symmetry as these molecules can not be divided symmetrically.
Removal of the benzyl groups gave L-myo-inositol 1,2,4-tribenzoate from D-pinitol
and D-myo-inositol 2,3,6-tribenzoate from L-quebrachitol. Phosphorylation and
saponification gave Ins(1,4,5)P; from D-pinitol and Ins(3,5,6)P; from L-quebrach-
itol.

It is interesting that L-quebrachitol is the precursor of the configurationally
opposite Ins(1)P and Ins(3,5,6)P; (D and L, respectively) in the two methods just
described. Common to both procedures is the change from the chiro to the myo
structure requiring inversion of one of the axial OH groups. Then by manipulation
of the blocking agents the desired position for phosphorylation is reached. In the
course of synthesis the chirality of the precursor chiro-inositol was conserved in the
intermediate myo-inositol derivative, leading finally to a chiral phosphorylated myo-
inositol. By observing the lowest-locant rule L-quebrachitol yielded D-myo-inositol
1-phosphate (52) (counterclockwise numbering) and L-myo-inositol 1,4,5-trisphos-
phate (53) (clockwise numbering); by relaxation of the rule and using the symbol Ins
the same products are Ins(1)P and Ins(3,5,6)P;, respectively. Since the chiro-
inositols are of considerable interest in the synthesis of analogs of the myo-inositol
phosphates (54) and appeared in earlier work with insulin mediators (42), the
heuristic value of a detailed stereochemical examination of these procedures can not
be overestimated.
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Figure 12. Structures of myo-inositol derivatives important in agonist-sensitive
Ca®* mobilization. (a) PtdIns(4,5)P,; (b) Ins(1,4,5)P;; (c) Ins(1,3,4,5)P,.
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Figure 13. Precursors of synthetic chiral myo-inositol phosphates.
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Chapter 2

Phosphoinositides and Their Stimulated
Breakdown

B. W. Agranoff! and S. K. Fisher?

Department of Biological Chemistry? Department of Pharmacology,
University of Michigan, Ann Arbor, MI 48109—0720

Myo-inositol containing lipids play a central role in signal
transduction whereby ligands on the cell surface initiate
specific physiological responses. Biochemical and pharma-
cological aspects of the measurement of stimulated
phosphoinositide turnover are reviewed, together with other
recent developments concerning the function of inositol-
containing lipids.

The cyclitols, especially myo-inositol, and the myo-inositol contain-
ing lipids have enjoyed renewed interest as a result of the demon-
stration that they are components of a major cellular signal
transduction system (/,2,3). Binding of any of a number of ligands
to specific receptors on the outer leaflet of the eukaryotic cell
plasma membrane results in the increased breakdown of
inositol-containing phospholipids (phosphoinositides) in the inner
plasma membrane leaflet, which then leads to an elevation of the
intracellular calcium ion concentration [Ca2+];, and an increase in
phosphorylation of proteins. These in turn mediate depolarization,
contraction, secretion, mitosis or differentiation, the nature of the
response depending on the nature of the cell type and of the receptor
that is activated. The stimulated breakdown of inositol lipids thus
constitutes the basis of a major second messenger system whereby
chemical signals outside the cell are transduced across the cell
membrane.

Interest in the regulation of [Ca2+]; extends beyond its second
messenger functions. There exist pathological conditions, such as
brain hypoxia, that can lead to an unregulated elevation of [Ca2+];
which in turn may threaten cell viability as a result of depletion of
ATP, the activation of Ca2+-mediated proteases and lipases, or other
deleterious events. In such instances, it may be desirable to block
elevation of [CaZ+]; in order to maintain cell viability (4).

For these various physiological and unphysiological consid-
erations, it is of interest to develop agents by which one may alter
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the intracellular phosphoinositide-mediated second messenger sys-
tem pharmacologically, in the hope that therapeutic agents may
emerge. One should note a priori, however, that the utility of ma-
nipulating intracellular second messenger systems may be question-
able; there are by now a wide variety of ligands, including neuro-
transmitters and hormones, that exert their known biological effects
via the receptor-activated phosphoinositide second messenger system
(Table I). In this respect, the brain and other neural-related tissues
are particularly enriched in receptors that operate through this path-
way. Given the broad spectrum of ligands that share the system, it
would appear unlikely that one could produce a pharmacological ef-
fect with the desired selectivity by its modification. It can be noted
by way of analogy that while there is an enormous literature on the
regulation of the cyclic AMP-mediated signal transduction pathway,
as well as a number of available agents that will inhibit 3'-5' cyclic
AMP formation or metabolism, one has yet to successfully manipu-
late it pharmacologically for the treatment of a specific pathological
condition in vive. There may nevertheless be cause for optimism re-
garding the possible development of a useful interventive agent in
the case of the phosphoinositide-mediated signal transduction path-
way on the basis of the apparent mechanism of action of Li* in the
treatment of manic depressive disorders (5). A favored hypothesis is
based on the demonstration that Li* blocks intracellular inositol
phosphate breakdown, as is discussed below. One may hope that
even better agents for the treatment of this mental disorder and other
mental dysfunctions can be developed. This reasoning, as well as the
possible regulation of neuronal [Ca2+];, may account for some of the
present interest and activity in the pharmaceutical industry in identi-
fying agents that modify the phosphoinositide signal transduction
pathway. While it is too early to speculate that successful new drugs
will emerge, at the very least the search may provide useful
experimental agents that will increase our understanding of the
phosphoinositide-mediated transduction process.

The Phosphoinositides and Their Biosynthesis

In phosphatidylinositol (PI), 1,2-diacyl-sn-glycerol (DAG) is phos-
phodiesterified to the D1 position of myo-inositol. PI (Figure 1A) is
by far the most commonly occurring inositol lipid in nature. It con-
stitutes about 5% of the membrane phospholipid content of eukary-
otic cells. The higher phosphoinositides, phosphatidylinositol 4-
phosphate [PI(4)P] and phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2] are less abundant, together representing less than 1% of
total cellular phospholipids, and are thought to be enriched in
plasma membranes. PI(4)P and PI(4,5)Pp have not generally been
considered components of plant lipids. However, since they are key
intermediates in the phosphoinositide-mediated signal transduction
pathway, and that there has been recent evidence for the operation of
this pathway in plants (7), we must acknowledge the significance of
their presence, if not the actual amounts. Less common inositol-
containing lipids, including an inositol-containing sphingolipid, will
not be considered in this review.
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Table I. Pharmacological Profile of Receptor-Stimulated

Phosphoinositide Turnover

Adrenergic (14 and ajp).
Brain, liver, smooth muscle

Angiotensin. Liver, adrenal
cortex, anterior pituitary

Antigen. B-lymphocytes, T-
cells, basophil leukemic cells

Bombesin. Pancreas, brain,
fibroblasts

Bradykinin (B3). Kidney
tubules, brain, pituitary
neuroblastoma-glioma

Cerulein. Pancreas

Cholecystokinin. Neuro-
blastoma

Cholinergic (M, M3, Ms,
muscarinic). Brain, parotid,
pancreas, smooth muscle, gastric
mucosa, neuroblastoma, astro-
cytoma, retina, cochlea, adrenal
medulla

Concanavalin A. Thymocytes

Endothelin. Brain, smooth
muscle, gliomas

f-Met-Leu-Phe. Neutrophils,
HL-60 cells

Glutamate (Quisqualate-
metabotropic). Brain, retina

Histaminergic (Hy). Brain,
astrocytoma

Nerve growth factor. Pheo-
chromocytoma

Neurokinin. Brain, anterior
pituitary, retina, superior
colliculus

Neurotensin. Neuroblastoma-

glioma

Neuropeptide Y. Dorsal root
ganglion

Phytohemagglutinin. T-cell
leukemic cells

Platelet activating factor.
Platelets, liver, brain

Platelet-derived growth factor.
Fibroblasts

Prostaglandin E;. Adrenal
medulla

Purinergic (P2). Brain, neuro-
blastoma, adrenal medulla

Serotonergic (SHT2 and
SHT1c). Brain, platelets,
choroid plexus, insect salivary
gland, smooth muscle

Substance P. Parotid, brain,
retina, pituitary

Thrombin. Platelets, fibro-
blasts

Vasopressin (V1). Liver, brain,
superior cervical ganglion
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Figure 1

The structure of the phosphoinositides. A. Phosphatidylinositol
consists of 1,2-diacyl-sn-glycerol phosphodiesterified to myo-
inositol at the cyclitol D1 position. Two further phosphorylated
phosphoinositides are phosphatidylinositol 4-phosphate (PI4P)
and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2. PIP3].
The arrow indicates the site of cleavage of PIP; following re-
ceptor-ligand binding, to form diacylglycerol and inositol
1,4,5-trisphosphate [I(1,4,5)P3]. B. Steric relationships are
conveniently visualized by employing the image of a turtle to
represent the myo-inositol molecule, in which the head repre-
sents the axial hydroxyl at C2, while the 4 limbs and tail com-
prise the 5 equatorial groups. Viewed from above, the right
front leg of the turtle is at D1 and proceeding counterclock-
wise, the head is D2, etc. (ref. 6). C. I1(1,4,5)P3 "turtles.” The
numbered balls represent phosphomonoester groups (see also
chapter by Parthasarathy and Eisenberg, this volume). Note
that the turtle model facilitates identification of the molecule
in different orientations. In phosphoinositides the right front
leg is always phosphodiesterified to DAG.
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As with the quantitatively major tissue phospholipids phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE), PI biosyn-
thesis begins with reduction and acylation of glycolytic intermedi-
ates, leading to the formation of phosphatidate (PA; 1,2 diacyl-sn-
glycerophosphate; Figure 2A). Unlike PC and PE, PI synthesis does
not utilize the Kennedy pathway (DAG + CDP-base); rather, PA is
pyrophosphorylated by CTP to produce the liponucleotide cytidine
diphosphodiacylglycerol (CDP-DAG), which then reacts with inosi-
tol to yield PI and CMP. The PI synthase reaction is highly selective
for myo-inositol. This specificity must be dealt with in considering
the possibility of introducing a cyclitol analog that would lead to
cellular biosynthesis of a homologous PI analog. The putative bogus
cyclitol must first be taken up by a cellular carrier system that rec-
ognizes it as authentic myo-inositol. Block of the synthase has not
been studied extensively, although galactinol is a known inhibitor
(8). PI is then phosphorylated via ATP and a PI 4-kinase, which has
been termed PI kinase II (9). PI(4)P is in turn phosphorylated via
PIP 5-kinase to form PI(4,5)P;. Specific phosphatases can break the
PI(4,5)P; down to PI(4)P and thence to PI. PI(5)P has not been iso-
lated from cells, an indication that PIP 5-kinase will not phosphory-
late PI, and further, that PIP; phosphatase is selective for the 5'
position and will not dephosphorylate PI(4,5)P7 at the 4' position. In
stimulated breakdown of PI(4,5)P7 (Figure 2B), it is cleaved at the
phosphodiester position by a specific Ca2+ activated phospholipase
C, found in both membranes and cytosol. A number of such phos-
pholipases have been purified and sequenced, and of note is the ob-
servation that despite their common function, they do not all share
sequence homology (I0). A recently described aminosteroid in-
hibitor of phospholipase C, U-73122, offers promise in studies of the
enzyme's regulation (/I). It is possible that in addition to those
phospholipases regulated by G-proteins following receptor activa-
tion, there are degradative enzymes unrelated to the stimulated
turnover of phosphoinositides. At elevated [Ca2+]; concentrations,
phosphoinositide-specific phospholipases C will also break down
PI(4)P and PI. The product of phosphoinositide cleavage in each
case is DAG and, depending on whether the parent lipid is PI(4,5)P3,
PI(4)P, or PI, either I(1,4,5)P3, I(1,4)P2 or I(1)P;, respectively.
These various inositol phosphates are also possible metabolic break-
down products of 1(1,4,5)P3.

Recently, a PI 3-kinase, also termed PI kinase I, has been
described and linked to cell transformation by oncogenes (9). The 3-
kinase seems relatively unspecific, and could act on PI, PI(4)P or
PI(4,5)P,, to produce PI(3)P, PI(3,4)P, or PI(3,4,5)P3, respectively.
Alternatively, PI(3)P could be processed by PI kinase II to PI(3,4)P3
and thence via the PIP 5-kinase to the postulated PI(3,4,5)P3. There
is evidence that this pathway exists in human platelets (/2). Inositol
lipids phosphorylated at the 3 position are as yet not firmly impli-
cated in receptor-linked stimulated phosphoinositide turnover,
although they have been reported to appear in non-transformed
leukocytes stimulated with chemotactic peptide (13).
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A. Biosynthesis
glucose PI(3)P~~">PI(3,4)B; -~ --.
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B. Stimulated Turnover

myo-ipositol

1(1,4,5)R,

Figure 2

Comparison of de novo biosynthesis of phosphoinositides (A)
and the regenerative cycle seen upon stimulation of receptor-
linked PI-phospholipase C, as discussed in the text. The path-
way for stimulated turnover (B) involves 2 additional steps in-
dicated by the asterisks (*): DAG kinase and phosphoinositide-
specific phospholipase C.
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Fatty Acid Components of the Phosphoinositides

PI, PI(4)P and PI(4,5)P2 share a distinctive fatty acid composition.
While it is a general rule that glycerophospholipids have saturated
fatty acid esterified to the 1 position and unsaturated fatty acids on
the 2 position of sn-glycerol, there is generally a distribution of dif-
ferent saturated and unsaturated fatty acids at each locus. There is a
much higher degree of stringency in the three inositol lipids: they
are highly enriched in a single DAG species that contains only
stearic acid in the 1 position and arachidonic acid (AA) in the 2
position, such that stearoyl arachidonoyl DAG usually constitutes
over 80% of the total DAG species in PI, PI(4)P or PI(4,5)P3. Since
AA is also a precursor of a vast family of physiologically active de-
rived lipids, the prostanoids, there has been much speculation re-
garding the possibility that the AA in phosphoinositides serves as a
special source for prostanoid synthesis. While the phosphoinositides
are the most highly enriched of the phospholipids in regard to AA
content, they nevertheless do not represent a major reservoir of total
cellular AA, since they are quantitatively minor phospholipids. The
AA release may be an indirect result of stimulated phosphoinositide
turnover, since increased [Ca2+]; resulting from PI(4,5)P7 break-
down, as described below, activates a phospholipase A that releases
the AA from PC (14).

Stimulated Breakdown of Phosphoinositides

When a ligand interacts with a phosphoinositide-linked receptor,
such as when carbachol is added to intact parotid gland cells, a
G-protein is activated, which leads to stimulation of a phosphoinosi-
tide-specific phospholipase C and the subsequent phosphodiesteratic
cleavage of PI(4,5)P; into DAG and I(1,4,5)P3 (Figure 2B). Each of
the two moieties of PI(4,5)P, has second messenger actions. DAG
activates protein kinase C (PKC), which in turn stimulates the phos-
phorylation of a number of intracellular proteins (/5). The PKC
regulatory unit binds the DAG at a site identical to that of the phor-
bol ester binding site, long known to have tumor-promoting actions.
A variety of agents that stimulate PKC activity, including natural
substances such as fatty acids and synthetic DAGs have been
identified. Exogenous PKC blockers include H7 and staurosporine.
Endogenous blockers of PKC include a number of sphingosine
derivatives (16).

I(1,4,5)P3 binds to a specific intracellular receptor either in
the cndoplasmlc reticulum (ER) or plasma membrane, leading to the
release of Ca2+* into the cytosol. The IP3 receptor is particularly en-
riched in the cerebellum of the brain. Calmedin, a protein that has
been isolated from this source and which is restricted to neural tis-
sues, mediates the Ca2+ regulation of IP3 binding to its receptor
(17). A number of blockers of the IP3 receptor have becn identified,
the most potent of which is heparin. Release of Ca2* from the ER
plasma membrane is also blocked by this agent.

Since I(1,4,5)P3 is a chemical signaling substance, the termi-
nation of its action is as important as is its initiation. A specific in-
ositol polyphosphate 5' phosphatase converts 1(1,4,5)P3 to 1(1,4)P3,
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which is inactive in stimulating Ca2+ release. The 5'-phosphatase is
blocked by 2,3 bisphosphoglycerate. I(1,4,5)P3 can alternatively be
phosphorylated by a 3-kinase (distinct from the aforementioned PI 3-
kinase) to form I(1,3,4,5)P4. The tetrakisphosphate binds relatively
poorly to the IP3 blndmg sue, but may in itself have action in the
uptake of extracellular Ca2+, and a potentiating effect on the action
of I(1,4,5)P3 (1). 1(1,3,4,5)P4 is quickly dephosphorylated by the 5'-
phosphatase to yield I(1,3,4)P3. Th1s IP3 isomer, unlike 1(1,4,5)P3,
does not simulate release of [Ca2*]j. A non- hydrolyzable analog of
I(1,4,5)P3 that activates the IP3-mediated release of CaZ2+, inositol
1,4,5-triphosphorothioate, has been synthesized (/8). Its potential
use as a drug is limited by its highly charged nature, which blocks
its entry into normal cells. Whether the ionic charge of this agent or
similar ones can be masked, for example by esterification, is a
challenge for the future. Both 5-deoxy-myo-inositol and 5-deoxy-5-
fluoro-myo-inositol have been synthesized with the idea that each
might be incorporated into a bogus phosphoinositide (19). Although
neither is readily taken up into cells, there is evidence that
radiolabeled 5-deoxy-5-fluoro-myo-inositol is incorporated into PI,
and to a lesser extent PIP (but not into PIP3). This experimental
approach may permit a more direct evaluation of the contribution
that each of the inositol lipids plays in generation of intracellular
second messengers.

Both intracellular and extracellular roles for inositol
polyphosphates have been proposed. Inositol hexaphosphate
(phytate) was discovered as a component of cereals over 100 years
ago, and before the disease rickets became treatable with vitamin D,
it was imperative to remove this substance from foods because of the
rachitogenic effect of its presence in the diet, as a result of the
chelation of dietary calcium in the gut. Inositol polyphosphates
other than phytate, particularly those having vicinal phosphates are
also effective CaZ2+ chelating agents. I1(1,2,6)P3, a component of
phytate hydrolysates, has found clinical application as a chelator and
anti-inflammatory agent (20). While it has been postulated that cir-
culating inositol polyphosphates may have biological actions (21),
and indeed specific binding sites for IPg have been identified (22),
one must first exclude the possibility that they are acting as chela-
tors.

Cyclic Inositol Phosphates

When inositol lipids are cleaved enzymatically, varying amounts of
1:2 cyclic inositol phosphates are formed together with the non-
cyclic forms. Thus, PI, PI(4)P and PI(4,5)P> will yield, on cleavage,
varying amounts of I(1:2 cyclic)Py, I(1:2 cyclic 4)Pp and I(1:2
cyclic 4,5)P3, respectively. The significance of the cyclic phos-
phates is speculative. The cyclic trisphosphate has been reported to
bind to the IP3 binding site and to release CaZ+, yet is somewhat re-
sistant to the 5'-phosphatase. It has been proposed that it thus could
serve as a "long-acting" CaZ2+-releasing agent, but its efficacy has
been called into question (23). Enzymatic cleavage of the cyclic es-
ter appears to occur only at the I(1:2 cyclic)P; level, with the for-
mation of the D1 phosphate (and no D2 phosphate). In designing
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inositol phosphate derivatives that might get into cells, the cyclic
phosphate has the potential value of removing one negative charge,
although the remaining charge is more highly acidic than the
monophosphates, and must also be masked, if the substance is to
penetrate cells. The low pK, for the remaining charge of the cyclic
phosphate is surmised from behavior of cyclic inositol phosphates on
high voltage electrophoresis (B.W. Agranoff, unpublished).

Cyclization between a vicinal axial and equatorial hydroxyl
can be catalyzed by heat or dehydrating agents, such as dicyclo-
hexyldicarbodiimide (24). Thus, chemical cyclization of I(1)P;
yields only the 1:2 cyclic ester. Cyclization of I(2)P; will yield a
mixture of 1:2 and 2:3 cyclic IPy's. Vicinal equatorial phosphates
may condense to form a 7-membered cyclic pyrophosphate ring.

Resynthesis of Inositol Lipids and the Action of Lithium

A major value of Li* for the experimentalist is that in combination
with SH-inositol preincubation, one can measure operation of the
phosphoinositide-mediated second messenger pathway by measuring
the accumulation of inositol monophosphates. This innovation, uti-
lized by Berridge (4), has supplanted the earlier technique, intro-
duced by the Hokins (25), which employed 32Pp and measured the
stimulated incorporation in PA and PI (Table II). Li* blocks the
breakdown of inositol phosphates by inhibition of inositol mono-
phosphate phosphatase.

I(1,4,5)P3 released in the cleavage of PI(4,5)P2 is eventually
degraded by phosphatases to the monophosphate level, and finally to
free inositol. In the presence of 1-10 mM Li*, however, inositol
monophosphate accumulates in proportion to the stimulated break-
down of PI(4,5)P7, and free inositol is not formed. The lower intra-
cellular level of free inositol is then proposed to slow the resynthe-
sis of PI from CDP-DAG. If indeed Li+* blocks the synthase step by
limiting the availability of inositol, then one would anticipate that
CDP-DAG accumulates in Li+-treated, ligand-stimulated cells. This
has indeed been found to be the case (26,27). One could then hypo-
thetically use CDP-DAG accumulation to measure the effect of Lit,
in various tissues. In contrast to measuring labeled inositol phos-
phate accumulation, measurement of CDP-DAG accumulation has the
potential added advantage that it indicates that phosphoinositide
turnover has indeed been compromised by the presence of Lit.

The Therapeutic Action of Li+

That Li* may benefit patients with manic depressive psychosis was
discovered serendipitously (28). In an experiment to test the pos-
sible effects of uric acid administration, it was found that the Li*
salt was convenient because of its relatively high solubility. Control
experiments with Li salts revealed that the cation mediated the
observed calming effect. Allison, Sherman and colleagues made the
important observation that rats treated chronically with Li* had high
levels of inositol monophosphates in the brain, but not in other tis-
sues (29) They eventually discovered the block by Li* of inositol
phosphate breakdown. Berridge (4) has pointed out that since the
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Table II. Techniques for Measuring Activity of the
Phosphoinositide-Linked Second Messenger System
Substrate Parameters Measured

Labeled inositol lipids and
phosphatidate

[32P]Inorganic phosphate

[3H]Inositol (+Li*) Labeled inositol phosphate
[3H] or [4C]Cytidine (+Li+) Labeled CDP-DAG
[3H]I(1,4,5)P3 or Mass of I(1,4,5)P3 or
[32P]1(1,3,4,5)P4 I(1,3,4,5)P4

Indirect Approaches

[Ca2+*]; Elevation, DAG production, etc.
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inhibition by Li* of the phosphatase is uncompetitive, the amount of
inhibition by Li+ will be proportional to the amount of substrate in-
ositol phosphate available (i.e., the effect of Li* becomes more pro-
nounced as inositol monophosphate concentrations increase) and this
may constitute the basis of the therapeutic effect of Lit. If manic
depressive psychosis involves overstimulated neurons (admittedly a
rather crude approximation of psychiatric disease), then an agent
that selectively blocks signal transduction in the overstimulated
cells and that has a lesser (or no) effect on normal cells could prove
of therapeutic value by essentially acting as a "calcistat.” There is
an immediate objection to the proposal that Li* retards resynthesis
of PI by limiting free inositol: inositol is present in brain cells in
high (millimolar) concentrations. It is therefore difficult to imagine
that intracellular inositol would be reduced to a sufficiently low
level to block PI resynthesis. A possible counter argument in favor
of the idea that Li* could induce an intracellular inositol deficiency
is the possibility that the PI synthase enzyme in plasma membranes
differs from that in the ER by having a relatively high Kp for inosi-
tol.

Li* is by no means an ideal drug; it is not invariably effective,
and is accompanied by undesirable side effects, including tremor.
We may therefore anticipate considerable sustained interest in this
area because of the possibility that an agent superior to Li* may be
found.

PI-Linked Proteins

A wide variety of proteins in a number of organisms are tethered to
the outer membrane leaflet of cells via PI (30,31,32). In each in-
stance, PI is linked via a glycoside bridge at the D6 position of myo-
inositol to non-acetylated glucosamine, thence via 3 mannosyl
residues to the hydroxyl group of ethanolamine by a phosphodiester
linkage. The amino group of ethanolamine is amide-linked to the
terminal carboxyl group of one of a large variety of proteins which
is thus anchored to the membrane surface. In the case of the variant
surface glycoprotein (VSG) of trypanosomes, linkage is to a terminal
aspartate, and there is also a tetragalactosyl side chain linked to a
mannose residue. Rat brain acetylcholinesterase is linked to the an-
chor ethanolamine via a terminal glycine, and there is an additional
phosphoethanolamine linked to mannose. In the case of the PI an-
chors, the stearoyl arachidonoyl substituents are no longer seen. In
VSG, dimyristoyl DAG is found, while in acetylcholinesterase, oc-
tadecanol is ether-linked to the 1 position of sn-glycerol, and 22:6 is
found in the sn-2 position. It has been proposed, as for PI, that the
phosphatidyl moiety of the anchor DAGs initially contains prevalent
(16:0, 18:0, 18:1, etc.) fatty acids and that extensive remodeling
then occurs via deacylation-reacylation reactions. Of particular in-
terest are reports that D-chiro-inositol rather than myo-inositol may
in some instances be present in PI anchors. It has been suggested
that in diabetes, a phosphatidylinositol glycan may in fact be an in-
sulin second messenger (33). The observation by Larner that D-
chiro-inositol is normally present in the urine and is decreased in
diabetes (34), lends further independent evidence that D-chiro-
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inositol anchored proteins occur (32). The biosynthesis of D-chiro-
inositol, and the effects of the regulation of PI anchor cleavage
remain interesting issues for the future.
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Chapter 3

Enantiospecific Synthesis and Ca’*-Release
Activities of Some Inositol Polyphosphates and
Their Derivatives

Clinton E. Ballou and Werner Tegge

Department of Molecular and Cell Biology, University of California,
Berkeley, CA 94720

D-Myoinositol 1,4,5-trisphosphate, which is released into the cytoplasm of
the cell by the action of phospholipase C on 1-phosphatidyl-D-myoinositol
4,5-bisphosphate, acts as a second messenger for mobilization of CaZ+
from stores in the endoplasmic reticulum. Enantiospecific syntheses,
starting from D- and L-chiroinositol, have been devised for D- and L-
myoinositol 1,4,5-trisphosphate, D- and L-myoinositol 1,3,4-
trisphosphate, D- and L-chiroinositol 1,3,4-trisphosphate, D- and L-
myoinositol 1,3,4,5-tetrakisphosphate, and 1-aminopropylphosphoryl-D-
myoinositol 4,5-bisphosphate. The latter was coupled to a resin to provide
an affinity matrix and to a photoactivatable crosslinking agent for
radiolabeling of specific binding proteins. The compounds differ greatly in
their ability to stimulate release of Ca2+ by saponin-permeabilized rat
basophilic leukemia cells, and the structure-activity relationships provide
new insight into the nature of the D-myoinositol 1,4,5-trisphosphate
binding site on the endoplasmic reticulum.

This report provides an opportunity to summarize some recent developments in the
synthesis of inositol polyphosphates and their derivatives by methods that avoid the
necessity for resolution of racemic intermediates or products. Chemical syntheses that
take advantage of the inherent chirality of natural starting materials have long had an
appeal to organic chemists, particularly in the carbohydrate field (/). Because D- and
L-chiroinositol derivatives can be converted in good yield to chiral myoinositol
derivatives and because these precursor inositols are available in quantity from plant
extracts, the strategy can be exploited with good success (2). As illustrated in this
report, the intermediates are such as to provide routes to the synthesis of a variety of
useful compounds related to the D-myoinositol 1,4,5-trisphosphate second messenger
system.

A Brief Look Backward
The chemistry of inositol phosphates was in its infancy when, in 1959, the structure

and stereochemistry of the myoinositol phosphate component of monophosphoinositide
(phosphatidyl-myoinositol) were described. Mono- and diphosphates of myoinositol
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had been isolated from the phospholipids of brain, heart, liver, wheat germ and soya
bean (reviewed in 3). Phytic acid (myoinositol hexaphosphate) was well-characterized
and had been hydrolyzed to a monophosphate (4), while chemical syntheses of
myoinositol 2-phosphate (5), pinitol 4-phosphate and L-chiroinositol 3-phosphate (6)
had been reported.

The general structure of phosphatidyl-myoinositol was recognized at the time, but
the linkage to the inositol ring was undefined until it was found that the lipid could be
degraded by alkali to yield an optically active myoinositol monophosphate that was
readily isomerized by acid to give myoinositol 2-phosphate (7). This suggested that the
compound was one of the myoinositol 1-phosphate enantiomers, which was confirmed
by synthesis of L-myoinositol 1-phosphate, a compound that proved to be the optical
antipode of the product from the lipid (8). It is of interest that this synthetic isomer also
proved to be "natural” when it was later found to be the product of the enzymatic
cyclization of D-glucose 6-phosphate (9), an intermediate in myoinositol biosynthesis.

Jordi Folch played a major role in unraveling the structures of the brain
phospholipids (10, 11). A key study (I1) described the isolation of higher phosphates
of phosphatidyl-myoinositol that Folch mistakenly identified as a "diphosphoinositide”
because he concluded that the preparation yielded a "myoinositol metadiphosphate" on
acid hydrolysis. It is now recognized that this was a mixture of mono-, bis- and
trisphosphates resulting from phosphate migration (I2). Later work (12, 13)
demonstrated that base-catalyzed degradation of the Folch preparation yielded a defined
mixture of two myoinositol monophosphates, two bisphosphates and two
trisphosphates, along with glycerol 1- and 2-phosphate. The structures of these
products were rationalized as resulting from the degradation of a mixture of
1-phosphatidyl-D-myoinositol, 1-phosphatidyl-D-myoinositol 4-phosphate, and
1-phosphatidyl-D-myoinositol 4,5-bisphosphate (14), results that were confirmed by
Brown and Stewart (15).

Enantiospecific Synthesis of Chiral Inositol Polyphosphates

Several methods have been described for synthesis of myoinositol polyphosphates,
most of which begin with the readily available myoinositol (/6). Because myoinositol
is a meso compound, however, the intermediates are racemic mixtures and chemical or
biochemical resolution is required to give the pure enantiomers. Although clever and
effective methods have been developed for achieving such resolution, they introduce
additional steps and may leave uncertainty regarding the optical purity of the product.

The strategy we have adopted for synthesis of inositol polyphosphates takes
advantage of the inherent chirality of D- and L-chiroinositol. These compounds are
available from D-pinitol and L-quebrachitol, methyl ethers that are converted to free
inositol by treatment with HI. Pinitol reaches 20% of the dry weight of the cold water
extract of sugar pine (Pinus lambertiana Dougl) stump wood (I7), while quebrachitol
comes from the rubber tree (Hevea brasiliensis) (I18). The initial steps in our syntheses
take advantage of the known reaction of chiral inositols to yield the 1,2:5,6-
dicyclohexylidene derivative (19), which can be benzylated and then hydrolyzed in acid
to give the 3,4-dibenzyl-chiroinositol (Figure 1) (20). Because the equatorial hydroxyl
groups are more readily benzoylated than the axial ones, and because the compound
has an axis of symmetry, 1,2,5-tribenzoyl-3,4-dibenzyl-chiroinositol can be prepared
in good yield and is the product obtained regardless of which axial hydroxyl group is
substituted (Figure 2). Finally, inversion of the free hydroxyl group, via the
trifluoromethanesulfonate ester, yields chiral myoinositol derivatives (Figure 3). In
this reaction, the presumed benzoyloxonium ion opens preferentially to give the
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Figure 1. Conversion of D-chiroinositol, via the 1,2:5,6-dicyclohexylidene
derivative, to 3,4-dibenzyl-D-chiroinositol. Bn, benzyl.
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Figure 2. Partial benzoylation of 3,4-dibenzyl-D-chiroinositol, with 3 equivalents
of benzoyl chloride, to yield 1,2,5-tribenzoyl-3,4-dibenzyl-D-chiroinositol as the
major product. Bz, benzoyl.
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Figure 3. Conversion of 1,2,5-tribenzoyl-3,4-dibenzyl-D-chiroinositol, by
displacement of the trifluoromethanesulfonate ester, to a 3:1 mixture of tribenzoyl-
dibenzyl-D-myoinositols and their hydrogenolysis to yield 2,3,6- and 1,3,6-
tribenzoyl-D-myoinositol. Tf, trifluoromethanesulfonyl.
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product with an axial benzoyl ester, 2,3,6-tribenzoyl-4,5-dibenzyl-myoinositol, the key
intermediate for synthesis of D- and L-myoinositol 1,4,5-trisphosphate (2). The
tribenzoyl-myoinositols for these syntheses are obtained by hydrogenolysis of the
benzyl ether groups (Figure 3). The phosphorylation, by a dibenzylphosphite
procedure (21), and the unblocking reactions for synthesis of D-myoinositol 1,4,5-
trisphosphate follow the steps in Figure 4. By similar reactions, D- and L-myoinositol
2,4,5-trisphosphate are available from the minor product of the inversion reaction,
whereas D- and L-chiroinositol 1,3,4-trisphosphate have been prepared in parallel
reactions starting from the 1,2,5-tribenzoyl-3,4-dibenzyl-chiroinositols (Tegge, W.;
Ballou, C.E., unpublished data).

The mixture of tribenzoyl-dibenzyl-myoinositol isomers obtained in the inversion
reaction (Figure 3) can be substituted with the acid-labile and alkali-stable
methoxyethoxymethyl group, the isomers separated by chromatography, and the 2-
methoxyethoxymethyl-4,5-dibenzyl-myoinositol derivative phosphorylated and
unblocked to yield myoinositol 1,3,4-trisphosphate (Figure 5). In this reaction series,
a D-myoinositol intermediate gives an L-myoinositol trisphosphate. By a more
extended series of reactions, D-myoinositol 1,3,4,5-tetrakisphosphate is available.
This procedure involves debenzoylation of the products of the inversion reaction,
followed by partial benzoylation of the 4,5-dibenzyl-myoinositol with two equivalents
of benzoyl chloride, during which the major product is 1,3-dibenzoyl-4,5-dibenzyl-
myoinositol (Figure 6) (Tegge, W.; Ballou, C. E., unpublished data). Substitution of
the two free hydroxyls with the methoxyethoxymethyl group, followed by
debenzylation and debenzoylation, provides a 2,4-disubstituted myoinositol from
which the tetrakisphosphate is available.

Synthesis of Affinity Ligands and Crosslinking Reagents

We have exploited a general methodology for attaching an extender arm to the
phosphate at position 1 of myoinositol 1,4,5-trisphosphate, and then we have utilized
this group for attachment of the ligand to an insoluble matrix or to a crosslinking agent.
Jina and Ballou (22) have described the synthesis of such derivatives based on trans-
1,2-cyclohexanediol bisphosphate as an analog of myoinositol 4,5-bisphosphate. We
have now applied a similar strategy (Figure 7) for synthesis of the myoinositol
trisphosphate derivative. The tribenzoyl-dibenzyl-myoinositols from the inversion
reaction are substituted with the tetrahydropyranyl group, the isomers separated by
chromatography, and the appropriate isomer is debenzylated and phosphorylated.
After removal of the tetrahydropyranyl group and reaction with O-(N-carbobenzyloxy-
3-aminopropyl)-O-benzyl-di-N-iso-propylphosphoramidite, a derivative is obtained
that, after unblocking, yields 1-(3-aminopropylphosphoryl)-D-myoinositol 4,5-
bisphosphate. This product has been coupled to carbonyldiimidazole-activated agarose
and to 4-azidosalicylic acid to provide derivatives for use in study of specific binding
protein (Denis, G. V.; Tegge, W.; Ballou, C. E., unpublished data).

Ca2+-Release Activities of Inositol Polyphosphates and Derivatives

One measure of the biological activity of myoinositol trisphosphate is its ability to
stimulate release of Ca2+ from endoplasmic reticulum stores of saponin-permeabilized
rat basophilic leukemia cells (23). We used this system to assess the activity of our
synthetic derivatives and to answer three questions: are the compounds prepared by
our enantiospecific strategy similar in biological activity to preparations of the same
compounds obtained by others; do the new derivatives we have made increase our
understanding of the structural requirements for stimulation of Ca2* release; and do the
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Figure 4. Synthesis of D-myoinositol 1,4,5-trisphosphate from 2,3,6-tribenzoyl-
D-myoinositol.
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Figure 5. Synthesis of L-myoinositol 1,3,4-trisphosphate from 1,3,6-tribenzoyl-
4,5-dibenzyl-D-myoinositol. MEM, methoxyethoxymethyl.
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Figure 6. Partial benzoylation of 4,5-dibenzyl-D-myoinositol with 2 equivalents
of benzoyl chloride to give 1,3-dibenzoyl-4,5-dibenzyl-D-myoinositol as the

major product.
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Figure 7. Synthesis of 1-(3-aminopropylphosphoryl)-D-myoinositol 4,5-
bisphosphate. Tp, tetrahydropyranyl; R, amino or amide.
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affinity ligands we have prepared retain sufficient biological activity to warrant their use
as general probes for study of myoinositol trisphosphate binding proteins?

_ With regard to the first question, our synthetic D-myoinositol 1,4,5-trisphosphate
is similar in activity to that reported for other preparations (24), but our preparation of
L-myoinositol 1,4,5-trisphosphate shows no activity while others report a low but
measureable activity (Table I). Our D-myoinositol 2,4,5-trisphosphate is also less
active than reported for other preparations, possibly because it contains less of the
1,4-5-trisphosphate isomer.

Table I. Ca2+-Release Activities of Polyol Phosphates

Compound ECs50 [uM]2
D-myoinositol 1,4,5-trisphosphate 0.17b
iodoazidosalicylaminopropyl derivative 0.26
aminopropyl derivative 6.3
D-myoinositol 2,4,5-trisphosphate 4.3
D-chiroinositol 1,3,4-trisphosphate 4.2
L-myoinositol 2,4,5-trisphosphate 110
L-chiroinositol 1,3,4-trisphosphate 120
L-myoinositol 1,4,5-trisphosphate >2000

aConcentration for half-maximal stimulation
bvalues from 0.1 to 1 UM have been reported (24).

Concerning the second question, we find that D-chiroinositol 1,3,4-trisphosphate
and D-myoinositol 2,4,5-trisphosphate both show about 1/25th the activity of D-
myoinositol 1,4,5-trisphosphate. The D-chiroinositol trisphosphate can be considered
as an analog of D-myoinositol 1,4,5-trisphosphate with an axial phosphate at position 1
or as an analog of D-myoinositol 2,4,5-trisphosphate with an axial hydroxyl at position
1. More surprising are the relatively high activities of L-myoinositol 2,4,5-
trisphosphate and L-chiroinositol 1,3,4-trisphosphate, which have about 1/700th the
activity of D-myoinositol 1,4,5-trisphosphate and are clearly more active than the L-
isomer of the latter. We postulate that the axial phosphate group in these compounds
could lead to a more flexible inositol ring conformation and, thereby, allow the
bisphosphate groups to adapt to the active site of a binding protein.

Finally, the D-myoinositol 1,4,5-trisphosphate derivatives with an extender arm
do show significant Ca2+-release activities (Table I) and the iodinated azidosalicyl
derivative has an activity that is essentially equal to that of the parent myoinositol
trisphosphate. The only difference we note in the two is that the stimulation of release
by the crosslinking reagent is more rapidly dissipated than that by the D-myoinositol
1,4,5-trisphosphate. This result could reflect a more rapid metabolism of the former or
association of the derivative with membrane lipids or hydrophobic membrane proteins.
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Chapter 4

Synthesis of Inositol Polyphosphates and Their
Derivatives
Shoichiro Ozaki and Yutaka Watanabe

Department of Resources Chemistry, Faculty of Engineering, Ehime
University, Matsuyama, Japan 790

D-myo-Inositol 1,4,5-trisphosphate [D-Ins(1,4,5)P5], D-Ins(2,4,5)P3, D-
Ins(1,3,4)P3, D-Ins(1,3,4,5)P,, Ins(1,3,4,6)P,, and 2-deoxy-Ins(1,4,5)P;
were synthesized from myo-inositol. o-Xylylene N,N-
diethylphosphoramidite (OXDEP) was found to be an efficient
phosphitylating agent. Methyl hydrogen 2,3-O-cyclohexylidenetartrate
(MHCT) was found to be useful for the enantioselective acylation of inositol
derivatives yielding the corresponding monotartrates with high optical
purities. These new methods permitted the simple and efficient preparation of
D-Ins(1,4,5)P; and D-Ins(1,3,4,5)P, as well as other InsP, derivatives.
InsP, affinity columns were obtained.

Recent biological studies have revealed that D-myo-inositol 1,4,5-trisphosphate
(Ins(1,4,5)P3) acts as a cellular second messenger leading to intense biological interest
in this substance.! This material was isolated in 1961 by C. E. Ballou by chemical
hydrolysis of bovine brain phosphoinositide,2 but the isolation process was very
difficult and the large quantities required for biological studies are simply not available
by this method. In 1986, we reported the first total synthesis of Ins(1,4,5)P3.3 Since
then we have been studying the synthesis of its metabolites and derivatives, focusing
on the development of easy and simple synthetic methods. Three important problems
must be overcome in order to get desired products efficiently: selective protection and
deprotection, optical resolution, and phosphorylation.4

Synthesis of D-myo-Inositol 1,4,5-Trisphosphate (1).3 Treatment of
myo-inositol (2) with 1-ethoxycyclohexene yielded 1,2:4,5-biscyclohexylidene
derivative 3 which was easily isolated by crystallization (see Figure 1). The remaining
hydroxyls were benzylated with benzyl chloride and sodium hydride followed by
removal of the less stable 4,5-cyclohexylidene group with ethylene glycol and TsOH to
give the 4,5-diol 5. Bisallylation followed by cleavage of the remaining
cyclohexylidene group with 80% aqueous acetic acid solution at 80 °C afforded 4,5-
diallyl-3,6-dibenzyl-myo-inositol (6). This racemic diol was subjected to optical
resolution in the next step.

After a number of trials, we prepared the diastereomeric mixture of 1-I-
menthoxyacetyl derivatives 7a and 7b, from which the desired product was easily
obtained by direct crystallization. Alkaline hydrolysis of the ester gave the
enantiomerically pure 1,2-diol 6a. Selective allylation of the equatorial hydrogen group
at C-1 proceeded easily with allyl bromide and NaOH in benzene. After benzylation of
the remaining hydroxyl, deallylation was achieved by isomerization with
tris(triphenylphosphine) rhodium chloride. Subsequent acidic hydrolysis afforded the
key synthetic intermediate, D-2,3,6-tri-O-benzyl-myo-inositol (10). The triol 10 was
perphosphorylated with dianilinophosphoric chloride (DAPC). Deprotection of the
fully protected derivative thus obtained was accomplished by treatment with iso-amyl
nitrite, acetic acid, and acetic anhydride in pyridine followed by hydrogenolysis over

0097—-6156/91/0463—0043306.75/0
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Pd/C to give the desired product, Ins(1,4,5)P; (1). 1-Phospho-4,5-pyrophospho-myo-
inositol (13) was also obtained as a by-product.

Synthesis of Ins(2,4,5)P; (14) 5 Efforts to phosphorylate 1,3,6-tribenzyl-
myo-inositol by DAPC were unsuccessful mainly because the hydroxyl group at the 2
position (axial hydroxyl) is unreactive. However, the axial hydroxyl group of 17 did
react with phosphoric trichloride followed by benzyl alcohol and the resulting
phosphite was oxidized with r-butyl hydrogen peroxide (PCl; method) to afford 18
(see Figure 2).

3,6-Dibenzyl-1,2-cyclohexylidene-myo-inositol (5) was p-methoxybenzylated at
the 4,5 positions to afford 3,4-dibenzyl-1,2-cyclohexylidene-4,5-di(p-methoxybenzyl)-
myo-inositol (15). The 1,2-cyclohexylidene group in 15 was cleaved by hydrochloric
acid to give diol 16. The 1-hydroxyl group in 16 was selectively menthoxyacetylated
giving diastereomers 17, which were easily separated by chromatography on silica gel.
The PCl; method was applied to the 2-hydroxyl group in 17 to give 18.
Methoxybenzyl groups were cleaved by DDQ to give diol 19. One hydroxyl group in
19 was esterified with levulinic acid and the remaining hydroxyl was phosphorylated
by PCl; method to give 21. After cleavage of levulinyl group in 21 by hydrazine, the
resulting hydroxyl group in 22 was phosphorylated to give trisphosphate 23. The
PCl; method is not preferred for phosphorylation of vicinal diols. Tetrabenzyl
pyrophosphate (TBPP) was found to be effective for the phosphorylation of vicinal
diols.6

Synthesis of Ins(1,3,4)P; (24).7 The preparation of this compound is
shown in Figure 3. The 5,6-hydroxyl groups of 1,2:3,4-bis(cyclohexylidene)-myo-
inositol (25) were benzylated. The 3,4-cyclohexylidene group in 26 was cleaved
selectively and the generated hydroxyl groups at C-3 and C-4 were p-
methoxybenzylated. The 1,2-cyclohexylidene functionality was cleaved. The 1-
hydroxyl group in 29 was reacted with menthoxyacetyl chloride and the diastereomeric
mixture was separated.

The menthoxyacetyl group in 30 was cleaved and the 1-hydroxyl group was
methoxymethylated with triethylmethoxymethylammonium chloride. After benzylation
of the 2-hydroxyl group in 31, the p-methoxybenzyls were cleaved by DDQ and the
methoxymethyl group was cleaved by hydrochloric acid. D-2,5,6-Tri-O-benzyl-myo-
inositol (33) was phosphorylated with TBPP. Hydrogenolysis of 34 afforded
optically active Ins(1,3,4)P; (24).

Synthesis of Ins(1,3,4,5)P4 (35).% 1,2:4,5-Bis(cyclohexylidene)-myo-
inositol was benzoylated at the 3-position with benzoyl imidazolide in the presence of
CsF (benzoyl chloride and benzoic anhydride showed lesser selectivity; see Figure 4).
The 6-hydroxyl group in 36 was benzylated with benzyl trichloroacetimidate in the
presence of trifluoromethanesulfonic acid. The 4,5-cyclohexylidene group in 37 was
cleaved and then the 4,5-hydroxyl group was benzoylated. The 1,2-cyclohexylidene
was cleaved and the racemic diol was menthoxyacetylated and separated using medium
pressure liquid chromatography. The 2-hydroxyl in 40 was benzylated, the benzoates
were cleaved, the free hydroxyls in 41 were phosphorylated, and then the protecting
groups removed to give the desired compound 35.

Synthesis of myo-Inositols from Glucuronolactone.? myo-Inositol
derivatives may be obtained from glucuronolactone 43 (see Figure 5). In this case
optical resolution is unnecessary, but epimerization at C-5 (glucose numbering) gluco-
to ido-configuration is required. Conversion of 43 to the 1,2-acetonide derivative was
followed by tosylation of the remaining free hydroxyl group. The lactone 44 was
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reduced with iso-butylaluminium hydride to the lactol 45, which was treated with
potassium carbonate and methanol to invert the configuration at C-5 through an oxirane
intermediate. Acidic methanolysis of 46 followed by benzylation, hydrolysis, and
reduction afforded 2,5-di-O-benzyl-iditol 50. Tritylation with trityl chloride, allylation
with allyl bromide, and hydrolysis then gave the 1,6-diol 53. Oxidation of the diol
according to Swern gave the dialdehyde 54. Cyclization of this dialdehyde using a low
valent titanium species gave myo-, chiro-, and scyllo-inositol derivatives 55, 56, and
57 in 30, 27, and 9% yields respectively. In order to get the myo-configuration
exclusively, the diols can be converted to the olefin with triphenylphosphine and 2,4,5-
trilodoimidazole. The olefin is then oxidized with OsO, to afford the myo-inositol
derivative in 75% overall yield from the diol mixture.

Phosphorylation Methods. See Table 1 for a list of some commonly-employed
phosphorylating reagents. DAPC was used for the first synthesis of Ins(1,4,5)P3, but
this reagent is not effective for the synthesis of Ins(2,4,5)P;. The PCl; method is
effective for the phosphorylation of an isolated hydroxyl group, even at the hindered 2-
position, but not for vicinal diols. TBPP on the other hand, has been employed for the
phosphorylation of polyols, but, in some instances, the yield is not satisfactory.
Because of the limitation of the existing phosphorylating reagents, we explored the
utility of o-xylylene diethylphosphoramidite (OXDEP, 58),10 which is easily
obtainable from o-xylylenediol and hexaethylphosphoroustriamide (60) (see Figure 6).
OXDEP reacts readily with alcohols in the presence of tetrazole to give the trivalent
phosphite species 61 which may be then oxidized either with mCPBA to give the
phosphate 62 or with sulfur to give the thiophosphate 63. Finally, the o-xylylene
group undergoes facile hydrogenolysis to give the free phosphate 64. This
phosphorylation process is easy and gives high yields.

Synthesis of Ins(1,3,4,6)P, (66).11 The 3,5-dihydroxy groups of 1,6:3,4-
bis(tetraisopropylidene) disilyloxy-myo-inositol (67) were benzoylated and the TIPS
protecting groups in 68 were cleaved by hydrogen fluoride (see Figure 7). The
resulting tetrol 69 was phosphorylated by OXDEP method. Hydrogenolysis of 70
with hydrogen and Pd/C followed by treatment with sodium methoxide gave
Ins(1,3,4,6)P,4 (66).

Synthesis of 2-deoxy Ins(1,4,5)P; (71). The synthesis of 2-deoxy
Ins(1,4,5)P; (71) proceeded from 4,5-dibenzoyl-3,6-dibenzyl-1,2-cyclohexylidene-
myo-inositol (72), whose synthesis is described above (see Figure 8). The
cyclohexylidene group was cleaved by 80% aqueous acetic acid to give the 1,2-diol
73. Treatment of the dibutylstannylene derivative of the diol with methoxymethyl
chloride regioselectively afforded the C-1 monoprotected MOM ether 74. A four step
sequence was employed to deoxygenate at the 2 position. First, the free hydroxyl
group was oxidized with PCC to the ketone 75, which was smoothly converted to the
tosyl hydrazone 76. Then hydrazone was reduced with sodium cyanoborohydride, and
the resulting hydrazine derivative 77 was cleaved with sodium acetate to give 2-deoxy
compound 78. Removal of the MOM and benzoy! protecting groups gave the triol 80,
which was phosphorylated with TBPP and butyllithium. Hydrogenolysis of 81 gave
2-deoxy Ins(1,4,5)P5 (71).

Simple Synthesis of Ins(1,3,4,5)P, (35) and Ins(1,4,5)P; (1).12
When myo-inositol was reacted with 3.5 molar equivalent of benzoyl chloride, a 37%
yield of 1,3,4,5-tetrabenzoyl-myo-inositol (82) was obtained along with lesser yields
of seven other partially protected derivatives as shown in Table 2. From the major
product, an important metabolite, Ins(1,3,4,5)P4 (35) was obtained as follows (Figure
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Table 1. Phosphorylating methods

1. DAPC method

(0]
H\ i
1) (@—N}J’—CI 2) i-CsH,,ONO, AcOH
2

2. PCl; method
1) PCly 2) BnOH 3) +-BuOOH

3. TBPP method

Q9
1) Buli 2) (gro}P-o-P{oBr),

4. OXDEP method

o)
AN

1) @C ,P"NEtz  + Tetrazole 2) mCPBA or Sq
0
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Figure 8. Synthesis of 2-deoxy-myo-inositol 1,4,5-trisphosphate.
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HO OH BzO OH
3/—\OH BzCl (3.5¢q) 0Bz
o) - e
HOY Py BzO
OH 90°C,7h OH
2 82
InsBzx Yield /%
Ins(1,3,4,5)Bz, 37
Ins(1,3,5)Bz3 15
Ins(1,3,4,5,6)Bzs 14
Ins(1,3,4,6)Bz,4 13
Ins(1,3,4)Bz; 9
ins(1,4,5)Bz, 6
Ins(1,5,6)Bz; 1
Ins(1,5)Bz; 1
Total 96

Table 2. Benzoylation of myo-inositol
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9). First, 1,3,4,5-tetrabenzoyl inositol (82) was benzylated with benzyl
trichloroacetimidate in the presence of trifluoromethanesulfonic acid. After cleavage of
the benzoyl groups with sodium methoxide, the resulting tetraol 41 was
phosphorylated with OXDEP. Hydrogenolysis then provided Ins(1,3,4,5)P,.
Alternatively, the 2,6-positions of Ins(1,3,4,5)tetrabenzoate may be protected with ¢-
butyldimethylsilyl groups. Reaction of the resulting product 85 with Grignard reagents
under various conditions gave 1,3,4,5-tetrol 86, 1,4,5-triol 87, and 1,4-diol 88 in
varying ratios (Figure 10). The ratio appears to depend upon the size of the halogen
atom of the Grignard reagent as well as on the choice of solvent. Under the optimal
conditions, 53% of the 1,4,5-triol 87 was obtained, from which D,L-Ins(1,4,5)P; was
easily prepared.

Enantioselective acylation with methyl hydrogen 2,3-O-
Cyclohexylidene-Tartrate.!3 One of the minor products isolated in the direct
benzoylation of myo-inositol was the meso-isomer, 1,3,5-tribenzoyl-myo-inositol
(89). It occurred to us that selective acylation of one of the enantiotopic hydroxylic
groups at the 4- and 6-positions would result in the formation of an optically active
myo-inositol derivative without need for a resolution. Towards this end, we evaluated
many many chiral, non-racemic acylating agents, including menthoxyacetyl chloride,
menthoxy carbonyl chloride, amino acid mixed anhydrides, and isocyanates, but were
unable to obtain useful selectivities. In contrast, the methanesulfonyl mixed anhydride
of certain tartrate mono-ester derivatives, most notably methyl hydrogen 2,3-O-
cyclohexylidene tartarate (MHCT), were remarkably effective in the enantioselective
acylation process. As shown in Figure 11, a 62% yield of the D-1,3,4,5-tetraacylated
myo-inositol derivative 90D with a diastereomeric excess of 96% was obtained by
treatment of the meso-1,3,5-tribenzoyl myo-inositol (89) with mixed anhydride of
MHCT. If recovery of starting material (28%) is considered, the chemical yield is 86%.
Conversion to D-Ins(1,3,4,5)P, was easily achieved by conventional methods as
shown in Figure 11.

MHCT is also useful for the kinetic resolution of racemic 1,3,4,5-tetrabenzoyl-
miyo-inositol (82), with the L-isomer undergoing rapid acylation at the 6-position. The
results are shown in Figure 12, and indicate that, as is typically observed in kinetic
resolutions the enantiomeric excess of the unreacted starting material increases as the
conversion is increased. Thus, it was possible to obtain a 41% yield (80% of the
theoretical) of 95% ee D-Ins(1,3,4,5)P, after kinetic resolution with MHCT.

Simple Synthesis of D-Ins(1,4,5)P; and D-Ins(1,3,4,5)P,. Reagents
and techniques mentioned above are combined as shown in Figure 13.1,3,5-
Tribenzoyl-4-tartaroyl-myo-inositol (90D) was reacted with triethylsilyl chloride to
give 2,6-bis(triethylsilyl) derivative 92. The reaction of 92 with ethylmagnesium
bromide afforded 3-benzoyl-2,6-bis(triethylsilyl)-myo-inositol (93) and 2,6-
bis(triethylsilyl)-myo-inositol (94). When these were phosphorylated and then
hydrogenolized, 93 gave D-Ins(1,4,5)P; and 94 gave D-Ins(1,3,4,5)P,.

Synthesis of Ins(1,4,5)P; derivatives. 4,5-Bis(dibenzyl phosphoryl)-3,4-
diben-zyl-myo-inositol 97 is a useful intermediate as shown in Figure 14.14 The 1-
hydroxy! group was silylated and the 2-hydroxyl was p-nitrobenzoylated. The 1-
triethylsilyl group in 99 was cleaved and that position phosphorylated with PCl3,
BnOH, and #-butyl hydrogen peroxide. All benzyl and nitro groups in 101 were
reduced with Hy and Pd/C to give 102. The aromatic ring in 102 was reduced with
hydrogen in the presence of ruthenium oxide to give 104 as shown in Figure 15. The
amine 102 was converted to a diazonium salt and the reaction of the salt with sodium

In Inositol Phosphates and Derivatives; Reitz, A.;
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Figure 11. Enantioselective acylation of 1,3,5-tribenzoyl-myo-inositol.
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Figure 12. Kinetic resolution of D,L-1,3,4,5-tetrabenzoyl-myo-inositol by OXDEP.
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azide gave azide 105. The diazonium salt was also coupled with thyramine and then
reacted with acid chloride to give 106.

The inhibition of Ins(1,4,5)P;-5-phosphatase and Ins(1,4,5)P5-3-kinase and Ca2+
release of these compounds (103, 104, 105, and 106) were measured and structure-
activity relationships were discussed.!> Some (103 and 105) of them were more
potent than the original Ins(1,4,5)P5 in the inhibition of Ins(1,4,5)P;-5-phosphatase.

Activated CH-Sepharose 4B was reacted first with thyramine and then with the
diazonium salt of 103 to afford Ins(1,4,5)P; affinity column 107 (see Figure 16). The
compound 104 was coupled directly with activated CH-Sepharose 4B to afford
Ins(1,4,5)P; affinity column 108. These columns were shown to be very effective
tools to isolate Ins(1,4,5)P; binding protein, Ins(1,4,5)P;-5-phosphatase, and
Ins(1,4,5)P3-3-kinase.16

Conclusions. Synthetic methods to get myo-inositol polyphosphates were
developed and improved by combining a new phosphitylating agent (OXDEP), an
enantioselective acylating agent (MHCT), and selective acylation techniques.
Ins(1,4,5)P5 derivatives and affinity columns were synthesized using the 2-hydroxyl
group of myo-inositols to afford useful tools to isolate Ins(1,4,5)P;-binding
substances.

References
(1) Streb, H.; Irvine, R. F.; Berridge, M. J.; Schulz, 1. Nature 1983, 306, 67.
Berridge, M. J.; Irvine, R. F. ibid. 1984, 312, 315.
(2) Grado, C.; Ballou, C. E. J. Biol. Chem. 1961, 236, 54. Tomlinson, R. V,;
Ballou, C. E. Ibid. 1961, 236, 1902.
(3) Ozaki, S; Watanabe, Y; Ogasawara, T; Kondo, Y; Shiotani, N; Nishii, H;
Matsuki, T. Tetrahedron Lett. 1986, 27, 3157.
(4) Ozaki, S; Watanabe, Y. Yukigoseikagakukyokaishi (Journal of Synthetic
Organic Chemistry, Jpn) 1989, 47, 363.
(5) Watanabe, Y.; Ogasawara, T.; Shiotani, N.; Ozaki, S. Tetrahedron Lett. 1987,
28, 2607.
(6) Watanabe, Y.; Nakahira, H.; Bunya, M.; Ozaki, S. Tetrahedron Lett. 1987,
28, 4179.
L (7) Ozaki, S.; Kohno, M.; Nakahira, H.; Bunya, M.; Watanabe, Y. Chem. Lett.
988, 77.
58 (j&é)gOzaki, S.; Kondo, Y.; Nakahira, H.; Yamaoka, S.; Watanabe, Y. ibid. 1987,
s 1.
(9) Watanabe, Y.; Mitani, M.; Ozaki, S. Chem. Lett. 1987, 123.
P (21505) Watanabe, Y.; Komoda, Y.; Ebisuya, K.; Ozaki, S. Tetrahedron Lett. 1990,
(11) Watanabe, Y.; Mitani, M.; Morita, T.; Ozaki, S. J. Chem. Soc., Chem.
Commun. 1989, 482.
(12) Watanabe, Y.; Shinohara, T.; Fujimoto, T.; Ozaki, S. Chem. Pharm. Bull.
1990, 38, 562.
261(313) Watanabe, Y.; Oka, A.; Shimizu, Y.; Ozaki, S. Tetrahedron Lett. 1990, 31,
(14) Watanabe, Y.; Ogasawara, T.; Nakahira, H.; Matsuki, T.; Ozaki, S.
Tetrahedron Lett. 1988, 29, 5259.
(15) Hirata, M.; Yanaga, F.; Koga, T.; Ogasawara, T.; Watanabe, Y.; Ozaki, S. J.
Biol. Chem. 1990, 265, 8404.
(16) Hirata, M.; Watanabe, Y.; Ishimatsu, T.; Yanaga, F.; Koga, T.; Ozaki, S.
Biochem. Biophys. Res. Commun. 1990, 168, 379.

RECEIVED March 11, 1991

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by STANFORD UNIV GREEN LIBR on August 2, 2012 | http://pubs.acs.org

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch005

Chapter 5
Synthesis of myo-Inositol Polyphosphates

Joseph P. Vacca!, S. Jane de Solms!, Steven D. Young!, Joel R. Huff!,
David C. Billington?, Raymond Baker?, Janusz J. Kulagowski?,
and Ian M. Mawer?

IMerck Sharp and Dohme Research Laboratories, West Point, PA 19486
2Merck Sharp and Dohme Research Laboratories, Neuroscience Research
Centre, Terlings Park, Eastwick Road, Harlow, Essex, CM20 2QR, England

The total synthesis of many naturally occurring myo-inositol phosphates
are reported. The syntheses feature the use of camphanic acid esters for
resolution of protected inositols. The efficient phosphorylation of
hydroxyl groups was achieved by the use of tetrabenzylpyrophosphate
followed by hydrogenolysis of the benzyl protecting groups to obtain the
pure phosphates.

It is well established that phospholipase C stimulation of a number of receptors
results in the hydrolysis of phosphatidylinositol-4,5-bisphosphate [PIP2] giving rise to
diacylglycerol (1) and D-myo-inositol-1,4,5-trisphosphate [1,4,5-1P3, Figl] (2).
1,4,5-1P3 acts as a second messenger and directly mediates the release of calcium from
intracellular stores (2) through activation of specific receptors. The major pathway for
terminating the action of 1,4,5-IP3 is believed to occur through removal of the 5-
phosphate group by a specific 5-phosphatase present in the plasma membranes (3) to
afford myo-inositol-1,4-bisphosphate (1,4-IPp). Alternatively, phosphorylation of the
3-hydroxyl group of 1,4,5-IP3 via a 3-specific kinase gives 1,3,4,5-IP4 which is then
de-phosphorylated to yield 1,3,4-IP3 (5). Eventually, both the 1,4-IP2 and 1,3,4-1P3
are further degraded by other phosphatases giving rise to free inositol via 1- and 4-
monophosphates. The inositol is then recycled to provide more PIP2 (4-5).

Inhibition of any events in this pathway could cause interesting effects that may
give insight into new therapeutic targets. For instance, angiotensin II stimulates the
cleavage of PIP and the 1,4,5-IP3 released causes an influx of calcium which this
leads to vasoconstriction (6). In another case, lithium, a therapy widely used in the
treatment of manic depression, is thought to inhibit the monophosphatase which is
responsible for converting 1-IP and 4-1P into free myo-inositol (7).

We had an interest in studying the fundamental biochemical processes related to
the inositol pathway and in order to do this, an adequate supply of the natural products
as well as derivatives which were not readily available from natural sources was
needed. At the time our work was initiated, some of the natural products were available
commercially, but only in small amounts and of unknown purity. The supply of D-
myo-2-[3H]-inositol 1,4,5-trisphosphate (obtained by enzymatic conversion of 2-[3H]-
inositol) was expensive and of low specific activity (2-3 Ci/mmol). Our goal was to
develop efficient syntheses of these natural products which could be applicable towards
the synthesis of labelled materials and unnaturally occuring isomers. This review will
outline our successes at achieving these goals.

0097-6156/91/0463—0066$06.00/0
© 1991 American Chemical Society
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The key problems encountered in the synthesis of inositol phosphates are (1)
synthesis and optical resolution of suitably protected inositol derivatives, (2) efficient
phosphorylation of hydroxyl groups, (which is a problem especially when they are
vicinal) and (3) deprotection of phosphate substituents in a mild manner in order to
facilitate isolation and purification of final products.

Intermediate synthesis. The classical source of protected myo-inositols
was in the form of the bis-cyclohexylidene ketals of myo-inositol (8) (Scheme I) which
were obtained via treatment of myo- inositol with ethoxy-cyclohexene and a catalytic
amount of acid (9) The 1,4-diol 4 was crystallized directly from the mixture in 26%
yield and the remaining two compounds (3, 5) were isolated upon chromatography in
35% and 19% yield respectively. The subsequent manipulation of these compounds
leads to a variety of substituted myo-inositol derivatives. )

A more expeditous route towards myo-inositol intermediates is the reaction of
myo-inositol with triethylorthoformate and a catalytic amount of acid to yield the 1,3,5-
protected inositol derivative 6 (/0). This compound eliminates much of the protecting
group sequences needed in manipulating ketals 3 and 4 into suitably protected
derivatives.

Resolution of intermediates. In the synthesis of myo-inositol 4-
phosphate (11) (scheme II) it was found that racemic 1,2:4,5-di-O-cyclohexylidene
myo-inositol (4) was selectively alkylated in the 3-position using sodium hydride and
benzyl bromide in hot toluene. Compound 7 was treated with S-camphanoyl chloride
to yield a mixture of diastereomers 8L and 8D which were separable by conventional
chromatography. The use of camphanoyl chloride represented a much better
techonology for resolving myo-inositol derivatives than the use of mono glycosides
(first pioneered by Stepanov) (I2) and is now utilized in other syntheses of myo-
inositol derivatives. Esters 8L or 8D were hydrolyzed and then phosphorylated with
diphenyl phosphorylchloride (DPPC) to give the 4-monophosphate. Each diastereomer
was converted to 4-IP (6).

Camphanoy! chloride was also used in our synthesis of D- and L-myo-inositol-
1,4-bisphosphates (11b) (Scheme III). 1,2:4,5-di-O cyclohexylidene-myo-inositol (4)
was treated with two equivalents of (S)-(-)-camphanoyl chloride (DMAP, pyridine) to
yield a mixture of diastereomeric bis esters 10D and 10L (63%). Attempts to prepare
the monoester gave a mixture of mono and bis-esters, and the diastereomeric
monoesters were not readily separated by chromatography. The diastereomeric bis-
esters were chromatographically separated and then hydrolyzed (LiOH, DME) to give
enantiomerically pure diols 4D and 4L which were converted to D-(+)-1,4 IP2 and
L-(-)-1,4-1P2 as previously outlined by Shvets (13).

Mpyo-inositol trisphosphates. As mentioned earlier, it was anticipated that
the hardest problem encountered in the synthesis of myo-inositol polyphosphates
would be the efficient phosphorylation of compounds containing adjacent hydroxyl
groups. Diphenylphosphoryl chloride (DPPC), one reagent widely used to introduce
phosphate groups onto isolated hydroxyl groups (I3), was successfully used by us for
synthesizing des-hydroxy 1,4,5-IP3 (14) (Scheme IV). Hydroxycyclohexene (11)
was benzoylated and the olefin functionalized via a Prevost reaction (15) with silver
benzoate and iodine. Compound 13 was hydrolyzed and reacted with DPPC to afford
14 in good yield. The phenyl groups were then removed via hydrogenation over
Adam's catalyst. This was the only case in our hands where DPPC was efficient in
phosphorylating vicinal hydroxyl groups. More functionalized substrates (e. g. 5 or
16) always resulted in poor yields, the main drawback being that the diphenyl
phosphate group was unstable during chromatography and subsequent protecting
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group manipulations. An alternate route for phosphorylating substituted myo-inositol
derivatives utilizing a more stable phosphorylating reagent is shown in scheme V.

Diol 16 was reacted with dianilidophosphoryl chloride (16) (DAPC) to afford
17 in good yield. The ketal of 17 was removed and the equatorial alcohol successfully
phosphorylated with DAPC to afford 19. All efforts to convert compound 19 to 20
failed due to the harsh deprotection conditions employed. During the course of our
investigation. Ozaki et al (17) reported on the use of DAPC in the first successful
synthesis of 1,4,5-IP3. Their deprotection sequence, however, was reported to
proceed in very low yield and the need for an improved procedure was emphasized.

Our solution to the phosphorylation problem is shown in scheme VI. Bartlett
(18) had reported on the reaction between tetrabenzylpyrophosphate (19) (TBPP) and
an alkoxide to give a high yield of a dibenzylphosphate. This sequence was first tested
in the inositol series with model compound 4. Compound 4 was deprotonated with n-
BulLi and the bis-alkoxide salt was reacted with an excess of TBPP to give a good yield
of bisphosphate 21. However, we were unsure if this method would be applicable to
substrates containing vicinally located hydroxyl groups due to the possibility that the
anionic alkylation of a vicinal diol would lead to cyclic monophosphates rather than two
distinct phosphate groups. To our surprise, a 75% yield of bisphosphate 23 was
obtained upon deprotonation of vicinal diol 22 with potassium hydride in refluxing
THF which already contained the TBPP. No amount of any cyclic phosphates were
observed. With the successful use of TBPP for phosphorylating vicinal diols
established, our attention was next focused on synthesizing a substrate for conversion
into 1,4,5-1P3.

Garegg (9b) (scheme VII) had reported that 4-benzyl-1,2:5,6-di-O
cyclohexylidene-myo-inositol (24) was readily obtained by the phase transfer
alkylation of 1,2:5,6-di-O-cyclohexylidene myo-inositol (3). Following this
procedure, a 39% yield of the desired 3-hydroxyl compound 24 was obtained along
with a 19% yield of the 4 hydroxyl product 25 and a 9% yield of the previously
unreported bis-benzyl compound 26. All three compounds were easily separated and
the undesired ones could be recycled by metal ammonia reduction of the benzyl groups
(20). Esterification of the free hydroxyl substituent of 24 with (S)-(-)-camphanoyl
chloride yielded a mixture of two diastereomers (combined yield = 90%) that were
chromatographically separated to give 27D and 27L. The diastereomeric purity of
each compound exceeded 98% as determined both by HPLC and lH NMR. All three
methyl groups in the ester were singlets, two of which were nonequivalent in the
diastereomers. Selective hydrolysis of the trans ketal of each diastereomer gave diols
%gD and 28L. Basic hydrolysis of the ester group afforded enantiomerically pure triol

The phosphorylation of compound 29D was next studied (scheme VIII). Triol
29D was reacted with tetrabenzylpyrophosphate and potassium hydride in refluxing
tetrahydrofuran to give low yields of protected trisphosphate 31D. Surprisingly, a by-
product isolated was epoxide 30D, which was fully characterized by H, 31p NMR,
mass spectroscopy and combustion analysis. Presumably, phosphorylation of either
the 4- or 5-hydroxyl group was followed by either a second phosphorylation (giving
31D) or by the adjacent hydroxide attacking the first phosphate in an Sn2 fashion to
give epoxide 30D. This side reaction was suppressed by simply preforming the tri-
alkoxide salt at elevated temperatures (THF, 60°C) and then adding the TBPP upon
cooling to room temperature. This provided the expected trisphosphate 31D in 65%
yield with no evidence of epoxide or cyclized products. Hydrogenation of
trisphosphate 31D (Hp, Pd/C, 95% EtOH) rapidly removed the benzyl groups and
mild acid hydrolysis (AcOH, Hp0) removed the cyclohexylidene group to give D-
1,4,5-myo-inositol trisphosphate in only 8 steps from myo-inositol. The main
advantage of this sequence was that the protecting groups could be removed using mild
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Scheme VI
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Scheme VII
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conditions. The 1,4,5-IP3 obtained was essentially pure and did not require any
special chromatography to isolate. In a similar manner L-1,4,5-myo-inositol
trisphosphate was synthesized starting from camphanate ester 27L.

Scheme IX shows the synthesis of the unnaturally occurring derivative 6-
methoxy 1,4,5-1P3 (35). Compound 32 was alkylated in the 4-position with methyl
iodode in DMF to afford 33. The benzyl group was removed usind lithium in
ammonia and the alcohol 34 carried on in the usual fashion to afford racemic 35.

Myo-inositol-2,4,5-trisphosphate  (2,4,5-1P3) and myo-inositol-1,3,4
trisphosphate (1,3,5-IP3) were synthesized as shown in scheme X. The protected
myo-inositol derivatives 35 and 37 were prepared from diol 4 via multi-step
procedures previously outlined by Gigg (11-21). In contrast to the results obtained in
the case of 1,4,5-IP3, treatment of either triol 35 or 37 with an excess of potassium
hydride in refluxing THF followed by additon of TBPP at room temperature led to low
yields of trisphosphate 36 or 38. However, when the trisodium salt of 35 (4.5 eq
NaH, 1 hr, 09C) was treated with the pyrophosphate in DMF, a good yield (64%) of
36 was obtained. In the same manner as described for the 1,3,4-1P3 case, compound
37 was phosphorylated and gave tris-phosphate 38 in 70% yield. The nine benzyl
groups of either 36 or 38 were removed by catalytic hydrogenation to give (+)-1,3,4-
IP3 (75%) and (+) -2,4,5-1P3 (64%). Finally, diol 39 was phosphorylated using the
improved conditions to afford 40 in 78% yield.

Myo-inositol orthoformate. The bis-acetals 3-5 provided ready access
towards various protected myo-inositol derivatives and were especially useful when the
target molecule posessed free hydroxyl groups in the C-2 and C-3 position that could
be protected until the final step using the cyclohexylidene ketal (eg. 1,4,5-IP3 and
analogs). However, when the target molecule posessed C-1 and C-3 phosphates, it
was always necessary to use extensive protecting methodology to block the C-2
hydroxyl group. To develop a more direct method for protecting the C-2 hydroxyl
group early in the synthesis, we explored the use of myo-inositol orthoformate (6)
whose preparation was recently described by Kishi (/0). This compound provided
simultaneous protection of the hydroxyl groups in the C-1, C-3 and C-5 position and
was reported to be selectively derivatized in the C-2 position.

Attempts to carry out the selective silylation of the C-2 hydroxyl group of 6
always resulted low yields of the desired product. However, it was discovered that
treatment of 6 with one eq. of sodium hydride followed by an eq. of benzyl bromide
resulted in preferential alkylation of the C-4 hydroxyl group to give 41 in high yield
(22) (scheme XI). Use of a second eq. of each reagent gave compound 42 in which
both the C-4 and C-6 axial alcohol were derivatized. One rational for this selectivity is
that the initially formed alkoxide salt is coordinated with the adjacent hydroxy! group.
Use of other electrophiles led to similar selectivity in 65-80% yields. These
intermediates were used to synthesize a number nyo-inositol phosphates.

Compound 46, obtained from the reaction of the monoalkoxide of 6 with
TBPP was debenzylated and the orthoacetal group hydrolyzed in acid to give myo-
inositol 4-monophosphate (scheme XII). This route provided 4-IP in only two steps
from monoorthoformate 6.

Myo-inositol 1,3,4,5-tetrakisphosphate was prepared from the mono-alkylated
derivatives 44 or 45 (scheme XIII). Protection of the remaining C-2 and C-6
hydroxyl groups as benzyl ethers (47) was followed by removal of the C-4 ether and
orthoformate group to yield tetraol 48 in good yield. The phosphorylation of 48 was
accomplished by treating it with over 4 eq. of sodium hydride followed by excess
TBPP. In tetrahydrofuran, either a catalytic amount of imidazole or 18 crown-6 was
needed in order to solubilize the tetra-sodio alkoxide salt. No additives were necessary
when the reaction was carried out using DMF as the solvent. The ten benzyl groups of
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Scheme X. Reagents and conditions: (a) NaH, ((BnO),P(0)),0, DMF, 0°C;
(b) H,, 50 psig, 10% Pd/C, 95% EtOH, 25°C, 3 h.
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49 were removed by hydrogenation to afford 1,3,4,5-1P4 in good yield and only 6
steps from myo-inositol.

A much shorter synthesis of myo-inositol 2-monophosphate (2-IP) which was
not contaminated with any of the 1-phosphate was also achieved using compound 6
(scheme XIV). Triol 6 was treated with 2 eq. of sodium hydride followed by 2 eq. of
benzyl bromide to give 4,6 bisbenzyl-orthoformate compound 42. Small amounts of
the 2,6 bisbenzyl-ether along with the tribenzyl-ether and 4-monobenzyl-ether were
also obtained and could be removed by chromatographic separation. The C-2 alcohol of
42 was phosphorylated (50) and the protecting groups removed in the usual fashion to
give 2-IP.

Finally, tribenzyl ether 43 provided ready access to 1,3-IP2 and 1,3,5-1P3
(scheme XV). The orthoacetal of 43 was removed with aqueous TFA and the C-1 and
C-3 alcohols of 51 were selectively phosphorylated (3/1 ratio of 1,3 vs 1,5) with
diphenyl chlorophosphate to afford bisphosphate 53. Treatment of 53 with lithium in
ammonia (-78°C) removed both the phenyl and benzyl protecting groups (23) to give
the tetralithium salt of 1,3-IP2. The free acid was obtained upon treatment with
Amberlite IR-120 and the product isolated as the tetracyclohexylammonium salt.

Exhaustive phosphorylation of triol 51 using TBPP and sodium hydride led to
tris phosphate 52 which was converted to 1,3,5-1P3 after hydrogenation of the benzyl
groups.

D-myo-[1-3H]-inositol 1,4,5-triphosphate. A critical goal of our
program was to develop a synthesis of D-myo-3[1-H]-1,4,5-IP3 of high enough
specific activity in order to carry out receptor binding studies (24). Our route is
outlined in scheme XVI.

Enantiomerically pure ester 27D was hydrolyzed (1M LiOH/DME) providing
alcohol 54 in high yield. Swern oxidation of 54 gave ketone 56 which was
immediately reduced without further purification. It was found that sodium
boryhydride (MeOH, 0°C) gave equatorial alcohol 54 back as the sole product with no
detectable amounts of the axial alcohol epimer. Lithium aluminum hydride gave only
about a 4:1 ratio of the equatorial/axial alcohol.

To continue the synthesis, compound 54 was first phosphorylated (5§7) and
then the less stable trans-ketal was removed (cat. HCl/ MeOH) to afford diol 58. It
was possible to hydrolyze the trans-ketal of 54 to give a triol directly, but we found
that in some cases the ketal hydrolysis was hard to control and variable amounts of a
pentaol, in which both ketals were removed, was produced. Diol 58 was
bisphosphorylated using TBPP in DMF and the trisphosphate 59 carried on to 1,4,5-
IP3 as before.

Following the same route as above but substituting sodium borotritide as the
reducing agent, alcohol 55 afforded D—myo-[1-3H]-1,4,5-IP3 having a specific activity
of 9.4 Ci/mmol (25).

Conclusions. A number of naturally occurring and unnaturally ocurring
myo-inositol phosphates were synthesized from two main sources of protected myo-
inositol derivatives. The efficient resolution of these intermediates was solved by using
S-camphanoyl chloride as the resolving agent. Since our original work, many research
groups have eliminated the need for resolution of myo-inositols by utilizing the chiral
pool for protected intermediates and these elegant efforts are outlined in other chapters
of this book. The problem of phosphorylation of vicinally substituted hydroxyl groups
was solved by using tetrabenzylpyrophosphate with alkoxide anions. The intermediate
dibenzylphosphates were stable and simple to purify. This greatly facilitated the
protecting group removal sequence and purification of the final products. The strides
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Scheme XVI

[le]

h g
[1°H]-1,4,5-1P; ~t——

R,0%

58 R, =H
C
59 Rl = PO3Bn2
Reagents: (a) LiOH, DME/H,0 (1:1), Rt, 4h, (85%); (b) DMSO, COCl,, -78°C, 10 min; NEt;,
-78°C, 30 min, (65%); (c) NaBH,, EtOH, RT, 1h, (80%); (d) NaBT,, EtOH, RT, 1h; (¢) NaH,

DMF, TBPP, 0°C, 3h, (80%); (f) AcCl (cat), MeOH/CH,CL, (1:9), RT, 3h, (60%); (g) H,, 1 atm
EtOH/H,0 (9:1), RT, 4h; (h) AcOH/H,0 (1:1), RT, 18h, (72%).

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by STANFORD UNIV GREEN LIBR on August 2, 2012 | http://pubs.acs.org

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch005

84

INOSITOL PHOSPHATES AND DERIVATIVES

made in the synthesis of these compounds hopefully should serve an important role in
elucidating the biological role of the myo-inositol pathway.
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Chapter 6

Preparation of Optically Active myo-Inositol
Derivatives as Intermediates for the Synthesis
of Inositol Phosphates

Trupti Desail, Alfonso Fernandez-Mayoralas?, Jill Gigg!, Roy Gigg!, Carlos
Jaramillo?, Sheila Paynel, Soledad Penades?, and Nathalie Schnetz?

!Laboratory of Lipid and General Chemistry, National Institute for Medical
Research, Mill Hill, London NW7 1AA, England
Instituto de Quimica Organica General, C.S.I.C., Madrid, Spain
3Laboratoire de Chimie Organique, Facult¢ de Pharmacie, Universite Louis
Pasteur, Strasbourg, France

The following racemic myo-inositol derivatives: 1,3-di-O-allyl-2,6-
-di-O-benzyl-; 1,3,4-tri-O-allyl-2-O-benzyl-; 1,5-di-O-benzyl-2,3-O-
-isopropylidene-4-O-p-methoxybenzyl-;  2,6-di-O-benzyl-1,5-di-O-p-
-methoxybenzyl-;  2,4-di-O-benzyl-5,6-O-isopropylidene-1-O-p-meth-
oxybenzyl-; 1,2,4-tri-O-benzyl-5,6-O-isopropylidene-; 1,5,6-tri-
-O-benzyl-2,3-O-isopropylidene-;  2,5,6-tri-O-benzyl-1-O-p-methoxy-
-benzyl- and 1,2,5,6-tetra-O-benzyl- were found to be readily resolved
by crystallisation of the (+)- or (-)- w-camphanates. The chiral inositol
derivatives prepared from these diastereoisomeric camphanates are
suitable intermediates for the synthesis of most of the inositol
phosphates and phosphatidylinositol phosphates of the ‘phosphatidyl-
-inositol cycle’ as well as the °‘lipid anchor’ of cell surface
glycoproteins, the serologically active glycolipids of Mycobacterium
tuberculosis and the plant glycolipid ‘phytoglycolipid’.

This review will deal mainly with unpublished work and will refer only briefly to
recently published papers (I-6) from Mill Hill concerned with inositol chemistry.
Some of the work described forms part of an International Patent Application (7)
and of the M.Phil. thesis of Trupti Desai ().

In the formulae, racemic inositol derivatives are indicated by () in the ring and
chiral inositol derivatives, represented in their correct absolute configurations are
shown with thickened lines in the ring.

All = -CH,-CH=CH,; Crot = -CH,-CH=CH-Me; Prop = -CH=CH-Mc;

Bn = -CH,Ph; pMB = -CH,Ph(pOMe);

(-)-camph and (+)-camph = (-)- and (+)-w-camphanate esters;

(P) = PO(OH),; [P] = PO(OBn),; /P = PO(OCH,CH,CN),.

Dedicated to Professor Herbert E. Carter on the occasion of his 80th birthday
(September 25th 1990).

0097—-6156/91/0463—0086506.00/0
© 1991 American Chemical Society
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Most of the technology required for the synthesis of myo-inositol phosphates
(protection of specific hydroxyl groups, phosphorylation and deprotection methods)
has been elaborated by several groups active in this area (9,70). The major problem
remaining has been the efficient preparation of intermediates for the synthesis of the
chiral inositol phosphates. By the investigation of many derivatives of myo-inositol,
we have developed resolutions [using commercially available (+)- and (-)-w-
camphanic acids] which give the required diastereoisomers in good yield by
crystallisation and, with these chiral intermediates available, most of the natural
inositol phosphates and phosphatidylinositol phosphates, so far described, can be
prepared.

Intermediates for the Synthesis of Inositol Phosphates.

We have described (4,5) the synthesis of racemic 1,2,4-tri-O-benzyl-5,6-O-
isopropylidene-myo-inositol (3) via the allyl ether (1) and this synthesis has now
been improved by using the crotyl ether [2, m.p. 109°, prepared in a similar way to
(1)] as an intermediate. The removal of the crotyl group (1) is a one stage reaction
whereas removal of the allyl group requires two stages.

Our first attempt (4,7) to resolve an inositol derivative (3) as the (-)-w-
-camphanate was successful giving a high yield of one diastereoisomer [4, m.p.172°,
[a]p +53°(CHCI,)] by crystallisation whilst the other (§) was obtained as a syrup.
Unfortunately the crystalline diastereoisomer (4) was not the one required for the
preparation of 2,3,6-tri-O-benzyl-D-myo-inositol (10) (to be used as an intermediate
for the synthesis of D-myo-inositol 1,4,5-trisphosphate) but on hydrolysis gave the
enantiomer as shown by the conversion of (4) into (+)-bornesitol (8). However the
crude syrupy diastcreoisomer (5) was converted into the crude allyl ether (7) which
after deacetonation and crystallisation gave the enantiomerically pure diol [9, m.p.
98° [a]p +20%(CHCI3)] because this crystallises much more readily than the
racemate. Its purity was estabhshed by comparison of the rotation with that of its
enantiomer (6) and by 200MHz 'H-n.m.r. spectroscopy of the diacetates in the
presence of the chiral shift reagent [Eu(hfc);] at different concentrations. The chiral
allyl ether (9) is a useful intermediate for the synthesis of the S-phosphorothioate
analogue of D-myo-inositol 1,4,5-trisphosphate (see below). We also showed that
conversion of the crude (-)-w-camphanate (5) into the crude bis-(-)-w-camphanate
(11) and crystallisation gave the pure diastereoisomer [11, m.p. 112° [a]p +13°
(CHCly). The diol derived by saponification of (11) had m.p. 106°, [a]y +15°
(CHCly)

In J1989, (+)-w-camphanic acid became commercially available (Fluka) and we
were therefore able to convert the alcohol obtained by saponification of the crude
syrupy (-)-w-camphanate (5) into the beautifully crystalline (+)-w-camphanate (13)
which is the enantiomer of the crystalline (-)-w-camphanate (4). This approach was
used rather than treating the alcohol (3) directly with (+)-w-camphanic acid chloride
in order to use less of the more expensive (+)-w-camphanic acid [seven times the
price of the (-)-isomer (Fluka)] and also because the diastereoisomer (4) was
required for the synthesis of other chiral inositol phosphates (see below). Thus three
routes were available, from the racemic alcohol (3), for the preparation of 2,3,6-tri-
-O-benzyl-D-myo-inositol {10, m.p. 120°, [a]p +10°(CHCl3)] to be used as an
intermediate for the synthesis of D-myo-inositol 1,4,5-trisphosphate.

We have subsequently used the camphanic acids in large quantities for
resolutions and as they are expensive we were interested in their recovery. A
standard text on the subject of resolutions (12, see also 13) stated that for
camphanates: "Regeneration of the resolved alcohols is affected by saponification or
by reduction with lithium aluminium hydride; in either process the camphanic acid
is destroyed. This fact constitutes a significant limitation to the use of this resolving
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agent on any but a small scale." However, we find that acidification of the aqucous
layer (containing the hydrolysed camphanic acid) after the saponification of the
camphanate, and subsequent extraction with dichloromethane, allows the recovery
of camphanic acid in high yield. This recovery procedure has also been described
by Vogel (14,15). In the separation of the diastereoisomeric camphanates by
crystalhsatlon an inspection of the methyl resonances of the camphanate groups in
the 'H-n.m.r. spectrum (even at 90MHz) is valuable since the chemical shifts are
usually sufficiently different for each diastereoisomer to allow an asscssment of
purity.

The diastereoisomers (13 and 4) are also suitable intermediates for the
synthesis of D-myo-inositol 1- and 3-phosphates respectively. Also after removal of
the camphanate groups from (13) and (4) and subsequent benzylation and
deacetonation they provide 1,2,3,6- and 1,2,3,4-tetra-O-benzyl-D-myo-inositols
respectively, suitable for the synthesis of D-myo-inositol 4,5- and 5,6-bisphosphates.
1,2,3,4-Tetra-O-benzyl-D-myo-inositol has m.p. 106°, [a]p -15°(CHCI,) and the
derived acetonide has m. p. 84°[a]p +31°(CHCl;). We have also shown that the
6-O-benzyl ether of 2,3,6-tri-O-benzyl-D-myo-inositol (10) can be preferentially
removed by acetolysis, tollowmg the method developed by Angyal (16), o give
2,3-di-O-benzyl-D-myo-inositol (12) which is a suitable intermediatc for the
synthesis of D-myo-inositol 1,4,5,6-tetrakisphosphate.  1,2-Di-O-benzyl-D-myo-
-inositol can be prepared in the same way from (4) for use as an intermecdiate for
D-myo-inositol 3,4,5,6-tetrakisphosphate. Both of these tetrakisphosphates are of
current interest (I7-20) as intermediates in the metabolism of inositol phosphates.

Because of the success achieved with the resolution of the alcohol (3) via the
camphanates, we decided to investigate the resolution of analogues of (3) in which
one of the benzyl groups was replaced by a p-methoxybenzyl group. In the case of
the racemic 2,6-di-O-benzyl-3-O-p-methoxybenzyl derivative [14, prepared from
racemic 1,2:4,5-di-O-isopropylidene-3-O-p-methoxybenzyl-myo-inositol (6) in a
similar way to the preparation of (3)] identical crystallisation behaviour to that of (3)
was obscrved giving easy access to the two crystalline diastercoisomers [15, m.p.
152° [a]p -52°(CHCIl3)| and its enantiomer (16). With the other two mono-p-
-methoxybenzyl ether analogues of (3) no good separation of the diastercoisomers
by crystallisation has yet been achicved. After removal of the camphanate and
isopropylidene groups from the chiral p-methoxybenzyl ether (15) the product [17,
R = H, m.p. 122°, [a], +10°(CHCl,)] is a suitable intermediate for the synthesis of
D-myo-inositol 1,4,5-trisphosphate. Removal of the p-methoxybenzyl group from
(17, R = H) gave 2,6-di-O-benzyl-D-myo-inositol [21, m.p. 148°,[a], -28°(CHCly),
[a]p -28°(EtOH)] which has been prepared previously (21-24). This compound has
also been prepared by other routes (see below) and is a suitable intermediate for the
synthesis of D-myo-inositol 1,3,4,5-tetrakisphosphate.

Allylation of the alcohol derived from (15) by saponification and subsequent
removal of the p-methoxybenzy! and isopropylidene groups gave the triol [18, m.p.
110°, [a]p +4°(CHCly)]. Compound (15) was also converted into the diol (19) and
partial de-p-methoxybenzylation of this gave the triol [22, m.p. 137°[a]y -9°
(CHCly)]. Both compounds (18 and 22) are required as intermediates for the
synthesis of phosphatidylinositol 3,4,5-trisphosphate (see below). Compound (17) is
also being investigated as an intermediate for the synthesis of the 3-phosphoro-
thioate analogue of D-myo-inositol 1,3,4,5-tetrakisphosphate via the alcohol (20).
This phosphorothioate should not be metabolised to D-myo-inositol 1,4,5-tris-
phosphate, as is D-myo-inositol 1,3,4,5-tetrakisphosphate itself (25), and should
therefore be useful in investigating the function of the latter as a ‘second messenger’
(26,27). Com zpound (20) is also being investigated as an intermediate for the
preparation of “H-labelled D-myo-inositol 1,4,5-trisphosphate (see below).
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In order to make some of the intermediates described above more readily
available we have developed new routes involving the one-pot tin-mediated
allylation of myo-inositol (23) in the presence of tetrabutylammonium bromide with
acetonitrile as a solvent and molecular sieve 3A in a Soxhlet to remove the water
liberated. With an excess of reagents the myo-inositol was converted (during 24
hours) into a readily separable mixture of the two tetra-O-allyl inositols (26 and 27)
together with small amounts of penta-O-allyl inositols and the symmetrical 1,3,5-
-tri-O-allyl-myo-inositol (m.p. 69°, triacetate m.p. 125°). The tetra-O-allyl inositols
(26 and 27) were obtained as syrups which gave crystalline diacetates (m.p. 90° and
75° respectively) and on partial acetylation at 20° gave the mono-acetates with a free
axial 2-hydroxyl group (m.p. 70° and 102° respectively) in good yield. These
mono-acetates are potentially useful compounds for synthetic work. We had
previously (7) prepared the mixture of tetra-O-allyl inositols (26 and 27) by applying
the tin-mediated allylation to a mixture of 1,4-, 4,5- and 1,6-di-O-allyl-myo-
-inositols. When myo-inositol was subjected to the tin-mediated allylation using
three equivalents of dibutyltin oxide the racemic 1,3,4-tri-O-allyl-myo-inositol (24,
m.p. 85°) was isolated as a major product and this also gave a crystalline tri-acetate
(m.p. 137°).

Allylation of myo-inositol under these conditions with 2.2 equivalents of
dibutyltin oxide gave a complex mixture of water soluble mono-, di- and tri-O-allyl-
-myo-inositols which were most readily separated and characterised after their
conversion into ether soluble isopropylidene derivatives. Column chromatography
of these gave racemic 1-O-allyl-2,3;4,5-di-O-isopropylidene- (m.p.119°, acetate
m.p. 97°), 1-O-allyl-2,3:5,6-di-O-isopropylidene- (3), 3,4-di-O-allyl-1,2;5,6-di-O-
-isopropylidene- (5) and 1,3,4-tri-O-allyl-5,6-O-isopropylidene-myo-inositols all in
ca. 15% yield. The major product (ca. 25% yield) was 1,3-di-O-allyl-4,5-O-
-isopropylidene-myo-inositol which gave 1,3-di-O-allyl-myo-inositol (m.p. 121°) on
hydrolysis. We had hoped this would be formed in higher yield as it is a useful
compound particularily for the synthesis of racemic 2,4-di-O-benzyl-myo-inositol
(28). Minor products were identified as 1,4-di-O-allyl-2,3;5,6-di-O-isopropylidene-
(8%,3), 1,3,5-tri-O-allyl- (5%) and 1,5-di-O-allyl-2,3-O-isopropylidene-myo-inositol
(2%, m.p. 92°). In the above tin-mediated reactions allyl bromide was substituted by
crotyl bromide to give similar results.

The 1,3,4-tri-O-allyl-5,6-O-isopropylidene-myo-inositol (33) described above
was also prepared from the 1,3,4-tri-O-allyl-myo-inositol (24) obtained in the tin
mediated allylation of myo-inositol using three equivalents of dibutyltin oxide.
Benzylation of compound (33) and subsequent deacetonation gave racemic 1,3,4-tri-
-O-allyl-2-O-benzyl-myo-inositol (34, m.p. 55°, diacetate m.p. 123°). The bis-w-
-camphanates of the diol (34) were separated by crystallisation and from the
(-)-w-camphanate [m.p. 211°, [a]p +7°(CHCly)] the chiral diol [37, acetate m.p.
1359, [a]p +24°(CHCl;)] was obtained and its enantiomer (38) was obtained
preferentially by crystallisation of the bis-(+)-w-camphanate of (34). Benzylation of
compound (38) and deallylation gave 2,5,6-tri-O-benzyl-D-myo-inositol [35, m.p.
1059, [a]p -27°(CHCI,)] suitable as an intermediate for the synthesis of D-myo-
-inositol 1,3,4-trisphosphate.  p-Methoxybenzylation of (37 and 38) followed by
deallylation, acetonation, benzylation, deacetonation and de-p-methoxybenzylation
gave 2,3-di-O-benzyl-D-myo-inositol (36) and its enantiomer (41) respectively.
This is an alternative route to that described above based on the acetolysis of
compound (10) and its enantiomer.

Benzylation of the dibutylstannylene derivative of (38) gave (together with the
regioisomer) 1,3,4-tri-O-allyl-2,6-di-O-benzyl-D-myo-inositol [40, acetate m.p. 82°,
[a]p +22°(CHCI5)] which on p-methoxybenzylation and deallylation gave the triol
[39, R=H, m.p. 115°, [a]p -22°(CHCl,)] which we intend to use as an intcrmediate
for the synthesis of the 5-phosphorothioate analogue of D-myo-inositol
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1,3,4,5-tetrakisphosphate via the protected phosphate [39, R = & » syrup, [a]p 0°

(CHCIly)]. This S5-phosphorothioate analogue should be stable to the 5-phosphatase
that normally metabolises D-myo-inositol 1,3,4,5-tetrakisphosphate to the 1,3,4-
-trisphosphate and could be a useful compound for investigating the proposed role
(26,27) of the 1,3,4,5-tetrakisphosphate as a ‘second messenger’. The racemic
1,3,4,5-tetra-O-allyl-myo-inositol  (26) gave a mixture of diastereoisomeric
(-)-w-camphanates which could be separated by chromatography and the slow (t.l.c.)
(-)-w-camphanate [m.p. 169°, [a]p -1°(CHCI5)] also crystallised preferentially from
the mixture. This on saponification and subsequent methylation and deallylation
gave 2,4-di-O-methyl-D-myo-inositol identical with the material prepared from
1,3,5,6-tetra-O-benzyl-D-myo-inositol ~ (6) thus  establishing the  absolute
configuration of this diastereoisomer.

Benzylation of the tetra-O-allyl derivative (26) and subsequent deallylation
using Pd/C (28) gave the racemic 2,4-di-O-benzyl-myo-inositol (28, m.p. 126°). We
get variable yields in this reaction due to debenzylation and are investigating other
procedures for deallylation. Treatment of the di-O-benzyl ether (28) with acidic
dimethoxypropane gave a mixture of the isopropylidene derivatives (42, m.p. 96°,
acetate m.p. 118°) and (43, m.p. 110°) which were readily separated by silica gel
chromatography. Compound (43) is a suitable intermediate for the synthesis of
myo-inositol 1,3-bisphosphate. Partial p-methoxybenzylation of (43) gave the useful
intermediate (14). Allylation of (43) and subsequent deacetonation gave the diol
(45, isopropylidene derivative m.p. 106°; diacetate m.p. 129°). Crystallisation of the
bis-(-)-w-camphanates of the diol (45) gave a pure diastereoisomer (m.p. 163°)
which gave the chiral diol (44) on saponification. Deallylation of (44) gave 2,6-di-
-O-benzyl-D-myo-inositol (21) identical with the material described above. We
showed previously (6) that crystallisation of the bis-(-)-w-camphanates of the
racemic 1,2,5,6-tetra-O-benzyl-myo-inositol (46) gave the pure bis-camphanate of
the chiral alcohol (47) and this diol is a suitable intermediate for the synthesis of
D-myo-inositol 3,4-bisphosphate. We therefore decided to investigate the behaviour
of analogues of the tetra-O-benzyl ether (46) containing some p-methoxybenzyl
ether groups in place of benzyl groups to see if the (-)-w-camphanates of these
would also separate by crystallisation. Compound (49, m.p. 174°) was prepared
from (25) and crystallisation of the (-)-w-camphanates of (49) gave the pure
camphanate [m.p. 200°, [a]p -4°(CHCIy)] of the chiral diol [50, m.p. 155°, [a]p, -14°
(CHCly)]. Similarily the racemic derivative (54, m.p. 176°), prepared from (42) was
resolved to give the chiral diol [$5, m.p. 167°, [a]p -10°(CHCly)].

It was also found that benzylation of the dibutylstannylene derivative of the
tetra-O-benzyl ether (47) gave predominantly (ca. 85%) the penta-O-benzyl ether
(48) and this was separated from the regioisomer by chromatography. The other two
analogues (50 and 55) of (47) behaved similarily in the tin-mediated benzylation.
Thus from the chiral derivatives (47, 50 and 55) we were able to preparc the chiral
derivatives (48, 52, 53, 21,10 and 57) suitable for the synthesis of D-myo-inositol 4-,
1,3,4-tris-, 1,4-bis-, 1,3,4,5-tetrakis-, 1,4,5-tris- and 1,5-bis-phosphates respectively.
The latter phosphate is of interest as it has been shown (29) that the 1,5-bis-
phosphate of cyclohexane 1,3,5-triol mobilises calcium ions as efficiently as
D-myo-inositol 1,4,5-trisphosphate in Neurospora crassa. The 2,3,5,6-tetra-O-
-benzyl-D-myo-inositol (53) is also available by crystallisation of the bis-(+)-
-w-camphanate of the racemic tetra-O-benzyl ether and likewise the enantiomer of
(53), 1,2,4,5-tetra-O-benzyl-D-myo-inositol, can be prepared by crystallisation of the
bis-(-)-w-camphanate. The latter tetra-O-benzyl ether is a suitable intermediate for
the synthesis of D-myo-inositol 3,6-bisphosphate which is a recently (30) described
intermediate in inositol phosphate metabolism. The enantiomers of compounds (48,
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52, 53, 21, 10 and 57) were also available from the enantiomers of compounds (47,
50 and 55 ) prepared using (+)-w-camphanic acid for the resolution.

Benzylation of the symmetrical tetra-O-allyl ether (27) and subsequent
deallylation using Pd/C gave the highly crystalline 2,5-di-O-benzyl-myo-inositol
(29, m.p. 272°). In contrast to the preparation of compound (28) the yields in this
reaction were consistently high because the product crystallised from the reaction
mixture. Because of the low solubility of (29) in organic solvents we considered
that it might not be a suitable intermediate for phosphorylation studies and thercfore
prepared from it the isopropylidene derivative (31, m.p. 186°). Both the tetrol (29)
and the isopropylidene derivative (31) were subsequently phosphorylated
successfully (see below). p-Methoxybenzylation of the tetra-O-allyl ether (27) and
subsequent deallylation gave 2,5-di-O-p-methoxybenzyl-myo-inositol (30, m.p.230°)
which also gave a mono-isopropylidene derivative (32, m.p. 143°). This was
benzylated and deacetonated to give the diol (58, m.p. 158°). Crystallisation of the
bis-(-)-w-camphanates of (58) gave the pure camphanate of the chiral diol (59)
which gave predominantly the benzyl ether (61) on tin-mediated benzylation.
Removal of the p-methoxybenzyl group from (61) gave 1,3,6-tri-O-benzyl-D-myo-
-inositol (60) suitable as an intermediate for the synthesis of D-myo-inositol
2,4,5-trisphosphate which has found use in many experiments (27,31).

Intermediates for the Synthesis of Phosphatidylinositol Phosphates.

The chiral intermediates described above are also suitable for the synthesis of all of
the known phosphatidylinositol phosphates. Saponification of compound (15) and
subsequent allylation, deacetonation, benzylation and deallylation will give (62)
which is an intermediate for the synthesis of phosphatidylinositol 3-phosphate. This
recently discovered lipid and the related 3,4-bis- and 3,4,5-trisphosphates are of
interest since it appears that their metabolism may be regulated by growth factor
receptor and oncogene-encoded protein tyrosine kinases (32-37).

Phosphorylation of compound (50) will give (63) and removal of p-mcthoxy-
benzyl group will give the intermediate (64) suitable for the synthesis of
phosphatidylinositol 3,4-bisphosphate. Similarily compound (51) will give (65) on
phosphorylation and after removal of the p-methoxybenzyl group the intermediate
(66) is suitable for the synthesis of phosphatidylinositol 4-phosphate. Saponification
of the camphanate (13) gives (67) which can be converted into (68).
Phosphorylation of (68) and removal of the p-methoxybenzyl group will give (69)
suitable for the synthesis of phosphatidylinositol 4,5-bisphosphate.

Compound (70), which is the enantiomer of (55), can be prepared from the
racemate (54) by preferential crystallisation of the bis-(+)-w-camphanate.
Tin-mediated allylation of (70) will give (71) and this after benzylation and
subsequent deallylation will give (72) a suitable intermediate for the synthesis of
phosphatidylinositol 3,5-bisphosphate. We have shown that partial de-p-methoxy-
benzylation of (19) and (55) gives the triol (22) in reasonable yield and it is readily
separable from other products of the reaction. We have converted both the triols (18
and 22) into the trisphosphate (73) and this is being used as an intermediate for the
synthesis of phosphatidylinositol 3,4,5-trisphosphate a compound which may also be
involved in the modulation of F-actin polymerisation (38).

Intermediates for the Synthesis of the ‘Lipid Anchor’ of Cell Surface
Glycoproteins and the Phosphatidylinositol Mannosides of Mycobacterium
tuberculosis.

We have recently described (6) in detail the synthesis of the chiral intermediate (74)
and its derivatives required for these syntheses. One of the intermediates used for
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the preparation of (74) was the racemate (75) (6) and this on tin-mediated
benzylation gave (76) which was readily resolved by crystallisation of the
w-camphanates. The chiral derivative [79, m.p. 85°, [a]p -26°(CHCI;), obtained by
saponification of the pure (-)-w-camphanate] was converted by a series of standard
reactions into the bis-crotyl ether (78) which on decrotylation gave (77) a suitable
intcrmediate for the synthesis of D-myo-inositol 1,4-bisphosphate. De-p-methoxy-
benzylation of (77) will give 2,3,5-tri-O-benzyl-D-myo-inositol (80) a suitable
intermediate for the synthesis of D-myo-inositol 1,4,6-trisphosphate.  The
enantiomer of (79) [obtained by saponification of the pure (+)-w-camphanate of
(76)] can be similarily converted to the enantiomers of compounds (77) and (80)
which arc suitable intermediates for the synthesis of D-myo-inositol 3,6-bis- and
3,4,6-trisphosphates respectively. The 1,4,6- and 3,4,6-trisphosphates arc recently
described intermediates in the metabolism of myo-inositol 1,3,4,6-tetrakisphosphate
in avian erythrocytes (20) and in Dictyostelium (30).

Phosphorylation Studies.

Most of the phosphorylations which we have carried out in Mill Hill have been with
the phosphoramidite reagents (81 and 82), prepared as described previously (39)
from dichloro-(N,N-diisopropylamino)phosphine (40,41) and some examples are
given here.

The diol (83) [prepared from compound (11)] was converted into the
bisphosphate [84, m.p. 86°, [a]p +4°(CHCI5)] and the p-methoxybenzyl group was
removed to give 85, syrup, [a]p +5°%(CHCI3)). Further phosphorylation of (85)
gave the protected trisphosphate [86, m.p.105°, [a] +5°(CHCI3)] which was also
obtained by direct phosphorylation of (10) with the phosphoramidite (82).
Deprotection of (86) gave D-myo-inositol 1,4,5-trisphosphate. The enantiomer of
(86) was also prepared via the camphanate (4). The L-myo-inositol 1,4,5-tris-
phosphate derived from this does not mobilise calcium ions (42).

Phosphorylation of the isopropylidene derivative (31) and deacetonation of the
product (87) gave the diol (88) which was phosphorylated to give the crystalline
protected tetrakisphosphate [89, m.p. 109°]. This was also obtaincd by direct
phosphorylation of 2,5-di-O-benzyl-myo-inositol (29). Deprotection of (89) gave
myo-inositol 1,3,4,6-tetrakisphosphate and this synthetic sample has reccntly been
shown to mobilise calcium ions in Xenopus oocytes (Ivorra,l.; Gigg,R.; Irvine,R.F.
and Parker,l., Biochem. J.,(in press). The 3,4,5-tri-O-benzyl-1,2-O-isopropylidene-
-D-myo-inositol (74) was hydrolysed to the triol (90) and this on phosphorylation
gave the protected trisphosphate (91) which on deprotection gave D-myo-inositol
1,2,6-trisphosphate (93) identical with the material prepared by phytase hydrolysis
of inositol hexakisphosphate (‘phytic acid’). The enantiomer of (93) was prepared
similarily from the enantiomer of (74). Membrane permeable derivatives of the
trisphosphate (93) which can be hydrolysed by enzymes are being prepared via (92).

Racemic 1,2,3,6-tetra-O-benzyl-myo-inositol (94) gave the protected bis-
-phosphate [95, m.p. 105°, cf also (43)] and phosphorylation of the racemate (3) and
subsequent hydrolysis of the isopropylidene group gave the racemic phosphate (96,
m.p. 124°). Phosphorylation of (96) with the phophoramidite (82) gave thc racemate
of the protected trisphosphate (86) as a syrup [cf also (44)]. Racemic 1,2,4,5-tetra-
-O-benzyl-myo-inositol gave the bis-phosphate (98, m.p. 98°). The racemate of (17,

R =lE] , m.p.98°) has been synthesised and converted into the racemate of (20,

m.p.103°) as model compounds for the use of (20) in the synthesis of the
3-phosphorothioate analogue of D-myo-inositol 1,3,4,5-tetrakisphosphate and
possibly for the synthesis of *H-labelled D-myo-inositol 1,4,5-trisphosphate via the
ketone derived from (20).
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Some of our early phosphorylation studies were carried out with
bis-(trichloroethyl)-phosphorochloridate and the racemic phosphate (97) was
prepared (45) from (3). Only one of the hydroxyl groups of (97) could be further
phosphorylated with the phosphorochloridate but the product (99) was further
phosphorylated (in collaboration with Prof. B.V.L. Potter) using phosphoramidite
chemistry to give, after deprotection the S-phosphorothioate analogue (100) of
racemic myo-inositol 1,4,5-trisphosphate (45). We were able to phosphorylate (99)
with phosphorus oxychloride and subsequent treatment with mcthanol gave a
crystalline dimethylphosphate ester of (99). The tris-phosphorothioate analogue of
racemic myo-inositol 1,4,5-trisphosphate was prepared from the racemate of (10)
(46,47).  These phosphorothioate analogues mobilise calcium ions like the
phosphates but are stable to the phosphatases which metabolise D-myo-inositol
1,4,5-trisphosphate (48).

In order to make the chiral analogue of the phosphorothioate (100) we shall
carry out a series of reactions on the chiral allyl ether (9) which we have previously
studied with the racemate (7). Tin-mediated allylation of (9) gives an inscparable
mixture of the bis-allyl ethers (101 and 103) but after isomerisation of the allyl
groups to prop-1-enyl groups [using potassium ¢-butoxide in dimethyl sulphoxide
(11)] the bis-prop-1-enyl cthers (102 and 104) arec readily scparated by
chromatography (7). Allylation of (102) and subsequent acidic hydrolysis of the
prop-1-cnyl groups gives the allyl ether (105) which is isomerised to the prop-1-enyl
ether (106). Phosphorylation of (106) with bis-(trichloroethyl)-phosphorochloridate
and subsequent removal of the prop-1-enyl group with dilute acid gives (107) which
is the chiral analogue of (99).

Related intermediates are being used to prepare a ‘caged’ derivative of myo-
-inositol 1,4,5-trisphosphate. Racemic 1,4-di-O-(but-2-enyl)-2,3-O-isopropylidene-
-myo-inositol (108, m.p. 105°) was converted by tin-mediated allylation into the
5-O-allyl ether (109) which on deacctonation and subsequent p-methoxybenzylation
gave (110, m.p. 92°). Treatment of the latter with potassium t-butoxide in dimethyl
sulphoxide (II) gave 1,2,4-tri-O-p-methoxybenzyl-5-O-(prop-1-enyl)-myo-inositol
(111,m.p. 123°). This will be converted into the bisphosphate (112) and, after
removal of the prop-1-enyl group, further phosphorylation using 2-cyanoethyl
N,N-diisopropylchlorophosphoramidite will give the protected trisphosphate (113).
Basic hydrolysis of the 2-cyanocthyl groups and subscquent oxidative removal of
the p-methoxybenzyl groups should give myo-inositol 1,4,5-trisphosphate with a
‘cage’ on the S-phosphate.

Conclusion.

We have described several derivatives of myo-inositol which can be resolved readily
and in quantity by crystallisation of the (+)- and/or (-)-w-camphanates. These chiral
derivatives are suitable for the synthesis of most of the inositol phosphates of the
‘phosphatidylinositol cycle’ and all of the known phosphatidylinositol phosphates as
well as the basic lipid structure of the ‘lipid anchor’ of cell membrane glycoproteins,
the phosphatidylinositol mannosides of Mycobacterium tuberculosis and of the plant
lipid ‘phytoglycolipid’.
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Chapter 7

Pharmacological Effects of D-myo-Inositol-1,2,6-
Trisphosphate

M. Siren!, L. Linne¢?, and L. Persson®?

!Department of Internal Medicine, Academic Hospital, Uppsala, Sweden
2Perstorp Pharma, S-284 80 Perstorp, Sweden

PP56, D-myo-inositol-1,2,6-trisphosphate (1,2,6-IPg) is a new chemical

entity for therapeutic use developed by Perstorp Pharma, Sweden, in
collaboration with the originator Ass. Prof. M.J. Sirén, Switzerland (M.J.
Sirén, US Patent No. 4735 936, EPO Patent No. 179 439, 1984).

The physiological role of different inositol phosphates is presently
undergoing extensive research. The effects observed with different
analogues seem to be very specific. The most studied analogue is the
intracellular second messenger 1,4,5-IP3, which stimulates intracellular

release of calcium affecting cellular metabolism and secretion. In
contrast, PP56 does not induce calcium release (1).

PP56 is manufactured via enzymatic degradation of phytic acid and
purified by a chromatographic process.

Several pharmacological effects of PP56 have been documented in
animal models representing acute as well as chronic diseases. In acute
inflammatory models PP56 has been shown to counteract physical,
immunological as well as agonist-induced inflammation. For example in a
thermal skin injury model, intravenous administration of PP56 causes a
significant decrease in protein extravasation. Furthermore, the compound
counteracts the inflammation and oedema induced by carrageenan in a
foot pad model. In chronic inflammatory models, such as adjuvant
arthritis, the administration of PP56 significantly reduces the
inflammatory response.

PP56 has also been studied in connection with prevention of
secondary diabetic complications in diabetic rats. The administration of
the compound results in significant improvements in nerve conduction
velocity and a reduction in the formation of ketone bodies, reduction of
lens cataracts and also a total reduction of mortality.

3Corresponding author
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A primary pharmacological characteristic of the substance is to inhibit
vascular leakage and oedema formation. One proposed mechanism of
action of the compound is to protect the endothelial layer against
degradation via different mediators and cell types. Preliminary
observations have shown that PP56 counteracts some receptor mediated
interactions which are involved in these conditions. Investigation of the
interaction of PP56 and different vasoactive agents shows that the com-
pound in low concentrations selectively inhibits the effects of neuro-
peptide Y, a potent vasoconstrictor. Furthermore, it has been shown that
platelet aggregability and thrombus formation are inhibited. The
compound also suppresses oxidative processes such as lipid
peroxidation.

Purification and Structure

Phytic acid is the starting material in the manufacturing process of PP56.
Degradation of phytic acid can be performed chemically or enzymatically
resulting in the formation of mixtures of isomers of inositol phosphates.
For the preparation of some specific isomers enzymatic degradation has
been utilized before. However, for the preparation of pure D-myo-inositol-
1,2,6-trisphosphate a specific phytase from yeast has to be used. The
enzymatic source is suspended in water and the pH, temperature and
hydrolysis time is chosen to produce maximum amounts of PP56. The
purification of PP56 from minor amounts of other inositol phosphates,
proteins, buffer etc is performed by the utilization of ion exchange
chromatography with gradient elution. For intravenous applications a
pentasodium hydrogen salt of PP56 is prepared after neutralization and
precipitation.

The chemical structure of PP56 is shown in Figure 1 (2). Two optical
isomers of myo-inositol-1,2,6-trisphosphate exist. The pure L- and D-
forms were prepared via a synthetic route which utilized a C-3 - C-5
protected myo-inositol derivative. This racemic mixture was converted to
diastereomeric  derivatives which were separated by column
chromatography. The obtained enantiomers were phosphorylated and
deprotected resulting in pure enantiomeric forms of inositol
trisphosphate (3).

A comparison of the optical rotation of these enantiomers with PP56
produced enzymatically shows the latter to be D-myo-inositol-1,2,6-
trisphosphate.

Anti-inflammatory Pharmacological Effects

In acute inflammatory models PP56 has been shown to counteract
different types of inflammations. Common to all these models is that they
cause vascular leakage of proteins leading to the formation of oedema.
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In a thermal skin injury model, intravenous administration of PP56
causes a dramatic decrease in protein extravasation. Burn injury was
induced in anesthetized rats by exposing the abdominal skin to a
temperature of 55°C by means of a hot plate. A continuous registration of
the temperature was performed and the skin exposure was interrupted
when the temperature had decreased to 45°C. By this procedure a full-
thickness burn trauma of the skin was induced as judged from
histological sections. Fifteen minutes after the burn injury, PP56 was
given as a bolus dose followed by a continuous intravenous infusion
during two hours. Evans blue (EB) was injected i.v. 90 minutes after the
start of the infusion. Thirty minutes after the administration of EB, the
burned skin area was dissected and the extravasation of EB-bound
albumin was quantified by a spectrophotometric technique. The
experimental result shows that PP56 in a dose-dependant way
significantly reduces the vascular leakage without any side effects.
Earlier experience with this model indicates that a similar magnitude of
response cannot be achieved by non steroidal anti-inflammatory drugs
(NSAID) or corticosteroids.

The efficacy of PP56 was also assessed in a rat model of acute
inflammation, i.e. foot pad oedema . Rats were given either an i.v. bolus
followed by i.v. infusion of PP56 or saline vehicle as control. Acute
inflammation was initiated in one hind-paw using a single subplantar
injection of 0.1 ml 1 % w/v carrageenan in sterile normal saline. The
inflammation was assessed hourly for 5 hours and finally at 24 hours by
measurement of paw circumference immediately proximal to the two
hindmost spurs of the foot . In figure 2 it is shown that a bolus of PP56
followed by infusion significantly reduces the oedema by approximately
50 % 2-4 hours after the injection of carrageenan.

In another experimental model adjuvant arthritis was induced in rats
and the progress of the inflammation was compared when PP56 or saline
were administered (4). Daily dosing of PP56 showed marked suppression
in inflammation compared to control. Moreover radiographic analysis of
the hind-limbs of the rats showed a reduction in bone erosion when PP56
was administered.

Secondary Complications of Diabetes

The effects of PP56 were investigated in studies in rat with
streptozotocin-induced diabetes. In one series of experiments (5) PP56
was mixed in the diet. The effect of the compound was to completely
normalize the platelet reactivity against ADP and thrombin. The
treatment also reduced the amount of wurinary ketone bodies.
Furthermore, there was observed a reduced mortality rate in the animals
treated with PP56.
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P= P03R2, where R = 5 Na, 1H

Figure 1. Structure of PP56.
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Figure 2. Footpad oedema in rats (intravenous infusion of PP56).
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In another series of experiments the effect of PP56 on nerve
conduction velocity in diabetic rats were investigated (6). Streptozotocin-
induced diabetic rats were treated with PP56 (1 mg/h s.c; Alzet osmotic
pump 2ML4) and were compared to one control group without diabetes
and one diabetic group not receiving PP56. The treatment was
maintained for three weeks. Motor nerve conduction velocity (MNCV) was
then measured under halothane anaesthesia in the sciatic/tiblis system.
MNCV in diabetic rats were reduced compared to controls. The treatment
with PP56 significantly improved the nerve conduction velocity which can
be seen in figure 3. Other experiments in this area indicate that the
effects of PP56 are mediated via a different mode of action compared to
aldose reductase inhibitors.

Neuropeptide Y Antagonistic Properties

In one set of experiments the objective was to investigate the possible
interaction between PP56 and different vasodilators and vasoconstrictors
such as acetylcholine, calcitonin-gene related peptide, substance P,
endothelin, neuropeptide Y (NPY), histamine and bradykinin (7). The
basilar artery from the brain of guinea pigs were dissected free and cut
into cylindrical segments. The segments were mounted in a way which
allowed the force of the vascular tension to be measured. NPY induced a
strong concentration-dependent contraction of the artery. At concen-

trations of 108 M to 106 M PP56 significantly decreased the NPY-
induced contraction, figure 4. These data show that PP56 is the first non-
peptide which potently and selectively antagonizes NPY-induced
contraction.

Levels of NPY are elevated in cardiovascular diseases and are not
reduced by currently available antihypertensive agents, a factor which
has been suggested to contribute to the relatively poor clinical outcome in
treated hypertension despite adequate control of blood pressure.

In addition to its direct potent vasoconstricting effects NPY potentiates
the vasoconstriction activity of noradrenaline and inhibits some vaso-
dilators.

PP56 also inhibits NPY's potentiating effect on noradrenaline. The
compound has also been shown to inhibit NPY-induced hypertension in
animal studies.

On-going and Future Development

The present toxicological documentation demonstrates that PP56 can be
given to humans with very good safety. The tolerability also after intra-
venous administration is very good.
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Figure 3. Nerve conduction velocity in rats (parenteral PP56).
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Figure 4. Effect of PP56 on NPY-induced contraction.

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by CORNELL UNIV on August 2, 2012 | http://pubs.acs.org
Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch007

7. SIREN ET AL.  Pharmacology of D-myo-Inositol-1,2,6-Trisphosphate 109

Phase I clinical trials with PP56 are now underway and these have
suggested that anti-inflammatory effects are also seen in humans. In an
oedema model in human volunteers, i.v. administration of PP56 has
shown a significant reduction in vascular permeability. Further clinical
development will be directed towards indications such as burns but also
other therapeutic areas where the component of vascular leakage is
dominant. Clinical studies assessing the effect of the compound against
NPY-related conditions are planned to commence in the near future.

PP56 has shown oral activity in animal studies. However, its bioavaila-
bility after oral administration in humans has to be increased. New for-
mulations for the compound in order to improve this parameter are
currently being investigated. These formulations include different
prodrug approaches in order to make the compound more lipophilic and
also galenic formulations of IPg per se in order to create an environment

which facilitates the intestinal resorption.

Conclusions

The pharmacological profile of D-myo-inositol-1,2,6-trisphosphate (PP56)
has been described. The compound is currently developed for therapeutic
use by Perstorp Pharma, Sweden. The combination of a very clean safety
profile and a new mode of action together with interesting
pharmacological effects indicates that the substance may be applied in
several pathological conditions.

The initial objective is to develop the compound for acute anti-
inflammatory and anti-oedema indications in man. Areas such as burns,
gastrointestinal leakage and cerebral oedema would be suitable for the
use of PP56 as an intravenous infusion.

Furthermore, prophylactic or symptomatic treatment of chronic
inflammations, cardiovascular diseases and secondary diabetic
complications may be potential areas for the therapeutic use of PP56.
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Chapter 8

Synthesis of New myo-Inositol Derivatives
Containing Phosphate, Sulfate, and
Sulfonamido Groups

Peter Westerduin and Constant A. A. van Boeckel

Organon Scientific Development Group, Akzo Pharma, P.O. Box 20,
5340 BH Oss, Netherlands

In this paper, we wish to report the synthesis of two new 1,4,5-tris-
substituted myo-inositols isosteric to IP3, i.e. the less negatively
charged 1,4,5-trissulphate 31 and the neutral 1,4,5-tris-
sulphonamido derivative 32. Furthermore, the synthesis of three
new inositol phosphates, i.e. D-myo-inositol 1,5-bisphosphate 22,
D-myo-inositol  3,5-bisphosphate 23 and rac. myo-inositol
4,5-cyclic phosphate 25 will be described. Additionally, the
preliminary biological results obtained with the new compounds
will be presented, together with the results obtained with two
high;y sulphated synthetic heparin fragments (i.e. compounds 33
and 34).

Phosphoinositides (PI's) have recently emerged as compounds of considerable
interest on account of their relationship with many cellular processes (I-15). At the
moment, it is generally established that receptor-mediated hydrolysis of the PI
phosphatidyl inositol 4,5-bisphosphate generates two second messengers,
D-myo-inositol 1,4,5-trisphosphate (IP;) and diacylglycerol (DAG). The water
soluble IP; may be released intracellularly to effect a Ca*™* efflux from intracellular
stores (16,17), while the hydrophobic DAG remains in the plasma membrane to
activate protein kinase C (PKC) (2,18). These two branches of the bifurcating PI
signalling system (IP3/Ca*™* and DAG/PKC) are intimately involved in the
regulation of many different physiological responses. The biological significance of
the PI signalling system makes it an attractive target for drug design (/3, 19) and
accounts for the synthetic effort in the field of inositol phospholipids and
inositol(poly)phosphates (20-24).

Since IP; is still the only inositol phosphate for which a clear-cut role in
intracellular Ca** homeostasis has been demonstrated (25), there is a considerable
interest in the synthesis of IP; agonists and antagonists. Hopefully such compounds
may find application as new pharmacotherapeuticals. However, the development of
specific drugs interfering within the IP; signalling system of a certain target tissue is
difficult because of the ubiquitous nature of IP;. Nevertheless, it has been
demonstrated that heterogeneity in the signal transduction systems may occur in
different tissues and cells. This is not only examplified by the multiple forms of
G-proteins (26-28), the various isoenzymes of protein kinase C (29), phospholipase

0097—-6156/91/0463—0111506.00/0
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C (30) and phosphodiesterase (31), but also by the IP; binding protein itself. The
heterogeneous distribution of the latter receptor (32), the (putative) tissue specificity
in IP; mediated Ca*™" release (9, /0) and the differences in cellular distribution of
drugs in general, suggest that new pharmaceuticals may be developed to interfere
with the action of IP;.

In order to design IP; derivatives acting as intracellular Ca** agonist or
antagonist, it is mandatory to elucidate the structural requirements for high affinity
towards the IP; active site. In this respect, mapping of the substrate specificity of the
IP; receptor proteins should be performed systematically with modified analogues of
the natural ligand. Several studies towards stucture-activity relationships indicated
the vicinal phosphates (33) on positions 4 and 5 (D-configuration) to be essential for
Ca**-release. The Ca™ mobilizing activity of inositol 1:2-cyclic,4,5-trisphosphate
(34) was much lower than IP; itself, while inositol 1,4-bisphosphate was inactive.
Furthermore, several groups reported recently the synthesis of IP; analogues
modified at positions 2, 3 or 6 (see Figure 1). The only IP; analogues exhibiting

Ry R, 1 R;=R3=0OH, R,=OAcyl, O(Alkyl)Aryl (35)
op0Z 2 Ri=F.Ry=Ry=OH (36)
. 3 R,=H, Ry=R4=0H (37)
1
2- hd = = =|
040 4 R,=R,=Ry=H (38)
5 /6 5 R,=Ry=OH, Ry=OCH, (39), Ry=H, F, CH3 (40)
ﬁs 6 R1=R2=R3=OBUtyry| (41)

Figure 1. IP, analogs at positions 2, 3, or 6.

considerable agonistic activity turned out to be the compounds modified at the
2-position (35), the 3-deoxy-3-fluoro analogue (36) and the 3-deoxy analogue (37)
(1, 2 and 3 resp., Figure 1).

However, not all combinations of possible inositol phosphates have been yet
prepared. No biological data were available on inositol 1,5-bisphosphate and inositol
derivatives containing a 4:5-cyclic phosphate, although it has been suggested that
modification of the 4,5 locus would be profitable in order to design a molecule to
antagonise Ca** channel opening (24). On the other hand, the syntheses of two
phosphorylated trihydroxycyclohexane derivatives, both interfering in the PI
signalling system, were reported. Thus, the 3,5,6-trisdeoxy derivative of
myo-inositol 1-monophosphate (7) was identified as a very potent inhibitor of

OH HO

2- 2-
OPO, OPO,

7 8

inositol monophosphatase (42), whereas cis,cis-cyclohexane 1,3,5-triol bisphosphate
(8), a meso compound mimicking inositol 1,5-bisphosphate, turned out to be a full
IP; agonist in releasing Ca** from isolated vacuoles of Neurospora crassa (43).
Since D-myo-inositol 1,5-bisphosphate, D-myo-inositol 3,5-bisphosphate and rac.
myo-inositol 4:5-cyclic monophosphate, three isomers not (yet) detected in
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mammalian cells, have been uninvestigated thus far, synthesis and biological
evaluation of these compounds in mammalian cell systems may be of interest. In
this paper we decribe the synthesis of these new inositol phosphates [i.e.
D-myo-inositol 1,5-bisphosphate (22) and 3,5-bisphosphate (24) (44) and rac.
myo-inositol 4,5-cyclic phosphate (25)].

Up to now all isomers of inositol (poly)phosphates detected in mammalian cells
have been synthesized. Apart from the synthesis of positional isomers of inositol
(poly)phosphates, additional structure-activity relationships can be gathered from
the synthesis of IP; analogues containing phosphate modified functions or phosphate
isosteric groups (see Figure 2). Especially the latter topic has not gained much

9 R;=R,=0P0O;%, R;=OPOgR" (45)
10 R,=Ry=0OP0,%, R,=CH,PO4?" (46)
11 R,=R,=Ry=OP(H)O, (47)

12 R,=R,=R3=0P(S)0,? (48)

13 R;=R3=0OP03%, Ry=OP(S)0,% (49)
14 R;=R,=0P042, Ry3=OP(S)O,R" (50)

OH OH

Figure 2. IP, analogs containing phosphate-modified functions or phosphate
isosteric groups.

attention yet. The only isosteric IP; analogues that have been published so far are
synthetic derivatives containing a methylene phosphonate (e.g. 10) or
phosphorthioate moieties [e.g. 12, 13 and 14 (R=H)]. The 1-phosphatediesters (45)
(9, R= sn-3-glycero, glycoaldehyde, glycolic acid and N-octyl-2-aminoethyl),
S5-methylene phosphonate 10 (46), 1,4,5-trisphosphorothioate 12 (48),
5-phosphorothioate 13 (49) and 1-phosphorthioate 14 (50) (substituted, R=
N-[{2-acetoxyethyl}-N-methylJamino-7-nitro-2,1,3-benzoxadiazole) derivatives tur-
ned out to be IP; agonists in releasing intracellular Ca**. No biological activity of
the hydrogen phosphonate analogue 11 (47) has been reported yet.

It is obvious that inositol phosphate analogues which might be cell permeable
would find considerable application. To this end the synthesis of 2,3,6-tributyryl
myo-inositol 1,4,5-trisphosphate (41) (6, Figure 1) has been addressed recently.
Little attention has been addressed to the synthesis of inositol derivatives containing
less negatively charged or neutral groups being isosteric to phosphate. In this paper
we describe the synthesis of a less negatively charged and a neutral analogue, i.e.
inositol 1,4,5-trissulphate (31) and inositol 1,4,5-trissulphonamide (32) respectively
(51), both compounds isosteric to IP5.

Synthesis of D-myo-Inositol 1,5-bisphosphate and 3,5-bisphosphate

In order to prepare the suitably protected key intermediate, two different routes were
explored, i.e the classical ‘bis-ketal‘ route (52) and the ‘orthoester‘ route (53). The
former route leads to intermediate 15 (54), but turned out to be rather tedious in the
next step of the synthesis since no regioselectivity could be achieved in protecting
the 4-OH of the 4,5-vic-diol of 15 (Scheme 1). In order to circumvent the
regioselective protection of the 4,5-vic-diol, we examined the applicability of
inositol orthoformate 18 (55). Perbenzylation of orthoformate 18 using sodium
hydride/benzyl bromide in DMF afforded the fully protected inositol 19, which on
removal of the orthoester furnished the meso 2,4,6-tri-O-benzyl derivative 20
(Scheme 2). Benzylation of triol 20 (1 mmol) under phase transfer conditions using
benzyl bromide (2 eq.), tetra-n-butyl-ammonium iodide (0.25 eq.) and sodium
hydroxide (3 ml, 5% solution in water) in dichloromethane (15 ml) for 16h at 45°C
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led predominantly to the desired 1,2,4,6-tetra-O-benzyl myo-inositol 17 (56) (71 %
Yicld from 18), the structure of which was readily deduced from its dissymmetric 2D
H-NMR spectrum ['H-NMR (200 MHz), (CDCl,): & 3.35-3.50 (c, 2H,H-1, H-5);

BnO OBn BnO OBn BnO OBn
OQAlI a OAlI b OH
— —~ =
HO BnO BnO
68n OBn 63n
15 16 17

a: BaO/Ba(OH),/BnBr, 0°C, 20%; b: I{COD(PMePh,),]PFg/H, then HCl/dioxane/MeOH

Scheme 1

3.53 (dd, 1H, H-3); 3.69 (t, 1H, H-4); 3.88 (t, 1H, H-6); 4.03 (t, 1H, H-6); 4.65-5.05
(c, 8H, 4xCH,); 7.20-7.40 (c, 20H, 4xPh)]. Key intermediate 17 was subjected to
optical resolution prior to phosphorylation experiments. We took into account that
the optical resolution of an inositol derivative containing an 1,2-diol was realized
through a regioselective formation of diastereoisomeric 1-O-menthoxyacetates

RO 0OBn d OBn OBn
04\0 OH OCamph
o b /\
e E E
RO BnO %__/ BnO
T e H
OR OBn 21 OBn
18 R-H 20 R-H
a c f
19 R=Bn :l l: 17(D.L) R=Bn —» 22,23
OH OH 20,,0  OH
oroZ OH o
4 £ Camph = o
HO HO o
22 OH 23 OH Bn = benzyl

a: BnBr/NaH/DMF; b: 90% TFA, 0.5h, 40°C followed by NHy/MeOH/H,0, 0.5h; ¢: 5% NaOH
CH,Cl/BnBr/Bu,NlI, 16h, 45°C; d: 1.1 eq. (-)camphanic acid chloride in pyridine, 0°C; e: Li-
OH indioxane/MeOH, 1.5h, rt; f: (CNCH,CH,0),PN(CH,CH3),/1-H-tetrazole in CH,Cl,/
CHZCN, 0°C- rt and then tert-BuOOH/Et;N and 0.2N NaOH/MeOH; 10% Pd on C/H,/DMF

Scheme 2

(57-59). After a number of experiments, we found that a diastereomeric mixture of
the 1-O-camphanates 21, prepared in a regioselective reaction of 1,5-diol 17 with
1.1 equivalent of (-)-camphanic acid chloride in pyridine at 0°C, could be separated
efficiently by silica gel column chromatography. The optical purity of the separated
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diastereoisomers (21D, 47% yield, R; 0.38, CH,Cl,/EtOAc, 97:3, v/v and 21L, 44 %
yield, R; 0.55, CH,Cl,/EtOAc, 97:3, v/v) could be checked by 'H-NMR analysis
since the diastereoisomeric camphanate methyl resonances exerted different
chemical shifts. Alkaline hydrolysis (LiOH in 1:1 dioxane/methanol for 1.5 h at
20°C) of 21D and 21L afforded the enantiomerically pure diols 17D ( [«]p 10.0, c=1,
CHCl3) and 17L ( [a]p -9.1, c=1, CHCl,), the absolute configurations of which were
determined by comparison of the optical rotations with that of a sample synthesized
in two steps from known enantiomeric 15 (54) (Scheme 1).

Phosphorylation of 17D and 17L was performed efficiently with a phosphor-
amidite reagent. Thus, to a stirred solution of the 1,5-diol (0.2 mmol) and
bis(2-cyanoethyl)-N,N-diethylphosphoramidite (60) (0.6 mmol) in dichloromethane
was added 1 ml of a 1M solution of 1H-tetrazole in acetonitrile. After 1 hr, a
solution of excess tert-butyl hydroperoxide and triethylamine in dichloromethane is
added to the reaction mixture and after a further period of 4 hr, the mixture was
concentrated and applied to a column of Sephadex LH-20. The appropriate fractions
were treated with 0.2 N NaOH/MeOH/dioxane and neutralized (Dowex S50W,
H*-form). Subsequent hydrogenolysis (10% Pd/C) afforded the title compounds
D-myo-inositol 1,5-bisphosphate 22 and 3,5-bisphosphate 23 in about 95% purity.
Since samples of a higher purity are required, the individual derivatives were
separately subjected to DEAE column chromatography (1x30 cm?, 0.2-0.8 M
NH,4OAc). The appropriate fractions [detected by spot test using modified
Jungnickel’s reagent (61)] were lyophilized to furnish highly pure 22 (-D-, 83%
yield from 17D, [«]p 6.0, ¢=0.5, H,0) and 23 (-L-, 81% yield from 17L, [alD -5.9,
¢=0.5, H,0). The structure and homogeneity of 22 and 23 was confirmed by 'H, *C
and 3P NMR spectroscopy. ['H NMR (360 MHz, D,0): § 3.67 (dd, H-3); 3.79 (1,
H-4); 3.90 (¢, H-5, H-6); 4.02 (m, H-1); 4.27 (t, H-2)].

Synthesis of myo-Inositol 4,5-cyclic Phosphate

Inositol 1,2-cyclic phosphate has been synthesized by reaction of a perbenzylated
1,2-diol with N-methylpyridinium phosphodichloridate (62) followed by catalytic
hydrogenation. This cyclic inositol phosphate contains a relatively stable
phosphodiester between the cis orientated hydroxyl groups at positions 1 and 2. A

BnO  OBn HO  OH
B OH
OBn ab
E E———
HO O —

: . OH

24 0OBn 0o~ P o} 25
a: N-methylpyridinium phosphodichloridate; b: 10% Pd on C/H,/DMF Scheme 3

similar approach has been used by us in order to prepare the less stable,
trans-di-equatorial 4,5-cyclic phosphate 25. Thus, rac. 1,2,3,4-tetra-O-benzyl
myo-inositol 24 (63) was treated with N-methylpyridinium phosphodichloridate (1.0
equivalent) at 0°C for 1 hour. (Scheme 3). The reaction mixture was concentrated
and applied to Sephadex LH20 column chromatography (eluent: CH,Cl,/MeOH,
2:1, v/v). Catalytic hydrogenation of the appropriate fractions afforded myo-inositol
4,5-cyclic phosphate 25 in 81% yield starting from 24. 3IP NMR spectroscopy
revealed the presence of one resonance at & 17.4 ppm, a chemical shift characteristic
for a cyclic phosphate five-membered ring. '3C NMR spectroscopy indicated the
presence of doublets at § 71.1 ppm (C-4, Jc p 3 Hz) and 8 71.9 ppm (C-5, Jc p 3 Hz).
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Synthesis of 1,4,5-trissulphated-, 1,4,5-trissulphamoylated- and 1,4,5-trisphos-
phorylated myo-Inositol

Properly protected 26 was obtained from myo-inositol by the procedure described by
Gigg et al (54). Regioselective stannylene-mediated allylation (64) of 26 and
subsequent benzylation afforded fully protected 27 (73% yield, see Scheme 4).
Treatment of 27 with cyclooctadiene-bis(methyldiphenylphosphine)-iridium
hexafluorophosphate (65) afforded 28 (100% yield), which on acid hydrolysis
(dioxane/methanol/0.1 N HCI) furnished key-intermediate triol 29 (96% yield). We
now turned our attention to the introduction of the different functional groups, i. e.
sulphate and sulphonamide (Scheme 5). Treatment of 29 (0.2 mmol) for 16 hr at

OBn OH OBn OR, OBn OBn

27 Ry=All, Rz=B"'j All=Allyl
b
28 Ry=Prop, R,=Bn Bn=Benzyl
Prop=Prop-1-enyl

a: Bu,SnO, BuyNl, AllBritoluene; NaH, BnBr/DMF; b: IfCOD(PMePh,),]PFg/H,; c: HCI

MeOH/dioxane
Scheme 4

50°C with triethylamine sulphur trioxide complex (66) (3 mmol) in DMF provided a
protected sulphated inositol intermediate (R; 0.35, EtOAc: Pyr: AcOH: H,0, 11: 7:
1.6: 4). The latter was purified by Sephadex LH-20 column chromatography (eluent
DMF containing 0.5% triethylamine, the appropriate fractions were treated with
sodium bicarbonate (1 eq./ OSOj") prior to concentration and silica gel column
chromatography (eluent: CH,Cl,/MeOH, 4:1). Subsequent hydrogenolysis (10% Pd
on C in 4:1 DMF/H,0) furnished myo-inositol 1,4,5-trissulphate 31 in a yield of
86% from 29. In order to obtain the neutral 1,4,5-trissulphamoylated derivative 32,
triol 29 (0.2 mmol) was treated with sulphamoyl chloride (67) (1.2 mmol) and NaH
(1.2 mmol) in DMF at 0°C for 2 hr to give, after silica gel column chromatography
(eluent: CH,Cl,/MeOH, 95:5), the protected intermediate (R; 0.6, CH,Cl,/MeOH,
99:1). Subsequent debenzylation (10% Pd on C in DMF/H,0) gave inositol
1,4,5-trissulphonamide 32 (R; 0.25, RP18 silica, EtOH/H,0, 3:1) in 84% yield from
29. Starting from compound 29 we also synthesized (rac.) IP; itself (30), as a
reference compound, applying the same procedure used for the synthesis of
compounds 22 and 23.

The identity and homogeneity of the compounds 30, 31 and 32 were established
by NMR spectroscopy and (FAB) mass spectrometry. The 'H-NMR spectral data
are listed in the Table 1.

Biological Evaluation and Conclusions
The preliminary biological activity of the compounds was determined in three

assays: a permeabilized human blood platelet aggregation model (68), a radioligand
binding assay using rat cerebellar membranes and a Ca**-mobilization assay
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OBn OBn

OH
HO / Bn=Benzy!

OBn

29
A N
OH OH OH OH OH OH
2-

OPO, 0S0; OSO,NH,
> 4 4 A OSO,NH,
O4PO 0,80 H,NO,SO

OH OH OH
30 31 32

a: 1. (CNCHCH20)2PN(CHCHg) o/ 1-H-tetrazole, 2. t-BuOOH/Et3N, 3. 0.2N NaOH/
dioxan/MeoH, 4. 10% Pd on C/Ha/DMF/H20. b: (CH3CH2)3N.SO3/DMF then 10% Pd/

Ho/DMF/H20. c: NH2SO2CVNaH/DMF then 10% Pd on C/Ho/DMF.
Scheme 5

applying a human neuroblastoma SY5Y cell line (69). The latter two assays were
performed in the laboratory of Prof. S. R. Nahorski.

D-myo-inositol 1,5-bisphosphate (22) and 3,5-bisphosphate (23) were tested on
their affinity for the IP; binding site and in our functional bio-assay (saponin
permeabilized human bloodplatelet aggregration). In neither assay did the
compounds exhibit any activity. These results suggest that the two phosphate
groups in D-1,5- and 3,5-bisphosphate are not sufficient for a molecular interaction
with the receptor protein. Preliminary results also indicate that inositol 4,5-cyclic

Table 1 'H NMR chemical shifts (360 MHz) of compounds 30, 31 and 32

inositol 1,4,5- H, H, Hj Hy Hg Hg

trisphosphate 30| 410c |426¢c [3.71dd | 426¢c |410c |3.88t
trissulphate 31|4.27dd [4.411 3.85dd | 452t |4.29t 3.96t
trissulphonamide 32 | 455dd | 457t | 3.97dd| 479t | 464t |4.161

phosphate 25 is inactive in our aggregration assay. The results obtained support
Irvine‘s prediction that the vicinal 4,5-bisphosphate is an essential structural
requirement for IP; agonistic activity (33) on mammalian receptors.

It has previously been shown that the anticoagulant drug heparin, a sulphated
glycosaminoglycan, may compete with IP; for its receptor binding (70) and for
inhibiting the IP3-induced Ca** release (7). It should be mentioned that it is not yet
clear whether the affinity of heparin for the IP; receptor can be attributed to binding
of sulphate groups in regions normally accomodating the IP; phosphate groups. We
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reasoned that in this respect the biological evaluation of inositol 1,4,5-trissulphate
31 would be of considerable interest. However, the sulphated IP; analogue 31 did
not display any IP; antagonistic or agonistic activity in our platelet aggregation
model nor in a IP; binding assay. This finding suggest that sulphated carbohydrates,
like heparin, do not compete at the IP; binding site itself. In order to get more
information the binding affinity of two highly sulphated synthetic heparin fragments
(i.e. 33 and 34, Scheme 6) for the IP; binding site (on cerebellar membranes) was
investigated. Compound 33 represents the well-defined pentasaccharide region of

UNIT 2 3 4 5 6
0SO3-  COoo- 0SO05- 0S0;-
(0] 0 fo) 0 (0]
OH > OH 70 0SO5- gao- Yok or
HO ( © , 0 OCH,4
NHSO,- OH NHSO;,- 0S0;- NHSO,-
33 R=H
34 R=SO,"
Scheme 6

heparin that activates antithrombin III. Organic synthesis of 33 (72) and many
analogues facilitated the definition of structure-activity relationships (73), which led
to the introduction of an extra sulphate ester at unit 6 to give compound 34 (74). The
latter compound, being approximately twice as active as compound 33, is the most
potent analogue found thus far to activate antithrombin III. Surprisingly, compound
33 as well as the highly sulphated compound 34 showed no affinity for the IP;
binding site. Recently it was found that de-N-sulphated heparin lacks the IP;
antagonistic activity found with heparin (75). Therefore it was suggested that
binding of the heparin fragment to the IP; receptor depends on the relative positions
of the different O- and N-sulphate esters on the glucosamine units (76). Compound
34 contains two glucosamine units bearing three sulphate esters (i.e. unit 4 and 6), a
property not found in any other region of the heparin glycosaminoglycan. Hence, it
is highly unlikely that the affinity of heparin for the IP; binding site can be
attributed to the presence of one specific glucosamine residue containing three
sulphate esters.

Initial evaluation indicate that the neutral 1,4,5-trissulphonamido derivative 32
is biologically inactive. An explanation for this may be the enormous difference in
networks of hydrogen bonds, salt bridges and ionic interactions which are expected
to be formed between a charged (i.e. phosphorylated or sulphated) or a neutral
substrate at the IP; binding site.
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Chapter 9

Chemical Modifications of Inositol
Trisphosphates

Tritiated, Fluorinated, and Phosphate-Tethered Analogues

Glenn D. Prestwich and James F. Marecek

Department of Chemistry, State University of New York, Stony
Brook, NY 11794—3400

Biochemical studies of proteins which bind and metabolize the
inositol trisphosphate isomers Ins(1,3,4)P; and Ins(1,4,5)P;
have created the need for the total synthesis of selectively
modified analogs. Specifically, we describe the preparation of
tritium-labeled  enantiomers of both  regioisomers,
of fluorodeoxy Ins(1,3,4)P; and Ins(1,4,5)P;, and the synthesis
of a P-1 tethered aminopropylphosphodiester affinity probe for
Ins(1,4,5)P; receptors.

Background

Receptor-activated cleavage of phosphatidyl inositol 4,5-bisphosphate releases the
second messenger D-myo-inositol 1,4,5-trisphosphate (1,2). In turn, Ins(1,4,5)P;
interacts stereospecifically (3,4) with membrane receptors in a variety of cells to
promote the release of Ca2+ from intracellular stores (5). This process is crucial in
mediating numerous cellular responses to hormones, neurotransmitters, and other
cellular signals (6,7). Progress towards understanding the molecular basis of cell
signalling as a function of the interaction of individual inositol polyphosphates with
cellular targets has been extremely rapid in the past five years, as evidenced by a
recent review of the literature on the chemistry and biochemistry of inositol
phosphates (8).

Tritium-Labeled Analogs of Ins(1,3,4)P; and Ins(1,4,5)P;

When we entered the field of inositol polyphosphate chemistry in 1987, high specific
activity (SA) tritium-labeled Ins(1,4,5P; and Ins(1,3,4)P; were unavailable.
Commercially available material with SA = 3 Ci/mmol was obtained by separation of
hydrolyzed membrane phospholipids from [3H]inositol incorporation. We addressed
this problem by enantioselective total radiosynthesis to produce both enantiomers of
[3H}Ins(1,3,4)P; (9) and both enantiomers of [3H]Ins(1,4,5)P; (10) with SA values of
14-16 Ci/mmol, based on the use of high SA (58-65 Ci/mmol) sodium borotritide. It
is worth noting that, beginning in 1989, high SA Ins(1,3,4,5)P, and Ins(1,4,5)P;
became commercially available.

0097-6156/91/0463—0122$06.00/0
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The synthesis of both D-myo and L-myo-Ins(1,3,4)P; bearing tritium labels at C-1 is
illustrated for the "unnatural" L-myo enantiomer in Figure 1 (9). Resolution of a
suitable protected intermediate, such as the diastereomeric camphanate esters
provided both desired antipodal precursors. Oxidation of the C-1 hydroxyl to the 1-
ketone followed by sodium borotritide reduction provided a 3:1 ratio of epimeric
alcohols favoring the desired equatorial product. After separation by silica gel
chromatography and hydrolysis of the ketal, the triol trianion was phosphorylated
with excess tetrabenzyl pyrophosphate. Finally, the perbenzylated species was
deprotected by hydrogenolysis to give [3H]Ins(1,3,4)P5.

OBn OBn

OBn
camphanate
’ 2 0 OH
BnO 1.KOH,MeOH  BnO 1.NaB’H, BnO
Bn0 0 5% BuO 0 % Bro
o 2. Ac,0, DMSO 0 2 aq. HCl, MeOH OH

(65%) (63%) HO

NaH, TBPP OBn 1. 10% P4/C, H o
g (Bn0),0P0 . » 2 N&,0,PO
DMF, 0°C Bio & cthanol (100%)  HO § :
> —
43%) BrO HO
%) OPO(OBn), 2NeOH OPO,Ns,
OPO(OB), OPONs, 3

[1-H]L-myo-Ins(1,3,4)P;

Figure 1. Synthesis of the L-myo enantiomer of [3H]Ins(1,3,4)P5.

Under conditions in which rat cerebellar membrane proteins exhibited specific
binding of [3H]Ins(1,4,5)P; and [*H]Ins(1,3,4,5)P4. neither of the [3H]Ins(1,3,4)P;
enantiomers showed any specific high affinity binding (Supattapone, S. and
Snyder, S. H., unpublished results). However, the two enantiomers were processed
differently by thrombin-stimulated human platelets (11). Thus, D-[3H]Ins(1,3,4)P;
added to saponin-permeablized platelets is hydrolyzed to an IP, species and
phosphorylated to Ins(1,3,4,6)P, with relative velocities of ca. 9:1. In contrast, the
unnatural L-[3H]Ins(1,3,4)P3 is dephosphorylated but not phosphorylated.

Using an analogous synthetic route, we used a suitably protected, resolved inositol
derivative to prepare both enantiomers of [3H]Ins(1,4,5)P; (10). In the synthesis of
the natural D-myo enantiomer (Figure 2), we used ca. 150 mCi of 67 Ci/mmol
sodium borotritide to obtain a 3:1 ratio of the desired equatorial to undesired axial
alcohols. The [1-3H] inositol derivative thus obtained showed a single tritium
resonance appropriate for an axial triton with 3/, = 2.5 Hz (to H-2,)) and 9.8 Hz (to
H-6,,). Hydrolysis, phosphorylation, and debenzylation gave, after ion exchange
chromatography, ca. 30 mCi of the [3H]Ins(1,4,5)P; product.

We have observed that radiodecomposition of the high SA [3H]Ins(1,4,5)P; is a
serious problem at high concentrations (>10 mCi/mL). Thus, all radiolabeled
materials were diluted to 0.5 mCi/mL for storage. Even this awkwardly large volume
of labeled material was tenfold more concentrated than desired, based on values
calculated from commercially-supplied [3H]Ins(1,4,5)P;. Radiochemical stability
was thus greatly improved and material from this 1988 synthesis is still useful nearly
two years later.
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Figure 2. Asymmetric synthesis of D-myo-[3H]Ins(1,4,5)P;.

Fluorinated Analogs of Ins(1,3,4)P; and Ins(1,4,5)P;

The synthetic intermediates used in synthesis of the tritium-labeled IP; enantiomers
were also employed to prepare fluorodeoxy analogs of each IP; isomer. Our goal
was the preparation of an antagonist or agonist with altered receptor binding
properties and increased metabolic stability. Fluorodeoxy sugars have a C-F bond
replacing a C-OH bond. While bond lengths and polarizations are analogous, the C-F
bond can only accept but not donate hydrogen H-bond (/2). Such compounds are
potentially useful as probes for studies of the active sites of enzymes and for
membrane transport studies. When we began our efforts at preparing fluorodeoxy
IP; analogs, several fluorodeoxyinositols had been synthesized and studied in vitro
(13,14,15), and a 2-deoxy-2-fluoro-1-phosphatidyl-scyllo-inositol had been prepared
(16). Subsequently, other investigators have described the synthesis of 3-deoxy-3-
fluoro inositol (17) and its corresponding 1,4,5-trisphosphate derivative (18).

We prepared the first 2-fluoro-2-deoxy Ins(1,3,4)P; analogs (9) as shown in Figure
3. In general, we have found that dlethylannnosulfur trifluoride (DAST)
fluorination of the hindered secondary alcohols in protected inositol derivatives can
be very sluggish, and often proceeds with the production of two epimeric fluoro
compounds. Similarly, the DAST reaction on the ketones proceeds very slowly,
even at elevated temperatures. No interesting biochemical activities (e.g., kinase or
phosphatase inhibition) were found for the fluorodeoxy Ins(1,3,4)P; analogs.
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POH _ HO F o HO 1050
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OPO;Na, OPO;Na,

3. NaOH

Figure 3. Synthesis of racemic 2-fluoro-2-deoxy analogs of Ins(1,3,4)s.

Synthesis of the 2-fluoro-2-deoxy and 2,2-difluoro-2-deoxy Ins(1,4,5)P; analogs
(19) is illustrated in Figure 4. With our scheme, we observed that both C-2 axial
(scyllo) and C-2-equatorial (myo) protected inositol derivatives were converted to
the same 2-deoxy-2-fluoro-scyllo inositol derivative. Although unusual, fluorination
with retention of configuration when using DAST has been observed in a number of
instances. This unfortunate occurrence precluded our obtaining the desired C-2 myo
fluoro epimer. Nonetheless, in contrast to the uninteresting biochemistry of the
fluorodeoxy Ins(1,3,4)P; analogs, both the 2-fluoro-2-deoxy and 2,2-difluoro-2-
deoxy-Ins(1,4,5)P; showed high affinity for the purified rat brain IP; receptor, and
both activated calcium release from permeabilized cells in vitro (Mourey, R. J,,
Snyder, S. H., Marecek, J. F. and Prestwich, G. D., unpublished results).

We also observed unusual stability problems with the 2-fluoro-2-deoxy
Ins(1,4,5)P;. This compound underwent slow defluorination on prolonged storage
(>1 month) at room temperature. Fluoride was produced (!9F NMR resonance at
-124 ppm), and a mixture of IP; isomers resulted. The 2,2-difluoro analog and the
methyl ether of the monofluoro analog were both stable under these conditions.
Defluorination only occurred at pH >12, not at pH 8. By following the reaction in a
sealed NMR tube using 1%F NMR spectroscopy, the half-life of the 2-fluoro-2-
deoxy Ins(1,4,5)P; at pH 13 was estimated to be two weeks at 50 °C.
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Figure 4. Synthesis of racemic 2-fluorodeoxy analogs of Ins(1,4,5)P.
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Tethered and Reactive Analogs of Ins(1,4,5)P;

Previous work. Reactive analogs and resin-immobilized analogs of Ins(1,4,5)P;
are now being developed for protein characterization. A crude isomeric mixture of
C-2 azidobenzoates of IP; was first described in 1985 (20). This work was then
expanded to include chemically uncharacterized [!125]]-labeled azidosalicylamide
(ASA)-B-alanyl derivatives of IP3 as photoaffinity labels (27). Hirata, Watanabe,
Ozaki, and their co-workers then described rational syntheses and biochemical
affinities of several Ins(1,4,5)P; photo-affinity labels (22), as well as the
development of two immobilized Ins(1,4,5)P; derivatives for affinity
chromatography (23). Two of these materials are illustrated in Figure 5; each of
these compounds is based on derivatization of the C-2 hydroxyl group of IP;. Most
recently, several 1-C-acyl-1,2,3,6-tetradeoxyinositol analogs have been prepared
(24) but not yet tested as photoaffinity labels or as immobilized supports (Figure 5).

[0}
NH.
o% g b 2 )
OH o) -HO,PO
NH,;*
H,0,PO H,0,PO /\/ 3
OPO;H, HN
NH,

H,0,P0
HO

Figure 5. C-2 esters of IP; and a tetradeoxy 1-C-acyl analog of IPs.

As shown below,we recently reported the first synthesis of a C-1 phosphodiester
derivative of Ins(1,4,5)P; bearing a reactive aminopropyl tether. This compound
was employed to make a photoaffinity label and an immobilized IP; affinity resin
(25), as described below. This position for the tether appears to provide us with
superior and versatile affinity reagents which retain high affinity for the receptor
binding sites. Our selection of the P-1 phosphate for modification is based on two
precedents. First, a series of semisynthetic IP; analogs were described (26) which
stimulated calcium release from permeabilized guinea pig cells (Figure 6). Second,
caged Ins(1,4,5)P; compounds, i.e., the isomeric 1-(2-nitrophenyl)ethyl phosphate
esters, have been shown to possess in vitro receptor binding and calcium-releasing
activities following laser flash photolysis (27). The C-1 phosphodiester is produced
preferentially when IP; is allowed to react with the nitroaryl-diazoethane precursor
(28). This P-1 caged compound, which can be employed as an efficient source of
Ins(1,4,5)Ps, also showed intrinsic (dark) activity in stimulating Ca2* release from
smooth muscle sarcoplasmic reticulum and was a substrate for the 5-phosphatase.
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R= OH
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P-1 Caged IP, Semisynthetic IP; Derivatives M o
2

Figure 6. Caged IP; and semisynthetic IP; analogs.

Synthesis and Biochemistry of Tethered Ins(1,4,5)P; (25). A phosphodiester
analog of the second messenger Ins(1,4,5)P; has been synthesized and used to
prepare a novel photoaffinity label and a selective bioaffinity matrix. This strategy
is depicted in Figure 7.

OH

OH
H,0,P0 0
nogo oo s

HO o

m 4Azidosalicylyl-NHS
OH

OH
" 0 Affi-Gel HzO;PO
H0 o Lo AN o
0RO N Y IO’PO \/\/ )k(;[

0 0

Affinity Matrix X =H, ASA-Photoaffinity Label
X = 1251, Radiolabeled probe

Figure 7. Design of tethered Ins(1,4,5)P; and associated receptor-targeted probes.

Using an activated phosphite bearing a Cbz-protected aminopropyl group, a
selectively-protected inositol precursor was converted to an N-Cbz-1-O-(3-
aminopropyl-1-phospho)-DL-myo-inositol in high yield following oxidation to the
phosphate (Figure 8). After deprotection, followed by 4,5-bisphosphitylation and
mCPBA oxidation, the fully benzylated 1-O-(3-aminopropyl) ester of Ins(1,4,5)P,
was obtained in 57% yield. Hydrogenolysis (3 atm. Hy, 10% Pd/C, ethanol),
followed by ion-exchange chromatography (Chelex, sodium form), afforded the
desired tethered Ins(1,4,5)P5 in 75% yield.

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by PENNSYLVANIA STATE UNIV on August 2, 2012 | http://pubs.acs.org

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch009

128 INOSITOL PHOSPHATES AND DERIVATIVES

[o]
OMHN JLOBn

/F OBn OBn
OBn OB
(o] P tetrazole, CH,Cl, (o] 0
NN AR L N A A W
OBn A OBn gy HO®

Bn

o8 OBn 1. (BaO)PN(iPr), OBn
1. mCPBA (80%) w o—\/\ ———  B0)PO0 OBn o
—_— HO O\P/ 2.mCPBA (Bno)zp(o)o 0\ / —\/\
20INHCI  OBn D NHCbz 0Ba P NHCbz
aq. CH;OH, 40°C 0" OBn o7 “oBa
OH
H,, Pd/IC H,0,P0 o o
ethanol H0,P0 N —\/\
HO P +
7\ NHy
07 Yo

Figure 8. Synthesis of the 1-O-(3-aminopropyl) ester of Ins(1,4,5)P5.

Reaction of the free amine with N-hydroxysuccinimido-4-azidosalicylate in
aqueous DMF gave the 4-azidosalicylamide (ASA) derivative (25); this product
combines photolability and a radioiodination site in the same moiety. Recently, we
have radioiodinated this novel probe and successfully employed the [!25IJASA
derivative to photoaffinity label the partially purified rat brain IP; receptor with
high selectivity and efficiency (Prestwich, G. D., Marecek, J. F., Estevez, V.A,,
Mourey, R. J., and Snyder, S. H., unpublished results).

Both the P-1 aminopropyl Ins(1,4,5)P; and the ASA derivative displaced
[3H]-D-myo-Ins(1,4,5)P5 bound to purified rat brain Ins(1,4,5)P; receptors (29) with
binding affinities 20-3%) fold lower than that of Ins(1,4,5)P;. Moreover, both
analogs activated release of Ca2+ from liposome-reconstituted receptor preparations
(30) at con-centrations eightfold higher than that required for Ins(1,4,5)P3;. The two
compounds derived from tethered IP; were neither substrates nor inhibitors for the
InsP3 5-phosphatase or the 3-kinase activities (31).

The aminopropy! tethered Ins(1,4,5)P; was immobilized on a solid support by
reaction with a suspension of a resin-immobilized N-hydroxysuccinimide ester
(Affi-Gel 10) in aq. sodium bicarbonate buffer (24). This resin-immobilized
Ins(1,4,5)P; was employed for an efficient purification of IP; receptors from rat
brain (Table 1). The phytic acid eluate from the affinity column shows a single
protein band by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
followed by silver staining, indicating a homogeneous preparation.  The
aminopropyl IP; resin thus provides purified IP; receptor with a slightly greater
specific activity than can be obtained by other techniques (23,32). While the
capacity of the IP; resin is limited, small quantities of highly purified receptor can
be rapidly obtained with this material.
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Table 1.  Purification of rat cerebellar IP; receptor using immobilized
Ins(1,4,5)P5. The heparin-agarose column eluate fraction was
divided into two equal portions; half was applied to
Con A-Sepharose, and half was applied to the IP5 affinity resin.
(Taken from Ref. 25.)

Fraction Specific Fold % Yield
Activity Purifi-
(pmol/mg) cation
Washed membranes 0.30 1 100
1% Triton X-100 Solubilized 042 14 96
Heparin-Agarose 24 80 67
Aminopropyl IP3 Affinity Resin 230 767 29
[Concanavalin A-Sepharose] [209] [697) [35]

Synthesis and Biochemistry of Other P-1 Tethered Inositol Polyphosphates.
Access to the 2-O-(3-aminopropyl) ester of IP¢ was attained via phosphitylation of
a suitable pentakis(allyl) ester of IP¢ and peracid oxidation to the phosphodiester
(Figure 9). After removal of the allyl groups by isomerization-hydrolysis, the five
free hydroxyl groups were phosphitylated and then oxidized to give the dodeca-
benzyl protected hexakisphosphate. Hydrogenolysis removed all the benzyl groups
to give, after ion exchange, the pentakisphosphate phosphodiester (Marecek, J. F.,
unpublished results). Results from A. B. Theibert and S. H. Snyder indicate that the
aminopropyl IP¢ has 10% of the binding affinity (ca. S00 nM) of 1Py itself for crude
IPg receptor preparation. A similar reaction sequence has now provided the 2-O-(6-
aminohexyl) ester of IPg (Marecek, J. F., unpublished results).

1. aminopropy! phosphite 2

"
OH  reagent, CH,Cly, -P~0"™\/"NNHCbz 1. (PhyPRRACI,
10

(]
OBn
AlO A tetrazole AlIO EtOH, 70%
OAll Allo
AllO OAll 2. mCBPA AllO o OAll 2. H,0%, MeOH

70%

o

° 1. (BnO),PN(iPx P

SV NG N - BroRPN(P, PN

0\ 0 NHCbz tetrazole, CHyCly H,0,P0
—_
OH o 2. mCBPA H:0;P0
Ho 3. Pd(C, H, ioH 1205P0 OPOsH,
HO £ OH e OPO,H,

Figure 9. Synthesis of 2-O-(3-aminopropyl) ester of IPg.

Recent progress includes synthesis of a P-1 tethered aminopropyl derivative of
Ins(1,3,4,5)P, (Estevez, V. A. and Prestwich, G. D., submitted for publication). This
derivative is now being employed in affinity purification and affinity labeling
protocols for characterization of the Ins(1,3,4,5)P, receptor (Theibert, A. B. and
Snyder, S. H., unpublished results). The successful use of the immobilized
Ins(1,3,4,5)P, will be reported in full detail elsewhere.
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Chapter 10

Novel Routes to Inositol Phosphates Using
Pseudomonas putida Oxidation of Arenes

Stephen V. Ley, Alison J. Redgrave, and Lam Lung Yeung

Department of Chemistry, Imperial College of Science, Technology,
and Medicine, London SW7 2AY, England

Pseudomonas putida oxidation of benzene affords cis-3,5-cyclohexadiene-
1,2-diol (1) which serves as a novel precursor for the synthesis of several
natural products including (+)-pinitol, (+)-conduritol F, D-(-)-myo-inositol
1,4,5-trisphosphate and myo-inositol 1-phosphate. The versatility of this
approach is further demonstrated by the preparation of other functionalised
cyclitol derivatives, in particular 6-deoxy, 6-deoxy-6-fluoro, 6-deoxy-6-
methyl and 6-methyl myo-inositol 1,4,5-trisphosphates.

Following the discovery and characterisation of phospholipids from the brain by
Ballou in 1961 (I), the hypothesis by Michell in 1975 (2) that the receptor-controlled
hydrolysis of phosphoinositides could be directly linked to cellular calcium
mobilisation, and the observation by Berridge in 1984 (3) that D-(-)-myo-inositol
1,4,5-trisphosphate (IP3) acts as a second messenger, a fundamental cell-signal
transduction mechanism has been elucidated (4). This has led to a dramatic increase
in interest in the inositol phosphates (5-6), in particular IP3 which acts as a second
messenger by binding to specific receptors on the endoplasmic reticulum thus
stimulating the release of calcium ions from intracellular stores. The second
messengers generated in the phosphatidylinositol (PI) cycle, by receptor controlled
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), are known to regulate a
large array of cellular processes including secretion, metabolism, contraction and
proliferation.

OP(O)(OH), OP(O)(OH),
(HO),(0)PO__A__LOH (HO),(0)PO_~_ ,OH
o OP(O)(OH),

0097-6156/91/0463—0132306.00/0
© 1991 American Chemical Society

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by CORNELL UNIV on August 1, 2012 | http://pubs.acs.org
Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch010

10. LEYETAL. Novel Routes to Inositol Phosphates 133

Although knowledge of this phosphoinositide cell signalling system continues
to grow rapidly (7) many factors remain unclear, hence there is an increased demand
for improved supplies of natural products and of novel analogues to probe these
mechanisms in more detail. The role of the synthetic chemist is therefore crucial to
these studies.

Many of the compounds involved in the PI cycle have already been
synthesised from myo-inositol via multistep protection-deprotection sequences.
However, we chose to adopt a conceptually different approach which introduces the
required stereogenic centres in a sequential fashion starting from benzene. This
versatile strategy gives access to a wide range of derivatives not readily obtainable by
conventional methods. Conversion of benzene ino cis-3,5-cyclohexadiene-1,2-diol
(1) (8), a superb cyclitol precursor (9-15), is achieved by microbial oxidation using
Pseudomonas putida. The significance of this biotransformation stems from the fact
that an aromatic compound is converted directly into an oxidised intermediate not
presently accessible by a single chemical reaction (16). Furthermore, by using
substituted arenes, optically active diols can be obtained (eq.1) (10,17-20). These
novel diols serve as excellent building blocks for organic synthesis.

R R

Pseudomonas putida OH
(eq.1)
OH

(1) R=H

Our initial studies in this area of microbial oxidations showed how diol (1)
could be readily transformed in just five steps and excellent overall yield into the
cyclitol natural product (+)-pinitol (Scheme 1) (10). (+)-Pinitol has been shown to
be a feeding stimulant for the larvae of the yellow butterfly Eurema hecabe mandarina
(21) and also a larval growth inhibitor of Heliothis zea on soybeans (22-23). More
interestingly, however, this cyclitol has recently been shown to have significant
hypoglycemic and antidiabetic activity in normal and alloxan-induced diabetic albino
mice and appears to be free from acute toxicity (24). During this work the unnatural
ant‘iipode, (-)-pinitol, was also prepared. This was useful for comparative biological
studies.

Our main efforts, however, have been directed towards the use of cis-3,5-
cyclohexadiene-1,2-diol (1) as a precursor for the synthesis of D-myo-inositol 1,4,5-
trisphosphate (IP3) and related derivatives. We envisaged that the cis-diol
functionality at C2-C3 could be carried through the synthetic route from the diene-
diol (1). An epoxide opening protocol was considered to be amenable to
constructing the C4-C5 trans-oxygenation pattern, and a second epoxide opening
reaction was chosen to effect C1-C6 trans-oxygenation. Studies towards racemic IP3

*(Scheme 2) (11) showed that this novel approach was feasible, however we were
keen to obtain optically pure materials, and especially to synthesise the unnatural
series of IP3 for biological evaluation. For this reason we chose a resolution
procedure, but one which did not add any further steps to our reaction sequence.

The required cyclic epoxycarbonate (2) was prepared from (1) by treatment
with sodium methoxide and dimethyl carbonate at room temperature, followed by
stereoselective epoxidation using m-chloroperoxybenzoic acid (Scheme 3). The key
step to this synthesis was the regiospecific ring-opening of (2) with an
enantiomerically pure benzyl alcohol, (R)-(+)-sec-phenethyl alcohol (3). Reaction of
(2) with (3) using a catalytic amount of HBF4+OEt; in dichloromethane gave the
readily separable diastereoisomeric alcohols (4) and (5) in the expected 1:1 ratio in
67% yield. After separation, benzylation of the less polar alcohol with benzyl
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(i) 2.2 BzCl, py, DMAP; (ii) 1.1 mCPBA, pH 8, DCE, 73%; (iii) MeOH, CSA, 100%;
(iv) DMAP, py, 87%; (v) a. OsO,, NMO, 'BUOH/THF/H,0; b. EtsN/MeOH/H,0.
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(i) (MeO),CO, MeO'Na*, MeOH; (i) mCPBA, DCM, 47% over 2 steps; (iii) BnOH, CSA, DCM,
85%; (iv) BnBr, Ag,0, DMF, 81%,; (v) EtsN/MeOH/ H,0, 100%,; (vi) mCPBA, pH 8, DCM, 97%;
(vii) 2,2-Dimethoxypropane, CSA, DCM, 74%; (viii) NaH, HMPA/THF, 95°C, 44h, 43%;

(ix) Hp, 10% Pd-C, EtOH, 23.5h, 100%; (x) "BuLi, iPerH, THF, tetrabenzylpyrophosphate,
-30°C to RT, 62%; (xi) a. Hy, 10% Pd-C, EtOH, 4 days; b. 80% aq. TFA, 4h, 86% overall.
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bromide and silver (I) oxide afforded the dibenzyl ether in excellent yield. In this
way, four of the necessary oxygen functionalities were introduced with the C4,C5
hydroxyls similarly protected for later phosphorylation. Hydrolysis of the carbonate
with aqueous triethylamine in methanol gave the diol (6) in which the hydroxyl
groups were ideally placed for directed epoxidation. This epoxidation with m-
chloroperoxybenzoic acid gave the B-epoxide in 87% yield, together with a small
amount (5%) of the corresponding a-isomer which was readily removed by silica gel
chromatography. The cis-diol was protected as the acetonide (7) under normal
conditions.

Molecular mechanics calculations (25) suggested that the preferred
conformation of the epoxide (7) was boat-like; X-ray crystallographic studies
confirmed this and also the absolute stereochemistry of the system. Reaction of
epoxide (7) with our previously developed hydroxide equivalent (8) (I1) gave (9)
and (10) in 37% and 58% yields, respectively. Nucleophilic ring-opening of
epoxide (15) with methoxide was studied using molecular mechanics calculations
(Figure 1). Ring-opening at C6 proceeds to give a diaxial product in a boat-like
conformation (A) in contrast to the ring-opening at C1 which gives the diaxial
product in a chair-like conformation (C). Calculations indicated that the boat-like
conformation (A) was significantly lower in energy than that of the chair-like
conformer (C). Furthermore, the initially formed diaxial boat (A) may be
transformed to a chair conformation (B) which is even lower in energy.

Catalytic hydrogenolysis of (10) to simultaneously remove the benzyl and
chiral phenethyl substituents gave the triol which, upon reaction with three
equivalents of n-butyllithium and tetrabenzylpyrophosphate (26-27), produced the
fully protected 1,4,5-trisphosphate (11) in good overall yield. Deprotection of (11)
was readily achieved by hydrogenolysis and subsequent treatment with moist
trifluoroacetic acid to give D-(-)-IP3 (Scheme 3).

Preparation of the enantiomeric L-(+)-IP3 followed essentially the same route
as described above (13).

Intermediates prepared during the synthesis of (+)-IP3 were also suitable
precursors for cyclitol synthesis. For example, reaction of (12) with one equivalent
of n-butyllithium and tetrabenzylpyrophosphate gave the 1-phosphate derivative (13)
which, upon debenzylation by catalytic hydrogenolysis, afforded (14). Deprotection
under acidic conditions (4:1 TFA/H20) furnished myo-inositol 1-phosphate, a
metabolic product of the PI cycle (Scheme 4).

In an effort to extend this chemistry to the preparation of a range of novel 6-
substituted analogues we have studied the ring-opening of the epoxide (15) with a
variety of nucleophiles. Epoxide (15) has been reacted with methanolic sodium
methoxide (Scheme 5), lithium aluminium hydride (Scheme 6),
tris(dimethylamino)sulphur trimethylsilyldifluoride (TASF) (Scheme 7), and lithium
dimethyl(cyano)copper (I) (Scheme 8). These results indicate that selectivity for
nucleophilic attack at C6 over C1 is largely controlled by temperature. Selectivity
was greatest with the cuprate (21:1) where the reaction was carried out at -30°C, and
least for the dioxane alcohol (1.6:1) where the reaction was carried out at 100-110°C.
Reactions carried out at intermediate temperatures gave intermediate selectivities.
Nucleophilic attack at C6 has led to the synthesis of four novel trisphosphate
analogues via a sequence of reactions involving debenzylation, phosphorylation and
deprotection. These ring-opened products are also precursors to a variety of
cyclitols, obtained by subsequent hydrogenolysis and treatment with moist
trifluoroacetic acid (13) (Schemes 5-8). These derivatives could be used to probe the
various enzyme mechanisms in the PI cycle, including binding and hydrolysis of
phosphate groups.

To this point, we have shown the versatility of this novel approach to
cyclitols and myo-inositol phosphates by a variety of ring-openings of the epoxide
(15). A large number of structures and substitution patterns are therefore available,
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87%; (vii) 2,2-Dimethoxypropane, CSA, DCM, 89%; (viii) (8), NaH, TMEDA, 110°C, 3 days, 95%;
(ix) Hp, 10% Pd-C, EtOH, 16 h, 100%; (x) "Buli, iPerH, THF, tetrabenzylpyrophosphate, -30°C
to RT, 67%; (xi) a. Hy, 10% Pd-C, EtOH, 48 h; b. 80% aq. TFA, 4h, 88% overall.
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(8) 11.71 kJ mol™
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(A) 18.51 kJ mol™

(C) 24.09 kJ mol™

Figure 1. MM2 minimized structures of the nucleophilic ring-opening of epoxide

(15) with methoxide anion.
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(i) "BuLi, 'ProNH, THF, tetrabenzylpyrophosphate, -30°C to RT, 57%; (i) Hz, 10% Pd-C, EtOH,
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(i) MeO'Na*, MeOH, reflux, 72h, 95%; (ii) Hp, 10% Pd-C, EtOH, 23h, 100%; (iii) "BuLi, 'ProNH,
THF, DMSO, tetrabenzylpyrophosphate, -30°C to RT, 61% ; (iv) a.TMSBr, DCM, 55 min;
b. H;O, 80 min, 62% overall.
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(i) LiAlHg4, Et50, reflux, 2h, 88%; (i) Hy, 10% Pd-C, EtOH, 39h, 100%; (iii) 80% aq. TFA, 4h, 97%;
(iv) "BuLli, 'ProNH, THF, tetrabenzylpyrophosphate, -30°C to RT, 56% ; (v) a. TMSBr, DCM, 65 min;
b. H,0, 80 min, 79% overall.
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(i) Me2Cu(CN)Lip, THF, -30°C, 22h, 74%; (i) Hy, 10% Pd-C, EtOH, 16h, 97%; (iii) 80% aq. TFA,
5h, 81%; (iv) "BuLi, 'ProNH, THF, tetrabenzylpyrophosphate, -30°C to RT, 41% ; (v) a. TMSBr,
DCM, RT, 65 min; b. H,O, 80 min, 82% overall.
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mau;%' of which would be difficult to obtain by standard modifications of myo-inositol
itself.

A key building block (5) in the synthesis of D-(-)-IP3 also paves the way to
another natural product, (+)-conduritol F (14). This cyclohexenetetrol, found in
most green plants, is obtained by simple deprotection of alcohol (5) with sodium in
liquid ammonia (eq.2). Thus, the four contiguous asymmetric carbon atoms in (+)-
conduritol F are established in only five steps from benzene, again utilizing
Pseudomonas putida oxidation to introduce the necessary cis-1,2-diol functionality.
The unnatural antipode, (-)-conduritol F, was prepared in a similar fashion in 85%
yield from (4). Derivatives of these conduritols are of particular interest as potential
inhibitors for glycosidases (28-29).

/L OH H
Ph (o) A o Na/NH3 HO OH
U Y=o ‘@: (q.2)
0 Et,0, -78°C OH
(5) 80%
l(+)—Condurltol FI

Intermediate (10), with its differential hydroxyl protection, facilitates ready
access to a series of compounds based on the phospholipid phosphatidylinositol 4,5-
bisphosphate (PIP2). However, the major synthetic challenge in this area is PIP;
itself with its highly unsaturated acyl side chain (Scheme 9).
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Our approach involves protection of (10) as its silyl ether (16),
hydrogenolysis, and then phosphorylation with tetrabenzylpyrophosphate to yield
(17) in 83%. Deprotection of the bisphosphate (17) with tetra-n-butylammonium
fluoride furnishes (18) which is a suitable inositol building block for the PIP2
synthesis (Scheme 10).

A, o J g
TN O Tk
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>< ><

(i) TBDMSCI, Imidazole, DMF, 65°C, 97%; (i) H,, Pd-C; (iii) "BuLi, iPnerH, TBPP, THF,
-30°C, 83% over 2 steps; (iv) TBAF, THF, 99%.

Since naturally occurring PIP, contains a mixed 1,2-diacyl glycerol fragment
with a highly unsaturated sn-2-acyl chain, entry to this compound via known
synthetic methods has been severely restricted (30). The major problem is choice of
protecting groups for there is a propensity for deleterious 1,2-acyl migration to occur,
as well as the highly unsaturated acyl chain suffering facile oxidation. In our
approach to the 1,2-substituted-sn-glyceride we started with 1,2-0-
isopropylideneglycerol (19), and by a series of standard procedures obtained the
mono-substituted saturated glyceride (20) without any functional group migration
(Scheme 11).
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(i) a. NaH; b. BnBr, 97%; (ii) CSA, MeOH, 53%; (iii) R'CO,H, DCC, DMAP, 0°C, 55%;
(iv) TBDMSCI, Imid., 60°C, 97%; (v) Hy, Pd-C, 100%.

It is then proposed to form the phosphodiester linkage between the glyceride
(20) and the myo-inositol derivative (18) in PIP; via a phosphite coupling approach
(30-33). Deprotection of the 2-position of the glyceride under normal conditions will
hopefully avoid migration of the functional groups since the thermodynamically
stable 1,3-substituted product will be formed. Introduction of the arachidonic acid
group at the 2-position of the glyceride followed by removal of all the protecting
groups will access PIP.

Owing to current interest in chiral cyclohexadiene diols as novel starting
materials for organic synthesis, we also report here several reactions of cis-3-fluoro-
3,5-cyclohexadiene-1,2-diol (21) which may well find applications in the future. The
cis-diol functionality can be protected with a variety of protecting groups, including
acetonide and carbonate. The diene can then be stereo- and regio-selectively
epoxidised using m-chloroperoxybenzoic acid or dimethyldioxirane (Scheme 12).

A m b e

(v) (21) (n) or (1)

écx o

)
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(i) CDI, DCM, 0°C, 82%,; (i) mCPBA, DCM, 0°C to RT, 36%; (iii) Dimethyldioxirane,
0°C, 20%; (iv) 2,2-Dimethoxypropane, CSA, DCM, 75%; (v) mCPBA, pH 8, DCM, 51%.
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This novel approach for the conversion of arenes to polyol derivatives, as

illustrated by the synthesis of D-(-)-IP3, harnessing biotechnology and organic
synthesis is a powerful strategy for future development. This is especially true when
the biotechnological reaction cannot be readily achieved by conventional synthetic
methods. Indeed, it would be profitable to seek out these unique combinations and
apply them to other situations.
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Chapter 11

Enantiospecific Synthesis of Inositol
Polyphosphates, Phosphatidylinositides, and
Analogues from (—)-Quinic Acid

J. R. Falck and Abdelkrim Abdali

Department of Molecular Genetics and Pharmacology, University of Texas
Southwestern Medical Center, Dallas, TX 75235

An efficient and versatile strategy for the preparation of highly
differentiated cyclitols from (-)-quinic acid was developed and
exploited for the enantiospecific total synthesis of representative
inositol polyphosphates and phosphatidylinositides. The 5-
methylenephosphonate  analogue of D-myo-inositol 1,4,5-
trisphosphate was also prepared and shown to be a long-lived
agonist of calcium mobilization.

In recognition of the physiologic significance of phosphorylated cyclitols and their
limited availability from natural sources, there has been a resurgence of interest
in the chemical synthesis of functionalized inositols and analogues (Z,2). Until
recently, virtually all preparative studies utilized myo-inositol as the initial
precursor and relied upon sometimes circuitous protection/deprotection
sequences to differentiate amongst this cyclitol’s six hydroxyls. Furthermore,
since the myo-isomer is a meso form of inositol, a resolution is required to
obtain optically active products. These limitations have been partially addressed
(3-5) using pinitol and quebrachitol, two chiral, but not widely available natural
cyclitols. Efforts to exploit carbohydrates have also been reported (6). It should
be noted that the novel intermediate, cis-1,2-dihydroxycyclohexa-3,5-diene, arising
from microbial oxidation of benzene, has also been used as the starting point for
inositol syntheses (7,8). Given the increasing popularity of enzymatic
methodology in organic synthesis, it is reasonable to anticipate additional
contributions utilizing such procedures.

As part of a comprehensive program in these laboratories for the
stereorational total synthesis of inositol polyphosphates and associated
phospholipids, we developed a conceptually different, and potentially more
flexible, approach to functionalized cyclitols that exploits a relatively inexpensive
and readily available member of the chiral pool, (-)-quinic acid (1). Our strategy
also offers, in principle, greater latitude for preparing configurational and
constitutional analogues.

0097—6156/91/0463—0145306.00/0
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Inositol 1,4,5-Trisphosphate

Our initial synthetic target was D-myo-inositol 1,4,5-trisphosphate (10), the
calcium-mobilizing intracellular second messenger of the phosphatidylinositol
(PI) cycle (9). Of the possible perspectives from which to view 1 with respect to
the myo-inositol moiety 2 present in 10, the orientation depicted in 1a provides
the greatest topologic congruity, i.e., the three contiguous quinate alcohols have
the same relative and absolute configurations as C(2), C(1), and C(6),
respectively, when 1a is superimposed upon 2. Projection of orientation 1b
reveals coincidence with only two stereocenters, those at C(2) and C(3). The
third alcohol at C(1) is epimeric. Yet, despite its lesser stereochemical
homology, other considerations (vide infra) made 1b the more attractive
candidate provided satisfactory solutions could be found for several outstanding
issues. These included: (i) differentiation of the hydroxyls, (ii) stereospecific
oxidation of both methylenes corresponding to C(4) and C(6), and (iii) one-
carbon degradation to remove the carboxyl. The realization (10) of these
objectives culminating in an efficient total synthesis of 10 is outlined in Scheme
L

Firstly, the C(1)-stereochemistry was adjusted using a modification of
literature procedure that improved the overall yield and simplified isolation of
intermediates. Specifically, (-)-quinic acid (1) was converted to lactone 3 by
concurrent lactonization/ ketalization utilizing cyclohexanone and Amberlite IR-
120 resin followed by mesylation of the tertiary alcohol under standard
conditions. Sequential lactone methanolysis, pyridinium chlorochromate (PCC)
oxidation, and Et,N induced mesylate elimination generated an enone from
which ester 4 was obtained by hydride delivery exclusively from the less hindered
B-face.

Taking advantage of the residual functionality created above, the C(6)-
hydroxyl was introduced stereospecifically with the desired configuration. For
this, ester 4 was transformed to phenyl selenide S by protection of the C(1)-
alcohol as its B-trimethylsilylethoxymethyl(SEM) ether, reduction of the ester
using diisobutylaluminum hydride (DIBAL-H) at -78°C, and selenylation of the
resultant primary alcohol with N-(phenylseleno)phthalimide in the presence of
Bu,P (11). Stereoselective in situ [2,3]-sigmatropic rearrangement of the allylic
selenoxide derived from 5 and benzylation of the product evolved 6 as the sole
product. Due to the high cost of the selenating reagent, the sulfide version of
S was also examined. In this instance, peracid oxidation yielded an ca. 1:1
mixture of sulfoxides that led in refluxing benzene to a mixture of epimeric
alcohols (/8 1:3); at 45°C, however, only the B-isomer was observed. The
favorable outcome of this rearrangement can be attributed to (i) facile
racemization of the sulfoxide via rapid equilibration with its sulfinate ester and
(ii) preferential approach of the thiophile from the B-face. Inspection of
molecular models confirms the a«-side is well-screened by the bulky
cyclohexylidene substituent (cf.20).

To functionalize the remaining methylene, 6 was subjected to SeO, allylic
oxidation (78%), then ozonolysis (83%) in MeOH/CH,C1,. However, hydride
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reduction of the ketone 11, thus obtained, afforded a separable mixture of C(5)-
diastereomeric alcohols under a variety of conditions. Efforts to epimerize the
undesired isomer proved disappointing. In contrast, ozonolysis of 6 and
conversion to silyl enol ether 7 using excess fert-butyldimethylsilyl (TBDMS)
triflate according to Corey (12) proceeded smoothly and with virtually complete
regiospecificity. Hydroboration of the enol ether from the more accessible 8-face
followed by careful alkaline peroxide oxidation furnished differentially protected
cyclitol 8. While the TBDMS ether was easily severed, more drastic conditions
(n-Bu,NF,HMPA,100°C) were needed to coerce the SEM in order to obtain triol
9. The identity of 9 was confirmed by comparisons of its physical [mmp 136-
137°C; lit. (13) 137-139°C) and spectral characteristics with an authentic sample.

Final elaboration of 9 with tetrabenzyl pyrophosphate and removal of the
protecting groups as described by Vacca (I4) provided D-myo-inositol 1,4,5-
trisphosphate 10, isolated as its hexasodium salt.

S-Methylenephosphonate Analogue of 1,4,5-1P,

In vivo, 1,4,5-1P, (10) is rapidly metabolized by either of two divergent pathways:
(a) initial phosphorylation by a 3-kinase and subsequent cleavage of the C(5)-
phosphate, or (b) direct dephosphorylation by a specific S-phosphatase (1,2).
Intervention in these pathways may provide new insights into the function and
possible therapeutic manipulation of the PI cycle. Special emphasis has been
placed on the development of modified inositol polyphosphates with
metabolically more stable phosphorus functionalities (15-19). Consequently, it
was of interest to prepare 14, the S-methylenephosphonate analogue (20) of
1,4,5-1P,, by an extension of our strategy that utilizes both the chirality and
complete carbon framework of (-)-quinic acid (Scheme II).

Fluoride ion induced desilylation of 6 in hexamethylphosphoric triamide
(HMPA) and kinetically (21) controlled addition of phenylselenenyl bromide
across the exocyclic alkene provided mainly the anti-Markovnikov adduct. The
latter underwent regiospecific oxidative elimination to the somewhat labile allylic
bromide 12 that was sufficiently pure for Michaelis-Becker phosphorylation (22)
using sodium dibenzyl phosphite (generated in situ from NaH and dibenzyl
phosphite) in the presence of 18-crown-6 to improve the solubility of the reagent
in toluene. Subsequent hydroboration of the alkene followed by oxidative work-
up using peracid, rather than alkaline H,0, which hydrolyzes the phosphonate,
furnished diol 13 with the desired all-trans configuration between the substituents
at C(3)-C(6) (*"H NMR analysis: COSY, J-resolved). Introduction of the C(1)
and C(4) phosphates by the two-step phosphite method (3) of Tegge and Ballou
and removal of the protecting groups afforded 14, isolated as its sodium salt.

Phosphonate 14 elicits contraction of bovine tracheal smooth muscle (23),
permeabilized with saponin, with an efficacy five to ten times less than a
comparable concentration of 1,4,5-IP,. Evaluation (24) of its ability to displace
[**P]-1,4,5-IP, bound to bovine adrenocortlcal membranes showed 14 has an
affinity for the 1,4,5-IP; binding site ca. two orders of magnitude less than
unlabeled 1,4,5-IP, (Figure 1). For release of Ca?* from bovine adrenal
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microsomal preparations (24), as measured by Fura 2 fluorescence, 14 and 2,4,5-
IP, were nearly equally potent and about one-fifth as active as the natural second
messenger, 1,4,5-1P, (Figure 2) In contrast with the latter compound, 14 and
2,4,5-1P, glve an 1mt1a1 sharp increase in the unbound Ca?* concentration that
then remains elevated above basal values (24). These data are consistent with
an attenuated, but long-lived, 1,4,5-IP; agonist.

A Second Generation Approach

To date, almost two dozen inositol phosphate and phosphatidylinositide isomers
have been isolated and identified from natural sources (,2). Although recent
investigations have established a complex interrelationship amongst these
metabolites, the physiological role(s) for all but a few remains obscure. The
more recent discovery (25,26) of a metabolically distinct class of 3-
phosphorylated phosphatidylinositides portends even greater diversity. To help
encompass this growing synthetic challenge, we sought to extend the scope of our
basic theme by preparing a more highly differentiated intermediate and then
illustrating its usefulness in the synthesis of some representative examples of
current interest.

A convenient point of departure was lactone 15 available (27) on a large
scale in 50-60% yield from 1 by vacuum sublimation (equation 1). The
corresponding cyclic dibutyl stannylene ether, generated (28) in situ from 15, was
enticed by an equivalent amount of n-Bu4NI to react with SEM-CI at 60°C to
give diol 16 (78%). None of the regioisomeric SEM ether could be detected by
chromatographic analysis. Yet, introduction of a benzyl or silyl protecting group
at the adjacent alcohol proved unexpectedly troublesome. Unacceptable product
mixtures were obtained due to the high reactivity of the tertiary alcohol. This
approach was ultimately abandoned for one that called into service enone 17, an
intermediate in the preceding syntheses.

Concurrent reduction of the ester and keto functionalities in 17 with
DIBAL-H followed by selective replacement of the primary alcohol using phenyl
disulfide/tributylphosphine was rewarded by a good yield of phenylsulfide 18
(Scheme III). A 3,4-dimethoxybenzyl was staked onto the remaining secondary
alcohol and the cyclohexylidene was removed under mild acidic conditions. Tin
mediated etherification of the resultant diol 19 with SEM-CI using nBu,NI (vide
supra) showed lower regioselectivity (4:1) for the equatorial C(3)-alcohol than
did CsF catalysis (24:1). Subsequent benzylation leading to 20 was uneventful.
Low temperature peracid oxidation gave a ~ 1:1 mixture of sulfoxides that was
transformed into olefin 21, free of any «-isomer, by [2,3]-sigmatropic
rearrangement and benzylation of the newly generated allylic alcohol. In this
instance, rearrangement required a significantly longer reaction time and bulkier
thiophile than the comparable cyclohexylidene examples described above.
Having observed that the 3,4-dimethoxybenzyl ether did not survive ozonolytic
cleavage of the exocyclic olefin, ketone 22 was secured by an alternative two-
step, but very efficient, sequence involving OsO, glycolization and Pb(OAc),
cleavage. Proceeding with 22 along the now well established route of enol ether

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



11. FALCK & ABDALI  Enantiospecific Synthesis from (—)-Quinic Acid 151

g ® Ins(1,4,5)F,
% o Ins(2,4,5)l?3
m A Phosphonate 14
S

[

O

w

o

7]

R

.01 A 1 10 100 1000
[INOSITOL PHOSPHATE]

Figure 1.32P-Ins(1,4,5)P, displacement in bovine adrenal microsomal membranes.

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch011

0.4 .
J o ° L
— ns(1,4,5)P.
2y 03] 3
9 a A Phosphonate 14
g *g", 0.2 ] 0 Ins(2,4,5)R,
§9
2o 1
20
S g 0.1 ]
0.0

Downloaded by UNIV MASSACHUSETTS AMHERST on August 2, 2012 | http://pubs.acs.org

?
2

Inositol trisphosphate] pM

—

Figure 2. Fura 2 measurement of calcium release in bovine adrenal microsomes.

In Inositol Phosphates and Derivatives; Reitz, A.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by UNIV MASSACHUSETTS AMHERST on August 2, 2012 | http://pubs.acs.org

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch011

152 INOSITOL PHOSPHATES
0
HO_
Sublimation 1. nBu,Sn0O
50-60% 7 2. SEMCI
HO" 78%
OH
15
Scheme III
SPh
COMe
1. DIBAL-H, PhCH,, -78°C
2. PhSSPh , Bu,P,0°C
N 0 2% o > Nou
(0} / /
0 (o]
17 18
SPh SPh

1. nBu,SnO, PhCHy , 120°C;
SEMCI, CsF, -15 10 0°C

2.KH, BnBr
e
o’ Y Nor 66% smo/ I or
. OBn
1 20
0

Bn
1. 0sO,, NMO

ol

9
O
Nor
Bn

AND DERIVATIVES

1.NaH , RBr
2. HCl, MeOH
80%

1. mCPBA; (Et0);P, MeOH

2.KH, BnBr
83%

1. TBDMSOT{ , E;N

2. BHg Me,S ; mCPBA

) 2. Po(OAC), VAN
VAN 0% seMo” Y “or 6%
g OBn
o
22
21
QTBDMS QPO(OBn),
HO, i OBn (BnO),0PO, i OBn
1. HC1, MeOH
2. (iPr),NP(OBn), ,1-H-Tetrazole;
Ve mCPBA
SEMO " or 3. DDQ, CH,Cly/pH7 buffer @onoro”” i o
(‘)Bn OBn
23 24

R= 3,4-(Me0),C¢HyCH,-

In Inositol Phosphates and Derivatives; Reitz, A.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by UNIV MASSACHUSETTS AMHERST on August 2, 2012 | http://pubs.acs.org

Publication Date: May 30, 1991 | doi: 10.1021/bk-1991-0463.ch011

11. FALCK & ABDALI  Enantiospecific Synthesis from (—)-Quinic Acid 153

Scheme IV
24
1. (iPr),NP(OBn),, R » 1-H-Terazole ; mCPBA
1-H-Tetrazole; mCPBA P N-GPr),
2. H,, 50 psig,10% Pd/C, / %0%
80% EtOH OB
2.H, , 50 psig, 10% Pd/C, 80% EtOH
H,, 50
op0(ou), 10% Pd/C 80% EtOH OPO(OH);
90%
(HO),0PO (H0),0PO ! OH OR
(H0),0P0"” 7/ Q
Nopo(oH), (H0),0P0 ; \opo
i
OPO(OH), OH o
OH
26 (HO),0PO 27
/
(H0),0PO' < ou
R= Stearoyl

[
O
Eu‘ )

formation, hydroboration and oxidative work-up with peracid (basic hydrogen
peroxide induced migration and/or loss of the t-BuMe,Si protecting group) gave
rise to the fully hydroxylated and highly differentiated cyclitol 23. Consecutive
hydrolysis of the SEM and silyl ethers by methanolic hydrogen chloride,
phosphorylation of the C(3), (4), and (5)-alcohols, and DDQ promoted cleavage
of the 3,4-dimethoxybenzyl ether afforded 24, the pivotal intermediate for the
series of polyphosphorylated inositols shown in Scheme IV.

Conventional catalytic debenzylation of 24 gave 3,4,5-IP; (25). This
isomer has not been isolated yet from natural sources, but is of considerable
interest for current structure-activity studies. Decoration of 24 with an additional
phosphate prior to deprotection evolved 1,3,4,5-IP, (26), a metabolite of 10 that
is thought to regulate extracellular calcium influx (Z,2). Union of 24 with a 1,2-
di-O-stearoyl-sn-glycero-3-phosphoramidite (29), mCPBA oxidation of the
intermediate phosphite triester, and catalytic hydrogenolysis produced 3,4,5-PIP,
(27), the product of a unique PI-3-kinase that may play an important role in
cellular proliferation (25,26).

The development of additional synthetic cyclitols suitable for the
preparation of glycosyl-phosphatidylinositides (30) including those with the rare
chiro-inositol subunit are in progress.
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Chapter 12

Synthesis and Complexation Properties
of Inositol-Phosphates
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Abstract : This chapter deals with synthetic methods of some Inositol-
Phosphates (IP) and their complexation properties towards alkali and
alkali-earth cations. The most important steps for the syntheses of IPs
are : the preparation of selectively protected inositols, the separation of
racemates and, the phosphorylation procedures. The methodology
involved in all these steps is illustrated with the synthesis of chiral myo-
inositol-1,4,5-triphosphate (1) and related compounds (16-18). In a
second part, the complexation ability of the IPs is considered. The effect
of the ionic environment on the nature and stability of the species in
solution is emphasized and the biological significance of the
coordination to metals is assessed. Finally, for seven IP; the
determination of the protonation constants showed the main influence
of the position of the phosphate groups on the cyclitol ring.

Our interest in inositol-phosphates (IPs) started twenty years ago for some of us
(V.LS.; AE.S.) when our investigations turned towards the chemistry and
biochemistry of lipids. The phosphatidyl inositols constitute a very important class of
compounds in this particular field. The syntheses of such molecules opened, for us, a
very large and enthusiastic field of regio- and stereoselective chemistry.

During this time, the biochemical and pharmacological studies of inositol-
phosphates, especially D-myo-inositol-1,4,5- triphosphate (1) grew rapidly and the
cell regulator or second messenger function of phosphatidyl-inositols, inositol-phos-
phate, and diacylglycerol in connection with the endoplasmic reticulum and C-kinase
were well demonstrated in numerous types of living cells (1).

The inositol-phosphates mechanism of action will ultimately be explained at a
molecular level. It is necessary, therefore, to orient the synthesis of pharmacologically
active compounds towards the elucidation of the underlying biochemistry and
physico-chemistry.

By considering the chemical functions of IPs and their chelating possibilities it
appeared to us that the active form of IPs could be determined by the ionic
environment of these molecules in the intracellular medium. The ionization state of
the phosphate groups, as well as the equilibria between the various complexed
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species, are governed by both the pH and the ionic content of the cell. In particular,
since some IPs lead to calcium mobilization, the interactions with this
cation are particularly important. On the other hand, sodium and potassium
movements occur throughout the cell membranes wherever phosphoinositides are
present. The alkali and alkali-earth cations may also be involved in complexation
reactions. Such reactions give rise to species having different charges and in which the
spatial position of the phosphate groups may vary significantly from one complex to
another. Thus, the knowledge of the nature and the stability of the complexes that
form in solution are of prime importance in structure-activity relationships in the field
of the inositol-phosphates.

Methodology for the Synthesis of Inositol-Phosphates

In a search for large scale methods of myo-inositol phosphate preparation, we began
with isolation of the phosphatidylinositols from bovine brain (2). Hydrolysis of these
compounds by means of chemical or enzymatic processes gave us some inositol
phosphates the structure of which needed chemical confirmation. Apparently, larger
amounts of myo-inositol phosphates could better be synthesized by non-biological
chemical routes.

The three key steps in the syntheses of chiral inositol-phosphates, starting from
myo-inositol (2), were :

- preparation of selectively protected inositol,

- resolution of racemates into constituent enantiomers,

- phosphorylation procedures.

Syntheses of Selectively Protected myo-Inositol. The most commonly used starting
material for the synthesis of inositol analogs was (and still is) myo-inositol (2). This
achiral molecule must be selectively protected before phosphorylation or generation
of chiral derivatives. Thus, in our first trials, the myo-inositol skeleton was 1,2,4,5,6-
pentaacetylated 3 (3) or 1,2,4,5,6-pentabenzylated 4 (4). Such intermediates can be
phosphorylated in position 3(1). Adjustment of the reaction conditions gave the
opportunity to obtain 1,4,5,6-tetraacetylated 5 (3) or 1,4,5,6-tetrabenzylated 6 (4)
derivatives. These types of inositols having the 2- and 3- hydroxyls free, are very
interesting intermediates because the relative orientation of the hydroxyls allows for
the possibility of regioselective reactions (5).

In our reaction schemes we have also used previously described methods for
selective protection such as di-O-cyclohexylidene (6) or di-O-isopropylidene groups
(7). In particular we have used 1,2-5,6 di-O-cyclohexylidene myo-inositol (7) for
optical resolution (8) (Scheme 1).

Resolution into Enantiomers. The second key step for the syntheses of chiral myo-
inositol-phosphates is the resolution of the enantiomers. To solve this problem we first
used chiral derivatives of carbohydrates as resolving agents. Suitably protected
inositol racemates were either transesterified (4) or glycosylated (9,10) by means of
D-mannose orthoacetate 8 (3,9) or D-glucose orthoacetate 9 (4,10) (Scheme 2).
Diastereomeric intermediates were separated either by column chromatography or by
selective crystallization.

During our investigations into the synthesis of chiral D-myo-inositol-1,4,5-
triphosphate (1) we also separated 3(1),6(4)-di-O-benzyl-myo-inositol-4(6),5-
dianilidophosphate (10) as diastereomers formed by esterification of position 1 with
menthoxyacetic acid (unpublished) (Scheme 3).

Phosphorylation Procedures. The monophosphorylation of protected inositols to
yield compounds such as D-myo-inositol-1(3)-monophosphate (11) (Scheme 4), as
well as multiple phosphorylation to give polyphosphates such as D-myo-inositol-1,6-
diphosphate (12), D-myo-inositol- 3,4-diphosphate (13), D-myo-inositol- 1,4-
diphosphate (14), and D-myo-inositol-3,6-diphosphate (15), was possible by simply
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using diphenylphosphoryl chloride (11). Only for the vicinal 4 and 5 positions of the
inositol (positions 6 and 5 for the enantiomer) have we had use dianilidophosphoryl
chloride to get quantitative phosphorylation (16-18) without side reactions such as
cyclic phosphate formations (11,12). Unfortunately, though this reagent was efficient
for phosphorylation, it seemed not the most suitable owing to the difficulties in
removing the anilino protective groups (12).

At this time we prefer to use phosphite (13) or pyrophosphate derivatives (14)
whose protecting groups can be removed under very mild conditions (13,14).

With these methods we were able to prepare the chiral myo-inositol phosphates
shown in Scheme 4. As an example, the next section will illustrate our approaches to
the synthesis of D-myo-inositol-1,4,5-triphosphate (1).

Illustration : Total Synthesis of Chiral D-myo-Inositol-1,4,5-Triphosphate (1).
Our first approach in the synthesis of chiral D-myo-inositol-1,4,5-triphosphate (1)
(and its enantiomer 18) (Scheme 5) started with the 1,2-O-isopropylidene-3,6-di-O-
benzyl-myo-inositol (19) prepared according to Gigg et al (15). The vicinal diol in
positions 4 and 5 was quantitatively phosphorylated by means of dianilidophosphoryl
chloride without side reactions to give the diphosphate 20. The isopropylidene group
was then removed to yield the free 1,2-diol 21.

This compound is our key intermediate. In particular, it is a suitable compound
for resolving the racemate. For this resolution we selectively esterified the equatorial
hydroxyl group in position 1 by transesterification of D-mannose orthoacetate 8. The
diastereomeric esters were separated by preparative HPLC on silica gel. After
hydrolysis of the chiral resolving agent, we obtained the optically active diols 22 and
23. (the direct total deprotection of these two diols gave D-myo-inositol-4,5-
diphosphate (16) and D-myo-inositol-5,6-diphosphate (17) respectively (16). The
separated diols 22 and 23 can be selectively phosphorylated in the equatorial position
1(3) by means of dianilidophosphoryl chloride, even if in excess. Final deprotection
required two steps in a one-pot procedure. The first step removed the anilino groups
from the phosphates by means of isoamyl nitrite, which was followed by
hydrogenolysis in the presence of palladium on charcoal to give D-myo-inositol-
1,4,5-triphosphate (1) and D-myo-inositol-3,5,6-triphosphate (18) respectively (12).
The final products were stabilized as ammonium salts.

The main drawback of the described synthesis was the final total deprotection.
The yields are too low to be applied on a preparative scale. We now prefer the use of
phosphites or pyrophosphates as phosphorylating agents. The phosphylation of the
vicinal diol 19 with N,N-diethyl-dibenzylphosphoramidite in the presence of tetrazole
as catalyst followed, in a one pot procedure, by the oxidation in dibenzylphosphate
can be performed with high yield. The protecting groups are chosen (e.g. benzyl
groups) so as to allow for simultaneous removal with the other hydroxyl protecting
groups by a simple hydrogenolysis (13,14).

Formation and Stability of Inositol-Phosphate Complexes

Almost all the complexation studies published so far have been connected with the
well known and easily available myo-inositol hexakis(phosphate) or phytic acid.
Recently, we have focused our attention on partially phosphorylated derivatives of
myo-inositol such as IP,, IP;, IP, and IP;. We report here our results on phytic acid
and the various IP; which were studied.

Phytic Acid. There has long been much interest in this molecule, and several
previous studies have dealt with its acid-base behavior (/7-21). These studies
determined its ionization constants in various supporting-electrolyte backgrounds and
ionic strengths. It was surprising to see the discrepancy between the results from one
author to another although the experiments were well designed. Moreover, the
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Scheme 5 : Synthesis of Chiral 4,5- and 5,6-myo-Inositol Diphosphates (16 and 17) and, 1,4,5-
and 3,5,6- myo-Inositol Triphosphates (1 and 18)
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constants that we determined in a n-Bu,NBr medium, strictly in the absence of alkali
cations (22), were several orders of magnitude higher than all the constants previously
published (I7-21). In an attempt to explain these differences, we simulated, in our
concentration conditions, the theoretical titration curves resulting from all the data
available in the literature. The simulated titration curves and our experimental one are
reported in Figure 1. The differences between the curves also show the differences
between the constants. It can be observed that the shift of each theoretical curve with
our experimental one is dependent on the concentration of supporting-electrolyte
containing alkali-metal cations. Such curves are typical of titration curves where
complexation occurs, i.e where the interfering cation competes with the proton for the
coordination sites. In that case, the shift is especially high, so that the complex is more
stable, or for a given complex, that the concentration of the metal increases.
A difference of about four pK units for some acidic phosphate groups illustrates the
great tendency for phytic acid to form complexes with alkali cations.

In order to gain insight into the complexation properties of phytic acid towards
alkali-metal cations, a qualitative approach was undertaken (23). In these studies, the
effect of the presence of Li+ , Na+ , K+ and Cs+ on the protonation constants was
considered. The comparison of the protonation constants determined either with
(log Ky)) or without (log K,) metallic cations usually gives valuable information
about the extent of the complexation reactions. In addition, this enables the binding
properties of phytic acid with different cations of the alkali-metal series to be
compared. A suitable way of showing the complexation ability of the ligand is to
consider the values of

Alog Ky = log Ky - log Ky

These differences are shown in Figure 2 for the protonation steps y=3 to y=6
and for metal to ligand ratios of 11.0 and 5.5, i.e. ratios that remain below those which
would result from the dissolution of a dodeca-alkali-metal salt. The results have been
extensively discussed mainly in terms of the probable conformation of the complexes
(23). Taking into account NMR results obtained by different authors (24,25) and the
general shape of the curves, an equatorial prevalent conformation is proposed for pH
values up to 9.5. Above this pH, Na+ and K+ seem to stabilize the axial conformer,
whereas Lit and Cs* promote the equatorial form. The results also confirm, as
indicated by the large values of Alog K,y the strong complexation properties of
phytic acid which, in addition, tend to increase as the pH rises (23).

myo-Inositol Triphosphates.

D-myo-Inositol-1,2,6-Triphosphate. Among all the inositol triphosphates, the
Ins(1,2,6)P; isomer is the most easily obtained by acidic or enzymatic hydrolysis of
phytic acid followed by chromatographic separation. Thus, most of our investigations
at first were centered around this compound (26,27). Its protonation and complexation
properties towards alkali and alkali-earth cations were studied in two different media
and temperature conditions. At 25°C, in a 0.1IM n-Bu,NBr medium, the results
describe the intrinsic complexation properties of the ligand, whereas at 37°C in a
0.2M KCI (conditions close to those encountered in the cell) the results provide
information on the physico-chemical behaviour of the ligand in a biological medium.
The nature of the species in equilibrium in both media as well as their stability
constants are given in detail in references 26 and 27. The protonation constants
determined usually correspond to the first proton of each phosphate group, the second
proton being, in general, too acidic to be obtained accurately. The main characteristics
of these constants are, on one hand, the large differences between them (in n-Bu,NBr
0.1M, log K, =9.48, log K, =7.22, log K3 =5.70) and, on the other hand, the marked
difference in regard to simple phosphate monoesters (log K=6.72 for n-BuOPO(OH),)
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Figure 2 : Values of log K,y Versus the Ionic Ratios of Cationic Species. (Full and dotted
lines correspond to M/IP¢ 11.0 and 5.5 respectively)
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(28). Such results tend to show that the acidity of the first proton is governed by two
opposing effects : one which increases the acidity through the high hydrophilicity of
the compound, one which decreases the acidity by the formation of very strong
hydrogen bonds. In addition, the differences between the constants obtained in the
presence and the absence of K+ is still a good argument for the complexation ability of
the Ins(1,2,6)P, towards this cation.

A systematic study of the protonation constants in various ionic-strength
conditions reported in Figure 3 seems to show that the competition between the
potassium and the proton is especially high for potassium concentrations ranging from
0to 0.2M, i.e. concentrations encountered in biological media.

Besides K+, other cations such as Li*, Nat, Rb* and Cs* also form complexes
of unusually high stability, but no particular selectivity is displayed by Ins(1,2,6)P;
towards these cations (27).

Unlike phytic acid, Ins(1,2,6)P; forms soluble complexes over a wide pH range
with alkali-earth cations. For instance, with Cat*+ various species including
mononuclear, polynuclear and protonated species were found. Their stability
constants indicate that such species undoubtedly exist in complex media, especially
when the calcium concentration is several times higher than the concentration of the
ligand (26).

myo-Inositol-1,4,5-Triphosphate and Other Triphosphates. Recently we
extended our investigations to other inositol triphosphates obtained either by synthesis
or via separation of mixtures resulting from phytic acid hydrolysis. In particular, much
attention was paid to racemic myo-inositol-1,4,5-triphosphate and its acid-base
properties. Figure 4 shows the distribution curves calculated for a 0.001M solution of
Ins(1,4,5)P; with the constants that where obtained in the media previously described.

In the 0.1M n-Bu,NBr medium (medium 1), and in the studied pH range (2.5-
9.5), equilibria between four protonated species do exist, whereas in a 0.2M KCl
medium (medium 2), only three species could be detected. Moreover, in the presence
of potassium, the maximum percentage of such species is shifted to lower pH values.
This clearly shows, once again, that the ionic environment may contribute to settle the
ionic state of the protonated species. In Figure 4 (medium 2), one sees binding data
recently published by Worley et al. (29). These authors studied the affinity versus the
pH of Ins(1,4,5)P; with specific receptors in brain membranes. It is remarkable to see
that the largest part of the binding curve fits the curve corresponding to the fully
deprotonated species very well. The shoulder of the first part of the curve corresponds
to the additional binding ability of the monoprotonated species.

Finally, it was interesting to consider the acid-base properties of other IP,
species, in order to see the influence of the position of the phosphate groups on these
properties. Figure 5 displays the three first protonation constants of seven different
isomers. The abscissa is labelled according to the position and the conformation of the
phosphate groups on the myo-inositol ring (p and q mean equatorial or axial, if p is
equatorial, then q is axial and vice versa ; a point refers to a non-phosphorylated
position). The different isomers represented are : Ins(1,5,6)P; : (ppp...), Ins(1,2,3)P5 :
(pqp...), Ins(1,2,6)P; : (ppq...), Ins(1,4,5)P; : (pp.p..) and Ins(1,3,4)P; : (pp.p..),
Ins(2,4,6)P; : (p.q.p.), Ins(1,3,5)P; : (p.p.p.). By considering Figure 5 , some important
features related to the acid-base properties of the compounds under study can be
pointed out. For log K, a difference reaching 2.70 pK units is found between the
highest and the lowest value. This indicates a marked influence of the position of the
phosphate groups. In addition, the basicity of the two phosphates carrying the first
protons decreases upon going from vicinal to alternate phosphate positions. For the
third phosphate group the reverse effect occurs. Such a tendency is easily understood
by the two effects previously mentioned : the hydrophilic effect and the setting of very
strong hydrogen bonds favored by a high density of negative charges. In the case of
alternate phosphate groups, especially if the conformer is equatorial prevalent, the
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lowest interactions between the phosphates are expected, and the Log K values are
then the closest to the log K of a monoesterified phosphate (log K = 6.72 for n-
butylphosphate). It is also interesting to note that for the two (pp.p..) isomers,
Ins(1,4,5)P; and Ins(1,3,4)P;, which are diastereomers with inverted configurations at
the hydroxyls in position 2 and 6, the log K values only differ slightly, indicating that
it is mainly the relative position of the phosphate around the ring that imposes the
acid-base properties.
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Chapter 13

Phosphorothioate Analogues
of Phosphatidylinositol and Inositol
1,2-Cyclic Phosphate

Application to the Mechanism of Phospholipase C

Karol S. Bruzik, Gialih Lin, and Ming-Daw Tsai

Department of Chemistry, The Ohio State University,
Columbus, OH 43210

The diastereomers of phosphorothioate analogues of
dipalmitoylphosphatidylinositol (DPPsI) have been synthesized from
protected optically active myo-inositol derivatives. Their configurations
at phosphorus have been determined on the basis of stereospecific
hydrolysis catalyzed by phospholipase Aj;. The reactions catalyzed by
phosphatidylinositol-specific phospholipases C (PI-PLC) from Bacillus
cereus and guinea pig uterus have been shown to be stereospecific
toward the R, isomer of DPPsI. The configuration of one of the
products, inositol cyclic-1,2-phosphorothioate (IcPs), was determined
from proton and 3!P NMR data. The results indicate that the conversion
of DPPsI to IcPs, catalyzed by PI-PLC from both sources, proceeds
with inversion of configuration at phosphorus, which suggests a direct
displacement mechanism.

Phosphorothioate analogues of biophosphates have proven a valuable tool in
investigating the mechanisms of action of various phosphohydrolase and
phosphotransferase enzymes. Following reports on the synthesis, configurational
analysis and biochemical applications of oxygen-labeled and phosphorothioate analogs
of nucleotides (/-5), we have extended the concept of P-chiral phosphates to
phospholipids and used this approach to study the mechanism of phospholipases and
other phospholipid-metabolizing enzymes (6). This approach has generated two types
of information regarding elementary steps in enzymatic reactions: stereospecificity
toward one of the two diastereomers of chiral thiophospholipids, and steric course of
the reaction involving cleavage of a P-O bond. With the exception of lecithin-
cholesterol acyltransferase (1), we have found a remarkable stereospecificity of these
enzymes toward one of the two diastereomeric thiophospholipids (6-13).

The possible fundamental mechanisms of phosphotransfer reactions have been
described elsewhere (14). The steric course of enzyme-catalyzed phosphotransfer

0097—6156/91/0463—0172$06.00/0
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reactions is usually interpreted in terms of the number of steps involving a P-O bond
cleavage during the entire catalytic process, since in enzymatic reactions a single
nucleophilic displacement at a phosphorus atom usually proceeds with inversion of
configuration (/-14). Thus an overall inversion of configuration at phosphorus
suggests that the reaction proceeds by a single-step mechanism involving an in-line
arrangement of the incoming nucleophile and the departing leaving group in the
transition state. In very unusual situations the overall inversion could also result from a
three-step mechanism. An overall retention of configuration suggests formation of an
enzyme-substrate intermediate. In such cases two consecutive steps, each occurring by
a single-displacement mechanism (with an inversion of configuration at phosphorus),
are necessary to convert a substrate into a product.

The stereochemical information of phospholipases is of particular significance since
it is usually difficult to perform detailed kinetic studies due to the surface specificities of
these enzymes. The crucial step in determining the steric course of the enzymatic
reaction is the configurational assignment of both the substrate and the product. In
principle, determination of configurations of P-chiral phosphorothioate analogues of
phospholipids can be made on the basis of the above mentioned stereoselectivity of
phospholipases A, and C with different substrates. For a more comprehensive
discussion on the stereochemistry of phospholipases the reader is referred to a recent
review (0).

Phosphatidylinositides-specific phospholipase C (PI-PLC, E.C.3.1.4.10) is an
enzyme catalyzing hydrolysis of phosphatidylinositol (PI, 1) (or its phosphorylated
derivatives) to produce three products: myo-inositol-1-phosphate (IP, 2), myo-inositol
cyclic-1-phosphate (IcP, 3), and diacylglycerol (15,16) (Scheme 1). This is a critical
step in the transduction of the extracellular hormone stimulus into an intracellular
physiological signal (/7-19). The PI-PLC from bacterial and mammalian sources differ
greatly in their protein sizes, amino acid sequences and metal-ion requirements, and in
the products of their reactions (15,16,20,21). Mammalian enzymes usually require
CaZ+ for their activity and produce a mixture of IcP and IP, whereas Bacillus cereus PI-
PLC is metal ion independent and forms only IcP. For mammalian enzymes the ratio
IcP/IP varies somewhat depending on the enzyme source and reaction conditions.

This chapter describes synthesis and configurational assignment of the
phosphorothioate analogues of DPPI (dipalmitoyl-PI) and IcP (abbreviated as DPPsI
and IcPs, respectively) and the results of the stereochemistry of the reactions catalyzed
by PI-PLC from B. cereus and two isozymes (I and II) from guinea pig uterus (22-24).

Synthesis of DPPsI. Three methods have been developed to synthesize DPPsI. In
the first method (Scheme 2) D-2,3:5,6-di-O-cyclohexylidene-4-O-methoxymethyl-myo-
inositol 4) was phosphitylated with chloro-(N ,N -
diisopropylamino)methoxyphosphine (5) (25) in the presence of triethylamine in
dichloromethane (22,23). The resulting phosphoramidate 6 was subjected to the
reaction with 1,2-dipalmitoyl-sn-glycerol under tetrazole catalysis in THF-acetonitrile,
and subsequently the sulfur addition. The mixture of the diastereomeric
phosphorothionates (7a,b) could not be resolved by chromatographic techniques and
was further subjected to deprotection steps with 80% aqueous acetic acid (to remove
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acetal protective groups), followed with trimethylamine in toluene (for demethylation).
The DPPsI 8 thus synthesized is a mixture of two diastereomers and gives two signals
of equal intensity at 57.45 and 57.05 ppm in a 3!P NMR spectrum. Separation of
diastereomers was effected enzymatically by taking advantage of the stereospecificity of
phospholipase A; (PLA2) and PI-PLC, as described in the next section.

Both the second and the third methods give separate isomers of DPPsI through
chromatographic separation of one of the intermediates. The second method (Scheme
3) employed the same phosphitylation steps as described in method 1, but used 1,2-
dipalmitoyl-sn-glycerol as the starting material and L-1,2,4,5,6-pentabenzyl-myo-
inositol (9) as the second hydroxyl component for the synthesis (24). The mixture of
Rp and S, triesters 10a,b (at the ratio ca. 58:42) could be separated by column
chromatography on silica gel using carbon tetrachloride-acetone (40:1) as an eluting
solvent. Separated diasteromers 10a and 10b were demethylated with trimethylamine
and debenzylated with BF;-etherate/ethanethiol to produce DPPsI 8a and 8b,
respectively.

The third method (Scheme 4) has been developed recently (Bruzik, K. S., Tsai,
M.-D., unpublished results) and employs D-camphor-protected inositol derivative 11,
which was synthesized from myo-inositol and D-camphor dimethyl acetal in an one-pot
procedure as described elsewhere (26). Treatment of 11 with tert-butyldiphenylsilyl
(TBDPS) chloride resulted in a remarkable selective protection of the 1-hydroxyl
group, and the resulting triol 12 was fully blocked with methoxymethylene (MOM)
groups to give 13. Deprotection by tetrabutylammonium fluoride yielded 14 as the
starting substrate for phosphitylation. The synthesis of phosphorothionates 15a,b was
carried out in an analogous way as described above. The diasterecomers 15a and 15b
could be separated by silica gel chromatography (hexane-acetone/20:1), and were then
subjected to demethylation with trimethylamine followed by acid-catalyzed cleavage of
all acetal protective groups to give 8a and 8b, respectively.

All three procedures employ similar phosphorylating agents, and the yields are all in
the range of 40-60% from the protected D-myo-inositol. The more difficult part of the
synthesis is really in the synthesis of the protected D-myo-inositol (4,9, and 14 in
methods 1, 2, and 3, respectively). The syntheses of 4 and 9 have not been shown in
the schemes, but they are significantly lengthier than the synthesis of 14 and also
involve camphor (method 2) or camphanic acid (method 1) derivatives in the separation
of protected D- and L-myo-inositols. Method 3 offers a significant short-cut due to the
one-pot synthesis of 11 in enantiomerically pure form and the remarkable selectivity of
the derivatization of 11 with the sterically bulky tert-butyldiphenylsilyl function.
Although the synthetic work reported here was primarily aimed at the synthesis of
DPPsl, the improvements of the synthetic procedures can also be applied to the
synthesis of natural PI and IP.

Configurational Assignment of DPPsI. It has been established previously that
PLA2 from various sources hydrolyze specifically the R, isomers of the
phosphorothioate analogues of phosphatidylcholine (DPPsC) and
phosphatidylethanolamine (DPPsE) (6, 7, 10, 27). Since the phosphorus
stereospecificity of PLA2 depends on the stereospecific interaction involving the
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phosphate group with Ca2+ (10) and possibly other residues at the active site of the
enzyme, and since PLA?2 is relatively nonspecific to the structure of the head group of
phospholipids, the DPPsI isomer of the same chirality should be the preferred substrate
for PLA2. However, due to a reversal of the relative priority of phosphorus
substituents in DPPsI relative to DPPsC or DPPsE, R, and S, isomers of DPPsI
correspond to S, and R;, isomers, respectively, of DPPsC and DPPSE, in terms of the
stereochemical structure of the phosphorothioate group.

As shown in Figure 1, treatment of (Ry+S,)-DPPsI (spectrum a) in its micellar
form with PLA?2 resulted in the hydrolysis of the isomer corresponding to the lower
field signal in 3!P NMR as illustrated by the gradual decrease in its intensity (spectra b-
d). The chemical shift of the product (S;)-MPPsI (Scheme 2, MP stands for 1-
monopalmitoyl) nearly coincides with that of the unhydrolyzed (Rp)-DPPsI (isomer of
the higher field signal), but they can be resolved in the expanded spectrum e. It was
thus concluded that the configurations of isomers giving rise to the signals at § 57.05
and 57.45 ppm (8a and 8b, respectively) are Rp, and S, respectively.

(Rp+S,)-DPPsI as a Substrate of PI-PLC. In the case of B. cereus PI-PLC
the reaction with (R,+Sp)-DPPsI as a substrate leads to the formation of inositol cyclic-
1,2-phosphorothioate (IcPs) (16) (Scheme 2), which gives rise to a 3IP NMR signal at
71.4 ppm (Figure 2, spectrum b). At the same time the resonance of the R, isomer
decreases. Both isozymes I and II of PI-PLC from guinea pig uterus are also specific
to the Ry, isomer of DPPsI and produce the same cyclic product 16. In addition,
formation of the acyclic myo-inositol 1-phosphorothioate (17, IPs) was observed at the
ratio IcPs/IPs ca. 2 for isozyme I and 0.5 for isozyme II. These values were close to
IcP/IP ratios observed for natural PI as substrate (1 and 0.5 for isozymes I and II,
respectively). These results indicate that all three PI-PLC show the same
stereospecificity (prefer the Ry isomer of DPPsI) as the non-Pl-specific PLC (prefers
the S;, isomers of DPPsC and DPPsE) (6). In order to elucidate the steric course of the
formation of the IcPs it is necessary to determine the phosphorus configuration of the
product 16.

Synthesis and Configurational Analysis of cis and trans IcPs. In order to
assign the configuration of 16 both isomers of IcPs were synthesized independently as
outlined in Scheme 5, starting from DL-1,4,5,6-tetrabenzyl-myo-inositol (18).
Treatment of 18 with § in the presence of diisopropylethylamine and subsequently with
tetrazole resulted in the formation of a mixture of diastereomeric cyclic phosphites 19 to
which elemental sulfur was added in the next step. The resulting phosphorothionates
20 were separated by chromatography and deprotected with lithium in THF-ammonia
at -78° to give two diastereomers 16a and 16b resonating at & 71.4 and 70.5 ppm,
respectively, in 31P NMR. The configurational assignment of IcPs isomers was made
indirectly based on the following findings:

a) The yields of 16a and its precursors 20a and 19a are much lower than those of
16b, 20b and 19b, respectively. On the basis of related studies of a series of 4,5-
disubstituted 1,3,2-dioxaphospholanes (28), the more stable and predominant isomer
19b should have the trans geometry as indicated in Scheme 5. The oxidation and the
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Figure 1. 31P NMR spectra showing a time course of the hydrolysis of (Rp+Sp)
DPPsI (5 mM, pH 7.2, 4% Triton X-100) in the presence of phospholipase A, (bee

venom) at 310 K; spectrum e shows an expanded upfield signal from spectrum d.
(Adapted with revision from reference 24)
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Figure 2. 31P NMR spectra showing stereospecificity of PI-PLC (B. cereus)
catalyzed hydrolysis of (Rp+S,)-DPPsI (sample conditions analogous to Figure 1).
a) DPPslI prior to adding PI-PLC; b) 72 h after adding 2 mg of PI-PLC; c) trans-
IcPs (16a); d) cis-IcPs (16b). (Adapted with revision from reference 22)
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sulfur addition to cyclic P(III) compounds (such as 19) usually proceeds with a
retention of configuration, and the isomeric ratio is generally preserved (28). Thus 20a
and 20b should be trans and cis, respectively. The cis/trans notations are based on the
geometric relationship between the inositol ring and the other larger substituent of
phosphorus (which is the OMe group in the case of 19, but the sulfur atom in the case
of 20).

b) Comparison of model compounds (28) suggest that the 3!P chemical shift of the
cis isomer 20b should be 0.5-2.5 ppm more upfield than that of the corresponding
trans-isomer 20a. The observed chemical shifts 20a and 20b are 85.9 and 84.2 ppm,
respectively.

c) The 'H-31P vicinal coupling constants (between P and H-1 of the inositol ring)
of 18.4 and 9.7 Hz for 20a and 20b, respectively, correlate well with the values
calculated from the Karplus equation (29) (18.3 and 9.8 Hz, respectively) for MM-2
optimized conformations of these isomers.

d) The TH 2D-NOESY spectra show a through-space interactions between the O-
methyl group and H-4 of inositol in 20a but not in 20b. On the other hand,
interactions between O-methyl group and H-2 are observed in 20b but not in 20a (23).

We therefore conclude that 20a has a trans and 20b a cis geometry. The same are
true for isomers 16a and 16b, respectively, since the cleavage of methyl ester in 20
does not involve bond breaking around phosphorus. The absolute configuration at
phosphorus of 20a and 16a as shown in Scheme 5 should be Rp according to the
Cahn-Ingold-Prelog rules (30). Since the synthesis of IcPs starts with DL-18, 20a and
16a are actually racemic mixtures (D-Ry+L-Sp), so are 20b and 16b (D-S,+L-Rp).

Steric Course of the Formation of IcP Catalyzed by PI-PLC. The results
presented above establish that the IcPs produced from (R,)-DPPsl is the trans isomer
16a. This statement is a corollary to the conclusion that PI-PLC catalyzed conversion
of PI to IcP proceeds with an inversion of configuration at phosphorus, most likely via
direct, in-line attack at phosphorus by the 2-hydroxyl group of the inositol ring.

Implications on the Mechanism of PI-PLC. Figure 3 outlines six possible
mechanisms of mammalian PI-PLC. Mechanisms E and F can be excluded because no
incorporation of 180 label into IcP was found when the reaction was carried out in
[18O]water (31, 32). Mechanisms B and D involve an enzyme-phosphoinositol
intermediate and predict retention of configuration for the formation of IcP or IcPs.
Thus mechanisms B and D can be ruled out based on the observed inversion of
configuration at phosphorus. The two remaining possible mechanisms are A and C.
Mechanism C resembles the mechanism of ribonuclease A (33) in that a cyclic
intermediate is formed as the precursor of the hydrolytic product, but also differs in the
sense that the cyclic intermediate is not released from ribonuclease A under normal
catalytic conditions. Mechanism A represents a unique mechanism in that two reaction
pathways proceed in parallel from a common substrate.

Mechanism A is the favored mechanism for mammalian PI-PLC on the basis of the
following evidence: (i) there is no detectable conversion of IcP to IP catalyzed by the
enzyme (15, 20, 34, 35); (ii) mechanism C would predict an increase of the proportion
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- I[P (inversion)

A
T~ [P (inversion)
- IP (retention)
B T IcP (retention)
C EDPPI ElcP EIP E + IP (retention)

E + IcP (inversion)

D EDPPI — = E-XPI —= ELP —=EIP —— E + IP (inversion)

E + IcP (retention)

E EDPPI EIP E + IP (inversion)

|

ElcP ——= E + IcP (retention + solvent incorporation)

F EDPPI —= E-X-PI ——=FEIP —= E + IP (retention)

EIcP — E + IcP (inversion + solvent incorp.)

Figure 3. Possible mechanisms of mammalian PI-PLC: A) parallel reactions, direct
displacement; B) parallel reactions, covalent enzyme-substrate intermediate; C)
consecutive reactions (IcP — IP), direct displacement; D) consecutive reactions (IcP
— IP), covalent enzyme-substrate intermediate; E) consecutive reactions (IP —
IcP), direct displacement; F) consecutive reactions (IP — IcP), covalent enzyme-
substrate intermediate. DG stands for the diacylglyceryl moiety of DPPsI.
(Adapted with revision from reference 23)
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of the cyclic product in the case of the phosphorothioate substrate since sulfur
substitution would most likely slow down the enzyme-mediated hydrolysis of IcPs, but
we have observed that the ratio IPs/IcPs is comparable to the ratio IP/IcP, as mentioned
in a previous section. However, it should be noted that neither evidence is absolute.
The kinetic competence of an intermediate in enzyme catalysis depends on specific rate
constants and equilibrium constants (36). The ratio IPs/IcPs could also be fortuitously
similar to the ratio IP/IcP in mechanism C.

Recently PI-PLC from B. cereus has been shown to exhibit a thousand-fold lower
cyclic phosphodiesterase activity (i.e., conversion of IcP to IP) in addition to the main
phosphotransferase activity (37). This observation strongly suggests that mechanism C
is the actual mechanism for PI-PLC from B. cereus. Since the specific activity of
mammalian PI-PLC is usually thousand-fold lower than that of B. cereus PI-PLC, it is
possible that mammalian and bacterial enzymes both utilize mechanism C, but bacterial
enzymes have evolved to greatly improve the first step and the release of the cyclic
intermediate. Alternatively, mammalian and bacterial enzymes could have evolved to
different mechanisms (parallel and sequential pathways, respectively). There is at least
one closely related precedent: phosphatidylserine synthase from yeast catalyzes the
reaction via a sequential mechanism, whereas that from Escherichia coli uses a ping-
pong mechanism (13). In both cases one of the differences between the enzymes from
lower and higher organisms is requirement for divalent metal ions in the latter. The
unequivocal distinction between mechanisms A and C for mammalian PI-PLC is
awaiting elucidation of the steric course of the formation of IP from PIL.
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Chapter 14

Phosphorothioate Analogues of D-myo-Inositol
1,4,5-Trisphosphate
Chemistry and Biology

Barry V. L. Potter

School of Pharmacy and Pharmacology, University of Bath, Claverton
Down, Bath BA2 7AY, England

D-myo-inositol 1,4,5-trisphosphate [Ins-
(1,4,5)P3] is a second messenger that
mediates” mobilization of intracellular ca2®t.
Chemical modification of 1Ins(1,4,5)P3 can
yield analogues with novel properties towards
the ca?*-mobilizing - receptor and the

metabolic enzymes Ins(1,4,5)P3 5-phosphatase

and 3-kinase. We have synthesized
phosphorothioate analogues of 1Ins(1,4,5)P;
which are finding many biological

applications as potent non-hydrolysable
agonists and enzyme inhibitors. The chemical
synthesis and biological properties of these
compounds are reviewed.

D-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P3 (1),
Figure 1]* is a second messenger coupling agonist
stimulation of cell surface receptors to the release of
intracellular caZ2* (1). Because of the fundamental
importance of the polyphosphoinositide signalling system
in cell biology it is essential to have access to
chemical tools which can facilitate pharmacological
intervention at Ins(1,4,5)P; receptors and the metabolic
enzymes which act wupon this second messenger (2).
Indeed, 1Ins(1,4,5)P3 antagonists and compounds which
block signal transduction by the polyphosphoinositide
pathway may have therapeutic value as potential
drugs (3), provided they can gain internal access to

* Unless otherwise indicated, ‘inositol’ refers to the
myo-isomer

0097—-6156/91/0463—-0186306.00/0
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cells. Heparin has been found to act as an Ins(1,4,5)P;
antagonist (4), but few such tools have yet been
identified and there are significant difficulties
intrinsic to a drug design strategy based upon
Ins(1,4,5)P;5.

Now that problems with inositol phosphate synthesis
have essentially been overcome, it 1is possible to
envisage the rational design and chemical synthesis of
Ins(1,4,5)P4 analogues (5-7). Few structurally-modified
compounds possessing biological activity have, however,
yet been prepared. The first example of such a
compound was myo-inositol 1,4,5-trisphosphorothioate
[Ins(1,4,5)PSy (2), Figure 1] (8). Other phosphoro-
thioate analogues of Ins(1,4,5)P3 have now been
synthesized i.e. inositol 1 4-bisphosphate-5-
phosphorothioate [Ins(1,4,5)P3-5S, (3)] (9), inositol 1-
phosphorothioate-4 5-blsphosphate [Ins(1,4,5)P3-1S, (4)]
(10) and 1n051tol l-phosphate-4,5- blsphosphorothloate
[Ins(1,4 5)P3-4 58, (5)] (N. J. Noble & B. V. L. Potter,
unpubllshed) Extensive studies have demonstrated that
the unique properties of inositol phosphorothioates,
especially their resistance to degradation by
intracellular phosphatases (11,12), will make them
valuable tools for investigation of the actions and
metabolism of inositol phosphates. This chapter will
address only inositol phosphorothioates. For details of
other inositol and inositol phosphate analogues which
have been synthesized the reader is directed to recent
reviews (5-7).

Synthesis

Many synthetic routes to the natural second messenger,
Ins(1,4,5)P, have now been devised (5-7), but will not
be discussed here. Our initial route (8) was based upon
P(III) methodology, used successfully to prepare myo-

inositol 4 ,5-bisphosphate (13) and involved
phosphitylation of the protected precursor 1,2,4-tri-o-
benzyl-myo-inositol (14) [Figure 2]. Conversion of the

resulting trisphosphoramidite to the hexacyanoethyl
trisphosphite was followed by oxidation to the fully
protected trisphosphate triester and removal of all
protecting groups in one step using sodium in 1liquid
ammonia. The resulting Ins(1l,4 ,5)P3, which was purified
by ion-exchange chromatography, was fully _ active
biologically at mobilising intracellular ca?t and
binding to the cerebellar Ins(1,4,5)P5 receptor. The
phosphorothioate analogue Ins(1,4,5)PS, could be
prepared by modification of this route by oxidation of
the trisphosphite hexaester with a solution of sulfur in
pyridine followed by deprotection and purification as
for Ins(1,4,5)P3.

Once the blologlcal activity of Ins(1,4 5)PS3 had
been established, the potential importance of similar
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Y
” Ho OH
200,P0 X
26°2ﬁ © o— li|=02 2©
Z OH
X=Y¥=Z=0 (1)
X=Y=Z2=S (2
X=Y=0;Z=S (3)
Y=Z=0;X=S (4)
Y=Z=8;X=0 5)
Figure 1. Structures of Ins(1,4,5)P; and
phosphorothioate analogues. D-isomers are shown.
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analogues possessing only single phosphorothioate
substitution was realized. 1In particular, synthesis of
the analogue Ins(1,4,5)P3-5S (3) possessing only a 5-
phosphorothioate group seemed desirable, since this
molecule would be nearer in structure to Ins(1,4,5)P

than Ins(1,4,5)PS; and yet would enjoy the advantages o%
5-phosphatase resistance. Our synthetic route to this
molecule was developed using a combination of P(III) and
P(V) chemistry (9) [Figure 3]. Thus, phosphorylation
of 2,3,6-tri-0O-benzyl-5,6-0-isopropylidene-myo-inositol
with bis(2,2,2-trichloroethyl) phosphorochloridate
followed by removal of the isopropylidene group and
careful phosphorylation of the resulting diol gave a
mixture of the 1,4- and 1,5-bisphosphates. The 1,4-
bisphosphate was crystallised, phosphitylated and
oxidized to either the fully protected trisphosphate or
the fully protected 1,4-bisphosphate-5-phosphorothioate.
Reductive deprotection with sodium in 1liquid ammonia
gave either Ins(1,4,5)Py or Ins(1,4,5)P3-5S
respectively. 1-(2,2,2-Trichloroethyl) phospho-2,3,6-
tri-O-benzyl-myo-inositol was used to prepare myo-
inositol-l1-phosphate-4,5-bisphosphorothioate in a
similar fashion (N. J. Noble & B. V. L. Potter,
unpublished).

The nucleophilic character of the sulfur atom of a
phosphorothioate group makes this atom a suitable point
of attachment for environmentally-sensitive reporter
groups such as fluorescent, spin, affinity labels etc.
This has been especially exploited in the
oligonucleotide field. The first example of an inositol
trisphosphate analogue modified by a reporter group
involved the attachment of a fluorescent
nitrobenzoxadiazole (NBD) moiety to the 1-
phosphorothioate of myo-inositol l1-phosphate-4,5-
bisphosphate [Figure 4, (4)] via the sulfur atom (10).
The resulting NBD-Ins(1,4,5)P3 analogue (6) was highly
potent at releasing intracellular ca?t [6-fold weaker
than Ins(1,4,5)P3] and bound to the 1Ins(1,4,5)P;3
cerebellar receptor with high affinity.

Syntheses of other inositol phosphorothioates have
been reported. Inositol 1-phosphorothioate has been
prepared by thiophosphorylation of 1,2,4,5,6-penta-0-
acetyl-myo-inositol and deblocking (15). Endo- and exo-
diastereoisomers of the 5- membered (1,2-cyclic)
phosphorothioates have been prepared by thiophos-
phorylation of 1,4,5,6-tetra-O-acetyl-myo-inositol (16)
or by simultaneous mono-phosphitylation of 1,4,5,6-
tetra-O-benzyl-myo-inositol at either the 1- or 2-
positions, cyclisation and oxidation to the
diastereoisomeric cyclic phosphorothioates, separation
of diastereisomers and deblocking (17).
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BnO
OH

BnO 0

o,
0—P(OR'),

Il
Bn0 OH 8n0 0—P(OR",
OH

Figure 3. Synthetic routes to 1Ins(1,4,5)P5 . and
Ins(1,4,5)P3-5S. Reagents: i (a) cIP(NPri,)-
OCH,CH,CN, (b) NCCH,CH,OH-tetrazole, (c) for X=O,
ButOoH} X=s, sulphur in CgHgN; iv Na in 1liq. NHj.
Reproduced with permission from ref. 9. Copyright
1988 Royal Society of Chenistry, London.
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Vi
0
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0—P(OR"),
0Bn )li X=0
BnO 0—P(ORY), X=S
0
N 1
0//P(0R ),
l v R'=-CH,CCl,
Bn= benzyl
0 R%*z —CH,CH,CN
" 2 2
HO o —poz
OH X
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0, = X=s (3)
>Fo,
0/

Figure 3. Continued.
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BnO OBn o BnO OBn

HO (i) (RO),PO
HO E——
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OB OBn
Me l(ii)

O
(RO),PO
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OBn ||
o S
/ (iii)
HO OH
0 |
o O,PO ,©
O2PO oPSO (4)
Il oh I
(0] 0]
l (v)
Il HOo OH
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280,P0 1] O\/\ e
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O OH O _N_
>~ IO
(6) NO,
R =-CH,CH,CN
Bn=benzyl
Figure 4. Synthetic route to 1Ins(1,4,5)P3-1S and
NBD-analogue. Reagents: i (a) (RO) 2PNPr12—
tetrazolei (b) ButooH, (c) HgO-HgCl,; 1ii (a)
(RO) ,PNPrt,-tetrazole, (b) sulphur in CgHgN; iii Na
in 1liq. NH4; iv IANBD-EtOH. All compounds are

racemic. Reproduced with permission from ref. 10.
Copyright 1990 Royal Society of Chemistry, London.
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Biology and applications of inositol phosphates

Several studies on biological applications of
Ins(1,4,5)PS, and Ins(1,4,5)P53-5S have now been
reported. Thus, inositol 1,4,5-trisphosphorothioate
(2), binds to 1Ins(1,4,5)P receptor sites in brain
(12,18) and liver (19) and 1s only slightly less potent
than Ins(1,4,5)P;. Moreover, it is a full and potent
agonist for the release of intracellular ca2%t in a
variety of systems, such as in Xenopus oocytes (20,21),
permeabilised Swiss 3T3 cells (20,22), GHy cells (22),
hepatocytes (23), pancreatic (24,25) and parotid (26)
acinar cells, skeletal muscle traids (27), mouse
lacrimal cells (28) and SH-SY5Y neuroblastoma cells (2),
being only some 3-4 fold less potent than Ins(1,4,5)P3.
As expected from the properties of phosphorothioates, it
is resistant to 5-phosphatase-catalyzed dephos-
phorylation (12,23) and can therefore produce a
sustained calcium transient in cells (2,23).
Ins(1,4,5)PS; is the most potent competitive inhibitor
of 5-phosphatase yet reported (29), but it is not bound
by the 3-kinase and does not compete with Ins(1,4,5)P;
for this enzyme (23,30). Thus, 1Ins(1,4,5)PS3; is
recognised with high affinity by Ins(l,4,5)PS;
receptors. It is a full agonist with respect to ca?
release and yet is resistant to all known routes of
Ins(1,4,5)P3 metabolism.

The possible synergy between 1Ins(l1,4,5)P3 and
Ins(1,3,4,5)P, is promoting ca2t entry at the plasma
membrane has been the subject of considerable debate.
In singly internally perfused mouse lacrimal acinar
cells, using the patch clamp technique_ for whole cell
current recording, monitoring a ca2*-activated K
current, Ins(1,4,5)PS3; alone gives rise to a single
transient response, typical of Ins(1,4,5)P53, and
independent of external cast. Together with
Ins(1,3,4,5)P,4, however , it evokes a sustained response
dependent upon external Ca2+, suggesting that the
transient response of Ins(1,4,5)P; is not a consequence
of rapid metabolism, and that 1Ins(1,3,4,5)P, is not
acting by protecting Ins(1,4,5)P;y against
dephosphorylation by the common 5-phosphatase (28).

Agonist-stimulated @ cells often give rise to
oscillating internal ca?' levels, rather than a smooth
rise, and the role and mechanism of generation of such
oscillations have been the subject of significant
interest and controversy. In singly internally perfused
mouse pancreatic acinar cells 1Ins(1,4,5)PS;, applied
through a patch pipette, evokes repetitive pulses of
calt-activated cl1~ current, which are similar in
amplitude and frequency to the response of such cells to
acetylcholine, acting through muscarinic receptors.
Thus, pulsatile ca2% release is possible even at a
constant 1level of this analogue, and presumably,
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therefore, of Ins(1,4,5)P3. This has been used to argue
against a receptor controlled oscillator in the
generation of ca?t oscillations, as well as any role for
the periodic phosphorylation or degradation of
Ins(1,4,5)P3 (25).

The polyphosphoinositide pathway is thought to
mediate the ability of 1light to release ca?* from ER
within invertebrate microvillar photoreceptors, via the
formation of Ins(1,4 /5)P;3. Ins(1,4,5)PS3y has been used

to investigate mechanlsms that terminate the
mobilisation of ca2* in ventral photoreceptors of the
horseshoe crab Limulus. It can generate sustained

repetitive oscillations of ca2*-dependent membrane
potential in the Limulus photoreceptor, where the action
of 1Ins(1,4,5)P3 is normally rapidly terminated by
metabolism (31). Ins(1,4,5)PS3 is also capable of
generatlng oscillations of membrane potential (20) and
-dependent Cl1~ current (21) in Xenopus oocytes. 1In
the oocyte, however, such oscillations are not
sustained, indicating that factors other than metabolism
are important in terminating the response. Oscillations
of membrane potential caused by 1Ins(1,4,5)PS; are
different from those generated by 1Ins(1,4,5)P3 and
resemble more those from Ins(2,4,5)P3. The exact reason
for this is not yet clear, but different mechanisms for
setting up ca?t oscillations may be possible (32).
Oscillations in ca?* ~-dependent Cl1~ current, induced by
Ins(1,4 ,5)PS5, however, appear to resemble those induced
by Ins(l 3,4,5)P, rather than Ins(1,4,5)P3 (33).
Ins(1,4, S)PS3 has been used in rat pancreatic
acinar cells to help distinguish functionally between
Ins(1,4, 5)P -sensitive and -insensitive non-

mltochondrlal MgATP-dependent Ca2+ pools (24).
Ins(1,4,5)PS was used to keep he 1Ins(1,4,5)P3-
sensitive ca4t pool empty and ca2* reuptake occurred
into the 1Ins(1,4, 52P3 insensitive pool. However, in

experlments on Ca2* mobilisation in permeabilised rat
parotld acinar cells, evidence has been obtained for
ca?t reuptake into an Ins(1,4,5)P3- and thapsigargin-
sensitive ca?t store in the presence of Ins(l,4,5)PS3
(26).

By virtue of their properties as potent 5-
phosphatase inhibitors, 1Ins(1,4,5)P3 and the related
monophosphorothioate analogue, inositol 1,4~
bisphosphate-5-phosphorothioate Ins(1,4,5)P3-5S (9),
have been employed to inhibit Ins(1,4 5)P breakdown in
electrically-permeabilized SH SY5Y human neuroblastoma
cells (34). Inhibition Ehosphatase-medlated
metabolism of exogenously added 5[ P]-Ins(1,4,5)P3 was
ca. 10 times greater than that of cell membrane-derlved
[ H] Ins(1,4,5)P3, indicating the possibility of
Ins(l 4,5)P3 compartmentation, i.e. that homogenous
mixing of exogenously-added and endogenously-generated
Ins(1,4,5)P3 does not occur.
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Another application of Ins(1,4,5)PS; has been in
the investigation of ‘quantal’ release of intracellular
ca2t by Ins(1,4,5)P3 in permeabilized hepatocyteg (35),
where the size of the Ins(1,4,5)P,-sensitive Ca pool
is apparently dependent upon the concentration of
Ins(1,4,5)P3. The failure of sub-maximal concentrations
of Ins(1,4,5)P; or Ins(l,4,5)PS, to empty the Ca?* store
completely was not due to deactivation of the stimulus
or receptor desensitisation. The metabolic stability of
Ins(1,4,5)P3 allowed ca?t efflux experiments to be
performed at a high cell density where degradation of
Ins(1,4,5)P3 would normally have posed significant
problems.

This stability of Ins(1,4,5)PS3 was also crucial
for the observation that an analogue of Ins(1,4,5)PSy
can activate a novel voltage-dependent Kt conductance in
rat CAl hippocampal pyramidal cells (36). 1Ins(1,4,5)PSj
inhibited action potential firing when injected into
these cells. Ins(1,4,5)P3 itself did not elicit this
conductance, presumably because of its rapid breakdown
in these cells. Thus, use of Ins(1,4,5)PS3; may uncover
activities of Ins(1,4,5)P which may not be
experimentally observable using the natural messenger
because of rapid metabolism or slow diffusion of
exogenously-added messenger.

Ins(1,4,5)PS; released up to 20% of an actively-
loaded ca2?t pool in triads from rabbit skeletal muscle,
although activation of ryanodine receptor ca?t channels
was zero or minimal (27), raising the possiblility that
the ca?* mobilising activity may be mediated by other
channels or mechanisms. The kinetics of Ca?t release by
Ins(1,4,5)PS; in the sarcoplasmic reticulum of skeletal
muscle was surprisingly fast (20-100 ms, depending upon
agonist concentration), indicating that 1Ins(1,4,5)Py
receptors of skeletal muscle are kinetically competent
to signal the rapid elevation of cytosolic ca?t that
precedes muscle contraction (37).

Although polyphosphoinositides turn over in human
red blood cells, a role for Ins(1,4,5)P3 has yet to be
established. In permeabilised human red blood cells
Ins(1,4,5)P3 evokes sustained release of ca?t and
irreversible shape changes and disorganisation of the
spectrin network, as measured by immunofluorescence,
whereas 1Ins(1,4,5)P3 evokes reversible shape changes
(38). The polyphosphoinositide signalling pathway
evidently plays an important role in the shape
maintenance of red blood cells.

[35s]-Labelled myo-inositol phosphorothioates

The wide range of applications of inositol
phiosphorothioates detailed above has been extended by
the  commercial  availability  of [35-s]-1labelled
Ins(1,4,5)PS3, which has been shown to be a valuable
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metabolically stable radioligand with high affinity for
the Insél ,4,5)P, receptor (39).

S]- Labe led D-Ins(1,4,5)PSy was prepared by an
adaptatlon of the chemical synthesis of unlabelled
material (8). Experiments to characterize the
interaction of this 1ligand with the cerebellar
Ins(1,4,5)P4 receptor have shown that D—[35S]—
Ins(1,4,5)PS3 binds with high affinity (Kd' 31+2.8 nM)
to cerebellar membranes, revealing a high density of
Ins(1,4,5)P3 receptors to be present (Bppy 16.910.3
pmol/mg protein). Identical results are obtainable by
saturation analysis of the isotope dilution data
obtained by competition with unlabelled Ins(1,4,5)PSj.
These results agree with prev1ous estlmates of
Ins(1,4,5)Py receptor density in this tissue (18) and
suggest that [3 S]-Ins(1,4 5)PS3 has only a slightly
lower affinity for this b1nd1ng site, consistent with a
study on the unlabelled ligand (12).

Further studies suggest that the association rate
of [ S] Ins(1,4 5)PS3 with the cerebellar receptor site
is rap1d with equlllbrlum binding being attained within
10 min. at 4°C and that the stereo- and positional
displacement of specifically bound [355] -Ins(1,4,5)PS;
by D-Ins(1,4,5)P3, L-Ins(1,4 ,5)P5 and D-Ins(2 4 5)P3 have
the same rank order compared to previous studles using
D—[ H]l-Ins(1,4 /5)P3 as the radioligand (18). The real
potential value of this radioligand 1lies with its
metabolic stability, allowing evaluatlon of the
properties of the Ins(l 4,5)P3 receptor at 37°C and with
a physiological ionic env1ronment.

The preparation of radiolabelled phosphorothioate
analogues of 1Ins(1,4,5)P3 has also been achieved by
phosphorylation of the polyphosphoinositide 1lipids
PtdIns and PtdIns(4)P wusing human erythrocyte ghost
kinases and ATP~S. [355]-Radlolabelled material can be
sgnthe51zed by employing [39S]-ATPyS, and incubation of

S]—Aprs with erythrocyte ghosts produced [3581-
labelled PtdIns(4,5)P analogues, with [35s]-1abel
uniquely in the 5-position or in both the 4- and 5-
positions [Figure 5]. These modified 1lipids were
cleaved by the endogenous ca?t-activated
phosph01n051t1dase C to give a mixture of inositol 1,4-
bisphosphate- 55 S] phosphorothioate (7) and inositol 1-
phosphate-4,5] S]-blsphosphorothloate (8), which was
demonstrated to be resistant to 5-phosphatase. (40).
Chemical synthesis of [3°S]-inositol phosphorothioates
as described above, however, offers a more direct and
reproducible strategy.

In summary, inositol phosphorothioates are proving
to be valuable pharmacological and biochemical tools.
Clearly, the commer01a1 availability of Dboth D-
Ins(1,4,5)PS3 and D-[3 S]-Ins(1,4,5)PS3 will now provide
even greater opportunities for the biological
exploitation of these novel analogues.
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0P, R, =R, = P50, (8)

Figure 5. Preparation of [355]-inositol phosphoro-
thioates from PtdIns and PtdIns(4)P. After Folk et
al. (40). Reproduced with permission from ref. 7.
Copyright 1990 John Wiley & Sons Ltd.
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Chapter 15

Synthesis and Biological Evaluation of Inositol
Derivatives as Inhibitors of Phospholipase C

Franz Kaufmann, D. James R. Massy!, Wolfgang Pirson, and Pierre Wyss?

Pharmaceutical Research Department, F. Hoffmann—La Roche Limited,
CH—4002 Basel, Switzerland

The synthesis and biological evaluation of analogues of phosphatidylinositol
(PI) and phosphatidylinositol 4,5-bisphosphate (PIP2) is described. Inositol
derivatives with and without homologation at C(1) and with and without ionic
groups (phosphate or sulfate) at C(4) and C(5) were prepared. In all these
compounds, palmitate ester groups were introduced in place of the
diacylglyceryl group of PI or PIP2. All compounds with ionic groups
(sulfates or phosphates) were found to inhibit phospholipase C (PLC) in vitro
significantly. In contrast, compounds without ionic groups showed only a
slight degree of inhibition. Some of the compounds with ionic groups have
also been tested for PLC inhibition in intact cells and were found to be
inactive in this assay.

Introduction.- A number of studies have documented the pivotal role of myo-inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DG) in the intracellular signalling
pathway [1-4]. Thus, it has been established that extracellular signals can trigger the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to IP3 and DG, a reaction
which is catalysed by phospholipase C (PLC) in the cell membrane. It seems likely that
this initial event is associated with both inflammatory responses via the arachidonic-acid
cascade [5] and the regulation of cell proliferation [6]. As part of a programme aimed at
obtaining substances controlling the functions of the second messengers mentioned
above, we have synthesised a number of compounds, analogues of both
phosphatidylinositol (PI) and PIP2, as potential inhibitors of PLC. All compounds
described are either meso or racemic mixtures. In the latter case the structures portrayed
here correspond, for convenience, to one enantiomer, but the DL-form is implied.
Numbering and nomenclature are in accordance with IUPAC conventions [7], except
for the abbreviations PI, PIP2, IP3, and DG which are based on the 1984 Chilton
Conference system [8].
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We report here the synthesis and biological evaluation of PI and PIP2 analogues
in which a CH2 group isosterically replaces the oxygen attached to C-1 of the inositol
ring, and the lipid moiety is replaced by a palmitoyloxy group attached to this CH2
group. The function of PLC being to cleave a lipid/phosphate bond, we anticipated that
such homologated inositol carboxylates would be effective inhibitors. To ascertain the
importance of the PIP2 phosphate groups at C(4) and C(5), we prepared and evaluated
C(1) homologated myo-inositol palmitates both with and without ionic groups
(phosphates or sulfates) at C(4) and C(5), (4, 5 and 6). The corresponding chiro-
inositol compounds were also synthesised and evaluated (1, 2 and 3) as well as two
nonionic deoxy myo-inositol compounds (7 and 8). Finally, myo-inositol palmitates
with ionic groups at C(4) and C(5) but without homologation at C(1), were prepared
for comparison (9 and 10).

Biological evaluation.- 1. Inhibition of phospholipase C (PLC) in vitro.
Phospholipase C was prepared from human platelets as crude cytosolic enzyme
obtained after sonication and centrifugation (100000 x g supernatant) of platelets
isolated from fresh human blood. This enzyme preparation was stored in aliquots at
-75° C. Phospholipase C activity was determined by measuring the hydrolysis of phos-
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phatidyl-[3H]inositol (PI) as a substrate at pH 5.5 without any detergent. Water-
soluble 3H-inositolphosphate was determined as product in the water phase after

extraction of 3H-PI with chloroform. The assay was carried out in 0.1 ml for 10 min at
37°C in the presence of 100 mM Tris-acetate, pH 5.5, 0.5 mM CaCl2 and 250 uM
sonicated 3H-PI. The substrate suspension was prepared by mixing 3H-phosphatidyl-
inositol (3H-PI from Amersham) and unlabelled PI (Sigma), removing the solvent
chloroform under N2, and sonicating the residue in 200 mM Tris-acetate buffer, pH
5.5, containing 1 mM CaCl2 for 20 min. For the assay, 10 ml DMSO (with or without
test compound) was mixed with 40 uL of enzyme solution (containing about 10 pug
protein). After preincubation for 15 min the reaction was started with 50 pL substrate
suspension. The assay was run for 10 min. Thereafter the reaction was stopped by
addition of 1.5 mL of an ice-cold mixture of chloroform/butanol/conc. HCI (10:10:0.6)
and 0.45 mL of 1 N HCl. After vigorous mixing the phases were separated by
centrifugation for 10 min (1000 rpm). An aliquot of 0.2 mL from the upper water
phase was counted for radioactivity. Under the assay conditions 10-20% of the PI was
hydrolyzed. In this range the assay was linear with time and enzyme. For each
concentration of the test compound the percent inhibition was calculated relative to
controls with vehicle only. The concentration for 50% inhibition (IC50) was
determined graphically.

The synthetic compounds described above were evaluated according to the
procedure just described. The results are summarized in the following Table. The
compounds without ionic groups showed only a slight degree of inhibition. In
contrast, all compounds with ionic groups (sulfates or phosphates) were found to
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Table. Evaluation of Inositol Derivatives

PLC Inhibition
Compound %, 500 UM* 1C50 (UM)
1 (nonionic) 39
4 «“ 27
7 € 26
8 «“ 17
2 (ionic) 30
3 « 14.5
s “ 22
6 “ 14
9 «“ 18
10 * 230

* Inhibition too feeble for determination of 1C5(.

inhibit the enzyme significantly. The results, however, do not seem to show any other
significant correlation between structure and activity.

2. Formation of inositol phosphates in GH3 cells. Some of the compounds have
been tested for PLC inhibition in intact cells by measuring their effect on the formation
of inositol phosphates in GH3 cells on TRH (Thyrotropin releasing hormone)
induction. 3H-Inositol labelled cells were incubated for 30 min with a solution of the
test compound in dimethylsulfoxide (DMSO), followed by stimulation with TRH (25
nM) for 30 min at 37°C. The maximal DMSO concentration in the incubation medium
was 0.1%. The 3H-inositol phosphates liberated in the cell were extracted and
determined by anion exchange chromatography as described elsewhere [9].

The compounds tested in this assay (3, 5, 6 and 10) did not inhibit the formation
of inositol phosphates up to a concentration of 10 mM. We suspect that the lack of
activity in this system might be due to a poor penetration of the charged compounds
into the cells. In order to overcome this potential problem, we are now concentrating
our efforts in the synthesis of prodrugs.

Chemistry. Full details on the synthetic work discussed here have recently been
published [10].

1. Homologation at C(1) without lonic Groups in the Molecule. The initial target
of this work was the homologation of inositol at C(1) without the introduction of ionic
groups, i.e. compounds 1 and 4 . These compounds which are analogues of PI were
prepared by the route shown in Scheme 1. Thus, myo-inositol was reacted with excess
cyclohexanone in DMF/toluene, catalysed by TsOH, to give the monocyclohexylidene
compound 11. Benzylation of 11 yielded the tetrabenzyl compound 12, which was
hydrolysed to give cis-diol 13. We adopted the following route to convert this to
the desired 1-alcohol 16: stannylidene-activated allylation [11] (13---->14),
benzylation (14---->15), and deallylation. Oxidation of 16 to ketone 17 proceeded
satisfactorily by the use of pyridinium chlorochromate. Homologation of 17 by means
of a Wittig reaction, followed by hydroboration of the methylidene compound 18
afforded the epimeric alcohol mixture 19. This mixture was readily esterified with
palmitoyl chloride, and the resulting esters 20 and 21 could be separated cleanly by
MPLC. The ratio of chiro-ester 20 to myo-ester 21 was ca. 2.5:1. The corresponding
deprotected compounds 1 and 4 were obtained as pure, crystalline compounds.

Ketone 17 was reacted with (methoxymethyl)triphenylphosphonium chloride to
yield enol ethers 22a and 22b (Scheme 2). Conversion of these enol ethers to the
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Scheme 2
BnO OBn BnO OBn BnO OBn
a) OCH;
o - e
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BnO BnO 3 BnO
OBn OBn OBn
17 22a (35%) 22b (25%)
b |41 i
: 61%
BnO BnO OBn
24%
BnO BnO
OBn
24 R=CHO 23 R=CHO
o 92% ( ) 76% <
25 R=CH,OH 27 R=CH,OH
) 100% 2)79%

26 R=CH,0CO(CH,);,CH,

h) 25%

HO
CH,0CO(CH,);,CH,

HO
OH

28 R = CH,OCO(CH),CH;

h) 4%

HO OH
CH,0CO(CH),,CH,

HO

a) (CH,0CH,)P(Ph),Cl, BuLi, THF, 0-21°, %/ ,h. b) CH,Cl, (trace of adventitious HCI), 25°, 4 d. c) NaBH,, EtOH, 25°, 25 min.
d) CH,(CH,),,COCl, pyridine, 4-(dimethylamino)pyridine, CH,CL,, 25°, 2 h. ¢) BF,£t,0, Et,0, reflux, 1'/,h. f) NaBH,, EtOH,
25°, 10 min. g) CH,(CH,), ,COClI, Et,N, 4-(dimethylamino)pyridine, CH,Cl,, 25°, 10 min. #) Pd/C, 1 atm H,, EtOH, 25°,2-4 h.
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corresponding aldehydes was accompanied by the concomitant loss of a benzyloxy
group and introduction of ring insaturation. In the case of 22a, this transformation
occurred spontaneously in CH2CIl2 solution at r.t. for a few days to give the
unsaturated aldehyde 24. The reaction appeared to be catalysed by traces of HCl
present in the solvent since no appreciable decomposition was observed in EtOH. In
contrast, enol ether 22b did not decompose in CH2Cl solution, but on refluxing it in
Et20 with BF3, the unsaturated aldehydes 23 and 24 were obtained in a ca. 2.5:1
ratio. Having a reasonable route to unsaturated aldehydes 23 and 24, we converted
them to target compounds of the deoxy type (7 and 8). Thus, reduction of aldehydes
23 and 24 using NaBH4 gave alcohols 25 and 27, which were then converted to
esters 26 and 28, respectively. Finally, these esters were converted to the target
compounds by concomitant hydrogenolysis of the benzyl groups and reduction of the
double bonds. The obtained deoxy compounds 7 and 8 are derivatives of compounds
known as pseudo-sugars, i.e. sugars in which the ring O-atom is replaced by CH2.

2. Homologation at C(1) with Ionic Groups at C(4) and C(5). The route followed
is shown in Schemes 3 and 4 . The synthetic pathway requires temporary protection of
the C(4) and C(5) OH groups of myo-inositol in two stages. In the first of these,
protection was accomplished by forming the 1,2:4,5-di-O-cyclohexylidene compound
29. The diketal 29 was then dibenzylated (30) after which the OH groups at C(4) and
C(5) were re-exposed by selective removal of one cyclohexylidene group using an
exchange reaction with ethane-1,2-diol. The OH groups at C(4) and C(5) in diol 31
were re-protected by 4-methoxybenzyl groups. The ketal group of 32 was then
carefully hydrolysed. Selective benzylation of the axial OH-C(2) of 33 was
accomplished by the allyl-ether technique described above (Scheme 1), except that here
it was necessary to perform the isomerisation of the benzylated allyl ether 35 to the 1-
propenyl ether 36 and hydrolytic removal of the propenyl-ether group in separate
stages in order to maintain reaction conditions which would preserve the 4-
methoxybenzyl groups. Oxidation of 37 to ketone 38, followed by homologation and
hydroboration gave the epimeric mixture 40. The alcohol mixture 40 was separated
after esterification and removal of the 4-methoxybenzyl groups yielding 42a and 42b,
the chiro- and myo-type compounds.

The diols 42a and 42b were converted to the corresponding sulfates 43 and 45
using SO3/pyridine complex in DMF. Removal of the benzyl groups by hydro-
genolysis yielded the target compounds 2 and 5 (Scheme 4). Phosphorylation of diol
42a was achieved with bis(benzyloxy)(diisopropylamino)phosphine [12, 13] in the
presence of 1H-tetrazole, followed by oxidation of the phosphite ester to phosphate
using 3-chloroperbenzoic acid [14] (Scheme 4). The heptabenzyl compound 44, thus
obtained, was then fully deprotected by hydrogenolysis and converted to the
trimethylammonium phosphate 3. Similarly, diol 42b with the myo-configuration, was
converted to phosphate 6, via 46.

3. Compounds with Ionic Groups at C(4) and C(5), but without Homo-logation.
To complete our series of compounds as potential PLC inhibitors, we finally esterified
alcohol 37 with palmitoyl chloride (37---->47), deprotected the 4,5 positions (47----
>48), and sulfated or phosphorylated the exposed OH groups. In this way,
compounds 9 and 10, analogous to 5 and 6, but without homologation at C(1), were
prepared via 48---->49 and 48---->50, respectively (Scheme 5).

In the present study, a number of analogues of PI and PIP were synthesised and
studied for their ability to inhibit PLC. They include inositol derivatives with or without
homologation at C(1) and with or without ionic groups (phosphate or sulfate) at C(4)
and C(5). In all these compounds, palmitate esters were introduced in place of the
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diacylglyceryl group of PI or PIP). Only the compounds with ionic groups showed
significant activity in vitro. However, none of the compounds were able to inhibit PLC
in intact cells. As the lack of in vivo activity might be due to poor cell penetration,
present work is concentrating on the synthesis of prodrugs in order to improve the
cellular uptake.
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Chapter 16

Synthesis and Biological Evaluation of Inositol
Phospholipid Analogues

John G. Ward and Rodney C. Young

SmithKline Beecham Pharmaceuticals, The Frythe, Welwyn,
Hertfordshire AL6 9AR, England

Close structural analogues of phosphatidylinositol have been prepared
by newly-developed synthetic procedures. These compounds have been
used to study the requirements for binding to the active sites of a
phosphatidylinositol 4-kinase and a phosphoinositide-specific
phospholipase C in the search for potential inhibitors. For both
enzymes, inhibitory activity is found in compounds possessing at least
one lipophilic chain, while the inositol moiety is not essential.
Inhibition only of the kinase appears to require a charged linking group.

The importance of the inositol-containing phospholipids in transmembrane cell
signalling is now well-established. The least abundant of these, phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P,], is cleaved by a receptor-coupled
phosphoinositide-specific phospholipase C upon stimulation by a wide variety of
neurotransmitters, hormones and growth factors, to release the intracellular second
messengers, inositol 1,4,5-trisphosphate [Ins(1,4,5)P3] and sn-1,2-diacylglycerol
(DG)(1) (Figure 1). Replenishment of the pool of PtdIns(4,5)P2 occurs by the
sequential phosphorylation of PtdIns at the 4- and 5- positions, and is catalyzed first
by a PtdIns 4-kinase and then by a PtdIns4P S-kinase. The three classes of
phospholipid-handling enzymes mentioned above may be regarded as valid targets
in the search for potential therapeutic agents which may be useful in controlling a
number of physiological processes, including inflammation, smooth muscle
contractility, secretion and cell proliferation(2,3).

A logical starting point in designing inhibitors of any of these enzymes would be to
compare the effects of close structural analogues of the natural phospholipid
substrates. This would require synthetic methods for the preparation of pure, well-
characterized compounds which, until recently, have been unavailable. Although
various methods have been reported for the synthesis of PtdIns analogues since the
pioneering work of Shvets et al in 1970(4), many of the stages, including resolution
of the inositol building blocks in the case of the chiral phospholipids, were
hampered by low yields and lack of reproducibility.

0097—-6156/91/0463—0214$06.00/0
© 1991 American Chemical Society
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Ptdins Ptdins4P

4- kinase 5-kinase
Ptdins ——————> Ptdins4P —————— Ptdins(4,5)P,

phospholipase
C

DG
ins(1,4,5)P,

Figure 1. The three classes of phospholipid-handling enzymes.
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Chemistry

In all syntheses of inositol phospholipids, three main stages may be identified. First,
the preparation of a suitably protected inositol precursor, which must also be
resolved into its enantiomers if chirally pure lipids are desired. Then follows a
coupling/phosphorylation step (or steps in the cases of PtdIns4P and PtdIns(4,5)P,
syntheses). Finally, deprotection is effected to unmask the required product.

Much of the early work in this field has been reviewed by Gigg(5)and here it will be
sufficient to summarise very briefly the various approaches to these three stages
which have been reported, and described fully in the above mentioned review.
Typical of the inositol protecting groups which have been employed are 0-acetyl,
O-cyclohexylidene and 0O-benzoyl. The phosphate group has been protected most
frequently as a phenyl, benzyl or 2,2,2-trichloroethyl ester. One may, however,
envisage problems of acyl migration in the use of carboxylic esters as protecting
groups for the inositol hydroxyls.

Protected inositols have been resolved by forming glycosides (mannosides and
glucosides) of, for example, 1(3), 4(6), 5, 6(4)-tetra-0-benzyl-myo-inositol, by
reaction with mannose or glucose t-butyl orthoacetates. We have found these
reactions to be somewhat problematic, since the yields of the glycosylation can be
variable, and also since chromatographic separation of the diastereoisomers formed
is not straightforward. More recently, chiral esters such as (-)-menthoxyacetate (6)
and (-)-camphanate (7)have been used, but although the esterification of a racemic
inositol with the corresponding acid chloride is trivial, the ensuing chromatographic
separations can, in some cases, be far from so.

The simplest coupling of a diacyl glycerol and a pentaprotected inositol may be
carried out by condensation of these components with phosphorus oxychloride or
phenyl phosphorodichloridate. The sometimes rather low yields and long reaction
times limit the general usefulness of this method. This coupling may also be
effected by reacting a protected inositol having a free 1-OH, with a phosphatidic
acid, in the presence of an activating agent such as triisopropylbenzene sulfonyl
chloride (TPS) or mesitylene sulfonyl chloride. The coupling may also be carried
out in the "reverse" sense by condensing a protected inositol 1-phosphomonoester
with a diacyl glycerol in the presence of the same activating agents. We have found
that this approach again gives only moderate yields (~40%) and requires long
reaction times. A significant yield of the sulfonate ester of the inositol is also
frequently obtained.

Another means of effecting this coupling involves reaction of protected inositol 1-0-
benzylphosphate silver salts with 1,2-di-0-acyl-sn-glycerol-3-iodohydrins. This
seems to give acceptable yields and the benzylphosphate protecting group renders
this route applicable to the synthesis of lipids having unsaturation in the fatty acid
chains, since it may be removed by treatment with sodium iodide.

The final deprotection of a protected lipid has been effected in various ways,
depending on the chemical nature of the protecting groups used. Benzyl groups may
be removed by hydrogenolysis over palladium, although the complete debenzylation
of polybenzylated inositols has proved problematic in this laboratory. Phenyl
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phosphate esters may be efficiently removed by hydrogenolysis in the presence of
Adams’ catalyst. The cleavage of 2,2,2-trichloroethyl phosphates appears to be
somewhat capricious and depends very much on the activity of the zinc dust used.
Cyclic ketal (cyclohexylidene or isopropylidene) protecting groups employed to
block the inositol hydroxyls are normally left in place until the protected phosphate
linkage is cleaved, when an aqueous or aqueous/ethanolic solution of the resulting
phosphodiester is sufficiently acidic to effect cleavage.

This brief summary suggests that several of the stages described could usefully be
improved. It was already known from work carried out in these laboratories that
racemic 2,3(1):5,6(4)-di-0-isopropylidene-myo-inositol could be silylated
selectively in the 1(3)-position, and the resulting racemic silyl ether was chosen as a
suitable precursor for optical resolution (Scheme 1). Initially the racemate (+)-1 was
resolved by formation of the diastereoisomeric (-)-camphanate esters, 2a and 3a (8)
but this approach required an extremely difficult and tedious chromatographic
separation. Subsequently, it was found that the corresponding diastereoisomers 2b
and 3b formed by reaction of (£)-1 with the acid chloride of N-(2,2,2-
trichloroethoxycarbonyl)-(R)-proline were far more easily separated (9) Correlation
of the optical rotation of the product resulting from alkaline hydrolysis of the less
polar diastereoisomer, 2b, with that of compound (-)-1 prepared by alkaline
hydrolysis of its optically pure (-)-camphanate ester (the absolute configuration of
which had been determined by single crystal X-ray analysis (10)) showed them to be
identical. The silyl ethers (-)-1 and (+)-1 could then be converted, into the 4-
methoxytetrahydropyranyl (MTHP) derivatives (+)-4 or (-)-4 (11}, or alternatively
desilylated to give the optically active diacetonides (+)-5 and (-)-5.

It was found possible to couple (+)-4 with the phenylphosphatidic acid (+)-6 (as its
Na salt) rapidly and in good yield (10) giving 7, by employing 1-(mesitylene-2-
sulfonyl)-3-nitro-1,2,4-triazole (MSNT), a phosphate activating reagent originally
developed in the field of ribonucleotide synthesis (12)(Scheme 2). (See Chart 1.)

In a like manner (+)-6 was coupled with (-)-4, and (-)-6 was coupled with (+)-4 and
(-)-4 yielding the three fully protected lipids stereoisomeric with 7. It subsequently
proved possible to selectively phosphorylate the acetonide (+)-5 at the 1-OH group
to give 8, in 60% yield (9), thus obviating the need for protection of the 4-OH. This
coupling is a key step in syntheses of other PtdIns analogues such as 1-
hexadecylphosphoryl-D-myo-inositol 14, which results (after deprotection) from the
MSNT mediated coupling of hexadecylphenylphophate and the acetonide (+)-5.
The phenylphosphate ester in 7 or 8 could then be cleaved by hydrogenolysis over
PtO,, and the analogous stereoisomeric protected lipids were cleaved in exactly the
same fashion. (See Chart 2.)

Aqueous ethanolic solutions of the resulting phosphodiesters were allowed to stand
at ~40<C, whereby the inositol -OH groups were deprotected. PtdIns analogues were
normally converted into the Na salts (9a-d) for increased stability. (See Chart 3.)
The PtdIns4P analogue 11 was synthesized (9)by phosphitylating the intermediate 8
using dipheny! N,N-diethylphosphoramidite in the presence of 1H-tetrazole (Scheme
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(Scheme 1)

Reagents: i, RCOCI, pyridine; ii, KOH, EtOH.
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3). The resulting phosphite triester was then oxidized with t-butyl hydroperoxide to
give 10 in 73% overall yield. Deprotection was effected by hydrogenolysis over
PtO, and hydrolysis as detailed above. (See Chart 4)

The phophoramidite approach has also been used effectively by Van Boom et al (13)
in a synthesis of a PtdIns(4,5)P, analogue. In this case the coupling of the diacyl
glycerol and inositol portions was also carried out using phosphoramidite chemistry.

Using a combination of the methods described above a number of structural variants
of PtdIns have also been prepared, the detailed chemistry of which will be reported
in a forthcoming publication.

Biological Discussion

The inositol phospholipids contain chiral centres in both the myo-inositol and
glycerol moieties, and in order to investigate the stereochemical requirements for
inositol phospholipid binding to PtdIns 4-kinase, we first compared the
phosphorylation rates of the four possible stereoisomers of synthetic 1,2-
dihexadecanoyl PtdIns with that of mammalian PtdIns, using a partially-purified
enzyme derived from human erythrocyte membranes. The results, presented in
Table 1, show that the mammalian phospholipid, comprising mainly the 1-0-
octadecanoyl-2-0-(5,8,11,14-eicosatetraenoyl) PtdIns, phosphorylates at a similar
rate to that of its synthetic counterpart, 9a. Moreover, the diastereoisomer of 9a with
the inverse stereochemistry in the glycerol moiety (9¢) is also an excellent substrate.
In contrast, inversion of the stereochemistry in the inositol ring by attachment of the
phosphodiester group to the inositol D-3 position, results in compounds 9b and 9d
which are poor substrates for this enzyme, phosphorylating at only 3 - 4% of the rate
of analogues 9a and 9¢ having a D-1-substituted inositol (10).

Using mammalian PtdIns as the substrate, the four stereoisomers, 9a - 9d were next
compared as inhibitors of PtdIns 4-kinase. The results, presented in Table 1
alongside the substrate activities, show a close parallel with phosphorylation rates,
indicating that these compounds are inhibiting the enzyme by specifically binding to
the active site, and not by nonspecific disruption of the mixed substrate/detergent
micelle in the assay, as might be possible for compounds having such an
amphiphilic structure.

These combined results show that the chirality of the inositol ring is crucial for
efficient phosphorylation and for effective binding to the enzyme, suggesting that
the axial inositol 2-hydroxyl group plays a key role in recognition by the enzyme
active site. In addition, the chirality and chemical composition of the glycerol
moiety appear to be relatively unimportant, and it is likely that the diacylglycerol
moiety serves only as a nonspecific anchor to the membrane thus reducing the
number of degrees of freedom for encountering the membrane bound enzyme (10)
With this information in hand, we extended our investigation of the structural
requirements for PtdIns 4-kinase inhibition by synthesizing a number of analogues
of PtdIns having structural modifications in the inositol, diacylglycerol and
phosphate portions of the molecule, and comparing their inhibitory effects on the
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(Scheme 3)
Reagents: i, (PhO)ZPNEtz, tetrazole, CH2C12; i, Et3N, +BuOOH;

iii, Hy, PtO,, EtOH-EtOAc (83:17); iv, EtOH, EtOAc,
H,0 (70:15:15), 25 - 40C; v, 25% NHj aq.
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Tablel  Comparison of PtdIns Analogues as Substrates and Inhibitors for
Human Erythrocyte PtdIns 4-kinase

Compound Subs trate Activity? Inhibitor Activity?

PtdIns 100 55.3+1.4% (IC50=363i49 uM)
9a 106 46.2+1.5%

9b 43 8.612.6%

9c 100 31.582.7%

9d 3.2 8.013.2%

a. Phosphorylation rate relative to PtdIns (= 100)
b. Percentage inhibition at 500 uM
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catalysis of mammalian PtdIns phosphorylation.Alterations to the diacylglycerol
moiety in PtdIns 9a revealed a high degree of tolerance in the enzyme. The long
acyl chains in 9a could be replaced by ether chains of comparable length to give a
compound 12, which retains inhibitory activity, although the racemic analogue with
the shorter hexyl chains 13 is significantly less active. Furthermore, the glycerol
moiety is not an essential structural component. Simple D-1-inositol alkyl phoshates
were found to inhibit the kinase reasonably well, provided that the hydcarbon chain
was at least 15 carbon atoms long, for example, the hexadecyl analogue, 14 (14)
(Table 2). These results are important for two reasons. First, they show the relative
insensitivity to structural modifications in the diacylglycerol portion of PtdIns and
support the suggestion that this molecular feature is important only in functioning as
a membrane anchor. Second, the potentially unstable diacylglycerol moiety is not
essential for binding, and can be replaced by glycerol ethers or single alkyl chains.
Thus, problems of synthesis, handling and storage of analogues can be
correspondingly simplified.

Attempts to retain inhibitory activity while replacing the phosphate diester group in
(14) were unsuccessful. For example, the uncharged hexadecyl methane
phosphonate, (15) and hexadecylsulfonate, (16), have no effect on the enzyme in
concentrations of up to 500 pM. These results suggest that a coulombic interaction
is important in binding a ligand to the active site, and the apparent need for a
charged phosphate moiety may lead to serious difficulties in ultimately designing a
cell-penetrant inhibitor.

Investigation of the scope for substitution and replacement of the myo-inositol ring
in analogues of 9a and 14 was more rewarding. Substitution at the ring 4- and 5-
positions of mammalian PtdIns to give PtdIns4P and PtdIns (4,5)P, had little effect
on enzyme inhibition. Thus, for PtdIns 4-kinase, enzyme activity may be regulated
by product inhibition and in concentrations close to the K, for PtdIns (Km =116
uM). Similarly, little effect on inhibitory potency was observed on introducing a
phosphate group into the inositol 4-positions of 9a and 14 (in 17 and 18,
respectively), again supporting a common mode of binding to the enzyme.
Interestingly, introduction of a neutral diethylphosphate group at the 4-position of 14
(in 19) apparently leads to a small reduction in binding to the enzyme. (See Chart 5.)
A myo-inositol ring system is not essential in an inhibitor of PtdIns 4-kinase.
Retention of only the inositol 4-hydroxyl group in 9a or 14, or the axial 2-hydroxyl
group in 14 gave compounds (20, 21 and 22 respectively) of comparable potency to
the parent compounds. This result infers that none of the hydroxyl groups are
actually involved in binding to the enzyme active site. The poor binding of the
PtdIns stereoisomers with "unnatural’ stereochemistry in the inositol moiety (9b and
9d) must, therefore, be rationalized in terms of an undesirable interaction with the
enzyme, perhaps steric repulsion involving the axial 2-hydroxyl group. (See Chart 6.)
Further progress towards a potent, cell-penetrant inhibitor of PtdIns 4-kinase may
now be made by incorporating these structural features into a bisubstrate analogue
inhibitor using our knowledge of the requirements for inhibitor binding to the ATP
site (15).

Having synthesized a number of close structural analogues of PtdIns, we next
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Table2  Inhibitory Activitiesof PtdIns Analogues on Human Erythrocyte
PtdIns 4-kinase and Guinea Pig Uterus PtdIns-phospholipase C

Compound PtdIns 4-kinase?® Phospholipase cP
PtdIns 55.3+1.4%(IC5(=363+49uM) 40 uM
PtdIns 4P 58.842.7%(IC5=469+ 9uM)

PtdIns(4,5)P, 75.4%1.8%(IC5,=267+ 4uM)

12 46.840.9

13¢ 14.741.8 >300 uM
14 34.7+4.6%(K;=360t12uM)d 54 M
15¢ 0%

16° 0% 120 uM
17 42.0+4.6%

18° 54.842.1%(IC5=253£101uM) 98 pM
19¢ 23.642.2%

20 47.3+1.8%

21 31.3+1.8% 25 uM
22 36.683.4%(K;=570220pM)d  >300 uM
23¢ 0% 28 uM
24° 31 uM

a. Percentage inhibition at 500 pM. b. IC5) from single experiments.
c. Racemic in Ins moiety.  d. Competitive inhibition established.
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considered the possiblity that these compounds might interfere with the production
of second messengers by inhibiting the hydrolysis of PtdIns (4,5)P,. The effects of
selected compounds were examined using a partially-purified phosphoinositide-
specific phospholipase C obtained from guinea pig uterus. Thus far, comparisons
have only been made between ICs5() values from single experiments using
mammalian PtdIns as substrate (16). As was found with inhibition of PtdIns 4-
kinase, an essential structural requirement for an inhibitor appears to be a lipophilic
tail, composed of one or two hydrocarbon chains. Again, chain length is important,
and the single hexadecyl group in 14 appears to be equieffective to a diacylglyceryl
moiety, as, for example, in mammalian PtdIns. Conversely, however, a charged
phosphate group is not required for effective inhibition. Thus, the carboxylic ester
(23) and the ether (24) are at least as potent as the phosphate ester (14), having IC5
values of 28, 31 and 54 pM respectively. Assuming competitive inhibition, K;
values for 24 and 14 can be calculated as 12 and 14 puM, respectively, which are
close to the K| of PtdIns (25 uM) for this enzyme.

The inositol ring is apparently not essential for recognition and binding.
Interestingly, retention of only the inositol 4-hydroxyl group (in 21) results in a
compound of approximately comparable potency to 14, while retention of only the
axial 2-hydroxyl group (in 22) leads to a dramatic loss of potency, suggesting that
the 2,3,5 and 6-hydroxyl groups are not involved in binding.

In summary, human erythrocyte membrane PtdIns 4-kinase and guinea pig uterus
PtdIns-phospholipase C show both similarities and differences in their sensitivity
to inhibition by PtdIns analogues. For both enzymes, a structural requirement for
inhibition is at least one lipophilic chain of about 15 carbon atoms, while
possession of a myo-inositol moiety is not essential. The kinase was inhibited
only by compounds which incorporate a charged linking group into their structure,
whereas this feature does not appear to be important for inhibition of the lipase.
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synthesis, 50,54f
Dephosphorylation, myo-inositol, 10
Diabetes, effect of D-myo-inositol
1,2,6-trisphosphate on secondary
complications, 105,107,108f
2,5-Di-0-benzyl-myo-inositol,
phosphorylation, 97
4,5-Dibenzyl-D-myo-inositol, partial
benzoylation, 37,39f
2,3(1):5,6(4)-Di-O-isopropylidene-myo-
inositol, synthesis, 217-218
Dipalmitoylphosphatidylinositol
phosphorothioate analog
configurational assignment,
176,179,180
substrate of phosphatidylinositide-specific
phospholipase C, 179,180f
synthesis, 173,175-178

E

Enantiomers of nyo-inositol 1-phosphate, de
novo biosynthesis, 2,4,5f
Enzyme-catalyzed phosphotransfer
reactions, steric course,
172-173

F

Fatty acid components of phosphoinositides,
comparison, 26

Fluorinated analog of myo-inositol 1,3,4-
and 1,4,5-trisphosphates, synthesis,
124,125

cis-3-Fluoro-3,5-cyclohexadiene-1,2-diol,
reactions, 143

G

Galactosylation, myo-inositol, 10,111
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H

Haworth projection
allo-inositol, 7,8f
myo-inositol, 6-7,8f
Heparin, inhibition of myo-inositols, 117-118
1-Hexadecylphosphoryl-D-myo-inositol,
synthesis, 217

I

Inositol(s)
stereoisomers, 6,81
use of vicitrans rules for three-dimensional
conformational determination, 7
allo-Inositol, Haworth projection, 7,8f
myo-Inositol
benzoylation, 50,55¢,57
biosynthesis, 10,13
chair form, 4,5f,6
conformational diagram, 4,5f,6
dephosphorylation, 10
galactosylation, 10,111
Haworth projection, 6-7,8f
meso compound, 7
numbering of ring, 6
oxidation, 10,12f
phosphatidylation, 13
phosphorylation, 10
six-carbon ring, 4,5f,6
synthesis from glucuronolactone, 44,49f,50
myo-Inositol bisphosphate, synthesis, 37,40f
myo-Inositol 1,3-bisphosphate, synthesis,
81-82
myo-Inositol 1,4-bisphosphate, synthesis,
67,70
D-myo-Inositol 1,5-bisphosphate
biological activity, 117
synthesis, 113-115
D-myo-Inositol 3,5-bisphosphate
biological activity, 117
synthesis, 113115
Inositol 1,4-bisphosphate—5-phosphorothioate
biological applications, 196
structure, 187f,188
myo-Inositol cyclic 1-phosphate
configurational analysis, 179,182
implications on mechanism of
phospholipase C, 182,183f,184
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myo-Inositol cyclic 1-phosphate—Continued
steric course of formation catalyzed by
phospholipase C, 182
synthesis, 173-174,179,181
myo-Inositol cyclic 4,5-phosphate,
synthesis, 115
myo-Inositol derivatives
chirality, 9,11f
structures important in agonist-sensitive Ca?
mobilization, 13-14,17f
myo-Inositol derivatives containing
phosphate, sulfate, and sulfonamido
groups, synthesis, 112-118
Inositol lipids, resynthesis, 28
myo-Inositol orthoformate, synthesis,
76,79-82
Inositol phosphate(s)
background, 33-34
biological applications, 195-197
cyclic, See Cyclic inositol phosphates
development, 155
factors affecting ionization state of
phosphates, 155-156
intermediates for synthesis, 87-94
phosphorylation procedures,
156,160-161
resolution into enantiomers, 156,158-159
second-generation approach to synthesis
via (-)-quinic acid, 150,152-153
synthesis methodology, 156-162
synthesis of chiral D-myo-inositol
1,4,5-trisphosphate, 161-162
synthesis of selectively protected
myo-inositol, 156-157
myo-Inositol phosphate(s)
nomenclature, 14-15
synthesis, 15-16,17f
technology for synthesis, 87
myo-Inositol 1-phosphate
configurational relationships, 9
enantiomers, 2-5,9,11
recognition of chirality, 9-10
stereospecificity, 10,11-12f,13
synthesis, 137-138,173-174
myo-Inositol 2-phosphate, synthesis, 81-82
myo-Inositol 4-phosphate, synthesis, 67,69
Inositol 1-phosphate—4,5-
bisphosphorothioate, structure, 187,188
Inositol phosphate complexes, formation and
stability, 161,163-170
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Inositol phosphate synthesis using
Pseudomonas putida oxidation
of arenes
epoxide reactions, 137,139-141
myo-inositol 1-phosphate, 137-138
D-myo-inositol 1,4,5-trisphosphates,
133,135-137
mechanism, 133
molecular mechanics minimized structures
of nucleophilic ring opening of epoxide,
137,138
reactions of phosphatidylinositol 4,5-
bisphosphate, 141-143
Inositol phospholipid(s)
need for review, 1
source of second messengers, 1-2
turnover, 2,3f
Inositol phospholipid analogs
enzyme inhibitory activities, 224,225¢
factors affecting inhibitory activity, 214
importance, 214
improvements in synthesis, 217-223
phosphorylation rates, 222,223¢
stage of synthesis, 216217
Inositol phosphorothioate(s), synthesis,
188-194f
Inositol 1-phosphorothioate—4,5-
bisphosphate, structure, 187,188
Inositol polyphosphates
Ca**-release activities, 37,41¢
synthesis, 43-65
synthesis of affinity ligands and
cross-linking reagents, 37,40f
myo-Inositol polyphosphates, synthesis,
66-83
myo-Inositol 1,3,4,5-tetrakisphosphate,
synthesis, 76,80-81
D-myo-Inositol 1,3,4,5-tetrakisphosphate,
synthesis, 44,48(,57,61f
D-myo-Inositol 1,3,4,6-tetrakisphosphate,
synthesis, 50,53¢
myo-Inositol 1,4,4,5-tetrakisphosphate,
synthesis, 50,56f,57
Inositol trisphosphate(s), role in Ca?* release
from cells, 122
myo-Inositol trisphosphate
effect of phosphate group position on
acid-base properties, 166,169,170
formation and stability, 163,166-170
synthesis, 37,38(,67,70-78

D-myo-Inositol 1,2,6-trisphosphate
antiinflammatory pharmacological effects,
104-105,106f
development, 103
effect on secondary complications of
diabetes, 105,107,108f
formation and stability, 163,166,167
manufacture, 103
neuropeptide Y antagonistic properties,
107,108
ongoing and future development, 107,109
pharmacological effects, 103104
physiological role, 103
purification, 104
structure, 104,106f
myo-Inositol 1,3,4-trisphosphate synthesis,
76,78
fluorinated analog, 124,125f
tritium-labeled analogs, 122,123f
D-myo-Inositol 1,3,4-trisphosphate, synthesis,
4447
myo-Inositol 1,3,5-trisphosphate, synthesis,
81-82
Inositol 1,4,5-trisphosphate, synthetic routes,
188-193f
myo-Inositol 1,4,5-trisphosphate
formation and stability, 166,168f
synthesis
caged derivative, 100
fluorinated analog, 124,125
tethered and reactive analogs,
126-128f,129f;¢
tritium-labeled analog, 122-123,124f
D-myo-Inositol 1,4,5-trisphosphate
agonists and antagonists, development,
111-118
displacement of labeled compound in bovine
adrenal microsomal membranes,
148,150,151
Fura 2 measurement of calcium release in
bovine adrenal microsomes, 148,150,151f
importance of antagonists, 186,188
inhibition, 66
isolation, 43
phosphorothioate analogs, 188-199
role in intracellular Ca?* homeostasis, 111
structure, 66,68f,155,157,186,187f
supply, 66
synthesis, 43-44,45f,57,62f
affinity columns, 64,65f
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D-myo-Inositol 1,4,5-trisphosphate
synthesis, 43-44,45f,57,62f—Continued
derivatives, 57,62—63f
oxidation of arenes, 133,135-137
(-)-quinic acid, 146-149
D-(-)-myo-Inositol 1,4,5-trisphosphate,
structure, 132
D-myo-[1-*H]Inositol 1,4,5-trisphosphate,
synthesis, 81,83
myo-Inositol 2,4,5-trisphosphate, synthesis,
76,78
D-myo-Inositol 2,4,5-trisphosphate, synthesis,
44,46
Inositol 1,4,5-trisphosphate analogs,
synthetic routes, 188-194f
D-myo-Inositol 1,4,5-trisphosphate
derivatives as Ca?* agonists and
antagonists
biological activity, 116-118
structures, 112-113f
synthesis, 112-117
Inositol 1,4,5-trisphosphorothioate
biological applications, 195-197
synthesis of *S-labeled compounds,
198,199
myo-Inositol 1,4,5-trisphosphorothioate,
structure, 187f,188

L

Lipid anchor of cell surface glycoproteins,
intermediates for synthesis,
94,97-98
Lithium
therapeutic action, 28,30
use in measurement of inositol phosphate
accumulation, 28,29¢

M

6-Methoxy-myo-inositol 1,4,5-trisphosphate,
synthesis, 7677

5-Methylenephosphonate analog of
myo-inositol 1,4,5-trisphosphate,
synthesis via (-)-quinic acid,
148-150,151f

Molecular geometry, use in study of
stereochemistry, 4
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N

Neuropeptide Y antagonistic properties,
D-myo-inositol 1,2,6-trisphosphate,
107,108

Nomenclature, myo-inositol phosphates,
14-15

(0]

Optically active myo-inositol derivatives,
phosphorylation, 97-100
Oxidation, myo-inositol, 10,12f

P

Phosphatidylation, myo-inositol, 13
Phosphatidylinositide
second-generation approach to synthesis via
(-)-quinic acid, 150,152-153
synthesis strategies, 145
Phosphatidylinositide-specific
phospholipase C
dipalmitoylphosphatidylinositol
phosphorothioate analog as substrate,
179,180f
possible mechanisms, 182,183f,184
Phosphatidylinositol
functions, 14
hydrolysis, 173-174
role in agonist-sensitive Ca>* mobilization,
13-14,17f
Phosphatidyl-myo-inositol, structure
elucidation, 34
Phosphatidylinositol 4,5-bisphosphate
factors affecting inhibition, 224,227
hydrolysis, 202-203
inhibition via phospholipase C,
214,215
reactions, 141-143
structure, 132
Phosphatidylinositol 4,5-bisphosphate analog
synthesis, 222
compounds with jonic groups at C(4) and
C(5) but without homologation,
208,212-213
homologation at C(1) with ionic groups at
C(4) and C(5), 208-211
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synthesis—Continued
homologation at C(1) without ionic groups,
205208
inhibition of phospholipase C in vitro,
203-204,205¢
Phosphatidylinositol 4-kinase
design of inhibitors, 214
factors affecting inhibition, 224-226
reaction, 214,215f
Phosphatidylinositol-linked proteins, linkage,
30-31
Phosphatidylinositol mannosides,
intermediates for synthesis, 94,97-98
Phosphatidylinositol phosphate(s),
intermediates for synthesis, 94-96
Phosphatidylinositol 4-phosphate analog,
synthesis, 217,221-223
Phosphatidylinositol 4-phosphate S-kinase
design of inhibitors, 214
reaction, 214,215f
Phosphoinositides
biosynthesis, 21,24,25f
fatty acid components, 26
ligands affecting second messenger system,
21,22t
relationship with cellular processes, 111
role in signal transduction across cell
membrane, 20-21,132
stimulated breakdown, 26-27
structure, 21,23f
synthesis of compounds involved in cell
signaling system, 133-144
Phospholipase(s), significance of
stereochemical information, 173
Phospholipase C
design of inhibitors, 214
factors affecting inhibition, 224-226
formation of inositol phosphates in GH3
cells, 205
inhibition in vitro, 203-204,205¢
inhibitors, 202
reaction, 214,215f
role in intracellular signaling pathway, 202
Phospholipase C inhibitors
compounds with ionic groups at C(4) and
C(5) but without homologation,
208,212-213
formation of inositol phosphates in GH3
cells, 205

homologation at C(1) with ionic groups at
C(4) and C(5), 208-211
homologation at C(1) without ionic groups
in molecule, 205208
inhibition in vitro, 203-204,205¢
Phosphorothioate analogs of biophosphates,
function, 172
Phosphorothioate analogs of dipalmitoyl-
phosphatidylinositol
configurational assignment,
176,179,180
substrate of phosphatidylinositide-specific
phospholipase C, 179,180
synthesis, 173,175-178
Phosphorothioate analogs of D-ntyo-inositol
1,4,5-trisphosphate
biological applications, 195-197
structures, 187,188
synthesis, 188—194f
Phosphorylation, myo-inositol, 10
Phosphorylation methods
inositols, 50
reagents, 50,51¢
Phytic acid, formation and stability,
161,163,164-165f
(+)-Pinitol, synthesis, 133134
Polyol phosphates, Ca**-release activities,
3741t
PP56, See D-myo-Inositol
1,2,6-trisphosphate
Proteins, linkage with phosphatidylinositol,
30-31
Pseudomonas putida oxidation of
arenes, routes to inositol phosphates,
133-144

Q

(-)-Quinic acid

second-generation approach to synthesis
of inositol polyphosphates and
phosphatidylinositides,
150,152-153

synthesis of D-myo-inositol
1,4,5-trisphosphate, 146149

synthesis of 5-methylenephosphonate analog
of myo-inositol 1,4,5-trisphosphate,
148-150,151f
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INDEX
S

Second messengers, inositol phospholipids
as precursor, 1-2
Selectively protected myo-inositol, syntheses,
156-157
Signal transduction across cell membrane,
role of phosphoinositides, 20-21
3S-Labeled myo-inositol phosphorothioates
biological applications, 197-198
synthesis, 198,199
Stereochemistry
development, 4
examination using molecular geometry, 4
Stereoisomers, inositols, 6,8f
Stimulated breakdown of phosphoinositides,
pathway, 26-27
Synthesis of myo-inositol phosphates,
pathway, 15-16,17f
Synthesis of myo-inositol polyphosphates
myo-inositol orthoformate, 76,7982
myo-inositol trisphosphates, 67,70-78
D-myo-[1-*H]inositol 1,4,5-trisphosphates,
81,83
intermediate synthesis, 67-68
resolution of intermediates, 67,69-70

T

Tethered and reactive analogs of myo-inositol
1,4,5-trisphosphate
biochemistry, 128,129¢
previous work, 126-127f
synthesis, 127-129f
Tetra-O-allylinositols, intermediates in
synthesis of inositol phosphates, 90-92
1,2,3,4-Tetra-O-benzyl-D-myo-inositols,
intermediate in synthesis of inositol
phosphates, 89,91
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1,2,3,6-Tetra-O-benzyl-myo-inositol,
phosphorylation, 97,99
1,2,3,6-Tetra-O-benzyl-D-myo-inositols,
intermediate in synthesis of inositol
phosphates, 89,91
1,2,4,5-Tetra-O-benzyl-myo-inositol,
phosphorylation, 97,99
D,L-1,3,4,5-Tetrabenzoyl-myo-inositol,
kinetic resolution, 57,601
1,3,4-Tri-O-allyl-myo-inositol, intermediate
in synthesis of inositol phosphates, 90-92
1,3,5-Tribenzoyl-myo-inositol,
enantioselective acylation, 57,59
1,4,5-Trisphosphorylated myo-inositol
biological activity, 118
synthesis, 116,117t
1,4,5-Trissulfamoylated myo-inositol
biological activity, 118
synthesis, 116,117t
1,4,5-Trissulfated myo-inositol
biological activity, 118
synthesis, 116,117t
Tritium-labeled analog of myo-inositol 1,3,4-
and 1,4,5-trisphosphates, synthesis,
122,123-124f
Tumover of inositol phospholipids
chemistry, 2,3
reversible biosynthesis, 2,3f

\4

Vicitrans rules, description, 7

X

0O-Xylylene diethylphosphoramidite
structure, 50
use as phosphorylating reagent, 50,52f
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