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Abstract—A number of deoxyfluoro cyclitols have been synthesized and evaluated as probes of the phosphatidylinositol pathway

(PtdIns pathway), most notably 5-deoxy-5-fluoro-myo-inositol, which is incorporated into the pathway at about 25% the level of

myo-inositol itself. Unfortunately, none of the cyclitols have proved effective in limiting cell proliferation, as the cells are able to

‘synthesize around’ the fraudulent cyclitols using natural myo-inositol as substrate. Inhibitors for 3-phosphatidylinositol kinase,

which has importance in a number of pathological conditions, including cancer, have been intensively investigated. 3-Deoxy-3-

fluoro-myo-inositol is incorporated into the PtdIns pathway; however, only related phosphatidyl derivatives, for example, a methyl

ether derivative of the 3-deoxy inositol, showed significant antiproliferative activity. Synthesis of the deoxyfluoro analogues most

often has been accomplished by DAST fluoro-de-hydroxylation of the appropriate cyclitol, generally leading to products of

inversion.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyclitol is a generic term that is used to describe com-

pounds that are cyclohexanehexitols, the most impor-

tant of which is myo-inositol (1, Scheme 1), a compound
ing authors. Tel.: +1-423-974-3395; fax: +1-423-974-

addresses: dschedle@bsc.edu; dcbaker@utk.edu

see front matter � 2004 Elsevier Ltd. All rights reserved.
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that is ubiquitous in living systems.1;2 myo-Inositol (1)
and its derivatives {phosphatidylinositol (PtdIns),

phosphatidylinositol 4-phosphate [PtdIns(4)P], and

phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2]}

have been recognized for many years as important

intermediates in the biosynthesis of the ‘second mes-

senger’ compounds, inositol 1,4,5-trisphosphate

[Ins (1,4,5)P3] and diacylglycerol (1,2-DAG) that are

mail to: dschedle@bsc.edu;
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Scheme 1.
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associated with cell proliferation, cell growth, smooth

muscle contraction, inflammatory cellular events,

secretion, and other processes.3;4 Certain malfunctions

of these processes are implicated with a number of dis-

ease states.5;6 In this minireview, we elaborate on the

role of fluorinated cyclitols as biological probes for the
reactions of the phosphatidyl inositol pathway as well as

alternate pathways involving cyclitol biotransforma-

tions. Not covered in depth in this review are the roles

played by various fluorinated inositol phosphates, that

is, fluorinated analogues of the ‘second messenger’

compounds produced in the PtdIns pathway.

With a large body of chemistry having been developed

on the cyclitols (e.g., all nine stereoisomers of the
cyclohexanehexitols had been synthesized by about

1960),� it was natural that these compounds might be-

come the focus of considerable exploration as the

importance of PtdIns and its derivatives were discov-

ered. The field has more recently developed into an
� Posternak in his monograph1 succinctly stated in the Foreword to the

1965 revised edition, ‘‘It is our personal opinion that the major

problems in cyclitol chemistry are now solved. The structures of the

naturally occurring cyclitols are now known, all theoretically possible

inositols have been prepared, and the main stereochemical and

structural points raised by them have been satisfactorily answered’’.
intense area of research, beginning in the 1980s, with

much of the activity directed toward probing the various

pathways associated with cell proliferation and growth.

Inasmuch as organofluorine compounds have been

demonstrated to be effective replacements for their

natural, nonfluorinated counterparts,7;8 it is not sur-
prising that fluorine-substituted analogues of myo-ino-

sitol (fluorinated cyclitols) have played an important

role as biological probes.
2. The phosphatidylinositol pathway: points for phar-

macological intervention

Central to these studies is probing the important path-
way, termed the phosphatidylinositol pathway (Scheme

1), that serves to generate the second messengers,

Ins(1,4,5)P3 and 1,2-DAG. The first enzyme of the

pathway, phosphatidylinositol synthase (EC 2.7.8.11), is

responsible for the incorporation of a phosphatidyl

group onto myo-inositol to give 1DD-phosphatidyl myo-

inositol, which in turn is phosphorylated by phosphatid-

ylinositol 4-kinase [PtdIns(4) kinase, EC 2.7.1.67], then
by phosphatidylinositol-4-phosphate 5-kinase [PtdIns-

(4)P kinase, EC 2.7.1.68] to give phosphatidylinositol
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Table 1. myo-Inositol analogues as inhibitors and substrates for

phosphatidylinositol synthasea

Compd no Inhibition

(%)b
Substrate activity

(% of myo-inositol)c

1 68 100

3 30d 26±4e

6 15 16±2

7 <10 <5

8 75± 1 <5

9 37 7

aCompounds were evaluated at 5mM.
bInhibition was measured against incorporation of 0.04mM myo-

inositol. Average duplicate determinations agreed within ±10%. For

details see Ref. 11.
cAs a measure of CMP formation, where 1¼ 100%. For details, see
Ref. 11.

dA value of 22% is reported in Ref. 16 for a mixture that contained

0.5mM myo-inositol (1) and 5mM 3.
eA value of 28% was reported under similar conditions in Ref. 16 for a

mixture that contained 5mM 3.
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4,5-bisphosphate [PtdIns(4,5)P2]. The latter intermedi-

ate is then cleaved by phosphatidylinositol-specific
phospholipase C (PtdIns-PLC, 1-phosphatidylinositol

4,5-bisphosphate phosphodiesterase, EC 3.1.4.11) to

give Ins(1,4,5)P3+1,2-DAG, the second messengers.
4

This pathway immediately presents two attractive

points for pharmacological intervention: the two phos-

phorylation steps. By preventing either step––the

phosphorylation at O-4 or the second phosphorylation

at O-5––one should be able to effectively shut down the
pathway by limiting the substrates for PtdIns-PLC, thus

preventing the production of second messengers and,

consequently, their effects on cellular function. Key to

the success of any cyclitol being useful in this regard in

intact cellular systems is that it must: (1) be lipophilic

enough to cross cellular membranes and; (2) be a rea-

sonably good substrate for the first enzyme, PtdIns

synthase, thus facilitating its incorporation into the
PtdIns cycle. Thus modifications on the cyclitol by

replacement of either HO-4 or HO-5 with F could then,

by effectively blocking phosphorylation at either the O-4

or O-5 position, serve to interrupt the pathway.

To this end, we in this laboratory began a program in

collaboration with J.D. Dr. Moyer of the National

Cancer Institute9 in 1985 to selectively modify cyclitols

and determine specific requirements for their incorpo-
ration into modified PtdIns analogues. A number of

compounds were synthesized and evaluated for their

PtdIns synthase activity.10–12 High on our list of target

compounds were the deoxyfluoro cyclitols, as it was

hoped that these compounds, where F replaces OH or

H, would serve as substrates for the enzyme. [The first

reported deoxyfluoro cyclitol, 1-deoxy-1-fluoro-scyllo-

inositol (2), was that of Yang and co-workers; however,
the authors present no biological data for that com-

pound.13;14] Among the compounds synthesized in our

laboratory was 5-deoxy-5-fluoro-myo-inositol [(5d,5F)-

Ins, 3], which proved to be a good substrate for PtdIns

synthase, with most determinations of competitive

incorporation into the PtdIns pathway indicating that it

was about 25% of the rate of myo-inositol. Compound 3

remains today as one of the most active, if not indeed
the most active, of the modified cyclitols that act as

substrates for PtdIns synthase.12 (see Table 1) Further

studies on the compound in intact L1210 leukemia cells

showed that the rate of cellular uptake was similar to

that of myo-inositol (1)9 and that it achieved intracel-

lular concentrations approximating those of 1. More

recently, detailed mass spectrometric studies of the lipid

fraction produced by a crude microsomal preparation of
PtdIns synthase from rat brain definitively showed that

the compound is indeed incorporated into cellular lipid

as the Ptd(5d,5F)Ins (4) compound.15 Thus a simple

modification, wherein the HO-5 group of myo-inositol is

replaced by F, served to produce a compound that tra-

verses cellular membranes, is a relatively good substrate
for PtdIns synthase, is converted to Ptd(5d,5F)Ins (4),

and is further phosphorylated to give what is indicated

to be the 4-phosphate [Ptd(5d,5F)Ins(4)P, 5]. Other
salient features of the compound include the fact that it,

like myo-inositol, is a meso compound and consequently

does not require asymmetric synthesis.
More disappointing, however, are the practical

medicinal–chemical ramifications of these studies. It was

hoped by achieving such enzymatic activity with a
fraudulent cyclitol that an effective compound could be

found that would halt cellular proliferation and

growth. The ultimate objective was to find a new type of
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antiproliferative (anticancer) drug that would act via the

PtdIns pathway. Studies in whole cells, unfortunately,
showed that cellular proliferation was not halted with

administration of (5d,5F)Ins (3), and only in studies in a

cell line that was deficient in myo-inositol (1) production

was any antiproliferative effect noted.12 In studies car-

ried out with addition of an excess of myo-inositol (1)

(up to a 200-fold excess), (5d,5F)Ins (3) showed uptake

in a competitive manner. Thus the conclusions from

these studies were that the production of myo-inositol
(1) by indigenous means (i.e., by the normal pathway

from DD-glucose) was sufficient to overcome any effects

that a fraudulent (5d,5F)Ins (3) might have. In other

words, normal cells were able to ‘synthesize around’ the

added fraudulent cyclitol, thereby limiting its cellular

antiproliferative effects. By working through this path-

way, the development of a fraudulent cyclitol as an

antitumor compound was to no avail. Thus the use of an
intact, synthetic phosphatidyl analogue (e.g., analogues

of PtdIns such as 4 or 5) would seem to be required;

however, the latter type of compound has attendant

problems of cell membrane permeability, instability, and

problems with lengthier and more complex synthetic

processes, all of which cast doubt on the potential for

these phosphatidyl compounds as realistic drug candi-

dates.
Other fluorinated analogues have also been examined,

and rather strict structural requirements for PtdIns

substrate became evident12 as shown in Table 1. The 5-

fluoro epimer of (5d,5F)Ins (3), 2-deoxy-2-fluoro-neo-

inositol (6), showed 16± 2% incorporation; others,

however, were shown to be much poorer substrates, all

showing <5% incorporation as determined by mea-

surement of CMP production from CDP-diglyceride: a
2-modified myo-inositol, 1-deoxy-1-fluoro-scyllo-inosi-

tol (2); a 4-modified derivative, 4-deoxy-4-fluoro-myo-

inositol (7); and a 5,5-gem-difluoro analogue, 5-deoxy-

5,5-difluoro-myo-inositol (8). In addition, 8 showed a
6

R6
R4

R5

R1

OH

R2

R3

R1 = R2 = R3 = R6 = OH

R4 = H, R5 = F

7 R1 = R2 = R3 = R4 = OH
R5 = H, R6 = F

8 R1 = R2 = R3 = R6 = OH

R4 = R5 = F

9 R1 = R3 = R4 = R6 = OH

R2 = F, R5 = H

10 R2 = R3 = R4 = R6 = OH
R1 = F, R5 = H
fairly potent inhibition of PtdIns synthase. In a separate

study,16 the 3-deoxy-3-fluoro-myo derivative (9) was
shown to have only a 7% incorporation.

In a related study that used turkey erythrocyte

membranes, which served to avoid problems of cell

penetration as with intact cells, 2-deoxy-2-fluoro-myo-

inositol (10) and 1-deoxy-1-fluoro-scyllo-inositol (2)

were examined, and it was confirmed that these were

only very poorly converted into lipids.17 When examined

as the inhibitors of both the head-exchange reaction and
PtdIns synthase, the compounds were found to effect an

inhibition of 10.5 ± 3.5% (at 1mM) and 93± 3% (at

10mM), respectively, for the head-exchange process and

an inhibition 23% (at 5mM) and 61± 5% (at 10mM),

respectively, for the PtdIns synthase. These authors

interestingly suggested further studies with the

(5d,5F)Ins (3) analogue to determine the possible

inhibitory effects of that compound. (These studies, to
our knowledge, were never carried out.)

Largely because of the ability of intact cellular sys-

tems to synthesize around inhibition of the kinase

enzymes of the Ptdlns pathway, work has been aimed at

directly inhibiting phosphatidylinositol-specific phos-

phlolipase C (PtdIns-PLC), another key enzyme

(Scheme 1). PtdIns-PLC is a key enzyme in signal

transduction and holds promise in rational drug
design.18 The enzyme has also been shown in many cases

to be overexpressed in carcinomas and tumors;19 there-

fore, inhibitors directed at regulating PtdIns-PLC

activity could be attractive as agents to control the

growth of these tumor cells. The mechanism of action of

the enzyme is reminiscent of that for ribonuclease A20

and has been shown to be a complex general acid–gen-

eral base process.21–23 To be an effective competitive
inhibitor, the molecule must bind as a substrate for

PtdIns-PLC, yet be nonhydrolyzable by the enzyme. The

targets of modification have therefore been the phos-

phodiester linkage to the inositol ring and the adjacent

axial hydroxy group at C-2. The axial HO-2 group is

essential as an intramolecular nucleophile in the

hydrolysis of Ptdlns(4,5)P2 to give the important second

messengers Ins(1,4,5)P3 and DAG.
24;25 However, studies

of the active site have implied that the HO-2, although

necessary for hydrolysis, is probably dispensable for

substrate recognition and binding. Also, it appears that

the phosphoryl moiety is necessary for both recognition

and inhibition.19;24;25 With this in mind, several Ptdlns

analogues discussed below have been investigated as

nonhydrolyzable competitive inhibitors of PtdIns-PLC.

Modifications at the 2-position include deoxygen-
ation,24;26;27 inversion of the OH to the scyllo configura-

tion, substitution with a fluoro group, or both. In work

carried out by the groups of Shen and co-workers,19;28;29

the scyllo analogue (11) of natural Ptdlns has been iden-

tified as a potent inhibitor of PtdIns-PLC, and the same
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principle has been extended to the fluorinated series. The

most potent competitive inhibitor reported is the 2-deoxy-
2-fluoro-scyllo-inositol-1-O-dodecylphosphonic acid (12).

It inhibitsGlyPtdIns-PLC to 85% activity at 1mM. It was

shown to bemore potent than either the corresponding 2-

deoxy-2-fluoro-myo-inositol (13) (47.9% at 5mM) or the

2-deoxy-2,2-difluoro analogue (14) (78.7% at 1mM). The

efficacy of these inhibitors is dramatically influenced by

the orientation of the fluoro substituent. The requirement

that the fluoro substituent must be in the scyllo configu-
ration is most likely due to its interaction with an active

site residue. The addition of a fluoro group in the scyllo

configuration to the 2-deoxy-2-fluoro-myo-inositol ana-

logue (13) giving the 2-deoxy-2,2-difluoro analogue (14) is

enough to nearly restore the efficacy. The alkylphospho-

nate side chain is necessary for inhibition as evidenced by

the ineffectiveness of the fluorinated analogues lacking

this group. Also, the methyl ester of the active phospho-
nate derivative, which lacks the negative charge, is inef-

fective as an inhibitor. In fact, the negative charge is also

necessary for binding.29 The best inhibitors are the result

of two factors. The first is resistance to hydrolysis by

PtdIns-PLC, and the second is the presence of a group at

C-2 in the proper orientation to allow interaction with the

enzyme active site.19 Themost potent inhibitors of PtdIns-

PLC have both a dodecyl phosphonate at the 1-position
of the 2-deoxyinositol and a fluoro group in the scyllo

configuration at the 2-position.28
O
HO

HO OH
OH

P
O OH

OHO O
O R

O

R

O

11

R = long-chain fatty acid

O
HO

HO R2

P
O OH

HO ( CH2) 10CH3

R1

12

HO

R1 = H, R2 = F

13 R1 = F, R2 = H

14 R1 = R2 = F
3. Inhibitors of the phosphatidylinositol 3-kinase pathway

In addition to the PI Pathway discussed in the foregoing

section, a second pathway that involves phosphoryl-

ation at the 3-position of myo-inositol derivatives has

been found to be important in cyclitol metabolism.5;30;31
The enzyme, phosphatidylinositol 3-kinase (PtdIns 3-

kinase, EC 2.7.1.137),32 is responsible for the phos-
phorylation of PtdIns, PtdIns(4)P, or PtdIns(4,5)P2 at

the 3-position of the myo-inositol ring (see Scheme 2)

that produces a set of multifunctional signaling mole-

cules33–35 that are involved in a plethora of cellular sig-

naling events that impact insulin response,36;37

inflammatory and immunological conditions,38;39 and

cellular proliferation, aspects of which are important in

tumor pathogenesis, with implications of their potential
use in cancer chemotherapy.40 It is not surprising that

these inositol 3-phosphates are targets for drug devel-

opment, given the functional specialization of the vari-

ous isoforms35 of PtdIns 3-kinase that should allow for

the design of specific inhibitors or antagonists with

limited general toxicity.41

The resulting phosphorylated PtdIns’s are, in general,

poor substrates for hydrolysis by PtdIns-PLC,42 which is
associated with almost every growth factor, as well as

oncogene transformation.43;44 These 3-phosphates are

modulators of protein interactions and enzyme activity

via binding to the proteins, especially tyrosine kinases,

at specific sites. However, details of the exact mechanism

by which these 3-phosphorylated PtdIns’s affects cell

growth is not precisely known and is under intensive

investigation.
There is evidence that protein kinase C (PKC) is

activated by PtdIns(3,4)P2 and PtdIns(3,4,5)P3, which

leads to a cascade of events that culminate in DNA

synthesis and cell proliferation.44 These lipids have been

found to occur in many cells, especially in transformed

fibroblasts. Clear evidence exists that the ability of

oncogenic polyoma virus to transform cells in culture

and to induce tumors in animals depends on its ability to
bind PtdIns 3-kinase through the middle T oncopro-

tein.45;46 Because of this, inhibition of the formation of

phosphorylated products by PtdIns 3-kinase could

potentially be of value in controlling these cellular re-

sponses, with implications in the cancer area. Most of

the work in this area has centered on selectively inhib-

iting the 3-kinase pathway without affecting the normal

PtdIns pathway. Both cyclitols16 and phosphatidyl
analogues44 have been studied. This approach is hoped

to lead to pharmacological agents (i.e., anticancer drugs)

that will selectively block the second messengers for cell

proliferation and transformation without affecting nor-

mal cell growth. Although some early work centered on

the ability of 3-modified inositols to inhibit cell

growth,47 their effect on specific enzymes in the PtdIns

pathway was not reported. As with the earlier inhibitors
previously discussed, it is important to design inhibitors

of the 3-kinase that are substrates for PtdIns synthase,

therein producing fraudulent PtdIns’s that would block

phosphorylation by the 3-kinase. As noted earlier, 3-

deoxy-3-fluoro-myo-inositol (9) acts as a substrate for

PtdIns synthase, although not to the extent of the
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5-analogue. In the 5-analogue, the activity was attrib-

uted to the ability of the F atom to accept a hydrogen

bond with the enzyme much the same as the OH in the

natural substrate. In the 3-deoxyfluoro analogue 9 this
explanation seems less likely as is evidenced by the

nearly identical activity of 3-deoxy-myo-inositol (15) as

a substrate.16

The phosphatidyl derivatives of these two inositols

were synthesized, and their efficacy against cell growth

with HT-29 human colon carcinoma cells was deter-

mined.44 1DD-3-Deoxy-myo-PtdIns (16) and 1DD-3-deoxy-

3-fluoro-myo-PtdIns (17) showed IC50 values of 35 and
37 lM, respectively. The authors suggest that the

observed low potency is probably due to their hydrolysis

by PtdIns-PLC, producing DAG that would activate

PKC and initiate tumor cell proliferation. An approach

in the 3-deoxy case was to synthesize the phosphonate

derivative 18 to prevent PtdIns-PLC hydrolysis; how-

ever, it showed only slightly improved inhibitory activity

(IC50 10 lM). Much greater improvement in activity
came with the phosphatidyl derivative 19, whereby ether

lipid analogues were used to overcome the lipid hydro-

lysis problems, resulting in a compound with an IC50 of

2.1 lM, along with an inhibition of the 3-kinase with an
IC50 of 2.5 lM. Furthermore, the compound was active
against HT-29 human adenocarcinoma in SCID mice

with a 67% reduction in tumor volume 10 days after

inoculation at 150mg/kg ip. These studies demonstrate
that perhaps an active antitumor compound with limited

toxicity can be derived from suitably ether-modified

phosphatidyl derivatives of 3-deoxy cyclitols.48

There is another body of work involving fluorinated

derivatives of Ins(1,4,5)P3. This compound is a second

messenger involved in the release of Ca2þ from intra-
cellular stores.49–51 In the search for an understanding of

the molecular basis for the recognition of inositol

polyphosphates by the IP3 receptor and the metabolic
enzymes, Ins(1,4,5)P3 3-kinase and Ins(1,4,5)P3 5-

phosphatase, a number of analogues of these inositols

have been synthesized and evaluated with the goal of
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understanding the role of the three phosphates and

hydroxy groups of Ins(1,4,5)P3 in binding.44;49;50;52–56

Because of the scope of this review, only the fluorinated

analogues will be discussed. The four fluorinated ana-

logues, 2-deoxy-2-fluoro-scyllo-inositol 1,4,5-trisphos-

phate {2-F-Ins(1,4,5)P3 20}, 2-deoxy-2,2-difluoro-myo-

inositol 1,4,5-trisphosphate {2,2-F2-Ins(1,4,5)P3 21}, 2-

deoxy-2-fluoro-myo-inositol 1,4,5-trisphosphate {2d,2F-

Ins(1,4,5)P3 22}, and 3-deoxy-3-fluoro-myo-inositol

1,4,5-trisphosphate {3d,3F-Ins(1,4,5)P3 23} are all full
agonists for Ca2þ mobilization.57 3-Fluoro-DD-myo-Ins-

(1,4,5)P3 is the most potent ligand and agonist of the

analogues tested. The 3-F group therefore either

appropriately mimics both the electronic environment

and stereochemistry of the 3-OH of Ins(1,4,5)P3 or is

unimportant to binding. There is an established corre-

lation between increasing molecular volume at the 3-

position and respective decreases in both affinity and
Ca2þ-mobilizing efficacy.54 For example, Ins(1,3,4,5)P4
binds with low affinity to the Ins(1,4,5)P3 receptor. This

could mean that the 3-OH may act as an anchor such

that changes in its orientation or its replacement may

adversely affect binding to the receptor. However, these

four fluorinated analogues (20–23) are not as potent as

Ins(1,4,5)P3 indicating that the 2- and 3-positions may

not be important for receptor binding. In regard to their
interaction with the metabolic enzymes, as with the

other 3-kinase, the 3-position is of particular interest

because it is the site of phosphorylation by the enzyme.

The environment around this position appears be crucial

for 3-kinase activity and also 5-phosphatase-mediated

hydrolysis.54 As expected, the 3-deoxy-3-fluoro com-

pound 23 is not a substrate for the Ins(1,4,5)P3 3-kinase,

while the 2-modified analogues are. Moreover, 23 is a
substrate for the 5-phosphatase and inhibits dephos-

phorylation of Ins(1,4,5)P3.
50;56 In contrast, the three 2-

deoxy-2-fluoro analogues 20–22 are poor substrates for

the 5-phoshatase; however, 2,2-F2Ins(1,4,5)P3 inhibits

the 5-phosphatase with a high affinity (Ki ¼
26� 4:1 lM).52;53 Position 2 does not appear then to be
significantly involved in the recognition of, and the

interaction with, either the Ins(1,4,5)P3 receptor or
Ins(1,4,5)P3-3-kinase, but replacement of the 2-OH by
R3

OPO3H2
HO

H2O3PO

R1

H2O3PO
R2

20 R1 = H, R2 = F, R3 = OH

21 R1 = R2 = F, R3 = OH

22 R1 = F, R2 = H, R3 = OH

R1 = OH, R2 = H, R3 = F23
fluorine produces Ins(1,4,5)P3 analogues that are poor

substrates for the 5-phosphatase.
4. Synthesis of deoxyfluoro cyclitols

4.1. Chemical synthesis

Preparation of deoxyfluoro cyclitols has typically been

carried out by fluoro-de-hydroxylation transformations

that involve either displacement of a suitably activated

sulfonate ester with fluoride ion, or directly in a one-step

reaction by (diethylamino)sulfur trifluoride (DAST).58

Protecting group chemistry often involves formation of

acetal derivatives, benzyl ethers, and other protecting

groups common in both the carbohydrate and cyclitol

field. There is one report of a novel debenzylation–ring

closure when using DAST.59 gem-Difluoro analogues

such as 860 and others61 are synthesized using DAST and

the appropriately protected ketone. Attempts to use

SF4–anhydrous HF have resulted in formation of novel
bicyclic compounds.62

Several examples of selective fluoro-de-hydroxyl-

ations appear in the paper by Jiang et al.10 For the most

part, the reactions are predictable and proceed in

respectable yields using DAST as the reagent, as was the

case with the first deoxyfluoro cyclitols synthesized.14

An example is shown by the synthesis of (5d,5F)Ins (3)

(see Scheme 3).60 1:2,4:5-Di-O-cyclohexylidene-myo-
inositol (note 1DD-myo numbering) (24), prepared by an

improved, acetal-exchange process,63 was benzylated,

then selectively mono-decyclohexylidenated to furnish

the intermediate with the 4- and 5-positions open.

Selective benzylation then gave a mixture of 3,4,6- (27)

and 3,5,6-tri-O-benzyl-1,2-O-cyclohexylidene (28)

derivatives that were separated by chromatography.

Reaction of 27 with trifluoromethanesulfonic anhydride,
then inversion of the C-5 center with cesium propionate,

afforded the inverted neo-cyclitol derivative 29. Hydro-

lysis of the ester group to 30, followed by reaction with

DAST, then gave the 5-deoxy-5-fluoro-myo-inositol

derivative 31. Deprotection by hydrogenolysis in acetic

acid then afforded the target 3.

In most cases DAST cleanly gave the product of

inversion; however, in the reaction of DAST with 3-O-
benzyl-1,2:5,6-di-O-cyclohexylidene-myo-inositol (32)

(Scheme 4) a mixture of epimers 33 and 34 were

obtained with a ratio of inversion to retention of �1:4,
giving the major product upon deptrotection, 4-deoxy-

4-fluoro-myo-inositol (7).10 Arguments can be made that

the diethylaminodifluorosulfenyl intermediate formed

from 32 with DAST is hindered from backside approach

by the fluoride ion.
A clever use of DAST in a short synthesis of 3-deoxy-

3-fluoro-myo-inositol (9) is shown in Scheme 5.64
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Powdered LL-quebrachitol, cooled to )50 �C, is treated
directly with DAST. Quenching the reaction with meth-
anol, followed by demethylation using BBr3, then
affords optically active 3-deoxy-3-fluoro-myo-inositol

(9). The selective fluoro-de-hydroxylation of an unpro-
tected cyclitol is remarkable in this example.
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4.2. Chemoenzymatic synthesis

Using a strain of Pseudomonas putida, oxidation of

substituted benzenes65;66 gives cyclohexadiene diols that

can be used in the synthesis of cyclitols.67–70 For a pro-

cess68 (Scheme 6) to 5-deoxy-5-fluoro-myo-inositol (3),

bromobenzene was so oxidized to give (5S,6R)-1-

bromocyclohexa-1,3-diene-5,6-diol (36) that was acetal
protected to give 37, converted to the bromohydrin 38,

and treated with base to provide 4-bromo-3a,5a,6a,6b-

tetrahydro-2,2-dimethyl-[3aS-(3aa,5aa,6aa,6ba)]-oxi-
reno[e]-1,3-benzodioxole (39). Sodium hydroxide

effected the oxirane opening to give the trans-diol 40.

Reaction with tributyltin hydride–AIBN resulted in

debromination, and subsequent epoxidation with

m-chloroperoxybenzoic acid gave the epoxide 41. Ring
Br

OH

OH

36

P. putida

Br

Bromobenzene

(MeO)2CMe2

Me2C=O, TsOH

DBH = 1,3-Dibromo-5,5-dimethylhydantoin
TBPF-DF = tetrabutylphosphoniumfluoride dihydrofluorid

NaOH, DME

Br

O

O

Me
Me

39

O

Br

O

O

40
OH

HO

NaOH

O

O

Me
Me

42
OH

HO

TBPF-DF F
OH

HO

FHCl, H2O

Scheme 6.
opening of the epoxide with tetrabutylphosphonium

fluoride dihydrofluoride (TBPF-DF) then furnished the
fluoro derivative 42, which was deprotected to give

(5d,5F)Ins (3).

Similar strategies have been used to synthesize 3-

deoxy-3-fluoro-LL-chiro-inositol,68 6-deoxy-6-fluoro-myo-

inositol,67 and both (+)- and ())-2-amino-1,2-dideoxy-1-
fluoro-allo-inositols.69 Aspects of this work have been

reviewed.70
5. Conclusions

A number of deoxyfluoro cyclitols have proven their

worth as probes of the phosphatidylinositol pathway

(PtdIns pathway), most notably 5-deoxy-5-fluoro-myo-

inositol (3), which is incorporated into the pathway at

about 25% the level ofmyo-inositol itself. Unfortunately,

none proved effective in limiting cell proliferation, as the
cells were able to ‘synthesize around’ the fraudulent

cyclitols using natural myo-inositol as substrate. Inhibi-

tors for 3-phosphatidylinositol kinase, which has

importance in a number of pathological conditions,

including cancer, have been intensively investigated.

3-Deoxy-3-fluoro-myo-inositol (9) is incorporated into

the PtdIns pathway; however, only related phosphatidyl

derivatives, for example, 19, showed significant anti-
proliferative activity. Synthesis of the deoxyfluoro ana-

logues most often has been accomplished by DAST

fluoro-de-hydroxylation of the appropriate cyclitol,

generally leading to products of inversion.
Br

O

O
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Me
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Br
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