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INTRODUCTION

myo-Inositol 1-phosphatase (mIPase), an enzyme in-
volved in the phosphatidylinositol signal transduction path-
way, is known to be inhibited by lithium at concentrations
comparable to those used therapeutically (1). This enzyme
converts both isomers of myo-inositol 1-phosphate (1) to
myo-inositol and plays a role in the formation of phosphati-
dylinositol (Scheme I). Disruption of myo-inositol metabo-
lism may lead to a decline in membrane phosphoinositide
levels and may lead to a decrease in the sensitivity of recep-
tor mechanisms requiring inositol phospholipids (2—4). Fur-
thermore, Berridge et al. (5) have shown that the action of
lithium in vivo may be rather selective. Lithium appears to
be maximally effective against those cells whose phosphati-
dylinositol-linked receptors are being abnormally stimu-
lated. Lithium could therefore preferentially affect those re-
ceptor pathways that are abnormally active and normalize
the neuronal pathways that are responsible for both mania
and depression (5,6). These actions would be confined pri-
marily to the central nervous system, since peripheral cells
can readily obtain myo-inositol from the blood. Due to its
high polarity, plasma inositol cannot penetrate the blood-
brain barrier and cannot be utilized by central cells (7).

If the recently proposed theory for lithium’s mechanism
of action is correct, then it should be possible to develop
alternatives to lithium in the treatment of manic-depressive
disorder. Substrate-based inhibitors of mIPase should mimic
the therapeutic actions of lithium; however, toxicities and
contraindications of lithium that are independent of phos-
phoinositide metabolism should not be exhibited by these
compounds. In order to design effective inhibitors of this
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enzyme, it is important to establish which of the five hy-
droxy groups present in the natural substrate are essential
for substrate recognition. Hallcher and Sherman (1) have
reported that a-glycerophosphate (2) and B-glycerophos-
phate (3) can act as substrates for mIPase isolated from tes-
tes, thus indicating that substrate recognition can occur with
as few as two hydroxy groups in addition to the labile phos-
phate group. Additionally, work by Baker and associates (8)
has suggested that different roles may be assigned to differ-
ent hydroxy groups. These authors propose that the 2-hy-
droxy group of 1 is essential for binding and that the 6-hy-
droxy group is required for the hydrolytic mechanism.

To investigate further the roles of the hydroxy groups of
1, we have designed a series of isomeric 1,2,3-cyclohexane-
triol monophosphates. a-Glycerophosphate can be superim-
posed with either carbons 1, 2, and 3 or carbons 1, 5, and 6
of myo-inositol 1-phosphate, while B-glycerophosphate can
be superimposed with carbons 1, 2, and 6. The cyclohex-
anetriol monophosphates corresponding to these three pos-
sibilities conformationally restrict the flexibility of a- and
B-glycerophosphate and should provide some information
regarding the role of these hydroxy groups in the binding and
hydrolysis of myo-inositol 1-phosphate by mIPase. In this
preliminary paper, we report the synthesis of the all-cis iso-
mer of 1,2,3-cyclohexanetriol 1-phosphate (4) as well as its
effects on mIPase.

MATERIALS AND METHODS

Chemistry

Melting points were determined in capillary tubes on a
Thomas-Hoover apparatus and are uncorrected. 'H-NMR
spectra were routinely recorded on a Varian EM 360 (60-
MHz) or a Bruker WH-300 (300-MHz) spectrometer. Chem-
ical shifts are expressed as parts per million (3) downfield
from the internal standard tetramethylsilane (TMS). Elemen-
tal analyses were performed by Atlantic Microlab, Inc., Nor-
cross, GA, and Galbraith Laboratories, Inc., Knoxville, TN,
and were within +0.4% of calculated values. IR spectra were
obtained on a Perkin—-Elmer 1430 infrared spectrometer and
were run as KBr pellets except for compound 8, which was
run as a neat liquid. Boiling points are uncorrected. TLC was
performed on silica gel plates (silica gel 60 F,s,) or cellulose
plates (20 pM F,s,). All chemicals were obtained from Al-
drich Chemical Co. and used without purification.

cis-2,3-Dihydroxycyclohexanone (6). To a mixture of 50
ml of THF and 50 ml of water were added 2-cyclohexen-1-
one (5; 4.8 ml, 50 mmol), 7.5 g of KCIO;, and 1 ml of OsO,
(4% in water). The mixture was stirred at room temperature
for 72 hr and then filtered. THF was removed via rotavapor
apparatus, and the residue was washed once with CCl,. The
aqueous phase was then extracted with 3 x 50 ml CH,Cl,.
The combined CH,Cl, layers were dried over MgSO,, and
the solvent was removed. The product was recrystallized
from methanol to provide white crystals (4.5 g, 70%); mp
78-80°C; '"H-NMR (CDCl,) 8 4.40 (m, 1 H, C,-H), 4.17 d, J
= 4 Hz, 1 H, C,-H), 3.2 (s, 2 H, C, & C;-OH, exchanged
with D,0), 1.9-2.7 (m, 6 H, CH,); IR (KBr, cm ™ !) 3410 and
3470 (OH), 1720 (C=0).
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cis-2,3-O-Isopropylidenecyclohexanone (7). To a solu-
tion of acetone (25 ml) and 2,2-dimethoxypropane (25 ml)
was added 6 (2.6 g, 20 mmol). A catalytic amount of p-tolu-
enesulfonic acid (50 mg, 0.26 mmol) was added, and the
solution was stirred at room temperature overnight. The so-
lution was neutralized with 10% NaOH and filtered if nec-
essary. The solvent was removed, and the residue was dis-
solved in 50 ml CH,Cl, and successively washed with 3 x 50
ml water, 50 ml brine, and dried over MgSO,. The CH,Cl,
was removed, and the residue was recrystallized from ether
to afford white needles (3.14 g, 92%); mp 75-76°C. 'H-NMR
(CDCl;) 84.75 (m, 1 H, C5-H),4.3(d,J = 5Hz, 1H, C,-H),
1.75-2.6 (m, 6 H, CH,), 1.45 (s, 3 H, CH;), 1.40 (s, 3 H,
CH,); IR (KBr, cm™') 1720 (C=0), 1360 and 1375
[C(CH,),).

cis-2,3-O-Isopropylidenecyclohexanol (8). NaBH, (0.83
g, 22 mmol) was slowly added to a cooled (ice bath) solution
of 7 (3.4 g, 20 mmol) in methanol (50 ml). The whole mixture
was stirred at 4°C for 1 hr, then 50 ml of water was added.
The methanol was removed, and the aqueous layer was ex-
tracted with 3 X 50 ml CH,Cl,. The combined CH,CI, layers
were dried over MgSQO,, and the solvent was removed. The
residue was distilled to yield a clear liquid (3.3 g, 95%); bp
108-110°C (25 mm Hg). 'H-NMR (CDCl,) $ 4.23 (m, 2 H,
C,-H and C;-H), 3.78 (m, 1 H, C,-H), 2.90 (s, 1 H, C,-OH,
exchanged with D,0O), 1.71 (m, 4 H, CH,), 1.61 (m, 1 H,
CH,), 1.53 (s, 3 H, CH,), 1.37 (s, 3 H, CH;), 1.23 (m, 1 H,
CH,); IR (neat, cm ™) 3200-3600 (br, OH), 1360 and 1375
[C(CH,),]; Anal. (CsH,405) C,H.

cis-2,3-O-Isopropylidenecyclohexanol-1-phosphate (9).
A solution of 8 (1.7 g, 10 mmol) in 30 ml CH,Cl, and 2.0 ml
Et,N (15 mmol) was placed in a three-necked round-bottom
flask connected with a N, inlet and was cooled to 0°C. The
mixture was stirred for 5 min and a solution of POCI, (1.5 ml,
15 mmol) in 20 ml CH,Cl, was added dropwise. The whole
mixture was stirred at 0°C for 1 hr and then overnight at
room temperature. Water (50 ml) was added, and the solu-
tion was stirred for another 15 min. The CH,Cl, phase was
washed with 5 x 50 ml 10% HCl, 2 x 50 ml water, 50 ml
brine, and was filtered over MgSO,. The solvent was re-
moved, and the reddish liquid was used in the next step
without further purification.

cis-1,2,3-Cyclohexanetriol-1-phosphate (4). Compound
9 was added to a mixture of 15 ml water and 15 ml HOAc.
The mixture was refluxed at 80°C for 1 hr, and then the
solvent was removed. The residue was recrystallized from
ethanol to give a white powder (0.6 g, 29% from 8); m.p.
160-162°C. '"H-NMR (D,0) 3 4.0 (m, 2 H, C,-H and C,-H),
3.0(m, 1 H, C,-H), 1.4-1.8 (m, 6 H, CH,); IR (KBr, cm )
3100-3500 (br, OH), 1210 (P=0), 1020 (P-O-C); Anal.
(C¢H,504,P) C,H,P.

1o,2a,3a-Cyclohexanetriol (10). Compound 8 (0.87 g, 5

mmol) was treated in the same manner as described above
for compound 9. The residue was recrystallised from ethanol
and produced a white powder (0.42 g, 63%); m.p. 145-146°C
[lit., 146-148°C (9)]. '"H-NMR (D,0) 8 3.7 (t, J = 2.5 Hz, 1
H, C,-H), 3.5 (m, 2 H, C,-H and C;-H), 1.2-1.7 (m, 6 H,
CH,); '*C-NMR (D,0) 21.84 (Cs), 29.27 (C, and C), 73.32
(C, and C,), 75.60 (C,); IR (KBr, cm™?) 3250-3400 (br, OH);
Anal. (CgH,05) C,H.

Biology

myo-Inositol 1-phosphatase was purified from bovine
brain, and enzyme activity was determined by measuring the
release of inorganic phosphate according to the methods of
Meek et al. (10). The specific activity of the enzyme prepa-
ration was 1.6 units/mg with B-glycerophosphate as the sub-
strate. Initial rate data in the presence and absence of the
inhibitor were subjected to Hanes analysis for the determi-
nation of K; (11).

RESULTS AND DISCUSSION

The synthesis of the all-cis target compound was accom-
plished as outlined in Scheme II. Commercially available
2-cyclohexenone was treated with a catalytic amount of os-
mium tetroxide in the presence of potassium chlorate to af-
ford the syn-dihydroxylated compound 6. This diol was then
protected using an equimolar mixture of acetone and
dimethoxypropane. The ketone in the resulting acetonide (7)
was then reduced with sodium borohydride to provide alco-
hol 8 in a 95% yield. Apparently, the cis acetonide present in
compound 7 provides sufficient steric hindrance that hydride
attack occurs exclusively from the opposite side to provide
an all-cis product. Dumortier et al. (12) have previously re-
ported the synthesis of compounds 6, 7, and 8 using similar
conditions; however, in their communication, they did not
report any detailed experimental methods or physical char-
acteristics for these compounds. This information is in-
cluded here in the above section. Once we had purified com-
pound 8, it was critical that we verified the stereochemical
relationships among the three oxygen functionalities. We
verified this relationship by converting acetonide 8 to its
corresponding 1,2,3-cyclohexanetriol (10). The three possi-
ble diastereomers of 1,2,3-cyclohexanetriol have been char-
acterized previously (9) and possess sufficiently distinct
melting points and 60-MHz NMR splitting patterns to allow
unambiguous identification. The compound we obtained had
a melting point of 145-146°C (lit., 148°C) and had an NMR
splitting pattern identical to that reported for the all-cis iso-
mer of 1,2,3-cyclohexanetriol. The key feature in this NMR
spectrum was the presence of a triplet (/ = 2.5 Hz) at 3.75
ppm. This triplet corresponds to the C, proton and arises
from its axial-equatorial coupling with the equivalent C, and
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C, protons. 1a,2B,3B-Cyclohexanetriol (11), the only other
diastereomer which could result from the reduction of 7 fol-
lowing acetonide cleavage, has a melting point of 125°C and
a considerably more complex NMR splitting pattern (9).

1o,23,3B-Cyclohexanetriol, unlike 10, is not symmetri-
cal and the C, and C, protons are not equivalent, thus caus-
ing noticeable differences in their respective NMR spectra.
Additionally, '*C-NMR of our compound revealed only four
signals. Such a spectrum could be produced only by a sym-
metrical structure such as 10. Compound 11, being unsym-
metrical, would have given six signals. Once we had estab-
lished that compound 8 possessed the desired stereochem-
istry, the synthesis of our target compound was completed
using a two-step process. Phosphorylation of alcohol 8 was
accomplished using phosphorous oxychloride and triethyl-
amine under a nitrogen atmosphere; however, the resulting
phosphate (9) proved to be unstable. This intermediate was
therefore not isolated but was immediately treated with a 1:1
mixture of acetic acid and water to produce the desired com-
pound (4).

Once synthesized, compound 4 was evaluated for its
ability to act as either a substrate or an inhibitor of mIPase
using previously published methods (10). Hanes analysis (11)
of the initial rare data revealed 4 to be a competitive inhib-
itor, with a K; of 0.56 mM. The competitive nature of the
inhibition was indicated by the parallel curves which were
obtained in a standard Hanes plot. In contrast, 4 was unable
to function as a substrate for mIPase at concentrations up to
5 mM.

From both a synthetic and a drug design standpoint, it is
important to determine which of the five hydroxyl groups in
myo-inositol 1-phosphate are essential for substrate recogni-
tion. Once the key hydroxy groups and their required ste-
reochemical relationships have been determined, this infor-
mation can be used to develop a model of substrate binding
and to design substrate-based inhibitors of mIPase which are
stereochemically less complex than the natural substrates.
In addition to being synthetically more accessible, these

compounds would be less polar by virtue of a reduced num-
ber of hydroxy functionalities. The latter point is especially
crucial considering that mIPase inhibition must occur cen-
trally if it is to be of any value in treating manic-depressive
disorder (5).

Compound 4 can be considered either as a rigid ana-
logue of a-glycerophosphate (2) or as a molecular simplifi-
cation of myo-inositol 1-phosphate (1). The biological results
seen with this compound are consistent with and comple-
ment earlier reports by Baker and his associates (8,13).
These investigators reported that 6-deoxyinositol 1-phos-
phate (12) was not hydrolyzed by mIPase but instead func-
tioned as a competitive inhibitor of the enzyme (ICs, = 70
pM) (Scheme III). Additionally, they found that 2-deoxy-
inositol 1-phosphate (13) was a weak substrate for the en-
zyme. They therefore proposed that the 2-hydroxy group
was necessary for strong binding to the enzyme and that the
6-hydroxy group was essential for the hydrolytic mechanism
(8). The competitive inhibition shown by compound 4 sup-
ports this hypothesis. Considering this compound as a mo-
lecular simplification of the natural substrate, it can be seen
that it possesses the 2-hydroxy group necessary for binding
but lacks the 6-hydroxy group necessary for phosphate hy-
drolysis. The approximately 10-fold lower potency of this
compound compared to 12 can obviously be attributed to the
4- and 5-hydroxy groups present in 12 but absent in the cur-
rent target compound. It appears that most of this activity
loss is due to the absence of the 4-hydroxy group. In a paper
which appeared while the current work was in progress,

OPO3H, OPO3H, OPO3H,
OH OH
HO Y OH ; ;
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12 13 14
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Baker er al. (13) reported the synthesis and activity of (1B)-
phosphoryloxy-(28,4a)-dihydroxycyclohexane (14). This
compound proved to be a potent inhibitor of mIPase, pos-
sessing an IC,, value of 7 pm. The design of 14 was based on
a superposition of D- and L-myo-inositol 1-phosphate and a
hypothesis that the 4-hydroxy group is much more important
to the binding of these substrates than either the 3- or the
5-hydroxy group. The activity of compound 4 reported here,
coupled with the previously reported activity of compound
14, definitely supports the notion that the 4-hydroxy group is
much more important to binding than is the 3-hydroxy
group.

In summary, cis-1,2,3-cyclohexanetriol 1-phosphate (4)
is a weak inhibitor of myo-inositol 1-phosphatase. Its activity
in conjunction with the activity of previously reported com-
pounds should aid in the development of a model for sub-
strate and inhibitor binding to this important enzyme.
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