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The present report describes studies on the reaction mechanisms of an a-proton abstraction from acetone (MMK),
methyl ethyl ketone (MEK), methyl isopropyl ketone (MIPK) and methyl terz-butyl ketone (MTBK) using CH;ONa
in CH,OD solution. The activation energies for the deuterium exchange reaction of active methyl group of the ketones
MMK, MEK, MIPK and MTBK were 11.87, 12.14, 12.29 and 13.14kcal-mol ™, respectively. The deprotonation
reaction mechanisms of the methyl alkyl ketones with methoxide anion were studied by ab initio molecular orbital
method. Optimized geometries and energies of all complexes consisting of two molecules were calculated by 6-31+G
basis set. The correlation between the activation energies and the differences in calculated energies of the transition
state (Erg) and the H-bonded encounter complex I (E;) was fairly good. It is shown that the mechanisms of the deprotona-
tion reactions can be explained with a simple model consisting of a methyl alkyl ketone and a methoxide anion.
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The electrophilic displacement reactions of active alkyl
compounds (AH) with electrophilic reagents (E) using base
catalysts (B ™) are shown by Egs. 1 and 2. There are several
types of base catalysts, almost all of which involve a proton
transfer in at least one step. A prior ionization of the
starting material is followed by a reaction with reagents to
give the products:

AH+B =A" +BH (1)
A~ +E-products 2)

There are a number of reports on these reactions,”
which fall into two groups depending on whether the rate
determining step is Eq. 1 or 2. Examples of the former
include the deuterium exchange and the halogenation
reactions for many organic compounds containing an
acidic hydrogen atom. Examples of the latter reactions
include the condensation of acetone to diacetone alcohol
and many similar condensations in organic chemistry, such
as the Claisen and Michael reactions. Recently the detailed
mechanisms of the electrophilic reactions have been studied
and have been noteworthy in the synthesis of acyclic ketone
derivatives, especially in regioselective and stereospecific
synthesis.?

The first deprotonation step shown in Eq. 1 consists
of the following three items, i.e., (i) formation of an
H-bonded encounter complex I (C-I), A-H---B7, (i)
proton transfer via a complex TS (TS), [A--H--B]™ to
form a new complex II (C-IT), A~ ---H-B, and (iii) sep-
aration into an anion molecule A~ and a neutral HB, as
shown in Chart 1.

In general, it depends on the bulkiness of the substituents
in the ketones or in the bases, whether the configurations
of the enolates produced in the deprotonation step of the
ketones with the bases become (Z)- or (E)-form (Fig. 1).
Models of a six or five-membered ring in the transition
state have been proposed by Ireland and Moreland to

AH + B~ = A-H-B-

reactants C-1 TS

& [A++H-+B]l™ =

acyclic carbonyl compound; methyl alkyl ketone; active alkyl group; deuterium exchange; deprotonation; methoxide

predict and explain the compositions of (Z)- or (E)-form
of the enolates.?

We reported previously a study on the mechanisms of
deprotonation reactions of acetaldehyde and methane with
three bases (NH,”, OH™, F7) by ab initio molecular
orbital (MO) method using the 6-31+G basis set. The
order of the deprotonation ability of these bases, i.e.,
NH,  >OH " >F~ could be reasonably explained when the
deformation energy was taken into account in calculating
the energies of the complexes in each reaction pathway.

In the present study, to further investigate the mechanism
of the first step shown in Chart 1, five acyclic carbonyl
compounds, CH;COR (MHK:R=H, MMK:R=CH,,
MEK :R=C,H;, MIPK : R=CH(CH,;),, and MTBK:R =
C(CH;);) were used, and the rate constants of the
deuterium exchange reactions of CH;COR with CH,0D
were measured in the presence of CH;ONa using gas
chromatography/mass spectrometry (GC/MS). The activa-
tion energies for the reactions of four methyl alkyl ketones
were determined from the Arrhenius plots. Furthermore,
an ab initio MO calculation on the deprotonation step
was carried out using a simple model consisting of two
molecules in which the oxygen atom of CH;O ™ approached
the hydrogen atom of the active alkyl group of CH;COR
along the axis of the C~H bond. Optimized geometries and
energies of complexes in each case were calculated using
the 6-31+G basis set. In this paper we studied the
reactivities of a proton of the methyl and alkyl group in

(a) (b)
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CH;COR by means of the chemical kinetics and the MO
calculations of the chemical reaction energies.

Experimental

Instruments GC/MS of reaction products was obtained by the electron
impact (EI) on a Shimadzu GC-MS 6020 instrument. A glass column
(50cm x 2.5mm i.d.) packed with Porapak P was used. The temperature
of the column oven was maintained at 120 °C. The carrier gas was helium
with a linear velocity of 20ml-min~'. The temperature of the injection
port and the transfer line was kept at 140°C and that of the ion source
at 250°C. Ionization energy and trap current were 20eV and 70 HA,
respectively. The accelerating voltage was 3.5kV. A thermo-regulator
used for the reactions was a Model K4R (Lauda, West Germany).

Materials CH;OD and methyl alkyl ketones of guaranteed reagent
grade were purchased from Merck and Tokyo Kasei Kogyo Co., Ltd.,
respectively. Carbonyl compounds were purified by distillation before use.
Concentrations of CH3;COR in CH;0D were as follows: acetone (MMK);
0.0379 M, methyl ethyl ketone (MEK); 0.0337 M, methyl isopropy! ketone
(MIPK); 0.0326M, methyl terz-butyl ketone (MTBK); 0.0225M. The
CH,0D solutions of CH;ONa (0.025%, 0.05%) were prepared from
0.1% solution (0.0437 m).

Kinetic Measurement A reaction solution was prepared by adding a
CH,;OD solution of CH;0Na (0.1 ml) to a CH;0D solution of CH,COR
(0.5ml). The deuterium exchange reactions of the alkyl groups were
carried out at desired temperature for the determination of rate constants
and activation energies of the deprotonation reactions (MMK: 0.025%;
33—15°C, 0.05%; 18—6°C, 0.1%; 6—~6°C, MEK: 0.025%; 39—21°C,
0.05%; 24—15°C, 0.1%; 12—0°C, MIPK: 0.025%; 39—21°C, 0.05%;
27—15°C,0.1%; 18—3 °C, MTBK: 0.025%; 42—24°C, 0.05%; 30—18 °C,
0.1%; 24—6°C). The residual amounts of active alkyl protons were
measured at regular time and temperature intervals (3min, 3°C,
respectively) by molecular and fragment ions in the mass spectra. The
mass spectra were measured 3 times under the same reaction conditions
as described above and the rate of the reaction was determined by the
decrease in intensity of the ions. It was assumed that the bond cleavage
of deuterated alkyl ketones was the same pattern as that of a starting
material in mass spectra.

Computational Procedure The molecular orbital calculations were
carried out with the GAUSSIANS0°? and GAUSSIANS2%? programs
using the SCF method with 6-31+G® basis set, which incorporates
diffuse functions not only on the oxygen atoms of CH,O~ and the
conjugate acid CH;OH, but also on the carbon atom in the enolates
participating in the reaction. No diffuse function was contained in the
basis set for the other first row atoms in the starting material. Geometry
optimization was performed by the energy gradient method.® As a model
of the deprotonation process, the oxygen atom of CH,O~ approached
the active hydrogen atom of methyl or alkyl groups along the axis of the
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Fig. 2. Mass Spectra of Methyl Alkyl Ketones CH;COR
(2), MMK; (b), MEK; (c), MIPK; (d), MTBK.
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C-H bond.

Results and Discussion

Deuterium Exchange Reaction of Active Alkyl Groups
Using Methoxide Anion in Methanol-d, The rate deter-
mining step in the reaction shown in Eqs. 1 and 2 depends
strongly on the species of electrophilic reagents. In this
study, deuterium exchange reactions were carried out to
determine the rate constants and the activation energies
of the first step, i.e., the deprotonation step for acyclic
ketones. The rate constants of the reaction of active alkyl
groups with CH,O~ were determined by measuring the
time-course of the decrease in intensity of the fragment
ion peaks, e.g. [CH;CO]J*, or the molecular ion peak M "
in the mass spectra as shown in Fig. 2.

In this reaction, deuterium atoms were consecutively
substituted for hydrogen atoms in active alkyl groups. The
mass number of the fragment ion [CH;CO]" increased in
single increments from m/z 43 to m/z 46 with the lapse of
reaction time. The relative intensity (RI) of the fragment
ion peak e.g., of m/z 43 was determined by the ratio of the
intensity of ion peak m/z 43 to the sum of the intensities
of four peaks, m/z 43, 44, 45, and 46. According to
Beutelman, the isotope effect (ky/kp) for the enolate for-
mation of 2-methyl-3-pentanone with lithium diisopropyl-
amine in tetrahydrofuran is about 3.7 Strictly speaking,
correction of the isotope effect has to be made by analysis
of the data, but in the present study this was precluded. To
minimize the consequences of errors inherent in the method
of analysis, the rates were evaluated from the variation of
the relative intensities of the ion in the first half-life.

Time-Course of Decrease in Intensity of Fragment Ion
Peaks in Mass Spectra of Methyl Alkyl Ketones The mass
spectrum of MMK showed the molecular ion M* at m/z
58 together with the fragment ion [CH;CO]* at m/z 43 as
the base peak (Fig. 2a). The intensities of M and the ion
at m/z 43 decreased, the mass number of each ion increased
one at a time with the progress of the deuterium exchange
reactions, and the intensities of the ions having larger mass
numbers increased successively. The rate of the decrease in
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intensity of M+ was twice that of the ion at m/z 43.

The mass spectrum of MEK gave the molecular ion M ™
at m/z 72 together with the fragment ions [CH;CH,]" at
mjz 29 and [CH,CO]" at m/z 43 as the base peak,
respectively (Fig. 2b). With the progress of the deuterium
exchange reactions, the intensities of M* and of the ions
at mj/z 43 and 29 decreased, the mass number of each ion
increased one by one, and the intensities of the ions having
larger mass numbers increased successively. The rate of
the reduction in intensity of the ion at m/z 43 was about 3
times faster than that of the ion at m/z 29. The rate of the
decrease in intensity of M ™ coincided with the sum of those
of the individual ions at m/z 43 and 29. This indicates that
a CH;CO-CH,CH, bond cleaves exclusively.

The mass spectrum of MIPK showed the molecular ion
M* at m/z 86, accompanied by the duplicate ions
[CH(CH,),]" and [CH;CO]" at m/z 43 as the base peak
(Fig. 2¢). In addition, cleavage of the CH;—~COCH(CH;),
bond in the molecule resulted in the formation of a
characteristic ion [COCH(CH,),]" at m/z 71. The
intensities of M ™ and the fragment ions at m/z 43 and 71
decreased and the mass number of each ion increased one
by one with the progress of the deuterium exchange
reactions, and the intensities of the ions having larger mass
numbers increased successively. The rate of the decrease in
intensity of the ion at m/z 71 was very slow compared with
that of the ion at m/z 43.

The mass spectrum of MTBK gave the molecular ion
M™ at m/z 100 together with the ions [CH;CO]" at m/z
43 and [C(CH,;)5]" at m/z 57 as the base peak, respectively
(Fig. 2d). As the deuterium exchange reactions proceeded,
the intensities of M* and the fragment ion at m/z 43
decreased, the mass number of each ion increased one by
one, respectively, and the ions having larger mass numbers
increased successively. On the other hand, no change in
time. The rate of intensity decrease of M* was in fair
agreement with that of the ion at m/z 43. The above
results in the mass spectrum indicate that only the
CH,;CO-C(CH3); bond is cleaved.

The rate of the deuterium exchange reaction of active

TaBLE 1. Rate Constants (k) of Deuterium Exchange Reaction of
CH,COR with CH;0™ at 25°C (M~ '-s™ ")

kMe/kMe(MMK)

CH,;COR R Knte kg kn —
This work Warkentin®

MMK CH; 0.549 — 1.116 1.0 1.0
MEK CH,CH, 0.295 0.082 0.381 0.54 0.5
MIPK CH(CH,), 0.222 0.042 0.302 0.40 0.34
MTBK C(CHj), 0.117 — 0.116 0.21 0.16
a) Ref. 8e.

TasLE II.

CH,COR with CH,0~ (a.u.)
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alkyl hydrogen atom using a base catalyst CH;O™ can be
represented by Eq. 3, where k£ is the rate constant and
[CH;COR] stands for the concentration of CH3;COR in
CH,0D solution. This reaction is pseudo-first-order, since
CH,O" is a catalyst and its concentration remains constant
during a run (Eq. 4).

v=k[CH,0 " ][CH,COR] (3)
v=k'[CH,COR] “
k' =k[CH,0]

The deuterium exchange reaction was treated as effectively
irreversible during the first half-life. The values k& were
estimated by the rate of decrease in intensities of the
molecular ion M* and the fragment ions. Logarithms of
the relative intensities of the ions were plotted against time
and a linear relationship between them was obtained with
a good correlation coefficient (r=0.99) in all cases except
in MIPK (r=0.95). The rate constants k of the reaction of
CH,;COR with CH;O™ at 25 °C are summarized in Table I.

The rate constants ky,, kg, and ky shown in the table
were obtained by calculation based on the decrease in
intensities of the ions [CH,CO]", [R]", and M* in the
mass spectra, respectively. The sum of &y, and kg for both
alkyl groups across carbonyl group is expected to be equal
to ky. Actually, it was confirmed that both 2 x ky,, and ky
for MMK have the same values within experimental errors.
In the case of MEK, the sum of &y, and kz was in good
agreement with ky,;, and for MTBK, ky, was in accord with
ky. The value of the rate constant ky, for acety! group in
MIPK could not be determined directly from the intensity

5.0F
4.0+

3.0

2.0r
e
=

1.0r

0.0f

- 1.0 1 L 1 ) L 1 1
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8

(1/T)x10° (K1)
Fig. 3. Arrhenius Plots for Deuterium Exchange Reaction of Active
Methyl Group of CH;COR

O, MMK (correlation coefficient r=0.997); A, MEK (r=0.998); ], MIPK
(r=0.981); ], MTBK (r=0.999). Open symbols: 0.025% CH,ONa, half-closed
symbols: 0.05% CH,ONa, closed symbols: 0.1% CH,ONa.

Calculated Energies for Reactants, Products and Complexes of Methyl Groups of CH;COR with CH;0™ in Deprotonation Reaction of

CH,COR R Eq Erg Ey, E,
MHK H —267.20278 —267.23094 —267.22489 —267.24717 —267.22669
MMK CH, —306.23487 —306.26353 —306.25366 —306.27374 —306.24960
MEK CH,CH, —345.25439 —345.28295 —345.27304 —345.29351 —345.26957
MIPK CH(CH,), ~384.27143 —384.30276 —384.29216 —384.31360 —384.29431
MTBK C(CH,), — 42328712 —423.32100 —432.30771 —423.32896 —423.31015
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of the ion at m/z 43, because this ion was comprised of two
components [CH;CO]* and [CH(CH,),]" as described
above. The rate constant ky,, therefore, was calculated
from the difference between ky and kg for the fragment
ion at m/z 71. The value of the rate constant k; obtained
from the peak at m/z 71 involved some experimental errors,
because of the weak intensity of the peak and a slight
decrease in intensity of the peak with the lapse of time. The
ratio ky./kyemmk) decreases in proportion with bulk of
the alkyl groups, and these values are similar to those
ascertained by Warkentin ez al. using nuclear magnetic
resonance (NMR) spectrometry.® The value of the rate
constant per hydrogen atom ky./3 for methyl group is
about twice that for methylene group ky/2 in the case of
MEK. Such comparison of the rate constants per hydrogen
atom must be considered when the reactivities of the
reaction sites of ketones are investigated. The reaction of
a hydrogen atom of MMK proceeds about 4 times as fast
as that of a methylene hydrogen atom of MEK.

The activation energies of the deuterium exchange
reactions of four ketones, MMK, MEK, MIPK and MTBK
were evaluated from the slopes of Arrhenius plots as
shown in Fig. 3. The activation energies of each active
methyl group in MMK, MEK, MIPK and MTBK were
11.87, 12.14, 12.29 and 13.14 kcal-mol ™!, respectively. In
addition, the activation energies for a methylene proton in
MEK and a methine proton in MIPK were 13.87 and
14.83 kcal -mol 1, respectively.

Optimized Geometries and Energies of Complexes for
Deprotonation Reaction of Active Alkyl Groups with
Methoxide Anion The mechanisms for the deprotonation
reactions of MHK, MMK, MEK, MIPK, and MTBK with
CH;0" were studied by the ab initio MO method with
6-31+ G basis set. First, the stable geometries of reactants
in a ground state were calculated, and then a model
consisting of two molecules, i.e., a ketone CH;COR and a

reactants

products

Energy (kcal-mol™!)

30 -

Reaction coordinate

Fig. 4. Comparison of Reaction Profiles for the Deprotonation of Meth-
yl Group of CH,COR with CH;0~ Using 6-31+ G Basis Set
MHK, «+eee : MMK, ——; MEK, --—~; MIPK, ~~-—; MTBK, —--—.
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base CH;0 ™, was used to calculate the geometries and the
energies of complexes in the deprotonation process. In the
simple model, the oxygen atom of CH;0~ approached
the hydrogen atom of CH,COR along the axis of the
alpha C-H bond in the ketones having the most stable
conformation. The calculated energies of reactants (Eg),
products (E}), and complexes (E;, Erg, Ey) in the reaction
of CH;COR with CH;0~ are presented in Table II.

The reaction of MHK with NH,~ or OH™ showed .
single-well potential-energy curves as reported previously.*
On the other hand, the reaction profiles for the depro-
tonation of CH;COR with CH,O~ differed from that of
MHK with OH™ and indicated double-well potential-
energy curves in all reaction systems as shown'in Fig. 4.

First, as CH;O~ approaches a hydrogen atom of the
active alkyl group in CH;COR, a stable C-I is formed.
Further approach of CH;0~ to the hydrogen atom
lengthens the C—H bond and leads to the formation of a
stable C-II via the transition state TS. Finally, enolate
and methanol are produced. The differences in energies
between each of the complexes are all shown in Table III.
The difference between the reactivity of MHK with OH ™
and with CH;O~ may be attributable to the steric effects
and the proton affinity of the bases (OH~: 390.7, CH,0O :
379.2kcal-mol ~1).” The interaction energies for the com-
plex C-I consisting of MHK with OH™ and with CH;0~
were —17.8 and —16.7 kcal -mol ™!, respectively,* whereas

TaLE III. Differences between Calculated Energies of Complexes of
Methyl Groups of CH;COR with CH;0~ (kcal-mol™!)

CH,COR R Ep—Ey E—Ey E—E Ey—Ey Ep—E,
MHK H —~1500 —17.67 379  —1398 12.85
MMK CH, ~924 —1798 620 —12.60 15.14
MEK CH,CH, —952 —17.92 622 —1284 1502
MIPK CH(CH,), —1436 —19.66 665 —1345 12.10

—1445 —2126 834  —1334 11.80

MTBK C(CH,),

Energy (kcal-mol™!)

Dihedral angle (°)

Fig. 5. Potential Energy for C,-C; Bond Rotation from 0° (a) to 180°
(c) of a Dihedral Angle
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TaBie IV. Calculated Energies for Reactants, Products and Complexes of MEK or MIPK with CH;O™ in Deprotonation Reaction of MEK or

MIPK with CH;0~ (a.u.)

ETS Ell EP

Compound Reaction site Ey
MEK CH, —345.25439 —345.28295 —345.27304 —345.29351 —345.26957
CH,CH,(Z)* —345.25439 —345.28306 —345.26970 —345.29022 —345.26472
CH,CH,(E)? —345.25439 —345.28093 —345.26744 —345.28368 —345.26217
MIPK CH, —384.27143 —384.30276 —384.29216 —384.31360 —384.29431
CH(CH,), —384.27143 —384.30091 —384.28596 —384.30312 —384.28313
a) Product has a Z-form. b) Product has an E-form.
TaBLe V. Differences between Calculated Energies of Complexes of 15.0
MEK or MIPK with CH;0~ (kcal-mol™?)
Compound Reaction site Ep—Ey Ej—Ep Ers—Ey Ey—Erg Ep—Ey i 140
- g
MEK CH, —9.52 —17.92 622 —12.84 15.02 = 130
CH,CH;(Z)® -—6.48 —17.99 839 —12.88 16.00 M
CH,CH,(E)» —488 —16.65 847 —10.19 13.50 2 12.0
MIPK CH, —14.36 —19.66 6.65 —13.46 12.10 M
CH(CH,), —7.34 —18.49 9.38 —10.77 12.54 1.0k
a) Product has a Z-form. b) Product has an E-form.
10'0 1 1 1 I

there was a distinct difference between the reaction profile
for the deprotonation of MHK with OH™ and with
CH,0O". In the reaction of MHK with OH™, no transition
state was obtained,* while the reaction profile for the
deprotonation of MHK with CH;O™ had a double-well
potential-energy surface (Ers— E;=3.79 kcal-mol™1).
From the above results, it may be assumed that the
difference of reactivity between OH~ and CH,O~ with
MHK is mainly due to the steric effect in TS.

In general, the reactivities of the reactants increase with
the gap between the energies of the reactants and those of
the products under the dominance of the thermodynamic
control. The differences E, — Ey of calculated energies were
in conflict with the experimental data for the deuterium
exchange reactions shown in Table I. On the other hand,
the differences Ers— E; enlarged with the bulk of sub-
stituents “R” in CH3;COR and reasonably explained the
reactivities of the methyl groups in CH;COR. The values
of Ers— E, for the reactions of the ketones, MHK, MMK,
MEK, MIPK and MTBK with CH;O™ were 3.79, 6.20,
6.22, 6.65 and 8.34kcal-mol~! respectively, as shown
in Table III. The differences E— E, for the reactions
of MMK or MTBK with CH;07 increased by a factor
of about 1.6 or 2.2 compared with that for MHK, re-
spectively.

Both MEK and MIPK have two different o-protons,
that is, methyl and methylene protons in MEK, methyl and
methine protons in MIPK. All of the carbon and oxygen
atoms of the enolate produced by the deprotonation of
methine proton in MIPK lie on the same plane; therefore,
no regioisomers exist in the optimized geometries. On the
other hand, in MEK, (Z)- and (E)-isomers shown in Fig.
1 are produced by the deprotonation of methylene proton.
It is well known that the favored structure of MEK has the
conformation shown in Fig. 5a.19 A stable conformation
of MEK (a) leads to an unstable conformation (c) with
additional energy of about 2.8kcal-mol™! through a
relatively unstable conformation (b) by the rotation of
ethyl group as shown.

50 6.0 7.0 80 9.0 100
E+1s—E; (kcal-mol™!)

Fig. 6. Relation between Observed Activation Energies and Differences
of Calculated Energies of Complexes (Epg— E)

1, MMK; 2, MEK-methy! group; 3, MIPK-methyl group; 4, MTBK-methyl
group; 5, MEK—ethyl group; 6, MIPK~isopropyl group.

A (Z)-enolate is produced by a deprotonation of
methylene proton in the stable conformation. To obtain
an (E)-enolate, it is necessary to rotate an ethyl group at
least 90 degrees from stable conformation and then to
deprotonate an appropriate proton on methylene carbon
atom with CH;O~. The arrows in Fig. 5 indicate the
deprotonated proton leading to the (F)-enolate. The
calculated energies of complexes for two reaction sites in
the unsymmetrical ketones and for the formation of (Z)-
and (E)-isomer from MEK are shown in Table IV. The
difference in energies between each of the complexes is
summarized in Table V.

The differences Ep — Eg indicate that methyl group reacts
thermodynamically more easily than ethyl or isopropyl
group with CH,0~. The differences Eq—E; for the
deprotonation reaction of methyl group are smaller than
those of another alkyl group, i.e., a proton in methyl group
reacts more easily than that in ethyl or isopropyl group
with CH;0 7, and this is consistent with the experimental
data shown in Table I. In the present study the reaction of
CH;COR with CH;0™ was carried out at ca. 0—30°C in
a protic solvent. Under these reaction conditions it is
generally said that a thermodynamic enolate is formed.'"
Consequently, it can be considered that the (Z)-enolate is
generated from the ketone in stable form shown in Fig. 5a
in the deuterium exchange reaction. Therefore, circle
number S in Fig. 6 is designated using the values of E;q— E;
calculated from the stable structure in the process of the
formation of the (Z)-enolate. Figure 6 shows the plots of
the observed activation energies of the deuterium exchange
reactions of methyl alkyl ketones versus the Erg— E, shown
in Tables III and V. A linear relationship between the
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TaBLe VI. Optimized Geometries of Reactants, Products and Complexes between CH,COCH ,CH; with CH;0~

Optimized geometries #(A), £L(°)

Geometrical —CH,® —CH,CH,?
parameter Reactants
C-1I TS C-1I Products C-I TS C-11 Products
Bond length
C'-0?%) 1.219 1.229 1.243 1.282 1.281 1.229 1.245 1.290 1.289
HC'-C?) 1.506 1.496 1.448 1.381 1.379 1.507 1.520 1.525 1.539
r(C*-H*%) 1.080 1.082 1.083 1.077 1.076 1.082 1.082 1.086 1.083
r(C3-H?%) 1.085 1.089 1.087 1.076 1.078 1.086 1.088 1.087 1.087
HC3-H"®) 1.085 1.096 1.350 2.198 — 1.084 1.082 1.085 1.087
HC-C") 1.511 1.512 1.527 1.534 1.550 1.500 1.443 1.375 1.369
HC’-C?) 1.526 1.525 1.526 1.531 1.528 1.523 1.522 1.508 1.509
HC’-H®) 1.088 1.086 1.085 1.086 1.088 1.097 1.382 2.162 —
HC'-H!°) 1.088 1.088 1.089 1.089 1.088 1.092 1.090 1.079 1.079
F(C8-H'1) 1.084 1.086 1.087 1.089 1.090 1.085 1.088 1.084 1.091
r(C8-H'?) 1.082 1.083 1.083 1.086 1.082 1.084 1.084 1.095 1.091
r(CB-H*3) 1.082 1.084 1.082 1.081 1.082 1.086 1.093 1.092 1.091
r(H5®-Q14) — 1.858 1.277 0.968 0.950 1.855 1.244 0.968 0.950
HO'"-C13) 1.399 1.398 1.408 1.430 1.436 1.399 1.407 1.432 1.436
HC15-H'9) 1.107 1.103 1.096 1.082 1.076 1.103 1.097 1.085 1.076
HC-H7) 1.107 1.103 1.093 1.085 1.082 1.103 1.092 1.081 1.082
r(C'5-H'®) 1.107 1.104 1.093 1.081 1.082 1.103 1.093 1.082 1.082
Bond angle
L0o*Cc? 121.1 123.4 125.1 126.7 127.3 120.8 118.0 1154 115.8
L CIC3H* 109.8 110.4 112.8 120.1 120.4 110.4 109.7 109.5 108.4
L C'C3H? 110.6 109.2 113.3 121.5 121.6 110.0 109.4 108.9 1117
L C'C3H® 110.6 109.4 109.3 90.0 — 109.0 111.2 113.2 111.7
L O*CICT 121.8 121.2 118.7 115.5 116.0 123.9 125.3 126.5 126.3
L C'C"H® 1139 114.3 114.1 112.3 113.3 114.5 116.2 122.1 121.7
L C'C"H? 107.9 106.8 107.9 110.7 108.9 106.6 106.1 90.0 —
L CIC'H!® 107.9 107.5 107.4 107.0 108.9 107.1 111.2 119.3 120.1
£ C7CBHM! 110.4 110.5 110.8 111.6 111.1 109.7 110.5 109.3 110.9
£ C7CBH*? 111.1 110.9 110.7 110.7 110.6 110.6 110.3 113.0 112.7
£ C7CBH!3 111.1 111.4 110.9 109.3 110.6 112.2 113.5 112.8 112.7
LCICNO4 — 109.4 109.3 90.0 — 106.6 106.1 90.0 —
LHOQC!S — 169.2 114.6 [11.0 1144 177.6 116.0 110.9 114.4
L OMCISH!® 114.0 113.5 112.3 111.2 105.9 113.4 112.3 111.0 105.9
L OMCISHYT 114.0 113.4 112.0 1111 111.4 113.6 111.5 107.8 111.4
L OMCISH?8 114.0 113.6 111.9 107.3 111.4 113.5 112.5 110.0 111.4
Dihedral angle
L O*CIC3H* 0.0 —15.4 18.6 6.4 0.0 -39 —243 —54.1 0.0
L 0O*CC3H? 120.6 104.2 146.8 176.6 180.0 116.8 94.3 62.7 119.8
L O*CIC3HS —120.6 —138.4 —101.4 —90.0 — —126.2 —146.0 —176.0 —119.8
LC3}croxC’ 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
LO*CICC? 0.0 1.2 10.3 48.3 0.0 9.8 —14.8 —6.8 0.0
L O*C'C'H? 123.2 125.6 133.8 172.3 122.3 134.6 105.8 90.0 —
L O*CIC'HY —123.2 —122.2 —112.1 —71.0 —1223 —112.9 —146.0 —176.0 180.0
L C'C7CBH ! 180.0 179.6 181.0 186.5 180.0 178.8 175.5 15.6 180.0
L CIC'CBH!? 59.7 59.6 60.7 66.3 59.0 60.1 56.6 —103.5 59.8
L CICC8H!3 —59.7 —59.8 —58.2 —52.7 —59.0 —60.2 —63.4 135.7 —59.8
LOXCIC3 MO+ — —1384 —101.4 —90.0 — 134.6 105.8 90.0 —
LCIC3Q1Cts — 100.4 83.6 52.5 — —177.8 —191.7 —46.7 —
L HO®Q4CISH 6 — 0.1 —23 —42.6 180.0 —-2.1 —~15.6 —91.2 180.0
L HO®QMHCSHY? 60.0 120.1 117.7 78.3 61.3 —122.1 —135.1 149.8 61.3
L HSOQCISH!8 —60.0 —119.9 —122.0 —162.7 —61.3 104.6 29.6 —61.3

117.9

a) Underlines indicate the deprotonated protons.

differences Erg— E; and the activation energies with the
good correlation coefficient (r=0.966) is obtained. The
good correlation indicates that the environment of each
complex, e.g., solvation, efc., resembles closely the others
in the deprotonation process of the reaction of acyclic
carbonyl compounds with CH;O~ and that the simple
model consisting of ketone and CH;0 7, can explain quite
reasonably the reactivities of the deprotonation reactions
dealt with in this paper.

The optimized geometries of reactants, products and

complexes between MEK with CH;0™ are presented in
Table VI, and in Fig. 7 each of the complexes is represented
by an ORTEP drawing.

The geometries of C-I and C-IT are similar to those of
reactants and products, respectively. A proton which mi-
grates from MEK to CH,0" is situated in the neigh-
borhood of the middle position between the oxygen atom
of CH;0~ and the carbon atom of alkyl group in TS.
The distances between hydrogen and carbon or oxygen
atom are 1.382 and 1.244 A, respectively. A dihedral angle
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(a)

2481

Fig. 7.

ORTEP Drawing of Complexes of CH;COCH,CH; with CH;0~

(a), complex of methyl group of MEK with CH,0~; (b), complex of ethyl group of MEK with CH,07; which gives (Z)-enolate.

between the carbonyl C =0 bond and the alpha C-H bond
is 105.8 degrees in TS. The calculated geometries in TS are
similar to those described in previous papers.!?) Methyl
group of CH;0™ moves from a sterically stable position
(Fig. 7, C-I) toward the oxygen atom of carbonyl group by
rotating around the axis of C~H bond, and at the same
time, CH,O™ abstracts the proton of the active alkyl group
as shown in Fig. 7, C-II. It can be said that the mechanism
of the deprotonation reaction of CH;COR with CH;07 in
CH,OH is illustrated reasonably by the simple model
shown in Chart 1 and Fig. 7.

Acknowledgement The authors are grateful to Dr. U. Nagashima of
the Institute for Molecular Science for his valuable advice and stimulating
discussions. Thanks are also due to the Computation Center of Fukuoka
University for use of the FACOM M?780/10S computer, and to the
Computer Center of the Institute for Molecular Science, Okazaki National
Research Institutes for use of the HITAC S810/10 computer.

References

1) a) H. O. House, “Modern Synthetic Reactions,” 2nd ed., W. A.
Benjamin, Menlo Park, Calif., 1972, p. 500; ) C. H. Bamford and
C. F. H. Tipper (ed.) “Comprehensive Chemical Kinetics,” Vol. 8,
Proton Transfer, Elsevier, Amsterdam, 1977.

2) a) D. A. Evans, J. V. Nelson and T. R. Taber, “Topics in
Stereochemistry,” Vol. 13, ed. by N. L. Allinger, E. L. Eliel and S.
H. Wilen, John Wiley & Sons, Inc., New York, 1982, p. I; b) T.

3

4

5)

6)
7

8)

9)

Mukaiyama, “Organic Reactions,” Vol. 28, ed. by W. G. Dauben,
John Wiley & Sons, Inc., New York, 1982, p. 203; ¢) C. H. Heathcock,
“Asymmetric Synthesis,” Vol. 3, ed. by J. D. Morrison, Academic
Press, New York, 1984.

a) R. E. Ireland, R. H. Mueller and A. K. Willard, J. 4m. Chem.
Soc., 98, 2868 (1976); b) E. Nakamura, K. Hashimoto and I
Kuwajima, Tetrahedron Lett., 1978, 2079; ¢) A. Narula, ibid., 1981,
4119; d) D. W. Moreland and G. W. Dauben, J. Am. Chem. Soc.,
10, 2264 (1985).

T. Niiya, M. Yukawa, H. Morishita and Y. Goto, Chem. Pharm.
Bull., 35, 4395 (1987).

a) J. S. Binkley, R. A. Whiteside, R. Krishnan, R. Seeger, D. J.
DeFrees, H. B. Schlegel, S. Topiol, L. R. Kahn and J. A. Pople,
QCPE, 13, 406 (1981); b) 1. S. Binkley, M. J. Frisch, D. J. DeFrees,
R. Krishnan, R. A. Whiteside, R. Seeger, H. B. Schlegel and J. A.
Pople, GAUSSIAN 82 from Carnegie-Mellon University, Pittsburgh,
PA; ¢) T. H. Dunning, Jr. and P. J. Hay, “Methods of Electronic
Structure Theory,” ed. by H. F. Schaefer III, Plenum Press, New
York, 1977, p. 10.

P. Pulay, “Applications of Electronic Structure Theory,” ed. by H.
F. Schaefer III, Plenum Press, New York, 1977, p. 153.

H. P. Beutelman, L. Xie and W. H. Saunders, Jr., J. Org. Chem.,
54, 1703 (1989).

a) C. Rappe, Acta Chem. Scand., 19, 276 (1965); b) Idem, ibid., 20,
376, 1721, 2305, 2236 (1966); ¢) C. Rappe and W. H. Sachs, J. Org.
Chem., 32, 3700, 4127 (1967); d) J. Warkentin and C. Barnett, J.
Am. Chem. Soc., 90, 4629 (1968).

a) D. H. Aue and M. T. Bowers, “Gas Phase lon Chemistry,” Vol.
2, ed. by M. T. Bowers, Academic Press, New York, 1979; b) D. A.
Dixon and S. G. Lias, “Molecular Structure and Energetics,” Vol.



2482

10)

2, J. F. Liecbman and A. Greenberg, VCH Publishers, New York,
1987; ¢) M. D. Brickhouse and R. R. Squires, J. Am. Chem. Soc.,
110, 2706 (1988); d) S. Olivella, F. Urpi and J. Vilarrase, J. Comp.
Chem., 5, 230 (1984).

For example, G. J. Karabotsos and D. J. Feniglio, “Topics in
Stereochemistry,” Vol. 5, ed. by N. L. Allinger, E. L. Eleil, John

11)
12)

Vol. 39, No. 10

Wiley & Sons, New York, 1970, p. 167.

J. & Angelo, Tetrahedron, 32, 2979 (1976).

a) Y. Goto, T. Niiya, N. Honjo, T. Sakamoto, H. Yoshizawa, H.
Yamanaka and T. Kubota, Chem. Pharm. Bull., 30, 1126 (1982); b)

D. W. Moreland and W. G. Dauben, J. Am. Chem. Soc., 107, 2264
(1985).



October 1991

Chem. Pharm. Bull. 39(10) 2483—2486 (1991) 2483

Sequence-Dependent Interaction of Acidic Amino Acid with Guanine Base in Tryptophan-Containing
Dipeptides: Spectroscopic Studies"
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Osaka University of Pharmaceutical Sciences, 2-10—65 Kawai, Matsubara, Osaka 580, Japan. Received April 23, 1991

As a model study to investigate the sequence dependence of a peptide for the interaction with nucleic acid base,
four kinds of tryptophan-containing dipeptides [Trp~Glu, Glu-Trp, Trp—Gly and Gly—Trp] were synthesized, and their
abilities in forming the complexes with guanine base were examined by fluorescence and proton nuclear magnetic
resonance (\H-NMR) methods. The fluorescence titration of each dipeptide with 7-methylguanosine-5'-phosphate
(m’GMP) indicated that although the stacking interaction dominates the binding in each peptide, the carboxyl side
chain of Glu plays an additional role in the binding with the base. The effect of Glu residue and its sequence dependence
for the interaction was more clearly demonstrated by the 'H-NMR titration. Since the association constants determined
from the downfield shift of the guanine NH, resonance exhibited the same tendency as those from the upfield shift of
the guanine N7-methy! protons [ Trp~Glu > Trp—Gly > Glu-Trp > Gly-Trp], the close cooperation between the hydrogen
bond and stacking interactions was suggested to be important for the tight binding of the peptides to the guanine base.
Further, it was suggested that the peptide which contains an aromatic amino acid at the N-terminal side and an acidic

one at the C-terminal side has an advantage in forming such a complex.

Keywords tryptophan-containing dipeptide; guanine base; molecular association; sequence dependence; stacking interaction;

hydrogen bonding; fluorescence; 'H-NMR

Introduction

The ability of a protein to specifically recognize a nu-
cleotide or a nucleic acid sequence is essential for a variety
of biological functions. The precise recognition is achiev-
ed by the specific noncovalent interaction between the
constituent chemical groups of both molecules, in addition
to their dimensional similarities as is observed between the
deoxyribonucleic acid (DNA) groove and protein helix or
sheet structure.?

As observed in the tertiary structures of double-stranded
DNA fragments or protein—nucleotide complexes, hydrogen
bond pairings between the polar groups and aromatic
stacking interactions function importantly as main forces
for such a specific recognition; among several kinds of
interaction modes, these have the ability to strictly fix the
interacting species, as evidenced by the design of model
receptors showing high selectivity for a particular mole-
cule.® Thus, it is of special importance in understanding
the essence of molecular recognition mechanism between
the protein and nucleic acid to investigate what kind of
combination among many functional amino acids can
selectively interact with a nucleic acid base by virtue of
the coupling of these two interaction modes. In contrast
with the many reports on the interactions between individual
amino acids and nucleotide or nucleoside units,¥ however,
systematic studies on the peptides showing high selectivity
for binding with a target nucleic acid base appear to be

CH,CH,COOH
N
~HOsPOCH, N/\NAII;H o =0
0 m7GMP 2
HO OH
Chart 1

rather few.”

As a series of studies to design peptides which exhibit a
high affinity for the guanine base, we recently prepared
cocrystals of the tryptophanylglutamic acid (Trp-Glu) and
7-methylguanosine-5'-phosphate (m’GMP) molecules, and
analyzed their structure by the X-ray diffraction method."®
The crystal structure showed the first example of a coupled
contribution of triple hydrogen bonds between the guanine
base and peptide backbone chain and of prominent stacking
interaction between the guanine base and tryptophan indole
ring, as is illustrated in Chart 1. Although the binding mode
appears to be specific enough to select only the guanine
base, the Glu side chain did not participate in the hydrogen
bond with the base, contrary to the general acceptance that
the carboxyl anion is specifically able to form a hydrogen
bond pairing only with the guanine base.” Thus, it is quite
interesting to examine (1) whether such interactions
observed in crystal are also observed in the solution state,
(2) how the Glu interacts with the base, if this is not the
case, and (3) the effect of the dipeptide sequence on the
interaction with the base. This paper deals with the
interactions of m’G base with four kinds of tryptophan-
containing dipeptides in solution state, studied by fluo-
rescence and proton nuclear magnetic resonance (‘H-
NMR) methods.

Experimental

Materials m’GMP formate and 7-methylguanosine (m’Guo) chloride
were synthesized from GMP and guanosine, respectively, according to the
method described previously.® The dipeptides were also synthesized from
respective amino acids by the usual liquid phase peptide condensation;
Trp-Glu and Glu-Trp were obtained as the ammonium salts.

Fluorescence Measurements The fluorescence intensity of Trp indole
ring in each peptide was measured on a Hitachi F-3000 spectrometer
utilizing a Hg—Xe arc lamp, where a 10-nm slit and a I-cm path length
were employed. Sample solutions were prepared using 20mm Tris-HCl
buffer (pH =7.6). For the quantitative measurements, the temperature of
the sample solution was controlled by circulating temperature-controlled
water through a brass cuvette holder. Fluorescence titrations were
performed by adding 3.75—37.50 ul aliquots of 10 mM m’GMP to a 3ml
solution of 5M dipeptide, so as to vary the concentration ratio of

© 1991 Pharmaceutical Society of Japan



2484

[m’GMP]/[dipeptide] from 2.5 to 25.0. All fluorescence measurements
were corrected for the sample dilution in the course of the titration
experiment. The intensities of emission spectra were measured at 353 nm,
where the excitations were performed at 290 nm.

The equilibrium binding constant K, between the two molecules was
obtained from the Eadie-Hofstee equation®:

1 4F
F=————+AF,
M

a

where AF is the difference in the fluorescence intensities of the peptide
between the states in the absence and presence of m’GMP at the
concentration of [M], and AF, is the difference between the fluorescence
intensities for dipeptide alone and completely complexed with m’GMP.
The value of K, was obtained from the slope calculated by the least-squares
linear regression analysis.

'"H-NMR Measurements 'H-NMR spectra were measured on a Varian
XL-300 (300 MHz for 'H, Fourier transform mode) spectrometer equipped
with a temperature-control accessory (accuracy to 1 °C). Since the peptides
are less soluble in aqueous solution, samples were dissolved in DMSO
(dimethyl sulfoxide)-dg, where m’Guo was used instead of m’GMP
because of the solubility. The chemical shifts were measured with respect
to an internal reference to TMS (tetramethylsilane). NMR titration was
performed by adding 5—50ul aliquots of 250 mM dipeptide to a Sml
solution of 5 mM m’Guo, so as to change the ratio of [dipeptide]/[m’Guo]
from 0.5 to 5.0 with an interval of 0.5.

Two kinds of association constants were estimated from the chemical
shift changes of m’Guo N2 amino and N7 methyl protons, respectively.
The chemical shifts of guanine NH, protons shifted downfield in the
presence of the dipeptide, while those of CH; protons, conversely, showed
upfield shifts. The K, values using the NH, and CH protons were obtained
from the Eadie-Hofstee and Benesi-Hildebrand'? equations, respectively;

1 40 .
A= ————+ 45 for
K, [M]
1 1 1 1

= —
46 K, 45c[M] 46

NH,

for CH,

where 46 =0,—0 and 46.=J.—d, and &, § and & are the chemical shifts
of protons (NH, or CH;) of m’Guo in the absence and the presence of
dipeptide at the concentration of [M], and of m’Guo completely
complexed with dipeptide.

Results

Fluorescence of m’GMP and Dipeptide Complexes The
fluorescence emission spectra of tryptophan-containing
dipeptide as a function of m’GMP concentration were
measured. Upon complex formation, a decrease in the
dipeptide fluorescence intensity at 353nm (4,,) Wwas
observed. Such fluorescence quenching has been attribut-
ed to the n—n stacking interaction between the Trp indole
ring and the m’G base. The association constants of

0.1-
<3 r LN
~ 0.05-
[ )
, B
VS 10

AF/[m"GMP]X1073 (m~Y)

- Fig. 1. Eadie-Hofstee Plot of the Trp Fluorescence Quenching as a
Function of m’GMP Concentration in Trp-Glu-m’GMP Pair
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m’GMP-dipeptide complexes were estimated from the
relative fluorescence intensity changes. An Eadie-Hofstee
plot for Trp-Glu-m’GMP is shown in Fig. 1. The associ-
ation constant (K,) values for four dipeptides are given in
Table 1.

'H-NMR Measurements (1) Stoichiometry of m’Guo—
Dipeptide Complex The stoichiometry of the m’Guo-—
dipeptide complex was examined by plotting the chemical
shifts of m’Guo N7-CHj, protons as a function of molar
fraction {[m’Guo]/([m’Guo]+ [dipeptide])}, where the
total concentration of [m’Guo]+ [dipeptide] was kept
constant (Job plot'V). Figure 2 shows the result for the
Trp-Glu-m’Guo pair. The maximum of the Job plot occurs
at 0.5mole fraction, implying the stoichiometry of 1:1.
Other pairs also yielded Job plots suggesting equimolar

TaBLE 1. Association Constants between m’GMP and Dipeptides
Determined by Fluorescence Titration

Dipeptide K, (M~ H
Trp-Glu 7.75% 103
Trp-Gly 4.96 x 10°
Glu-Trp 7.80 x 103
Gly-Trp 6.59 x 103
a) The estimated error is less than +0.05 x 103,
-3
X 10 (a) 10~
Trp-Glu (b) Trp-Glu
o 3 =
=
S
£ 2r
N
X 2
[=]
=
2
g 1F
g 1
5
=
[=]
&
1 1 1 1 1 1 1 1 1
0 0 0.5 1

Mole fraction of m’Guo

Fig. 2. Job Plot of Chemical Shifts of m’Guo N7-Methyl (a) and
N2-NH, (b) Protons at 30°C
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[Trp-Glu] (mm) A8/[Trp-Glu]x10™* (Hz-m™1)
Fig. 3. (a) Downfield Change of m’Guo N2-Amino Proton Chemical

Shifts as a Function of Trp—Glu Concentration
(b) Eadie-Hofstee Plot of 46 (m’G-N2 Amino Protons) vs. Trp-Glu
Concentration
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TABLE II. Association Constants between m’Guo and Dipeptides
Determined by the Downfield Shifts of m’Guo N2-Amino Proton
Chemical Shifts

K, a7

Dipeptide
Trp-Glu 2.77 x 102
Trp-Gly 1.28 x 102
Glu-Trp 1.07 x 10*
Gly-Trp 0.82x 102
a) The estimated error is less than +0.04 x 102,
(a) (b)
0.5
< 1204
s 9 —
= 5
= 1202 S
- =
.2
E 0.3f
S 1200f
0%—"T00 200 05 00 200
[Trp-Glu] (mm) 1/{ Trp-Glu] (v 1)
Fig. 4. (a) Upfield Change of m’Guo N7-Methyl Proton Chemical Shifts

as a Function of Trp—-Glu Concentration
(b) Benesi-Hildebrand Plot of 45 (m’G N7-Methy! Protons) vs. Trp-Glu
Concentration

TasLe 1II.  Association Constants between m’Guo and Dipeptides
Determined by the Upfield Shifts of m’Guo N7-Methyl Proton Resonances

Dipeptide

K, (™)
Trp-Glu 9.00 x 10
Trp-Gly 8.40 x 10
Glu-Trp 595x 10
2.75x 10

Gly-Trp

a) The estimated error is less than +0.05x 10.

complex formations.

(2) Association Constants of the Complexes Two kinds
of association constants were estimated for the complex
pairs. One is based on the changes of m’G amino protons
and the other on those of N7-methyl protons. As shown in
Fig. 3a, the chemical shifts of amino protons shifted
downfield in proportion to the increase of dipeptide con-
centration. This phenomenon could be interpreted as a
result of the participation of this amino proton in the
hydrogen bond with the peptide acceptor atom. The
treatment according to the Eadie-Hofstee equation gave
good linearity within the experimental error (see Fig. 3b).
The association constants for four dipeptides are given in
Table II.

An alternative way to estimate the strength of interaction
is to utilize the ring-current effect by the aromatic ring
stacking. The chemical shifts of guanine N7-methyl protons
shifted upfield in proportion to the increase of dipeptide
concentration, as shown in Fig. 4a. This is clearly due to
the ring stacking between the Trp indole ring and m’G
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base. The treatment of the data by the Benesi-Hildebrand
equation'? also gave a good linearity (see Fig. 4b). The
association constants obtained are listed in Table III.

Discussion

The stacking interaction of Trp indole ring with guanine
base and its sequence dependence were investigated by
fluorescence quenching. Since the quenching is mainly
caused by the ring stacking interaction, the association
constants in Table I reflect the order of stacking interaction.
No significant preference was observed for these four
dipeptides, and their results could be interpreted as indi-
cating that the stacking degrees between the Trp indole
ring and the m7G base are nearly the same in such a dilute
solution, revealing no clear dependence for the amino acid
sequence.

However, a noticeable characteristic was observed for
the contribution of the Glu residue to the interaction, i.e.,
the higher K, value of Trp~Glu or Glu-Trp than that of
Trp—Gly or Gly-Trp, respectively. This shows the con-
tribution of the Glu side chain to the binding with m’G
base, probably by the hydrogen bond formation.

The sequence dependence of each amino acid and the
participation of Glu residue for the binding with m7G base
were, on the other hand, clearly evidenced by the 'H-NMR
measurements. The difference from the fluorescence result
would be due to: (1) the physicochemical properties of
solvents used being different from each other, ie., the
stacking and hydrogen bonding interactions are pre-
dominant and stable in the aqueous and DMSO solutions,
respectively, and (2) the concentrations of respective
molecules being much (about 10 times) higher than those
in the fluorescence experiment. Although it is reported!®
that the guanine base tends to self-associate in the solution
into highly stable, regular structure, the molecular could be
thought to behave as an unordered state in the concentra-
tion range used.® Furthermore, the Job plot showed that
all of the interaction pairs have the stoichiometries of 1:1
molecular associations. Thus, the 'H-NMR data were
treated as the equimolar interaction state.

The ring-current effect due to the n—n aromatic stacking
interaction between the Trp indole ring and the m’G base
shifts the chemical shifts of the protons directly attached
to the ring toward the upfield side. Nevertheless, the guanine
N2 amino protons were significantly moved to the downfield
side with the increase of the dipeptide concentration. Thus,
this is responsible for the participation of the m’G amino
group in the hydrogen bonds. Some acceptor atoms in the
dipeptides are acceptable for the hydrogen bond formations.
However, the carboxyl group of the Glu side chain may be
the most probable candidate because the association con-
stants in Table Il show a high preference for this residue in
the order Trp—Glu>Trp-Gly and Glu-Trp>Gly-Trp. In
DMSO solution, the Glu side chain would exist as a carboxyl
anion as judged from the NMR spectra and the usage of
ammonium salt of dipeptide. The hydrogen bond pairing
of carboxyl anion to the guanine N1 imino and N2 amino
groups has been suggested by NMR? and X-ray crys-
tallographic'® studies. The NI imino proton of guanine
base was not detected as a result of the N7-methylation.
This could be due to (1) the fast H-D exchange with H,O
which was slightly involved in DMSO solvent, or (2) the
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Fig. S.
The thin lines represent hydrogen bonds.

enolate tautomerism of m’G, as was pointed by Carberry
et al.*® In the case of (2), the formation of hydrogen-bond
pairing via N1 imino group becomes impossible. Thus, a
definite hydrogen bonding mode cannot be proposed at
present. However, it is quite clear that the hydrogen bond
formation with Glu carboxyl side chain participates
importantly in the binding with the m’G base, in addition
to the participation of the other polar atoms such as the
backbone oxygens in the hydrogen bonds, as was observed
in the crystal (Chart 1); the latter interaction is important
for the binding of Trp-Gly or Gly-Trp with m7GuO
molecule.

In contrast, the values given in Table II also show the
close relationship between the amino acid sequence and the
association constant, as is obvious from the order
Trp—Glu> Glu-Trp and Trp—Gly > Gly-Trp. This indicates
that the m7G amino group is in a highly favorable state to
form the complex when the Trp residue is located at the
N-terminal side.

The sequence dependence in dipeptide and the importance
of Glu residue for the binding with m’G base were also
suggested by the K, values estimated from the upfield shift
(ring-current effect) of the base N7-methyl protons by the
stacking interaction with Trp indole ring (Table T1I). The
order or Trp-Glu>Trp-Gly and Glu-Trp>Gly-Trp
implies that the ring stacking interaction is strengthened by
the hydrogen bonding of the Glu residue to the base. On
the other hand, it is conceivable from the order of
Trp-Glu>Glu-Trp and Trp-Gly>Gly-Trp that the
location of the Trp residue at the N-terminal side is highly
superior in its stacking interaction with the base.

As is shown in Chart 1, the crystal structure of
m’GMP-Trp-Glu complex showed no direct participation
of the Glu carboxyl side chain in the binding with the base,
which is a characteristic difference from the interaction
mode observed in the solution. Such a difference results
from the difference between the ionization states of Glu
carboxyl side group in the crystal (neutral) and solution
(anion)." However, it was rather easy to build up the
interaction modes which were quite compatible with the
NMR data from the conformational parameters shown in
Chart 1. A tentative interaction mode in solution is shown
in Fig. 5; the molecular geometry was energetically op-
timized by a molecular mechanics program MMFF.!®

Vol. 39, No. 10

Stereoscopic View of a Possible Binding Mode between m’G Base and Trp-Glu in Solution

The present study clearly showed the necessity of the
coupled cooperation of hydrogen bonding and stacking
interactions for the tight binding of the guanine base by
peptide, and further, the importance of the amino acid
sequence was also demonstrated to achieve such cooperation
effectively. These factors are important in the specific
recognition of guanine nucleotide by G-protein or of
messenger ribonucleic acid capped structure by the cap
binding protein (elF-4E).
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Spectroscopic Study on Interaction of Nucleic Acid Base with Tryptophan-Containing Tripeptides:
Acetyl-Trp-X-Trp-NHCH, (X =Gly, Asn, Asp, GIn and Glu)"
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As part of a series of peptides designed to have binding ability selective for each of the nucleic acid bases, five
tripeptides consisting of N-acetyl-Trp-X-Trp-NHCH; (X=Gly, Asn, Asp, GIn and Glu) were synthesized, and their
abilities to form complexes with four different nucleotides were examined by the fluorescence and phase distribution
methods. The association constants obtained indicated that, depending on the sort of X residue, the peptides showed a
variation in their interaction with guanosine monophosphate (GMP), while no noticeable selectivity was observed for
other nucleotides adenosine monophosphate (AMP), uridine monophosphate (UMP) and cytidine monophosphate (CMP).
The binding mode of N-acetyl-Trp-Asp-Trp-NHCH; for the guanine base was further investigated using the proton
nuclear magnetic resonance (*H-NMR) method. The mode was suggested to involve intimate cooperation of (1) the
hydrogen bond formation between the carboxyl group of the Asp side chain and the guanine C2-amino group, and
(2) the stacking interaction of the base with two terminal Trp residues of the peptide. Such interaction was
strengthened by the protonation of the guanine base. A tentative binding mode is proposed based on these results.

Keywords
fluorescence; phase distribution; 'H-NMR

Introduction

Selective nucleotide or deoxyribonucleic acid (DNA) se-
quence recognition by an enzyme is an important funda-
mental biological process in living cells. In addition to
geometrical complementarity between the tertiary structures
of DNA and enzymes, one possible motif for such precise
recognition could involve the coupling of hydrogen bonding
to the polar atoms of the nucleic acid base with a stacking
interaction perpendicular to its base plane. This kind of
interaction pattern has been observed in guanine recognition
in the crystal structures of ribonuclease (RNase) T1-guano-
sine-2’-monophosphate (2’GMP),? elongation factor-Tu—
guanosine diphosphate (GDP)¥ and c-H-ras oncogene
p21-GDP* complexes, where the guanine base is tightly held
by multiple hydrogen bonds with polar amimo acids, and
is also sandwiched between two neighboring hydrophobic
amino acid residues. Further, the importance of such a
coupled interaction for molecular recognition has been
evidenced by synthetic model receptors which show high
selectivity for a particular molecule.”

By contrast, the effort to design an oligopeptide exhibit-
ing high selectivity for a specific nucleic acid base appears
to be rather minimal, although detailed analysis of the
binding mode at the atomic level provides important infor-
mation for understanding the precise recognition mechanism
between a nucleic acid and protein. As part of a series of
base-recognizing peptide design, therefore, this paper deals
with spectroscopic studies of the interaction of tripeptides
consisting of N-acetyl-Trp—X-Trp—-NHCH; (X =Gly, Asn,
Asp, Gln and Glu) (abbreviated as WGW, WNW, WDW,
WQW and WEW, respectively) with four different nucleic
acid bases; these protected tripeptides were designed under
the expectation that each nucleic acid base sandwiched by
two terminal Trp residues would be differentiated by
different hydrogen bond formations with the polar side
chains of X residues.

Experimental

Syntheses of Protected Tripeptides ~All peptides were synthesized from

tryptophan-containing tripeptide; nucleic acid base; interaction; hydrogen bonding; stacking interaction;

respective L-amino acids by the usual liquid phase peptide condensation.
The N- and C-terminals of the peptides were blocked with acetyl and
methylamide groups, respectively. The peptides were purified by high
performance liquid chromatography (HPLC) on an octadecyl silica (ODS)
column (20 mm x 150 mm Capcell Pack C18, Shiseido, Japan) with a linear
gradient of acetonitrile (20—60%, 60 min) in a 10 mm triethylammonium
acetate buffer (pH 7.0) at a flow rate of 4 ml/min. The purities (>95%)
were confirmed by peak assignments of proton nuclear magnetic resonance
(*H-NMR) spectra.

Fluorescence Titration Fluorescence spectra were measured on a
JASCO FP-770F (Nihon-Bunko, Japan). For quantitative measurements,
the temperature of the sample solution was controlled by circulating
thermostatically regulated water through the brass cuvette holder (20.0 +
0.3°C). Sample solutions were prepared by using either a 20 mm Tris—
HCI (pH=17.5) or 50mM KCI-HCI (pH =2.0) buffer solution. The emis-
sion spectra excited at 290 nm were measured at respective A, where a
10 nm slit and a 1 cm path length were employed. The absorbance of the
peptide was adjusted below 0.1, thus avoiding any correction for self-
quenching due to the inner-filter effect.

Fluorescence titrations were performed by adding 3.75--37.50 pl aliquots
of 10 mM nucleotide to a 3 ml solution of 5 uM peptide, so as to vary the
concentration ratio of [nucleotide]/[peptide] from 2.5 to 25.0. All
fluorescence measurements were corrected for the sample dilution in the
course of the titration experiment. The quenching was estimated as the
difference (4F) between the fluorescence intensities of the peptide in the
presence (F,) and absence (F;) of a nucleotide, where 4F=F,—F,. The
effect of the nucleotide itself for quenching was also taken into account.
The association constant K, was obtained from the Eadie—Hofstee
equation®:

1 AF

——) 3 (1)

AF = — e -
K, [nucleotide]

where the AF, is the quenching of the peptide completely complexed with
the nucleotide. The slope of the Eadie-Hofstee plot was determined by
least-squares linear regression analysis.

Phase Distribution Measurement Equilibration of the peptide between
a 50 mM Tris-HCI buffer solution (1 ml, pH=7.5) and n-butanol (1 ml)
was carricd out in a stoppered tube at 20+ 1 °C. The concentration of
nucleotide completely dissolved in the buffer solution varied from 0 to
0.1M. ImM of the peptide was added into the tube and was shaken
constantly during 2d, then the phase was allowed to separate for one day.
After the dilution, the peptide concentration in both phases was determined
from the peak height on the HPLC chart by elution using an ODS column
(Capcell Pack) and 20% acetonitrile, or a linear gradient of 20—60%
acetonitrile: flow rate=0.4ml/min, detection=280nm for adenosine
monophosphate (AMP), 290 nm for GMP and cytidine monophosphate
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2488

(CMP), and 285nm for uridine monophosphate (UMP). The apparent
association constant K, was estimated by the equation”:

K .

— = K,,,[nucleotide],, + 1 2)

K,
where K/K, represents the ratio of the distribution coeflicient of dipeptide
in the presence and absence of a nucleotide, and [nucleotide],, represents
the concentration of nucleotide dissolved in the aqueous phase. The mea-
surement was repeated three to four times and then averaged.

Peptide-Guanine Base Interaction by 'H-NMR Method 'H-NMR
spectra were measured on a Varian XL-300 spectrometer. Samples were
dissolved in dimethylsulfoxide-d, (DMSO-d,), and the chemical shifts
were measured with respect to an internal reference of tetramethylsilane
(TMS). Because of the solubility, guanosine (Guo) or 7-methylguanosine
(m7Guo) ammonium salt was used instead of its nucleotide in NMR
experiments at 20+ 1 °C.

NMR titration was performed by adding 5—50 ul aliquots of 250 mm
peptide to a Sml solution of 5mMm nucleoside in such a way that the ratio
of [peptide]/[nucleoside]} changed from 0.5 to 5.0 with an interval of 0.5.
From the chemical shift changes of Guo or m7Guo protons by the
coexistence of the peptide, the strength of the interaction was cstimated.

Results and Discussion

Nucleotide-Peptide Interaction by Fluorescence Inten-
sity The fluorescence emission spectra of the Trp indole
ring in peptides were measured in a Tris—-HCI buffer (pH =
7.5) as a function of nucleotide concentration. When
coexisting with a nucleotide, a decrease in the fluorescence
intensity of the peptide was observed. Since such a fluo-
rescence quenching could be mainly attributed to the n—n
stacking interaction between the Trp indole ring and the
purine or pyrimidine ring of nucleic acid base,® the
association constants evaluated by Eq. 1 reflect the strength
of the interaction between aromatic rings. The fluorescence
quenching titration and its Eadie-Hofstee plot for the
WDW-GMP pair is exemplified in Fig. 1. The association
constants for all pairs are summarized in Table I. In order
to estimate which peptide exhibits a specific interaction with

AF, (a) (b)
X107
L)
1.0} L N
05 L \\
1 1 | 1 1 1 L 1 1 L 1
§ 16 24 32 40 48 56 5 6 7 8 X100

[5-GMPJ/[WDW] AF/[5-GMP)

Fig. 1. Trp Fluorescence Quenching of WDW as a Function of 5-GMP
Concentration (a) and Its Eadie-Hofstee Plot (b)

TaBLe I. Association Constant (K, x 10°, M~ ') between Nucleotide and
Tripeptide, Determined by Fluorescence Titration®

Vol. 39, No. 10

the nucleotide, WGW was treated as a standard peptide for
the interaction, i.e., if the association constant of WGW
for a given nucleotide was larger than that of another
peptide, it could be interpreted that the latter peptide
exhibited no selectivity for its nucleotide concerning the
hydrogen bonding interaction, because the interaction of
the former peptide would have been due to mainly the
stacking interaction between the Trp indole ring and the
nucleic base. Thus, it appears from Table I that all peptides
synthesized were not fittable for interaction with AMP,
CMP and UMP, while a selectivity for the interaction with
GMP was observable for the WDW, WQW and WEW.
Nucleotide-Peptide Interaction by Phase Distribution
Measurement The phase distributions of WGW, WNW,
WDW and WEW peptides between the aqueous buffer
containing 5-GMP and the organic n-butanol are ex-
emplified in Fig. 2. According to Eq. 2, the apparent as-
sociation constants are given in Table II, where the K,
values for the WEW-nucleotide pairs could not be ac-
curately determined because of the overlapping of HPLC
peaks between both molecules. The good linearity of the
plot over the whole concentrantion range studied, and the
intercept close to the unity, suggest the reliability of this
method in estimating the interaction. A significant inter-
action was shown for the WDW-GMP pair. Contrary to
the fluorescence data, the interactions for the WNW-
AMP and —CMP pairs were also indicated to be signifi-
cant. The association constants determined by this method
are based on the contribution of all forces interacting be-
tween both molecules, while those by the fluorescence
method are largely affected by the stacking interaction.

WDhw

K/Ko

1.5

WNW

1.0 WGW

1 1 ! It

2.5 5.0 7.5 x10°*

[5-GMP]

10.0

Fig. 2. Phase Distribution Plots of Four Kinds of Tripeptides as a
Function of 5-GMP Concentration

Taste II.  Apparent Association Constant (K,,,, 1'M™') between Nu-

cleotide and Tripeptide, Determined by Phase Distribution®”

WGW WNW WDW WQW WEW wWGW WNW WDW wWQwW WEW
AMP 3.3(3) 3.2(2) 3.4 (3) 4.0 (1) 2.8(2) AMP 4.0 8.2 3.6 2.4 -
GMP 3.5() 3.5(1) 4.7(3) 4.7(2) 5.6 (3) GMP 1.2 3.1 12.5 6.8 —
CMP 5.3(5) 5.4 (3) 4.5(3) 454 3.8(3) CMP 0.7 6.5 5.5 —b —
UMP 1.7(2) 2.4 (3)

2.7 (4)

2.7 (4)

2.5 (3)

a) The standard errors are given in respective parentheses.

UMP 2.0 1.9 --b 1.6

a) The error was less than 10%. b) The value was negative.
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Therefore, the relatively high K, of the WNW-AMP and
—CMP pairs may reflect the preferable hydrogen bond for-
mation between both molecules. Judging from the data
given in Tables I and II, it could be concluded that
among the peptides synthesized, the interaction of the
WDW-GMP pair is significant and it is mainly due to
the coupling of the stacking and hydrogen bonding inter-
actions.

Guanine Base-Peptide Interaction by the 'H-NMR
Method The fluorescence and phase distribution methods
suggested that the peptides synthesized, as a whole, exhibit-
ed an interesting variation in their interaction with gua-
nine base, according to the coupling degree of the hydro-
gen bond and stacking interactions. In order to examine
the contribution of these interactions for the binding of
guanine base to peptides more clearly, the changes of the
base proton chemical shifts, which were caused by the
coexistence of a peptide, were measured (Table I1T), where
the guanosine, instead of GMP, was used because of its
solubility. The guanine C2-NH, protons significantly shifted
toward the downfield side by the existence of a peptide. As
expected, the change was significant for the interaction with
WDW. Since the change in shift of the base which coexisted
with WGW was not very significant (ca. 0.3 Hz), such a
large shift could have been primarily due to the direct
hydrogen bond formation with the oxygen atom of the Asp
carboxyl side chain. On the other hand, the chemical shift
of the guanine H8 proton could also be monitored as an
indicator of the interaction. Since it is suggested® that the
HS8 proton can participate in a hydrogen bond formation
with a neighboring acceptor atom such as O5’, the chemi-
cal shift of this proton would indicate two different effects,
i.e., an upfield shift caused by a stacking interaction with
the Trp aromatic ring and a downfield shift caused by
the hydrogen bond formation. When the shift change of
the H8 proton in the interaction with WGW is considered
as a standard for such interaction effects, however, the
significant stacking interaction can be observed only for the
WDW. Thus, both the coupled hydrogen bonding and
stacking interactions for the Guo—WDW pair was suggest-
ed. On the other hand, the downfield shifts of the Guo
HS8 proton by the WQW or WEW would suggest the parti-
cipation of this proton in the hydrogen bond, and this
is in conflict with the preferable stacking interaction sug-
gested by the fluorescence or phase distribution method.
This discrepancy may be due to the differences of the sample
concentrations used and of the guanine nucleotide and
nucleoside, although this is not definite.

Guanine Base-Peptide Interaction in Acidic Solution The
systematic interaction studies in neutral states suggested
that, among all pairs of four nucleic acid bases and five
peptides, the WXW peptides showed a binding selectivity
for the guanine base depending on the hydrogen bonding
interaction with the X residue. On the other hand, it is
known'® that N-quarternalization of the guanine base
significantly strengthens the n—=n stacking interaction with
aromatic amino acid. In order to examine the effect of the
guanine base protonation on the interaction with these
peptides, therefore, the fluorescence measurements were
done in an acidic condition of pH=2.0 (Table IV). For the
'H-NMR measurements, m7Guo was used as a protonat-
ed model of the guanine base (Table V).'" The stacking
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TasLe 111.  Difference (in Hz*) between Guo C2-NH, anq HS§ Proton
Chemical Shifts in Absence and Equimolar Presence of Tripeptide at 20 °C

C2-NH, H-8
WGW 0.3 0.4
WNW 1.0 0.8
WDW 1.6 08
WQW 1.5 29
WEW 22 3.4

a) The mean error was less than 0.2 Hz.

TasLE 1V, Association Constants between GMP and Tripeptide in an
Acidic Solution (pH =2.0), Determined by Fluorescence Titration?

. . Association constant
Tripeptide

(K, x10% M1
WGW 4.2 (3)
WNW 4.1 (2)
WDW 79 (3)
WQW 5.2(3)
WEW 112 (4)

a) The standard errors are given in respective parentheses.

TabLE V. Difference (in Hz") between m’Guo C2-NH, and N7-CH,
Proton Chemical Shifts in Absence and Equimolar Presence of Tripeptide
at 20°C

C2-NH, N7-CH,
WGW 43 —-0.3
WNW 53.1 —0.6
WDW 243.0 —28
wWQW 65.3 0.1
WEW 1339 —19

a) The mean error was less than 0.2 Hz.

interactions of the guanine base with WDW or WEW
peptides was significantly strengthened under the acidic
condition, while the WQW was little affected by the base
protonation (see Table IV). When the downfield shift of
m7Guo C2-NH, protons and the upfield shift of the
N7-CHj; protons were compared with each other, the
interaction of m7Guo with WDW was most significant.
These results suggest that the coupling of the hydrogen
bonding by the D carboxyl side group and the stacking
interaction by the W indole ring is very important for the
binding of the N-protonated guanine base; in other words,
the strengthening of the stacking interaction leads to an
increase in the hydrogen bonding interaction and vice versa.
Such a coupled interaction is moderately observed for the
WEW peptide.

In order to estimate a possible interaction between the
guanine base and WDW in solution state, a model was
built using an TRIS2400 graphics computer, and was en-
ergetically optimized by molecular mechanics calculation
(program MMFF!?), The result is given in Fig. 3. When
the guanine base is sandwiched with two terminal Trp
residues of WDW, the formation of a hydrogen bond is
possible between the carboxyl oxygen atom of the Asp
side chain and the guanine C2-NH, group in a neutral
solution.!® This binding mode would also be possible in
an acidic solution, in which the carboxyl group of the Asp
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Fig.

3.

S b

The dotted line represents a hydrogen bond.

side

chain takes a neutral form.

In order to form the hydrogen bond pairing between the
carboxyl group of the Asp side chain and the guanine N1H

and

C2-NH, groups, which could be considered very

important for revealing specific molecular recognition, it
would be necessary to use a peptide longer than the present
tripeptide, in which the Trp residue is separated by at least
more than one residue from the Asp.

References and Notes

1

2)

3)
4

5)

This report is Part XXIV of “Structural Studies of the Interaction
between Indole Derivatives and Biologically Important Aromatic
Compounds,” Part XXIII: H. Iyo, H. Ueda, H. Usami, Y. Kafuku,
M. Doi, M. Inoue, and T. Ishida, Chem. Pharm. Bull., 39, 2483 (1991).
a) R. Arni, U. Heinemann, R. Tokuoka, and W. Saenger, J. Biol.
Chem., 263, 15358 (1988); b) S. Sugio, T. Amisaki, H. Ohishi, and
K.-1. Tomita, J. Biochem. (Tokyo), 103, 354 (1988).

F. Jurnak, Science, 230, 32 (1985).

a) A. M. deVos, L. Tong, M. V. Milburn, P. M. Matias, J. Jancarik,
S. Noguchi, S. Nishimura, K. Miura, E. Ohtsuka, and S.-H. Kim,
Science, 239, 888 (1988); b) A. T. Brunger, M. V. Milburn, L. Tong,
A. M. deVos, J. Jancarik, Z. Yamaizumi, S. Nishimura, E. Ohtsuka,
and S.-H. Kim, Proc. Natl. Acad. Sci. U.S.A., 87, 4849 (1990).

a) J. Rebek, Jr., B. Askew, P. Ballester, C. Buhr, S. Jones, D.
Nemeth, and K. Williams, J. Am. Chem. Soc., 5033 (1987); &) J.
Rebek, Jr., K. Williams, K. Parris, P. Ballester, and K.-S. Jeong,
Angew. Chem. Int. Ed. Engl., 26, 1244 (1987); ¢) A. D. Hamilton and
N. Paut, J. Chem. Soc., Chem. Commun., 1988, 756; d) A. D. Hamilton
and D. Little, ibid., 1990, 297; ¢) B. Askew, P. Ballester, C. Buhr,

6)
7

8)
9)

10)

1)

12)

13)

Vol. 39, No. 10

A Stereoscopic View of Possible Binding Mode of WDW Tripeptide for Guanine Base in Solution State

K.-S. Jeong, S. Jones, K. Parris, K. Williams, and J. Rebek, Jr., J.
Am. Chem. Soc., 111, 1082 (1989); f) S. Goswami, A. D. Hamilton,
and D. V. Engen, ibid., 111, 3425 (1989); g) K. Williams, B. Askew,
P. Ballester, C. Buhr, K.-S. Jeong, S. Jones, and J. Rebek, Jr., ibid.,
111, 1090 (1989).

G. S. Eadie, J. Biol. Chem., 146, 85 (1942).

a) H. Lonnberg, J. Ylikoski, J. Arpalahti, E. Ottoila, and A. Vesala,
Acta Chem. Scand., A39, 171 (1985); b) E. Darzynkiewicz and H.
Lonnberg, Biophys. Chem., 33, 289 (1989).

C. Helene and J.-C. Maurizot, CRC Crit. Rev. Biochem., 10, 213
(1981).

T. Ishida, K. Ohnishi, M. Doi, and M. Inoue, Chem. Pharm. Bull.,
37,1 (1989).

a) K. Kamiichi, M. Doi, M. Nabae, T. Ishida, and M. Inoue, J.
Chem. Soc., Perkin Trans. 2, 1987, 1739; b) T. Ishida, M. Doi, H.
Ueda, M. Inoue, and G. M. Sheldrick, J. 4m. Chem. Soc., 110,
2286 (1988); ¢) T. Ishida, H. Ueda, K. Segawa, M. Doi, and M.
Inoue, Arch. Biochem. Biophys., 278, 217 (1990).

For the "H-NMR experiments, the H8 proton of m7Guo could not
be used as an indicator for the interaction, because of its cationic
character caused by the N7-methylation,’® which consequently
shifted it toward the downfield side. It is interesting to note that a
similar downfield shift of the H8 proton of Guo is observed by N7
protonation in an acidic solution. Therefore, it appears reasonable
to consider the m7Guo as a substituent for Guo under an acidic
condition,

A. J. Hopfinger and R. A. Pearlstein, J. Comput. Chem., 5, 486
(1984).

In this model, an electrostatic interaction is possible between the
C-terminal of Trp NH and the guanine O6 atoms; its pair slight-
ly deviates from the hydrogen bond formation.



October 1991

Crystal Structure of Benzene : Picric Acid Complex

Chem. Pharm. Bull. 39(10) 2491—2493 (1991) 2491

Hiroaki TAKAYANAGI, Yuko TouBal, Motoaki GoTo, Shin-ichi YaMAGUcHI, and Haruo OGURA*

School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108, Japan.

Received February 8, 1991

The crystal structure of the benzene : picric acid complex has been elucidated by X-ray crystal analysis. Benzene
and picric acid molecules are stacked alternately along the a-axis, making their molecular planes parallel to each other.
Two crystallographically independent benzene : picric acid complexes exist in an asymmetric unit.

Keywords

Picric acid forms stable picrates with various organic
molecules through 7n-bonding or ionic bonding, and such
picrates have been very useful for identification and
qualitative analysis. But there have been only a few studies
on their crystal structures, apart from naphthalene,V
anthracene,? and pyridine picrates.® As it seemed desirable
to determine the crystal structures and the bonding mode
of picrates of basic compounds, we have investigated the
crystal structure of phenanthrene: picric acid complex,®
and revised the crystal structure of pyridine picrate.

Benzene is one of the most basic aromatic compounds
and it is of interest to elucidate the crystal structure of the
picrate. However, it is rather difficult to get crystals of
benzene picrate suitable for X-ray analysis. This may be
the reason why no previous study has been conducted on
this crystal structure. After many attempts, crystals of
benzene picrate suitable for X-ray analysis were obtained.
We present here the crystal structure of benzene: picric
acid complex.

Experimental

The picrate used for X-ray analysis was prepared by the saturation of
picric acid in benzene. The melting point was determined to be 82-—84 °C,
measured according to the reported method.® As the crystals quickly lost
benzene to yield a yellow powder on exposure to air, a crystal was coated
with epoxy resin and used for X-ray analysis. The diffraction intensities
were measured on a Rigaku AFC-5R diffractometer with graphite
monochromated Mo K, (A=0.71069 A) radiation at 23°C. Crystal data
and other information are summarized in Table I. The w—20 scan mode
with a scan rate of 16°/min was employed with the ® scan range
(1.20+0.3 tan 0)°. A total of 2220 reflections with | Fo|>30(] Fp|) were
collected up to 20 of 55°. The collected reflection intensities were corrected

TasLe 1. Crystallographic Details for Benzene Picrate
Formula (C¢Hg - CcH3N;04),
Formula weight 307.22
Crystal system Monoclinic
Space group P2i/a
Size mm 0.4x0.4x04
Lattice parameters
a(A) 14.083 (7)

b (A) 12.920 (5)

¢ (A) 14.898 (5)

B() 91.30 (4

Z value 4

v (A% 2710 (2)

1 (MoKa)/em ™! 1.19

D, (g/cm?) 1.506

Function minimized Iw(] Fo|—| Fcl)?
W AF[c*(F3)”

a) This formula is equivalent to the usual weight (w= 1/a%(F)). Using the observed
intensity /, the formula 1/6(Fy) can be rewritten with (/) (=0a(F3)) as follows:
o(1)=2F0(F,), where I=F2, then 1/6%(Fo)=4F3/c*(F}).

benzene; picric acid; n-complex; benzene picrate; crystal structure; X-ray analysis

for Lorentz and polarization factors, but not for absorption. The
structures were solved by direct methods using the program MITHRIL.”
The non-hydrogen atoms were refined by the full-matrix least-squares
method with anisotropic temperature factors. The positions of all
hydrogen atoms were calculated. Two crystallographically independent

TaBLe 1. Fractional Coordinates (x 10%) and Equivalent Isotropic
Thermal Parameters (ch/AZ) of Benzene Picrate with Estimated Standard
Deviations in Parentheses

Atom X y z B

O 1A 5478 (3) 6064 ( 4) 9955 (3) 8.6 (3)
0 2A 5518 (4) 7357(5) 11218 (3) 10.3 (4)
O 3A 5791 (5) 8970 ('5) 10934 (4) 12.3 (4)
O 4A 5866 (5) 10257 ( 4) 7985 (4) 1.7 (4)
O SA 5604 (4) 9259 ( 4) 6858 (3) 9.2 (3)
0 6A S007 (4) 5644 ( 4) 7332 (4) 10.6 (4)
0 7A S615 (4) 4946 ( 4) 8480 (4) 10.8 (4)
N 1A 5631 (4) 8055 ( 6) 10705 (5) 8.7 (4)
N 2A 5677 (4) 9405 ( 5) 7658 (4) 7.6 (3)
N 3A 5366 (4) 5688 ( 5) 8068 (4) 6.8 (3)
C 1A 5524 (4) 6857 ( 5) 9423 (4) 5.7 (3)
C 2A 5591 (4) 7894 ( 6) 9716 (4) 57 (3)
C 3A 5655 (5) 8746 ( 5) 9181 (5) 6.9 (4)
C 4A 5599 (4) 8535 ( 5) 3268 (4) 55(3)
C SA 5509 (4) 7544 ( 5) 7916 (4) 5.0 3)
C 6A 5477 (4) 6709 ( 5) 8490 (4) 52 (3)
C 7A 3119 (5) 6561 ( 6) 9495 (7) 8.5 (5)
C 8A 3050 (5) 7041 ( 7) 8750 (5) 8.0 (5)
C 9A 2985 (5) 8059 ( 7) 8733 (6) 8.1(5)
C10A 3006 (5) 8589 ( 5) 9489 (8) 9.8 (5)
Cl1A 3096 (6) 8100 (10) 10287 (6) 10.9 (6)
CI2A 3159 (5) 7025 ( 8) 10302 (6) 9.8 (5)
O 1B 1927 (3) 5927 ( 3) 4995 (3) 6.0 (2)
0 2B 2030 (4) 7228 ( 4) 6290 (3) 8.0 (3)
O 3B 1746 (4) 8825 ( 4) 6055 (3) 8.0 (3)
0 4B 2111 (4) 10259 ( 3) 3141 (3) 8.3 (3)
O 5B 1920 (4) 9275 ( 3) 1975 (3) 8.9 (3)
O 6B 2420 (4) 5572 ( 3) 2455 (3) 8.7 (3)
0 7B 1425 (4) 5005 ( 3) 3412 (4) 9.4 (3)
N 1B 1891 (4) 7960 ( 4) 5783 (3) 5.5(3)
N 2B 2004 (4) 9414 ( 4) 2782 (3) 6.7 (3)
N 3B 1916 (4) 5666 ( 4) 3112 (4) 6.2 (3)
C 1B 1928 (4) 6771 ( 4) 4475 (4) 4.7 (3)
C 2B 1922 (4) 7787 ( 4) 4826 (3) 4.1 (3)
C 3B 1943 (4) 8642 ( 4) 4272 (4) 42 (3)
C 4B 1972 (4) 8506 ( 4) 3372 (4) 4.1(3)
C SB 1983 (4) 7543 ( 4) 2985 (3) 4.5 (3)
C 6B 1944 (4) 6695 ( 4) 3540 (4) 4.6 (3)
C 7B 4397 (5) 6329 ( 6) 4301 (7) 8.8 (5)
C 8B 4467 (5) 7020 ( 9) 3656 (5) 10.0 (5)
C 9B 4481 (5) 8046 ( 6) 3894 (8) 11.6 (6)
C10B 4418 (7) 8282 ( 7) 4783 (9) 13.1(7)
Cl1B 4348 (6) 7560 (10) 5390 (6) 11.6 (7)
CI12B 4342 (6) 6591 ( 7) 5144 (7) 9.6 (6)

B, =(4/3) 2.2 a4,

i@
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benzene : picric acid complexes existing in an asymmetric unit were re-
presented by the suffix letters A and B. At the final rcfinement, 1967 re-
flections, out of 2220 unique reflections with | F | >40(] Fy|) were used.
Final R was 0.074 (Ry=0.091). Atomic scattering factors were taken
from International Tables for X-Ray Crystallography (1974).® The
final positional and thermal parameters of benzene picrate are listed in
Table 11. No peaks larger than 0.5¢A~3 were found in the last differ-
ence electron density maps. All calculations were performed using the
TEXSAN® crystallographic software package of Molecular Structure
Corporation.

Discussion

A perspective drawing with the atomic-numbering system
is given in Fig. 1. Dihedral angles of benzene picrate and
the angles between the overlapping planes are listed in
Table TII. The bond distances and angles are presented in
Tables IV and V, respectively. As shown in Table II, in
complexes A and B, the picric acid molecules are differently
located. A large conformational difference is found at the
dihedral angles of the phenyl ring and the nitro group (e.g.,
N3-06-07: 24.6° for A and 39.0° for B). The phenyl ring
of picric acid and the benzene ring in complexes A and B
are planar. The average deviation of all the atomic
positions from their respective ring planes (mean square
planes of the phenyl or benzene ring atoms) is only 0.006 A
(0.001—0.018 A). The molecules of both picric acid and
benzene lie approximately in (010) parallel to each other,

TaBLE III. Selected Dihedral Angles (°) of Benzene Picrate and the
Angles between Overlapping Planes

Plane 1 Plane 2 (”)

Dihedral angles Phenyl ring A N1-02-O3 A 6.2

N2-04-05 A 7.9

N3-06-07A 24.6

Phenyl ring B N1-02-0O3B 11.7

N2-04-0O5B 8.2

N3-06-07B 39.0

Angles between the Phenyl ring A Benzene ring A 8.3

overlapping planes Benzene ring A' 22
(1,0.5+x, 1.5—y, 2)

Phenyl ring B Benzene ring B 2.8

Benzene ring B 3.5

(i, —0.5+x,1.5—y,2)

Vol. 39, No. 10

stacking alternately. As shown in Fig. 2, complexes A and
B form one-dimensional columns along the a-axis. The
plane of the phenyl ring A makes angles of 8.3 and 2.2°
with the overlapping planes of the benzene ring A and
benzene ring A’ (i, 0.5+x, 1.5—y, 2), and the plane of the
phenyl ring B makes angles of 2.8 and 3.5° with the
overlapping planes of the benzene B and B¥ (ii, —0.5+x,
1.5—y, z). The average interplanar distances between the
phenyl ring of picric acid and the neighboring benzene
rings in the complexes are 3.51 (phenyl ring A-benzene
ring A), 3.52 (phenyl ring A-benzene ring A), 3.49 (phenyl
ring B-benzene ring B), and 3.54 A (phenyl ring B-benzene
ring B'). The overlap diagrams of the complexes A and B
are slightly different from each other (Fig. 3). The
overlapping of the phenyl ring and the neighboring benzene
rings are calculated from the overlapping areas between
the phenyl ring and the projection of the benzene ring on

TaBLe IV. Bond Lengths (A) of Benzene Picrate with Estimated
Standard Deviations in Parentheses

Complex A B

o1-Cl 1.299 (7) 1.338 (6)
02 NI 1.195 (8) 1.223 (6)
03-NI 1.249 (8) 1.208 (6)
04 N2 1.231 (7) 1.223 (6)
05-N2 1.208 (7) 1.219 (6)
06-N3 1.198 (7) 1.227 (6)
07-N3 1.187 (7) 1.193 (6)
NIL-C2 1.487 (8) 1.444 (7)
N2-C4 1.451 (8) 1.467 (7)
N3-C6 1.467 (8) 1.474 (7)
Cl1-C2 1.412 (9) 1.414 (7)
C1-C6 1.404 (8) 1.396 (7)
C2-C3 1.363 (9) 1.380 (7)
C3-C4 1.388 (8) 1.354 (7)
C4-Cs 1.388 (8) 1.372 (7)
C5-C6 1.378 (7) 1.375 (7)
C7-C8 127 (1) 132 (1)
C7-C12 134 (1) 130 (1)
C8-C9 132 (1) 137 (1)
C9-CI0 132 (1) 136 (1)
C10-Cl1 1.35 (1) 130 (1)
Cll CI2

1.39 (1) 131 (1)

Fig. 1.

Hydrogen atoms are excluded for clarity.

Perspective Drawing of the Structure of Benzene Picrate with the Atomic-Numbering System Viewed along the a-Axis
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TaBLe V. Bond Angles (°) of Benzene Picrate with Estimated Standard
Deviations in Parentheses

Complex A B
02-N1-03 124.4 (7) 122.2 (5)
02-N1-C2 121.7 (7) 118.9 (5)
03-N1-C2 113.9 (7) 118.9 (5)
04-N2--05 122.9 (7) 124.8 (5)
04-N2-C4 117.6 (6) 117.2 (5)
0O5-N2-C4 119.4 (6) 118.0 (5)
06-N3-07 123.2(7) 125.4 (6)
06-N3-C6 118.3 (6) 115.1 (5)
O7-N3-Cé6 118.5 (6) 119.5 (6)
O1-C1-C2 124.4 (6) ~122.8 (5)
01-C1-Cé6 119.7 (7) 121.4 (5)
C2-C1-C6 - 1159 (6) 115.8 (5)
NI1-C2-Cl 116.1 (6) 120.6 (5)
NI-C2-C3 117.7(7) 117.9 (5)
C1-C2-C3 126.2 (6) 121.4 (5)
C2-C3-C4 114.3 (7) 119.3 (5)
N2-C4-C3 117.3 (6) 119.4 (5)
N2-C4-C5 119.0 (6) 118.2 (5)
C3-C4-C5 123.7 (6) 122.4 (5)
C4-C5-Co 119.5 (6) 118.0 (5)
N3-C6-Cl1 123.4 (6) 119.6 (5)
N3-C6-C5 116.2 (5) 117.3 (5)
C1-C6-C5 120.4 (6) 123.1 (5)
C8-C7-Cl12 124.3 (8) 122.2 (9)
C7-C8-C9 120.4 (8) 117.9 (9)
C8-C9-C10 120.1 (8) 117.8 (8)
C9-Cl10-Cl1 120.6 (8) 121.5 (9)
Cl10-Cl11-Cl12 119.1 (8) 19 (1)
C7-C12-Cl1 115.4 (8) 121.2 (1)

o-Kopamo-Go s e
A BS6D N
@-m—&@ OO m&soo-o-o
OpO=0 o%%w W&?—M
aBm0 W@a-agrdb
Qo4 @e-e0 M@m
Foamdrpo okmd b
PooD
Fig. 2. Stereoscopic Drawings of the Molecular Packing of Benzene

Picrate Viewed along b-Axis

(B)

(A)

Fig. 3. Overlap of Picric Acid and Benzene Molecules in Sections Parallel
to the Phenyl Ring

A, complex A; B, complex B. (i, 0.5+x, 1.5—y, z; ii, =0.54+x, 1.5—y,2)

it, as shown in Fig. 3. They were 47% (both phenyl ring
A-benzene ring A and phenyl ring A-benzene ring A'),
57% (phenyl ring B-benzene ring B), and 48% (phenyl
ring B-benzene ring Bf). Consequently the n-electron
clouds of the neighboring rings are thought to be interacting
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by overlapping each other. The crystal structure of benzene
picrate is mainly stabilized by the Van der Waals contacts
between the neighboring molecules. In the crystal of
naphthalene picrate,” structural disorder is observed, but
not in that of phenanthrene picrate.*’ In benzene picrate,
there is no clear structural disorder, but as shown in Table
IV, the bond lengths between C7 and C8, C8 and C9, and
C9 and C10 in benzene A and C7 and C8, C7 and C12,
C10 and CI11, and C11 and C12 in benzene B are rather
short as compared with the average value (1.39 A). These
facts are presumably a result of the superposition of two
or more disordered benzene molecules, and this may be
supported by the large temperature factors of the atoms of
benzene molecules.

In previous studies’** on the crystal structure of
picrates of aromatic compounds, two types of hydrogen
bonding have been seen. One of them is intermolecular
hydrogen bonding, as found in naphthalene picrate,”
where hydrogen bonds link pairs of picric acid molecules
through phenolic hydroxyl groups and also nitro groups.
The other is intramolecular hydrogen bonding between the
hydroxyl group and nitro group, as found in the crystal of
phenanthrene picrate. But in the case of benzene picrate,
no intermolecular or intramolecular hydrogen bonding is
found.

In naphthalene picrate,” structural disorder is observed,
but not in phenanthrene picrate.*) In benzene picrate, as
mentioned above, there is no clear structural disorder, but
the possibility of disorder of benzene molecules remains.

As for the packing mode of the picrates of aromatic
compounds, in all cases described above'** including
benzene picrate, picric acid and aromatic molecules are
parallel to each other and stacked alternately. Distances
between the planes of the two molecules are within the
range of 3.4—3.54 A,

Based on the results of X-ray analysis of naphthalene,”
anthracene,? phenanthrene,* benzene picrates and pyri-
dinium picrate,> it seems clear that the stable picrates are
formed through ionic bonding in the case of aromatic
base, and through n-bonding in the case of other aromatic
compounds.
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Revised Interpretations of Electronic Substituent Constants Using Electron Number Analysis and

Molecular Electrostatic Potential

Tatsuya TAKAGL* Tomoko KaTayama, Mika Tani, Ryodo TokURA, Akihiro Nopa, Ken-ichi MATSUMURA., Shinji Nagal,
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The substituent constants for sigma-inductive effect, called iota or 6,, were reproduced by calculation using the
Takano-Hosoya-Iwata electron number (THIEN). The differences in electron numbers at a distance of R from a central
atom were most effective in reproducing the sigma-inductive substituent constants, when R was set equal to 132.5 pm.
On the other hand, averaged molecular electrostatic potentials reproduced well the substituent constants for electronic
field effects, called o; or o,. These results indicate that the clectronic substituent constants can be determined non-

empirically by calculation based on quantum chemistry.

Keywords ab initio MO method; clectron number; molecular clectrostatic potential; sigma-inductive effect; field effect:

substituent effect; substituent constant; regression analysis

Theoretical interpretation of substituent effects has been
a long-standing problem in the field of physical organic
chemistry. Recently, several important studies' > on non-
empirical estimations of some substituent constants have
been carried out. For example, Marriot et al.' =¥ studied
the substituent constant, especially the field effect and the
o-inductive effect using the ab initio molecular orbital
(MO) method. They reached the following conclusions. (1)
Field effect is explicable in terms of polarization in the ©
system of ethene when H~X (X is a substituent) lies close;
op was defined as op= —35.54qy(«), where g, means the
Mulliken’s atomic populations at the hydrogen atoms and
Agy(a) means the changes of the g, values by the H-X
molecule. (2) The o-inductive effect is explicable in terms
of the differences in formal charge between H-H and H-X;
o, was defined as o, =1—¢y.

Topsom® used molecular electrostatic potentials (MEP)
at a certain point near the H-X or CH,;-X molecules in
order to obtain the theoretical o, values. He introduced
the following equations,

Opheo) = 0.0635 M EPyx (H
Opuneoy = 0.035TM EPcyy x (2)

Recently, Niwa® carried out the separation of inductive
effects from mesomeric effects in aromatic systems by
means of energy decomposition analysis.®” He modeled the
substituent effects using both H-X and C¢H.—X perturbed
with point charges, and obtained good correlations between
the SES and the o;, where ES means the electrostatic
component of the interaction energies.

Despite these studies,’ = we consider that some problems
still remain unresolved. (1) The o-inductive effect is defined

Fig. 1. A Plane on Which the MEP Calculations are Made

R is the distance from the methyl carbon to the center of the plane and is variable.

using Mulliken’s population analysis.” Nevertheless, it is
well known that population analysis has poor accuracy; for
example, the overlap population between a pair of atoms
is artificially divided into halves for the paired atom, and
the assignment is made with respect to the origin of the
atomic orbital functions but not to the real spatial dis-
tribution. (2) In the case of electric field effects, all of the
molecules or the point charges giving the perturbations are
fixed at one point near the perturbed molecules whereas
actually these molecules or charges move around the other
molecules.

In this report, we have adopted Takano-Hosoya-Iwata’s
electron number analysis® (THIEN analysis) instead of
Mulliken’s population analysis” in order to explain the
o-inductive effects, since we considered that the THIEN
analysis is superior to the population analysis in its
accuracy. Furthermore, THIEN analysis does not involve
the above-mentioned difficulties because this method gives
the electron number in an arbitrary space.

In addition to this attempt, we have used the averaged
MEP’s near the perturbed molecules. Thus more detailed
information has been obtained with regard to the theoretical
background of the Hammett type substituent constants.

Calculation

THIEN analysis was carried out by using the revised
version of the IMSPAK® program package. The version
used is equipped with subroutine programs for the THIEN
analyses coded by Takano et al.,'® and for Sakai-
Huzinaga’s model potential routine for the molecule
containing a bromine atom coded by us. We calculated the
electron number N(R) and the difference electron number
AN(R)® in the sphere around the carbon atom in CH,—X
as defined by Takano et al.¥ The radius of the sphere was
25, 62.5, 100, 137.5, and 170pm. MEP were calculated
using the subroutine program, DENPOT.!" The basis set
used was Tatewaki-Huzinaga’s MINI-1.2% The use of the
MIDI-2 basis set, instead of the MINI-1 did not improve
the results.!

Geometries of the CH,—X or the H-X molecules used
for the MO calculations were the experimental ones'® for
X=H, CH;, C,H;, CCH, CHO, COOH, COCH,, CN,
NO,, NH,, OH, OCHj;, F, SH, Cl, and Br or the optimized
ones based on the modified neglect of diatomic overlap

© 1991 Pharmaceutical Society of Japan
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TasLe 1. THIEN Analyses for Carbon Atom in CH;-X

2495

ANQS)  AN(62.5)

AN(137.5)  AN(170)

X e N(25) N(62.5) N(100)  AN(137.5)  N(170) AN(100)
H 6.5758 1.0950 2.1763 2.9535 4.1060 5.4363 —0.0161 —0.0145 —0.0555 —0.0338 0.0550
CH,4 6.4137 1.0951 2.1734 2.9407 4.0770 5.4036 —0.0161 —0.0166 —0.0644 —0.0510 0.0386
C,H; 6.4195 1.0952 2.1754 2.9503 4.1007 5.4450 —0.0160 —0.0155 —0.0592 —0.0412 0.0483
CCH 6.4576 1.0945 2.1719 2.9383 4.0824 5.4306 —0.0167 —0.0198 —0.0745 —0.0702 0.0058
CHO 6.4576 1.0951 2.1764 2.9528 4.1034 5.4462 —0.0161 -—0.0147 —0.0579 —0.0420 0.0389
COOH 6.4468 1.0954 2.1769 2.9547 4.1068 5.4498 —0.0158 —0.0137 —0.0530 —0.0297 0.0624
COMe 6.4582 1.0935 2.1774 2.9575 4.1131 5.4568 —0.0158 —0.0137 —0.0526 —0.0301 0.0587
CN 6.4635 1.0945 2.1723 2.9399 4.0859 5.4360 —0.0167 —0.0197 —0.0743 —0.0705 0.0028
NC 6.3353 1.0947 2.1667 2.9208 4.0520 5.4091 —0.0165 —0.0247 —0.0927 —0.1098 —0.0639
NO, 6.3282 1.0958 2.1726 2.9406 4.0795 5.4195 —0.0153 —0.0176 —0.0673 —0.0637 —0.0026
NH, 6.3476 1.0952 2.1714 2.9364 4.0768 5.4304 -0.0159 —0.0191 —0.0727 -0.0706 —0.0041
OH 6.2583 1.0953 2.1672 2.9220 4.0520 5.4154 —0.0158 —0.0230 —0.0872 —0.1017 —0.0590
OCH, 6.2374 1.0954 2.1671 2.9218 4.0516 5.4185 -0.0157 —0.0231 —0.0874 -0.1029 —-0.0624
F 6.1669 1.0952 2.1604 2.8970 4.0042 5.3652 —0.0158 —0.0284 —0.1078 —0.1439 —0.1270
SiH;, 6.6782 1.0961 2.1881 2.9908 4.1599 5.4745 —0.0151 —0.0030 —0.0173 0.0307 0.1357
SH 6.4949 1.0960 2.1759 2.9454 4.0682 5.3451 —0.0151 —0.0136 —0.0570 —0.0500 0.0128
Cl 6.4182 1.0960 2.1709 2.9265 4.02%9 5.2882 —0.0150 —0.0182 —0.0741 —0.0853 —0.0433
Br 6.4777 1.0964 2.1734 2.9336 4.0365 5.2807 —0.0146 —0.0155 —0.0656 —0.0715 —0.0280
¢c: Mulliken’s atomic populations at the carbon atom.
TasLe Il. Correlation Coefficients Matrix between N(R), AN(R), and  TasLE II1. Correlation Coefficients between Electronic Substituent
Populations Parameters and THIEN Values
X qc dn N(25)  N(62.5) N(100) N(137.5) a,” oF Wee
qc 1.0000 qc —0.89699 —0.78558 —0.59268 —0.90305
0 ~0.0994  1.0000 N(25) —0.15254  —0.01860 0.09496 0.13599
N(25) 0.0944 —0.0266 1.0000 N(62.5) —0.87146 —0.78236 —0.59508 —0.90141
N(62.5) 0.9059  0.0591  0.1197 1.0000 N(100) —0.83866 —0.76151 —0.60410 —0.90894
N(100) 0.8723  0.1038  0.0090 0.9876  1.0000 N(137.5) —0.73637 —0.69433 —0.61290 —0.89440
N(137.5) 0.7429  0.1971 —0.2249 0.8854  0.9471 1.0000 N(170) —0.23637 ~0.29828 —0.43932 —0.56124
N(170) 0.1886  0.3636 —0.5653 0.3806  0.5189 0.7623 AN(25) —0.16422 —0.04333 0.12835 0.13980
AN(Q2S) 0.1262 —0.0664 0.7887 0.2289 0.1084 —0.1638 AN(63.5) —0.88561 —0.79443 —0.58474 —~0.86920
AN(62.5) 0.8899 0.0687 0.2330 0.9880 0.9561 0.8154 AN(100) —0.87973 —0.79686 —0.59877 —0.88690
AN(100) 0.8852 0.0936 0.1611 0.9953 0.9782 0.8659 AN(137.5) —0.87705 —0.81339 —0.63283 —0.91886
AN(137.5) 0.8754 0.1331 0.0472  0.9889 0.9916 0.9206 AN(170) —0.86971 —0.83158 —0.66414 —0.94238
AN(170) 0.8509 0.1633 —0.0733 0.9582 0.9787 0.9477 ! — 0.92128 0.78140 0.90305
o, 0.92128 — 0.80706 0.88295
oy 0.78140 0.80706 — 0.81802
T — — Uee 0.90305 0.88295 0.81802
N(170)  AN(25) AN(62.5) AN(100) AN(137.5) AN(170)
Zlﬁvl (7205)) _ (1)(5)2(7)2 1.0000 Results and Discussion
AN(62.5) 02656 03638  1.0000 s-Inductive Effects Firstly, we calculated the electron
AN(100) 0.3528  0.2880  0.9952  1.0000 number in the sphere, N(R), and the difference electron
AN(137.5) 04637  0.1568  0.9709 0.9893  1.0000 number, AN(R), around the methyl carbon atom in CH;-X
AN(170) 0.5507 0.9225 0.9536 0.9868 1.0000

0.0106

gy: Mulliken’s atomic populations at the hydrogen atom.

(MNDO) MO method'® for X=NC and SiH;. MNDO
MO calculations were carried out using the MNDOC!'®
program which is a revised version of the QCPE program.'”

Molecular orbital calculations in this work were per-
formed on a NEAC S2000 plus SX-2N system at the
Computation Center Osaka University, a FACOM M780/30
plus VP400E/VP200 system at the Data Processing Center,
Kyoto University, and a HITAC M680H plus S820/60
system at the Computation Center at the Institute for
Molecular Sciences. Statistical analyses were performed
on personal computers, NEC PC9801/M/VX and EPSON
PC286V using the program package for multivariate
statistical analysis, MVA version 1.2'® developed by three
of us and co-workers.

(X=H, CH,, C,H,;, CCH, CHO, COOH, COCH;, CN,
NC, NO,, NH,, OH, OCH,, F, SiH;, SH, Cl, and Br),
where R means the radius of the sphere. The results of
THIEN analyses and population analyses are compared in
Table I, and the correlation coefficients matrix is shown in
Table II. Although significant correlations are observed
between the populations and the AN(R) values except
AN(25pm),'® N(R) values are not always correlated ad-
equately. The reason for the latter situation is considered
to be that N(137.5pm) and N(170 pm) consist of the elec-
trons belonging not only to the methyl carbon atom but
also to the hydrogen atoms and the substituents.
Although these linear relationships between the 4N(R)
values and the populations, are significant, it can not be
concluded that the residuals consist of only the experimental
errors or nonphysical errors. Since the THIEN analysis is
apparently a better approximation than the population
analysis, a better correlation is expected between the AN(R)
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TABLE IV. AMEP Values for the 34 Molecules
CH,-X H-X
R=200pm R=300pm R=400pm R=500pm R=600pm R=200pm R=300pm R=400pm R=500pm R=600pm
H 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CH, —0.0028 —0.0016 —0.0009 —0.0005 —0.0003 —0.0006 —0.0003 —0.0002 —0.0001 —0.0001
C,H; —0.0031 —0.0017 —0.0010 ~0.0006 —0.0004 —0.0009 —0.0004 —0.0003 —0.0002 —-0.0001
CCH 0.0096 0.0060 0.0040 0.0028 0.0021 0.0120 0.0067 0.0039 0.0024 0.0016
CHO 0.0186 0.0125 0.0088 0.0065 0.0050 0.0269 0.0167 0.0109 0.0076 0.0055
COOH 0.0108 0.0073 0.0052 0.0039 0.0030 0.0146 0.0091 0.0060 0.0042 0.0031
COMe 0.0064 0.0045 0.0034 0.0026 0.0021 0.0099 0.0061 0.0041 0.0028 0.0021
CN 0.0056 0.0034 0.0022 0.0015 0.0010 0.0147 0.0082 0.0049 0.0031 0.0021
NC 0.0221 0.0146 0.0102 0.0075 0.0058 0.0346 0.0214 0.0139 0.0096 0.0070
NO, 0.0016 0.0011 0.0008 0.0006 0.0005 0.0088 0.0054 0.0035 0.0024 0.0017
NH, 0.0279 0.0182 0.0126 0.0092 0.0070 0.0460 0.0279 0.0180 0.0123 0.0089
OH 0.0075 0.0048 0.0032 0.0023 0.0017 0.0203 0.0123 0.0078 0.0053 0.0038
OCH, 0.0075 0.0048 0.0032 0.0023 0.0017 0.0201 0.0121 0.0076 0.0051 0.0036
F 0.0175 0.0112 0.0076 0.0054 0.0040 0.0332 0.0199 0.0125 0.0084 0.0060
SiH, 0.0016 0.0013 0.0010 0.0008 0.0007 —0.0014 —0.0018 —0.0010 —0.0006 —0.0003
SH 0.0143 0.0094 0.0065 0.0048 0.0036 0.0195 0.0114 0.0074 0.0051 0.0037
Cl 0.0204 0.0132 0.0090 0.0065 0.0049 0.0298 0.0175 0.0111 0.0075 0.0054
TasLe V. Correlation Coefficients Matrix between MEP Values TasLe VI.  Correlation Coeflicients between MEP Values and g,
CH,-X o, F
de gy R=200 R=300 R=400 R=500 R=600 CH, X H-X CH,-X H-X
dc égg?g L0006 R=200pm 0.93440  0.95462 0.92011 0.94822
4 -0 - =
sem omm o powh o g
CH,-X (R=300) —0.3369 —0.8379 0.9994 1.0000 R=400 pm 0.9307 - 9163 9548
CH,-X (R=400) —0.3259 —0.8422 0.9977 0.9994 1.0000 R =500 pm 0.92676 0.95405 0.91283 0.95504
CH;-X (R=500) —0.3160 —0.8437 0.9953 0.9980 0.9996 1.0000 R=600 pm 0.92222 0.95088 0.90807 0.95355
CH,-X (R=600) —0.3043 —0.8453 0.9919 0.9956 0.9982 0.9995 1.0000 -
H-X (R=200)  —0.5809 —0.6857 0.9556 0.9506 0.9449 09393 09317
FI-X (R=300)  —0.5918 06793 09523 0.9482 09434 09387 09319  (hoge at the smaller R values and that the T-resonance
H-X (R=400)  —0.5795 —0.6831 0.9550 0.9520 0.9483 0.9444 0.9385 T h 1 buti h o fth
H-X (R=500)  —0.5704 ~06829 09558 09538 09508 0.0478 09427 ~ SHect shows small contributions to the variations of the
H-X (R=600)  —0.5591 —0.6846 0.9575 0.9562 0.9540 0.9515 0.9472 Jec are thought to be consistent with the well-known
- ~ facts that the main contribution to the indirect coupling
= constants is the Fermi contact term and that the J value
H-X varies in proportion to bond order value as expressed in
R=200 R=300 R—400 R—500 R—600 the f:quation presented by McCpnnell and Rob;rtson.“’
- Field Effects MEP calculations were carried out at
HE=X (R =200 1.0000 21 x21 x5 points near the CH;~X and the H-X fragment
H-X (R=300) 0.9990  1.0000 U .
H-X (R=400) 09976 0.9994 1.0000 as shown in Fig. 1. Table IV shows the averaged AMEP
H-X (R=500) 0.9953  0.9979 0.9995 1.0000 values at the 21 x 21 points in a plane, where AMEP =
H-X (R=600) 0.9930  0.9960 0.9985 0.9996 1.0000

The unit of R is pm.

values and the physical properties of the carbon atom
representing g-inductive effects. The correlation coefficients
between the THIEN and the o-inductive substituent
constants (1** and ¢,) is shown in Table IIT together with
those between the THIEN and the '3C-'3C (ipso—ortho)
indirect coupling constant (*J.c) in monosubstituted
benzenes.

The results show that the o,-4N(R) correlations are
better than the i1-4N(R) ones. Hence ¢, value should be
a more useful substituent constant than 1 as regards to the
o-inductive effects. Furthermore, 'Jo. value most sig-
nificantly correlate with 4N(170 pm) whereas o, needs a
non-linear relationship to give the best statistics.!’ This fact
shows that the AN(R) value may give the best fit to physical
properties representing the o-inductive effects. The results
that the AN(R)-1J.c correlation at 170 pm is better than

MEPy_y—MEPy_; (R=CH; or H). The correlation
coefficients matrix between the average values of the
AMEP’s is shown in Table V. The correlations between the
AMEP’s near the CH;-X and the H-X are not so good,
as expected, because the interactions between the methyl
group and the substituent X can not be neglected as
mentioned by Topsom.* This result shows that the electric
field effects for various systems can not be represented ac-
curately by using the substituent constants.

Swain’s F?? and Taft’s ¢; values which represent the
electronic inductive effect show good correlations against
the MEP values near the H-X (Table VI). Topsom® placed
the positive charge at 4A from the hydrogen atom of H-X
in order to calculate the theoretical o, values. Although
the AMEP values at 4A from the H-X showed slightly
better correlations, other values also showed similar
correlations within the statistical confidential limits because
the averaged values were used. Hence there is no need to
place the positive charge at 4A from the hydrogen atom of
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H-X when one uses averaged AMEP values to obtain the
theoretical substituent constants representing the electric
field effects.

Conclusions

(1) The electronic inductive effects can be expressed by
usigng electron number differences as defined by Takano et
al®

(2) The *C-'3C (ipso-ortho) indirect coupling constant
(*Jcc) in monosubstituted benzenes highly correlates with
the AN(R) values.

(3) The averaged AMEP values for the H-X systems can
reproduce the substituent constants representing the electric
field effects. One can estimate the electric field effects for
various systems by using the averaged AM EP values.
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Asymmetric Reduction of 2-Aminobenzophenone Using Yeast, Rhodosporidium toruloides
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(£ )-N-Isonicotinoyl-2-amino-5-chlorobenzhydrol (1) is a rice plant growth regulator which shortens the second
leaf sheaths. One of the enantiomers, (S)-1, was obtained by microbiological asymmetric reduction of 2-amino-5-
chlorobenzophenone using Rhodosporidium toruloides followed by isonicotinoylation. Several substituted benzhydrol
derivatives were also prepared by use of the same biological method and converted to N-isonicotinoyl compounds.
The growth-regulating activities of these compounds were evaluated.

Keywords 2-aminobenzophenone; 2-aminobenzhydrol; asymmetric reduction; microbiological reduction; yeast

(£)-N-Isonicotinoyl-2-amino-5-chlorobenzhydrol (1) ex-
hibits a strong rice plant growth-regulating activity.**? For
the purpose of developing a still more active compound,
both of the enantiomers, (S)-1 and (R)-1, have been pre-
pared by optical resolution of (4 )-2-amino-5-chlorobenz-
hydrol 3 using d-tartaric acid, followed by isonicotinoyla-
tion. Their absolute configurations have also been deter-
mined by X-ray crystallographic analysis.® Comparison of
the growth-regulating effects of these compounds showed
that (S)-1 is significantly more effective, particularly at low
concentrations.?

Thus, we wished to prepare selectively a variety of de-
rivatives of (S)-1, as well as (S)-1 itself, in order to evaluate
the structure-activity relationship. However, it was con-
sidered that application of the previously used resolution
method for the resolution of the (+)-1 derivatives would
be tedious. Thus, a new and efficient method for the direct
synthesis of (S)-1 and its derivatives was developed by use
of microbial asymmetric reduction.

The asymmetric reductions of 3- or 4-nitrobenzophenone
with baker’s yeast have been reported® to produce the
corresponding (S)-alcohols and the aminobenzophenone
derivatives. Formation of the aminoalcohols has not been
observed in these reductions. Thus we carried out a screening
experiment®® on reduction of 2 using various microorgan-
isms such as yeasts (Candida species,” Hansenula species,”
Rhodotorula species™), bacterias (Escherichia species,
Salmonella species, Bacillus species), and molds (Aspergillus
species, Penicillum species).

Reduction took place only when Rhodosporidium
toruloides, one of the yeasts, was used in the culture medium.
Even in this case, reduction proceeded very slowly and the
yield was low (11% yield, 3d at 30°C, Table I, run 1), but
the product was found to be the benzhydrol (3) from its

)-1 ! racemic mixture, inabenfide
(S§)-1: R'=H, R*=0H (S-configuration)
)-1: R'=0H, R?=H (R-configuration)

(§)-3: R'=H, R?=0H
(R)-3: R'=0H, R?=H

Chart 1

Fig. 2.

infrared (IR) and nuclear magnetic resonance (NMR)
spectra. The absolute structure and the optical purity of
this product were determined by high-pressure liquid
chromatography (HPLC) using a Chiralpac OP (Daicel)
column,

The assignment of these peaks was achieved by comparing
them with those of authentic samples whose absolute
configurations had been determined by X-ray crystallo-
graphic analysis (Fig. 1).* Namely, the peak with shorter
retention time was found to correspond to that of the
(S)-enantiomer and the peak with longer retention time to
that of the (R)-enantiomer. Using this technique, the above
reduction product was found to be the (S)-enantiomer and
its optical purity was determined as 93%ee.

In order to establish the optimal conditions, the relation
between yield and reaction period was followed.® As shown

L e—

—

Fig. 1. HPLC Chromatogram of Each Enantiomer ((S)-3 and (R)-3)

Column: Chiralpac OP (Daicel), mobile phase: 85% aqueous methanol, flow
rate: | ml/min, detection: 254 nm.

«~(S)-3
“(R)-3
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Relation of Yield and Reaction Period
Substrate 2 (50mg) in culture medium (100 ml) was incubated at 30°C. [, 2

(residual percent); @, (S)-3 (yield percent).
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in Fig. 2, the yield of (5)-3 increased with the decrease of
2 and became maximum after 6 to 7d, but did not exceed
30%. Thus, our efforts were next focussed on increasing
the yield of (5)-3.

In order to circumvent the low solubility of 2 in the
culture medium, the effect of dispersing agents was studied.
As dispersing agents, polysorbate derivatives (Tween 20,
40, 60, 80 and 85, Span 80 and 85) were selected. A mixture
of 2 and a dispersing agent was added to a culture medium
and the whole was shaken for 3d at 30 °C. The results are
listed in Table I. As shown in Table I, the yields of (S)-3
increased when Tween 60, 80, and 85 were added (runs 4,
5, and 6). The significant feature of the effect of dispersing
agents was that (S)-3 was produced in extremely high optical
yields (runs 2, 3, 4, and 5). The prolonged reaction (7d)
using Tween 80 gave the best result (60%; 99%ee).

This method was successfully applied to the preparation
of optically active benzhydrol derivatives (5) from sub-
stituted 2-aminobenzophenone derivatives (4). The abso-

TasLe I. Effect of Adding Dispersing Agents
Run Dispersing (S)-3 (mg) Optical purity
agent (Yield (%)) (% ee)
14 None 5.7 (11.3) 93
29 Tween 20 7.8 (15.5) 99
39 Tween 40 9.1 (18.0) 99
4 Tween 60 11.7 (23.2) 99
59 Tween 80 11.8 (23.4) 99
6% Tween 85 12.1 (24.0) 96
7 Span 80 3.3(6.5) 90
89 Span 85 5.3 (10.5) 87
99 Tween 80 18.1 (59.8) 99

a) The substrate 2 (50 mg) in culture medium (100ml) containing dispersing
agent (1 ml) was incubated at 30°C for 3d. b) The substrate 2 (30mg) in culture
medium (200 ml) containing dispersing agent (0.3 ml) was incubated at 30 °C for 7d.

TaBLE II. Benzhydrol Derivatives 5 Prepared from Substituted 2-
Aminobenzophenones 4%

Optical purity Recovery of 4

Yield (%)

(0/0 ee)‘) (u/u)
5a 10 65 69
5p® 40 99 48
Sc 20 99 43
5d 23 99 68

a) The substrate 4 (500 mg) in culture medium (1000 ml) was incubated at 30°C
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lute configuration of 5b was determined as S by X-ray
analysis (Fig. 3).%) The absolute configurations of the other
compounds, 3a, ¢, d, have not been determined yet, but are
presumed to be S since they were prepared in the same way
as (S)-5b. These compounds were finally converted to the
isonicotinamide derivatives (6), by reaction with isonico-
tinoyl chloride.'®

Yields and optical purity of compounds 5 are listed in
Table IT.

The activity of compounds 6a—d against rice plant
growth was compared with those of (+)-1, (S)-1, and (R)-
1. A solution of one of compounds 6 at a suitable
concentration (0.1, 1, or 10 ppm) was added to germination
test petri dishes, and 1 week after the seeding date the second
leaf sheaths of rice were measured. The growth-regulating
activity of these compounds was evaluated in terms of the
ratio of the length of the second leaf sheaths to that of the
control.

for3d. b) Theconfiguration of 5b was found to be S-form by X-ray crystallographic
analysis. ¢) Optical purity was determined by HPLC. Fig. 3. ORTEP Drawing of (S)-5b
COCl1
O N OHNH, ﬁj OH NHCO{ON
1 2 Rhodosporidium R R!
R torulotdes @ @ @ *
quant
R
R3 R3
4 5 6
R R R
a H F Cl
b CclL C d
c H Cl F
d Cl _H Cl
Chart 2. Preparation of Substituted 2-Aminobenzhydrol and Its N-Isonicotinoyl Derivatives
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Fig. 4. Comparison of Regulating Activity of Compounds 1 and 6
. 0.1 ppm; &, 1 ppm; 2}, 10 ppm.

Asreported already, the regulating activity of (+)-1, (S)-1
and (R)-1 is in the order of (S)-1>(+)-1>(R)-1.? In the
cases of (5)-6 having substituents on the aromatic A ring,
the activities were equal to or lower than that of the
(R)-enantiomer 1, even though compounds 6 are in the
optically active (S)-form which is expected to have a higher
activity than the racemate or (R)-enantiomer.

Among the compounds so far examined, the (S)-isomer
1 gave the best result. Thus, a large-scale cultivation at high
substrate concentration is now being examined for the large
scale production of (S)-1.

Experimental

Melting points were measured with a Mecttler FP61 melting point
apparatus and are uncorrected. IR spectra (KBr) were measured on a
Hitachi 270-30 IR spectrophotometer. NMR spectra were measured on a
JEOL GX-400 instrument. Spectra were taken as 5—10% (w/v) solutions
in CDCl; or CD;0D with Me,Si as an internal reference. HPLC was
carried out on a Shimadzu SCL-6A (Daicel Chiralpac OP column (10 um,
4.61.d. x 250 mm)). A Perkin-Elmer model 241 MC polarimeter was used
to measure [a]p.

(S)-2-Amino-5-chlorobenzhydrol ((5)-3) Asymmetric reduction of 2
with Rhodosporidium toruloides was carried out according to the reported
fermentation procedure.> A test tube (25 mm x 200 mm) containing 10 ml
of culture medium comprising 5% glucose, 0.1% KH,PO,, 0.1%
(NH,),SO,, 0.05% urea, 0.05% MgSO,-7H,0, 0.05% CaCl, 2H,0,
0.1% yeast extract, a trace of mineral solution (0.1% FeSO,-7H,0, 0.1%
MnCl,-4H,0, 0.1% ZnSO,-7H,0; 0.2 ml per 100 ml of culture medium)
and tap water (pH 7.0) was inoculated with Rhodosporidium toruloides and
the yeast was cultured at 30 °C for 2d with continuous shaking. Then 1 ml
of the above seed culture was transferred to 200 ml of the same medium.
After cultivation for 3d, a mixture of 30 mg of the substrate 2 and 0.3 ml
of Tween 80 was added and cultivation was continued for a further 7d
under the same conditions. n-Hexane and ethyl acetate were added to the
reaction mixture, and the whole was filtered with the aid of Celite. The
organic layer of the filtrate was washed with saturated aqueous NaCl,
then dried over MgSO,. Removal of the solvent gave an oily product,
which was subjected to preparative thin layer chromatography (silica gel,
20cm x 20cm:  solvent, n-hexane-ethyl acetate (3:1)) and finally
crystallized from ethyl acetate-n-hexane to provide (5)-3 (18.1 mg, 60%)
as colorless needles, mp 131-—132°C. A4nal. Caled for C3H,,CINO: C,
66.81; H, 5.18; Cl, 15.17; N, 5.99. Found: C, 66.98; H, 5.19; Cl, 15.43;
N, 5.95. IR vp,.em™': 3232 (OH), 1606 (NH,). NMR (CD,OD) §: 5.66
(1H, s, CHPh), 6.56—7.29 (8H, m, Ar-H).

2-Amino-5-chloro-4'-fluorobenzhydrol (5a) The reaction was con-
ducted in the same way as described above. Colorless needles (from ethyl
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acetate-n-hexane), mp 125—127°C. Anal. Caled for C,,H,, CIFNO: C,
62.04; H, 4.41; Cl, 14.09; N, 5.57. Found: C, 61.90; H, 4.36; Cl, 14.18: N,
5.48. IR v, cm ™' 3180 (OH), 1606 (NH,). NMR (CDCl,) §: 2.55 (1H,
brs, OH), 3.94 (2H, brs, NH,). 5.77 (1H, s, CHPh), 6.59—7.36 (7H, m,
Ar-H).

2-Amino-5,3',4'-trichlorobenzhydrol (5b) Colorless needles (from ethyl
acetate-n-hexane), mp 156—158°C. Anal. Caled for C,;H,,CI;NO: C,
51.60; H, 3.33; Cl, 35.15. N, 4.63; Found: C, 51.50; H, 3.32; Cl, 35.25; N,
4.61. IR v,,,cm™': 3124 (OH), 1614 (NH,). NMR (CDCl,) 6: 2.62 (1H,
brs, OH), 3.97 (2H, brs NH,), 5.73 (1H, s, CHPh), 6.60—7.51 (6H, m,
Ar-H).

2-Amino-4'-chloro-5-fluorobenzhydrol (5¢) Colorless needles (from
ethyl acetate-n-hexane), mp 110—112°C. Anal. Caled for C,,H,,CIFNO:
C, 62.04; H, 4.41; Cl, 14.09; N, 5.57. Found: C, 62.05; H, 4.38; Cl, 14.08;
N, 5.50. IR v,,,cm™': 3150 (OH), 1630 (NH,). NMR (CDCl,) §: 2.62
(IH, brs, OH), 3.76 (2H, brs, NH,), 5.79 (1H, s, CHPh), 6.61—7.36 (7H
m, Ar-H).

2-Amino-5,3"-dichlorobenzhydrol (5d) Colorless needles (from ethyl
acetate-n-hexane), mp 137—138°C. Anal. Caled for C,3H,,CI,NO: C,
58.23; H, 4.13; Cl, 26.44; N, 5.22. Found: C, 58.21; H, 4.13; Cl, 26.31; N,
5.19. IR v, cm™ ' 3136 (OH), 1598 (NH,). NMR (CDCl,) 8: 2.62 (1H,
brs, OH), 3.95 (2H, brs, NH,), 5.76 (1H, s, CHPh), 6.59—7.4]1 (7H, m,
Ar-H).

(8)-N-Isonicotinoyl-2-amino-5-chlorobenzhydrol (($)-1) A mixture of
(5)-3 (50 mg) and the hydrochloride of isonicotinoyl chloride (46 mg) in
ethyl acetate (2ml) was stirred for 16h at room remperature. After the
addition of saturated aqueous NaHCO,, the reaction mixture was stirred
for several minutes. The organic layer was washed with saturated aqueous
NaCl, then dried over MgSO,. Removal of the solvent gave 1b (70 mg,
99%) as colorless needles (from ethyl acetate-n-hexane), mp 163—165°C.
Anal. Caled for C,oH,;CIN,O,: C, 67.36; H, 4.46; CI, 10.46; N, 8.27.
Found: C, 67.20; H, 4.45; CI, 10.65; N, 8.23. [«]3* +16.4° (c= |, MeOH).
IR vy, cm™': 3060 (OH), 1686 (NHCO). NMR (CD,0D) 6: 5.87 (1H,
s, CHPh), 7.11—8.61 (12H, m, Ar-H).

N-Isonicotinoyl-2-amino-5-chloro-4’-fluorobenzhydrorol (6a) The reac-
tion was conducted in the same way as noted above. Colorless nee-
dles (from ethyl acetate-n-hexane), mp 176—177°C. Anal. Caled for
CyoH,,CIFN,0,: C, 63.96; H, 3.96; Cl, 9.94; N, 7.85. Found: C, 63.94;
H, 3.90; C1, 9.98; N, 7.80. [«]3? +8.0° (c=1, MeOH). IR v, cm ™~ ': 3050
(OH), 1690 (NHCO). NMR (CD;0D) é: 5.95 (1H, s, CHPh), 7.00—8.62
(11H, m, Ar-H).

N-Isonicotinoyl-2-amino-5,3’,4’-trichlorobenzhydrol (6b) Colorless
needles (from ethyl acetate-n-hexane), mp 176—177 °C. Anal. Caled for
C,4H,;CI3N,0,: C, 55.98; H, 3.21; CI, 26.09; N, 6.87. Found: C, 55.95;
H, 3.24; Cl, 26.07; N, 6.89. [«]3* —25.9° (c=1, MeOH). IR v,,,,cm ™!
3080 (OH), 1683 (NHCO). NMR (CD,0D) é: 5.81 (IH, s, CHPh),
6.98—8.64 (10H, m, Ar-H).

N-Isonicotinoyl-2-amino-4'chloro-5-flusrobenzhydrol (6¢) Colorless
needles (from ethyl acctate—n-hexane), mp 152—153°C. Anal. Caled for
C,oH,4,CIFN,O,: C, 63.96; H, 3.96; Cl, 9.94; N, 7.85. Found: C, 63.70;
H, 4.01; Cl, 9.85; N, 7.78. [«]3? —18.3° (c=1, McOH). IR v, cm ™'
3100 (OH), 1686 (NHCO). NMR (CD;0D) é: 5.84 (IH, s, CHPh),
7.00—8.61 (11H, s, Ar-H).

N-Isonicotinoyl-2-amino-5,3'-dichlorobenzhydrol (6d) Colorless needles
(from ethyl acetate—n-hexane), mp 167—169°C. Anal. Caled for
C,oH,,CI,N,0,: C, 61.14; H, 3.78; Cl, 19.00; N, 7.51. Found: C, 61.16;
H, 3.78; CI, 18.92; N, 7.34. [«]3?+ 1.6° (¢= 1, MeOH). IR v,,,,cm ™~ ': 3070
(OH), 1689 (NHCO). NMR (CD,0D) §: 5.83 (1H, s, CHPh), 7.00—8.62
(ITH, m, Ar-H).

B
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A novel direct transformation of O-glycoside into glycosyl bromide by using trimethylsilyl bromide and zinc bromide
has been developed. Treatment of various glycosides (3a—35a, 10, 12 and 14) with trimethylsilyl bromide and zinc
bromide in dichloromethane afforded the glycosyl bromides (6, 11, 13 and 15) in 53, 85, 94, 47, 41 and 40% yields,

respectively.

Keywords

Glycosyl bromides have been used as key intermediates
in glycosidic bond formation." They are generally prepared
from the corresponding 1-O-acyl derivative by utilizing
hydrogen bromide.? Recently, several methods have been
reported for the direct conversion of O-glycosides into
glycosyl halides.* In our preceding paper,® we reported
that the combination of trimethylsilyl bromide (TMSBr)
and zinc bromide (ZnBr,) was a good catalyst for anomeri-
zation of the f-glycoside of D-glucosamine to the a-glyco-
side. In this glycoside anomerization reaction, glycosyl bro-
mide was obtained as a by-product under certain reaction
conditions. From these results, we suspected that the
combination of TMSBr and ZnBr, could be employed as
a halogenating agent for the preparation of glycosyl bro-
mides from O-glycosides. In this paper we describe a fac-
ile method for converting O-glycosides to glycosyl bro-
mides by using TMSBr and ZnBr,.”

The starting materials (3a—Sa, 3b—S5b, 10, 12 and 14)
for this bromination reaction are shown in Chart 1.
Glucosamine derivatives (3a—5a, 3b—5b) were prepared
from 2% by Fischer’s glycosidation followed by acetylation
and separation using silica gel column chromatography.
The other substrates (10, 12 and 14)3 were prepared
from commercially available methyl glycopyranosides by
standard acetylation.

Direct transformation of O-glycosides (3a—S5a, 3b—5b)
into glycosyl bromide (6) was investigated. The results are
summarized in Table I. TMSBr has been used for the direct
conversion of methyl glycosides into the corresponding

(0]
HO O AcO O AcO X
HO OH AcO AcO
H-R Troc-HN x Troc-HN
1: R=H 3a: X=MeO 3b: X=MeO
2: R=Troc 4a: X =iso-PrO 4b: X =iso-PrO
5a: X=BnO 5b: X=BnO
6: X=Br
A
OAc AcO OAC 0 onc
AcO O O AcO O
AcO AcO AcO
AcO x AcO x X
10: X=MeO 12: X=MeO 14: X=MeO
11: X=Br 13: X=Br 15: X=8r

Troc: 2,2,2-trichloroethoxycarbonyl
Chart |

glycosyl bromide; trimethylsilyl bromide; zinc bromide; glucosamine; glucose; galactose; mannose; O-glycoside

glycosyl bromide.?” However, when the a-glycosides

(3a—5a) were treated with 1.0eq of TMSBr in di-
chloromethane at room temperature for 24 h, no reaction
occurred. When the f-methyl glycoside (3b) was treated
with 1.0 eq of TMSBr, no 1-bromo sugar (6) was obtained,
whereas anomerization took place to give a-methyl glycoside
(3a) in 6% yield along with 93% recovery of the starting
material (Table I, run 1). In a similar reaction of f-isopropyl
glycoside (4b), the anomerized product (4a) was obtained
in 43% yield along with 51% recovery of the starting
material (Table I, run 2). When f-benzyl glycoside (5b)
was treated with TMSBr (1.0eq), however, a 14% yield of
an inseparable mixture of the bromide (6)® and the
anomerized product (5a) in a ratio of 1:1 was obtained
together with 86% recovery of the starting material (5b)
(Table I, run 3). Thus, attempted transformation of
O-glycosides into glycosyl bromide by use of TMSBr
alone was found to be difficult, and so we turned our
attention to the bromination with the combination of
TMSBr and ZnBr,.

When an «-methyl glycoside (3a) was treated with
TMSBr (1.0eq) and ZnBr, (1.0eq) in dichloromethane at
room temperature for 5h, the bromide (6) was obtained in
35% yield along with 63% recovery of the starting material

TaBLE I. Transformation of O-Glycoside (3a—Sa, 3b—5b, 10, 12 and
14) into Glycosyl Bromides (6, 11, 13 and 15)

o
Run Substrate Reagent (eq) Tl(r;:)c Products (% yield)”

1 3b TMSBr(1.0) 24 3a (6), 3b (93)°

2 4b TMSBr(1.0) 24 4a (43), 4b (51)9

3 sb TMSBr(1.0) 24 6(7),95a(7),5b(86)°

4 3a  TMSBr(1.0) ZnBry(1.0) S 6 (35), 3a (63)°

5 3b TMSBr(1.0)ZnBr,(1.0) 5 6 (43), 3a (51)

6 42 TMSBr(1.0)-ZnBr,(1.0) 4 6 (46). 4a (53)°

7 4b  TMSBr(1.0)-ZnBr,(1.0) 4 6 (41), 4a (45)

8 Sa  TMSBr(1.0) ZnBr(1.0) 5 6 (37)% 5a (50)°

9 5b  TMSBr(1.0)-ZnBr,(1.0) 5 6 (81),Y 5a (16)

10 3a  TMSBr(3.0-ZnBr,(1.0) 24 6 (53), 3a (43)”

T 42 TMSB(3.0)-ZnBry(1.0) 15 6 (85)

12 4b  TMSBr(3.0)-ZnBr,(1.0) 15 6 (88)

13 Sa  TMSBr(3.0)-ZnBr,(1.0) 24 6 (94)

14 10 TMSBr(3.0)-ZnBr,(1.0) 24 11 (47), 10 (9)°

1S 12 TMSBr(3.01-ZnBr,(1.0) 24 13 (41), 12 (4)°

16 14 15 (40), 14 (9)?

TMSBr(3.0)-ZnBr,(1.0) 24

a) All reactions were carried out in dichloromethane at room temperature.
b) Isolated yield unless otherwise noted. ¢) The starting material was recover-
ed. d) The bromide (6) and x-glycoside (Sa) could not be separated by column
chromatography. so the yields of 6 and 5a were determined by 'H-NMR.

© 1991 Pharmaceutical Society of Japan
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(Table I, run 4). In a similar reaction of the f-methyl
glycoside (3b), the bromide (6) and the anomerized product
(3a) were obtained in 43 and 51% yields, respectively
(Table I, run 5). These results indicate that an active
species generated from TMSBr and ZnBr, participates
in the cleavage of the glycoside bond and subsequent
bromination. When isopropyl and benzyl glycosides (4a—b,
Sa—b) were used as starting materials, similar results were
obtained (Table I, runs 6—9). When the a-methyl glycoside
was treated with 3.0eq of TMSBr and ZnBr, (1.0eq), the
yield of the bromide (6) was improved to 53% (Table I,
run 10). When the isopropyl glycosides (4a—b) were
subjected to bromination with 3.0eq of TMSBr and
ZnBr, (1.0eq), no starting material (4a—b) or anomerized
product (4a) was found, and the bromide (6) was obtained
in 85% yield from 4a and 88% yield from 4b (Table I,
runs 11—12). Treatment of a-benzyl glycoside (5a) with
TMSBr (3.0eq) and ZnBr, (1.0eq) afforded the bromide
(6) in 94% yield.

We have succeeded in developing a novel direct transfor-
mation of glucosamine O-glycoside into glycosyl bromide
with the combined use of TMSBr and ZnBr,. To ascertain
the limits of this methodology, we then investigated the
bromination of some other hexopyranosides (10, 12 and
14). The results are summarized in Table I. When the
hexopyranosides (10, 12 and 14) were treated with 3.0eq
of TMSBr in dichloromethane at room temperature for
24 h, no reaction occurred. When the reaction was carried
out with the combined use of TMSBr (3.0eq) and ZnBr,
(1.0eq) at room temperature for 24 h, the corresponding
glycosyl bromides (11, 13 and 15) were obtained in 47, 41
and 40% yield, respectively (Table I, runs 14—16). As the
reaction time was lengthened to increase consumption of
the starting material, the formation of several unidentified
polar products increased.

We have postulated a mechanism for the formation of
glycosyl bromide (6) catalyzed by TMSBr and ZnBr, as
shown in Chart 2. The reaction of the other hexopyranosides
(10, 12 and 14) was also presumed to proceed via similar
mechanisms. Thus, oxonium salts (8b), which were formed
by the reaction of f-glycosides (7b) and an active species
generated from TMSBr and ZnBr,, collapsed to 9 with
liberation of the trimethylsilyl ether. Next, the reaction

2503

seemed to proceed via two pathways. The bromide (6) was
presumed to have been formed by bromination of the
intermediate (9) with the resulting activated brominium
anion. The anomerization of 7b to the thermodynamically
more stable a-glycosides (7a) would be accounted for by
the conversion of 9 to intermediates (8a), followed by the
liberation of TMSBr. The conversion of a-glycosides (7a)
to the bromide (6) seemed to proceed via the reverse of the
pathway stated above. When excess TMSBr was present
in the reaction system, the pathway from 9 to 6 was
considered to be predominant.

In summary, a novel transformation of O-glycoside into
glycosyl bromide was achieved by the use of TMSBr and
ZnBr,. The reaction conditions are extremely mild, and this
new method should be widely applicable in carbohydrate
chemistry.

Experimental

Melting points were determined on a Yanagimoto melting point
apparatus, and are uncorrected. Infrared (IR) spectra were taken on a
Hitachi 270-30 IR spectrophotometer. Proton nuclear magnetic resonance
(*H-NMR) spectra were obtained in deuteriochloroform on a JEOL GSX
500 spectrometer (500 MHz). Chemical shifts are reported in parts per
million relative to tetramethylsilane (6 units) as an internal standard.
Optical rotations were measured with a Horiba SEDA 200 polarimeter.
Column chromatography was performed with Merck Silica gel 60
(70-—230 mesh). ’

Methyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonyl-
amino)-a- and -f-D-glucopyranoside (3a,3b) A 5% HCl-dioxane mixture
(25ml) was added to a suspension of 2% (4.6g, 12.8 mmol) in MeOH
(100 ml), and the mixture was heated under reflux for 2h. The solution
was concentrated under reduced pressure to give the methyl glycoside,
which was treated with pyridine (30 ml) and Ac,0 (20ml) for 1 h at room
temperature. The solution was concentrated under reduced pressure and
the residue was partitioned between AcOEt and 5% NaHCO;. The
separated organic layer was washed with water, 1IN HCl and water,
dried over MgSO, and concentrated in vacuo. The residue was chro-
matographed on silica gel (200g) using chloroform—acetone (50:1) to
give 4.8 g (76%) of 3a and 1.5g (24%) of 3b, as colorless crystals, in
that order of clution.

3a: mp 119—124°C. [«]3° +64.7° (¢c=1.45, CHCly). Anal. Calcd for
C,¢H,,CI3NO: C, 38.85; H, 4.48; N, 2.83. Found: C, 38.90; H, 4.59;
N, 2.97. IR (KBr): 3376, 1755, 1554, 1452, 1374, 1230, 1170cm™".
TH-NMR §: 2.00, 2.03, 2.10 (each 3H, s, OCOCHy,), 3.43 (3H, s, OCH,),
3.96 (1H, ddd, J=10.0, 4.0, 2.0 Hz, H-5), 4.06 (1H, dd, J=10.0, 3.0 Hz,
H-2), 4.11 (1H, dd, J=12.0, 2.0Hz, H-6), 4.26 (1H, dd, J=12.0, 4.0Hz,
H-6"), 4.63 (1H, d, J=11.9Hz, COOCH,CCl,), 4.78 (1H, d, J=3.0Hz,
H-1), 4.81 (1H, d, J=11.9Hz, COOCH,CCl,), 5.11 (1H, t, J=10.0Hz,

AcO AcO . /TMS
OOoR OOR ZnBry
OAc + ZnBrp+ TMSBr ——> 6-0Ac ’ ﬁ a + ZnBry+ ROTMS
AcO AcO
NH-Troc NH-Troc NH-Troc
7b 8h
AcO
0 O ZnBrg’ ZnBry’
OAc + ZnBrp + TMSBr > TMS e + ROTMS
AcO OR
NH-Troc NH Troc NH-Troc
Ta 8a 9

Chart 2
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H-4), 5.26 (1H, t, J=10.0Hz, H-3), 5.26 (1H, d, J=10.0 Hz, NH).

3b: mp 85—93°C. [a]}® +15.8° (¢=1.00, CHCl,). Anal. Calcd for
Ci6H2,CI3NO, - H,0: C, 37.48; H, 4.72; N, 2.73. Found: C, 37.36; H,
4.34; N, 2.85. IR (KBr): 3352, 2920, 1746, 1536, 1455, 1371, 1239,
1167cm ™. "H-NMR §: 2.03 (6H, s, OCOCH,;), 2.09 (3H, s, OCOCH,),
3.52 (3H, s, OCH;), 3.63 (1H, q, J=9.0Hz, H-2), 3.71 (1H, m, H-5), 4.15
(1H, dd, J=12.0, 2.5Hz, H-6), 4.30 (1H, dd, J=12.0, 4.0 Hz, H-6"), 4.55
(IH, d, J=8.0Hz, H-1), 4.65 (1H, d, J=11.9Hz, COOCH,CCly), 4.81
(1H, d, J=11.9Hz, COOCH,CCl,), 5.08 (1H, t, J=10.0 Hz, H-4), 5.19
(IH, br, NH), 5.30 (1H, t, J=10.0 Hz, H-3).

Isopropyl 3,4,6-Tri—O-acetyl-2-de0xy—2-(2,2,2-trichloroethoxycarbonyl-
amino)-a- and -B-D-glucopyranoside (4a, 4b) Compounds 4a and 4b were
prepared from 2 as described for the preparation of 3a and 3b, in 61 and
7% yields.

4a: Colorless crystals. mp 122—125°C. [¢]2° +95.7° (¢ =0.70, CHCl,).
Anal. Caled for C,sH;¢CI;NO,,: C, 41.36; H, 5.01; N, 2.68. Found:
C, 41.20; H, 526; N, 2.72. IR (KBr): 3300, 2980, 1755, 1545, 1377,
1240cm™'. '"H-NMR 4: 1.18, 1.25 (each 3H, d, J=6.4Hz, CH,), 2.01,
2.04, 2.09 (each 3H, s, OCOCH,), 3.91 (1H, m, CH), 4.05 (2H, m, H-2,
H-5), 4.09 (1H, dd, J=12.0, 2.4 Hz, H-6), 4.25 (1H, dd, J=12.0, 4.0Hz,
H-6'), 4.68 (1H, d, /J=11.9Hz, COOCH,CCl,), 4.77 (1H, d, J=11.9 Hz,
COOCH,CCly), 4.98 (IH, d, J=4.0Hz, H-1), 5.09 (1H, t, J=10.0 Hz,
H-4), 5.19 (1H, d, /J=10.0Hz, NH), 5.24 (1H, t, J=10.0 Hz, H-3).

4b: Colorless crystals. mp 149—151°C. [a]33 +3.8° (c=0.64, CHCl,).
Anal. Caled for C 4H,CI;NO, o C, 41.36; H, 5.01; N, 2.68. Found: C,
41.44; H, 5.17; N, 2.79. IR (KBr): 3400, 2990, 1755, 1545, 1380,
1230cm™'. 'H-NMR §: 1.14, 1.24 (each 3H, d, J=6.4Hz, CH,), 2.02,
2.03, 2.08 (each 3H, s, OCOCH3), 3.50 (1H, m, H-2), 3.70 (1H, m, H-5),
3.95 (IH, m, CH), 4.12 (1H, dd, J=12.0, 2.4Hz, H-6), 4.26 (1H, dd,
J=12.0, 5.0Hz, H-6"), 4.68 (1H, d, J=11.9Hz, COOCH,CCly), 4.75
(1H, br, H-1), 476 (1H, d, J=11.9Hz, COOCH,CCl,), 5.04 (IH, t,
J=10.0Hz, H-4), 5.13 (1H, br, NH), 5.37 (1H, t, J=10.0 Hz, H-3).

Benzyl 3,4,6-Tri-0—acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarhonyl-
amino)-a- and -B-p-glucopyranoside (5a, 5b) Compounds 5a and 5b were
prepared from 2 as described for the preparation of 3a and 3b, in 34 and
16% yields.

5a: A colorless oil. [«]3° +82.4° (¢=0.50, CHCl;). "H-NMR §: 2.00,
2.03, 2.11 (each 3H, s, OCOCH,;), 4.00 (1H, m, H-5), 4.04 (1H, m, H-2),
4.08 (1H, dd, /=120, 4.0Hz, H-6), 425 (IH, dd, J=12.0, 4.0 Hz,
H-6"), 455 (IH, d, J=11.0Hz, CH,Ph), 4.64 (IH, d, J=11.9Hz
COOCH,CCl,), 4.73 (IH, d, J=11.0Hz, CH,Ph), 4.75 (IH, d, J=
11.9Hz, COOCH,CCl;), 499 (IH, d, J=4.0Hz, H-1), 5.12 (1H, ¢,
J=10.0Hz, H-4), 5.28 (IH, t, J=10.0Hz, H-3), 7.33—7.40 (5H, m,
arom. H).

5b: Colorless crystals. 122—123°C. [«]3® —22.7° (¢=0.70, CHCl,).
Anal. Caled for C,,H,,CI3NO, o C, 46.36; H, 4.88; N, 2.58. Found: C,
46.29; H, 4.59; N, 2.45. IR (KBr): 3370, 2956, 1752, 1725, 1545, 1458,
1374, 1296cm™'. "H-NMR §: 2.02 (6H, s, OCOCH,), 2.11 (3H, s,
OCOCH}), 3.66 (1H, m, H-5), 3.73 (1H, m, H-2), 4.17 (1H, dd, J=12.0,
2.0Hz, H-6), 4.30 (1H, dd, /=12.0, 5.0Hz, H-6"), 4.62 2H, d, J=11.0 Hz,
COOCH,CCly), 4.71 (2H, s, CH,Ph), 4.92 (1H, d, J=12.0 Hz, H-1), 5.03
(1H, br, NH), 5.09 (1H, t, J=10.0 Hz, H-4), 5.23 (1H, d, /= 10.0 Hz, H-3),
7.30—7.36 (SH, m, arom. H).

Typical Procedure for Reaction of O-Glycoside with TMSBr A solution
of 5b (71mg, 0.1lmmol) and TMSBr (16mg, 0.1l mmol) in di-
chloromethane (2ml) was stirred for 24h at room temperature. After
concentration of the reaction mixture, the residue was chromatographed
on silica gel (6g) with chloroform to give an inseparable 1: 1 mixture of
6 and Sa (8mg), and subsequently 61 mg (86%) of the starting material
(5b) was recovered.

General Procedure for Bromination with Combined Use of Trimethylsilyl
Bromide and Zinc Bromide ZnBr, (45mg, 0.20 mmol) was added to a
solution 3b (100mg, 0.20mmol) and TMSBr (31mg, 0.20 mmol) in
dichloromethane (2ml), and stirring was continued for 5h at room
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temperature. The reaction mixture was diluted with AcOEt, washed with
5% NaHCO; and water, dried over MgSO, and concentrated in vacuo.
The residue was chromatographed on silica gel (20g) with chloroform—
acetone (50: 1) to give 47mg (43%) of 6 and 51 mg (51%) of 3a, in order
of elution.

6: A colorless foam. [«]3® +127.0° (¢c=1.11, CHCL,). 'H-NMR §:
2.05, 2.07, 2.11 (each 3H, s, OCOCH,), 4.14 2H, m, H-2, H-6), 4.27
(IH, m, H-5), 433 (IH, dd, J=12.2, 3.9Hz, H-6), 4.67 (1H, d,
J=12.2Hz, COOCH,CCl;), 4.82 (1H, d, J=12.2Hz, COOCH,CC(ly),
5.25 (IH, t, J=9.8 Hz, H-3), 5.31 (1H, d, /=9.3Hz, NH), 5.37 (1H, t,
J=9.8Hz, H-4), 6.53 (IH, d, J=3.4Hz, H-1).

1-Bromo-2,3,4,6-tetra-O-acetyl-a-p-glucopyranose (1 1) ZnBr, (124 mg,
0.55mmol) was added to a solution of 10 (200mg, 0.55mmol) and
TMSBr (252mg, 1.65mmol) in dichloromethane (10ml), and stirring
was continued for 24 h at room temperature. The reaction mixture was
diluted with AcOEt and washed with 5% NaHCO, and water, dried over
MgSO, and concentrated in vacuo. The residue was chromatographed
on silica gel (20 g) using hexane-AcOEt (5: 1) to give 106 mg (47%) of
11 and 17mg (9%) of 10 in order of elution.

11: A colorless oil. [«]3® +177.1° (¢=1.45, CHCl,), [lit.>” [«]3°
+196°]. 'H-NMR §: 2.04, 2.05, 2.10, 2.10 (each 3H, s, OCOCH,), 4.13
(IH, dd, J=12.5, 2.0Hz, H-6), 4.30 (1H, ddd, J=9.8, 4.2, 2.0 Hz, H-5),
4.33 (IH, dd, J=12.5, 4.2Hz, H-6'), 4.84 (1H, dd, J=9.8, 4.2 Hz, H-2),
5.16 (1H, t, J=9.8 Hz, H-4), 5.56 (1H, t, J=9.8Hz, H-3), 6.61 (1H, d,
J=4.2Hz, H-1).

1-Bromo-2,3,4,6-tetra-O-acetyl-z-p-galactopyranose (13) Compound
13 was prepared from 12 as described for preparation of 11, in 41% yield.

13: A colorless oil. [a]3® +201.6° (¢=1.03, CHCl,). [lit.>" [«]2
+212°]. '"H-NMR §: 2.01, 2.06, 2.11, 2.15 (each 3H, s, OCOCH,), 4.11
(I1H, dd, J=11.2, 6.6 Hz, H-6), 4.19 (1H, dd, J=11.2, 6.6 Hz, H-6), 4.49
(IH, t, J=6.6Hz, H-5), 5.05 (1H, dd, J=10.5, 3.9 Hz, H-2), 5.41 (1H,
dd, J=10.5, 3.2Hz, H-3), 5.52 (IH, d, J=3.2Hz, H-4), 6.70 (1H, d,
J=3.9Hz, H-1).

l-Br0m0—2,3,4,6-tetra-O-acetyl-a-D-mannopyranose (15) Compound
15 was prepared from 14 as described for preparation of 11, in 40% yield.

15: A colorless oil. [«]3’ +124.6° (c=1.09, CHCI,). [lit.3>” [e]33
+122°]. '"H-NMR 4: 2.01, 2.08, 2.11, 2.18 (cach 3H, s, OCOCH,), 4.14
(IH, dd, J=12.5, 2.0 Hz, H-6), 4.22 (1H, ddd, J=10.3, 4.9, 2.0 Hz, H-5),
4.33 (IH, dd, J=12.5, 49Hz, H-6), 5.37 (1H, t, J=10.3 Hz, H-4), 5.45
(IH, dd, J=3.4, 1.5Hz, H-2), 5.72 (1H, dd, J=10.3, 3.4Hz, H-3), 6.30
(1H, d, J=1.5Hz, H-1).
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Heptakis(6-0-( p-tosyl))-B-cyclodextrin and heptakis(6-O-( p-tosyl))-2-O-( p-tosyl)-p-cyclodextrin were prepared by
the reaction of p-cyclodextrin with p-tosyl chloride in pyridine. They were converted to heptakis(3,6-anhydro)-p-
cyclodextrin, constituted from alternative (*C,) glucose units.
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( p-tosyl)-B-cyclodextrin; alternative cyclodextrin; 3,6-anhydro-cyclodextrin; heptakis(3,6-anhydro)-f-cyclodextrin; hexakis(3,6-

anhydro)-a-cyclodextrin

Cyclodextrins and chemically modified cyclodextrins have
attracted much attention in basic and applied scientific
research.? In most of the modification studies, the basic
structure of cyclodextrins constituted from normal (*C,)
glucose units, as shown in 1, was not changed. However,
for wide-ranging studies on molecular recognition in
host-guest relationships, we need a variety of cyclodextrins
having cavities different from those of normal cyclodextrins.
Recently, novel types of cyclodextrins having half-chair
glucose units (2,3-anhydroglucose units)*” /) or 'C, glucose
units (3,6-anhydroglucose units)*/%* as partial constit-
uents have been reported.

In this report, we describe alternative cyclodextrins (2
and 3) constituted from only 'C, conformers, which are
restricted by intramolecular bridges.” In addition, we
describe a convenient preparation of the starting material,
heptakis(6-O-( p-tosyl))-f-cyclodextrin (4) and heptakis(6-
O-( p-tosyl))-2-O-( p-tosyl)- f-cyclodextrin (5).

Results and Discussion
Preparation of Polysulfonylated p-Cyclodextrins (4 and
5) Heptakis(6-O-(p-tosyl))-f-cyclodextrin (4) has been

o‘ 5 HOO

HO
HO
O
O
H
o}
HO

prepared and used as a synthetic intermediate of an enzyme
model.® We prepared sulfonylated cyclodextrins by the
reaction of lyophilized f-cyclodextrin with p-tosyl chloride
in pyridine with monitoring by thin-layer chromatography
(TLC). The reaction was stopped by addition of H,O when
the main products were 6-O-heptatosylate 4 and octatosy-
late 5. The products were separated and purified by
reversed-phase column chromatography with aqueous
CH,CN gradient elution (Fig. 1). The high-performance
liquid chromatographic (HPLC) pattern of the reaction
mixture is shown in Fig. 2.

The structures were determined from the fast atom
bombardment mass (FABMS) and nuclear magnetic res-
onance (NMR) spectra. The number of sulfonyl groups in
4 was determined from the FABMS and 'H-NMR spec-
tra. The '3C-NMR spectrum (Fig. 3) showed only six sig-
nals due to glucose carbons, suggesting it was constituted
from identical glucose units. This spectrum was very similar
to that of hexakis(6-O-mesitylenesulfonyl)-a-cyclodextrin
(6).” The large downfield shift of C6 and the small upfield
shift of CS5, as compared with those of f-cyclodextrin,
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Fig. 1. Reversed-Phase Column Chromatography of the Mixture of
Heptakis(6-O-(p-tosyl))-f-cyclodextrin (4) and Heptakis(6-O-(p-tosyl))-2-
O-(p-tosyl)-f-cyclodextrin (5)
A gradient of CH3;CN was applied.
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Fig. 2. Reversed-Phase HPLC of the Mixture of Heptakis(6-O-(p-tosyl))-
B-cyclodextrin (4) and Heptakis(6-O-(p-tosyl))-2-O-(p-tosyl)-f-cyclodex-
trin (5)

A gradient of CH;CN was applied.

indicated the sulfonylation of the 6-OH groups. Moreover,
the 'H-NMR spectrum of 4 showed a similar pattern to
that of 6.” These spectra demonstrated that 4 is hepta-
kis(6-O-(p-tosyl))-f-cyclodextrin.

The number of sulfonylations in 5§ was also determined
from the FABMS spectrum. The *3C-NMR spectrum of 5
showed the same six signals of substituted glucose units as
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those of heptakis(6-O-(p-tosyl))-f-cyclodextrin (4) and the
peaks of another substituted glucose unit (Fig. 4). Ueno
and Breslow demonstrated that sulfonylation of 2-OH of
p-cyclodextrin caused the downfield shift of C2 (« carbon)
and the upfield shift of Cl (8 carbon) signals.3® The shift
pattern of compound 5 was similar to that of 2-O-(p-tosyl)-
B-cyclodextrin (7), indicating that another sulfonylation
was on 2-OH of the cyclodextrin. From these spectra, it
appears that all of the 6-OH groups and one of the 2-OH
groups of compound 5 were sulfonylated.

Sulfonylations with sulfonyl chloride in pyridine general-
ly occur at primary hydroxyl groups of cyclodextrins. The
preferential sulfonylation of 6-OH might occur in the
present reaction, followed by the selective sulfonylation of
2-OH. This selectivity for 2-OH would be due to the lower
reactivity of 3-OH as a consequence of the hydrogen bond
formation between the 3-OH proton and the oxygen atom
of 2-OH.® Also, the acidity of 2-OH owing to both the
hydrogen bond between 2-OH and 3-OH and the proximity
of 2-OH to the electron-withdrawing acetal functionality
would favor this selective sulfonylation.®

Conversion of Polysulfonylated Cyclodextrins to Alterna-
tive Cyclodextrins  The reaction of heptakis(6-O-( p-tosyl))-
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Fig. 4. '3C-NMR Spectrum of the Cyclodextrin Part of Heptakis(6-O-
(p-tosyl))-2-O-(p-tosyl)-f-cyclodextrin (5) in Me,SO-dg

The chemical shifts, in ppm from TMS, are 101.6 (C1), 97.7 (C1'), 80.9, (C4), 78.3
(C2), and 72.2, 71.5, 69.2, 68.6 (C2, C3, C5, C6).
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Fig. 5. 'H-NMR (A) and '>C-NMR (B) Spectra of Heptakis(3,6~
anhydro)-f-cyclodextrin (2) in D,O

B-cyclodextrin (4) with KOH in aqueous MeOH caused the
disappearance of the starting material, and a new
non-developing spot was observed on TLC. The reaction
mixture was neutralized and desalted to give the alternative
cyclodextrin 2 in high yield (95.7%).

This compound showed a single peak in reversed-phase
HPLC (3% aqueous CH;CN, 0.5 ml/min) and simple signal
patterns in the 'H- and '*C-NMR spectra (Fig. 5). The
signals of the '"H-NMR spectrum were assigned by com-
paring their chemical shifts and coupling constants with
reported values*® of methyl 3,6-anhydroglucoside. The
I3C-NMR signals were assigned on the basis of the C-H
correlated spectroscopy (C-H COSY) two dimensional
NMR spectrum (Fig. 6). The similarity of the '*C- and
TH-NMR spectra to those of methyl 3,6-anhydroglucoside
and related sugars®/-9*) demonstrated that 2 is heptakis(3,6-
anhydro)-p-cyclodextrin. The FABMS spectrum contained
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Fig. 6. C-H COSY Two Dimensional NMR Spectrum of Heptakis(3,6-
anhydro)-f-cyclodextrin (2) in D,0

the corresponding molecular ion, supporting the structure
determination. The a-cyclodextrin analogue 3 was similarly
prepared from hexakis(6-O-mesitylenesulfonyl)-a-cyclodex-
trin (6).

Heptakis(6-O-( p-tosyl))-2-O-( p-tosyl)-f-cyclodextrin (5)
could be converted to heptakis(3,6-anhydro)-f-cyclodextrin
(2) by the same procedure. The reactions of 2-O-sulfonyl
cyclodextrins with alkali generally result in 2,3-anhydride
formation on the glucose units of cyclodextrins.?®~/)
Therefore, either of the two types of reactions, 2,3-anhydride
formation or 3,6-anhydride formation, could occur on
the 2,6-bis(O-( p-tosyl))-glucose unit of 5. The fact that
the major product was heptakis(3,6-anhydro)-f-cyclodex-
trin (2) suggested that the rate of 3,6-anhydride formation
would be far greater than that of 2,3-anhydride formation
in the case of 5. Also, it appears that 3,6-anhydride
formation was followed by the hydrolysis of the 2-O-
sulfonate.

Normal cyclodextrin cavities are “V” shaped, with the
secondary hydroxyl sides more open than the primary
hydroxyl sides. A consideration based on molecular model
construction suggested that such a molecular shape was not
retained in 2, where the cavity is “V” shaped with the
primary hydroxyl side more open than the opposite side.
Also, all of the secondary hydroxyl groups (2-OH) are axial
and directed to the inside of the cavity. Therefore, the
secondary side surrounded by seven axial hydroxyl groups
may be electron-dense and may bind metal ions. A
preliminary study on the FABMS spectra of mixtures of 2
or 3 and alkali metal ions showed selective ion binding
depending on the kind of alternative cyclodextrins used.

Experimental

The melting points (mp) were not corrected. Optical rotations were
measured with a JASCO DIP-181 polarimeter. 'H- and **C-NMR spectra
were determined with JEOL FX-100, INM GX-270, and JNM GSX-500
instruments. FABMS spectra were recorded with a JEOL JMS DX-303
spectrometer. TLC was run on precoated silica gel plates (Art 5554, Merck).
Spot detection was carried out by exposure to UV light and/or staining
with 0.1% 1,3-dihydroxynaphthalene in EtOH-H,0-H,SO, (200:157:43
(v/v)). The developing solvent for TLC was n-C;H,OH-AcOEt-H,0
(7:7:2 (v/v)). A prepacked column (Lobar column LiChroprep RP18,
25x310mm, Merck) was used for reversed-phase column chromatog-
raphy. HPLC was performed on a Hitachi L-6000 with a TSKgel ODS
80TM column (4.6 x 250mm, 5um, Tosoh). An IE-Labo (Tosoh) was
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used for desalting.

Preparation of Polysulfonylated g-Cyclodextrin A lyophilized p-
cyclodextrin 1 (200mg, 1.76 x 10™*mol) was added to p-tosyl chloride
(675mg, 3.53 x 10" 3 mol) in pyridine (8ml) and the mixture was stirred
for 5.25h at room temperature, followed by addition of H,0 (10ml). The
reaction mixture was concentrated in vacuo and the residue was taken up
in 60% aqueous CH3CN (50ml). It was neutralized, and applied to a
reversed-phase column. After elution with 60% aqueous CH,CN (300 ml),
a gradient from 60% aqueous CH,CN (300 ml) to 80% aqueous CH;CN
(300ml) was applied to give 4 (94 mg, 24.0%) and 5 (64mg, 15.3%).

4: 1*C-NMR(Me,SO-d,) and 'H-NMR(Me,SO-d,) see Fig. 3. FABMS
mjz: 2213(M+H™)

5: 13C-NMR(Me,SO-d;) and 'H-NMR(Me,SO-d;) see Fig. 4. FABMS
mjz: 2368(M +H ™)

Preparation of Heptakis(3,6-anhydro)-g-cyclodextrin (2) A solution of
heptakis(6-O-( p-tosyl))-f-cyclodextrin (4) (400 mg, 1.81 x 104 mol)in I N
KOH-75% aqueous MeOH (50ml) was kept at 60°C for 2h. After
neutralization with dilute HCI, the reaction mixture was concentrated in
in vacuo and the residue was taken up in H,0 (50 ml). Desalting and
lyophilization gave heptakis(3,6-anhydro)-S-cyclodextrin 2) (175mg,
95.7%).

Heptakis(6-O-( p-tosyl))-2-O-( p-tosyl)-f-cyclodextrin (5) (300 mg,
1.27 x 10~ *mol) gave 2 (117 mg, 91.9%) when treated according to the
same procedure.

2: mp 224—225°C. [a]3?* —27° (¢=0.91, H,0). '3 C-NMR (D,0) and
'H-NMR (D,0) see Fig. 5. FABMS m/z: 1009 (M+H™). Anal. Calcd for
(CsHg0,);-4H,0: C, 46.66; H, 5.92. Found: C, 46.81; H, 5.76.

Preparation of Hexakis(3,6-anhydro)-a-cyclodextrin (3) A solution of
hexakis(6-O-mesitylenesulfonyl)-a-cyclodextrin (6) (33mg, 1.60x1073
mol) in saturated aqueous Ba(OH), (4 ml) was kept at 40 °C for 87h. The
reaction mixture was neutralized by adding CO,, filtered, and applied to
a short reversed-phase column (Sep-Pak, Waters). After eluting with H,0
(40ml), 1% aqueous EtOH (10 ml), 3% aqueous EtOH (10ml), and 5%
aqueous EtOH (10 ml) were applied to give 3 (11 mg, 75.1%).

3:mp 225228 °C. [«]3? —8° (¢=0.18, H,0). 13C-NMR (D,0) é: 70.6,
71.2, 73.8, 76.7, 79.8, 100.4. FABMS m/z: 887(M +Na*), 903(M+K™).
Anal. Calcd for (C¢HgO,)s6H,0: C, 44.44; H, 6.17. Found: C, 44.06; H,
5.90.
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Four new coumarins, named peroxytamarin (1), cis-casegravol (5), citrusarin-A (7), and citrusarin-B (8), were
isolated from root of Citrus plants and their structures were elucidated by chemical and spectrometric methods.
Citrusarin-B (8), a coumarin having both a dimethylpyran ring and a dihydrofuran ring in the molecule, was also

synthesized.

Keywords coumarin; Citrus; Rutaceae; peroxytamarin; tamarin; casegravol; citrusarin; heteronuclear multiple bond

connectivity

During our phytochemical studies of Citrus plants
(Rutaceae), many kinds of new coumarins and acridone
alkaloids have been isolated and characterized.? We re-
port here the isolation of four new coumarins named
peroxytamarin (1), cis-casegravol (5), and citrusarin-A (7),
and -B (8), and their structural elucidation by chemical
and/or spectral methods. Peroxytamarin (1) and cis-
casegravol (5) were isolated from root of Citrus sulcata
HORT. ex TAKAHASHI (Japanese name: sanbo-kan) together
with many kinds of known coumarins and acridones.
Citrusarin-A (7) and -B (8) are regioisomers, and both
coumarins were also obtained from root of C. Hassaku
HORT. ex Y. TaNAKA (Japanese name: hassaku).

Results and Discussion

Structure of Peroxytamarin (1) Peroxytamarin (1) was
isolated as a colorless oil, [a«]p, —5.3° (CHCI,). The
high-resolution mass spectrum (HR-MS) gave the molecular
formula as C;sH;40;5. The ultraviolet (UV) bands at 1
222, 252, 297 and 324 nm, infrared (IR) absorption at Vinax
1725¢cm™", AB-type signals at 8y 7.61 and 6.23 (each
doublet, J=9.4Hz), a methoxy signal at d4 3.91, and two
IH singlets at J,7.25 and 6.79 in the proton nuclear
magnetic resonance (*H-NMR) spectrum indicated the
presence of 7-methoxy-6-substituted coumarin skeleton? in
the molecule. Further, in the 'H-NMR spectrum, ABX-type
signals at J,4.58 (1H, dd, J=38.0, 5.2Hz), 2.92 (1H, dd,
J=14.1, 5.2Hz) and 2.87 (1H, dd, J=14.1, 8.0 Hz), two
IH singlets at 8y 5.00 and 4.96 assignable to an exo-
methylene protons, and a 3H singlet at Jy 1.82 due to an
allyl methyl group appeared. The 1H double-doublet at
81 4.58 in the '"H-NMR spectrum and IR band at v,
3450cm™! together with the occurrence of typical mass
fragments at m/z 260 and 258 corresponding to [M* — - O]
and [M* —H,0], respectively, in the electron impact mass
spectrum (EI-MS) suggested the presence of a hydroperoxy
moiety in the molecule. These spectral data coupled with
the appearance of a base fragment peak at m/z 189 arising
from cleavage at the benzylic position indicated the structure
of [-CH,-CH(OOH)-C(CH,;)=CH,] for the side chain
attached to C-6. For confirmation of the structure, the
following two chemical reactions were carried out. 1) The
hematoporphyrin-sensitized photo-oxygenation® of sub-
erosin (2)* in oxygen gas gave two isomeric peroxygenated
products. One of them was found to be identical with

max

natural 1 by IR, UV, 'H-NMR and mass spectrometric
comparisons. The structure of the other reaction product
was assigned as formula 3 on the basis of spectrometric
analyses (see Experimental). 2) Treatment of peroxytamarin
(1) with triphenylphosphine gave a colorless oil, [o],+ 8.9°
(CHCl;), which was found to be identical with tamarin (4),
except for a difference of [a], value. Tamarin (4) was first
isolated from Ruta pinnata,” and then from Amyris
balsamifera by Burke and Parkins,® and R-stereochemistry
was proposed for the specimen having [a],+27.3° (CHCI,).
From the results of the "H-NMR analysis using a chiral
shift reagent, 4 derived from natural peroxytamarin (1) was
to contain only about 5% excess of one of the enantiomers.
According to the proposal by Bruke and Parkins,® the
absolute stereochemistry of the negative [«]p enantiomer
of 1 was assigned as R, because 4 derived from 1 showed
a positive [a]p value. These results led us to conclude the
structure of the major enantiomer of peroxytamarin to be
asrepresented by formula 1. The first isolation of a coumarin
hydroperoxide from a plant was reported by Crombie et
al.” in 1970. This is the fourth example of the isolation of
a peroxygenated coumarin from a natural source.®
Structure of cis-Casegravol (5) cis-Casegravol (5) was
obtained as a colorless oil, [«], —12.1° (CHCl;). The
chemical ionization mass spectrum (CI-MS) using ammonia
as a reactant gas showed the molecular ion [M+NH,]*
atm/z 294. The UV bands at 4_,, 208, 255, 284 and 320 nm,
IR band at v, 1720cm ™!, and 'H-NMR signals at J; 7.64
(IH, d, /=9.4Hz, H-4), 6.26 (1H, d, J=9.4 Hz, H-3), and
3.94 (3H, OCH,) suggested the 7-methoxycoumarin
nucleus. The appearance of other AB-type doublets at &y
7.39 and 6.88 (each 1H, d, /=8.7Hz) assignable to H-5
and H-6, respectively, indicated the presence of a side chain
at C-8. The remaining 'H-NMR signals showed the presence
of a Z-disubstituted double bond [, 6.30 and 5.96 (each
IH, d, /J=124Hz)], a methyl group attached to an
oxygenated carbon [Jy41.25 (3H, s)], and a hydroxy-
methylene moiety [y 3.57 and 3.36 (each 1H, d, J=
11.1 Hz)]. These data together with the observation of
mass fragments at m/z 259 and 245 corresponding to
[M™ —-OH] and [M* — -CH,0OH] ions, respectively, sug-
gested the structure of the side chain as [ —CH=CH-C
[(OH)CH;]-CH,0OH] having Z-configuration. On the basis
of these results, we proposed the structure of cis-casegravol
to be as shown by formula 5, except for the absolute
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stereochemistry. The racemic E-isomer named casegravol
(6) was isolated from Casearia graveolens in 1980 and
characterized.”

Structures of Citrusarin-A (7) and -B (8) Citrusarin-A
(7) and -B (8) were isolated as pale yellow oils having [a]p,
+5.2°and +3.0° (CHCl,), respectively, and were found to
have the same molecular formula C,;H,,0, by HR-MS
analyses.

Citrusarin-A (7) showed UV bands at 1,,,, 210, 226, 284,
and 340 nm and IR band atv,,, 1720cm ~*. In the 'H-NMR
spectrum, two pairs of AB-type doublets at é; 7.94 and 6.07
(each 1H, d, J=9.5Hz) and at d4 6.45 and 5.55 (each 1H,
d, J=99Hz), accompanied with signals of two methyl
groups attached to oxygenated carbon at dy 1.46 (6H, s),
were assignable to a- and S-protons on an «,f-unsaturated
carbonyl system and two protons on the dimethylben-
zopyran ring system, respectively. The lower chemical shift
value of H-4 at d;; 7.94 and the absence of other proton
signals in the aromatic proton region in the 'H-NMR
spectrum, together with the results of the UV spectrum,
suggested the presence of a 5,7-dioxygenated 6,8-di-
substituted coumarin nucleus? having a dimethylpyran
ring system in the molecule. The ramaining proton signals
coupled with carbon signals in the *C-NMR spectrum were
assigned to geminal methyls attached to a benzylic carbon
[0y 1.52and 1.26 (each 3H, s) and d. 43.99] and a secondary
methyl [, 1.39 (3H, d, J=6.6Hz)] attached to an
oxygenated methine carbon [d, 4.48 (1H, q, /J=6.6 Hz) and
dc 91.06]. The appearance of H-C long-range correlations
in the 'H detected heteronuclear multiple bond connectivi-
ty (HMBC) spectrum between the oxygenated methine car-
bon at 6.91.06 and two methyl protons at d, 1.26 and
1.52, which further correlated to an aromatic carbon at é¢
114.25 and a quaternary carbon at d.43.99 indicated the
presence of 2,3,3-trimethyldihydrobenzofuran system in
the molecule. Based on these spectral data together with
the HMBC data shown by arrows in Fig. 1, the structure of
citrusarin-A should be depicted by either formula 7 or 8.

On the other hand, citrusarin-B (8) showed UV bands at
Amax 204, 230, 293 and 328 nm and the IR band at v,
1720cm™'. The 'H-NMR signal pattern of citrusarin-B
resembled to that of citrusarin-A (7), except for some
differences of chemical shifts of the signals due to H-4
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and H-4' (Table I). The mass fragmentation pattern of
citrusarin-B showed a close similarity to that of 7. The
higher chemical shift value of H-4 [047.75 (1H, d,
J=9.5Hz)] corresponds to that of coumarin bearing no
oxygenated substituent at C-5.2 However, in the HMBC
spectrum (Fig. 2), observation of three-bond H-C cor-
relations of H-4 (dy 7.75) to two oxygenated aromatic
carbons at d. 149.89 and 156.17 suggested the presence of
an O-substituent at C-5, as in the molecule of 7. These data
together with the HMBC data shown by arrows in Fig. 2
implied that citrusarin-B should be represented either by
structure 8 or 7. Therefore, citrusarin-A and -B were found
to be regioisomers with regard to the location of the di-
methylpyran and dihydrofuran rings attached to the 5,7-
oxygenated coumarin nucleus.

The location of the pyran ring (or the dihydrofuran ring)
either at C-5,6 or C-7,8 could not be confirmed by H-C
long-range correlations in the HMBC spectra (Figs. 1 and

TABLE 1. 'H- and '3C-NMR Data for Citrusarin-A (7) and -B (8)
Carbon Citrusarin-A (7) Citrusarin-B (8)
No. S 3¢ Sy 5

2 161.23 161.38
3 6.07 (1H, d, 9.5) 109.84 6.11 (1H, d, 9.5) 110.54
4 7.94 (1H, d, 9.5)  139.25 7.75 (1H, d, 9.5)  138.60
4a 103.64 99.06
5 150.27 156.17
6 101.84 117.91
7 158.09 153.17
8 114.25 102.88
8a 151.12 149.89
2 77.86 77.44
3 5.55(1H,d, 9.9) 127.81 5.56 (1H, d, 9.9) 126.98
4 6.45 (1H, d, 9.9) 115.90 6.80 (1H, d, 9.9) 115.63
2" 4.48 (1H, d, 6.6) 91.06 4.49 (1H, d, 6.6) 91.14
3" 43.99 44.11
2'-CH,4 1.46 (6H, s) 28.06 1.46 (3H, s) 28.09
27.96 1.47 (3H, s) 28.05
2"-CH; 1.39 (3H, d, 6.6) 14.23 1.40 (3H, d, 6.6) 14.27
3"-CH;4 1.52 (3H, s) 25.54 1.42 (3H, s) 25.59
1.26 (3H, s) 21.17 1.18 (3H, s) 21.07

Spectra were measured at 400 (‘H) and 100 (**C) MHz in CDCl,. Values are in
o (ppm). Figures in parentheses are coupling constants (/) in Hz. Assignments were
confirmed by H~H and H-C correlation spectroscopy (COSY) and HMBC (/=8 Hz)
spectrometric analyses.

Fig. 1. CH Long-Range Correlations in the HMBC Spectrum (J=8 Hz)
of Citrusarin-A (7)

Fig. 2.
of Citrusarin-B (8)

CH Long-Range Correlations in the HMBC Spectrum (J =8 Hz)
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2) of citrusarin-A and -B, because the problem of the
assignment of oxygenated aromatic carbon signals at
O¢ 149.89 and 156.17 in the spectrum of citrusarin-B and
at d¢ 150.27 and 151.12 in that of citrusarin-A, to either
C-8a and C-5 or C-5 and C-8a, respectively, remained. The
similarity of the chemical shift of the signal at 6, 6.80 due
to H-4" on the pyran ring of citrusarin-B (8) to that of
5-methoxyseselin (9)'% at 5y 6.79 suggested the structure 8
for citrusarin-B.

To confirm this, we synthesized citrusarin-B (8) from
5,7-dihydroxycoumarin (10),'* which was easily derived
from phloroglucinol and ethyl propiolate. Treatment of the
diacetate (11) obtained from 10 with 1-bromo-3-methylbut-
2-ene in acetone in the presence of anhydrous potassium
carbonate gave 12,'? which was hydrolyzed to afford the
S-prenylated coumarin (13).'? The location of the prenyl
ether at C-5 in 13 was confirmed by observation of nuclear
Overhauser effect (NOE) between the O-methyl protons
(0y 3.85) and two meta-coupled aromatic protons at 5, 6.29
and 6.41 in the '"H-NMR spectrum of the corresponding
methyl ether (14).1?) A mixture of 13 and sodium acetate
was heated at 190°C for 20min'® gave three kinds of
reaction products in 38 (A), 29 (B), and 27 (C) % yields.
The spectroscopic data (UV, IR, and 'H-NMR) of the
major product (A) were in agreement with those of 15
reported by Murray and Jorge.'* The 'H-NMR spectra of
the other products (B and C) showed the same signal pattern
(see Experimental), which suggested the presence of a
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2,3,3-trimethyldihydrofuran ring in the molecules, instead
of a prenyl moiety and one of the meta-coupled aromatic
protons on 13. These data suggested the structures of B and
C to be 16 and 18 (or vice versa), respectively. These prod-
ucts were considered to have been formed by Claisen
rearrangement of the prenyl moiety on 13 followed by
cyclization to give ortho-phenolic hydroxy groups. For
confirmation of the structure, 14 was treated'® with sodium
acetate at 190°C, as in the case of 13, to give a cyclization
product 17, which was found to be identical with the
O-methyl ether of B by spectrometric comparisons (UV,
IR, MS, and 'H-NMR). Therefore, we assigned the
structures 16 for B and 18 for C.'® Further treatment!®
of 16 with 3-chloro-3-methylbut-1-yne followed by cy-
clization at reflux temperature in diethylaniline afforded
a colorless oil (8) in 37% yield, and this was found to
be identical with natural citrusarin-B by spectrometric
comparisons (UV, IR, MS, and 'H-NMR). On the basis
of the above results, the structures of citrusarin-A and -B
were established as 7 and 8, respectively, except for the
absolute stereochemistry.

Experimental

Melting point was measured on a micromelting point hot-stage apparatus
(Yanagimoto). 'H- and '*C-NMR spectra were recorded on GX-270
(JEOL) and GX-400 (JEOL) spectrometers, respectively, in CDCl,, unless
otherwise stated. Chemical shifts are shown in & values (ppm) with
tetramethylsilane (TMS) as an internal reference. HMBC spectra were
measured at J=8Hz on the GX-400. All mass spectra were measured
under electron impact (EI) conditions, unless otherwise stated, using an
M-80 (Hitachi) or a JMS-HX-110 (JEOL) spectrometer having a direct
inlet system. UV spectra were recorded on a UVIDEC-610C double-beam
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spectrophotometer (JASCO) in methanol, IR spectra on a IR-810 (JASCO)
in CHCI;, and optical rotations on a DIP-181 (JASCO) in CHCI,. The
preparative thin layer chromatographies (TLC) were done on Kieselgel
60 F,s, (Merck).

Isolation and Separation of Peroxytamarin (1) and cis-Casegravol
(5) Thedried root (185 g) of Citrus sulcata HORT. ex TAKAHASHI (Japanese
name: sanbo-kan) grown in the orchard of Okitsu Branch, Fruit Tree
Research Station, Ministry of Agriculture, Forestry and Fisheries, Shimizu,
Sizuoka, was extracted with acetone at room temperature. The acetone
extract (9.5g) was chromatographed over silica gel with benzene-hexane
(1:1 and then 10:1), benzene, benzene-acetone (20:1, 10:1, 4:1, and
then 2: 1), acetone, and methanol successively to give nine fractions. Each
fraction was subjected to preparative TLC using appropriate mixtures of
benzene, hexane, acetone, CHCl,, isopropyl ether, ethyl acetate, CH,(Cl,,
and methanol as developing solvents to obtain 21 kinds of coumarins and 4
kind of acridones, as stated below. From fraction 4: tamarin>® 15.2mg,
hopeyhopin'” 2.6 mg, demethylauraptenol'® 5.2mg, seselin’® 319 mg,
xanthyletin®” 2.2mg, and a new coumarin, peroxytamarin (1) 17.7 mg.
From fractions 4 and 5: demethylsuberosin?® 2.9 mg, osthenol?? 35mg,
osthenon®® 14.7mg, junosmarin®* 4.0mg, S-hydroxyseselin®> 3.9 mg,
scoparone’® 4.1mg, nordentatin®” 3.1mg, natsucitrine-1*® 5.0mg,
citprssine-1?¢*¥ 3.4mg, S5-hydroxynoracronycine®® 8.2mg, and ci-
tracridone-1** 13.1mg. From fraction 5: umbelliferone®® 3.8 mg,
cis-osthenon®" 5.6mg, and bisosthenon3? 3.1mg. From fraction 6:
7-methoxy-8-formylcoumarin®® 6.1 mg, kiyomal*® 1.1 mg, casegravol®
4.8 mg, (+)-decurusidinol®® 18.3mg, and a new coumarin. ¢is-casegravol
(5) 1.9mg. Known compounds were fully characterized by UV, IR,
'H-NMR, and MS.

Peroxytamarin (1) Colorless oil. [«], —5.3° (¢=0.12, CHCl;). UV
Anax N 222, 244 (sh), 252, 297, 324. IR v,,,, cm ™~ ': 3450 (br), 1725, 1620,
1560. '"H-NMR 6: 8.23 (1H, br, OOH), 7.61 (1H, d, J=9.4 Hz, H-4), 7.25
(1H, s, H-5), 6.79 (1H, s, H-8), 6.23 (1H, d, /=9.4 Hz, H-3), 5.00 and 4.96
(each 1H, s, exo-CH,), 4.58 (1H, dd, J=5.2, 7.9 Hz), 3.91 (3H, s, OCH,),
292 (IH, dd, J=14.1, 5.2Hz), 2.87 (1H, dd, /=14.1, 8.0Hz), 1.82 (3H,
s). MS m/z (%): 276 (M ™, 3), 260 (8), 258 (21), 206 (33), 205 (12), 191
(15), 190 (99), 189 (100), 177 (11), 175 (10), 162 (19), 161 (23), 160 (14),
159 (47), 147 (23). HR-MS Caled for C,;sH,cO4: 276.0996. Found:
276.0982.

Photo-oxygenation® of Suberosin (2) Oxygen gas was bubbled through
a solution of suberosin (2)* (50mg) in pyridine (5ml) containing he-
matoporphyrin (5mg), and the solution was irradiated with a high-
pressure Hg lamp using a Pyrex glass filter for 2h. Then, the solvent
was evaporated off. The residue was subjected to silica gel preparative
TLC to afford 19.2 and 20.1 mg of 1 and 3, respectively. Compound 1
was found to be identical with natural peroxytamarin by spectrometric
comparisons (IR, UV, '"H-NMR, and MS). 3: Light yellow oil. IR
VmaxCm ™' 3450 (br), 1725, 1620, 1560. UV A, nm: 206, 223, 256, 296,
306, 339. "H-NMR 4: 7.63 (1H, d, J=9.4Hz), 7.53 (1H, s), 6.89 (1H, d,
J=16.5Hz),6.78 (1H,s),6.34 (1H, d, J=16.5Hz), 6.27 (1H, d, J=9.4 Hz),
3.92 (3H, s), 1.48 (6H, s). MS m/z (%): 276 (M ™", 11), 260 (34), 245 (55),
243 (20), 205 (34), 204 (28), 203 (64), 190 (22), 189 (100), 175 (21), 149
(30). HR-MS Calcd for C,sH;405: 276.0996. Found: 276.0988.

Treatment of Natural Peroxytamarin (1) with Triphenylphosphine A
methanolic solution (1 ml) of 1 (2.3 mg) and Ph,;P (I mg) was stirred for
I'h at room temperature. The solvent was evaporated off in vacuo. The
residue was subjected to preparative TLC to afford a colorless oil (4)
(1.7mg), [a]p +8.9° (¢=0.083, CHCl,), IR v,,,,cm™!: 3050, 1720, 1620,
1560. UV 2,,,nm: 206, 222, 253, 297, 328. 'H-NMR é: 7.63 (IH, d,
J=9.4Hz, H-4),7.29 (1H, s, H-5), 6.81 (1H, s, H-8), 6.26 (1H, d, /=9.4 Hz,
H-3), 4.94 (1H, s, H-4'), 4.85 (1H, s, H-4"), 4.32 (1H, dd, J=4.0, 8.7 Hz,
H-27), 3.91 (3H, s, 7-OCHj;), 3.01 (1H, dd, J=4.0, 14.1 Hz, H-1"), 2.76
(1H, dd, J=8.7, 14.1Hz, H-1'), 1.83 (3H, s, 3-CH,). This was found to
be identical with tamarin (4) by comparisons of the IR, UV, and 'H-NMR
data with those in the literature.” Tamarin (4), [a], +8.9° (CHCI,),
derived from natural 1 was found to contain only 5% excess of one
of the enantiomers by '"H-NMR analysis using a chiral shift reagent,
tris[3-(heptafluoropropylhydroxymethylene)-( + )-camphorato]europium-
(III). According to the literature,® the major enantiomer (4) having positive
[«]p can be assigned as having R-configuration in the chiral center on the
side chain.

cis-Casegravol (5) Colorless oil. [a],—12.1° (¢=0.102, CHCl,). UV
Amaxnm: 208. 255, 284, 320. IR v, . cm™ ! 3630, 3450 (br), 1720, 1600.
"H-NMR §: 7.63 (IH, d, J=9.4Hz, H-4), 7.41 (1H, d, /=8.4Hz, H-5),
6.86 (IH, d, /=8.4Hz, H-6), 6.78 (1H, d, J=12.4Hz, H-1'), 6.49 (1H, d,
J=12.4Hz, H-2'),6.25 (1H, d, J=9.4Hz, H-3), 3.90 (3H, 5, 7-OCH,), 2.25
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(3BH, s, 3-CH3). CI-MS m/z 294 [M +NH,]*. MS m/z (%): 260 (23), 259
(100), 257 (12), 245 (45), 231 (17), 219 (19), 213 (14), 203 (23).

Isolation of Citrusarin-A (7) and -B (8) The dried root (3200 g) of Citrus
Hassaku HORT. ex Y. TaNAKA (Japanese name: hassaku) was extracted
with acetone at room temperature. The acetone extract (485g) was
subjected to silica gel column chromatography with benzene. The benzene
cluate was further chromatographed on silica gel eluted successively with
hexane and benzene-hexane (1:9 and then I:4). The eluates was subject-
ed repeatedly to preparative TLC with benzene—ethyl acetate (9:1),
hexane-benzene (1:9), isopropyl ether, acctone-hexane (1:9), ethyl
acetate-benzene (1:19), and/or acetone-hexane (1:19) to obtain
citrusarin-A (7) (210 mg) and citrusarin-B (8) (5.1 mg) as well as other
known compounds, which were characterized by spectral analysis (UV,
IR, and '"H-NMR).3®

Citrusarin-A (7) Pale yellow oil. 0.00065% yield from the dry root.
{olp +52° (¢=0.172, CHCLy). UV /.. nm: 210, 226, 284, 340. IR
Vmax S~ 1 1720, 1640, 1625, 1610. HR-MS Caled for C,,H,,0, 312.1359.
Found: 312.1353. MS m/z (%): 312(M*, 58), 298 (35),297 (100), 241 (11).

Citrusarin-B (8) Pale yellow oil. 0.000016% yield from the dry root.
[edp +3.0° (¢=0.148, CHCl,). UV A, nm: 204, 230, 239 (sh), 247 (sh),
285 (fl), 293, 328. IR v, cm™ ' 1720, 1640, 1620. HR-MS Calcd for
Ci9H,(0,: 312.1360. Found: 312.1358. MS m/z (%): 312 (M ™, 35), 298
(34), 297 (100), 295 (14), 241 (11), 149 (28), 141 (11).

5,7-Diacetoxycoumarin (11) A mixture of 10" (7.4 g), acetyl anhydride
(100 ml), and pyridine (7ml) was refluxed for 2h. The reaction mixture
was poured into ice water, neutralized with NaHCO,, and then extracted
with ethyl acetate. The organic layer was washed with diluted aqueous
NaHCOj and water, dried with anhydrous MgSO,, and then concentrated
to dryness to give 11 (6.3 g) as colorless prisms. 11: mp 124—125°C. UV
Anax M2 206, 290, 313. IR vy, cm ™' 1780, 1740, 1630. '"H-NMR §,,: 7.73
(IH, d, J=9.7Hz, H-4), 7.04 (IH, d, J=2.0Hz, H-6 or -8), 6.98 (IH, d,
J=2.0Hz, H-8 or -6), 6.40 (1H, d, J=9.7Hz, H-3), 2.40 (3H, s, OAc),
2.33 (3H, s, OAc). MS mjfz (%): 262 (M*, 7), 220 (22), 179 (12), 178
(100), 150 (48).

5-(2-Enyl-3-methylbut)oxy-7-acetoxycoumarin (12)'? A mixture of 11
(30 mg) and 1-bromo-3-methylbut-2-ene (20.4 mg) in acetone (4.5ml) was
stirred in the presence of anhydrous K,CO; (94mg) for 14h at room
temperature. The reaction mixture was filtered and the filtrate was
concentrated to dryness. The residue was dissolved in H,0O and extracted
with ethyl acetate. The organic layer was washed with 5% K,CO, and
H,0, and dried with anhydrous MgSO,,. The solvent was evaporated off.
The residue was subjected to preparative TLC (CHCl;: acetone=40:1)
to give 12 (9.0 mg) and 11 (5.0 mg) as colorless needles. 12: mp 128—129°C
(it."® mp 127—129°C). UV A, nm: 210, 240, 304. IR v, cm~': 1770,
1738, 1618. 'H-NMR §,;: 8.05 (1H, d, J=9.8Hz, H-4), 6.69 (1H, d,
J=2.0Hz, H-6 or -8), 6.51 (1H, d, J=2.0Hz, H-8 or, -6), 6.28 (IH, d,
J=9.8Hz, H-3), 548 (1H, t, J=6.7Hz, H-2), 4.59 (2H, d, J=6.7Hz,
H-1'), 2.33 (3H, s, OAc), 1.82 (3H, s, CHj;), 1.75 (3H, s, CH;). MS m/z
(“%): 288 (M, 2), 220 (57), 178 (83), 150 (21), 149 (21), 81 (12), 70 (16),
69 (100).

5-(2-Enyl-3-methylbut)oxy-7-hydroxycoumarin (13)!? A methanolic
solution (2ml) of 12 (5.1 mg) and 1% aqueous NaHCO, (0.1 ml) was
refluxed for 30 min, neutralized with diluted HC, and then extracted with
ethyl acetate. The organic layer was dried with anhydrous MgSO, and
the solvent was evaporated off. The residue was subjected to preparative
TLC (CH,Cl,: acetone=20: 1) to give 13 (4.9 mg) as colorless prisms. 13:
mp [34—136°C. UV /,,, nm: 208, 249, 257, 330. IR v, cm ™ !: 3300 (br),
1720, 1615. '"H-NMR &;: 8.04 (1H, d, J=9.4Hz, H-4), 6.63 (I1H, d,
J=2.0Hz, H-6 or -8), 6.33 (1H, d, /=2.0Hz, H-8 or -6), 6.11 (IH, d,
J=9.4Hz, H-3), 5.46 (1H, t, J=6.7Hz, H-2), 4.55 (2H, d, J=6.7Hz,
H-1), 1.79 (3H, s, CH;), 1.73 (3H, 5, CHj). MS mjz (%): 246 (M*, 14),
179 (12), 178 (83), 150 (41), 70 (10), 69 (100).

O-Methylation of 13 A mixture of 13 (30mg), anhydrous K,CO,
(18 mg) and methyl iodide (76.5mg) in acetone (10 ml) was refluxed for
3h. K,CO, was filtered off and the filtrate was subjected to preparative
TLC (CHClI; :acetone =20:1) to give colorless needles (14, 29.9 mg). 14:
mp 88—91°C. UV 4, nm: 208, 246, 255, 328. IR v,,,,cm™': 1730, 1615.
'H-NMR 6,: 8.00 (1H, d, J=9.8 Hz, H-4), 6.41 (1H, d, J=2.0Hz, H-6
or H-8), 6.29 (1H, d, J=2.0Hz, H-8 or H-6), 6.14 (1H, d, J=9.8 Hz,
H-3), 5.48 (1H, t, J=6.7Hz, H-2), 4.57 (2H, d, J=6.7Hz, H-1'), 3.85
(3H, s, OCH,), 1.82 (3H, s, CH,), 1.76 (3H, s, CH;). MS m/z (%): 260
(M™, 19), 193 (22), 192 (99), 164 (60), 163 (14), 149 (17), 135 (15), 70 (11),
69 (100). Irradiation of the methoxy protons at &, 3.85 gave 4 and 12%
NOE of the protons signals at J;, 6.41 and 6.29, respectively.

Cyclization Reaction'® of 13 A mixture of 13 (10mg) and sodium
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acetate (20 mg) was heated in an oil bath at 190 °C for 20 min. The residue
was dissolved in a small amount of acetone and subjected to preparative
TLC (iso-Pr,O: acetone=20: 1) to give three kinds of pale yellow oils, A
(Rf:0.21) (15), B (Rf: 0.58) (16), and C (Rf: 0.46) (18) in 38, 29, and 27%
yields, respectively. A (15):'4) UV 1, nm: 208, 259, 331. IR v, .cm™ "
3400 (br), 1720, 1615. '"H-NMR (acetone-dy) dy: 8.03 (1H, d, J=9.8 Hz,
H-4), 6.66 (1H, s, OH), 6.48 (1H, s, H-6), 6.03 (1H, d, J=9.8 Hz, H-3),
5.24 (1H, t, J=7.0Hz, H-2), 3.40 (2H, d, J=7.0Hz, H-1’), 1.81 (3H, s,
CH,), 1.64 (3H, s, CH;). MS m/z (%): 246 (M*, 27), 191 (35), 97 (20),
83 (26), 73 (21), 71 (33), 70 (24), 69 (100). B (16): UV 2., nm: 212, 258,
328. IR v,,cm™': 3260 (br), 1710, 1630. '"H-NMR &,,: 7.82 (I1H, d,
J=9.4Hz, H-4), 6.57 (1H, s, H-8), 6.13 (1H, d, J=9.4Hz, H-3), 4.52 (1H,
q, J=6.4Hz, H-2'), 1.78 (1H, brd, OH), 1.46 (3H, s, CH;), 1.41 (3H, d,
J=6.4Hz, CH3), 1.21 (3H, s, CH;). MS m/z (%): 246 (M ™", 41), 232 (21),
231 (100), 203 (19), 149 (46), 101 (12). C (18)'>: UV A, nm: 210, 258,
331. IR vy,em™': 3400 (br), 1720, 1630. 'H-NMR §,: 7.93 (1H, d,
J=9.8Hz, H-4),6.72 (1H, s, H-8), 6.39 (1H, s, OH), 6.16 (1H, d, /=9.8 Hz,
H-3), 445 (1H, q, /=64Hz, H-2"), 149 (3H, s, CH;), 1.39 (3H, d,
J=6.4Hz, CH;), 1.24 (3H, s, CH;). MS m/z (%): 246 (M ™", 41), 232 (17),
231 (100), 203 (16), 149 (31).

Cyclization Reaction'® of 14 A mixture of 14 (20mg) and sodium
acctate (40 mg) was heated in an oil bath at 190 °C for 20 min. The reaction
mixture was dissolved in acetone. The acetone solution was subjected to
preparative TLC (hexane:acetone=4:1) to give colorless prisms (17)
(5.7mg) together with the starting material (14) (5.3mg). 17: mp
107—110°C. UV A, nm: 212, 228, 256 (sh), 322. IR v, .cm™': 1730,
1630. "H-NMR §y: 7.77 (1H, d, J=9.7Hz, H-4), 6.35 (1H, s, H-8), 6.14
(1H,d, J=9.7Hz, H-3),4.49 (1H, q, J=6.4 Hz, H-2'), 3.86 (3H, 5, OCH,),
1.39 (3H, d, /=6.4Hz, CH;), 1.40 (3H, s, CH3;), 1.16 (3H, s, CH,). MS
mfz (%): 260 (M*, 54), 246 (20), 245 (100), 217 (17), 135 (16), 105 (73).

O-Methylation of 16 A mixture of 16 (10 mg) and methyl iodide (15 mg)
in acetone (3ml) was refluxed for 35min in the presence of anhydrous
K,CO; (125mg). The reaction mixture was filtered. The filtrate was
subjected to preparative TLC (CHCl,: hexane=4:1) to give colorless
prisms, mp 105—110°C (10.9 mg). This product was found to be identical
with 17 derived from 14 by UV, IR, 'H-NMR, and MS comparisons.

Citrusarin-B (8) from 16 A mixture of 16 (40.7mg), 3-chloro-3-
methylbut-1-yne (169mg), and anhydrous K,CO; (338mg) in acetone
(8 ml) containing one drop of dimethylformamide was refluxed for 8 h.
During the reaction, the butyne (169 mg) was added six times to the reaction
mixture at intervals of 70 min. The reaction mixture was filtered, and the
filtrate was concentrated to dryness. The residue was dissolved in
diethylaniline (2ml) and heated at 220°C for 1 h in N, gas.'® Diluted
HCI was added to the mixture and the solution was extracted with diethyl
ether. The extract was dried over anhydrous MgSO,, and the solvent
was evaporated off. The residue was subjected to preparative TLC
(hexane : acetone=4:1, and then 2:1) to give a pale yellow oil (19mg),
which was found to be identical with natural citrusarin-B (8) by
spectrometric comparisons (UV, IR, 'H-NMR, and MS).
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Stereoselective Synthesis of Both Half Segments for (—)-Sarcophytonin A and (—)-Sarcophytoxide®

Chem. Pharm. Bull. 39(10) 2514—2524 (1991)
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A stereoselective synthesis of a dihydrofuran derivative (5) and an allylhalide (8), possible precursors of the
cembranes (—)-sarcophytonin A and (—)-sarcophytoxide, is described. The optically active dihydrofuran, right half,
segment (49) was synthesized starting from a naturally occurring monoterpene, (—)-carvone. It was converted into the
phenylselenide (14) via three steps. Oxidation of 14 with m-chloroperbenzoic acid and then treatment with pyridine
yielded the epoxy olefin (29). Cleavage of the epoxide with boron trifluoride etherate gave the methoxy alcohol (31).
Bromoetherification with /N-bromosuccinimide selectively yielded the cis-hexahydro-1-oxaindan derivative (36) having
a new chirality at the C-6 position. Reductive debromination of 36 followed by oxidation and then enol silylation yielded
the less substituted silyl enol ether (39). Ozonolysis of 39 followed by methylation and elimination of methanol with
potassium tert-butoxide and then reduction with 9-borabicyclo[3.3.1]nonane (9-BBN) gave the dihydrofuran derivative
(41). Protection as the silyl ether (42) and phenylselenenylation and then treatment with hydrogen peroxide yielded the
unsaturated ester (45). Reduction followed by thiophenylation of the resulting hydroxyl group afforded the dihydrofuran
derivative (49) as a right half segment. Left half segments, the chloride (53) and the bromide (54), were synthesized
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starting from geraniol via several steps.

Keywords
geraniol; dihydrofuran

The cembranoid diterpenes, a widely distributed class of
marine natural products, have been the focus of consider-
able synthetic effort.?) Syntheses of cembrenes® and cem-
brenols® have been reported, while the more complex
cembranolides have recently been receiving attention.®
(+)-Sarcophine (1) is a cembranolide repellent agent
protecting soft-coral .against predators. It was isolated
from Sarcophytum glaucum in the Red Sea and identified
as 1 by single crystal X-ray analysis in 1974.% Its absolute
configuration, (25,7S5,8S), was established by interpreta-
tion of the circular dichroism (CD) spectra.” Other closely
related compounds, (—)-(2R,7R,8R)-sarcophytoxide (2),
its (—)-(2R,7S,8S)-stereoisomer (2), isosarcophytoxide (3)
and their enantiomers were also isolated from genus
Sarcophyton® or Lobophytum.®’ (—)-Sarcophytonin A (4),
an oil [a]p —92° has been isolated from Sarcophyton
glaucum collected at the island of Ishigaki, Okinawa, by
Kobayashi and co-workers.'® The structure was estab-
lished by comparing its spectral data with those of (+)-
(28,75,8S)-sarcophytoxide (2) but the absolute configu-
ration had not been determined. Bowden er al.®*® and
Frincke et al.®® reported some chemical correlations of
these cembranoids, and discussed their absolute stereo-
chemistry. Bowden and co-workers® determined the ab-
solute configuration of ( —)-sarcophytonin A (4) at the C-2

position to be R.
£
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Chart 1

sarcophine; sarcophytonin A; sarcophytoxide; carvone; bromoetherification; cembrane; synthesis; diterpene;

Results and Discussion

We planned the total synthesis of optically active
sarcophine (1) and related compounds. Frincke and co-
workers®® found that air oxidation of (+)-sarcophytoxide
(2) afforded (+)-sarcophine (1) in a good yield. Now, the
target molecules of the total synthesis are sarcophytoxide
(2), isosarcophytoxide (3), sarcophytonin A (4) and their
enantiomers. We describe here some initial studies on the
stereoselective synthesis of an intermediate with potential
for elaboration to cembrane systems (2, 3 and 4) having a
dihydrofuran moiety as described above.

Our synthetic plan calls for the construction of two
major segments, the dihydrofuran (5) and the bifunctional
diene (8) or its epoxy derivatives (9 and 10). Sequential
coupling of these segments via extrusion first of MY and
then XZ completes the synthesis.'?’ We foresaw several
advantages in this strategy. Four optical active isomers
at the epoxide and the dihydrofuran moieties in the
structure of sarcophytoxide (2) could be synthesized by the
combination of the (+)- or (—)-epoxides and the (—)- or
(+)-dihydrofuran segments. The syntheses of the dihydro-
furan segment (5) and bifunctional diene (8) are the subject
of this report.

Synthesis of the Right Half, Dihydrofuran, Segment
Carvone, easily obtainable as a naturally occurring mono-
terpene, was selected as the starting material of the (+)-
or (—)-dihydrofuran segment (5). The chirality of C-2
of 5 was induced from that of (—)-carvone by an
intramolecular etherification of the cyclohexenyl alcohol
(7), as shown in Chart 2.

Synthetic Route A (—)-Carvone was converted into the
selenide (14) according to the procedure of Miyashita et
al.*® The intermediate, selenoketone (11; mp 79—80 °C),'*
was purified by repeated recrystallization to a constant
specific rotation value ([o]p) of —120°. The pure selenide
(11) was reduced with lithium aluminum hydride to the
p-alcohol (12), and its hydroxyl group was protected with
a tetrahydropyranyl group. The selenide (14) was treated
with borane-tetrahydrofuran (THF) complex at —65°C
followed by excess hydrogen peroxide and 3N potassium

© 1991 Pharmaceutical Society of Japan
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hydroxide to afford a mixture of the diastereoisomers of
the primary alcohols (15) in 74% vyield. These reactions,
hydroboration and in situ elimination of the selenoxide,
have good regioselectivities, but resulted in a poor stereo-
selectivity. The structure of 15 was confirmed by its pro-
ton nuclear magnetic resonance (*H-NMR) spectrum ex-
hibiting olefinic proton and C-8 methylene proton signals
at 65.55 (2H, brs) and 63.38 (2H, m), respectively. We
required regio- and stereo-selective etherification of the
hydroxyolefin (15) in order to construct the dihydrofuran
moiety of the right half segment. Clive and co-workers!®
reported that the selenoetherification of 3-(2-hydroxyethyl)-
cyclohexene gave the cis-hexahydro-1-oxaindane skeleton
(Chart 4). Treatment of 15 with phenylselenenyl chloride
in ethyl acetate at — 65 °C selectively afforded a mixture of
the phenylselenides (16A and B), which was then treated
with 10% sulfuric acid in acetone to yield the desired
phenylselenides (17A and B), having cis-hexahydro-1-
oxaindane structure, in 37 and 58% yields, respectively.
The structures of the hydrooxaindanes were confirmed as
follows. The relative stereochemistry of the phenylseleno

Q
\“
\\“\“
o'Phse”

0
N
I\ 3 H
N
W
K

Fig. 1. The Possible Structures of 17

group and C(6)-O bond should be trans from the reaction
mechanism.!* Therefore, three structures (a, b and ¢) as
shown in Fig. 1 were possible for 17.*3 The structure c,
a six-membered cyclization product, was eliminated from
the following transformations as described later, and the
structures a and b, five-membered cyclization products,
were supported by the experimental results of Clive et al.**
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The configuration of the ring system of 17B was confirmed
to be cis(a) not trans(b) by the 'H-NMR spectrum using a
shift reagent, tris(dipivaloylmethanato)europium, as shown
in Figs. 2 and 3; the signals due to C-5 (t, J=4Hz) and
C-6 (t, J=4Hz) equatorial protons were observed. The
other cyclic ether (17A) was considered to be an epimer of
17B at C-9 from the spectral data, which were similar to
those of 17B. The removal of the phenylseleno groups of
17A and B was effected with W-2 Raney nickel in acetone
to afford 20A and its C-9 epimer (20B) in good yields.
Their "H-NMR spectra, exhibiting C-6 proton signals at
04.02 (q, J=4Hz) (20A) and 64.01 (q, /J=3Hz) (20B),
also supported the cis-bicyclo structure. Other etherifica-
tion methods were examined. Bromoetherification!?16) of

- /D
O
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= 5r
= a" 9
L R e
= A __—® A
3 [ ]
S o4 ® A/ o
&) L ‘/O/
A
35
| 1 l 1 ]
[0} 01 0.2 0.3 0-4

Molar ratio (Eu (DMP);/17B)

Fig. 2. The Chemical Shifts Values of the C-3, 5, 6 and 8 Proton Signals
of 17B Using Shift Reagent, Eu(DPM),
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Fig. 3. The 'H-NMR (at 60 MHz) Spectrum of 17B in the Presence of
0.3 mol Equivalent of Eu(DMP); in CDCl,
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15, effected with N-bromosuccinimide in acetonitrile at
0°C, gave 18A and B in 32 and 55% yields, respectively.
The resulting bromides (18A and B) were then treated
with pyridinium p-toluenesulfonate (PPTS) in ethanol to
give quantitative yields of the bromoalcohols (19A, oil and
19B, mp 112—113°C). These structures were supported
by the 'H-NMR data, which were similar to those of the
selenide (17). Jones oxidation of these alcohols follow-
ed by dehydrobromination with 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) at room temperature quantitatively
yielded the «,f-unsaturated ketones (22A and B) within a
few minutes. This experimental result, presumed to arise
through antiperiplanar elimination, supported the pro-
posed structures (19). The bromides (19A and B) were
treated with tributyltin hydride in benzene to afford the
cis-bicycloethers in 82—86% yields; these products were
identical with 20A and 20B obtained by the selenoether-
ification method. Unfortunately, acid-catalyzed etherifica-
tion,!” a more direct method, of the alcohols (15) using
concentrated hydrochloric acid in ethanol gave 20A and
20B but only in 12 and 32% yields, respectively. Conse-
quently, the bromoetherification procedure was decided to
be the best method for the synthesis of the hexahydro-
oxaindane skeleton.

After Jones oxidation of the alcohols (20A and B),
the resulting ketones (23A and B) were regioselectively
converted into the kinetically controlled less substituted
silyl] enol ethers (24A and B) by the use of lithium
diisopropylamide and trimethylsilyl chloride at —78°C.
Ozonolysis followed by reductive work-up using methyl
sulfide of both silyl enol ethers was performed in a mixture
of methanol and methylene chloride in the presence of a
pinch of sodium bicarbonate at —78°C. The resulting
crude carboxylic acids were methylated to give the
formylated methyl carboxylates (25A and B) in 90 and
97% yields, respectively. These structures were confirmed
from the "H-NMR spectra exhibiting the formyl proton
signals at 69.74 (d, J=7Hz) for 25A and 69.63 (d,
J=4Hz) for 25B. According to the enamine procedure of
Williams and Nishitani,'® the aldehyde (25B) was treated
with piperidine at room temperature followed by phenyl-
selenenyl chloride at —110°C to afford a nearly 2:1
mixture of the epimeric selenides (26Ba and 26Bb) in 66%
combined yield. Unfortunately, oxidation of the major
selenide (26Ba) with m-chloroperbenzoic acid (mCPBA) at
—78°C and in situ climination of the selenoxide yield-
ed the undesired o,f-unsaturated aldehyde (27) in 97%

OHC

OHC/,. L~ H PhSe:, | —
MeOOC + MeoOOC
fo) o)
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yield. The same treatment of the minor isomeric selenide
(26Bb) gave a quantitative yield of the desired «,f-unsatu-
rated aldehyde (28). These structures were confirmed by
the following spectral data, 28: IR: 1740, 1675c¢cm ™ !; 'H-
NMR 6: 2.12 (3H, brs, 4-Me), 9.88 (1H, s, CHO), 27:
IR: 1740, 1653cm™!; 'H-NMR §: 1.15 and 1.16 (each
3H, d, J=7Hz, 4,7-Me), 9.50 (1H, s, CHO). These exper-
imental results, involving syn-elimination of selenoxide,
suggested the stereochemistry of the above selenides (26Ba
and 26Bb) to be as shown in Chart 5. Phenylselenenyla-
tion of the other aldehyde (25A) via the enamine yielded
a nearly 3:1 mixture of the epimeric selenides (26Aa
and 26Ab), exhibiting formyl proton signals at §9.28 (s)
and 9.54 (d, J=1.5Hz), in 39% combined yield. Treat-
ment of the mixture with mCPBA gave the desired unsatu-
rated aldehyde (28), but only in 28% yield. The yield of
the conversion of the saturated aldehydes into the desired
o, f-unsaturated aldehyde (28) was too low for this meth-
od to be useful as a the synthetic tool. Consequently,
this approach had to be abandoned, and we sought a
more effective approach.

Synthetic Route B The main disadvantage of the above
synthetic method is the formation of the undesired un-
saturated aldehyde (27) because of the lack of stereo-
selectivity of the phenylselenenylation of the aldehydes
(25A and B). In order to solve this problem, we placed
a leaving group at the S-position (C-4) to the formyl group
of the saturated aldehydes (25).

Treatment of the selenide (14) derived from (—)-carvone
with 2.5eq of mCPBA at —50°C and then with pyridine
in carbon tetrachloride at reflux temperature afforded the

O
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epoxy olefins (29) in 96% yield. The 'H-NMR spectrum
suggested that the epoxide was a mixture of diastereo-
isomers (29A and B). We needed a leaving group at the
C-7 position of 15 in order to introduce an appropriate
double bond selectively. The mixture of the epoxides (29)
was treated with methanol in the presence of an acid under
several conditions. These results are summarized in Table
L. The opening of the epoxy group followed by removal of
the tetrahydropyranyl protecting group was best effected
with 3eq of boron trifluoride etherate at —60——30°C
for 20h to give the expected primary alcohols (31A; oil
and 31B; mp 101—103 °C) along with the tertiary alcohol
(33) in yields of 35, 31 and 14%, respectively (entry 4 in
Table I). The former products (31A and B) appeared to be
stereoisomeric by spectral criteria, but no effort was made
to ascertain their stereochemistry. Regio- and stereoselec-
tive cyclization of 31 was performed by the bromoetheri-
fication method as described for the synthesis of 18.

TaBLE I. Opening of the Epoxy Group of 29 Using Acid
H 0
1) Time  Temp. Yield (%)
Entry  Acid (eq) (h) C0)
29 30+32 31 33 34+35

1 TiCl, (1.5) 4 —60——40 0 0 0 0 87

2 BF;-OEt, (1.0) 48 —60——4039 Trace 37 12

3 (2.0)0 48 —60——3016 37 28 11

4 (3.0) 20 —60——30 8 S 66 14

a) The following acids were also examined for this reaction, but a complex mixture
or the starting material was obtained. Complex mixture: Et,AlCl, AICl;, SnCl,,
PPTS, Mg(ClO,),, H,S80,. Starting material: MgCl,, ZnCl,.
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The primary alcohols (31A and B) were treated with
N-bromosuccinimide in acetonitrile at — 5 °C to afford the
bromoethers (36A; oil and 36B; mp 100—100.5 °C), having
a cis-hexahydro-1-oxaindane skeleton, in fairly good yields.
The structures of 36A and B were confirmed from their
'H-NMR spectra, analogous to those of 19A and B, along
with the reaction mechanism. Reductive debromination of
the bromide (36A and B) with tributyltin hydride followed
by Swern oxidation afforded the bicycloketones (38A and
B) in good yields.

Trimethylsilylation of the kinetic enolate derived from
the ketone (38) by the use of lithium diisopropylamide at
—78°C gave the less substituted silyl enol ethers (39A and
B) quantitatively. The silyl enol ethers (39A and B) were
treated with ozone in a mixture of methylene chloride and
methanol in the presence of sodium bicarbonate at —78 °C,
followed by methyl sulfide and then diazomethane to afford
the methoxy aldehydes (40A and B) quantitatively. The
configuration of the aldehydes at the C-7 position was
expected to be R, but exact determination was not essential
in this synthesis. The methoxy aldehyde (40A) and its
epimer (40B) were treated with potassium tert-butoxide in
THF at 0°C to give a single o,f-unsaturated aldehyde in
nearly 90% yield. The aldehyde was identical with the
desired aldehyde (28) derived from the phenylselenide
(26Bb). Reduction of the unsaturated aldehyde (28) to the
allylic alcohol (41) could be effected with 9-borabicyclo-
[3.3.1]nonane (9-BBN), but not with sodium borohydride
and cerium chloride'® or lithium tri-fert-butoxyalumino-
hydride.2? Protection as the reri-butyldimethylsilyl ether
(42) followed by phenylselenenylation afforded the phenyl-
selenide (43) quantitatively. Unfortunately, oxidation of
the selenide (43) with hydrogen peroxide and in situ
elimination of the selenoxide gave rise to a nearly 2:3
mixture of regioisomers of the unsaturated ester, 45 and
46, quantitatively. This ratio was calculated from the
intensity of the olefinic proton signals appearing at ¢ 6.51
(brd, J=8Hz) for 45, and 65.67 and 6.20 (each d,
J=1Hz) for 46 in the '"H-NMR spectrum. The value of
the chemical shift (8 6.51) of the internal olefinic proton of
45 suggested the E configuration of the double bond.?"
The other doublet signal around 6 ppm, expected for the Z
isomer of 45, was not observed at all in this mixture.
Another method was examined to improve the yield of 45.
Bromination of the ester (42) was effected with lithium
diisopropylamide and carbon tetrabromide at —78°C,
giving a quantitative yield of the bromoester (44). Dehy-
drobromination of the bromide (44) with lithium carbonate
in hot N,N-dimethylformamide (DMF) gave a nearly 1.7: 1
mixture of 45 and 46 in 85% yield. Isomerization of the
double bond of the external olefin (46) to the internal
olefin (45) by the use of several acids and bases was
examined. When the 2: 1 mixture of the olefins (45 and 46)
was treated with NaH in THF at room temperature, a
nearly 4:1 mixture of 45 and 46 was obtained in 54%
yield. This experimental result can be explained in terms of
the decomposition or the polymerization of 46. Reduction
of a nearly 2:1 mixture of the esters (45 and 46) with
diisobutylaluminium hydride in toluene at — 30 °C followed
by separation gave a 51% yield of 47 along with a 27%
yield of 48. The allylic alcohol (47), exhibiting a doublet
signal due to the vinyl proton at 45.32 in the 'H-NMR
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TasLE II. Comparison of ‘H-NMR Data of 47 and 49 with Those of
the Natural Products

C-2 H (C-6 H)”

Compound C-3H
47 5.32 (brd, /=9Hz) 5.55(m)
49 5.17 (brd, J=10Hz) 5.47 (m)

(—)-Sarcophytonin-A'® 5.06 (brd, J=10Hz) 5.48 (d, /=10, 4.5Hz)

(—)-Sarcophytoxide®?  5.28 (d, J=10Hz) 5.55 (m)
(+)-Sarcophytoxide®?  5.23 (d, J=10Hz) 5.54 (m)
(4)-Sarcophytoxide®?  5.12 (d, /J=10Hz) 5.36 (brd)
a) This assignment was made for 47 and 49.
A . OR' S OBn
! OH ! OR? / X
geraniol 50:R'=H, R®%=THP 53 : X=Cl
51:R"'=Bn,R’=THP 54 : X=Br

52:R'=Bn,R%-H

Chart 7

spectrum, could be transformed into a halide, a tosylate, a
sulfide or a selenide in the dihydrofuran (right half) segment
(5). Douben and co-workers®” reported the synthesis of
crassin acetate, in which they used the combination of
the allylsulfide moiety and the tosylate for C-C bond
formation. We selected the phenylsulfide (49) as a nucleo-
philic right half segment. The allylic alcohol (47) was
treated with diphenyldisulfide and tributylphosphine to
afford the (2R)-phenylsulfide (49) ([o]p= —37.9°) in 58%
yield. The structure of the sulfide (49) thus obtained was
supported by the spectral evidence. The "H-NMR spectral
data of the sulfide (49) clorsely resembled those of
sarcophytonin A (4) and sarcophytoxide (3), as shown in
Table II.

Synthesis of Left Half Segments (53 and 54) The hy-
droxyl group of 50, prepared from geraniol by the mod-
ified method of Mori and co-workers,?? was protected
with a benzyl group to give 51, which was then treated
with PPTS in warm ethanol, giving 52. The allylic alcohol
(52) was converted into the allylchloride (83) in 71% yield
by the use of sym-collidine, methanesulfonyl chloride
and lithium chloride in DMF.2® The alcohol (52) also
converted into the allylbromide (54) in 87% yield.

Thus, the syntheses of the right half, dihydrofuran,
segment and the left half segment of sarcophytonin A were
achieved. Studies on the synthesis of sarcophytonin A,
involving two C—C bond formations between the right and
left half segments, are under way in our laboratory.

Experimental

All melting points were measured with a Yanaco hot-stage micro
melting point apparatus and are uncorrected. 'H-NMR spectra were
recorded on a JEOL FX-100 (100 MHz) or on a Hitachi R-24B (60 MHz)
spectrometer. All NMR spectra were recorded in CDCl; and are reported
in parts per million (ppm) relative to tetramethylsilane (TMS) (6=0.0) or
CHCI; (6 ="7.26) unless otherwise noted. The following abbreviations are
used for the signal patterns: s =singlet, d =doublet, t=triplet, q = quartet,
m =multiplet, and br=broad. Infrared (IR) spectra were run on a Hitachi
215 spectrophotometer. Ultraviolet (UV) spectra were obtained on a
Hitachi 200-10 spectrophotometer using ethanol as a solvent. Mass
spectra (MS) were recorded at 70eV on a D-300 (low resolution) or on a
Hitachi M-80 (high resolution) spectrometer using a direct inlet system.
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High performance liquid chromatography (HPLC) was conducted on a
Prep-pack cartridge silica column (57 mm i.d. x 300 mm) using a Waters
LC 3000 system. Optical rotations were recorded on a JASCO DIP-360
digital polarimeter. Fuji-Davison Silica gel BW-127ZH (100—270 mesh)
containing 2% fluorescence indicator F,;, was used for column
chromatography with a quartz column. Analytical thin-layer chromatog-
raphy (TLC) was carried out using Merck Silica gel HF 5.
(2S5,3R,58)-2-Methyl-5-(1-methylethenyl)-3-(phenylseleno)-cyclohexanone
(11) The method of Miyashita and co-workers was employed.!'? A
solution of diphenyldiselenide (15.6 g, 49.9 mmol) in ethanol (190 ml) was
treated with NaBH, (3.8g, 99.9mmol) at 0°C. After the evolution of
hydrogen gas was completed, acetic acid (9.85ml, 176 mmol) was added,
and the resulting colorless solution was stirred for 1 h. A solution of
(—)-carvone (10.0g, 66.6 mmol) in 39ml of ethanol was added, and the
resulting mixture was stirred for 3 h. The solvent was removed, then water
and ether were added to the residue. The layers were separated, and the
organic extracts were washed with 30% sodium carbonate solution and
brine, and dried over MgSO,. Removal of the solvent followed by
recrystallization from hexane-cther afforded 13.0g (64.0% yield) of the
phenylselenide (11) as colorless needles, mp 79—80°C.'2'¥ [o], —119.9°
(¢=0.21, CHCIl3). Anal. Caled for C, H,,08e: C, 62.54; H, 6.56. Found:
C, 62.64; H, 6.64. IR (KBr) cm™!: 3080, 1705, 1645, 1580. 'H-NMR §:
1.20 (3H, d, J=7Hz, 2-Me), 1.65 (3H, brs, 8-Me), 1.8—3.2 (6H, m,
2,4,5,6-H), 3.95 (1H, q, J=4 Hz, 3-H), 4.70 (2H, brs, 9-H), 7.0—7.7 (5H,
m, aromatic-H). MS m/z (rel. int. %): 308 (M™*, 42), 157 (22), 151
(M* —PhSe, 100). High-resolution MS, Caled for C,4H,,0Se (M*):
308.0678. Found: 308.0675.
(25,3R,55)-2-Methyl-5-(1-methylethenyl)-3-(phenylseleno)-cyclohexanols
(12 and 13) The method of Miyashita and co-workers was employed.'?
A solution of the phenylselenoketone (11) (1.0 g, 3.28 mmol) in dry ether
(15 ml) was treated with LiAlH, (125 mg, 3.28 mmol) at 0 °C with stirring
for Smin. The excess reagent was quenched by addition of wet ether, and
the precipitate was filtered. The residue on the filter paper was washed
several times with ether, and the combined organic layer was washed with
brine, and then dried over MgSO,. Removal of the solvent left an oil,
which was purified by column chromatography with 10% EtOAc-hexane
to give 797 mg (78.5%) of the f-alcohol (12) as an oil and 200 mg (19.7%)
of the a-alcohol (13) as colorless needles, mp 97—98 °C (ether--hexane).
Data for 12 (15): [a}p, —107.3° (¢=0.28, CHCl;). IR (KBr) cm™!: 3450,
3060, 1640, 740. "H-NMR é: 1.20 (3H, d, J=6.5Hz, 2-Me), 1.72 (3H, s,
7-Me), 1.80—2.20 (5H, m, 2,4,6-H), 2.84 (1H, brt, J=11Hz, 5-H), 3.56
(IH, q, J=4Hz, 3-H), 3.98 (IH, br, 1-H), 4.72 (2H, brs, 8-H), 7.00—7.70
(5H, m, aromatic-H). MS m/z (rel. int. %): 310 (M ™, 8), 292 (M* —H,0,
3), 157 (PhSe™, 29), 153 (M* —PhSe, 32), 135 (M* —PhSe —H,0, 100).
High-resolution MS, Caled for C,¢H,,0Se (M™): 310.0834. Found:
310.0829. Data for 13 (1R): [a]p —152.6° (¢=0.21, CHCL,). Anal. Caled
for C;¢H,,08e: C, 62.00; H, 7.35. Found: C, 61.90; H, 7.21. IR (film)
cm™': 3450, 3080, 1655, 740. 'H-NMR §: 1.23 (3H, d, J=6Hz, 2-Me),
1.67 3H, brs, 7-Me), 2.84 (1H, tt, J=12, 4Hz, 5-H), 3.2—3.8 (2H, m,
1,3-H), 3.48 (1H, brd, J=10Hz, 1-H), 3.62 (1H, m, 3-H), 4.70 (2H, brs,
8-H), 7.00—7.70 (5H, m, aromatic-H). MS m/z (rel. int. %): 310 (M ™",
14), 157 (PhSe™, 44), 153 (M* —PhSe, 100), 135 (M " —PhSe —H,0, 78).
High-resolution MS, Caled for C,¢H,,08¢ (M*): 310.0834. Found:
310.0830.
(18,25,3R,5S5)-2-Methyl-5-(1-methylethenyl)-3-(phenylseleno)-cyclo-
hexanol Tetrahydropyranyl Ether (14) A solution of 12 (797 mg, 2.58
mmol), 3,4-dihydro-2H-pyran (0.47ml, S.16 mmol) and PPTS (130 mg,
0.516 mmol) in dry CH,Cl, (12ml) was stirred at room temperature for
7h. Ether and 10% NaHCO, were added, and the organic layer was
washed with water and brine, and dried over MgSO,. Removal of the
solvent left an oil, which was purified by column chromatography with
5% EtOAc-hexane to give 1.02g (quant.) of 14 as a colorless oil. [«]p
—71.9° (¢=1.02, CHCl,). IR (film) cm ™ ': 3070, 1625, 1007. 'H-NMR J:
1.22, 1.36 (each 3/2H, d, J=7Hz, 2-Me), 1.76 (3H, brs, 7-Me), 2.90 (1H,
m, 5-H), 4.55 (3H, m, vinyl-H and -OTHP), 7.16—7.72 (5H, m,
aromatic-H). MS m/z (rel. int. %): 394 (M ¥, 13), 294 (7), 237 (M * —SePh,
5), 85 (100). High-resolution MS, Calcd for C,,H;,0Se (M *): 394.1408.
Found: 394.1406.
(1S,2R,55)-5-(1-Hydroxypropan-2-yl)-2-methyl-3-cyclohexenol Tetrahy-
dropyranyl Ether (15) Borane-THF complex (1.0M THF solution)
(18.9ml, 18.9 mmol) was added dropwise over 20 min to a solution of 14
(2.5g, 6.3mmol) in S5ml of THF at —65°C. The mixture was stirred until
the starting material disappeared on a TLC plate, and was warmed to
0°C. Then 35% hydrogen peroxide (6.1 ml, 62.8 mmol) was added over
30 min, followed by 3N NaOH (5.7ml). The resulting reaction mixture
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was stirred at 65°C for 15h, then cooled to 0°C, and saturated K,COj,
solution was added. The whole was extracted with ether. The extracts
were washed with brine, and dried over MgSO,. Removal of the solvent
left a brown oil, which was purified by column chromatography with
20% EtOAc-hexane to give 1.20g (74%) of 15 as a light yellow oil. IR
(ilm) em™*': 3400, 3050, 1050. 'H-NMR §: 0.8—1.6 (6H, 2,7-Me),
2.20—2.40 (2H, m, 2,5-H), 3.38 (3H, m, 1-H, CH,~OH), 4.63, 4.80 (each
1/2H, —OTHP), 5.55 (2H, brs, vinyl-H). MS m/z (rel. int. %): 152
(M™ —-THPOH, 16), 121 (18), 95 (9), 85 (100).

Synthesis of (1R,3S5,4R,6R,9R)- and (1R,3S,6R,9S5)-3-Hydroxy-4,9-
dimethyl-7-oxabicyclo[4.3.0]nonanes (20A and 20B). (a) Phenylseleno-
etherification Method Intramolecular Cyclization of the Alcohol 15: The
method of Clive and co-workers was employed.'* A solution of 15 (125
g, 4.9mmol) and phenylselenenyl chloride (938 mg, 4.9 mmol) in ethyl
acetate (18 ml) was stirred at —65 °C under argon for 3 h. Removal of the
solvent left 2.0g of a dark yellow oil, which was purified by column
chromatography with 20% EtOAc-hexane to give a mixture of the
tetrahydropyrany! (THP)-ethers (16A and B) (1.22 g, 60%), 17A (301 mg,
14.9%) and 17B (268 mg, 13.3%). The mixture of (1R,35,45,5S5,6S5,9R)-
and (1R,35,45,55,65,95)-4,9-dimethyl-5-phenylseleno-3-(tetrahydropyran-
2-yloxy)-7-oxabicyclo[4.3.0]Jnonanes (16A and B) was obtained as a
colorless oil. IR (film) cm™': 3070, 1580, 1040, 1000. 'H-NMR §:
0.98-—1.22 (6H, 4,9-Me), 4.65, 4.84 (cach 1/2H, —OTHP), 7.10—7.70
(SH, m, aromatic-H). MS m/z (rel. int. %): 410 (M™*, 7), 157 (PhSe™,
9), 151 (11), 85 (100). (1R,3S,4S,5S,6S,9R)-3-Hydroxy-4,9-dimethyl-
5-phenylseleno-7-oxabicyclo[4.3.0]nonane (17A): colorless needles, mp
113—114°C (hexane-ether). [a]p —16.2° (¢=0.16, CHCl;). 4nal. Calcd
for C,¢H,,0,Se: C, 59.07; H, 6.82. Found: C, 59.07; H, 6.92. IR (KBr)
cm~': 3450, 3070, 1550, 1020. 'H-NMR é: 0.96 (3H, d, J=7Hz, 9-Me),
1.28 (3H, d, J=7Hz, 4-Me), 2.1-—2.8 (4H, m), 3.50 (1H, m, 5-H), 3.52
(1H, dd, J=8, 10Hz, 8-H), 3.97 (1H, brs, 3-H), 4.02 (1H, t, J=8 Hz,
8-H), 4.32 (1H, t, J=3Hz, 6-H), 7.18—7.66 (5H, m, aromatic H).
MS m/z (rel. int. %): 326 (M ™, 32), 169 (M™ —PhSe, 14), 168 (M ™" —
PhSeH, 58), 157 (10), 156 (21), 151 (M* —PheH—~H,0, 34), 124 (100).
(15,35,45,55,65,95)-3-Hydroxy-4,9-dimethyl-5-phenylseleno-7-oxabi-
cyclo[4.3.0Jnonane (17B): a colorless oil. [a], —4.21° (¢=1.32, CHCI,).
IR (film) cm ™ ': 3420, 3070, 1580, 1010. 'H-NMR é: 1.05 (3H, d, J=6Hz,
9-Me), 1.20 (3H, d, /=6 Hz, 4-Me), 3.32—3.70 (2H, m, 5,8-H), 3.88 (1H,
m, 3-H), 4.04—4.40 2H, m, 6,8-H), 4.18 (1H, d, J=8 Hz, 8-H), 4.28 (1H,
t, J=4Hz, 6-H), 7.10—7.70 (5H, m, aromatic-H). MS m/z (rel. int. %):
326 (M*, 19), 168 (M*—PhSe, 38), 157 (12), 156 (23), 124 (100).
High-resolution MS, Caled for C,cH,,0,S¢ (M™): 326.0783. Found:
326.0777.

Removal of the THP Protecting Group of the Bicyclononanes (16A
and B): A solution of the mixture of the THP ethers (16A and 16B)
(1.20 g, 2.9 mmol) described above in acetone (10ml) and 10% sulfuric
acid (2.5ml) was stirred at S0°C for 72h. Water was added, and the
whole was extracted with ecther. The extracts were washed with 10%
NaHCO; and brine, and then dried over MgSO,. Removal of the solvent
left 1.0 g of a yellow oil, which was subjected to column chromatography.
Elution with 20% EtOAc-hexane afforded first the alcohol 17A (288 mg,
30%), mp 113°C, and then 17B (657 mg, 69%). These spectral data were
coincident with those of the authentic specimens described above.

Reductive Elimination of the Phenylseleno Group of 17A: A solution
of 17A (85mg, 0.26 mmol) in acetone (2ml) was stirred with W2-Raney
nickel (1.2 g) at room temperature for 7h. The nickel was removed by
filtration and washed several times with acetone. The filtrate was
concentrated, and the residue was purified by column chromatography
with 20% EtOAc-hexane to give 31 mg (70% yield) of the oxabicyclo-
nonane (20A) as a colorless oil. [a]p —2.2° (¢=0.86, CHCI;). IR (film)
cm™': 3450, 1030, 1000. "H-NMR &: 0.96 (6H, d, J=7Hz, 4,9-Me),
2.40—2.80 (1H, m), 3.46 (IH, dd, J=8, 10Hz, 8-H), 3.92 (IH, m,
W,,,=6Hz, 3-H), 4.00 (1H, t, J=8Hz, 8-H), 4.02 (1H, q, J=4Hz, 6-H).
MS m/z (rel. int. %): 170 (M, 4), 169 (6), 152 (M —H,0, 49), 137 (17),
111 (100). High-resolution MS, Caled for C,H,40, (M™*): 170.1305.
Found: 170.1298.

Reductive Elimination of the Phenylseleno Group of 17B: The selenide
(17B) (80 mg, 0.25mmol) was treated with W2-Raney nickel (1.2g) in
acetone (2ml) at room temperature for 3h. The crude product was
purified by column chromatography with 20% EtOAc-hexane to give
37mg (88%) of 20B as a colorless oil. [a], —0.85° (¢=0.22, CHCl,). IR
(film) cm ™ *: 3450, 1030, 1000. 'H-NMR &: 0.95 (3H, d, /=7 Hz, 9-Me),
1.04 3H, d, J=7Hz, 4-Me), 3.34 (1H, dd, J=4, 9Hz, 8-H), 3.80 (1H, m,
W,,=T7Hz, 3-H), 4.01 (1H, q, J=3Hz, 6-H), 4.31 (1H, dd, J=8, 9Hz,
8-H). MS m/z (rel. int. %): 170 (M*, 5), 169 (6), 152 M* —H,0, 57),
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137 (19), 111 (16), 98 (100). High-resolution MS, Caled for C,,H,30,
(M™*): 170.1305. Found: 170.1300.

(b) Bromoetherification Method Intramolecular Cyclization of 15: A
solution of 15 (307mg, 1.2mmol) and N-bromosuccinimide (279 mg,
1.6 mmol) in dry acetonitrile (10 ml) was stirred at 0°C for Smin under
argon. Water and ether were added, then the organic layer was washed
with 10% Na,CO; and brine and dried over MgSO,. Removal of the
solvent left an oil (500 mg), which was purified by column chromatog-
raphy to give the bromides 18A (130 mg), an oil, and 18B (220 mg), an
oil, in 32 and 55% yields, respectively. (1R,3S5,4S5,55,65,9R)-5-Bromo-4,9-
dimethyl-3-(tetrahydropyran-2-yloxy)-7-oxabicyclo[4.3.0nonane (18A):
[e]p —3.5° (¢=1.2, CHCly). IR (film) cm™!: 1015, 1000. 'H-NMR §:
1.00 (3H, d, J=7Hz, 9-Me), 1.13, 1.25 (3H, d, /=7 Hz, 4-Me), 3.51 (1H,
m), 3.52, 4.03 (each 1H, t, J=8Hz, 8-H), 3.95 (2H, m), 4.32 (2H, m,
5,6-H), 4.66, 4.77 (each 1/2H, m, OTHP). MS m/z (rel. int. %): 233, 233
(M* —THP, 3), 169 (M* —THP —Br, 14), 85 (100). (1R,35,45,55,65,95)-
S-Bromo-4,9-dimethyl-3-(tetrahydropyran-2-yloxy)-7-oxabicyclo[4.3.0]-
nonane (18B): [a]p +3.4° (¢=2.0, CHCl,). IR (film) cm™*: 1010, 1005.
'H-NMR §: 1.02 (3H, d, J=6Hz, 9-Me), 1.12, 1.14 (each 3/2H, d,
J=7Hz, 4-Me), 2.30—2.64 (1H, m), 3.75—4.40 (SH, m), 4.54—4.80
(IH, m, OTHP). MS m/z (rel. int. %): 233, 231 (M* —~THP, 3), 169
(M* —THP —Br, 47), 133 (24), 93 (27), 85 (100).

Removal of the THP Protecting Group of the Bromides (18A and
18B): A solution of the THP ether (18A or 18B) (200 mg) and a catalytic
amount of PPTS in ethanol (Sml) was heated at 45°C for 6h under
argon. Water and EtOAc were added and the organic layer was washed
with 10% NaHCO; and brine, and then dried over MgSO,. Removal of
the solvent left an oil, which was purified by column chromatography
with 20% EtOAc-hexane to give the pure alcohol (19A or 19B) in
quantative yield. (1R,3S,4S,5S,6S,9R)-5-Bromo-3-hydroxy-4,9-dimethyl-
7-oxabicyclo[4.3.0]nonane (19A): a slightly yellow oil: [a], —3.5°
(¢=3.7, CHCl,). IR (film) cm™!: 3450, 1025. 'H-NMR §: 1.00 (3H, d,
J=6Hz, 4 or 9-Me), 1.22 (3H, d, J=6Hz, 9 or 4-Me), 3.49 (1H, dd,
J=8, 10Hz, 8-H), 3.92 (IH, m, 3-H), 4.03 (1H, t, J=8Hz, 8-H),
4.20—4.43 2H, m, 5,6-H). MS m/z (rel. int. %): 250, 248 (M™*, 9),
169 (M*—Br, 9), 151 (11), 97 (100). High-resolution MS, Calcd for
C,oH,;BrO, (M™"): 248.0410. Found: 248.0382. (1R,35,45,55,65,95)-5-
Bromo-3-hydroxy-4,9-dimethyl-7-oxabicyclo[4.3.0]nonane (19B), color-
less plates, mp 112—113°C: Anal. Caled for C; H,,BrO,: C, 48.21; H,
6.88; Br, 32.07. Found: C, 48.04; H, 6.85; Br, 32.21. [«]p —4.9° (¢=0.85,
CHCl,). IR (KBr) ecm™*: 3500, 1090, 1060, 1030. 'H-NMR §: 1.05, 1.15
(each 3H, d, J=7Hz, 4,9-Me), 3.40 (1H, dd, J=7, 9Hz, 8-H), 3.70—4.50
(4H, m, 3,5,6,8-H). MS m/z (rel. int. %): 250, 248 (M*, 4), 153 (M* —Br,
8), 151 (12), 97 (100). High-resolution MS, Calcd for C,,H,;,BrO, (M ™):
248.0411. Found: 248.0403.

Reductive Debromination of the Bromoalcohol (19A): A solution of
19A (366 mg, 1.47mmol) and tributyltin hydride (0.5ml, 1.91 mmol) in
dry benzene (6 ml) was stirred at 65 °C for 3 h. Removal of the solvent left
an oil (857 mg), which was purified by column chromatography with 30%
EtOAc-hexane, providing pure 20A (204mg, 82% yield). The physical
and spectral data were coincident with those of an authentic specimen.

Reductive Debromination of the Bromoalcohol (19B): Treatment of
19B (300 mg, 1.18 mmol) with tributyltin hydride (0.45ml, 1.56 mmol)
under the same conditions as described for 19A afforded 176 mg of the
alcohol (20B) in 86% yield. The alcohol was identical with an authentic
specimen of 20B.

(c¢) Acid Catalyzed Etherification of the Primary Alcohol (15) A solu-
tion of 15 (100 mg, 0.39 mmol) in 5Sml of ethanol containing 1 ml of 36%
HCI was heated at reflux temperature for 48h. After cooling, it was
extracted with ether, and the extract was washed with 10% NaHCO; and
brine, and dried over MgSO,. Removal of the solvent left an oil, which
was purified by column chromatography with 20% EtOAc-hexane to
give 8mg (12% yield) of 20A and 22mg (32% yield) of 20B.

(1R,35,45,6 R,9R)-4,9-Dimethyl-7-oxabicyclo{ 4.3.0]-4-nonen-3-one
(22A) Jones reagent (0.23 ml, 0.6 mmol) was added to a solution of 19A
(150 mg, 0.6 mmol) in a 2: 1 mixture of acetone and ether (3 ml), and the
reaction mixture was stirred at 0°C for Smin. Saturated NaHCO; and
ether were added, and the organic layer was washed with brine and dried
over MgSO,. Removal of the solvent left the crude bromoketone (21A),
which was treated with DBU (90 mg, 0.6 mmol) in benzene (3 ml) at 0°C
for Smin. The reaction mixture was diluted with EtOAc¢, and washed
with 5% HCI, water and brine, then dried over MgSO,. Removal of the
solvent left an oil, which was purified by column chromatography with
30% EtOAc-hexane to afford 99mg (quant.) of 22A as a colorless
oil. [}y —5.9° (¢=0.89, CHCl,). IR (film) cm™!: 1680, 1650, 1013.
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'TH-NMR 4: 0.95 (3H, d, J=6Hz, 9-Me), 1.30 (3H, brs, 4-Me), 3.55,
4.00 (each IH, dd, /=7, 8 Hz, 8-H), 447 (1H, m, W, , =8 Hz, 6-H), 6.65
(IH, m, W,,, =8 Hz, 5-H). MS m/z (rel. int. %): 166 (M*, 100), 138 (81),
135 (67), 123 (99), 109 (69). High-resolution MS, Caled for C,,H,,0,
(M™): 166.0993. Found: 166.0996.

(1R,35,4S,6R,9.5)-4,9-Dimethyl-7-oxabicyclo[ 4.3.0]-4-nonen-3-one (22B)
The bromoalcohol 19B (85mg, 0.34mmol) was treated with Jones
reagent, and then DBU by the same method as described for the synthesis
of 19A, providing 22B as a light yellow oil in quantative yield. [a], —4.6°
(c=0.68, CHCl,). IR (film) cm ™! 1680, 1650, 1015. 'H-NMR §: 1.05
(3H, d, J=6Hz, 9-Me), 1.30 (3H, brs, 4-Me), 3.40, 4.08 (each 1H, brt,
J=8Hz, 8-H), 4.70 (IH, m, W, , =11 Hz, 6-H), 6.50 (IH, m, W, ,, =6 Hz,
5-H). MS m/z (rel. int. %): 166 (M*, 53), 138 (50), 123 (61), 109 (50), 69
(80), 41 (100).

(1R4AR.6R9R)- and (1R.4R,6R,95)-4,9-Dimethyl-7-oxabicyclo[4.3.0]-
nonan-3-ones (23A and 23B) A solution of 20 (360 mg, 2.1 mmol) in
acetone (7ml) was treated with Jones reagent (1.2ml) at 0°C for Smin.
Saturated NaHCOj solution and ether were added, and the organic layer
was washed with brine. Removal of the solvent left an oil, which was
purified by column chromatography with 20% EtOAc-hexane to give the
ketone (23). 23A: An oil. Yield, starting from 51 mg of 20A, 45 mg (89%).
[e]p —6.6° (¢=3.0, CHCl,). IR (film) cm™': 1710, 1035, 1020. '"H-NMR
d: 095, 1.02 (each 3H, d, J=7Hz, 4,9-Me), 1.65 (1H, ddd, J=3, 13,
15Hz, 5¢-H), 2.18—3.00 (6H, m), 3.65 (1H, dd, /=8, 10Hz, 8-H), 4.10
(IH, q, /=3Hz, 6-H), 4.12 (1H, t, J=8 Hz, 8-H). MS m/z (rel. int. %):
168 (M*, 82), 153 (19), 127 (8), 125 (6), 111 (14), 109 (44), 97 (100).
High-resolution MS, Caled for C,,H,(0, (M*): 168.1149. Found:
168.1155. 23B: An oil. Yield, starting from 360 mg of 20B, 310 mg (87%).
[elp —1.9° (¢=1.36, CHCl,). IR (film) cm™': 1712, 1040. 'H-NMR §:
1.02, 1.07 (each 3H, d, J=7Hz, 4,9-Me), 1.12—2.00 (2H, m), 2.10—2.70
(5H, m), 3.32 (IH, dd, /=8, 9Hz, 8-H), 4.14 (1H, dd, /=7, 9Hz, §8-H),
4.31 (1H, td, J=4, THz, 6-H). MS m/z (rel. int. %): 168 (M*, 100), 153
9), 127 (4), 125 (4). High-resolution MS, Calcd for C,,H,;c0, (M*):
168.1149. Found: 168.1158.

(1S,4R,6R9R)- and (1S,4R,6R,95)-4,9-Dimethyl-3-trimethylsilyloxy-7-
oxabicyclo[4.3.0]-2-nonenes (24A and 24B) A THF solution of 23
(1.0mmol) was added to a chilled (—78°C) THF (3ml) solution of
lithium diisopropylamide (1.5 mmol), prepared from 0.2ml (1.5 mmol) of
diisopropylamine and 1.5 mmol of n-butyllithium hexane solution at 0°C,
and the resulting reaction mixture was stirred at —78°C for 1h. Chlo-
rotrimethylsilane (0.2ml, 1.5mmol) was added to the reaction mix-
ture, and the solution was stirred for 2h at the same low temperature.
Saturated NaHCO, and hexane were added, and the organic layer was
washed with brine and dried over MgSO,, Removal of the solvent left
an oil, which was purified by column chromatography with 30%
EtOAc-hexane to give pure silyl ether (24). 24A: An oil. Yield, starting
from 170mg (1.5mmol) of 23A, 200mg (83%). IR (film) cm™': 1660,
1255, 995, 845. 'H-NMR (at 60 MHz) 6: 0.20 (9H, s, SiMe,), 1.00, 1.08
(each 3H, d, J=7Hz, 4,9-Me), 3.18 (1H, dd, /=7, 8 Hz, 8-H), 3.79 (IH,
t, J=7Hz, 8-H), 4.18 (1H, br, 6-H), 4.58 (IH, m, W ,,=6Hz, 2-H). MS
mjz (rel. int. %): 240 (M*, 38), 209 (13), 181 (48), 156 (18), 141 (19),
91 (69), 73 (100). High-resolution MS, Caled for C,;H,,0,S1 (M™):
240.1520. Found: 240.1532. 24B: An oil. Yield, starting from 310mg
(1.8mmol) of 23B, 411mg (93%). [alp —1.0° (¢=0.48, CHCl;). IR
(film) em~': 1660, 1255, 1200, 840. '"H-NMR (at 60 MHz) §: 0.18 (9H, s,
SiMe,), 1.10, 1.12 (each 3H, d, J=6Hz, 4,9-Me), 3.30 (1H, dd, J=5,
8 Hz, 8-H), 3.90 (1H, dd, J=6, 8 Hz, 8-H), 4.20 (1H, m, 6-H), 4.62 (1H,
brd, J=3Hz, 2-H). MS m/z (rel. int. %): 240 (M ™, 55), 209 (17), 181
(59), 156 (24), 141 (23), 83 (100). High-resolution MS, Calcd for
C,:H,,0,Si (M*): 240.1520. Found: 240.1532.

(2R,3RAR)- and (2R,3R,4S)-3-Formyl-2-[2-(methoxycarbonyl)propyl]}-
4-methyl-tetrahydrofurans (25) Ozone was introduced into a solution of
24 (200 mg, 0.83 mmol) in wet CH,Cl,-methanol (4:1, 7ml) containing
a pinch of NaHCO; at — 78 °C until the color of the solution changed to
pale purple. The resulting mixture was stirred for 30 min at the same low
temperature. After addition of methylsulfide (0.3ml, 4.2mmol), the
resulting mixture was slowly warmed to room temperature and stirred for
I'h. The solvent was removed, and the residue was treated with an excess
of ethereal diazomethane. Removal of the solvent left an oil, which was
purified by column chromatography with 20% EtOAc-hexane to give the
pure aldehyde (25). 25A: An oil. Yield, starting from 200 mg (0.83 mmol)
of 24A, 160 mg (90%). IR (film) cm™*: 1730, 1700, 1190. 'H-NMR é:
1.08, 1.16 (each 3H, d, J=7Hz, 4,7-Me), 1.61 (1H, ddd, J=5, 7, 14 Hz,
6-H), 2.10 (IH, m, 6-H), 3.65 (3H, s, COOMe), 3.71 (1H, dd, /=38, 10 Hz,
5-H), 3.82—4.22 (2H, m, 2,5-H), 9.74 (1H, d, J=7Hz, CHO). MS m/z
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(rel. int. %): 213 (M* —1, 1), 199 (M* —Me, 8), 196 (M* —H,0, 4), 183
(M*—OMe, 26), 156 (34), 127 (49), 113 (36), 88 (100). 25B: An oil. Yield,
starting from 175 mg (0.73 mmol) of 24B, 152 mg (97%). IR (film) cm ™ !:
1740, 1720, 1380, 1360, 1040. 'H-NMR 4: 1.08, 1.17 (each 3H, d,
J=6Hz, 4,7-Me), 1.55 (1H, ddd, J=4, 6, 14Hz, 7-H), 2.00 (1H, ddd,
J=17, 10, 14Hz, 6-H), 2.50 (2H, m), 3.30 (1H, dd, /=7, 8 Hz, 5-H), 3.65
(3H, s, COOMe), 4.04—4.30 (2H, m, 2,5-H), 9.63 (1H, d, J=4Hz,
CHO). MS m/z (rel. int. %): 213 (M™* —1, 0.5), 183 (M* —OMe, 36), 156
(35), 127 (70), 113 (88), 88 (100).

Phenylselenenylation of 25B A solution of 25B (127 mg, 0.59 mmol)
and piperidine (55mg, 0.65mmol) in benzene (3ml) was stirred with
molecular sieves 3A at room temperature for 26h. Removal of the
molecular sieves followed by evaporation of the solvent gave a colorless
oil. The resulting crude enamine was dissolved in anhydrous THF (3 ml),
and was cooled to —110°C. Then a solution of phenylselenenyl chloride
(120 mg, 0.62 mmol) in THF (2 ml) was added, and the resulting mixture
was stirred for 1h. Water and ether were added, and the organic layer
was separated, then washed with 10% NaHCO; and brine and dried over
MgSO,. Removal of the solvent left an oil, which was purified by column
chromatography with 20% EtOAc-hexane to give the phenylselenides
26Ba (94mg) and 26Bb (50mg) in 43 and 23% yields, respectively.
(2R,3R,45)-3-Formyl-2-[2-(methoxycarbonyl)propyl]-4-methyl-3-phenyl-
seleno-tetrahydrofuran (26Ba): A pale yellow oil. [a]y +14.3° (¢=0.47,
CHCly). IR (film) cm ™~ ': 1740, 1705. "H-NMR &: 0.99, 1.14 (each 3H, d,
J=THz, 4,1-Me), 2.52 (1H, brq, J=8 Hz), 3.00 (1H, m), 3.30--3.76 (4H,
COOMe, 5-H), 3.92—4.16 (2H, m), 7.20—7.70 (5H, m, aromatic-H), 9.49
(IH, s, CHO). MS m/z (rel. int. %): 339 (M* —OMe, 5), 240 (91), 213
(36), 181 (28), 160 (100). High-resolution MS, Caled for C,,H,,0,Se
(M™): 370.0682. Found: 370.0702. (2R,3S,45)-3-Formyl-2-[2-(methoxy-
carbonyl)propyl]-4-methyl-3-phenylseleno-tetrahydrofuran (26Bb): A pale
yellow oil. [a], +24.7° (¢=0.48, CHCl;). IR (film) cm™': 1730, 1700.
'H-NMR &: 1.04, 1.20 (each 3H. d, J=7Hz, 4,7-Me), 2.37—2.85 (2H,
m), 3.34 (IH, m), 3.68 (3H, s, COOMe), 4.06—4.52 (2H, m), 7.16—7.64
(SH, m, aromatic-H), 9.55 (1H, s, CHO). MS m/z (rel. int. %): 339
(M*—OMe, 5), 240 (89), 213 (50), 181 (29), 160 (100), 131 (18).
High-resolution MS, Caled for C,,H,,0,S¢ (M*): 370.0682. Found:
370.0694.

Phenylselenenylation of 25A The aldehyde (25A) (120 mg, 0.56 mmol)
was treated with piperidine (53 mg, 0.62mmol), and then with phenyl-
selenenyl chloride (107 mg, 0.56 mmol) by the same method as described
for the synthesis of 26B, affording 80mg (39% yield) of a mixture of
phenylsclenides (26Aa and Ab) as a pale yellow oil. IR (film) cm™!:
1740, 1673, 1065, 1000. 'H-NMR (at 60 MHz) §: 1.00, 1.22, 1.32
(6H, d, J=7Hz, 4,7-Me), 3.3—4.4 (4H, m), 3.64 (3H, s, COOMe),
7.10—7.63 (SH, m, aromatic-H), 9.28 (0.7H, s, CHO), 9.54 (0.3H, d,
J=1.5Hz, CHO).

(45)-3-Formyl-2-[2-(methoxycarbonyl)propyl]-4-methyl-4,5-dihydro-
furan (27) The selenoaldehyde (26Ba) (50 mg, 0.14mmol) was treated
with 80% mCPBA (32mg, 0.15mmol) in CH,Cl, (Sml) at —78°C for
15 min. Removal of the solvent gave a yellow oil, which was purified by
column chromatography with 30% EtOAc-hexane to give 28 mg (97%
yield) of the unsaturated aldehyde (27). IR (film) cm ™ !: 1740, 1653, 1630.
'H-NMR (at 60 MHz) §: 1.15, 1.16 (cach 3H, d, J=7Hz, 4,7-Me), 2.73
- (3H, m, 4,6-H), 3.60 (3H, s, COOMe), 4.00 (1H, dd, /=4, 9Hz, 5-H),
4.45 (1H, t, J=9Hz, 5-H), 9.50 (1H, s, CHO).

(2R)-3-Formyl-2-[2-(methoxycarbonyl)propyl]-4-methyl-2,5-dihydro-
furan (28) The selenoaldehyde (28Bb) (45mg, 0.12mmol) was treated
with 80% mCPBA (31 mg, 0.13mmol) in CH,Cl, (5ml) at —78°C for
30 min. Ether and 10% Na,CO; were added, and the organic layer was
washed with water and brine, then dried over MgSO,. Removal of the
solvent gave 50mg of a yellow oil, which was purified by column
chromatography with 30% EtOAc-hexane to give 26 mg (quant.) of 28
as a colorless oil. [a], —57.3° (¢=0.2, CHCly). UV 1., nm (g): 256
(7000). IR (film) cm~!: 1740, 1675. '"H-NMR §: 1.20 (3H, d, J=7Hz,
7-Me), 1.92 (2H, m, 6-H), 2.12 (3H, brs, 4-Me), 2.66 (1H, quintet,
J=THz, 7-H), 3.62 (3H, s, COOMe), 4.63 (2H, m, W,,,=8Hz, 5-H),
5.06 (1H, m, W, ,=14Hz, 2-H), 9.88 (1H, s, CHO). MS m/z (rel. int. %):
212 (M™, 1), 194 (7), 181 (10), 152 (8), 111 (100), 83 (48). High-resolution
MS, Caled for C;H;,O, (M™): 212.1047. Found: 212.1051.

Treatment of the Selenoaldehyde (26A) with mCPBA A mixture of
selenoaldehydes (26Aa and Ab) (49mg, 0.13mmol) was treated with
mCPBA (32mg, 0.14 mmol) in CH,Cl, (5ml) at —78°C for 20 min. The
resulting crude product was purified by column chromatography with
30% EtOAc-hexane to give 8 mg (28% yield) of 28.

(18,2R,55)-7,8-Epoxy-2,7-dimethyl-1-(tetrahydropyranyl)oxy-3-cyclo-
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hexene (29) mCPBA (80%, 6.85¢g, 31.8 mmol) was added to a solution
of 14 (5.0g, 12.7mmol) in dry CH,Cl, (5ml) at —50°C. The resulting
mixture was stirred at —50°C for 19h and then warmed to room tem-
perature. The reaction mixture was diluted with CH,Cl,, washed with
I'N NaOH, water and brine, and dried over MgSO,. Removal of the
solvent gave a crude oil, which was used for the following elimination
reaction without purification. The crude product was stirred at 50°C in
dry CCl, (250 ml) with pyridine (2.5 ml, 25.4 mmol) for 1.5h. Removal of
the solvent left an oil, which was purified by column chromatography
with 20% EtOAc-hexane to give 3.10g (96% yield) of 29 as a colorless
oil. [a], —100.7° (¢=1.13, CHCI,). IR (film) ecm™': 3025, 1135, 1115,
1035, 1025. "H-NMR §: 0.98, 1.10 (each 3/2H, d, J=7Hz, 2-Me), 1.27
(3H, s, 7-Me), 2.46—2.72 (2H, m, 8-H), 4.52—4.76 (1H, —OTHP),
5.36—5.78 (2H, m, olefinic-H). MS m/z (rel. int. %): 252 (M ™, 0.1), 151
(2), 150 (4), 93 (21), 85 (100). High-resolution MS, Caled for C,sH,,0;
(M*): 252.1724. Found: 252.1737.

(18,2R,5S5)-5-(1-Hydroxy-2-methoxypropan-2-yl)-2-methyl-3-cyclohex-
enols (31) Boron trifluoride etherate (1.48 ml, 12.0mmol) was added
dropwise to a solution of 29 (1.01g, 4.0mmol) in 26ml of absolute
methano] at —60°C under an argon atmosphere. The reaction mixture
was stirred at —60——30°C for 20 h, and then sodium bicarbonate was
added. The methanol was evaporated off, and water and chloroform were
added to the resulting residue. The organic layer was washed with brine
and dried over MgSO,. Removal of the solvent left an oil, which was
purified by column chromatography followed by HPLC with ethyl acetate.
The first fraction gave 111mg (13.8% yield) of a diastereoisomeric
mixture of (IR,2R,55)-5-(2-hydroxy-1-methoxypropan-2-yl)-2-methyl-3-
cyclohexanols (33) as a colorless oil. The second and the third fractions
afforded 280 mg (34.9% yield) of 31A as a colorless oil and 245 mg (30.6%
yield) of 31B as colorless plates, mp 101—103 °C (from EtOAc-hexane),
respectively. 33: IR (film) cm ™ ': 3425, 3030, 1155, 1110, 1090, 1070, 1050.
'H-NMR §: 0.96—1.16 (6H, 2,7-Me), 3.15—3.64 (5H, m, 8-H, OMe),
3.98 (1H, brs, Wy,,=11Hz, 1-H), 5.32—5.92 (2H, m, olefinic-H). MS m/z
(rel. int. %): 200 (M ™, 0.3), 199 (0.2), 185 (M* —Me, 5), 155 (3), 153 (3),
137 (21), 89 (100). High-resolution MS, Caled for C,;H,,0; (M™):
200.1412. Found: 200.1418. 31A: [«], —83.8° (¢=1.14, CHCl;). IR
(film) cm™': 3425, 3030, 1165, 1120, 1085, 1050. 'H-NMR §: 1.05 (3H,
d, J=THz, 2-Me), 1.14 (3H, s, 7-Me), 3.24 (3H, OMe), 3.52 (2H, ABq,
J=11, 15Hz, 8-H), 3.98 (1H, m, W,,,=10Hz, 1-H), 5.32—5.82 (2H, m,
olefinic-H). MS m/z (rel. int. %): 185 (M* —Me, 0.2), 169 (M —OMe,
6), 151 (11), 89 (100). 31B: [a], —106.1° (¢=0.98, CHCl,). Anal. Calcd
for C;;H,,05: C, 64.97; H, 10.07. Found: C, 64.91; H, 10.25. IR (KBr)
em™': 3350, 3020, 2820, 1165, 1120, 1085, 1065. 'H-NMR §: 1.06 (3H,
d, J=7Hz, 2-Me), 1.07 (3H, s, 7-Me), 3.25 (3H, s, OMe), 3.50 (2H, ABq,
J=11, 15Hz, 8-H), 3.97 (1H, brs, W, ,=10Hz, 1-H), 5.52—5.82 2H, m,
3,4-H). MS mjz (rel. int. %): 169 (M* —OMe, 7), 151 (11), 89 (100).

(1R,35,45,55,6.5)-5-Bromo-3-hydroxy-9-methoxy-4,9-dimethyl-7-oxabi-
cyclo[4.3.0]nonanes (36A and B) A solution of 31A (2.13 g, 10.65 mmol)
in dry acetonitrile (106 ml) was treated with 2.47g (13.84mmol) of
N-bromosuccinimide at —5°C under an argon atmosphere. The resulting
solution was stirred at the same temperature for 3h, and then water and
CH,Cl, were added. The organic layer was washed with 10% Na,S,0,
and half saturated brine, and then dried over MgSO,. Removal of the
solvent left an oil, which was purified by column chromatography with
50% EtOAc-hexane to give 2.82 g (94.9% yield) of 36A as a colorless oil.
36B (2.93 g, quant.) was also obtained from 31B (2.03 g, 10.11 mmol) by
the same method as described above. 36A: [a], —14.1° (¢=1.06, CHCl,).
[R (film) em™": 3450, 1070, 1030. 'H-NMR §: 1.24 (3H, d, J=7Hg,
4-Me), 1.26 (3H, s, 9-Me), 3.24 (3H, s, OMe), 3.73, 3.91 (each 1H, d,
J=10Hz, 8-H), 3.90 (1H, brs, W,,,=7Hz, 3-H), 4.34 (1H, dd, J=3,
4Hz, 5-H), 4.68 (1H, t, J=3Hz, 6-H). MS m/z (rel. int. %): 280, 278
(M*, 0.4), 265, 263 (M* —Me, 0.7), 199 (M —Br, 17), 198 (M* —HBr,
51), 167 (M* —HBr—OMe, 76), 151 (M* —Br—OMe—OH, 100), 89
(86), 88 (97). High-resolution MS, Caled for C,;H;o,BrO; (M™):
278.0517. Found: 278.0532. 36B: Colorless needles, mp 100—100.5°C
(from ether-hexane). [a]p +64.6° (¢=0.19, CHCl,). Anal. Caled for
C,H,4BrO;: C, 47.33; H, 6.86; Br, 28.62. Found: C, 47.40; H, 6.95;
Br, 28.62. IR (KBr) cm™': 3480, 1070, 580. 'H-NMR §: 1.10 (3H,
d, J=7Hz, 4-Me), 1.24 (3H, s, 9-Me), 3.18 (3H, s, OMe), 3.43, 4.14
(each 1H, d, J=10Hz, 8-H), 4.16 (IH, m, W,,=8Hz, 3-H), 4.32
(1H, t, J=3Hz, 6-H), 4.37 (1H, dd, J=3, 4Hz, 5-H). MS m/z (rel. int.
%): 280, 278 (M*, 0.2), 265, 263 (M* —Me, 0.8), 199 (M* —Br, 14),
198 (M*—HBr, 36), 167 (M* —HBr—OMe, 74), 151 (82), 89 (100).
High-resolution MS, Caled for C,;H,,BrO; (M*): 278.0517. Found:
278.0524.
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(1R,35,4R,6S5)-3-Hydroxy-9-methoxy-4,9-dimethyl-7-oxabicyclo[4.3.0]-
nonanes (37) A solution of 36A (309mg, l.lmmol) and tributyltin
hydride (0.39 ml, 1.44 mmol) in dry benzene (11 ml) was refluxed for 3 h.
Removal of the solvent left an oil, which was purified by column
chromatography with 50% EtOAc-hexane to give 238 mg (quant.) of
37A as a colorless oil. 37B (775 mg, 98%) was obtained as a colorless oil
from 36B (1.10g, 3.94mmol) by the same method as described above.
37A: [a]p +0.86° (¢=0.93, CHCl,). IR (film) cm™!: 3460, 1205, 1180,
1130, 1075, 1035. '"H-NMR 4: 0.95 3H, d, J=7Hz, 4-Me), 1.21 (3H, s,
9-Me), 2.11—2.38 (1H, m, 1-H), 3.21 (3H, s, OMe), 3.67, 3.86 (cach 1H,
d, J=12Hz, &-H), 3.82 (1H, m, W,,,=8Hz, 3-H), 4.30 (1H, q, J=4Hz,
6-H). MS mjz (rel. int. %): 200 M™*, 1), 185 (M*—Me, 3), 172
(M*—H,0, 2), 168 M*—~MeOH, 75), 137 (44), 88 (100). High-
resolution MS, Caled for C,;H,,0; (M¥): 200.1411. Found: 200.1434.
37B: [a]p +34.1° (c=1.16, CHCl3). IR (film) em~*: 3450, 1210, 1075,
1035. 'H-NMR 4: 0.94 (3H, d, J=7Hz, 4-Me), 1.2]1 3H, d, /J=1Hz,
9-Me), 2.14 (1H, ddd, /=3, 7, 12Hz, 1-H), 3.21 (3H, s, OMe), 3.61, 3.87
(each 1H, d, J=12Hz, 8-H), 3.85 (IH, m, W, ,, =8 Hz, 3-H), 4.11 (1H, q,
J=3Hz, 6-H). MS m/z (rel. int. %): 185 (M* —Me, 3), 169 (M* —OMe,
10), 168 (M —MeOH, 63), 137 (40), 88 (100).

(1R,4R,65)-9-Methoxy-4,9-dimethyl-7-oxabicyclo[4.3.0 Jnonan-3-ones
(38) The method of Mancuso and Swern was employed.?® Dimethyl-
sulfoxide (0.17 ml, 2.3 mmol) was added to a solution of oxalyl chloride
(0.12ml, 1.3 mmol) in dry CH,Cl, at —60 °C. The mixture was stirred for
3 min and then 37A (201 mg, 1.0 mmol) was added. Stirring was continued
for an additional 5min. Triethylamine (0.7 ml, 5.0 mmol) was added and
the resulting mixture was stirred at —60 to —30°C for 1 h. Water and
CH,Cl, were added, and the organic layer was washed with brine and
dried over MgSO,. Removal of the solvent left an oil, which was purified
by column chromatography with 30% EtOAc-hexane to give 179mg
(90.2% yield) of 38A as a colorless oil. 38B (748 mg, 97.5%) was obtained
as a colorless oil from 775 mg (3.87 mmol) of 37B by the same method as
described above. 38A: [a]p, +12.0° (¢=0.72, CHCl;). IR (film) cm
1715, 1265, 1130, 1070, 1050. *H-NMR é: 1.00 (3H, d, J=7Hz, 4-Me),
1.24 (3H, s, 9-Me), 3.22 (3H, s, OMe), 3.81, 3.98 (each 1H, d, J=10Hz,
8-H), 4.38 (1H, q, J=4Hz, 6-H). MS m/z (rel. int. %): 198 (M *, 5), 183
M* —Me, 1), 166 (M* —MeOH, 8), 88 (100). High-resolution MS, Calcd
for C;H,gO03; (M7): 198.1255. Found: 198.1256. 38B: [a], —44.5°
(¢=1.00, CHCl,). IR (film) cm™': 1710, 1260, 1120, 1050. 'H-NMR §:
1.06 3H, d, /J=7Hz, 4-Me), 1.27 (3H, s, 9-Me), 3.12 (3H, s, OMe), 3.33,
4.07 (each 1H, d, J=10Hz, 8-H), 4.32 (1H, dt, /=5, 4Hz, 6-H). MS m/z
(rel. int. %): 198 (M ™", 8), 183 (M* —Me, 2), 166 (M* —MecOH, 9), 88
(100). High-resolution MS, Caled for C,;H,;30; (M *): 198.1255. Found:
198.1264.

(1R,4R,65)-9-Methoxy-4,9-dimethyl-3-trimethylsilyloxy-7-oxabicyclo-
[4.3.0]non-2-ene (39A) A THF (1 ml) solution of 38A (179 mg, 0.9 mmol)
was added to a solution of 1.17mmol of lithium diisopropylamide,
prepared from diisopropylamine (1.17mmol) and 1.5M n-butyl lithium-
hexane solution in 18 ml of THF at 0°C, at —78°C under an argon
atmosphere. The mixture was stirred for 30min, and then chloro-
trimethylsilane (0.18 ml, 1.36 mmol) was added to the resulting enolate.
The mixture was stirred at the same low temperature (—78 °C) for 1h,
and then 10% NaHCO, was added. The whole was extracted with ether,
and the extract was washed with cold brine, and dried over MgSO,.
Removal of the solvent left an oil, which was purified by column
chromatography with 20% EtOAc-hexane to give 233 mg (95% yield) of
39A as a colorless oil. 39B (150mg, 97% yield) was obtained as a
colorless oil from 113mg (0.57 mmol) of 38A by the same method as
described above. 39A: [a]p —29.2° (¢=1.09, CHCl;). IR (film) cm™*:
1665, 1265, 1140, 1070, 850. 'H-NMR §: 0.08 (9H, s, SiMe;), 0.91 (3H,
d, J=7Hz, 4-Me), 1.12 (3H, s, 9-Me), 3.14 (3H, s, OMe), 3.42, 3.70 (cach
IH, d, /=10Hz, 8-H), 429 (IH, m, 6-H), 4.46 (1H, brd, J=3Hz,
2-H). MS m/z (rel. int. %): 270 (M*, 18), 255 (M* —Me, 1), 238
(M™* —~MeOH, 5), 182 (100), 73 (Me,Si*, 71). High-resolution MS, Calcd
for C,,H,50;3Si (M™*): 270.1649. Found: 270.1636. 39B: [«], —33.8°
(¢=0.31, CHCly). IR (film) cm~': 1660, 1255, 1130, 1065, 845. "H-NMR
0: 0.04 (9H, s, SiMe;), 0.99 (3H, d, J=7Hz, 4-Me), 1.21 (3H, s, 9-Me),
3.20 (3H, s, OMe), 3.79, 3.97 (each 1H, d, J=10Hz, 8-H), 4.28—4.60
(2H, m, 2,6-H). MS m/z (rel. int. %): 270 (M*, 15), 255 (M* —Me, 21),
239 (6), 182 (M* —Me—SiMe,, 82), 73 (SiMe,, 100). High-resolution
MS, Caled for C,,H,05Si (M™): 270.1649. Found: 270.1636.

(25,35,4R)-3-Formyl-4-methoxy-2-[2-(methoxycarbonyl)propyl]-4-
methyl-tetrahydrofuran (40) Ozone was introduced into a solution of
39A (492mg, 1.82mmol) in a mixture of methanol and CH,Cl, (3:1,
30 ml) containing a pinch of NaHCO; at —78 °C until the color of the
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solution changed to pale purple. The mixture was stirred for 30 min at
—78°C, and nitrogen gas was introduced into it. Methylsulfide (1.4ml,
18 mmol) was added and the reaction mixture was stirred at —78°C for
30 min and then at room temperature for 1 h. The solvent was removed,
and the residue was dissolved in ether, then treated with an excess of
cthereal diazomethane. After removal of the solvent, water and ecthyl
acetate were added to the residue. The organic layer was washed with
brine, and dried over MgSQO,. Removal of the solvent left an oil, which
was purified by column chromatography with 30% EtOAc-hexane to
give 482mg (quant.) of 40A as a colorless oil. The aldehyde (40B)
(125mg, 94.3% yield) was obtained as a colorless oil from 150 mg
(0.55mmol) of 39B by the same method as described above. 40A: [o],
+38.1° (¢=0.53, CHCIy). IR (film) em™': 1740 (br), 1205, 1100.
'H-NMR 6: 1.18 (3H, d, J=T7Hz, 7-Me), 1.32 (3H, s, 4-Me), 3.22 (3H,
s, OMe), 3.56, 3.71 (each 1H, d, /=10Hz, 5-H), 3.64 (3H, s, COOMe),
4.00—4.44 (1H, m, 2-H), 9.61 (1H, d, /=6 Hz, CHO). MS m/z (rel. int.
%): 243 (M " —1, 5), 227 (3), 216 (4), 187 (28), 155 (21), 129 (49), 95 (53),
88 (78), 43 (100). 40B: [a], +14.7° (¢=0.35, CHCI,). IR (film) cm™!:
1740 (br), 1205, 1180, 1080. '"H-NMR §: 1.18 (3H, d, J=7Hz, 7-Me),
1.31 (3H, s, 4-Me), 3.22 (3H, s, OMe), 3.66 (3H, s, COOMe), 3.85, 3.98
(each 1H, d, J=10Hz, 5-H), 4.15—4.45 (1H, m, 2-H), 9.62 (1H, d,
J=6Hz, CHO). MS m/z (rel. int. %): 243 (M* —1, 10), 227 (1), 187 (73),
155 (41), 129 (61), 125 (58), 95 (58), 88 (100).

(2R)-3-Formyl-2-[ 2-(methoxycarbonyl)propyl]-4-methyl-2,5-dihydro-
furan (28) A solution of 40A (482mg, 1.97 mmol) and potassium fert-
butoxide (44 mg, 0.4 mmol) in dry THF (40ml) was stirred at 0°C for
30 min. Saturated NH,Cl and ether were added, and the organic layer
was washed with brine and then dried over MgSO,. Removal of the
solvent left an oil, which was purified by column chromatography with
30% EtOAc-hexane to give 372mg (89.6% yield) of 28 as a colorless
oil. 40B (41 mg) was also treated with potassium tert-butoxide by the
same method as described above to give 32mg (89.6% yield) of 28.
The dihydrofuran (28) thus obtained was identical with an authentic
specimen of 28.

(2R)-3-Hydroxymethyl-2-[2-(methoxycarbonyl)propyl]-4-methyl-2,5-
dihydrofuran (41) A 0.5M 9-BBN THEF solution (14.4ml, 7.2 mmol) was
added to a solution of 28 (480mg, 2.26 mmol) in THF (22ml). The
mixture was stirred at room temperature for 2h, and then 2N NaOH
(3.5ml) and 35% H,0, (1.8 ml) were added. The mixture was stirred for
3h, and extracted with EtOAc. The extract was washed with brine and
dried over MgSO,. Removal of the solvent left an oil, which was purified
by column chromatography with 50% EtOAc-hexane to give 461 mg
(95.0% yield) of 41 as a colorless oil. [a]p +2.0° (¢=0.69, CHCl,). IR
(film) cm™': 3420, 1735, 1230, 1170, 1005. '"H-NMR é: 1.20 (3H, d,
J=THz, 7-Me), 1.68 (3H, s, 4-Me), 2.70 (1H, q., J=7Hz, 7-H), 3.68 (3H,
s, COOMe), 4.18 (2H, brs, CH,0H), 4.48 (2H, m, W,,,=10Hz, 5-H),
4.94 (I1H, m, W, =17Hz, 2-H). MS m/z (rel. int. %): 197 (M™ —OH,
2), 196 (M" —~H,0, 1), 183 (M* —OMe, 7), 168 (23), 125 (22), 97 (40),
33 (100).

(2R)-3-[(tert-Butyldimethylsilyl)oxymethyl]-2-[ 2-(methoxycarbonyl)-
propyl]-4-methyl-2,5-dihydrofuran (42) A mixture of 41 (85mg, 0.40
mmol), imidazole (87 mg, 1.27 mmol) and rert-butyldimethylsilyl chloride
(96 mg, 0.64 mmol) in dry DMF (5ml) was stirred at room temperature
for 10 h. The reaction mixture was poured into ice-water, and extracted
with ether. The extract was washed with brine and dried over MgSO,.
Removal of the solvent left an oil, which was purified by column
chromatography with 20% EtOAc-hexane to give 127 mg (97% yield) of
42 as a colorless oil. [a]p +13.2° (¢=1.11, CHCI,). IR (film) cm™ %
1735, 1250, 1060, 1005, 835. 'H-NMR 4: 0.06 (6H, s, SiMe,), 0.86 (9H,
s, Si-tert-Bu), 1.18 (3H, d, J=7THz, 7-Me), 1.64 (3H, brs, 4-Me), 2.69
(1H, q, J=7Hz, 7-H), 3.63 (3H, s, COOMe), 4.19 (2H, brd, J=5 Hz,
3-CH,0), 4.45 (2H, brs, 5-H), 4.90 (1H, m, W,,,=17Hz, 2-H). MS m/z
(rel. int. %): 328 (M*, 0.2), 271 (M* —tert-Bu, 55), 239 (M* —tert-
Bu—MeOH, 35), 227 (35), 95 (100). High-resolution MS, Calced for
C,,H;,0,Si (M*): 328.2067. Found: 308.2067.

(2R)-3-[(tert-Butyldimethylsilyl)oxymethyl]-2-[2-(methoxycarbonyl)-2-
phenylselenopropyl]-4-methyl-2,5-dihydrofuran (43) A THF (I ml) solu-
tion of 42 (57mg, 0.17mmol) was added to a solution of 0.26 mmol of
lithium diisopropylamide in anhydrous THF (4ml), prepared from
diisopropylamine (0.26 mmol) and 1.5M a-butyllithium hexane solution
(0.26 mmol), at —78°C. The mixture was stirred at —78 °C for 30 min,
and then a mixture of diphenyldiselenide (123mg, 0.344mmol) and
hexamethylphosphoric triamide (0.06 ml, 0.344 mmol) in THF (1 ml) was
added. The reaction mixture was stirred at the same low temperature for
an additional 20 min. Saturated NH,CI and ether were added, and the
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organic layer was washed with brine and dried over MgSO,. Removal of
the solvent left an oil, which was purified by column chromatography
with 20% EtOAc-hexane to give 84 mg (quant.) of 43 as a colorless oil.
[y, —2.6° (¢=1.02, CHCL,). IR (film) cm™: 3075, 1730, 1250, 1115,
1065, 1010, 835. 'H-NMR §: 0.03 (6H, s, SiMe,), 0.87 (9H, s, Si-tert-Bu),
1.61 (6H, brs, 4,7-Me), 3.41, 3.56 (each 3/2H, s, COOMe), 4.30 (2H, brs,
3-CH,0),4.41 (2H, brs, 5-H), 4.90 (1H, m, W, , =20 Hz, 2-H), 7.08-—7.62
(5H, m, aromatic-H). MS m/z (rel. int. %): 427 (M~ —tert-Bu, 2), 326
(M* —PhSe, 1), 269 (5), 227 (35), 95 (100).

(2R)-2-[2-Bromo-2-(methoxycarbonyl)propyl]-3-[ (tert-butyldimethyl-
silyhoxymethyl]-4-methyl-2,5-dihydrofuran (44) A solution of 43 (50 mg,
0.15 mmol) in THF (4 ml) was added to a solution of 0.22 mmol of lithium
diisopropylamide at —78 °C and the mixture was stirred for 30 min. A
THEF solution of carbon tetrabromide (100 mg, 0.3 mmol) was then added,
and the reaction mixture was stirred at —78°C for 15min. Saturated
NH,CI and ether were added, and the organic layer was washed with
brine and dried over MgSO,. Removal of the solvent left an oil, which
was purified by column chromatography with 20% EtOAc-hexane to
give 63 mg (quant.) of the bromide (44) as a colorless oil. [a], —14.5°
(¢=0.56, CHCly). IR (film) cm™': 1735, 1250, 1118, 1065, 1045, 840.
'"H-NMR §: 0.11 (6H, s, SiMe,), 0.94 (9H, s, Si-tert-Bu), 1.64 (3H, brs,
4-Me), 2.01 (3H, brs, 7-Me), 3.72 (3H, s, COOMe), 4.17 (2H, brs,
2-CH,0), 4.35 (2H, brs, 5-H), 5.90 (IH, m, W,,=15Hz, 2-H). [«]p
~14.5° (¢=0.56, CHCl,). IR (film) em ™ !: 1735, 1250, 1118, 1065, 1045,
840. '"H-NMR §: 0.11 (6H, s, SiMe,), 0.94 (9H, s, Si-tert-Bu), 1.64
(3H, brs, 4-Me), 2.01 (3H, brs, 7-Me), 3.72 (3H, s, COOMe), 4.17 (2H,
brs, 3-CH,0), 4.35 (2H, brs, 5-H), 5.90 (1H, m, W, ,,=15Hz, 2-H). MS
mjz (rel. int. %): 352, 350 (M* —tert-Bu, 0.8), 328 (M* —Br, 0.1), 227
(20), 95 (100).

(2R)-3-[ (tert-Butyldimethylsilyl)oxymethyl]-2-[ 2-(methoxycarbonyl)-4-
methyl-(1£)-1- and 2-propenyl]-2,5-dihydrofurans (45 and 46) a) Synthe-
sis from the Selenide (43): A 35% hydrogen peroxide solution (0.17 ml)
and acetic acid (0.05ml) were added to a solution of 43 (138 mg,
0.29mmol) in THF (7ml) at 0°C. The resulting mixture was stirred at
0°C for 30min and then at room temperature for lh. Then 10%
NaHCO; and ether were added, and the organic layer was washed with
brine and dried over MgSO,. Removal of the solvent left an oil, which
was purified by column chromatography with 20% EtOAc-hexane to
give 92 mg (quant.) of a 2:3 mixture of 45 and 46 as a colorless oil. IR
(film) cm™': 1730, 1640, 1260, 1210, 1145, 1050, 845. '"H-NMR &: 0.09
(6H, s, SiMe,), 0.91, 0.92 (9H, s, Si-tert-Bu), 1.67 (21/5H, brs, 4-Me, and
7-Me of 45), 3.73 (3H, s, COOMe), 4.24 (2H, brs, 3-CH,0), 4.33—4.56
(2H, m, 5-H), 4.56—4.82 (3/SH, m, 2-H of 46), 5.38—5.72 (2/5H, m, 2-H
of 45), 5.67, 6.20 (each 3/SH, d, J=1Hz, =CH, of 46), 6.51 (2/5H, brd,
J=8Hz, 6-H of 45). MS m/z (rel. int. %): 326 (M*, 0.8), 311 (M* —Me,
1), 269 (M* —tert-Bu, 32), 227 (51), 95 (100). High-resolution MS, Caled
for C,,H;,0,Si (M™): 326.1912. Found: 326.1930.

b) Synthesis from the Bromide (44): A mixture of 44 (100 mg, 0.25
mmol), Li,CO; (73 mg, 0.98 mmol) and LiBr (28 mg, 0.32mmol) in dry
DMF (6 ml) was heated at 120 °C for 15h. Water and EtOAc were added,
and the organic layer was washed with brine and dried over MgSO,.
Removal of the solvent left an oil, which was purified by column
chromatography with 20% EtOAc-hexane to give 69mg (85% yield) of
a 1.7:1 mixture of 45 and 46.

(2R)-3-[(tert-Butyldimethylsilyl)oxymethyl]-2-[3-hydroxy-2-methyl-
(1E)-1-propenyl]-4-methyl-2,5-dihydrofuran (47) A solution of a 2:1
mixture of 45 and 46 (99mg, 0.30mmol) in dry toluene (10ml) was
treated with 0.94 m diisobutylaluminum hydride hexane solution (1.28 ml,
1.2mmol) at —30°C for 10 min. The excess reagent was quenched with
5% HCI, and extracted with EtOAc. The extract was washed with cold
5% HCI, 10% NaHCOj; and brine and dried over MgSO,. Removal of
the solvent left an oil, which was purified by column chromatography.
Elution with 20% EtOAc-hexane gave 24 mg (27% yield) of 48, and
further elution with 30% EtOAc-hexane gave 50mg (56% yield) of 47.
47: [a]p —0.41° (¢=0.96, CHCly). IR (film) cm™': 3400, 1255, 1070,
1040, 835. 'H-NMR 4&: 0.03 (6H, s, SiMe,), 0.86 (9H, s, Si-tert-Bu), 1.66
(3H, brs, 4-Me), 1.75 (3H, brd, J=1Hz, 7-Me), 3.99 (2H, brs, 8-H),
3.96, 4.20 (each 1H, d, J=12Hz, 3-CH,0Si), 4.48 (2H, brs, 5-H), 5.32
(IH, brd, J=9Hz, 6-H), 5.55 (1H, m, 2-H). MS m/z (rel. int. %): 298
M*, 3), 267 (17), 241 (M* —tert-Bu, 5), 75 (100). High-resolution MS,
Caled for C¢H300;3Si (M™): 298.1962. Found: 298.1937. 48: (2R)-3-
(tert-Butyldimethylsilyloxymethyl)-2-(2-hydroxymethyl-2-propenyl)-4-
methyl-2,5-dihydrofuran, a colorless oil. [a], +13.8° (¢=0.56, CHCl,).
IR (film) cm™!: 3425, 1255, 1070, 1045, 835. "H-NMR 4: 0.05 (6H, s,
SiMe,), 0.87 (9H, s, Si-tert-Bu), 1.64 (3H, brs, 4-Me), 4.05 (2H, s, 8-H),
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421 (2H, m, 3-CH,0Si), 4.28—4.54 (3H, m, 2,5-H), 4.89, 5.02 (each
IH, d, J=1Hz, olefinic-H). MS m/z (rel. int. %): 298 (M™, 0.1),
283 (M*—Me, 0.1), 267 (0.5), 241 (M* —tert-Bu, 2), 227 (59), 95
(100). High-resolution MS, Caled for C,¢H;,0,Si (M*): 298.1962.
Found: 298.1958.

(2R)-3-[(tert-Butyldimethylsilyl)oxymethyl]-4-methyl-2-[ 3-phenylthio-2-
methyl-(1E)-1-propenyl]-2,5-dihydrofuran (49) The method of Nakagawa
and Hata was employed.?® A mixture of 47 (41 mg, 0.14 mmol), diphenyl-
disulfide (90 mg, 0.41 mmol), tributylphosphine (0.10ml, 0.41 mmol) and
pyridine (0.06 ml) was'stirred at room temperature for 1 h, then extracted
with EtOAc. The extract was washed with 10% HCI, 1~ NaOH and
brine, and dried over MgSO,. Removal of the solvent left an oil, which
was purified by column chromatography with 20% EtOAc-hexane to
give 30mg (57.7% yield) of 49 as a colorless oil. {a]p, —37.9° (¢=0.25,
CHCly). IR (film) em™': 3060, 1575, 1250, 1060, 1040, 1020, 835.
'H-NMR §: 0.01 (6H, s, SiMe,), 0.85 (9H, s, Si-tert-Bu), 1.62 (3H, brs,
4-Me), 1.86 (3H, d, J=1Hz, 7-Me), 3.41, 3.61 (each 1H, brd, J=12Hz,
8-H), 3.62, 4.08 (each 1H, d, J=12Hz, 3-CH,0Si), 4.45 (2H, brs, 5-H),
517 (IH, dd, J=1, 10Hz, 6-H), 547 (IH, m, W,,=14Hz, 2-H),
7.04—7.34 (5H, m, aromatic-H). MS m/z (rel. int. %): 390 (M*, 0.8),
367 (0.8), 333 (M* —tert-Bu, 5), 281 (M* —SPh, 100), 109 (PhS™*, 10),
95 (18). High-resolution MS, Caled for C,4H;,0,SSi (M*): 390.2404.
Found: 390.2035.

1-Benzyloxy-2,6-dimethyl-8-(tetrahydropyran-2-yloxy)-(2E,6 E)-2,6-
octadiene (51) A mixture of 50 (3.55 g, 14 mmol), prepared from geraniol
by the method of Mori and co-workers,?? and 60% sodium hydride
(670 mg, 16.8 mmol) in dry THF was stirred at room temperature for 1 h.
Tetrabutylammonium iodide (515mg, 1.4mmol) and benzyl bromide
(1.95ml, 16.7mmol) were added and the resulting mixture was stirred at
room temperature for 4 h. Ice-water and ether were added, and the organic
layer was separated, washed with brine and then dried over MgSO,.
Removal of the solvent left an oil, which was purified by column
chromatography with 30% EtOAc-hexane to give 51 (3.61 g, 75% yield)
as a colorless oil. IR (film) cm™': 1665, 1200, 1115, 1075, 1025. '"H-NMR
6: 1.66 (6H, brs, 2,6-H), 2.00—2.32 (4H, m, 4,5-H), 3.88 (2H, s, 1-H),
4.10 (2H, m, 8-H), 4.42 (2H, s, OCH,Ph), 4.59 (1H, m, OTHP), 5.35 (2H,
brt, J=7Hz, 3,7-H), 7.29 (5H, s, aromatic-H). MS m/z (rel. int. %): 259
(M* —OTHP, 0.8), 91 (100), 85 (65).

8-Benzyloxy-3,7-dimethyl-(2E,6 E)-2,6-octadien-1-0l (52) A solution of
51 (3.61 g, 10.5mmol) and PPTS (526 mg, 2.1 mmol) in ethanol (90 ml)
was stirred at 55°C for 2h. Removal of the solvent followed by column
chromatography of the residue with 30% EtOAc-hexane afforded 52
(2.10g, 77% yield) as a colorless oil. IR (film) cm™': 3450, 1665, 1065,
1025. '"H-NMR &: 1.67 (6H, brs, 3,7-Me), 3.87 (2H, s, 8-H), 4.12 (2H, d,
J=T7Hz, 1-H), 4.43 (2H, s, OCH,Ph), 5.39 (2H, brt, J=7Hz, 4,5-H),
7.30 (5H, s, aromatic-H). MS m/z (rel. int. %): 229 (M* —-CH,OH,
0.4), 91 (100).

8-Benzyloxy-3,7-dimethyl-(2E,6 E)-2,6-octadienyl Chloride (53) A solu-
tion of lithium chloride (212mg, 5.0mmol) in dry DMF (10ml) was
added to a mixture of 52 (1.20 g, 4.6 mmol) and sym-collidine (0.73 ml,
S.Smmol). Methanesulfonyl chloride (0.43ml, 5.5mmol) was added
dropwise to the mixture at 0°C, and the whole was stirred for 4h, then
poured into ice-water. The product was extracted with hexane and ether.
The extracts were washed with cold 5% HCI, NaHCO; and brine and
dried over MgSO,. Removal of the solvent left an oil, which was purified
by column chromatography with 10% EtOAc-hexane to give 1.19g
(92.3% yield) of 53 as a colorless oil. IR (film) cm™*: 1660, 1255, 1065,
1025. '"H-NMR §: 1.67, 1.73 (cach 3H, d, J=1Hz, 3,7-Me), 2.00—2.26
(4H, m, 4,5-H), 3.88 (2H, 2,8-H), 4.05 (2H, d, J=7Hz, 1-H), 4.42 (2H,
s, OCH,Ph), 5.27—5.54 (2H, m, 2,6-H), 7.29 (5H, s, aromatic-H). MS
m/z (rel. int. %): 243 M* —Cl, 0.2), 242 (M* —HCl, 0.2), 91 (100).

8-Benzyloxy-3,7-dimethyl-(2E,6 E)-2,6-octadienyl Bromide (54) A solu-
tion of lithium bromide (367mg, 4.23mmol) in dry DMF (6 ml) was
added to a mixture of 52 (500 mg, 1.9 mmol) and sym-collidine (268 mg,
2.2mmol). Methanesulfonyl chloride (0.l ml, 2.3mmol) was added
dropwise to the mixture at 0 °C, and the whole was stirred for 2h, then
poured into ice-water. The product was extracted with ether. The extracts
were washed with cold 5% HCI, 10% NaHCO; and brine and dried over
MgSO,. Removal of the solvent left an oil, which was purified by column
chromatography with 10% EtOAC-hexane to give 540 mg (87% yield) of
54 as a colorless oil. IR (film) ecm ™ !: 1665, 1260, 1095, 1070, 1030.
"H-NMR é: 1.68, 1.73 (each 3H, d, J=1Hz, 3,7-Me), 1.96—2.38 (4H,
m, 4,5-H), 3.89 (2H, s, 8-H), 4.07 (2H, d, J=7Hz, |-H), 443 (2H, s,
OCH,Ph), 5.26—5.56 (2H, m, 2,6-H), 7.30 (5H, s, aromatic-H). MS m/z
(rel. int. %): 243 (M* —Br, 0.2), 242 M* —HBr, 0.1), 91 (100).
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New Carbazole Alkaloids from Murraya euchrestifolia
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In a further study of the constituents of stem bark of Murraya euchrestifolia HAYATA collected in Taiwan, five
new monomeric carbazoles named murrayaline-B (1), -C (2) and -D (3), pyrayafoline-E (5) and euchrestine-E (7), one
carbazolequinone named murrayaquinone-E (9), and two dimeric carbazoles named bismurrayafoline-C (11) and -D
(12) were isolated along with known carbazoles. The structures of new alkaloids were elucidated by spectrometric
and/or chemical methods. The new monomeric carbazoles were found to have 2-oxygenated 3-C-substituted carbazole
nuclei and the new dimeric carbazoles to have symmetrical structures containing a 1-oxygenated 3-methylcarbazole

skeleton.

Keywords
murrayaquinone; bismurrayafoline; dimer

Systematic studies of the chemical constituents of
Murraya plants have been conducted by our group,!*? and
we showed that M. euchrestifolia HaAYATA collected in
Taiwan contained many kinds of carbazole alkaloids as
major components.! This paper describes the results of a
further examination of the constituents of stem bark of M.
euchrestifolia.'?

The acetone extract of the stem bark of the plant was
subjected successively to silica gel column and preparative
thin layer chromatographies (TLC) to give new carbazoles
named murrayaline-B (1), -C (2) and -D (3), pyrayafoline-E
(5), and euchrestine-E (7), one carbazolequinone, murraya-
quinone-E (9), and two dimeric carbazoles, bismurraya-
foline-C (11) and -D (12) along with some known carba-
zoles. All new monomeric carbazole alkaloids isolated
from the stem bark on this occasion belong to the class
of 2-oxygenated 3-C-substituted carbazoles, being differ-
ent from the 1-oxygenated carbazole analogues isolated
from the root bark of the same plant.'®/

Results and Discussion

Structure of Murrayaline-B (1), -C (2), and -D (3)
Murrayaline-B (1) was obtained as yellow prisms, mp
240—242 °C, from acetone and the molecular formula was
determined as C,sH,;NO; by high-resolution mass spec-
trometry (HR-MS). The ultraviolet (UV) spectrum show-
ed bands at 4., 223, 259 (sh), 303, and 380 nm, which
were similar to those of murrayaline-A® (4) [4,,,, 226, 260
(sh), 304, and 383 nm] reported previously by us.'® The
proton nuclear magnetic resonance (*H-NMR) spectrum in
acetone-d, suggested the presence of an aryl methyl [ 2.34
(3H, s)], a methoxy [ 4.02 (3H, s)], ortho-located aromatic
protons [ 6.89 and 8.16 (each 1H, d, /=8.7Hz)], and
para-located aromatic protons [ 7.20 and 7.73 (each 1H,
s)]. Among these aromatic protons, a lower-field singlet at
0 7.73 and a doublet at J 8.16 were assignable to deshielded
H-4 and H-5, respectively, on the carbazole nucleus.* A
sharp 1H singlet at 6 10.58 was typical of a proton of
an aldehyde group attached to C-8 on the carbazole
nucleus.!¥” Two deuterium-exchangeable broad singlets
were observed at ¢ 8.42 and 10.79. In nuclear Overhauser
effect (NOE) experiments, irradiation of the methoxy (9
4.02) and the aryl methyl signals (6 2.34) showed 8 and 6%
enhancements of the signals at 6 6.89 (H-6), one of the

Murraya; Murraya euchrestifolia; Rutaceae; carbazole alkaloid; murrayaline; pyrayafoline; euchrestine;

AB-type protons, and at & 7.73 (H-4), respectively,
indicating the location of the methoxy and the aryl methyl
groups at C-7 and C-3, respectively. O-Methylation with
methyl iodide in acetone in the presence of anhydrous
potassium carbonate gave a pale yellow oil, which was found
to be identical with murrayaline-A (4)'** by comparisons
of infrared (IR) and 'H-NMR spectra.

R,
‘ N ! OR,
R, H

R,0

R, R, R, R,
1 Me H CHO Me
2 CHO H CHO Me
3 CHO H geranyl Me
4 Me Me CHO Me
7 Me oxogeranyl H

geranyl H

SN

geranyl =
oxogeranyl = /\(l\/\)\
0
S Me
5 : R = -CH,CH,CH=C(CH,),
R O l\ll OH 6 '@ R = Me
H
9 : R=H
10: R = Me

Chart 1
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Murrayaline-C (2) was isolated as a pale yellow powder.
The HR-MS indicated the molecular formula as C,sH,,-
NO,. The 'H-NMR (in acetone-d;) spectrum showed a
similar signal pattern to that of murrayaline-B (1), except
for the lack of an aryl methyl signal and the appearance of
two additional lower-field sharp 1H singlets at § 9.95 and
11.41 (Table I) along with the signal of an aldehyde proton
(6 10.80) at C-8. Among these lower-field 1H singlets, the
signal at 6 9.95 was typical of a proton of an aldehyde
group attached to C-3 on the carbazole nucleus.!? Another
signal at 6 11.41 was assignable to a strongly hydrogen-
bonded hydroxy proton located ortho to the aldehyde
group. On the basis of these spectral data, the structure
of murrayaline-C was proposed to be as shown by for-
mula 2.

Murrayaline-D (3) was isolated as a pale brown oil. The
molecular formula, C,,H,,NO;, was determined by HR-
MS. The 'H-NMR spectrum showed the signals due to a
methoxy (6 3.95), an aldehyde (5 9.98) attached to C-3,'¥
ortho-located H-5 and H-6 [0 7.88 and 6.95 (each 1H, d,
J=8.8 Hz), respectively], and para-located H-1 and H-4 (¢
7.40 and 8.08, respectively). The remaining signals at 6 1.56
(3H, s), 1.60 (3H, s), 1.91 (3H, s), 2.10 (4H, m), 3.68 (2H,
d, J=7.3Hz), 5.08 (1H, m), and 5.36 (1H, t, J=7.3Hz) in
the 'H-NMR spectrum were assignable to protons of a
geranyl moiety [-CH,CH=C(CH,;)-CH,CH,CH=
C(CH3;),]. Observation of mass fragment ions at m/z 308
and 254 arising from loss of [-CsHy] and [-CgH, 5] from
the molecular ion also suggested the presence of the geranyl
side chain in the molecule. In NOE experiments, irradia-

Vol. 39, No. 10

tion of the benzylic protons at § 3.68 resulted in 5% area in-
crease of the allyl methyl signal at 6 1.91, suggesting
the E-configuration of the double bond on the side chain.
Irradiation of the methoxy signal at 6 3.95 gave 11%
enhancement of the doublet at § 6.95 (H-6), indicating the
location of the methoxy group at C-7. These results led us
to conclude that murrayaline-D has the structure 3.

Structure of Pyrayafoline-E (5) Pyrayafoline-E (5) was
obtained as a pale brown oil, [a]y 0° (CHCIl,) and was
found to have the molecular formula C,;H,;NO, by
HR-MS. The UV spectrum was similar to that of
pyrayafoline-B (6).19 The signal pattern of the *H-NMR
spectrum of this alkaloid (Table I) also resembled that of
pyrayafoline-B (6), except for the appearance of signals at
05.10 (1H, t, J=7.3Hz), 2.13 (2H, m), 1.70 (2H, m), 1.65
(3H, s), and 1.57 (3H, s) instead of the signal due to one
of the methyls attached to the oxygenated carbon on the
structure 6. On the basis of these spectral data together
with the observation of a characteristic mass fragment
peak at m/z 264 [M*—83] resulting from loss of
[-CH,CH,CH=C(CH,),] from the molecular ion, we
proposed the structure 5 for pyrayafoline-E.

Structure of Euchrestine-E (7) FEuchrestine-E (7) was
obtained as a racemate. The molecular formula was de-
termined as C,3H,,NO; by HR-MS. The '"H-NMR spec-
trum showed the signals due to an aryl methyl (§ 2.38), de-
shielded H-4 and H-5 at § 7.65 and 7.66, which appeared
as a singlet and a doublet coupled to H-6 at § 6.73 (d,
J=8.4Hz), respectively, as well as three D,O exchangeable
protons. Two dimensional H-H correlation spectroscopy

TaBLe 1. 'H-NMR Data for Murrayalines, Pyrayafolines, Euchrestines, and Murrayaquinones
1 2 3 4 5 6'° 7 8 9 10t/
H-1 7.20 6.95 7.40 7.31 6.78 6.74 6.81 6.81 —
2 8.42 (OH) 11.41 (OH) 4.04 4.73 4.94 4.90 (OH)? — 6.45(d, 1.5) 6.42 (d, 1.5)
(3H, OMe) (br, OH)  (br, OH)
3 2.34 9.95 (CHO) 9.98 (CHO) 2.31 2.38 2.37 2.38 2.38 2.14 2.13
(3H, Me) (3H.Me)  (3H,Me)  (3H, Me)  (3H, Me) (GH, Me)  (3H, Me)  (3H, Me)
H-4 7.73 8.08 8.08 7.77 7.62 7.62 7.65 7.65 — —
H-5  8.16(d, 8.7) 8.10 (d, 8.8) 7.88 (d, 8.8) 8.20 (d, 8.4) 7.47 7.49 7.66 (d, 8.4)  7.63 (d, 8.4) 7.95 (d, 8.8) 7.98 (d, 9)
H-6 6.89 (d, 8.7) 6.85(d, 8.8) 6.95(d, 8.8) 6.93 (d, 84) — — 6.73 (d, 8.4) 6.70 (d, 8.4) 6.88 (d, 8.8) 7.02(d, 9)
7 4.02 4.03 3.95 3.91 — — 4.50 (OH)” — 391
(GH, OMe) (3H, OMe) (3H, OMe) (3H, OMe) (3H, OMe)
8 10.58 (CHO) 10.60 (CHO) — 10.60 (CHO) 6.75 6.71 3.99 (t, 4.4) 537 (1, 6.7) 5.32(t,6.8) 523(t,7)
5.36 (t, 7.3) 5.07 (m) 5.07 (m) 3.56 (d, 6.8) 3.56(d, 7)
5.08 (m) 3.10 3.59
(dd, 4.4, 16.5) (2H, d, 7.1)
3.68 2.84
(2H, d, 7.3) (dd, 4.4, 16.5)
2.10 (4H, m) 217 QH, m) 2.12(4H,m)
1.91 (3H) 1.70 (2H, m)
1.60 (3H) 1.64 (3H) 1.88 GH)  1.88 GH)  1.85 (3H)
1.56 (3H) 1.56 (3H) 1.65(GH)  1.80 3H)  1.74 (3H)
1.40 (3H) 1.58 (3H)
NH 10.79 10.52 8.54 7.72 7.70 7.63 7.73 9.00 9.07
Others — — 6.17 — 6.51 (d, 9.8) 6.48 (d, 9.6)
5.53(d, 9.8) 5.58 (d, 9.6)
5.10 (t, 7.3)
2.13(2H, m)
1.70(2H, m)
1.65 GH)  1.46 (6H)
1.57 (3H)
1.42 (3H)

Values are § ppm. Figures in parentheses are coupling constants in Hz. Each signal corresponds to [H, and observed as a singlet, unless otherwise stated. Spectra of

1 and 4 were taken in acetone-dg, and those of others in CDCl;.

a) Assignments may be reversed.
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(H-H COSY) revealed the presence of three directly coupled
protons [0 2.84 (1H, dd, J=4.4, 16.5Hz), 3.10 (1H, dd,
J=4.4, 16.5Hz), and 3.99 (1H, t, J=4.4Hz)] due to a
benzylic methylene and an adjacent methine bearing an
oxirane ring. An additional methylene proton signal [§ 2.17
(2H, m)] coupled both with an olefinic proton [§ 5.07 (1H,
m)] and other methylene protons [0 1.70 (2H, m, overlapped
with methyls)], along with signals of two allyl methyls (6
1.64 and 1.56) and a methyl (6 1.40) attached to an
oxygenated carbon, were also observed. This 'H-NMR
spectral pattern resembled that of euchrestine-C (8)'¢ (Table
I) except for signals due to some protons on the side chain.
These spectral data and the occurrence of a characteristic
mass fragment ion at m/z 226 produced by the cleavage of
the benzylically activated bond in the molecular ion
suggested the presence of a side chain having an oxirane
ring, such as —CHsz—/C(CHQ—CHZCHz—CH=C(CH3)2.
O

From the results stated above, we assumed the structure of
euchrestine-E to be shown by the formula 7, except for
the stereochemistry.

Structure of Murrayaquinone-E (9) Murrayaquinone-E
(9) was isolated as a brown oil. The molecular formula,
C,sH,,NO,, was obtained from its HR-MS. The UV
spectrum showed a close resemblance to that of mur-
rayaquinone-B!/ (10), thus suggesting a carbazole-1,4-qui-
none structure for the compound. The IR spectrum also
showed bands at v, 1650 and 1620cm™! typical of
carbazole-1,4-quinone, along with the bands at v, 3430
(NH) and 3400 (OH) cm ~ !. The "H-NMR spectrum showed
signals of an aryl methyl [0 2.14 (3H, d, J=1.5Hz)]
long-range-coupled with an olefinic proton at § 6.45 (1H,
d, J=1.5Hz), ortho-located protons [4 7.95 and 6.88 (each
1H, d, J=8.8 Hz) assignable to H-S and H-6, respectively],
and protons corresponding to a prenyl side chain [4 5.32
(1H, t, J=6.8Hz), 3.56 (2H, d, J=6.8Hz), 1.88 (3H, s),
and 1.80 (3H, s)]. These 'H-NMR signal patterns were
similar to those of murrayaquinone-B (10)!/) (Table I)
except for the lack of a methoxy signal at 4 3.91 in the
spectrum of 10. On the basis of these spectral data, we
proposed the structure 9 for murrayaquinone-E.

Structures of Bismurrayafoline-C (11) and -D (12) Bis-

13 Me Me
Swel
MeO I}J
H OH
14
Chart 2

2527

murrayafoline-C (11) was isolated as a pale yellow oil.
The HR-MS analysis established the molecular formu-
la C,¢Hs,N,0, for this alkaloid. The presence of a
1-oxygenated carbazole nucleus in the molecule was easily
deduced from the UV spectrum [4,,,, 226, 235, 260 (sh),
285 (fl), 311, 335 (sh) nm].¥ The 'H-NMR spectrum
suggested the presence of an aryl methyl [0 2.48 (s)],
ortho-located protons [0 7.69 (H-5) and 6.73 (H-6) (each d,
J=8.4Hz)], and a deshielded H-4 [§ 7.84 (s)] on the
carbazole nucleus® along with signals assignable to a
geranyl moiety (Table IT). These signal patterns were similar
to those of murrayafoline-B (14)!/) except for the lack of
an H-2 signal and appearance of signals due to a geranyl
moiety instead of signals due to a prenyl group in the
spectrum of 14. Observation of only half the number of
proton signals expected from the molecular formula
suggested that bismurrayafoline-C (11) has a completely
symmetrical structure containing two monomeric carba-
zole, murrayafoline-B (14), units. Such a structure was sup-
ported by the following NOE experiments on 11. Irradia-
tion of the aryl methyl signal at § 2.48 gave 8% enhance-
ment of the H-4 (and H-4') signal at 6 7.84. Irradiation
of the benzylic signal of the side chain at ¢ 3.42 caused
10 and 5% area increases of the signals of the allyl
methyl at § 1.42 and N-H at § 7.55, respectively. Further,
in the NOE studies of the dimethyl ether (13) obtained by
the treatment of 11 with diazomethane, irradiation of the
methoxy signal at § 3.90 caused a 14% enhancement of
the doublet at 6 6.85 (H-6 and H-6"), suggesting the lo-
cation of the oxygenated substituent at C-7 (and C-7').
[rradiation of another methoxy signal at 6 3.40 gave
area increases of the N-H signal at § 7.85 and a singlet
at 0 2.52 due to an aryl methyl which was considered to
be located on another carbazole nucleus. Irradiation of
the aryl methyl signal at § 2.52 caused 10 and 6% area in-
creases of the lower-field singlet at 6 7.85 (H-4 and H-4")
and the methoxy signal at § 3.40 on the other carbazole unit,

Tasre 1I. '"H-NMR Data for Bismurrayafolines and Murrayafoline-B

(14)

11 12 13 140
1-OCH; — — 3.40 (6H) —

-H-2 - — — 6.56 (1H)
3-CH;  2.48 (6H) 2.48 (6H) 2.52 (6H) 2.42 (3H)
H-4 7.84 7.85 7.85 7.32 (1H)
H-5 7.69 (d, 8.4) 7.77(d, 8.5 7.80(d,88) 7.72(1H,d,8)
H-6 6.73 (d, 8.4) 6.85(d, 84) 6.85(d,8.8) 6.82(1H,d,8)
7-OCH; — 3.89 (6H) 3.90 (6H) 3.90 (3H)

8 5.6 (t,7.5)  5.08 (t,6.8) 5.14(t,7.3) 530(1H, t, 8)
4.85(t, 7.5 4.77(, 68) 4.86 (4H, m)
342 (4H, m) 3.45(Q2H, m) 3.52(m) 3.60(1H,d, 8)
341 (2H, m) 3.41 (m)
1.75 (4H, m) 1.6—1.4 1.73 (m) 1.88 (3H)
(8H, m)*
1.67 (4H, m) 1.59 (m) 1.72 (3H)
1.60 (6H) 1.56 (12H) 1.58 (6H)
1.47 (6H) 1.44 (6H)
1.42 (6H) 1.42 (6H) 1.41 (6H)
OH 5.19 5.17 — 4.99 (IH)
5.05
NH 7.84 7.85 7.85

7.94 (1H)

Values are 6 ppm. Figures in parentheses are coupling constants in Hz. Each signal
corresponds to 2H, and appears as a singlet, unless otherwise stated. a) Overlapped
with methyl signals.
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respectively. These findings together with the pres-
ence of a lower-field singlet due to H-4 (and H-4'), and
the lack of a signal assignable to H-2 (and H-2') in the
'H-NMR spectra of both bismurrayafoline-C (11) and
its dimethyl ether (13), revealed the location of the link-
age of the two monomeric carbazole units at C-2 and
C-2'. These spectral results led us to propose the structure
11 for bismurrayafoline-C.

Bismurrayafoline-D (12) was also isolated as colorless
prisms, mp 198—200°C, from acetone, and gave the
molecular formula C,gHs¢N,O,, and difference of CH,
compared with bismurrayafoline-C (11), by HR-MS
analysis. The 'H-NMR spectrum of bismurrayafoline-D
(12) showed a similar signal pattern to that of 11, except
for an additional singlet at § 3.89 due to a methoxy group
(Table II). The characteristic mass fragments due to a
geranyl moiety at m/z 293 (M**—-C.H,) and 239
(M?* —-C4H, 5) along with a double charged molecular
ion at m/z 362 (M**) were observed. Treatment of this
alkaloid with diazomethane afforded a methyl ether (13),
which was found to be identical with the dimethyl ether
(13) derived from 11. In the NOE experiment on
bismurrayafoline-D (12), irradiation of the methoxy signal
at 0 3.89 resulted in 13% enhancement of the doublet at §
6.85 due to H-6 (and H-6') indicating the location of the
methoxy group at C-7 (and C-7’). These results led us to
assign structure 12 to bismurrayafoline-D.

Experimental

All melting points were measured on a micromelting point hot-stage
apparatus (Yanagimoto). 'H- and **C-NMR, differential NOE, and H-H
COSY spectra were recorded on GX-270 (JEOL) or GX-400 (JEOL)
spectrometers in CDClj, unless otherwise stated. Chemical shifts are shown
in ¢ values (ppm) with tetramethylsilane (TMS) as an internal reference.
Electron impact (EI-) and HR-MS were taken with M-80 (Hitachi) and
JMS-HX-110 (JEOL) spectrometers having a direct inlet system,
respectively. UV spectra were recorded on a UVIDEC-610C double-beam
spectrophotometer (Jasco) in methanol, IR spectra on an IR-810 (Jasco)
in CHCl,, optical rotation on a DIP-181 (Jasco) in CHCl,. The preparative
TLC were done on Kieselgel 60 F,, (Merck).

Extraction and Separation The dried stem bark (925g) of Murraya
euchrestifolia HAYATA collected at Kuantaochi, Nantou Hsien, Taiwan in
May, 1989 was extracted with acetone. The acetone extract was subjected
to silica gel column chromatography eluted successively with benzene,
benzene—iso-Pr,0 (1:1), benzene-acetone (9:1), and benzene-acetone
(4:1). Each fraction was further subjected to preparative TLC to give
eight new carbazoles as well as sixteen known carbazoles as stated below.
From the benzene eluate: mahanimbine® (64.7 mg), murrayafoline-A'/?
(117.1 mg), and girinimbine® (4.7 mg). From the benzene-isopropyl ether
eluate: pyrayafoline-E (5) (1.2mg), murrayaquinone-E (9) (0.9 mg),
murrayaline-D (3) (1.7mg), euchrestine-E (7) (1.5mg), euchrestine-A'®
(9.1 mg),-B'¥ (3.9 mg), -C19(50.9 mg) and -D*¥ (1.5 mg), pyrayafoline-B19
(21.6mg), -C'® (6.0mg) and -D'® (49.8 mg), bismurrayafoline-C (11)
(6.8 mg) and -D (12) (1.5 mg), murrayanine” (61.6 mg), isomurrayafoline-
B'® (66.1 mg), bismurrayafoline-B!'¥ (14.9mg), murrayaquinone-D!/’
(2.6 mg), and mahanine® (12.4mg). From the benzene-acetone (9:1)
eluate: murrayaline-B (1) (14.0 mg) and murrayaline-C (2) (1.5 mg). From
the benzene-acetone (4:1) eluate: koenoline® (24.3mg). Known com-
ponents were fully characterized by UV, IR, 'H-NMR, and MS anal-
yses.

Murrayaline-B (1) Yellow prisms. mp 240—242 °C (acetone). UV 4.,
nm: 223, 259 (sh), 303, 380. IR v, cm™!: 3400, 3380, (br), 1660, 1635,
1600. EI-MS m/z (%): 255 (M*, 100), 240 (26), 212 (19), 184 (28), 149
(13), 135 (45). HR-MS Caled for C, sH,3NO;: 255.0895. Found: 255.0935.
NOE: Irradiation of 7-OCH; (6 4.02)—8% enhancement of H-6 (§ 6.89).
Irradiation of 3-CH; (6 2.34)—6% enhancement of H-4 (§ 7.73).

Murrayaline-C (2) A pale yellow powder. UV 4, nm: 239 (sh), 251
(sh), 267, 307 (sh), 329. IR v,,,, cm~': 3420, 3400 (br), 1660, 1640, 1610.
EI-MS m/z (%): 269 (M*, 100), 254 (26), 226 (15), 198 (25), 149 (10), 135

(23). HR-MS Caled for C,5H,,NO,: 269.0688. Found: 269.0706. NOE: .

Vol. 39, No. 10

Irradiation of 7-OCH,; (6 4.03)—9.3% enhancement of H-6 (5 6.85).

Murrayaline-D (3) A pale brown oil. UV 1., nm: 243, 255 (sh), 287,
330, 357, 364, 368. IR v,,,, cm ™ *: 3450, 3400 (br), 1680, 1620, 1582. EI-M$S
mfz (%): 377 (M*, 9), 308 (5), 254 (12), 149 (40), 135 (72). HR-MS Caled
for C,,H,,NO;:377.1989. Found: 377.1984. NOE: Irradiation of 7-OCH,
(6 3.95)—11% enhancement of H-6 (5 6.95). Irradiation of CH, (&
3.68)—5% enhancement of CH, (5 1.91).

Pyrayafoline-E (5) A pale brown oil. [«]p 0° (¢=0.0007, CHCl;). UV
Amax M2 233 (sh), 252, 284, 330 (sh), 354. IR 1,,,, cm™': 3600, 3470, 3380
(br), 1625. EI-MS m/z (%): 347 (M*, 14), 264 (43), 149 (46), 135 (95).
HR-MS Caled for C,3H,sNO,: 347.1883. Found: 347.1883.

Euchrestine-E (7) A pale brown oil. [«]p 0° (¢=0.0007, CHCI;). CD
(¢=0.0007, MeOH): No absorption was observed in the 210—500 nm
range. UV 4., nm: 212, 238, 264, 308 (sh), 316. IR v, cm™!: 3600,
3460, 3400 (br), 1620, 1600. EI-MS m/z (%): 365 (M ™", 100), 264 (15), 226
(98), 225 (92), 196 (15). HR-MS Calcd for C,;H,,NO;: 365.1989. Found:
365.1993.

Murrayaquinone-E (9) A brown oil. UV /.. nm: 232, 262, 406. IR
Vimax CM 12 3430, 3400, 1650, 1620. EI-MS m/z (%): 295 (M*, 41), 278
(19), 240 (62). HR-MS Calced for C gH, ,NO,: 295.1207. Found: 295.1205.

Bismurrayafoline-C (11) A pale yellow oil. UV 4,,,, nm: 226, 235, 260
(sh), 285 (fl), 311, 335 (sh). IR v, cm™': 3600, 3480, 3450, 3425, 3380
(br), 1620. EI-MS m/z (%): 696 (M*, 100), 264 (31), 226 (18). HR-MS
Calced for C44Hy,N,0,: 696.3924. Found: 696.3893. The results of NOE:
Irradiation of the aryl methyl (6 2.48)—8% enhancement of H-4 (and
H-4") (6 7.84). Irradiation of the benzylic CH, (§ 3.42)—10 and 5%
enhancements of the allyl methyl (6 1.42) and N-H (§ 7.55), respectively.

Bismurrayafoline-D (12) Colorless prisms. mp 198—200°C (acetone).
UV . nm: 224, 238, 260 (sh), 285 (sh), 310, 334 (sh). IR v, cm™ %
3540, 3450, 1610. EI-MS m/z (%): 724 (M*, 100), 601 (6), 479 (20), 362
(M?**, 8), 293 (8), 239 (30). HR-MS Calcd for C,zH,,N,0,: 724.4237.
Found: 724.4276. NOE: Irradiation OCH, (J 3.89)—13% enhancement
of H-6 (and H-6") (J 6.85).

Methylation of 11 and 12 Treatment of a methanolic solution (2 ml)
of 11 (2.5mg) or 12 (0.8 mg) with an excess amount of ether solution of
diazomethane followed by preparative TLC with hexane-acetone (3:1)
gave the dimethyl ether (13) (2mg and 0.5mg, respectively), as colorless
oils. 13: UV 4, nm: 226, 241, 255 (sh), 286, 308, 335 (sh). IR v_,, cm ™ :
3450, 1610. NOE: Irradiation of 7-OCHj; (6 3.90)—14% enhancement of
H-6 (and H-6") (6 6.85). Irradiation of 1-OCH, (5 3.40)-—2 and 4%
enhancements of N-H (6 7.85) and 3'-CH, (6 2.52), respectively. Irradiation
of 3-CHj; (4 2.52)—10 and 6% enhancements of H-4 (and H-4') (§ 7.85)
and 1'-OCHj; (¢ 3.40), respectively.
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Two new ionone glucosides, melia-ionosides A and B, were isolated from leaves of Melia toosendan SiEB. et Zucc.
(Meliaceae) and their structures were elucidated based on combinations of chemical, spectral, and X-ray analytical
. studies. In addition, a novel type of selective bio-oxidation by a kind of protease (Molsin) was found during the

course of the structural elucidation.

Keywords
saturated ionone alcohol

In our continuing phytochemical studies on meliaceous
plants, we have already characterized from the leaves of
Melia toosendan SIEB. et Zucc.? (Meliaceae) two pregnane
steroids® and a pregnane glucoside, toosendanoside.*) We
have also briefly reported the structural elucidation of two
new ionone glucosides, melia-ionosides A (1) and B (2), by
means of two-dimensional nuclear magnetic resonance
(2D-NMR) spectroscopy, X-ray analysis, and chemical
reactions in the preceding communication.” This paper
presents a full account of the isolation and structural
elucidation of the glucosides 1 and 2. A novel type of
bio-oxidation found during the course of the structural
study is also reported in detail.

Results and Discussion

The n-butanol fraction of the methanol extract from the
plant material was subjected to repeated and precise
separation by column and high-performance liquid chro-
matography (HPLC) to isolate 1, a white powder, [a]3°
—35.1° and 2, a white powder, [«]3° —9.0° in yields (from
the methanol extract) of 0.007 and 0.003%, respectively.

Both 1 and 2 showed hydroxy absorption bands (3350
and 1075cm™1') in the infrared (IR) spectra and possessed
the same molecular formula C,,H;404, based on elemental
analyses and the presence of the common (M —~H)™ ion
(the base peak) at m/z 391 in the negative ion fast atom
bombardment mass (FAB-MS) spectra. As the next step of
the structural elucidation, detailed studies of the proton and
carbon-13 nuclear magnetic resonance (!H- and '3C-NMR)
spectra of 1 and 2 were performed with the aid of the INEPT
(insensitive nuclei enhanced by polarization transfer)
method and 2D techniques such as 'H-'H and !3C-'H
shift-correlated spectroscopy (COSY) and nuclear Over-
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hauser effect spectroscopy (NOESY), and as shown in
Tables I and I1, all protons and carbons of both 1 and 2
were assigned.

Based on the established assignments, it was inferred that
both 1 and 2 contain a B-pD-glucopyranosyl (*C, form)
residue® and an ionone (3) as the common aglycone, that
is, these ionone glucosides (1 and 2) are isomers as regards
the glucosyl position on 3.

On acidic hydrolysis, both glucosides afforded the
common and genuine aglycone, the ionone (3), C,;H,40;,
a colorless oil, [«]3° —6.8° and D-glucose. The 'H- and
13C-NMR assignments established for 3 (Tables I and II)
indicated that the relative structure of the ionone is as shown

TasrLe 1. 'H-NMR (400 MHz) Data for 1, 2, and 39
lb) 2!7) 3:)

20-H 1.95, dd, 14.0, 2.8 1.88,dd, 13.7, 3.4 192, dd, 13.8, 3.1

2p-H 142, dd, 14.0, 3.4 1.47,dd, 13.7,34 1.52,dd, 138,34

3p5-H 4.42,1t,34,2.8 4.43, quin, 3.4 4.47, tt, 3.4, 3.1

4a-H 2.67,ddd, 11.9,2.8, 2.47,ddd,13.7,3.4, 2.52,ddd,13.4,3.1,
1.8 2.4 2.4

48-H 1.6 1.89 1.99

Se-H 227, m, W,,= 230, m, Wy, = 238, m, Wy,,=
19.09 19.0¢ 19.09

6f-H 1.10,ddd, 10.4,5.2, 1.15,ddd,10.4,5.5, 1.25,ddd,10.6,5.2,
2.6 1.8 2.6

7-H, 1.591.79 1.6,9 1.89 1.7,9 1.8

8-H, 1.6, 1.98, m 1.7, 212, m 1.7, 2.06, m

90-H 4.0 4,19 4.06, m

13-H, 3.86,dd, 10.7, 6.7 3.91, dd, 10.7, 6.1 3.99, dd, 10.3, 6.3
4.14, dd, 10.7, 3.1 4.09, dd, 10.7, 3.4 4.18, dd, 10.3, 3.2

10-H, 1.38,d, 6.4 1.40, d, 6.1 1.40, d, 6.1

1I-H;  1.22,s 1.32, s 1.39, s

12-H; 094, s 1.02, s 1.05, s

I'-H 4.95,4d,79 498, d,79

2'-H 4.01,dd, 7.9, 8.9 4.02,'dd, 7.9, 8.9

3-H 428,89 4.26, 1, 8.9

4-H 4.19,dd, 89,9.5 " 4.19,dd, 8.9,9.2

5-H 3.92, ddd, 9.5, 5.5, 3.97,ddd, 9.2, 5.5,
2.1 2.4

6'-H, 4.33,dd, 11.9,55 4.35,dd,11.9, 5.5

4.52,dd, 11.9, 2.1

4.54,dd, 11.9, 2.4

a) Chemical shifts are in 6 values relative to internal TMS, and are followed by
multiplicities and coupling constants (Hz). Assignments for these compounds were
made with the aid of 'H-'H COSY, NOESY, and '3C-'H COSY methods. b) In
Py.-ds with a few drops of D,0. ¢) In Py.-ds. d) Both multiplicity and coupling
constant were obscure, due to partial overlapping. e) Peak width at half height
(Wyy2) is given in Hz.
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TaBLE II. '3C-NMR (100.5MHz) Data for 1-—4 (5., ppm from TMS
in Py.-ds)®
lb) 217) 3 4
1-C 34.70 (s) 34.73 (s) 34.79 (s) 39.10 (s)
2-C 46.36 (1) 47.81 (1) 48.09 (1) 56.50 (t)
3-C 73.92 (d) 66.55 (d) 66.70 (d) 211.19 (s)
4-C 34.23 (1) 38.39 (1) 38.72 (t) 45.39 (t)
5-C 37.78 (d) 37.78 (d) 38.13 (d) 44.48 (d)
6-C 48.22 (d) 48.68 (d) 48.62 (d) 46.49 (d)
7-C 25.65 (t) 24.79 (t) 2593 (1) 25.74 (1)
8-C 41.73 (1) 38.30 (t) 41.94 (1) 41.45 (1)
9-C 67.55 (d) 76.26 (d) 67.59 (d) 67.47 (d)
10-C 24.44 (q) 21.89 (q) 24.47 (q) 24.44 (q)
11-C 23.59 (q) 23.98 (q) 23.95 (q) 20.90 (q)
12-C 31.71 (g) 31.83 (q) 31.89 (q) 2993 (q)
65.15 (1) 65.36 () 65.51 (t) 63.83 (1)

13-C

a) Assignments and multiplicities (in parentheses) were determined based on
INEPT and ‘H-'*C COSY experiments. b) Data for the p-glucosyl moiety in 1
and 2 are as follows. 1: 102.57 (d, 1'), 75.46 (d, 2'), 78.87 (d, 3'), 71.89 (d, 4, 78.31
(d, 5'), 62.98 (t, ¢') and 2: 103.52 (d, 1"), 75.20 (d, 2'), 78.35 (d, 3'), 71.68 (d, 4'),
78.14 (d, 5), 62.75 (t, 6').

in the formula 3 or its antipode, except for the configuration
of the 9-OH group on the side chain. The identification of
D-glucose was carried out by paper partition chromato-
graphy (PPC), high-performance thin layer chromato-
graphy (HPTLC), and gas liquid chromatography (GLC).
The whole relative structure of 3 was determined by a
combination of the following chemical study and X-ray
analysis. During the course of the chemical derivations of
1, 2, and 3, a novel type of selective bio-oxidation was
found. When incubated with Molsin (protease type XIII
from Aspergillus saitoi),® the ionone (=triol) (3) gave the
corresponding 3-keto derivative (4), C,3;H,,05, a colorless
oil, [a]3% +24.6° in 84% yield as a result of a novel selective
bio-oxidation reaction, in which only the secondary axial
3-OH group among the primary and two secondary
hydroxyls in 3 was oxidized. In a similar treatment with
Molsin, both glucosides 1 and 2 also afforded the oxidized
aglycone (4) (61 and 78% yield, respectively), presumably
by usual hydrolysis followed by the selective oxidation.
As the next step, X-ray analysis was undertaken. The oily
ketone (4) was, in the usual manner, transformed into the
corresponding crystalline 2,4-dinitrophenylhydrazone (5),
C,oH,gN,Oq. Crystals of 5 were grown in ethyl acetate as
fine red plates of mp 148—150 °C and subjected to a single
crystal X-ray analysis. A crystal with dimensions of
0.40 x0.15x0.05mm was used for collection of X-ray
diffraction data at 295K on an automatic four circle dif-
fractometer equipped with an X-ray tube (CuKoa, A=
1.5418 A) and a graphite monochromator. The cell pa-
rameters were determined by least-squares fitting with 20
reflections in the range of 28° <26 <40°. The crystal data
are as follows: M =408.3; monoclinic, space group P2,,
Z=2, unit cell dimensions; a=15.613(3), 5=28.149(1),
c=8.141(1)A, =91.32(2)°, ¥'=1035.53) A3, D, =1.29(1)
by flotation on aqueous potassium citrate solution,
D,=1309Mg-m 3 u=8.31cm ~! for Cu Ko radiation; F
(000) =436. The intensities of 1859 unique reflections were
obtained within the 20 range of 125°, in the w-26 scan mode
with a scan speed of w=6°/min. The structure was solved
by the direct method, SAYTANS7.” All 28 hydrogen atoms
were found in the difference Fourier map at the estimated
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positions. Refinement of the structure by the block-diagonal
least-squares method converged R to 0.061 for 1504
reflections with | Fy | =30(F,), applying unit weight for each
F,,., anisotropic temperature factors for non-hydrogen
atoms, and isotropic ones for hydrogen atoms. The atomic
scattering factors were taken from International Tables for
X-Ray Crystallography.®

The right-hand diagram in Fig. 1 shows a perspective
view (ORTEP?) of the molecular structure of 5, including
an ionone framework with (55, 6R, 9R) or (5R, 6S, 9.5)
configuration, and the left hand one shows the numbering
system of the molecule 5 used in the present X-ray study.
The final atomic parameters are listed in Table 111 and the
bond lengths and angles in Table IV.

Figure 2 shows the presence of three kinds of hydrogen
bonds, i.e., an intramolecular one between N17 and 025
(N17---025=2.619(6)A) and two intermolecular bonds
between OI1 and 028 (O11---028=2.899(7)A) and
between O15 and O11 (015---011=2.805 (7)A) in the
crystal structure. The 2,4-dinitrophenylhydrazone part in
molecule 5 appears to play an important role in the ready
crystallization of 5, which must be supported by the
above-metioned intermolecular hydrogen bonds (see Fig.
2) and van der Walls contacts [see Fig. 3 (PLUTO!?)]
observed in the crystal structure of 5.

Based on this X-ray analysis results, the relative structure
for the ketone (4) is defined as either the structure (4) or
its optical antipode. However, the structure (4) had already
been assigned to nigakialcohol, which gives a positive cir-
cular dichroism (CD) Cotton effect ([6]+310) at 294 nm
(¢=0.083, EtOH).!" The CD behavior of the ketone (4),
[0] +276 and 294 nm (¢=0.086, EtOH) was in agreement
with that of nigakialcohol, and this finding indicates that
the ketone has the absolute structure shown in the formula
4. Furthermore, the accumulated lines of evidence
demonstrated that the common aglycone is the ionone (3)
with (35, 58, 6R, 9R) chiral centers.

As the final step of the structural elucidation, the loca-
tion of the f-D-glucosyl residue on the aglycone (3) was
confirmed in both glucosides, 1 and 2. In the 13C-NMR
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TaBLE III.  Final Atomic Coordinates and Isotropic Temperature Factors  TasLe IV. Bond Lengths (A) and Angles (°) for non Hydrogen Atoms

of 5 with e.s.d.’s in Parentheses of 5 with e.s.d.’s in Parentheses

Atom X y z B, or B Bond lengths:

Cl.C2  1554(11) CI-C6 1.555(11) CI-CI2 1.530 (12)
cl 11061 3)  0.0844(9) —03193(7) 320(6) CI-CI3 1554(13) C2-C3 1487 (11) C3-C4 1511 (11)
2 10371 (4)  —00161(9) —02299(8) 3.53( 6) C3I NI6 1286(10) C4C5 1538 (l1) C5-C6  1.547 (11)
c3 10185 (3)  0.0562(9) —0.0665(6) 296 ( 6) C5-Cl4 1536 (13) C6-C7 1565 (11) C7-C8  1.516 (12)
C4 10964 (4)  0.0735(10)  0.0466(7) 3.64( 7) C8C9  1.525(12) C9-CI0 1501 (13) C9-Ol1 1.428 (12)
Cs 11692 (4)  0.1676 (9) —0.0367( 7)  335( 6) C14-O15 1407 (12) NI6-NI17 1338 (10) NI7-CI8 1.354 (10)
C6 11882 (3)  0.0974(9) —0.2088( 6) 2.93(6) CIS-C19 1417 (10) CI8-C23 1.414(10) CI19-C20 1.378 (11)
C7 12610 3)  0.1920(9) —02958(7) 338(7) CI9-N24 1461 (11) C20-C21 1358 (12) C21-C22 1394 (11)
c8 13390 (4)  0.0840 (11) —03172( 8) 432( 7) C21 N27 1462 (12) C22-C23 1362 (10) N24-025 1.235 (1)
€9 14100 3) 01586 (11)  —0.4195( 7) 421 ( 9) N24-026 1217 (13) N27-028 1210 (12) N27-029 1.217 (14)
CI0 144224 03233 (1) —03579(9) 5.02(9) Bond angles
Oll 1378 (3)  0.1693(10) —05851(5) 673 (10) s
CI2 10688 (4) 02539 (10) —03635(8) 430 (7 gg‘g‘g% }832 (3) ggg} 8% }?gz (2)
CI3  1.1265(4) —00110(12) —04782(8) 5.10( 9) o olen e (7) o h e (7;
Cl4 12496 (4)  0.1622(12)  00755(7) 473 (10) P o (6) R e (6
O15 12308 (3)  02392(9) 02246 ( 6) 566(7) -C2- 0(6) ~C3- 0(6)

C2-C3-N16 129.2 (7) C4 C3-N16 1168 (7)
NI6 09468 3)  0.1048(8) —00089(5) 3.32(5)

C3-C4-C5 112.0 (7) C4-C5-C6 111.5 (6)
NI7  08772(3)  0.0927(8) —0.1186(5) 3.50 ( 6)

C4-C5-Cl4 109.0 (7) C6-C5-Cl4 110.7 (7)
CIS  07973(3)  0.1156(8) —00619(6) 2.93( 6) :

C1-C6-C5 112.0 (6) C1-C6-C7 111.6 (6)
C19  07235(3)  0.1263(9) —0.1662( 6) 3.16( 7)

C5-C6-C7 112.5 (6) C6-C7-C8 111.0 (6)
C20  0.6422(4)  0.1484 (10) —0.1086( 7) 3.96 ( 8)

C7-C8-C9 115.1 (7) C8-C9-CI0 1149 (8)
C21  0.6327(3)  0.1634(10) 00561 (7) 3.69( 7)

C8-C9-Ol1 107.0 (7) C10-C9-011 1115 (8)
2 07022(3)  0.1568(8)  0.1667(7) 3.08( 6)

C5-C14-015 108.5 (8) C3-N16-N17 115.1 (6)
€23 078254)  0.1332(9)  0.1080( 6) 3.18( 6)

: NI6-NI7-CI8  119.2 (6) NI7-CI8-C19  123.1 (7)

N24  0.7302(3)  0.1179(9) —03453( 6) 460 ( 7)

NI7-CI8-C23 1212 (7) CI9-CI8-C23 1158 (6)
025 08003 (3)  0.0907(8) —04065(5) 5.13(7) \

CI$-C19-C20 1229 (7) CI8-CI9-N24 1214 (7)
026 06653 (3)  0.0372(12) —04284( 5) 8.40 (13)

C20-C19-N24 1157 (7) C19-C20-C21 1184 (8)
N27 05473 (3)  0.892(11)  0.1215(7) 5.8 (10)

C20-C21-C22 1217 (8) C20-C21-N27  119.7 (8)
028 05411 (3)  02293(9)  02636(6) 601 (8)

C2-C21-N27T 1186 (7) C21-C2-C23  119.6 (7)
029 04855(3)  0.1603(13)  0.0314(6) 937 (16)
HI 09818  —0026(10)  —0303 (8 34 CI8-C23-C22 1216 (7) CI9-N24-025  119.7 (7)
H2  10s8()  _0131(10)  _020(8 34 CI9 N24-026 1182 (8) 025-N24-026  122.1'(9)
Hs  L19G)  —0047010) 0o 8 37 C21-N27-028  118.8 (8) C21-N27-029  118.1 (9)
H4e 1077 (4) 0.137 (10) 0.156 (8) 3.7 O28-N27-029  123.2(9)
HS 1152 (4) 0.295(10)  —0.053(8) 3.4
H6  1209(4)  —0.028(10) —0.190( 8) 3.1
H7 1278 (4) 0298 (10)  —0224(8) 36
H8 1.240 (4) 0233 (10)  —0415(8) 3.6
HO  1320(5) —0028(11) —0378(9) 45
HI0O 1363 (5) 0.055 (1)  —0.198 ( 9) 44
HIl 1467 (5) 0.083 (12)  —0412(8) 48
HI2  1.493 (5) 0.366 (11)  —0438(9) 49
HI3 1466 (5) 0308 (I1)  —0.235(9) 49
Hi4  1.391 (5) 0410 (11)  —0.354(9) 49
HIS 1421 (5) 0218 (13)  —0.655(10) 7.0
Hi6 1117 (5) 0325 (11)  —0.427(9) 46
HI7  1.048 (5) 0316 (11)  —0253(9) 45
HIS  1.014 (5) 0237 (11)  —0.441 ( 8) 46
HIO 1175 (5) 0059 (1)  —0.550(9) 50
H20 1069 (5)  —0015(11)  —0552(9) 50
H2l  L148(5)  —0.029(11)  —0454(9) 50
H22 1303 (5) 0.223 (11) 0014(9) 52
H23 1267 (5) 0.036 (11) 0.097(9) 5.1
H24 1280 (5) 0.235 (12) 0292(9) 54
H25 0888 (4) 0.053 (10)  —0234(8) 34
H26  0.588 (4) 0.154 (1) —0.192(8) 42
H27  0.690 (4) 0.166 ( 9) 0297(7) 3.1
H28  0.835 (4) 0.130 (10) 0.191(7) 32

1 eq (4/3)2‘;,'3

/4a; for non-hydrogen atoms.

spectra (Table II), the C-3 carbon of 1 resonated downfield
(by +7.22ppm) from the corresponding signal for 3. In
contrast, the C-2 and C-4 carbons of 1 resonated upfield
(by —1.73 and —4.49 ppm, respectively) from those of 3.
On the other hand, C-9 and both C-8 and C-10 of 2 were
respectively shifted downfield (C-9; +8.67 ppm) and up- °
field (C-8 and C-10; —3.64 and —2.58 ppm, respectively) Fig. 2




Fig. 3

compared with those for 3. In addition, in the NOESY
spectra of 1 and 2, there were typical cross peaks between
3f-H and the glucosyl anomeric proton in 1 and between
9-H and the glucosyl anomeric proton in 2. These NMR
studies proved that the f-p-glucosyl moiety is linked at
30-OH of the aglycone (3) in 1 and at 9-OH of the
aglycone in 2. Based on the accumulated evidence, the
absolute structures of melia-ionosides A and B are defined
as 1 and 2, respectively.

This is the first time that 1 and 2 have been found in
nature, and their common aglycone (3) is a new saturated
ionone.

Experimental

All melting points were recorded on a Yanagimoto micro melting point
apparatus and are uncorrected. The spectral data were obtained on the
following instruments: optical rotation on a JASCO DIP-140, IR on a
JASCO A-302, 'H- and '3C-NMR on a JEOL GX-400, EI- and accurate
MS (ionization valtage; unless otherwise stated, 30eV) and negative ion
FAB-MS (matrix; triethanolamine) on a JEOL INM-DX300, and CD on
a JASCO J-500C. GLC was carried out on a Shimadzu GC-7AG under
the following conditions: column, 1.5% SE-52 on Chromosorb WAW
DMCS (2m x3mm i.d.); detector, hydrogen flame ionization detecter;
column temperature, 160 °C; carrier N, gas, 30 ml/min. As silica gel for
column chromatography, Kieselgel 60 (Merck, 230—400 mesh) was used.
Preparative HPLC was carried out on a Kusano instrument (Kusano
Scientific Co., Tokyo) with a KPW-10 micro pump and a Shodex SE-31
differential refractometer under the following conditions: column, a
reversed-phase Kusano octadecyl silica (ODS) (10cm x 22 mm i.d.) and a
Kusano Si-10 prepacked column (10 cm x 22 mm i.d.); flow rate, 3 ml/min.
In the purification of the 2,4-dinitrophenylhydrazone (5), a Waters HPLC
system [an M45)J pump, an R-401 differential refractometer and a
silica-phase p-Porasil column (30cm x 7.8 mm i.d.)] was used, with an
eluant flow of 3ml/min of n-hexane-AcOEt (1:3). The X-ray intensity
data were measured on a Rigaku AFC-5 automatic diffractometer at
room temperature. The Molsin (protease type XIII from Aspergillus
saitoi) used in this work was a commercial product (Sigma Chem. Co.,
Lot. No. 104F-0124).

Plant Material and Extraction The same procedure as mentioned in
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refs. 3 and 4 was employed.

Isolation of Glucosides 1 and 2 The MeOH extract (287 g) obtained
from the air-dried leaves of M. toosendan was suspended in H,O and the
suspension was extracted successively with petroleum ether (500 ml x 3),
CHCI, (500 ml x 4), and n-BuOH (400 ml x 2). The residue (52.4 g) obtained
from the n-BuOH layer was subjected to silica gel column chromatography
[Tkg; eluted with CHCl;-MeOH-H,O (35:20:4)] and subsequent
Sephadex LH-20 column chromatography (100 g; eluted with MeOH) to
afford a fraction (2.87 g) containing 1, 2, and toosendanoside.* Succes-
sive HPLC separation of the fraction on ODS [eluent, MeOH-H,O
(1:1)] and Si-10 [eluent, CHCl;-MeOH (6:1)] columns gave pure
toosendanoside and a mixture (138 mg) containing 1 and 2. This mixture
was further purified by ODS HPLC separation [eluent, MeOH-H,0
(5:6)] to furnish pure glucosides 1 (21 mg) and 2 (9.5 mg), respectively.

Melia-ionoside A (1): A white powder (from a mixture of a large
amount of C¢Hg and a few drops of MeOH), [2]3° —35.1° (¢=0.43,
py.). IR (KBr)em™!: 3350, 1075. Negative ion FAB-MS m/z [%]: 391
[(M—H)", 100]. EI-MS m/z (%): 213 M* +H—-162—H,0, 5), 195
(M*+H—-162-2H,0, 30), 177 M* +H—162~3H,0, 100). 'H- and
3C-NMR: see Tables I and 11, respectively. Anal. Caled for C,4H,¢O4:
C, 58.14; H, 9.25. Found: C, 58.13; H, 9.22.

Melia-ionoside B (2): A white powder (from the same solvent mixture
as in the case of 1), [«]2® ~9.0° (c=0.15, py.). IR (KBr)em™': 3350,
1075. Negative ion FAB-MS m/z [%]: 391 [((M—H)~, 100]. EI-MS
mfz (%): 355 (M*—H-2H,0, 4), 231 (M*'+H-162, 8), 213
(M*+H—162—H,0, 43), 195 (M* + H—162—2H,0, 69), 177 (M* + H
—162—3H,0, 100). 'H- and '3C-NMR: see Tables I and 11, respectively.
Anal. Caled for C (H;4041/2H,0: C, 56.84; H, 9.29. Found: C, 57.05;
H, 9.04.

Acidic Hydrolysis of 1 A solution of 1 (26 mg) in MeOH (6 ml) and
10% H,SO, (3 ml) was refluxed for 4 h, poured into ice-water, and extracted
with AcOEt (60 ml x 1 and 40 ml x 3) and n-BuOH (60 ml x 2), successively.
Each of the AcOEt and n-BuOH extracts was washed with 5% aqueous
NaHCOj; and then H,0, and dried over MgSO,,. The AcOEt and n-BuOH
extracts were combined and evaporated to dryness. The residual product
was purified by silica gel column chromatography [eluent, CHCl,-MeOH
(10:1) to give an aglycone (3) (12mg, 78.4% yield), colorless oil, [o]}3°
—6.8° (¢=0.10, py.). IR (CHCl;)cm™: 3605, 3400. EI- and accurate
MS (ionization voltage, at 20eV) m/z (%): 231.195 (M~ +H, Caled
for C,3H,,0; 231.196, 3), 230.188 (M ™, Caled for C,;H,40; 230.188,
1), 212.178 (M* —H,0, Caled for C,;3H,,0, 212.178, 6), 194.168
(M™* —~2H,0, Caled for C,3H,,0 194.167, 39), 176 (M * —3H,0, 23), 122
(100). Negative ion FAB-MS mjz [%]: 229 [(M—H)", 30]. 'H- and
3C-NMR: sec Tables I and II, respectively. The aqueous layer of the
hydrolysate was neutralized with Amberlite IRA-45 (OH~ form) and
evaporated under reduced pressure. The residual product was subjected
to PPC [iso-PrOH-#-BuOH-H,0O (7:1:2) as the developing solvents;
developed twice; aniline hydrogen phthalate for detection], HPTLC
[Merck Si 50000 type; n-BuOH-py. -H,O (75:15:10) as the developing
solvents], and GLC [after trimethylsilylation with N,O-bis(trimethylsilyl)-
trifluoroacetamide—py.] to demonstrate the presence of glucose.

Acidic Hydrolysis of 2 A solution of 2 (60mg) in 10% H,SO, (5ml)
and MeOH (10 ml) was refluxed for 4h. In the same manner as in the case
of acidic hydrolysis of 1, the reaction mixture was worked up. The aglycone
3 (25.4mg, 72.2% yield) and glucose were isolated and identified.

Enzymatic Hydrolysis of 1 A suspension of Molsin (protease type XIII
from Aspergillus saitoi) (400 mg) in 0.2 M citric acid-0.2M Na,HPO, buffer
(pH 4.0; 3 ml) was added to a solution of 1 (13mg) in EtOH (0.4 ml). The
reaction mixture was stirred at 37 °C for 63 h, then poured into H,0, and
extracted with AcOEt (60ml x| and 40ml x 3) and #-BuOH (50 ml x 2),
successively. The AcOEt and n-BuOH extracts were each washed with
H,O, and dried over MgSO,. The two extracts were combined and
evaporated to dryness. The residue was purified by silica gel column
chromatography [eluent, CHCl;-MeOH (7: 1)] to give the corresponding
3-keto derivative (4) (4.6 mg, 61% yield) of the aglycone (3), together with
a small amount of 3 (1 mg, 13% yield). The physical and spectral properties
of 4 are as follows: colorless oil, [a]3® +11.7° (¢=0.185, py.) and [«]3°
+24.6° (¢=0.35, CHCly). IR (CHCl)em™!: 3620, 3410 (OH), 1700
(C=0). EI- and accurate MS m/z (%): 228.172 (M ™, Caled for C,3H,,0,
228.173,1),213.149 (M* — CHj, Calcd for C;,H,,0,213.149, 14),210.162
(M* —H,0, Caled for C, 3H,,0, 210.162,25),195.139 (M * —H,0—CH,,
Caled for C;,H,,0, 195.139, 23), 192.151 (M * —2H,0, Caled for C,3H,,0
192.151, 6), 177.128 (M* —2H,0 — CH,, Calcd for C,,H,,0 177.128, 35),
83 (100). Negative ion FAB-MS m/z [%]: 227 [(M—~H)", 45]. 'H-NMR
(py.-ds) 6:0.80 (3H, s, 11-H3), 1.04 (3H, s, 12-H,), 1.38 3H, d, /=6.1 Hz,
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10-H;), 1.6 (1H, m, 7-H), 1.7 (3H, m, 68-H, 7-H, and 8-H), 1.93 (1H, m,
W,,,=18.0Hz, 5a-H), 2.02 (IH, m, 8-H), 2.15 (1H, dd, /=13.1, 2.1 Hz,
20-H), 2.36 (1H, d, J=13.1 Hz, 2-H), 2.70 (1H, ddd, J=14.0, 5.2, 2.1 Hz,
40-H), 2.76 (1H, dd, J=14.0, 11.9, 4-H), 4.0 (1H, m, 9-H), 3.92 (1H,
dd, J=10.7, 2.8 Hz), 4.01 (1H, dd, J=10.7, 49 Hz) (13-H,). !3C-NMR:
see Table II. CD (¢=0.086, EtOH) [0] (nm): +276 (294) (positive
maximum) and (¢=0.050, CHCl;) {6] (nm): +336 (287) (positive
maximum).

Enzymatic Hydrolysis of 2 A suspension of Molsin (700 mg) in 0.2M
citric acid-0.2 M Na,HPO, buffer (pH 4.0, 5ml) was added to a solution
of 2 (21.0 mg) in EtOH (0.8 ml). The mixture was incubated with stirring
at 37°C for 120 h, then worked up and purified in the same manner as in
the case of enzymic hydrolysis of 1. The 3-keto derivative (4) (9.5mg,
78% yield) was obtained as a sole product.

Bio-oxidation of 3 A suspension of Molsin (120mg) in 0.2M citric
acid-0.2M Na,HPO, buffer (pH 4.0, 3ml) was added to a solution of 3
(8.2mg) in EtOH (0.3 ml). The mixture was allowed to react under stirring
at 37°C for 96h, and worked up and purified in the same manner as
described for the enzymic hydrolysis of 1 and 2. The corresponding 3-keto
derivative (4) (6.8 mg) was obtained in high yield (84%) as a sole reaction
product.

Conversion of 4 to the Corresponding 2,4-Dinitrophenylhydrazone (5) A
0.5 ml aliquot of a 2,4-dinitrophenylhydrazine solution (0.07 mm), prepared
by adding concentrated H,SO, (0.2 ml), H,O (0.3 ml), and 95% aqueous
EtOH (1 ml) successively to 2,4-dinitrophenylhydrazine (0.04 g), was added
dropwise to a solution of 4 (4.9 mg, 0.021 mm). The reaction mixture was
allowed to stand for 2d at room temperature, poured into ice-H,O, and
extracted with AcOEt (30 ml x 4). The combined AcOEt layer was washed
with aqueous NaHCO, and H,O successively, dried over MgSO,, and
evaporated to dryness. The residue was subjected to purification by a
Waters HPLC system to give the corresponding 2,4-dinitrophenylhydra-
zone (5) (3.0 mg) of 4. Recrystallization from AcOEt afforded red plates
of mp 148—150°C. EI-MS m/z (%): 408 (M*, 50), 390 (M* —H,0, 39),
81 (100). 'H-NMR (acetone-dg) 5:0.82 3H, s, 11-H,), 1.14 (3H, d, J=6.1,
10-H;), 1.19 (3H, s, 12-H;), 1.4 (1H, m, 68-H), 1.5 (3H, m, 7-H, and
8-H), 1.6 (1H, m, 8-H), 1.74 (1H, m, 5a-H), 2.16 (1H, d, J=13.7 Hz, 2-H),
2.38(1H,dd, J=13.4, 12.8 Hz, 48-H), 2.65 (1H, dd, /=13.7, 2.4 Hz, 2a-H),
2.71 (1H, ddd, J=13.4, 4.6, 2.4Hz, 4a-H), 3.71 (1H, m, 9-H), 3.64 (1H,
dd, J=11.2, 6.6Hz), 3.77 (1H, dd, /=112, 3.4Hz) (13-H,), 8.04 (1H, d,
J=9.5Hz, aromatic 6-H), 8.38 (IH, dd, J=9.5, 2.7Hz, aromatic 5-H),
9.00 (1H, d, J=2.7 Hz, aromatic 3-H), 11.22 (1H, s, -NH-).
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Resin Glycosides. XI.V  Operculins III, IV, IX, X, XVI, XVII and XVIII, New Ether-Soluble Resin
Glycosides of Rhizoma Jalapae Braziliensis (Root of Ipomoea operculata)
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Ten ether-soluble resin glycosides (jalapins), operculins IX—XVIII, were isolated from Rhizoma Jalapae Braziliensis
(roots of Ipomoea operculata). Operculins I1I and IV previously obtained, and operculins IX, X, XVI, XVII and XVIII
were characterized on the bases of chemical and spectral data. All of them have a common glycosidic acid, operculinic
acid B, with a macrocyclic ester structure and n-decanoyl and/or n-dodecanoyl residues as organic acid groups.

Keywords resin glycoside; Rhizoma Jalapae Braziliensis; Ipomoea operculata; Convolvulaceae; operculin III; operculin IV;
operculin IX; operculin X; operculin XVI; operculin XVII; operculin XVIII

In the preceding paper,® we reported the isolation of
eight ether-soluble resin glycosides (jalapins) named
operculins [—VIII, and the structure elucidation of
operculins I, II, V, VII and VIII, from Rhizoma Jalapae
Braziliensis (roots of Ipomoea operculata (Gomes) MART).
All of them were found to possess characteristic macrocy-
clic ester structures similar to those of the jalapins!®>~® so
far isolated from Convolvulaceae plants, but they have
n-dodecanoic acid and/or n-decanoic acid in place of the

hitherto known isobutyric, 2-methylbutyric, tiglic and nilic OH3C
acids. Rha"

Further separation of fractions 5, 6, and 13 obtained from HyC 0 0

P S X ; R0

the jalapin fraction? afforded ten new resin glycosides, o
operculins IX—XVIII. This paper deals with the structure OH 1 R,=Ry=Dodeca
elucidation of operculins IIT (1), IV (2) (previously iso- 07on 2:Ri=R;=Deca
lated?), TX (3), X (4), XVI (5), XVII (6) and XVIII (7), _31R,=Dodeca, R,=Deca
which have a common glycosidic acid, operculinic acid B.” HOMGG Glc : Ry =Deca, R=Dodeca

Operculin III (1), colorless needles (MeOH-H,0), mp g:ﬁ‘ig‘;‘:zc"é R:z:H
115—125°C, [a]3® —25.7° (¢=2.6, MeOH), C,,H,,,0,s, oA 7' R.=H. Ro=Dodeca
showed an (M —H)™ ion peak at m/z 1379 in the negative Dodeca, n-dodecanoyl; Deca, n-decanoyl

ion fast atom bombardment-mass spectrum (negative Fig. 1. Structures of 1—7
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Fig. 2. Negative FAB-MS of 1 and 8

Gle, glucopyranosyl; Rha, rhamnopyranosyl: Dodeca, n-dodecanoyl.
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TaBLE I. '3C-NMR Spectral Data for 1,2, 3,4, 5, 6and 7 (in Pyridine-ds,
100 MHz)
1 2 3 4 S 6 7

Gle -1 1044 1044 1045 1045 1045 1045 1044
Glc -2 82.0 81.9 82.0 82.0 81.9 81.9 81.8
Glc 3 76.6 76.5 76.6 76.6 76.6 76.6 76.6
Glc -4 71.8 71.8 71.9 71.9 71.9 71.9 71.8
Gle -5 71.9 77.9 78.0 77.9 78.0 78.0 77.9
Gle -6 62.8 62.8 62.9 62.9 62.9 62.9 62.9
Gl -1 1054 105.4 105.5 105.4 105.5 105.5 105.3
Gl¢' -2 75.2 75.1 75.2 75.2 75.2 75.2 75.1
Gl -3 78.5 78.4 78.5 78.5 78.5 78.5 78.4
Gl¢' -4 71.5 71.4 71.5 71.5 71.5 71.5 71.8
Gl¢' -5 78.1 78.1 78.2 78.1 78.2 78.2 78.2
Gl¢' -6 62.9 62.9 63.0 63.0 63.0 63.0 62.9
Rha -1 98.6 98.6 98.6 98.6 98.6 98.6 98.5
Rha -2 73.5 73.5 73.6 73.5 73.5 73.5 73.6
Rha -3 69.4 69.4 69.5 69.4 69.4 69.4 69.7
Rha -4 81.3 81.3 81.3 81.3 81.4 81.4 81.9
Rha -5 69.0 69.0 69.0 69.0 69.1 69.1 §89.2
Rha -6 19.1 19.0 19.1 19.1 19.1 19.1 19.1
Rha" -1 99.9 99.9  100.0 99.9 100.0 100.0 103.6
Rha’ -2 73.1 73.1 73.1 73.1 73.2 73.2 71.8
Rha" -3 80.2 80.1 80.2 80.2 80.3 80.2 82.4
Rha’ -4 78.6 78.6 78.6 78.6 78.3 78.3 79.0
Rha’ -5 68.5 68.5 68.5 68.5 68.7 68.7 68.7
Rha" -6 18.9 18.8 18.9 18.9 18.9 18.9 19.0
Rha” -1 1032 103.1 103.2  103.2 103.5 103.5 1029
Rha” -2 72.4 72.3 72.5 72.4 72.5 72.5 72.6
Rha” -3 70.3 70.3 70.4 70.3 72.9 72.9 70.3
Rha” -4 75.5 75.4 75.5 75.5 74.0 74.0 75.5
Rha” -5 68.2 68.1 68.2 68.2 70.8 70.8 68.0
Rha” -6 18.0 18.0 18.1 18.0 18.5 18.5 18.0
Ag -11 82.8 82.8 82.8 82.8 82.8 82.8 82.8
Ag -16 14.3 14.2 14.3 14.3 14.3 14.3 14.3
C=0 173.6  173.6 1737 173.6 1737 173.7 173.5

173.5 1734 1735 173.5 1734 1734 1733

173.3 1734 1734

173.3

J in ppm from tetramethylsilane (TMS). Gle, glucopyranosyl; Rha, rhamnopy-
ranosyl; Ag, aglycone ((S)-jalapinolic acid). All assignments are based on the
HETCOR spectral data.

FAB-MS) (Fig. 2). It afforded, on alkaline hydrolysis, #-
dodecanoic acid and a glycosidic acid which was identical
with operculinic acid B (8), that is, (11S)-11-hydroxy-
hexadecanoic acid ((S)-jalapinolic acid) 11-O-f-p-gluco-
pyranosyl-(1-3)-O-[a-L-rhamnopyranosyl-(1 »4)]-O-a-L-
rhamnopyranosyl-(1—-4)-O-a-L-rhamnopyranosyl-(1 —2)-
B-D-glucopyranoside.”

Compound 1 exhibited signals due to three carboxyl (J
173.4, 173.5, 173.7) and five anomeric (6 98.6, 100.0, 103.2,
104.3, 105.4) carbons in the carbon-13 nuclear magnetic
resonance (1*C-NMR) spectrum, indicating that 1 consists
of 1 mol of 8 and 2mol of n-dodecanoic acid (Table I).

The 'H-NMR signals of 1 were assigned with the aid
of 'H-'H shift-correlated two dimensional (2D)-NMR
(COSY) and nuclear Overhauser effect 2D-NMR (NOESY)
spectra. When compared with the signals of 8, 2-H of the
first rhamnose (Rha), 2-H of the second rhamnose (Rha’)
and 4-H of the third rhamnose (Rha") were shifted downfield
by 1.35, 1.14, 1.58 ppm, respectively, and instead of the
signal at 6 2.50 (2H, t) in 8, two signals at § 2.30, 2.40 (each
1H), due to the nonequivalent 2-H, of the jalapinolic acid
group were observed (Fig. 3). These observations indicated
that 1 has, like all the ether-soluble resin glycosides (jalapins)
so far isolated,’ ~® a macrocyclic ester structure formed by
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Ul oA
6 5 4 3 2 1
Fig. 3. '"H-NMR Spectra of 1 and 8 (Upper) (in Pyridine-ds, 400 MHz)
linkage between the carboxyl group of the jalapinolic acid
and one of the hydroxyl groups in the sugar moiety of 8,
and that the three ester groups are located at 2-OH of Rha,
2-OH of Rha’ and 4-OH of Rha”.

In the negative FAB-MS of 1 and 8 (Fig. 2), along with
the fragment peaks observed at m/z 271 [272 (jalapinolic
acid)—H]~ and 433 [272+162 (hexose unit)—H]~, 1
showed a strong fragment peak at m/z 561 [272+ 162+ 128
(146 (6-deoxyhexose unit)— 18(H,0)—H] ™ in place of that
atm/z 579 [272+162+ 146 —H] ™ observed in the spectrum
of 8. The difference of 18 mass units suggested that the ester
linkage of jalapinolic acid is placed in Rha.®

To confirm the above suggestion, 1 was converted to the
peracetate (9). Its electron impact mass spectrum (EI-MS)
revealed fragment ion peaks at m/z 331, 413, 723 and 1071,
which are respectively ascribable to the fragments a, c, d
and g as shown in Fig. 4. Therefore, the two n-dodecanoic
acid groups should be attached to 2-OH of Rha’ and 4-OH
of Rha” and hence the ester linkage of jalapinolic acid
groups is located at 2-OH of Rha.

Taking the J values of the anomeric and methine pro-
ton signals due to the sugar moiety into account, the
conformations of the rhamnopyranose units of 1 are
concluded to be 'C, and those of glucopyranose units are
*C, (Table II).

Consequently, the structure of operculin IIT (1) was
defined as (S)-jalapinolic acid 11-O--p-glucopyranosyl-
(1-3)-0-[4-0-n-dodecanoyl-a-L-rhamnopyranosyl-(1 -
4)]-0-(2-0-n-dodecanoyl)-a-L-rhamnopyranosyl-(1 —4)-0O-
a-L-rhamnopyranosyl-(1—2)-8-p-glucopyranoside, in-
tramol. 1, 2”-ester (Fig. 1).

Operculin IV (2), a white powder (MeOH-H,0), mp
117—120°C, [a]3* —22.2° (¢=5.4, MeOH), C¢sH,,40,¢.
furnished, on alkaline hydrolysis, n-decanoic acid and 8.
Compound 2 showed the (M —H) ™ ion peak at m/z 1323
together with the same fragment peaks as those of 1 at m/z
561, 433, 271 in the negative FAB-MS and three carboxyl
carbon signals at 6 173.4, 173.5, 173.6 in the }3C-NMR
spectrum (Table I). Further, the 'H-NMR spectrum of 2
was quite similar to that of 1 and, in particular, the chemical
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TaBLE II. 'H-NMR Spectral Data for 1—8 (in Pyridine-ds, 400 MHz)

Vol. 39, No. 10

1 2 3 4
Gle -1 4.89, d (1.3) 484,d (7.2) 4.88, d (7.6) 4.87,d (7.6)
Gle -2 3.89, dd (7.3, 8.6) 3.84, dd (7.2, 8.0) 3.88, dd (7.6, 9.0) 3.86, dd (7.6, 9.0)
Gl -3 4.16, dd (8.6, 8.6) 4.09, dd (8.0, 8.0) 4.14, dd (9.0, 9.0) 4.14, dd (9.0, 9.0)
Gl -4 4.12, dd (8.6, 8.6) 4.059 4.10, dd (9.0, 9.0) 4.10, dd (8.0, 8.0)
Gl -5 3.86, ddd (2.5, 6.4, 8.6) 3.80, ddd (3.0, 5.0, 9.0) 3.84, ddd (3.5, 5.5, 9.0) 3.84, ddd (3.0, 5.2, 8.0)
Gl -6 4.32, dd (6.4, 11.9) 4.26, dd (5.0, 11.0) 4.30, dd (5.5, 11.5) 4.29, dd (5.2, 12.0)
447,dd (2.5, 11.9) 441, dd (3.0, 11.0) 4.45,dd (3.5, 11.5) 4.43, dd (3.0, 12.0)
Gl -1 5.10, d (7.6) 5.03,d (7.8) 5.09, d (7.5) 5.07, d (7.4)
Gle -2 3.98, dd (7.6, 8.8) 3.92, dd (7.8, 9.0) 3.97, dd (7.5, 8.5) 3.95, dd (7.4, 9.0)
Gl -3 4.05, dd (8.8, 8.8) 4.00, dd (9.0, 9.0) 4.04, dd (8.5, 8.9) 4.02, dd (9.0, 9.0)
Glc -4 3.96, dd (8.8, 8.8) 3.89, dd (9.0, 9.0) 3.94, dd (8.5, 8.5) 3.92, dd (9.0, 9.0)
Gle -5 3.75, ddd (3.0, 6.0, 8.8) 3.71, ddd (2.8. 6.0, 9.0) 3.75, ddd (2.5, 6.0, 8.5) 3.75, ddd (3.0, 6.0, 9.0)
Gld -6 4.10, dd (6.0, 11.5) 4.039 4.09, dd (6.0, 12.0) 4.06, dd (6.0, 11.5)
4.407 4.369 438, dd (2.5, 12.0) 4.36, dd (3.0, 11.5)
Rha -1 5.59, d (1.2) 5.55, d (1.0) 559, d (1.5) 5.57,d (1.5)
Rha -2 6.05, dd (1.2, 3.0) 5.98, dd (1.0, 3.0) 6.02, dd, (1.5, 3.0) 6.01, dd (1.5, 3.2)
Rha -3 5.07 5.00, dd (3.0, 9.5) 5.05, dd (3.0, 9.5) 5.03,dd (3.2,9.2)
Rha -4 4.19, dd (9.4, 9.4) 4.13, dd (9.5, 9.5) 4.18, dd (9.5, 9.5) 4.16, dd (9.2, 9.2)
Rha -5 4.429 4.409 4439 4420
Rha -6 1.62, d (6.1) 1.59, d (6.0) 1.62, d (6.1) 1.60, d (6.1)
Rha’ -1 5.93,d (1.5) 5.85, d (1.0) 5.91, d (1.5) 5.88, d (1.6)
Rha' -2 6.32, dd (1.5, 3.1) 6.27, dd (1.0, 3.5) 631, dd (1.5, 3.5) 6.30, dd (1.6, 3.5)
Rha' -3 4.80, dd (3.1, 8.6) 474, dd (3.5, 9.0) 479, dd (3.5, 9.5) 477, dd (3.5, 9.0)
Rha' -4 4.389 4.339 437, dd (9.5, 9.5) 4.36, dd (9.0, 9.0)
Rha’ -5 4.379 434 4.379 4359
Rha' -6 1.67, d (5.5) 1.64, d (5.5) 1.67, d (5.5) 1.65, d (5.5)
Rha” -1 6.27,d (1.5) 6.19, d (1.5) 6.25,d (1.5) 6.23,d (1.5)
Rha” -2 4.98, dd (1.5, 3.4) 491, dd (1.5, 3.0) 4.95, dd (1.5, 3.0) 494, dd (1.5, 3.5)
Rha” -3 4.58, dd (3.4, 9.2) 4.51, dd (3.0, 9.0) 4.55, dd (3.0, 9.5) 4.54, dd (3.5, 9.5)
Rha” -4 5.82, dd (9.2, 9.2) 5.75, dd (9.0, 9.0) 5.80, dd (9.5, 9.5) 578, dd (9.5, 9.5)
Rha” -5 4,399 4359 4.409 4.389
Rha’” -6 1.4, d (6.4) 1.41, d (6.5) 1.45, d (6.4) 1.43, d (6.4)
Ag -2 2.29, ddd (4.0, 8.0, 14.0) 228, ddd (4.0, 7.5, 14.5) 2.30, ddd (4.0, 8.0, 15.0) 2.28, ddd (4.0, 8.0, 14.5)
Ag -2 2.449 2439 2.44% 2,439
Ag -1l 383, m 3.84, m 3.869 3.859
Ag -16 0.82, t (7.0) 0.82, t (7.0) 0.83, t (7.0) 0.82, t (7.0)
Org -2 2.34, ddd (4.5, 7.0, 7.0) 2.32, ddd (3.5, 7.0, 7.0) 2.359 2.349
2.48, ddd (3.0, 7.0, 7.0) 2.46, ddd (2.0, 7.0, 7.0) 247 2479
CH, 0.87, t (7.0) 0.85, t (7.0) 0.85, t (7.0) 0.85, t (7.0)
0.87, t (7.0) 0.85, t (7.0) 0.88, t (7.0) 0.87, t (7.0)
5 6 7 8
Gle -1 4.89, d (7.5) 4.89,d (1.2) 4.88,d (7.5) 4.97,d (1.3)
Gle -2 3.88, dd (7.5, 9.0) 3.88, dd (7.2, 9.0) 3.88, dd (7.5, 9.0) 421, dd (7.3, 9.0)
Gle -3 4.15, dd (9.0, 9.0) 4.15, dd (9.0, 9.0) 4.15, dd (9.0, 9.0) 4.259
Gle -4 4.11, dd (9.0, 9.0) 4.11, dd (9.0, 9.0) 4.10, dd (9.0, 9.0) 4.12, dd (9.0, 9.0)
Gle -5 3.859 3.849 3.83, ddd (3.0, 5.0, 9.0) 3.89, ddd (2.5, 5.5, 9.0)
Gle -6 4.30, dd (4.0, 11.5) 4.30, dd (4.0, 11.5) 4.30, dd (5.0, 11.0) 4.33,dd (5.5, 11.5)
4.46, dd (2.8, 11.5) 445, dd (2.5, 11.9) 4.44, dd (3.0, 11.0) 449, dd (2.5, 11.5)
Gl¢ -1 5.09, d (7.5) 5.09, d (7.5) 5.12,d (7.5) 5.20, d (7.6)
Gle -2 3.98, dd (7.5, 9.0) 3.97, dd (7.5, 9.0) 3.93, dd (7.5, 9.0) 3.97, dd (7.6, 9.0)
Gle -3 4.05, dd (9.0, 9.0) 4.04, dd (9.0, 9.0) 4.07, dd (9.0, 9.0) 4.14, dd (9.0, 9.0)
Glc -4 3.94, dd (9.0, 9.0) 3.93, dd (9.0, 9.0 3.97, dd (9.0, 9.0) 4.09, dd (9.0, 9.0)
Glc -5 3.75, ddd (3.0, 6.0, 9.0) 3.75, ddd (2.5, 6.0, 9.0) 3.76, ddd (2.0, 5.5, 9.0) 3.959
Glc -6 4.09, dd (5.0, 11.5) 4.099 4.07, dd (5.5, 11.0) 4.28, dd (5.5, 11.5)
4.409 4.407 439, dd (2.0, 11.0) 4.51, dd (2.0, 11.5)
Rha -1 5.59, d (1.2) 5.58, d (1.5) 5.59, d (1.5) 631, d (L.5)
Rha -2 6.02, dd (1.2, 3.2) 6.02, dd (1.5, 3.0 5.98, dd (1.5, 3.2) 4.66, dd (1.5, 3.0)
Rha -3 5.04, dd (3.2, 9.0) 5.03, dd (3.0, 9.0) 5.04, dd (3.2, 9.5) 4.60, dd (3.0, 9.5)
Rha -4 4.16, dd (9.0, 9.0) 4.16, dd (9.0, 9.0) 4.15,dd (9.5, 9.5) 4.25,dd (9.5, 9.5)
Rha -5 4.429 4429 4469 4.90, dq (9.5, 6.1)
Rha -6 1.60, d (6.0) 1.59, d (6.1) 1.6, d (6.1) 1.70, d (6.1)
Rha' -1 5.87, d (1.5) 5.87, d (1.5) 5.96, d (1.8) 5.88, d (1.5)
Rha’ -2 6.31, dd (1.5, 3.0) 6.31, dd (1.5, 3.0) 5.129 5.16, dd (1.5, 2.5)
Rha' -3 4.78, dd (3.0, 9.0) 4.78, dd (3.0, 9.0) 4.69, dd (3.0, 9.0) 471, dd (2.5, 8.5)
Rha' -4 4389 4379 4.47, dd (9.0, 9.0) 448, dd (8.5, 8.5)
Rha' -5 4339 4339 4.409

4.359
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TaBLE II. (continued)
5 6 7 8
Rha' -6 1.65, d (6.0) 1.64, d (6.0) 1.63, d (6.0) 1.61,d (6.1)
Rha” -1 6.25,d (1.2) 6.24, d (1.5) 6.19, d (1.5) 6.18,d (1.2)
Rha” -2 4.97, dd (1.2, 3.0) 4.96, dd (1.5, 3.0) 4.91, dd (1.5, 3.0) 4.86, dd (1.2, 3.5)
Rha” -3 4.51, dd (3.0, 9.0) 4.50, dd (3.0, 9.0) 4.56, dd (3.0, 9.5) 4.41, dd (3.5, 9.0)
Rha” -4 4.29, dd (9.0, 9.0) 4.29, dd (9.0, 9.0) 5.76, dd (9.5, 9.5) 4.20, dd (9.0, 9.0)
Rha” -5 4.389 4.379 4.359 4.329
Rha” -6 1.67, d (6.1) 1.66, d (6.1) 1.37, d (6.4) 1.57, d (6.1)
Ag -2 2.48, ddd (4.0, 8.0, 15.0) 2.48, ddd (4.0, 8.5, 15.0) 2.41, ddd (4.0, 8.0, 15.0) 2.50, t (7.3)
Ag -2 2.30, ddd (4.0, 8.0, 15.0) 2.29, ddd (4.0, 8.1, 15.0) 2.26, ddd (4.0, 8.0, 15.0)
Ag -l1 3.88% 3.88% 3.889 4.059
Ag -16 0.83, 1 (7.0) 0.83, t (7.0) 0.83, t (7.0) 0.91, t (6.7)
Org -2 2.34, ddd (2.0, 7.0, 7.0) 2.34, ddd (2.0, 7.0, 7.0) 2.47, ddd (2.0, 7.0, 7.0)
CH, 0.87, t (7.0) 0.85, t (7.0) 0.87, t (7.0)

4 in ppm from TMS (coupling constants (J) in Hz are given in parentheses). Glc, glucopyranosyl; Rha, rhamnopyranosyl; Ag, aglycone ((S)-jalapinolic acid); Org,

n-decanoyl or n-dodecanoyl. a) Signals are overlapping. All assignments are based on the 'H—'H COSY and NOESY spectral data.
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Fig. 4. EI-MS of 9, BAc, 10 and 11

shifts of the signals, which are subject to acylation shift,
due to 2-H of Rha, 2-H of Rha’ and 4-H of Rha” were
identical to those of 1 (Table II).

Accordingly, 2 was characterized as (S)-jalapinolic acid
11-0-B-p-glucopyranosyl-(1—3)-0-[4-0-n-decanoyl-a-L-
rhamnopyranosyl-(1—-4)]-0-(2-0O-n-decanoyl)-a-L-
rhamnopyranosyl-(1 »4)-O-a-L-thamnopyranosyl-(1-2)-
B-D-glucopyranoside, intramol. 1, 2"-ester (Fig. 1).

Fraction B® previously obtained,? gave, on alkaline
hydrolysis, n-dodecanoic acid and n-decanoic acid in the
ratio of about 1:1 [gas chromatography (GC)] along with
8. The negative FAB-MS showed the (M —H)~ ion peak
at m/z 1351, which is 28 mass units (C,H,) less than that
of 1, together with the same fragment peaks as those of 1
at m/z 561, 433, 271, and the "H-NMR spectrum was quite

similar, including the chemical shifts of the signals due to
2-H of Rha (8 6.01), 2-H of Rha’ (6 6.30) and 4-H of Rha”
(6 5.58), to that of 1. These data suggested that the structure
of fraction B is analogous to that of 1, with one of the
n-dodecanoic acid residues in 1 having been replaced by an
n-decanoic acid residue.

The EI-MS of the peracetate of fraction B (BAc) showed
fragment peaks at m/z 331, 385, 413, 695, 1043 assignable
to the fragments a, b, ¢, e and/or f, as well as h and/or i
shown in Fig. 4. Coexistence of the fragments b and ¢
indicated that fraction B is a mixture composed of two
compounds in which the organic acid groups are mutually
interchanged between Rha’ and Rha”. Therefore, we at-
tempted further separation under several conditions.

Finally, preparative recycling high performance liquid
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chromatography (HPLC) on an octadecyl silica (ODS)
column using MeOH as an eluent afforded operculin 1X
(3), a white powder, mp 115—125°C, [«]3® —26.2° (c=
0.5, MeOH), C4gH,,00,4, and operculin X (4), a white
powder, mp 116—127°C, [a]3® —26.6° (c=2.3, MeOH),
CosH 00,6

Although the 'H- and '*C-NMR spectra (Tables I and
IT) and negative FAB-MS of 3 and 4 were almost identical
with those of fraction B, the EI-MS of the peracetate of 3
(10) showed the peak at m/z 385 but no peak at m/z 413
observed in BAc. In contrast, that of the peracetate of 4
(11) exhibited the peak at m/z 413 but no peak at m/z 385
(Fig. 4).

Consequently, the structures of 3 and 4 were respectively
concluded to be (S)-jalapinolic acid 11-O-f-p-glucopy-
ranosyl-(1-3)-0-[4-0-n-decanoyl-a-L-rhamnopyrano-
syl-(1-4)]-0-(2-0-n-dodecanoyl)-a-L-rhamnopyranosyl-
(1-4)-0-o-L-rhamnopyranosyl-(1 —2)-#-D-glucopyrano-
side, intramol. 1, 2”-ester and its constitutional isomer in
which the acyl groups of 3 are interchanged, as shown in
Fig. 1.

Operculin XVI (5), a white powder, mp 129—134°C,
[2]3° —38.9° (c=1.0, MeOH), CsgH,,0,5, furnished, on
alkaline hydrolysis, n-dodecanoic acid and 8. Compound 5
exhibited the (M —H) ™ ion peak at m/z 1197 together with
the same fragment peaks as those of 1 at m/z 561, 433, 271
in the negative FAB-MS and two carboxyl carbon signals
at 6 173.1, 173.6 in the '3C-NMR spectrum (Table I).

The 'H-NMR spectrum of 5 exhibited, in comparison
with that of 1, an upfield shift (1.49 ppm) of 4-H of Rha”
and loss of the signals attributable to one n-dodecanoic acid
residue, while the other proton signals due to the sugar
moieties remained almost unshifted (Table IT).

Consequently, the structure of operculin XVI (5) was
defined as (S)-jalapinolic acid 11-O-p-p-glucopyranosyl-
(1-3)-O-[a-L-rthamnopyranosyl-(1—-4)]-0-(2-0O-n-
dodecanoyl)-a-L-rhamnopyranosyl-(1 »4)-O-a-L-rhamno-
pyranosyl-(1—2)-0-f-D-glucopyranoside, intramol. 1, 2"-
ester (Fig. 1).

Operculin XVII (6), a white powder, mp 131—135°C,
(]3> —39.1° (¢c=1.0, MeOH), Cs4,Hy30,5, afforded, on
alkaline hydrolysis, n-decanoic acid and 8. The negative
FAB-MS of 6 showed the (M —H) ™ ion peak at m/z 1169,
which is 28 mass units less than that of 5, together with the
same fragment peaks as those of 5§ at m/z 561, 433, 271,
and further, the *H-NMR spectrum of 6 was quite similar
to that of 5 except for the signals due to the organic acid
moiety (Table II).

Accordingly, the structure of 6 was concluded to be a
homolog of 5, in which the n-dodecanoyl group of 5 is
replaced by an n-decanoyl group (Fig. 1).

Operculin XVIII (7), a white powder, mp 130—133°C,
[«]3°> —40.8° (c=1.0, MeOH), C5gH,,,0,5, was hydro-
lyzed with alkali to afford n-dodecanoic acid and 8. The
negative FAB-MS of 7 was almost superimposable on that
of 5; the same (M —H) ™ and fragment ion peaks were seen
at m/z 1181, 561, 433, 271. Therefore, 7 is considered to be
a positional isomer of 5.

The 'H-NMR spectrum of 7, compared with that of 5,
showed a considerable downfield shift (1.47 ppm) of 4-H of
Rha” along with an upfield shift (1.19 ppm) of 2-H of Rha’,
but the other proton signals due to the sugar moiety
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remained almost unshifted (Table IT).

Consequently, 7 was characterized as (S)-jalapinolic acid
11-0-p-p-glucopyranosyl-(1—-3)-0-[4-O-n-dodecanoyl-o-
L-rhamnopyranosyl-(1—4)]-0-a-L-rhamnopyranosyl-(1 —
4)-0-a-1L.-rhamnopyranosyl-(1 —»2)-0O-f-p-glucopyranoside,
intramol. 1, 2"-ester (Fig. 1).

Experimental

All instruments and materials used were as cited in the preceding report?
unless otherwise specified. The separation procedure of compounds 1, 2
and fraction B® was also described in the preceding paper.?

1: IR (KBr) cm ™ ': 3400 (OH), 1725 (C=0). Negative FAB-MS m/z:
see Fig. 2. Anal. Caled for C,;gH,40,4: C, 60.85; H, 9.05. Found: C, 60.61;
H, 9.12.

2: IR (KBr) cm ™ !: 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1323 (88) [M—H]~, 1169 (21) [1323—154 (decanoic acid unit)] ™,
1023 (6) [ 1169 — 146 (6-deoxyhexose unit)] ™, 561 (35) [1023 —146 — 154 —
162 (hexose unit)]~, 433 (100) [561 — 128 (6-deoxyhexose unit—H,0)] ",
271 (62) [433—162]". Anal. Caled for CqHy160,6: C, 59.80; H, 8.82.
Found: C, 59.98; H, 8.92.

Fraction B: A white powder, mp 108—115°C, [«]3° —25.9° (¢=2.7,
MeOH). IR (KBr) cm™!: 3400 (OH), 1725 (C=0). Negative FAB-MS
m/z (%): 1351 (56) [M—H]", 1197 (14) [1351—154]", 1169 (6)
[1351 182 (dodecanoic acid unit)]™, 561 (46) [869—146—162]", 433
(100) [561--128]7, 271 (50) [433—162] . Anal. Caled for CygH,00,4:
C, 60.34; H, 8.94. Found: C, 60.45; H, 9.01.

Isolation of Operculins IX-XVIII Fraction 5% was chromatographed
over silica gel (Merck art. 9385, 3.7cm i.d. x 30cm, CHCl; : MeOH: H,0=
10:2:0.1-8:2:0.2-7:3:0.5-MeOH) to give five fractions, fr. 32
(354 mg), fr. 33 (206 mg), fr. 34 (199 mg), fr. 35 (289 mg), fr. 36 (493 mg).
Fraction 33, 34, 35 were each subjected to repetitive preparative HPLC
on an Inertsil ODS-2 column (GL Sciences, 2.0cm i.d. x 25cm, MecOH)
to afford fr. 37 (22mg), operculin XIV (27 mg), operculin XIII (42 mg)
and fr. 38 (64 mg) from fr. 33, fr. 39 (72 mg), operculin XV (31 mg) and
fr. 40 (81 mg) from fr. 34, and fr. 41 (16 mg), 6 (18 mg), 5 (30mg), 7 (17 mg)
and fr. 42 (28 mg) from fr. 35. Reversed-phase chromatography over
Fuji-gel ODS G3 (Fuji Gel Co., 3.6cm 1.d. x22cm, 96% MeOH) of fr.
62 furnished fr. 43 (10 mg), fr. 44 (224 mg), fr. 45 (385 mg), fr. 46 (865 mg).
Preparative HPLC on the Inertsil ODS-2 column (97% MeOH) of fr. 45
yielded fr. 47 (80mg) and fr. 48 (241 mg). Fraction 48 was subjected
repeatedly to preparative HPLC on a Kusano CIG Si gel column (2.2cm
i.d. x 10cm, CHCl;:MeOH=20:1) to give operculin XI (100mg) and
operculin XII (73 mg). Preparative HPLC on a Hibar RP-8 column (Merck,
2.5cm i.d. x 25cm, 92% MeOH) of fr. 13% gave operculin XII (28 mg)
and fr. 49 (98 mg).

Fraction B (100 mg) was subjected to recycling HPLC (TSK-gel ODS
120T, Tosoh, 2.15¢m i.d. x 30cm, MeOH, 6 cycles) to afford 3 (13 mg)
and 4 (70 mg).

3: IR (KBr) cm™': 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1351 (70) [M—H]~, 1169 (20) [1351—182]", 1051 (6) [1351—
146—154]". 1015 (6) [1169—154]", 869 (8) [1351—154—146—182]",
561 (74) [853—2 x 146], 433 (100) [561—128], 271 (91) [433—162]".
Anal. Caled for CgyH 500, C, 60.34; H, 8.94. Found: C, 60.36: H, 8.95.

4: IR (KBr) cm™": 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1351 (66) [M—H] ™, 1197 (21)[1351—154], 1169 (6) [1351 —182] ",
869 (5) [1197—146—182]", 561 (55) [869—146—162]", 433 (100)
[561—128]", 271 (58) [433—162] . Anal. Calcd for CggH ;00,4 C.
60.34; H, 8.94. Found: C, 60.34: H, 8.94.

5. IR (KBr) cm™!: 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1197 (58) [M—H] ", 1051 (5) {1197 — 146]~, 1015 (25) [1197 — 182] ",
869 (5) [1015— 1461, 853 (6) [1015—162]", 561 (24) [853—2x 146]~,
433 (100) [561—128]", 271 (28) [433—162]". Anal. Caled for
CsH,0,0,5: C, 58.08; H, 8.57. Found: C, 58.22; H, 8.67.

6: IR (KBr) cm™1: 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1169 (49) [M —H] ™, 1015 (24) [1169—154]7, 853 (7) [1015—162] ",
561 (23) [853—2 x 146]7, 433 (100) [561—128]", 271 (28) [433—162]".
Anal. Caled for CsgHe3O,5: C, 57.42; H, 8.43. Found: C, 57.38; H, 8.38.

7: IR (KBr) cm™!: 3400 (OH), 1725 (C=0). Negative FAB-MS m/z
(%): 1197 (42) [M—H] 7, 1015 (8) [1197—182], 869 (10) [1015—146]",
853 (5)[1015—162] ", 561 (10)[869—146—162]7,433 (100) [S61—128]",
271 (37) [433—~162]7. Anal. Caled for Cs4H ,0,5: C, 58.08; H, 8.57.
Found: C, 57.96; H, 8.72.

Operculin XI: A white powder, mp 105—116°C, [2]32 —62.7° (¢=0.9,



October 1991

MeOH).

Operculin XII: A white powder, mp 109—117°C, [«]32 —33.0° (¢=0.8,
MecOH).

Operculin XIIT: A white powder, mp 137—140°C, [«]3! —28.1° (c=1.0,
MeOH).

Operculin XTV: A white powder, mp 133—135°C, [«]3! —31.1°(¢=1.0,
MeOH).

Operculin XV: A white powder, mp 134—140°C, [«]3! —32.9° (c=1.0,
MeOH).

Alkaline Hydrolysis of 1, 2, 5, 6, 7 and Fraction B Suspensions of 1
(10mg), 2 (11 mg), 5 (7mg), 6 (4mg), 7 (7mg) and fraction B (11 mg) in
3% KOH (2ml) were each heated at 95°C for 1h. The reaction mixture
was adjusted to pH 4 with 1 N HCl, then diluted with H,O (10 ml), and
extracted with ether (3 x 5ml). The cther layer was washed with H,O,
dried over MgSO, and then treated with diazomethane in ether. After
removal of the solvent the residue was subjected to GC (column, Unisole
3000, 3.2mm i.d. x 2m glass column; column temperature, 160 °C; carrier
gas, N, (1.25kg/cm?), ¢, (min): 8.35 (methyl #-dodecanoate) for 1, 4.18
(methyl n-decanoate) for 2, 8.36 (methyl n-dodecanoate) for 5, 4.18 (methyl
n-decanoate) for 6, 8.38 (methyl n-dodecanoate) for 7 and 4.18 (methyl
n-decanoate), 8.37 (methyl n-dodecanoate) for fraction B.

The aqueous layer was desalted by chromatography over MCI-gel CHP
20P to give a white powder (glycosidic acid) (6 mg from 1 (mp 165—169 °C),
7mg from 2 (mp 166—170 °C), 4 mg from 5 (mp 168—173 °C), 3 mg from
6 (mp 167—175°C), 4mg from 7 (168—174°C), 7mg from fraction B
(167—170°C). The 'H-NMR spectra of glycosidic acids (in pyridine-ds,
400 MHz) were each superimposable on that of an authentic sample of
operculinic acid B (8).”

Acetylation of 1, 3, 4 and Fraction B A solution of 1 (17 mg), 3 (8 mg),
4 (10mg) or fraction B (18 mg) in Ac,O-pyridine (1:1, 2ml) was left to
stand at room temperature overnight. The solvent was removed under an
N, stream to give a white powder, 9 (22mg from 1), 10 (10mg from 3),
11 (13 mg from 4), or BAc (23 mg from fraction B).

9: mp 58—61°C, [a]3> —17.2° (c=1.6, MeOH). IR (KBr) cm ™ !: 1750
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(C=0). EI-MS m/z: see Fig. 4.

10: mp 55—58°C, [a]3® —~17.0° (¢=0.7, MeOH). IR (KBr) cm~': 1750
(C=0). EI-MS m/z: see Fig. 4.

11: mp 59—63 °C, [«]3® —17.7° (¢=0.9, MeOH). IR (KBr) cm™!: 1750
(C=0). EI-MS m/z: see Fig. 4. BAc: mp 59—61 °C, [a]4® —17.2° (¢=1.0,
MeOH). IR (KBr) cm™*: 1750 (C=0). EI-MS m/z: see Fig. 4.

BAc: mp 59—61°C, {a]}® —17.2° (¢=1.0, MeOH). IR (KBr) cm~!:
1750 (C=0), no OH band, EI-MS m/z: see Fig. 4.
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analysis and to Mr. K. Fujimoto of this faculty for his technical assistance.
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Synthesis of (+)- and (—)-cis-a-Irones
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A stereocontrolled total synthesis of natural (+ )-cis-a-irone (1) is described. The key intermediate ( +)-hemiacetal
15 was prepared from the diene 10 in six steps. The crucial optical resolution of (+)-15 was achieved by initial
stereoselective conversion into the corresponding /-menthyl acetals 16 and 17 followed by separation and hydrolysis.
One of the optically pure enantiomers of 15 was transformed to (—)-18 and then to (+)-1 in seven steps. The synthetic
(+)-1 was found to be identical with the natural (+ )-cis-a-irone. The isomeric (—)-cis-a-irone was also synthesized
from the other enantiomer of 15, via (+)-18.

Keywords cis-a-irone; stereocontrolled synthesis; optically active alcohol; optical resolution; diastereomeric acetal; cyclic
hemiacetal; phenylselenyl cyanide; tri-n-butylphosphine; absolute configuration

Five isomeric irones, (+)-cis-o- (1), (—)-trans-o- (2),
(+)-B- (3), (+)-cis-y- (4) and (+ )-trans-y-irone (5), have
been isolated as main constituents of natural iris oil.» They
have violet-like fragrance and are used as components of
perfumes. Many syntheses of these irones have already been
reported.? However, in most of the previous works,
acid-catalyzed cyclization of polyenes has been used for the
construction of cyclohexene derivatives which constitute the
framework of the irones and thus a mixture of regioisomers
with respect to the double bond in the cyclohexene ring is
usually produced. In fact, only (+)-cis-a- (1)**) and (+)-
trans-y-irone (5)2*Y have been synthesized stercoselect-
ively. As for the optically active isomers, the stereoselective
synthesis of (+)-trans-y-irone (5) is the only example thus
far reported.?” We now report the first stereocontrolled
total synthesis of (+)-cis-a-irone (1) and unnatural (—)-
cis-o-irone (1).

In an effort to synthesize the taxane skeleton (e.g. taxusin
6), we have reported the stereoselective synthesis of the
cyclohexene derivative 8 starting from the diene 7.* Here,
it should be noticed that the substitution pattern of the
cyclohexene ring in 8 is closely related to that of 1 and in
particular, the configurations of all of these substitutions
are the same as those in 1. Therefore, it is expected that a
congener of 8 could be useful as an intermediate for the
synthesis of 1. Moreover, we have observed that 8 gives the
corresponding ethyl acetal 9 as a sole product on ethanol/

“OCOCH=CHPh

taxusin (6) 7

i
OCH,Ph
\/K/\/ 2 + I 0 —

10

\/K/(CHz)a:OCHzPh ———

dl-10-camphorsulfonic acid (CSA) treatment,* which
suggests that when appropriate optically active alcohols are
used, a mixture of two optically active diastereomeric ace-
tals should be produced stereoselectively. Thus, if it is pos-
sible to separate these isomers by simple chromatogrphy,
optically active 8 or its congeners will be produced after
the subsequent hydrolysis.

Taking this possibility into account, (+)-15, a congener

(+) - cis-y-irone (4) (+) - trans - y - irone (5) (-) - (1) (unnatural)

Fig. 1
H (CH;)40CH;Ph H (CH,),0CH,Ph
r,.OH (OEt
o) “, O
H H
8 9
OCH,Ph
OH

(*)-13:R=H (+)-15
(£)-14: R = Me

Fig. 3
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of ()-8 with the (2-benzyloxy)ethyl group at the C-7«
position was prepared and subjected to an optical resolution
according to the suggestion described above. The resolution
procedure worked extremely well an optically pure (+)-and
(—)-15, which are required for the synthesis of optically
active irones, were obtained with high efficiency.

Maleic anhydride was heated with the diene 10 in
benzene to give the anhydride 11 in 97% yield, which was
converted into the y-lactone 13 via the iodo lactone 12 in
42% yield through 4 steps (hydrolysis, iodo-lactonization,
BH, reduction and Zn reduction) in the same way as
described in the preceding paper.® Methylation of 13 with
lithium diisopropylamide (LDA)/Mel afforded 14 exclu-
sively in 82% yield, and this product was reduced with
diisobutylaluminum hydride (DIBAH) in toluene at
—78°C, yielding the cyclic hemiacetal (4)-15 as a
stereoisomeric mixture at the C-1 position.

Next, (+)-15 was converted into the corresponding
acetals using optically active alcohols such as borneol,
isomenthol and menthol. In all cases, a mixture of two
diastereoisomers was obtained stereoselectively out of the
four possible isomers, as expected. Among the optically

OCH,Ph
I et

(+)-18: R = CH,OH
(+)-19: R = CH,OMs

(-)-18: R = CH,0OH
(-)-19: R = CH,OMs

(+)-20: R = Me (-)-20: R = Me
Fig. 4
OR
H — H —CHO
R

H “Me H “Me
(->20:R = CH,Ph  (-)-22
(-)21: R=H
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active alcohols tested, d- and /-menthols were found to give
the best results for both preparation of the acetal and sep-
aration (SiO, chromatography) of the resultant diastereo-
isomers. Thus, (+)-15 was treated with /~-menthol in the
presence of CSA in benzene with azeotropic removal of
water to give an 1 :1 mixture of two diasterecoisomers, and
SiO, column chromatography (hexane-AcOEt) afford-
ed 16 as the less polar cyclic hemiacetal and 17 as the more
polar one. The less polar hemiacetal 16 was hydrolyzed by
boiling in dioxane-water with a small amount of p-
toluenesulfonic acid (TsOH) and the resultant hemiacetal
was treated with hydrazine and NaOH in diethylene glycol
(110—210°C). The alcohol (+)—18, [«]3° +4.3°, was
obtained in 90% yield from 16. In the same way, the polar
hemiacetal 17 was also converted into the alcohol (—)-18,
[«]3° —4.1°, in 92% yield. The absolute configurations of
the chiral 18 thus obtained could not be determined at
this stage and so both (+)- and (—)-18 were used for fur-
ther synthesis.

The alcohol (—)-18 was mesylated (MsCl/Et;N, 0°C)
and then reduced with LiEt;BH (tetrahydrofuran (THF),
reflux) to give (—)-20 in 85% yield. The benzyl group was
removed reductively with Li in liquid NH, giving the alcohol
(—)-21 in 94% yield. The aldehyde (—)-22 obtained by
pyridinium dichromate (PDC) oxidation of (—)-21 was
treated with phenylselenyl cyanide and tri-n-butylphos-
phine in THF and then oxidized with 15% hydrogen per-
oxide. The resulting E/Z mixture (E:Z=5:2) of the
o,B-unsaturated nitriles (—)-23 was converted into the
o,B-unsaturated ketones by MeLi treatment (THF, 0°C)
followed by acid hydrolysis according to the procedure
reported by Yoshikoshi and co-workers.?” Silical gel
chromatography (hexane~-AcOEt) of the product afforded
the Z-a,f-unsaturated ketone, [«]3? +50.7°, and the E-
isomer, [a]3? +111.4°, in 16% and 64% yields, respective-
ly, from (—)-21. The spectral data (infrared (IR), proton
nuclear magnetic resonance (H-NMR), gas chromatog-
raphy-mass spectrometry (GC-MS) including [a]p of the
major product were identical with those of natural (+)-
cis-o-irone (1). The absolute structure of the minor prod-
uct can thus be shown as (+)-24. In the same way, the
alcohol (+)-18 was converted into unnatural (—)-cis-o-
irone (1), [«]3! —119.2°,

Since the absolute configuration of (+)-1 is the same as
that of the A-ring of taxane-type diterpenes, the chiral
alcohol (—)-18 is expected to be a potent key intermediate
for the synthesis of these diterpenes and other related
terpenes (e.g. pallescensin C (25)%). Irones are used as a
component of perfumes as described before. Among several
intermediates prepared herein, the aldehydes (—)- and
(+)-22 and unnatural (—)-cis-a-irone (1) were also found
to have a characteristic aroma.
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Experimental

The melting point is uncorrected. 'H-NMR spectra were taken on a
JEOL FX-60 or GX-400 instrument in CDCI; solution with Me,Si as
an internal standard. A JEOL FX-60 instrument was routinely used. IR
spectra were measured with a JASCO A-3 spectrometer. Mass spectra
(MS) were obtained with a Hitachi RMU-6M mass spectrometer and high
resolution MS (HRMS) were recorded on a Hitachi M-80 GC-MS spec-
trometer. [o], was measured on a Perkin-Elmer model 241 MC polarime-
ter. All reactions were carried out under N, or Ar.

(1R*,25*,3R*)-3-(2-Benzyloxy)ethyl-4-methyl-1,2,3,6-tetrahydro-
phthalic Anhydride (11) A mixture of 6-benzyloxy-3-methyl-1,3-hexa-
diene (10) (4.14 g, 20.5mmol), maleic anhydride (2.05¢g, 21 mmol) and
hydroquinone (10 mg) in benzene (70 ml) was refluxed for 19 h with stirring.
After removal of the solvent, the residue was chromatographed on SiO,
(hexane-AcOEt (5:1)) to give (%)-11 (5.98 g, 97.2% yield) as a colorless
oil. IR (CCl,): 1860, 1770cm ™~ '. "H-NMR &: 1.64—2.91 (5H, m), 1.75
(3H, s), 3.20—3.42 (2H, m), 3.64 (2H, dd, J=4.9, 6.1 Hz), 4.51 (2H, s),
5.62—5.88 (1H, m), 7.32 (5H, s). MS m/z: 300 (M *). HRMS Calcd for
C,5H,004 (M ™) m/z: 300.136. Found m/z: 300.133.

(3aR*,75*%,7a85%)-7-(2-Benzyloxy)ethyl-6-methyl-3a,4,7,7a-tetrahy-
drophthalide (13) via the Iodo Lactone 12 A mixture of the anhydride
(£)-11 (5.98¢g, 19.9mmol) and a saturated aqueous NaHCO; solution
(200 ml) was stirred at room temperature for 2h. An aqueous solution of
iodine (5.4 g, 21.2mmol) and KI (21 g) was added dropwise to the above
mixture at room temperature with vigorous stirring and the reaction
mixture was stirred for 17h. Then the mixture was acidified with diluted
HCl and extracted with AcOEt. The extract was washed with a 5% aqueous
Na,S,0; solution and brine, dried (MgSO,), and evaporated to afford
the iodo lactone (+)-12 (9.12g) as a crystalline compound which could
be used for the next reaction. Recrystallization from Et,O-pentane gave
(+)-12 (590g, 66.7% yield) as colorless prisms, mp 114—115°C. IR
(Nujol): 1780, 1705cm ™. 'H-NMR §: 1.10—2.10 (2H, m), 1.56 (3H, s),
2.30—2.70 (2H, m), 2.80—3.24 (3H, m) 3.56 (2H, s), 4.35—4.60 (1H, m),
4.53 (2H, s), 7.34 (5H, m).

A solution of the iodo lactone (+)-12 (5.46 g, 12.3 mmol) in THF (20 ml)
was added dropwise to a stirred solution of BH;-Me,S complex (1.97 ml,
19.7 mmol) in THF (50 ml) and then B(OMe); (2.2 ml, 20 mmol) was added
at room temperature. The reaction mixture was stirred at room temperature
for 7h and extracted with CHCl, after quenching with water at 0°C. The
extract was washed with a saturated aqueous NaHCOj; solution, dried
(MgS0,), and concentrated to dryness, affording the crude alcohol (4.58 g)
as a gum. A mixture of this alcohol (4.58 g) and Zn dust (12g) in AcOH
(70 ml) was heated at 90°C for 1 h with stirring. After filtration of the
cooled mixture using Celite, the filtrate was concentrated under reduced
pressure, diluted with CH,Cl,, washed with a saturated aqueous NaHCO,
solution and brine, and dried (MgSO,). Removal of the solvent gave an
oil, which was chromatographed on SiO,(hexane-AcOEt, (5: 1)) to yield
the lactone ()-13 (2.22g, 63% yield) as a colorless oil. IR (neat):
1770cm™*. "TH-NMR §é: 1.74 3H, d, J=2.3 Hz), 1.60-3.00 (7H, m), 3.62
(2H, dd, J=5, 6.7Hz), 4.51 (2H, s), 5.40—5.74 (1H, m), 7.32 (SH, m).
MS m/z: 286 (M *). HRMS Calcd for C,yH,,05 (M ¥) m/z: 286.157. Found
m/z: 286.153.

(3aR*,75*,7a5%)-7-(2-Benzyloxy)ethyl-6,7a-dimethyl-3a,4,7,7a-tetrahy-
drophthalide (14) A solution of (£)-13(2.22 g, 7.76 mmol) in THF (10 ml)
was added dropwise to a stirred THF solution of LDA prepared from
diisopropylamine (1.62ml, 11.6 mmol) and n-BuLi (9.31 mmol) in THF
(40 ml) at —65°C. After 30 min, methyl iodide (1 ml, 16 mmol) was added
and the mixture was stirred at the same temperature for 4 h. The reaction
was quenched with a saturated aqueous NH,ClI solution. The extract of
the reaction mixture with AcOEt was washed with diluted HCl and
brine, dried (MgSO,), and concentrated. The resulting crude product
was chromatographed on SiO, (hexane-AcOEt, (5:1)) to afford the
lactone (Z)-14 (1.91g, 82% yield) as a colorless oil. IR (neat):
1770cm ™', '"H-NMR §: 1.24 (3H, s), 1.50—2.64 (6H, m), 1.79 (3H, d,
J=1.6Hz), 3.46 (2H, t, J=6.4Hz), 3.60—4.66 (2H, m), 4.49 (2H, s),
5.34—5.64 (1H, m), 7.31 (SH, s). MS m/z: 300 (M™"). HRMS Calcd for
C1oH,,0; (M ™) m/z: 300.172. Found m/z: 300.172.

Diastereomeric Mixture of (3aR*,75*%,7a5%)-7-(2-Benzyloxy)-ethyl-6,7a-
dimethyl-1-hydroxy-3a,4,7,7a-tetrahydro-(1,3H)-isobenzofuran (15)
DIBAH (1M solution of toluene, 7.5 ml) was added dropwise to a stirred
solution of ()-14 (1.51g, Smmol) in THF (30ml) at —65°C and the
mixture was stirred for 1 h. The reaction mixture was poured into IM
tartaric acid aqueous solution and extracted with Et,O. The extract was
washed with a saturated aqueous NaHCOj solution and brine, and dried
(MgS0,). Removal of the solvent followed by SiO, column chromatog-
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raphy (hexane-AcOEt (5:1)) gave a mixture of the cyclic hemiacetal
(+)-15 (1.17g, 77.4% yield) as a colorless oil. IR (neat): 3400cm™!.
'H-NMR §: 1.09 and 1.13 (3:2, 3H, each s), 1.75 (3H, brs), 3.26—4.38
(5H, m), 4.50 and 4.55 (3:2, 2H, each s), 4.93—5.27 (1H, m), 5.27—5.55
(1H, m), 7.32 (SH, s).

(15,3aR,78,7a8)-7-(2-Benzyloxy)ethyl-6,7a-dimethyl-1-/-menthoxy-
3a,4,7,7a-tetrahydro-(1,3 H)-isobenzofuran (16) and (1R,3aS,7R,7aR)-7-(2-
Benzyloxy)ethyl-6,7a-dimethyl-1-/-menthoxy-3a,4,7,7a-tetrahydro-(1,3H)-
isobenzofuran (17) A mixture of the cyclic hemiacetal (+)-15 (830 mg,
2.75 mmol), /-menthol (860 mg, 5.5 mmol), and CSA (10mg) in benzene
(40 ml) was refluxed for 30 min with azeotropic removal of water and then
concentrated under reduced pressure. Column chromatography on SiO,
(benzene) of the residue gave the less polar acetal 16 (540 mg, 44.6% yield),
the more polar acetal 17 (250 mg, 20.7% yield) and a mixture of 16 and
17 (250 mg, 20.7 % yield) as a colorless gum. A mixture of hexane and
AcOEt (9:1) can also be used as the eluent.

The Less Polar Acetal 16: [«]3% —166.1° (c=1.22, CH,Cl,). IR (neat):
2930, 2880, 1455, 1370, 1090cm™'. "H-NMR (400 MHz) §: 0.78 (3H, d,
J=6.8Hz), 0.88 (3H, d, J=7.1 Hz), 0.89 (3H, d, J=6.3Hz), 1.01 and 1.75
(3H each, s), 3.38—3.52 (4H, m), 4.09 (1H, t, J=8.3Hz), 4.51 (2H, s),
4.95 (1H, s), 5.40 (1H, brs), 7.35 (5H, m). MS m/z: 302 (M* —138), 285
(M " —155). HRMS Caled for C;4H,,0; (M* —C,,H,4) m/z: 302.188.
Found m/z: 302.185.

The More Polar Acetal 17: [a]3® +85.6° (c=2.30, CH,Cl,). IR (neat):
2960, 2940, 2880, 1455, 1370, 1090cm ™ *. *H-NMR (400 MHz) : 0.72 and
0.88 (3H each, d, /=7.1Hz), 0.89 (3H, d, J=6.3 Hz), 1.05, and 1.75 (3H
each, s), 3.20—3.26 (IH, m), 3.36—3.53 (3H, m), 4.14 (1H, t, J=8.3 Hz),
4.50 (2H. s), 4.84 (1H, s). 541 (1H, brs), 7.34 (SH, m). MS m/z: 302
(M*—138), 285 (M* —155). HRMS Calcd for C;gH,405 (M* —C o H,g)
m/z: 302.188. Found m/z: 302.184.

Conversion of the Hemiacetals 16 and 17 into the Optically Active Alco-
hol (+)- and (—)-18 (1) Preparation of (4R,65)-6-(2-Benzyloxy)ethyl-4-
hydroxymethyl-1,5,5-trimethylcyclohexene ((+)-18): A mixture of 16
(540 mg, 1.2mmol), dioxane (20 ml), water (10 ml) and TsOH (10mg)
was refluxed for 1h. After addition of NaHCO; (10 mg), the solvents
were removed under reduced pressure. The ethereal extract of the
residue was dried (MgSO,) and concentrated. Column chromatography
on SiO, (hexane-AcOEt (1:1)) of the resulting oil provided the cyclic
hemiacetal 15 (340 mg, 91.6% yield) as a colorless oil.

A mixture of 15 (340 mg, .1 mmol,) NaOH (360 mg), and 80% NH,NH,
(0.6 ml) in diethylene glycol (5 ml) wa heated at 100 °C (bath temperature)
for 35min. Then the temperature was raised gradually to 210°C for 1 h
with removal of water and maintained at 210 °C for 2h. After cooling to
room temperature, the reaction mixture was diluted with water and
extracted with Et,0. The extract was washed with brine, dried (MgSO,)
and concentrated. The crude oil obtained was chromatographed on SiO,
(hexane-AcOEt (5:1)), affording (+)-18 (280mg, 90.3% yicld) as a
colorless oil. [«]3° +4.3° (¢=1.60, EtOH). IR (CCl,): 3630cm™ L.
'H-NMR §: 0.77 and 0.99 (3H each, s), 1.67 (3H, brs), 3.1—3.7 (3H, m),
3.86 (1H, dd, J=4.1, 10.4Hz), 4.52 (2H, s), 5.20—5.50 (IH, m), 7.32 (5H,
). MS m/z: 170 (M™* — 18). HRMS Calcd for C;4H,,O (M* —H,0) m/z:
270.198. Found m/z: 270.196.

(2) Preparation of (45,6 R)-6-(2-Benzyloxy)ethyl-4-hydroxymethyl-1,5,5-
trimethylcyclohexene ((—)-18): According to the above procedure, 17
(847 mg, 1.93 mmol) was treated with TsOH (16 mg), dioxane (32 ml) and
water (16ml) and subjected to SiO, column chromatography, affording
the cyclic hemiacetal 15 (545mg, 93.7% yield) accompanied with the
starting 17 (27 mg, 3.2% recovery).

The cyclic hemiacetal 15 (545 mg, 1.81 mmol) was reduced by treatment
with 80% NH,NH, (1.2ml), NaOH (1.75g) and diethylene glycol (9 ml)
and SiO, column chromatography of the crude product gave (—)-18
(477 mg, 91.8% yield) as a colorless oil, whose spectral data were coincident
with those of (+)-18 except for [¢]3° —4.1° (c=1.80, EtOH).

Methanesulfonylation of 18 (1) Preparation of (4S,6R)-6-(2-Benzyl-
oxy) ethyl-4-methancsulfonyloxymethyl-1,5,5-trimethylcyclohexene ((—)-
19. Methancsulfonyl chloride (0.45ml) was added dropwise to a stirred
solution of (--)-18 (374 mg, 1.30 mmol) and Et;N (I ml) in CH,Cl, (7ml)
at 0°C. After being stirred for 30 min, the reaction mixture was diluted
with CH,Cl,, washed with 1 N HCl and brine, and dried (MgSO,). Removal
of the solvent followed by SiO, chromatography (hexane-AcOEt (5:1))
yielded (—)-19 (468 mg, 91.7% yield) as a colorless oil. [a]3' —7.7°
(c=4.96, CH,Cl,). IR (CCl,): 2950, 1365, 1175cm ™', "H-NMR §&: 0.80,
1.01 and 2.98 (3H each, s), 1.68 (3H, brs), 3.2—3.75 (2H, m), 4.03 (I1H,
dd, /=8.4, 9.4Hz), ca. 442 (1H, dd, /=13.5, 9.4 Hz), 4.51 2H, s), 5.15—
5.45 (1H, m), 7.32 (5H, 5). MS m/z: 275 (M* —91), 257 (M* —109).
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(2) Preparation of (4R,6S)-6-(2-Benzyloxy)ethyl-4-methanesulfonyloxy-
methyl-1,5,5-trimethylcyclohexene ((+)-19): Mesylation of (+)-18 (461
mg, 1.62mmol) with methanesulfonyl chloride (0.51ml) and Et;N
(1.1 ml) in CH,Cl, (8 ml) gave (+)-19 (561 mg, 94.4% yield), [«]2° +8.6°
(¢c=4.17, CH,CL,).

Reduction of 19 (1) Preparation of (4R,6R)-6-(2-Benzyloxy)ethyl-
1,4,5,5-tetramethylcyclohexene ((—)-20): A solution of LiEt;BH (Super-
Hydride) in THF (1M solution, 2.50ml) was added to a stirred so-
lution of (—)-19 (424 mg, 1.16 mmol) in THF (1.2ml) at room tempera-
ture. The mixture was stirred for 1 h at 50°C and cooled on an ice bath.
An excess of MeOH was added carefully to the mixture and the solvent
was evaporated off under reduced pressure. The resulting gum was
subjected to SiO, column chromatography (hexane-AcOEt (19:1), af-
fording (—)-20 (291 mg, 92.4% yield) as a colorless oil. [«]3*> —7.3°
(c=4.89, CH,Cl,). IR (neat): 2960, 2900, 1460, 1370, 1110cm~!. 'H-
NMR d: 0.65 and 0.91 (3H, each, s), 0.85 (3H, d, J=6Hz), 1.67 3H,
brs), 3.2—3.75 (2H, m), 4.52 (2H, s), 5.2—5.5 (1H, m), 7.32 (5H, s). MS
mjz: 181 (M*—91), 164 (M* —108). HRMS Caled for C,,H,,0
(M* —C,H,) m/z: 181.159. Found mj/z: 181.157.

(2) Preparation of (4S,65)-6-(2-Benzyloxy)ethyl-1,4,5,5-tetramethylcy-
clohexene ((+)-20): Reduction of (+)-19 (493 mg, 1.36 mmol) with Super-
Hydride (I M, 2.84 ml) in THF (1.3ml) gave (+)-20 (346 mg, 94.4% yield)
after SiO, chromatography, [«]3° +7.6° (c=2.80, CH,Cl,).

Reductive Debenzylation of 20 (1) Preparation of (4R,6R)-6-(2-Hy-
droxy)ethyl-1,4,5,5-tetramethylcyclohexene ((—)-21): Sodium metal (90 mg)
was added to a stirred solution of (—)-20 (278 mg, 1.02mmol) in THF
(I'ml) and liquid NH; (5ml), and the whole mixture was stirred for | h.
The reaction was quenched by addition of an excess of solid NH,Cl and
NH; was allowed to evaporate at room temperature. The residue was
extracted with Et,O. The extract was washed with brine, dried (MgSO,)
and concentrated. Column chromatography on SiO, (hexane-AcOEt
(5: 1)) of the residue gave (—)-21 (174 mg, 93.5% yield) as a colorless
oil. [¢]3' —18.0 (¢=3.91, CH,Cl,). IR (CCl,): 3620cm™'. 'H-NMR §:
0.66 and 0.92 (3H each, s), 0.86 (3H, d, /=5.8 Hz), 1.70 (3H, brs), 3.2—
4.0 (2H, m), 5.2—5.5 (IH, m). MS m/z: 182 (M ™), 167 (M* —15). HRMS
Calcd for C,H,,0 (M™) m/z: 182.167. Found m/z: 182.169.

(2) Preparation of (45,65)-6-(2-Hydroxy)ethyl-1,4,5,5-tetramethylcy-
clohexene ((+)-21): From (+)-20 (314 mg, 1.15 mmol), Na (120 mg), THF
(1.5ml) and liquid NH; (7ml), (+)-21 (203 mg, 96.7 % yield) was obtain-
ed. [aJ3! +18.4° (c=2.84, CH,Cl,).

Oxidation of 21 (1) Preparation of (4R,6R)-(1,4,5,5-Tetramethyl-1-
cyclohexen-6-ylacetaldehyde ((—)-22): A solution of (—)-21 (168 mg,
0.92mmol) in CH,Cl, (5ml) was treated with PDC (890 mg) for 20 h at
room temperature. The reaction mixture was diluted with Et,O, and
filtered through Florisil, then the filtrate was concentrated. The resulting
oil was subjected to SiO, column chromatography (hexane-AcOEt (9: 1)),
affording the aldehyde (—)-22 (133 mg, 80% yield) as a colorless oil.
[2]3' —21.5° (¢=1.36, CH,Cl,). IR (CCl,); 2700, 1725¢cm~!. 'H-NMR
6: 0.63 and 0.92 (3H each, s), ca. 0.89 (3H, d, J=ca. 6Hz), 1.55 (3H,
brs), 2.49 (2H, d, J=1.5Hz), 5.2—5.5 (IH, m), 9.89 (IH, dd, J=1.5,
2.1 Hz). MS m/z: 180 (M™), 165 (M* —15). HRMS Caled for C,,H,,0
(M ™) m/z: 180.151. Found m/z: 180.154.

(2) Preparation of (45,65)-(1,4,5,5-Tetramethyl-1-cyclohexen-6-yl)ac-
etaldehyde ((+)-22): Using PDC (790mg) and CH,Cl, (6 ml), (+)-21
(188 mg, 1.03 mmol) was converted into (+)-22 (137 mg, 74% yield). [o]2?
+23.5° (¢=2.49, CH,Cl,).

Conversion of the Aldehydes 22 into the E/Z Mixture of a,f-Unsaturated
Nitriles 23 via Seleno Cyanides (1) Preparation of a Mixture of E- and
Z-Isomers of (4R,65)-(1,4,5,5,-Tetramethyl- 1 -cyclohexen-6-yl)acrylonitrile
((—)-23): A solution of tri-n-butylphosphine (178 mg, 1.76¢q) in THF
(2ml) was added to a stirred solution of (—)-22 (90 mg, 0.5 mmol) and
phenylselenyl cyanide (160mg, 1.75eq) in THF (3ml) at room tempera-
ture. After being stirred for 3h, the reaction mixture was concentrated
under reduced pressure and the residue was purified by SiO, column
chromatography (hexane-AcOEt (49:1)) to give a mixture (5:2) of
diastereoisomers of the seleno cyanide (126 mg, 72.6% yield) as a pale
yellow oil. IR (CCl,): 2220cm™!. '"H-NMR §: 0.56 and 0.87 (3H x 2/7
each, s), 0.65 and 0.93 (3H x 5/7 each, s), 0.85 (3H, d, J=6Hz), 1.68
(3H, brs), 3.5—4.0 (1H, m), 5.25—5.45 (IH, m), 7.1--7.55 (3H, m),
7.55—7.85 (2H, m).

Aqueous hydrogen peroxide (15%, 0.80ml, ca. 10eq) was added to a
stirred solution of a mixture of the seleno cyanide (124 mg, 0.36 mmol)
obtained above and pyridine (0.05ml) in CH,Cl, (2ml) at room
temperature. The reaction mixture was stirred for 2h and then diluted
with Et,O. The solution was washed with brine, dried (MgSO,) and
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concentrated. Column chromatography on SiO, (hexane-AcOEt (49: 1))
of the resulting oil afforded a mixture of E- and Z-isomers (ca. 5:2 ratio)
of (—)-23 (48 mg, 71.1% yield) as a colorless oil. IR (CCl,):2220, 1625cm ™!,
'H-NMR é: 0.70 (3H, s), ca. 0.88 (3H, d, J=5.8Hz), 0.87 (3H x 5/7, s),
0.94 3H x 2/7, s), 1.54 (3H, d, J=1Hz), 5.45 (5/7H, dd, J=0.5, 16.3 Hz),
5.50 (2/7H, d, J=11Hz), 5.3—5.6 (1H, m), 6.54 (5/7H, dd, J=10.8,
16.3Hz), 6.34 (2/7H, q, J=11 Hz). MS m/z: 189 (M ™).

(2) Preparation of a Mixture of E- and Z-Isomers of (4S,6R)-
(1,4,5,5-Tetramethyl-1-cyclohexen-6-yl)acrylonitrile ((+)-23): From (+)-
22 (85mg, 0.47mmol)/THF (3ml), phenylselenyl cyanide (152mg,
1.75¢q) and tri-n-butylphosphine (137 mg, 1.75eq)/THF (2 ml), a mixture
(5:2) of diastereoisomers of the seleno cyanide (123mg, 75.7% yield)
was obtained.

The porduct (118 mg, 0.34 mmol) was converted into (+)-23 (42mg,
65% yield) as a mixture (5:2) of stereoisomers.

Preparation of Optically Active cis-z-Irone (1) and Its Z-Isomer (24) from
23 (1)(+)-cis-o-Irone (1) and the Z-Isomer (( + )-24): An ethereal solution
of MeLi (1.5M, 0.45ml) was added to a stirred solution of (—)-23 (47 mg,
0.25mmol) obtained above in Et,O (2.5ml) at —78°C. The reaction
mixture was gradually warmed to — 30 °C during 2 h and then maintained
at —5°C for 30 min. The reaction was quenched with a saturated aqueous
NH,CI solution at 0°C. After being stirred for 10 min, the mixture was
diluted with Et,O, dried (MgSO,) and concentrated. The residue was
chromatographed on SiO, (hexane-AcOEt (40:1)) to give successively
(+)-24 (8mg, 15.6% yicld) as a colorless oil and (+)-1 (33 mg, 64.4%
yield) as a colorless oil.

The Less Polar (+)-24: [«]3> +50.7° (¢=0.80, CH,Cl,). IR (CCl,):
1670, 1615, 1170cm~". '"H-NMR 4: 0.69, 0.84 and 2.23 (3H each, s), 0.85
(3H, d, J=5.6Hz), 1.54 (3H, d, J=1.5Hz), 3.8—4.2 (1H, m), 5.3—5.6
(1H, m), 5.90 (1H, t, J=11.6 Hz), 6.34 (1H, d, J=11.6 Hz). MS m/z: 206
(M™). HRMS Calcd for C;,H,,0 (M *) m/z: 206.167. Found m/z: 206.166.

The More Polar (+)-cis-a-Trone (1): [a]3® +111.4° (¢c=1.21, CH,Cl,).
IR (CCl,): 1670, 1617cm ™!, "H-NMR 4: 0.71, 0.86 and 2.27 (3H each,
s) 0.88 (3H, d, J=5.7Hz), 1.53 (3H, d, J=1.3Hz), 5.4—5.65 (1H, m),
6.12 (1H, d, J=15.9Hz), 6.63 (1H, dd, J=10.3, 15.9 Hz). MS m/z: 206
(M ™). HRMS Calcd for C, ;H,,0 (M *) m/z: 206.167. Found m/z: 206.167.
These spectral data and Rf values of thin-layer chromatography (TLC)
analysis were identical with those of natural (+)-1 including [a]p, value,
lit." [«]3? +109° (CH,CL,).

(2) (=)-cis-a-Irone (1) and the Z-Isomer ((—)-24): Treatment of the
mixture of (+)-23 (39 mg, 0.21 mmol) in Et,O (2.5ml) with a solution of
MeLi in Et,0 (1.5m, 0.38 ml) followed by SiO, chromatography in the
same manner as in the case of (—)-23 afforded (—)-24 (10mg, 23.6%
yield) and (—)-1 (28 mg, 66% yield). The less polar (—)-24. [a]3! —37.7°
(¢=0.83, CH,Cl,). The more polar (—)-1. IR, '"H-NMR and mass
spectra and TLC behavior of the synthetic 1 were identical with those of
natural (+)-cis-a-irone (1) except for [a]3' —119.2° (¢=0.25, CH,Cl,).

Acknowledgement We are indebted to Dr. K. Kogami and Mr. T.
Yanai (the Hasegawa Perfumery Co.) for comparing the synthetic
(+)-cis-a-irone (1) with the natural product.
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Synthesis of Methyl Esters of AF-Toxin Ila and Ilc, Toxins to Japanese White Pear Produced by

Alternaria alternata Strawberry Pathotype
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Faculty of Pharmaceutical Sciences, Nagasaki University, Bunkyo-machi 1-14, Nagasaki 852, Japan. Received May 2, 1991

Methyl esters of AF-toxin Ila and Il¢, toxic compounds to Japanese white pear produced by Alternaria alternata
strawberry pathotype, were synthesized as the optically active forms starting from vitamin C as a chiral material.

Keywords AF-toxin; host-specific toxin; plant pathology; isoleucine; Mitsunobu reaction; a-hydroxy-2-methylpentanoic

acid; Wadsworth—Emmons reaction; esterification

The fungi Alternaria alternata strawberry pathotype
produce several kinds of compounds named AF-toxin,
which are toxic not only to the host plant but also to
Japanese white pear. Some of them were isolated in pure
forms and the structures were elucidated by Nakatsuka et
al.V  AF-Toxins are closely related structurally to
AK-toxins® in the C-11 trienoic acid moiety. Because of
their biological activity and their novel structures, there
have been several reports® ™% concerning the synthesis of
these toxins and their esters. We also reported the synthesis
of the methyl ester (1) of AK-toxin II and pointed out that
the stereochemistries of two chiral centers in the C-11
trienoic acid moiety played an important role in the
toxicity—structure relationship.® As a continuation of our
synthetic work on the toxins, we report here the synthesis
of the methyl esters (3 and 2) of AF-toxin Ila and Ilc,
which differ from each other in the double bond geometry
of the trienoic acid moiety. When we initially examined the
synthesis of AF-toxins, the exact stereochemistry of the
a-hydroxy-f-methylpentanoic acid moiety in the toxins had
not been firmly elucidated.” Therefore, preparation of the
diastereoisomeric acids (threo and erythro-forms) in opti-
cally active forms was required to complete the synthesis
of these toxin methyl esters.

Treatment of isoleucine (4) with sodium nitrite in acetic
acid gave the a-acetoxy-f-methylpentanoic acid (5) as a
result of retention of the configuration of an w-amino
group.® Esterification of the acid (5) with benzyl alcohol
in benzene in the presence of p-toluenesulfonic acid with
removal of water afforded a mixture consisting of the
a-acetoxy-ester (6) and a-hydroxy-ester (7), the former of
which was easily converted to the latter by hydrolysis with
lithium carbonate in methanol. After protection of the
hydroxyl group with a rert-butyldiphenylsilyl (TBDPS)
group, hydrogenation of the resulting ester (8) on palladium
carbon furnished the acid (9) in good yield. Esterification
of the acid (9) with the oxide-ester (10)® with dicyclohexyl-

CO,R

la ! R=H
1b :R=Me

OH
H ol
/\(H( NNNAOOR
0 4
(0]
2a ! R=H

2b :R=Me

carbodiimide (DCC) in the presence of 4-pyrrolidinopyr-
idine® gave the ester (11) in 86% yield without racemization
at the a-carbon of the acid (9). De-silylation of the ester
(11) with tetrabutylammonium fluoride (TBAF) gave the
hydroxy-ester (12) which has the entire carbon framework
corresponding to AF-toxin IIc methyl ester. Although the
proton nuclear magnetic resonance (*H-NMR, 400 MHz)
spectrum of the synthetic compound (12) exhibited a close
similarity to that of AF-toxin IIc methyl ester reported in
the literature," the chemical shifts of the primary (0.88, 3H,
t) and secondary methyl (0.99, 3H, d) groups in the
synthesized ester (12) showed remarkable differences from
the methyl ester obtained from natural sources (0.97, 3H,
t and 0.87, 3H, d). Thus, we aimed at the synthesis of the
diastereoisomeric a-hydroxy-acid (13). Treatment of the
a-hydroxy-ester (7) with ethyl diazodicarboxylate and
triphenylphosphine in formic acid'® gave the formyl ester
(14). Mild hydrolysis of 14 with lithium carbonate in
methanol gave the hydroxy-ester (15). Its 'H-NMR
spectrum and [o], value are different from those of the
hydroxy-ester (7) mentioned above. The same reaction
sequence on the hydroxy-ester (15) as for the ester (7) gave
the acid (16) in 68% overall yield. The same reaction
sequence (condensation of 10 and 16 followed by the
de-silylation reaction) furnished AF-toxin Ilc methyl ester
(2b) in 75% yield. Accomplishment of the synthesis was
confirmed by the identity of the '"H-NMR spectral data of
the synthetic compound with reported values.?

Next, we turned our attention to the synthesis of AF-
toxin I1a methyl ester (3b), which has a 6,7-cis double bond
in the trienoic acid moiety and shows strong toxicity to
Japanese white pear. An attempt to form the cis olefin by
Wittig reaction of the aldehyde (17)® with methyl 4-
triphenylphosphonium crotonate and lithium methoxide®
was unsuccessful, resulting in formation of the trans—trans
ester (18), identical with an authentic sample,® in low yield.
Then, we planned to form the cis double bond by a partial

Chart 1
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reduction of a triple bond.

Treatment of the aldehyde (17)® with carbon tetra-
bromide and triphenylphosphine!® gave the dibromide (19)
in 73% vyield. The bromide was smoothly transformed to
the acetylene (20) by treatment with r-butyllithium follow-
ed by water in 65% yield. Lithiation of the acetylene (20)
with n-butyllithium and treatment of the resulting lithio
compound with dimethylformamide (DMF) in tetrahy-
drofuran (THF) at —78 °C gave the aldehyde (21) in 86%
yield. Direct treatment of the reaction mixture of the
acetylene formation reaction with DMF did not give a good
result. The aldehyde (21) was subjected to a Wadsworth—
Emmons reaction with trimethyl phosphonoacetate, afford-
ing the ester (22) in 87% yield. The structure of this product
was confirmed by its 'H-NMR spectrum, which showed
signals at 6 5.97 (IH, J=16Hz) and 6.63 (1H, dd, J=16
and 1.8 Hz) assigned to two olefinic protons on a newly
formed trans-double bond. Reduction of 22 with di-
isobutylaluminum hydride (DIBAL-H) followed by oxida-
tion (MnQ,) gave the aldehyde (24) in good yield.
Wadsworth-Emmons reaction on the aldehyde (24) gave
the ester (25) having a trans diene. Epoxidation of 25 with
m-chloroperbenzoic acid (mCPBA) gave a mixture (revealed
by its 'H-NMR spectrum (400 MHz)) of the oxides (26a
and 26b), but both oxides showed the same Rf values on
thin layer chromatography with several solvent systems. An
attempt to isolate each oxide in pure form was unsuccessful.

Hydrogenation of 22 with Lindlar catalyst gave the
cis-trans diene-ester (27) in 87% yield. Its 'H-NMR
spectrum exhibited two doublet signals at 6 591 (t,
J=11.7Hz) and 5.71 (dd, J=11.7 and 8.4 Hz), confirming
the cis geometry of the newly formed double bond. The
same reaction sequence on 27 (DIBAL-H reduction,
manganese dioxide oxidation, and Wadsworth-Emmons
reaction) gave the cis—trans—trans-trienoic acid ester (29).
The structure of 29 was also confirmed by its 'H-NMR
spectrum (7.04 and ¢ 5.80 (1H each, J=15.4 Hz)). Oxida-
tion of 29 with mCPBA gave a mixture of two dia-
stereoisomers (30a) and (30b) in a 1:1 ratio. In this case,
both isomers were isolated in pure forms by preparative
thin layer chromatography and flash chromatography.
Stereostructures of both oxides were proposed on the basis
of their 'H-NMR spectra. Thus, one of the isomers showed
signals at 6 2.53 and 2.64 (IH each, /J=4.6Hz) and the
other showed signalsat ¢ 2.55 and 2.63 (1H each, /J=4.9 Hz),
respectively, as a pair of AB-quartets assigned to the
methylene protons of the oxide moiety. It is possible to

29

CO,CHs
27 : R=COMe
28 : R=CHO
W y W y OTBDPSH _
TBDPSO _ TBDPSO.} HO _ /Wo _
: o /It_\_\__ﬁ : — ° ~ -
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discriminate the structures of these compounds based on
the fact® that an oxide exhibiting larger chemical shift
difference of the AB-signal has (R) and (S) configuration
at the carbons bearing the silyloxy and the oxide oxygen,
respectively. Thus, the former (30a) has (R) and (S)
configurations and the other (30b) has (R) and (R)
configurations at these carbons. The discrimination was
ultimately confirmed by successful synthesis of AF-toxin
[Ta methyl ester. Treatment of 30a with TBAF gave the
(8R)-(95)-hydroxy-cis—trans—trans ester (31a) in 45% yield.
The acylation of 31 with the a-silyloxy-acid (16) in the same
manner as mentioned above gave the ester (32) in 40%
yield. Deprotection of the TBDPS group of 32 with TBAF
in methylene chloride afforded AF-toxin [a methyl ester
(3b). Success in the synthesis of AF-toxin II methyl ester
was confirmed by comparison of the 'H-NMR spectral data
with those" of AF-toxin II methyl ester obtained from
natural sources. The synthetic AF-toxin ITa and Ilc are
toxic to Japanese white pear, as evaluated on leaves of the
plant.

Experimental

Melting points were determined on a Yanagimoto micro-melting point
apparatus and are uncorrected. Infrared (IR) spectra were recorded on a
Shimadzu TR-408 spectrometer in chloroform. 'H-NMR spectra were
recorded on JEOL PMX-60, JEOL FX 90Q, and JNM-GX 400 NMR
spectrometers with tetramethylsilane as an internal standard and chemical
shifts are given in § (ppm). Optical rotations were measured with a JASCO
DIP-181 digital polarimeter and high-resolution mass (HR-MS) spectra
were taken with a JEOL JMS-DX303 instrument. Column chromatogra-
phy was performed with Kieselgel 60G (70-—230 mesh) and flash col-
umn chromatography was performed with Kieselgel 60G (Art 7731).
Homogeneities of the compounds cited in this report were confirmed by
examination of the 'H-NMR spectra and by thin layer chromatography.

2(5)-Acetoxy-3(S)-methylpentanoic Acid (5) NaNO, (4.8 g, 69.6 mmol)
was added in portions to a stirred solution of L-isoleucine (4) (7.84 g,
59.8 mmol) in AcOH (72ml) over 4.5h at 30—35°C, and the whole was
allowed to stand overnight at room temperature. The solvent was
evaporated off in vacuo to give a residue, which was shaken vigorously
with a mixture of ether (120ml), water (10ml) and concentrated HCI
(6ml). After washing of the ethereal layer with water, the ethereal layer
was extracted with 10% aqueous Na,CO;. The aqueous extracts were
combined, and acidified with concentrated HCI, and extracted with ether.
The ethereal layer was washed with brine, dried over anhydrous Na,SO,,
and concentrated to dryness to give the acid (5) (8.9 g, 85%) as a yellow
oil. IR (CHCly): 1720, 1740cm~'. 'H-NMR (90 MHz in CDCl,): 0.85
(3H, t, J=7.2Hz), 1.01 3H, d, J=7.2Hz), 1.30—1.62 (3H, m), 2.15 (3H,
s), 4.95 (1H, d J=4.8Hz), 10.3 (1H, s), [¢]3* = + 14.6° (¢=1.00, EtOH).
MS mjz: 174 (M ™).

Benzyl 2(S)-Acetoxy-3(S)-methylpentanoate (6) and Benzyl 2(S)-Hy-
droxy-3(S)-methylpentanoate (7) A mixture of the acid (5) (5.0g, 28.7
mmol), p-toluenesulfonic acid (0.5 g) and benzyl alcohol (10.0 g, 92.6 mmol)
in dry benzene (60 ml) was refluxed overnight with azeotropic removal of
water under argon. The solvent was evaporated off in vacuo and the residue
was dissolved in ether (100ml). The ethereal solution was washed with
3% aqueous Na,COj;, and water, dried with MgSO, and concentrated to
dryness to give a residue, which was chromatographed on silica gel in
hexane—chloroform (1:1). Elution with the same solvent gave the benzyl
acetoxypentanoate (6) (2.25 g, 32%) and the hydroxypentanoate (7) (2.40 g,
35.3%) in that order as colorless oils.

Benzyl 2(S)-Acetoxy-3(S)-methylpentanoate (6): IR (CHCI,): 1740
cm™'. "H-NMR (90 MHz in CDCl,): 0.88 (3H, t, J=7.2 Hz), 0.96 (3H,
d, J=7.2Hz), 1.15—1.90 (3H, m), 2.10 (3H, s), 4.93 (1H, d, J=4.8 Hz),
5.17(2H,s), 7.33 (5H, brs). [2]37 = —27.6° (c=1.25, EtOH). HR-MS m/z:
Caled for C{sH,,0, (M*): 264.1362. Found: 264.1341.

Benzyl 2(S)-Hydroxy-3(S)-methylpentanoate (7): IR (CHCI,): 1725,
3540cm™'. "H-NMR (90 MHz in CDCl,): 0.86 (3H, t, J=7.2 Hz), 0.98
(BH, d, J=7.2Hz), 1.15—1.90 (3H, m), 2.72 (1H, d, J=6.2Hz), 4.12 (1H,
dd, J=6.2, 48Hz), 5.20 (2H, s), 7.35 (5H, s). [«]37=—11.8° (¢=1.00,
EtOH). HR-MS m/z: Caled for C,;H,40, (M*): 222.1256. Found:
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222.1252.

Hydrolysis of the Acetate (6) A mixture of the acetoxycarboxylate 6
(270 mg, 1.0 mmol) and lithium carbonate (45 mg, 1.2 mmol) in methanol
(10ml) was stirred at room temperature for 15h. The reaction mixture
was concentrated in vacuo to afford a residue, which was extracted with
ether. The ethereal solution was washed with 3% aqueous HCI, 3% aqueous
Na,CO; and water, and dried with MgSO,. Removal of the solvent gave
7 (172mg, 76%).

Benzyl 2(S)-(tert-Butyldi'phenylsiloxy)-3(S)-methyl Pentanoate (8) A
mixture of 7 (2.9g, 13mmol), tert-butylchlorodiphenylsilane (4.7 g,
17mmol) and imidazole (1.2g, 17 mmol) in dry DMF (20 ml) was stirred
at room temperature for 12h, diluted with 3% aqueous NH,CI, and
extracted with ether. The ethereal extract was washed with 3% aqueous
NH,CI, 3% aqueous Na,CO, and water, dried with MgSO, and con-
centrated. The residue was chromatographed on silica gel in hexane-
acetone (100:2) to give the TBDPS-ester (8) (4.5g, 75%) as a color-
less oil. IR (CHCIy): 1740cm™!. "H-NMR (90MHz in CDCL,): 0.82
(3H, t, J=6.8Hz), 0.85 (3H, d, J=6.8 Hz), 1.08 (9H, s), 1.03—1.92 (3H,
m), 4.16 (IH, d, J=4.6Hz), 477 (2H, s), 7.20—7.81 (I15H, m).
[«]3% = —44.8° (¢=1.35, EtOH). MS m/z: 460 (M *).

2(5)-(tert-Butyldiphenylsiloxy)-3(S)-methylpentanoic Acid 9 A sus-
pension of the TBDPS-ester (8) (1.0g, 2.2mmol) and 10% palladium
carbon (2.0 g) in ethanol (50 ml) was stirred under H, for 2 h. The reaction
mixture was filtered and the filtrate was concentrated in vacuo to afford
the acid (9) (470 mg, 75%) as a colorless oil. IR (CHCl,): 3520—2510,
1770, 1720cm™". "H-NMR (60 MHz in CDCl,): 0.78 (3H, t, J=6.8 Hz),
0.85 (3H, d, /=6.8Hz), 1.11 (9H, s), 1.01—1.85 (3H, m), 4.19 (1H, d,
J=4.6Hz), 7.21-—-7.85 (10H, m). HR-MS m/z: Caled for C,,H,,0,Si
(M™): 370.1965. Found: 370.1977.

Methyl 9(5),10-Epoxy-8(R)-(2'(S)-tert-butyldiphenylsiloxy-3'(S)-
methylpentanoyloxy)-9-methyl-deca-(E,E, E)-trienoate (11) A solution of
DCC (332 mg, 1.5 mmol) and the acid (9) (596 mg, 1.5 mmol) in methylene
chloride (4ml) was stirred at room temperature under argon for 1.5h,
then the oxide-ester (10)*” (110 mg, 0.49 mmol) and 4-pyrrolidinopyridine
(40mg) were added and the resulting mixture was stirred at the same
temperature for 12 h, diluted with ether (30 ml) and filtered. The filtrate
was washed with 3% aqueous Na,CO,, 3% aqueous NH,CI and brine,
dried with MgSO, and concentrated. The residue was chromatographed
on silica gel in hexane-ethyl acetate (100:4) to give the ester (11) (269 mg,
95%) as a pale yellow oil. IR (CHCl,): 1750, 1720cm ™ !. 'H-NMR (90 MHz
in CDCly): 0.79 (3H, t, J=7.2Hz), 0.93 (3H, d, J=7.2Hz), 1.09 (SH, s),
1.14 (3H, s), 1.14—1.96 (3H, m), 2.47 (1H, d, J=4.8Hz), 2.61 (1H, d,
J=48Hz), 3.74 (3H, 5), 4.23 (IH, d, /=42 Hz), 4.99 (1H, d, /=7.3 Hz),
5.58 (IH, dd, J=14.3, 7.3 Hz), 5.81 (1H, d, J=15.4 Hz), 6.05—6.49 (3H,
m), 7.14—7.72 (11H, m). [«]}y" = —67.7° (c=0.98, EtOH). HR-MS m/z:
Caled for C3,H,,04Si (M*): 576.2908. Found: 576.2912.

The Diastereoisomer (12) of AF-Toxin Ilc Methyl Ester (2a) TBAF
(0.21'ml, 0.2mmol, 1M in THF) was added dropwise to a solution of
the ester (11) (60mg, 0.1 mmol) in dry THF (2ml) at —10°C under
argon and the resulting mixture was stirred at the same temperature for
10min and at room temperature for 1h, and then diluted with ether
(30ml). The ethereal solution was washed with brine, dried with MgSO,
and concentrated. The residue was chromatographed on silica gel in
chloroform to afford the hydroxy-ester (12) (24 mg, 68%) as a pale yellow
oil. IR (CHCI,): 3540, 1750, 1720cm ™ !. '"H-NMR (400 MHz in CDCl,):
0.89 (3H, t, J=7.2Hz), 0.99 (3H, d, J=7.2Hz), 1.17—1.36 (2H, m),
1.37 (3H, ), 1.87 (1H, m), 2.64 (1H, d, J=4.8Hz), 2.79 (1H, d, J=
4.8Hz), 3.76 (3H, s), 4.13 (IH, d, J=4.3Hz), 532 (IH, d, J=7.5 Hz),
5.80 (IH, dd, J=14.5, 7.5Hz), 5.93 (1H, d, J=15.8Hz), 6.36 (1H, dd,
J=15.1, 11.5Hz), 6.43 (1H, dd, J=14.5, 10.8 Hz), 6.52 (1H, dd, J=15.1,
10.8Hz), 7.29 (IH, dd, J=15.8, 11.5Hz), [«]i°=+3.0° (c=0.67,
EtOH). HR-MS m/z: Caled for C,;gH,,0, (M*): 338.1730. Found:
338.1787.

Benzyl 2(R)-Formyloxy-3(S)-methylpentanoate (14) Dicthylazodicar-
boxylate (226 mg, 1.3 mmol) in dry ether (2ml) was added dropwise to a
solution of the (S)-benzyl ester (7) (144 mg, 0.65mmol), triphenylphos-
phine (340 mg, 1.3 mmol) and formic acid (60 mg, 1.3 mmol) in dry ether
(4 ml) and the resulting mixture was stirred at room temperature for 24 h,
diluted with ether (35ml), and filtered. The filtrate was washed with 3%
aqueous NaHCO;, 3% aqueous NH,Cl and water, dried with MgSO,
and concentrated. The residue was chromatographed on silica gel in
hexane-ethyl acetate (100:4) to give the formyl-ester (14) (166 mg, 72%)
as a colorless oil. IR (CHCl,): 1720cm ™. "H-NMR (90 MHz in CDCl,):
0.90 (3H, t, /=72Hz), 0.92 3H, d, J=7.2Hz), 1.18—1.51 (2H, m),
1.69—2.13 (1H, m), 5.19 (2H, s), 5.24 (IH, d, J=4.3Hz), 7.34 (5H, s),
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8.16 (1H, s). [«]2>= +23.3° (c=1.20, EtOH). MS m/z: 256 (M*).

Benzyl 2(R)-Hydroxy-3(S)-methylpentanoate (15) A mixture of the
formyl ester (14) (650mg, 2.6mmol) and lithium carbonate (260mg,
3.1 mmol) in methanol-water (14: 1) was stirred at room temperature for
2h and concentrated in vacuo to give a residue, which was extracted with
ether. The ethereal solution was washed with 3% aqueous Na,CO;, 3%
aqueous NH,Cl and water, and dried with MgSO,. Removal of the solvent
afforded the hydroxy-ester (15) (554mg, 96%) as a colorless oil. IR
(CHCI,): 3500, 1715cm™'. *H-NMR (90 MHz in CDCl,): 0.78 (3H, d,
J=172Hz), 092 (3H, t, J=7.2Hz), 1.00—1.98 (3H, m), 2.67 (1H, d.
J=5.8Hz), 422 (1H, dd, J=3.2, 58Hz), 521 (2H, s), 7.32 (5H, s).
[e]23 = +9.0° (¢ = 1.05, EtOH). HR-MS m/z: Caled for C,3H ;505 M™*):
222.1256. Found: 222.1244.

2(R)-(tert-Butyldiphenylsiloxy)-2(S)-methylpentanoic Acid (16) By use
of the same procedure as described for the preparation of the acid (9)
from 7, the hydroxy-ester (15) (256 mg, 1.15mmol) gave the acid (16)
(374 mg, 87% overall yield) as a colorless oil. IR (CHCI;): 35202510,
1760, 1720cm ™ *. 'H-NMR (90 MHz in CDCl;): 0.76 (3H, t, /=7.2Hz),
0.91 (3H, d, J=7.2Hz), 1.11 (9H, s), 1.10—1.83 (3H, m), 4.19 (IH, 4,
J=4.1Hz),7.24—7.73 (10H, m). [¢]3> = +18.5° (¢=1.01, EtOH). HR-MS
m/z: Caled for C,,H;3,05Si (M*): 370.1965. Found 370.1952.

AF-Toxin Ilc Methyl Ester (2a) By use of the procedure as described
for the preparation of 12, coupling of the epoxy-ester (10) (123 mg,
0.33 mmol) and 16 (150 mg, 0.40 mmol) gave AF-toxin IIc methyl ester
(2a) (72 mg, 65% overall yield) as a colorless oil. IR (CHCl;): 1620, 1720,
1720cm . 'H-NMR (400 MHz in CDCl;): 0.86 (3H, d, /=6.9 Hz), 0.98
(3H, t, J=7.4Hz), 1.36 (3H, s), 1.36—1.40 (2H, m), 1.83 (1H, m), 2.61
(1H, d, /=5.8 Hz), 2.63 (1H, d, J=4.8Hz), 2.78 (1H, d, /=4.8Hz), 3.75
(3H, s), 4.23 (1H, dd, J=29, 5.8Hz), 5.35 (1H, d, J=7.3 Hz), 5.80 (1H,
dd, J=173, 14.8Hz), 5.94 (1H, d, J=15.3Hz), 6.38 (I1H, dd, J=11.1,
14.5Hz), 6.43 (1H, dd, J=10.8, 14.8 Hz), 6.53 (1H, d, J=14.5, 10.8 Hz),
7.29 (1H, dd, J=11.1, 15.3 Hz). HR-MS m/z: Caled for C3H,¢0s (M*):
338.1730. Found: 338.1787.

1,1-Dibromo-3(R)-tert-butyldiphenylsiloxy-4-methylpenta-1,4-diene (19)
A solution of triphenylphosphine (1.48 g, 4 mmol) in anhydrous methylene
chloride (3 ml) was added dropwise to a solution of carbon tetrabromide
(633 mg, 2.0mmol) in anhydrous methylene chloride (6 ml) under argon
at 0°C. The mixture was stirred at the same temperature for 5min, then
zinc powder (262 mg, 4mmol) and the aldehyde (17)® (388 mg, 1 mmol)
were added alternately and the resulting mixture was stirred at room tem-
perature for 3h and diluted with ether (50ml). The ethereal solution
was washed with water, dried with MgSO, and concentrated to give a
residue, which was chromatographed on silica gel in chloroform. Elution
with the same solvent afforded the dibromide (19) (360 mg, 73%). IR
(CHCL,): 1625cm™!. 'H-NMR (90 MHz in CDCl,): 1.09 (9H, s), 1.72
(3H, s), 4.67 (1H, d, J=9.0Hz), 4.95 (1H, brs), 5.18 (1H, brs), 6.40 (1H,
d, J=9.0Hz), 7.26—7.71 (10H, m). [«]3' = —80.6° (¢c=1.01, EtOH). MS
mjz: 494 (M™*).

3(R)-tert-Butyldiphenylsiloxy-4-methylpent-4-en-1-yne (20) n-
Butyllithium (I ml, 1.7M in hexane) was added to a solution of the
dibromide (19) (350 mg, 0.7 mmol) in dry THF (3ml) at —78°C under
argon and the resulting mixture was stirred at the same temperature for
1 h, and at 25°C for 1 h. After addition of water (2 ml), the reaction mixture
was stirred at room temperature for 30 min and diluted with ether (50 ml).
The ethereal solution was washed with water, dried with MgSO,, and
concentrated in vacuo to leave a residue, which was chromatographed on
silica gel in chloroform. Elution with the same solvent gave the acetylene
(20) (154 mg, 65%) as a colorless oil. IR (CHCI,): 3290cm™ !, "H-NMR
(90 MHz in CDCl3): 1.09 (9H, s), 1.85 (3H, brs), 2.35 (1H, d, /=2.2Hz),
437 (1H, m), 4.82 (1H, brs), 4.94 (IH, brs), 7.24—7.82 (10H, m).
[a]3* = —47.3° (¢=1.00, EtOH). MS m/z: 334 (M7).

4(R)-tert-Butyldiphenylsiloxy-5-methyl-hex-5-en-1-ynal (21) n-
Butyllithium (1 ml, 2.3 mmol) was added dropwise to a solution of the
acetylene (20) (480 mg, 1.48 mmol) in dry THF (5ml) at —78°C under
argon, and the mixture was stirred at the same temperature for 2h. Then
DMF (0.1 ml) was added and the resulting mixture was stirred at —78°C
for 4h and diluted with ether (30 ml). The ethereal solution was washed
with water, dried with anhydrous MgSO, and concentrated in vacuo to
give a residue, which was chromatographed on silica gel in hexane-ether
(100: 5). Elution with the same solvent afforded the aldehyde (21) (450 mg,
86%) as a colorless oil. IR (CHCl,): 2200, 1665cm ™. "H-NMR (90 MHz
in CDCl,): 1.09 (9H, s), 1.84 (3H, brs), 4.88 (1H, brs), 491 (IH, brs),
5.04 (1H, brs), 7.31—7.78 (10H, m), 9.30 (1H, d, J=0.7Hz). MS m/z: 326
M™).

Wadsworth-Emmons Reaction of the Aldehyde (21) A solution of tri-
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methylphosphonoacetate (98 mg, 0.54mmol) in dry benzene (2ml) was
added dropwise to a suspension of sodium hydride (13 mg, 0.45mmol,
60% in oil) in benzene (5ml) at room temperature and the resulting
mixture was stirred at room temperature under argon for 30 min. Then a
solution of the aldehyde (21) (130 mg, 0.36 mmol) in dry benzene (2ml)
was added and the whole was stirred at room temperature for 30 min, and
diluted with ether (30 ml). The ethereal solution was washed with 3%
aqueous NaHCO,, 3% aqueous NH,CI and water, dried with MgSO,
and concentrated to give a residue, which was chromatographed on silica
gel in hexane-ether (100:2). Elution with the same solvent afforded the
diene-acetylene (22) (130mg, 87%) as a colorless oil. IR (CHCl,):
1710em ™. '"H-NMR (90 MHz in CDCl,): 1.08 (9H, s), 1.84 (3H, brs),
3.73 (3H, s), 4.87 (2H, brs), 5.02 (1H, m), 5.97 (1H, d, J=15.8 Hz), 6.63
(1H, dd, J=15.8, 1.8 Hz), 7.24—7.79 (10H, m). [«]3*=— 95.0° (¢=1.30,
EtOH). HR-MS m/z: Caled for C,gH;,05S1 (M™): 418.1965. Found:
418.1942.

6(R)-tert-Butyldiphenylsiloxy-7-methyl-octa-2,7-dien-4-yn-1-ol (23)
DIBAL-H (0.2ml, 0.36mmol, 25% (w/w) in n-hexane) was added to a
solution of the ester (22) (100mg, 0.24mmol) in anhydrous methylene
chloride (2ml) at —78 °C under argon. The resulting mixture was stirred
at the same temperature for 1h. After addition of brine and chloroform
(50ml) to the mixture, the whole was filtered. The chloroform solution
was washed with brine, dried with MgSO, and concentrated to give a
residue, which was chromatographed on silica gel in benzene. The
benzene eluate afforded the alcohol (23) (84mg, 90%). IR (CHCl,):
3600, 2255cm”!. 'H-NMR (90MHz in CDCl;): 1.08 (9H, s), 1.84
(3H, s), 4.14 (2H, dd, J=4.9, 1.5Hz), 4.83 (2H, brs), 4.98 (1H, brs),
5.60 (IH, dd, J=159Hz, 1.5Hz), 6.04 (1H, dt, J=159, 4.9Hz),
7.27—7.28 (10H, m). {«]3® = —123° (¢=1.01, EtOH). MS m/z: 390 (M ").

Oxidation of the Allyl Alcohol (23) A mixture of the allyl alcohol (23)
(260mg, 0.67mmol) and active MnO, (1.5g, 17mmol) in methylene
chloride (10 ml) was stirred at room temperature for 30 min. The reaction
mixture was filtered and the filtrate was concentrated to afford the aldehyde
(24) (217mg, 87%) as a pale yellow oil. IR (CHCI,): 2220, 1680cm ™.
TH-NMR (90 MHz in CDCly): 1.09 (9H, s), 1.85 (3H, s), 4.91 (2H, brs),
5.05 (IH, brs), 6.15 (1H, dd, J=15.8, 7.1 Hz), 6.46 (1H, d, J=15.8 Hz),
7.24—7.80 (10H, m), 9.48 (1H, d, J=7.1 Hz). MS m/z: 388 (M ™).

Methyl 8(R)-tert-Butyldiphenylsiloxy-9-methyl-deca-2(E),4(E),9-trien-
6-ynoate (25) By use of the procedure as described for the preparation
of the ester (22), the aldehyde (24) (200 mg, 0.52 mmol) gave the ester (25)
(192mg, 84%) as a colorless oil. IR (CHCI,): 2400, 1710cm ™', "H-NMR
(90 MHz in CDCl,): 1.08 (9H, s), 1.85 (3H, brs), 3.75 (3H, s), 4.86 (2H,
brs), 5.03 (1H, brs), 5.78 (1H, d, J=15.4Hz), 5.92 (1H, d, /J=15.2Hz),
6.33 (1H,dd, J=15.4, 11.1Hz), 7.20(1H, dd, J=15.2, 1 1.1 Hz), 7.26—7.81
(10H, m). [«]3°= —198.0° (c=1.02, EtOH). HR-MS m/z: Caled for
C,3H;3,0,8i (M*): 444.2122. Found: 444.2128.

Methyl 6(R)-tert-Butyldiphenylsiloxy-7-methyl-oct-2(E),4( E),7-trienoate
(27) A mixture of quinoline (30 mg, 0.24 mmol), Lindlar catalyst (30 mg)
and the methyl ester (22) (100 mg, 0.24 mmol) in ethyl acetate (5 ml) was
stirred at 0 °C under H, for 2d and filtered. The filtrate was concentrated
to give a residue, which was submitted to flash chromatography in hexane-
ether (9:1). Elution with the same solvent afforded the triene ester (27)
(87 mg, 87%) as a colorless oil. IR (CHCI,): 1705, 1640cm ™!, 'H-NMR
(400 MHz in CDCl,): 1.07 (9H, s), 1.65 (3H, s), 3.70 (3H, s), 4.83 (1H,
brs), 4.95 (1H, d, /=8.4Hz), 5.09 (1H, brs), 5.69 (1H, d, /=15.4Hz),
5.71 (1H, dd, J=11.7, 8.4Hz), 591 (1H, dd, J=11.7, 11.7Hz), 7.04 (1H,
dd, J=15.4, 11.7Hz), 7.29—7.66 (10H, m). [«]5 = +30.1° (¢=1.01,
EtOH). HR-MS m/z: Caled for C,4H;,05Si (M*): 420.2122. Found
420.2132.

6(R)-tert-Butyldiphenylsiloxy-7-methyl-oct-2( E),4(E),7-trienal (28) By
use of the procedure described for the preparation of 24 from 22, the
cis-trans-diene ester (27) (100mg, 0.24mmol) gave the aldehyde (28)
(79 mg, 85% overall yield) as a colorless oil. IR (CHCl;): 1675, 1630cm ™ L
TH-NMR (90 MHz in CDCl,): 1.07 (9H, s), 1.68 (3H, s), 4.89 (1H, brs),
491 (1H, d, J=10.8 Hz), 5.12 (IH, brs), 5.71—6.16 (2H, m), 6.74 (1H,
dd, J=10.8, 15.1 Hz), 7.24—7.71 (11H, m), 9.22 (1H, d, J=7.9Hz). MS
mjz: 390 (M ™).

Wadsworth-Emmons Reaction of the Aldehyde (28) By use of the
method described for the preparation of 22, the aldehyde (28) (300 mg,
0.77 mmol) gave the cis~trans—trans ester (29) (295 mg, 86%) as a colorless
oil. IR (CHCl,): 1700, 1620cm™'. "H-NMR (400 MHz in CDCl,): 1.06
(9H, s), 1.65 (3H, s), 3.73 (3H, s), 4.82 (1H, brs), 4.88 (1H, d, J=8.8 Hz),
5.07 (1H, brs), 5.59 (1H, dd, J=8.8, 11.0Hz), 5.80 (1H, d, /=15.4Hz),
5.90 (1H, dd, J=11.0, 11.0 Hz), 6.10 (1H, dd, J=15.7, 10.6 Hz), 6.17 (1H,
dd, J=15.7, 11.0Hz), 7.04 (1H, dd, J=154, 10.6Hz). [a]}"=+5.5°
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(¢=0.80, EtOH). HR-MS m/z: Calcd for C,qH,,0,8i (M™*): 446.2278.
Found: 446.2262.

Epoxidation of the Ester (29) A mixture of the ester (29) (320mg,
0.72mmol) and mCPBA (186 mg, 1.1 mmol) in methylene chloride (8 ml)
was allowed to stand overnight at room temperature in the dark, and then
10% aqueous NaHSO; and chloroform was added. The chloroform
solution was washed with 3% aqueous Na,CO,, 3% aqueous NH,Cl and
water, and dried with MgSO,. Removal of the solvent gave a residue,
which was submitted to flash chromatography in ecther-hexane (1:9).
Elution with the same solvent afforded the epoxide (30a) (200 mg, 60%)
as the faster-running portion and the epoxide (30b) (130 mg, 39%) as the
slower-running one.

Methyl 8(R)-tert-Butyldiphenylsiloxy-9(S),10-epoxy-9-methyl-deca-
2(E)A(E),6(Z)-trienoate (30a): IR (CHCI,): 1705, 1620cm~!. 'H-NMR
(90 MHz in CDCl,): 1.07 (9H, s), 1.39 (3H, s), 2.53 (1H, d, J=4.6Hz),
2.64 (IH, d, /=4.6Hz), 3.75 (3H, s), 4.26 (1H, d, J=8.8 Hz), 5.60—6.09
(SH, m), 697 (1H, dd, J=10.2, 152Hz), 7.25—7.73 (10H, m).
[2]5°=+16.1° (¢=1.60, EtOH). HR-MS mj/z: Calcd for C,sH;,0,Si
(M™): 462.2227. Found: 462.2202.

Methyl 8(R)-tert—Butyldiphcnylsiloxy—9(R),IO-epoxy-9—methyl—deca—
2(E),A(E),6(Z)-trienoate (30b): IR (CHCI,): 1705, 1620cm ™. 'H-NMR
(90 MHz in CDCly): 1.10 (9H, s), 1.36 (3H, s), 2.55 (1H, d, J=4.9 Hz),
2,63 (1H, d, /=4.9Hz), 3.73 (3H, s), 3.90 (1H, d, J=5.5Hz), 5.60—6.35
(5H, m), 7.10—7.74 (11H, m). [a]5®= —28.9° (¢=1.26, EtOH). HR-MS
mjz: Caled for C,gH;,0,Si (M ™): 462.2227. Found: 462.2206.

Methyl 9(S),10-Epoxy-8(R)-Hydroxy-9—methyl—deca-2(E),4(E),6(Z)-
trienoate (31) TBAF (3.12ml, 3mmol, 1 M in THF) was added dropwise
to a solution of 30a (200 mg, 0.45mmol) in dry THF (Sml) at —10°C,
and the resulting mixture was stirred at room temperature for 1 h then
diluted with ether (50 ml). The ethereal solution was washed with brine,
dried with MgSO, and concentrated to give a residue, which was chro-
matographed on silica gel in hexane—chloroform (1 :4). Elution with the
same solvent gave the alcohol (31) (117mg, 68%) as a colorless oil.
IR (CHCI;): 3630, 1700, 1620cm™*. '"H-NMR (90 MHz in CDCl,): 1.33
(3H, s}, 2.30 (IH, brs), 2.62 (1H, d, J=4.6 Hz), 2.96 (1H, d, J=4.6 Hz),
3.75 (3H, s), 4.64 (1H, d, J=8.9Hz), 5.40—6.93 (6H, m). MS m/z: 224
M™).

Acylation of 31 with the Acid (16) By use of the method described for
the preparation of 11, the cis—trans—trans hydroxy-ester (31) (25 mg, 0.11
mmol) gave the ester (32) (36 mg, 40%) as an oil. IR (CHCl,): 1745,
1705, 1620cm ™" 'H-NMR (400 MHz in CDCl,): 0.81 (3H, t, J=7.3 Hz),
0.94 (3H, d, J=7.0Hz), 1.08 (9H, s), 1.22 (3H, s), 1.45—1.75 (3H, m),
2.50 (1H, d, /=48 Hz), 2.63 (IH, d, J=4.8Hz), 3.77 (3H, s), 4.22 (IH,
d, J=3.3Hz), 5.26 (1H, dd, /=9.3, 10.6 Hz), 5.47 (1H, d, /=9.3 Hz), 5.93
(1H,d, J=15.4Hz),6.17 (1H, dd, /=10.6, 11.3 Hz), 6.35 (1H, dd, J = 14.6,
11.4Hz), 6.79 (1H, dd, J=14.6, 11.3Hz), 7.28—7.65 (11H, m). HR-MS
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mjfz: Caled for C3,H,,04Si (M*): 576.2908. Found: 576.2898.

AF-Toxin ITa Methyl Ester (3b) By use of the procedure described for
the preparation of 12, the ester (32) (24 mg, 0.041 mmol) gave AF-toxin
I1a methyl ester (3b) (9 mg, 64%) as an oil. IR (CHCIl,): 3550, 1735cm ™ L.
'H-NMR (400 MHz in CDCl,): 0.87 (3H, d, J=7.0Hz), 0.97 (3H, t,
J=17.3Hz), 1.36-~1.40 (2H, m), 1.38 (3H, s), 1.83 (1H, m), 2.59 (1H, d,
J=5.7Hz),2.62 (1H, d, J=4.8Hz), 2.78 (1H, d, /=4.8 Hz), 3.76 (3H, s),
4.19 (1H, dd, J=2.7, 5.7Hz), 5.52 (1H, dd, J=9.2, 10.6 Hz), 5.81 (1H, d,
J=9.2Hz), 5.95 (1H, d, J=15.4Hz), 6.33 (1H, dd, J=10.6, 11.4 Hz), 6.41
(I1H, dd, J=11.4, 15.0Hz), 6.93 (1H, dd, J=11.4, 15.0Hz), 7.37 (1H, dd,
J=114, 154Hz), HR-MS m/z: Caled for C,3H,s0, (M*): 338.1730.
Found: 338.1761.
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The addition reaction of cyclohexylmethylmagnesium bromide with the imine prepared from unnatural
(25,35)-tartaric acid was found to proceed in a highly stereoselective manner in the presence of cerium(III) chloride.
A chelation-controlled mechanism could explain the stereochemical outcome of the addition reaction. The addition
product could be elaborated into three types of C-terminal components of renin inhibitors by employing oxidative
cleavage of the 1,2-diol moiety, epoxide formation with inversion of configuration, and epoxide opening with a nucleophile.
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renin inhibitor; C-terminal component; 1,2-amino alcohol; 1,2,3-amino diol; Grignard reagent; cerium(III)

chloride; chelation control; oxidative cleavege; epoxide formation; epoxide opening

Renin is a highly specific aspartic acid protease which
cleaves a decapeptide fragment from angiotensinogen to
generate angiotensin 1. While no biological activity is
observed for angiotensin I, the octapeptide angiotensin II
produced from angiotensin I by angiotensin-converting
enzyme shows a potent vasoconstricting activity and stim-
ulates the release of aldosterone. Thus, renin inhibitors
are currently the object of intensive research aimed at de-
velopment of novel antihypertensive drugs.”

Some of the renin inhibitors recently developed as
promising antihypertensive agents with oral efficacy involve
either (2R,3S5)-3-amino-2-hydroxy-4-cyclohexylbutyric acid
[(2R.,3S)-cyclohexylnorstatine] (1),* (2S,3R,4S)-4-amino-
5-cyclohexyl-1-morpholino-2,3-pentanediol (2),* or (28,
3R,4S)-2-amino-1-cyclohexyl-6-methyl-3,4-heptanediol
(3)” as their C-terminal component. These unusual amino
alcohols (1, 2, and 3) were originally synthesized from
(S)-phenylalanine®> or p-glucose,* and ingeniously in-
corporated into renin inhibitors as isosteres of the Leu—Val
scissile site in angiotensinogen. Recently, several novel
synthetic routes to 1 from (S)-phenylalanine® or (R)-
mandelic acid” and to 2 and 3 from optically active epoxy
alcohols®® have also been reported.

With the aim of preparing 1, 2, and 3 from readily
available unnatural (2S,3S)-tartaric acid (4), the novel
synthetic route depicted in Chart 1 was designed. Thus, the
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amino alcohols (1, 2, and 3) could be derived from the
amine (6) by manipulating its terminal protected diol
moiety. Addition of cyclohexylmethylmagnesium bromide
with the imine (5) would afford 6 if the addition reaction
proceeds with the desired high stereoselectivity. Prepara-
tion of 5 might be readily achieved from 4 according to
the reported procedures.” %" After many unsuccessful
attempts,'® we found that the addition reaction of cy-
clohexylmethylmagnesium bromide with 5 took place in
a highly stereoselective manner in the presence of cerium-
(ITT) chloride, yielding 6 as a sole product. The addi-
tion product (6) could be elaborated to 1, 2, and 3 by se-
quential chemical manipulations.

This report details highly stereoselective syntheses of 1,
2, and 3 from 4 accomplished by featuring the novel addi-
tion reaction of a Grignard reagent with an imine in the
presence of cerium(III) chloride.!®

Results and Discussion

Synthesis of (2R,3S)-Cyclohexylnorstatine (1) 4-O-
Benzyl-2,3-isopropylidene-p-threose (7) was prepared from
4 according to the reported procedure.!® Condensation of
7 with benzylamine (BnNH,) in the presence of anhydrous
magnesium sulfate readily afforded the imine (8) in a
quantitative yield.”-*" Initially, the imine (8) was allowed
to react with cyclohexylmethylmagnesium bromide in
various solvents. However, contrary to our expectation, no
addition product could be produced and complete recov-
ery of 8 was always observed. After these unsuccessful
experiments, it was found, as shown in Chart 2, that when
cyclohexylmagnesium bromide was first treated with
cerium(I1I) chloride in a mixture of ether and tetrahy-
drofuran and the resulting cerium(IIl) complex was re-
acted with 8, the addition reaction could proceed smoothly
in a highly stereoselective manner, giving rise to the amine
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(9), [«]3° +12.3° (chloroform), as a sole product in 75%
vield (vide infra).*®

Since stereoselective addition reaction of an organo-
copper(I) reagent with an imine had been reported,'® the
reaction of 8 with cyclohexylmethylcopper(I) was next
examined. Interestingly, treatment of 8 with cyclohex-
ylmethylcopper(I) in the presence of boron trifluoride-
ctherate in a mixture of ether and tetrahydrofuran accord-
ing to the reported procedure'® was found to give the un-
desired diastereomer (13), [«]3° +26.7° (chloroform), as a
sole product in 52% yield (vide infra). The organocop-
per(I) reagent could be produced in situ from cyclohex-
ylmethylmagnesium bromide and copper(l) iodide at
—78°C prior to the addition reaction.

Comparison of the 400 MHz proton nuclear magnetic
resonance (*H-NMR) spectrum of 9 with that of 13
established that each addition product (9 or 13) was not
contaminated with the other diastereomer (13 or 9). Taking
into account of the accuracy of 400 MHz 'H-NMR spectra,
the stereoselectivities for the two sorts of addition reactions
could be calculated as more than 98%. The stereochemistries
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of diastereometric 9 and 13 could be firmly established at
the stages of the oxazolidin-2-one derivatives (10 and 14)
(vide infra). As shown in Fig. 2, highly stereoselective
formation of 9 may be explained by a chelation-controlled
mechanism (A) in which M represents magnesium(II),
cerium(IIl) or a complex of both cations. On the other
hand, the dipolar model (B) or the Felkin—~Anh model (C)
may account for the highly stereoselective addition of
cyclohexylmethylcopper(I) with 8, as claimed for a similar
addition reaction.!®

With 9 in hand, elaboration 9 to 1 was next attempted.
Thus, methoxycarbonylation of 9 followed by deacetaliza-
tion and oxazolidin-2-one formation produced 10, [«]3°
—29.7° (chloroform), in 90% overall yield. The same
sequential treatment of 13 gave 14, [«]3° —31.6° (chlo-
roform), in 94% overall yield. The coupling constants be-
tween H, and H,, protons in 10 and 14 were found to be
5.1 and 8.5 Hz, respectively. Based on these spectral features
as well as successful synthesis of 1 from 10, the absolute
stereochemistries of 10 and 14, namely those of 9 and 13,
could be rigorously assigned as depicted. Hydrogenation of
10 quantitatively gave the diol (11), which, on oxidative
cleavage and subsequent esterification, produced the methyl
ester (12) in 73% combined yield. This was readily derived
to the hydrochloride of 1 (1-HCI) in 76% overall yield by
sequential alkaline hydrolysis of the oxazolidin-2-one
moiety, salt formation, hydrogenolysis of the N-benzyl
group, removal of inorganic salt with an ion exchange resin,
and salt formation. The hydrochloride of 1 (1-HCI) thus
produced exhibited mp 191—192°C (dec.) and [«]3° — 13.6°
(Im HCI) [lit.,* mp 190°C (dec.) and [«]3® —12.4° (Im
HCD]'® and the same 'H-NMR spectrum as that of an
authentic sample.3*®

Synthesis of (25,3R,4S5)-4-Amino-5-cyclohexyl-1-morpho-
lino-2,3-pentanediol (2) and (25,3R,4S)-2-Amino-1-cyclo-
hexyl-6-methyl-3,4-heptanediol (3) With completion of the
synthesis of 1- HCI from 9, highly stereo- and regioselective
elaboration of 9 to 2 and 3 was next attempted by employing
epoxide formation with inversion of configuration followed

ox &) f)
EE—— CO,Me —» 1-HCI
BnN OH BN~ 2
0 0
10: X=Bn 12
d)Cll: X=H
OBn
OH
]
Bn=C4H;CH,-

b) i) CeH,,CH,MgBr (5.0eq)-CeCl; (5.0eq) in Et,0-THF, —30°C, 5h ii) 8 in

Et,O0-THF, —30°C, 2h, then, r.t., 12h, 75% from 8 ¢) i) CICO,Me-anhyd. K,CO; in THF, 0°C, 7h ii) 80% aq AcOH, 80°C, 5h iii) 10% KOH
in MeOH, r.t., 3.5h, 90% (9) from 10 or 94% (14) from 13  d) H, (1 atm)-20% Pd(OH),/C in MeOH, r.t., overnight, 100% e)i) RuCl;-3H,0-NalO,
in CCl;-MeCN-H,0, r.t, 2h ii) TMSCHN, in PhH-Mc¢OH, r.t., L h, 73% from 11 ) i) NaOH in MeOH-H,0, 90°C, overnight ii) aq HCliii) H,
(1atm)-20% Pd(OH),/C in MeOH, r.t., overnight iv) Dowex AG S0W-X2, H*-form v) aq HCI, 76% from 12 g) i) C¢H,,CH,MgBr (2.7¢q)-Cul
(2.7¢eq) in Et,O-THF, —78°C, 10 min ii) 8 in Et,O-THF, —78°C, 1h, then, r.t., 15h, 52% from 8

Chart 2
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DL

10—-— BnN oy ————> BaN' Y
0
° o
b) C15: X=Bn, Y=S0,Me 17
16: X=H, Y=SO,Me
Bn=CgH;CHy-

Boc=Me;COCO-

a) MeSO,Cl (1.3eq) in Py, 0°C, 3h, 96%
94% d) morpholine (2.1eq) in MeOH, r.t., 1d, 94%

in CHCl,, r.t., 1 or 2h, 75% (22) from 19 or 84% (23) from 21

b) H, (I atm)-20% Pd(OH),/C in MecOH, r.t.,
€) Me,CHMgCl (3.0eq)-Cul (0.16eq) in Et,O, 1.5h, 62%
2h, 78% (19) from 18 or 51% (21) from 20 g) 37% HCI, reflux, 3d, 100% (2-2HCI or 3-HCI) from 19 or 21

Vol. 39, No. 10

XN

OH
L Oj\/k/v £ . Oj\/(')i/v
5 XHNY Y
r o

0

18: X=Bn, Y=N_ 0
e — h)
19: X=H, Y=N 0
| —

2-2HCL: X=H.Cl, Y=N ©
~—s
22:X=Boc,Y=N 0
~—

) C20 X=Bn, Y=CHM92
21: X=H, Y=CHMe,

2d, 98%

h) 3-HCl: X=H-C], Y=CHMe,
C 23: X=Boc, Y=CHMe,

¢) NaOMe (8.3eq) in THF, 0°C, 0.5h,
f) Na in lig. NH,, —78°C,
h) tert-Boc,0 (2.0eq)-Et;N (3.0eq)

Chart 3

by epoxide opening with a nucleophile.

Thus, as shown in Chart 3, mesylation of 10 followed by
hydrogenolysis of the mesylate (15) produced the alcohol
(16) in 94% combined yield. Treatment of 16 with sodium
methoxide afforded the epoxide (17), [o]3° —7.6° (chlo-
roform), as a sole product. That the epoxide formation
took place in a highly stereoselective manner with inversion
of configuration could be definitely established by the
successful synthesis of 2 and 3 from 17. Reaction of 17 with
morpholine effected highly regioselective epoxide opening,
giving rise to the alcohol (18), [«]3° —55.2° (chloroform),
in 94% yield. Similar highly regioselective epoxide open-
ing could also be achieved by the reaction of 17 with
isopropylmagnesium chloride in the presence of copper(I)
iodide, affording the alcohol (20), [«]3° —35.0° (chloro-
form), in 62% yield. Reductive removal of the N-benzyl
groups involved in 18 and 20 produced the unprotected
oxazolizin-2-one derivatives (19 and 21), 19: mp 173—
174°C, [«]2°® —79.8° (chloroform) and 20: mp 162—
162.5°C, [«]3° —81.2° (chloroform), in 78% and 51%
yields, respectively. Subsequent acidic hydrolysis of 19 and
21 afforded quantitative yields of 2 and 3 as their
hydrochlorides (2-2HCI and 3-HCI). The hydrochlorides
of the 1,2,3-amino diols (2-2HCl and 3-HCI) were
characterized as their N-tert-butoxycarbonyl derivatives (22
and 23) prepared by treatment with di-zert-butyl dicarbo-
nate and triethylamine. The carbamates (22 and 23) showed
mp 143.5—144.5°C, [o]g° —15.7° (chloroform) [lit.,* mp
143—145°C, [«]3° —15.8° (chloroform)] and mp 134—
135°C, [2]3° —67.4° (chloroform) [lit.,>® mp 130—131°C,
[«]3° —64.91° (chloroform)], respectively. Spectral data of
22 and 23 were found to be identical with those reported.>®
Successful syntheses of 2-2HCI and 3-HCI from 17 defi-
nitely established the steric course of epoxide formation
and the regiochemistry of epoxide opening.

As mentioned above, we have succeeded in developing
a highly stereoselective addition reaction of cyclohex-
ylmethylmagnesium bromide with 8 in the presence of
cerium(IIl) chloride. The addition product (9) could be
elaborated to three types of C-terminal components of renin
inhibitors (1, 2, and 3). The novel addition reaction
developed here may further find a wide application in the
syntheses of various optically active amines.

Experimental
All melting points were determined with a Yamato MP-21 melting point
apparatus and a Yamato micro melting point apparatus and are un-
corrected. Measurements of optical rotations were performed with a
Horiba SEPA-200 automatic digital polarimeter. 'H- and '*C-NMR
spectra were measured with Hitachi R-90H (90 MHz) and Brucker AM-
400 (400 MHz) spectrometers. All signals were expressed in ppm using
tetramethylsilane (0.00 ppm) (in CDCl;) or HDO (4.70 ppm) (in D,0) as
an internal standard (d-value). The following abbreviations are used: singlet
(s), doublet (d), triplet (t), quartet (q) and broad (br). Infrared (IR) spectra
measurements were carried out with a JASCO A-202 diffraction grating
infrared spectrometer. Mass spectra (MS) were taken with Hitachi
RMU-6MG (regular mass spectra) and Hitachi M-80A [high resolution
and secondary ionization mass spectra (HRMS and SIMS)] mass
spectrometers. Unless otherwise noted, all reactions were performed using
anhydrous solvents. Tetrahydrofuran and ether freshly distilled from
sodium benzophenone ketyl were mainly used. Wako Gel C-200 and C-300
were used as adsorbents for column chromatography. The following
abbreviations are used for solvents and reagents: acetic acid (AcOH),
acetonitrile (CH;CN), benzene (PhH), carbon tetrachloride (CCl,),
cerium(11I) chloride (CeCl,), chloroform (CHCI;), copper(I) iodide (Cul),
ether (Et,0), ethyl acetate (EtOAc), hexane (C¢H,,), methanol (MeOH),
palladium(IT) hydroxide (Pd(OH),), pyridine (Py), ruthenium(lIT) chloride
(RuCly), tetrahydrofuran (THF), toluene (PhMe), triethylamine (Et;N).
4-0-Benzyl-2,3-O-isopropylidine-L-threose (7) According to the re-
ported procedure,'® this compound could be prepared from 4 in S steps.
The aldehyde (7) obtained as a slightly yellow oil showed bp. 180°C
(1 mmHg) (bath temp.) [(lit.,'® bp 140—150°C (0.6 mmHg) (bath temp.)].
"H-NMR (CDCl,) d: 1.40, 1.47 (6H, two s, CH; x 2), 3.50—3.77 (2H, m,
CH,0), 4.07—4.39 (2H, m, CHCH), 4.59 (2H, s, CH,Ph), 7.31 (SH, s,
C¢Hs), 9.72 (1H, brs, CHO). This 'H-NMR spectrum was identical with
that reported.®
(4R,5R)-4-Benzyliminomethyl-5-benzyloxymethyl-2,2-dimethyl-1,3-
dioxolane (8) Benzylamine (0.225 ml, 2.06 mmol) and anhydrous MgSO,
(602 mg, 5.00 mmol) were added to a solution of 7 (505 mg, 2.02 mmol) in
PhMe (10 ml) cooled in an ice bath, and the mixture was stirred at the
same temperature for 1.5h.7'" After being warmed to room temperature,
the mixturc was filtered. The filtrate was concentrated in vacuo to give
crude 8 as a pale yellow oil (701 mg, quantitative yicld). "H-NMR §: 1.44
(6H, twos, CH;x2), 3.49—3.73 (2H, m, CH,0), 4.12—4.45 (2H, m,
CHCH), 4.45—4.81 (4H, m, CH,Ph x 2), 7.10—7.37 (10H, m, C4H5 x 2),
7.79 (1H, br d, J=5Hz, CH=N). Since 8 was found to be fairly unstable,
it was directly subjected to the next addition reaction.
(4R,5R)-4-[(S)-(1-N-Benzylamino-2-cyclohexyl)ethyl]-5-benzyloxy-
methyl-2,2-dimethyl-1,3-dioxolane (9) Anhydrous CeCl; prepared by
heating CeCl;-7H,0 (4.00 g, 10.7mmol) at 130—140°C for Sh in vacuo,
was suspended in THF (20 ml) at room temperature. The suspension was
sonicated for 1h, then stirred for 2h at room temperature. A solution of
cyclohexylmethylmagnesium bromide in Et,O (1.0M solution, 10.1ml,
10.1 mmol) was added to the suspension of anhydrous CeCl; in THF
prepared above with stirring at — 30 °C, and stirring was continued at the
same temperature for 0.5h. A solution of crude 8 (701 mg, 2.02 mmol) in
THF (10 ml) was added to the reaction mixture with stirring at —30°C.
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Stirring was continued for 2 h at the same temperature, then the reaction
mixture was gradually warmed to room temperature, stirred for an
additional 12h, then poured into saturated NaHCO;. The mixture was
extracted with EtOAc. The ethyl acetate extracts were combined, washed
successively with water and saturated NaCl, dried over anhydrous MgSO,,
then filtered. Concentration of the filtrate in vacuo gave an oily residue,
which was purified by column chromatography (PhMe: EtOAc=100: 1 —
50:1) to give pure 9 as a colorless oil (660 mg, 75% from 8), [«]3° +12.3°
(¢=1.22, CHCl,). '"H-NMR (CDCl,) 6: 0.77—1.73 (13H, m, C¢H,,CH,),
1.40, 1.42 (6H, two s, CH; x 2), 2.66—2.74 (1H, m, PhCH,NHCH), 3.56
(1H, dd, /=10.3, 5.5Hz, one of CH,0), 3.57 (1H, dd, J=10.3, 5.5Hz,
one of CH,0), 3.75 (IH, d, J=13.1 Hz, one of PhCH,N), 3.85 (1H, d,
J=13.1Hz, one of PhACH,N), 3.88 (I1H, dd, /=7.9, 4.0 Hz, CHCHCH,0),
4.24 (1H, ddd, /=79, 5.5, 44Hz, CHCHCH,O0), 4.56 (2H, s, OCH,Ph),
7.19—7.35 (10H, m, CgH; x 2). IR (neat): 2930, 2870cm ™. MS m/z: 438
(M +177), 422, 340, 216. HRMS: Caled for C,gH,oNO, ([M+1]%):
438.3005. Found: 438.2987.
(4R,5R)-4-[(R)-(1-N-Benzylamino-2-cyclohexyl)ethyl]-5-benzyloxy-
methyl-2,2-dimethyl-1,3-dioxolane (13) A solution of cyclohexylmethyl-
magnesium bromide in Et,O (1.0 Msolution, 1.25 ml, 1.25 mmol) was added
to a suspension of Cul (248 mg, 1.30 mmol) in THF (2ml) with stirring
at —78°C. Stirring was continued at the same temperature for 10 min,
then boron trifluoride-etherate (0.155ml, 1.26 mmol) was added and the
reaction mixture was further stirred for 5 min. A solution of crude 8 (82 mg,
0.233 mmol) in THF (1 ml) was added to the reaction mixture at — 78 °C.
The mixture was stirred at the same temperature for 1 h, gradually warmed
up to room temperature, and further stirred for 15 min. After being poured
into saturated NaHCO;, the mixture was extracted with EtOAc. The
organic extracts were combined, washed successively with H,0 and
saturated NaCl, then dried over anhydrous MgSO,. Filtration followed
by concentration in vacuo gave an oily residue, which was purified by
column chromatography (PhMe: EtOAc=100: 1) to give pure 13 as a pale
yellow oil (52% from 8), [a]3” +26.7° (c=1.05, CHCl,). 'H-NMR
(CDCl3) 6: 0.70—1.72 (13H, m, C,H,,CH,), 1.40, 1.41 (6H, two s,
CH;x2), 2.81 (IH, dt, J=74, 4.6Hz, PACH,NHCH), 3.57 (1H, dd,
J=10.3, 5.8Hz, one of CH,0), 3.67 (1H, dd, J=10.3, 3.6 Hz, one of
CH,0),3.77(1H, d, J=13.1 Hz, one of PhCH,N), 3.83 (1H, d, /=13.1 Hz,
one of PhCH,N), 3.90 (1H, dd, /=7.8, 4.6 Hz, CHCHCH,0), 4.15 (1H,
ddd, J=7.9, 5.8, 3.6 Hz, CHCHCH,0), 4.58 (1H, d, J=12.2Hz, one of
OCH,Ph), 7.18—7.40 (10H, m, C¢Hs x 2). IR (ncat): 2940, 2850 cm ™!,
MS mfz: 437 (M), 422, 340, 216.
(4S,5R)-3—Benzyl-5-[(R)-(Z-benzyloxy-l-hydroxy)ethyl]-4-cyc10hexyl-
methyloxazolidin-2-one (10) a) (4R,5R)-4-[(S)-(1-(N-Benzyl-N-methoxy-
carbonyl)amino—2—cyclohexy1)ethyl]-5—benzy10xymethyl—2,2-dimcthyl~
1,3-dioxolan: Anhydrous K,CO; (435mg, 3.15mmol) and methyl chlo-
roformate (0.24ml, 3.11 mmol) was added to a solution of 9 (262 mg,
0.598 mmol) in THF (6.5 ml) with stirring in an ice bath, and the mixture
was stirred at the same temperature for 7h. After being diluted with
EtOAc, the ethyl acetate solution was washed successively with dilute HC,
H,0, and saturated NaCl, dried over anhydrous MgSO,, then filtered.
Concentration of the filtrate in vacuo gave an oily residue, which was
purified by column chromatography (PhMe: EtOAc=100: 1) to give the
carbamate as a colorless oil (288 mg, 97%), [a]3° —24.9° (¢=1.05, CHCl,).
'H-NMR (CDCly) §: 0.40—2.10 (13H, m, C¢H,,CH,), 1.38 (6H, s,
CH,; % 2),3.69 3H, 5, CO,CHs), 4.61 (4H, s, PhCH, x 2), 3.46—4.50 (SH,
m, NCHCHCHCH,0), 7.27 (5H, s, one of C4H;), 7.33 (5H, s, one of
CeHy). IR (neat): 2950,2875,1690 cm ™! MS m/z: 495 (M *), 480, 437, 274.
b) (2R,3R,4S)»4—(N—Benzyl—N-methoxycarbonyl)amino-l-bcnzyloxy—S-
cyclohexylpentane-2,3-diol: The carbamate (242 mg, 0.487 mmol) obtained
in a) was dissolved in 80% AcOH (12ml) and the acidic solution was
stirred at 80 °C for 5h. Concentration in vacuo gave the crude diol, which
was immediately subjected to the next step. 'H-NMR (CDCly) o:
0.45—1.90 (13H, m, C,H,,CH,), 3.73 (3H, s, CO,CH,), 7.27 (SH, s, one
of C¢Hs), 7.32(5H, 5, one of C4Hj), Other signals could not be assigned.
¢) 10: The crude diol obtained in b) was dissolved in a 10% solution of
KOH in MeOH (3ml), and the solution was stirred at room temperature
for 3.5 h. The reaction mixture was neutralized with | M HC! and extracted
with EtOAc. The ethyl acetate extracts were combined, washed successively
with H,0 and saturated NaCl, dried over anhydrous MgSO,, then filtered.
Concentration of the filtrate in vacuo gave a residue, which was purified
by column chromatography (PhMe: EtOAc=10: 1) to give 10 as a colorless
oil [189mg, 92% (2 steps)], [a]d”® ~29.7° (¢=1.25, CHCl,). 'H-NMR
(CDCl3) 6: 0.67—1.70 (13H, m, C¢H,,CH,), 2.33 (IH, brs, OH), 3.53
(1H, dd, J=9.6, 7.3Hz, one of CH,0), 3.58 (1H, dd, J=9.6, 5.1 Hz, one
of CH,0), 3.64—3.75 (2H, m, NCHCHCHCH,0), 4.09 (lH, d,
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J=15.3Hz, one of PhCH,N), 4.20 (1H, dd, J=5.0, 2.8 Hz, NCHCHCH-
CH,0), 4.52 (2H, s, OCH,Ph), 4.79 (1H, d, J=15.3 Hz, one of PhCH,N),
7.24—7.38 (10H, m, C¢H; x 2). IR (neat): 3300, 2940, 2875, 1735cm ™",
MS m/z: 423 (M ™), 332, 302, 284. HRMS: Caled for C,¢H33NO, (M*):
423.2407. Found: 423.2431.

(4R,5R)-3-Benzyl-5-[(R)-(2-benzyloxy-1-hydroxy)ethyl]-4-cyclohexyl-
methyloxazolidin-2-one (14) a) (4R,5R)-4-[(R)-(1-(N-Benzyl- N-methoxy-
carbonyl)amino-2-cyclohexyl)ethyl]-5-benzyloxymethyl-2,2-dimethyl-1,3-
dioxolane: Anhydrous K,CO; (35.8mg, 0.259 mmol) and methyl chlo-
roformate (0.02ml, 0.0514 mmol) were added to a solution of 13 (22.5
mg, 0.259 mmol) in THF (1.1 ml) with stirring in an ice bath, and the
mixture was stirred at the same temperature for 9.5h. Treatments of the
reaction mixture in the same manner as described for the preparation
of 10 gave the crude carbamate after concentration of the ethyl acetate
extracts. This was immediately subjected to the next acidic hydrolysis.
'H-NMR (CDCl5) é: 0.45—2.00 (13H, m, C,H,,CH,), 1.28, 1.37 (6H,
two s, CH; x2), 3.70 (3H, s, CO,CHj,), 7.26 (SH, s, one of C¢Hjs), 7.33
(5H, one of C¢Hy). Other signals could not be assigned.

b) (2R,3R.4R)-4-(N-Benzyl-N-methoxycarbonyl)amino-1-benzyloxy-5-
cyclohexylpentane-2.3-diol: The crude carbamate obtained in a) was treated
with 80% AcOH (I ml) in the same manner as described for the preparation
of 10, giving the crude diol after concentration of the reaction mixture in
vacuo. This was immediately subjected to the next step. 'H-NMR (CDCly)
6:0.60—1.90 (13H, m, C4H,,CH,), 3.80 (3H, s, CO,CH,), 7.27 (5H, s,
one of CgHs), 7.31 (SH, one of C4H;). Other signals could not be assigned.

c) 14: The crude diol obtained in b) was dissolved in a 10% solution of
KOH in MeOH (I ml) and the solution was stirred at room temperature
for 3.5h. Treatments of the reaction mixture in the same manner as
described for the preparation of 10 gave pure 14 as a colorless oil [20.4 mg,
94% (3 steps)] after purification by column chromatography (PhMe:
EtOAc=20:1-10:1), [«]3° —31.6° (¢=0.823, CHCl;). '"H-NMR (CDCl,)
4:0.65—1.84 (13H, m, C4H,,CH,), 2.22 (1H, brd, J=5.5Hz, OH), 3.56
(IH, dd, J=9.2, 5.7Hz, one of CH,0), 3.65 (1H, dd, /=9.2, 7.5 Hz, one
of CH,0), 3.77 (1H, ddd, /=9.6, 8.5, 4.1 Hz, PhCH,NCH), 3.99 (IH,
brq, J=59Hz, CHCH,0), 4.13 (1H, d, J=15.5Hz, one of PhCH,N),
4.43 (IH, dd, J=8.5, 1.2Hz, CHCHCH,0), 4.55 (1H, d, J=11.8 Hz, one
of PhCH,0), 4.56 (1H, d, /=11.8Hz, one of PhCH,0), 4.78 (1H, d,
J=15.5Hz, one of PhCH;N), 7.24—7.38 (10H, m, C4H; x 2). IR (neat):
3400, 2920, 2850, 1720cm ™. MS m/z: 423 (M ™), 332, 326, 314. HRMS:
Caled for C,4H;33NOL(M ™): 423.2407. Found: 423.2420.

(4S5,5R)-3-Benzyl-4-cyclohexyl-5-[(R)-(1,2-dihydroxy)ethyl Joxazolidin-
2-one (11) A mixture of 10 (158 mg, 0.372 mmol) and 20% Pd(OH), on
carbon (catalytic amount) in MeOH (3ml) was stirred under a hydro-
gen atmosphere (1 atm) overnight at room temperature. The catalyst
was filtered off, and the filtrate was concentrated in vacuo to give 11 as
a colorless solid (125mg, quantitative yield). Recrystallization from
EtOAc-CgH, gave an analytical sample of 11 as colorless crystals,
mp 101-—102°C and [«]J3°—43.1° (¢=0.594, CHCl;). 'H-NMR (CDCl,)
¢:0.70—1.80 (13H, m, C;H,,CH,), 2.20 (1H, t, J=5.9Hz, CHOH),
2.65 (1H, d, J=6.6Hz, CHOH), 3.55 (IH, m, CHOH), 3.64 (1H, m,
PhCH,NCH), 3.72 (2H, dd, /=538, 5.5Hz, CH,OH), 4.10 (IH, d,
J=15.3Hz, one of PhCH,N), 4.20 (1H, d, /=5.1, 3.3 Hz, CHCHCH,0),
4.79 (1H, d, J=15.3Hz, one of PhCH,N), 7.20—7.40 (SH, m, C4Hj).
IR (KBr): 3440, 3250, 2930, 2885, 1720, 1440, 1042, 702cm ™. MS m/z:
333 (M "), 236, 176, 91. Anal. Caled for C,,H,,NO,: C, 68.44; H, 8.16;
N, 4.20. Found: C, 68.22; H, 8.25; N, 4.19.

Methyl (4S,5R)-3-Benzyl-4-cyclohexylmethyloxazolidin-2-one-5-carbox-
ylate (12) RuCl;-3H,0 (catalytic amount) and NalO, (512mg, 2.40
mmol) was added to a solution of 11 (162 mg, 0.485mmol) in a mixture
of CCl;, MeCN, and H,0 (2:2:3) (6.3ml). After stirring at room
temperature for 2 h, the reaction mixture was extracted with CHCl;. The
chloroform extracts were combined, dried over anhydrous MgSO,, then
filtered. Concentration of the filtrate in vacuo gave crude (4S,5R)-3-benzyl-
4-cyclohexylmethyloxazolidin-2-one-5-carboxylic acid, which was dis-
solved in a mixture of PhH and MeOH (4:1) (3ml). An excess amount
of trimethylsilyldiazomethane (10% hexane solution) was added to the
solution of the crude carboxylic acid. After stirring at room temperature
for 1'h, the mixture was concentrated in vacuo. The concentration residue
was purified by column chromatography (CqH,,:EtOAc=9:1-4:1)
to give 12 as a colorless oil [ 117 mg, 73% (2 steps)], [a]2° —21.5° (¢ = 1.92,
CHCl,). "H-NMR (CDCl,) 3: 0.70—1.70 (13H, m, C¢H,;CH,), 3.58 (1H,
dt, /=9.8, 3.8 Hz, PhCH,NCH), 3.78 (3H, s, CO,CH,), 4.04 (1H, d,
J=15.3Hz, one of PhCH,N). 4.55 (1H, d, J=3.8 Hz, CHCO,Me), 4.83
(IH, d, J=15.3Hz, one of PhCH,N), 7.20—7.40 (SH, m, C4H,). IR
(neat): 2950, 2870, 1775, 1760, 1240, 702cm™'. MS m/z: 331 (M),
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234, 205, 91.

(2R.35)-3-Amino-4-cyclohexyl-2-hydroxybutyric Acid Hydrochloride
[(2R,35)-Cyclohexylnorstatine Hydrochloride] (1-HCI) Two molar NaOH
solution (4.0 ml) was added to a solution of 12 (127 mg, 0.384 mmol) in
MeOH (0.6 ml), and the mixture was stirred overnight at 90 °C. After being
acidified (pH=1) with 1.0 M HCI, the mixture was concentrated in vacuo.
Addition of MeOH to the residue followed by filtration and concentration
in vacuo gave crude (2R,3S5)-3-benzylamino-4-cyclohexyl-2-hydroxybutyric
acid hydrochloride, which was immediately dissolved in MeOH (6 ml).
Twenty percent Pd(OH), on carbon (catalytic amount) was added to the
methanolic solution prepared above, and the whole mixture was stirred
under a hydrogen atmosphere (1atm) overnight at room temperature.
Filtration followed by concentration in vacuo gave a residue, to which was
added 6.0M HCI (4 ml). After stirring at 100°C for 2h, concentration in
vacuo gave crude (2R,3S)-3-amino-4-cyclohexyl-2-hydroxybutyric acid
hydrochloride. This was dissolved in a small amount of H,O, and the
aqueous solution was poured onto a column of ion exchange resin
(AGS50W-X2). After being washed with H,O, the column was eluted with
25% NH4,OH. The alkaline eluate was concentrated in vacuo to give a
residue, which was dissolved in 1.0M HCI. Concentration of the acidic
solution to a small volume in vacuo gave 1-HCI as colorless crystals
[69.0mg, 76% (5 steps)]. Recrystallization from H,O gave an analytical
sample of 1-HCI, mp 191—192°C (dec.) and [a]3° —13.6° (c=0.633, I M
HCI) [lit.,” mp 190°C (dec.) and [«]3°—12.4° (¢=0.482, I m HCI)].!1?
'H-NMR (D,0) 6: 0.8—1.80 (13H, m, C¢H,,CH,), 3.67 (1H, dt, J="7.3,
3.5Hz, CHN), 4.34 (1H, d, J=3.5Hz, CHO). This 'H-NMR spectrum
was identical with that reported.>® IR (KBr): 3900—2600, 3350, 2940,
1725, 1485, 1400, 1075 cm ™. MS (SIMS) m/z: 202 ((M—CI])™), 126.

(4S5,5R)-3-Benzyl-4-cyclohexylmethyl-5-[ (R)-(2-benzyloxy-1-methane-
sulfonyloxy)ethyl]Joxazolidin-2-one (15) Methanesulfonyl chloride (70 pl,
0.90 mmol) was added to a solution of 10 (306 mg, 0.723 mmol) in pyridine
(2ml) cooled in an ice bath, and the mixture was stirred in an ice bath
for 3h. After being diluted with EtOAc, the ethyl acetate solution was
washed successively with H,O and saturated NaCl, and dried over
anhydrous MgSO,. Filtration and concentration in vacuo gave a resi-
due, which was purified by column chromatography (C¢H,,: EtOAc=
4:1-3:2) to give pure 15 as a colorless oil (347 mg, 96%). 'H-NMR
(CDCly) 6:0.70—1.70 (13H, m, C,H, ,CH,), 2.87 (3H, s, SO,CH,), 3.65
(2H, m, NCH and one of CH,0Bn), 3.70 (1H, dd, J=10.6, 4.9 Hz, one
of CH,OBn), 4.12 (1H, d, J=15.1 Hz, one of PhCH,N), 4.38 (1H, dd,
J=each4.0Hz, CHCH,O0),4.47 (1H,d, J=11.7 Hz, one of OCH,Ph), 4.52
(1H, d, J=11.7Hz, one of OCH,Ph), 4.68 (1H, m, CHOSO,), 4.71 (1H,
d, /=15.1Hz, one of PhCH,N), 7.24—7.38 (10H, m, C¢H; x 2). IR (neat):
3050, 2950, 2875, 1760, 1180, 922, 702cm ™. MS m/z: 501 (M*), 410
(IM—C4HsCH,]%), 404.

(45,5R)-3-Benzyl-4-cyclohexylmethyl-5-[(R)-(2-hydroxy-1-methane-
sulfonyloxy)ethylJoxazolidin-2-one (16) Twenty percent Pd(OH), on
carbon (80 mg, catalytic amount) was added to a solution of 15 (645 mg,
1.29 mmol) in MeOH (5ml), and the mixture was stirred under a hydro-
gen atmosphere (latm) at room temperature for 2d. Filtration and
concentration in vacuo gave crude 16 as a colorless oil (517 mg, 98%).
This was immediately subjected to the next reaction. 'H-NMR (CDCl;)
6: 0.70—1.70 (13H, m, C¢H,,CH,), 2.34 (1H, t, J=6.0 Hz, OH), 2.87
(3H, s, SO,CH,), 3.66 (1H, m, CHN), 3.84 (2H, m, CH,OH), 4.09 (1H,
d, /=149 Hz, one of PhCH,N), 4.40 (dd, J=4.5, 3.4 Hz, CHOCO), 4.60
(1H, ddd, J=6.3, 4.7, 3.4 Hz, CHOSO,), 4.75 (1H, d, J=15.0Hz, one of
PhCH,N), 7.30—7.40 (SH, m, C4H;). IR (neat): 3700—3200, 2945,
2855, 1740, 1442, 1175, 915, 702cm™!. MS m/z: 411 (M ™), 314 (M —
CeH,,CH,1%), 218, 91.

(4S,5R)-3-Benzyl-4-cyclohexylmethyl-5-[ (§)-oxiran-2-yl]oxazolidin-
2-one (17) Sodium methoxide (560mg, 10.4mmol) was added to a
solution of 16 (515 mg, 1.25mmol) in THF (10 ml) with stirring in an ice
bath. Stirring was continued in the ice bath for 30 min, then the reaction
mixture was diluted with EtOAc, washed succesively with H,O and
saturated NaCl, and then dried over MgSO,,. Filtration and concentration
in vacuo gave a residue, which was purified by column chromatography
(C¢H 4 EtOAc=19:1-3:1) to give 17 as a colorless oil (370 mg, 94%),
[2]3° —7.6° (¢=0.706, CHCl,). 'H-NMR (CDCl,) §: 0.70—1.70 (13H,
m, C4H,;CH,), 2.68 (1H, dd, J=4.7, 2.5Hz, one of CH,0), 2.84 (1H,
dd, J=4.7, 40Hz, one of CH,0), 2.94 (1H, ddd, J=6.1, 4.0, 2.5Hz,
CHOCH,), 3.50 (1H, ddd, /=9.8,4.2,3.9 Hz, CHN), 3.84 (1H, dd, /= 6.1,
4.2Hz, CHOCO), 4.05 (1H, d, /=15.2Hz, one of PhCH,N), 4.83 (1H,
d, J=15.2Hz, one of PhCH,N), 7.25—7.38 (5H, m, C4H;). IR (neat):
2950, 2855, 1760, 1422, 1240, 702cm™'. MS m/z: 315 (M™*), 218
(IM—Cg¢H,,CH,]7), 91.
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(45,5R)-3-Benzyl-4-cyclohexylmethyl-5-[(:S)-(1-hydroxy-2-morpholin-4-
yl)ethyl]oxazolidin-2-one (18) A mixture of 17 (70.5mg, 0.224 mmol) and
morpholine (40 ul, 0.459 mmol) in MeOH (1.5ml) was stirred at room
temperature for 1d. After being diluted with EtOAc, the ethyl acetate
solution was washed successively with H,O and saturated NaCl, and dried
over anhydrous MgSO,. Filtration and concentration in vacuo gave a
residue, which was purified by column chromatography (CqH,, : EtOAc=
1:7) to give 18 as a colorless caramel (84.4 mg, 94%), [«]3® —55.2° (¢c=
0.782, CHCl,). 'H-NMR (CDCl;) §: 0.70—1.70 (13H, m, C¢H,,CH,),
2.34 (1H, dd, J=12.5, 10.0Hz, one of CH,NCH,CH,0), 2.39 (2H, m,
NCH,CH,0), 2.55 (1H, dd, J=12.5, 3.5Hz, one of CH,NCH,CH,0),
2.58 (2H, m, NCH,CH,0). 3.53 (1H, ddd, /=10.0, 7.2, 3.5Hz, CHOH),
3.59 (1H, m, CHN), 3.68 (4H, m, CH,0CH,), 3.96 (1H, dd, J=7.2,
3.6 Hz, CHOCO), 4.05 (1H, d, J=15.1Hz, one of PhCH,N), 4.81 (IH,
d, J=15.1 Hz, one of PhCH,N), 7.26—7.38 (SH, m, C4H;). IR (neat):
37003200, 2948, 2855, 1755, 1442, 1120, 702cm™'. MS m/z: 401
(IM —117%), 340, 258, 100 ([CH, =N(CH,CH,),0]7).

(45,5R)-3-Benzyl-4-cyclohexylmethyl-5-[(S)-(1-hydroxy-3-methyl)-
butyl]Joxazolidin-2-one (20) A solution of isopropylmagnesium chloride
in Et,O (1.0M solution, 0.70 ml, 0.70 mmol) was added to a suspension of
Cul (7mg, 0.037mmol) in Et,O (2ml) with stirring at 0°C. Stirring was
continued at the same temperature for 10min, then a solution of 17
(73.4mg, 0.233mmol) in Et,O (1 ml) was added to the reaction mixture
at 0°C. The whole was stirred at the same temperature for 1.5h, then
diluted with EtOAc. The ethyl acetate solution was washed successively
with saturated NaHCOj; and saturated NaCl, and dried over anhydrous
MgSO,. Filtration and concentration in vacuo gave a residue, which was
purified by column chromatography (C¢H,,:Et,O=2:1) to give 20 as a
colorless caramel (51.8mg, 62%), [«]3° —35.0° (¢=0.982, CHCI,).
'"H-NMR (CDCl;) 5:0.84 (3H, d, J=6.6 Hz, CH;), 0.91 (3H,d, J=6.7Hz,
CH,), 0.70—1.70 (16H, m, C¢H,,CH, and CH,CHMe,), 3.50 (IH, m,
CHN), 3.67 (IH, m, CHOH), 4.03 (1H, t, J=4.2Hz, CHOCO), 4.07 (1H,
d, J=15.2Hz, one of PhACH,N), 4.80 (1H, d, /= 15.2 Hz, one of PhCh,N),
7.24—7.38 (5H. m, C¢H). IR (CHCI,): 2940, 2850, 1740, 1442, 1092cm ™.
MS m/z: 359 (M ™), 262, 176, 91.

(4S5,5R)-4-Cyclohexylmethyl-5-[(S)-(1-hydroxy-2-morpholin-4-yl)ethyl]-
oxazolidin-2-one (19) A solution of 18 (84.4mg, 0.210 mmol) in Et,0
(3ml) was added to liquid ammonia (5ml) containing sodium metal
(ca. 50mg, 2.2mmol) at —78°C. Stirring was continued at the same
temperature for 2h, then the reaction was quenched by adding NH,CI
and liquid ammonia was evaporated off. Water was added to the
evaporation residue and the aqueous mixture was extracted with EtOAc.
The ethyl acetate extracts were combined, washed with saturated NaCl,
then dried over anhydrous MgSO,. Filtration and concentration in
vacuo gave a residue, which was purified by column chromatography
(C¢H, 4 :EtOAc=1:4-EtOAc) to give 19 as colorless crystals (50.8 mg,
78%). An analytical sample of 19 was prepared by recrystallization from
EtOAc, mp 173—174°C and [«]3° —79.8° (¢=0.694, CHCl,). '"H-NMR
(CDCl;) 6: 0.80—1.80 (13H, m, C4H,,CH,), 2.39 (1H, dd, J=12.6,
9.9 Hz, one of CH,NCH,CH,0), 2.46 (1H, m, NCH,CH,0), 2.66 (I1H,
dd, J=12.6, 3.6 Hz, one of CH,NCH,CH,0), 2.64 (2H, m, NCH,CH,0),
3.71 (4H, m, CH,0OCH,), 3.79 (1H, ddd, /=9.9, 7.1, 3.6 Hz, CHO), 3.92
(IH, m, CHN), 3.97 (IH, dd, J=7.1, 4.7Hz, CHOCO), 5.54 (1H, brs,
NH). IR (CHCI,): 2940, 2855, 1740, 1118, 1090cm ™!, MS m/z: 313 (|[M +
17%), 130,100. Anal. Caled for C;4H,gN,0,0.2H,0: C, 60.81; H, 9.06;
N, 8.87. Found: C, 60.89; H, 9.09; N, 8.72.

(4S,5R)-4-Cyclohexyl-5-[(S)-(1-hydroxy-3-methyl)butyl Joxazolidin-
2-one (21) Treatment of 20 (118 mg, 0.328 mmol) in the same manner as
described for 18 gave 21 as colorless crystals (44.9mg, 51%) after pu-
rification by column chromatography (C4H,,: EtOAc=4:1-3:2). An
analytical sample of 21 was obtained by recrystallization from EtOAc, mp
162—162.5°C and [2]3° —81.2° (¢=0.739, CHCl;). 'H-NMR (CDCl,)
6:0.93 (3H, d, J=6.6 Hz, CH};), 0.97 (3H, d, /=6.7 Hz, CHj;), 0.80—1.90
(16H, m, C¢H,;CH, and CH,CHMe,), 2.40 (1H, brs, OH), 3.92
(2H, m, CHN and CHOH), 4.02 (IH, dd, J=5.4, 3.7Hz, CHOCO),
5.45 (1H, brs, NH). IR (CHCl,): 2940, 2855, 1758, 1092cm™!'. MS
mjz: 270 (M +177), 251 ((M—H,01%), 212, 122, 86. Anal. Caled for
C,sH,;NO;-0.1H,0: C, 66.44; H, 10.11; N, 5.16. Found: C, 66.51; H,
10.10; N, 5.12.

(25,3R,45)-4-Amino-5-cyclohexyl-1-morpholin-4-yl-2,3-pentanediol
Dihydrochloride (2-2HCI) A mixture of 19 (37.2mg, 0.119 mmol) and
concentrated HCl (3ml) was heated at reflux for 3d. Concentration in
vacuo gave 2-2HCI as a colorless caramel (48.4 mg, quantitative yield).
'H-NMR (D,0) é: 0.70—1.70 (I13H, m, C4H,,CH,), 3.10 (2H, m,
NCH,CH,0), 3.18 (1H, dd, /=13.5, 10.5Hz, one of CH,NCH,CH,0),
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3.22 (IH, dd, J=13.5, 2.8 Hz, one of CH,NCH,CH,0), 3.46 (3H, m,
CHNH;* and NCH,CH,0), 3.56 (1H, dd, J=7.0, 2.6 Hz, CH(OH)-
CH(OH)CH,), 3.75 (2H, m, CH,OCH,), 398 (2H, m, CH,OCH,),
4.06 (1H, ddd, /=10.5, 7.0, 2.8 Hz, CH(OH)CH,). '*C-NMR (D,0) é:
28.27, 28.31, 28.65, 35.17, 35.35, 35.63, 39.80, 51.93, 53.80, 56.24, 62.13,
66.28 (C % 2), 67.98, 72.99. SIMS m/z: 287 ((M+ 1 —2HCI]™"), 200, 100.
This compound (2-2HCI) was further characterized as 22.

(25,3R,45)-2-Amino-1-cyclohexyl-6-methyl-3,4-heptanediol Hydrochlo-
ride (3-HCl) A mixture of 21 (42.8 mg, 0.159 mmol) and concentrated
HCI (4 ml) was heated at reflux overnight. Concentration of the mixture
in vacuo gave 3-HCIl as a colorless caramel (47.7 mg, quantitative yield).
'H-NMR (D,0) 6: 0.85 (3H, d, J=6.6 Hz, CH;), 0.89 (3H, d, /=6.7 Hz,
CH,), 0.80—1.80 (I6H, m, C¢H,,CH, and CH,CHMe,), 3.56 (2H, m,
CHO and CHN), 3.82 (1H, m, CHO). SIMS m/z: 244 ((M + 1 —HCI]"),
126, 55. This compound was further characterized as 23.

(28,3R,45)-4-N-tert-Butoxycarbonylamino-5-cyclohexyl-1-morpholin-
4-yl-2,3-pentanediol (22) Di-zert-butyl dicarbonate (48.0 mg, 0.220 mmol)
and Et;N (30 u1, 0.22 mmol) were added to a solution of 2-2HCI (15.1 mg,
0.042mmol) in CH,Cl, (0.3ml), and the mixture was stirred at room
temperature for 1 h. After being diluted with EtOAc and H,O, the ethyl
acetate layer was separated, washed with saturated NaCl, then dried over
anhydrous MgSO,. Filtration and concentration in vacuo gave a residue,
which was purified by column chromatography (EtOAc) to give 22 as
colorless crystals (12.2mg, 75%). Recrystallization from EtOAc-C¢H,,
gave an analytical sample of 22, mp 143.5—144.5°C and [«]3° —15.7°
(c=0.82, CHCl;) [lit.,*» mp 143.5—145°C and [«]3° —15.8° (c=1.07,
CHCL)]. "H-NMR (CDCl;) §: 0.80—1.82 (13H, m, C,H,,CH,), 1.46
(OH, s, C(CH3;);), 2.52 (2H, m, CH,N (CH,CH,),0), 2.60—2.85 (4H, m,
N(CH,CH,),0), 343 (2H, m, CH(OH)CH(OH)), 3.71 (4H, m,
N(CH,CH,),0), 3.97 (1H, ddd, J=14.2, 9.7, 4.7Hz, CHNHCO), 4.66
(2H, two brd, J=each 9.5 Hz, NH and OH). IR (KBr): 3000—3600, 2940,
2860, 1678 cm ™ !. MS m/z: 387 (M "), 313, 100. These 'H-NMR and IR
spectra of 22 were identical with those reported.®> HRMS: Calcd for
C,oH3oN,05: 387.2859. Found: 387.2867.

(28,3R,45)-2-tert-Butoxycarbonylamino-1-cyclohexyl-6-methyl-3,4-
pentanediol (23) A mixture of 3-HCI (47.0 mg, 0.159 mmol), di-zert-butyl
dicarbonate (70.0 mg, 0.321 mmol), and Et;N (67 pl, 0.48 mmol) in CHCl,
(I ml) was stirred at room temperature for 2h. The mixture was worked
up in the same manner as described for the preparation of 22 to give
23 as colorless crystals (45.9mg, 84%) after purification by column
chromatography (C¢H,, : EtOAc=3:1—1:1). Recrystallization from cy-
clohexane gave an analytical sample of 23, mp 134—135°C and [«]2°
—67.4° (¢c=1.17, CHCly) [lit.,? mp 130—131°C and [«]2° —64.91°
(c=2.20, CHCIl3)]. "H-NMR (CDCl;) 6 : 0.80—1.50 (15H, m, C;H,,CH,
and CH,CHMe,), 0.89 (3H, d, J=6.6Hz, CH,), 0.95 (3H, d, /J=6.7Hz,
CH;), 1.45 9H, s, C(CH,);), 1.94 (1H, m, CHMe,), 3.20 (IH, m,
CH(OH)CH(OH)CH),), 3.33 (1H, m, CH(OH)CH(OH)CH,), 4.04 (1H, m,
CHN), 4.16 (IH, d, /J=4.3Hz, OH), 4.54 (1H, d, /=9.0Hz, NH). IR
(CHCIl,): 3450, 2940, 1680, 1502, 1160cm ™', These 'H-NMR and IR
spectra of 23 were identical with those reported.5? MS m/z: 344 (M 4+1]"),
288, 226, 57. Anal. Caled for C oH;,NO,: C, 66.44; H, 10.86; N, 4.08.
Found: C, 66.32; H, 10.77; N, 3.87.
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Synthesis and Anxiolytic Activity

of 2-Aryl-5,6-dihydro-(1)benzothiepino[5,4-c]pyridazin-3(2H)-ones and Related Compound?
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A series of 2-aryl-5,6-dihydro-(1)benzothiepino[5,4-c]pyridazin-3(2H)-ones and related compounds were
synthesized and evaluated for their ability to displace *H-diazepam from rat brain membranes in vitro, and to prevent

bicuculline induced convulsions in mice in vivo.

Compounds with a 4’-methoxyphenyl (36) or 4’'-chlorophenyl group (37, 39—42) as 2-aryl substituents showed
prominent activities in both the in vitro and in vivo tests. Among them, 2-(4’-chlorophenyl)-5,6-dihydro- (37) and
2-(4’-chlorophenyl)-5,6-dihydro-10-fluoro-(1)benzothiepino[ 5,4-c]pyridazin-3(2H)-one 7-oxides (41) showed activity
twice as potent as diazepam in an anticonflict test (Vogel type, rats) while exhibiting less muscle relaxation (rotarod
test, mice) and augmentation of y-aminobutyric acid-induced chloride current (1) in isolated frog sensory neurones
than diazepam. Compound 37 (Y-23684) was selected from this series as a candidate for further development. The

structure-activity relationships are discussed.

Keywords benzodiazepine receptor; binding assay; antibicuculline test; anticonflict test; anxiolytic activity; sulfoxide;
y-aminobutyric acid; (1)benzothiepino[ 5,4-c]pyridazin-3(2H)-one; structure-activity relationship

Since the discovery of chlordiazepoxide and diazepam
(DZ), the 1,4-benzodiazepines (BZs) have been the most
widely used anxiolytics. In addition to their anxiolytic
activity, the BZs possess undesirable effects, e.g., muscle
relaxation, sedation, and a hypnotic effect. Recently, re-
search of anxiolytics has focused on discovering potent
anxioselective agents® which do not exhibit the undesirable
effects. Anxioselective activity may be achieved by partial
agonists® at the BZ receptor (BZR) complex. Most of the
ligands which are characterized as partial agonists to BZR
are approximately planar shaped,” constructing a rigidly
condensed ring system; B-carboline,*® pyrazolo[4,3-c]-
quinoline,® imidazo[1,5-a][1,4]benzodiazepine,” triazolo-
[4,3-b]pyridazine,® and imidazo[1,2-a]pyrimidine.®

We have previously reported that (4aR*,6R*)-2-(4-
chlorophenyl)-4a,5-dihydro-2 H-(1)benzothiopyrano[4,3-
c]pyridazin-3(4 H)-one 6-oxide (1), which has a six—six—six
tricyclic condensed ring system, possesses an anxioselective

property and behaves as a BZR partial agonist.'® In the
course of the research program on anxioselective com-
pounds, we synthesized 2-aryl-5,6-dihydro-(1)benzothiepi-
no[5,4-c]pyridazin-3(2H)-ones and related compounds,
which have a six—seven-six tricyclic ring system designated
as the general formula 2. We describe here the detailed

Q Q N(CH3 q N Hs -
NH(CHa),*HCI i) NH,OH C{T@ H
2 —_— - 3
R —©f> HCHO, Acz0 ) CHs i) CHal R2 5 N
S 2 S HCl CHs
3 4 KCNl 5
Q
COOH ~CN
R2/© HCI-ACOH 92/@
S 7 S 6
M,
EO)—NHNH,
@) AcOH Q)/F”
N0
Brp N
AOH \_/
R?@
S
820 2129
Chart 2
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synthesis, biological activity, and structure-activity rela-
tionships of the (1)benzothiepino[35,4-c]pyridazin-3(2H)-
ones (2).

Chemistry The 2-aryl-4,4a,5,6-tetrahydro- (8—20)
and 2-aryl-5,6-dihydro-(1)benzothiepino[ 5,4-¢]pyridazin-
3(2H)-ones (21—29) were prepared by the synthetic route
shown in Chart 2.

The key intermediates 7, 5-0x0-2,3,4,5-tetrahydro-1-
benzothiepin-4-acetic acids, were prepared according to
the method in our previous paper.’ The ketones 3 were
converted to the Mannich products 4. Reaction of 4 with
iodomethane gave the quaternary salts 5, which were
converted to the y-ketonitrile derivatives 6 in a reaction with
an aqueous methanolic solution of potassium cyanide. The
intermediates 7 were obtained by hydrolysis of 6 (Table 1V).

The desired 2-aryl-4,4a,5,6-tetrahydro-(1)benzothiepino-
[5,4-c]pyridazin-3(2H)-ones (8—20) were furnished by
treatment of 7 with an ethanolic solution of phenyl-
hydrazine derivatives followed by cyclization in acetic
acid under reflux.

The 2-aryl-5,6-dihydro-(1)benzothiepino[ 5,4-¢]pyridazin-
3(2H)-ones (21—29) were prepared by oxidation of the
corresponding 4,4a,5,6-tetrahydro compounds with bro-
mine in acetic acid.

The 10-acetyl (30), 10-acetylamino (31), and 10-amino
(32) compounds were prepared by the synthetic sequence
shown in Chart 3. The Friedel-Crafts reaction of 23 with
acetyl chloride in dichloromethane afforded 30, which
underwent the Schmidt rearrangement reaction with sodi-
um azide in polyphosphoric acid (PPA) to give 31. Com-
pound 32 was obtained from 31 in good yield by hydrol-
ysis with hydrochloric acid under reflux. The 10-hydroxy
compound (33) was prepared by treating the 10-methoxy
compound (28) with butylmercaptan and AICl; in dichlo-
romethane according to the method of Node et al.'? as
shown in Chart 4.

The sulfoxide (7-oxide) derivatives (35—43) were pre-
pared by oxidation of the corresponding sulfides (21—28,
30) with hydrogen peroxide in formic acid (Chart 5).

The 3-thioxo compound (34) was obtained by treatment
of 23 with Lawesson’s reagent in benzene (Chart 6).
Physicochemical properties of compounds 2 are summariz-
ed in Tables I and II.

The structural assignment of compound 37 was also
confirmed by X-ray analysis as shown in Fig. 1.

Results and Discussion

Pharmacology The (1)benzothiepino[3,4-c]pyridazin-
3(2H)-ones were primarily examined for their ability to
displace *H-diazepam from rat brain membranes in vitro
and to prevent bicuculline-induced convulsions (anti-BCL)

Fig. I.

Cl
N NP
N\ BuSH N\ P
CHs 7 HO,
AICl5, CH,Cl,
S S
33
R‘l
.N: 0O
N
\

R2/© s

21-28, 30 é) 35—43
Chart 5

Cl Cl

0O S
NN Lawesson's reagent N-N
\N \
benzene
S S
23 34

X-Ray Crystal Structure of 37 by ORTEP Drawing
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TasLe 1. Physicochemical and Biological Data for 2-Aryl-4.4a,5,6-tetrahydro- and 2-Aryl-5,6-dihydro-(1)benzothiepino[5,4-c]pyridazin-3(2H)-ones
Analysis (%) 3 . g
Compd. . . 44a® Yield  mp (CCP Caled (Found) L FDiazepam  Antibicu.®
R R o Formula binding assay EDs,
No. Bond (%) Recryst. solv. _ K, (nm) me/kg, p.o
C H N i e £
8 4-OCH, H 1 53 143—145 CioH gN,0,S 6743 536 828 46 > 100
EtOH (67.48 5.38 8.24)
9 H H 1 67 138-140 C,sH ¢N,OS 70.10 523  9.08 670 >100
EtOH (70.27 525 9.06)
10 4-Cl H 1 85 140—142 C,gH,sCIN,0OS 63.06 441 8.17 70 36.2
EtOH (63.10 4.41 8.04)
11 3-Cl H 1 43 122—123 C,sH,sCIN,OS 63.06 441 8.17 > 1000 N.T
MeOH (63.09 435 8.09)
12 2'-Cl H 1 18 148—150 C,gH,sCIN,OS 63.06 441 8.17 > 1000 N.T.
EtOH (62.85 4.40 8.11)
13 4-CH, H 1 53 143—145 C,oHgN,OS 70.78 5.63  8.69 160 >100
EtOH (71.07 5.63  8.52)
14  4-Br H 1 50 135—137  C,4H,sBrN,0S 5582 390  7.23 110 49.9
MeOH (56.06 3.80 7.24)
15 4-F H 1 47 146—147 C,sH,sFN,08 66.24 4.63  8.58 610 > 100
EtOH (65.70  4.60 8.55)
16 4-Cl 10-Cl1 1 66 141—143 C,sH,,CL,N,0S8 5730 374 743 200 > 100
MeOH (57.54 3.79  7.48)
17 4-Cl 10-CH;, 1 40 151—153 C,oH,-CIN,OS 6395 480 7.85 180 >100
EtOH (64.17 478  7.80)
18 4'-Cl 10-OCH, 1 64 137—138 C;oH,,CIN,0,S 61.20 4.60 7.51 38 384
EtOH-CHCl, (61.23 4.61 7.42)
19 4'-Cl 10-F 1 47 141—142 C;sH ,CIFN,OS 5992 391 7.76 90 12.5
EtOH (59.93 4.02 17.73)
20 4-OCH; 10-Cl 1 34 159—161 C,,H,-,CIN,OS 6120 4.60 7.51 56 >100
EtOH (61.18 4.52  7.43)
21 4-OCH, H 2 80 134—135 C1oH,(N,O,S 67.84 479 8.33 3 4.8
EtOH (67.89 4.97  8.25)
22 4-Br H 2 44 208—209 C,gH,;BrN,0S 56.12 340  7.27 16 29.5
MeOH (56.27 3.58  7.20)
23 4-Cl H 2 88 185186 C,sH,;CIN,OS 63.43 384 822 11 5.5
EtOH (63.48 3.79 8.18)
24 4-Cl 10-Cl 2 80 215—217 C,sH,,C,N,0S 57.61 322 747 11 22.0
EtOH-CHCl, (5772 321  7.53)
25 4-Cl 9-Cl 2 88 191—193 C,gH,,CI,N,08 5761 322 747 63 79
EtOH-CHClI, (57.52 347 7.40)
26 4-Cl 8-Cl 2 50 166—168 C,sH,,CI,N,0S 57.61 322 747 29 294
EtOH (5772 3.24 7.40)
27 4'-Cl 10-F 2 80 162—163 CsH,CIFN,OS  60.25 3.37 7.8l 14 22
IPA (60.38 3.35  7.80)
28 4-Cl 10-OCH; 2 87 205—206 C,,H,;CIN,0,S 61.55 4.08 7.55 2.3 8.1
MeOH (61.79 4.15  7.55)
29 4'-Cl 10-CH, 2 67 182—184 C,oH,;CIN,0S 62.72 444 7.0 13 19.7
EtOH -1/2H,0 (62.54 4.05 7.58)
30 4'-Cl 10-Ac 2 47 178—179 C,0H,;sCIN,0,8 61.77 406 7.20 22 11.4
EtOH-CHCl, -1/3H,0 (61.79 392  7.15)
31 4l 10-NHAc 2 71 258—260  C,oH,,CIN;O,S  60.37 4.05 10.56 750 > 100
EtOH-CHCl, (60.08 396 10.50)
32 4-Cl 10-NH, 2 67 242—244 C4H,,CIN,08 60.76 397 11.81 30 >100
EtOH-CHCl, (60.63 3.86 11.81) .
33 4'-Cl 10-OH 2 65 233--235 C,sH;CIN,0,S 60.59 3.67 7.85 17 > 100
MeOH (60.31 3.69 7.64)
349 4-Cl H 2 64 258—259 CysH,3CIN,S, 60.58 3.67 785 490 > 100
CHCI,-EtOH (60.64 3.63 7.42)

a) Ac, acetyl; AcNH, acetylamino. b) I, single bond; 2, double bond. ¢) IPA, isopropyl alcohol.

d) Antibicu., antibicuculline. N.T., no test.

¢) 3-Thioxo compound.
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TasLe II.  Physicochemical and Biological Data for 2-Aryl-5,6-dihydro-(1)benzothiepino[ 5,4-c]pyridazin-3(2H)-one 7-Oxides

N
Y
S
R? v
(6}
Analysis (%) 3 . S hy
Compd. ) o Yield mp (°C) Caled (Found) ["H]Diazepam  Antibicu.
R R Formula binding assay EDy,
No. (%) Recryst. solv. K, (nm) me/ke, p.o
C H N i » P-0-
35 4-Br H 73 227 CsH;3BIN,0,S 5388 327  6.98 34 5.9
MeOH-CHCl,4 (53.81 3.31 7.00)
36 4-OCH, H 86 200201 C,oH,(N,05S 6476 458 795 18 0.7
MeOH (64.77 4.75 7.82)
37 4'-Cl H 74 233—234 C,H,3CIN,O,S 60.59 3.67 7.85 41 1.2
EtOH (60.79 3.64 7.86)
38 4'-Cl 10-Cl 40 239241 C,sH,,C,N,0,8 5526 3.10 7.16 11 3.2
MeOH (55.47 3.30 7.02)
39 4-Cl 9-Cl 78 208—209  C,gH,,C,N,0,S 5526 3.10  7.16 97 0.8
EtOH (55.17 335  7.06)
40 4-Cl 8-Cl 78 217—219  C,iH,,CLN,0,8 5526 3.10  7.16 1 0.7
MeOH (5501  3.08  7.09)
41 4-Cl 10-F 77 233-235  C,4H,,CIFN,0,S 57.68 323 747 36 0.7
MeOH (57.69 3.26 7.44)
42 4-Cl 10-OCH, 48 209—210  C,oH,sCIN,0,S  59.00 391 7.4 3.9 1.0
MeOH (58.80 4.14 7.12)
43 4-Cl 10-Ac 53 231—232  C,oH,sCIN,0,S 5933 390 692 40 79
EtOH-CHCl; -1/3H,0O (59.31 3.73 6.83)
Diazepam 5.8 0.4
a) Ac, acelyl. b) Antibicu., antibicuculline.
TaBLE III. Comparative Biological Data for Representative Compounds
Compd. [*H]Diazepam Antibicuculline Anticontlict Rota rod Ratio Relative
No binding K, (nM)  ED,, mg/k (Water-lick test) gy 0k (Rotarod/anticonflict) I
. g K so MK, p.o. MED mg/kg, p.o. so ME/KG, p.o. otarod/anticonfiic ol
36 18 0.7 25 157 6 1.54
37 41 1.2 5 158 32 1.64
39 97 0.8 5 35 7 1.61
40 11 0.7 25 >250 >10 1.75
41 36 0.7 5 107 21 1.75
42 3.9 1.0 10 N.T.® 1.91
Diazepam 5.8 0.4 10 1.6 0.2 2.40

a) N.T., no test.

in mice in vivo (Tables I and II).

Compounds that exhibited activity in both of the
primary screens were further studied by the following
assays: anticonflict test (water-lick test),!? rotarod test,'®
and electrophysiological test on the y-aminobutyric acid
(GABA)-induced chloride current (concentration-clamp
technique).!* The results are summarized in Table ITI.

The tests described above were selected in order to
evaluate anxioselectivity. The anticonvulsant properties of
the compounds were evaluated by using the GABA,
receptor antagonist bicuculline. The anticonflict test was
adapted from Vogel ef al.,'® and is considered to be a
reliable method for identifying potential anxiolytic activity.
The concentration-clamp technique appears to be useful for
evaluating the efficacy of the compounds on the responses
mediated by the GABA receptor complex.'*? The details

of these tests are given in the experimental section.

Structure-Activity Relationships The K, (nM) values and
anti-BCL activity (EDs, values) were used as preliminary
selection criteria and a probe for further synthesis. Among
the 2-aryl-4,4a,5,6-tetrahydro-(1)benzothiepinof 5,4-c]pyri-
dazin-3(2H)-ones (8—15), compounds which had such
substituents for R! as a 4'-chloro, 4’-bromo, 4-methoxy,
or 4-methyl group on the phenyl ring at the 2-position
revealed an appreciable affinity for BZR. The unsubstituted
compound (9) and 4'-fluoro compound (15) had a reduced
affinity for BZR. In contrast, the 3’-chloro compound (11)
and 2'-chloro compound (12) did not exhibit BZR affinity
(K;>103nM). The 4-methoxy compound (8) showed the
highest affinity to BZR among 8—15.

In the in vivo test, 4-chloro (10) and 4-bromo (14)
compounds showed anti-BCL activities. However, com-
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pounds with other substituents for R! were inactive in the
anti-BCL test, showing no apparent correlation to the
affinity to BZR.

Compounds (16—20) were examined regarding how the
substituent R* on the benzothiepine ring affected pharma-
cological activity. The 10-methoxy compound (18) seemed
to have the best K; value among them, though a remark-
able improvement over the activity of the unsubstituted
counterpart (10) was not observed. In the anti-BCL test,
the 10-fluoro compound (19) showed more enhanced
activity than compound 10.

On the basis of the above mentioned structure-activity
studies on the 4-4a single bond (s-type) series (8—20),
the 2-aryl-5,6-dihydro-(1)benzothiepino[5,4-c]pyridazin-
3(2H)-ones (21—33) having a 4-4a double bond (d-type)
were then tested to determine whether the modification of
the same series of compounds could improve the affinity
to BZR and anti-BCL activity. The d-type compounds
(2124, 27—29) exhibited a higher affinity to BZR than
the corresponding s-type compounds. Among the chloro-
substituted compounds at the 8, 9 or 10-position as R2, the
10-chloro compound (24) showed the highest affinity for
BZR. The 10-acetyl (30), 10-amino (32), and 10-hydroxy
(33) compounds also revealed a high affinity for BZR,
whereas the 10-acetylamino compound (31) showed low
affinity. Among these d-type compounds, the K, values of
compound 21 with a 4'-methoxy group as R!, and 28 with
a 10-methoxy group as R?, were superior to that of DZ.

Moreover, the d-type compounds revealed a marked
improvement in in vivo anti-BCL activity. Compounds with
a 4'-chloro group as R! (23—30) exhibited remarkable
anti-BCL activity. Among them, the unsubstituted com-
pound (23), or compounds with a 9-chloro (25), 10-fluoro
(27) or 10-methoxy (28) group as R? had an oral EDy, of
less than 10 mg/kg in the anti-BCL test. The 10-amino (32)
and 10-hydroxy (33) compounds, however, did not show in
vivo activity despite a high affinity for BZR. These results
might be attributed to the low penetration of both
compounds (32, 33) through the gastrointestinal membrane
and/or the blood-brain barrier. The 4'-bromo compound
(22) as R' exhibited moderate activity in the anti-BCL test
compared with the 4'-chloro compounds. The 4'-methoxy
compound (21) showed prominent anti-BCL activity with
an oral EDs, of 4.8mg/kg. The thioxo compound (34)
at the 3-position showed reduced affinity to BZR and
exhibited no activity in vivo. These results suggest that the
carbonyl oxygen at the 3-position in the (I)benzothiepino-
[5,4-c]pyridazine skeleton is an essential moiety to interact
with the BZR complex, for instance, a hydrogen bond
acceptor.>®

On the basis of our previous data,’® compounds with
a sulfoxide group at 7-position (35—43) were synthesized
in order to improve the in vivo activity of the d-type
compounds having potent anti-BCL activity. All sulfoxides
synthesized showed 3 to 30 times stronger activity in the
anti-BCL test and tended to have less BZR affinity than
the corresponding d-type compounds. Compounds with a
4'-chloro group as R' in combination with no substituent
(37) or a 9-chloro (39), 8-chloro (40), 10-fluoro (41), or
10-methoxy (42) substituent as R? showed prominent
anti-BCL activity with an oral EDs, of 0.7 to 1.2mg/kg.
The 4'-methoxy compound (36) as R' also revealed

Vol. 39, No. 10

remarkable anti-BCL activity (EDs,=0.7 mg/kg). Also,
the solubility of the sulfoxide 37 in water at 25°C was
1x 1072 w/v%, being 10 times higher than that of the
corresponding sulfide 23 (1 x 10~ *w/v%). Therefore, it is
suggested that the enhanced in vivo activity of these
sulfoxides reflects their improved oral bioavailability.

Table IIT gives comparative biological data for the
compounds (36, 37, 39—42) chosen for further studies in
comparison with those for DZ. Compound 37, 39 and 41
among those selected showed a remarkable improvement
in the ratio of minimum effective dose (MED) values in a
model of antianxiety (anticonflict test) to EDs, values of
muscle relaxant effects (rotarod test) when compared to
DZ, as shown in Table III. This data suggests that the
above listed compounds have more potent anxiolytic
effects and weaker muscle relaxant properties.

Recent electrophysiological studies!® by use of a con-
centration-clamp technique in isolated frog sensory neu-
rones showed that (1) all full agonists to BZR increased
the peak amplitude of chloride current (7, elicited by
GABA, and (2) partial agonists showed a dose-dependent
augmentation of the GABA response, although at about
half the amplitude of full agonists. In the present study, the
relative /,; value for DZ was 2.40, but the representative
compounds showed reduced efficacy with relative 7, values
of 1.54 to 1.91. This data suggests that these compounds
have partially agonistic properties.

Compounds 37 and 41 were judged to have especially
anxioselective properties because these compounds had
higher efficacy in the anticonflict test, more reduced
activities in the muscle relaxation test, and a lower 7
value than DZ.

Based on the favorable characteristics described above,
as well as on detailed biological'® and toxicological'®
evaluations, 2-(4'-chlorophenyl)-5,6-dihydro-(1)benzothiepi-
no[5,4-cJpyridazin-3(2H)-one 7-oxide (37, Y-23684) was
selected as a candidate for further development. Y-23684
is currently undergoing additional studies to further
evaluate its potential as an anxioselective anxiolytic agent,
namely as a BZR partial agonist.

Experimental

Melting points were determined on a Buchi 530 melting point apparatus
and are uncorrected. Infrared (IR) spectra were taken on a JASCO IR-810
spectrometer. Nuclear magnetic resonance (NMR) spectra were recorded
on a JEOL-FX100 spectrometer unless otherwise noted and chemical shifts
were given in ppm with tetramethylsilane as an internal standard. Mass
spectra (MS) were measured with a JEOL JMS-01SG-2 spectrometer.

2,3,4,5-Tetrahydro-1-benzothiepin-5-ones (3) 7-Chloro (3¢),!” 7-methyl
(3d),*® 7-methoxy (3e),’® 7-fluoro (3f)!” and unsubstituted (3g)2® com-
pounds were prepared according to the published methods. 9-Chloro (3a)
and 8-chloro (3b) compounds were synthesized by treating 2-chloro-
thiophenol and 3-chlorothiophenol, respectively, with y-butyrolactone in
ethanolic sodium ethoxide, followed by cyclization with PPA according
to the method of Traynelis and Love.2?

9-Chloro-2,3,4,5-tetrahydro- [-benzothiepin-5-one (3a): Colorless prisms
(from hexane), mp 71—72°C. Anal. Caled for C,oH,CIOS: C, 56.47; H,
4.26. Found: C, 56.62; H, 4.35. IR vEBr em ™12 1680 (C=0). MS m/z: 212
(M*). "H-NMR (CDCly) §: 2.20—2.47 (2H, m), 2.96—3.10 (4H, m), 7.15
(1H, t, /=8 Hz, ArH), 7.45 (1H, dd, /=2, 8 Hz, ArH), 7.71 (1H, dd, /=2,
8 Hz, ArH).

8-Chloro-2,3,4,5-tetrahydro-1-benzothiepin-5-one (3b): Oil. Anal. Caled
for C,,HyCIOS: C, 56.47; H, 4.26. Found: C, 56.75; H, 4.15. IR ylig. film
em ™' 1680 (C=0). MS m/z: 212 (M*). 'TH-NMR (CDCl,) §: 2.13—2.42
(2H, m), 2.93—3.12 (4H, m), 7.21 (1H, dd, /=2, 8 Hz, ArH), 7.47 (1H, d,
J=2Hz, ArH), 7.78 (1H, d, /=8 Hz, ArH).
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5-Ox0-2,3,4,5-tetrahydro-1-benzothiepin-4-acetic Acids (7) A typical
example is given to represent the general procedure.
9-Chloro-2,3,4,5-tetrahydro-4-trimethylammoniomethyl- 1 -benzothiepin-
5-one lodide (5a): A solution of 11.3g (0.139mol) of dimethylamine
hydrochloride in 11.3g (0.139 mol) of 37% HCHO was stirred at room
temperature for 0.5h. Acetic anhydride (50 ml) was added dropwise at
70-—90°C and the mixture was then kept at 70—75°C for 1 h. To the
solution was added 3a (20 g, 0.094 mol), and the mixture was stirred at
70—75°C for 3h. After removal of the solvent under reduced pressure,
acetone (50ml) and isopropylether (50ml) were added to the residue
and the mixture was allowed to stand at room temperature for 3 h. The
crystals formed were collected by filtration, dissolved in chilled water,
neutralized with 28% NH,OH (12ml), and extracted by CHCl;. The
extract was washed with water, dried over MgSO,, and evaporated below
40°C. The residue was dissolved in acetone (150 ml), and iodomethane
(17 g, 0.12ml) was added to the resulting solution below 5°C in an ice
bath. After the mixture was allowed to stand at room temperature for 3 h,
the crystals formed were collected by filtration and washed with acetone
to give 5a (31g, 81%). Recrystallization from EtOH gave colorless
needles, mp 213-—214°C (dec.). Anal. Caled for C,,H,,CIIOS: C, 40.84;
H, 4.65; N, 3.40. Found: C, 40.93; H, 4.71; N, 3.39. IR vXBr cm~1: 1680
(C=0). 'H-NMR (DMSO-d;) §: 1.80—2.73 (3H, m), 2.96 (9H, s,
N(CH3);), 3.36—3.51 (2H, m), 3.81-—4.24 (2H, m), 7.30 (1H, t, J=8 Hz,
ArH), 7.56 (1H, dd, J=2, 8 Hz, ArH), 7.67 (1H, dd, /=2, 8 Hz, ArH).
9-Chloro-5-0x0-2,3,4,5-tetrahydro- 1 -benzothiepin-4-acetonitrile (6a):
To a solution of 5a (20.6 g, 0.05mol) in methanol (300 ml) was added a
solution of KCN (3.9g, 0.06mol) in water (50 ml) dropwise at room
temperature. The solution was stirred at room temperature for 1h and
poured into ice-water. The resulting mixture was extracted with AcOEt.
The extract was washed with water, dried over MgSO,, and concentrated
in vacuo. After the addition of isoproryl alcohol (IPA) to the residue. the
crystals formed were collected by filtration and recrystallized from EtOH
to afford 6a (10.5g, 83%) as colorless needles, mp 115—116°C. Anal.
Caled for C,,H,,CINOS: C, 57.27; H, 4.01; N, 5.56. Found: C, 57.27; H,
4.06; N, 5.55. IR vKB cm ™ !: 1680 (C=0), 2240 (CN). MS m/z: 251 (M ).
"H-NMR (CDCl,) §: 1.96—2.24 (1H, m), 2.33—2.95 (4H, m), 3.11—3.44
(IH, m), 3.70—4.02 (1H, m), 7.18 (1H, t, J=8 Hz, ArH), 7.49 (1H, dd,
J=2,8Hz, ArH), 7.75 (1H, dd, /=2, 8 Hz, ArH).
9-Chloro-5-0x0-2,3,4,5-tetrahydro- 1-benzothiepin-4-acetic Acid (7a):
To a solution of conc. HCI (10ml) and acetic acid (10 ml) was added 6a
(5g, 0.02mol). The solution was refluxed for 3h, and poured into
ice-water. The precipitate was collected by filtration, washed with water,
and recrystallized from TPA to give 7a (4.3 g, 80%) as colorless needles,
mp 195—197°C. IR vEB em™": 1680 (C=0), 1700 (COOH). MS my/z:

TasLe IV. Physicochemical Data for 5-Oxo-2,3,4,5-tetrahydro-1-ben-
zothiepin-4-acetic Acids

O
COOH
S
RZ
o Analysis (%)
Compd. . Yielgw mp (O _ Caled (Found)
R o Recryst. Formula
No. () Ren
T C H
7a 9-Cl 57 195-197 C,,H,,CIOsS 53.23 4.10
IPA (53.02 3.89)
7 8Cl 54 144—147 C,,H,,ClO,S 5323 4.10
IPA (53.48 4.20)
Te 7-Cl 53 205--207 C,,H,,ClO;S 53.23 4.10
EtOH (53.26  4.20)
74 7-CH, 46  203—205 C,;H,,0,8 6238 5.64
IPA (62.57 5.795)
Te 7-OCH, 42  204—206 C,3H,,0,S  58.63 5.30
IPA (58.78 5.37)
7 7-F 69 193—195
IPA
7g" H 67 171—173
EtOH

a) Yield from 3.

b) IPA, isopropyl alcohol. ¢) Lit. (reference 1).
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270 (M ™). '"H-NMR (CDCl,) 6: 1.87—3.32 (6H, m), 3.73—4.06 (1H, m),
7.17 (1H, t, J=8 Hz, ArH), 7.45 (1H, dd, /=2, 8 Hz, ArH), 7.63 (1H, dd,
J=2, 8 Hz, ArH).

Other compounds (7b—g) in Table IV were similarly prepared from the
corresponding 3b—g.

2-Aryl-4,4a,5,6-tetrahydro-(1)benzothiepino[ 5,4-c]pyridazin-3(2 H)-ones
(8—20) A typical example is given to represent the general procedure.

Method A: 2-(4-Methoxyphenyl)-4,4a,5,6-tetrahydro-(1)benzothiepino-
[5.4-c]pynidazin-3(2H)-one (8): A mixture of 7g (4g, 0.017mol), 4-
methoxyphenylhydrazine hydrochloride (2.2g, 0.02mol), and sodium
acctate (1.8 g, 0.022mol) in EtOH (100 ml) was refluxed overnight. After
evaporation of the solvent, the residue was dissolved in acetic acid (50 ml).
The mixture was refluxed for 2h, poured into ice-water, and extracted
with AcOEt. The extract was washed successively with aq. saturated
NaHCOj, dried over MgSQ,, and concentrated in vacuo. The residue was
chromatographed on a silica gel column using CHClj; as an eluent to give
8 (3.0g, 53%), which was recrystallized from EtOH to give colorless
needles, mp 143—145°C. IR vEB cm ™' 1680 (CON). MS m/z: 338 (M ).
"H-NMR (CDCl;) 6: 2.00—3.09 (6H, m), 3.57—3.84 (1H, m), 3.82 (3H,
s, OCH;), 6.93 (2H, d, J=9Hz, ArH), 7.17—7.39 (3H, m, ArH),
7.72—7.81 (1H, m, ArH).

Other compounds (9—20) in Table I were prepared in a similar manner.

2-Aryl-5,6-dihydro-(1)benzothiepino[ 5,4-c]pyridazin-3(2H)-ones (21—29)
Typical examples are given to represent the general procedure.

Method B: 2-(4-Chlorophenyl)-5,6-dihydro-(1)benzothiepino[5,4-c]-
pyridazin-3(2H)-one (23): To a solution of 10 (16.4g, 0.048mol) in
acetic acid (500 ml), bromine (9.2g, 0.057 mol) was added dropwise at
40—50°C. The reaction mixture was stirred at 40—45°C for 1h and
poured into ice-water. The precipitate was collected by filtration, washed
with water, and recrystallized from EtOH to give 23 (14.4g, 88%) as
colorless needles. mp 185—186 °C. IR vKBr cm~1: 1680 (C=0). MS m/z:
340 (M*). 'TH-NMR (CDCl;) é: 2.73 (2H, t, J=7Hz, SCH,CH,), 3.26
(2H, t, J=7Hz, SCH,CH,), 6.89 (1H, s, C=CCHCO), 7.43 (2H, d,
J=9Hz, ArH), 7.38—7.64 (4H, m, ArH), 7.70 (2H, d, J=9 Hz, ArH).

Other compounds (21, 22, 24, 27—29) in Table I were prepared in a
similar manner.

Method C: 9-Chloro-2-(4'-chlorophenyl)-5,6-dihydro-(1)benzothiepino-
[5.4-c]pyridazin-3(2H)-one (25): A mixture of 7b (7g, 0.026mol),
4-chlorophenylhydrazine hydrochloride (6.1g, 0.034mol), and sodium
acetate (2.9g, 0.034mol) in EtOH (100 ml) was refluxed overnight.
Work-up in a manner similar to that described in method A gave the
crude intermediate 9-chloro-2-(4'-chlorophenyl)-4,4a,5,6-tetrahydro-(1)-
benzothiepino[ 5,4-¢]pyridazin-3(2H)-one (7g) as a pale yellow oil. To a
solution of this crude intermediate in acetic acid (100 ml), bromine (3.3 g,
0.021 mol) was added dropwise at 40—45°C. Work-up as in method B
gave 25 (6.1g, 63%) as a colorless powder (from EtOH-CHCl;), mp
191—193°C. IR vXBr cm™1: 1680 (C=0). MS m/z: 375 (M*). "TH-NMR
(CDCly) 6: 2.73 (2H, t, J=7Hz, SCH,CH,), 3.27 (2H, J=7Hz,
SCH,CH,), 6.70 (IH, s, C=CHCO), 742 (2H, d, J=9Hz, ArH),
7.42—7.68 (3H, m, ArH), 7.67 (2H, d, /=9 Hz, ArH).

Another compound (26) in Table I was prepared in a similar manner.

10-Acetyl-2-(4’-chlorophenyl)-5,6-dihydro-(1)benzothiepino[5,4-¢]-
pyridazin-3(2H)-one (30) To an ice-cooled solution of AICI, (26g, 0.19
mol) in CH,Cl, (200ml) was added acetylchloride (10g, 0.13 mol) and
the mixture was stirred at 0—10°C for 0.5h. After addition of 23
(20 g, 0.059 mol), the mixture was refluxed for 7h and then poured onto
crushed ice. The resulting mixture was extracted with CH,Cl,. The
extract was washed with water, dried over MgSQO,, and concentrated in
vacuo. The residue was chromatographed on a silica gel column using
CHCI; as an cluent to give 30 (10.5g, 47%), which was recrystallized
from MeOH to afford a colorless powder, mp 178—179°C. IR vKBr
em™': 1670 (C=0), 1685 (C=0). MS m/z: 382 (M*). 'H-NMR (CDCl,)
d: 2,63 (3H, s, COCHy), 2.75 (2H, t, J=7Hz, SCH,CH,), 3.31 (2H, t,
J=T7Hz, SCH,CH,), 6.92 (1H, s, C=CHCO), 7.43 (2H, d, J=9Hz,
ArH), 7.68 (2H, d, /=9 Hz, ArH), 7.71 (1H, d, /=8 Hz, ArH), 7.97 (1H,
dd, /=2, 8 Hz, ArH), 8.12 (1H, d, J=2Hz, ArH).

10-Acetylamino-2-(4’-chlorophenyl)-5,6-dihydro-(1)benzothiepino[ 5,4-¢]-
pyridazin-3(2H)-one (31) To a suspension of 30 (5.4 g, 0.014 mol) in PPA
(55g) was added NaN; (1.4g, 0.021 mol) by portions, and the mixture
was stirred at room temperature for 2h. The mixture was poured into
ice-water and extracted with CHCI;. The extract was washed successively
with aq. saturated NaHCO,, dried over MgSQO,, and concentrated in
vacuo. The residue was recrystallized from EtOH-CHCI, to give 31 (4.0 g,
71%) as a colorless powder, mp 258—260 °C. IR vEKBrcm ™ 1': 1670 (C=0),

max

3300 (CONH). MS m/z: 397 (M™*). "H-NMR (CDCl,) §: 2.12 (3H, s,



2562

COCH,), 2.70 (2H, t, J=7Hz, SCH,CH,), 3.20 (2H, t, J=7Hz,
SCH,CH,), 6.87 (1H, s, C=CHCO), 7.38 (2H, d, /J=9Hz, ArH), 7.64
(2H, d, J=9Hz, ArH), 7.54—7.75 (2H, m, ArH), 7.93 (1H, s, ArH),
7.25—1.75 (1H, br, CONH).
10-Amino-2-(4’-chlorophenyl)-5,6-dihydro-(1)benzothiepino[5,4-c]-
pyridazin-3(2H)-one (32) A mixture of 31 (8.9g, 0.022mol) and conc.
HCI1 (90 ml) in EtOH (150 ml) was refluxed for 1 h. The resulting solution
was poured into ice-water, neutralized with K,CO;, and extracted with
CHCI;. The extract was washed with water, dried over MgSO,, and
concentrated in vacuo. The residue was recrystallized from EtOH-CHCI,
to give 32 (5.2g, 67%) as a colorless powder, mp 242-—244°C. IR vXPr
cm™: 1670 (C=0), 3330 (NH,), 3460 (NH,). MS m/z: 355 (M™).
'H-NMR (CDCl;) §: 2.70 (2H, t, J=7Hz, SCH,CH,), 3.15 (2H, t,
J=7Hz, SCH,CH,), 4.04 (2H, brs, NH,), 6.71 (IH, dd, J=3, 8Hz,
ArH), 6.87 (1H, s, C=CHCO), 6.91 (1H, d, J=3Hz, ArH), 7.38 (IH, d,
J=8Hz, ArH), 7.42 (2H, d, J=9Hz, ArH), 7.69 (2H, d, J=9Hz, ArH).
2-(4’-Chlorophenyl)-5,6-dihydro-10-hydroxy-(1)benzothiepino[5,4-c}-
pyridazin-3(2H)-one (33) To a suspension of AICl; (5g, 0.038 mol) in
CH,Cl, (30 ml), butyl mercaptan (5ml) was added at 0—35 °C and stirred
for on additional 0.5h. After the addition of 28 (5g, 0.013mol), the
mixture was stirred at room temperature for 0.5h and then poured into
ice-water. The precipitate was collected by filtration, washed with water,
and recrystallized from MeOH to give 33 (3.1 g, 65%) as colorless needles,
mp 233—235°C. IR vX% cm™1: 1660 (C=0), 3200 (OH). MS m/z: 356
(M*). 'TH-NMR (CDCl,) §: 2.71 (2H, t, J=7Hz, SCH,CH,), 3.19 (2H,
t, J=7Hz, SCH,CH,), 3.65 (1H, brs, OH), 6.88 (1H, dd, J=3, 8 Hz,
ArH), 6.89 (1H, s, C=CHCO), 7.08 (1H, d, J=3Hz, ArH), 7.42 2H, d,
J=9Hz, ArH), 7.49 (1H, d, /=8 Hz, ArH), 7.68 (2H, d, J=9Hz, ArH).
2-Aryl-5,6-dihydro-(1)benzothiepino[ 5,4-cpyridazin-3(2 H)-one 7-Oxides
(35—43) A typical example is given to represent the general procedure.
2-(4'-Chlorophenyl)-5,6-dihydro-(1)benzothiepino[ 5,4-¢]pyridazin-
3(2H)-one 7-Oxide (37): To a stirred solution of 23 (6.5g, 0.019 mol) in
formic acid (65ml) was added dropwise 30% H,0, (2.2g, 0.019mol)
below 5°C. The mixture was stirred at 5—10°C for | h and poured into
ice-water. The precipitate was collected by filtration and washed with
water. Recrystallization from EtOH gave 37 (5.0g, 74%) as colorless
needles, mp 233—234°C. IR vXB cm™!: 1680 (C=0). MS m/z: 356 (M1).
'H-NMR (CDCl;) §: 2.70—3.25 (3H, m), 3.83—4.11 (1H, m), 6.97 (1H,
s, C=CHCO), 7.44 (2H, d, J=9Hz, ArH), 7.60—7.82 (5H, m, ArH),
7.90—7.97 (1H, m, ArH).

Other compounds (35, 36, 38-—43) in Table II were prepared in a similar
manner.

2-(4’-Chlorophenyl)-5,6-dihydro-(1)benzothiepino[5,4-c Jpyridazin-3(2 H)-
thione (34) A mixture of 23 (9g, 0.026 mol) and the Lawesson’s reagent
(5.7g, 0.014mol) in benzene (100ml) was refluxed for 7h. After the
mixture was allowed to stand at room temperature for 3 h, the precipitated
solid was collected by filtration and recrystallized from EtOH-CHCI; to
give 34 (6.0g, 64%) as a yellow powder, mp 258259 °C. MS m/z: 356
(M™*). '"H-NMR (CDCls) 6: 2.71 (2H, t, J=7 Hz, SCH,CH,), 3.28 (2H, t,
J=7THz, SCH,CH,), 7.36—7.68 (8H, m, ArH), 7.76 (1H, s, C=CHCS).

Benzodiazepine Receptor Binding Assay Preparation of a synaptosome
fraction and 3H-diazepam (*H-DZ) binding studies were carried out
according to the method of Mohler and Okada.?" Crude synaptosomal
membranes were suspended in a 50mwm Tris-HCl buffer (pH 7.4)
containing 120 mM NaCl and 5mM KCl. The reaction was started by the
addition of a 900 ul aliquot of crude synaptosomal membranes to 100 ul
solution containing *H-DZ (final concentration was 2nM) and a known
concentration of test compounds. After the mixture was incubated for
20 min at 0 °C, the binding was stopped by adding 3 ml of ice-cold 50 mm
Tris-HCI buffer (pH 7.4) containing 120 mm NaCl and 5mm KCl. The
samples were then filtered under vacuum through Whatman GF/B filters
and immediately washed 4 times with 3ml of ice-cold buffer. The
radioactivity on the filters was measured by a liquid scintillation counter.
Binding in the presence of 1 uM unlabelled DZ was defined as nonspecific
binding. Specific binding was defined as the difference between the total
binding and the nonspecific binding. The experiments were carried out
in triplicate. The K; values were determined by the relationship X,=
1Cs0/(1 +¢/Ky), where IC,, was the concentration of the test com-
pounds which caused a 50% reduction of the specific binding vs. the
control, ¢ was the concentration of *H-DZ (2nM), and K, was the
dissociation constant determined by Scatchard’s plot.

Anticonvulsant Test (Antibicuculline Test) The experiment was prac-
ticed by a modification of the method of Lippa and Regan.?? Groups
of 7—14ddY male mice were challenged with bicuculline (0.6 mg/kg i.v.)
1 h after theoral administration of the test compounds. The EDy, values

Vol. 39, No. 10

were calculated by the probit method as the dose which prevented tonic
extension in half of the animals.

Anticonflict Test (Water-Lick Test) The experiment was carried out by
a modification of the method of Vogel er al.'® Groups of 10—14 Wister
rats were deprived of water for 72 h before the tests began. The rats were
placed in a plexiglass conflict test box (light compartment: 38 x 38 x 20 cm,
dark compartment: 10 x 10 x20cm). A water bottle with a stainless steel
spout was fitted to the middle of the outside so that the spout extended
3cm into the box at 10cm above the grid floor. A drinkometer circuit
(Ohara Inc., Nihon Koden) was connected to the spout and the number
of licks was counted. The rats were placed in the apparatus where an
electric shock (0.2—0.3mA, 0.3s) was given once every 20th lick. After
the rats were received the first electric shock, the number of shocks were
recorded during the subsequent 3-min test period. The test compounds
were administered orally 1h before the test. The MED was defined as the
lowest dose to produce a statistically significant difference in the punished
responses from 0.5% methylcellusolve-treated (One-way Anova test;
p<0.05).

Rotarod Test The experiment was carried out according to the method
described by Dunham and Miya.!® Groups of 10ddY male mice were
used. The mice were gently placed on the rod (2.8 cm in diameter rotating
at 11 rpm.) 1 h after oral administration of the test compounds. The EDj,
value was calculated by the probit method as the dose which caused half
of the animals to drop from the rotarod within 1 min.

GABA-Induced Response in Isolated Sensory Neurones of Frogs Sensory
neurons of frogs were isolated, and electrophysical experiments were
carried out according to the method of Akaike er al.'® Neurones were
voltage-clamped at a holding membrane potential of —50mV with a
single-electrode voltage-clamp system. Test compounds were applied by
using a concentration-clamp technique. When the peak Cl~ current ({,,)
elicited by 3 x 107°M GABA alone was presented as 1, the augmentative
I, of the test compounds in the presence of 3x10"°M GABA was
measured. The results were presented as relative 1 ; values.

X-Ray Crystallographic Analysis A crystal of 37 for X-ray crystallo-
graphic analysis was obtained from a methanol solution as colorless
prisms. The crystal data is as follows: C,4H;3CIN,O,S, monoclinic,
P2,jc, a=14.677 (2), b=6.946 (1), ¢=16.157 (2) A, p=104.56 (1),
V=1594.2 (4) A3, Z=4, D(Calcd)=1.49, u(CuK «)=234.60, F(000)=736.
Intensities were collected on an Enraf-Nonius CAD4 diffractometer with
graphite-monochromated CuKu radiation (1=1.5418A). 2328 unique
reflections with 7/>2.3 ¢ (/) were used for the refinement. The structure
was solved by the direct method. Atomic parameters were refined by a
block-diagonal method and the final R value was 0.044.

Supplementary Material Available Tables of final atomic positional
parameters, atomic thermal parameters, and bond distances and angles of
compound 37 are available. Ordering information is given on the current
masthead page.
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Synthesis and Biological Activity of 11-[4-(Cinnamyl)-1-piperazinyl]-6,11-dihydrodibenz[ b,e]oxepin
Derivatives, Potential Agents for the Treatment of Cerebrovascular Disorders”
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A series of 11-[4-(cinnamyl)-1-piperazinyl]-6,11-dihydrodibenz[b,e]oxepins and related compounds were syn-
thesized and evaluated for their protective activities against complete ischemia, normobaric hypoxia, lipidperoxidation
and convulsion. Structure-activity relationship studies of this series led to the finding of (E)-1-(3-fluoro-6,11-di-
hydrodibenz[ b,¢]oxepin-11-yl)-4-(3-phenyl-2-propenyl)piperazine dimaleate (50), AJ-3941 with the most appropriate

property for combined pharmacological activities.

Compound 50 also shows an inhibitory effect against cerebral edema as well when orally given to rats.

Keywords cerebrovascular disorder;

anti-ischemic effect;

antihypoxic effect; anti-lipidperoxidation; anticonvulsion;

anti-cerebral edema; 11-[4-(cinnamyl)- I-piperazinyl]-6,11-dihydrodibenz[b,e]oxepin; structure-activity relationship

As far as the brain is concerned, the most common disor-
ders in middle-age and late life are cerebrovascular disor-
ders such as cerebral infarction and hemorrhage.?’ These
cerebrovascular disorders are mainly caused by the cessation
of blood flow or hypoperfusion. A decrease in oxygen supply
to the brain results in a failure of energy metabolism which
triggers a cascade of many concomitant events such as a
massive increase in the release of excitatory transmitters
and an influx of calcium into the cells, leading to the
development of ischemic convulsion.** These events cause
a vicious circle in energy deficiency, and ultimately lead to
irreversible cerebral dysfunction which results in the
extensive death of neurons.® Oxygen-derived free radicals,
morever, are abundantly produced when oxygen supply is
restored in a tissue whose antioxidative capacity has been
reduced by ischemia/hypoxia.®’ Lipidperoxidation due to
the free radical reaction has been considered to be one of
the basic deteriorative mechanisms the cerebrovascular
disorders.%”

In view of the pathogenesis of cerebral dysfunctions, it
seems to us that one attractive approach to the development
of useful therapeutic agents for cetebrovascular disorders
is to design compounds having concurrent protective ac-
tivities against ischemia/hypoxia, convulsion, and lipid-
peroxidation.

With synthetic and pharmacological interests in dibenzo-
heterotricyclic compounds, we have studied such com-
pounds for several years and recently reported the synthesis
of trans-2-(6,6a,7,8,9,10,10a,11-octahydro-11-oxodibenzo-
[h,e]thiepin-3-yl)propionic acid (1) and its oxepin analogue
2 with an antiinflammatory activity,® and of 11-[4-[4-(4-
fluorophenyl)-1-piperazinyl]butyrylJamino-6,6a,7,8,9,10.-
10a,11-octahydrodibenzo[4,e]thiepin (3) and its dibenzo
analogue 4 with a calcium antagonistic activity.>'® As a
continuation of our research project, we planned to search
for agents useful for the treatment of cerebrovascular
disorders.

We had previously synthesized various 11-amino-6,11-
dihydrodibenzo[b,e]thiepin derivatives 5 in order to know
the fundamental structure emerging protective activities
against ischemia/hypoxia, convulsion and lipidperoxida-
tion.' Among the compounds prepared, the 4-cinnamyl-
1-piperazinyl derivative 38 was found to possess such
activities (Table I). Compound 38 is similar in structure

to cinnarizine (6)*? and flunarizine (7),'® which are both
being used in practice for the treatment of cerebrovascular
disorders. Protective effects of 38 against ischemia/hypoxia
compared favorably with those of cinnarizine and flunari-
zine as shown in Table I. This finding prompted us to
study further structure—activity relationships (SARs) of the
related dibenzotricycles having a side chain(s) on the ring
system.

Chemistry 6,11-Dihydrodibenzo[b,e]thiepin- and -ox-
epin-11-ones (11—15 and 16—30) were prepared by
modified procedures of the reported methods!# (Chart 2).
Condensation of phthalides 8 with thiophenols and phe-
nols gave the carboxylic acids 9 and 10, respectively, which
were used in the next step without further purification.
2-(Phenylthiomethyl)benzoic acids 9 were treated with
polyphospholic acid (PPA) to give ketones 11—15 in
moderate yields (method A), whereas 2-(phenoxymethyl)-
benzoic acids 10, however, always afforded a complex
mixture, probably owing to their lability under the acidic
conditions employed. However, on treatment of 10 with
trifluoroacetic anhydride in the presence of a catalytic
amount of boron trifluoride at room temperature, the
cyclization proceeded smoothly to give ketones 16—30 in

VA .
HQ A—NHCO—(CHz)g—N\_/N@—P
COOH
P y
3:4= | t ‘SL :&
1:X=S s
2:X=0 H

(D

/
I\
S N_, N \/\4\@
o -
R
5 6 : R=H (cinnarizine)
7 . R=F (flunarizine)
Chart 1
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TaBLe 1. Physicochemical and Pharmacological Data for the Tricyclic Derivatives 38—44

A -N N =
0

Analysis (%) Complete . o
. - . . Normobaric  Anti-lipid-
B . Yield” Recrystn. al F d schemie ) .
C(;In;pd A Method® (ISA,() (Tg) :Dtlrv);;[l Formula CdVCd( ound) l;\cdgrn;:fl hypoxia  peroxidation Anti-MES”/)
c H N S (mg/kg) score® 1C50? (uM)
38 E 63 203—206 E(OH-E,0 C,,H,,N,S 6930 602 557  6.3% 10 + 8.2 0/3
-C,H,0," (69.09 622 538  6.60)
39 5t 118—120 Et,0 C,eH,6N,S 7835 658 7.03  8.04 10 - 12.4 0/3

(78.56  6.71 6.96 8.31)

584
O O

40 E 13 101103 EtOH-E,0 CpH,sN,S 6930 602 557 638 30 - 9.8 03
-C,H,0," (69.27 611 532 6.15)
41 ) E 59 150152 EL,0 CoH,N,S, 7173 634 669 1532 30 - 8.6 1/3
g (71.70  6.37 6.46 15.18)
S
Py O O E 18  217—220 EtOH C,-Hy5N,0,8 6515 566 524 600 >100 n 19.5 03
-C,H,0,” (64.94 575 522 6.06)
$0,
43 67 142145 EtOH ELO C,.H,,N,0 6687 577 446 100 n 5.4 23

s
0

-2C,H,0,» (67.03 585  4.36)

44 E 71 119-—120 MeOH C,¢H,,N,0 81.64 685 7.32 100 — 9.2 1/3
0 8139 6.87 7.30)

Cinnarizine (6) 100 — 6.2 0/3

Flunarizine (7) 30 — 33 3/3

a) See Experimental. b) Yields are not optimal and are of the last step in the reaction sequence. ¢) Minimal effective dose, p.o. d) Symbols represent the increased
percent change from control of survival time against normobaric hypoxia at 100 mg/kg, p.o.. —, <0%; +,0—30%; + +, >30%. e) IC;, values for the malondialdehyde
formation in rat brain mitochondria. f) Numerals indicate number of animals which showed anticonvulsant activity to number of tested. Anticonvulsant activity was

determined at 2h after oral administration of 100 mg/kg. g) Oxalate. h) Maleate.
method A ” R2
0 /
11—15 (Table VI)

COOH
Rl O _______,_ Rl
@RZ X
8 9:.X=S

10 : X=0 method B ”W

16—30 (Table VI)

0 OMe 0 oH 9
. .
0 method C 0 method D 0]

32

a . thiophenol, KoCO3/DMF b ! sodium phenoxide c. PPA

0Si‘BuMe,

d: (CF3C0),0/CH:Cl: e . pyridine hydrochloride

f . tert-BuMe2SiCl, imidazole-DMF
Chart 2

excellent yields (method B). 2-(Phenylthiomethyl)benzoic less electron-donating character of sulfur atoms than that
acids 9 failed to cyclize under the same conditions, resulting of oxygen atoms.
in a recovery of the starting materials probably because of Demethylation (method C) of the 2-methoxy group of 27
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Rl
0
LG e
v ——— v N/_'\
method E \_/N -
11—30 : (Table VI) O
33 : R'=R?=H, Y=CH:SO, RN
34 :R'=R’=H, Y=S
35 R!=R’=H, Y=0 38,39, 42—63

(Tables 1 and II)

method E method E

O 40

a . NaBH;/MeOH b: SOCI, ¢ . (E)-cinnamylpiperazine-CH»Cl,
Chart 3

: ()
7\
—/ method F —
& e

0Si‘BuMe;
63 b method H
method G
65 66 . R3=Et

67 : RBZCH2C6H5
68 : R®=CH.OMe

a . n-BuyN*F-THF b Ac:0-Py ¢ : NaH-THF, then R3Cl THF, tetrahydrofuran
Chart 4

d

method 1 \

\l /
F \ O ¢
o — /
69 2°F me o N NCO-—R* 72—-90

70 . 3-F
O (Tables 1II and IV)

F
71
a . NaBH,-MeOH b : SOCl: ¢ : anhydrous piperazine-CHzClz
d : R*CH:Cl-toluene e . R"*COOH, WSC-CH:Cl: f: Vitride-THF

Chart 5
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with pyridinium hydrochloride furnished the 2-hydroxy
compound 31 without cleavage of the oxygen bridge por-
tion; however an attempt at conversion of the 3-methoxy
analogue 28 to the corresponding 3-hydroxy compound
was unsuccessful under the same conditions, affording a
complex mixture. tert-Butyldimethylsilylation of 31 by the
usual manner'® yielded 32 (method D).

Introduction of an (E)-cinnamylpiperazinyl group into
the tricyclic system was accomplished by method E (Chart
3). Thus, reduction of ketones 11—30 and 33—37 with
sodium borohydride afforded the corresponding alcohols,
which on subsequent treatment with thionyl chloride were
converted to corresponding chloro derivatives; finally, the
subsequent substitution reaction of the chloro derivatives
with (E)-cinnamylpiperazine gave the 4-cinnamylpiperazin-
1-yl derivatives 38—63 (Tables I and II).

Desilylation of the tert-butyldimethylsilyloxy group of 63
with tetrabutylammonium fluoride (method F) gave the
2-hydroxy derivative 64, which was subsequently treated
with acetic anhydride in pyridine (method G) to afford
acetate 65, or treated with an appropriate alkyl halide
(method H) to give the corresponding ethers 66—68 (Chart
4) (Table II).

A 4-substituted piperazinyl group, other than (E)-cin-
namylpiperazine, was introduced into 2- and 3-fluorodi-
benz[b,eJoxepins 17 and 18 via the 11-piperazinyl deriv-

Vol. 39, No. 10

atives 69 and 70 (Chart 5). Treatment of 70 with alkyl hal-
ides (method T) gave the N-alkyl derivatives 72 and 74.
The reaction of 69 and 70 with an appropriate carboxylic
acid (R*COOH) using a condensing agent, I-ethyl-3-
(dimethylaminopropyl)carbodiimide hydrochloride (WSC),
followed by reduction of 71 with sodium bis(2-methoxy-
ethoxy)aluminium hydride (Vitride) (method J) produced the
corresponding N-alkyl derivatives 73 and 76—90 (Tables
11T and IV).

The structures of all compounds thus prepared were
confirmed by their proton nuclear magnetic resonance
(*H-NMR) spectra and elemental analyses.

Results and Discussion

Protective activities against ischemia and hypoxia were
assessed by the survival time of mice with on oral ad-
ministration of the test compound under complete ische-
mic and normobaric hypoxic conditions. Anti-lipidper-
oxidative activity was determined using a rat brain mito-
chondrial fraction. The anticonvulsive effect was mea-
sured by maximal electroshock-induced seizure (MES)
in mice. The detailed procedures are described in Ex-
perimental. The results are summarized in Tables I—IV;
data for cinnarizine (6) and flunarizine (7) are included
for comparison in Table I.

Modification of the tricyclic system of 38 was first

TaBL III. Physicochemical and Pharmacological Data for the 11-(Piperazinyl)dibenz[b,¢Joxepin Derivatives 72—80
o N N/\ R¢
F
Analysis (%) Complete Normo-  Anti-lipid-
Compd. P o Yield” mp Recrystn. Calcd (Found) ischemia  baric peroxi- Anti-
No. Fo R Method® "0y (oC)  golvem ~ Formula MED® hypoxia  dation  MES’
C H N F  (mg/kg) score? 1C5, (um)
72 3.F I 48  121—124 EtOH C,,H,,FN,O 6501 546 433 2.94 10 4 337 2/3
~Et,0 -2C,H,0,” (64.84 5.65 4.09 2.86)
2
73 3-F J 37 118—122 EtOH  C,H,oFN,O  66.06 5.72 497 3.37 30 - > 150 073
Et,0 -1.5C,H,0,? (66.30  5.62 513 3.43)
74 3-F 1 56 130—135 EtOH C,gH,4FN,O 65.00 5.68 421 286 30 — 933 0/3
= -2C,H, 0" (65.01 573 391 2.82)
-0.25H,0
75 g A I 18 132137 EtOH  C,,H,N,O 66.13  5.55 4.4 100 + > 150 0/3
= B0 2C,H,0,” (6636 548 4.53)
S -0.5H,0
76 3-F J 66 192—193  EtOH C,,H,,FN,O 68.76  6.17 5.53 3.5 30 i > 150 1/3
-C,H,0, (68.70 6.07 548  3.81)
7 2-F N ] 30 142—144 EOH C,,H,,FN,O 6519 562 411 279 100 + > 150 03
-E,0 -2C,H,0,” (65.19  5.60 4.11 2.64)
-0.5H,0
78 2-F AV ] 32 109-112 LOH  CoH,FN,O 5625 551 656 297 30 - > 150 0/3
| P 2C,H,0,7 (5628 523 644  2.95)
-0.25H,0
79 2-F /\/\m J 62 106—108 EIOH C,sH,sFN,0,  61.39 531 434 294  >100 — 84.6 0/3
7 o “Et,0 -2C,H,0,”  (61.67 541 428 2.86)
-0.5H,0
80 2-F | | J 55 116—120 EtOH C,sH,sFN,OS  57.14 496 4.60 3.12 30 + > 150 0/3
N ~Ei,0 -2C,H,0,” (5740 485 453 3.03)
-0.5H,0

a—h) See footnotes in Table 1.

i) Fluorine atom is unsubstituted.
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TasLE [V. Physicochemical and Pharmacological Data for the 11-[4-(Cinnamyl)- 1-piperazinylJdibenz[b,e Joxepin Derivatives 81-—90
23
Q I\ R*
N N = 4
0 \_/ we
$) e
F
Analysis (%) Complete Normo-  Anti-lipid-
Compd. . o Yield” mp Recrystn. Caled (Found) ischemia  baric peroxi- Anti-
No. R? RE Method? "oy (o) solvent Formula . MED® hypoxia  dation  MES”
C H N F  (mg/kg) score? IC5,% (um)
81 H 4-F J 66 145--146 EtOH C,,H,4F,N,0 7498 6.06  6.48 8.78 30 + 112.3 0/3
(74.88  0.35 6.41 8.85)
82 H 4-Br J 55 130--133 EtOH-EL,0 C,,H, BrEN,0  57.94 472 386 2.62 30 + >150 0/3
2C,H,0,” (58.14 488 380 2.64)
83 H 4-Me J 39 138—141 EtOH C,3H,,FN,O 6545 5.04 4.24 2.88 30 + >150 0/3
2C4H,0,” (65.15 593 427  3.16)
84 H 4-SMe J 51 144—145 Et,0 C,gH, o FNLOS 73.01 635 6.08 4.12 100 - > 150 0/3
(72.73  6.42 6.05 4.15)
85 H 4-CF, J 34 146—148 EtOH-EL,0 C,gH,(F,N,0  60.50 480 3.92 10.63 30 + > 150 0/3
2C,H,0,” (60.74 450  3.89  10.39)
86 H 4-OMe J 44 153-154 E(OH CH FN,0, 7565 658 630 4.8 30 + >150 0/3
(7546  6.85 6.10 4.36)
87 H 3-OMe b} 51 136-—140 E(OH-EL,0 C,4H,oFN,0, 6390 551 414 281 100 + >150 0/3
2C,H,0,” (6407 572 409  2.82)
88 H 2-OMe J 48 118120 EtOH-E(,0 C,4H,,FN,0, 62.65 5.62 4.06 275 >100 + > 150 0/3
-2C,H,0,” 62.94 577 377 2.73)
-0.75H,0
89 3-OMe  4-OMe J 53 113—115 EtOH-E(,0 C,,H;,FN,0; 6288 556 3.96 2.69 100 t > 150 0/3
-2C,H,0,"” (6299 528 3.94 2.66)
90 2-OMe 5-OMe ] 46 [55—156 EtOH C,,H,;,FN,0O, 73.40 6.58 5.90 4.00 30 — > 150 0/3
587 3.92)

(7352 6.83

a—h) Sce footnotes in Table 1.

examined (Table T). Contraction of the central seven-
membered ring into a six-membered congener as 3839
and alteration of the site of the ring juncture of the left-
hand phenyl ring as 3840 caused a complete loss of the
protective effects against normobaric hypoxia and MES.
Replacement of the right-hand phenyl ring of 38 by a
thiophene ring, giving 41, resulted in a decrease in protective
effects against complete ischemia and normobaric hypoxia.
Oxidation of the sulfur atom of 38 gave the sulfone de-
rivative 42, of which activities against complete ischemia
and lipidperoxidation became lower than those of the par-
ent compound 38. Then we prepared the oxygen-bridged
tricyclic analogue (43) of 38. Compound 43 compares
favorably with 38, on the whole, in the screening results,
although it requires further improving the anti-ischemic
activity. Contraction of the central ring of 43, giving 44,
resulted in a loss of the protective effect against normobaric
hypoxia. Compounds 38 and 43, therefore, were selected as
lead tricycles to be subjected to further modifications of
substituents on the phenyl ring of 6,11-dihydrodibenzo-
[b,e]thiepin and -oxepin nuclei.

Compariso