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SUMMARY

. The antioxidant property ol myo-inositol hexakisphosphate is imporiant in the
prevention of hydroxyl radical formation which may allow it to act as a 'safe’ carrier of
iron within the cell. Here, the hypothesis that the recentdy discovered natural product,
myo-inositol 1,2,3-trisphosphate represents the simplest struciure 1o mimic phyiaie's
antioxidant activity has been tested. The f[irst synthesis of myo-inositol 1,2,3-
irisphosphate has been completed, along with its X-ray structure determination and that
of key synihetic intermediates. Iron binding studies of myo-inositol 1,2,3-trisphosphate
demonstraied that phosphate groups with the equatorial-axial-equatorial conformation

myo-Inositol monophosphatase is a key enzyme in recycling myo-inasiiol from iis
monophosphates in the brain and its inhibition is implicated in lithium's antimanic
properties. Current synthetic strategies require inositol compounds to be protecied
(often with more than one group), resolved, phosphorylated and deprotected 10 produce
the desired optically active myo-inositol phosphates. Here, the synthesis of myo-inosito}
3-phosphate has been achieved in only 4 steps from myo-inositol. The stereoselective
addition of the chiral phosphorylating agent (2R,4S,5R)-2-chloro-3,4-dimethyl-5-
phenyl-1,3,2-oxazaphospholidin-2-one to a protected inositol iniermediate allowed
separation of diastereoisomers and easy deprotection to myo-inositol 3-phosphate. This
strategy also allows the possible introduction of labels of oxygen and sulphur to give 4
thiophosphate of known stereochemistry at phosphorus which would be useful for the
analysis of the stereochemical course of phosphate hydrolysis catalysed by inositol
monophosphaltase.

Key words: m y o-Inositol 3-phosphate; my o-inositol 1,2,3-trisphosphaie;
crystallography: myo-inositol hexakisphosphate; inositol monophosphatase
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CHAPTER 1

myo-Inositol phosphates:
Biochemistry and chemistry



1.1 The structure of myo-inositol

Ninc possible isomeric inositols (cyclohexanehexol) exist, with myo-inositol 1 being
the most abundant naturally occuring isomer (Figure 1.1). The usual numbering ol the
inositol carbon atoms is in an anticlockwise direction around the ring (D-isomer

configuration).

Figure 1.1: The structure of myo-inositol

SYMMETRY PLANE
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HOY ¢ on
OH myo-Inositol (1)
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> OH 1

scyllo-Inositol (2)

myo-Inositol is a meso compound possessing a planc of symmelry through -2 and C-5.
It has five cquatorial hydmxyl groups and one axial hydroxyl group al (2-2, whereas
seyllo-inositol 2 has all cquatorial hydroxyl groups. The introduction of funciional
groups at the symmetry-related pairs C-1, C-3 and C-4, C-6 pives nise to the existence

of enantiomers.
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1.2 Cell signalling pathways

Phosphoinositide signalling within cells has been extensively reviewed [most recently
by Potter & Lampe, 1995] and only a brief outline is given here.

Cells divide their labour within an organism by communicating with one another via
chemical signals. If the chemical signals are hydrophilic they cannot traverse the cell
membrane's lipophilic barrier and so depend on cell surface receptors (o translate their
information via certain signalling pathways (o internal responses. Two major signal
pathways are known, one involves adenosine 3',5'-cyclic monophosphate (cyclic-AMF)

and the other is the phosphoinositide pathway. Common features to hoth pathways are:-

(1) Receptors are coupled via transmembrane mechanisms [0 an enzyme on the inner

face of the membrane which converts precursor molecules into second messengers.

(2) The second messengers act either directly by binding to regulatory sites on cellular
proteins or indirectly on prolein kinase enzymes which phosphorylate proteins. Both
induce conformational changes on the proteins and lead to cellular responses [Berridge,

1985].

The cyclic-AMP pathway has been reviewed by Berridge [Berridge, 1985], and only the

phosphoinositide signalling pathway is discussed here.

1.2.1 Phosphoinasitide signalling pathway

In 1953, the administration of acetylcholine to sceretory cells of the pancreas was
shown (o increase the incorporation of 2P-labelled phosphate groups inio
phosphatidylinositol (PtdIns, [Hokin & Hokin, 1953]). This showed that the turnaver of
Ptdins, a phospholipid in cell membranes, could be affected by an exlernal signal.

Subsequently it was observed that the binding to many receplors could stimulate ihe
hydrolysis of the membrane phospholipid, phosphatidylinositol (4,5)-biaphoaphate

[Pidins (4.5)P2). which is catalysed by the enzyme phospholipase C (PLC, [Michell,
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1975]). The sccond messengers, diacylglycerol [DAG] and inositol (1,4,5)-
trisphosphate [Ins (1,4,5)P3] arc formed, the latter having an effect on internal calcium
signals [Streb er al., 1983]. Two transmembrane mechanisms are involved in this
pathway, onc in which receptors are linked to G proteins, and the other in which
receptors arc linked directly or indirectly to tyrosine kinases, each of which will be

discussed.
1.2.11 G protein-linked receptors

G proteins are guanosine 5'-triphosphate (GTP)-binding proteins linked to receptors
which generally have seven membrane-spanning domains connecicd by extracellular
and intracellular loops. The G proteins exist as heterotrimeric structures containing one
alpha (Gg), one beta (Gp) and one gamma (G) subunit, designated in order of
decreasing mass. The G proteins are associaled with the internal surface of the cell
membrane as a trimeric complex with guanosine 5'-diphosphate (GDP) bound 1o the Gg
subunit. The receptors are stimulated by agonisis, such as hormones and
neurotransmitters, which leads to the association of the trimeric-GDP complex to the
receptor protein. The Gg subunit exchanges GDP for GTP, causing the GTP-Ggq
complex to dissociate from the Gg, subunit and the receptor. The GTP-G, complex then
activates PLC-B1 isozymes and the Gp,subunits may also activate PLC-f2 isozymes.
Inactivation is achieved by the hydrolysis of GTP to GDP by the (GTPase activity of the

Gg subunit, the Gg subunit can then recombine 1o form an nactive complex with the

Gpy subunit [Berridge, 1993; Majerus, 1992},

1.2.1.2  Tyrosine kinase-linked receptors

The receptor consists of a single transmembrane protemn contaming a cyloplasmic
tyrosine kinase. Hormones and growth factors, such as platelet derved [RDOEF] and
cpidermal [EGF] growth factors, act by inducing the dimmerisation of two recepiors. This
enables the two kinase domains to phosphorylate cach ather winch provides o sife for

interaction with a certain domain on PLC-70 PLO 70 i then phospihorylated
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specifically which induces the hydrolysis of PtdIns (4,5)P;. All of the phosphorylation
reactions that occur consume ATP which leads to an energy-demanding process

[Berridge, 1993; Majerus, 1992].

1.2.2  Second messengers in the phosphoinositide pathway

The two second messengers, Ins (1,4,5)P3 and DAG are metabolised ultimately fo
inositol and CMP-phosphatidate, which react together to recycle the phospholipid

PidIns (Figure 1.2). PtdIns is then sequentially phosphorylated to Pidins (4,5)F;
[Majerus, 1992].

Figure 1.2: The phosphoinositide pathway [Majerus, 1992]
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Ins(1,4,5)P3is phosphorylated by Ins(1,4,5)P3 3-kinase to inositol (1,3,4,5)
tetrakisphosphate [Ins (1,3,4,5)P4] which may also have a role in calcium signalling
[Berridge, 1993]. The recycling of inositol from Ins(1,4,5)Psy and Ing (1,3,4,5)P i8

discussed in Chapler 2.
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1.2.2.1  Diacylglycerol (DAG)

In the presence of phospholipid and calcium ions DAG activates protein kinase C,
which plays an important role in a range of biological processes, presumably through
the phosphorylation of specific proteins [Berridge, 1985]. DAG remains in the plane of
the membrane and is metabolized by either a kinase or a lipase. Diacylglycerol kinase
recycles DAG to phosphatidic acid (Figure 1.2) whereas the lipase hydrolyses DAG 10
a monoacylglycerol and the eicosanoid precursor arachidonic acid which is used in

prostaglandin synthesis [Potter & Lampe, 1995].

1.2.2.1 Ins(1,4,5)P; and Ins(1,3,4,5)P4 : their role in cell signalling

Ins(1,4,5)P3is thought to control the mobilisation of internal and external calcium.
Within the cell there are calcium stores whose locations are uncertain but they have
receplors, linked to calcium channels, that seem (o be localised on modified portions of
the endoplasmic reticulum. There are 1ns(1,4,5)P3 sensitive and insensitive calcium
stores, the former are proposed to be in the endoplasmic reticulum and the latter have
been suggested 10 have a separate membrane compartment [Berridge, 1993].

When Ins (1,4.5)P3 binds to the receptor (cooperativity may be important), calcium
from sensitive stores is released into the cytosol [Berridge, 1993].

External calcium entry into cells can be regulated by a number of calcium channel
mechanisms, i.e. channels operated by voltage, by receptors or hy sccond messengers. T
has been discussed that Ins(1,4,5)P3 may stimulate calcium entry, cither directly by
activating specific channels in the plasma membrane, or by an indirect mechanism. The
Jatter is based on calcium flowing into the endoplasmic reticulum before entering the
cytosol. It is suggested that when the endoplasmic reticulum is emplicd of calcium by
Ins(1,4,5)P4. calcium influx starts and when the store is fully charged, calciym eniry is

prevented [Berndge, 1993
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The role of Ins(1.3.4.5)P4 in calcium mobilisation may be in regulating calcium entry oOr
in transfer of calcium between intracellular stores, although this is unclear at present
[Berridge, 1993].

The small influx in calcium through second messenger-operated channels provides a
steady flow of calcium. This can be released to give transient calcium spikes or waves
whose frequency is sensitive 10 agonist concentrations and external calcium levels, but
does not cause a marked elevation in intracellular calcium. The calcium waves
produced may propagate between stores by a positive feedback mechanism in which
calcium amplifies its own release. This could be achieved either by calcium effecting
PLC release of Ins (1,4,5)Ps, which could then diffuse from one store 10 the next, or by
calcium itself as a diffusible messenger enhancing its own release. Calcium waves can
rravel from cell to cell possibly by means of a secreted intermediate such as adenosine
triphosphate (ATP) or through gap junctions by diffusion of calcium or Ins (1,4,5)P3

[Berridge, 1993].

1.2.3 Metabolites of Ins(1,4,5)P3

Figure 1.3: Metabolism of Ins(1,4,5)P3 [Potter & Lampe, 1995]
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The metabolism of the second messenger Ins(1,4,5)P3 is complex, generating many
inositol phosphates (Figure 1.3), some of which have possible biological roles [Potter &
Lampe, 1995].

Two routes have been suggested for the biosynthesis of inositol (1.3.4.5,6)
pentakisphosphate [Ins(1,3,4,5,6)Ps] and inositol hexakisphosphate [InsPg phytic acid],
one starting from inositol itself [Stephens & Irvine, 1990] and the other starting from
the Ins(1,4,5)P5 [Figure 1.3; Menniti et al., 19931, In each case Ins(1,3,4,5.6)Ps is the
de novo precursor for InsPg. Both Ins(1,3,4,5,6)P5 and InsPg are present in virtually all
mammalian cells in higher amounts than any other inositol polyphosphate, and a recent
review discusses that their metabolism is more complex and more dynamic than first
considered [Menniti et al., 1993]. The possible biological roles of ns(1,3,4,5.6)Ps and
InsPg are discussed in Chapter 3.

Other InsPs isomers are present at lower levels in cells, and as yet their biological
activities are not well understood. Stephens and co-workers have su gaested that they

are involved in InsPg biosynthesis and degradation [Siephens eral., 1991].

1.3 Strategies for the synthesis of myo -inositol phosphates

Many myo-inositol phosphates have been synthesized as probes for biological activity,
unleashing a vast array of synthetic routes [For good reviews see Billington, 1993,
Potter & Lampe, 1995]. A brief account of some strategies used to synthesize inositol
phosphates, with illustrations, are given here.

The selective addition of phosphate groups onto specific positions ol myo-inositol

requires the following operations:-

(1) Protection of the hydroxyl groups on the inosito! ring which arc not o he
phosphorylated.
(2) Any enantiomers formed must be resolved Gnyo-inositol phosphates occur naturally

in the D configuration) if the optically active inositol phosphiite is required.
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[Alternatively an optically active precursor could be employed in the synthesis, for
example, L-quebrachitol or galactinol, see Chapter 2].
(3) Phosphorylation of the unprotected hydroxyl groups with a suitable phosphorylating

agent.

(4) Deprotection of all protecting groups without phosphate migration around the ring.

1.3.1 Protection of the myo -inositol ring

Figure 1.4: myo-Inosilol cyclohexylidene derivatives [Vacca et al., 1989]
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One of the most widely used protecting groups for the myu—im)siml ring 1s
cyclohenylidene (Frgure 1.4). Treating myo-inositol with |.1-dicthoxycyclohexane
(Doreel ot al 1991 i the presence of an acid catalyst gives the bisacetals of which 3
Can e separated by crystallisation, and 4 and 5 by chromatography [Vacca ef al.,
JoKO] Mild acid catalysed hydrolysis of the hisacctals gives rise (0 6 by removal of the
less stable trans-linked acctal. All of these cyclohexylidene inositol derivatives have
conformational constraints imposed on their inositol rings which allows for further
protection by selective addition of functional groups such as benzyl[Vacca er al., 1989:
Saker ef al . 1901), allyl [Vacca er al., 1989; Baker er al., 1991] and reri-
hutyldiphenylsilyl [Bruzik & Tsai, 1992] groups. Other acetals which have been used
for protection of the myo-inositol ring arc isopropylidenc [Gigg er al., 1987] and

cyclopentylidene [Reese & Ward, 1987].

132 Resolution of enantiomers of protecied mya-inositol analogues

Single enantiomers of nyo-inositol phosphates can be obtained either by starting with a
naturally occuring optically active precursor or by resolution of a suitably protected
nyo-inositol intermediate. Resolution can be achieved by introducing another chiral
centre into the structure to form a pair of diastereoisomers, which can then be separated
by crystallisation or chromatography (Billington, 1993]. Some of the resolving groups
that have been used are shown in Figure 1.5. Their efficiency in resolving seems Lo be
structure dependent. The cost and recovery of resolving agents has always been a

problem, although recovery has been improved [Desai eral., 1991].

1.3.3 Phosphorylating reagents for myo-inositol derivatives and deprotection {0

myo -inositol phosphates

Single enantiomers of suitably protected inositol derivatives have heen reacted with

hoth PATD and P(V) phosphorylating agents (Figure 1.6).

i
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Figure 1.8 Kesolving agents that have been used to separale enantiomers of myo-

inasitol derivatives
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oL O-cyclohexylidenc tartrate
(y7: Watanabe 4 :
[Ozaki & Watanabe, 1991] [O7zaki & Watanabe, 1991]
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D-glucose orthoacetale D-mannose orthoacetate
[Shvets et al., 1991] [Shvets et al., 1991]
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R-(-)-Camphanic acid chloride
[Billington et al., 1987]

Dianilophosphoryl chloride (DAPC, 7) reacts with protected inositol compounds (o
give good yields of the phosphorylated product, however, deprotection of the
phosphoamide groups was unsuccessful due to the harsh conditions required (AcOH,
H-0, 80°C) [Vacca et al., 19911,



Figure 1.6 PO and POV) reapents used for the phosphorylation of protected myo-

inosttol derivatives
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Protected myoanositol derivatives have been phosphorylated  with diphenyl
phosphorochlondate (DPPC, 8). although the diphenyl phosphate protecting group is
unstable durimg chromatography [Vacca ef al., 1991 and phosphate group migration
occurs when the phenyl groups are remaoved by hydrogenolysis. Transesterification of
the phenyl esters 1o benzyl esters has been shown Lo prevent migration on deprotection
[Billington et al., 19871,

Tetrasbenzyl pyrophosphate (TBPP, 9) reacts with a preformed inositol anion, (for
cxample, prepared by the addition of huty! lithium to the protected Myo-inositol
analogue), in good yield [Watanabe er al., 19%7]. The benzyl groups of the dibenzyl
phosphate triester product can then be removed by hydrogenolysis without migration of
the phosphate groups.

Phosphorylation  of protected myo-inositols with  di(2,2,2-trichloroethyD)
phosphorochloridate 10 gives rise 1o the di(2,2,2-trichloroethyl) phosphate triesiers, the
2.2 2-trichloroethyl groups from which can be removed using sodium in ligquid

ammonia [Noble er al., 1992].

Figure 1.7: Reaction of a protected myo-inositol (ROH) with a P(IIT) reagent to give the
corresponding phosphite and subsequent oxidation to the phosphate

OR’ OR'
o 1 H-tetrazole 9
ROH + RZN“-—*P\ RO =P
OR’ OR'
2 peprowe ¢
Oxidation 1l eprotection -
RO—— P— OR' g RO—— p— O
i ”
OR' 0B

Phosphitylation of protected inositols by P reagents (Figure 1.7), in the presence of
(he acid catalyst 1H-tetrazole, produces the corresponding phosphite, which can he
oxidised to give the phosphate triester or treated with sulphur to give the thiophosphate

Iriester.
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N.N Disopropylamino (2 cyanocthyl)-chlorophosphine 11 (Vigure 1.6) is uscd
extensively with nucleosides for the preparation of phosphoramidites for DNA
synthests [Cooke e al | TOKT, al. Reaction of 11 with a myvo-inositol derivative
produces o phosphoramidite by displacement of the chloro group. The phosphoramidite
Can then be converted (o 1ts phosphite triester by treatment with 2-cyanocthanol in the
presence of L etrazole. The resulting phosphite can then be oxidised with rerr-butyl
hydroperoxide [Cooke efal. 1987, af or treated with sulphur [Cooke er al., 1987, b] o
pive the corresponding phosphate or thiophosphate tricsters. The cyanocthyl groups can
then be removed by treatrment with sodium in liquid ammonia, by a J-elimination
mechanism, followed by purification using ion-exchange chromatography [Cooke e
al V98T, a & b

A more direct method to the phosphite triester is 1o utilise the phosphoramidites (Figure
1.6y O-Xylylene N, N-dimethylphosphoramidite [12; Pietrusiewicz ef al., 1992] and 118
N, N-dicthylphosphoramidite analogue [OXDEP, 13; Watanabe er al., 1990]. The
resulting phosphites were both oxidised by meta-chloroperoxybenzoic acid (mCPBA),
and deprotection of the O-xylylene group was achieved by hydrogenolysis to give the
required inositol phosphate. Using OXDEP 13, the phosphite product was also treated
with sulphur, and the O-xylylene group was removed with sodium in liquid ammonia,
lo give rise o the thiophosphate derivative [Walanabe ef al., 1990]. This deprotection
method avoids the possible poisoning of the catalyst by the thiophosphate during
hydrogenolysis.

The two dibenzyl phosphoramidites 14 and 15 (Figurc 1.6) were investigated as
phosphitylating agents. Dibenzyl N,N-diisopropylphosphoramidite 14 was found to be
more stable towards chromatographic purification than the N,N-diethyl analogue 185,
and was therefore used in more studies for the phosphorylation of myo-inositol
derivatives. mCPBA or rert-butyl-hydroperoxide were used 10 axidise the
corresponding phosphite triesters formed. Overall, treatment of a protecied myo-inosiiol
derivative with dibenzyl N, N-diisopropylphosphoramidite 14, oxidation of the resulting

phosphite with mCPBA and removal of the benzyl phosphite esiers by hydrogenolysis



gave very high yields of the required inositol phosphates without migration of the

phosphate groups [Yu & Fraser-Reid, 1988].



CHAPTER 2

Synthesis of D-myo-inositol 3-phosphate using a chiral
phosphorylating agent
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2L INTRODUCTION

2.0 1 Inosttol recycling and de novo synthesis

Most intake of myo-inositol in humans is from plants. However transport of plasma

mye 1nositol 1nio the brain is restricted by the blood-brain barrier [Lewin e al., 1976],

which has been suggested o be caused by its low affinity for both the transport

processes and for the enzyme, phosphatidylinositol synthase [Nahorski er al., 1992].

Figure 2.1:  Inositol recycling and de novo synthesis
(Berridge et al., 1989; Potter, 1990]
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myo-Inositol recycling from the inositide pathway by dephosphorylation of myo-
inositol phosphates is therefore an important route, as well as de novo synthesis (Figure
2.1), to maintain sufficient supplies of inositol in brain cells. The blood-brain barrier
may also impose restrictions on inositol supplicd by de novo synthesis, as the enzyme
myo-inositol 3-phosphate synthase has been reported to be confined to the cerebral
vasculature (blood side) [Wong et al., 1987].

The myo-inositol phosphates (Figure 2.1) are metabolised by sequential hydrolysis of
phosphate groups catalysed by several different phosphatases, two of which are lithium
sensitive [for a good review on these enzymes sce Majerus, 1992]. The de novo
synthesis involves the isomerisation of D-glucose 6-phosphate Lo D-myo-inositol 3-
phosphate catalysed by D-myo-inositol 3-phosphate synthase [reviewed in Potier,

1990].

2.1.2 Lithium: An uncompetitive inhibitor of inasitol monophosphaiase

Lithium (Li+) has antimanic and antidepressive properties, remaining the therapy of
choice in the treatment of bipolar disorders, although Li* has the disadvantages of a
narrow therapeutic window and severe toxicity at clevated levels (which requires
plasma concentrations of Li* to be monitored). The mechanism by which Lit exerts 1ts
effects remains unclear [Atack et al., 1995]. Administered Li* is distributed widely
throughout tissues and fluids in the body, although it has been suggested that Li* may
have enhanced uptake and concentrate in excitable cells [Gani et al., 1993]. Allison and
Srewart first observed that adminisiered Li* caused a decrease in inositol levels in rat
brain which was accompanied by an increase in inositol 1-phosphate [Ins(1)P] levels
[Allison & Stewart, 1971}, Later it was discovered that Li* inhibited, in an
uncompetitive manner. inositol monophosphatase (IMPase, [Halicher & Sherman,
19801]), and it was suggested that Li* might exert its therapeutic effects in bipolar
disorder by depletion of inositol as a consequence of inhibition of IMPase [Rerridge e

al.. 1982]. The main action of Li* has also recently been suggesied o be the inhibition

of IMPase [Nahorski er al., 1992], as this enzyme is respansible for supplying celluiar

ol
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inositol from both the signulling pathway and the de novo synthesis (Figure 2.1). Lit
also inhibits an additional enzyme (Figure 2.1), inositol polyphosphate 1-phosphatase
[Majerus, 1992], although this enzyme does not control recycling of inositol to the
extent that IMPase can. Li* has a sclective action on hyperactive cells with little effect
on normal cells, which is idcal when treating conditions involving over-activity in
certain brain arcas. The increase in concentration of substrate in hyperactive cells
provides more enzyme complexes for Lit binding and therefore enhanced inhibition

[Berridge er al., 1989].

2.1.3 Inositol monophosphatase: Structure and function

Inositol monophosphatase (IMPase) catalyses the hydrolysis of the phosphate group of
all myo-inositol monophosphates, except myo-inositol 2-phosphate [Majerus, 1992], 1o
give inorganic phosphate and myo-inositol. IMPase can also ca talyse the hydrolysis of
adenosine-2-monophosphate (2-AMP) [Cole & Gani, 1994]. The structure of IMPase
has been determined by X-ray crystallography to a resolution of 2.1 A with Tanthanide
cation (Gd3+) and sulphate [Bone et al., 1992], to 2.2-2.3A with Gd3+ and D- or L-myo-
inositol 1-phosphate [Bone er al., 1994, aj, to 2.6A with Mn2+, and to 2.6A with Mn2+
and phosphate [Bone et al., 1994, b]. The enzyme is a dimer with identical subunits,
each folded into a five-layered sandwich of three pairs of o-helices and two B-sheets.
The active sites are located in large hydrophilic caverns at the base of the two central

helices.

3.1.4 The mechanism of inositol monophosphatase and lithium inhibition

Tnitial studies suggested that the mechanism for IMPase proceeded through a covalent
phosphocnzyme intermediate [E-P; Shute ef al., 1988]. However, aliempts 1o irap the E-
P intermediate have not been successful [Shute ef al., 1988, Leech e al., 1993]. Also,
IMPase was unable to catalyse the exchange of 18O-label from TBO-waler infto inOTEANIC

phosphate in the absence of inositol [Baker & Gani, 1991]. This result cast further



doubt upon the existence of an E-P intermediate, unless a protein conformational
change occurred upon binding of myo-inositol. Evidence against a mechanism
procceding via a B-P intermediate was obtained when it was shown that inositol
phosphothioates were processed by IMPase at only slightly lower rates than the natural
substrates [Baker eral., 1991, a & b]: phosphatases that operate via E-P intermediates
usually process phosphothioate substrates extremely slowly [Gani & Wilkie, 1995].
Alsis, the crystal structure of IMPase in the presence of substraie [Bone et al., 1994, a|
lacked a nucleophilic side chain in the vicinity of the phosphoryl group, which would
be required to form a covalently bound E-P intermediate.

An important breakthrough in the elucidation of a mechanism for IMPase was the
discovery that there are two magnesium cations in the active site [Ganzhorn & Chanal,
199(): Pollack et al., 1994; Cole & Gani, 1994]. At low concentrations, Mg?* was found
to be a noncompetitive activator of IMPase [Hallcher & Sherman, 1980], but at high
concentrations, Mg2*t was an uncompetitive inhibitor, with a mutually exclusive and
similar inhibitory binding site to Li* [Ganzhorn & Chanal, 1990; Leech er al., 1993].
This mode of inhibition together with kinetic studies of Mg?* dependence |Leech et al.,
1993] suggested Mg2+* binds to IMPase after the substrate. However, direct
measurement of Mg2* binding to IMPase [Pollack er al, 1993] did not require the
presence of substrate, and phosphate was seen to bind only when Mg?2+ was present
[Greasley & Gore, 1993]. These results suggest that Mg2* binds before the substrate (o
IMPase. It was proposed that two Mg2+ cations bind, one before and one after substrate
binding. which could explain the two different modes of Mg?* behaviour
(noncompelitive activation and uncompetitive inhibition) [Pollack er al., 1994]. This
proposal was further supported by activity titration curves and modelling studies based
on IMPase X-ray structures [Pollack er al., 1994] and also by IMPase inhibitor studies
[Cole & Gani, 1994], all consisteni with a two-metal mechanism. Interestingly,
fructose-1,6-bisphosphatase, another Li*-sensitive enzyme with sequence homology o

IMPase in the metal binding region, has also been shown 10 use a two-metal mechanism
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Figure 2.2 : Proposed kinctic scheme for IMPase catalysis and inhibition by Li* or
Mg2+ [Pollack et al., 1994].
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[Zhang et al., 1993]. In the mechanistic model for IMPase [Ganzhorn & Chanal, 1990],
it was suggested that one Mg2+ site was activating and the other Mg?* site was
inhibitory. Pollack and coworkers [Pollack er al., 1994] have recently described both
sites 1o be activating at low Mg2+ concentrations, with the second Mg?2+ site becoming
inhibitory if Mg2+ remains bound (0 an enzyme-phosphate complex.

Ganzhorn and Chanal [1990] suggested a preliminary model in which the phosphate
ester was attacked directly by a nucleophilic water molecule. Likewise, Leech and co-
workers [1993] established by kinetic studics that IMPase operates via a direct
displacement ternary complex mechanism. Pollack and co-workers [1994] incorporated
(he latier results with their two metal ion sitc theory, and their IMPase mutagenesis
studies [Pollack ef al., 1993], to give the mechanistic scheme shawn in Figures 2.2 and
2.3(a). IMPase first binds Mg2+ [site 1, in Figure 2.3(a)], then my 0-ina&ito]
monophosphate (I-P), and then a second Mgt [site 2, in Figure 2.3()]. This gives

E.Mg.I-P.Mg and the catalytic reaction proceeds (Figure 2.2) (o give E.Mp I P.Mp

3R




(direct hydrolysis of substrate bound to IMPasc by water). myo-Inositol and then the
sccond Mg?* [site 2, Figure 2.3(a)] debind, inorganic phosphate is then released, and
the enzyme-magnesium complex (13.Mg) is [ree to bind 10 another substrate (Figure
2.2).

Li* inhibition (and Mg2* at high concentrations) is uncompetitive with respect Lo myo-
inositol monophosphates. This form of inhibition implies that the metal cations interact
with a complex between the enzyme and substrate, intermediate or product. Inhibition
by Li* (or Mg2?*) has been proposed Lo be primarily due to binding to the enzyme-
phosphate species (E.Mg.P) to give E.Mg.P.Li after hydrolysis and inositol departure,
retarding the release of inorganic phosphate (P), though other Lit-bound species do
exist. Enzyme-catalysed hydrolysis in the presence of Lit (dotted arrows in Figure 2.2)
may proceed too slowly to contribute substantially fo the kinetic scheme [Pollack et al.,
1994]. At high Li* concentrations, Li* inhibition becomes noncompelitive [Leech et al.,
1993] and this has been attributed o Li* binding into the first Mg?* site on (he free
enzyme [Cole & Gani, 1994].

The functional groups of myo-inositol 1-phosphate required for TMPase binding and
calalysis have been determined by measuring the activity of inositol phosphate
analogues with certain functional groups deleted or replaced [Baker et al., 1989; Baker
et al., 1990; Kulagowski er al., 1991]. These studies showed that the phosphate dianion
is the primary binding functionality for substrates and inhibitors. The 1-O-atom, 2- and
4-OH groups of Ins(1)P are important in binding whereas the 6-OH group is important
for catalysis, with replacement by bulky substituents such as Me(CH2)4 affording tight
binding inhibitors [Baker ef al., 1991, cl.

Recently two groups [Atack er al., 1995: Wilkie ¢t al., 1995] have both proposed that
[MPase mechanism involves the direct hydrolysis of the phosphate by water. Their
proposals differ in which of the two metal-ion sites provides activation, through
chelation, for the nucleophilic water molecule. Afack and co-workers [1995] suggesied
the mechanism shown in Figure 2.3(a), from structural and mutagenesis evidence. The
water molecule is activated for nucleophilic attack at phosphorus [curly arraw in Figure

2.3(a)] by a combination of Glu-70, one Mg2* ion (site 1) and possibly Thi-9§ hinding.
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Figure 2.3(a): Proposcd IMPasc enzyme mechanism by Atack et al., 1995.
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Figure 2.3(b): Proposed IMPase enzyme mechanism by Wilkie er al., 1995.
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The Mp?Z at sie | co-ordinates also 1o Asp-90, and (o a phosphate oxygen which may
help in substiaie binding, and stabilising charges of intermediates, as well as cnhancing
the electrophlicity at phosphorus. A second Mg2* at site 2 is co-ordinated to Asp-90,
Aup 9% and Asp-220. This second metal ion is positioned such that it also co-ordinaies
with both the 6- and 1- O-atoms of Ins(1)P; the latter binding would activate the
iositol esier oxygen for departure by acting as a Lewis acid. This model is consistent
with the decrease in catalytic rate by removal of the 6-OH group of Ins(1)P [Baker er
al 1989 Baker eral., 1990].

Wilkse and co-workers [1995] suggested the mechanism shown in Figure 2.3(b), from
modelling, comparative structural and kinetic studies of IMPase with substrates and
inhibitors. The Mg?* at site 1 is co-ordinated to enzyme groups Glu-70, Asp-90, Tle-92,
Thr-95 and a water molecule. It is also co-ordinated to two phosphorus oxygen aroms,
enhancing the electrophilicity at phosphorus. The Mg2* at site 2 is co-ordinated (0 Asp-
220, Asp-93, Asp-90, the 1-O atom of the Ins(1)P, a phosphale oxygen and a water
molecule which is hydrogen bonded to the 6-OH group. This second Mg?t would
therefore stabilise the leaving inositol anion and promote nucleophilic attack of water
on phosphorus [curly arrow Figure 2.3(b)].

Both rescarch groups propose that Li* would occupy meltal ion site 2 in their models.
The major difference between the models is concerned with which metal position
activates the water molecule; the two different sites for the nucleophile would give
different stereochemical courses for phosphoryl transfer. If walter is co-ordinated 1o
Mg 2+ ‘at site 1 [Atack ef al., 1995], an in-line displacement reaction would occur with
inversion of configuration at phosphorus, there being precedence for this proposal from
other phospho group transfer mechanisms. If water is co-ordinated 1o Mg?* at site 2
[Wilkie er al., 1995]. retention of configuration at phosphorus would accur via an
adjacent association and pseudorotation mechanism, which is unknown for enzymatic
phosphoryl group transfer reachions.

The exact mechanism by which lithium exerts its inhibition on IMPase is difficult to
determine by X-ray crystallography. Apart from the difficulty in achicving an enzyme-

phosphate-lithium intermediate as a crystal, Li* in cazyme X-ray siructures is virtually
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mvisible because 11 only has two clectrons and the resolution achicved in these large
structure determimations is not good enough 1o see small atoms. Muny substrates and
mhibitors have been synthesized for IMPase [for a review see Billington, 1993, Potter
& Lampe, 1995] The search for an alternative inhibitor of IMPase (ic. instcad of Lit)
may confirm the 1ssue of whether this enzyme is the targel of lithium in manic
depression therapy.

Stercochemical studies using oxygen isotope labelled chiral thiophosphates as
substrates will give a more definite indication ol the enzyme mechanism involved for

IMPasc.

2.1.5 Stereochemical analysis of phosphatase-catalysed phosphate monoesier
hydrolyses

To study the stereochemical course of a phosphatase enzyme, (he generated inorganic
phosphate must be made chiral [Cole & Gani, 1995]. Two possible methods are
available 10 create a chiral analogue of phosphate, as there are only three usahle
isotopes of oxygen (160, 170, '80); Either an alcohol is introduced as an acceptor
instead of water (transphorylation) to give a phosphate monoester, or a thiophosphate
monoester is used [generating éhiral thiophosphate (Psi)]. Although thiophosphate
monoesters used as substrates may change the kinetic and possibly the chemical
mechanism of the enzyme reactions [Cole & Gani, 1995}, the latter method has been
used for many stereochemical studies of phosphatases, with the view that thiophosphate
substrates do not alter the stereochemical outcome of the enzyme-catalysed process.
The study of an enzyme's stereochemical course therefare involves the preparation of
the desired chiral analogue of the phosphate substraie with known stereachemistry,
reaction of the analogue with the enzyme, analysis of the gencraled chiral phosphaie
product, and comparison of 1s configuration with that of the initial substrate.

The synthesis of chiral phosphorothioates, with '°0 replaced by 70 and 180, has been
reviewed by Frey [Frey, 1989].

The first and most widely used methods for the analysis of generated chiral Psai were

cimulianeously developed by Tsai [1980], and Webhh and Trentham [ T9RO]. The



principle behind these methods, is to convert the generated product of unknown
chirality (ie. chiral Psi) by cnzyme rcactions ol known stereochemistry to a molecule
where 180 is locked into dilferent position(s) dependent on the chirality of the initial
product. The different positions can be distinguished by 3'P NMR spectroscopy and the
distribution of isotopic positional species in the final product determines the chirality of
the initial enzymatic product.

Analysis depends on the following observations for isotope effects on 3P NMR
spectroscopy :-

a) 180 causes an upfield shift [Cohn & Hu, 1978]

b) the magnitude of the 80 shifl is measurably greater for P=0 (non-bridged) than for
P-0O-X (bridged) [Cohn & Hu, 1980]

¢) 170 splits and broadens the *'P NMR signals of the 3P nuclei directly bonded o

170, 1o the exient that they are not observed [Tsai, 1979].

The enzyme reactions used in the analysis method of Tsai [Tsai, 1980] are shown in
Figure 2.4. The chiral Psi enzyme product (generaled from a subsiraie af known
stereochemistry) is immediately, without being isolated, converted into ATPYS(B).
Firstly, Psi is incorporated into the 1-position of 1,3-bis-P-glyceric acid by
plyceraldehyde-3-phosphate dehydrogenase with intact configuration. The 3-
phosphoglycerate |-thiophosphate produced could be one of three possible species, as
the reaction could proceed either through the 'O, 170 or 180. The 3-phosphoglycerate
1-thiophosphate is then converled 10 ATP9S, catalysed by phosphoglycerale kinase with
inversion of configuration at phosphorus. This entails transfer of the thiophosphoryl
group, by P-OC cleavage, (0 ADP. The only species, and its latier products (shown in
Figure 2.4), observable by *'P NMR has no 170 isotope position, as the other 1wo
species would have broad *'P NMR signals. The thiophosphoryl group is then
iransferred further, from ATPYS to AMP by myokinase, with inversion of configuration
at phosphorus, to give ADPSS. Finally, stereospecific phosphorylation by acetale
kinase of ADPSS gives ATPBS(B). On the basis of the stereochemistry involved, two

inversions, (R)-[160, 170, '*O] Psi would give [180) ATPA-S(B) (180 at the fi
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nonbridge posttion], whereas (S)-[100, 170, O] Psi would yield [ 3-¥*0] ATPS-S(B)
[1%0) at the [i-y-bridge position]. The two ATPA-S(B) products could therefore be
distingusshed by different 180 shifts in 3'P NMR signals. In practice, the analysis is
comphicated by the fact that 70 enrichment in 12170 is less than 60% and so oxygens
fabelled 170 in Figure 2.4 also have both 100 and 'O, Also 18O containg some 160 and
overall this leads to eighteen products. Fortunately many of the products are duplicated
and four contain an 170 atom bonded to phosphorus, therefore there are only four
unique products [ATPS S(B)] detectable by 3P NMR (Figure 2.5). Each of these
species give a different signal by 3IP NMR spectroscopy (A contains no 180, therefore
does not possess a shift, B has a small shift with respeet 1o A, C alarger shilt, and D the
largest shifyy caused by differing amounts and positions of '80. Rp- and Sp-chiral Psi
generate the same product species, but differ in the ratio of B/C species and therefore in
the ratio of peak heights B/C (F value) in the *'P NMR spectrum. An Rp-chiral Psi

sample should give F < 1 and an Sp-chiral Psi sample should give F> 1.

Figure 2.5: Four product species [ATP[S(B)] detectable by 3P NMR spectroscopy
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An alternative method for the analysis of chiral Psi involves alkylation and cyclisation,
instead of enzymatic derivatisation and stereoselective phosphorylation [Arnold eral.,
19871, although the analytical strategy developed in the methods of Tsai (and of Webb

and Trentham) is still being reported [Mueller eral., 1993].

2.1.6 Synthesis of myo-inositol 1- and 3-phosphates

Figure 2.6: The myo-inositol monophosphates

PO}I{:}_
HOW Ao
HOY ™
OH
myo -inositol 2-phosphate myo -inositol S-phosphaie

OH
H,0,P0 OH

HoY “OH
OH

D-myo-inositol 3-phosphate (17)

OH

D-myo-inositol 4-phosphate D-myo-inositol 6-phosphate

There are six possible myo-inositol monophosphates (Figure 2.6): the meso myo-
inositol 2- and 5-phosphates, and the two enantiomeric pairs, myo-inosiiol 1(3)-
phosphate and myo-inositol 4(6)-phosphate. They have all been synthesized previously,

by a range of synthetic routes (reviewed in Cosgrove, 1980; Billington, 1988; Foiler,
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1990; Billington, 1993; Potter & Lampe, 1995). A brief outline of some synthetic routes
to enantiomerically purc myo-inositol 1-phosphate (16) and 3-phosphate (17) is given
here.

D-myo-inositol 1-phosphate (16) was first synthetically produced from the hydrolysis of
natural phospholipids with alkali [Pizer & Ballou, 1959]. Subsequently, D-myo-inositol
3-phosphate (17) was synthesised from galactinol (Figure 2.7) which aided in
elucidating the absolute conliguration of the phospholipid product [Ballou & Pizer,
1960]. Benzylation of galactinol (18) gave a nonabenzyl derivative (19), which was
converted to 2,3.4,5,6-penta-O-benzyl myo-inositol (20) on methanolysis of the
galactose group. Phosphorylation of the free hydroxyl group with diphenyl
phosphorochloridate, followed by hydrogenolysis to remove the protecting groups,

gave D-myo-inositol 3-phosphate (17).

Figure 2.7:  Synthesis of D-myo-inositol 3-phosphate from galactinol
[Ballou & Pizer, 1960]

Aston University
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L-quebrachitol (21), an optically active natural product, has been used to synthesize
both 17 [Mercier ¢f al., 1969; Figure 2.8] and 16 [Akiyama er al., 1990; Figure 2.9]. In
each synthesis, L-qucbrachitol (21) was first converted to a bisacetal with

cyclohexanone.

Figure 2.8:  Synthesis of D-nyo-inositol 3-phosphate from L-quebrachitol
[Mercier et al., 1969]

Aston University
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In the synthesis of D-myo-inositol 3-phosphate (17) [Mercier et al., 1969; Figure 2.8],
the bisacetal derivative was tosylated at the 3D-position to give 22, which was then

reated with boron trichloride to cleave both the methyl and acetal groups, generating

48



Figure 2.9: Synthesis of D-myo-inositol -phosphate from L-quebrachitol
[Akiyama et al., 1990]

-
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3D- O-p-toluenesulfonyl-chiro-inositol. Benzoylation of this pentol gave a fully
protected derivative (23), which on trcatment with NaF in DMF underwent
intramolecular benzoyloxy displacement of the tosyl ester, giving the desired D-
1,2,4,5,6-penta- O-benzoyl myo-inositol (20) as well as the meso isomer 1,3,4,5,6-penta-
O-benzoyl myo-inositol (24). The two products were scparated and the tree hydroxyl
group of D-1,2,4,5,6-penta- O-benzoyl myo-inositol (20) was phosphorylated using
diphenyl phosphorochloridate. Subsequent hydrogenolysis of the phenyl groups and
hydrolysis of the benzoyl esters gave D-myo-inositol 3-phosphate (17).

In the synthesis of D-myo-inositol 1-phosphate (16), the hydroxyl group of the bisacetal
derivative was oxidised to a ketone followed by stereoselective reduction with LiBH 4 to
give an inverted alcohol, which was then benzoylated to give 25 [Akiyama et al., 1990;
Figure 2.9]. The fully protected myo-inositol (25) was treated with Nal/AlCl3 which
cleaved the methyl ether and the trans-cyclohexylidene acetal to give 26. Benzoylation
and removal of the cis-cyclohexylidene acetal by acid-catalysed hydrolysis gave D-
3,4,5,6-tetra-O -benzoyl myo-inositol (27). Selective silylation with triethylsilyl chloride
at the 1-position gave 28, benzoylation of the 2-hydroxy group and desilylation with
acid generated D-2,3,4,5,6-penta-0 -benzoyl myo-inositol (29). Phosphorylation of this
alcohol with OXDEP (13) followed by hydrogenolysis and base-mediated
debenzoylation gave D-myo-inositol 1-phosphate (16).

Billington and co-workers have devised a synthetic route to both enantiomers 16 and 17
from inositol using (-)-camphanic acid chloride as a resolving agent [Billington er al.,
1987; Figure 2.10]. Tetrol 6 was benzylated and the cis-cyclohexylidene acetal group
was removed by acid-catalysed hydrolysis to give the racemate 1,2-diol (30). The diol
30 was selectively allylated at the 1-equatorial hydroxyl position to give 31, benzylated
at the axial 2-hydroxyl position, and then the allyl group was cleaved to give D/L-
2,3,4,5,6-penta- O-benzyl myo-inositol (32). Resolution was achieved by conversion of
racemate 32 into its diastereoisomeric camphanate esters (33 and 34), which were
separated by chromatography. The structure of camphanate ester 33 was determined by
X-ray crystallography, which allowed the absolute configuration of both esters and any

inositol phosphates derived from them to be determined, without
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Figure 2.10: Synthesis of D-myo-inositol 1- and 3-phosphates from myo-inositol
using (-)-camphanic acid chloride as a resolving agent
[Billington et al., 1987]
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requiring any sterecochemical assumptions. Hydrolysis of the individual camphanate
esters, phosphorylation with diphenyl  phosphorochloridate, followed by
transesterification with the anion of benzyl alcohol gave the dibenzyl phosphates, which

on hydrogenolysis gave the pure enantiomers 16 and 17.

Figure 2.11: Synthesis of D-myo-inositol 1- and 3-phosphate from 1My -inositol
using D- and L-camphor dimethyl acetals as resolving agents

[Pictrusiewicz ¢r al., 1992]

Aston University
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Reeently, Pietrusiewicz and co-workers have reported a short route to D-myo-inositol 1-
and 3-phosphate from myo-inositol using D- and L-camphor dimethyl acetals as both
resolving agents and protecting groups [Pictrusicwicz et al., 1992; Figure 2.11]. Inositol
was treated with either the D- or L-camphor dimethyl acetal. On partial hydrolysis. four
possible monoacetals were generated, one of which precipitated selectively (shown in
Figure 2.11). The absolute configurations of the precipitated monoacetals were
determined, by X-ray crystallography of a fully protected derivative. The precipitated
monoacetals (35 and 36) were then sclectively phosphorylated at the 1- or 3- hydroxyl
positions respectively, with dibenzyl phosphorochloridate. Deprotection by
hydrogenolysis of the benzyl phosphate esters and acid-catalysed hydrolysis of the
acetals, afforded the desired cnantiomers 16 and 17 .

Overall, the number of steps involved in preparing the pure enantiomers 16 and 17 via
the synthetic routes described above is high except for the method of Pietrusiewicz and
co-workers, where resolution and protection was achieved in one step, although their
yields were low. None of the methods described above would be capable of introducing
a chiral thiophosphate group with known stereochemistry, which would be important to

establish the stereochemical mechanism of inositol monophosphatase.
2.1.7 Aims of research

The aim of the project was Lo investigate the use of a chiral phosphorylating agent for
the synthesis of myo-inositol monophosphates. Using a chiral phosphorylating agent
would enable both the phosphorylation and resolution of a protected myo-inositol in one
synthetic step. If selective phosphorylation of a partially protected inositol can be
achieved with a chiral agent, the diastercoisomers formed could then be separated and
deprotected to give pure enantiomers of myo-inositol phosphate. This synthetic route
should reduce the overall number of steps. |

The chiral phosphorylating agent (2R, 45, 5R)-2-chloro-3,4-dimethyl-5-phenyl-1.3,2-

szaphospholidin-2-one (major, 37, Figure 2.12) was chosen for this study for the

-reasons. It can be preparcd in reasonable yield from (-)-ephedrine [(1R, 25)-
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2-methylamino-1-phenylpropan-1-ol] and phosphorus oxychloride. The major isomer
37 can then be separated from the minor isomer 38 by chromatography [Cooper et al.,
1977]. The chloro group of 37 can be substituted by nucleophiles with retention of
configuration at phosphorus [Cooper et al., 1977]. The P-N bond can be cleaved by
acid-catalysed hydrolysis with inversion of configuration at phosphorus, and the
substituted benzyl ester can then be removed by hydrogenolysis. As phosphorylation
and deprotection are known to occur with overall inversion of configuration at
phosphorus, the major isomer 37 has been successfully used in establishing the
stereochemical course of enzyme reactions by the preparation of chiral [0, 170, 180]-

phosphates [Blattler & Knowles, 1980].

Figure 2.12: Chiral ephedrine-based phosphorylating agents
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(2R, 4R, 5S5)-2-Chloro-3,4-

dimethyl-5-phenyl-1,3,2-

oxazaphospholidin-2-sulfide
39)

If this methodology is successful, it could be extended to the preparation of a
thiophosphate monoester of inositol. The commercially available oxazaphospholidin-2-

sulfide (39, Figure 2.12) has been used to determine the purity of chiral primary
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amines, and primary and sccondary alcohols [Johnson ct al., 1984]. These two P(V)
agents 37 and 39 arc thercfore ideal candidates for the chiral phosphorylation of

protected myo-1nositols.

2.2 RESULTS AND DISCUSSION

2.2.1 Synthesis of myo-inositol 3-phosphate using (2R, 4S, 5R)-2-chloro-3,4-
dimethyl-5-phenyl-1,3,2-oxazaphospholidin-2-one (37) as a chiral
phosphorylating agent

The general outline of the synthetic strategy is given in Figure 2.13. Each step will now

be discussed in detail.
2.2.1.1 Synthesis of D/L-1,2;4,5-di-O-cyclohexylidene-myo-inositol 3)

The protected myo-inositol D/L-1,2:4,5-di-O-cyclohexylidene-myo-inositol (3, Figure
2.13) was chosen for phosphorylation studies, as it can be synthesized by a literature
procedure in reasonable yield and purified by crystallisation. It can also react
selectively at the 1-/ 3- hydroxyl position in preference to the 4- / 6- hydroxyl positon
[Dreef et al., 1991]. D/L-1,2:4,5-Di-O-cyclohexylidene-myo-inositol was synthesized
using the method described by Dreef and co-workers [1991]from 1,1-
diethoxycyclohexane and myo-inositol.

1,1-Diethoxycyclohexane (43) was first prepared by the reaction of cyclohexanone (44)
with triethyl orthoformate (45) in dry ethanol al room temperature in the presence of p-
toluenesulfonic acid (Figure 2.14). Distillation of the crude product afforded 43 as a
colourless liquid in a yield of 60%, with 1H- and 13BC-NMR(CDCl3) analysis similar to

reported data [Dreef et al., 1991].
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Figure 2.13: Synthesis of myo-inositol 3-phosphate using 37 as a chiral
phosphorylating agent
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Figure 2.14: Synthesis of 1,1-diethoxycyclohexane (43)

EtQ, OEt

p-toluene sulfonic acid
+ (EtO);CH Y
ethanol

(44) (45) (43)

myo-Inositol (1) was then reacted with 1,1—dietho>.(ycyclohexane (43) and p-toluene
sulfonic acid in dry dimethylformamide (DMF) at 95°C (Figure 2.15). Three bisacetal
products (3, 4 and §; Figure 2.15) are formed, but the desired derivative 3 crystallises.
Crystallization of a small amount of crude product from acetone/hexane afforded
compound (3) as rectangular plate crystals, one of which was subsequently used for X-
ray diffraction structure determination (Section 4.2.1). One crystal was used to seed the
remainder of the crude product to give 3 in a yield of 18%. Analysis of 3 by IH- and

13C-NMR spectroscopy (CDCls) was similar to reported data [Dreef et al., 1991].

Figure 2.15: Synthesis of D/L-1,2:4,5-di-O-cyclohexylidene-myo-inositol (3)
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2.2.1.2 Synthesis of (2R, 4S, SR)-2-chloro-3,4-dimethyl-S-phenyl-1,3,2-

oxazaphospholidin-2-one (Major, 37)

Csing o method similar 1o the procedure reported by Cooper and co-workers [Frgure

216, Cooper eral., 1977], phosphorus oxychloride was allowed to react with a mixture

of ¢ )-ephedrine and triethylamine in CH,Cly. 3P NMR (CDC1Ly) analysis of the crude

product showed the presence of two diastereoisomers @ 6 21.3 [s, major, 37] and 8 25.1

[, manor, 38 i a ratio of 17:2.

Figure 2.16: Synthesis of (2R, 4S, 5R)-2-chloro-3.4-dimethyl-5-phenyl-1,3,2

oxazaphospholidin-2-one (major, 37)
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(38)

The major diastereoisomer 37 was separated from the minor 38 by flash

chromatography eluting with ethyl acetate/hexane (2:1), to give a 69% yield of 37. 31P-,

IH- and 13C-NMR(CDCl,) spectral data of 37 were in agreement with that reported by

Cooper and co-workers [1977].
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2.2.1.3 Sclective phosphorylation of D/1.-1,2:4,5-di-O -cyclohexylidene-
myo-inositol (3) with (2R, 4S, 5R)-2-chiloro-3.4-dimethyl-5-phenyl-1,3,2-
oxazaphospholidin-2-one (Major)

A nutnber of small scale experiments were attempted to establish the optimum reaction
conditions and the best reagents for selectively phosphorylating the diol (3) at the 1-/3-
position with (2R, 4S, SR)-2-chloro-3,4-dimethyl-5-phenyl-1.3.2-0xazaphospholidin-2-

one (major, 37).

1) Solvent

Reactions were evaluated in DMFE, THF (tetrahydroturan) or toluene. The use of DMF
as the solvent gave the greatest yield and demonstrated the best selectivity, while
toluene required heating which caused subsequent breakdown of products (3P NMR
spectrum : peaks below 10 ppm). THF as the solvent demonstrated poorer selectivity
and gave lower yields than DMF. Pyridine was considered as a solvent, however this
was known (0 cause epimerisation of the P(V) agent which would complicate the

reaction [Cullis er al., 1987].

2) Base

A 609 dispersion of NaH in oil gave only a poor yield of the required diastereoisomers
with evidence of unwanted products below 10 ppm in the 31p spectrum. An
improvement was achieved when an excess of NaH dispersion was prewashed in
hexane indicating that the dispersion oil hinders the reaction. The presence of traces of
water in the reaction will cause the NaH to give sodium hydroxide, which could then
catalyze the hydrolysis of the P-N bond and/or cause epimerisation at phosphorus.
t-Butylithium was also investigated and gave a similar result to washed NaH dispersion.
n-Butyl lithium was not investigated as it can give oxazaphospholidin-2-one ring
opening by nucleophilic attack [Seidel et al., 1990]. 95% NaH was found (o be the best
reagent so long as it was carcfully weighed in a glove bag and used under an argon

atmosphere, avoiding moisture.
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3) Reaction conditions

The ideal procedure for the selective phosphorylation was first to preform an anion, by
reacting the diol 3 with 95% Nall under argon at 0°C for 1 hour in dry DMFE. A
solution of the phosphorylating agent 37 in dry DMF was then added dropwise, after
which the reaction mixture was stirred for 2 hours and allowed to warm to room
temperature. Selectivity was reduced il the reaction was carried out completely at room
temperature, although it still went to completion. In the presence of dry DMF and NaH,
the phosphorylating agent 37 was analysed by 3IP-NMR spectroscopy in CDCl3 to see
whether epimerisation and/or breakdown occured. Neither the minor diastereoisomer 38
or any breakdown products were detected, even after 12 hours. On addition of water,
epimerisation and breakdown products were present therefore dry reaction conditions
were essential.

A large scale reaction was completed using the reactions conditions developed above
(Figure 2.17).The reaction between the P(V) agent (37) and diol (3) proceeds with
retention of configuration at phosphorus. This involves apical attack of the nucleophilic
anion of the diol on phosphorus, forming a trigonal bipyramidal intermediate which
undergoes pseudorotation prior to apical departure of the chloride anion [Figure 2.18;
Cooper et al., 1977].

A 31P NMR (CDCls) spectrum of the crude reaction mixture (Figure 2.19) gave the
following peaks :T

(1) A peak at § 19.4 ppm = Diastereoisomer 40 with 3- position phosphorylated (43%).

(2) A peak at 8 19.1 ppm = Diastereoisomer 41 with 1- position phosphorylated (40%).

(3) Two peaks at & 18.7 and 18.5 ppm = Diastereoisomers (46/47) with 4-/6- positions
phosphorylated (Total 12%).

(4) Small peak at & 20.9 ppm = Starting material (5%)

(%) Quantities of each component are estimated from the 31P NMR peak heights.

As anticipated, there was minimal diastereoselectivity observed in this phosphorylation

reaction.
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Figure 2.17: Chiral phosphorylation of diol (3) by oxazophospholidin-2-one (37)
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Figure 2.18: Pseudorotation mechanism
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Attempted separation of the diastereoisomers 40 and 41 by flash chromatography
eluting with ethyl acetate/hexane (1:1) was unsuccessful, although it did remove the
starting material 37 from the products.

Slow crystallisation from acetone/hexane gave mainly diastereoisomer (40, 6 19.9 ppm)
with a small amount of diastereoisomer (41, 8 19.6 ppm) in a 15:2 ratio, as observed by
31p NMR (CDCls) spectroscopy (Figure 2.20). Enrichment of the diastereoisomer 40
was therefore observed and subsequent recrystallisations gave >95% pure
diastereoisomer 40 in a 17% yield. Isolation of the other diastereoisomer 41 from the
filtrate was unsuccessful.

Diastereoisomer 40 was fully characterised by 3'P-, 'H- and C-NMR spectroscopy.
elemental analysis and mass spectrometry. Most notable and informative was the Jpc
coupling on the three inositol carbons nearest the site of phosphorylation : each was
observed as a doublet in the *C-NMR spectrum.

i At this point in the synthesis, the assignment of peaks 19.4 and 19.1 was uncertain.
The configuration of diastereoisomer 40 was established by extrapolating back from the

optical rotation measurement of the final myo-inositol phosphate. Attempts were made
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to assign the conliguration of diastereoisomers 40 and 41, by growing X-ray quality
crystals of diastercoisomer 40 and 2D NMR cxperiments, however both of these

approaches failed.

Figure 2.19: 3!P NMR (CDCls) spectrum of the crude reaction mixture from the chiral

phosphorylation of diol 3 by oxazaphospholidin-2-onc 37
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Figure 2.20: 3P NMR (CDCls) spectrum showing a 15:2 ratio of
diastereoisomers (40:41)
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2.2.1.4 P-N bond cleavage of diastereoisomer (40) and removal of the

cyclohexylidene acetal protecting groups

Acid catalysed hydrolysis of diasterecisomer (40) removes the cyclohexylidene
protecting groups and cleaves the P-N bond to form the zwitterion (42, Figure 2.21). P-
N bond cleavage proceeds with inversion of configuration at phosphorus, by the

phosphorus equivalent of the SN2 displacement reaction [Cooper et al., 1977].
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A procedure similar to one previously described [Scidel et al., 1990] for a related
compound was employed. A solution of diastcreoisomer (40) in THF containing
agucous trifluoroacetic acid was stirred at room (emperaturé for 15 minutes. >'P NMR
(D,0) spectroscopy showed a quantitative yield of switterion (42), with a single peak &
-0.54 ppm. The 'H- and *C NMR(DD;0) spectra were also consistent with zwitterion

(42).

Figure 2.21: P-N bond cleavage and removal of acetal protecting groups from

diastercoisomer (40) by acid-catalysed hydrolysis
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2.2.1.5 Removal of substituted benzyl ester protecting group from zwitterion (42)

Hydrogenolysis of the zwitterion (42) using a method reported for benzyl phosphate
esters [Berlin et al., 1991] proved successful (Figure 2.22). Zwitterion (42) was

dissolved in methanol/water (8:2) and treated with palladium-on-carbon under an
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Figure 2.22: Removal of the substituted benzyl ester phosphate protecting group
from zwitterion (42) by hydrogenolysis, to give D-myo-inositol
3-phosphate (17)
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atmosphere of hydrogen (50 PSI) for 16 hours. After filtration to remove the catalyst,

the cyclohexylammonium salt of 17 was formed by the addition of cyclohexylamine.

Recrystallisation from acetone/water afforded the D-myo-inositol 3-phosphate salt (17,

Figure 2.22) in a 95% yield. 31P NMR (D,0) spectroscopy showed a single peak 0 4.68

ppm with no evidence of any phosphate migration. >!P-, 'H- and BC-NMR(CDCl3)

data of 17 were in agreement with reported data [Pietrusiewicz et al., 1992]. Only

optical rotation determination can confirm the enantiomeric form (1- or 3-) of the myo-

inositol phosphate.

In the literature it is reported [Ballou & Pizer, 1960] that the optical rotation of myo-

inositol 3-phosphate 17 surprisingly changes in sign when the pH is adjusted from
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acidic [pH 2, +9.3°] to basic [pH 9, -3.2"|. For myo-inositol 3-phosphate 17, other
workers have reported values at pH 9 ranging ftom -2.8" (0 -4.9". Consistent with this,
myo-inositol 1-phosphate 16, has been reported to have specific optical rotations of
-9.8" at pH 2, and 3.4° to 4.5" at pH 9-9.5. It was therefore considered appropriate to
measure the specific optical rotation of the product at low and high pH values. The
sample was first converted to the free acid by passage down a DOWEX-50 (H* form)
column. A sample containing 16.2mg in 2ml of water (pH 1.63) gave a specitic optical
rotation of +8.9°. The pH of this sample was then adjusted o 11.4 by the addition of
cyclohexylamine (4 equiv.) to give the di(cyclohexylammonium) salt, which gave a
specific optical rotation of -3.6". These valucs are in cxcellent agreement with those

reported in the literature, confirming the synthesis of D-myo-inositol 3-phosphate 17.

2.2.2 Synthesis of myo-inositol thiophosphate using 39 as a chiral

thiophosphorylating agent

A preliminary investigation was performed with (2R, 4R, 5S)-2-chloro-3,4-dimethyl-5-
phenyl-1,3,2-oxazaphospholidin-2-sulfide (39, Aldrich) as phosphorylating agent
(Figure 2.23). Protected inositol diol 3 was reacted with oxazaphospholidin-2-sulfide 39
under the same conditions as those used for the oxazaphospholidin-2-one reagent (37)

in section 2.2.1.3.

31p_.NMR (CDCls) spectroscopy of a crude sz{mple (Figure 2.24) showed the following
results:

(1) Two peaks at 0 80.8 (s) and 82.4 (s) ppm = (£) Diastereoisomers (48) with 1- and 3-
position phosphorylated (65%)

(2) Two peaks at 8 82.5 (s) and 83.1 (s) ppm = (&) Diastereoisomers (49) with 4- and 6-
position phosphorylated (5.5%)

(3) A peak at & 75.2 ppm = Starting material (39) showing that the reaction went to
70% completion.

(%) values are estimated quantities based on 3IP-NMR peak heights.
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Figure 2.23: Chiral phosphorylation of diol (3) by oxuzaphospholidin-2-sulfide (39)
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Figure 2.24: 31P NMR (CDCl3) spectrum of the crude reaction mixture from the chiral
phosphorylation of diol (3) by oxazaphospholidin-2-sulfide (39)

033
20532
5423
e, 5702
£0.6092
75,1618

G2

4%
S

As with the 2-0xo phosphorylating reagent (37), little if any diastereoselectivity was
observed. Separation of the products was attempted by flash chromatography eluting
with ethyl acetate/hexane (1:1). The diastereoisomers 48, from phosphorylation at
positions 1- and 3-, were isolated in 26% yicld from 49, the diastereoisomers from the
phosphorylation at positions 4- and 6- and the starting material 39 (Figure 2.25). The

pair of diastereoisomers 48 could not be scparated, although a small amount of
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Figure 2.25: 31P NMR (CDCls) spectrum showing diastercoisomers 48 isolated from
the reaction of the diol 3 with the oxazaphospholidin-2-sulfide 39
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enrichment was observed. Slow crystallisation to separate the diastereoisomers 48 was
also unsuccessful. The pair of diastereoisomers 48 (Figure 2.25), with peaks at op 81.1
and 82.8 ppm in a 1: 0.9 ratio by 3'P-NMR (CDCls) analysis, were subsequently further
characterised by 'H- and !3C-NMR spectroscopy, mass spectrometry and elemental

analysis.




The enzyme inositol monophosphatase can catalyse the hydrolysis of inositol
phosphates with a phosphate at positions 1, 3, 4 or 6. The mixture of diastercoisomers
48 could therefore still be used to produce chiral inositol thiophosphate probes for this

cnzyme.

Figure 2.26: P-N bond cleavage of diastereoisomers (48) by acid-catalysed hydrolysis

CF,COOH / H,0
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The thiophosphates formed from the pair of diastereoisomers 48 would have the same
configuration at phosphorus (if oxygen isotopes were used), and would yield after
inositol monophosphatase catalysed hydrolysis. the same labelled [170, 180, 160]-
inorganic thiophosphate.

Acid-catalysed hydrolysis of the P-N bond in the pair of diastereoisomers 48 (Figure
2.26) with aqueous trifluoroacetic acid using the same conditions as described for the 2-
one analogue 40, yielded the zwitterions 50 in 69% yield. The zwitterions 50 were
analysed by 3!P-NMR spectroscopy with 2 peaks at & 56.5 and 56.9 ppm with a 0.9:1
neak height ratio. The diastereoisomeric mixture of zwitterions 50 was also
characterised by 'H- and 13C-NMR spectroscopy.

A different method would be required to remove the benzyl ester protecting groups
from zwitterions 50, as thiol compounds poison palladium catalysts. An alternative
approach would be to use sodium in liquid ammonia [Cullis et al., 1986] to generate the

racemic myo-inositol 1/3-thiophosphates.

2.3 CONCLUSION

Selective phosphorylation of (+)-1,2;4,5-di- O-cyclohexylidene myo-inositol has been
achieved with the chiral P(V) oxazaphospholidin-2-one (37) at the 1- and 3-positions.
One of the diastereoisomeric products (40) was separated by crystallisation, and
deprotection afforded pure myo-inositol 3-phosphate without phosphate migration. A
short synthesis to an optically pure inositol monophosphate has therefore been achieved
without the need for extensive protection and separate resolution. It should also be
possible 1o synthesise myo-inositol 1-phosphate using a P(V) reagent prepared from the
enantiomer, (+)-ephedrine. An ephedrine based chiral phosphorylating reagent has also
been used successfully to introduce a thiophosphate group into a prolecied inositol.
Separation of diastereoisomers was achieved on one occasion although this may be
improved by using a protected inositol with two different protecling groups present, for

example a cyclohexylidene ring protecting positions 1 and 2, and allyl groups

~1
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protecting positions 4, 5, and 6. Once phosphorylated, this may lead to a greater
difference in the two diastereoisomeric products, which may be scparable by flash
chromatography.

The synthetic route used should enable the incorporation of stable 1sotopes ol oxygen,
required for generating a chiral '80 and 7O labelled thiophosphate derivative of
inositol, with known configuration at phosphorus. There is an opportunity (o introduce
an 180-Iabel into the thiophosphate at the acid hydrolysis P-N bond cleavage step, by
using Hp180. If the enzyme (inositol monophosphatase) hydrolysis reaction was then
carried out in H7170, a chiral Psi would be generated. Analysis of this chiral Psi would
allow determination of the stereochemical course of the enzyme, inositol

monophosphatase.
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CHAPTER 3

Synthesis of myo-inositol 1,2,3-trisphosphate and iron
complexation studies of inositol phosphates
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3.1 INTRODUCTION

3.1.1 myo-Inositol hexakisphosphate and its biological function

myo-Inositol hexakisphosphate (InsPe, phytic acid, phytate, 51) is the most abundant
organic form of phosphate, typically present in soil at concentrations of 10-100 uM
[Cosgrove, 1980]. It is found in virtually all mammalian cells in substantial amounts

(10pM-1mM) [Szwergold et al., 1987].

01)032_

2-04P0O, OP04%
2:0,P0% " OP0O42
OPO4%
(51)

Figure 3.1 : Chemical structure of InsPg

InsPg has many possible clinical uses including the prevention and treatment of a range
of cancers, recently reviewed by Shamsuddin [Shamsuddin, 1995], although its actual
anti-cancer mechanism is at present not fully elucidated.

InsPg's biological functions in the majority of cells still remains uncertain [Menniti er
al., 1993]. Specialised activities for InsPg have been reported, including its role as a
storage compound in seeds [Carpenter et al., 1989] and modulation of the activity of
glycolytic enzymes in certain metabolic compartments of skeletal muscle [Koppitz et
al., 1986]. InsPg may also be a neurotransmitter in the mammalian brain along with
Ins(1,3,4,5,6)Ps [Vallejo et al., 1987], with improved binding of InsPg to neuronal
membranes in the presence of trivalent ions, Fe3* and Al3+ [Cooke er al., 1991],
although chelation of InsPg to Ca2+ has been proposed to be responsible for its
extracellular action [Smith & Diirmiiller, 1990; Sun et al., 1992]. It has recently been
suggested that InsPg turnover is more rapid than previously thought [Menniti et al.,
1993] and that it can be metabolised further to inositol pyrophosphate analogues;

possible new forms of phosphate donors in an as yet undescribed set of
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phosphotransferase reactions [Stephens ef al., 1993], therefore InsPg may not represent
a metabolic end point. Another group of possible functions for InsPg arises from its
anti-oxidant and metal chelation propertics [Gral & Eaton, 1990]. In addition, Smith
and coworkers [Smith et al., 1994] have described how InsPg and related compounds
can be used as siderophores by Pscudomonas aeruginosa, suggesting that InsPg in the

external environment may have a role in supplying Fe3* to free-living organisms.
3.1.2 Iron complexation and antioxidant properties of InsP¢

InsPg has long been of interest to nutritionists, as it is present in high concentrations in
wheat bran where it can prevent absorption of trace metals. It has been proposed that
one of InsPg's possible mechanisms for cancer prevention and treatment may be
attributed to its ability to bind Fe3+ and divalent cations [Shamsuddin, 1995]. Graf and
coworkers [Graf et al., 1984] have shown that chelation of Fe3* to InsPg prevented
formation of the highly reactive hydroxyl radical (HO-) from the superoxide radical
anion (Oy"-) by the iron-catalysed Haber-Weiss redox cycle (Figure 3.2) [Halliwell &
Gutteridge, 1989].

02_' + F63+ _ Fez+ + 02

H,0, + Fe?* —> Fe3* + HO- + HO-  (Fenton reaction)

0, + H,0, —> O, + HO- + HO" (Net reaction)

Figure 3.2 : Iron catalysed hydroxyl radical formation

Graf and coworkers [Graf et al., 1984] suggested that the Fenton reaction does not
occur with InsPg/monoferric chelates and this was attributed to the unavailability of a
coordination site for H»O» in the complex. The presence of a coordination water (free
site) in the chelates was determined by competitive displacement of water by an azide
molecule and measurement by UV spectroscopy, with replacement giving a new

absorption peak at 409 nm. This was further supported by NMR studies, with a
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decrease in relaxation rates on addition of an azide molecule o the coordination site of
the chelate [Graf e al., 1984]. In InsPg/polylerric chelates hydroxyl radical formation is
also inhibited. The low solubility of InsPg/polyterric chelates prevents investigation of
the iron coordination chemistry and the existence ol a displaccable water, although it
was proposed that there would be a free coordination site in InsPg/polyferric chelates
(bascd on the stercochemistry). Inhibition of hydroxyl radical by InsPg/polyferric
chelales was explained by the oxidation of et by molecular oxygen (reverse of first
step) catalysed by InsPg (which also could occur in monoferric chelates), which would
give a shift in the redox potential of iron. This rapid removal of Fe?t without
generation of HO- would contribute to the anti-oxidant properties of InsPg [Grat &
Empson, 1987]. In contrast, some iron chelates, for example with ADP, do catalyse the
formation of hydroxy radicals [Floyd & Lewis, 1983]. This was attributed io the
increased solubility of iron on complexation and to the availability of a readily
dissociable water ligand in such complexes, which is displaced by H2O2 in the Fenton
reaction [Graf et al., 1984). In contrast, Burkitt and Gilbert concluded that InsF

catalyses the Fenton reaction and they also observed that the first step of the Haber-
Weiss cycle is blocked due to a change in the redox potential on complexation of InsPg

with Fe3* [Burkitt & Gilbert, 1990 ; Burkiit & Gilbert, 1991].

3.1.3 InsPg: Low molecular weight chelator of iron

Animal cells possess iron in low molecular weight pools [Pippard er al., 1982] which
may transport iron between transferrin (major route of iron entry into cells), ferritin
(major iron depot in cells) and proteins which require iron o function [Poyner er al.,
1993]. The nature of the ligands which constitute the iron pool is unclear. A number of
molecules have been postulated to exert such a role, for example, amino acids
[Deighton & Hider, 1989] and ATP [Weaver & Pollack, 1989]. 11 has recenily been
proposed that InsPg may be a more attractive intraccllular, low molecular weight, 'safe’
chelator of Fed* [Hawkins er al., 1993] due 1o its high affinity (in region of 10251030

|Poyner er al., 1993]), its high cellular concentrations and its antioxidant properiies




described above. Cycling of specific phosphate groups on InsPg [Stephens & Irvine,
1990] could allow directional transport of bound metal ions mediated by controlled and
localised phosphorylation and dephosphorylution reactions. Phosphates have also been
showi to exchange iron between iron-binding proteins [Morgan, 1977, Cowart et al.,

1986].

3.1.4 Siderophore aciivity of InsPg

Iron is an esscntial clement for the growth of many microorganisms, and in iron
depleted conditions, competition for iron is cssential for survival. Many pathogens
synthesize siderophores, low-molecular-mass high affinity iron chelators and the
corresponding cell surface receptors to enable the cellular intake of external iron,
reviewed by Neilands [Neilands, 1993]. For example, in Pseudomonas aeruginosa

two known siderophores are synthesised under iron-limiting conditions, pyochelin and

3 11

pyoverdine, discussed by Poole [Poole ef al., 1991]. Smith and cowarkers [Smith ef al.,
1994] described that Escherichia coli and Pseudomonas aeruginosa are iwo examples
of bacteria that can also utilise siderophores produced by other bacterial and fungal
species (o solubilise and transport environmental iron.

There is a possibility that iron in the environment could be chelated by InsPg and so its
siderophore activity was invesiigated for the procaryote Pseudomonas aeruginosa
(Smith et al., 1994] . This study showed that InsPg can promote radiolabelled 35Fe
uptake into cells and allow growth in a mutant strain which is deficient in siderophore
production and grown in iron-deficient succinate medium. The transport process was
iron repressible: a decrease in the initial transport rate was seen on the addition of iron
{0 the growth medium, although the binding of the InsPg/Fe3+ complex 1o ihe cell
surface was unaffected by iron concentration. This suggested that some COmMponents are
regulated by iron, but thal the membrane-associated binding proteins are not. It is
unclear how iron is released or iransported from the InsPg/Fe3* complex, this study
showed intracellular iron accumulation but was unable to deiermine whether InsPsg

eniers the cell
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The key to understanding many of the proposed biological propertics of InsPe lics in its
physico-chemical propertics, particularly the way in which it intcracts with metal 1ons
such as Fe3+. Evans and Martin have studied the interactions of Fe3* and Al3 with
InsPg by calorimetry [Evans & Martin, 1988; Evans & Martin, 1991]. Insoluble
complexes werc mainly formed which were shown 1o contain 4 cquivalents of metal

cation for each InsPg.

3.1.5 The structure of InsP¢

InsPg, either in the crystalline form as the dodecasodium salt [Blank er al., 1975] or
bound to deoxyhemoglobin [Arnone & Perutz, 1974], adopts a chair conformation,
with five of the phosphate groups (1-, 3-, 4-, 5- and 6-) surprisingly in axial positions.
In the dodecasodium salt, the phosphate groups were stabilised by bridging sodium ions
and hydrogen bonded water molecules which could account for its unusual
conformation. NMR studies of this salt form in solution support the 5 axial/l equatorial
structure, but in the free acid form, the five phosphate groups are suggested to adopt
equatorial positions, with the conformational change occurring at pH 9.4, triggered by a
deprotonation [Isbrandt & Oertel, 1980]. However, NMR studies have also suggested
conformations of 5-ax/1-eq at low pH (stabilised by hydrogen bonding) and 1-eg/5-ax
at high pH (Emsley & Niazi, 1981). Raman studies show that the hexacalcium salt
adopts the 1-ax/5-eq conformation [Isbrandt & Oertel, 1980], which is also seen in the
crystal structure of hexa(cyclohexylammonium) myo-inositol hexasulphate [Blank er

al., 1976].
3.1.6 Inositol pentakisphosphates
Further understanding of the iron-binding propertics of InsPg can come from

examination of inositol pentakisphosphate isomers (InsPs. Figure 3.3) and lower

inositol phosphates. A study of InsPs isomers is of biological imporiance because they
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Figure 3.3 : Chemical structures of the InsPs isomers and scyllo-inositol

hexakisphosphate

are also present in cells, sometimes at higher concentrations than InsPg.
Ins(1,3,4,5,6)P5 (52), which can be formed from or metabolised to InsPg, is a modulator
of the oxygen affinity of haemoglobin in amphibians and birds [Isaacks & Harkness,
1980], a funcuon controlled by 1,3-diphosphoglycerate in mammals.

All InsPs isomers bind Fe3+ with high affinity, but only those possessing a cis
(equatorial-axial-equatorial) 1,2,3-trisphosphate grouping [Ins(1,2,3,4,6)Ps (53) and
D/L-Ins(1,2,3,4,5)P5 (54)] are also antioxidant, completely inhibiting hydroxyl radical
formation. In contrast Ins(1,3,4,5,6)P5 (52), D/L-Ins(1,2,4,5,6)Ps (55) and scyllo-
inositol hexakisphosphate (56) only caused partial inhibition of hydroxyl radical

formation [Hawkins et al., 1993].
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3.1.7 myo-Inositol 1,2,3-trisphosphate

myo-Inositol 1,2,3-trisphosphate [Ins(1,2,3)P3, 57, Figure 3.4] was first noted in 1992

as a minor component in human tonsil B lymphocytes [McConnell et al., 1992].

OP032'
2-04P0O, OPO32"
HOW “OH
OH
(57)

Figure 3.4 : Chemical structure of Ins(1,2,3)P3

Barker and co-workers have recently found Ins(1,2,3)P3 to be widespread in
mammalian cells at concentrations of 1-10uM, often more abundant than the second
messenger Ins(1,4,5)P3 [Barker, French, 1995; Barker, Wright, 1995].

Ins(1,2,3)P3 was found to be the first eluting InsP3 peak by HPLC. It was identified as
Ins(1,2,3)P3 by a combination of periodate oxidation to ribitol, a structurally diagnostic
polyol, and ammoniacal hydrolysis to known inositol monophosphates. Ins(1,2,3)P3 is
readily detected in cells labelled for long periods, but not in acutely labelled cells. This
slow labelling suggests that Ins(1,2,3)P3 is probably metabolically related to inositol
polyphosphates that also have a slow rate of inositol incorporation such as InsPg
[Barker, French, 1995; Barker, Wright, 1995]. To test a metabolic link between InsPg
and Ins(1,2,3)P3, the dephosphorylation of InsPg by cells was investigated. Ins(1,2,3)P3
was found to be the major product (20% from 70% InsPg dephosphorylation) in WREK-
I cells (rat mammary epithelial tumour cells). In HL60 (human promyeloid leukaemia-
derived) cells and WRK-1 cells, the concentration of Ins(1,2,3)P3 changed litile either
during stimulation through G-protein-coupled recepilors that activate

phosphoinositidase C or during cell differentiation. However, Ins(1,2,3)P3 cell




Ins(1,2,3)P3 containing InsPs whercas other InsP3 isomers decline in concentration. It
was proposed by Barker and coworkers that Ins(1.2,3)P3 may have a role in iron
chelation in the cell. They also suggested that phytasc may become activated in the
middle of the G1 phasce of cell cycle and that this might be related to cell cycle-
dependent changes in iron metabolism in which 1,2.3 trisphosphate containing inositol
polyphosphates could play some part [Barker, French, 1995; Barker, Wright, 1995].

Although the actual metabolic pathway and role of Ins(1,2,3)Py is still unknown,
synthesis of Ins(1,2,3)P3 and study of its physico-chemical properties should help

towards elucidating its function in the cell.

3.1.8 Aims of research

The aim of the project was to synthesise for the first time, the natural product myo-
inositol 1,2,3-trisphosphate, hitherto only available in small quantities from
biochemical sources. This compound represents the simplest structure to mimic InsPg's
antioxidant activity, and its iron binding properties were studied to further demonstrate
the hypothesis that phosphate groups with the equatorial-axial-equatorial conformation
are required for complete inhibition of hydroxyl radical formation. myo-Inosiiol 1,2,3-
irisphosphate's ability to facilitate iron uptake into Pseudomonas aeruginosa was also

tested.

3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis of myo-inositol 1,2,3-trisphosphate (57)

The overall scheme for the synthesis of myo-inositol 1,2,3-trisphosphate (5§7) is shown

in Figure 3.5.
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Figure 3.5 : Synthesis of myo-inositol 1,2,3-trisphosphate

i. p-TsOH, toluene, hexane, ELOH ii. Bu'PhySiCl, imidazole, pyridine

iii. Benzoyl chloride, DMAP, pyridine  iv.Aqucous CF3CO9H

Vv, (ﬁB‘nO)zPNPrig, 1H-tetrazole, CH;Cly, then mCPBA

vi. Hy, PA/C (10%), EtGH, room iemperature, overnight

vii. NaOH (0.5M) Abbreviation: P = (BnO)»P(O); Bn = benzyl; Bz = benzoyl

p-u
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The main strategy behind the synthesis of (57) was to :-

1) Selectively protect the 1-, 2- and 3-position of myo-inositol with easily removable
protecting agents, allowing deprotection under controlled mild conditions

2) Protect the remaining OH groups at position 4, 5 and 6 with a more stable protecting
group

3) Remove the 1-, 2- and 3-position protecting groups without deprotection of 4-, 5-,
and 6-position

4) Phosphorylate the (now free) 1-, 2- and 3-posiiion OH groups with a protecied P(I1H)
phosphitylating agent and oxidise to give the P(V) compound

5) Remove the remaining protecling groups to give the desired irisphosphaie (57).

The bis(cyclohexylidene) acetals 3, 4 and § (prepared in Section 2.2.1.1), were used as
inosiiol starting compounds. The subsequent sieps o myo-inosiiol 1,2,3-irisphosphate

are described below.

Tetrol 6 is an ideal intermediate as it protects the 1- and 2-positions of inositol with an
acid labile (easy to remove) acetal. The cyclohexylidene acelal also brings about a
conformational change in the inositol ring which causes a greater difference in the OH
groups' environment and reactivity, allowing more selective reactions to take place.

D/L-cis-1,2- O-Cylohexylidene myo-inositol 6 was prepared by adapting the method
described by Baker, Billington and Gani (Figure 3.6, [Baker, Billington & Gani,
1991]). A mixiure of the bis(cyclohexylidene) acetals (3, 4, 5; prepared from the
reaction of 1,1-diethoxycyclohexane with inositol (see Section 2.2.1.1, [Dreef er al.,
1991])) were dissolved in toluene, hexane and ethanol. Selective removal of the less
stable rrans cyclohexylidene acetal was achieved by addding a small amount (0.06
equivalent) of p-toluenesulphonic acid at 4°C, lollowed by addition of triethylaming

and siorage al -20°C. Tetrol 6 formed as a while precipitate in a yield of 53%.



Figure 3.6 : Synthesis of D/L-cis-1,2-O-cyclohexylidene myo-inositol (6)

3.2.1.2 Synthesis of D/L-1-0-(tert-butyldiphenylsilyl)-2,3-0-cyclohexylidene myo-
inositol (58)

Selective protection of tetrol (6) at the 1-position with a silyl group gives a compound
which can be protected with acid-stable groups at positions 4, 5 and 6. This fully
protected intermediate can then be deprotected at positions 1, 2 and 3 by acid

hydrolysis or a combination of acid hydrolysis / silyl cleavage by fluoride 1on.

OH Bu'Ph,SiCl, imidazole ~ © OSiBu'Ph
g
HOY “"OH pyridine HOY “/OH

OH OH

Figure 3.7 : Synthesis of 1D-1-0-(reri-butyldiphenylsilyl)-2,3-0-(D-1',7"7-trimethyl
[2.2.1]bicyclohept-2'-ylidene) myo-inositol [Bruzik & Tsai, 1992]



Selective monosilylation at the 1-position of a myo-inositol camphor dimethyl acetal
derivative has been achieved with the bulky rerr-butyldiphenylsilyl group (88% yield,
[Brusik & Tsai, 1992], Figure 3.7). Triol (58, Figurc 3.8) was prepared utilising this
procedure. tert-Butyldiphenylsilyl chloride (1.1 cquivalent) was reacted with tetrol (6)
and imidazole (1.5 equivalents) in pyridine at -10°C. D/L-1-O-(tert-
Butyldiphenylsilyl)-2,3-O-cyclohexylidene myo-inositol (58) was crystallised from
DMEF / chloroform / hexane to give colourless plate crystals in 58% yield. One of these
crystals was used for a X-ray diffraction structure determination (Chapter 4). The 'H

NMR spectrum in CDCl3 included a peak at 1.09 (s, 9 H), for the butyl group.

:;2"0 <;>*“O
O OH Bu'Ph,SiCl, imidazole O OSiBu'Ph;
P

HOY “OH pyridine HOY “OH
OH OH

(6) (58)

Figure 3.8 : Synthesis of D/L-1-O-(tert-butyldiphenylsilyl)-2,3-O-
cyclohexylidene myo-inositol (58)

3.2.1.3 Synthesis of D/L-1-O-(tert-butyldiphenylsilyl)-2,3-O-cyclohexylidene-4,5,6-
tri-O-benzoyl myo-inositol (59)

The next step was to protect the hydroxy groups at positions 4, 5 and 6 of D/L-1-O-
(tert-butyldiphenylsilyl)-2,3-O-cyclohexylidene myo-inositol (58). The first protection
strategy to be attempted was benzylation. The benzyl group is stable to many conditions
and has been used as a protecting group for phosphates as well as alcohols, therefore it
would enable the final deprotection to occur in one step. Unfortunately, benzylation of
the three free hydroxy groups of iriol (58) with NaH and benzyl bromide in DMF was

unsuccessful, leading to many unidentified compounds, as observed by TLC. This
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result may be attributed to alkoxy anion formation leading to silyl migration with the
formation of isomers.

In contrast, benzoylation was successiul (Figure 3.9). Triol (58) was refluxed with
benzoyl chloride and the catalyst DMAP in pyridine. The fully protected inositol
product (59) was purified by flash chromatography and isolated as colourless plate

crystals in 73% vyield which were suitable for X-ray crystallography (Chapter 4).

,OSiBu'Phy ‘
Benzoyl chionde

“ OH DMAP, pyridine

OBz
(58) (59)

Figure 3.9 : Synthesis of D/L-1-O-(tert-butyldiphenylsilyl)-2,3-O-
cyclohexylidene-4,5,6-tri-O-benzoyl myo-1nositol (59)

3.2.1.4 Synthesis of 4,5,6-tri-O-benzoyl myo-inositol (60)

To obtain triol (60), the silyl and cyclohexylidene groups of the fully protected inositol
(59) must be removed. Removal of the rerr-butyldiphenylsilyl group can be achieved
either by fluoride ion, for example TBAF or HF, or by acid or base catalysed
hydrolysis. Base catalysed hydrolysis is not feasible here as it would also removc; the
benzoyl protecting groups. The cyclohexylidene acetal protecting group can be
removed by acid hydrolysis.

Removal of the silyl group from (59) using TBAF in THF was unsuccessful, leading to
many unidentified side producis. This may be attribuied 10 migration of the benzoyl
groups around the inositol ring. Migration of ester groups during desilylation with
TBAF has been suggested for similar reactions [Dodd er al., 1975; Hanessian &
Lavallee, 1975]. The mechanism behind this migration most likely involves aiiack of

the fluoride anion on silicon with formation of an alkoxide anion. Acyl migration would
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then occur by attack of the formed alkoxide on the acyl group. The fluoride ion in THE
may also be sufficiently basic to catalysc migration. Basc catalysed acyl migration has
recently been reported in myo-inositols containing benzoates [Chung & Chang, 1995, a)
and utilised to synthesizc all the possible myo-inositol tetrakisphosphates [Chung &
Chang, 1995, b].

Removal of the cis (cyclohexylidene) ring from (59) was achicved by reacting with
TFA (20%) in chloroform and D/L-1-O-(tert-butyldiphenylsilyl)-4,5,6-tri-O-benzoyl

myo-inositol 62 (Figure 3.10) was isolated in 62% yicld.

o)
O OSiBu'Phy TFA (20%) L, OSiBu'Phy
BzON “I OBz Chloroform ’ “/ OBz
OBz OBz
(59) (62)

Figure 3.10 : Synthesis of D/L-1-O-(tert-butyldiphenylsilyl)-4,5,6-tr1-O-
benzoyl myo-inositol (62)

The desilylation and acetal removal could be achieved in one pot if fully protected
inositol 59 was subjected to an acid-catalysed hydrolysis. This strategy would
overcome the unsuccessful removal of the silyl group with T:BAF and would 1mprove
the overall yield, as 62% for removal of the acetal was unexpectedly low.

Brusik and Tsai [Bruzik & Tsai, 1992] have used aqueou;% HF to remove the teri-
butyldiphenylsilyl group from an inositol derivative in a 70% yield, in the presence of
benzoyl protecting groups. As HF is difficult to work with, 59 was reacted with
aqueous TFA (Figure 3.11). After work-up, the crude product was dissolved in diethyl
ether and 4.,5,6-tri-O-benzoyl myo-inositol (60) precipitated out in a 49% yield (for two
steps). The TH NMR spectrum (Figure 3.12) showed the expected symmetry for triol 60
with a 2:1:1:2 integration pattern for the inositol ring protons, which emphasises

equivalent positions at C-1 and C-3, and C-4 and C-6.



The HENMR spectrum included ; 8y (CDR0D) 4.02 (dd, 2 H, J;, 2.7 Hz, J15 9.7 Hz,
H-1/3), 419 (1, 1 H, J,;, 2.7 Hz, 11:2),5.67 (4, 1 H, J5,4 9.9 Hz, H-5) and 5.85 (1, 2 H,

OH
Aqucous HO OH
- =
CF}COzH BZO\\\‘ “y OBz
OBz
(59) (60)

Figure 3.11 : Synthesis of 4,5,6-tri-O-benzoyl myo-inositol (60)

0

Figure 3.12 - 1H NMR spectrum of inositol ring of 4,5,6-tri-0-benzoyl myo-inosiiol



Dibenzyl N,N-diisopropylphosphoramidite (14) was selected as the P(III) agent to
phosphorylate 4,5,6-tri-O-benzoyl myo-inositol (60). This P(III) phosphoramidite has
been used successfully to phosphorylate many hindered inositol derivatives [Yu &
Reid, 1988] in the presence of 1H-tetrazole. Subsequent oxidation of the phosphite
intermediate with mCPBA to the P(V) derivatives, and hydrogenolysis to remove the
benzyl protecting groups gave the desired inositol phosphate in high yields. The
dibenzyl N,N-diisopropylphosphoramidite (14) is prepared from N,N-

diisopropylphosphorochloridate (63).
3.2.1.5 Synthesis of N, N-diisopropylphosphorochloridate (63)

Using the procedure described by Tanaka and coworkers [1986], two equivalents of
diisopropylamine was addded dropwise to phosphorus trichloride at -78°C to give N,N-

diisopropylphosphorochloridate (63) in 85% yield (Figure 3.13)

‘ Diethyl Ether —\ Cl '
PCl; + 2 Pr',NH =  N-P + Pr',N'H,Cl
78°C — d

Figure 3.13 : Synthesis of N,N-diisopropylphosphorochloridate (63)

One of the secondary amine equivalents was needed to neutralise the HCI evolved to
give the N,N-diisopropylammonium hydrochloride salt, which was removed by
filtration. Purification of N,N-diisopropylphosphorochloridate (63) was accomplished

by vacuum distllation.
3.2.1.6 Synthesis of dibenzyl N, N-diisopropylphosphoramidite (14)
Using the procedure described by [Yu & Fraser-Reid, 1988], two equivalents of benzyl

alcohol and triethylamine was added dropwise to N,N-diisopropylphosphorochloridate

(63) at -78°C (Figure 3.14). The triethylamine was added to neutralise the HCl evolved,



and the tricthylamine hydrochloride salt formed was removed by filtration. The crude
oil was subjected to flash chromatography to give pure dibenzyl N,N-
diisopropylphosphoramidite in 50% yicld. The product was subjected to 'H and 31P
NMR spectroscopy, and the following data were obtained: 8y (CDCls) 1.40 (d, 12 H,
Jyy 6.7 Hz, CHa), 3.90 (sept, 2 H, Jyy; 6.7 Hz, CH), 4.9-5.0 (m, 4 H, CH») and 7.4-7.6
(m, 10 H, Ph), and 8p (CDCl3) 148.4(s).

— C1 2BnOH,2EuN —\ OBn
N=P. >  N-F + 2 Et;NTHCI
— Cl diethyl cther, -78°C — OBn

Figure 3.14 : Synthesis of dibenzyl N,N-diisopropylphosphoramidite (14)

3.2.1.7 Synthesis of 4,5,6-tri-O-benzoyl myo-inositol 1,2,3-tris(dibenzyl phosphate)
(61)

Six equivalents of dibenzyl N,N-diisopropylphosphoramidite (14) and twelve
equivalents of the acid catalyst 1H-tetrazole (present to assist cleavage of the P-N bond)
were reacted with triol 60. After 2 hours, the formation of the trisphosphite 64 (Figure
3.15) was detected as shown by 31P NMR spectroscopy, dp (CDCl3) 140.9 (s, 2P),
139.9 (s, P). The reaction mixture was cooled to -40°C and eight equivalents of
mCPBA was then added to oxidise the trisphosphite to the required trisphosphate 61.
Crystallization from diethyl ether/hexane afforded 61 in a 56 % yield as colourless
laths. A crystal of 61 was grown from chloroform / hexane and its structure was solved
by X-ray diffraction. The structure contained one molecule of water per formula unit
(Chapter 4).

The compound was fully assigned by 'H, 13C and 31P NMR spectroscopy. The
assignments of the 'H NMR spectrum were confirmed with the aid of a COSY
spectrum (Figure 3.16) and data included; 6y (CDCly) 4.45 (dd, 2 H, Igem 117 Hz, Jpy
8.9 Hz, 2 x P-O-CH4HpFh), 4.66 (dd, 2 H, J ., 11.8 Hz, Jpy 7.5 Hz, 2 x P-O-

CH AHzPh), 4.9-5.05 (m, 6 H, 2 x P-O-CH,Ph, H-1/3), 522 (d, 4 H, ]
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Figure 3.15 : Synthesis of 4,5,6-tri-O-benzoyl myo-inositol 1,2,3-
tris(dibenzyl phosphate) (61).
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Figure 3.16 : COSY IH-1H spectrum for 4,5,6-ri-O-benzoyl myo-inositol 1

tris(dibenzyl phosphate) (61)

92



O-CH,Ph), 5.56 (br d, 1 H, Jpyy 9.3 Hz, H-2), 5.75 (, 1 H, Js;4 10.0 Hz, H-5) and 6.16 (1,
2 H, Jys ~ Jus ~ 10.1 Hz, H-4/6). The 3P NMR showed the presence of two
phosphorus environments; 8p (CDCls, 'H decoupled) 1.1 (s, 2P, P-1/3), -2.2 (s, 1P. P-
2) : 8p (CDCla, 1H coupled) -1.2 (sextet, Jpy 8.3 Hz), -2.3 (br sextet, Jpy ~ 6.8 Hz).

3.2.1.8 Synthesis of monosodium tetra(cyclohexylammonium) myo-inositol 1,2,3-
trisphosphate (57)

The final step involves reactions that remove all the protecting groups from 61 1o
liberate the desired inositol trisphosphate 57. A similar deprotection of benzyl groups
on the phosphate and benzoyl groups on the inositol ring from a fully protected
derivative has been reported in one step (two reactions) by Tegge and Ballou [1989] to
give D-myo-inositol 1,4,5-trisphosphate in 87% yield. Using this methodology, 4.5,6-
tri-O-benzoyl myo-inositol 1,2,3-tris(dibenzyl phosphate) 61 was first hydrogenolysed
to remove the benzyl groups to give the free acid (65, Figure 3.17) {dp (CDs3 0OD) 1.80
(s, 1P), 1.43 (s, 2P)}. Saponification of the benzoyl groups with sodium hydroxide,
elution down a cation exchange column (Dowex-50, Ht form), and addition of
cyclohexylamine gave rise to the desired 1,2,3-trisphosphate (57) as a monosodium
tetra(cyclohexylammonium) salt which precipitated on the addition of acetone in an
82% yield. Crystallisation of 57 gave a crystal that was suitable for X-ray diffraction
(Chapter 4). The X-ray structure determination confirmed the existence of myo-inositol
1,2,3-trisphosphate (57) as a monosodium tetra(cyclohexylammonium) salt. The
monosodium salt of myo-inositol 1,2,3-trisphosphate was present before the addition of
cyclohexylamine, presumably attributable to the low pKa of the first ionisation: for
InsPg this pKa (at C-2) 18 1.1 [Costello et al., 1976]: only five of the sodium cations
exchange with HT on passage down the Dowex-50 (H* form) column. The
monosodium Letra(cyclohexylammonium) salt of 57 is formed présumably due 1o the
very high sixth pKa value: for InsPg the highest pKa value (at C-3) 1s 12.0 [Costello er
al., 1976] and the pKa of cyclohexylamine 18 10.64 [James & Lord, 1992}. The highest

pKa value for myo-inositol 1,2,3-trisphosphate has been measured as 8.56 [Schmiti,
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Figure 3.17 : Synthesis of monosodium ietra(cyclohexylammonium)
myo-inositol 1,2,3-irisphosphate (57).

1993]: Only four of the five protons on the phosphates of 57 are iomised by

cyclohexylamine. The compound was fully characterised by TH, 13C and J1F NM]

=

spectroscopy. The 'H NMR of the inositol ring gave Gy (D0) 339 (1, 1 H, Jys 9.2 Hy,

83 (1. 2 H, Tan ~Jass ~ 9.5 Hz, H-4/-6), 3.98 (br 1, 2 H, Ty ~ Ty ~ 8.9 Hz, H-1/-

H-5),

ad
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3), 4.72 (br d, 1 H, Jpy 9.8 Hz, H-2). The 31> NMR spectrum supported the expected
symmetry in the molecule, 8p (D,0, 'H decoupled) 1.70 (s, P-2), 3.62 (s, P-1/3) ;

(DZO, 1]:‘I COUpled ) 1.70 (d, JPH 8.5 1'17,), 3.62 ((1, jp“ 6.1 i'{/)

3.2.2 Inhibition of irom-catalysed hydroxyl radical formation by inositol
phosphates

The inhibition of iron-catalysed hydroxyl radical‘formai.ion by myo-inositol 1,2,3-
trisphosphate, D/L-myo-inositol 1,2-bisphosphate, all myo-inositol tetrakisphosphates
and InsPg was studied by Dr D. R. Poyner. D/L-myo-Inositol 1,2-bisphosphate was
synthesised by Dr S. Freeman and Dr K. R. H. Solomons (described in [Spiers er al.,
1995]) and all of the myo-inositol tetrakisphosphaies were supplied by S-K Chung and
Y-T Chang (synthesis described in [Chung & Chang, 1995, b]. The assay for the Haber
Weiss reaction was that of Hawkins and co-workers [Hawkins er al., 1993], utilising the
hypoxanthine/xanthine oxidase system. Hydroxyl radical was generated and me asured
in the following assay: in the presence of xanthine oxidase, hypoxanthine was oxidised
by molecular oxygen to give xanthine, the superoxide radical anion O2-- and hydrogen
peroxide. The latter two products participated in the iron-catalysed Haber-Weiss
process to give HO-, which reacted with dimethylsulphoxide (present in assay). The
first intermediate formed was the methyl radical, which reacts by at least three routes
[Klein ef al., 1981]: it can abstract a hydrogen o give methane, dimerise to give ethane .

or react with molecular oxygen to give Me-O-0O-, which reacts to give formaldehyde:
2 Me-0-0- ——> HyC=0 + MeUOH + Oy

The ability of the inositol phosphates o chelate with iron and inhibil or calalyse HO-

formation was evaluated by assaying the formaldehyde released by the Hanizsch

reaction [Nash, 1953]. This required incubation of the reaction mixture with pentan-2,4-
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Figure 3.18 : Effects of InsPg (e) and myo-inositol 1,2,3-trisphosphate (§7,a) on HO’
generation. This result is typical of three independent experiments
(Dr D R Poyner).

Both Ins(1,2,3)P3 and InsPg completely inhibited Fe3+-catalysed hydroxyl radical
formation at >100 uM (Figure 3.18), in support of the earlier hypothesis that the cis
1,2,3 (equatorial-axial-equatorial) trisphosphate grouping in InsP¢ is needed to inhibit
Fe3+-catalysed hydroxyl radical formation.

Further confirmation that the 1,2,3-trisphosphate grouping is required for Fe3+-
catalysed HO- formation came from studying the family of my o-inositol
tetrakisphosphates. Only Ins(1,2,3,5)Pq and D/L-Ins(1,2,3,4)P4 were able completely or
almost completely to inhibit HO- generation when present at 100 pM, thereby
resembling InsP¢ (Table 3.1).

In contrast, D/L-Ins(1,2)P failed to inhibit HO+ production. Unexpectedly however, it
substantially potentiated free radical production, thereby resembling other iron
chelators such as ATP, ADP or EDTA [Graf et al., 1984; Floyd & Lewis, 1983,
Halliwell & Gutteridge, 1978]. An Fe3* - D/L-Ins(1,2)P; complex may have less steric
constraints than Fe3+ - Ins(1,2,3)P3, so perhaps this allows HoO or HpO» to enter the
co-ordination sphere in the former complex: Graf and coworkers [Grafl er al., 1984]

have suggested that this would enhance HO- production. However, the difference in
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Table 3.1 : Inhibition by myo-inositol phosphates of HOs-mediated formaldehyde
production. Values represent the amounts of formaldchyde produced. as
percentages of control incubations without added inositol phosphates
(n=4, Dr D R Poyner).

Inositol Phosphate Concentration.

Inositol Phosphate 10 uM 100 uM
D/L-Ins(1,2)P2 125+4 225530
Ins(1,2,3)P3 5118 712
D/L-Ins(1,2,3,4)P4 8714 912
Ins(1,2,3,5)P4 6715 210.3
D/L-Ins(1,2,4,5)P4 86x7 6613
D/L-Ins(1,2,4,6)P4 91%5 70£2
D/L-Ins(1,2,5,6)P4 95%5 772
D/L-Ins(1,3,4,5)P4 9516 88x7
Ins(1,3,4,6)P4 101+4 85%8
D/L-Ins(1,4,5,6)P4 9716 82£5
Ins(2,4,5,6)P4 99+5 78+4
InsPg 53%5 0

properties may also be attributed to a change in redox-potential between the complexes
(Burkitt & Gilbert, 1990; Burkitt & Gilbert, 1991].

Interestingly, it has recently been reported that Ins(1,2,6)P3, Ins(1,3,5)P3 and
Ins(2,4,6)P3 each give a range of strong complexes with Fe3+ [Mernissi-Arifi, 1994].
The derivative with three vicinal phosphates, Ins(1,2,6)P3 (equatorial-equatorial-axial),
binds Fe3+ more strongly than the three alternated phosphates of either Ins(1,3,5)P3 or
Ins(2,4,6)P3. They have proposed that with Ins(1,2,6)P3 the arrangement of the
phosphaies is such that they all participate in binding with Fe3*. In contrast, for
Ins(2,4,6)P3, the axial phosphate on position 2 largely contributes to complex

stabilisation.
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3.2.3 Siderophore activity of myo-inositol 1,2,3-trisphosphate

In view of the similaritics between Ins(1,2,3)P3 and InsPg in their ability to inhibit HO-
production, Dr A. W. Smith and P. Hirst examined whether Ins(1,2,3)P3 also had
siderophore activity using the reported procedure [Smith er al., 1994]. The iron uptake
into cells by the InsPg/53Fe complex was also measured as a control. P. aeruginosa
cells (IA1: a siderophore-deficient mutant strain of PAO1 was used) were grown in
iron-deficient succinate medium and harvested by centrifugation at 4°C. The cells were
suspended to an optical density at 600 nm of 1 (corresponding to 1 x 109 cells per ml)
and equilibrated at 37°C for 15 mins prior to transport studies. >°Fe-labelled complexes
were added to the cell suspension resulting in final concentrations of 100uM InsPg or
Ins(1,2,3)P3 and 200 nM FeCl3 (in a 500:1 molar ratio which makes sure that all iron is
bound in a complex). Iron transport was assayed by withdrawing 200 samples at time
intervals and filtering them through 0.2-pm-pore-size cellulose acetate membrane
filters. The membrane filters were washed to remove any excess media and allowed to
dry. The activity retained on the membrane filters was determined by scintillation
counting on the 3H channel.

As can be seen in Figure 3.19, Ins(1,2,3)P3 promoted iron uptake as a siderophore but
with an activity less than that of InsPe. The reason why Ins(1,2,3)P3 activity 1s less than
InsPg is difficult to determine from just this result. One would expect that InsPg would
have more difficulty in entering the bacterial cells as it has a higher negative charge and
1s more bulkyy than Ins(1,2,3)Ps, that is if either of the compounds actually enter the
cell. If InsPg just bridges iron to the negatively charged membrane, it may require the
phosphates at positions 4, 5 and 6 to achieve this. InsPg may also have the correct
conformation to orientate its bound iron for membrane receptor binding compared to
Ins(1,2,3)P3 Alternatively the InsPg/Fe3+ complex may have the required redox
potential for reduction to Fe2+. The reduction of ferric to ferrous iron is a possible
mechanism which is seen in many bacteria for the release of iron from a siderophore
[Neilands, 1993]. Further details of sidephore activity for other inositol phosphates is

required before any structural relationship can be determined. Physico-chemical studies
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Figure 3.19 : 55Fe transport from inositol phosphates into Pseudomonas aeruginosa. A
1:500 complex was formed by addition of 200 nM 35FeCl3 to 100puM
inositol phosphate (Dr A W Smith & P Hirst).

of other inositol phosphate-iron complexes may also give further insight into the
structure required for biological activity. All that can be deduced here is that
Ins(1,2,3)P3 and InsPg iron complexes in the cell environment may be utilised by
bacteria for iron uptake.

Thus in two different assays of Fe3+ binding, Ins(1,2,3)P3 and InsPg have similar

activity.
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3.3 CONCLUSION

The first synthesis of myo-inositol 1,2,3-trisphosphate has been completed in seven
steps from myo-inositol. Suitable crystals of key synthetic intermediates and that of
myo-inositol 1,2,3-trisphosphate were grown to cnable their X-ray structure
determination (Chapter 4). These structures and cxperimental analysis (Chapter 5)
allowed full characterisation of the synthesised compounds.

Iron binding studies of myo-inositol 1,2,3-trisphosphate demonstrated that phosphate
groups with the equatorial-axial-equatorial conformation are required for complete
inhibition of hydroxyl radical formation. This was confirmed in the iron binding studies
of myo-inositol tetrakisphosphates which showed that only Ins(1,2,3,5)P4 and D/L-
Ins(1,2,3,4)P4 could completely inhibit hydroxyl radical production.

The synthesis of Ins(1,2,3)P3 should enable further studies to elucidate its function in
the cell. A key step would be to determine its metabolic pathway in the cell which
should give information as to whether it is a biological end point or an intermediate to
the synthesis of other important compounds. It is possible that it is a biological by-
product of futile cycling within the cell, which has been suggested for the InsPs isomers
[Stephens, 1991] but this seems wasteful in energy conserved cells.

It was suggested that metal ion-dependent InsPg binding to membranes was not likely
to mediate any physiological response [Poyner et al., 1993] but bearing this in mind,
study of InsPg's chelation properties are important in its possible role as a low
molecular weight iron carrier in the cell [Hawkins et al., 1993] and as a sidephore
[Smith er al., 1994].

The crystal structure of InsPe iron complex would give insight into binding and
structural conformation, however as yet suitable crystals are not available. If solved,
this may not represent what happens in more complicated polyferric systems and may
not prove the mechanism by which the hydroxyl radical formation is prevented.
Structural and physico-chemical properties of related inositol phosphates give some
insight into the conformational requirements for biological activity, which has been

shown in our iron binding studies.
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It is clear that different Fe3+-inositol phosphatc complexes can show a range of
properties. Further studies with InsP3 and InsP; isomers are now needed to see whether
some simple structural motif can explain the enhanced HO- generation seen with D/L-
Ins(1,2)P,, in contrast to inhibition of this phenomenon by the 1,2,3-trisphosphate
grouping. The possible biological consequences of cnhanced HO- generation by some
inositol phosphates and inhibition by others is intriguing. In the future it will be of
interest to determine how Ins(1,2,3)P3 interacts with other inositol phosphates or
biologically relevant Fe3+ chelators such as ATP.

Overall, this study gives indirect evidence for the possible function of InsPg and
Ins(1,2,3)P3. Direct evidence may come from eliminating InsPg or Ins(1,2,3)P3 from a

cell by genetic means and investigating the effect of the planned deficiency on the cell.
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CHAPTER 4

Crystallographic investigation of myo-inositol
compounds
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4.1 INTRODUCTION

4.1.1 The structures of myo-inositol compounds

The biological significance of inositol phosphates has been outlined in Chapters 1,2 and
3. The overall structural conformation of inositol compounds is important as it is likely
(0 determine the biological activity in, for example, biochemical enzyme reactions
[Majerus, 1992] and metal ion binding [Hawkins et al., 1993]. The overall structural
conformation is controlled by many factors such as inositol ring conformation,
hydrogen bonding, crystal structure packing forces (in solid state) and ion binding.

The structure of myo-inositol [Rabinowitz & Kraut, 1964], the parent compound of this
study, and also its dihydrate {Lomer ef al., 1963], have previously been analysed by X-
ray diffraction. Both structurcs showed the cyclohexane ring to exist in the chair
conformation with one of the six hydroxyl groups axial and the other five equatorial
(1a/5e). The distortion of the ring from a perfect chair was small in the two cases,
which was also seen in the fully protected derivatives, 1,2,3.,4,5,6-hexa- O-acetyl-myo-
inositol [Abboud et al., 1990] and D/L-3,4-di-O -acetyl-1,2,5,6-tetra- O-benzyl-myo-
inositol [Steiner et al., 1993). lon binding to myo-inositol by magnesium chloride
(Blank, 1973] and calcium bromide (Cook & Bugg, 1973] as hydrate complexes has
been shown to impose more noticeable ring distortion but still retain the expected
(la/5¢) conformation.

The structure of two phosphate derivatives of myo-inositol have previously been
determined by X-ray diffraction. myo-Inositol 2-phosphate monohydrate [Yoo etal.,
1974] was found to exist in a slightly distorted chair conformation with the phosphate
ester axial and the five hydroxyl groups equatorial (1a/5e). On the contrary, the
structure of InsPg (see 3.15) as the dodecasodium salt [Blank et al., 1975) or when
bound to deoxyhemoglobin [Arnone & Perutz, 1974] was found to adopt the unusual 5

axial / 1 equatorial conformation .
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4.1.2 Aims of research

The aims here were 0 use X-ray diffraction to determine the structures of synthesised
inositol compounds and to fully analysc their conformations. Firstly, this would give
further evidence to the assignment of functional groups in their respective positions on
the inositol ring, carried out by experimental analysis (Chapter 5). Secondly, it would
show the effect substituents have on the conformation of the inositol ring. Finally. it
would illustrate the effect hydrogen bonding and counter-ion interactions have on the

overall structures.

4.2 EXPERIMENTAL, RESULTS AND DISCUSSION

4.2.1 Crystal structure of D/L-1,2;4,5-di-O-cyclohexylidene myo-inositol (3) at
293K and 150K

4.2.1.1 Experimental

D/L-1,2:4,5-Di-O-cyclohexylidene myo-inositol (3) slowly crystallised in acetone and
hexane to form colourless rectangular plate crystals. A single crystal (0.65 x 0.60 x 0.08
mm) was chosen for X-ray determination at both 293K and 150K. The room
temperature data (293K) were collected from an Enraf-Nonius CAD4 diffraciometer
with monochromated graphite Mo-Ko. radiation, A = 0.71069A. The low temperature
data (150K) were collected from a Stadi-4 diffractometer at Edinburgh University with
the help of Dr A. J. Blake, and monochromated graphite Mo-Kao radiation, A =

0.71069A was also used.

4.2.1.2 Crystal data
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12.652(3)A, B = 94.03(2)" and V = 1735.6()A3. At 150K, a = 12.273(2), b =
11.037(5),c = 12.62()(4)A, B=9492(2) and V = 1703.2(10)A3. The formula weight is
340.40 (F(000) = 736), the calculated density Dy = 1.303 Mg m-3 at 293K and Dy =
1.328 Mg m-3 at 150K. The absorption coclficicnts were p = 0.058 mm-! (293K) and p

=0.099 mm-! (150K).

4.2.1.3 Data collection at 293K

Unit cell dimensions were obtained from least squares analysis of setting angles of 25
accurately centred reflections, 9.4 < 6 < 13.8". Intensity data were collected by the ®-26
scan technique, Bragg angle 2 < 6 < 25°. The @ scan angle was calculated from
[M+N(1an6)]°, where M = 0.9, N = 0.35 and increased by 25% on each side for
background determination. The ® scan speed was varied from 0.4 to 2.8'min"!
depending upon intensity. Six different standard reflections were used during data
collection: three intensity reflections (measured every two hours) and three orientation
reflections (monitored every 200 reflections). No appreciable loss of intensity or crystal
movement was detected during collection. The 6381 reflections were measured for -14
<h<0,-13<k<13,-14 <1< 15 and merged to give 3040 independent reflections

(Rint = 0.0231).

4.2.1.4 Data collection at 150K

Unit cell dimensions were obtained from least'squares analysis of setting angles of 32
accurately centred reflections, 28 < 6 < 30°. Intensity data were collected by the ®-26
scan technique, Bragg angle 2.89 < 0 <25.03". Six different standard reflections were
used during data collection: three intensity reflections (measured every hour) and three
orientation reflections. No appreciable loss of intensity or crystal movement was
detected during collection. The 2169 reflections were measured for -14 <h < 10,0 <k

<11,0<1< 13 and merged to give 2165 independent reflections (Rinty = 0.0377).
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4.2.1.5 Structural determination and refinement for data at 293K

Lorentz, polarisation and intensity corrections (3.5% decay) were applied to the
collected data. The space group was determined unambiguously as a result of structure
analysis. An initial structure was solved by direct methods using the EEES routine in
SHELX-76 [Sheldrick, 1976]. Bascd on the atomic positions determined from the E-
map, the remaining non-hydrogen atoms were located in an electron density map using
SHELX-76 {Sheldrick, 1976].

Full-matrix least-squarces refinement of atomic positions and anisotropic temperature
factors (for non-hydrogen atoms) on Fophg was applied using SHELX-76 [Sheldrick,
1976].

All the hydrogen positions were located from difference electron density maps. The
hydrogen atoms of the two hydroxy groups were both found to have two possible sites,
i.e. they were disordered. To accommodate this disorder, each hydroxy group had the
two possible hydrogen sites restrained at a common distance (one free variable was
used for all four sites) with an estimated standard deviation of 0.02, their temperature
factors were set to a common free variable and the total occupancy for each pair of sites
equalled one. Hamilton's test {Hamilton, 1974] was performed to show that the
introduction of two more hydrogen atoms (ie. 6 more parameters) into the structure
refinement, gave a reduction in the R value that was significantly greater than that
expected just from an increase in the degrees of freedom. Comparison of the weighted
R values from SHELX-76 [Sheldrick, 1976] for two and four hydrogen atom sites gave
a ratio of 1.501:1. The expected ratio from the introduction of 6 more degrees of
freedom was 1.005:1 (o = 0.01). This shows that the extra two hydrogen atoms make a
significant difference in the R value at a 99% probability.

Further refinements of the structure, which included parameters for atomic co-
ordinates, temperature factors (anisotropic for non-hydrogen atoms and isotropic for
hydrogen atoms) and an overall scalc factor, were carried out. In the weighting scheme
1.6014/[c2(Fo)+gFo2] where g converged to 0.000153, the parameters converged at

discrepancy indices R = 0.0289 and Rw = 0.037 for 2136 observed reflections [Fo >
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Gabay] The final maximum shift / c.s.d. ratio was 0.002 and the maximum and

minsnan features on a difference Fourier map were 0.17 and -0.14 ¢ A3,

4.2.1.6 Structural determination and refinement for data at 150K

lorentz, polarisation and intensity corrections (1.7% decay) were applied to the
collectzd data, The space group was determined unambiguously as a result of structure
analysis. The non-hydrogen atom co-ordinates from the solved structure above (at
293K ) were used for an initial structure. Full-matrix least-squares refinement of atomic
positions and anisotropic temperature factors (for non-hydrogen atoms) on Fohg= was
applied using SHELXL.-93 [Sheldrick, 1993].

All the hydrogen positions were located from difference electron density maps. The
hydrogen atoms of the two hydroxy groups were again found to have two possible sites
and the disorder was treated as for the data at 293K. Two hydrogen atoms H25 and H30
had fixed temperature factors. Further refinements of the structure, which included
parameters for atomic co-ordinates, temperature factors (anisotropic for non-hydrogen
atoms and isotropic for hydrogen atoms) and an overall scale factor, were carried out.
In the weighting scheme 1/[o2(Fo2)+( 0.1000P)2+0.0000P] where P=(Fo2+42Fc?)/3, the
paramecters converged at discrepancy indices R = 0.0461 and Rw = 0.1143 for 1523
observed reflections [Fo > 4o(Fo)]. The final maximum shift / e.s.d. ratio was 0.002
and the maximum and minimum features on a difference Fourier map were 0.26 and

0.34¢ A3

4.2.1.7 Results and discussion

Full structural data for D/L-1,2:4,5-di-O-cyclohexylidene myo-inositol (3) arc given in
Tables 4.1 (non-hydrogen atomic co-ordinates), 4.2 (bond lengths and angles), 4.3

(anisotropic displacement parameters) and 4.4 (hydrogen atomic co-ordinales and their

isotropic temperature factors), and torsional angles arc given in Appendix 1.
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ORTEPI dingram [Johnson, 1976] of D/L-1,2;4,5-di-O-cyclohexylidene

Figure 4.1 :
g scheme for non-H atoms.

myo-inositol at 293K showing the labellin
Thermal cllipsoids are drawn at the 50% probability level.
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Table 4.1 : Atomic co-ordinates of non-hydrogen atoms (X 104) and equivalent
isotropic temperature factors (x 103) for D/L-1,2:4,5-di-O-
cyclohexylidene myo-inositol (3) at 293K and 150K with estimated
standard deviations in parentheses. U(eq) 18 defined as one third of the
trace of the orthogonalized Ujj tensor.

293K X Y Z U(eq)
C(01) 1779 (1) 1672 (1) 2740 (1) 37(1)
C(02) 1535(1) 2673 (1) ' 1917 (1) 35(1)
C(03) 432 (1) 3271 (1) 1868 (1) 33(1)
C(04) 121 (1) 3460 (1) 2978 (1) 34(1)
C(05) 144 (1) 2275 (1) 3559 (1) 31(1)
C(06) 1277 (1) 1847 (1) 3809 (1) 31(1)
0(07) 2926 (1) 1697(1) 2865(1) 45(1)
0(08) 2358(1) 3529 (1) 2217 (1) 33(1)
0(09) 452 (1) 4377 (1) 1302 (1) 41 (1)
0(10) 964 (1) 3839 (1) 3048 (1) 49 (1)
O(11) -466(1) 2574 (1) 4441 (1) 39(1)
0(12) 1342 (1) 732 (1) 4376 (1) 38(1)
C(13) -1344(1) 3305(2) 3996 (1) 39(1)
C(1l4) -2323(2) 2543 (2) 3692 (2) 51(1)
C(15) -2866(2) 2082 (2) 4654 (2) 61(1)
C(1l6) -3124(2) 3106 (2) 5391 (2) 59(1)
C(17) -2121(2) 3819(2) 5727 (2) 52 (1)
c(18) -1582(2) 4294 (2) 4772 (2) 47 (1)
C(19) 3303 (1) 2824 (1) 2456 (1) 38(1)
C(20) 4013 (2) 3471 (2) 3282(2) 55(1)
C(21) 4478 (2) 4626 (2) 2853 (2) 64 (1)
c(22) 5055 (2) 4393 (2) 1851 (2) ' 69 (1)
C(23) 4332 (2) 3751(2) 1026 (2) 57(1)
c(24) 3888(2) 2585(2) 1460(2) 47 (1)
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Table 4.1 continued

150K X % z
C(01) 1770(2) 1681 (3) 2757(2)
C(02) 1512 (2) 2677 (3) 1924 (2)
C(03) 392 (2) 3273 (3) 1870(2)
C(04) 86(2) 3472 (3) 2971(2)
C(05) 122 (2) 2299 (3) 3574 (2)
C(06) 1282 (2) 1875 (3) 3829 (2)
0(07) 2941 (2) 1699 (2) . 2878(2)
0(08) 2353 (2) 3539 (2) 2227(2)
0(09) 410(2) 4379 (2) 1291 (2)
0(10) ~1029(2) 3837 (2) 3031(2)
0(11) ~479(2) 2610(2) 4459 (1)
0(12) 1369 (2) 768 (2) 4417 (2)
C(13) ~1389(2) 3319 (3) 3999 (2)
Cc(14) ~2375(3) 2527 (3) 3718(3)
C(15) ~2897(3) 2079 (3) 4702 (3)
c(16) ~3155(3) 3135(3) 5429 (3)
C(17) ~2148(3) 3883 (3) 5734(3)
c(18) ~1632(3) 4331(3) 4752 (3)
C(19) 3320(2) 2829 (2) 2459 (2)
C(20) 4066 (3) 3477 (3) 3280(3)
c(21) 4530 (3) 4642 (3) 2839 (3)
c(22) 5070 (3) 4421 (3) 1816 (3)
c(23) 4306 (3) 3759 (3) 997 (3)
c(24) 3881 (3) (

2587 (3) 1449 (3)
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Tuble 4.2 : Bond lengths (A) and bond angles () for D/L-1,2:4,5-di-O-
cyclohexylidene myvo-inositol (3) at 293K and 150K with estimated

standard deviations i parentheses

SOn 293K Distance (A) 150K Distance (A)
ALYy~ 002) 1.535(2) 1.535(4)
Gy -000T7) 1.426(2) 1.433(3)
G =-CL03) 1.521(2) 1.520(4)
CHOZ -01008) 1.426(2) 1.432(3)
CLOY ) -0O109) 1.417(2) 1.424(4)
LG4, -C(03) 1.498(2) 1.487(4)
CLO4)-C(105) 1.500(2) 1.500(4)
c0O4)-0(10) 1.423(2) 1.435(3)
05 )-C(06) 1.500(2) 1.506(4)
0% -0(11) 1.431(2) 1.432(3)
—TI06)~-C(01) 1.541(2) 1.541(4)
ClO6)-0(12) 1.425(2) 1.429(3)
C(13)-C(14) 1.509(3) 1.510(4)
C(12)-C(18) 1.511(2) 1.513(4)
C(14)-C(15) 1.520(3) 1.527(4)
C(1l5)-C(1l6) 1.514(3) 1.533(5)
C(l6)y~-C(17) 1.511(3) 1.509(5)
C(l7)y-C(18) 1.518(2) 1.522(4)
C(19)-C(20) 1.501(3) 1.504(4)
C(19)-C(24) 1.523(3) 1.524(4)
C(20)-C(21) 1.518(3) 1.530(5)
C(21)y-C(22) 1.521(3) 1.520(5)
C(22)-C(23) 1.507(3) 1.522(5)
C(23)-C(24) 1.520(3) 1.524(4)
O(07)-C(19) 1.439(2) 1.447(3)
0(08)-C(19) 1.425(2) 1.432(4)
O0(10)-C(13) 1.446(2) 1.451(3)
O(11)-C(13) 1.442(2) 1.444(3)
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293K Angles (")

Bonds

Ut S e T T T e T e e e e e e S S S e S e B

e e e e e e e e v e e e e e e e e e s e s s e s e e e S S e S S S e

O U SRS T T T e e S e I o e S S N

e e e e e e e e e e e e e e e e e s s e s s s s s e s s S e S e S

d A~ O A4 Mm 4 W A m W ™»H O < 0NN > > Y oSN o0 N W M AN ™M o N 0
0O H 0 O N O N O ¢ 0O A 4 O~ 0N LW N N H LW o o 0o 0o 0NN N
H4 0O 0 0 0 4 O 4 4 0 4 4 0 0o o o o 4 0 A A d 4 o0 o o 4 o 0o o « O « o A
o 4 4 4 4 4 4 4 4 A4 4 4 4 4 4 4 A4 4 A4 4 A4 A A4 A A A 4 A L e e A e A e H e O
MO N N~ 0NN 0O NV dAmm o 4 NmM N> O 00 Y Y oA g 0N~ 0w
O 0 A 4 0 04 o0 4 0 0 o A Ao d o A4 o0 o d N o N A A A A A A A A A

~ ~— ~ ~— ~— ~— ~— ~— ~ ~— o~~~ ~— ~— ~— ~— ~— ~— ~ ~— ~— ~— S ~— ~— ~— ~— ~ ~ ~ ~

U U e T e B e S B S I

N N W >~ A MmO N MmO O YOO A A AN oMM Mmoo 0Mmon
O 0O 0O 0O 0O 0 o0 o0 o0 00 0o o 40 o0 oo 400 o A A A A4 A A A A A A A4 A A A
O U U O UVUULUOUUULULUVUULULULUOUUVUULVLUVOULVLULULUVULULULLVDUULDLLVLLULDOLDODDDODU
T T T O O T S T T e e e e e s e
—H 4 Hd H4 NN N MM S S Y DN N N n W w Y>>0 0 o0 o0 o d A mnom ¢ <
O 0O 0O 0O 0O 0O 0O 0 0 0 0 0 00 00 0 o0 o0 oo oo oo oo oo oo ddAdAAA A4 A d
UV LV U UULLUULVLULULVLULUULUULVLULUUULULULULULUDLOOOOOOoOOoO OO OV UL oL
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Table 4.3 : Anisotropic displacement parameters (X 103 for D/L-1,2:4,5-di-0-
cyclohexylidene myo-inositol (3) at 293K and 150K with estimated

standard deviations in parentheses

293K U1l u22 U33 U23 U13 U12
C(01) 37(1) 26 (1) 37(1) 2(1) 11(1) ~2(1)
c(02) 40 (1) 29 (1) 29 (1) ~1(1) 12(1) ~3(1)
C(03) 40 (1) 31(1) 28 (1) ~1(1) 5(1) 2(1)
C(04) 35 (1) 33 (1) 33(1)  4(1) 8(1) ~1(1)
C(05) 37 (1) 33(1) 26 (1) ~2(1) 9(1) “1(1)
C(06) 36 (1) 28 (1) 30 (1) ~2(1) 6(1) ~1(1)
0(07) 37 (1) 36 (1) 64 (1) 8(1) 16 (1) 3(1)
0(08) 35(1) 28 (1) 45 (1) 2(1) 11(1) 3(1)
0(09) 50(1) 39(1) 34(1) 8(1) 11(1) 10(1)
0(10) 46 (1) 57 (1) 47(1) 20(1) 21(1) 18 (1)
0(11) 38 (1) 49 (1) 32(1) 8(1) 14 (1) 6(1)
0(12) 43 (1) 38 (1) 33 (1) 2(1) 7(1) 9(1)
C(13) 38 (1) 43 (1) 36(1) 8(1) 12(1) 6(1)
c(14) 43 (1) 58 (1) 50 (1) 4(1) 5(1) ~9(1)
C(15) 48 (1) 55 (1) 82 (2) ~8(1) 21 (1) ~1(1)
C(16) 48 (1) 65 (1) 65(1) 1(1) 26 (1) 2(1)
C(17) 46 (1) 66 (1) 46 (1) 9(1) 16 (1) ~4 (1)
c(18) 40 (1) 47 (1) 55(1) ~1(1) 16 (1) ~7(1)
C(19) 35(1) 32 (1) 47(1) 4(1) 13(1) 7(1)
C(20) 46 (1) 55 (1) 55 (1) 3(1) 4(1) 1(1)
c(21) 54(1) 53 (1) 86(2) -10(1) 7(1) -8 (1)
c(22) 48 (1) 54(1)  107(1) ~8(1) 25(1) 10 (1)
c(23) 51(1) 56 (1) 68(1) 4(1) 30(1) 14 (1)
C(24) 44 (1) 41 (1) 58 (1) 7(1) 21(1) 1(1)
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Table 4.4 : Hydrogen atomic co-ordinates (x 103) and isotropic temperature factors
(x 103) for D/L-1,2;4,5-di-O-cyclohexylidene myo-inositol (3) at 293K

and 150K with estimated standard deviations in parentheses

293K X Y z U(iso)
H(25) 611 (1) 403 (1) 334 (1) 30 (4)
H(26) _22(1) 168 (1) 313 (1) 29 (4)
H(27) 170 (1) 243 (1) 422 (1) 30 (4)
H(28) 155 (1) 89(1)  247(1) 27 (4)
H(29) 166 (1) 235(1) 122 (1) 28 (4)
H(30) ~9(1) 272 (1) 149 (1) 25(4)
H(31) 211 (2) 485 (2) 440 (1) 59 (6)
H(32) ~91(2) 470(2) 499 (1) 58(5)
H(33) ~160 (2) 328(2) 613 (2) 65(6)
H(34) ~230(2) 450(2) 623 (2) 69 (6)
H(35) ~363(2) 365 (2) 500 (1) 55 (6)
H(36) 345 (2) 278 (2) 603 (2) 75(6)
H(37) 236 (2) 151(2) 504 (2) 68 (6)
H(38) ~354(2) 163 (2) 441 (2) 87 (7)
H(39) 285 (2) 303 (2) 328 (1) 55(5)
H(40) 2212(2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>