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Tetrahydropyran

Thin layer chromatography
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General Introduction

Abscisic acid [(1'S)-(+)-ABA (1), Fig. 1] is a plant hormone which was identified as a growth
inhibitor, a dormancy factor and an abscission accelerator in the 1960's.! It has been proven ubiquitous in
higher plants.!3 ABA is involved in the regulation of many physiological processes which are unique and
cannot be substituted by the other plant hormones, ranging from the suppression of growth and
germination, to the enhancement of adaptation to various stresses such as reduced transpiration by stomatal
closure, induced freezing tolerance, and the activation of defense-related genes after mechanical damage to
plant tissue.1-3

Recent topics of ABA rescarch have included the pathway of biosynthesis, signal transduction,
ABA-responsive genes, and behavior as a stress hormone.®  There has been debate as to whether the
biosynthesis of ABA proceeds via a direct sesquiterpenoid (C15) pathway or via an indirect carotenoid
(C40) pathway, but investigators now tend to favor the latter.*6  The carotenoid pathway proceeds as
follows: all-trans-violaxanthin, 9'-cis-neoxanthin, xanthoxin, ABA-aldchyde, ABA.  ABA stimulates
changes in the concentration of cytosolic free calcium ions in the guard cells and other tissues.”®  There
may be a calcium-based signal transduction pathway through interaction with phosphoinositide metabolism
that regulates stomatal closure and other physiological responses, as in animal cells.  Several ABA-
responsive genes and their gene products have been identified. 10  Dehydrin is expressed during the late
stage of embryogenesis, and it could protect the embryo from desiccation.! 112 Proteinase inhibitor 11 is
involved in the defense mechanism against wounding and infection in tomato and potato plants.!® It has
been suggested that endogenous ABA induces the production of these proteins. The ABA-responsive gene
ABI1 of Arabidopsis thaliana has been cloned by two groups, who showed that the ABI1 gene encodes a
Ca*-dependent phosphatase.!%13  The control of the phosphorylation state of cell signaling components
by the phosphatase could mediate pleiotropic hormonal responses.  Biophysical studies of ABA have
suggested that it is the only plant hormone that can act as a stress messenger that is ideally distributed and
redistributed according to pH-shifts in stressed and non-stressed plant tissues.!®  ABA can transduce
environmental stresses such as desiccation, freezing and wounding into defensive responses at the
molecular, cellular and whole plant levels.?

(1'S)-(+)-1

Fig. 1. Structural formula of (1'S)-(+)-ABA (1) showing conventional numbering system (left)
and crystal form'®*'% of the molecule (right)



In contrast to the above arcas, studies on the binding proteins including the ABA receptor and
metabolic enzymes have not progressed as far. Few cfforts have been made to identify and characterize the
ABA receptor, and localization at the cellular level remains unclear (see Chapter 11.1).  Understanding of
the metabolic enzymes associated with ABA has not made much progress since 1976 (see Chapter 1.1).

The application of ABA to agricultural production has not been studied in detail. The role of ABA as
a stress hormone would permit a great contribution to agriculture if its application to plants in the fields can
cffect the same responses as endogenous ABA. However, the commercial applications of ABA remain
minimal.!” The most critical obstruction to agricultural application is the short-lived activity of applied
ABA.'7 This is a serious drawback to its usc as a practical plant growth regulator.

The short-life of ABA is attributed to photoisomerization in the environment and its rapid metabolic
inactivation after incorporation into plants.!” One approach to enhance the cffectiveness of applicd ABA
would be to supply it in the form of an analogue with an extended half-life through reduced
photoisomerization and metabolism, or extremely high affinity for the active site on the receptor.

The author has designed and synthesized ten highly potent analogues of ABA from the following two
standpoints:  resistance to metabolic inactivation and increased affinity for the receptor.  Figure 2
summarizes the synthesized analogues with classification based on the design concept. The one hundred
or so ABA analogues synthesized so far have suggested that any modification would reduce the activity, '8
but it should be highlighted that there are few analogues that were specifically designed to strengthen the
activity. Investigation of their biological activity and metabolism should not only provide the means for the
practical use of ABA but also give important information about the properties of the ABA receptor and
metabolic enzymes.
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Chapter 1
Long-Lasting Analogues of Abscisic Acid Resistant to Metabolism

The inactivation pathway of ABA is illustrated in Fig. 3, and the structural part of the ABA molecule
responsible is summarized in Fig. 4.  According to the type of inactivation, long-lasting, resistant
analogues of ABA can be classificd as follows: type 1, resistant to photoisomerization; type 2, resistant to
metabolic inactivation by conjugation and type 3, resistant to metabolic inactivation by oxidation.  This
chapter considers the design of highly potent, long-lasting analogues of these three types, and describes
four analogues of type 3.

I.1 Introduction

Photoisomerization

Photoisomerization of ABA to the (2E)-isomer is caused by natural sunlight and by UV irradiation to
give a 1:1 mixture of the (22)- and (2E)-isomers.!21  Cis-trans isomerization of the C-C double bond by
light is caused by the -x* transition,20 so raising the energy level of the m-n* transition state at the 2-
double bond of ABA may protect against isomerization to the (2F)-configuration. Another way would be
to increase the relative stability of the (2Z)-isomer, or decrease that of the (2E)-isomer at equilibrium.  If
the (27)-isomer is thermodynamically more stable than the (2E)-isomer, then its conversion to the (2E)-
isomer would be reduced independently of the energy level of the m-n* transition state. No analoguc
designed in either manner has been reported.  Fixing the (2Z)-configuration by covalent bonds is the more
reliable way to prevent isomerization. Compound 25 and its derivatives that possess a benzene ring in the
side chain were synthesized based on this strategy.?2  However, these compounds showed ABA-like
activity only at high concentration, probably because of the steric effect of the benzene ring.  Compound
26 that possesses a Y-lactone in the side chain was inactive, also probably due to the absence of the free
acid. 33

Photoisomerization is an equilibrium reaction of the mutual conversion between isomers.  The
equilibrium ratio of ABA is 1:1, and the (2E)-isomer can return to the (2Z)-isomer.  Photoisomerization
would cause only a little decrease in the concentration of the active (2Z)-isomer. Therefore,
photoisomerization scems to be relatively a small problem and type 1 analogues resistant to
photoisomerization would have the small effect on increasing in the activity.

COsH

20: R=H

21: R=Me
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23: R'=H,R2=Glc

Fig. 3. Inactivation pathway of (+)-ABA (1) (Glc: B-D-glucose).
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Fig. 4. Structural parts of ABA responsible for the short-life.



Metabolic Inactivation by Conjugation

ABA is conjugated at the 1-carboxyl and 1'-hydroxyl groups with glucose in plants, to give the 1-O-
glucosyl ester (ABA-GE, 13) and the 1'-O-glucoside (ABA-GS, 14).

A glucosyltransferase which catalyzes the transfer of glucose from UDP-glucose to ABA with
formation of ABA-GE has been purified.?*  The pH optimum of this enzyme was 5.0, so the formation of
ABA-GE may be catalyzed in the vacuole. This is supported by the findings of Lehmann and Glund, who
located the conjugated metabolites only in the vacuoles.  The conjugation would mean irreversible
compartmentation into the vacuoles of plant cells.>> The nature of the glucosyltransferase giving ABA-GS
is not known.

Resistance to conjugating to ABA-GE may be achieved by esterification of the C-1 carboxyl group.
However, the absence of ABA methyl ester activity in the stomatal assays®® suggests that the free acid is
required for activity, so esterification would not strengthen activity. Methyl, cthyl and phenyl esters of
ABA had comparable activity to that of ABA only in long-term assays,?’2? suggesting that these activities
were caused by the release of free ABA.

The chemical reactivity of the 1'-hydroxyl group is very poor; it cannot be acetylated under any
reaction conditions attempted to date’®3! and can only trimethylsilylated using bis(trimethylsilyl)
acetamide. 333 It has been assumed that the steric3? or electronic3! effects prevent reactions of the 1'-
hydroxyl group; the steric cffect would be attributed to the 1'-side chain, 2'-methyl (C-7") and 6'-methyls
(C-8" and C-9'), while the electronic effect may derive from its position being activated electronically by
both the enone and dienoic acid.3  Therefore, protection of the 1'-hydroxyl group is difficult, and
analogues resistant to conjugation at C-1' have not been reported.  As described later, the 1'-hydroxyl
group is a significant group for activity, so its protection, as well as the 1-carboxyl, would be inefficient for
an increase in activity.

Resistance to these conjugations without a loss of activity may be afforded by modification of sites
other than the carboxyl and hydroxyl group, to inhibit the enzymatic catalysis. Design of this analogue
requires knowledge of the substrate specificity of the glucosylating enzymes.  This is unknown, although
the specificity secems to be less strict than that of the 8'-hydroxylase.

A different ratio between the conjugations at C-1 and at C-1' has been found in the different plants
and tissues.®  The conjugation pathway to ABA-GE and ABA-GS scems to be a non-specific removal
mechanism for unwanted acids.3®  Therefore, type 2 analogues resistant to the conjugation may not be
applied to various plants.

The oxidized metabolites of ABA can also be conjugated (Fig. 3, 20-24), but this is not related to
regulation of the activity except for the conjugates 20 and 21.  Conjugates 20 and 21 are metabolites

specific to Robinia pseudacacia and are not found in the other plants.3’
Metabolic Inactivation by Oxidation

The metabolic oxidation of ABA in plants is initiated by hydroxylation at C-8' to produce 8'-HOABA
(15),%3 as shown in Fig. 3. Gillard and Walton in 1976, found 8-hydroxylating activity with high-

27

substrate specificity for (+)-ABA in the particulate portion of a cell-free enzyme system from the liquid
endosperm of immature fruits of the Eastern Wild cucumber.®®  This required NADPH and 02, and was
inhibited by CO, so it was considered to be a microsomal cytochrome P-450 monooxygenase.3 This was
supported by the finding that one atom of 1®0 is incorporated into the 8'-0xygen of PA in leaves and roots
of Xanthium strumarium incubated in 1805, 90,41

The 8'-hydroxylase of ABA is belicved to be induced by ABA itself,*2 but it has not yet been
isolated and its detailed characteristics including the substrate specificity have remained unclear. Some
investigations of ABA metabolism in cell free systems, cell cultures and tissues have revealed that (+)-ABA
is partly metabolized to 7'-hydroxy-ABA (7-HOABA, 27),43% (.).ABA to (-)-7-HOABA,*47 (4)-
ABA to (+)-7-HOABA,*"* and (-)-ABA to (+)-PA.38474950  pyrthermore, (+)-7-HOABA has been
isolated as an endogenous compound in leaves of Vicia fava.®'  When (-)-7-HOABA was identified as a
metabolite of feeding unnatural (-)-ABA to Xanthium strumarium in 1986,% this finding was rationalized
by the fact that ABA is pseudo-symmetrical about the plane that intersects C-1'-C-4" and contains the side
chain; C-7' of (-)-ABA can occupy the space occupied by C-8' of (+)-ABA when the ring adopts the less
favored half-chair with the side chain being pseudo-equatorial (the conformation of ABA described in
Chapter III). It seemed that there is no specific enzyme catalyzing the hydroxylation at C-7' of unnatural
(-)-ABA in plants, so one enzyme oxidizes both C-8' of (+)-ABA and C-7' of (-)-ABA.  The steric
specificity of this enzyme is also involved in the conformational change of ABA to the less favored form in
binding to proteins.>?> However, conversions to the minor metabolites were much influenced by the tested
tissues and cells, so it is unlikely that only 8'-hydroxylase oxidizes all of C-8' and C-7" in (+)-ABA and C-
7' and C-8' in (-)-ABA. In 1994, further detailed investigations in maize suspension-cultured cells by
Balsevich ef al.>3 showed that (+)-ABA is oxidized to (-)-PA inside the cell, whereas (-)-ABA is converted
to (-)-7'-HOABA at the cell surface, suggesting that the 7'-hydroxylase of (-)-ABA is not the same as the
8"-hydroxylase of (+)-ABA. These findings suggest that the four hydroxylations arc catalyzed by two or
more enzymes. The exact specificity of the 8-hydroxylase must be investigated using purified and
isolated enzymes.

The first metabolite 8'-HOABA is extremely unstable. Ever since Milborrow identified 8-HOABA
as "Metabolite C" in tomato plants supplicd with (=)-[2-14C]-ABA in 1968, it has not been isolated from
plant extracts because it spontancously cyclizes in vitro to PA.3®  The existence of this unstable
intermediate in the metabolic pathway was indirectly confirmed by detection of acetylated®® and
trimethylsilylated compounds,’® and by isolating the conjugate with B-hydroxy-B-methylglutaric acid (20,
21) from immature seeds of Robinia pseudacacia,®” and that with glucose from sunflower leaves fed with
the methyl ester of ABAS?  In 1995, Zou et al. reported that 8-HOABA can be isolated as a borate
complex by heating PA and boric acid in glacial acetic acid, and suggested that 8-HOABA is active in lipid
and oleosin biosynthesis.56



The evelization of 8'-HOABA to PA is an intramolccular Michacl addition which is initiated with the
nuclcnphilit; addition of the 8'-0xygen to the electron-deficient 2'-carbon and completed by ?uhscqucm
protonation at C-3" in the intermediate enolate 16. This protonation in vivo occurs stcrcospc.ciflcal'ly from
the c-face of the cyclohexanone ring (the si-face of C-3' in 16), so the cyclization to PA is believed to
proceed enzymatically in vivo.37 PA is inactive in many bioassay systems. .

PA in vivo is reduced at the 4'-carbonyl group to give further inactive dihydrophaseic acid (DPA,
18) and epi-DPA (19).%36  PA-reducing activity has been found in the soluble portion of a cell-free
enzyme system.*®  The inactivation of ABA to PA and DPA is inhibited by plant growth retardants of the
tclc;zclacis and triazole type which are inhibitors of cytochrome P-450.98:59  The further metabolism of
ABA is unknown, although the side chain scems to be degraded.

This oxidation pathway causes the intrinsic inactivation of ABA and it is common among higher
plants. 24636 Type 3 analogues resistant to this metabolism would be more effective in various plants
than the types 1 and 2. Thus, the author selected type 3 as the target for long-lasting analogues of ABA.
Since 8'-HOABA probably remains active, the analogues should not be metabolized to PA. Thercfore, fhc
type 3 analogues were designed using two strategics based on the above mechanism of oxidative
inactivation, One was the blockage of 8'-hydroxylation and the other was the cyclization of 8-HOABA to
PA. There are two ways to design the latter type: one is by lowering the nucleophilicity of the 8'-oxygen
and the other is by lowering the electrophilicity of the 2'-carbon.

1.2 8,8 -Difluoro- and 8',8',8'-Trifluoroabscisic Acids as the 8'-
Hydroxylation-Resistant Analogues

Design Concept

Hydroxylation at C-8' by cytochrome P-450 would include hydrogen abstraction by the activated
oxygen and recombination of the resulting carbon and hydroxyl radicals.® The most effective chemical
modification that can confer resistance to this radical oxidation is the introduction of fluorinc atoms at C-8'.

The physical properties of fluorine and fluorocarbons are shown along with those of hydrogen and
oxygen in Table 1.61 The strength of the C-F bond is higher than that of the C-H bond, meaning that the
C-F bond is more stable to radical cleavage than the C-H bond. The resulting C-F radical tends to act as an
clectrophilic radical because of the strong electronegativity of fluorine, so it has low reactivity with the
hydroxy radical, which is clectrophilic. Additionally, its compactness is another reason for using fluorine.
The van der Waals radius of fluorine is the shortest next to that of hydrogen (1.13-fold of that of
hydrogen), and except for monofluorocarbons, the length of the C-F bond is about 1.2-fold that of the C-H
bond. This means that introducing fluorines induces resistance to metabolic oxidation without much
influence on the steric size of the molecule; that is, it retains affinity for the receptor.

The introduction of fluorines into many bioactive molecules®>68 and various methods of
fluorination®-7! have been reported. Rose et al., 7> have synthesized 7',7-difluoro-ABA (28), but it did
not strengthen the activity of parent molecule because as described above, C-7' is the site of oxidation of
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Table 1. Physicochemical Properties of H, F and O
a) Electronegativity and Van der Waals Radius of H, F and O

H F 0
Electroncgativity o 4.0 3.5
van der Waals radius (A) 1.2 1,35 1.4

b) Bond Strength (kcal mol'!) of R-H, R-F ¢) Bond Length (A) of R-H, R-F and R-O

and R-O

R H F ) R H B 0
CH3 105 108 92 CH3 1.09 1.83 1.43
CH2F 101 = = CHaF - 1.33 -
CHF2 103 - - CF3 1.10 - -
CF3 107 131 - CHz=CH 1.07 1.32 -

unnatural (1'R)-(-)-ABA and is the minor site for that of natural (1'S)-(+)-ABA.#3-53  Replacing
hydrogens with fluorines at C-8' which is the major site of oxidation, can block hydroxylation at C-8'
without reducing affinity for the active site on the uptake carrier and receptor. This renders lasting activity.
Therefore, 8',8'-difluoro-ABA (2) and 8',8'8'-trifluoro-ABA (3) were designed as analogues that can
resist 8'-hydroxylation.

Results and Discussion

Synthesis and identification

Difluoro-ABAs were synthesized by a modification of the method reported for the synthesis of (+)-
methyl phascate’® (Fig. 5). Hydroxymethylation of 2,6-dimethyl-1-cyclohexanone (29) by the method of
Grieco and Hiroi’* gave hydroxymethyl ketone 30.  Oxidation of 30 gave the formyl ketone 31.
Compound 31 was fluorinated using diethylaminosulphur trifluoride (DAST) to give the difluoromethyl
ketone 32 in a 45% yield. The reaction of 32 with alkynyl lithium gave the tetrahydropyranyl (THP) ether
33. Deprotection of 33 gave the acetylenic diol 34, which was then acetylated to afford the acetylenic
acetate 35. Dehydration of 35 gave the enyne acetate 36.  Reduction of 36 gave the dienol 37, which
was then oxidized yielding the dicnone 38. A Wittig reaction with 38 gave the methyl ester 39 as a
mixture of (2Z)- and (2E)-isomers.  Bromination of 39 and then dehydrobromination formed the
didehydro compound 40, which on photosensitized oxygenation and subsequent treatment with basic
alumina gave the methyl esters of difluoro-ABAs: four stercoisomers resulting from the 2Z/2E isomerism
and from the cis or trans relationship of the 6'-difluoromethyl group to the 1'-hydroxyl group. Hydrolysis
of these methyl esters gave an isomeric mixture of (x)-8',8'-difluoro-ABA (2) and its (+)-(2E)-isomer
(41), and of (£)-9',9'-difluoro-ABA (42) and its (+)-(2E)-isomer (43) (ca 1:2:4:8, as determined by
HPLC). This mixture was separated into its components by HPLC with an ODS column.

Trifluoro-ABAs were synthesized from compound 44 prepared by the method reported for the
synthesis of 16,16,16-trifluororetinal’> (Fig. 6). In the same manner as for 39, compound 44 gave an
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ﬁifi) i) - iii) &) iv}-vi! nl} \m}

29 300 R=CH,0H 33: R=THP
3: R=CHO 34 R=H
R=CHF, 35 R=Ac

5 CO,H
.
xlI.II CO;H o

40 ’“" (£)-2 and (+)-42 (+)-41 and (+)-43

wa)

Rh, R?
il
o} bH COsH

(+)-2° R'=CHF,, R*=CH;
(+)-42. R'=CHj, R?=CHF,
Fig. 5. Synthesis and optical resolution of 2 and 42.
i) LDA, HCHO ii) PCC iii) DAST iv) Lnﬁ’LOTHF’ v) pyridinium p-TsOH
vi) Ac,0. pyridine vii) POCly, pyridine viii) Red-Al ix) MnO; x) PhyP=CHCO;Me

xi) a) NBS, BPO b) quinoline xii) rose bengal, O, hv xiii) basic alumina xiv) NaOH
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Fa
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45 Xiv)
Fs XV)
H
CO H (0]
(ﬂ:) -3 and (+)-47 (+)-46 and (£)-48

xvl)

ﬁ\)\ COzH

(+)-3 R'=CF;, R*=CH;
(+)-47. R'=CH,, R*=CF;

Fig. 6. Synthesis and optical resolution of 3 and 47.
For xi) - xvi), see legends of Fig. §
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isomeric mixture of (x)-8',8',8'-trifluoro-ABA (3) and its (£)-(2E)-isomer (46), and of (£)-9',9',9'-
trifluoro-ABA (47) and its (=)-(2E)-isomer (48) (ca 1:2:4:8, as determined by HPLC). This mixture was
separated into its components by HPLC with an ODS column.

The ratio of the C-8' fluorinated analogue to C-9' fluorinated analogue in difluoro- and trifluoro-
ABAs was 1:4, which was brought about during the photosensitized oxygenation of the didehydro
compounds (40 and 45). This ratio of 1:4 is believed to result from the stereoselective addition of a
singlet oxygen from the sterically or electrically less-hindered site, that is, the opposite side of the di- and
trifluoromethyl groups.

Identification of difluoro- and trifluoro-ABAs was accomplished by analysis of 'H NMR and 13C
NMR spectral data. In the 'H NMR spectra, the 6'-methyl groups of (£)-2 and -3 (8 1.10 and 1.26)
appeared in a higher field than those of (x)-42 and -47 (8 1.18 and 1.33), respectively. The 9'-protons of
ABA (8 1.01) appeared at higher field than the 8'-protons (8 1.11),76 so the spectra of (£)-2 and -3 both
lacked a methyl singlet corresponding to the 8'-protons of ABA, and those of (+)-42 and -47 lacked a
methyl singlet corresponding to the 9'-protons.  Analogues (+)-2 and -42 both showed a triplet signal of
one proton at 6 6.03 and 5.92, respectively, which were assigned to the proton at C-8' and at C-9',
respectively, bonded to two fluorine atoms. These findings showed that (£)-2 was (+)-8',8'-difluoro-
ABA and (£)-3 was (=)-8',8",8'-trifluoro-ABA, and that (2)-42 was (£)-9',9'-difluoro-ABA and (+)-47
was (£)-9',9',9'-trifluoro-ABA. The 13C NMR spectra confirmed the above identification. The signals
of C-8' of (£)-2 and C-9' of (+)-42 appeared as triplets at 8 119.9 and 119.2, respectively, by coupling
with two fluorine atoms, and the 13C signals of C-8' of (+)-3 and C-9' of ()-47 appeared as quartets at d
130.3 and 129.1, respectively, by coupling with three fluorine atoms.

(x)-Difluoro- and (+)-trifluoro-ABAs were optically resolved by HPLC with a Chiralcel OD column
to afford the (+)- and (-)-enantiomers with an optical purity of more than 99%. The CD spectra of the (+)-
enantiomers showed the same positive first and negative second Cotton effects, i.c. the positive exciton
chirality, as those of (S)-(+)-ABA.77 Therefore, the absolute configuration at C-1' of (+)-difluoro- and
(+)-trifluoro-ABAs is R, while that at C-6'is S for (+)-2 and -3, and R for (+)-42 and -47.

Biological activity

The optically active analogues were compared with the (+)- and (-)-ABAs and (-)-PA for their
inhibitory activity in four bioassays: lettuce sced germination’®; clongation of the second leaf sheath of
rice seedlings”; a-amylase induction by gibberellin As in barley half-seeds without embryos®’; and
stomatal opening of the epidermal strips of spiderwort.8!  Values for the concentration giving half-maximal
inhibition (ICsp) from the assays are summarized in Table 2. (2E)-isomers of racemic 2, 3, 42 and 47
were inactive in the assays (data not shown).

In the rice elongation assay, the C-8' trifluorinated analogue (+)-3 was extremely powerful; its [Csp
value was only 0.082 uM, while that for (+)-ABA was 2.6 uM, meaning (+)-3 was more than 30 times as
cffective as (+)-ABA. In the lettuce germination assay, (+)-3 caused 50% inhibition of germination at a
concentration of 1.9 uM, while (+)-ABA caused the same degree of inhibition at 5 pM; i.e. the activity of
(+)-3 was 2.6 times that of (+)-ABA. The C-8' difluorinated analogue (+)-2 also showed strong activity
in the elongation and germination assays; ca six and two times those of ABA, respectively. Investigation
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Table 2. The ICso Values for Optically Active ABA, 2, 3,42 and 47 am

ICsp in assay
Lettuce seed Barley at-amylase Spiderwort

SOmERX R:{‘:;;;:::::B germination induction stomatal opening
(11M) (M) (uM) (nM)
(+)-ABA 2.6 5.0 2.9 5.0
(+)-2 0.45 2.3 3.3 5.8
(+)-3 0.082 1.9 2.0 4.6
(+)-42 1.5 3.7 4.0 4.3
(+)-47 2.4 7.9 6.4 4.2
(-)-ABA 3.5 9.7 7.3 67
(-)-2 4.0 10 7.5 68
(-)-3 2.8 11 24 330
(-)-42 12 12 26 62
(-)-47 27 7.9 20 60
(-)-PA >300 >300 9.2 >1000
b 25 -
A B
- 20
3 154
—_
L—)-.x 10
fiel
T == T
T T T T 1 0 T T T 1

b ] i 8 9 | 2 3 1 7]
Day of assay Day of assay
Fig. 7. Changes with time in the inhibitory activity of (+)-1, -2, and -3 in the rice seedlings

elongation (A) and the lettuce seed germination (B).
® (+)-1, M ()2, A (+)-3

of the changes with time in the effects of (+)-2 and -3 in these two assays showed that (+)-2 and -3 were
superior in stability to (+)-ABA (Fig. 7); as time passed, the ratio of the activity of (+)-2 and -3 to that of
(+)-ABA increased, becoming 6/1 on day S and 10/1 on day 9 for (+)-2, and 25/1 on day S and 40/1 on
day 9 for (+)-3 in the clongation assays, and 2/1 on day 2 and 4/1 on day 5 for both analogues in the
germination assay. These results suggest that the high activity of (+)-2 and -3 observed in these two
assays resulted from a delayed inactivation, as expected.  The result that the long-lasting effect by the 8'-
fluorination was more remarkable in the rice assay than in the lettuce assay may be explained by the
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demonstration of Orlandini er al. that the major metabolic pathway in lettuce sceds is the conjugation to
ABA-GE, not the oxidation to PA.5

In the a-amylase and stomata assays, the activitics of (+)-2 and -3 were as effective as those of (+)-
ABA. In the a-amylase assay which takes place over a rather long period (2 days), (-)-PA showed activity
ca 1/3 that of (+)-ABA. This result agrees with those reported by Lin and Ho.®3  This finding implics that
blockage of conversion to (-)-PA via 8'-HOABA does not contribute to the enhancement of the activity,
thus explaining the lower activity of (+)-2 and -3 in the a-amylase assay than in the elongation assays. In
the stomata assay which is a short-term assay (3 hr), the activity of a test compound will be unaffected by
the speed of its metabolism.®*  In this assay, therefore, blockage of metabolic inactivation will have little or
no influence on the activity. Consequently, the results obtained in these four assays suggests that (+)-2
and -3 act as longer-lasting analogues, as designed, although metabolism of (+)-2 and -3 was not
cxamined in this study. The difluoromethyl group can act as a functional group that inactivates the
cytochrome P-450 enzyme,% so the difluorinated analogue (+)-2 can act as a suicide inhibitor of the 8'-
hydroxylase. However, the outward appearance of tested plants suggested that (+)-2 as well as (+)-3 and
(+)-ABA was non-toxic.

The activities of the C-9' difluorinated analogue (+)-42 and the C-9' trifluorinated analogue (+)-47
were almost equal to that of (+)-ABA in all the bioassays. This result suggests that di- and trifluorination
of C-9' of (+)-ABA did not influence the affinity for the active site on the receptor and had no effect on
inhibiting the approach or action of the 8'-hydroxylation enzyme.

The effect of (-)-ABA varied according to the assays tested. In the rice elongation assay, (-)-ABA
was cffective almost equally with (+)-ABA. There has been no report about the effects of the isolated (-)-
ABA on the rice clongation assay so far, and (-)-ABA was believed to be inactive based on that (+)-ABA
was twice as effective as (£)-ABA.86 This study found firstly that (-)-ABA is potent in the rice assay. In
the lettuce and ct-amylase assays, (-)-ABA showed about 1/2 activity of (+)-ABA, while the effect of (-)-
ABA on the stomatal assay was 1/10 that of (+)-ABA. This indicates that (-)-ABA is more potent in the
assays affected more largely by metabolic stability of a tested compound.  (-)-ABA may have a smaller
affinity for the active site on the receptor than (+)-ABA does, but delay of metabolic inactivation®” % seems
to contribute to the high activity in the long-term assays, as (+)-2 and -3. The (-)-enantiomers of the di-
and trifluoro analogues showed activity which was the same as or less than that of (-)-ABA; compound (-)-
2 was equivalent to (-)-ABA in all the assays, (-)-3 was less active in the c-amylase and stomata assays,
and (-)-42 and -47 were less effective in the elongation and a-amylase assays. The cyclohexenone ring of
ABA is pseudo-symmetrical, so (-)-ABA is considered to bind to the same site that (+)-ABA binds.”! In
this case, C-8' or C-9' of (-)-ABA occupies the site normally filled by C-7' of (+)-ABA?! which is
essential for activity.?>%3 The van der Waals radius of fluorine is a little larger than that of hydrogen
(Table 1). The slightly bulkier C-8' or C-9' of the (-)-enantiomers of the long-lasting analogues would
cause a weakening of the affinity for the active site and hence reduced activity as observed. This implics
that the steric requirement around C-2' is much stricter than that around C-6'. The differences in the
effects of the individual (-)-enantiomers among the four assays suggests that steric tolerance of the binding
site for the equatorial direction and for the axial direction at C-2' on the P-face of the ring differs with
species or tissues.
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Experimental

General procedures

IH NMR and '3C NMR spectra were recorded with TMS as the internal standard using a Jeol
GX400 (400 MHz), Jeol GSX270] (270 MHz) and JNM GSX-500 (500 MHz).  For clarity, the
conventional ABA numbering system is used in the assignment of peaks in the 'H NMR and 13C NMR
spectra,  Mass spectra were obtained with a Jeol IMS-DX300/DAS000 mass spectrometer.  GC-MS was
conducted with a 1% OV-17 column (1 m x 2.6 mm) in the El mode. CD spectra and optical rotation were
recorded with Jasco J-600 spectropolarimeter and DIP-4 or DIP-370 digital polarimeter, respectively.

()-2-Hydroxymethyl-2,6-dimethyl-1-cyclohexanone (30)73

To a solution of diisopropylamine (35.4 g) in THF (100 ml) at -75°C was added n-butyl lithium (n-
BuLi) (a 1.6 M solution in hexane, 218 ml). After 20 min, 2,6-dimethyl-1-cyclohexanonc (29, 40 g) was
added dropwise. The reaction mixture was warmed to -25°C, and gascous formaldehyde, which was
generated from paraformaldehyde (60 g) by heating the mixture at 170-190°C, was passed into the reaction
mixture in a stream of nitrogen. The reaction mixture was stirred for 60 min at -25 to -15°C and then
warmed to room temperature.  After being quenched with saturated NH4Cl, the mixture was extracted with
cther.  The organic layer was washed with H20, dried over NaSO4, and evaporated. The residual oil
was chromatographed on silica gel with hexane-EtOAc (9:1-7:3) to afford 31.5 g (64% yield) of 30 as a
mixture of two diastercomers (59:41, determined by GC analysis). 'H NMR (400 MHz, CDCl3): 6 0.99
(3H, d, J = 6.4 Hz, Me-6), 1.03 (3H, d, J = 6.4 Hz, Mc-6), 1.09 (3H, 5, Me-2), 1.20 (3H, s, Me-2),
1.28-2,10 (12H, m, H-3, H-4, H-5), 2.63 (1H, m, H-6), 2.65 (1H, m, H-6), 3.44 (1H, d, J = 11.6 Hz,
OCH3y), 3.51 (1H,d,J = 11.6 Hz, OCH2) 3.58 (1H, d, J = 10.7 Hz, OCH3), 3.92 (1H, d, J = 10.7 Hz,
OCH3); GC-MS m/z (rel. int.): 156 [M]* (3), 138 (23), 126 (18), 111 (14), 95 (22), 83 (100), 69 (46).

(+)-2-Formyl-2,6-dimethyl-1-cyclohexanone (31)

A mixture of 30 (66 g) and pyridinium chlorochromate (110 g) in CH2Cl2 (200 ml) was stirred at
room temperature for 2 hr.  The suspension was filtered, and the filtrate was then concentrated.  The
residual oil was chromatographed on silica gel with hexane-EtOAc (9:1) to give 31 (33 g, 51% yicld) as a
mixture of two diastercomers. 'H NMR (400 MHz, CDCI3): 8 1.03 (3/2H, d, J = 6.7 Hz, Me-6), 1.06
(3/2H, d, J = 6.4 Hz, Me-6), 1.21 (3/2H, s, Me-2), 1.35 (3/2H, s, Me-2), 1.35-2.46 (6H, m, H-3, H-4,
and H-5), 2.52 (1/2H, m, H-6), 2.65 (1/2H, m, H-6), 9.45 (1/2H, d, J = 0.6 Hz, CHO), 9.72 (1/2H, s,
CHO); GC-MS m/z (rel. int.): 154 [M]* (4), 139 (4), 126 (57), 111 (35), 97 (34), 84 (32), 71 (100).

(£)-2-Difluoromethyl-2 .6-dimethyl-1-cyclohexanone (32)

Compound 31 (33 g) was added dropwise to a solution of DAST (57.4 g) in CH2Clz2 (300 ml)
cooled to -78°C under N2.  The mixture was then warmed to room temperature and stirred for 4 hr.  After
being quenched with saturated NaHCO3 and H20, the mixture was extracted with CH2Cl2.  The organic
layer was washed with H20, dried over Na2S04 and concentrated.  The residual oil was chromatographed
on silica gel with hexane-EtOAc (97:3) to give 32 (17.1 g, 45% yicld) as a mixture of two diastercomers.
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'HNMR (400 MHz, CDCI3): 8 1.01 (3/2H, d, J = 6.4 Hz, Me-6), 1.07 (3/2H, d, J = 6.4 Hz, Mc-6),
113 (3/2H, t, Uyr =1.2 Hz, Me-2), 1.29 (3/2H, t, Uyr =1.2 Hz, Me-2), 1.34-2.27 (6H, m, H-3, H-4.
and H-5), 2.58 (1/2H, m, H-6), 2.61 (1/2H, m, H-6), 5.98 (1/2H, t, 2/jiF = 56.2 Hz, CHF2), 6.03
(1/2H, t, %y = 55.5 Hz, CHF2); GC-MS m/z (rel. int.): 176 [M]* (30), 128 (11), 113 (8), 109 (8), 98
(37), 86 (25), 81 (11), 73 (17), 69 (100).

(£)-4-(1'-Hydroxy-2'-difluoromethyl-2',6 "~dimethylcyclohexyl)-but-3-yn-2-0l-THP ether (33)

A 1.6 M solution of #-BuLi in hexane (100 ml) was added dropwise to a stirred solution of 1-
methyl-2-propynyl THP ether (24 g) in THF (100 ml) over 30 min at -78°C under Nz.  After being stirred
for 1 hr, the reaction mixture was warmed to -25°, and 32 (17.1 g) in THF (50 ml) was added dropwise to
the stirred mixture. The mixture was stirred for 2 hr at -25 to -10°C and then warmed to room temperature.
After being quenched with 0.1 M NH4Cl (250 ml), the mixture was extracted with E20, and the organic
layer was successively washed with 0.1 M NH4Cl and H20, dried over Na2S04, and concentrated, The
residual oil was chromatographed on silica gel with hexanc-FtOAc (5:1) to give 33 (24.6 g, 77% yield) as
amixture of diastereomers. 'H NMR (400 MHz, CDCl3) of the major diastercomer: & 1.06 (3H, d, J =
6.4 Hz, Me-6'), 1.18 (3H, s, Me-2"), 1.48 (3H, d, J = 6.7 Hz, H-1), 1.51-2.11 (12H, m, H-3', H-4', H-
5', H-2", H-3", and H-4"), 4.62 (1H, q,J = 6.7 Hz, H-2), 4.94 (1H, dd, J =4.3 and 2.7 Hz, H-1"), 6.06
(1H, t, 2/yr = 56.2 Hz, CHF2); EIMS m/z (rel. int.): 330 [M]* (3), 246 (21), 228 (30), 210 (31), 177
(15), 159 (48), 139 (23), 121 (66), 109 (41), 91 (43), 84 (100).

(:)—4—(l'-Hydraxy—2'-dxﬁuaromethy!-2‘,6'—dfmerhy!cyc:‘ohexy!)—bur-3-yu -2-0l. (34)

To astirred solution of 33 (24.6 g) in EtOH (400 ml) was added pyridinium p-toluenesulfonate (2
£), and the mixture was stirred at 55°C for § hr. The solution was concentrated and the residuc was diluted
with Et20 (1 litre), successively washed with saturated NaHCO3 and H20, dried over Na2S04, and
concentrated. Chromatography of the residual oil on silica gel with hexane-EtOAc (5:1) gave 34 (17.8 g,
97% yield) as a mixture of diastereomers. 'H NMR (400 MHz, CDClI3) of the major diastereomer: & 1.05
(3H, d, J = 6.4 Hz, Me-6'), 1.13 (3H, s, Me-2'), 1.22-2.10 (6H, m, H-3', H-4', and H-5"), 1.49 (3H, d,
J = 6.7 Hz, H-1), 4.61 (1H, q,J = 6.7 Hz, H-2), 6.07 (1H, t, 2/yr = 56.2 Hz, CHF2); EIMS m/z (rel.
int.): 246 [M]* (60), 228 (4), 213 (7), 193 (8), 177 (6), 166 (28), 149 (15), 139 (81), 121 (100), 109
(80).

(+)-3-(1'-Hydroxy-2'-difluoromethyl-2', 6'-dimethylcyclohexyl)-1-methyl-2-propynyl acetate (35 )

A solution of 34 (17.8 g) and Ac20 (40 ml) in pyridine (100 ml) was stirred at room temperature for
I3 hr.  The solution was poured into ice-cooled H20 and extracted with EnO. The organic layer was
successively washed with 0.1 N HC, saturated NaHCO3 and H20, dried over Na2S04, and concentrated.
The residual oil was chromatographed on silica gel with hexane-EtOAc (9:1) to give 35 (17.8 g, 85%
yield) as a mixture of diastereomers. 'H NMR (400 MHz, CDCI3) of the major diastercomer: & 1.04
(3H, d, J = 6.4 Hz, Me-6'), 1.09-1.95 (6H, m, H-3', H-4', and H-5'), 1.12 (3H, s, Me-2"), 1.52 (3H, d,
J = 6.7 Hz, Me-1), 2.07 (3H, s, OAc), 5.45 (1H, q, J = 6.7 Hz, H-1), 6.06 (1H, t, 2/yr = 57.2 Hz,
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CHF2); EIMS m/z (rel. int.): 288 [M]* (13), 270 (3), 246 (11), 228 (63), 213 (13), 193 (11), 177 (16),
166/ (21), 135 (35), 121 (29), 109 (37), 93 (18), 80 (100).

(£)-3-(2'-Diflucromethyl-2',6'-dimethyl-1'-cyclohexen-1 '-yl)-1-methyl-2-propynyl acetate (36) 3
To a stirred solution of 35 (17.3 g) in pyridine (150 ml), a mixture of POCl3 (37.3 ml) and ;?yndmc
(40 ml) was added dropwise at 0°C, and the solution was then heated at 100°C for 23 hr. Tl'lc solution \&a:
poured into ice-cooled H20, and extracted with Et20.  The organic layer was washed .wnh H20, dric
over Na2SO4, and concentrated. The residual oil was chromatographed on silica gel with hcxanc-ElO.Ag
(19:1) to give 36 (5.8 g, 30% yicld) as a mixture of two diastercomers. ’H NMR (400 MHz, CDCL_T).
1.16 (3/2H, t, “ur = 1.2 Hz, Me-2)), 1.17 (3/2H, t, “fr = 1.2 Hz, Me-2'), 1.37-2.14 (ﬁ—H, m, H-3', H_—
4', and H-5"), 1.52 (3H, d, J = 6.7 Hz, Me-1), 1.90 (3H, s, Me-6'), 2.07 (3H, s, 0Ac), 5.57 (1H, g, J =
6.7 Hz, H-1), 5.84 (1/2H, t, 2/uy = 57.1 Hz, CHF2), 5.87 (1/2H, t, 2Jyr = 57.1 Hz, CHF2); EIMS m/z
(rel. int.): 270 [M]* (10), 242 (19), 226 (21), 213 (85), 203 (66), 185 (33), 175 (54), 159 (78), 149 (40),

142 (46), 129 (55), 115 (75), 105 (61), 91 (100).

(1)—(}2)-4-(2'-D:'ﬂuormnerhyl-2',6’-dfmerhyf-l'-cydohexen-l'-y!)-3-bureri-2-oi (37) '

To a stirred solution of 36 (4.9 g) in THF (50 ml), a mixture of Red-Al (3.4 M in toluene, 60 ml)
and THF (40 ml) was added dropwise at 0°C over 40 min under N2.  The solution was refluxed for 3 hr.
A saturated NH4Cl solution was added to quench the reaction, and the mixture was filtered and cxtr?clcd
with Et20. The organic layer was washed with H20, dried over Na2S04, and mnccnlratcﬁ. 'Ihc residual
oil was chromatographed on silica gel with hexane-EtOAc (19:1-9:1) to give 37 (3.4 g, 81% yield) as a
mixture of two diastereomers. 'H NMR (400 MHz, CDCI3): & 1.09 (3/2H, s, Me-2'), 1.09 (3/2H, s,
Me-2'), 1.31 (3/2H, d, *Jup= 6.4 Hz, H-1), 1.31 (3/2H, d, 4 ar= 6.4 Hz, H-1), 1.40-2.12 (6H, m, H-3',
H-4', and H-5"), 1.71 (3H, s, Me-6"), 4.37 (1H, dq, J = 6.4 and 6.4 Hz, H-2), 5.52 (1H, dd, J = 16.2
and 6.4 Hz, H-3), 5.66 (1/2H, t, 2Jyr = 56.8 Hz, CHF2), 5.66 (1/2H, t, 2/ur = 56.8 Hz, CHF2), 5.99
(1H, d,J = 16.2 Hz, H-4); EIMS m/z (rel. int.): 230 [M]J* (3), 212 (43), 197 (12), 172 (34), 161 (81),

145 (10), 133 (15), 121 (100), 105 (46).

(£)-(E)-4-(6'"-Difluoromethyl-2',6'-dimethyl-1'-cyclohexen-1'-yl)-3-buten-2-one (38)

A mixture of active MnO2 (27 g) and 37 (3.3 g) was stirred in CH2Cl2 (130 ml) at room temperature
for 4 hr. The suspension was filtered, and the resulting cake of MnO2 was washed with CHz2Cl2. Af-tcr
being concentrated, the residual oil was chromatographed on silica gel with hexane-EtOAc (19:1) to gwlc
38 (2.9 g, 88% yicld). 'H NMR (400 MHz, CDCl3): & 1.16 (3H, s, Me-6'), 1.45-2.16 (6H, m, H-3',
H-4', and H-5), 1.80 (3H, s, Me-2)), 2.30 (3H, s, H-1), 5.68 (1H, t, ur = 56.8 Hz, CHF2), 6.07
(1H, d, J = 16.2 Hz, H-3), 7.17 (1H, d, J = 16.2 Hz, H-4); EIMS m/z (rel. int.): 228 [M]* (4), 213
(100), 199 (6), 185 (5), 177 (5), 162 (4), 159 (5), 135 (2).

(£)-(2Z,4E and 2E,4E)-Methyl 5-(6'-difluoromethyl-2',6'-dimethyl-1'-cyclohexen-1'-yl)-3-methyl-2,4-
pentadienoate (39)
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A mixture of 38 (2.9 g) and methyl (triphenylphosphoranylidene)acetate (10 g) was stirred at 175°C
for 2 hr, and then dissolved in EtOAc (50 ml). The solution was chromatographed on silica gel with
hexane-EtOAc (49:1) to give 39 (3.1 g, 87% vyield) as a mixture of two geometrical isomers (2Z2E =
45:55, determined by integrating the 6'-methyl singlets in the 'H NMR spectrum). 'H NMR (400 MHz,
CDCl3): & 1.12 (3H, s, Me-6'-E), 1.16 (3H, s, Me-6'-Z), 1.44-2.28 (12H, m, H-3', H-4', and H-5"),
1.73 (3H, d, J = 0.6 Hz, Me-2-E), 1.81 (3H, s, Me-2'-Z), 2.04 (3H, d, J = 1.2 Hz, H-6-Z), 2.32 (3H,
d,J = 1.2 Hz, H-6-E), 3.69 (3H, s, COzMe-Z), 3.72 (3H, s, CO2Me-E), 5.64 (1H, t, 2y = 56.8 Hz,
CHF2-E), 5.68 (1H, s, H-2-Z), 5.73 (1H, t, 2/ = 56.8 Hz, CHF2-2), 5.76 (1H, s, H-2-E), 6.08 (1H,
d,J=15.9 Hz, H-4-E), 6.46 (1H, d, J = 15.9 Hz, H-5-E), 6.50 (1H, d, J = 16.5 Hz, H-5-Z), 7.61 (1H,
d,J =16.5 Hz, H-4-Z); EIMS m/z (rel. int.): 284 [M]* (100), 269 (4), 225 (56), 209 (52), 183 (12), 173
(21), 159 (81), 145 (16), 131 (20), 119 (58), 105 (33).

(=)-8',8"-Difluoro-ABA (2), its (2E)-isomer (41), 9'.9'-difluoro-ABA (42), and its (2E)-isomer (43)
N-bromosuccinimide (NBS) (2.5 g) and benzoyl peroxide (BPO) (26 mg) were added to a solution
of 39 (3.1 g) in CCly (20 ml), and the mixture was then refluxed for 2.5 hr under N2.  After cooling the
mixture to room temperature, it was filtered, and quinoline (8 ml) was added to the filtrate. The mixture
was concentrated, and the residue was heated at 100°C for 1 hr under Na.  Afier being cooled to room
temperature, the reaction mixture was poured into 1% H2S04 (400 ml) and extracted with EtO. The
organic layer was successively washed with saturated NaHCO3 and H20, dried over NaSO4, and
concentrated. The residual oil was chromatographed on silica gel with hexane-EtOAc (99:1-49:1) to give
the didehydro compound (40, 1.31 g) as a crude oil. A solution of 40 (1.3 g) and rose bengal (0.2 g) in
MeOH (200 ml) was stirred under Oz while being irradiated with a fluorescent lamp at 25°C for 15 hr.
After being concentrated, the residue was dissolved in McOH (20 ml), and alumina (active basic, 15 g) was
added to the solution. After evaporating the MeOH, hexane (15 ml) was added to the mixture, and the
suspension was stirred at room temperature for 2.5 hr before being chromatographed on alumina.  Elution
with 40-100% EtOAc in hexane afforded a crude cster as an oil. The crude ester was purified by
chromatography on silica gel with hexane-EtOAc (17:3) to give 600 mg (42% yield) of a mixture of four
isomers. To a solution of this mixture (600 mg) in MeOH was added 1 N NaOH (10 ml). The mixture
was stirred at room temperature for 6 hr, then diluted with H20 (150 ml) and washed with hexane. The
organic layer was discarded, and the saturated layer was acidified with 1 N HCI and extracted with EtOAc.
The organic layer was washed with H20, dried over Na2SO4, and concentrated. The residue was
separated by HPLC on wBondasphere 5 p C18-100A (150 x 19 mm, Waters; solvent, 2% McOH in 1%
AcOH; flow rate, 4.8 ml min'!; detection, 254 nm) to give as amorphous powders 39 mg of (£)-2, 57 mg
of (£)-41, 156 mg of (x)-42, and 243 mg of (+)-43. (£)-2. 'H NMR (400 MHz, CD30D): 8 1.10
(3H, s, H-9'), 1.93 (3H, d, J = 1.5 Hz, H-7'), 2.04 (3H, d, J = 1.2 Hz, H-6), 2.46 (1H, d, J = 17.7 Hz,
H-5"-pro-R), 2.64 (1H, d, J = 17.7 Hz, H-5'-pro-S), 5.78 (1H, s, H-2), 5.94 (1H, s, H-3'), 6.03 (1H, t,
Jur = 56.2 Hz, H-8'), 6.17 (1H, d, J = 15.9 Hz, H-5), 7.79 (1H, d, J = 15.9 Hz, H-4); !13C NMR
(67.5 MHz, CD30D): & 17.5 (C-9'), 19.3 (C-7'), 21.2 (C-6), 41.7 (C-5"), 78.4 (C-1"), 119.9 (1, Joy =
244.2Hz, C-8'), 120.6 (C-2), 128.0 (C-3'), 129.9 (C-4), 136.7 (C-5), 150.2 (C-3), 165.2 (C-2'), 169.7
(C-1), 198.6 (C-4); UV Amax (McOH) nm (€): 249.5 (18,600); IR of the methyl ester Viyax (CHCl3)
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eml: 3580, 3000, 2950, 1700, 1665, 1630, 1600, 1433, 1373, 1240, 1160, 1127, 1090, 1050; EIMS
miz (rel. int.): 300 [M]* (2), 282 (11), 241 (25), 231 (12), 213 (5), 203 (37), 190 (100), 175 (13), 162
(58), 147 (21), 134 (83), 119 (23), 111 (84); HR-EIMS: [M]* at m/z 300.1165 (C15H1804F2 requires
300.1173). (+)-42. 'H NMR (400 MHz, CD30D): & 1.18 (3H, d, “Jur = 1.0 Hz, H-8'), 1.92 (3H, d,
J = 1.5 Hz, H-7"), 2.03 (3H, d, J = 1.0 Hz, H-6), 2.28 (1H, dd, J = 17.1 and 1.0 Hz, H-5'"-pro-R), 2.79
(1H, d, J = 17.1 Hz, H-5'-pro-S), 5.76 (1H, s, H-2), 5.92 (1H, t, 2/yr = 56.2 Hz, H-9'), 5.95 (1H, s,
H-3'), 6.23 (1H, dd, J = 15.9 Hz and 4Jur = 4.9 Hz, H-5), 7.79 (1H, d, J = 15.9 Hz, H-4); 13C NMR
(67.5 MHz, CD30D): & 16.3 (C-8'), 19.1 (C-7"), 21.5 (C-6), 41.6 (C-5"), 50.6 (C-6") 78.8 (C-1"),
119.2 (t, Jor = 244.1 Hz, C-9'), 120.4 (C-2), 127.6 (C-3'), 129.6 (C-4), 136.7 (C-5), 151.1 (C-3),
165.1 (C-2"), 169.8 (C-1), 198.6 (C-4"); UV Amax (McOH) nm (€): 245.0 (20,200); IR of the methyl
ester Vimax (CHCI3) em': 3580, 3000, 2940, 1700, 1665, 1630, 1600, 1433, 1373, 1238, 1160, 1120,
1085, 1050; EIMS m/z (rel. int.): 300 [M]* (1), 282 (6), 241 (19), 231 (9), 203 (54), 190 (100), 175
(13), 162 (54), 147 (18), 134 (77), 119 (22), 111 (93); HR-EIMS: [M]* at m/z 300.1163 (C15H1804F2
requires 300.1173). (2)-41. 'H NMR (400 MHz, CD30D): & 1.08 (3H, s, H-9'), 1.91 (3H,d,J= 1.5
Hz, H-7"), 2.27 (3H, d, J = 1.2 Hz, H-6), 2.48 (1H, d, J = 17.7 Hz, H-5"-pro-R), 2.67 (1H, d, J = 17.7
Hz, H-5"-pro-S), 5.87 (1H, s, H-2), 5.93 (1H, br s, H-3"), 6.02 (1H, t, ¥ur = 56.5 Hz, H-8'), 6.20
(1H,d,J = 15.9 Hz, H-5), 6.49 (1H, d, J = 15.9 Hz, H-4); UV Amax (McOH) nm (g): 248.5 (19,700);
IR of the methyl ester Vimax (CHCI3) em': 3590, 3000, 2950, 1710, 1667, 1630, 1613, 1433, 1358,
1256, 1162, 1090, 1055; EIMS m/z (rel. int.): 300 [M]* (3), 282 (11), 241 (25), 231 (12), 213 (4), 203
(17), 190 (100), 175 (11), 162 (55), 147 (20), 134 (83), 119 (21), 111 (50); HR-EIMS: [M]* at m/z
300.1171 (C15H1804F2 requires 300.1173). (+)-43. 'H NMR (400 MHz, CD30D): 6 1.17 (3H, s, H-
8", 1.89 (3H, d, J = 1.2 Hz, H-7"), 2.26 (3H, d, J = 1.2 Hz, H-6), 2.31 (1H, dd, J = 17.1 and 1.2 Hz,
H-5'-pro-R), 2.83 (1H, d, J = 17.1 Hz, H-5'-pro-S), 5.85 (1H, s, H-2), 5.89 (1H, t, 2/yr = 55.9 Hz, H-
9'), 5.94 (1H, qd, J = 1.2 and 1.2 Hz, H-3"), 6.26 (1H, dd, J = 15.6 Hz and “/yr = 4.0 Hz, H-5), 6.50
(1H, d, J = 15.6 Hz, H-4); UV Apax (McOH) nm (g): 246.0 (21,300); IR of the methyl ester Vmax
(CHCI3) em™!: 3590, 3000, 2950, 1710, 1670, 1632, 1613, 1433, 1358, 1255, 1162, 1120, 1085, 1053;
EIMS m/z (rel. int.): 300 [M]* (4), 282 (10), 241 (27), 231 (12), 213 (4), 203 (17), 190 (100), 175 (11),
162 (55), 147 (20), 134 (83), 119 (21), 111 (50); HR-EIMS: [M]* at m/z 300.1178 (C1sH1804F2
requires 300.1173).

(=)-8',8",8'-Trifluoro-ABA (3), its (2E)-isomer (46), 9',9',9'-trifluoro-ABA (47), and its (2E)-isomer
(48)

In the same manner as for 39, (+)-(2Z,4E and 2E,4E)-methyl 5-(6'-difluoromethyl-2',6'-dimethyl-
1'-cyclohexen-1'-yl)-3-methyl-2,4-pentadicnoate (215 mg, 44) gave didechydro compound 45 (75 mg) as a
crude oil. In the same manner as for 40, the didehydro compound 45 (74 mg) gave 0.5 mg of (+)-3 as
an amorphous powder, 1.1 mg of (£)-46 as an oil, 2.1 mg of (x)-47 as an oil, and 3.4 mg of (=)-48 as an
oil. (#)-3. H NMR (400 MHz, CD30D): & 1.26 (3H, s, H-9'), 1.95 (6H, d, J = 1.2 Hz, H-6 and H-
7'), 2.67 (1H, d, J = 19.6 Hz, H-5'-pro-R), 2.72 (1H, d, J = 19.6 Hz, H-5'-pro-S), 5.85 (1H, s, H-2),
5.92 (1H, brs, H-3"), 5.98 (1H, d, J = 15.9 Hz, H-5), 7.69 (1H, d, J = 15.9 Hz, H-4); 13C NMR (125
MHz, CD30D): § 19.1 (C-9"), 20.1 (C-7"), 21.4 (C-6), 45.1 (C-5"), 79.2 (C-1'), 118.5 (C-2), 128.2 (C-

18

3'), 129.1 (C-4), 130.3 (q, Jor = 276.3Hz, C-8'), 133.1 (C-5), 167.3 (C-2'), 169.8 (C-1), 198.2 (C-4'):
UV Amax (McOH) nm (g): 242.5 (22,800); EIMS of the methyl ester m/z (rel. int.): 332 [M]* (3), 314
(4),301 (6), 300 (5), 272 (3), 259 (7), 203 (2), 190 (35), 162 (16), 149 (6), 134 (26), 125 (100), 112
(26); HR-EIMS of the methyl ester: [M]* at m/z 332.1221 (C16H1904F3 requires 332.1236). (+)-47.
'H NMR (400 MHz, CD30D): § 1.33 (3H, s, H-8"), 1.90 (3H, s, H-7"), 1.94 (3H, d, J = 1.2 Hz, H-6),
2.38 (1H, dd, J = 16.8 and 0.9 Hz, H-5"-pro-R), 2.91 (1H, d,J = 16.8 Hz, H-5"-pro-S), 5.86 (1H, s, H-
2), 5.94 (1H, brs, H-3"), 6.02 (1H, dq, J = 16.2 Hz and */yir = 2.8 Hz, H-5), 7.58 (1H, d, J = 16.2 Hz,
H-4); 13C NMR (67.5 MHz, CD30D): 8 16.5 (C-8"), 19.1 (C-7"), 21.0 (C-6), 42.8 (C-5"), 52.2 (C-6"),
78.5 (C-1), 122.0 (C-2), 127.2 (C-3"), 129.1 (q, Jor = 284.0 Hz, C-9'), 129.5 (C-4), 135.0 (C-5),
148.7 (C-3), 164.9 (C-2'), 196.7 (C-4'); UV Amax (MeOH) nm (€): 239.5 (24,400); EIMS of the methyl
ester m/z (rel. int.): 332 [M]* (6), 314 (4), 301 (13), 300 (17), 273 (6), 272 (6), 259 (20), 203 (4), 190
(67), 162 (48), 149 (17), 134 (52), 125 (100), 112 (17); HR-EIMS of the methyl ester:  [M]* at m/z
332.1208 (C16H1904F3 requires 332.1236). (+)-46. 'H NMR (400 MHz, CD30D): & 1.24 (3H, s, H-
9'),1.92 (3H, d, J = 1.2 Hz, H-7"), 2.23 (3H, 5, H-6), 2.73 (2H, s, H-5%), 5.90 (1H, s, H-2), 5.94 (1H,
brs, H-3'), 6.17 (1H, d, J = 15.6 Hz, H-5), 6.53 (1H, d, J = 15.6 Hz, H-4); UV Amax (McOH) nm (¢):
242.5 (23,200); EIMS of the methyl ester m/z (rel. int.): 332 [M]* (6), 314 (4), 301 (13), 300 (13), 273
(6), 272 (6), 259 (20), 203 (5), 190 (75), 162 (35), 149 (10), 134 (51), 125 (100), 112 (21); HR-EIMS
of the methyl ester: [M]* at m/z 332.1197 (C16H1904F3 requires 332.1236). (+)-48. 'H NMR (400
MHz, CD30D): & 1.34 (3H, s, H-8'), 1.92 (3H, d, J = 1.2 Hz, H-7'), 2.25 (3H, d, J = 1.2 Hz, H-6),
2.44 (1H, dd, J = 17.1 and 1.2 Hz, H-5"-pro-R), 2.94 (1H, d, J = 17.1 Hz, H-5'-pro-S), 5.86 (1H, s, H-
2), 5.97 (1H, dq, J = 1.2 and 1.2 Hz, H-3"), 6.31 (1H, dq, J = 15.6 Hz and 4/, = 1.4 Hz, H-5), 6.49
(1H, d, J = 15.6 Hz, H-4); UV Amax (MeOH) nm (g): 241.5 (21,800); EIMS of the methyl ester m/z
(rel. int.): 332 [M]* (6), 314 (4), 301 (14), 300 (14), 273 (6), 272 (5), 259 (20), 203 (4), 190 (70), 162
(35), 149 (14), 134 (52), 125 (100), 112 (21); HR-EIMS of the methyl ester:  [M]* at m/z 332.1180
(C16H1904F3 requires 332.1236).

Optical resolution of (+)-2, -42, -3, -47 and -ABA

Racemic mixtures of 2 and 42 were separated into enantiomers by HPLC on Chiralpak OD (250 x
4.6 mm, Daicel; solvent, 13% isopropanol in hexane containing 0.1% TFA; flow rate, 0.7 ml min’};
detection, 254 nm). The materials at tg 10.6 and 17.2 min of 2 (26 mg) were collected to give (+)- and (-)-
2 (12.3 and 13.2 mg) with optical purity of 99.6%, and the materials at tg 9.4 and 17.4 min of 42 (57 mg)
were collected to give (+)- and (-)-42 (28.0 and 28.2 mg) with optical purity of 99.9 and 99.8%,
respectively.  (+)-2: [(1]21; +236.6° (MeOH; ¢ 0.410); CD Aext (MeOH) nm (Ae): 229 (-11.7), 263
(+13.0), 320 (-1.5). (-)-2: [a]ZD." -240.9° (MeOH; ¢ 0.440); CD Aext (MeOH) nm (Ae): 225 (+12.2),
255(-11.9), 317 (+1.6). (+)-42: [al +336.4° (MeOH; c 0.933); CD Aex (MeOH) nm (A€): 226 (-
15.8), 262 (+17.4), 319 (-2.3). (-)-42: [0.]12)7 -343.6" (McOH; ¢ 0.940); CD Aext (MeOH) nm (Ae): 225
(+16.0), 258 (-16.7), 317 (+2.2). Racemic mixtures of 3 and 47 were separated into enantiomers by
HPLC on Chiralpak OD (solvent, 11% and 8% isopropanol, respectively, in hexane containing 0.1% TFA;
flow rate, 1.0 ml min'l; detection, 254 nm). The materials at 1z 8.0 and 15.7 min of 3 (0.5 mg) were
collected to give (+)- and (-)-3 (0.2 and 0.2 mg) with optical purity of 99.8 and 99.7%, respectively, and
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the materials at fz 11.1 and 16.3 min of 47 (2 mg) were collected to give (+)- and (-)-47 (0.9 and 0.9 mg)
with optical purity of 99.6 and 99.7%, respectively.  (+)-3: [a]g +283.3° (McOH; ¢ 0.012); CD Aext
(McOH) nm (Ae): 227 (-17.5), 257 (+18.9), 317 (-1.7). (-)-3: [a}if -290.0° (McOH; ¢ 0.020); CD
Kext (McOH) nm (Ae): 228 (+15.7), 259 (-18.1), 321 (+2.5). (+)-47: [t‘t]:)? 4390.6° (McOH; ¢ 0.064);
CD hext (McOH) nm (Ae): 229 (-19.9), 258 (+22.3), 315 (-2.1). (-)-47: [n]:)7 -391.5° (MeOH; ¢
0.071); CDAext (McOH) nm (Ag): 227 (+20.9), 256 (-20.4), 322 (+2.3). A commercially available
racemic mixture of ABA was separated into its enantiomers by HPLC on a Chiralcel OD (solvent, 15%
isopropanol in hexane containing 0.1% TFA; flow rate, 0.5 ml min!; detection, 254 nm). The materials
at tr 11.4 and 16.0 min of (+)-ABA (10 mg) were collected to give (+2{: and (-)-ABA (4.7 and 4‘.6 mg)
with optical purity of 99.9 and 99.6%, respectively. (+)-ABA: [a], +492.9" (c 0.071, CHCI3) and
+444.9° (¢ 0.071, McOH); CD Aext (McOH) nm (Ae): 227 (-34.9), 260 (+42.7), 320 (-2.5); CD hext
(CHCI3) nm (At): 231 (-23.4), 265 (+38.7), 323 (-2.4). ()-ABA: (]2 -481.3" (c 0.141, CHCI3) and
-4422° (¢ 0.141, McOH); CD Aext (McOH) nm (Ae): 229 (+34.1), 259 (-41.1), 323 (+2.2); CD hext
(McOH) nm (Ag): 228 (+27.5), 263 (-36.2), 321 (+3.7).

(-)-PA ol
(-)-PA was prepared by hydrolysis of the B-hydroxy-B-methylglutaryl ester of 8'-hydroxyabscisic
acid. ¥
Lettuce germination assay’®
Fifty seeds of lettuce (Lactuca sativa L. cv. Grand Rapids) were placed on two sheets of Toyo No.
2 filter paper (5.5 cm in diameter) soaked in 3 ml of a test solution and allowed to germinate under
illumination (3000 lux) at 25°C.  After 48 hr, the inhibition ratio was calculated, The inhibition ratio is
defined as [(4 - B )/ A] x 100, where A = the number (47) of seeds that germinated when water was used,
and B = the number of seeds that germinated when a test compound was used. All tests were conducted at

lcast twice.

Rice elongation assay’

Seeds of rice (Oryza sativa L. cv. Nihonbare) were soaked in EtOH for 5 min, sterilized with 1%
antiformin (NaClO4) for 1 hr, and washed with running tap water for 3 hr. The sterilized sceds were
allowed to germinate in water for two days at 30°C.  The resulting scedlings were placed in a glass tube
containing 2 ml of a test solution, and grown with the tube sealed by a sheet of polyethylene film under
continuous illumination at 30°C. The length of the second leaf sheath was measured after seven days, and
the inhibition ratio was calculated. The inhibition ratio is defined as [(4 - B )/ A] x 100, where 4 = the
mean length (28 mm) of the second leaf sheath when water was used, and B = the mean length of the
second leaf sheath when a test compound was used. Al tests were conducted at least twice.

a-Amylase assay™0
Barley (Hordeum vulgare L. cv. Himalaya) seeds were sterilized in 4% antiformin for 3 hr and then
rinsed with sterilized distilled water. The seeds were next soaked in sterilized distilled water at 5°C for 20
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hr and cut in half. Two of the halves without embryos were placed in a 30-ml screw-capped vial
containing 1 ml of a test solution.  Each vial contained streptomycin (0.5 mg), GA3 (107 M), the
appropriate amount of a test compound, and water to a total volume of 1 ml. The scaled vials were placed
in an incubator at 30°C for 48 hr in the dark. Distilled water (9 ml) was then added to each vial, and 50 ml
of the resulting solution was assayed for its absorbance at 660 nm by the Somogyi-Nelson method™ to
calculate the inhibition ratio. The inhibition ratio is defined as [(4 - C )/ (4 - B)] x 100, where 4 = the
absorbance (1.1) when 107 M GA3 was used, B = the absorbance (0.07) when water was used, and C =
the absorbance when a test compound was used. All tests were conducted at least twice.

Stomata assayal

Fully expanded leaves of spiderwort (Tradescantia reflexa Rafin) were cut and floated on water in the
dark for 5 hr before use to ensure that the stomata were closed at the beginning of incubation.  Strips of the
epidermis about 5 mm square were detached from the abaxial leaf surfaces under dim light. To 3.9 ml of a
102 M citrate buffer (pH 5.5) in a 10-ml vial, a test compound in 100 ml of McOH was added. Three
strips were floated on the solution and incubated at 25°C.  [Humination was provided by a tungsten lamp
(500 W) with a light intensity of approximately 12 klux. After 3 hr, the widths of the apertures of 10
stomata on each strip were measured under a microscope. The stomatal aperture ratio is defined as (B / A)
x 100, where A = the mean aperture (9.6 mm) when the buffer was used, and B = the mean aperture when
a test compound was used. All tests were conducted at least twice,

I.3 8'-Methoxyabscisic Acid as the Cyclization-Resistant Analogue

Design Concept

As described in Chapter .1, an approach that confers resistance to the cyclization of 8-HOABA 1o
PA is lowering the nucleophilicity of the 8'-oxygen. The simplest way is to protect the 8'-hydroxyl group
with a chemically stable moiety. Esterification is not suitable because the conjugate 20 of 8'-HOABA had
low activity due to easy decomposition to inactive PA by hydrolysis.3’ The author selected the methyl
ctherification of the 8'-hydroxyl group and designed 8'-methoxy-ABA (4) as the first analogue resistant to
the cyclization.

Results and Discussion

Synthesis and optical resolution

8'-Methoxy-ABA (4) were synthesized along with 9-methoxy-ABA (62) by a modification of the
method reported for the synthesis of (+)-methyl phaseate” (Fig. 8). After acetylating the hydroxymethy|
ketone 30 to give 49, the carbonyl group of 49 was protected, and subsequent hydrolysis gave
hydroxymethyl ketal 50. Methylation of 50 gave methoxymethyl ketal 51, which was then acid-treated to
give methoxymethyl ketone 52. The reaction of 52 with alkynyl lithium gave THP ether §3. Deprotec-
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Fig. 8. Synthesis and optical resolution of 4 and 62.
1) Ac,0, pyridine ii) a) ethylene glycol, p-TsOH b) NaOH iii) NaH, Mel iv) HCI
v) Ll-?__J‘OTHp vi) pyridinium p-TsOH vii) Ac,0, pyridine viii) POCly, pyridine
ix) Red-Al x) MnO; xi) PhyP=CHCO,;Me xi1) a) NBS, BPO b) quinoline xiii) rose
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tion of 53 gave acetylenic diol 54, which was then acetylated to afford acetylenic acetate §5.  Dehydration
of §5 with phosphorus oxychloride in pyridine gave enyne acctate 56 in a low yield (16%). The
recovered 55 after this step was dehydrated again with thionyl chloride in pyridine to afford 56 in a 58%
vield. Reduction of 56 gave dienol 57, which was oxidized to give dienonc §8. The Wittig reaction of
58 gave methyl ester 59 as a mixture of (22)- and (2E)-isomers.  Bromination of §9 and then
dehydrobromination gave dehydro compound 60.  Photosensitized oxygenation of 60 and subsequent
treatment with basic alumina gave the methyl esters of methoxy-ABAs (Me methoxy-ABAs):  four
stercoisomers resulting from the 2Z/2E isomerism and from the cis or trans relationship of the 6'-
methoxymethyl group to the 1'-hydroxyl group (cis:itrans = about 1:3, measured by HPLC of the free
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acids). This ratio of 1:3 resulted from the stercoselective addition of a singlet oxygen from the less-
hindered site on the opposite side of the 6'-methoxymethyl group. Hydrolysis of the methyl esters gave an
isomeric mixture of (+)-8'-methoxy-ABA (4) and its (+)-(2E)-isomer (61), and of ()-9'-methoxy-ABA
(62) and its (+)-(2E)-isomer (63) (about 1:2:3:6, measured by HPLC). This mixture was scparated into
its components by HPLC with an ODS column.

Compounds ()-4, -61, -62 and -63 were identificd by 'H NMR spectral data of corresponding
methyl esters (=)-4a, -61a, -62a and -63a, respectively. The chemical shift of the 4-proton led to
assigning the configuration of 2Z 1o (+)-4a (8 7.87) and (+)-62a (8 7.93), and the configuration of 2E (o
(+)-61a (8 6.52) and (£)-63a (5 6.56). Table 3(a) shows 'H NMR spectral data in CDCI3 for (+)-4a and
(£)-62a. The 6™-methyl group of (+)-4a (8 1.15) appeared in a higher field than that of (x)-62a (6 1.25).
The 9'-protons of the methyl ester of (£)-ABA (la) appear in a higher ficld than the 8'-protons,’® so the
spectrum of (x)-4a lacked the signal arising from the 8'-protons of ()-1a, and that of (+)-74a lacked the
signal arising from the 9'-protons. These findings suggested that (+)-4a was the methyl ester of (£)-8'-
methoxy-ABA and that (+)-62a was the methyl ester of (£)-9'-methoxy-ABA. The chemical shifts of the
methylene protons of the methoxymethyl group, the 1'-hydroxyl group and the C-5 proton were evidence
for this conclusion. The methylene protons of (+)-4a appeared in fields lower than the fields of (%)-62a.
This downfield shift was interpreted as duc to the deshielding effect of the 4'- carbonyl group, which was
closer to C-8' than to C-9'.  The 1'-hydroxyl group of (+)-4a appeared in a lower field than that of (2)-
62a. This downficld shift was attributed to hydrogen bonding with the oxygen of the 8'-methoxyl group,
which is cis to the hydroxyl group. The 5-proton of (+)-62a was in a lower ficld than that of (+)-4a, and
this finding suggested that the S-proton of (+)-62a was deshielded by the oxygen of the 9'-methoxyl
group, which is cis to the 5-proton. These results showed that (+)-4a was the methyl ester of (=)-8'-
methoxy-ABA, and that (£)-62a was the methyl ester of ()-9-methoxy-ABA;  (£)-4 was (=)-8'-
methoxy-ABA and (£)-62 was (+)-9'-methoxy-ABA. The relative configurations at C-6' of the (2E)-
isomers were identified in the same way as that for the (2Z)-isomers: ()-61 was (£)-(2E)-8'-methoxy-
ABA, and (£)-63 was (+)-(2E)-9'-methoxy-ABA.

(+)-4 and -62 were optically resolved by HPLC in a Chiralpak AD column to afford the (+)- and (+)-
cnantiomers with an optical purity of more than 99%. The CD spectra of the (+)-enantiomers showed the
same positive first and negative second Cotton effects as those of (+)-ABA.77  Therefore, the absolute
configuration at C-1' of both (+)-4 and -62 is R, while that at C-6'is S for (+)-4 and R for (+)-62.

Biological activity

The optically active analogs were compared with the (+)- and (-)-enantiomers of ABA for inhibitory
activity by means of the four bioassays described in Chapter 1.2, The ICsq values are summarized in Table
4. The (£)-(2E)-isomers were inactive (data not shown).

The activity of (+)-4 was 4.5 times higher than that of (+)-ABA in the rice assay in terms of 1Csq
values, whereas it was similar in the lettuce and a-amylase assays and weaker in the stomata assay. The
effect of (+)-4 was longer lasting in the rice, than in the lettuce assay (Fig. 9). These are analogous to the
activities of (+)-2 and -3, so the highly inhibitory effect of (+)-4 on the clongation of the rice scedlings was
also considered to result from delayed metabolism. On the other hand, the 1Cs value of (+)-62 was 0.4
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Table 3. 'H NMR Data for (+)-1a, -4a and -62a

_(a) CDCI3 jull

e (:)—1376 (x)-4a (=)-62a

2 5.753 m (0.44, 0.26) 573 brs 5.75brs

4 7.871 dd (15.36, 0.26) 7.87 dd (15.9, 0.9) 7.93d(15.9)

5 6.152 dd (15.36, 0.23) 6.01d(15.9) 6.15d(15.9)

6 2.009 d (0.44) 2.00d(1.2) 2.01d(1.2)

3 5.942 m (1.46, 0.37) 5.96qd (1.2, 1.2) 589qd(1.2,1.2)
S'-proR 2.288 dd (15.71, 0.37) 2.22dd(17.7,1.2) 2.08dd (17.1, 1.2)
5'-proS 2478 dd (15.71, 0.27) 2.45d(17.7) 2.29d(17.1)

i 1.923 d (0.47) 1.97d(1.2) 1.90d (1.2)

8' 1.110 d (0.27) 3.24d (9.5) 1.25brs

3.80d(9.5)

9! 1.014 s 1.15s 3.10d (9.2)

3.45d(9.2)
1'-OH — 4.97s 4.02s
OMe — 335s 3335
_ CO2Me 3.706 s 3.70s 3718
(b) CD30D

H (+)-la (+)-da (£)-62a

2 5.76 brs 5.77 brs 5.76 br s

4 7.79 dd (16.2, 0.9) 7.79 dd (16.2, 0.9) 7.86 dd (15.9, 0.9)

5 6.27 dd (16.2, 0.6) 6.22 dd (16.2, 0.6) 6.32 dd (15.9, 0.6)

6 2.04d(1.2) 2.04d(1.2) 2.04d(1.2)

3 594 qd (1.2, 1.2) 595qd (1.2, 1.2) 5.90qd (1.2, 1.2)
5'-proR 2.19dd (17.1, 1.2) 249dd(17.1, 1.2) 2.16dd (17.1, 1.2)
5'-proS 2.53d(17.1) 237d(17.1) 2.60d(17.1)

7 1.93d(1.2) 1.93d(1.2) 1.90d (1.2)

8' 1.07s 3445 1.13 br d (0.9)

9! 1.02s 1.06 s 3.29dd (9.2, 1.8)

3.36d(9.2)
OMc — 3.29s 3.29s
COxMe 3.66s 3.71s 3.67's

Values for the chemical shifts are in & (ppm), and those for the coupling constants in parentheses
are inJ (Hz). Abbreviations: s, singlet; d, doublet; q, quartet; br, broad.

“M in the lettuce germination assay, in which its activity was 7 times higher and longer-lasting than that of

(+)-ABA (ICs0 = 2.8 uM) (Fig. 9).

In the other assays, (+)-62 had the slightly stronger or weaker

activity than (+)-ABA. As described in Chapter 1.2, conjugation is the major metabolic pathway in lettuce
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Table 4. The ICsp Values for Optically Active ABA, 4 and 62 in Four Bioassays

ICs0 in assay

Compound Rice seedling Lettuce seed Barley a-amylase Spiderwort
clongation germination induction stomatal opening
(kM) (M) (uM) (nM)
(+)-ABA 3.2 2.8 3.5 2.9
(+)-4 0.7 3.3 4.8 18
(+)-62 3.4 0.4 1.4 4.8
(-)-ABA 4.3 7.4 7.0 20
(-)-4 265 30 >100 25
(-)-62 39 14 31 20
B~ 2() -
L 18+
9 16
| &5
2 3+ 10
) 8
2 6
d -
o .———l—l/./. 2
()
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Fig. 9. Changeg with time in the inhibitory activity of (+)-1, -4, and -62 in the rice seedlings
elongation (A) and the lettuce seed germination (B).
®, (1)-1, W, (+)-4; A, (+)-62 '

seeds . Therefore, one explanation of the high and long-lasting activity of (+)-62 in the lettuce assay may
be the high resistance to the conjugation that results from a steric or electronic effect of the 9-methoxy
group. Another may be the high affinity for the active site on the receptor in lettuce seeds owing to the 9'-
methoxy group or the conformation of the molecule.

The activity of the (-)-enantiomer of 4 and 62 was weak in all the assays; it was 1.0 to 10% that of
(+)-ABA and weaker than (-)-ABA. This is similar to the activity of (-)-2 and -3, so the decreased
activities of (-)-4 and -62 can be explained by the steric or clectronic effect of the 8'- and 9'-methox y group
corresponding to the C-2' side of (+)-ABA, where the steric requirement for activity is strict,” as are those
of (-)-2 and-3.

Factors affecting activity of (+)-62
As described above, conformation may explain high activity of (+)-62 in the lettuce assay. To
verify this notion, the favored conformation of 62 along with 4 in solution was examined by NMR. The
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Fig. 10. Favored conformations of 1a, 4a and 62a :
la R'=R?=Me: 4a: R'=CH,0Me, R>~Me; 62a: R'=Me, R*=CH,0Me.
Arrows represent the observed NOEs.

favored conformation of ABA in solution is a half-chair with the side chain pseudo-axial. However, the
active conformation has not been clarified. If 62 adopts a different conformation from ABA, then it may
be the active state for inhibition of lettuce seed germination.

In the nuclear Overhauser effect (NOE) difference spectra and by NOE spectroscopy (NOESY) in a
CDCI3 solution, (+)-62a had NOEs between the 5-proton and the downficld 5'-proton (the pro-S proton
which is cis to the side chain), between the 9'-protons and both 5'-protons and between the 8'-protons and
the upfield 5'-proton (the pro-R proton which is cis to C-8") (Fig. 10). In 'H NMR in a CDCI3 solution,
(+)-62a showed the long-range coupling of the W-type between the 3'- and 5'-pro-R protons. These data
completely agreed with those of the methyl ester of ABA (1a),”® and (+)-4a gave the same result.  In a
CDCla solution, therefore, the favored conformation of (+)-62a and -4a is equal to that of ABA; itis a
half-chair with the side chain pseudo-axial. (#)-62a gave the same result in a CD30D solution, whereas
(+)-4a afforded a strange result.  In CD30D, (+)-62a and -1a showed W-type coupling with the 3'-
proton in the upficld proton of the 5'-protons, whereas (+)-4a showed it in the downfield proton. The 5'-
proton possessing the NOE with the S-proton was the downficld proton for (£)-1a and -62a, and the
upficld proton for (+)-4a. This means that chemical shifts of the 5'-protons of (£)-4a are inverted despite
favoring the same conformation as (+)-1a and -62a. It is unclear what effect causes such a inversion of
the chemical shifts of 5'-protons. These results suggest that the high effect of (+)-62 cannot be attributed
to its conformation.

Thus (+)-62 may have high resistance to the conjugation or high affinity for the receptor which
results from a steric or electronic effect of the 9'-methoxy group itself. To examine which of the steric and
electronic effects affects the activity, (+)-9'-methyl- and cthyl-ABAs were tested in the lettuce assay.”
Both showed longer-lasting activity compared with (+)-ABA, but less that of (+)-62, so the high activity of
(+)-62 may be caused by both the steric and electronic cffects of the methoxyl group.

In conclusion, methyl etherification of the 8'-hydroxyl group of 8-HOABA caused high and long-
lasting activity as designed, probably owing to the delayed metabolism caused by resistance to cyclization
to PA or blockage of hydroxylation at C-8' to give a hemiacetal, which can convert into aldehyde or PA-
like acetal. However, its effect was smaller than that in the di- and trifluorinations. The cytochrome P-
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450 enzyme can catalyze the oxidative dealkylation of the ether,® so (+)-4 may be inactivated via
demethylation of the 8'-methoxy group, as well as conjugation to ABA-GE.

Experimental

General procedures

IH NMR spectra were recorded with TMS as the internal standard by Hitachi R-22 (90 Mz) and Jeol
GX400 (400 Mz) apparatus, using CDCI3 or CD30D as the solvent. For clarity, the conventional ABA
numbering system is used in the assignment of peaks in the 'H NMR spectra. NOESY was performed on
Jeol GSX270J (270 Mz) apparatus, and mass spectra were obtained with a Jeol JMS-DX300/DAS000
mass spectrometer. GC-MS was conducted with a 1% OV-17 column (2.6 mm x 1 m) in the EI mode.
CD spectra were recorded with a Jasco J-600 spectropolarimeter.

(£)-2-Acetoxymethyl-2,6-dimethyl-1-cyclohexanone (49)

A mixture of 30 (63 g) and Ac20 (130 g) in pyridine (120 ml) was stirred at room temperature for 21
hr.  The mixture was poured into ice-cooled H20 and extracted with ether. The organic layer was
successively washed with 0.1 N HCI and saturated NaHCO3, and dried over Na2SO4.  The solvent was
evaporated, and the residual oil was chromatographed on silica gel with hexane-EtOAc (9:1) as the ¢luent to
afford 76 g (95% yield) of 49 as a mixture of two diastercomers (52:48, determined by integrating the 2-
methyl singlets in the 1H NMR spectrum). 1H NMR (400 MHz, CDCl3): 8 1.01 (3H, d, J = 6.4 Hz, Me-
6), 1.02 (3H, d, J = 6.4 Hz, Me-6), 1.10 (3H, s, Me-2), 1.21 (3H, s, Me-2), 1.34-2.10 (12H, m, H-3,
H-4, H-5), 2.03 (3H, s, OAc), 2.05 (3H, s, OAc), 2.66 (1H, m, H-6), 2.66 (1H, m, H-6), 4.02 (1H, d,
J=11.0 Hz, OCH2), 4.03 (1H, d, J = 11.0 Hz, OCH2), 4.17 (1H, d, J = 11.0 Hz, OCH32), 4.50 (1H, d,
J=11.0 Hz, OCH2); GC-MS m/z (rel. int.): 198 [M]* (11), 155 (6), 138 (35), 124 (28), 110 (72), 95
(73), 81 (57), 68 (100).

(£)-2-Hydroxymethyl-2,6-dimethyl-1-cyclohexanone ethylene ketal (50)

A mixture of 49 (71 g), cthylene glycol (26.7 g) and p-toluenesulfonic acid monohydrate (1.1 g) in
benzene (200 ml) was refluxed for 6 hr, the H20 produced being separated by a Soxhlet extractor packed
with Drierite. The reaction mixture was washed with saturated NaHCO3 and extracted with cther.  The
organic layer was washed with H20 and evaporated to afford a crude residual oil (79 g). To a solution of
this crude product in MeOH (200 ml) was added 1 N NaOH (400 ml). The mixture was stirred at room
temperature for 1 hr, after which it was diluted with H20 (400 ml) and extracted with ether. The organic
layer was washed with H20, dried over Na2SO4 and then evaporated. Chromatography of the residual oil
on silica gel with hexane-EtOAc (17:3-7:3) afforded 27.6 g (39% yield) of 50 as a mixture of two
diastereomers (about 1:1, determined by TLC analysis). 'H NMR (400 MHz, CDCI3): & 0.84 (3H, d, J
= 6.4 Hz, Me-6), 0.97 (3H, s, Me-2), 0.99 (3H, d, J = 6.4 Hz, Me-6) 1.20 (3H, 5, Me-2), 1.28-1.62
(12H, m, H-3, H-4, H-5), 2.07 (2H, m, H-6), 3.27 (1H, d,J = 11.3 Hz, OCH32), 3.43 (1H, d, J = 11.6
Hz, OCHy), 3.50 (1H, d, J = 11.6 Hz, OCH32), 4.05 (8H, m, OCH2CH20), 4.13 (1H, d, J = 11.3 Hz,
OCH32); GC-MS m/z (rel. int.): 200 [M]* (8), 183 (2), 169 (10), 130 (5), 113 (100), 100 (9), 69 (12).
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(#)-2-Methoxymethyl-2,6-dimethyl-1-cyclohexanone ethylene ketal (S1)

To a stirred solution of 50 (50,9 g) and methyl jodide (184.6 g) in THF (300 ml) was added NaH
(60% in oil, 35 g) in THF (150 ml). The mixture was stirred at room temperature for 16 hr, and affcr
being quenched with H20, the mixture was extracted with ether.  The organic layer were washed wtth
H20, dried over Na2SO4, and evaporated. The residual oil was chromatographed on silica gel with
hexane-EtOAc (9:1) to afford 50 g (92% yield) of 51 as a mixture of two diastercomers (59:41, determined
by integrating the 2-methyl singlets in the 'H NMR spectrum). 'H NMR (400 MHz, CDCl3): & 0.81
(3H, d, J = 6.4 Hz, Me-6), 0.81 (3H, d, J = 6.7 Hz, Me-6), 0.88 (3H, s, Mc-2), 1.07 (3H, s, Me-2),
1.29-1.74 (12H, m, H-3, H-4, H-5), 1.90 (1H, m, H-6), 1.99 (1H, m, H-6), 3.14 (1H, d, J = 8.2 Hz,
OCH3), 3.23 (1H, d, J = 8.2 Hz, OCHy), 3.24 (1H, d, J = 9.0 Hz, OCHz), 3.34 (3H, s, OMe), 3.62
(1H, d,J = 9.0 Hz, OCHz), 4.03 (4H, m, OCH2CH20), 4.03 (4H, m, OCH2CH20); GC-MS m/z  (rel.
int.): 214 [M]* (10), 199 (4), 183 (7), 169 (12), 143 (2), 127 (4), 113 (100), 100 (9), 87 (3), 69 (10).

(+)-2-Methoxymethyl-2,6-dimethyl-1-cyclohexanone (52)

A mixture of 51 (49.8 g) and 2% methanolic HCI (500 ml) was stirred at room temperature for 39 hr
and then extracted with ether.  The organic layer was successively washed with saturated NaHCO3 and
H20, dried over Na2SO4, and evaporated.  The residual oil was chromatographed on silica gel with
hexane-EtOAc (9:1-4:1) to afford 38.4 g (97% vyield) of 52 as a mixture of two diastercomers (52:48,
determined by integrating the 2-methyl singlets in the 1H NMR spectrum),  'H NMR (400 MHz, CDCl3):
§ 1.00 (3H, d, J = 6.7 Hz, Me-6), 1.02 (3H, d, J = 6.4 Hz, Mc-6), 1.08 (3H, s, Me-2), 1,17 (3H, s, Me-
2), 1.33-2.07 (12H, m, H-3, H-4, H-5), 2.62 (1H, m, H-6), 2.63 (1H, m, H-6), 3.26 (1H, d, J = 9.2
Hz, OCH32), 3.30 (3H, s, OMe), 3.31 (1H, d, J = 8.9 Hz, OCHy), 3.35 (3H, s, OMe), 3.47 (1H, d, J =
9.2 Hz, OCH3z), 3.68 (1H, d, J = 8.9 Hz, OCH2); GC-MS m/z (rel. int.): 170 [M]* (6), 155 (3), 138
(35), 125 (8), 110 (16), 101 (13), 95 (21), 88 (100), 83 (45), 68 (23), 54 (17).

(£)-4-(1'-Hydroxy-2'-methoxymethyl-2',6'-dimethylcyclohexyl)-but-3-yn-2-0l-THP ether (53)

To a stirred solution of 1-methyl-2-propynyl THP ether (77 g) in THF (100 ml) was added dropwise
n-BuLi (a 1.6 M solution in hexane, 310 ml) during 50 min at -75°C under nitrogen.  After being stirred
for 1 hr, the reaction mixture was warmed to -25°C, and 52 (38.4 g) in THF (100 ml) was added dropwise
to the stirred mixture.  The mixture was stirred for 2 hr at -25 to -10°C and then warmed to room
temperature,  After being quenched with 0.1 M NH4Cl (300 ml), the mixture was extracted with ether, and
the organic layer was successively washed with 0.1 M NH4Cl and H20, dried over Na2SO4, and
evaporated. The residual oil was chromatographed on silica gel with hexane-EtOAc (4:1) to afford 43.1 g
(39% vield) of 53 as a mixture of diastercomers. A portion of the mixture was chromatographed on silica
gel with hexane-EtOAc (40:1-9:1) to obtain one major diastercomer. 'H NMR: (90 MHz, CDCl3): o
1.04 (3H, d, J = 6.1 Hz, Me-6), 1.23 (3H, s, Me-2), 1.46 (3H, d,J = 6.0 Hz, H-1), 1.27-2,03 (15H, m,
H-3', H-4', H-5', H-6', H-2", H-3", H-4", H-5"), 3.27 (1H, d, J = 9.0 Hz, OCH?), 3.33 (3H, s, OMe),
3.89 (1H, d, J = 9.0 Hz, OCH2), 4.69 (1H, q, J = 6.0 Hz, H-2), 4.94 (1H, m, H-1"); EIMS m/z (rel.
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int.): 324 [M]* (1), 292 (5), 237 (8), 223 (40), 208 (42), 191 (83), 190 (92), 175 (70), 161 (50), 148
(84), 133 (64), 119 (73), 105 (80), 85 (100), 54 (26).

(£)-4-(1'-Hydroxy-2'-methoxymethyl-2',6' -dimethylcyclohexyl)-but-3-yn-2-ol (54)

To astirred solution of 53 (43.1 g) in EtOH (500 ml) was added pyridinium p-toluenesulfonate (4
g), and the mixture was stirred at 55°C for 6.5 hr. The solution was concentrated and the residue was
diluted with ether (1 liter), successively washed with saturated NaHCO3 and H20, dried over Na2SO4, and
evaporated.  Chromatography of the residual oil on silica gel with hexane-EtOAc (5:1-13:7) afforded 27.4
g (86% yield) of 54 as a mixturc of diastercomers. A portion of the mixture was chromatographed on
silica gel with hexane-EtOAc (9:1-7:3) to obtain one major diastercomer.  'H NMR (90 MHz, CDCl3): &
1.00 (3H, d, J = 6.0 Hz, Me-6), 1.13 (3H, s, Me-2), 1.02-2.06 (6H, m, H-3', H-4', H-5"), 1.47 (3H, d,
J = 6.4 Hz, H-1), 2.31 (1H, m, H-6"), 3.09 (1H, d, J = 8.6 Hz, H-8"), 3.37 (3H, s, OMe), 4.05 (1H, d,
J =8.6 Hz, H-8'), 4.47 (1H, q,J = 6.4 Hz, H-2); EIMS m/z (rel. int.): 240 [M]* (1), 222 (1), 207
(6), 190 (20), 175 (55), 163 (25), 148 (48), 133 (32), 126 (41), 105 (47), 93 (58), 82 (100), 69 (52), 54
(15).

(£)-3-(1'-Hydroxy-6'-methoxymethyl-2',6' -dimethylcyclohexyl)-1-methyl-2-propynyl acetate (55)

A mixture of 54 (27.4 g) and Ac20 (87 g) in pyridine (200 ml) was stirred at room temperature for
13 hr.  The mixture was poured into ice-cooled H20 and extracted with cther. The organic layer was
successively washed with 0.1 N HCI, saturated NaHCO3 and H20, dried over Na2S04, and evaporated,
The residual oil was chromatographed on silica gel with hexane-EtOAc (7:3) to afford 29.3 g (91% yield)
of 55 as a mixture of diastercomers. A portion of the mixture was chromatographed on silica gel with
hexane-EtOAc (20:1-4:1) to obtain a mixture of two major diastereomers (50:50, determined by integrating
the 2-methyl singlets in the 'TH NMR spectrum). 'H NMR (400 MHz, CDCl3): 81.03 (3H, d, J = 6.1
Hz, Me-6'), 1.05 (3H, d, J = 6.4 Hz, Me-6"), 1.27-1.93 (12H, m, H-3', H-4', H-5'), 1.22 (3H, s, Me-
29,123 (3H, s, Me-2'), 1.48 (3H, d, J = 6.7 Hz, Me-1), 1.50 (3H, d, J = 6.7 Hz, Me-1), 2.06 (12H, s,
OAc), 2.07 (3H, s, OA), 3.27 (1H, d, J = 9.2 Hz, OCHy), 3.28 (1H, dd, J = 9.8, 0.3 Hz, OCH2), 3.35
(3H, s, OMe), 3.35 (3H, s, OMe), 3.54 (1H, d, J = 9.8 Hz, OCH2), 3.92 (1H, d, J = 9.2 Hz, OCH2),
5.45(1H, q, J = 6.7 Hz), 5.49 (1H, q, J = 6.7 Hz); EIMS m/z (rel. int.): 222 [M-AcOH]* (3), 208
(33), 190 (22), 165 (23), 148 (47), 147 (42), 121 (38), 105 (44), 93 (45), 82 (85), 74 (100), 54 (35).

(£)-3-(2'-Methoxymethyl-2',6'-dimethyl-1'-cyclohexen-1'- yh)-1-methyl-2-propynyl acetate (56)

To a stirred solution of §5 (29.3 g) in pyridine (200 ml), a mixture of POCl3 (144 g) and pyridine
(180 ml) was added dropwise at 5°C during 1 hr, and the mixturc was then heated at 105°C for 6 hr.  The
mixture was cooled, poured into ice-cooled H20, and extracted with ether. The organic layer was washed
with H20, dried over Na2S04, and evaporated. The residual oil was chromatographed on silica gel with
hexane-EtOAc (19:1) to afford 4.3 g (16% yicld) of enyne acetate 56. Further elution with hexane-EtOAc
(13:7) allowed the recovery of unreacted 55 (20.9 g). Toa stirred solution of 55 (18 g) in pyridine (150
ml), SOClz (9.5 g) was added dropwise at -10°C during 20 min. The mixture was stirred at room
temperature for 1 hr, and after being quenched with H20 (200 ml), was extracted with FtOAc. The
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organic layer was successively washed with 0.1 N HCl, saturated NaHCO3 j'ind H20 in that ordcr; .:ui
evaporated, The residual oil was chromatographed on silica gel with hexane-EtOAc (40:1) to aff{;r‘d :I 4%,
(58% yield) of 56. 'H NMR (90 MHz, CDCl3): 6 1.01 (3H, s, Me-6"), 1.08-2.21 .(GH, m, H-3', H-4',
H-5), 1.51 (3H, d, J = 6.2 Hz, H-4), 1.8 (3H, s, Mc-2'), 2.05 (3H, 5, OAc), 3.16 (1H, d, J = 8.4 Hz,
OCHy), 3.32 (3H, s, OMe), 3.40 (1H, d, J = 8.4 Hz, OCHp), 5.59 (1H, g, J = 6.2 Hz, H-1); EIMS mlz
(rel. int.): 204 [M-AcOH]* (40), 189 (24), 177 (28), 159 (100), 144 (80), 117 (65), 105 (94), 77 (55), 66

(42), 56 (48).

(t)v(E)-4-(6'-Merhr).rymcthy!-2',t’:'-dr'mcrhyt'-1'-cyclohexcn- 1'-y)-3-buten-2-0l (57). ‘

To a stirred solution of 56 (14 g) in THF (200 ml), a mixturc of Red-Al (3.4 M in toluene, 160 ml)
and THE (40 ml) was added dropwise at 0°C during 40 min under nitrogen. The solution was refluxed for
4.5 hr. A saturated NH4Cl solution was added to quench the reaction, and the mixture was filtered and
extracted with cther. The organic layer was washed with H20, dried over Na2S04, and evaporated. The
residual 0il was chromatographed on silica gel with hexane-EtOAc (4:1) to afford 6.7 g (64% yicld) of 57.
IH NMR (90 MHz, CDCl3): 80.94 (3H, s, Me-6"), 1.06-2.12 (6H, m, H-3', H-4', H-5"), 1.31 (3H, d,
J = 6.4 Hz, H-1), 1.67 (3H, s, Mc-2), 3.03 (1H, d, J = 9.4 Hz, OCH3y), 3.29 (1H, d, J = 9.4 Hz,
OCH3), 3.29 (3H, s, OMe), 4.33 (1H, qd, J = 6.4, 6.1 Hz, H-2), 5.45 (1H, dd, J = 15.4, 6.1 Hz, H-3),
5.99 (1H, br d, J = 15.4 Hz, H-4); EIMS m/z (rel. int.): 224 [M]*+ (1), 206 (8), 179 (100), 161 (31),
147 (4), 135 (11), 121 (73), 119 (29), 105 (27), 93 (38), 91 (23), 79 (18), 71 (14), 54 (4).

(:)»4-{6'-Merhr)x_\*mcrhyl—Z',(1'-dimerhyl-i‘-cyc."nhexen-1'»yf)-3-bnreu-2-oue (58)

A mixture of active MnO2 (54 g) and 57 (6.6 g) was stirred in CH2Cl2 (200 ml) at room temperature
for 4 hr. The reaction mixture was filtered, and the resulting cake of MnO2 was washed with CH2Cl2.
After being concentrated, the residual oil was chromatographed on silica gel with hexane-EtOAc (19:1) to
afford 5.2 g (78% yicld) of 58. 1H NMR (400 MHz, CDCl3): 8 1.04 (3H, s, Mc-6"), 1.33-1.86 (6H,
m, H-3', H-4', H-5"), 1.77 (3H, d, J = 0.9 Hz, Me-2'), 2.30 (3H, s, H-1), 3.10 (1H, gy J=-9:2Hz,
0OCH2), 3.30 (3H, s, OMe), 3.32 (1H, d, J = 9.2 Hz, OCH2), 6.08 (1H, d, J = 16.2 Hz, H-3), 7.23 (1H,
dd, J = 16.2, 0.9 Hz, H-4); EIMS m/z (rel. int.): 222 [M]* (14), 177 (100), 159 (50), 145 (13), 135
(34), 119 (33), 115 (25), 105 (31), 91 (34), 77 (26), 71 (27), 63 (17).

(£)-(2Z,4E and 2E.4E)-methyl 5-(6'-mct.‘mxymerhy!-Z‘,6'-d:'merhyl—I'~cycfohexcu-1'-y!)»3-merhyl-2,4-
pentadienoate (5§9) .

A mixture of §8 (5.1 g) and methoxy-carbonyl-methylene-triphenyl-phosphorane (18 g) was stirred
at 174°C for 3 hr, before being dissolved in EtOAc (50 ml). To the resulting solution was added hexane
(200 ml) to precipitate the triphenylphosphine. ~ The suspension was filtered, and the filtrate was
evaporated. The residual oil was chromatographed on silica gel with hexane-EtOAc (99:1-97:3? to aff(')rd
3.3 g (52% vyield) of 59 as a mixture of two geometrical isomers (2Z:2E = 32:68, determined by mtcgratmlg
the 6'-methyl singlets in the 'H NMR spectrum).  'H NMR (400 MHz, CDCl3): 8 0.99 (3H, s, Me-6'-
2E), 1.03 (3H, s, Me-6'-2Z), 1.30-2.18 (12H, m, H-3', H-4', H-5"), 1.70 (3H, d, J = 0.9 Hz, Me-2'-
2E), 1.78 (3H, d, J = 0.9 Hz, Me-2'-2Z), 2.05 (3H, d, J = 1.2 Hz, H-6-22), 2.33 (3H, d, J = 1.2 Hz, H-
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6-2E), 3.06 (1H, d, J = 8.9 Hz, OCH2-2E), 3.10 (1H, d, J = 8.9 Hz, OCH2-27), 3.28 (1H, d, J = 8.9
Hz, OCH2-2E), 3.30 (3H, s, OMe-2E), 3.31 (3H, 5, OMe-2Z), 3.35 (1H, d, J = 8.9 Hz, OCH»-22),
3.71 (3H, s, CO2Me-2Z), 3.71 (3H, s, CO2Me-2E), 5.69 (1H, br s, H-2-22), 5.74 (1H, br s, H-2-2E),
6.08 (1H, d, J = 16.2 Hz, H-4-2E), 6.51 (1H, br d,J = 16.2 Hz, H-5-2E), 6.55 (1H, br d, J = 162 Hz,
H-5-22), 7.58 (1H, d, J = 16.2 Hz, H-4-2Z); EIMSm/z (rel. int.): 278 [M]+ (6), 246 (12), 233 (90),
201 (27), 173 (100), 159 (45), 119 (59), 105 (31), 91 (33).

(£)-(2Z,4E and 2E,AE)-methyl 5-(6‘»mezhaxymemyf-2‘,6'-dfmerhyf-3',4'-dehydro-l'-cyclohe_rene-1‘-y.’)-
3-methyl-2,4-pentadienoate (60)

To a solution of 59 (3.2 g) in CCl4 (20 ml) were added NBS (2.9 g) and BPO (34 mg). The
mixture was refluxed for 2.3 hr under nitrogen.  After cooling the mixture to room temperature, it was
filtered, and quinoline (9 ml) was added to the filtrate. The mixture was concentrated, and the residue was
heated at 100°C for 1.5 hr under nitrogen. After being cooled to room temperature, the reaction mixture
was poured into 1% H2SO04 (500 ml) and extracted with ether. The organic layer was successively
washed with a saturated NaHCO3 solution and H20, dried over Na2SQu, and cvaporated. The residual oil
was chromatographed on silica gel with hexane-EtOAc (39:1) to afford 1.56 g (49% vyield) of 60 as a
mixture of two geometrical isomers (2Z:2E = 33:67, determined by integrating the 6'-methyl singlets in the
'H NMR spectrum). 'H NMR (400 MHz, CDCI3): & 1.02 (3H, s, Me-6'-2E), 1.06 (3H, s, Me-6'-27),
1.86 (3H, s, Me-2'-2E), 1.94 (3H, s, Me-2'-27), 1.99 (3H, d, J = 1.2 Hz, H-6-2Z), 2.06 (4H, m, H-5"),
2.35(3H, d, J = 1.2 Hz, H-6-2E), 3.11 (1H, d, J = 9.1 Hz, OCH2-2E), 3.13 (1H, d, J = 8.6 Hz, OCH>-
2Z), 3.30 (1H, d, J = 9.1 Hz, OCH2-2E), 3.30 (6H, s, OMe), 3.39 (1H, d, J = 8.6 Hz, OCH2-22), 3.70
(3H, s, CO2Me-22), 3.72 (3H, s, CO2Me-2E), 5.66 (1H, br s, H-2-27), 5.77 (1H, br s, H-2-2E), 5.82
(4H, m, H-3', H-4), 6.22 (1H, d, J = 15.9 Hz, H-4-2E), 6.58 (1H, d, J = 15.9 Hz, H-5-2E), 6.62 (1H,
d,J =15.9 Hz, H-5-27), 7.75 (1H, d, J = 15.9 Hz, H-4-2Z); EIMS m/z (rel. int.): 276 [M]t (6), 261
(9), 247 (20), 213 (31), 187 (40), 173 (49), 159 (70), 145 (51), 135 (48), 125 (55), 105 (59), 91 (100),
77(76), 69 (67), 54 (78).

(+)-8"-Methoxy-ABA (4) and its (2E)-isomer (61), and 9'-methoxy-ABA (62) and its (2E)-isomer (63)

A solution of 60 (1.55 g) and rose bengal (0.23 g) in McOH (200 ml) was stirred under oxygen
while being irradiated with a fluorescent lamp at 24.5°C for 16 hr. The solvent in the reaction mixture was
evaporated, the residue was dissolved in MeOH (20 ml), and alumina (active basic, 20 g) was added to the
solution. After evaporating the MeOH, hexane (20 ml) was added to the mixture, and the suspension wus
stirred at room temperature for 2.5 hr before being chromatographed on alumina.  Elution with hexane-
EtOAc (3:2-1:4) afforded a mixture of starting compound 60 and a crude ester as an oil.  The crude ester
was purified by chromatography on silica gel with hexane-EtOAc (17:3) to afford 549 mg (32% yield) of a
mixture of four isomers. To a solution of this mixture (549 mg) in MeOH was added 1 N NaOH (10 ml).
The mixture was stirred at room temperature for 3.5 hr, then diluted with H20 (100 ml) and washed with
hexane. The organic layer was discarded, and the saturated layer was acidified with 1 N HCl and extracted
with EtOAc. The organic layer was washed with H20, dried over Na2SO4, and cvaporated. The residue
was separated in an ODS HPLC column (19 x 150 mm) by eluting with 40% MeOH in 1% AcOH (10
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ml/min) to give colorless oils of 45 mg of (£)-4, 87 mg of (£)-61, 134 mg of (+)-62, and 170 mg of ()-
63, a portion of cach being methylated again with ethereal CH2N2 to give the corresponding methyl esters.
(+)-4a. IR vmax (CHCI3) eml: 3400, 3040-2800, 1704, 1664, 1636, 1604; UV hmax (McOH) nm (&):
265 (21,500); EIMS m/z (rel. int.): 308 [M]* (2), 290 (3), 276 (8), 263 (3), 245 (17), 190 (100), ¥m
(50), 134 (40), 125 (66), 91 (41), 69 (47); HR-EIMS: [M]* at m/z 308.1620 (C17H240s requires
308.1624); 'H NMR, sce Table 3. (+)-61a. 1H NMR (400 MHz, CDCl3): §1.13 (3H, s, H-9), 1.93
(3H, d, J =1.5 Hz, H-7"), 2.20 (1H, d,J = 17.7 Hz, H-5"), 2.27 (1H, d,J = 1.2 Hz, H-6), 2.45 (1H, d,
J = 17.7 Hz, H-5"), 3.23 (1H, d, J = 9.5 Hz, H-8"), 3.36 (3H, s, OMe), 3.72 (3H, s, CO2Me), 3.81
(1H, d,.J = 9.5 Hz, H-8"), 5.04 (1H, s, OH), 5.85 (1H, br s, H-2), 5.92 (1H, brs, H-3"), 6.01 (1H, d, J
= 15.6 Hz, H-5), 6.52 (1H, d, J = 15.6 Hz, H-4); IR vmax (CHCI3) em™!: 3400, 3040-2800, 1708, 1660,
1628, 1612; UV Amax (MeOH) nm (£): 265 (23,300); EIMS m/z (rel. int.): 308 [M]*+ (12), 290 (18),
276 (35), 263 (12), 245 (64), 190 (100), 171 (72), 161 (99), 134 (70), 125 (88), 91 (52), 69 (513); HR-
EIMS: [M]* at m/z 308.1634 (C17H240s requires 308.1624). (£)-62a. IR vmax (CHCI3) em™: 3460,
3040-2800, 1708, 1664, 1632, 1600; UV Amax (McOH) nm (g): 268 (23,000); EIMS m/z (rel. int.):
308 Mt (2), 290 (2), 276 (6), 263 (3), 245 (11), 190 (85), 161 (36), 134 (34), 125 (100), 91 (26), 69
(26); HR-EIMS: [M]* at m/z 308.1646 (C17H2405 requires 308.1624); 'H NMR, see Table 3.  (+)-
63:1. IH NMR (400 MHz, CDCl3): & 1.24 (3H, s, H-8"), 1.86 (3H, d, J = 1.2 Hz, H-7"), 2.09 (1H,
dd,/J=17.1, 0.9 Hz, H-5"), 2.29 (1H, d, J = 17.1 Hz, H-5'), 2.29 (1H, d,J = 1.2 Hz, H-6), 3.09 (1H,
d,J =9.2 Hz, H-9), 3.32 (3H, s, OMe¢), 3.46 (1H, d, J = 9.2 Hz, H-9"), 3.73 (3H, s, CO2Me¢), 4.02
(1H, s, OH), 5.87 (1H, br s, H-2), 5.87 (1H, brs, H-3'), 6.18 (1H, d, J = 15.3 Hz, H-5), 6.56 (1H, d,
J = 15.3 Hz, H-4); IR vmax (CHCl3) em™: 3450, 3040-2800, 1710, 1660, 1625, 1610; UV Amax
(McOH) nm (e): 268 (22,800); EIMSm/z (rel. int.): 308 [M]* (1), 290 (1), 276 (6), 263 (2), 245 (10),
190 (100), 161 (46), 134 (60), 125 (80), 91 (48), 69 (40); HR-EIMS: [M]* at m/z 308.1609 (C17H240s
requires 308.1624).

Optical resolution of (+)-4 and -62

Racemic mixtures of 4 and 62 were separated into enantiomers in a Chiralpak AD HPLC column
with isopropanol-hexane [()-4, 10:90; (+)-62, 6:94] containing 0.1% TFA as the eluent at a flow rate of
1.0 ml min'l. The peaks at tz 11.6 and 14.4 min of (+)-4 (16 mg) were collected to give (+)- and (-)-4
(7.5 and 7.7 mg) with optical purity of 99.9 and 99.5%, respectively, and the peaks at tg 16,6 and 21.2
min of (£)-62 (19 mg) were collected to give (+)- and (-)-62 (8.2 and 9.5 mg) with optical purity of 99.9
and 99.8%, respectively. (+)-4: [aly +353.4° (c 0.374, CHCl3); CD Aext (McOH) nm (Ae): 227 (-
28.6), 258 (+26.5), 322 (-1.7); CD hext (CHCI3) nm (A€): 232 (-26.1), 267 (+27.9), 319 (-1.0). (-)-4:
[n}[z;’ -355.7° (¢ 0.385, CHCl3); CD Aext (MeOH) nm (Ag): 229 (+22.0), 259 (-25.5), 320 (+1.9); CD
hext (CHCI3) nm (A€): 233 (+22.8), 264 (-25.4), 321 (+3.1). (+)-62: [a]¥ +417.6° (c 0.408, CHCl3)
and +411.4° (¢ 0.408, McOH); CD hext (McOH) nm (A€): 227 (-22.9), 263 (+28.0), 321 (-2.6); CD Aext
(CHCI3) nm (Ae): 231 (-35.5), 265 (+42.9), 318 (-2.1). (-)-62: [a]}y -418.7° (c 0.473, CHCI3) and
-409.5% (¢ 0.473, McOH); CD hext (MeOH) nm (Ag): 225 (+17.1), 264 (-25.5), 319 (+2.4); CD hext
(CHCI3) nm (A€): 233 (+25.8), 262 (-35.0), 321 (+4.2).
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Bioassays
See Chapter 1.2.

I.4 3'-Fluoroabscisic Acid as the Cyclization-Resistant Analogue

Design Concept

The other way to confer resistance to 8-HOABA cyclization is to lower the clectrophilicity at C-2',
To do this, the energy level of LUMO of the 2'-carbon must be increased.

One approach is saturating the 2'-double bond. This analogue, (+)-2',3'-dihydro-ABA (64) has
been synthesized by Oritani and Yamashita,?® and its optically pure isomers (65, 66) have been
synthesized by Lamb and Abrams,®”%8 but these compounds were not more effective than ABA.
Investigation of the metabolism of 65 and 66 has revealed that their 8-hydroxylated compounds eyelize o
the hemiketals by means of nucleophilic addition of the 8-oxygen to the 4'-carbonyl carbon.”  That
would explain why the dihydro analogues were not strengthened despite blocking the cyclization to PA.

Another approach is increasing the m-electron density at C-2'.  This can be performed by reducing
the 4'-carbonyl to alcohol and alkane, or by introducing the electron-donating group at C-3'.  1',4'-Diol-
ABAs (67 and 68, Fig. 15, p. 47)!% and 4'-deoxy-ABA (69)!0! was less effective than ABA, suggesting
that the 4'-carbonyl is necessary for activity, indicating that introduction of the electron-donating group to
C-3' is preferable to the modification at C-4',

Fluorine is a strong clectronegative atom, but the fluorine on sp?-hybridized carbons pushes -
clectrons by repulsing the x-clectron and the electrons of the outermost shell of the fluorine atom to increase
the m-electron density of the B-carbon. The substitution of fluorine for the 3'-hydrogen of ABA would
increase the w-electron density of C-2' by pushing the mt-electron at C-3' toward C-2' (Fig. 11), so the
author designed 3'-fluoro-ABA (5). This modification should confer resistance to the nucleophilic addition
of the 8'-oxygen with minimal steric change without removing the functional groups essential for activity.

\
OH
0
64
X 3
OH  CoH
69
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Fig. 11. Electron-donating effect of fluorine.

Results and Discussion

Synthesis

Optically pure (+)-5 was synthesized from (1'S)-(+)-ABA (Fig. 12). The methyl ester 70a was
synthesized stercospecifically by two methods.  First, epoxidation of (+)-ABA with alkaline hydrogen
peroxide!"? afforded only the oxirane 70, which was converted to the corresponding methyl ester (70a).
Second, treating the methyl ester of ABA with hydrogen peroxide and tetrabutylammonium fluoride!%3
gave 70a with the same configuration at C-2' and C-3' as that of the 70a synthesized first. In the NOESY
of 70a, there was an NOE between the 5- and 7'-protons.  This finding suggested that C-7' in 70a was
¢is 1o the side chain; 70a was the a-oxirane. This stereoselective epoxidation may be caused by adding
hydrogen peroxide from the less hindered c-face, that is, the opposite side of the side chain (Fig. 12).
The reaction of 70a with a complex of hydrogen fluoride and N-cthyldiisopropylamine!™ afforded the
fluoro-olefin Sa, probably via the fluorohydrin 71.  Hydrolysis of Sa with alkali gave the free acid (+)-5.

e Z~COR |
(+)-ABA (1) 222 1)L
o) OH
©oon

e -

Fig. 12. Synthesis of (+)-5.

1) a) H;0,, NaOH b) CH;N; 1) a) CHaN;  b) Hy0,, BugNF  iit) Et(i-Pr),N(HF)4
v) NaOH.
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The existence of a fluorine at C-3' in (+)-5 was proven by the disappearance of the 3'-proton in 'H
NMR and the appearance of '?F signal and '3C signals split by coupling with fluorine. The optical purity
of (+)-5 was confirmed by HPLC with a chiral column that gave only one peak under the conditions that
give two separate peaks for the racemic §. The absolute configuration at C-1' in (+)-5 was determined to
be S, as it had the same Cotton effects in the CD spectrum as (+)-ABA.7

The 13C signal of the 2'-carbon in (+)-5 appeared in a field higher by 24.7 ppm than that of (£)-
ABA.105  The 13C chemical shifts correlates to clectron density in a carbon atom,!% so this result showed
that the clectron density of C-2' in (+)-5 is higher than that in ABA as expected. In contrast to C-2', C-3'
in (+)-5 shifted toward a low field by 23.9 ppm compared to that in ABA by repulsion of the m-clectron
and the electrons of the outermost shell of fluorine atom.

Biological activity

The inhibitory activities of (+)-5 in the lettuce sced germination and the elongation of the second leaf
sheath of rice seedling were tested (Table 5). The activity of analogue (+)-5 was slightly higher than that
of (+)-ABA in the lettuce seeds, and was almost equal to that of (+)-ABA in the rice seedlings. If the
metabolism was suppressed, then the activity should be strengthened.  Therefore, this result suggested that
(+)-5 was metabolized in a manner similar to ABA.

Metabolism in bean shoots

To understand how (+)-5 is metabolized, it was fed to bean shoots through the cut ends via
transpiration stream for three days. The plant extract was partitioned under acidic conditions to give EtOAc
and aqueous extracts,

Identification of 3'-fluoro-DPAs in the EtOAc extract.  The ElOAc extract was treated with
diazomethane to methylate the free metabolites. This methylated extract exhibited three major peaks by
gas-liquid chromatography (GLC) using a XE-60 column and an electron-capture detector with high
selectivity and sensitivity for ABA and its metabolites.!97 The retention time of the major peak agreed with
that of 5a in GLC analyses using not only XE-60 but also OV-17 and SE-30. Therefore, the compound
corresponding to this peak was identified as 5a derived from unmetabolized (+)-5. Compounds giving the
other two peaks were purified by column chromatography on silica gel followed by ODS.  Finally, two
compounds were isolated by HPLC. The more polar compound (75a) corresponded to the peak with the
longer retention time in GLC with XE-60, whereas the less polar compound (76a) corresponded to the
peak with the shorter retention time. Compounds 75a and 76a showed a molecular ion at m/z 314, In

Table 5. The ICso Values for (+)-ABA and (+)-5 in Bioassays

ICsp in assay
Compound Rice seedling elongation  Lettuce seed germination
(M) (M)
(+)-ABA 2.1 5.0
(+)-5 1.9 2.0
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=81 Hz

Fig. 13. Structures of 75a and 76a, and the long-range 'H-F couplings in "H NMR

the 'H NMR analysis, they showed similar signals to the methyl ester of DPA, except for those of the 3'-
protons, which appeared at a ficld lower by about 2 ppm than those of the methyl ester of DPA! and
which were split by large couplings over 50 Hz (Table 6). The presence of the fluorine at C-3" in cach
compound was confirmed by a 'F signal which appeared as a double doublet split by couplings with the
3'. and 4'-protons (Table 7). These findings suggested that these compounds were the methyl ester of 3'-
fluoro-DPAs which were epimeric at C-3'.  The absolute configuration at C-3' was determined on the
basis of the long-range 'H-19F couplings in 'H NMR. Compound 75a posscssed the 5'pro-R-proton
with large long-range 'H-1F coupling (8.1 Hz), which depends on the W-arrangement that can occur only
when the 3'-fluorine is in the equatorial c-position (Fig. 13). These findings showed that 75a was the
methyl ester of 3'a-fluoro-DPA (75). Compound 76a had a S-proton exhibiting the 'H-1F coupling
(4.0 Hz) although it was scparated by five 0-bonds, indicating that the 5-proton is spatially close to the 3'-
fluorine. This type of relationship between the S-proton and the 3'-fluorine is formed when the 3'-fluorine
is in the axial B-position (Fig. 13), so 76a was the methyl ester of 3'B-fluoro-DPA (76).  Considering
that the configuration at C-1' in the precursor (+)-5 is the same as that of natural (+)-ABA, the absolute
configuration of all the asymmetric carbons in 75a was clucidated as (1'S,2'S,3'R,4'S,6'R), while that of

76a as (1'S,2'S,3'S,4'S,6'R).

Identification and properties of 3'-fluoro-8'-HOABA and 3'-fluoro-PAs in the EtOAc extract.  The
presence of 75 and 76 suggested that 3'a- and 3'B-fluoro-PAs (73 and 74) which are the immediate
precursors of 75 and 76, respectively, must be in the EtOAc extract.  These compounds seemed to be
minor peaks in GLC with XE-60. In order to investigate the presence of the methyl esters 73a and 74a in
the methylated EIOAc extract, 73a and 74a as the standard samples were prepared from 75a and 76a,
respectively, by Jones oxidation.1%?  These structures were ascertained by MS and 'H and 19F NMR data
(Tables 6, 7). Immediately after purification, these compounds gave single peaks in HPLC and single
spots in TLC. When 73a was left for several hours at 25°C, however, half of it was converted into two
compounds. The minor compound was identificd as 74a from the retention time in HPLC and its Ry in
TLC. The major one 72a exhibited a peak with a retention time intermediate between 73a and 74a in
HPLC and a spot with the lowest g among three compounds in TLC. Isolated 72a gave no signal
corresponding to the 3'-proton of 73a, and showed a signal for the 7'-protons at a ficld lower by 0.51 ppm
than that of 73a in 'H NMR (Table 7). In 1F NMR, a singlet signal was observed at -134.8 ppm (Table
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Table 6. 'H HMR Data for 72a-76a in CDCl3

H 72a* 73a** 74a** Toart 76a**
2 5.78 (br s) 5.85 (brs) S5.78 (br 5) 5.79 (brs) 5.75 (brs)
3 7.90 (d, 16.0) 8.24 (d, 16.0) 8.09 (d, 15.8) 8.10 (d, 16.0) 8.00 (d, 16.0)
5 6.00 (d, 16.0) 6.20 (d, 16.0) 6.30 (dd, 15.8, 6.13 (d, 16.0) 6.52 (dd, 16.0,
Shp=3:2) $Jyp=4.0)
6 2.02 (4, 1.3) 2.04 (d,1.2) 1.99 (4, 1.3) 2.03 (d, 1.1) 2.04 (d, 1.2)
3 — 4.77 (d, 2/yp=46.8) 4.31 (dd, 1.1, 4.33 (dd, 7.7, 4.55 (ddd, 4.6, 1.2,
Hy=48.0) #yy=50.0) Hyp=51.5)
4' - — - 4.23 (m) 4.22 (m)
5'-proR  2.45 (dd, 17.5, 2.52 (dd, 17.4, 2.53 (dd, 19.0, 1.1) 1.98 (ddd, 13.8,4.7, 1.95 (ddd, 14.1,4.0,
4J;p=1.5) 41,4=5.2) 4 =8.1) 1.2)
5'-proS  2.54 (dd, 17.5, 2.60 (dd, 17.4, 2.6) 2.66 (ddd, 19.0,2.3, 1.62 (ddd, 13.8, 1.70 (ddd, 14.1,
4,5=3.9) 4J,5=0.6) 11.0, 2.4) 11,0, 1.9)
7i 1.91 (d, #5=3.6)  1.40 (d, yp=1.8) 137 (d, V}=2.6) 1.29 (d, Uy;;=2.0)  1.34 (d, 4/;p=1.0)
8' 362 (dd, 11.2, 50) 3.72(d,8,2, Hg) 371 (4, 7.7, Hg)  3.75(d, 8.0, Hg)  3.68 (d, 8.7, H)
3.99 (dd, 11.2, 5.0) 3.98 (dd, 8.2, 2.6, 4.06 (ddd, 7.7, 2.3, 3.88 (dd, 8.0, 2.4, 3.86 (ddd, 8.7, 1.9,
Hg) *Jyp=1.9, HR) Hg) $hy=4.0, Hg)
9! 1.13 (5) 1.08 (s) 1.04 (s) 0.99 (s) 0.96 (s)
1-OH  4.59 (s) 2.20 (s) 2.15 (s) 2.01 (s) 1.93 (s)
4-0H — — 2 2.25 (d, 3.5) 1.83 (dd, 3.2,
41,=10.1)
8-0OH 234 (dd, 5.0,50) — —_ - —
CO2Me  3.71 (s) 3,74 (s) 3.73 (s) 3.73 (s) 3,72 (s)

* 300 MHz. ** 500 MHz. Values for the chemical shifts are 8 (ppm). Multiplicity of signals and
coupling constants (Hz) are shown in parentheses.

Table 7. 19F NMR (282 MHz) Data of (+)-5 in Acetone-d6 and 72a-76a in CDClz

Compound  'F chemical shift Multiplicity Coupling constants
(+)-5 -135.4 s
72a -134.8 s
73a -204.5 d 2/ = 46.8 Hz
74a -175.0 d 2J = 48.0 Hz
75a -133.1 dd 2Jmi = 50.0 Hz, 3Jy31 = 22.4 Hz
76a -197.8 dd 2Jp = 51.5 Hz, 3/ = 25.8 Hz

Values for the chemical shifts are shown by ppm from CCI3F as the internal standard.
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6). MS revealed that the molecular weight was 312, which agreed with those of 73a and 74a. These
data showed that 72a was the methyl ester of 3'-fluoro-8'-HOABA (72). Some of compound 72a was
spontancously and casily converted to 73a and 74a, while 74a was relatively stable and converted very
slowly to 72a and 73a. Each compound was converted finally into an equilibrium mixturc of 72a, 73a
and 74a at 25°C in the ratio of 7:6:1, as determined by HPLC (Fig. 14). This would be caused by the
weakened electrophilicity of C-2' by the effect of fluorine as expected.  Such spontancous back-
isomerization of the eyclized metabolite cannot be observed between 8'-HOABA and (-)-PA.

The stability of 74a compared with 72a and 73a suggests that the cnergy barrier against the
conversion of 74a to other isomers is higher than that of 72a and 73a. The small proportion of 74a in
cquilibrium and the high energy barrier against the conversion indicated that the isomerization to 74a is
unfavorable both thermodynamically and kinetically. The thermodynamic instability of 74a would be
caused by 1,3-diaxial steric repulsion between the fluorine and the side chain. The 72a/74a and 73a/74a
ratios in equilibrium suggest that 74a is less stable by 1 keal mol™! than 72a and 73a. The transition state
for enolization-ketonization between 74a and the enol 77a would be less stable than that between 73a and
77a. This is because there is less o-1 interaction between the o-clectron at the 3'-proton and the -
cleetron at the 4'-carbonyl when the entering or leaving proton has an equatorial orientation as opposed to
an alternative axial orientation.!?  This would cause a high energy barrier against the isomerization of
74a.

Compounds 72a, 73a and 74a afforded extremely broad peaks in GLC with XE-60, probably
because of the fast interconversion at high temperature and the inappropriate liquid phase or support.
Detection of these compounds in the methylated EtOAc extract was thus difficult in GLC with XE-60.
Apiezon Grease L® gave better separation than silicon. GLC of 72a, 73a and 74a using Apiczon Grease
L® gave the same chromatograms, which consisted of four peaks in the ratio of about 6:1:1:6, although
they were still broad and overlapping.  All four peaks gave the ion at m/z 312 in GC-MS analysis,
suggesting that they were not degradation products but isomers converted by the high temperature.  The
two high peaks among the four in GLC will correspond to 72a and 73a although it is unknown which is
which. One of the two small peaks will correspond to 74a, and the other small one may correspond to the
enol 77a.  The lack of the enol 77a in HPLC using a mixture of MeOH and water as the solvent can be
explained by its instability in polar solvents. Enols forming intramolecular hydrogen bonds are stabilized
in apolar solvents especially in the gas phase, but they are labile in polar solvents such as MeOH and
chloroform.!"" The enol 77a, which can form intramolecular hydrogen bonding between the 4'-hydroxyl
and 3'-fluoro groups, may have these features. Metabolites 72-74 would also be interconverted via 77 in
vivo (Fig. 14).

GLC of the methylated EtOAc extract with Apiczon Grease L® confirmed the equilibrium mixture of
72a, 73a and 74a. HPLC of the fractions purified from the extract revealed peaks with the same
retention time as the standard samples of 72a and 73a.  After isolation, these compounds were identified
with 72a and 73a from the spectral data. A peak corresponding to 72a was not found due to the small
amount and masking by overlapping peaks, but it must also be in the extract.  The ratio among
unmetabolized (+)-5, metabolites 72-74, metabolite 75, and metabolite 76 in the EtOAc extract was
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Fig. 14. §u€posed oxidation pathway in the metabolism of (+)-5 in bean shoots.
E" means the step catalyzed by an enzyme. Percentages in the parentheses are the
compositions of methyl esters 72a, 73a and 74a in the final equilibrium in methanol

estimated to be 1:2:1:1 from the contents of their methyl esters determined by GLC analyses using XE-60
and Apiezon Grease L® (Table 8).

The slight increase of biological activity of (+)-5 in the lettuce seeds may be caused by the stability of
78 which would maintain the activity, or else by the higher affinity of (+)-5 for the receptor involved in the
inhibitory activity in lettuce seed germination than ABA. However, the stability of 72 is not enough to
give (+)-5 prominently high activity since 72 could be metabolized to 73 and 74, and then to 75 and 76.

Involvement of enzymes in the cyclizing step. The ratio between metabolites 75 and 76, 1:1, was
inconsistent with the 73a/74a ratio (6:1) in equilibrium. If the cyclization of 74 occurs nonenzymatically,
the ratio of 75 to 76 must be 6:1. This discrepancy supports the participation of the cyclization enzyme in
this conversion3’; metabolite 72 would be enzymatically converted to 74, which then may be isomerized
0 72 and 73 owing to equilibrium before being reduced to 76, or some of 72 may be isomerized
depending upon equilibrium to 73 before being enzymatically cyclized (Fig. 14). The tendency of the 4'-
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Table 8. The Recovery of (+)-5 and its Metabolites 72-76 from Bean Shoots

_ Released by hydrolysis of the conjugate fraction with

Compound _In the EtOAc extract alkali f3-glucosidase
(+)-5 0.6 mg 0.3mg (3) 0.3mg (3)
72-74 1.2  (13) 02 @ 0.2 (2)

75 0.6 (7) trace trace
76 0.6 (7) trace trace

Compounds were analyzed as the methyl ester and their weights were determined in GLC with 1%
XE-60 and 1% Apiczon Grease L® columns. The ratios of conversion of the applied (+)-5 (9 mg)
into cach metabolite were presented in percentage in the parentheses.

carbonyl to accept nucleophiles would be enhanced more intensely by the 3'-axial, than by the equatorial
fluorine, because the former can have a o-x interaction with the z bond of the carbonyl more cffectively
than the latter. Therefore, the 4'-carbon in 74 may be attacked by hydride ions more easily than that in
73, that is, 74 may be metabolized more quickly than 73.  Alternatively, 74 may have higher affinity for
the active site of a reductase than 73. These might contribute to the increase of 76.

Hydrolysis of the conjugates. The conjugate fraction from the aqueous extract was hydrolyzed with
alkali or f-glucosidase before being extracted with EtOAc under acidic conditions and methylated for GLC
analysis using XE-60 and Apiczon Grease L® columns. These extracts yielded similar results.
Compounds 5a and 72a-74a were found in the ratio of 3:2, and the 75a and 76a levels were low (Table
8). This suggested that most of the conjugated metabolites are C-1-glucosyl esters, not C-1'- or C-8'-
glucosides. The total amount of the conjugated metabolites was less than that of the freec metabolites,
indicating that the oxidation pathway mostly concerns (+)-5 in bean shoots.

In conclusion, the introduction of fluorine at C-3' in ABA increased the clectron density at C-2' so
much that the methyl esters of 3'-fluoro-8'-HOABA and 3'-fluoro-PAs coexisted at equilibrium by the
partial resistance of C-3' to attack by the 8'-hydroxyl group because of the effect the fluorine atom at C-3'
has on C-2'. This finding shows that introducing an electron donating group at C-3' is effective to reduce

the nucleophilic addition of the 8'-hydroxyl group.
Experimental

General procedures

The 'H and 13C NMR spectra were recorded with TMS as an internal standard at 300 or 500 MHz
for 'H and 125 MHz for 13C using Bruker ARX300 and AC300 instruments. For clarity, the atoms of all
the compounds with the carbon skeleton of ABA were numbered as in ABA in the assignment of peaks.
19F NMR spectra were recorded at 282 MHz on a Bruker AC300.  'F chemical shifts were reported in
ppm from CCI3F as an intemal reference and the higher field resonance from the CCl3F signal was
assigned as negative.  Mass spectra were recorded at 70 eV with a Jeol JMS-DX300/DAS000 mass
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spectrometer. CD spectra were recorded with a Jasco 1-720w spectropolarimeter.  Optical rotations were
measured with a Jasco DIP-1000 digital polarimeter.

2'a,3'a-Dikydro-2'a,3' a-epoxyabscisic acid (70)

To a stirred solution of (+)-ABA (200 mg, 0.76 mmol) in McOH (20 ml) were added 30% H202
(0.2 ml) and 6 N NaOH (0.6 ml) at 0°C. The mixture was stirred for 8 hr at 0°C and made up to 40 ml
with H20. After lowering the pH to 2 with 3 N HCI, the mixture was extracted with EtOAc (30 ml x 3).
The organic layer was washed with H20, dried over Na2SO4 and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel (12 g) with hexane-EtOAc-AcOH (80:20:3) to
afford 70 (114 mg, 54% yicld) as a colorless 0il. 'H NMR (500 MHz, CDCl3): § 0.94 (3H, s, H3-9'),
0.99 (3H, s, H3-8"), 1.39 (3H, s, H3-7"), 1.83 (1H, d, J = 14.7 Hz, H-5"), 2.07 (3H, s, H3-6), 2.67
(1H, s, OH), 2.84 (1H, d, J = 14.7 Hz, H-5'), 3.30 (1H, s, H-3"), 5.79 (1H, s, H-2), 6.11 (1H, d, J =
15.8 Hz, H-5), 8.03 (1H, d, J = 15.8 Hz, H-4); UV Amax (McOH) nm (€): 253 (15,700); [a]’ +6°
(McOH, ¢ 0.41); EIMS m/z (rel. int.): 280 [M]* (6), 262 [M - H20]* (4), 251 (22), 206 (11), 196 (25),
178 (33), 151 (50), 135 (20), 121 (42), 111 (76), 94 (26), 85 (100); HR-EIMS: [M]* at m/z 280.1307
(C15H200s requires 280.1311).

Methyl 2'a,3'a-dihydro-2'a,3' a-epoxyabscisate (70a)

Method i).  Ethereal CH2N2 was added to 70 (100 mg, 0.36 mmol) in MeOH (3 ml) at room
temperature until a yellow color persisted. The mixture was left for 1 hr at room temperature, and
concentrated under reduced pressure to give 70a (105 mg, quantitative yield) as a colorless oil.

Method ii). 193 The methyl ester of (+)-ABA was prepared from (+)-ABA by the same method as
method i). To a stirred mixture of the methyl ester of (+)-ABA (100 mg, 0.36 mmol) in dimethyl
sulfoxide and 30% H202 (180 ml) was added dropwise, tetrabutylammonium fluoride (1.0 M
tetrahydrofuran solution, 2.36 ml, 2.36 mmol) at room temperature under nitrogen. The mixture was
stirred at the same temperature for 5 hr.  H20 (30 ml) was added and the product was extracted with
EtOAc (20 ml x 3). The organic layer was washed with H20, dried over Na2SO4 and concentrated under
reduced pressure. The residue was purified by chromatography on silica gel (2 g) with hexane-EtOAc
(8:2) to give 70a (44 mg, 41% yield). 'H NMR (500 MHz, CDCI3): & 0.93 (3H, s, H3-9'), 0.99 (3H,
s, H3-8'), 1.39 (3H, s, H3-7"), 1.83 (1H, dd, J = 14.6 and 0,7 Hz, H-5'), 2.03 (3H, d, J = 1.1 Hz, H3-
6), 2.83 (1H, d, J = 14.6 Hz, H-5"), 2.87 (1H, d, J = 0.7 Hz, OH), 3.29 (1H, br s, H-3'), 3.34 (3H, s,
OMe), 5.77 (1H, brs, H-2), 6.06 (1H, d, J = 15.8 Hz, H-5), 8.07 (1H, d, J = 15.8 Hz, H-4); EIMS m/z
(rel. int.): 294 [M]* (5), 276 [M - H20]* (2), 265 (15), 238 (12), 210 (17), 206 (17), 195 (27), 178 (41),
165 (17), 151 (56), 135 (23), 125 (100); HR-EIMS: [M]* at m/z 294.1464 (Ci6H2205 requires
294.1467).

Methyl 3'-fluoroabscisate (5a)

A stirred solution of 70a (21 mg, 0.071 mmol) in N-cthyldiisopropylamine (0.5 ml) and N-
ethyldiisopropylamine tris(hydrofluoride)!® (40 ml) was heated at 145°C for 4 hr. The solution was
poured into 3N HCI (20 ml) and extracted with EtOAc (20 ml x 3). The organic layer was washed with
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saturated aqueous NaHCO3 and H20, dried over Nu2SO4, and concentrated under reduced pressure. The
residuc was purified by chromatography on silica gel (2 g) to give Sa (6 mg, 28% vicld) as a colorless oil.
IH NMR (500 MHz, CDCl3): §1.04 (3H, s, H3-9'), 1.14 (3H, s, H3-8'), 1.87 (3H, d, 4y = 3.5 Hz,
H3-7'), 2.02 (3H, d, J = 1.1 Hz, H3-6), 2.11 (1H, s, OH), 2.43 (1H, dd, J = 16.9 and 4y = 4.4 Hz, H-
5'pro-R), 2.49 (1H, d, J = 16.9 Hz, H-5'pro-S), 3.71 (3H, s, OMe), 5.78 (1H, br s, H-2), 6.09 (1H, d,
J =16.1 Hz, H-5), 7.88 (1H, d,J = 16.1 Hz, H-4); UV Amax (McOH) nm (£): 262 (23,100); IR Vmax
(CHCI3) em™: 3500, 2950, 1690, 1650, 1630, 1600; EIMS m/z (rel. int.): 296 [M]* (4), 278 [M -
H20]* (5), 264 (6), 246 (4), 223 (6), 208 (70), 183 (46), 180 (50), 165 (15), 152 (55), 125 (100); HR-
EIMS: [M]* at m/z 296.1440 (C16H2104F requires 296.1424).

(+)-3'-Fluoroabscisic acid (§)

To a solution of 5a (42 mg, 0.14 mmol) in McOH (1 ml) was added 1IN NaOH (0.8 ml). The
mixture was stirred at room temperature for 3 hr, then H20 (30 ml) was added.  After lowering the pH to 2
with 3N HCI, the mixture was extracted with EtOAc (20 ml x 3). The organic layer was washed with
120, dried over Na2S04, and concentrated under reduced pressure.  The residue was chromatographed on
silica gel (16 g) under pressure to afford (+)-5 (38 mg, 95% yicld) as a white amorphous solid. TH NMR
(500 MHz, acctone-dg): & 1.07 (3H, s, H3-9"), 1.11 (3H, s, H3-8'), 1.85 (3H, d, 4np = 3.5 Hz, H3-7"),
2.07 (3H, d, J = 1.0 Hz, H3-6), 2.33 (1H, brd, J = 16.8, H-5"), 2.63 (1H, d, J = 16.8 Hz, H-5'), 5.78
(1H, brs, H-2), 6.39 (1H, d, J = 16.0 Hz, H-5), 7.93 (1H, d, J = 16.0 Hz, H-4); 13C NMR (125 MHz,
acctone-de): d 10.4 (d, 3JcF = 4.7 Hz, C-7), 21.0 (C-6), 23.2 (C-8'), 24.3 (C-9'), 42.1 (C-6), 49.3 (d,
Yer = 4.0 Hz, C-5), 79.5 (d, 3Jcp = 5.1 Hz, C-1'), 118.7 (C-2), 128.8 (C-4), 137.4 (d, ¥/cr = 2.5 Hz,
C-5), 138.3 (d, ZJcr = 6.4 Hz, C-2'), 150.7 (C-3), 151.0 (d, Ycy = 258.4 Hz, C-3'), 167.0 (C-1), 189.0
(d, Yo =205 Hz, C-4), : [aly +264° (McOH, ¢ 0.32); €D Aext (McOH) nm (Ae): 327 (-1.5), 260
(+#27.2), 231 (-21.6); UV Amax (McOH) nm (e): 247 (24,300); EIMS m/z (rcl. int.): 282 [M]* (6), 264
[M - H20]* (22), 249 (15), 239 (15), 223 (13), 208 (100), 183 (85), 180 (68), 165 (22), 152 (66), 124
(17), 111 (48); HR-EIMS: [M]* at m/z 282.1263 (C15H1904F requires 282.1267). The 1H, 13C and
19F NMR data are listed in Tables 6 and 7.

(£)-3'-Fluoroabscisic acid [(+)-5] and HPLC analysis with a chiral column

In the same manner as (+)-5, (+)-5 was synthesized from (£)-ABA. The racemate (£)-5 gave two
separate peaks with retention times of 8.2 and 9.4 min in HPLC with a Chiralcel OD column (4.6 x 250
mm, Daicel; solvent, 11% i-PrOH in hexane containing 0.1% TFA; flow rate, 1.0 ml minl; detection,
254 nm). Optically active (+)-5 afforded only one peak at fg 8.2 min under the same conditions.

Plant material and application of (+)-5'12

Bean plants (Phaseolus vulgaris .. cv. Kentucky Wonder) were grown in a greenhouse for 20 days
until the primary leaves were mature and the first trifoliate leaf half expanded. The temperature in the
greenhouse was maintained below 23°C during the day, and above 15°C during the night.  To introduce
compounds via the transpiration stream, the stems were cut at 0.5 cm above root apex under degassed
water. For application to bean shoots, an acetone (0.6 ml) solution of (+)-5 (9 mg) was mixed with about
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50 ml of Tween 20 and filled up to 150 ml with H20. Thirty shoots were placed in the solution for three
days under continuous light (5000 lux) at 25°C.  The vessel was covered with a sheet of black
polyethylene to prevent photo-isomerization. HPLC analysis of the solutions after the application showed
that 8.5 mg of (+)-5 was incorporated into the shoots.

Extraction from bean shoots

Plant samples (66 g, fresh weight) that incorporated (+)-5 were frozen in liquid nitrogen, pulverized
and extracted with MeOH (400 ml) containing 10 mg mi™! 2,6-di-tert-butyl-4-methylphenol for three days.
After filtration, the tissue residue was washed several times with methanol.  The combined filtrates were
concentrated to a small volume and were brought to 250 ml with H20.  After lowering the pH to 2 with 3
N HCI, the solution was extracted with EtOAc. The organic layer was washed with H20 and concentrated
under reduced pressure to give the EtOAc extract (334 mg). The aqueous layer, after adjusting the pH to
5, was concentrated under reduced pressure to give the aqueous extract (38 mg).

Isolation of metabolites from the EtOAc extract

To a solution of the EtOAc extract (310 mg) in EtOAc (2 ml) was added ethercal CH2N2 until a
yellow color persisted.  The mixture was left for 0.5 hr at room temperature, then the solvent was
removed. The residue was applied to a column packed with silica gel (15 g) and eluted with 10, 20, 30,
40, 60 and 80% in toluene. The 40 and 60% EtOAc fractions were combined and concentrated under
reduced pressure.  The residue was purified further by chromatography using ODS (AM120-S50, YMC,
16g) with 60% McOH in H20 to give 2 mg of a crude oil. The crude oil (2 mg) was injected into an
HPLC column (mBondasphere Sm C18-100.z\, 19 x 150 mm, Waters; solvent, 55% McOH; flow rate, 10
ml min'!; detection, 254 nm). The materials with fg 8.2 and 13.9 min were collected to give 75a (0.3
mg) and 76a (0.3 mg) as colorless oils, respectively. The eluate containing other materials was injected
into the HPLC column again. The material with g 9.8 min was collected to give 72a (0.1 mg) as a
colorless oil.  The 30% EtOAc fraction was concentrated, suspended in MeOH-H20 (9:1), then
chromatographed in portions over Sep-Pak® C18 (original type, Millipore) using 30, 60 and 80% McOH.
The 60% MeOH fraction was injected into a HPLC column (AQ 311, 6 x 100 mm, YMC; solvent, 55%
MeOH; flow rate, 2 ml min!; detection, 254 nm). The material with 1z 2.7 min was collected to give
73a (0.1 mg) as a colorless oil. 75a: [t:t]iz)I -80° (MeOH, ¢ 0.014); UV Amax (McOH) nm (g); 264
(22,000); EIMS m/z (rel. int.): 314 [M]* (12), 296 [M - H20]* (16), 282 (5), 264 (6), 237 (15), 221 (6),
195 (7), 177 (14), 163 (21), 154 (34), 135 (30), 122 (100); HR-EIMS: [M]* at m/z 314.1522
(C16H230sF requires 314.1529). 76a: [a]lzjl -197° (McOH, ¢ 0.0158); UV Amax (MeOH) nm (e): 267
(22,000); EIMS m/z (rel. int.): 314 [M]* (8), 296 [M - H20]* (17), 282 (6), 264 (6), 237 (8), 219 (5),
195 (10), 177 (14), 163 (24), 154 (29), 135 (31), 125 (100); HR-EIMS: [M]* at m/z 314.1502
(C16H230sF requires 314.1529). 72a: UV Apax (MeOH) nm (g): 263 (24,000); EIMS m/z (rel. int.):
312 [M]* (6), 294 [M - H20]* (13), 280 (14), 264 (24), 249 (10), 239 (15), 221 (10), 208 (30), 199
(18), 179 (23), 163 (14), 152 (29), 125 (100); HR-EIMS: [M]* at m/z 312.1376 (C16H210sF requires
312.1373). 73a: UV Amax (MeOH) nm (g): 263 (18,500); EIMSm/z (rel. int.): 312 [M]* (34), 294 [M
- H20]* (5), 292 (3), 280 (14), 264 (8), 249 (5), 239 (10), 221 (10), 208 (14), 177 (24), 163 (31), 154
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(32), 135 (38), 125 (100); HR-EIMS: [M]* at m/z 312.1366 (C16H210sF requires 312.1373). The 'H
and 19F NMR spectral data are listed in Tables 6 and 7. The value of the optical rotation of 72a and 73a

was too small to be measured.

Hydrolysis of the conjugate fraction with alkali and p-glucosidase

The first
fraction that cluted with H20 was discarded, and the second MeOH fraction was concentrated to give the
conjugate fraction (34 mg). To the conjugate fraction (15 mg) was added 1 N NaOH (45 ml), and the
mixture was left at room temperature for 6 hr. The conjugate fraction (15 mg) was made up in 0.05 M
citrate-sodium citrate buffer (pH 5.0, 30 ml), and B-glucosidase (EC 3.2.1.21, Sigma G0395, 235 units)
was added. The mixture was incubated for 6 hr at 37°C.  The residual conjugate fraction (4 mg) was not

The aqueous extract (38 mg) was roughly purified by chromatography on ODS (16 g).

hydrolyzed.  After lowering the pH to 2 with 3 N HCI, these solutions were extracted with EtOAc,

respectively,  The organic layers were washed with saturated aqueous NaCl, dried over Na3SO4 and
concentrated to give 13, 12 and 3 mg of crude oils, respectively, which were treated with ethereal CHaN2
before analysis by GLC. Free compounds [(+)-5 and 72-76] were not detected in the organic layer of

non-hydrolyzed-conjugate fraction.

Preparation of methyl 3' a-fluorophaseate (73a) and methyl 3' f-fluorophaseate (74a)

To a stirred solution of 75a (0.1 mg) in acctone (0.5 ml) was added Jones reagent!%? (25 ml) at 5°C.
The mixture was stirred for 0.5 hr at S°C.  H20 (5 ml) was added to the mixture, and the solution was
extracted with EtOAc. The organic layer was washed with H20, dried over Na2SO4 and concentrated
under reduced pressure.  The residual oil was purified by chromatography on silica gel (0.8 g) with
hexane-EtOAc (7:3) to afford 0.1 mg of 73a quantitatively as a colorless oil. In the same manner, 76a
(0.1 mg) gave 74a (0.1 mg) as a colorless oil. 74a: UV Amax (McOH) nm (£): 264 (18,000); EIMS m/z
(rel. int.): 312 [M]* (28), 294 [M - H20]* (4), 292 (4), 280 (15), 264 (5), 251 (5), 233 (12), 208 (10),
191 (12), 177 (24), 163 (29), 154 (31), 135 (34), 125 (100); HR-EIMS: [M]* at m/z 312.1367
(C16H21OsF requires 312.1373). The 'H and '9F NMR spectral data are listed in Tables 6 and 7. The
other data for 73a arc described above. The values of the optical rotation of 74a were too small to be
measured.

Gas-liquid chromatography (GLC) and TLC

GLC proceeded using 1% XE-60 (support, Chromosorb W) column (3.2 mm x 2 m) at 210°C or 1%
Apiezon Grease L® (support, Shimalite Q®) column (3.2 mm x 0.5 m) at 190°C at a nitrogen flow of 60 ml
min’!, with an clectron-capture detector. The retention times of 5a, 75a and 76a in XE-60 were 5.8, 8.1,
and 4.6 min, respectively and those in Apiezon Grease L® were 6.0, 9.4, and 8.0 min, respectively. The
retention times of the four peaks of 72a, 73a and 74a in Apiczon Grease L®, respectively, were 6.0, 7.8,
10.2 and 12.1 min. Contents of the metabolites in extracts were determined on the basis of each peak arca
considering the difference in the sensitivity of the electron-capture detector which was calculated from the
analysis of standard samples (see Table 8). Metabolites were analyzed by silica gel TLC using Kicselgel

60 F254 (thickness, 0.2 mm, Merck) in a solution of hexane-EtOAc (1:1). The Ry values of 72a, 73a,
74a, 75a and 76a were 0.50, 0.61, 0,73, 0.22 and 0.28, respectively,

GC-MS

GC-MS was conducted with 1% Apiczon Grease L® column (2.6 mm x 0.1 m) and a helium flow of
150 ml min"l. The temperature was maintained at 200°C for initial 10 min, then raised from 200 w 220°C
atarate of 2°C min'l.  The ions observed in all the four peaks (retention time 8.2, 11.6, 14.4, and 16.4
min) of a mixture of 72a, 73a and 74a at cquilibrium, m/z (rcl. int. of peaks in the ratio of 6:1:1:6,
respectively): 312 [M]* (8, 8, 10, 10), 294 (3, 8, 5, 6), 280 (9, 8, 7, 7), 264 (9, 17, 17, 12), 249 (6, 8,
14, 10), 233 (12, 12, 14, 16), 221 (10, 22, 20, 16), 208 (10, 20, 14, 10), 191 (12, 25, 20, 18), 177 (17,

-y

21, 22, 20), 163 (30, 21, 33, 22), 154 (20, 25, 33, 17), 135 (32, 32, 32, 29), 125 (100, 100, 100, 100).

Bioassays
See Chapter 1.2,
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Chapter 11
The Role of the Hydroxyl Groups for Abscisic Acid Activity

A potential analogue with high affinity for the ABA receptor would show universally strong activity.
Design of highly potent analogues with strong affinity for the ABA receptor requires precise structures for
binding. This may be dircctly investigated by analyzing a complex of ABA and the receptor. However,
no ABA-binding proteins including the receptor and carrier, have been isolated owing to their low
abundance, which is a common obstacle to purifying plant protcins,‘” so the structural requirements for
ABA activity are supposed only by comparing the activities of active and inactive analogues. In this
chapter, the author considers the status of structure-activity investigations, describes the design of two
monofluoro analogues with which to probe the role of the hydroxyl groups which have not been
investigated in detail so far, and discusses the role based on the activity of the synthesized analogucs.

II.1 Introduction
Receptor and Uptake Carrier

The only report on ABA-binding proteins was published by Homberg and Weiler in 1984.11%  They
demonstrated that ABA photoinductively cross-links with guard cell protoplasts in proteins located at the
outward-facing plasma membrane.  This suggested that ABA is detected by outward-facing plasma
membrane receptors.  In 1994, however, there were conflicting reports about the site perceiving ABA.
When ABA was microinjected directly into guard cells, it caused stomatal closure according to Allan e
al. 115 and Schwartz ef al.116 whercas Anderson et al.!17 found that it docs not inhibit stomatal opening.
To harmonize these conflicting results, it has been speculated that the effects of ABA on stomatal closure
are mediated by an intracellular receptor while thosc on opening arc mediated by an extracellular
receptor./'8  In barley aleurone protoplasts, ABA microinjected into the cytoplasm had no cffect on a-
amylase gene expression and secretory activity, suggesting that ABA is detected at the external face of the
plasma membrane.'1? At present it remains unclear whether the ABA receptor is located in the cytoplasm,
at the external face of the plasma membrane, or in both. Sccond attempt at photoaffinity labeling the ABA
receptor has not yet been reported, although in 1993, Willows and Milborrow synthesized 1-azido-ABA
(78) as a photoaffinity probe,'8 and in 1995 Comelussen er al. reported the UV-induced cross-linking of
ABA through its enone chromophore to anti-ABA antibodies as models of ABA-binding proteins.?!

Another approach to investigating the ABA receptor may be the use of anti-idiotypic antibodies as
receptor probes.!2?  However, Hite ef al. doubt the feasibility of using anti-idiotypic antibodics produced
through the use of 4'-substituted ABA to isolate the ABA receptor, because substitution of hydrazones for
the 4'-carbonyl of ABA renders it inactive in the stomatal assay. 2!

If the ABA receptor cxists inside cells, the uptake of ABA into cells by the carrier would be
significant for exhibiting biological activity. It has been reported that the carrier-mediated ABA uptake by
tissues'22-125 and cultured cells!?6131 occurs in addition to the non-mediated diffusive uptake of
undissociated ABA which is lipid-soluble. The uptake carrier is considered to act as an ABA/H* symport
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Fig .15. Binding of the diastereomeric diols (67, 68) and ABA to the uptake carrier based on
the Milborrow's speculation ”!

(ABA": the dissociated species of ABA),126 which is specific for (1'S)-(+)-ABA, Km = ca. 1.0 pM.  The
detailed stereospecificity of the uptake has been investigated in root segments'>* and in cultured cells!?” of
bean (Phaseolus coccineus L..) and (2)-(2E)-ABA (12), (1'R)-(-)-ABA and (=)-1",4'-rrans-diol-ABA (68)
did not reduce the uptake of (+)-[2-14C]-ABA, whereas (1'R)-(+)-1'-deoxy-ABA (79), (=)-1',4'-cis-diol-
ABA (67), the methyl ester of (1'S)-(+)-ABA (la) and a- and fi-ionones (80 and 81) specifically
inhibited it. The highly inhibitory effect of 79 suggested that the 1'-hydroxyl group is not necessary for
ABA to bind to the carrier. Moreover, since 67 inhibited the uptake of ABA more cffectively than 68,
Milborrow and Rubery have presented the notion that the geometry of the 4'-hydroxyl group influences
ligand-carrier interaction (Fig. 15).124  This is assuming that the 4'-hydroxyl on the B-face (upper face) of
the ring of 68 sterically inhibits binding to the active site on the carrier; that is, ABA interacts on the B-face
of the ring with the carrier surface. This manner of binding means that the carrier surface must be convex
if ABA binds to the carrier in the favored half-chair with the pseudo-axial side chain (conformation of ABA
is referred later). Therefore, Milborrow speculates that ABA binds to the carrier in the disfavored half-
chair with the pseudo-equatorial side chain; that is, the binding manner that allows the carrier to assume a
flat surface.9! The high affinity of 81 to the carrier supports this speculation because the side chain of 81
is frozen in the equatorial direction. 27

However, in carrot suspension cultured cells Windsor er al.13" obtained results different from those
of Milborrow and Rubery in bean root segments, The inhibitory effects of the 1',4'-diols 67 and 68 on
(1'S)-(+)-[2-1C]-ABA uptake were similar and smaller than that of (1'S)-(+)-ABA.  Milborrow's
speculation about the binding of ABA to the carrier may have a narrow application.  Also, (1'R)-(-)-ABA
competed equally with (1'S)-(+)-ABA at a docking site on the carrier of carrot suspension culture cells, but
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it was taken into the cells more slowly than (1'S)-(-)-ABA, suggesting that the carrier-mediated ABA
uptake is biphasic. (2E)-ABA, the methyl ester of optically active ABA, PA and 4-acetylenic analogues
(82) were less effective than (1'S)-(+)- and (1'R)-(-)-ABAs, while biologically inactive 7'-hydroxy-ABAs
(27), biologically active (1'S,2'5)-2',3'-dihydro-ABA (65) and inactive (1'S,2'R)-2'.3'-dihydro-ABA
(66) were as cqually cffective as (1'S)-(+)- and (1'R)-(-)-ABAs, suggesting that the structural
requirements for binding to the carrier differ from those for biological activity. ABA uptake into cells may
be of little significance for the biological activities, suggesting that the receptor responsible for expression
of the activity exists at the plasma membranc Therefore, in designing highly active analogues, affinity for

the uptake carrier may be disregarded.
Structure-Activity Relationships

The activity is affected by several factors including chemical stability, permeability, affinity for the
binding proteins and metabolism.  The activities of many ABA analogues have been examined using
different assays under various conditions,® so it is difficult to precisely quantify the structure-activity
relationships of ABA. Considering this, the qualitative structural requirements for ABA-activity is shown
in Fig. 16.72:84,92,93,95-101,121,132-150

Structural factors of ABA involved in the expression of the activity are (1) methyl groups at C-6, C-
7', C-8' and C-9', (2) C-C double bonds at C-2, C-4 and C-2', (3) oxidized 1-carboxyl, 1'-hydroxyl and
4'-carbonyl groups, as well as the 8'-hydroxyl group introduced metabolically and (4) conformations of the
six-membered ring and side chain. The absence of any one functional group reduces the activity, although
10 various degrees. This means that all the functional groups play a role in binding to the active site on the
receptor.  The methyl groups, C-6 and C-7', seem to be recognized specifically by the receptor, whereas
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Fig. 16. Structural requirements for ABA activity supposed by the activity of known analogues

C-8" and C-9' are considered to increase the hydrophobicity of the molecule with hi gher permeability to the
lipid bilayer or stronger affinity to the hydrophobic region in the active site. The C-C double bonds of the
side chain may give the appropriate geometry to anchor C-6 and the 1-carboxyl to the right binding site,
while the 2'-double bond may fix C-7" in the right direction. The 1-carboxyl, 1'-hydroxyl and 4'-carbonyl
groups are assumed to bind to polar residues of the active sites by hydrogen bonding or by other
clectrostatic interactions, but details of the role of the oxidized groups of ABA are unknown. The active
conformation is described in detail in Chapter I11.

Modifying the hydrophobic sites of the ABA molecule would have little effect on increasing affinity
for the receptor, because the hydrophobic interaction cannot be strengthened without significantly
increasing the steric bulkiness that sterically hinders binding to the active site.  On the other hand, the
hydrogen bond and clectrostatic interactions through the oxidized groups of ABA can be strengthened by
replacement with another electronegative atom or its introduction to the neighboring groups with an
alteration in the electronegativity and dipole moment without changing the steric bulkiness. Replacement
of the oxygen of ABA with another clectronegative atom can not only reveal the binding manner of the
oxidized groups but also increase the binding energy.

The requirement for the 1'-hydroxyl group for activity has been probed only with I'-deoxy-
ABA3Z151 which can be converted to ABA in plants, 152153 5o this remains unclear. 8-HOABA is oo
unstable to examine its activity, so how the 8'-hydroxyl group is involved in the expression of the activity
remains unknown, although the borate complex of 8-HOABA is active.’® Therefore, the author designed
new analogues with which to probe the binding manner of the 1'-hydroxyl and 8'-hydroxyl groups and
which may have high affinity for the binding proteins.
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I1.2 1'-Deoxy-1"-Fluoro- and 8'-Fluoroabscisic Acids as Probes for the
Role of the Hydroxyl Groups

Design Concept

Fluorination of biologically active compounds is useful not only for designing metabolically stable
analogues as described above, but also for studying interactions of the hydroxyl groups in compounds with
binding molecules including a carricr, a receptor and a metabolic enzyme.55 The C-F group of monofluoro
alkane is sterically and clectronically similar to the C-OH group.!>  The distinct difference between
fluorine and hydroxyl groups is the capability for hydrogen bonding. The hydroxyl group can be both a
donor and an acceptor, whereas fluorine can act only as an acceptor.!*  These properties of fluorine make
the monofluorinated analogue a valuable probe with which to investigate the role of the hydroxyl group in
binding to the active sites.  Additionally, the monofluoro group as a mimic of the hydroxyl group can
irreversibly bind to the binding proteins, and cause a fatal effcct on the bioorganism.63

Thus, the author designed 1'-deoxy-1'-fluoro-ABA (6) and 8'-fluoro-ABA (7) as monofluoro
analogues of ABA and 8'-HOABA which can help to identify the function of the hydroxyl groups in
interactions with the binding molecules involved in the expression of the activity. The activity of 7 would
also give that of 8'-HOABA. If these analogues have strong affinity for the receptor or bind irreversibly to
the metabolic enzymes, they can be used as labeling compounds with which to isolate the binding proteins.

Results and Discussion

Svnthesis and identification

Racemic 6 was synthesized by the direct replacement of the C-1' hydroxyl group with fluorine (Fig.
17).  The methyl ester of (+)-ABA (1a) was fluorinated using DAST to afford compound 6a.
Saponification of 6a with alkali resulted in several unidentified compounds, which were probably formed
by the elimination of the fluorine. Hydrolysis with porcine liver esterase!>® yielded (+)-6. The presence
of fluorine at C-1" was revealed by the spectral data.  In the 'H and 13C NMR spectra, the 'H signal of the
C-5 proton and the 13C signal of C-1' showed vicinal 'H-F and '3C-F coupling, respectively.  The IR
spectrum showed no absorption peak corresponding to the hydroxyl group at ca 3600 ecm-!.

It has been reported that the fluorinating reactions using DAST proceed through an Sy1 or Sy2
mechanism.!36-158 o examine the mechanism of this reaction in the case of the methyl cster of ABA, the
ester of (S)-(+)-ABA was fluorinated with DAST, followed by hydrolysis. Analysis of the product by
HPLC on a chiral column revealed that the R/S ratio of the product at C-1' was 1:4 (optical resolution of
(+)-6 and determination of configuration at the C-1' of cach enantiomer are described below). The result
indicated that the reaction proceeded mainly with the retention of the C-1' configuration, probably through
the SNi mechanism, because the steric effect in the Sy1 mechanism, or neighboring-group participation in
the SN2 mechanism, would not occur.’™?  In Fig. 17 are shown the supposed intermediate formed
between the methyl ester of ABA and DAST in the Si reaction.
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Fig. 17. Synthesis and optical resolution of 6.
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Racemic 7 was synthesized by a modification of the method reported for the synthesis of (+)-methyl
phascate”® (Fig. 18). Each diastercomer of 2-hydroxymethyl-2,6-dimethyl-1-cyclohexanone (frans- and
cis-30) was fluorinated using DAST. The trans-30 gave the fluorinated compound rrans-83 in 27% vyield,
whereas the cis-30 afforded cis-83 in only 2% yield. This difference may be caused by the intramolecular
hydrogen bond, which ¢is-30 would form more easily than rans-30, because the hydroxymethyl group of
cis-30 located at the equatorial position is closer to the carbonyl group than that of rrans-30 located at the
axial position. However the effect of the intramolecular hydrogen bond on the reaction remains unknown.
The reaction of a mixture of trans- and cis-83 with alkynyl lithium gave the THP ether 84, which on
deprotection to give the acetylenic diol 85, which was then acetylated to afford the acetylenic acetate 86,
Dehydration of 86 gave the enyne acetate 87, which was then reduced to the dienol 88, which was
oxidized to obtain the dienone 89.  Wittig reaction of 89 gave the methyl ester 90 as a mixture of (27)-
and (2E)-isomers.  Bromination of 90, then dehydrobromination, formed the didehydro compound 91,
which on photosensitized oxygenation and subsequent adsorption with basic alumina afforded the methyl
esters as an isomeric mixture.  Saponification of this mixture with alkali gave 5'a,8'- and 5'B,9'-
cycloabscisic acids (10 and 11) by the elimination of fluorine to form the cyclopropyl group.  Hydrolysis
with porcine liver esterase gave the free acids as an isomeric mixture of racemic 7 and its (2E)-isomer (92),
and of racemic 9'-fluoroabscisic acid (93) and its (2E)-isomer (94) in a ratio of ca 1:2:2:4, as determined
by HPLC on asilica gel column, This mixture was separated into its components by chromatography on
silica gel and on Sephadex LLH-20. The presence of fluorine at C-8' of (=)-7 and C-9' of (£)-93 was
ascertained by the chemical shifts and the TH-F and 1*C-F couplings. In the 'H NMR spectra, the signal
of each proton of the fluoromethyl group appeared as a double doublet split by the geminal 'H-F coupling
besides the geminal 'H-1H coupling at & 4.2-4.5 in both (£)-7 and -93. In the '3C NMR spectra, the
signals of C-8' of (£)-7 and C-9' of (+)-92 appeared as doublets at 8 88.1 and 88.0, respectively, accord-
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Fig. 18. Synthesis and optical resolution of 7 and 93.

1) DAST 1) Li?'—’LOTHP ii1) pyridinium p-TsOH iv) Ac,0, pyridine v) POCl;,
pyridine vi) Red-Al vii) MnO; viii) PhsP=CHCO,Me ix) a) NBS, BPO b) quinoline
x) rose bengal, Oy, hv xi1) basic alumina xii) esterase xiii) HPLC with Chiralcel OD.

ing to 13C-F coupling. The distinction between 8'- and 9'-fluoroabscisic acids was made by the chemical
shift and "H-F coupling of the S-proton.  When the favored conformation is the half-chair HC1 with the
side chain pseudo-axial, C-9' is spatially closer to the S-proton than C-8', so the influence of the 9'-
fluorine on the 5-proton must be greater than that of the 8'-fluorine. The signal of the 5-proton of (+)-93
appeared at 8 6.24 as a double doublet split by 'H-F coupling as well as vicinal coupling with the 4-proton.
That of (£)-7 was observed at d 6.20 as a doublet split only by the vicinal coupling, indicating that the 5-
proton was too far away from the fluorine for coupling. This finding showed that (£)-7 was (£)-8'-
fluoroabscisic acid and (+)-93 was (+)-9'-fluoroabscisic acid.

As described above, this synthetic route resulted in a (£)-7/(x)-93 ratio of 1:2. This diastercomeric
ratio was brought about during the photosensitized oxygenation of 91, and hence showed that the
oxygenation of 6'-monofluoromethyl-didehydro compound had lower diastereoselectivity than that of 6'-
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Fig. 19. Preparation of optically active 79.

di- and trifluoromethyl-didehydro compounds (8':9' = 1:4, see Chapter 1.2) and that of the 6'-
methoxymethyl-didehydro compound (8':9' = 1:3, see Chapter [.3). This finding meant that the hindrance
effect of the monofluoromethyl group on the approach of a singlet oxygen was the smallest in these four
groups.

Racemic 79 was also synthesized to compare its activity with that of 6.  This analoguc has been
synthesized by two groups, 132151 but its biological activity has not been precisely examined.  The methyl
ester 79a was synthesized from a-ionone (80)'3! (Fig. 19). Saponification of 79a with alkali resulted in
a mixture of 36 and some unidentified compounds which were formed probably through deprotonation at
C-1' by the base. Therefore, the methyl ester 79a was hydrolyzed by the esterase to afford (+)-79.

Racemic 6, 79, 7, and 93 were optically resolved by HPLC on chiral columns to afford the (+)- and
(-)-enantiomers. The Cotton effects in the CD spectra of the (+)-cnantiomers of 6, 79, 7 and 93 were
similar to those of (+)-ABA,”” so their absolute configurations at C-1' were assumed to be the same as that
of (+)-ABA. The CD spectra of the respective (-)-cnantiomers were also found to be similar to that of (-)-
ABA. Thus the absolute configuration at C-1' is § for (+)-6, whereas it is R for (+)-79, (+)-7 and (+)-
93. The notation for the configuration at C-6' for (+)-7 is S and for (+)-93 is R.

Biological activity

The biological activities of optically active ABA, 6, 79, 7, and 93 were cvaluated in the four assays
described in Chapter 1.2.  The ICsg values were summarized in Table 9.  (2E)-Isomers of racemic 6, 7
and 93 were inactive in the assays (data not shown).

The activity of (+)-6 was 1/10 to 1/20 that of (+)-ABA in all the assays and was almost cqual to that
of (+)-79 except in the lettuce assay. This suggested that the fluorine could not act as a mimic of the
hydroxyl group. If the value of 1/10-1/20 is assumed to correspond to the ratio (K) between the
dissociation constant of (+)-ABA in binding with the receptor and that of (+)-6 or (+)-79, the difference
(AG") in the free energy of their binding to the receptor can be estimated to be 1.4-1.8 keal mol™! at 300K
(27°C), an average temperature for the assays, by using the equation AG* = -RTInK . '  This implied that
the contribution of the 1'-hydroxyl group to the binding energy between ABA and the receptor was about
1.4-1.8 keal moll, which agreed with the contribution of an uncharged hydrogen bond (0.5-1.8 keal
mol1).161 Thus the 1'-hydroxyl group of ABA may interact with the receptor by means of an uncharged
hydrogen bond.  The lower activity of (+)-6 compared to (+)-ABA suggests that the role of the 1'-
hydroxyl group in this interaction is that of a hydrogen donor. Only in the lettuce assay, (+)-79 showed
relatively high activity, which was half that of (+)-ABA, whercas (+)-6 exhibited very low activity as in the
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Table 9. The ICso Values for Optically Active ABA, 6, 79, 7 and 93 in Four Bioassays

ICsp in assay

Rice seedling Lettuce sced Barley ct-amylase Spiderwort
Compound clongation germination induction stomatal opening
) (nM) (M) (1M) (nM)

(+)-ABA 2.0 4.2 3.1 2.6
(+)-6 48 50 62 33
(+)-79 18 9.0 35 32

(+)-7 2.5 4.0 9.0 3.0
(+)-93 1.9 8.3 9.0 33
(-)-ABA 2.4 12 8.9 35

(-)-6 50 58 80 120
(-)-79 18 25 68 48

(-)-7 2.5 13 36 24
(-)-93 12 12 36 38

other assays. This difference may result from the difference in the rate of permeation or uptake, or in the
metabolic processing. The compound (+)-79 might be converted more slowly than (+)-6 to the glucose
ester, which is the major metabolite in lettuce sced,®2 owing to the lack of the hydrogen acceptor at C-1'.
The alternative explanation is metabolic conversion to ABA with oxidation at C-1'. However, the ability to
oxidize the 1'-carbon has been different according to plants, 152133162 and it has not been examined
whether there is the ability in lettuce sceds.

The (+)-enantiomers of 7 and 93 were as effective as, or slightly less cffective than (+)-ABA in all
the assays. The finding that (+)-7, -2, and -3 (sce Chapter 1.2) is active equally with (+)-ABA in the
stomata assay suggests that the 8'-hydroxyl group of 8'-HOABA is independent of both strengthen and
weaken the activity. Therefore, 8-HOABA is probably active as a mimic of ABA, not as an essential
substance for the ABA activity. This agrees with the recent demonstration of Zou et al. that the biological
activity of a borate complex of 8-HOABA is comparable o that of ABAS®  The activity of (+)-93
suggests that the 9'-fluoro group also is little influence on exhibiting the activity.

Furthermore, the effect of (+)-6, -7 and -93 on the outward appearance of the scedlings, seeds and
tissues tested were very similar to that of (+)-ABA, that is, reversible and nontoxic as far as we obscrved
during the assays. If these compounds had bound to the receptor or metabolic enzymes then they would
be expected to be more potent than (+)-ABA.  Their usual or low activity and nontoxicity suggested that
these analogues neither had a strong affinity for the receptor nor act as the fatal inhibitor of the
monooxygenase and cyclase. The analogue (+)-7 may be metabolized to 8'-fluoro-PA or to PA after the
release of fluorine, without binding irreversibly to the catalytic site of the enzymes.

The relative intensity of the activities of the (-)-cnantiomers of 6, 79, 7 and 93 to (-)-ABA in the
four assays was similar to that of the (+)-cnantiomers to (+)-ABA. This finding was consistent with the
hypothesis that (+)- and (-)-ABAs bind the same receptor due to their relatively symmetrical structure.”!
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In conclusion, the present results show that the 1'-hydroxyl group as the proton donor i§ essential
for high activity and the hydrogen bond and electrostatic interactions at C-8' is unnecessary for activity, so
it may be difficult to strengthen the affinity for the active site on the receptor by modifying the 1'-hydroxyl
and 8'-hydroxyl groups.

Experimental

General procedures

H and 13C NMR spectra were recorded with TMS as the internal standard using a Jeol GX400 (400
MHz) and a Bruker ARXS00 (500 MHz). For clarity, the atoms of all the compounds with the carbon
skeleton of ABA are numbered as in ABA in the assignment of peaks in the 'H and 13C NMR spectra.
Mass spectra were obtained with a Jeol JMS-DX300/DAS000 mass spectrometer.  GC-MS was conducted
with a 1% OV-17 column (1 m x 2.6 mm) in the EI mode.

(%)-1'-Deoxy-1'-fluoroabscisic acid (6)

DAST (120 mg) was added to a stirred solution of the methyl ester of (£)-ABA (75 mg) in Et20 (5
ml) cooled to -78°C under N2.  The mixture was then warmed to room temperature and stirred for 3 hr.
After quenching with H20, the mixture was extracted with Et20. The organic layer was washed with
saturated NaHCO3 and H20, dried over Na2SOs4 and concentrated. The residual oil was
chromatographed on silica gel (2 g) with hexane-EtOAc (9:1) to give the methyl ester 6a (43 mg, 37%
yield). The methyl ester 6a (13 mg) was dissolved in McOH (0.8 ml) and potassium phosphate buffer
(0.1 M, pH 8.0, 3 ml), and porcine liver esterase (EC 3.1.1.1, Sigma E-3128, 1270 units in 0.5 ml of 3.2
M (NH4)2804, pH 8) was added. The solution was left at 30°C overnight, then diluted with H20 (40 ml),
acidified with 1 N HCI and extracted with EtOAc. The organic layer was washed with saturated NaCl,
dried over Na2SO4, and concentrated. The residue was chromatographed on silica gel (4.5 g) with
hexane-EtOAc-AcOH (90:10:1) to give 6 (10 mg, 81% vyield) as a colorless oil.  'H NMR (400 MHz,
CD30D): & 1.07 (3H, s, H-9'), 1.13 (3H, d, Yyr=1.2 Hz, H-8"), 1.94 (3H, dd, J =1.5 Hz and */yp =
2.1 Hz, H-7"), 2.04 (3H, d, J = 1.2 Hz, H-6), 2.25 (1H, ddd, J = 17.1 and 1.2 Hz, and Yy =5.2 Hz,
H-5'-pro-R), 2.60 (1H, d, J = 17.1 Hz, H-5"-pro-§), 5.80 (1H, brs, H-2), 5.94 (1H, dq, J = 1.5 and 1.2
Hz, H-3'), 6.23 (1H, ddd, J = 16.2 and 0.6 Hz, and *Jyr = 19.2 Hz, H-5), 7.85 (1H, d, J = 16.2 Hz, H-
4); 13C NMR (125 MHz, acetone-de): 8 16.8 (d, 3Jcr = 6.4 Hz, C-7'), 20.1 (C-6), 22.1 (d, *Jcy = 6.3
Hz, C-8'), 23.5 (C-9), 40.7 (d, cr = 21.5 Hz, C-6'), 49.0 (d, *Jcy = 6.2 Hz, C-5'), 99.8 (d, Wcr =
184.4 Hz, C-1"), 118.9 (C-2), 127.1 (d, 3Jcr = 5.0 Hz, C-3"), 128.5 (d, ¥Jcr = 12.1 Hz, C-4), 132.2 (d,
2Jer = 23.6 Hz, C-5), 149.4 (C-3), 157.5 (d, 2Jcr = 24.0 Hz, C-2'), 166.2 (C-1), 205.3 (d, W = 39.2
Hz, C-4"); UV Amax (McOH) nm (g): 238 (21,000); UV of the methyl ester Amax (McOH) nm (£): 263.5
(26,400); IR of the methyl ester Vmax (CHCI3) em™: 3000, 2950, 1710, 1660, 1630, 1600, 1450, 1380,
1240, 1160; EIMS (probe), m/z (rel. int.): 266 [M]* (1), 246 (4), 210 (4), 192 (30), 164 (100), 156
(48), 136 (21), 111 (34); HR-EIMS: [M]* at m/z 266.1349 (C15H1903F requires 266.1319).

The reaction mechanism of DAST with (+)-ABA
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A methyl ester of (+)-ABA (50 mg) which was provided by Kyowa Hakko Kogyo Co., Ltd.,
Tokyo, Japan was fluorinated with DAST (80 mg) and then hydrolyzed by the same method as that for (:)-.
6. The enantiomeric composition of the product 1'-deoxy-1'-fluoroabscisic acid was analyzed by HPLC

on a Chiralcel OF column as well as (+)-6 as described in the Optical resolution.

(+)-2-Fluoromethyl-2,6-dimethyl-1-cyclohexanone (trans- and cis-83) . .
Chromatography of 30 (25 g) on silica gel (970 g) with hexane-EtOAc (l?:3-4':1) gav? the rrw:.s-3.0
(11.1 g) and ¢is-30 (13.5 g). Isomer trans-30 (0.25 g) in Et20 (5 ml) was treated with DAST (.0.‘52 g) in
FEt20 (7 ml) in the same manner as that described for 6. The product was chromatographed on 51llf:a6gci (6
#) with hexane-EtOAc (24:1) to give trans-83 (67 mg, 27% yield). 'H NMR (400 MHz, CDCl3): © 1.04
(3H, d, J = 6.4 Hz, Me-6), 1.11 (3H, d, %/ur = 1.2 Hz, Me-2), 1.35-2.14 (6H, m, H-3, H-4, and H-5),
2.62 (1H, m, H-6), 4.41 (1H, dd, J = 9.2 Hz and 2/y¢ = 47.3 Hz, CH2F), 4.58 (1H, dd, J = 9.2 Hz and
21y = 47.9 Hz, CH2F); GC-MS 70 ¢V, m/z (rcl. int.): 158 [M]* (30), 100 (20), 95 (14), 82 (43), 1'.74
(18), 69 (100). In the same manner as trans-30, cis-30 (0.5 g) gave cis-83 (10.2 mg, 2% yield). 'H
NMR (400 MHz, CDCI3): 6 1.01 (3H, d, J = 6.4 Hz, Mc-6), 1.21 (3H, d, 47yr = 1.8 Hz, Me-2), 1.29-
2.10 ((;II, m, H-3, H-4, and H-5), 2.63 (1H, m, H-6), 4.30 (1H, dd, J = 9.2 Hz and 2y = 4'?;6 Hz,
CH2F), 4.52 (1H, dd, J = 9.2 Hz and %Jur = 47.6 Hz, CH2F); GC-MS m/z (rel. int.): 158 .[M] (414),
110 (24), 100 (42), 83 (32), 82 (64), 81 (40), 70 (55), 69 (100). The mixture of rrari.s- and cis-30 (240
g) was added dropwise to a solution of DAST (180 g) in Et20 (500 ml) cooled to -78 C undf:r Na. The
mixture was then warmed to room temperature and stirred for 20 hr.  After quenching with H20, fhc
mixture was extracted with Et20. The organic layer was washed with saturated NaHCO3 and H20, dried
over NazSO4 and concentrated.  Vacuum distillation of the residual oil gave a mixture of trans- and cis-83

(44.6 g, 18% vyield) as a colorless oil, bp 80-88° (13 mmHg).

(+)-4-(1'-Hydroxy-2'-fluoromethyl-2',6'-dimethylcyclohexyl)-but-3-yn-2-0l-THP (84) :

A 1.6 M solution of n-BuLi in hexane (350 ml) was added dropwise to a stirred solution of 1-
methyl-2-propynyl THP ether (90 g) in THF (300 ml) over 1 hr at -78°C under N2. After stirring for 1 hr,
the reaction mixture was warmed to -25°C, and a mixture of frans- and cis-83 (30 g) in THF (50 ml) was
added dropwise. The mixture was stirred for 2 hr at -25 to -10°C, then warmed to room tcmpf:raturc.
After quenching with 0.1 M NH4Cl (700 ml), the mixture was extracted with Et20, and the organic .laycr
was successively washed with 0.1 M NH4Cl and H20, dried over NazS04, and concentrated to give a
crude oil. Purification by chromatography on silica gel (1.2 kg) with hexane-EtOAc (?:3) To give 84 (49
g, 83% yield) as a mixturc of diastcrcomers. IH NMR (500 MHz, CDCI3) of the major diastercomer: &
1.05 (3H, d, J = 6.7 Hz, Mc-6'), 1.18 (3H, s, Me-2), 1.22-1.90 (12H, m, H-3', H-4', H-5', H-2", H-
3", and H-4"), 1.49 (3H, d, J = 6.7 Hz, H-1), 3.53 (2H, m, H-5"), 4.49 (1H, dd, J =9.2 Hz and 2Jnr =
47.7 Hz, CH2F), 4.70 (1H, dd, J = 9.2 Hz and 2Jur = 47.9 Hz, CH2F), 4.58 (1H, m, H-2), 4.92 (1H,
m, H-1"); EIMS m/z (rel. int.): 312 [M]* (1), 228 (3), 210 (9). 190 (10), 175 (12), 147 (13), 133 (15),
121 (26), 109 (27), 93 (29), 85 (100).

(2)-4-(1'-Hydroxy-2'-fluoromethyl-2',6'-dimethylcyclohexyl)-but-3-yn-2-ol. (85)
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To a stirred solution of 84 (49 g) in EtOH (600 ml) was added pyridinium p-toluenesulfonate (4 g),
and the mixture was stirred at 55°C for 4 hr. The solution was concentrated and the residue was diluted
with Et20 (1 litre), successively washed with saturated NaHCO3 and H20, dried over Na2SOy, and
concentrated. Chromatography of the residual oil on silica gel (900 g) with hexane-EtOAc (7:3) gave 85
(30 g, 84% yicld) as a mixture of diastercomers. 'H NMR (500 MHz, CDCl3) of the major diastercomer:
81.04 (3H, d, J = 6.5 Hz, Me-6'), 1.19 (3H, s, Me-2'), 1.25-1.90 (6H, m, H-3', H-4', and H-5'), 1.49
(3H, d,J = 6.5 Hz, H-1), 4.52 (1H, dd, J =9.2 Hz and 2/y;y = 47.8 Hz, CH2F), 4.62 (1H, q, J = 6.5 Hz,
H-2), 4.69 (1H, dd, J = 9.2 Hz and 2/ = 47.9 Hz, CH2F); EIMS m/z (rel. int.): 228 [M]* (16), 196
(25), 175 (29), 148 (30), 139 (58), 121 (100), 111 (38).

{x)-S—(l'-Hydroxy-Z‘-ﬂuoromefhyf-z',6'-dr'merhyicydohexyf)-I-mcthy.’-?.-propyny! acetate (86)

A solution of 85 (30 g) and Ac20 (110 ml) in pyridine (200 ml) was stirred at room temperature for
15 hr.  The solution was poured into ice-cooled H20 and extracted with EO.  The organic layer was
successively washed with 0.1 N HCI, saturated NaHCO3 and H20, dricd over Na2S04, and concentrated.
The residual oil was chromatographed on silica gel (900 g) with hexanc-EtOAc (9:1) to give 86 (33 g, 93%
yicld) as a mixture of diastercomers. 'H NMR (500 MHz, CDCl3) of the major diastereomer: & 1.02
(3H, d, J = 6.4 Hz, Me-6"), 1.17 (3H, s, Me-2'), 1.24-1.90 (6H, m, H-3', H-4', and H-5'), 1.51 (3H, d,
J =6.7 Hz, Me-1), 2.07 (3H, s, OAc), 4.49 (1H, dd, J =9.2 Hz and 2y = 47.7 Hz, CH2F), 4.69 (1H,
dd, J =9.2 Hz and %/ur = 47.9 Hz, CHaF), 5.47 (1H, q, J = 6.7 Hz, H-1); EIMS m/z (rel. int); 270
[M]* (1), 208 (14), 190 (7), 175 (10), 147 (11), 121 (20), 109 (24), 91 (25), 80 (100).

(£)-3-(2'-Fluoromethyl-2',6'-dimethyl-1'-cyclohexen-1'-yl )-1-methyl-2-propynyl acetate (87)

To a stirred solution of 86 (56 g) in pyridine (200 ml), a mixture of POCI3 (115 ml) and pyridine
(200 ml) was added dropwise at 0°C, then the solution was heated at 100°C for 3 hr. The solution was
poured into ice-cooled H20, and extracted with Et20. The organic layer was washed with H20, dried
over Na2SO4, and concentrated to give a crude oil.  Purification by chromatography on silica gel (330 g)
with hexane-EtOAc (97:3) to give 87 (11 g, 21% yield) as a mixture of two diastereomers. 'H NMR (500
MHz, CDCl3): 8 1.08 (3/2H, d, “Jur = 5.6 Hz, Me-2"), 1.09 (3/2H, d, *Jyr = 5.6 Hz, Me-2'), 1.37-2.06
(6H, m, H-3', H-4', and H-5'), 1.52 (3H, d, J = 6.6 Hz, Me-1), 1.89 (3H, s, Me-6'), 2.07 (3H, s,
OAc), 4.18 (1/2H, dd, J =5.7 Hz and %/yF = 47.7 Hz, CH2F), 4.23 (1/2H, dd, J =5.7 Hz and 2yr = 47.7
Hz, CH2F), 4.37 (1/2H, dd, J =8.9 Hz and %/yr = 48.3 Hz, CH2F), 4.40 (1/2H, dd, J =8.9 Hz and 2y
= 48.3 Hz, CH2F), 5.59 (1H, g, J = 6.6 Hz, H-1); EIMS m/z (rel. int.): 252 [M]* (11), 208 (22), 185
(26), 175 (39), 159 (55), 137 (47), 115 (54), 105 (75), 91 (100).

(£)-(E)-4-(2'-Fluoromethyl-2',6'-dimethyl-1'-cyclohexen-1 "-yl)-3-buten-2-ol (88)

To astirred solution of 87 (4.5 g) in THF (80 ml), a mixture of Red-Al (3.4 M in toluene, 85 ml)
and THF (60 ml) was added dropwise at 0°C over 30 min under N2.  The solution was refluxed for 2 hr.
Saturated NH4Cl was added to quench the reaction, and the mixture was filtered and extracted with Et20.
The organic layer was washed with H20, dried over Na2SO4, and concentrated.  The residual oil wils
chromatographed on silica gel (120 g) with hexane-EtOAc (19:1) to give 88 (3.3 g, 87% yicld) as a
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mixture of two diastereomers. 'H NMR (500 MHz, CDCl3): 8 1.01 (3H, d, %y = 2.1 Hz, Mc-2'), 1.31
(3H,d, J = 6.4 Hz, H-1), 1,35-2.03 (6H, m, H-3', H-4', and H-5"), 1.69 (3H, s, Mc-6"), 4.08 (1/2H,
dd, J =5.6 Hz and 2/yy = 47.8 Hz, CH2F), 4.10 (1/2H, dd, J =5.6 Hz and 2/yr = 47.8 Hz, CH2F), 4.29
(1/2H, dd, J =8.9 Hz and 2y = 48.4 Hz, CH2F), 4.29 (1/2H, dd, J =8.9 Hz and %/ = 48.4 Hz,
CH2F), 4.37 (1H, dg, J = 6.5 and 6.4 Hz, H-2), 5.50 (1H, dd, J = 15.9 and 6.5 Hz, H-3), 6.01 (1H, d,
J = 15.9 Hz, H-4); EIMS m/z (rel. int.): 212 [M]* (4), 194 (21), 179 (30), 161 (53), 154 (24), 121
(100), 105 (34).

(£)-(E)-4-(6'-Fluoromethyl-2',6'-dimethyl-1'-cyclohexen-1'-yl)-3-buten-2-one (89)

A mixture of active MnO2 (30 g) and 88 (3.3 g) was stirred in CH2Cl2 (200 ml) at room temperature
for 4 hr. The suspension was filtered, and the resulting cake of MnO2 was washed with CH2Cl2.  After
being concentrated, the residual oil was purified by chromatography on silica gel (80 g) with hexane-EtOAc
(19:1) to give 89 (3.1 g, 93% yicld). TH NMR (500 MHz, CDCl3): 8 1.09 (3H, d, /iy = 2.0 Hz, Me-
6'), 1.39-2.13 (6H, m, H-3', H-4', and H-5"), 1.79 (3H, s, Me-2"), 2,30 (3H, s, H-1), 4.16 (1H, dd, J
=9.0 Hz and %/yy = 47.6 Hz, CH2F), 4.31 (1H, dd, J =9.0 Hz and 2y = 48.1 Hz, CH2F), 6.09 (1H, d,
J =164 Hz, H-3), 7.22 (1H, d, J = 16.4 Hz, H-4); EIMS m/z (rel. int.): 210 [M]* (5), 195 (73), 181
(11), 149 (8), 131 (17), 105 (15), 91 (21), 77 (15), 69 (100).

(+)-(2ZAE and 2EAE)-Methyl  5-(6'-fluoromethyl-2',6'-dimethyl-1'-cyclohexen-1'-yl)-3-methyl-2.,4-
pentadienoate (90) :

A mixture of 89 (3.1 g) and methyl (triphenylphosphoranylidenc)acetate (10.5 g) was stirred at
175°C for 2 hr, then dissolved in EtOAce (50 ml).  The solution was concentrated and the residue was
chromatographed on silica gel (80 g) with hexane-EtOAc (99:1) to give 90 (2.7 g, 69% yield) as a mixtallrc
of two geometrical isomers (2Z:2E = 3:7, determined by integrating the C-6' methyl singlets in the 'H
NMR spectrum). 'H NMR (500 MHz, CDCIl3): 8 1.04 (3H, d, “Jyr = 2.1 Hz, Me-6'-2E), 1.09 (3H, d,
Uy = 2.0 Hz, Me-6'-2Z), 1.37-2.10 (12H, m, H-3', H-4', and H-5"), 1.72 (3H, s, Me-2'-2E), 1.80
(3H, s, Me-2'-27), 2.04 (3H, d,J = 1.2 Hz, H-6-27), 2.33 (3H, d, J = 1.1 Hz, H-6-2E), 3.69 (3H, s,
CO2Me-22), 3.71 (3H, s, CO2Me-2E), 4.10 (1H, dd, J =8.9 Hz and %/yr = 47.7 Hz, CH2F-2E), 4.15
(1H, dd, J =8.9 Hz and 2/yp = 47,7 Hz, CH2F-22), 4.29 (1H, dd, J =8.9 Hz and 2/yy = 48.3 Hz, CH2F-
2E), 435 (1H, dd, J =8.9 Hz and 2/yr = 48.4 Hz, CHF-22), 5.67 (1H, s, H-2-2Z), 5.75 (1H, s, H-2-
2E), 6.08 (1H, d, J = 16.1 Hz. H-4-2E), 6.50 (1H, d, J = 16.1 Hz, H-5-2E), 6.53 (1H, d, J = 16.4 Hz,
H-5-2Z), 7.61 (1H, d, J = 16,4 Hz, H-4-27); EIMS m/z (rel. int.): 266 [M]* (56), 251 (7), 234 (17),
219 (4), 207 (18), 199 (21), 187 (12), 178 (38), 159 (45), 145 (34), 133 (47), 125 (82), 119 (100), 112
(30), 105 (36).

(£)-(2Z 4AE and 2E4E)-methyl 5-(6'-fluoromethyl-2',6'-dimethyl-3',4'-didehydro-1'-cyclohexene-1'-yl)-
3-methyl-2 4-pentadienoare (91)

NBS (4.2 g) and BPO (40 mg) were added to a solution of 90 (3.7 g) in CCl4 (40 ml), and the
mixture was then refluxed for 2 hr under N2, After cooling the mixture to room temperature, it was
filtered, and quinoline (13.5 ml) was added to the filtrate. The mixture was concentrated, and the residue
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was heated at 100°C for 1 hr under N2, After cooling 10 room temperature, the reaction mixture was
poured into 1% H2804 (400 ml) and extracted with Et20. The organic layer was successively washed
with saturated NaHCO3 and H20, dried over Na2804, and concentrated. The residual oil was purified by
chromatography on silica gel (60 g) with hexane-EtOAc (39:1) to give the didehydro compound 91 (2.0 2,
55% yield). 'H NMR (500 MHz, CDCl3): 8 1.11 (3H, d, Yy = 1.5 Hz, Me-6'-2E), 1.15 (3H, d, “/yp
= 1.5 Hz, Me-6'-22), 1.87 (3H, s, Me-2'-2E), 1.95 (3H, s, Me-2'-27), 2.06 (3H, d, J = 1.1 Hz, H-6-
2Z), 2.26-2.42 (4H, m, H-5"), 2.34 (3H, d, J = 1.0 Hz, H-6-2E), 3.70 (3H, s, COxMe-22), 3.72 (3H, s,
COMe-2E), 4.14 (1H, dd, J =8.8 Hz and %/yip = 47.8 Hz, CH2F-2E), 4.17 (1H, dd. J =8.7 Hz and e
= 47.8 Hz, CH2F-2Z), 4.32 (1H, dd, J =8.8 Hz and 2/ = 47.8 Hz, CH2F-2E), 4.35 (1H, dd, J =8.7
Hz and 2/yr = 47.8 Hz, CH2F-22), 5.69 (1H, s, H-2-27), 5.78 (1H, s, H-2-2E), 5.79-5.90 (4H, m, H-
3'and H-4'), 6.21 (1H, d, J = 16.2 Hz, H-4-2E), 6.52 (1H, d, J = 16.2 Hz, H-5-2E), 6.55 (1H, d, J =
16.5 Hz, H-5-2Z), 7.76 (1H, d, J = 16.5 Hz, H-4-2Z); EIMS m/z (rel. int.): 264 [M]* (63), 249 (17),
231 (15), 205 (42), 199 (100), 185 (22), 171 (56), 157 (52), 143 (32), 119 (56).

()-8'-Fluoroabscisic acid (7), its (2E)-isomer (92), (£)-9'-fluoroabscisic acid (93), and its (2E)-isomer
(94)

A solution of 91 (2.0 g) and rose bengal (0.35 g) in McOH (250 ml) was stirred under Oz under
fluorescent irradiation at 30°C for 12 hr.  After being concentrated, the residue was dissolved in McOH (20
ml), and alumina (active basic, 15 g) was added to the solution. After evaporating the MeOH, hexane (15
ml) was added to the mixture, and the suspension was stirred at room temperature for 2 hr before being
chromatographed on alumina (80 g).  Elution with 10-100% EtOAc in hexane afforded the crude ester as
an oil.  The crude ester was purified by chromatography on silica gel (40 g) with hexane-EtOAc (4:1) 1o
give 790 mg (35% yield) of a mixture of four isomers. This mixture (300 mg) was dissolved in McOH (5
ml) and potassium phosphate buffer (0.1 M, pH 8.0, 25 ml), and porcine liver esterase (12400 units in 4.9
ml) was added. The solution was left at 30° over night, then diluted with H20 (200 ml), acidified with | N
HCI and extracted with EtOAc., The organic layer was washed with saturated NaCl, dried over Na2S04,
and concentrated. The residue was chromatographed on silica gel (30 g) with 4% AcOH in CH2Cl2 1o
give 106 mg of a mixture of (2E)-isomers and 115 mg of a mixture of (2Z)-isomers.  The (22Z)-isomers
(70 mg) were separated again by chromatography on silica gel (30 g) with 1% TFA in CH 2C12 to give 42
mg of (+)-7 and 22 mg of (+)-93 as white amorphous powders. (2£)-Isomers (100 mg) were separited
by chromatography on Sephadex LH-20 (25 g) with 4% AcOH in CH203 to give 6.1 mg of (£)-92 as a
white amorphous powder, 8.4 mg of (£)-94 as a white amorphous powder. (=)-7. 'H NMR (500 MHz,
CD30D): 6 1.07 (3H, d, “Jyr = 1.4 Hz, H-9'),1.92 (3H, d,J = 1.3 Hz, H-7"), 2.05 (3H, d, J = 0.8 Hz,
H-6), 2.44 (1H, dd, J = 17.4 and 1.4 Hz, H-5'-pro-R), 2,51 (1H, d, J = 17.4 Hz, H-5'-pro-S), 4.38
(1H, dd, J =9.4 Hz and 2/y = 48.0 Hz, CH2F), 4.55 (1H, dd, J = 9.4 Hz and 2y = 482 Hz, CH2F),
5.78 (1H, br s, H-2), 5.97 (1H, brs, H-3"), 6.20 (1H, d,J=16.2 Hz, H-5), 7.76 (1H, d, J = 16.2 Hz,
H-4); 13C NMR (125 MHz, CD30D): 8 19.1 (d, *Jcr = 4.3 Hz, C-9), 19.4 (C-7"), 21.2 (C-6), 44.4 (d,
3Jcr = 5.1 Hz, C-5'), 46.9 (d, %cy = 15.5 Hz, C-6'), 79.2 (C-1'), 88.1 (d, Uer = 170.8 Hz, C-8"),
120.1(C-2), 128.3 (C-31), 129.8 (C-4), 136.9 (C-5), 150.6 (C-3), 165.7 (C-2'), 1696 (C-1), 199.6 (C-
4% UV Amax (McOH) nm (e): 244 (19,100); UV of the methyl ester Amax (McOH) nm (g): 264
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(19,300); IR of the methyl ester Vimax (CHCl3) em'l: 3560, 3000, 2950, 1700, 1660, 1630, 1600, 1430,
1375, 1235, 1160; EIMS m/z (rel. int.): 282 [M]* (4), 264 (10), 231 (11), 223 (22), 203 (7), 190 (100),
172 (22), 162 (54), 147 (16), 134 (60), 119 (15), 111 (49); HR-EIMS: [M]* at m/z 282.1255
(C15H1904F requires 282.1268). (£)-93. H NMR (500 MHz, CD30D): & 1.06 (3H, d, 4/yy = 2.1
Hz, H-8'), 1.93 (3H, d,J = 1.3 Hz, H-7"), 2.02 (3H, d,J = 1.0 Hz, H-6), 2.27 (1H, d,J = 16.9 Hz, H-
5'-pro-R), 2.75 (1H, d, J = 16.9 Hz, H-5'-pro-S), 422 (1H, dd, J =9.5 Hz and Z/yy = 47.8 Hz, Cl'{:_zF).
4.53 (1H, dd, J = 9.5 Hz and 2/yjr = 48.0 Hz, CH2F), 5.74 (1H, br s, H-2), 5.96 (1H, br s, H-3), 6.24
(1H, dd, J = 16.0 Hz and STy = 3.3 Hz, H-5), 7.75 (1H, d, J = 16.0 Hz, H-4); 13C NMR (125 MHz,
CD30D): 817.9 (d, 3Jcr = 6.1 Hz, C-8'), 19.1 (C-7"), 21.2 (C-6), 44.9 (d, 3Jcr = 4.0 Hz, C-5"), 47.3
(d, 2Jcy = 15.3 Hz, C-6'), 79.1 (C-1"), 88.0 (d, Ucr = 173.0 Hz, C-9"), 119.5 (C-2), 127.5 (C-3",
129.0 (C-4), 137.2 (C-5), 151.2 (C-3), 165.4 (C-2'), 169.4 (C-1), 199.9 (C-4"); UV Amax (McOH) nm
(g): 244 (20,800); UV of the methyl ester Apax (McOH) nm (€): 264 (19,200); IR of the methyl ester
Vimax (CHCI3) el 3560, 3000, 2950, 1700, 1660, 1630, 1600, 1430, 1375, 1235, 1160; EIMS m/z
(rel. int.): 282 [M]* (3), 264 (13), 231 (10), 223 (20), 203 (6), 190 (100), 172 (12), 162 (58), 147 (17),
134 (64), 119 (16), 111 (60); HR-EIMS: [M]* at m/z 282.1263 (C15H1904F requires 282.1268). (%)-
92. 'H NMR (500 MHz, CD30D): & 1.06 (3H, d, “/yr = 1.4 Hz, H-9"), 1.90 (3H, d, J = 1.3 Hz, H-
7", 2,27 (3H, d, J = 0.7 Hz, H-6), 2.47 (1H, dd, J = 17.4 and 1.3 Hz, H-5"-pro-R), 2.54 (1H, d, J =
17.4 Hz, H-5'-pro-S), 4.37 (1H, dd, J =9.3 Hz and 2Jur = 48.0 Hz, CH2F), 4.54 (1H, dd, J = 9.3 Hz
and 2y = 48.1 Hz, CH2F), 5.86 (1H, brs, H-2), 5.95 (1H, br s, H-3"), 6.22 (1H, d, J = 15.7 Hz, H-
5), 6.45 (1H, d, J = 15.7 Hz, H-4); UV Agax (McOH) nm (g): 246 (22,100); UV of the methyl ester
Amax (MeOH) nm (€): 264 (23,100); IR of the methyl ester Vmax (CHCI3) em!: 3560, 3000, 2950,
1705, 1660, 1630, 1610, 1430, 1350, 1230, 1160; EIMS m/z (rel. int.): 282 [M]* (4), 264 (7), 231
(10), 223 (18), 208 (7), 190 (100), 172 (12), 162 (48), 147 (14), 134 (61), 119 (14), 111 (27); HR-
EIMS: [M]* at m/z 282.1266 (C15H1904F requires 282.1268). (+)-94. 'H NMR (500 MHz, CD30D):
5 1.06 (3H, d, 4ur = 2.0 Hz, H-8'), 1.90 (3H, d, J = 1.2 Hz, H-7"), 2.25 (3H, d, J = 1.1 Hz, H-6),
2.30 (1H, dd, J = 17.1 and 0.7 Hz, H-5"-pro-R), 2.77 (1H, d, J = 17.1 Hz, H-5"-pro-S), 4.21 (1H, dd, J
=9.5 Hz and 2y = 47.8 Hz, CH2F), 4.49 (1H, dd, J = 9.5 Hz and %/yr = 48.0 Hz, CH2F), 5.83 (1H, br
s, H-2), 5.94 (1H, brs, H-3'), 6.27 (1H, dd, J = 15.7 Hz and Jyp = 2.9 Hz, H-5), 6.45 (1H, d, J =
15.7 Hz, H-4); UV Apax (McOH) nm (£): 246 (23,500); UV of the methyl ester Apmax (MeOH) nm (e):
264 (21,800); IR of the methyl ester Vmax (CHCI3) eml: 3560, 3000, 2950, 1705, 1660, 1630, 1610,
1430, 1360, 1230, 1160; EIMS m/z (rcl. int.): 282 [M]* (5), 264 (8), 231 (9), 223 (18), 208 (7), 190
(100), 172 (14), 162 (41), 147 (12), 134 (59), 119 (12), 111 (25); HR-EIMS: [M]* at m/z 282.1265
(Ci15H1904F requires 282.1268).

(+)-1"-Deoxyabscisic acid (79) and its (2E)-isomer (95)

The mixture of (+)-methyl 1'-deoxyabscisate (79a) and its (2E)-isomer (95a) was prepared as
reported by Roberts et al. 3! This mixture (300 mg) was hydrolyzed by porcine liver csterase (2530 units
in 1 ml) in the same manner as that of (+)-6.  The hydrolysate was chromatographed on silica gel (5.6 g)
with 10-25% EtOAc in hexane containing 1% AcOH to give a mixture of (£)-79 and -95 (20 mg, 35%
yield). The mixture (20 mg) was separated by HPLC on a silica gel column (YMC A023, 250 x 10 mm;
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solvent, 1% AcOH in CHCl3; flow rate, 3.0 ml min'!; detection, 254 nm) to give 10.4 mg of (=)-79 and
7.5 mg of (£)-95 as colorless oils. (+)-79. 'H NMR (500 MHz, CDCl3): 8 0.99 (3H, s, H-9'), 1.07
(3H, s, H-8'), 1.93 (3H, d, J =0.7 Hz, H-7"), 2.04 (3H, d, J = 0.7 Hz, H-6), 2.16 (1H, d, J = 16.9 Hz,
H-5'), 2.38 (1H, d, J = 16.9 Hz, H-5"), 2.75 (1H, d, J = 9.6 Hz, H-1"), 5.74 (1H, s, H-2), 5.95 (1H, s,
H-3"), 5.98 (1H, dd, J = 15.7 and 9.6 Hz, H-5), 7.70 (1H, d, J = 15.7 Hz, H-4); UV Amux (McOH) nm
(loge): 264 (21,400); UV of the methyl ester Amax (McOH) nm (loge): 266 (18,600); IR of the methyl
ester Vmax (CHCI3) em™: 3000, 2950, 1710, 1660, 1625, 1610, 1430; EIMS of the methyl ester m/z
(rel. int.): 262 [M]* (2), 247 (1), 231 (7), 215 (4), 189 (4), 174 (40), 146 (100), 125 (>100), 119 (24),
112 (19); HR-EIMS of the methyl ester: [M]* at m/z 262.1559 (C16H2203 requires 262.1569). (+)-95.
'H NMR (500 MHz, CDClz): 80.98 (3H, s, H-9"), 1.07 (3H, s, H-8'), 1.90 (3H, d, J =0.9 Hz, H-7),
2.14 (1H, d, J = 16.8 Hz, H-5"), 2.29 (3H, s, H-6), 2.36 (1H, d, J = 16.8 Hz, H-5"), 2.67 (1H, d, J =
9.5 Hz, H-1'), 5.81 (1H, s, H-2), 5.96 (1H, s, H-3"), 6.02 (1H, dd, J = 15.5 and 9.4 Hz, H-5), 6.25
(1H, d, J = 15.5 Hz, H-4); UV Amax (MeOH) nm (8): 257 (29,500); UV of the methyl ester Apax
(McOH) nm (e): 266 (28,200); IR of the methyl ester Vmax (CHCI3) em'!: 3000, 2950, 1710, 1660,
1625, 1610, 1430; EIMS of the methyl ester m/z (rel. int.): 262 [MJ* (3), 231 (7), 206 (14), 189 (4),
174 (63), 146 (100), 125 (93), 119 (21), 112 (15); HR-EIMS of the methyl ester: [M]* at m/z 262.1571
(C16H2203 requires 262.1569),

Optical resolution

When the solutions collected from the columns in this section were concentrated, toluene was added
10 evaporate TFA as an azeatrope. Racemic 6 (7 mg) was injected into a Chiralcel OF HPLC column (250
X 10 mm, Daicel; solvent, 8% isopropanol in hexane containing 0.1% TFA; flow rate, 3.5 ml min;
detection, 254 nm). The materials at 1z 16.4 and 18.2 min were collected to give (-)- and (+)-6 (1.8 and
3.2 mg) with an optical purity of 99.9 and 99.2%, respectively, measured by HPLC on the same column.
(-)-6: [(l]:,s -358" (MeOH; ¢ 0.379); CD Aext (McOH) nm (8e): 223 (+13.3), 257 (-18.2), 319 (+1.8).
(+)-6: [a]ll)s +357° (MeOH; ¢ 0.212); CD Aext (MecOH) nm (Ae): 222 (-17.2), 254 (+19.5), 315 (-1.6).
Racemic 7 (21 mg) was injected into a Chiralcel OD HPLC column (250 x 4.6 mm, Daicel; solvent, 11%
isopropanol in hexane containing 0.1% TFA; flow rate, 1.2 ml min’!; detection, 254 nm). The materials
attg 8.0 and 15.0 min were collected to give (+)- and (-)-7 (10.2 and 10.3 mg) with an optical purity of
99.9 and 99.3%, respectively, measured by HPLC on the same column. Racemic 93 (15 mg) was
injected into a Chiralcel OD column under the same conditions as described for (£)-7, and the materials at
fr 8.0 and 16.0 min were collected to give (+)- and (-)-93 (7.4 and 7.4 mg) with optical purity of 99,9 and
99.5%, respectively, measured by HPLC on the same column. (+)-7: [a]f;‘ +351° (McOH; ¢ 0.667);
CD Aext (McOH) nm (Ae): 229 (-26.8), 260 (+33.5), 319 (-3.7). (-)-7: [ot]f,’El -345% (MeOH; ¢ 0.667);
CD hext (MeOH) nm (Ae): 229 (+27.5), 260 (-34.3), 319 (+2.5). (+)-93: [G-]f)s +368" (MeOH; ¢
0.493); CD hext (McOH) nm (Ag): 230 (-27.8), 261 (+34.5), 323 (-2.9). (-)-93: [a]f‘f -375" (McOH; ¢
0.493); CD Aext (MeOH) nm (Ag): 228 (+28.1), 260 (-35.0), 322 (+2.9).  Racemic 79 (9.4 mg) was
injected into a Chiralcel OD HPLC column (solvent, 8% isopropanol in hexane containing 0.1% TFA;
flow rate, 1.0 ml min); detection, 254 nm). The materials at tg 11.4 and 14.4 min were collected 1o give
(+)- and (-)-79 (4.8 and 2.0 mg) with an optical purity of 93 and 97%, respectively, measured by HPLC
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on the same column. (+)-79: (a5 +344° (McOH; ¢ 0.2); CD Aext (McOH) nm (A€): 216 (-11.4), 265
(+23.7), 313 (-2.3). ()79 [ -334° (McOH; ¢ 0.2); CD hext (McOH) nm (A€): 216 (+11.7), 264 (-
24.2), 316 (+2.4).

Bioassays
See Chapter 1.2.
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Chapter III
The Active Conformation of Abscisic Acid

As described in Chapter I1.1, conformation is one significant factor in the structure-activity
relationships of ABA. The analogues that adopt the active conformation of ABA would exhibit high
activity, However, conformational requirement for activity is unknown and analogue probes have not
been reported in detail. This chapter describes investigation of the active conformation of ABA using new
analogues as probes.

ITI.1 Introduction
Ring Conformation of Abscisic Acid

The ring of ABA is the 1-hydroxy-2,6,6-trimethylcyclohex-2-en-4-one with the side chain at C-1.
The idealized conformations of the ring in ABA are represented using the torsion angle notation'®® in Fig.
20.

In the crystal (Fig. 1),164:165 ABA adopts a slightly distorted sofa, close to the sofa S1, which has
the non-distorted enone and pseudo-axial side chain.  The preferred form in solution, revealed by
NMR76:166 and CD77:167 analyses is the half-chair HC1 with the pseudo-axial side chain. The negative
Cotton effect derived from the n-z* transition of the enone at 320 nm in the CD spectrum results from
distortion of the enone, 168171 and the value of Ae (-2.34)77 indicates that the torsion angle of C-3'-C-4'
bond is about 10-20°,'%? which almost equals the torsion angle (15°) of the most stable half-chair form of
cyclohexenone.!72  This suggests that the favored conformation in solution is not the sofa 81 but the half-
chair HC1. However, the ring of ABA is not constrained, so ABA would exist as an equilibrium mixture
of some conformers, probably two, the most stable half-chair HCy and its inverted form HC2 with the
pseudo-equatorial side chain.

According to computer-aided conformational analysis, ! the energy difference between HCy and
HC3 is 3 kcal mol*!, meaning that the HC1/HC2 ratio in conformational equilibrium at 300 K is about
99.4:0.6 from the Gibbs equation, AG* = -RTInK.173  The energy barrier to the ring inversion between
two half-chairs has not been examined. In the NMR studies of ABA by Willows and Milborrow, 166 the
spectrum at 368 K was the same as that at 300 K, so the 'H signals at 300 K must already be those
averaging HC1 and HC2 owing to the low energy barrier to interconversion. A decrease in temperature
will lead to a separation of the averaged signal into individual signals.!”  ABA has not been analyzed by
low temperature NMR.175

Other forms, the sofas S1.4, 1,3-diplanars DP1.4 and boats Bj.2, are probably transient, short-
lived conformations in the course of inverting between HC) and HC2. Considering the low barrier to
interconversion and the thermodynamic stabilization in binding to the active site on the receptor, not only
half-chair forms but also these short-lived forms can be the active conformation of ABA.
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formed by the side chain
Ring Conformation-Activity Relationships

The allenic analogue (96) has been designed and synthesized by Abrams and Milborrow! 76 based on
Milborrow’s speculation that ABA adopts the less favored half-chair HC2 in binding to the uptake carrier
(Fig. 21).9 If this speculative mechanism is also necessary for binding to the receptor, then the analoguc
favoring the conformation with the side chain pscudo-equatorial must be more potent than or, at least as
cffective as ABA. However, 96 with the side chain cquatorial was inactive although it showed activity
after conversion to ABA.'77 Churchill ef al. reported that the (1'S,2'S)-2',3'-dihydro-ABA (65) is active,
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Fig. 21. Steric structures of 96, 65, 66 and 17

whereas (1'S,2'R)-2',3'-dihydro-ABA (66) is inactive.”8 There were neither the conformational analyses
of these analogues nor a discussion based on their conformations in that paper, but the two dihydro-ABAs
65 and 66 would adopt a chair form with the side chain axial and equatorial, respectively, due to the steric
repulsion between the 1,3-diaxial methyl groups, 7' and 9', and 7' and 8', respectively.  These three
examples indicate that the active conformation does not have an equatorial, but rather an axial side chain.
However, PA seems to be contrary to this suggestion because PA is inactive in almost all assays® although
its cyclohexanone ring is constrained to the chair form where the side chain is fixed in axial position owing
to the bridged bicyclic system. Perhaps the side chain orientation in the active conformation of ABA is
neither axial nor equatorial.

Other analogues that yield significant understanding of the conformational requirement for activity
have not been reported, and a serious approach to probe it has not yet been taken.  The author investi gated
the active conformation of ABA with new cyclopropane analogues having a unique propert y.

II1.2 The Cyclopropane Analogues as Probes for the Active Conformation
Design Concept

Conformational changes of ABA are almost certainly represented by the orientation of the side chain
and 6'-methyl groups (C-8' and C-9') which are the bulky. Thus, investigating the orientations of these
groups required for activity should be helpful in defining the active conformation.  As probes, the author
introduced a cyclopropane group into the ring of the ABA molecule and designed four cyclopropane
analogues 8-11 (Fig. 22).

The physical and chemical properties of cyclopropane are similar to those of olefins, because of the
increase in the p-orbital nature of the C-C bonds, 178179 whereas its steric size is larger than that of olefins.
In bicyclo[4.1.0]heptan-2-one, the cyclopropy! ring is constrained essentially in an axial-like orientation to
the plane of the cyclohexanone ring.18%.181  Therefore, replacing the 2-double bond of ABA with
cyclopropanc (8 and 9) would introduce 1,3-diaxial steric repulsion between the cyclopropyl ring and the

6'-methyl group in one conformer, to pull conformational equilibrium towards the other, without losing the
cyclohexenone-like conformation of the six-membered ring. Compound 8 can prefer the half-chair with
the pseudo-equatorial side chain similar to the disfavored conformer HC2 of ABA, while 9 can prefer that
with the side chain pseudo-axial similar to the favored conformer HCq (Fig- 22). Analogues 10 and 11
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Fig. 22, Possible ring conformations of 8-11 (R: side chain).

where the C-5'-C-6' single bond is replaced with cyclopropane can adopt a cyclohexadienone-like planar or
boat conformation.!82-184  The boat-boat inversion potential of 1,4-cyclohexadienc is shallow,'8? so 10
and 11 can convert the orientation of the side chain into that of the active form of ABA without a great loss
of energy. In contrast to the free orientation of the side chain, orientations of the 6'-substituents can be
restricted owing to the cyclopropyl ring.  Compound 10 always possesses the axial-like 6'c- and
equatorial-like 6'B-substituents, while 11 always possesses the equatorial-like 6'ct- and axial-like 6'p-
substituents (Fig. 22). Therefore, a comparison between the activities of 10 and 11 can afford significant
understanding, not only about the steric environment around C-6' required for activity, but also the active
conformation of ABA in which the orientation of the geminal methyl groups is closely related to the
conformational change of the ring.

Results and Discussion
Svnthesis
Racemic 8 and 9 were synthesized from the oxoisophorone cthylene ketal 97 (Fig. 23). Compound

97 was treated with trimethyloxosulfonium iodide and sodium hydride to give the cyclopropanoid 97,185
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The following synthetic route was as described by Mayer er al. 1% Coupling reaction of alkynyl lithium
and 98 gave a mixture of two diastereomers in the ratio of about 1:10. The relative configurations of the
diastereomers were determined on the basis of the NOE of the end products (=)-8 and -9 described later;
the minor diastercomer was 99 where the cyclopropane is trans to the side chain, and the major
diastereomer was 100 where the cyclopropanc is cis to the side chain. The favored conformation of 98
must be a pseudo-chair form, in which the 6-methyl group cis to the cyclopropane ring is in the equatorial
orientation rather than the axial, which induces 1,3-diaxial-like steric repulsion to the eyclopropane ring, so
anucleophile, alkynyl lithium, seemed to prefer to attack the carbonyl carbon from the less hindered side,
that is, the same side as the cyclopropane to mainly give 100. Reduction of a mixture of 99 and 100 gave
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a mixture of 101 and 102, which was oxidized to a mixture of 103 and 104, followed by a Corey
oxidation'®” to the csters 105 and 106. Acidic treatment of 105 and 106 scparately gave 8a and 9a,
respectively.  The basic hydrolysis of 8a and 9a yiclded (+)-2'a,3'a-dihydro-2'c,3'a-methano-ABA (8)
and (=)-2'f,3'B-dihydro-2'f,3' f-methano-ABA (9), respectively, which were optically resolved by
HPL.C with a chiral column. The Cotton effects in the CD spectra revealed that the absolute configuration
at C-1' of (-)-8 and (+)-9 was equal to natural (1'S)-(+)-ABA, while that of (+)-8 and (-)-9 was equal to
unnatural (1'R)-(-)-ABA.7"  Therefore, the absolute configurations of all the asymmetric carbons were
clucidated as (1'S,2'R,3'S) for (-)-8, (1'S,2'S,3'R) for (+)-9, (1'R,2'R,3'S) for (+)-8, and
(1'R,2'S,3'R) for (-)-9.

Racemic 10 and 11 were prepared by alkaline treatment of (+)-7 and -93, respectively (Fig. 24).
This reaction would proceed from the nucleophilic addition of the carbanion at C-5' produced under basic
conditions to the electron-deficient 8'- or 9'-carbon attached to the fluorine, followed by elimination of the
fluoride ion to form the cyclopropane ring. In 'H NMR, (+)-10 and -11 showed signals of three coupled
protons in the ficld higher than & 2.0, proving the presence of a cyclopropyl ring. Racemic 10 and 11
were optically resolved by HPLC on a chiral column and (+)-10 agreed with the compound yielded by the
basic treatment of (1'R)-(+)-8"-fluoro-ABA, while (+)-11 agreed with that from (1'R)-(+)-9'-fluoro-ABA
(see Chapter 11.2). Thus (+)-10 and (+)-11 were identified as (1'S)-(+)-5'a,8-cyclo-ABA and (1'S)-
(+)-5'B,9'-cyclo-ABA, respectively.  Similarly, the (-)-cnantiomers of 10 and 11 were identified as
(1'R)-(-)-5'a R'-cyclo-ABA and (1'R)-(-)-5'B,9"-cyclo-ABA, respectively. The absolute configurations
of all the asymmetric carbons, therefore, were elucidated as (1'S,5'R,6'S) for (+)-10, (1'S,5'S,6'R) for
(+)-11, (1'R,5'R,6'S) for (-)-10, and (1'R,5'S,6'R) for (-)-11.

For comparison with analogues 10 and 11, the achiral cyclohexadienone analogue 109 was
synthesized according to Lei et al'¥? except for the final step containing hydrolysis of methyl ester and
deketalation at C-4' (Fig. 25). The alkaline hydrolysis of the precursor 107 and subsequent deketalation
according to the reported procedure, gave the epoxy compound 108 in a 34% yield and the desired free
acid 109 in an extremely low yield (6 %), which was 1/10 of the reported yield (63%). The epoxide 108
would have been yielded from the deketalated compound by Michael addition of the 1'-oxygen to the 2'- or
6'-carbon. This reaction must have been accelerated when the deketalated compound was left under basic
conditions, suggesting that in adding HCI to the basic solution, the temporary, local acidic environment that
allows deketalation, may occur in the basic solution. The deketalation of 107 followed by hydrolysis with
esterase in phosphate buffer at pH 8 instead of in alkali, gave 109 in a 40% yield from 107. It has been
reported that 109 is very sensitive to dilute base and so unstable in solution that its biological activity could
not be tested. !4 In our experiments, although 109 was unstable under strongly basic conditions, it was
relatively stable in the phosphate buffer at pH 8 and in water under our assay conditions. When aqueous
109 was exposed to continuous light at 30°C for 7 days, 54% of the initial amount remained.  The
remaining ratio of ABA under the same conditions was 87%. Thercfore, the biological activity of the free
acid 109 was confirmed here for the first time. We cannot explain why our results differed from those of
Lei et al.
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Conformational analysis based on NOEs

The favored conformations of analogues 8-11 and 109 in solution at 300 K were examined on the
basis of NOEs observed in the NOE difference spectra and NOESY in methanol-d4 (Fig. 26). The 5-
proton of 8 exhibited NOEs to the 7'- and 9'-protons, and the 5'pro-R-proton showed an NOE to the
downfield 2',3'-methano proton (pro-R). Additionally, there were NOESs between the 8'-protons and both
the 5'pro-S- and pro-R-protons, as well as between the 9'-protons and the 5'pro-S-proton,  These results
suggest that the favored ring conformation of 8 is a half-chair with the pseudo-equatorial side chain, similar
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Fig. 26, Favored conformations of (1'5)-8-11 and 109, and observed NOEs (arrows)

to the less favored conformer HC2 of ABA. Analogue 9 showed NOEs among the 5-proton, 5'pro-§-
proton and downfield 2',3'-methano proton (pro-S), between the 8'-protons and the 5'pro-R-proton, and
between the 9'-protons and both the 5'pro-S- and pro-R-protons.  These NOEs must be observed only
when 9 adopts a half-chair with the side chain pseudo-axial similar to the favored conformer HC1 of ABA.
These conformational preferences were as we predicted (Fig. 22).

Analogue 10 exhibited NOEs between both the 4- and 5-protons and the 7'-protons, and between the
S-proton and the 9'-protons. Analogues 11 and 109 exhibited NOEs between both the 4- and 5-protons
and both the 7'- and 8'-protons. These findings suggest that the favored ring conformation of analogues
10, 11 and 109 is the planar ring with a biscctional side chain. However, interconversion to the boat

forms may be casy (Fig. 22).

Biological activity

The biological activities of optically active cyclopropane analogues 8-11 and the achiral
cyclohexadienone analogue 109 were tested in the four bioassays described in Chapter 1.2.  The activities
of test compounds were determined by the 1Csp values, which, with the ring conformation and steric envi-

70

0.54

2888 888 2888 8
8 'R -K R ™ (== 3]
- - - A
400 - A o A A » z
80 g 7 Z
: .z . .
2 60- % % Z
5 f” ? _
L ,-'/7, i é //’3;
& 40- ’//’f 7 e~ 7
S 7 = &» 7
g . /
20 - 7 + 7 f"-
7 © o ;/"' b
N o ///’I QD wWwo o %@ = %
om0 T me B R, | Y7
Compound  (1'$)-1  (1')-8  (1')9  (I'S)-10  (1'$)-11 17
Ring pseudo- pseudo-  pseudo- s akthe o fixed
contammbsion . cheie s e planar planar planai S
Side chain seudo- pseudo- Ao, o : i
¢ : pseudo- pseudo pseudo et ana e g fied
orientation  axial equatoridl -axial bisectional bisectional bisectional et
axial C-E'B* o — + = — . =
axial C-6p"°  — + ~ — + - —

Fig.27. The ICso0 of (1'S)-ABA (1), analogues (1'S)-8-11, 109 and (-)-PA (17) in four
bioassays: stomatal opening of the epidermal strips of spiderwort (nM), B lettuce
seed germination (M), & ; a-amylase induction by GA3 in barley half-seeds
(MM), = ; elongation of the second leaf sheath of rice seedlings (UM), %, and the
ring conformation and steric environments around the ring,

» 'I'_he plus sign represents existence of the substituent, and the minus sign does non-
existence

ronment around the ring are summarized in Fig. 27, which also shows the activity of PA (17) (see Chapter
1.2).

In the stomata assay, analogues (1'S)-8 and (1'S)-11 were not active at all, whereas the activity of
(1'S)-10 was cquivalent to that of (1'S)-ABA and those of (1'S)-9 and 109 were 1/40 and 1/8 that of
(1'S)-ABA, respectively. In assays other than the rice assay, similar results were obtained. The (1'R)-
enantiomers were inactive in all the assays except for (1'R)-10, which was similar to (I'R)-ABA, 122 to
1/10 of (1'S)-ABA (data not shown). PA was inactive except for the c-amylase assay. 158

Key information for the ring conformational requirement can be drawn from a comparison of active
(1'5)-10, inactive (1'S)-11 and relatively active 109. As mentioned above, analogues (1'S)-10, (1'S)-
IT and 109 possess similar, planar ring conformations, but different orientations of the 6'-substituents
(Fig. 26); (1'S)-10 always has the axial-like 6'c-substituent and the cquatorial-like 6'3-substituent, (1'S)-
11 always has the equatorial-like 6'ct-substituent and the axial-like 6'B-substituent, and 109 has only one
equatorial-like 6'-methyl group. Thus the difference in the activity can be attributed to the steric environ-
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ment at C-6'.  Inactivity of (1'S)-11 should be caused by the axial-like 6'B-substituent rather than the
absence of the axial-like 6'c-substituent because 109 with no such substituent at C-6' was active. This
means that the axial-like 6'B-substituents prevent the activity, so the ring conformation of (1'S)-ABA
required for activity must be a form in which C-9' is not in the axial-like orientation between axial and
bisectional. The side chain in such conformations of ABA will be essentially restricted to between axial
and bisectional (Fig. 20).  As the absence of the 6'-methyl groups is not fatal to the activity,?2:133
inactivation caused by the axial-like 6'B-methyl would depend on steric hindrance against binding to the
receptor, suggesting that the receptor fits into the plane of the B-side of the ring. This mode of binding to
the receptor is similar in one aspect but different in another, to that of binding to the uptake carrier as
speculated by Milborrow?!,  The similarity is that the B-face of the ring is recognized, while the difference
is that the ring conformation in binding cannot be the less favored half-chair HC2 with the side chain
pscudo-cquatorial as Milborrow speculated, because the half-chair HC2 essentially possesses the axial 6'f3-
methyl (C-9') that is fatal to activity., The fatal, steric effect of the axial C-9' on activity indicates that the
axial side chain can also have the same effect. If it does, PA inactivity can be explained by the side chain
fixed in the axial position, The lack of a 2',3'-double bond and the presence of the ether oxygen at C-2'a
9

.. . . - g
would have little effect on the decrease of the activity, because the dihydro analogue 65 is active,”® and

(1'R)-ABA and (1'R)-10 which possess the axial methyl group and cyclopropyl ring which is more bulky
than oxygen at the site corresponding to C-2'a of (1'S)-ABA, is relatively active. This also suggests that
the reason why PA is ineffective, is simply the constrained conformation with the side chain axial. In
binding to the active site on the receptor, ABA probably tilts the side chain to the outside of the ring, that is,
to the biscctional orientation with C-9' equatorial although we cannot define the exact degree of the tilt.
The active conformation of ABA may be a medium between the idealized conformations HC1 or S1 and
§3 which can be adopted with a little increase of potential energy from the favored conformation.

The activity of the other (1'S)-analogues 8 and 9, all the (1'R)-analogues can be unequivocally
explained by the steric effect of the axial-like substituents at the f-side of the ring. Inactive (1'S)-8
possesses the axial 6'f-methyl in its favored conformation.  Although (1'S)-8 possesses the axial 2'c-
substituent, cyclopropane ring, it would be little responsible for the inactivity because (1'R)-10, which
possesses the same axial substituent at the site corresponding to C-2'a based on the pscudo-symmetric
hypothesis of the ABA molecule,”195 was relatively active. Analogue (1'S)-9 that showed low activity
possesses an axial-like cyclopropyl ring at the B-side of the ring.  According to the pseudo-symmetric
hypothesis, the inactive (1'R)-analogues, 8, 9 and 11, possess substituents corresponding to cither the
axial 6'p3- or 2'B-substituent in (1'S)-ABA, while active (1'R)-10 does possesses neither. The activity of

the allenic analogue 96 and dihydro analogues 65 and 66 also can be explained by our supposed ring
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conformational requirement. The side chain in inactive 96 is constrained to the equatorial and cannot
change into the bisectional. Although the side chain in active 65 is axial, it can tilt to bisectional like ABA
because it is not fixed. Slightly tilting the axial bulky group to bisectional would necessitate only a little
energy, so 65 can adopt a conformation similar to the active conformation of ABA with a little increase of
energy.  On the other hand, 66 which is inactive, must adopt the high energy form possessing the 1,3-
diaxial methyl groups to site C-9' in the equatorial orientation.

In the rice assay, (1'S)-8 and (1'S)-11 were as inactive as they were in the other assays, but (1'S)-
9, (1'S)-10 and 109 were more potent than (1'S)-ABA. Particularly, the 30-fold higher activity of (1'S)-
10 compared to (1'S)-ABA was equivalent to the activity of (1'R)-(+)-8',8",8"-trifluoro-ABA which is the
most active analogue so far (see Chapter 1.2).  These high activitics seem to depend on slow metabolism;
the weakened electrophilicity at C-2' for (1'S)-9 and the fixed C-8' for (1'S)-10 would resist the
cyclization to inactive PA, and the lack of the axial 6'c.-methyl for 109 would not afford a 8'-hydroxy-
derivative to cyclize. It is of interest how (1'S)-10 and 109 were metabolized.  Stereostructures around
C-6' of these analogues are almost fixed, so investigation of their sites oxidized may clarify the
conformational change of ABA in binding to the active site on the 8'-hydroxylase (see Chapter 1.1).
Analogue (1'S)-8 secems to resist cyclization like (1'S)-9, but the activity of (1'S)-8 and its 8'-
hydroxylated compound would be so low that they cannot show the increase in the activity that would be
caused by the delayed metabolism since (1'S)-8 has an axial substituent at C-6' which is fatal to
exhibiting the activity as described above.

[nteraction of the ci-face of the ring of ABA with the binding site has been suggested by the strict
steric tolerance in the axial direction at C-2'a% and the role of the I'-hydroxyl group as the hydrogen
bonding donor (see Chapter I1.2). The active site on the receptor probably recognizes both sides on the
ABA ring. This information will provide important guidelines along which to develop active analogues
and photoaffinity probes.

Experimental

General procedures

The TH NMR spectra were recorded with TMS as an internal standard at 300 or 500 MHz using
Bruker AC300 or ARXS500 instrument.  For clarity, the atoms of all the compounds with the carbon
skeleton of ABA were numbered as in ABA in the assignment of peaks. Mass spectra were recorded at 70
eV with a Jeol IMS-DX300/DA5000 mass spectrometer.  CD spectra were recorded with a Jasco J-720w
spectropolarimeter.  Optical rotations were measured with a Jasco DIP-1000 digital polarimeter.

(+)-4,4-Ethylenedioxy-2,3-dihydro-2,3-methano-2,6,6-trimethylcyclohexan-1-one (98)185

To a stirred solution of NaH (60% in oil, 2.9 g, 72.5 mmol) in dry DMSO (50 ml) was added
trimethyloxosulfonium iodide (16 g, 72.3 mmol) at 0°C. The mixture was stirred for 15 min at 0°C. A
solution of 4,4-ethylenedioxy-2,6,6-trimethylcyclohexan-1-one (97)186 (11 g, 56.1 mmol) in dry DMSO
(50 ml) was added with stirring and the reaction mixture was stirred at rToom temperature for 15 min and
then at 50°C for 1 hr. After cooling and adding H20, the mixture was extracted with ether (200 ml x 3),
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and the organic layer was washed with H20, dried over Na2SO4, and concentrated.  The residual oil was
purified by column chromatography on silica gel (150 g) with hexane-EtOAc (9:1) to give 98 (11.8 g) as a
colorless oil. 'H NMR (500 MHz, CDCl3): 6 1.02 (1H, dd, J = 8.0 and 5.9 Hz, 2-CH2-3), 1.09, 1.19
and 1.26 (cach 3H, s, H3-7, H3-8 and H3-9), 1.26 (1H, dd, J = 5.9 and 5.4 Hz, 2-CH2-3), 1.63 (1H,
ddd, J = 8.0, 5.4 and 2.1 Hz, H-3), 1.66 (1H, dd, J = 14.7 and 2.1 Hz, H-5), 1.81 (1H, d, J = 14.7 Hz,
H-5), 4.05 (4H, m, OCH2CH20); GC-MS m/z (rel. int.): 210 [M]* (11), 195 (4), 181 (5), 169 (5), 154
(18), 141 (9), 126 (100).

(£)-(2Z)-5-(4",4'-Ethylenedioxy-2',3'-dihydro-2',3'-methano-2',6',6'-trimethylcyclohex-2'-enyl)-3-
methylpent-2-en-4-yn-1-ol (99 and 100)

To a stirred solution of cis 3-methylpent-2-en-4-yn-1-ol (5.8 g, 60 mmol) in dry THF (50 ml) was
added dropwise n-BuLi (1.6 M hexane solution, 75 ml, 120 mmol) over 30 min at -78°C under nitrogen.
A solution of 98 in dry THF (100 ml) was added dropwise over 30 min at room temperature and the
reaction mixture was stirred for 2 hr. After cooling and adding H20, the mixture was extracted with cther
(200 ml x 3), and the organic layer was washed with H20, dried over Na2SO4, and concentrated. The
residual oil was purificd by column chromatography on silica gel (180 g) with hexane-EtOAc (6:4) to give a
mixture of 99 and 100 (4.1 g, 28.1% yicld) as a colorless oil in the diastercomeric ratio of 1:10,
determined by integrating the signals of the upfield 2',3'-methano proton in 'H NMR spectrum. 'H NMR
(500 MHz, CDCl3): the signals of 99: 6 0.60 (1H, dd,J = 9.7 and 5.3 Hz, 2'-CH2-3"), 1.01 (1H, dd, J
= 5.9 and 5.3 Hz, 2'-CH2-3"), 1.03 (3H, s, H3-8"), 1.13 (3H, s, H3-9'), 1.14 (1H, ddd, ] = 9.7, 5.9 and
1.6 Hz, H-3"), 1.24 (1H, dd, J = 14.5 and 1.6 Hz, H-5"), 1.30 (3H, s, H3-7'), 1.70 (1H, d, J = 14.5 Hz,
H-5"), 1.91 (3H, d, J = 1.1 Hz, H3-6), 3.90-4.08 (4H, m, OCH2CH20), 4.34 (2H, d, J = 6.3 Hz, H2-
1), 5.87 (1H, m, H-2); the signals of 100: 8 0.76 (1H, dd, J = 9.3 and 5.9 Hz, 2'-CH2-3"), 0.93 (1H,
dd,J=5.9 and 5.5 Hz, 2'-CH2-3"), 1.10 (3H, s, H3-9"), 1.13 (3H, s, H3-8'), 1.18 (1H, ddd, J = 9.3,
5.5 and 1.4 Hz, H-3"), 1.24 (3H, s, H3-7"), 1.49 (1H, dd, J = 14.8 and 1.4 Hz, H-5"), 1.59 (1H, d, J =
14.8 Hz, H-5'), 1.89 (3H, d, J = 1.0 Hz, H3-6), 2.75 (1H, s, OH), 3.90-4.08 (4H, m, OCH2CH20),
431 (2H, d, J = 6.6 Hz, H2-1), 5.86 (1H, m, H-2); EIMS m/z (rcl. int.): 306 [M]* (2), 289 (32), 273
(29), 261 (11), 245 (19), 219 (25), 204 (35), 189 (61), 173 (55), 119 (100); HR-EIMS: [M]* at m/z
306.1848 (C18H2604 requires 306.1831).

(£)-(2Z 4E)-5-(4' 4'-Ethylenedioxy-2',3'-dihydro-2',3'-methano-2',6',6'-trimethylcyclohex-2'-enyl)-3-
methylpenta-2,4-dien-1-ol (101 and 102)

To a stirred solution of a mixture of 99 and 100 (3.7 g, 12.1 mmol) in dry THF (50 ml) was added
dropwise Red-Al® (3.4 M toluene solution, 12 ml, 40.8 mmol) in dry THF (20 ml) over 30 min at -15°C
under nitrogen. The reaction mixture was stirred at room temperature for 3 hr.  After cooling and adding
H20, the mixture was extracted with ether (150 ml x 3), and the organic layer was washed with H20, dried
over Na2S04, and concentrated. The residual oil was purified by column chromatography on silica gel (40
g) with hexane-EtOAc (11:9) to give a mixture of 101 and 102 (2.8 g, 75.2% yield) as an oil in the
diastercomeric ratio of 1:11, determined by integrating the signals of the upfield 2',3'-methano proton in
'H NMR spectrum, 'H NMR (500 MHz, CDCI3): the signals of 101: 8 0.52 (1H, dd, J = 9.5 and 5.0
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Hz, 2'-CH2-3"), 0.75 (3H, s, H3-8"), 1.01 (2H, m, H-3' and 2'-CH32-3"), 1.06 (6H, s, H3-7" and H3-9"),
1.20 (1H, d, J = 14.3 Hz, H-5"), 1.77 (1H, d, J = 14.3 Hz, H-5'), 1.91 (3H, s, H3-6), 3.95-4.10 (4H,
m, OCH2CH20), 4.33 (2H, m, H2-1), 5.57 (1H, m, H-2), 6.13 (1H, d, J = 15.6 Hz, H-5), 6.79 (1H, d,
J =15.6 Hz, H-4); the signals of 102: 8 0.66 (1H, m, 2'-CH2-3"), 0.96 (6H, s, H3-8' and H3-9"), 1.06
(3H, s, H3-7"), 1.10 (2H, m, H-3' and 2'-CH2-3"), 1.53 (1H, d, J = 14.8 Hz, H-5"), 1.65 (1H, d, J =
14.8 Hz, H-5"), 1.89 (3H, s, H3-6), 3.41 (1H, s, OH), 3.95-4.10 (4H, m, OCH2CH20), 4.35 (2H, m,
H2-1), 5.54 (1H, m, H-2), 5.79 (1H, d, J = 15.5 Hz, H-5), 6.72 (1H, d, J = 15.5 Hz, H-4); EIMS m/z
(rel. int.): 308 [M]* (8), 290 [M-H20]* (6), 252 (6), 234 (20), 221 (5), 207 (5), 183 (13), 161 (14), 145
(21), 135 (15), 127 (25), 107 (23), 99 (90), 91 (25), 86 (100); HR-EIMS: [M]* at m/z 308.1986
(C18H2804 requires 308.1987).

(::)-(22,4E)-5-(4',4'~Erhylertedfoxy-2’,3'~dihydm-2',3‘-melhano-?.‘,6‘,6'-rr;'rnerhyicydohex-?~euy!)-3—
methylpenta-2,4-dien-1-al (103 and 104)

To a solution of a mixture of 101 and 102 (2.7 g, 8.77 mmol) in acetone (200 ml) was added MnO3
(15 g, 172 mmol) at room temperature. The suspension was stirred at room temperature for 1 hr and
filtered, and the filtrate concentrated. The residual oil was purified by column chromatography on silica
gel (25 g) with hexane-EtOAc (7:3) to give a mixture of 103 and 104 (2.3 g, 85.7% yield) as an oil in the
diastereomeric ratio of 1:11, determined by integrating the signals of the 4-H in 'H NMR spectrum.  'H
NMR (500 MHz, CDCI3): the signals of 103: 8 0.56 (1H, dd, J = 9.6 and 4.9 Hz, 2'-CH2-3"), 0.78
(3H, s, H3-8'), 1.08 (3H, s, H3-9"), 1.09 (3H, s, H3-7"), 1.13 (2H, m, H-3' and 2'-CH2-3"), 1.23 (1H,
d,J =143 Hz, H-5'), 1.77 (1H, d, J = 14.3 Hz, H-5'), 2.13 (3H, d,J = 1.2 Hz, H3-6), 3.96-4.12 (4H,
m, OCH2CH20), 5.89 (1H, d, J = 8.9 Hz, H-2), 6.55 (1H, d, J = 15.5 Hz, H-5), 7.49 (1H, d, J = 15.5
Hz, H-4), 10.25 (1H, d, J = 8.9 Hz, CHO); the signals of 104: §0.70 (1H, dd, J = 9.5 and 7.5 Hz, 2'-
CH2-3"), 0.98 (3H, s, H3-9'), 1.00 (3H, s, H3-8"), 1.08 (3H, s, H3-7'), 1.13 (2H, m, H-3" and 2'-CH>-
3'), 1.55 (1H, d, J = 14.8 Hz, H-5'), 1.66 (1H, dd, J = 14.8 and 1.5 Hz, H-5"), 2.11(3H,d, =10
Hz, H3-6), 3.57 (1H, d, J = 1.4 Hz, OH), 3.96-4.12 (4H, m,0CH2CH20), 5.86 (1H, d, J = 8.3 Hz, H-
2), 6.20 (1H, dd, J = 15.4 and 1.4 Hz, H-5), 7.40 (1H, d, J = 15.4 Hz, H-4), 10.28 (1H, d, J = 8.3 Hz,
CHO); EIMS m/z (rel. int.): 306 [M]* (2), 288 [M-H20]* (1), 250 (5), 235 (4), 205 (5), 177 (5), 161
(12), 127 (24), 107 (11), 99 (70), 86 (100); HR-EIMS: [M]* at m/z 306.1830 (C18H2604 requires
306.1831).

(x)-Methyl  (2Z,4E)-5-(4',4'-ethylenedioxy-2',3'-dihydro-2',3'-methano-2 L6',6'"-trimethyleyclohex-2'-
enyl)-3-methylpenta-2,4-dienoate (105 and 106)

To a solution of a mixture of 103 and 104 (2.3 g, 7.5 mmol) in MeOH (100 ml) was added MnO2
(10.4 g, 119 mmol), NaCN (875 mg, 17.9 mmol) and AcOH (0.44 ml, 7.6 mmol) at room temperature.
The suspension was stirred at room temperature for 4.5 hr and filtered, and the filtrate was concentrated to
a small volume and partitioned between ether and H20. The organic layer was washed with H20, dried
over Na2SO4, and concentrated. The residual oil was purified by column chromatography on silica gel (35
g) with hexane-EtOAc (4:1 - 7:3) to give 105 (0.21 g, 8.3 % yield) and 106 (1.76 g, 69.6% yicld) as
colorless oils.  105: 'H NMR (500 MHz, CDCl3): 6 0.52 (1H, dd, J = 9.5 and 5.1 Hz, 2'-CH2-3"),
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0.77 (3H, s, H3-8"), 1.04 (2H, m, H-3' and 2'-CH2-3'), 1.06 (3H, s, H3-9"), 1.07 (3H, s, H3-7"), 1.19
(1H, dd, J = 14.4 and 1.2 Hz, H-5'), 1.80 (1H, d, J = 14.4 Hz, H-5'), 2.05 (3H, d, J = 0.7 Hz, H3-6),
2.29 (1H, s, OH), 3.71 (3H, s, OMe), 3.89-4.09 (4H, m, OCH2CH20), 5.70 (1H, br s, H-2), 6.50 (1H,
d,.J = 16.0 Hz, H-5), 7.86 (1H, d, J = 16.0 Hz, H-4); EIMS m/z (rel. int.): 336 [M]* (4), 280 (5), 248
(3), 204 (9), 186 (6), 159 (12), 135 (9), 127 (15), 99 (76), 86 (100); HR-EIMS: [M]* at m/z 336.1947
(C19H280s requires 336.1937). 106: 'H NMR (500 MHz, CDClz): & 0.68 (1H, dd, J = 7.8 and 5.6
Hz, 2'-CH32-3"), 0.96 (3H, s, H3-9'), 1.01 (3H, s, H3-8'), 1.09 (3H, s, H3-7'), 1.10 (2H, m, H-3' and
2'-CH2-3"), 1.52 (1H, d, J = 14.7 Hz, H-5"), 1.67 (1H, dd, J = 14.7 and 0.5 Hz, H-5'), 2.03 (3H, s,
H3-6), 3.29 (1H, s, OH), 3.71 (3H, s, OMe), 3.94-4.11 (4H, m, OCH2CH20), 5.68 (1H, s, H-2),6.14
(1H, d,J = 16.0 Hz, H-5), 7.80 (1H, d, J = 16.0 Hz, H-4); EIMS m/z (rel. int.): 336 [M]* (5), 280 (7),
248 (4), 221 (5), 204 (8), 186 (10), 159 (15), 127 (17), 107 (24), 99 (82), 86 (100); HR-EIMS: [M]* at
m/z 336.1915 (C19H280s requires 336.1937).

(£)-Methyl 2'a,3'a-dihydro-2'a,3'a-methanoabscisate (8a) and (+)-methyl 2'B,3'B-dihydro-2'$,3'B-
methanoabscisate (9a)

To a solution of 105 (0.12 g, 0.357 mmol) in acetone (15 ml) was added p-toluencsulfonate (10 mg)
at room temperature. The mixture was stirred for 4 hr and concentrated to a small volume before being
added saturated aqueous NaHCO3 and extracted with EtOAc (100 ml x 3). The organic layer was washed
with H20, dried over Na2S804, and concentrated. The residual oil was purified by column
chromatography on silica gel (5 g) to give 8a (100 mg, 95.9% yield) as a white solid. In the similar
manner to 105, 106 (1.85 g, 5.5 mmol) gave 9a (1.52 g, 94.5% yield) as a colorless oil. 8a: 'H NMR
(500 MHz, CDCl3): 6 0.86 (3H, s, H3-8"), 1.00 (1H, dd, J = 8.9 and 3.8 Hz, 2'-CH32-3'), 1.01 (3H, s,
H3-9'), 1.15 (3H, s, H3-7"), 1.66 (1H, dd, J = 14.7 and 1.0 Hz, H-5'), 1.74 (2H, m, H-3' and 2'-CH32-
3", 1.74 (1H, s, OH),2.06 (3H, d, J = 1.0 Hz, H3-6), 2.66 (1H, d, J = 14.7 Hz, H-5'), 3.72 (3H, s,
OMe), 5.76 (1H, brs, H-2), 6.45 (1H, d,J = 16.0 Hz, H-5), 7.94 (1H, d, J = 16.0 Hz, H-4); IR Vmax
(McOH) emL: 3600, 3500, 2950, 1690, 1635, 1600; EIMS m/z (rel. int.): 292 [M]* (4), 274 [M-H20]*
(5), 260 [M-MeOH]* (7), 236 (11), 204 (31), 194 (6), 177 (40), 161 (30), 149 (38), 135 (100), 125 (36):
HR-EIMS: [M]* at m/z 292.1685 (C17H2404 requires 292.1675). 9a: 'H NMR (500 MHz, CDClz): &
0.94 (3H, s, H3-9'), 1.05 (3H, s, H3-8'), 1.09 (1H, dd, J = 9.6 and 5.8 Hz, 2'-CH2-3"), 1.16 (3H, s,
H3-7"), 1.39 (1H, dd, J = 5.8 and 4.5 Hz, 2'-CH2-3"), 1.79 (1H, dd, J = 9.6 and 4.5 Hz, H-3'), 1.81
(1H, s, OH), 2.04 (1H, d, J = 15.8 Hz, H-5"), 2.07 (3H, s, H3-6), 2.29 (1H, d, J = 15.8 Hz, H-5"),
3.72 (3H, s, OMe), 5.76 (1H, brs, H-2), 6.38 (1H, d, J = 16.0 Hz, H-5), 7.93 (1H, d,J = 16.0 Hz, H-
4); IR Viax (McOH) eml: 3600, 3450, 2950, 1690, 1635, 1600; EIMS m/z (rel. int.): 292 [M]* (5),
274 [M-H20]* (5), 260 [M-McOH]* (10), 236 (12), 204 (36), 194 (6), 177 (47), 161 (33), 149 (47), 135
(100), 125 (57); HR-EIMS: [M]* at m/z 292.1668 (C17H2404 requires 292.1675).

(x)-2'at, 3'c-Dihydro-2' o, 3' c-methano-ABA (8) and (£)-2'8,3'B-dihydro-2'B,3' B-methano-ABA (9)

To a solution of 8a (52 mg, 0.178 mmol) in McOH (1 ml) was added 1N NaOH (3 ml), and the
mixture was stirred at room temperature for 2.5 hr and H20 (30 ml) was added. The solution was
extracted with hexane and the aqueous layer was lowered its pH to 2 with IN HCI, and extracted with
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EtOAc (30 ml x 3). The organic layer was washed with H20, dried over NaaSOy, and concentrated. The
residual oil was chromatographed on silica gel (5 8) with hexanc-EtOAc-AcOH (28:12:1) to give (£)-8
(46.6 mg, 94.1% yield) as a white amorphous solid. In the similar manner to 8a, 9a (820 mg, 2.8 mmol)
gave (£)-9 (675 mg, 86.5% yield) as a colorless oil. (=)-8: TH NMR (500 MHz, CD30D): & 0.84 (3H,
s, H3-8'), 0.97 (3H, s, H3-9'), 1.06 (1H, dd, J = 9.6 and 4.8 Hz, 2'-CH2-3'), 1.18 (3H, s, H3-7"), 1.55
(1H, dd, J = 14.5 and 1.5 Hz, H-5'pro-S), 1.70 (1H, ddd, J = 9.6, 5.2 and 1.5 Hz, H-3"), 1.76 (1H, dd,
J=5.2 and 4.8 Hz, 2'-CH2-3"), 2.07 (3H, d, J = 1.2 Hz, H3-6), 2.69 (1H, d, J = 14.5 Hz, H-5'pro-
R), 5.74 (1H, br s, H-2), 6.52 (1H, d, J = 15.9 Hz, H-5), 7.91 (1H, d, J = 15.9 Hz, H4); UV Amax
(McOH) nm (g): 256 (19,500); EIMS m/z (rel. int.): 278 [M]* (3), 260 [M-H20]* (20), 245 (4), 222
(15), 204 (26), 194 (10), 177 (29), 161 (26), 149 (26), 135 (100), 121 (62); HR-EIMS: [M]* at m/z
278.1518 (C16H2204 requires 278.1518). (£)-9: 'H NMR (500 MHz, CD30D): 6 0.92 (3H, s, H3-9",
0.99 (3H, s, H3-8"), 1.09 (1H, dd, J = 9.5 and 5.7 Hz, 2'-CH2-3"), 1.15 (3H, s, H3-7"), 1.57 (1H, dd, J
=5.7and 4.4 Hz, 2'-CH2-3'), 1.71 (1H, ddd, J = 9.5, 4.4 and 1.0 Hz, H-3"), 1.85 (1H, dd, .J = 15.7
and 1.0 Hz, H-5'pro-R), 2.08 (3H, d, J = 1.1 Hz, H3-6), 2.52 (1H, d, J = 15.7 Hz, H-5'pro-8), 5.73
(1H, brs, H-2), 6.53 (1H, d, J = 15.9 Hz, H-5), 7.87 (1H, d, J = 15.9 Hz, H-4); UV Apax (MeOH) nm
(e): 257 (18,000); EIMS m/z (rel. int.): 278 [M]* (2), 260 [M-H20]* (16), 245 (5), 222 (12), 204 (24),
194 (11), 176 (38), 161 (35), 149 (36), 135 (100), 121 (79); HR-EIMS: [M]* at m/z 278.1504
(C16H2204 requires 278.1518).

(#)-5'a,8'-Cyclo-ABA (10) and (£)-5'8,9'-Cyclo-ABA (1 1)

To a solution of (+)-7 (see Chapter 11.2) (50 mg, 0.169 mmol) in MeOH (5 ml) was added IN
NaOH (5 ml), and the mixture was stirred at room temperature for 3 hr and H>0 (40 ml) was added. The
solution was extracted with hexane (40 ml) and the aqueous layer was acidified with 1N HCI to pH 2, and
extracted with EtOAc (30 ml x 3). The organic layer was washed with H20, dried over Na2S04, and
concentrated.  The residual oil was chromatographed on silica gel (33 g) with CH2Cl2-acetone-AcOH
(100:10:1 - 100:25:1) to give (+)-10 (47.3 mg) as a white amorphous solid. In the same manner as (+)-7,
(£)-93 (120 mg) gave (+)-11 (110.2 mg) as a white amorphous solid. (+)-10: 'H NMR (500 MHz,
acetone-ds): 6 1.08 (1H, dd, J = 8.7 and 4.3 Hz, H-8'), 1.23 (3H, s, H3-9"), 1.24 (1H, dd, J = 4.3 and
4.3 Hz, H-8'"), 1.75 (1H, ddd, J = 8.7, 4.3 and 1.6 Hz, H-5'), 1.84 (1H, d, J = 1.2 Hz, H3-7'), 2.03
(3H, d, J = 1.0 Hz, H3-6), 5.52 (1H, m, H-3'), 5.76 (1H, br s, H-2), 6.02 (1H, d, J = 15.8 Hz, H-5),
8.03 (1H, d, J = 15.8 Hz, H-4); UV Apax (MeOH) nm (€): 269 (17,1 00), 240 (15,400); IR of the methyl
ester Vimax (CHCI3) em™l: 3550, 3000, 1700, 1660, 1600; EIMS of the methy! ester m/z (rel. int.): 276
[M]* (5), 260 (7), 244 (46), 229 (35), 216 (30), 201 (44), 189 (36), 175 (56), 161 (45), 145 (39), 135
(64), 125 (100); HR-EIMS of the methyl ester: [M]* at m/z 276.1356 (C16H2004 requires 276.1362).
(£)-11: 'H NMR (500 MHz, CD30D): & 1.20 (2H, m, H2-9"), 1.21 (3H, s, H3-8"), 1.85 (1H, m, H-
5'), 1.86 (1H, d, J = 1.2 Hz, H3-7"), 2.06 (3H, d, J = 0.9 Hz, H3-6), 5.69 (1H, m, H-3"), 5.76 (1H, br
s, H-2), 6.13 (1H, d, J = 16.0 Hz, H-5), 7.99 (1H, d, J = 16.0 Hz, H-4); UV Apax (MeOH) nm (£): 246
(24,500); IR of the methyl ester Vmay (CHCI3) em™!: 3550, 3000, 1700, 1660, 1600; EIMS of the methyl
ester m/z (rel. int.): 276 [M]* (1), 260 (3), 244 (14), 229 (6), 199 (7), 189 (11), 175 (7), 161 (11), 145
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(6), 135 (15), 125 (100); HR-EIMS of the methyl ester: [M]* at m/z 276.1373 (C16H2004 requires
276.1362).

(2Z,4E)-5-(2',6'-Dimethyl-1'-hydroxy-4'-oxocyclohxa-2',5'-dienyl)-3-methylpent-2,4-dienoic acid (109)

The methyl ester 109a was synthesized from 107 according to the method reported by Lei et al,}4?
To a solution of 109a (40 mg, 0.15 mmol) in a mixture of McOH (0.7 ml) and 0.1 M KH2PO4-K2HPO4
buffer (pH 8.0, 3.4 ml) was added porcine liver esterase (EC 3.1.1.1, Sigma E-3128, 0.53 ml, 1500
units). The mixture was shaken at 30°C for 16 hr, then filled up to 50 ml with Hz0, acidified with 1 N
HCI to pH 2 and extracted with EtOAc (30 ml x 3). The organic layer was washed with H20, dried over
Na2S04, and concentrated. The residue was chromatographed on silica gel (4.5 g) with CH2Clz-acetone-
AcOH (70:30:1 - 60:40:1) to give 109 (26 mg, 69% yield, 40% yicld from 107) as a white amorphous
powder. The spectral data of 109 agreed with those reported.

The conversion of 107 (40 mg) by the reported method gave 11 mg of 108 (34% yicld) and 1.8 mg
of 109 (6% yield). 108: 'H NMR (500 MHz, CDCI3): & 1.41 (3H, s, H3-7'), 1.99 (3H, d, J = 1.1 Hz,
H3-8"), 2.04 (3H, d, J = 1.5 Hz, H3-6), 2.87 (1H, d,J = 16.3 Hz, H-3"), 2.99 (1H, dd, J = 16.3 and 0.6
Hz, H-3"), 5.73 (1H, brs, H-2), 6.18 (1H, d, J = 16.4 Hz, H-5), 6.58 (1H, m, H-5'), 7.55 (1H, d, J =
16.4 Hz, H-4); UV Amax (McOH) nm (g): 244 (21,300); FAB-MS (matrix, 3-nitrobenzyl alcohol) m/z:
249 [M+H]*.

Stability of 109

The aqueous solutions (3 x 10 M) of 109 and ABA were left for 7 days under the same conditions
as the rice assay. The solutions were analyzed by HPLC with an ODS column (AQ 311, 6 x 100 mm,
YMC; solvent, 50% McOH containing 0.1% AcOH; flow rate, 1.0 ml min'}; detection, 254 nm). The
recoveries of 109 and ABA were calculated to be 54 and 87%, respectively, by being compared with the
peak-heights of the standard samples.

Optical resolution of 8-11

Racemic 8 (22 mg) was injected into a Chiralcel OD HPLC column (250 x 4.6 mm, Daicel; solvent,
7% isopropanol in hexane containing 0.1% TFA; flow rate, 1.0 ml min’!; detection, 254 nm). The
materials at the retention times of 10.2 and 16.8 min were collected to give (-)- and (+)-8 (10.1 and 10.1

mg) as white amorphous powders with an optical purity of 99.7 and 99.2%, respectively, measured by
HPLC on the same column. (-)-8: [a}i) -21.4° (McOH, ¢ 0.673); CD Aexi (McOH) nm (Ag): 283.4 (-

0.9), 255.4 (+3.3), 207.6 (-13.5). (+)-8: [alg +19.8° (MeOH, ¢ 0.667); CD Acxy (McOH) nm (Ae):
284.6 (+1.1), 258.3 (-3.2), 205.6 (+14.5). Racemic 9 (14 mg) was injected into a Chiralcel OD HPLC
column (solvent, 8% isopropanol in hexane containing 0.1% TFA; flow rate, 1.0 ml min~l; detection, 254
nm). The materials at the retention times of 12.6 and 18.4 min were collected to give (-)- and (+)-9 (6.7

and 6.6 mg) as white amorphous powders with an optical purity of 99.9 and 99.2%, respectively,
5
measured by HPLC on the same column. (-)-9: [0.]?) -68.0° (MeOH, ¢ 0.447); CD Aexi (MeOH) nm

(Ae): 247.0 (-3.7), 212.7 (+3.3). (+)-9: [u]f; +67.3° (McOH, ¢ 0.440); CD Aexi (MeOH) nm (A€):
248.4 (+3.8), 214.0 (-2.5). Racemic 10 (10 mg) was injected into a Chiralpak AD HPLC column (250 x
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4.6 mm, Daicel; solvent, 8% isopropanol in hexane containing 0.1% TFA; flow rate, 1.5 ml min};
detection, 254 nm). The materials at the retention times of 13.0 and 16.6 min were collected to give (+)-
and (-)-10 (5.0 and 5.0 mg) as white amorphous powders with an optical purity of 99.8 and 99.7%,
respectively, measured by HPLC on the same column. (+)-10: [a]y +527.5° (CHCI3, ¢ 0.333); €D Aen
(MeOH) nm (Ag): 329.6 (+3.2), 270.7 (+32.3), 218.5 (-19.2). (-)-10: [a]g -528.4° (CHCl3, ¢ 0.333);
CD Aext (MeOH) nm (Ae): 329.2 (-3.5), 270.5 (-31.4), 217.2 (+19.1). Racemic 11 (15 mg) was
injected into a Chiralpak AD HPLC column (solvent, 6% isopropanol in hexane containing 0.1% TFA;
flow rate, 1.5 ml min’!; detection, 254 nm). The materials at the retention times of 14.8 and 17.6 min
were collected to give (+)- and (-)-11 (6.7 and 6.4 mg) as white amorphous powders with an optical purity
of 99.9 and 99.8%, respectively, measured by HPLC on the same column.  (+)-11: |n]f; +200.2°
(CHCl3, ¢ 0.213), +224.6° (McOH, ¢ 0.213); CD Aexi (MeOH) nm (Ag): 313.2 (+5.4), 269.2 (-5.1),
2394 (+16.5), 214.0 (-6.9). (-)-11: [G}S -210.9° (CHCI3, ¢ 0.223), -207.3° (McOH, ¢ 0.223); CD
hext (McOH) nm (Ae): 313.1 (-5.1), 269.0 (+4.8), 239.2 (-15.5), 213.1 (+7.3).

Preparation of optically active 10 and 11 from optically active T and 93

To a solution of (+)-7 (100 pg) in MeOH (20 ml) was added 1IN NaOH (50 wl). The mixture was
left for 1 hr at room temperature, acidified with 1IN HCI to pH 2 and extracted with EtOAc (0.2 ml x 5).
The organic layer was concentrated to give the bicyclic compound, which gave the same retention time as
(-)-10 under the same HPLC condition that racemic 10 was optically resolved. In the same manner as
(+)-7, (-)-7 gave (+)-10, (+)-93 did (+)-11 and (-)-93 did (-)-11.

Bioassays
See Chapter [.2.
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Summary

The plant hormone ABA has not been applied to agriculture because of drawbacks including its rapid
metabolism to inactive PA via 8'-HOABA, This apparently indicated that a metabolically stable analogue
can overcome the short half-life of ABA to enhance its activity. However, no analogue modified at C-8'
that is hydroxylated at the first stage of the major metabolic pathway, has yet been synthesized. Two ways
conferred resistance to metabolic inactivation; one was the blockage of hydroxylation to 8'-HOABA, and
the other was cyclization to inactive PA.

The synthesized analogues 8',8'-difluoro and 8',8',8'"-trifluoro-ABAs (2 and 3) were resistant to the
8'-hydroxylation (Chapter 1.2). The metabolism of 2 and 3 was not investigated, but the fact that they
showed the higher and longer-lasting activity in a long-term rice assay, suggested that the half-life was
extended as a result of resistance to the 8'-hydroxylation. The 8'-trifluoro analogue 3 was over 30-fold
more potent than ABA in inhibiting rice seedling elongation is the most potent analogue of ABA to date.

Analogues that can resist cyclization to PA were designed from two standpoints; a decrease in the
nucleophilicity of the 8'-oxygen, and a decrease in the electrophilicity of the 2'-carbon.  8'-Methoxy-ABA
(4) blocked the nucleophilic addition of the 8'-oxygen to the 2'-carbon, and its activity was lasted longer in
the rice assay (Chapter 1.3).  3-Fluoro-ABA (5) blocked the clectrophilic addition of the 2'-carbon to the
8-oxygen due to the higher mt-electron density at C-2' induced by the clectron-donating effect of the 3'-
fluorine (Chapter 1.4).  This analogue did not strengthen the activity, but the metabolitc 3'-fluoro-8'-
HOABA (72) was isolated as the methyl ester 72a along with the methyl esters of 3'-fluoro-PAs (73a and
74a) and 3'-fluoro-DPAs (75a and 76a) when § was applied to bean shoots. At room temperature, 72a-
74a converted into an cquilibrium mixture consisting of 72a, 73a and 74a at a ratio of 7:6:1.  This
showed that the introduction of electron-donating group at C-3' in ABA causes resistance to cyclization,
although with fluorine, the resistance was partial.

An altemative approach to development of highly active analogues of ABA is to design a high affinity
analogue for the receptor based upon understanding of the structure-activity relationships. The author
investigated the role of the 1'-hydroxyl group of ABA and the 8'-hydroxyl group of 8'-HOABA using 1'-
deoxy-1"-fluoro-ABA (6) and 8'-fluoro-ABA (7) (Chapter II). The activity of 6 was 1/10 - 1/20 that of
ABA and similar to that of 1'-deoxy-ABA (79), meaning that the 1'-hydroxyl group of ABA cannot be
mimicked by the fluorine atom.  This suggested that the 1'-hydroxyl group of ABA interacts with the
receptor as the hydrogen-bonding donor.  The activity of 7 was similar to that of ABA, suggesting that the
8'-hydroxyl group is not involved in activity.

The ring conformational requircment of ABA for activity was probed using the cyclopropane
analogues 8-11 (Chapter I1I). Analogues 8, 9 and 11 which possess the axial substituent at C-6" or C-2"
on the B-side of the ring showed no or very low activity, whereas 10, which does not possess these
substituents, exhibited the activity comparable to that of ABA. This suggested that the active conformation
of ABA is close to the favored half-chair with a pseudo-axial side chain and an equatorial C-9' rather than
the less favored half-chair with the former pscudo-cquatorial and the latter axial. These findings will be
uscful in developing highly potent analogues and photoaffinity probes with which to search for the ABA
receptor.  Also, analogue 10 showed high activity in the rice assay, equal to that of 3.
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The author developed the first highly potent, long-lasting analogucs of ABA. These analogues will

be useful not only as plant growth regulators but also as probes with which to investigate the mech

ABA action.
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