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Introduction. ID-myo-Inositol 1,4,54risphosphate 

(1,4,5-IP3) plays an important role in the signal trans- 
duction processes as an intracellular second messenger.l 
Extracellular agonist stimulation generates 1,4,5-IP3 via 
phospholipase C catalyzed cleavage of the minor mem- 
brane lipid phosphatidylinositol 4,5-bisphosphate. 1,4,5- 
IP3 mediates the release of Ca2+ from a store in the 
endoplasmic reticulum by an interaction with a specific 
receptor, which has been ~ u r i f i e d , ~ ? ~  cloned, and se- 
q u e n ~ e d . ~ ? ~  The 1,4,5-IP3 calcium mobilizing signal is 
terminated by the metabolism of 1,4,5-IP3 involving two 
main pathways. Dephosphorylation of the 5-phosphate 
group catalyzed by the enzyme 5-phosphatase results in 
the formation of ID-myo-inositol 1,4-bisphosphate (1,4- 
IP2), which is not active as a calcium mobilizing agent and 
is subsequently degraded to free inositol by other phos- 
phataees.6 The second metabolic route involves phos- 
phorylation of the 3-hydroxyl group of 1,4,5-IP3 by an 
ATP-dependent 3-kinase yielding 1D-myO-hOSitol1,3,4,5- 
tetrakisphosphate (1,3,4,5-IP4), whose putative role of 
stimulating the entry of extracellular calcium by acting 
on a different receptor is still contro~ersial.~-~ 

In the search for understanding the molecular basis for 
recognition of inositol polyphosphates, a number of 
analogues of 1,4,5-IP3 have been recently synthesized.'&l2 
It was concluded that the vicinal 4,5-phosphate groups of 
1,4,5-p3 are of critical importance to receptor recognition 
and calcium m~bilization,'~ while the l-phosphate group 
plays an enhancing role in receptor binding.14 Extending 
and consolidating previous fiidings regarding the impor- 
tance of the individual hydroxyl groups of 1,4,5-IP3, we 
recently gave a solid proof for the minor role of the 2- and 
3-hydroxyl groups in receptor binding, and the critical 
role for the 6-hydroxyl group, which may be involved in 
f i g  the solution conformation by intramolecular hy- 
drogen bonds to the neighboring phosphate 
Studies of the biological activity of 1,4,5-IP3 analogues 
have shown that the 3-kinase is more specific in its binding 
of inositol phosphates than the relatively nonspecific 
5 - p h o s p h a t a ~ e . ~ ~ J ~ ~ *  On the other hand, 1,4,5-IP3 ana- 
logues lacking a hydroxyl group at the 3-position could be 
crucial in establishing a role for 1,3,4,5-IPd, since such 
molecules would not be substrates for the 3-kinase and/or 
act as inhibitors of this enzyme. Therefore, in the course 
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Figure 1. Deoxygenated 1,4,5-IPs analogues. 

of our search for agonists and antagonists of the 1,4,5-p3 
receptor and for 5-phosphatase and 3-kinase enzyme 
inhibitors, we designed and synthesized several different 
types of structurally diverse deoxygenated analogues of 
1,4,5-p3 (Figure 1). First wemodified the parent molecule 
by stepwise deletion of the free hydroxyl groups as 
represented by 1~-3-deoxy-1,4,5-IP3 (l), lD-2,3-dideoxy- 
1,4,5-1& (2), and 1~-2,3,6-trideoxy-l,4,5-IP3 (3). 

A second set of structurally simplified analogues was 
designed by more than one modification of 1,4,5-IP3, but 
by keeping the stereochemistry of the substituents at C-1, 
C-4, and C-5 intact. (lR,2A,4R)-Cyclohexanne-1,2,4-tris- 
(methylenephosphate) (4) was constructed by deletion of 
all of the free hydroxyl groups of 1,4,5-IP3 and insertion 
of methylene groups between the phosphate groups and 
the cyclohexane ring. Next, substitution of the phosphate 
groups with phosphonic and sulfonic acid groups led to 
(lR,M,4R)-cyclohexane- 1,2,4-tris(methylenephospho- 
nate) (5) and -tris(methylenesulfonate) (6a), respectively. 
In addition, inversion of the configuration of the substit- 
uent at C-4 gave (1R,2R,4S)-cyclohexane-1,2,4-tris(meth- 
ylenesulfonate) (6b). Finally, a more drastic structural 
simplification was achieved by the substitution of the 
cyclohexane moiety of the parent structure with a benzene 
ring as represented by benzene-l,2,4tris(methylenephos- 
phonate) (71, since excellent overlap of the phosphate 
groups of 1,4,5-IP3 with the phosphonate groups of 7 was 
observed in molecular modeling studies. Herein we report 
the synthesis and the interaction of the deoxygenated 1,4,5- 
IPS analogues with the metabolic enzymes 5-phosphatase 
and 3-kinase, the bovine adrenalcortical 1,4,5p3 receptor, 
and the Ca2+ mobilizing receptor of SH-SY5Y human 
neuroblastoma cells. The novel (lR,M,4R)-cyclohexane- 
1,2,4-tris(methylenesulfonate) (6a) appeared as a highly 
potent and selective inhibitor of the 5-phosphatase. 

Chemistry. The deoxy-1,4,5-IP3 analogues 1,2, and 3 
were synthesized from the naturally occurring cyclitol, 
L-quebrachitol, as recently described.15 

The phosphate, phosphonate, and sulfonate analogues 
4,5,6a, and 6b were obtained from a common precursor 
constructed via a synthetic route recently described by 
us19 employing an asymmetric Diels-Alder reactionm 
(Scheme I). Cycloaddition of the di-(+)-menthyl ester of 
fumaric acid with 2- [(benzyloxy)methyll-1,3-buta- 
diene (9a) l9 or 2- [ [(tert-butyldimethylsilyl)oxylmethyl]- 
l,&butadiene (9b)22 in the presence of diieobutylaluminum 
chloride gave the cyclohexenes loa and lob, respectively, 
with a diastereomeric purity of 98 % . Hydrogenation of 
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10a over Pd/C afforded the cyclohexanes l la  and l l b ,  
which next were separated chromatographically and 
reduced with LiAlH4 to give the enantiomerically pure 
cyclohexane-1,2,4-trismethanols 12 and 13. Treatment 
of (1R,2R,4R)-cyclohexane-l,2,4-trismethanol (12) with 
sodium hydride and dibenzyl pyrophosphate led to the 
protected phosphate 14, which after hydrogenation over 
Pd/C and treatment with sodium hydroxide gave the target 
analogue (1R,2R,4R)-cyclohexane-l,2,4-tris(methylene- 
phosphate) (4) as a hexasodium salt. Mitsunobu reaction 
of the triols 12 and 13 involving the use of thiolacetic acidz3 

gave the corresponding thiolacetates, which were reduced 
with LiAlH4to the cyclohexane-l,2,4-tris(methylenethio~) 
15 and 16, respectively. Subsequent oxidation with nitric 
acidz4 and treatment with sodium hydroxide afforded the 
desired (1R,2R,4R)-cyclohexane-1,2,4-tris(methylene- 
sulfonate) (6a)l9 and (1R,2R,4S)-cyclohexane-l,2,4-tris- 
methylenesulfonate (6b) as its trissodium salt. 

Initial attempts to prepare the analogue (1R,2R,4R)- 
cyclohexane-1,2,4-tris(methylenephosphona~) (5) from 
the triol 12 via nucleophilic displacement of the corre- 
sponding triiodide with phosphorus under the conditions 
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reaction was assigned as 22b and was further hydrolyzed 
with concentrated hydrochloric acid and treated with 
sodium hydroxide to give the required analogue (lR,2R,4R)- 
cyclohexane-l,2,4-tris(methylenephosphonate) (6) as ita 
hexasodium salt. 

The analogue 7 was prepared in a few steps from 
benzene-1,2,4-trismethanol (23) as described in Scheme 
111. The triol 23 was converted to the corresponding 
tribromide 24, which was reacted with dibenzyl phosphite 
under the conditions of the Michaelis-Becker reaction to 
give the tris(dibenzy1 phosphonate) 26. Subsequent 
hydrolysis and treatment with sodium hydroxide gave the 
desired analogue benzene-1,2,4-tris(methylenephospho- 
nate) (7) as ita hexasodium salt. 

Biology. All of the deoxygenated 1,4,5-IP3 analogues 
were examined for their ability to interact with the 
metabolic enzymes 3-kinase and 5-phosphatase, to bind 
to the 1,4,5-p3 receptor, and to mobilize intracellular Ca2+ 
stores (Table I). 

While we have previously reported that 1D-3-deoxy- 
1,4,5-IP3 (1) and 1~2,3-dideoxy-l,4,5-IP3 (2) possess 
relatively potent ligand and agonist activity, which was 
reduced dramatically for the analogue lacking the 6-hy- 
droxyl group, i.e., lD-2,3,6-trideoxy-l,4,54P3 (3),15 the rest 
of the deoxygenated analogues tested were essentially 
devoid of significant binding and Ca2+ mobilizing activity. 

Several of the analogues were relatively active inhibitors 
of the enzyme preparations. In particular (1R,2R,4R)- 
cyclohexane-l,2,4-tris(methylenesulfonate) (6a) (Ki 3.9 
NM) exhibited potent inhibition of 5-phosphatase-cata- 
lyzed dephosphorylation of r3H1-1,4,5-IP3. In contrast, 
inversion of the configuration at C-4 of 6a, as represented 
by the isomeric analogue (lR,2R,4S)-cyclohexane-l,2,4- 
tris(methy1enesulfonate) (6b) led to the loss of the 
inhibitory activity against 5-phosphatase. In this respect, 
we should note that the recently described32 racemic myo- 
inositol 1,4,5-trissulfate, a 1,4,5-IP3 analogue with oxygen 
atoms in place of the methylene groups of 6a, was reported 
to be inactive in calcium release studies. Unfortunately, 
no data on the interaction of this analogue with the 
metabolic enzymes were provided. 

In conclusion, the novel methylenesulfonate 6a may be 
a valuable tool for studies requiring specific 5-phosphatase 
inhibition, since it fails to exhibit significant ligand or 
agonist activity and does not react with the 3-kinase. We 
are currently investigating the ability of cell-permeable 
derivatives and analogues of (lR,2R,4R)-cyclohexane-l,2,4 
tris(methy1enesulfonate) (6a) to inhibit 5-phosphatase 
activity in intact cells. 
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of the Michaelis-Arbusov or Michaelis-Becker reactions2s 
were unsuccessful. Therefore, we decided first to employ 
the more reactive allylic function of the starting adduct 
10b to install a phosphonate group by the Michaelis- 
Arbusov reaction and then to use the Michaelis-BeckerZ5 
reaction to introduce the remaining two phosphonate 
functions. As shown in Scheme 11, the ester groups of 10b 
were reduced with LiAlH4, and the resulting diol was 
protected as the diacetate 17. Cleavage of the TBDMS 
group with p-toluenesulfonic acid gave the allylic alcohol 
18, which after conversion to the corresponding chloride, 
followed by treatment with triethyl phosphite, led to the 
phosphonate 19. Saponification of the acetate groups in 
19 followed by mesylation afforded 20, which was reacted 
with sodium diethyl phosphite26 to give the trisphospho- 
nate 21. Finally, hydrogenation of 21 over Pd/C led to the 
formation of the chromatographically separable cyclo- 
hexanes 22a and 22b, with the latter isomer predominating. 
The assignment of stereochemistry to 22a and 22b was 
made by examining the 13C NMR chemical shifts of the 
methylene groups at the C-4 position. Similarly to the 
isomeric cyclohexane-1,2,4-trismethanols 12 and 13 
(Scheme Ill9 and as a consequence of steric compres~ion,~~ 
the equatorial hydroxymethylene group at C-4 of 22b 
appears at lower field than the axial hydroxymethylene 
group of 22a (see structures 22a and 22b for chemical 
shifts). Thus the major isomer of the hydrogenation 
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