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To describe electrostatic potentials, new sets of fractional point charges are presented for
medium-sized neurotransmitters; dopamine, gamma-aminobutyric acid (GABA ) and acetylcholine.
The charge set consists of the original STO-3G Mulliken net atomic charges and new additional
charges. The new additional charge sets were determined to correct electrostatic potential (ESP)
values on the van der Waals molecular surface based upon Mulliken net atomic charges from STO-
3G caleulation.

The additional charge sets were obtained first for a variety of small molecules (water,
ammonta, methane, ethane, benzene, formic acid anion, acctic acid, methylammonium, trimethyl-
ammonium, tetramethylammonium, and methyl acetate). Lone-pair regions of oxygen and nitrogen
atoms showed remarkable improvemient. The new additional charge sets were transferred as they
were Lo Mulliken net atomic charge sets of the larger neurotransmitter molecules.

The present method is uselul for large molecules of Lhe types often considered in the fields of
biological and pharmaceutical sciences: the approach gives approximately the same gualities to
classical fractional point charge ESP's as can be obtained with complex ab mitio calculations.

Keywords --~-tlectrostatic potential; van der Waals molecular surface: molecutar orbital;
quantum chemistry; eb initio; dopamine; gamma-aminobutyric acid; acetylcholine

Introduction

If the final step of drug action is considered at the microscopic level, it may be reduced to
a problem of chemicophysical interaction between a drug molecule and a receptor. [t is,
therefore, necessary to analyze precisely what sorts of forces operate in drug-receptor
binding. They may be categorized into electrostatic interaction, dipole~dipole interaction,
polarization interaction, dispersion interaction, charge transfer interaction, hydrogen bond-
ing, hydrophobic interaction, and so on. Among them, in particular, electrostatic interaction
often plays an important role in biological systems,'-?

If one wants to understand and describe electrostatic interactions quantitatively, accurate
expression of the electrostatic potential (ESP) of a molecule is necessary, and this is possible, if
one calculates ESP by applying ab initio molecular orbital theory. Many studies along this line
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have been reported.” However, this theoretical approach requires extremely long com-
putational times and consequently its applications are limited to small-sized compounds.

In the biological field, interest is directed toward rather large and complex molecules, to
which the ab initio approach is not easily applied. On this account, a more convenient and
simpler means of ESP evaluation is needed. The most popular one is to describe electron
distribution by the use of a set of Mulliken net atomic charges® (Mulliken charges, for short).
In this method, charge distribution is very easy to handle, because the fractional point charges
are Jocated on the atomic nuclei. The charges, however, are not able to represent an
inhomogeneous electron cloud, because the continuous charge distribution is arbitrarily
compressed and assigned to atomic nuclei to give the Mulliken charges. Therefore, it is not
likely that they represent the real electrostatic situation to a satisfactory approximation.

To solve this problem with Mulliken charges, several methodologies have been reported
at the semiempirical level and at the ab initio level. At the semiempirical level, Pepe et al®
studied ESP of amino acids and a protein using the method of Del Re. At the ab initio level,
studies have been done by Smit ez al.,®) Cox and Williams,” Momany,® Singh and Kollman®
and Kubodera er a/.'® Cox and Williams” and Momany® evaluated ESP at grid points in the
surrounding region of the van der Waals molecular surface, and optimized the fractional
point charges to get the best least-squares fit with the ab initio method. Singh and Kollman®
used the Connolly surface and optimized fractional point charges at points determined with
the Connolly algorithm to reproduce ab initio ESP.

Kubodera et al!® developed a new method for reproducing ab initio ESP’s on the van
der Waals molecular surface of some fundamental molecules in an economical and quanti-
tative way. The reason why the van der Waals molecular surface was adopted is that if two
molecules interact with each other, they need to be located very close to or in contact with
each other, and in such a situation, the molecular surface is very important. The strategy
adopted was to introduce new fractional point charges into a set of STO-3G'" Mulliken
charges to make a new set of charges which reproduced well the ab initio STO-3G ESP. The
reason for the choice of STO-3G was discussed in their paper.

Here we tried to reproduce @b initio ESP for large molecules with new charges obtained
for small-sized fundamental molecules by following our previous method,'® with some
modifications, for the simulation of ab initio ESP. New additional fractional point charges
thus obtained for small-sized molecules were applied to similar portions of other compounds.
For instance, the fractional point charges determined for the lone pairs of oxygen in the water
molecule were transferred to oxygen atoms in phenolic hydroxyl groups of dopamine.

In the present paper, we will deal first with ESP’s of a series of fundamental molecules;
water, ammonia, methane, ethane, benzene, formic acid anion, acetic acid, methylammonium,
trimethylammonium and tetramethylammonium ions, and methyl acetate. Then the charge
sets obtained will be put together to reproduce the ESP’s of larger biological molecules;
dopamine, gamma-aminobutyric acid (GABA) and acetylcholine. In the case of acetylcholine,
some information about the dependence of the accuracy of reproduction upon the selection of
fundamental molecules selected as parts of the neurotransmitter was obtained.

The present method is useful for large molecules of the types commonly considered in the
biological field; the approach gives approximately the same qualities to classical fractional
point charge ESP’s as can be obtained by means of ab initio calculations.

Method
The molecular surface was represented by an assembly of atom spheres. Van der Waals radii of spheres used

were 1.2 A for hydrogens, 1.7 A for carbons, 1.6 A for nitrogens and 1.5 A for oxygens.!? The sphere surfaces were
divided into small patches by latitudes and longitudes.?’ The centers of the patches were used as points for evaluating
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ESP’s.
ESP of a molecule at a given point M is formulated in terms of ab initio molecular orbital theory as;

Z, 1
ESPign=) —— J —(r, ¥)dr (1)
s v Yr=r T
where Z; =nuclear charge, r;, =distance between nucleus J and point M, ry=distance between volume element and
point M, and y(r, r’)=first-order density matrix.
ESP due to Mulliken charges is simply wriiten as;
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where ¢¥"¥N=Mulliken charge of atom A, and r,, =distance between nucleus A and point M.

If new fractional point charges are introduced into the Mulliken charge set, the ESP is;
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where ry,, =distance between newly added point charge B and point M. Point B does not need to coincide with any

atomic nucleus.
The set of fractional point charges, {35%H}, was determined by minimizing the value;

S.D.= \/E:;AE; —E)zsi/ZSi
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where s; is 4 weight factor of the area of the i-th patch determined by a pair of latitudes and longitudes. The strategy
employed here is that the total sum of deviation between ab initio ESP and Mulliken charge ESP is dispersed over all
the van der Waals molecular surface to eliminate the distortion of ESP distribution. The result of the strategy was
almost the same as in our previous study.'® It is reasonable to employ a common computer program routine to
evaluate the ‘usual’ standard deviation, because the total of deviation between ab initio ESP and Mulliken charge ESP
is apt to be almost zero, positive and negative deviationg canceling each other out.

The new fractional point charges were added according to three patterns as in Fig. 1 of our previous paper.'®
Type 1: Three points are given and they define a plane and an angle. Two new points are added on the bisecting plane
of the angle so as to be distant from the first plane by the same distance. An example of this case is the two lone pairs
of a water molecule. Type 2: Four points are given and they are arranged like a pyramid. One new point is added to
the tip of the pyramid resulting in an sp? orbital-like structure. An example of this is the lone pair of ammaonia, Type
3: Two points are given and a new point is added on the straight ling defined by the two points. These three types
being used, and parameters (charges, angles, and lengths) being changed, the new charges were optimized.

On optimization, attention was paid to the next three points. 1) Original Mulliken charges are preserved, and the
totaf charge of the additional fractional charges is neutral. 2) New point charges are added at positions of chemicat
significance, for instance, on a chemical bond, in a lone pair, and so forth, 3) New point charges are located inside the
van der Waals molecular surface,

Optimization was done iteratively by our original program DRAG-PMM, which estimated the deviation und
searched for the steepest descent path numerically. The procedure was continued until satisfuctory agreement was
obtained or until the gradient sufficiently approached zero.

We did not pay much attention here to multipole moments such as dipole or quadrupole moments, because, if
STO-3G ESP is reproduced satisfactorily, the new charges should be adequate for the purpose of proper treatment of
electrostatic intermolecular interactions.

Ab initio calculations to obtain molecular orbitals, iwo-electron integrals, and Mulliken charges were done with
the GAUSSIAN GENERAL program.'® 4b initio ESP’s were caleulated with our original GAUESP program. The
above calculations were done on the HITAC M-280H at the computer center of the University of Tokyo. Among all
‘the calculations above, only the graphical part employed the TERAS routine.!¥

As for water dimer, its stable conformation was determined by a simple random walk procedure as described in
our previous paper.!® The calculation was done with a handmade program on a PC-9801M microcomputer (Nippon
Electric Corporation).

The additional charges newly obtained for small-sized molecules were collected and transferred as they were
without any change to larger-sized molecules; dopamine, GABA, and acetylcholine. For dopamine, for instance, the
“building materials” are two water molecules, benzene, ethane, and ammonia. The geometries of the small molecules
were taken from experimental data.'™ The structure of GABA was taken from an X-ray diffraction study.’® The
geometries of dopamine and acetylcholine were taken to be the same as those of specific portions of apomorphine!™
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water
Mulliken new
charge charge
=1
0 -0.3660
H H
+0.1830 +0.1830
1171 A
+0.0567 -2 +0.0567

Fig. 1. Mulliken Charges (STO-3G) and Additional New Charges for Water

STO-3G ab initio electrostatic potential is well reproduced by the new charge set
(Mulliken charges plus additional new charges).

TaBLE I. Optimization of S.D.

Mulliken New Mulliken New
charge charge charge charge

(kcal/mol)  (kcal/mol) (keal/mol)  (kcal/mol)
Water 1.5 1.8 Acetic acid 8.0 3.2
Ammonia 13.2 1.3 Methyl acetate 8.0 3.6
Methane 34 0.5 Methylammonium 6.1 2.4
Ethane 2.5 0.9 Trimethylammonium 8.5 i3
Benzene 34 1.6 Tetramethylammonium 8.0 2.8
Formic acid 8.8 2.7

Probe radius is 0.0 A, which corresponds to the van der Waals susface.

and pancuronium,!® respectively (see Results and Discussion). Details of the “building materials™ are as follows.

Water-——The new fractional point charges are presented in Fig. 1. The new charge set “new charge’” was
determined by minimization of S.D. The negative charges located above the oxygen atom represent two lone pairs of
electrons. The other additional positive charges maintain the neutrality of the total point charge set.

Because the optimization procedure adopted here was similar to that used in our previous report,'™ the results
were similar 100. The additional charge magnitude was 0.0577 e in the previous case, while that in the present work
was 0,0567 ¢, The difference of 0.0010 ¢ is, however, quite small compared with Mulliken charge magnitude of oxygen
(0.3660 ¢) and therefore the two results are essentially the same. As for angles and lengths, the results were also similar
to the first decimal places in degree unit for angles, and to the second decimal places in angstrom unit lor Jength.

The standard deviation difference in ESP, between ESPy; «n and ESP, . was reduced from 11.5 to 1.8 keal/mol
(Table I). The improvement is seen graphically to be quite similar to that in the previous report.!® The ESP difference
on the molecular surface was reduced drastically in the region around the lone-pair electrons of oxygen.

The number of fractional point charges employed here to reproduce the STO-3G ESP of water was seven. Three
Mulliken charges were used as they were, and four new fractional point charges were introduced. Inclusion of those
additional charges in random walk procedure brought about a better reproduction of water dimer structure, as was
reported in our previous study.'® The angle theta (50 ©) was in good agreement with the values obtained by ab initio
molecular orbital calculations*® ~2® and experiments.?3:29

Ammonia——Figure 2 shows the new charge set for ammonia. In this case, the lone-pair electrons of nitrogen
were represented by an additional negative charge located according to type 2 structure. Electroneutrality was
preserved by the other three positive charges positioned along the N-H bonds, each having a third of the charge of
the first one.
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ESP difference, ESPy; xn— ESP . 0n the molecular surface was reduced, especially around the region of the
lone pair. The numerical improvement was from 13.2 to 1.3 keal/mol (Table I).

Methane and Ethane——As nonpolar typical aliphatic hydrocarbons, methane and ethape molecules were
examined. ESP differences (ESPy,xn—ESP4un) had a negative region around the hydrogens, which indicated that
the electrical distribution along C-H bonds deviated toward the carbon atom(s). To represent this effect, positive

charges were introduced on the extension of the C-H bonds (Figs. 3 and 4).
Numerically, standard deviations (S.D.’s) were reduced from 3.4 1o 0.5 keal/mol for methane, and from 2.5 to

ammonia methane
Mulliken }r:‘ew Mulliken ew
charge charge charge charge
H +0.0106
+0.1569 +-0.0667 \“
1.832 A
N H ’
~0.4706 +0.1569 +0.0667 ;
K —0.0424
//./ ™
H +0.0667 " KN
+0.1569 - .
Fig. 2. Mulliken Charges (STO-3G) and Addi- Fig. 3. Mulliken Charges (STO-3G) and Addi-

tional New Charges for Ammonia tional New Charges for Methane

ethane

new
charge

Mulliken

charge

+0.0527
Fig. 4. Mulliken Charges (STO-3G) and Addi-
o tional New Charges for Elhane
1-0.00335
benzene
Mulliken new
charge charge
/ +0.0010
0.818 A
. ’_“ - 0 ()4(]() +0.0080
+0.0601 +0.1800 / 1.805 A
0.070 A

Fig. 5. Mulliken Charges (STO-3G) and Additional New Charges for Benzene
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90.5208 Fig. 6. Mulliken Charges (STO-3G) and Addi-
tional New Charges for Formic Acid
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Fig. 7. Mulliken Charges (STO-3G) and Additional New Charges for Acetic Acid

0.9 kcal/mol for ethane (Table I).

Benzene———As a nonpolar typical aromatic hydrocarbon, benzene was selected. The result of new charge set
optimization is depicted in Fig. 5. The location of positive charges above the molecular plane may seem strange,
because p orbital lobes are supposed to be in that region. However, ESP is not determined only by pi electrons but by
all the electrons of the molecule, and the total electron density is not greatest around the molecular surface region,'®
Standard deviation 5.D. for “new charge™ was 1.6 kcal/mol, while that for Mulliken charges was 3.4 keal/mol (Table
D.

Formic Acid Anion and Acetic Acid The results of new charge set optimization are shown in Figs. 6 and 7 for
formic acid anion and neutral acetic acid, respectively. Each lone pair of oxygen was represented by a negative
fractional point charge as was the case with the warter molecule. The directions of lone pairs, however, are not
necessarily the same as those of water. For formic acid anion, the negative charges newly added to express lone pairs
were all located in the molecular plane. This was also the case with one oxygen atom (double-bonded) in the acetic
acid molecule. For the other oxygen atom in the molecule, however, two negative point charges were located out of
the molecular plane. Consequently, oxygen atoms in carboxylic acids should be treated in different ways depending
on whether they are protonated or not, because the electron distributions around the atoms are altered. As for the
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Fig. 10. Mulliken Charges (STO-3G) and Additional New Charges for

Tetramethylammonium
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methyl acetate
Mulliken new
charge charge
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BN §3=25.0°
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’/+ 0.0797 \\
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1.832 A

b
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Fig. 11. Mulliken Charges (STO-3G) and Additional New Charges for Methyl
Acetate

parts of the molecules other than the regions near oxygen lone pairs, no additional charges were introduced. That is
because the main contribution to the difference (ESPyy; xn—~ ESPag) is the lack of a lone-pair distribution effect in the
Mulliken charge set, and the remaining parts of the molecules have only minor effects.

Numerically, S.D.’s decreased from 8.8 to 2.7 kcal/mol and from 8.0 to 3.2 kcal/mol for formic acid anion and

acetic acid, respectively (Table I).

Methylammonium, Trimethylammonium, Tetramethylammonium——For these three types of ammonium ca-
tions, a weak positive charge was added on the extension of each C~H bond, with negative charges being located
around the carbon atoms. Positive fractional point charges were located near the nitrogen .atom to adjust the
overestimated negativity of the atom (Figs. 8—10). In the case of the methylammonium ion, several patterns of
adding fractional point charges were tested, but patterns other than that presented here did not give better agreement.

These locations of fractional point charges reduced the Mulliken charge ESP deviations from 6.1 to 2.4 kcal/mol
for methylammonijum, 8.5 to 3.3 kcal/mol for trimethylammonium, and 8.0 to 2.8 kcal/mol for tetramethylam-
monium (Table I).

Methyl Acetate——As an example of an ester molecule, methyl acetate is presented. The ESP difference
(ESPyLxn— ESP 5 indicates the inadequacy of the Mulliken charge representation (the situation is a combination
of those for acetic acid and methane). New additional charges were added employing the principles described for
methane and acetic acid. The result is summarized in Table I (S.D. dropped from 8.0 to 3.6 kcal/mol) and shown
graphically in Fig. 11.

Results and Discussion

Dopamine

It is not difficult to obtain ab initio ESP’s for small molecules such as water, ammonia,
and so forth. In the biological field, however, molecules of interest are rather large and the
procedures employed for small molecules are not directly applicable. However, if a specific
group in a molecule is transferable to another molecule with no change of the properties of the
group, then it is only necessary to calculate a suitable charge set for the group in one small
molecule and to apply the set to a corresponding portion in any other molecule. Here we tried
combining the results obtained previously (vide supra) in an attempt to reproduce the ESP of a
medium-sized neurotransmitter molecule, dopamine.

Since the skeleton of dopamine molecule can be considered as a combination of
ammonia, ethane, benzene, and two water molecules (Fig. 12), its ESP should be appro-
ximately described by superimposing the ESP’s of these ‘components.” Accordingly, by
addition of the new fractional point charges obtained above to Mulliken charges of
dopamine, ESPy « of dopamine should be improved to give a good agreement with ESP, gn-
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Hb }——% water

} ———> benzene

W'NHZ}———} ammonia
ethane

segmentation of dopamine

(b)

vV formic acid
ethane

l

methylamine

segmentation of y-aminobutyric acid (GABA)

(e) (d)
(K 0
CHj > ~———> acetic acid CHs
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}% ethane

/CHa /CHH hyl . N

N —> trimethylammonium ion 1}1\ > tetramethylammonium jon
HeC~* CH, HaC” " CH

segmentation of acetylecholine

segmentation of acetylcholine

Fig. 12. Segmentation of Neurotransmitters
ESP (keal /mol}
[[] below —~35.0
mg —35.0 — ~30.0
-30.0 — —25.0
—25.0 — —20.0
- 20.0 — ~15.0
~15.0 ~—- —10,0
-~10.0-—- — 5.0
- 50— 00
i 0.0-— 50
3 50-— 100
|| 10.0-— 150 Fig. 13 'ESP on van der Waals Surface of
. above 15.0 Dopamine

The STO-1G basis set was used.,

In the first place, the ab initio ESP of dopamine is depicted in Fig. 13. The location of the

lone-pair distribution is clear from the figure.

The nitrogen has the strongest negative region

and the oxygens have the next strongest negative region. A strong positive region is seen

around the hydrogen atoms of the hydroxyl

groups. The surface of the benzene ring has a

slightly negative potential. The two methylene groups are almost neutral. If the dopamine
molecule binds to the same receptor as apomorphine (vide infra) then the lone-pair regions

may be significant for hydrogen bonding.

ESP difference (ESPy xn— ESP ogin) on the van der Waals surface is presented in Fig. 14.
Actual application of the method of transferring components gave the result in Fig. 15. The
improvement is satisfactory considering that the additional point charges were just super-
imposed and that no optimizing procedure was employed. Numerical reduction of standard
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ESP {kcal /mol)
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o 1o Fig. 15. ESP Difference (ESPnpwen —ESPaumn
= b12.0 T izg on van der Waals Surface of Dopamine

above !

deviation is tabulated in Table II (from 8.5 to 5.8 kcal/mol). If the improvement on specific
atoms is looked at, the nitrogen atom changed dramatically (Figs. 14—16, and Table III), due
to the existence of the lone pair which can not be described well by the Mulliken charge. The
situation is similar for the oxygen atoms numbered 10 and 11 in Fig. 16.

The situation on the solvent-accessible surface 1.5A distant from the van der Waals
surface is similar to that stated above. It is clear from the ESP maps (not shown) and
numerical values in Table II (change from 2.5 to 1.7 kcal/mol) that the charge set obtained
with attention to the ESP on the van der Waals surface improved the ESP on the solvent-
accessible surface, too. The degree of improvement is largest on the nitrogen atom again. This
is plausible because of the simplicity of the shape of the point charge set potential.

The above discussion substantiates the view that “functional groups™ of a molecule,
which have characteristic contributions to the ESP, can be transferred to some other molecule
without modification. This transferability is encouraging indeed for researchers who aim at
understanding drug-receptor interactions, empirical force field studies, and so on.

Dopamine is a neurotransmitter which is important in relation to Parkinsonism,
schizophrenia, control of pituitary hormone secretion (e.g. prolactin), and so forth. Recently,
furthermore, it was proved to play an important role in the cardiovascular system and
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TaBie 11,  Optimization of S.D. TasLE I1I. Optimization of ESP of Dopamine
Propen Mulliken  New 0.0A
A) charge charge o '
(kcal/mol) (kcal/mol) No. Atom”  Mulliken  New .. fference
charge charge (kcal/mol)
Dopamine 0.0 8.5 5.8 (keal/mol) (kcal/mol)
1.5 2.5 1.7
GABA 0.0 7.6 5.4 1 C 35 3.8 0.3
1.5 2.5 1.3 H 1.5 1.5 0.0
Acetylcholine 0.0 9.5 5.0 2 C 6.3 44 -1.8
1.5 1.2 1.1 H 32 2.4 -0.8
3 C 7.9 9.3 1.4
a) Probe radius corresponds to distance from the van der 4 C 6.1 8.5 24
Waals surface. 5 C 4.3 5.7 1.4
H 2.1 2.6 0.5
6 C 5.2 6.4 1.2
7 C 6.8 4.7 ~21
H 2.1 2.1 0.0
H’ 4.4 3.6 -0.8
8 C 8.5 5.7 -2.9
H 3.7 2.5 1.2
H’ 2.5 4.7 2.2
9 N 15.4 4.0 -11.3
H 5.3 3.1 ~2.2
H’ 6.3 3.5 -2.8
10 O 8.7 4.3 —-4.4
H 44 3.2 ~1.2
11 O 8.5 4.0 —-4.5
H 4.3 3.5 ~ (L9
Total 8.5 5.8 -2.7
Fig. 16. Stereo View of Dopamine 12 x 24 mesh for each atom.  S.D. was optimized. a) Probe
Notations correspond to Table 1. radius corresponding to the van der Waals surface. &) See Fig.

16,

digestive system. Like other neurotransmitters, dopamine is excreted from nerve termini and
binds to a specific receptor in the cellular membrane, to give rise to a certain physiological
function.

Dopamine receptors in the central nerve system can be categorized into Dy, D, and D;.
Receptors in the peripheral nerve system can be classified into DA, and DA,. Among drugs
active at the dopamine D, receptor, apomorphine has a fragment analogous to the dopamine
skeleton in its structure. The geometry of the fragment, furthermore, is fixed rigidly, whilst the
geometry of dopamine is so flexible that it is very hard to specify its active conformation for
binding to the D, receptor. Therefore, apomorphine gives a clue to the active dopamine
conformation for D, receptor binding.

HO

apomorphine and dopamine-like structure (thick line)
For this reason, in performing calculations, the dopamine geometry was chosen from the
skeleton of apomorphine, which was determined by X-ray diffraction analysis.!” Now that we
have a rather precise ESP of dopamine, we have a good basis to discuss the electronic
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structure .and possible hydrogenbonding site of the D, receptor, namely, we can carry out
receptor mapping.

H' HH
()
H H
H H 1 H t H !
Fig. 20. Stereo View of GABA
Notations correspond to Table IV.
TasLE IV. Optimization of ESP of GABA
0.0A"
m
No. Atom Mulliken charge New charge Difference
(kcal/mol) (kcal/mol) (kcal/mol)
! N 4.1 4.6 0.5
H 3.3 4.0 0.7
H’ 2.6 3.7 1.1
H’ 2.0 2.6 0.6
2 C 6.8 5.3 ~1.5
H 35 2.6 -0.9
H’ 3.1 23 -0.8
3 C 5.2 5.4 0.2
H 3.3 3l -0.2
H’ 2.8 3.1 0.3
4 C 4.8 4.5 --0.2
H 2.3 1.6 -~0.7
H’ 2.2 2.2 0.0
5 C 35 5.3 1.8
) (o] 6.3 54 -0.9
7 0 6.0 4.6 ~1.4
Total 7.6 54 ~2.2

10 x 20 mesh for each atom.  S.D. was optimized. o) Probe radius corresponding Lo the van der Wuals
surfuce.  h) See FFig, 20,

Gamma-Aminobutyric Acid (GABA)

Following the procedure taken for dopamine, the ESP of GABA was reproduced. The ab
initio ESP of GABA is shown in Fig. 17. The zwitter-ionic characteristic can be seen clearly
from the figure. The ESP gradually decreases from the amino group to the carboxyl group.
Segmentation of this molecule is shown in Fig. 12(b); it is considered to be a combination of
methylamine, ethane and formic acid. With new fractional point charges for these com-
ponents, ESPy, xn on the van der Waals surface of GABA was corrected. ESP difference was
reduced from that (ESPy; yn—ESP45n) shown in Fig. 18 to that (ESPygwey— ESPgin) In
Fig. 19. The difference between ESPy, n and ESP,g, (Fig. 18) shows strong negative
potential around the amino group and positive potential around the carboxyl group, because
the polar character of the molecule is not described well by the Mulliken charges.
Furthermore, the pattern around three methylene groups in the central part of the molecules
is rather complicated and is again indicative of the deficiency of the Mulliken charges. The
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situation is corrected in Fig. 19. The degree of improvement can also be monitored
numerically as in Tables II (from 7.6 to 5.4 kcal/mol) and IV (cf. Fig. 20). The atoms which
showed the greatest improvement are one oxygen of the carboxyl group and the carbon
adjacent to the amino group. The change is a little complicated, but as a whole, the ionic
termini of the molecule showed the largest improvement (see Table IV and Fig. 20).

The improvement was also achieved at the solvent-accessible surface 1.5 A distant from
the van der Waals surface. The standard deviation was reduced from 2.5 to 1.3 kcal/mol
(Table II). The transferability of the new additional fractional point charges is thus confirmed.

Acetylcholine

The ab initio ESP of acetylcholine is depicted in Fig. 21. Because the molecule has one
unit of positive charge, the ESP is mostly positive. The only exception is around the lone-pair
regions of the oxygens. The trimethylammonium group has a strongly positive ESP.

For acetylcholine, two types of segmentation were considered. The first was to
decompose the molecule into acetic acid, ethane and trimethylammonium, while the other
into methyl acetate and tetramethylammonium (Fig. 12¢, d).

The ESP differences (ESPy; xn— ESP g are presented in Fig. 22. The regions around

ESP (keal /mol)

below 50.0
50.0 — 60.0
60.0 — 70.0
70.0 — 80.0
80.0 — 90.0
90.0 — 100.0
100.0 — 110.0
110.0 — 120.0
120.0 — 130.0
130.0 — 140.0 Fig. 21. ESP on van der Waals Surface of Ace-
140.0 — 150.0 tylcholine
above  150.0 The STO-3G basis set was used.

ESP (kcal /mol)

[] below ~—20.0
—20.0 — —175
—17.5 — ~15.0
B —150— ~125
—-12.5 — ~10.0
N -100——- 75
m - 75—~ 50
— 50—~ 25
7 — 25— 00
Ma P RN 00— 25
i B 25— 50 Fig 22 ESP Difference (ESPyucn—ESPaun)
. above 5.0 on van der Waals Surface of Acetylcholine
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the lone pairs of the two oxygen atoms have large positive deviations, while the carbon-atoms
adjacent to the oxygens, and nitrogen atom surrounded by three methyl groups have negative
deviations.

When the former segmentation was employed, the difference in ESP on the van der
Waals surface became as shown in Fig. 23. Although overall numerical agreement was
improved, the deviation around two methylene groups was worsened. Furthermore, the
numerical result on the solvent-accessible surface 1.5 A distant from the van der Waals surface
showed no improvement.

When the second segmentation was employed, the result on the van der Waals surface
was improved graphically and numerically, as shown in Fig. 24 and Table [ (from 9.5 to
5.0 kcal/mol). On the solvent-accessible surface good agreement was also found graphically
(not shown) and numerically (Table II, 1.2 to 1.1 kcal/mol). In the second segmentation, the
most drastic improvement was obtained around the three carbon atoms of the tri-
methylammonium group, where the positive charge distribution is corrected. OXygen atoms,
where the loné-pair distributions exist, were also improved (¢f. Table V and Fig. 25).

Thus, the charge distribution should be carefully considered upon segmentation of a
molecule; in the present case, positive charge distribution is considered to reside around the

ESP (keal /mol)

[_] below —20.0

7 200~ ~175

B ~176-—~ —150

Bl ~150-———125

~125 —~ —10.0

N -100—-175

M - 75—~ s0

=]~ 50— 25

e - 25— 00
i nll]‘rm‘ Eg 00 ~— 2.5 Fig. 23. ESP Difference (ESPNEWC”-—ES‘PM“N)
#";%%_l'!n ] D5 e 50 on van der Waals Surfiaee of Acetylcholine
§E§§'H. . ahov’e 5.0 The segmentation in Fig. 12¢ was used,

ESP (keal /maoi)

helow —-20.0
=200 - ~175
iy 175 e - 15.0
- 150~ —125
Vi —125-- ~100
B -100----175
m - 75— — 50
B - 50—~ 25
B - 25— 00
iR 0.0 -— o5 Fig. 24, ESP Difference (ESPNEWC[{_ESPAIIIN)
. 95— 5.0 on van der Waals Surface of Acetylcholine
B above 5.0 The segmeniation in Fig, 12d was used.
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ammonium group with tailing into the surrounding region to some extent. If a small-sized
molecule such as trimethylammonium is selected as a model of this group, the positive charge
distribution is limited spatially to a narrow region. On the other hand, if tetramethylam-
monium is chosen, the distribution is broadened to reduce positive charge—positive charge

Fig. 25. Stereo View of Acetylcholine
Notations correspond to Table V.,

TaBLE V. Optimization of ESP of Acetylcholine

0.0A
No. Atom” Mulliken charge New charge Difference
(kcal/mol) (kcal/mol) (kcal/mol)

1 C 5.4 35 -1.9

H 1.7 1.5 -02
H’ 2.3 1.7 -0.5
H"” 2.7 1.4 -1.2
2 (@) 8.6 39 -4.7
3 C 6.2 3.9 -23
4 0] 10.7 6.1 —-4.6
5 C 11.3 7.6 -3.6
H 23 2.7 0.4
H’ 49 34 ~1.5
6 C 10.2 6.0 -4.2
H 6.6 3.2 ~3.4
H’ 6.0 29 -3.1
7 N 2.6 3.2 0.7
8 C 11.5 4.4 -7.1
H 7.2 3.2 —-4.0
H’ 6.8 24 —-4.4
H" 6.6 2.5 —4.2
9 C 14.5 5.9 —8.6
H 7.6 3.8 -~3.8
H’ 6.9 2.3 —4.6
H” 6.9 2.3 —-4.6
10 C 13.1 53 -78
H 7.6 2.6 -5.0
H’ 7.0 2.5 —4.6
H* 7.1 2.3 -4.7
Total 9.5 5.0 -4.5

12 x 24 mesh for each atom. S.D. was optimized. Segmentation into methyl acetate and tetramethyl-
ammonium was used. See Fig. 12d. a) Probe radius corresponding to the van der Waals surface. 6) See
Fig. 25.



No. 8 3103

repulsive force. The situation in the remaining region is analogous, except that negative
charge distribution is now in question.

As a biological .application of the present work, we may consider the two types of
acetylcholine receptors, nicotinic and muscarinic receptors. The former receptor is known to
be composed of two alpha, beta, gamma, and delta subunits, whose sequences are known, and
the quaternary structure has been clarified by electron microscopy.*® The tertiary structure,
however, has not been determined yet. Competitive blocking agents bind to the nicotinic
receptor competitively with acetylcholine, and prevent the nervous information from reaching
the receptor, thus keeping the muscle relaxed. Among such agents is pancuronium, which
bears two acetylcholine-like fragments in the A and D rings. Since pancuronium has a very
rigid structure, it may provide a clue to the active conformation of acetylcholine when bound
to the receptor. Furthermore, vecuronium, which has only one quarternary amino group in
the D ring, has activity of the same order as pancuronium.?® Only the D ring is rigid in this
compound, and this part is very similar conformationally to the corresponding portion of
pancuronium. Therefore the D ring part appears to be responsible for the pharmacological
activity, and should be a good analogue of the active acetylcholine conformation.

M e)o'\o H

pancuronium (R =N*~Me) and vecuronium (R=N),
and acetylcholine-like structure (thick line)

In the present paper, the geometry of acetylcholine was taken as that of the D ring of
pancuronium.'® Therefore, the ESP is considered to reflect the electronic three-dimensional
structure of the nicotinic receptor, and should provide a basis for discussing the structure and
function of the receptor.

Conclusion

In the present paper, for a series of small fundamental molecules, we present fractional
point charge sets which overcome the defects of the STO-3G Mulliken charges. Several similar
studies having the same purpose have been reported,” ™ but the present approach seems to be
more accurate and convenient for graphical comprehension.!'”

The new charge sets thus obtained were applied directly to larger molecules. Although no
optimization process was included in this application, ESP based on the charge set derived for
small molecules showed a good fit to ab initio ESP. In the field of biology and biophysics, or in
the development of new drugs, the molecules of interest are rather large in size in general, and
are far beyond the reach of a nonempirical quantum-chemical approach. Accordingly, new
charge sets can not be determined for such molecules in the same way as for small molecules.
To cope with such a situation, the technique presented here to treat large-sized molecules as
an assembly of smaller parts would be of practical value.

If the ESP of a drug is characterized appropriately, we can discuss what structure the
receptor of the drug has, and to which part of the receptor the drug binds. Although the
number of the receptors whose three-dimensional structures are elucidated is not large, it is
steadily increasing. Therefore the present method provides a useful approach for understand-
ing electrostatic interaction between drugs and receptors.
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Quantitative Drug Design Studies. VI.!) Quantitative Structure—
Activity Relationships of Ionizable Substances:
Antibacterial Activities of Phenols
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The antibacterial potencies of phenols were analyzed by using empirical and theoretical
quantitative structure-activity relationships equations which take account of the influence of
ionization. The lowest unoccupied molecular orbital energy term of the neutral form related to the
drug-receptor interaction process always had a negative coefficient and was highly significant, while
the hydrophobic term related to the drug transport process also made & significant contribution to
the potency. The equilibrium model-based equation with one aqueous, one nonaqueous, and one
receptor compartments gave the best result in analysis of the antibacterial assay data at pH 7.4.
However, in general, the highest correlation was obtained from the neutral form-based Hansch
equation, and the distribution coefficient-based Hansch squation offered the most helpful
information for the design of drugs with selective antibacterial activity. The mechanism of
antibacterial action of phenols is also discussed from the frontier electronic standpoint, and a drug-
receptor interaction model of the charge-transfer type is proposed.

Keywords——antibacterial activity; phenol; ionization; QSAR; Hansch equation; model-based
equation; LUMO; transport process; mechanism; charge-transfer interaction

Drug molecules often ionize in part at physiological pH. In order to establish precise
quantitative structure-activity relationships (QSAR) of such compounds, it is necessary to
take into account the influence of ionization. Two types of approaches, that is, empirical and
theoretical, have been proposed so far,?

The former approach tries to solve the problem within the framework of the Hansch
equation, by one of two methods. The first treats ionization as a modification to be applied to
the true partition coefficient (P), that is, the partition coefficient of the neutral form.*’ Thus,
the distribution coefficient (D), namely the ion-uncorrected apparent partition coefficient is
used as the hydrophobic term instead of P. In this case, it is assumed that active transport
takes part in the membrane penetration process.” On the other hand, the second method is to
assume that the total concentration should be replaced with that of the neutral form from the
standpoint that only the neutral form can reach the receptor site to contribute to the onset of
action.”

The latter approach is based on the equilibrium model.*? According to this model, the
biological system is simulated by combining compartments representing the aqueous,
nonaqueous, and receptor phases. The concentration of drug molecules which reach the
receptor site is estimated by considering the equilibrium between these compartments.

In the present investigation, the author took phenol derivatives as an example of
ionizable molecules, and analyzed their antibacterial data by applying the above approaches.
It has been reported that fairly high correlations exist between the antibacterial potencies of
phenols and the lowest unoccupied molecular orbital (LUMO) energies of the neutral form
" (ELumo) calculated by using the MINDO/3 method.” However, a detailed treatment
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considering the transport process of drug molecules has not been carried out as yet.

Experimental

Biological Data——The antibacterial data of phenols reported-in Ref. 7 were taken as the subject of the
investigation. Potencies towards 8 kinds of strains (gram-positives, 4; gram-negatives, 4) were available for each of 11
compounds. The experimental pH was 7.4, and results at pH 6, 7, and 8 were also available for some compounds. The
inoculum size of the antibacterial assays at pH 6, 7, and 8 was slightly different from that of pH 7.4. However, no
corrections were made to the biological data, since preliminary analysis revealed that this difference had no effect
upon the result of QSAR.

Physicochemical Parameters——log P, pK,,, and E, o estimated by the MINDO/3 method were examined as
physicochemical parameters. The values reported in the literature” were used as they were. For the log P of p-
cyanophenol and p-acetylphenol, values of 1.66 and 1.35 were used, respectively.®

Computers——Data processing was performed on personal computers—NEC PC-8801 mklil/model 30 and
NEC PC-9801VM2.

QSAR Analyses——The multiple regression and principal component analysis were carried out by using the
Program Package for Multivariate Analyses written by Tanaka er al.”) The equilibrium model-based cquation was
formulated by applying the nonlinear least-squares algorithm (Marquardt method).!®

Molecular Orbital Calenlations The frontier electronic states of phenols and amino acids were estimated by
using the CNDO/2 method.!” In the case of amino acids, ~CH(NH,)COOH groups were replaced by hydrogen
atoms to reduce the computation time. The molecular geometries were modeled by using GPQDD/PC (version: PC-
9801VM2).'»

Results and Discussion

Principal Component Analysis

Figure 1 shows the result of the principal component analysis applied to the antibacterial
data of phenols at pH 7.4. The scores of the first principal component [eigenvalue (1), 6.95]
corresponding to the overall potency based on § kinds of assay data are plotted on the
abscissa. The potency becomes increasingly strong toward the right. On the other hand, the
scores of the second principal component [eigenvalue (4,), 0.57] representing the selectivity of
action are plotted on the ordinate. The compounds become increasingly selective against the
gram-negatives toward the upper direction, and vice versa against the gram-positives. Figure 1
shows that 2,5-dinitrophenol, for example, has the strongest overall potency, and is effective
against both gram-positives and gram-negatives.

QSAR Equations for the Data at pH 7.4
The results obtained by applying the above-mentioned empirical and theoretical
approach to the antibacterial data at pH 7.4 will be described below.

[}
- R4
18 .
1l 2,4,.6-(N02)3 quéo: 4-NO.
g1
=k
COM g
4 C(o) e4_CNm§ 3-NO. 2,5-(N02)z
0 [ ae emmm e mmm e e n....é-.......«--......-.-.-.......:;; .......
N g 40COMe 52~N02 . overall potency
r ol 2,4-(NO2)s Fig. 1. Two-Dimensional Principal Compo-
—1l E { nent Space Derived from the Auntibacterial
'é Data of Phenols at pH 7.4
L g Z, represents the score of the first principal com-
la te 2,6-(N02)g ponent and Z, represents that of the second principal
) , Lo : ; . \ . | component.
—~4 —2 0 2 4 6
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Empirical Approaches——log D-Based Hansch Equation: Equation | shows the general
formula for the equations examined.

log(1/C)=alog D)* +blog D+ cEy yyo -+ constant (1)

The distribution coefficient (D) can be obtained by multiplying the true partition coefficient
(P) by the fraction unionized (1 —¢), as follows:

D=P-(1—a) @
where
1—a=1/(10P3P5y ©)

In Eq. 1, (log D)* and log D are closely associated with the pharmacokinetic phase or the drug
transport process, whereas E; yyo 1S related to the pharmacodynamic phase or the drug-
receptor interaction process. The reason why Ejuo was used as the pharmacodynamic
parameter was that it has been suggested that the strength of the drug-receptor interaction of
phenols depends on the LUMO energy level of the neutral form.”

The results are summarized in Table 1. SA1, SA2, efc. in the first column stand for the
types of bacterial strains used in the assays. The top four are the gram-positives, while the next
four are the gram-negatives. The coefficients (a, &, and c¢) of the equation are standard partial
regression coefficients to facilitate comparison of the contributions to the potency. The log D-
dependence of the potency is clearly different between the gram-positives and the gram-
negatives. This result may reflect the properties of the cell membrane and the cell wall of the
two types of organisms. Thus, in the gram-positives, the drug with log D=0 shows the highest
permeability through the cell membrane and the cell wall, while in the gram-negatives, the
permeability increases monotonously within the log D range examined (—S5,77—1.96), and
the optimum could be attained beyond the upper limit of 1.96. By using this result, it is
possible to design a drug with the desired selectivity against the gram-positives or the gram-
negatives. Since the sign of the coefficient ¢ is always negative, it may be pointed out that a
drug with a lower E,yo value interacts more strongly with the receptor. The fact that the
coefficient ¢ (or b) is almost equal to ¢ in absolute value indicates that the drug transport and
drug-receptor interaction process contribute similarly to the potency.

Neutral Form-Based Hansch Equation: Equation 4 shows the general formula for the
equations examined.

log (1/C)—~log(1—a)=a(log P)*-+ b log P+ ¢E| g +-constant 4

TasLg 1. Summary.of the Distribution Coefficient-Bagsed Huansch Equations®

Strain® u b ¢ re s9 Fet
SAl -0.816/} 0 - (0,956 0.927 0.311 24.42 (p<0.008)
SA2 —0.8955 0 —(0.945" 0.955 (.238 41.67 (p<0.005)
ML —0.856"? 0 - (.802 0.861 0.337 1147 (p<0.005)
BS —0.878" 0 —0.889? 0917 0.261 21.02 (p<0.005)
EC 0 0.803%9 — [.2205 0.826 0.341 8.58 (p<0.025)
KP 0 0.946" —1.164¢ 0.787 0.315 6.50 (p<0.025)
ST 0 0.980% —1.3170 0.885 0.336 14.44 (p <0.005)
PV 0 1.204? ~1.188" 0.862 0.372 11.56 (p<0.0035)

a) See Eq. 1 inthe text; pH =7.4; No. of data points==11. b) SAIL, S. aureus209P; SA2, S. aureus UINO; ML, M. luieus, BS, B.
subtilis; EC, E. coli; KP, K. pneumoniae;, ST, S. typhimurium; PV, P. vulgaris, ¢) Correlation coeflicient., ) Standard deviation.
e) Fevalue {p, significance level in Fetest). [) p<{0.005 (p, significance level in partisl Fiest). g) p<0.0i. k) p<0.025.
i) p<0,05.
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TaBLE II. Summary of the Neutral Form-Based Hansch Equations”

Strain® a b c re g Fo
SAl 0 —0.321# —0.836" 0.942 0.935 31.47 (p <0.005)
SA2 (] —0.306" —0.850 0.949 0.851 35.92 (p <0.005)
ML 0 ~0.295% —0.836" 0.930 0.938 25.71 (p <0.005)
BS 0 —~0.3679 —0.8139 0.944 0.876 32.46 (p <0.005)
EC 0 —0.324" —0.816" 0.925 1.035 23.77 (p<0.005)
KP 0 -0.3219 —0.802 0.911 1.078 19.39 (p <0.005)
ST 0 —0.266" —0.850" 0.930 0.994 25.67 (p<0.005)
PV 0 —0.2849 —0.849 0.937 0.861 28.82 (p <0.005)

a) See Eq. 4 in the text; pH=7.4; No. of data points=11. b) See footnote b) of Table I. ¢) Correlation coef-
ficient. d) Standard deviation. e) F-value (p, significance level in F-test). f) p<0.005 (p, significance level in partial F-test).
g) p<0.025. I) p<0.05. i) p<0.1.

phase equilibria
receptor Dfec
] Fig. 2. Equilibrium Mode! with One Aqueous,
Ky 2 One Nonaqueous, and One Receptor Com-
aqueous Daa Diq partments
1 Only the neutral form.of the drug (D) binds to the
A receptor. The superscripts indicate the charge and the
nonaqueous e subscripts indicate the phase.

In Eq. 4, (logP)* and log P are associated with the drug transport process, and E;yuo
represents the contribution from the drug-receptor interaction process.

The results are summarized in Table II. The values of a, b, and ¢ are standard partial
regression coefficients to facilitate comparison of the contributions to the potency. It can be
seen that the correlations are much higher than those of the log D-based equation. The
coefficients of Eyyyo are always negative and highly significant, while for the coefficients of
log P, only the terms of the first power are significant at less than 10%, level and the squared
terms are not. These results indicate that the phase which makes the major contribution to the
potency is that of the drug-receptor interaction, though the contribution from the transport
phase can not be neglected. It is expected that the optimum value of log P could be attained
beyond the lower limit of the data range (1.25—2.00), probably near zero. No appreciable
difference in the form of the equation could be observed between the two types of organisms.

Theoretical Approach Equation 5 shows the general formula for the equations

examined.

log(1/C)= —log[1+dP*+ 1/{aP*(1 — )} +¢E ymo + f (5)

In this case, the equilibrium model with one aqueous, one nonaqueous, and one receptor
compartment, where only the neutral form binds to the receptor, was applied (Fig. 2).
According to the model, the drug ionizes in the aqueous compartment, and only the neutral
form is in equilibrium with the receptor and nonaqueous compartments, assuming the
equilibrium constants to be proportional to log P. The logarithmic term of the right-hand side
of Eq. 5 represents the concentration of the neutral form which can reach the receptor
compartment, and Ej o 1S related to the intrinsic activity of the drug at the receptor site.
Though this model requires the approximation that the intra- and extracellular aqueous
phases are combined as a single aqueous compartment, the correlations are excellent in most
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TABLE III. Summary of the Equilibrinm Model-Based Equations®
Strain™ loga b ¢ logd ¢ ! ro s9
SAl 4,995 0 —4.759 6.290 -0.756 5.162 0.943 0.318
SA2 4.860 0 —4.089 5.588 -0.720 5.354 0.975 0.206
ML 5.284 0 —6.832 9.570 -0.547 5.235 0.981 0.149
BS 5.212 0 —0.201 0 —-0.536 5.313 0.935 0.248
EC 6.013 0 —14,692 19,297 —-0.591 5.356 0.907 0.294
KP 6.234 0 —2.033 3.279 -0,331 5.430 0.835 0.325
ST 5.601 0 —4.410 6.552 —0.612 5.453 0.954 0.249
PV 4,995 0 —-17.765  23.528 -0.613 5.391 0.950 0.265

a) See Eq. 5 in the text; pH=7.4; No. of data b) Sec footnote b) of Table I.

¢) Correlation coefficient. ) Standard deviation,

points=11,

TABLE V. Comparison of Correlation Coefficients
Obtained from the Three Types of Equations

TaBLE IV. Comparison of Correlation Coeflicients
Obtained from the Three Types of Equations

(pH=7.4)" (pH=14, 6, 7, and 8)*

Strain® A9 B? co Strain” A9 B c
SAl 0.927 0.942 0.9431 SAl 0.867 0.948" 0.853
SA2 0.955 0.949 0.975 SA2 0.851 0,944 0.822
ML 0.861 0.930 0.981 ML 0.834 0.920 0.890
BS 0.917 0.944 0.935 BS 0.833 0.954 0.817
EC 0.826 0.925 0.907 EC 0.790 0.925 0.760
KP 0.787 0911 0.835 KP 0.821 0.889 0.804
ST 0.885 0.930 0.954 ST 0.886 0.930 0.865
PV 0.862 0,937 0.950 PV 0.861 0.935 0.835

a) No. of data points=11. ») See footnote b) of Table I. #) No. of data points==29. 5 See footnote b) of Table I.

<) Distribution coeflicient-based Hansch equation. «) Neu-

¢) Distribution coeflicient-based Hansch equation. ) Neu-
tral form-based Hansch equation, ) Equilibrium model-based

tral form-based Hansch equation, ¢) Equilibrium model-based

equation with one aqueous, one nonagueous, and one receptor
compartments. /) The best result is underscored for each of
the assay data.

equation with two aqueous, one nonagqueous, and one receptor
compartments, /) The best result is underscored for euch of
the assay data,

cages, as shown in Table III. Coefficients of E, yye are highly significant and their signs are
always negative. Since the values of loga and b of Eq. 5 are not unique, but depend on each
other, we can obtain equations with the same precision when either of the two terms varies
while the other is kept constant. Table II1 summarizes the results obtained under the
condition that the equilibrium constant between the receptor and aqueous compartment is
assumed to be constant (b=0) regardless of the chemical structure of the molecule.

Comparison of Results——Table I'V summarizes the results of analyzing the antibacterial
data at pH 7.4 as described above. A, B, and C show the correlation coefficients obtained from
the log D-based, neutral form-based, and equilibrium model-based equations, respectively. It
can be seen from Table IV that C gives the best results for 5 kinds of assays, followed by B.
This result indicates that the approximation of combining the intra- and extracellular aqueous
phases as a single aqueous compartment in the equilibrium model-based equation is adequate
to explain the data, and that the intracellular pH can be assumed to be roughly equal to the
extracellular pH, 7.4.

QSAR Equations for the Data at pH 7.4, 6, 7, and 8

For 3-nitro-, 4-nitro-, 2,4-dinitro-, 2,5-dinitro-, 2,6-dinitro-, and 2,4,6-trinitrophenol,
antibacterial data at pH 6, 7, and 8 have been reported in addition to those at pH 7.4.” Table
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V summarizes the results of fitting all the data at pH 7.4, 6, 7, and 8. Columns A, B, and C
show the correlation coefficients obtained from the log D-based, neutral form-based, and
equilibrinm model-based equation, respectively. In the case of the equilibrium model-based
equation, the model with two aqueous, one nonaqueous, and one receptor compartments (Eq.
6) was adopted from the standpoint that separate aqueous compartments should be assigned
to the intra- and extracellular aqueous phases, since the extracellular pH was variable.

2
log(1/C)= -—logl:l +dPc+ Y 1/{aP¥(1 -—a,.)}}+eEwMo+f (6)
=1
In Eq. 6, the pH of the intracellular aqueous compartment was assumed to be 7.4 in the light
of the above results at pH 7.4.
[t can be seen from Table V that B gave the largest correlation coefficient in every case
examined, while C gave the poorest result. This means that more complex models should be
investigated to improve the result of the equilibrium model-based approach.

Mechanism of the Drug-Receptor Interaction

The LUMO coefficients of the neutral form of phenols were calculated by using the
CNDO/2 method to investigate the mechanism of the drug-receptor interaction. For instance,
Fig. 3 depicts the results for m-nitrophenol and 2,5-dinitrophenol. Large LUMO coefficients
are found on the phenyl ring and nitro group of both molecules. The other phenols also show
a similar tendency. Collectively, it was found that all the compounds examined have large
LUMO coefficients and a common phase pattern on the phenyl ring. This observation
suggests that charge-transfer interaction takes place between the LUMO r-orbital of the
phenyl ring of phenols and the highest occupied molecular orbital (HOMO) of the electron-
donating group at the receptor site to modify the secondary or tertiary structure of the
receptor protein, and that the strength of this interaction determines the intrinsic antibacterial
activity of phenols. In this connection, amino acid residues containing an aromatic moiety
complementary to the phenyl ring of phenols seemed to be candidates for the electron donor.

a) b)

Fig. 3. LUMO Coefficients of Selected Phenols
(CNDO/2)
a} m-Nitrophenol. b) 2,5-Dinitrophenol.

charge
i transfer

(NHz)COOH

Fig. 5. Charge-Transfer Interaction Model be-
Fig. 4. HOMO Coefficients of Tryptophan tween m-Nitrophenol and a Tryptophan Resi-
(CNDO/2) due of the Receptor Protein
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Hence, their HOMO energies were estimated by using the CNDO/2 method. The results were
as follows: tryptophan, — 10.39 eV; histidine, — 11.24 eV; tyrosine, — 12.10eV; phenylalanine,
—12.90eV. Thus, tryptophan has the highest HOMO energy. This finding is in harmony with
that of Pullman and Pullman.'® Figure 4 shows the HOMO coefficients of tryptophan.
Inspection of Figs. 3 and 4 reveals that tryptophan has large HOMO coefficients and the most
suitable phase pattern on the pyrrole part of the indole ring. These results suggest that the
tryptophan residue should be the best electron donor for the charge-transfer interaction with
phenols, and lead to a model in which LUMO of phenols interacts with HOMO of the pyrrole
part of the indole ring of tryptophan in such a manner as to maximize the bonding overlap
between the two frontier orbitals. Figure 5 illustrates the charge-transfer interaction model for
m-nitrophenol as an example.
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Asymmetric synthesis of platelet-activating factor (PAF) and its enantiomer by using
biocatalysts was studied, Microbial reduction of the pro-chiral a-ketoester (3) afforded (+)-4
(>99% ee), which could be converted to (+)- and (-)-batyl alcohol (12), a key synthetic
intermediate for PAF. Compound (—)-4 (96%, ee), with the requisite configuration for the synthesis
of natural PAF, could also be obtained by enzyme-catalyzed enantioselective hydrolysis of (4 )-15.

Keywords-——platelet-activating factor; batyl alcohol; asymmetric reduction; microbial reduc-
tion; enantioselective hydrolysis; enzymic hydrolysis; kinetic resolution

Platelet-activating factor (PAF, 1) was first discovered as a stimulator of rabbit platelets,
and its structure was shown by Hanahan ez al.? to be 1-O-hexadecyl (or octadecyl)-2-acetyl-
sn-glycero-3-phosphorylcholine. PAF is able to provoke platelet and neutrophil activation,
hypotension and broncho-constriction.> ™

As a part of our attempts to develop a simple synthetic route to PAF, we previously
reported the asymmetric synthesis®® of PAF intermediates by the (§)-BINAL-H? reduction
of octadecyloxymethyl (E)-2-cyclohexylvinyl ketone and by enzyme-catalyzed hydrolysis of a
meso compound, 1,3-di-O-acetyl-2-O-benzylglycerol. However, in each case, the optical
purity (40—80%, ee) was unsatisfactory.

Therefore, we designed a new chiral synthon ((S)-4) for natural PAF as shown in Chart
1. This sequence starts with the synthesis of methyl 2-oxo-4,4-propylenedithiopentanoate
(3), followed by microbial reduction. Regioselective protection of the ketone function in

OCHy(CHCH OCigH37 OCygH37
AcO HQ > HO H - RO H —
+
OPOCH,CHyN(CH3)3 OH OAc

PAF (1) n=14 or 16

W\OCISH37 — ?(SYCOOME = WCOOM@ — \(\rrCOOMe
0 /S OH o 0 ©

OR
(S)-4 3 2
Chart 1
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TaBLE 1. Asymmetric Reduction of 3 with Yeast

COOM (H) R_COOM
< ¢ . XY €
W/ 0 \/ OH

3 (+)-4

Run Microorganism Chemical yield as Optical purity Absolute

{+)-MTPA ester (%) (%, ee) configuration
1 Hunsenula anomala NI1-7572 15 64 R
2 Pichia membranaefaciens 34 32 S
3 Saccharomyces acidifaciens 31 50 R
4 Saccharomyces delbrueckii 33 49 R
5 Saccharomyces fermentati IFQ-0422 37 88 R
6 Saccharomyces tokyo Jyozo Kyokai 2013 4] 85 R
7 Schizosaccharomyces octosporus 4] 23 R
8 Torulopsis famata NI-7550 19 81 R
9 Torulopsis sp. Jyozo Kyokai 17 15 >09 R
10 Saccharomyces cerevisiae Kitasato Inst. 22 89 R
11 Trichosporon fermentans 1IFO-1199 34 71 R
12 Candida utilis IFO-0619 25 80 R
13 Saccharomyces cerevisiae® (baker’s yeast) 80" 64 R

a) The reaction was performed on a preparative scale (500 mg of 3).  5) Isolated yield of (+)-4.

methyl 2,4-dioxopentanoate (2) was performed by treatment with 1,3-propanedithiol-BF;
etherate in CH,C], to afford the monoacetal (3) in 61Y; yield.

Thin layer chromatographic screening of forty strains of yeast® for ability fo reduce 3
indicated that thirteen strains afforded the hydroxy ester (4). Secondary screening on a larger
scale (30 mg of substrate) was performed using these strains, and the results are summarized in
Table 1.

The enantiomeric excess (ee) of the reduction products was determined from the
400 MHz proton nuclear magnetic resonance (' H-NMR) spectra after conversion to the (4 )-
o-methoxy-a-trifluoromethylphenylacetic acid (MTPA)?! esters by treatment with (4 )-MTPA
chloride. The absolute stereochemistry was finally determined by conversion into optically
active batyl alcohol ((+)-12).

a
Torulopsis sp. I l
\(‘\nzCOOMe Jyozo Kyokai 17 ~“><’\~/CCDOM€'+ WCOOH b ()4 < WCOOME
.~ OH v OH v OMOM
3 (+)-4 (93% ee) 5 (>99% ee) 7
d OCigH37 0CigH3y
4 S\(\/\OR ___) Y\:.,/\OQBH:” -————-~h oR! —— RO{
L OMOM OM oR? oR
:R= 10 1_
[z'a-z y [;11 oMot ZZ'AC [ 14 1R=COP
1837 (+)-12:R'=R"=
- (—)-12 ! R=H

13 : R'=H, R2=COPh

a) enhancement of optical purity b) CH,N, ¢} MOMCY, (iso-Pr),NEt d) LiAlH,
e) C;yH;;OMs, KH f) TNO,); g) CF,CO;H, Na,HPQO, h) aq. HC], MeOH
i) PhCOCl, Py j) EtOOCN=NCOOEt, Ph,P, PhCOOH k) NaOH, MeOH

Chart 2
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In most cases, (+)-4, which was finally found to have R configuration, was predominantly
obtained except for run 2 (Pichia membranaefaciens) in Table 1. This result is in harmony with
that of microbial reduction of other a-ketoesters.'® Among the tested yeasts in Table I,
Torulopsis sp. Jyozo Kyokai 17 (run 9 in Table I) afforded optically pure (+)-4 (>99%; ee). A
large-scale reaction (substrate 3, 1.0 gx 13) using this strain of yeast afforded (+)-4 (40%;
yield, 939 ee) and the hydroxyacid (5), which was purified after esterification with CH,N,
to afford (+)-4 (339, yield from 3, >99% ee). The optical purity of (+)-4 (939, ee) was
increased to >99% ee by a single recrystallization of the corresponding 3,5-dinitrobenzoate
(6) from MeOH.

Optically pure (+)-4 obtained in this manner was used as a starting material for the
synthesis of PAF. The alcohol function in (+ )-4 was protected as the methoxymethyl (MOM)
ether by treatment with MOM chloride-N, N-diisopropylethylamine, and subsequent re-
duction with LiAlH, yielded the alcohol (8) in 889 yield from (+)-4. The octadecyl ether
function in 9 was introduced in 789 yield by the reaction with C,3H;,0Ms in the presence of
KH.'Y Compound 9 has three different functional groups: dithioacetal, MOM ether and alkyl
ether. The selective deprotection of the dithioacetal function in 9 was achieved by treatment
with thallium(III) trinitrate to afford the ketone (10) in 909 yield. Subsequent Baeyer—Villiger
oxidation of 10 with CF;CO;H-Na,HPO, yielded the acetate (11) in 69Y9; yield, although
oxidation with m-chloroperbenzoic acid did not proceed at all. Concurrent hydrolysis of the
MOM ether and acetate in 11 with HCl-MeOH afforded (-4 )-batyl alcoho] ((+)-12) ([a]3’
+2.41° (¢=2.42, tetrahydrofuran (THF)); reported value [a], +2.28° (¢=3.5, THF)).!?
Based on the sign of the specific rotation of (+)-12, the absolute stereochemistry of the
starting material (4 )-4 was determined to be R.

(—)-Batyl alcohol, required for the synthesis of natural PAF, was synthesized as follows.
After protection of the primary alcohol in (+4)-12 as the benzoate (13), inversion of the
secondary alcohol was performed by the Mitsunobu method!® to afford the dibenzoate (14)
in 78% yield from (+)-12. Methanolysis of 14 gave (—)-12'* in 90% vield. The optical

Tasre II. Enzyme-Catalyzed Hydrolysis of (4)-158

S?\g\o{COOMG ?(S‘\:H/COOMQ”. \(\s/COOMe

Y s$7s
Ac / 0OAc .’ OH
(+)-15 (+)-15 (~)-4
(+)-15 (—)-4
Run Lipase Chemical Optical Chemical Optical
yield purity yield purity
(%) (% ee)” "D (" ee)®
1 Candida cylindracea Meito “OF-360"" 17 33 43 12
2 Candida cylindracea Meito “MY-30" 56 20 24 25
3 Candida cylindracea Sigma 50 I8 30 22
4 Pseudomonas fluorescens Amano “P” 4i 91 26 96
5 Porcine pancreas Amano 3 36 28 ¥
6 Aspergillus niger Amanag A" 18 14 60 0
7 Aspergillus niger Amano “A-6” 4 0 7 16™
8 Rhizopus niveus Amano “F” 53 58 17 92
9 Rhizopus japonicus Saiken ‘“Lilipase A-10" 62 28 14 92
10 Rhizopus japonicus Nagase 56 19 11 6l
11 Rhizopus javanicus Amano “F-AP-15" 42 46 (8 90

a) The optical purilies of (+)-15 and (—)-4 were determined {rom the 400 MHz 'H-NMR spectra after couversion into the
corresponding (+)-MTPA esters.  ») Compound ( + )-4 was obtained as the hydrolyzed product.
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purities of the obtained (+)- and (—)-12 were confirmed to be >99% ee from the 400 MHz
'H-NMR spectra after conversion into di-(+)-MTPA esters.'> These findings suggest that
racemization did not occur during the synthetic route from (+)-4 to (+)-12 and the inversion
process from (+)-12 to (—)-12.

In attempts to prepare (—)-4 as a chiral synthon, inversion of (+)-4 (>99% ee) using
Ikegami’s method [i) mesylation, ii) AcOCs~18-crown-6, iii) K,CO,]'® afforded partially
racemized (—)-4 (889 ee), and the Mitsunobu method afforded a complex mixture, To
develop a synthetic route that would give optically pure (—)-4, the racemic acetate ((+)-15)
derived from 3 was submitted to enzyme-catalyzed enantioselective hydrolysis. Enzymic
hydrolyses of (+ )-15 were performed in 0.1 M phosphate buffer solution (pH 7.25) at 33 °C for
48 h, and the results are summarized in Table II.

Among the eleven enzymes tested, lipase “Amano-P”’ from Pseudomonas fluorescens (run
4 in Table II) afforded (+)-15 (419 yield, 979 ee) as the recovered substrate and (— )-4 (26%
yield, 96%; ee) as the hydrolyzed product. Lipase “Amano F** from Rhizopus niveus and lipase
“Saiken-Lilipase A-10" from Rhizopus japonicus (runs 8 and 9 in Table [1) also afforded ( —)-4
(17% vield, 92% ee and 14% yield, 92%, ee, respectively). This (—)-4, formed in high
enantiomeric excess, could be converted to (—)-12 for the synthesis of natural PAF in a
manner similar to that described for the sequence from (+)-4 to (+)-12.

This is the first report of the asymmetric synthesis of enantiomerically pure batyl alcohol.

Experimental

Infrared (IR) spectra were measured with a JASCO A-202 spectrometer. ' H-NMR spectra were measured on a
JEOL LNP-PS-100 spectrometer unless otherwise stated. Mass spectra (MS) were taken on a JEOL JMS-> 300
spectrometer. Specific rotations were measured on a JASCO DIP-4 polarimeter. For column chromatography, silica
gel (Merck, Kieselgel 60, 70—230 mesh) was used. All organic solvent extracts were washed with brine and dried on
anhydrous sodium sulfate.

Methyl 2-Oxo-4,4-propylenedithiopentanoate (3)~—-1,3-Propanedithiol (30ml, 0.299 mol) in CH,Cl, (20 ml) wits
added dropwise to a stirred mixture of methyl 2,4-dioxopentanoate (2, 35g, 0.243 mol) and BF, etherate (10ml) in
CH,Cl, (60ml) at 0"C, and the whole was stirred at room temperature for 23 h, then poured into ice-water (100 ml),
and extracted with ether. The ether extract was successively washed with 5% aq. NalHCQ, and brine, then dried.
Removal of the solvent in vacuo afforded an oily residue, which was subjected to column chromatography on silica gel
(300 g). The fraction eluted with 2--5% AcOEf in hexanc (v/v) afforded 3 (34.8 g, 61%) as a4 pale yellow solidd, mp
38.9--39.5°C. IR (Nujoly: 1725, 1265, 1 120cm ' 'H-NMR (CDCly) &: 1.63 (3H, 5. CH,), 3.52 (2H, s, CH,CO), 3.86
(3H, s, COOCH,). MS m/z: 234 (M *), 147, 133,

Screening of Yeasts——1) Preliminary Screening: The microorganisms in a previous paper® were examined for
ability to reduce 3. Test tubes (25 x 200 mn1) containing 10ml ol the culture medium (5% glucose, 0.1% KH,PO,,
0.1% (NH,),80,, 0.05%, urea, 0.05% MgSQ, - TH,0, 0.1%; yeast extract and tap water (pF 7.0)) were inoculated with
microorganisms and cultured at 30 ¥C for 3 d with continuous shaking, Then the substrate (ca. Smg of compound 3)
was added to the test tube, which was further incubated Jor 3 d under the same conditions. The mixture was extracted
with AcOEt. The AcOEt extract was dried and concentrated in waewo. Monitoring of the residue by thin layer
chromatography (TLC) indicated that thirteen strains of yeast (listed in Table I) were effective for the reduction of 3.

ii} Sccondary Screening: Reduction with these effective microorganisms using 30-40mg of 3 in 100mi of
culture was carried out under essentially the same conditions as noted above. In arder to examine the stereochemistry
and optical purity, the reduction products were converted into (+ }-MTPA esters. 400 MHz 'H-NMR (CDCY,) §:
(+)-MTPA ester of R-(+)-4: 3.756 (3H, s, OCH,), 3.814 (3H, s, COOCH,); (+)-MTPA ester of S-(—)-4: 3.532 (3H,
s, OCH,), 3.785 (3H, s, COOCH,).

Asymmetric Reduction of 3 on a Preparative Scale-——The above-mentioned seed culture of Tornlopsis sp. Jyozo
Kyokat 17 (1 ml) was transferred to 800 mi of the same culture medium. After cultivation at 30°C for 3d, the
substrate 3 (1 g) was added to this seed culture, and the cultivation was continued for a further 3d under the same
conditions. Similar reduction of 3 on a preparative scale (I gx [3) was carried out. The reaction mixture was filtered
with the aid of celite and the filtrate was extracted with AcOEt. The AcQEt extract was washed with brine and dried.
Removal of the solvent in vacup gave an oily residue, which was chromatographed on silica gel (150 g). The fraction
eluted with 10% AcOEt in hexane (v/v) afforded (+)-4 (5.25g, 40%, 93%; ee). The optical purity of (4 )-4 was
enhanced by recrystallization from MeOH after conversion to the corresponding 3,5-dinitrobenzoate (6) in the usual
manner, [ollowed by methanolysis with K,CO, in MeOH to afford optically pure (+)-4 (4.2 g, 329 from 3, » 999
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ee) as a colorless oil. The fraction eluted with AcOEt afforded the crude hydroxyacid (5), which was purified after
conversion to { +)-4 (4.33 g, 33%, from 3, > 99, ec) by treatment with CH,N,. (+)-4: [¢]3’ +8.02° (c=5.12, CHCI,).
IR (neat): 3460, 1740, 1375, 1120cm ™. *H-NMR (CDC},) §: 1.67 (3H, s, CH,), 3.81 (3H, s, COOCH,), 4.51 (1H, m,
CH). MS m/z: 236 (M), 147, 133, 6: Yellow needles, mp 114.0—114.5°C, recrystallized from MeOH. [«]i +34.4°
(¢=1.16, CHCl,). IR (Nujol): 1765, 1750, 1548, 1465, 1350cm~*. *H-NMR (CDClLy) 6: 1.69 (3H, s, CHj,), 3.83 (3H,
s, COOCH,), 5.70 (1H, dd, J=4, 8 Hz, CH), 9.22 (3H, m, Ar-H). MS m/z: 430 (M*), 230, 216, 212. 5: 'H-NMR
(CDCl;) 6:1.62 (1H, s, CH,), 2.31 (1H, dd, J=9, 15Hz, C;-H), 2.66 (1H, dd, /=2, 15Hz, C,-H), 4.56 (1H, dd, J =2,
9Hz, C,-H), 5.54 (2H, br, COOH, OH).

Methyl (R)-2-Methoxymethoxy-4,4-propylenedithiopentanoate (7)——MOM chloride (1.92g) was added to a
stirred solution of (+)-4 (820 mg) in N,N-diisopropylethylamine (5.3 g) at 0°C. The whole was stirred at room
temperature for 3h, poured into 2% aq. HCI, and then extracted with ether. The ether extract was successively
washed with 5% aq.NaHCO, and brine, then dried. The solvent was removed in vacuo to afford an oily residue,
which was purified by column chromatography on silica gel (24 g). The fraction eluted with 7.59; AcOEt in hexane
(v)v) gave 7 (924 mg, 95%) as a pale yellow oil. [0]3 —1.86° (c=6.48, CHCL,). IR (neat): 1740, 1435, 1365,
1120cm ™! *H-NMR (CDCly) é: 1.63 (3H, s, CH,), 3.41 (3H, s, OCH,), 3.76 (3H, s, COOCH,), 4.34 (1H, dd, J=4,
8Hz, CH), 4.68, 4.71 (1H each, d, J=10Hz, OCH,0). MS m/z: 280 (M *), 235, 147,

(R)-2-Methoxymethoxy-4,4-propylenedithio-1-pentanol (8)——Compound 7 (915 mg) in.ether (10 ml) was added
dropwise with stirring to a suspension of LiAlH, (136 mg) in ether (4ml) at 0°C, and the mixture was stirred for
10 min, The usual work-up afforded a crude oil, which was subjected to column chromatography on silica gel (30 g).
The fraction eluted with 20~25% AcOEt in hexane (v/v) afforded 8 (767 mg, 93%) as a colorless oil. [o]f* —69.5°
(¢=0.965, CHCl,). IR (neat): 3440, 1440, 1375, 1035cm™*. *"H-NMR (CDCl,) §: 1.64 (3H, s, CHj,), 3.34 (1H, br,
OH), 3.44 (3H, s, OCH,), 3.58 (2H, m, CH,0OH), 3.86 (1H, m, CH), 4.72, 4.76 (1H each, d, J=11 Hz, OCH,0). MS
mjz: 252 (M), 220, 147.

(R)-2-Methoxymethoxy-1-octadecyloxy-4,4-propylenedithiopentane (9)——A dispersion of KH in mineral oil
(35% w/v, 1 mi, 10 mmol) was added to a stirred solution of 8 (750 mg) in benzene (10ml) at 8°C under an Ar
atmosphere. After 10min, octadecyl methanesulfonate (1.61g) in benzene (20ml) was added dropwise, then the
whole was refluxed for 15 min. The reaction mixture was diluted with hexane (10 ml), quenched with EtOH (2 ml) and
H,0 (5ml), then extracted with ether. The ether extract was successively washed with 19 ag. HCI, 5%, aq. NaHCO,
and brine, then dried. The solvent was removed in vacuo to give an oily residue, which was chromatographed on silica
gel (25 g). The fraction eluted with 2%, AcOEt in hexane (v/v) gave 9 (1.16 g, 78%) as a pale yellow oil. [x]&’ —10.4°
(c=4.01, CHCL,). IR (neat): 1460, 1345, 1165cm™. 'H-NMR (CDCL,) §: 0.87 3H, t, J=7Hz, CHj,), 1.20—~1.70
(32H, m, CH, x 16), 1.64 (3H, s, CH,), 3.38 (3H, 5, OCH,), 3.44—3.52 (4H, m, CH,OCH,), 3.94 (1H, m, CH), 4.72,
4.80 (1H each, d, /=10Hz, OCH,0). MS m/z: 504 (M), 442, 133.

(R)-4-Methoxymethoxy-5-octadecyloxy-2-pentanone (10)——Thallium (II1) trinitrate trihydrate (2.42g) in
MeOH (2 ml) was added at 0°C to a stirred mixture of 9 (1.15g), MeOH (6 ml) and ether (2 ml), and the mixture was
stirred for 15min at room temperature. After removal of the resulting precipitate by filtration, the filtrate was
concentrated in vacuo, diluted with brine, and then extracted with CH,Cl,. The CH,Cl, extract was dried and
concentrated in vacuo to afford an oily residue, which was subjected to column chromatography on silica gel (30 g).
The fraction eluted with 7% AcOEt in hexane (v/v) afforded 10 (852 mg, 90%) as a colorless oil. [oJ%* +7.20° (¢=
4.30, CHCI,). IR (neat): 1720, 1105, 1040cm ™, 'H-NMR (CDCl,) é: 0.87 (3H, t, J=7Hz, CH,), 2.18 (3H, s,
COCH,), 2.71 (2H, d, J="7Hz, COCH,), 3.34 (3H, 5, OCH,), 3.41-3.48 (4H, m, CH,0CHy,), 4.15 (1H, m, CH), 4.68
(2H, 5, OCH,0). MS m/z: 353 (M* —OCH,OCHS,), 310, 131. 4nal. Caled for C,5Hy0,: C, 72.41; H, 12.15. Found:
C, 72.59; H, 12.10.

1-0-Acetyl-2~0O-methoxymethyl-3-O-octadecyl-sn-glycerol ~ (11)——CF,CO,H  [freshly prepared from
(CF,C0),0 (42 ml), 60%, H,0, (5ml) and Na,HPO, (74 g) in CH,Cl, (100 ml)] was added dropwise to a well-stirred
suspension of 10 (830 mg) and Na,HPO, (12g) in CH,Cl, (24 ml) at 0°C. The whole was stirred for 7h at room
temperature, diluted with 5% aq. NaHCO, and then extracted with CH,Cl,. The CH,Cl, extract was successively
washed with 2% aq. KI, 5% aq. Na,S,0;, and brine, then dried. Removal of the solvent gave an oily residue, which
was purified by column chromatography on silica gel (30 g). The fraction eluted with 3% AcOEt in hexane (v/v)
afforded 11 (555 mg, 69%) as a colorless oil. [a2® +10.61° (¢=3.08, CHCL,). IR (neat): 1740, 1235, 1115em ™. 1H-
NMR (CDCl;) §:0.88 (3H, t, J=7Hz, CH,), 1.20—1.70 (32H, m, CH, x 16), 2.08 (3H, 5, OCOCHj,), 3.39 (3H, s,
OCH,), 3.44—3.54 (4H, m, CH,0CH,), 3.96 (1H, m, CH), 4.20 (2H, m, CH,OCO), 4.72 (2H, s, OCH,). MS m/z: 431
(M™ +1), 399, 385, 369. 4nal. Caled for C,sHs0s: C, 69.72; H, 11.70. Found: C, 69.77; H, 11.83.

3-0-Octadecyl-sn-glycerol ((+)-Batyl Alcohol) ((+)-12)——Solution of 11 (313 mg) in MeOH (10 ml) was heated
at 50°C for 3 hin the presence of 359, aq. HCI1 (0.1 ml). After additon of 5% aq. NaHCO; (2 ml}, the whole was diluted
with brine, and extracted with ether. The ether extract was dried and concentrated in vacuo to give a colorless solid,
which was purified by column chromatography on silica gel (9 g). The fraction eluted with 20%; AcOEt in hexane (v/v)
gave 12 (225mg, 90%) as colorless needles, mp 70.8—71.2 °C, recrystallized from AcOEt-hexane. [a}3 +2.41° (¢=
2.42, THF). IR (Nujol): 3370, 1460, 1368, 1120em ™!, 'H-NMR (CDCl,) : 0.88 (3H, t, J=7Hz, CHj,), 1.20—1.70
(32H, m, CH, x 16), 2.34, 2.73 (1H each, br, OH x 2), 3.39—3.92 (7H, m). MS mj/z: 345 (M* +1), 313, 253. High-MS



No. 8 3117

for. C;,H,,0, (M*): Caled m/z 344.32893; Found 344.32841.

1-0-Benzoyl-3-0-octadecyl-sn-glycerol (13)—Benzoy! chloride (64mg) in CH,Cl, (1ml) was added to a
mixture of (+)-12 (156 mg) and pyridine (0.1 m!) in CH,Cl, (3ml) at 0°C, and the mixture was stirred for 30 min at
room temperature. The whole was diluted with 5% aq.HCI and extracted with ether. The ether extract was
successively washed with 5% NaHCO, and brine, then dried. Removal of the solvent in vacuo gave a crystalline
residue, which was chromatographed on silica gel (2 g). The fraction eluted with 109 AcOEt in hexane (v/v) afforded
13 (148 mg, 73%), mp 48.5—49.5°C, recrystallized from hexane, and the 2-O-benzoate of (+)-12 (19mg, 9%) as a
colorless solid. Compound (+)-12 (22 mg, 14%;) was also recovered from the eluate with 209, AcOEt-hexane (v/v).
13: [a]E® —0.54° (c=3.09, CHCl,). IR (Nujol): 3470, 1690, 1600, 1582, 1295e¢m™!. 'H-NMR (CDCl,) é.: 0.88 (3H, t,
J=T7Hz, CH;), 2.60 (1H, br, OH), 3.42—3.58 (4H, m, CH,0CH,), 4.14 (1H, m, CH), 4.40 (2H, d, J=5Hz,
CH,0CQ), 7.36—7.58 (3H, m, Ar-H), 8.00—8.10 (2H, m, Ar-H). MS m/z: 448 (M "), 375, 325. 2-0-Benzoate of (+)-
12: IR (Nujol): 3470, 1687, 1600, 1581, 1285c¢m ™!, *H-NMR (CDCl,) 6: 0.88 (3H, t, J=7Hz, CH,), 3.38 ({H, br,
OH), 3.50 (2H, t, J=6Hz, OCH,C,,H;), 3.77 (2H, d, J=>5Hz, CH,0-alkyl), 3.94 (2H, d, J=35Hz, CH,0H), 5.26
(I1H, tt, J=35, 5Hz, CH), 7.34—7.70 (3H, m, Ar-H), 8.02—8.15 (2H, m, Ar-H).

2,3-Di-0-benzoyl-1-0-octadecyl-sn-glycerol {14)——Diethyl azodicarboxylate (62 mg) in ether (2 ml) was added
to a mixture of 13 (107 mg), triphenylphosphine (95 mg) and benzoic acid (44 mg) in ether (5 ml). The reaction mixture
was stirred for 2 h at 0 °C, diluted with ether, and washed with brine, then dried. The solvent was remaoved in vacue to
afford an oily residue, which was purified by column chromatography on silica gel (4 g). The fraction eluted with 2.5%,
AcOEt in hexane (v/v) afforded 14 (125mg, 95%) as a colorless oil. [¢)3 —9.57° (¢=2.16, CHCI,). IR (neat): 1720,
1600, 1260, 1110cm™*. *H-NMR (CDCL,) §: 0.88 (3H, t, J=7Hz, CH,), 3.50 (2H, t, J=6Hz, OCH,C,;H,,), 3.76
(2H, d, J=6 Hz, CH,0-alkyl), 4.65 (2H, d, J=7 Hz, CH,0CO0), 5.60 (1H, m, CH). MS m/z: 552 (M*), 479, 430,

1-0-Octadecyl-sn-glycerol ((—)-Batyl Alcohol) ((~)-12)——A mixture of 14 (63mg) and NaOH (34mg) in
MeOH (3ml) was stirred for 1h at room temperature. Usnal work-up afforded a crystalline residue, which was
chromatographed on silica gel (1.5 g). The fraction eluted with 20%, AcOEt in hexane (v/v) afforded (—)-12 (35 mg,
90%), mp 70.8—71.4°C, recrystallized from AcOEt~hexane, [¢]f —2.35" (¢=2.10, THF). High-MS for C,,H,,0,
(M*): Calcd m/z 344.32893; Found 344.32813.

Di-O-(+)-MTPA Esters of (+)- and (~)-12——Compounds (+)- and (~)-12!'% were converted into the
corresponding di-O-(+)-MTPA esters in the usual manner, For determination of the enantiomeric excess, the
following signals in the 400 MHz 'H-NMR spectra (CDCl,) were examined. 1,2-Di-O-(+4-}-MTPA ester of (+)-12: §:
3.424, 3.494 (3H cach, OCH, x 2), 4.367 (1H, dd, J=4.88, 1221 Hz, CH ,H,OMTPA), 4.623 (1H, dd, J=3.18,
12.21 Hz, CH,H,OMTPA), 2,3-Di-O-(+)-MTPA ester of (—)-12: ¢: 3.399, 3.482 (3H each, OCH; x2), 4.429 (1H,
dd, J=6.45, 12.20 Hz, CH,H,OMTPA), 4.733 (1H, dd, J=2.93, 12.20 Hz, CH,H,OMTPA).

Methyl (4)-2-Hydroxy-4-oxopentanoate Propylene 1,3-Dithioacetal ((+4)-d4)—~NaBH, (626 mg) was added
portionwise to a stirred mixture of 3 (3.52g) and CeCl; (6.17g) in MeOH (50 ml) at - 78°C, and the whole was
stirred for 1h at —78"C. The reaction mixture was quenched with acetone (3 ml) and diluted with brine, then
extracted with AcOEt. The AcORt extract was dried and concentrated in vacuo to afford an oily residue, which was
subjected to column chromatography on silica gel (80 g). Compound 3 (492 mg, 14%;) was recovered from the fraction
eluted with 10% AcOE! in hexane (v/v). The fraction eluted with 10--20% AcOEt in hexane (v/v) afforded (:+)-4
(2.49 g, 70%;) as a colorless oil.

Methyl (+)-2-Acetoxy-4-oxopentanoate Propylene 1,3-Dithioacetal ((+)-15)—-—Ac,0 (1.8 ml) was added to a
solution of (£)-4 (2.26 g) in pyridine (10 ml) at 0 “C, The reaction mixture was stirred for 2 h at room temperature and
poured into 3% aq, HCI, then extracted with ether. The ether extract was washed suceessively with 5% aq. NaHCO,
and brine, then dried. The solvent was removed in vacuo to afford an oily residue, which was purified by column
chromatography on silica gel (60 g). The Fraction eluted with 7,5% AcOEL in hexane (v/v) afforded (£)-15 (2.44 g,
92%) as a colorless solid, mp 86,0--86.2°C. IR (Nujol): 1755, 1740, 1435, 1380, 1225¢m ™", "H-NMR (CDCly) §:
1.58 (3H, s, CH,), 2.14 (3H, s, OCOCHj,). 2.38 (1H, dd, J=8, 15 Hz, Cy-H), 2.68 (1H, dd, /=3, 15Hz, C;-H), 3.76
(3H, s, COOCH,), 5.30 (1H, dd, J=3, § Hz, CH). MS m/fz: 278 (M "}, 216, 112.

General Procedure for Enzyme-Catalyzed Hydrolysis of (+)~15--—-An enzyme (100 mg) was added to a stirred
suspension of substrate (( = )-15, 200 mg) in phosphate buffer (pH 7.25, 0.1 M, 40 ml). The reaction mixture was stirred
for 48 h at 33 °C, and extracted with AcOEt (100 ml x 2), and the combined extracts were dried. After removal of the
solvent in vacuo, the crude product was purified by column chromatography on silica gel (8 g). The results are
summarized in Table II. Specific rotations of (+)-15 and (—)-4 obtained by the use of lipase “Amano P {run 4 in
Table II) were as follows. (-+)-15: [a]3' +4.44° (¢ =3.68, CHCL). (~)-4: [e]f’ ~8.01° (¢=4.38, CHCL,).
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The site-selectivity in the modified Reissert—Henze reaction of 5-substituted. and 4,5-disubsti-
tuted pyrimidine [-oxides with trimethylsilyl cyanide was examined. The reaction of S-substituted
4-methoxypyrimidine 1-oxides with trimethylsilyl cyanide gave exclusively 2-pyrimidine-
carbonitriles in good yields without exception. On the other hand, the other 5-substituted and
4,5-disubstituted pyrimidine l-oxides gave mainly 6-pyrimidinecarbonitriles.

Keywords——site-selectivity; pyrimidine N-oxide; trimethylsilyl cyanide; Reissert—~Henze reac~
tion; pyrimidinecarbonitrile

As reported previously, when pyrimidine 1-oxides substituted with an electron-donating
group at position 4 were treated with trimethylsilyl cyanide (TMSCN),? significant site-
selectivity due to substituent effects was observed, and 2-pyrimidinecarbonitriles were formed
predominantly.® For example, the reaction of 4-methylpyrimidine 1-oxide with TMSCN gave
4-methyl-2-pyrimidinecarbonitrile as a sole product, while the reaction of pyrimidine 1-oxide
itself under the same conditions gave a 2:3 mixture of 4-pyrimidinecarbonitrile and 2-
pyrimidinecarbonitrile.

On the other hand, the reaction of 3-halopyridine [-oxides with TMSCN was reported to
give 3-halo-2-pyridinecarbonitriles selectively.® Similar results were observed in the reaction
of 3-methoxy- and 3-dimethylaminopyridine l-oxides with the same reagent. The orienting
effect of these substituents on the cyanation has been explained by assuming a cyclic
mechanism due to the interaction between the substituents and TMSCN.#

Our interest was next focussed on the comparison of these two different orienting effects
in the same ring system. The present paper deals with the reaction of 4,5-disubslituled
pyrimidine 1-oxides with TMSCN, because such pyrimidine 1-oxides are considered to be
easily available substrates having favorable structures for the comparison of these effects in a
single molecule.

In advance of the main investigation, the reaction of S-substituted pyrimidine 1-oxides
with TMSCN was carried out. When 5-phenyl- (1a), 5-methyl- (1b), 5-methoxy- (1¢), 5-
chloro- (1d), and 5-bromopyrimidine 1-oxide (le) were treated with TMSCN under the
reported conditions,>* the corresponding 5-substituted 4-pyrimidinecarbonitriles (5'a-—e)
were formed predominantly. The formation ratio of the isomers determined by gas-
chromatographic analysis are listed in Table I.

Based on the results described above, it is concluded that the reaction of S-substituted
pyrimidine 1-oxides tends to give 4-pyrimidinecarbonitriles, although the orienting effect due
to the interaction between 5-substituents and TMSCN is not sharply observed as in the case of
3-substituted pyridine 1-oxides.
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Chart 1

TaBLE 1. Reaction of Pyrimidine 1-Oxides with Trimethylsilyl Cyanide

Pyrimidine [-oxide Reaction Reaction Ratio of isomer Isolated yield (%)
No. temp. time

R, R; (°C) (h) 2-Isomer  6-Isomer 2-Isomer  6-Isomer
1a H Ph 82 3 11 89 9 649
1b H Me Room temp. 3 0 100 0 75
1lc H OMe Room temp. 12 0 100 0 64
1d H Cl 0 0.5 13 87 20 14
le H Br Room temp. 0.5 2 98 <1 22
2a Ph Ph Room temp. 3 19 81 15 67
2b Ph Me 82 1 5 95 <4 89
2c Ph OMe 82 3 24 76 <2 60
2d Ph Cl Room temp. 2 3 97 <1 88
2e Ph Br 82 2 5 95 <2 73
3a Me Ph 82 10 32 68 25 46
3b Me Me 82 2 31 69 25 57
3¢ Me OMe 82 6 71 29 389 <l
3d Me Cl Room temp. 2 3 97 <2 77
3e Me Br Room temp. 4 3 97 <2 72
4a OMe Ph Room temp. 3 100 0 92 0
4b OMe Me Room temp. 5 100 0 77 0
4c OMe OMe Room temp. 8 100 0 95 0
4 OMe Cl 82 1 100 0 33 0
4e OMe Br Room temp. 1 100 0 72 0

@) 9a: 7%, b) 9d: 14%,.  ¢) Yield of the mixture of 7¢c and 7%c was 63%;,

In the cases of 5-chloropyrimidine 1-oxide (1d), formation of the monocarbonitrile (5d
and 5d) was disturbed by the concomitant formation of 5-chloro-4,6-pyrimidine-
dicarbonitrile (9d), which was probably derived from further 1,6-addition of TMSCN
to 5’d followed by spontaneous oxidation of the dihydro intermediate. Similar 1,6-addition
of TMSCN seems to occur in the reaction of 5-bromopyrimidine 1-oxide (le), although
5-bromo-4,6-pyrimidinedicarbonitrile was not isolated.”

Next, the reaction of 4,5-disubstituted pyrimidine 1-oxides (2—4) with TMSCN was
investigated. When S-substituted 4-phenyl- (2a—e) and 4-methylpyrimidine 1-oxides (3a, b, d,
e) were treated with TMSCN in acetonitrile, the corresponding 5,6-disubstituted 4-pyrimi-
dinecarbonitriles (6'a—e and 7’a, b, d, ¢) were obtained predominantly, while the reaction
of 5-methoxy-4-methylpyrimidine 1-oxide (3c) gave 5-methoxy-4-methyl-2-pyrimidinecarbo-
nitrile (7c) together with a small amount of the positional isomer, 5-methoxy-6-methyl-
4-pyrimidinecarbonitrile (7’c).

As reported previously,” the reaction of pyrimidine 1-oxide itself gave a mixture of 2-
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and 4-pyrimidinecarbonitriles (2: 3, total yield 75%), the reaction of 4-phenylpyrimidine 1-
oxide gave a mixture of 4-phenyl-2-pyrimidinecarbonitrile and 6-phenyl-4-pyrimidine-
carbonitrile (55 and 21%),% and the reaction of 4-methylpyrimidine 1-oxide gave 4-methyl-2-
pyrimidinecarbonitrile as a sole product (74%). Accordingly, the present results suggest
that, in 4,5-disubstituted pyrimidine 1-oxides, the 5-substituents (such as phenyl and methyl
groups) play a more important role than the 4-substituents in influencing the orienta-
tion of the cyanation with TMSCN.

In contrast to the above, the reaction of 5-substituted 4-methoxypyrimidine 1-oxides,
irrespective of the kind of 5-substituents, gave the corresponding 2-pyrimidinecarbonitriles
exclusively, as shown in Table 1.

The following results relating to the exclusive formation of 8a—e from 4a—e were
obtained. 4-Methoxy-6-methylpyrimidine 1-oxide reacted with TMSCN smoothly to give 4-

TaBre II. Pyrimidine N-Oxides

No. R, R; Method ‘ilﬁl)d mp (°C) IH-NMR (CDCl,) § (ppm)
(4

1a H Ph A 37 105—107  7.57 (5H, s), 8.47 (1H, d, J=2Hz), 8.63 (1H, dd, /=2 Hz),
9.00 (1H, d, J=2Hz)

b H Me A 44 114—115.5 2.37 (3H, s), 8.10 (1H, brs), 8.30 (1H, brs), 8.90 (1H, brs)
1d H Cl B 13 155—156  8.20 (1H, d, J=2Hz), 8.43 (1H, dd, J=2Hz), 8.90 (IH, d,
J=2Hz)
le H Br A 15 161.5—163" 830 (IH, d, J=2Hz), 8.57 (1H, dd, J=2Hz), 890 (1H, d,
J=2Hz)

2a Ph Ph A 26 128 7.0—17.6 (10, m), 8.07 (1H, d, /=2 Hz), .02 (1H, 4,
J=2Hz)
2b Ph Me A 32 149.5—150 240 (3H, s), 7.3—7.8 (5H, m), 8.30 (1H, brs), 8.93 (1H, bry)
2¢ Ph OMe A 75 178—178.5" 3,98 (3H, s), 7.3—7.8 (3H, m), 7.8—8.2 (2H, m), 8.20 (1 H,
d, /=2Hz)
2d Ph Cl B 4] 199200 7.4---1.7 (3H, m), 7.7--8.1 (2H, m), 8.50 (1H, d, J= 2 Hz2),
(dec.) 895 (IH, d, J=2Hz)
33 Me Ph A 9 Viscous oil  2.46 (3H, s), 7.27.7 (5H, m), 8.25 (1H, d. J=2H2z), 8,90
(IH, d, J=2Hz)
¥a Me Ph A 18 86.5—8% 2.50 (3H, 8), 7.2--7.7 (5H, m), 8.10 (1H, 5), 9.05 (111, )
3 Me Me A 23 139140 2.27 (3H, s), 2.47 (3H, s), 8.20 (1H, brs), 8.77 (1H, brs)
b Me Me A 36 Hygroscopic  2.33 (3H, 8), 2.50 (3H, s), 7.98 (1H, 5), 8.85 (1H, s)
semi-solid
3¢ Me OMe A 30 206209 2.40 (3H, ), 3.90 (3H, s), 8.05 (1H, d, J==2Hz), .60 (1H,
{dec.) d, J=2Hz)
e Me OMe A 22 139—139.5 2.43 (3H, s), 3.97 (3H. s). 7.80 (1H, s), 8.63 (1H, s)
d Me (il B 22 141.5--142.5 2.57 (3H, ), 8.40 (I1H. d, J=2Hz), 8.78 (1H, d, J:s2Hz)
¥ Me (I B M4 70.5~72 2.65 (3H, s), 8.20 (1H, s), 8,90 (1H, s)
3¢ Me Br B 20 133--133.5 2.60 (3H, s), 8.55 (1H, d, J=2Hz), 883 (1H, d, J:=21z)
(dee.)
¥e Me Br B 30 106—107.5 2.67 (3H, s), 8.22 (1H. s), 8.87 (1H, 3)
42  OMe Ph A 69 166167 4,05 (3H, s), 7.55 (SH, s), 8.37 (1H, d, J=2Hz), 8.73 (1H,
d, J=2Hz)
4 OMe Me A 68 156—157 2.37 (3H, s), 4.00 (3H, s), 8.10 (1H, brs), 8.67 (IH, brs)
4 OMe OMe A 30 203205  4.00 (3H, s), 4.12 (3H, s), 8.20 (1H, d, J=2Hz), 8.50 (1H,
(dec.) d, J=2Hz)
4 OMe Cl B 37 165—165.5 4.07 (3H, s), 8.33 (1H, d, J==2Hz), 8.57 (1H, d, J=2Hz)
4¢ OMe Br B 36 158—158.5 4.05 (3H, s), 8.47 (1H, d, /=2 Hz), 8.63 (1H, d, J:=2 Hz)

(dec.)

a) Lit'” mp 113—116°C, #) Lit."® mp 166—167°C. ¢) Lit.""" mp 151—153°C. ) Lit.!® mp 173—176°C.
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methoxy-6-methyl-2-pyrimidinecarbonitrile in good yield, whereas 4-methoxy-2-methyl-
pyrimidine 1-oxide was recovered unchanged after the reaction with TMSCN.*) Accordingly,
it is clear that the presence of the 4-methoxyl group decreases the reactivity of position 6 to
nucleophilic reagents.

In many substitution reactions of pyrimidine derivatives, an orienting effect of a 4(or 6)-
methoxyl group to the 2-position has been reported.®” Further, the 4-methoxyl group was
confirmed to enhance the relative reactivity of the 2-methyl group in 4-methoxy-2,6-
dimethylpyrimidine systems.® % The results obtained in the present investigation represent
an additional example of such findings.

Experimental

All melting points and boiling points are uncorrected. Infrared (IR) spectra were measured with a JASCO IRA-1
spectrometer. Proton nuclear magnetic resonance (' H-NMR) spectra were taken at 60 MHz with a JEOL JMN-PMX
60 spectrometer. Chemical shifts are expressed in § (ppm) values. The following abbreviations are used: s=singlet,
d =doublet, dd =double doublet, m=multiplet, and br =broad.

5-Bromo-4-phenylpyrimidine——A mixture of 5-bromo-4-chloro-6-phenylpyrimidine!!’ (8.93 g, 33 mmol), tos-
ylhydrazine (12.34 g, 66 mmol), and CHCl, (100 m!) was refluxed for 12h. The resulting precipitate was filtered off
and added portionwise to 10% K,CO; (100 ml) at 90°C. The mixture was refluxed for 30 min and extracted with
CHC],. The crude product obtained from the CHCI, extract was recrystallized from ether to give colorless scales, mp
91.5—93.5°C. Lit.'" mp 89—90 °C. Yield 5.37 g (70%,).

5-Methoxy-d-phenylpyrimidine——A mixture of 5-bromo-4-phenylpyrimidine (2.34 g, 10 mmol) and methanolic
sodium methoxide [prepared from Na (0.25 g, 11 mmol) and dry MeOH (50 ml)] was heated in a sealed tube at 120C
for 20 h. After removal of the MeOH, the residue was diluted with H,O and extracted with CHCI;. The crude product
obtained from the CHC, extract was distilled under reduced pressure to give a colorless liquid, bp 150 "C/3mmHg.
Picrate (acetone—hexane): pale yellow needles, mp 147—148.5°C. Yield 1.25g (62%). "H-NMR (CCl,): 3.93 (3H, s),
7.2—7.5 (3H, m), 7.9—8.2 (2H, m), 8.30 (1H, s), 8.73 (1H, s). Anal. Caled for C,,H, sN,O (picrate): C,49.16; H, 3.15;

TABLE I1I. Analytical Data for Pyrimidine N-Oxides

Analysis (%)

No. R, R, Formula Caled Found
cC H N cC H N

la H Ph CoHN.O 6975 468 16.27 6973 453 1641
b H Me  CH,N,O 5454 549 2544 5462 534 2542
4 H Cl  CHCIN,O 3681 232 2146 37,02 220 21.54
22 Ph Ph C,H,N,0 7740 487 11.28 7718 466 11.01
2 Ph Cl C H,CIN,O 5812 344 1355 58.48 344 13.55
323 Me Ph C,H,N:O” 49.16 3.5 16.86 4939 292 16.86
¥a Me Ph C.H,N,O 7095 541 15.04 70,67 543 1494
3b Me Me  CgHN,0O 58.05 649 22.56 5809 647 22.73
¥ Me Me  CoLH,N;Of” 40.80 3.14 19.83 4071 298 19.63
3 Me OMe GC.HgN,0, 5142 575 19.99 5129 554 19.69
¥ Me OMe CHN,0, 5142 575 19.99 5127 S84 1977
3 Me C  CHCIN,O 4154 349 1938 4141 329 1938
¥d& Me Cl CH,CIN,O 4154 349 19.38 4141 326 1936
3z Me Br  CHBIN,O 3177 266 1482 3101 2.60 14.98
¥e Me Br  CHBN,O 3177 266 1482 375 249 1481
4a OMe Ph  C,H,N,0, 6533 498 13.86 65.19 492 1374
4 OMe Me CH,N,0, 5142 575 19.99 5115 5.60  19.97
4 OMe OMe C,H,N,0, 4615 516 17.94 4598 498 18.18
4d OMe Cl  C.HCIN,O, 3740 313 17.44 3697 311  17.88
4 OMe Br  CH,BrN,O, 2929 245 13.66 2937 227 13.63

a) Picrate: mp 132—133°C (dec,) (acetone~hexane). b) Picrate: mp 124—126 "C (AcOEt-ether).
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N, 16.86. Found: C, 49.22; H, 2.98; N, 17.14.

4,5-Dichloro-6-phenylpyrimidine——A 30% hydrogen peroxide solution (6ml) was added to a solution of 4-
phenyl-6(1 H)-pyrimidinone! " (8.60 g, 50 mmol) in conc. HCI (50 ml) at 30~40°C, and the mixture was stirred at
30—40 °C overnight. After evaporation of the solvent, the residue was refluxed with POCI; (50 ml) for 3h, and the
excess POCIl; was removed under reduced pressure. The residue was poured into ice-water and extracted with CHCl,.
The residue obtained from the CHCI, extract was purified through a short Al,O, column using CsHg as an eluent,
The product obtained from the C H, eluate was recrystallized from hexane to give colorless scales, mp 71.5--73°C,
Lit)® mp 72—74°C. Yield 7.38 g (66%).

5-Chloro-4-phenylpyrimidine——When treated according to the procedure used for the preparation of S-bromo-
4-phenylpyrimidine, 4,5-dichloro-6-phenylpyrimidine (900 mg, 4 mmol) gave colorless prisms, mp 87.5--88.5°C,
which were recrystallized from hexane. Yield 440 mg (58%). 'H-NMR (CDC},): 7.3—7.6 (3H, m), 7.6—8.0 (2H, m),
8.72 (1H, 8), 9.25 (1H, s). Anal. Caled for C, H,CIN,: C, 63.01; H, 3.70; N, 14.70. Found: C, 63.06; H, 3.56; N, 14.70.

5-Bromo-4-methylpyrimidine——When treated according to the procedure used for the preparation of 5-bromo-
4-phenylpyrimidine, 5-bromo-4-chloro-6-methylpyrimidine (10.4g, 50 mmol) gave a colorless liquid, bp 90 C/

TaBLE 1V, Pyrimidinecarbonitriles

mp (°C) IR (CHCl;)

No. R, R, opfmmide] et 'H-NMR (CDCl,) & (ppm)
5a H Ph 126127 2240 7.60 (SH, s), 9.05 (2H, 5)
5%a H  Ph 8991 2220 7.60 (SH, s), 9.03 (1H, s), 9.33 (1H, 5)
9a H Ph 143—143.5 2240 7.62 (SH, s), 9.40 (1H, s)
5 H  Me [120/20] 2240 2.57 (3H, s), 8.80 (1H, s), 9.10 (1H, )
¢ H  OMe 83—84 2240 410 (3H, ), 8.67 (1H, ), 8.95 (1H, 5)
5d H I 83.5—84.59 —  B87(2H,s)
54 H Cl [120/24] 2240 893 (IH, s), 9.18 (1H, 5)
9d H 99.5—100 2240  9.35 (IH, s)
S H  Br 1161170 —  895(2H, s)
5% H Br 35--36 2240 9.08 (1H, s), 9.27 (1H, s)

[135/19]

6a Ph Ph 105.5—106.5 2250  7.3--7.6 (10H, m), 8.78 (1H, 5)
6a Ph Ph 150.5--151.5 2240 7.3—~7.6 (10H, m), 9.35 (IH, s)

6b  Ph Me 8990 2230 2.52 (3H, s), 7.57 (5H, brs), 8.68 (1H, 5)

6'b Ph Me 101102 2240 2.60 (3H, s), 7.55 (6H, s), 9.17 (1H, )

6c Ph OMe 123--123.5 2240 4.10 (3H, ), 7.4—7.6 (3H, m), 8.0--8.3 (2H, m), 8.50 (111, %)
6c Ph OMe 54.5---55 2240 3.98 (3H, s), 74—-7.7 (3H, m), 8.0--8.3 (2H, m), 2.05 (I11, s)
6d Ph Cl 92--93 b 7417 (3H, m), 7.8—8.1 (2H, m), 8.83 (1H, 5)
o'd Ph a 83 -84 2240 7.5--7.7 (3H, m), 7.7--8.0 (2H, m), 9.23 (1H, §)
6e  Ph Br 102.5--103 7.4--7.6 (3H, m), 7.7—-8.0 (2H, m), 8.97 (1H, s)
6’e Th Br 97.5--98 — 7.4--7.7 (3H, m), 7.7—8.0 (2H, m), 9.23 (LH, )
Ta Me Ph 105106 2240 2.60 (3H, 8), 7.3—7.7 (5H, m), 8,65 (1H, s)

7’a Me Ph 82--83 2240 2,50 (3}, ), 7.3--7.7 (SH, m), 9.20 (1H, 5)

7  Me Me 70---70.5 2240 2.37 (3H, 5), 2.57 (3H, 5), .50 (1H, s)

b Me Me 56---57 2230 2.53 (3H, 5), 2.60 (3H, 5), 9.00 (1H, &)

7¢  Me OMe 67-67.5 2240 2,50 (3H, s), 4.02 (3H, s), 8.27 (IH, s)

Te Me OMe 52.5--53.5 2230 2.57 (3H, s), 4.20 (3H, s), 8.83 (1H, )

74 Me Cl {110/24] e 2.68 (3H, ), 8.68 (1H, s)

74 Me (I 57.5--58.5 2240 2,75 (3H, s), 9.07 (1H, s)

7e  Me Br 67—-67.5 — 2.72 (3H, s), 8.83 (1H, s)

Te Me Br 84,5—85.5 — 2,75 (3H, ), 9.07 (11, s)

8a OMe Ph 129--129.5 2250 4.08 (3H, s), 7.52 (SH, brs), 8.53 (1H. s)

8 OMe Me 50—50.5 2250  2.23 (3H, s), 4.07 (3H, s), 8.33 (1, 8)

8¢ OMe OMe 86.5—87.5 2240 4.03 (3H, s), 4.12 (3H, s), 8.10 (I1H, 5)

84 OMe Cl 4546 - 4.15 (3H, s), 8.55 (1H, s)

8¢ OMe Br 147—149 e 4.17 (3H, s), 8.63 (1H, s)

(dec.)

a) Lit.*" mp 85—86°C. 84) Lit.*" mp 115—118°C.
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23mmHzg. Yield 4.4 g (51%). 'H-NMR (CCl,): 2.60 (3H, s), 8.62 (IH, s), 8.83 (1H, s). Anal. Calcd for C;H;BrN,: C,
34.71; H, 291; N, 16.19. Found: C, 34.70; H, 2.78; N, 16.38.

5-Methoxy-4-methylpyrimidine——When treated according to the procedure described for the preparation. of 5-
methoxy-4-phenylpyrimidine, 5-bromo-4-methylpyrimidine (10.38 g, 60 mmol) gave a colorless liquid, bp 100 °C/
20mmHg, Lit."'® bp 90—92°C/15mmHg. Yield 3.19g (43%).

4,5-Dichloro-6-methylpyrimidine——When treated according to the procedure used for the preparation of 4,5-
dichloro-6-phenylpyrimidine, 6-methyl-4(3H)-pyrimidinone (44.0g, 0.4mol) gave a colorless liquid, bp 100°C/
18 mmHg. Yield 26.7 g (41%). '"H-NMR (CDCl,): 2.67 (3H, s), 8.68 (1H, s5). Anal. Calcd for CsH,CL,N,: C, 36.84; H,
2.67; N, 17.19. Found: C, 36.51; H, 2.26; N, 17.32.

5-Chloro-4-methyipyrimidine When treated according to the procedure used for the preparation of 5-bromo-
4-phenylpyrimidine, 4,5-dichloro-6-methylpyrimidine (16.3 g, 0.1 mol) gave a colorless liquid, bp 90 °C/19 mmHg.
Lit.' mp 49—50 °C. Picrate {ether-hexane): yellow prisms, mp 110—111°C. Yield 5.93 g (47%). 'H-NMR (CCl,):
2.57(3H, s), 8.48 (1H, 5), 8.82 (1H, 5). Anal. Caled for C,, HgCIN, O, (picrate): C, 36.94; H, 2.25; N, 19.58. Found: C,
37.04; H, 2.09; N, 19.65.

4,5-Dimethoxypyrimidine—A mixture of 5-methoxy-4(3H)-pyrimidinone'® (25.2g, 0.2mol) and POCI,
(150m1) was refluxed for 30 min. After removal of the excess POCI,, the residue was made alkaline with NH,OH and
extracted with CHCI;. An MeONa-~MeOH solution [prepared from Na (9.2 g, 0.4 mol) and dry MeOH (200 ml)] was

TaBLE V. Analytical Data for Pyrimidinecarbonitriles

Analysis (%)

No. R, Rg Formula Caled Found
C H N C H N

S5a H Ph CiH,N; 7291 389 23.19 73.04 383 2327
5a H Ph C;,H,N, 7291 3,89 23.19 7276 3.75  23.40
9a H Ph Ci2HegN, 69.89 293 27.17 70,08 277 27.13
5’b H Me CoHsN, 60.50 4.20 3529 60.49 420 3553
5c H OMe C H;N;0 53.33 3.72 31.09 53.40 348 31.34
5d H Cl C;H,CIN, 43.03 1.44 30.11 43,38 147 29.81
9 H Cl C;HCIN, 4379 0.6]1 34.04 43.93 0.58 34.35
Se H Br CsH,BrN, 32,62 1.09 2283 32,79 1.09 22091
5e H Br CsH,BrN, 32,62 1.09 2283 3282 1.09 2275
6a Ph Ph C,-H [ N, 79.36 4.31 1633 79.61 4.03 1653
6a Ph Ph C7Hi Ny 79.36 431 16.33 79.55 4.28 16,30
6b Ph Me Cy;HpN, 73.82 4.64 21.52 74.08 4.51 21.33
o’b Ph Me Cy,HgN, 73.82 4.64 21.52 74.07 451 21,65
oc Ph OMe  C|,HgN,O 68.23 429 19.89 68.43 437 1997
6'c Ph OMe C;,H,N,O 68.23 429 1989 68.47 439 20.03
6d Ph Cl C,HoCIN, 61.26 2.80 1948 61.56 257 19.66
6'd Ph Ci C, H,CIN, 61.26 2.80 1948 61.63 2,68 19.62
6e Ph Br C,yHgBrN, 50.79 232 16.15 51.16 2.34  16.39
6'e Ph Br C,, H¢BrN; 50.79 2.32 16,15 50.79 2.15 16.05
Ta Me Ph C,,HgN, 73.82 4.64 21.52 74.07 4.56 21.58
T'a Me Ph Cy,HyN;, 73.82 4.64 21,52 73.97 459 21.60
b Me Me C,H,N; 63.14 530 31.56 63.19 520 31.50
b Me Me C,H; N, 63.14 530 31.56 63.23 525 31.73
Tc Me OMe C,H,;N;0 56.37 473 28.1%8 56.38  4.59 28.39
Te Me OMe (C;H;N;0 56.37 473 28.18 56.19 4,56 28.08
Td Me Cl CeH.CIN, 46.92 262 2736 47.03 256 27.64
7d Me Cl CeH,CIN, 46,92 2.62 27.36 46.91 235 27.57
Te Me Br CoH,BrN; 36.36 202 21.21 36.40 2.28 21.29
T'e Me Br CH,BrN, 3636 202 21.21 36.3¢  1.80 21.50
8a OMe Ph C,2HoN;0 68.23 429 19.89 68.51 4.04 19.87
8b OMe Me C,H;N,0 56.37 4.73 28.18 56.55 4.67 28.29
8c OMe OMe C,H,N;0, 50.90 4.27 2544 51.02 4.14 2566

8d OMe (1 CH,CIN;O 4249 237 2478 42.71 228 25.02
8e OMe Br CeH,BrN,O 3364 186 19.62 33.68 172 19.78
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added to the residue obtained from the CHCI; extract, and the mixture was refiuxed for 1 h. After evaporation of the
MeOH, H,0 was added to the residue and the mixture was extracted with CHCI,. The residue obtained from the
CHC], extract was passed through a short Al,O; column using C¢Hg as an eluent. The C,H,, eluate gave colorless
scales, mp 76—77°C (ether). Yield 12.34 g (44%/). '"H-NMR (CCL): 3.87 (3H, s), 3.98 (3H, s), 7.92 (1H, s), 8.25 (1H,
s). Anal. Calcd for CgHgN,0,: C, 51.42; H, 5.75; N, 19.99. Found: C, 51.05; H, 5.81; N, 19.86.

5-Chloro-4-methoxypyrimidine——Chlorine gas was introduced into a solution of 4(3H)-pyrimidinone (9.6 g,
0.1 mol) in AcOH (50 ml) at 50 °C for 30 min. After evaporation of the AcOH, the residuc was heated with PQCl,
(150 ml) for [ h. The excess POCl, was evaporated off, and the residue was made alkaline with NH,OH and extracted
with CHCl,. The crude product obtained from the CHCI; extract was dissolved in dry MeOH (50 ml). The MeOH
solution was added to an MeONa-MeOH solution [prepared from Na (4.6 g, 0.2 mol) and dry MecOH (150 m})], and
the mixture was refluxed for 30 min. After evaporation of the MeOH, the residue was partitioned with CHCl,~H,0.
The residue obtained from the CHCI, layer was passed through a short Al,0, column using CHCl, as an eluent. The
CHCl, eluate gave colorless needles, mp 39—40"C (hexane), bp 77—78“C/17mmHg. Yield 9.0g (62%). '"H-NMR
(CCl,): 4.03 (3H, s), 8.35 (1H, s), 8.50 (1H, s). Anal. Caled for C;HCIN,O: C, 41.54; H, 3.48; N, 19.37. Found: C,
41.50; H, 3.37; N, 19.31.

Pyrimidine N-Oxides

Except for 5-bromo-4-phenylpyrimidine 1-oxide,’® starting pyrimidine N-oxides were prepared by the following
methods.

General Procedure A——A solution of a pyrimidine (1.0 eq) and m-chloroperbenzoic acid (1.5¢q) in CHCI, was
allowed to stand at room temperature for 24 h. The mixture was washed with 309, K,CO,, and the CHCl; was
evaporated off. The residue was purified by AlL,O; or SiO, column chromatography, and the product was
recrystallized.

General Method B———A mixture of a pyrimidine (10-—20 mmol), MoO; (1.1 eq), 30% H,0, (4.0eq), and AcOH
(2ml) was heated at 40“C for 16h. The mixture was made alkaline with 3 N NaOH and extracted with CHCI,. The
crude product was purified as above.

The structure of pyrimidine 1-oxide or 3-oxide was determined by the reported method.?®

Reaction of Pyrimidine N-Oxides with Trimethylsilyl Cyanide (General Procedure)----—A mixture of a pyrimidinc
t-oxide (1.0 eq), trimethylsilyl cyanide (3.0eq), Et;N (2.0eq), and MeCN was allowed to react under the conditions
shown in Table 1. After removal of the solvent, the residue was diluted with H,0 and extracted with CH,Cl, or
CHClI,. The residue obtained from the extract was purified by SiO, column chromatography, recrystallization or
distiliation under reduced pressure.
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Tannins and Related Compounds. LVIIL.") Novel Gallotannins
Possessing an a-Glucose Core from Nuphar japonicurn DC.
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Together with 6-0- and 2,3,4,6-tetra-O-galloylglucoses, two unusual gallotanning possessing
an oa-glucopyranose core have been isolated from the rhizomes of Nuphar japonicum DC.
(Nymphaeaceae), and their structures have been established as 1.2,4-tri-O-galloyl-a-p-glucose (3)
and 1,2,3,4,6-penta-O-galloyl-a-D-glucose (6) on the basis of chemical and spectroscopic evidence.

Keywords——Nuphar japonicum; Nymphaeuceae; hydrolyzable tannin; gallotannin; a-glucose;
gallic acid; HPLC

The rhizomes of Nuphar japonicum DC. (Nymphaeaceae) have been used, mixed with
other crude drugs in most cases, as a tonic and a diuretic, and also to treat bleeding, a blood-
stasis syndrome and menstrual disorder. Because of these pharmacological activities, this
crude drug is regarded in Japan as important especially for women pre- and post-partum.
With regard to the constituents of this drug, many investigators have focused their attention
on analysis of alkaloids, and have isolated several novel sesquiterpene alkaloids, such as
nupharidine, nupharamine, ete.” Our earlier brief report described the presence of hydrolyz-
able tannins in this drug and showed them Lo contain an unusual a-glucose core.” In this
paper, we wish to present details of the isolation and structural elucidation of the component
gallotannins.

A preliminary examination of the ethyl acetate-soluble portion of the aqueous acctone
extract by normal-phase high-performance liquid chromatography (HPLC)Y showed the
presence of three major gallotannins corresponding to tri-, tetra- and pentagalloylglucoses
(Fig. 1). The large-scale extraction of the freeze-dried material with aqueous acetone gave an
extract which was chromatographed on Sephadex LH-20 with water containing increasing
amounts of ethanol to yield individual fractions containing mono-, tri-, tetra- and pentagal-
lates. The mono- and trigallate fractions were each almost homogeneous on reverse-phase
HPLC,® and were further purified by Sephadex LH-20 and MCI-gel CHP 20P chromatog-

N { Fig. 1. HPLC of Tannins in Nupharis Rhizoma
Column: Nucleosil 50-10 (4 x 300 mm). Solvent: -
Hexane-MeOH-THF~formic acid (55:33:11: 1) (ox-
alic acid 1.0g/D. Flow rate: 1.8ml/min. Detection:
280 nm.

0 5 10(min)
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Taste [. 'H-NMR Data for Compounds 3, 5, 6 and 7 (§ Values)*"

3 59 6 7
Glucose moiety
H-1 6.59 (d, J=4) 6.04 (d, J=8) 6.75(d, J=13) 6.35 (d, J=8)
H-2 5.19 (dd, /=4, 9) 521 (t. J=9) 5.50 (dd, /=3, 9) 5.62 (t, J=9)
H-3 457 (t, J=9) 4.32 (t, J=9) 6.21 (t, J=9) 6.03 (t, J=9)
H-4 529 (t, J=9) 5.35 (t. J=9) 5.80 (t, J=9) 5.66 (t, J=9)
H-5 4.18 (dt-like, /=4, 9) 3.92 (m) 4.52 (m) 4.60 (m)
H-6 4.66 2H, d, J=4) 3.68 (2H. m) 4.40 (dd, J=3, 12) 4,50 (2H, m)
4.70 (d-like, J=12)
Galloyl moiety  7.10, 7.19, 7.20 7.09 (4H, s) 7.00, 7.01, 7.08, 7.20, 6.97, 7.02, 7.06, 7.12,
(each 2H, s) 7.16 (BH, s) 7.28 (each 2H, s) 7.18 (each 2H, s)

a) Spectra were measured in acetone-d,, at 00 MHz,  b) J values are expressed in Hz.  ¢) Compound &: 1,2,4-tri-Q-galloyl-fi-
p-glucose.”!

raphies to furnish compounds 1 and 3, respectively. On the other hand, the tetra- and
pentagallate fractions were shown to be complex mixtures by reverse-phase HPLC. Repeated
chromatography of these fractions yielded compounds 2 and 6, and several ellagitannins.

Detailed examinations of the proton nuclear magnetic resonance (*H-NMR) spectra of
the mono- and tetragallates (1 and 2) led us 1o conclude that 1 and 2 are identical with 6-O-
and 2,3,4,6-tetra-O-galloylglucoses which were previously isolated from commercial rhu-
barb® and the underground part of Sanguisorba officinalis L.,”" respectively.

The major gallotannin 3 formed colorless fine needles when treated with water. Acid
hydrolysis (1 N H,S0,) afforded gallic acid and glucose. The presence of three gallic acid ester
groups in 3 was confirmed by observation of three two-proton aromatic singlets at 67.10, 7.19
and 7.20 in its 'H-NMR spectrum, and also by ficld desorption mass spectrometry (FD-MS)
(M™: m/z 752) of the nonamethyl ether (3a) prepared from 3 by methylation with dimethyl
sulfate and potassium carbonate in dry acetone.

The "H-NMR spectrum of 3 showed, in association with the three galloyl peaks, three
lowfield signals due to glucose methine protons geminal to the galloyloxy group at §6.59 (d,
J=4Hz), 5.29 (t, /=9 Hz) and 5.19 (dd, /=4, 9 Hz). Based on the coupling modes of these
signals, the two signals at 0 6.59 and 5.19 were readily assignable to the C(1) and C(2) protons,
respectively. The assignment of the remaining triplet was achieved by spin-decoupling
techniques. On irradiation at the frequency (6 5.19) of the C(2) proton, an upfield triplet signal
(6 4.57) changed into a doublet (the C(1) proton signal at ¢ 6.59 likewise changed to a singlet),
thus indicating that this upfield triplet is due to the C(3) proton. Next, irradiation of this C(3)
proton caused a change of the triplet at § 5.29, as well as the C(2) proton signal. These results
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indicated that the gallic acid ester groups are located at the C(1), C(2) and C(4) positions in
the glucose moiety.

Since it is clear from the "H-NMR data (Table I) that the glucopyranose ring adopts *C,
conformation, the coupling constant (J=4Hz) of the above-mentioned anomeric proton
signal clearly indicated that the mode of linkage at the anomeric center is o [¢f. f~form (5),
C(1)-H, J=8Hz], thus permitting the assignment of the structure for this compound as 1,2.4-
tri-0-galloyl-o-D-glucose.

In a previous communication,” we proposed the structure 4 for this trigalloylglucose,
based on the fact that methanolysis of the permethyl ether prepared by two steps of
methylation, first with dimethyl sulfate and potassium carbonate in dry acctone and then with
silver oxide and methyl iodide in dimethyl formamide (the Kuhn method), afforded methyl
3.4-di-O-methylglucoside. Careful re-examination of these reactions showed that on pro-
longed heating in the first methylation step, the galloyl group originally located at the glucose
C(4) position migrates to both the neighboring C(6) and C(3) positions, vielding 1,2,6- and
1,2,3-tri-O-trimethylgalloyl-e-b-glucoses. The production of 1,2,6-tri-O-trimethylgalloyl-a-1>-
glucose had thus led us to assign the wrong structure 4,

The gallotannin 6 failed to crystallize, and was obtained as an off-white amorphous
powder. The 'H-NMR spectrum showed the presence of five galloyl and well-defined glucose
proton signals (Table I). The large coupling constants in the glucose C(2)--C(S5) proton signals
indicated that the ring adopts the *C, conformation, while the small one (/=3 Hz) of the C(1)
proton signal showed the anomeric center to have g~configuration. Comparison of the (-
chemical shift (690.2) of the C(1) atom in 6 with that (393.3) in the f-anomer (7)% also
confirmed the mode of the linkage to be . The lowfield shifts ol all of the glucose protons,
combined with the fact that the infrared (IR) spectrum of the pentadecamethyl ether of 6
displayed no hydroxyl absorption band, indicated that all of the glucose hydroxyls arc
acylated. On the basis of these chemical and spectroscopic findings, 6 was characterized as

HO 0 HO o
HO C—~0CHy H C-0CH2 0 OH
HO <‘0 o-& OH

H 0
< 0 oH HO O OH
HO 9 0 /6 QH Q
HO c—0 Y H
=C O H
HO OH
H OH

6
Chart 3
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1,2,3,4,6-penta-0O-galloyl-a~-D-glucose.

This is the first report on the isolation of gallotannins possessing an a-glucopyranose core
from a natural source. It is interesting from the viewpoint of plant physiology that in contrast
to ubiquitous plant glucosides which invariably contain a j-linkage, the gallotannins in the
rhizomes of Nuphar japonicum are based on the configurationally less unstable a-glucose core
as long as an acyl group is attached to the anomeric center. We have also isolated the
accompanying monomeric, dimeric and trimeric ellagitannins which similarly contain the «-
glucose core, and their structures will be reported elsewhere.

Experimental

All melting points were determined on a Yanagimoto micro-melting point apparatus and are uncorrected.
Optical rotations were taken with a JASCO DIP-4 digital polarimeter. IR spectra were obtained with a JASCO DS-
301 spectrophotometer. FD-MS were measured with a JEOL JMS-DX 300 instrument using glycerol as the matrix at
the accelerating voltage of 2kV and emitter current of 24—25mA. 'H- and '*C-NMR spectra were recorded on
JEOL PS-100 and JEOL FX-100 spectrometers, respectively, with tetramethylsilane as an internal standard, and
chemical shifts are given in & (ppm). The abbreviations used are as follows: s, singlet; d, doublet; t, triplet; m,
multiplet, dd, double doublet. Column chromatography was carried out on Sephadex LH-20 (25—100um,
Pharmacia Fine Chemical Co., Ltd.) and MClI-gel CHP 20P (75—150 um, Mitsubishi Chemical Industries, Ltd.).
Thin-layer chromatography (TLC) was conducted on precoated Kieselgel 60 F, ., plates (0.2 mm thick, Merck) with
benzene—ethyl formate—formic acid (1:7:1 or 2:7:1) for free phenolics and with benzene-acetone (3:1 or 5:1) for
methyl ethers, and on Avicel SF cellulose plates (Funakoshi) with 2%/ acetic acid. Spots on TLC were detected under
ultraviolet (UV) light or by spraying the plates with 1%{ ferric chloride solution. HPLC was performed on a Hitachi
model 638 liquid chromatograph equipped with a Hitachi variable-wavelength spectrophotometric detector. A
Nucleosil 50-10 (Macherey-Nagel) column (3 mm i.d. x 300 mm, glass) was used for normal-phase HPLC, and the
mobile phase was prepared by dissolving 1.0 g of oxalic acid in 11 of n-hexane-methanol-tetrahydrofuran (THF)--
formic acid (55:33:11:1). A Nucleosil 5 C,z column (4 mm i.d. x 250 mm) was used for reverse-phase HPLC, and the
mobile phase was prepared by dissolving 2.0 g of oxalic acid in 1 1 of acetonitrile-water (21:79).

HPLC Analysis of Gallotannins A finely powdered commercial sample (Sg) of Nuphar japonicum was
extracted with 50Y;, aqueous acetone (20 ml) at room temperature for 2 h. After removal of insoluble materials by
centrifugation, the supernatant was treated with saturated aqueous sodium chloride selution (20ml) and extracted
twice with ethyl acetate (20 ml each). The ethyl acetate-soluble portion was analyzed by HPLC,

Isolation of Gallotannins——The freeze-dried rhizomes (4.3kg) of N. juponicum, which were collected near
Sapporo in Hokkaido during the autumn, were extracted three times with 80%, aqueous acetone. Concentration of
the extracts under reduced pressure afforded dark brown precipitates, which were removed by filtration. The filtrate
was chromatographed on a Sephadex LH-20 column. Elution with water containing increasing amounts of ethanol
yielded fractions consisting of mono-, tri-, tetra- and pentagallates, The mono- and trigallate fractions were
separately purified by Sephadex LLH-20 chromatography with water and MCl-gel CHP 20P chromatography with a
mixture of water and methanol to yield compounds 1 (140 mg) and 3 (990 mg), respectively. The tetragallate fraction
was repeatedly chromatographed over Sephadex LH-20 with ethanol and MCl-gel CHP 20P with water- methanol o
give compound 2 (252 mg). Similar chromatographic separation.of the pentagallate fraction yielded compound 6
(180 mg) and several ellagitannins. The mono- and tetragallates (1 and 2) were shown to be identical with 6-Q- and
2,3,4,6-tetra-O-galloylglucoses, respectively, by comparison of their physical and spectral data with those of authentic
samples.

Compound 3——Colorless fine needles (H,0), mp 208210 "C, [a]}! +73.5' (¢=1.6, acetone), 4nal. Caled for
Cy,H,;40,4-2H,0: C, 47.86; H, 4.16, Found: C, 47.58; H, 4.38. UV AR np (£): 278 (21200). *C-NMR {acetone-d,):
61.9 (gle. C-6), 70.3, 72.1, 73.7, 74.3 (gle. C-2, C-3, C-4, C-5), 90.4 (glc. C-1); 110.3 (galloyl C-2, C-6), 120.8, 121.0,
121.3 (galloyl C-1), 139.2, 139.5 (galloyl C-5), 145.9, 146.1, 146.2 (galloyl C-3, C-5), 165.0, 166.4 (- COO-).

Methylation of 3—-—a) A mixture of 3 (150 mg), dimethyl sulfate (1.5 ml) and anhydrous potassium carbonate
(1.8 g) 'in dry acetone (30 m!) was heated under reflux for 2.5h. After removal of the inorganic precipitates by
filtration, the filtrate was concentrated to dryness under reduced pressure. The residue was chromatographed over
silica gel, and elution with benzene—-acetone (3: 1) afforded the nonamethyl ether (3a) as a white amorphouse powder
(84mg), [«]3' +59.6° (¢=0.6, CHCI;). 'H-NMR (CDCIl,): 2.50 (1H, t, OH of glc. C-6, disappeared on addition of
D,0), 3.02 (IH, d, J=5Hz, OH of glc. C-3, disappeared on addition of D,0), 3.7-—3.9 (OCH,), 4.20 (1H, m, glc. 5-
H), 4.60 (1H, sextet, /=5, 9 Hz, glc. 3-H, changed into triplet, J=9 Hz on addition of D,0), 5.38 (1H, t, J=9 Hz, glc.
4-H), 5.41 (1H, dd, J=9, 3 Hz, gic. 2-H), 6.67 (1H, d, /=3 Hz, glc. 1-H), 7.16, 7.29, 7.35 (each 2H, s, galloy H). FD-
MS m/z: 752 (M *). b) Heating of a mixture of 3 (480 mg), dimethyl sulfate (I ml) and potassium carbonate (1.2 g) in
dry acetone (30ml) for 4h, followed by similar chromatographic separation, afforded the nonamethyl ether
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(3a) (121 mg), 1,2,3-tri-O-trimethylgalloyl-a-p-glucose (32 mg) as a white amorphous powder, [a]3' + 151.8° (¢=0.85,
CHCI,). 'tH-NMR (CDCl,): 3.63—3.96 (OCH,), 5.47 (1H, dd, J=4, 9 Hz, gle. 2-H), 5.91 (1H, t-like, J=9 Hz, gle. 3-
H), 6.68 (1H,d, J=4 Hz, glc. 1-H), 7.07, 7.22, 7.36 (each 2H, s, galloyl H). FD-MS m/z: 752 (M*). And 1,2,6~tri-O-
trimethylgalloyl-a-D-glucose (33mg) as a white amorphous powder, {3’ +62.0¢ (¢=0.8, CHCL). 'H-NMR
(CDCl,): 3.68—3.96 (OCH,), 4.42 (1H, dd, J=2, 12 Hz, glc. 6-H), 4.94 (1 H, dd, J=3, 12Hz, glc. 6-H), 5.26 (1H, dd,
J=4, 9Hz, glc. 2-H), 6.60 (1H, d, J=4 Hz, gle. 1-H), 7.12, 7.28, 7.29 (each 2H, s, galloyl H). FD-MS m/z: 752,

Acid Hydrolysis of 3——A solution of 3 (10 mg) in 1 N H,S0, (1 ml) was heated at 90°C for 2 h. After cooling,
the reaction mixture was extracted with ethyl acetate. TLC examination of the ethyl acetate layer showed the presence
of gallic acid. The aqueous layer was neutralized with barium carbonate, and analyzed by cellulose TLC [solvent, »-
BuOH-pyridine-H,0 (6: 2: 1); detection, aniline-hydrogen-phthalate reagent). A spot corresponding to glucose was
detected.

Compound 6——An off-white amorphous powder, [0]f +134.5° (¢=0.5, acetone). Anal. Caled for
C,Hy;0,4 SH,0: C, 47.78: H, 4.11. Found: C, 47.88; H, 3.83. '*C-NMR (acetone-d,): 62.7 (glc. C-6), 68.9 (glc. C-4),
71.0, 71.3 ( x 2) (gle. C-2, C-3, C-5), 90.2 (glc. C-1), 110.1 (galloyl C-2, C-6), 119.5, 119.8, 120.7 (galloyl C-1), 139.2,
139.6, 139.9 (galloyl C-5), 145.9, 146.2 (galloy!l C-3, C-5), 165.4, 166.2, 166.3, 166.9 ( x 2) (-COQ-).

Methylation of 6——A solution of 6 (25 mg) in methanol was treated five times with ethereal diazomethane. The
reaction product was purified by silica gel chromatography with benzene-acetone (9: 1) to yield the pentadecamethyl
ether (6a) as a white amorphous powder (20 mg), [«]F +67.3° (¢=0.18, acetone). IR vi M em ™t 1725 (~COO-),
1585, 1500 (C=0), no OH band. Electron impact mass spectrometry (EI-MS) m/z: 1150 (M ™*), 406, 195.
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Four new laxative constituents, rheinosides A, B, C and D, were isolated from commercial
rhubarb (Rhei Rhizoma). On the basis of high-resolution nuclear magnetic resonance spectral data
and chemical correlation with rhein, the structures were characterized as stereoisomers of 8-0--p-
glucosyl-10-hydroxy-10-C-f-D-glucosyl rhein-9-anthrone (rheinosides A and B), and 8-0-f-b-
glucosyl-10-C-f-p-glucosy! rhein-9-anthrone (rheinosides C and D).

Keywords——rhubarb; Rhei Rhizoma; Polygonaceae; rheinoside; C-glucosyl anthrone; rhein
anthrone; laxative activity

Rhubarb (Rhei Rhizoma) has been used as an important traditional crude drug in China
and Japan, and as a laxative medicine in European countries. Many investigators have studied
the constituents of rhubarb, and it has been shown to contain anthraquinones,* dianthrones
(sennosides),” naphthalenes,” stilbenes,*” phenylbutanones,”’”® chromones,!® etc.
Recently, we have reported the isolation and characterization of highly water-soluble
polyphenolic compounds (rhatannin)® which decreased urea nitrogen concentration in rat
serum, and other tannin-related compounds.®-%-!*+!?) Chemical and pharmacological studies
of rhubarb have revealed that sennosides A—F are active principles.¥ Our systematic
investigation on the water-soluble fraction of rhubarb, however, has resulted in the isolation
of four new laxative C-glucosides. In this paper, we report the characterization and laxative
activity of these new principles.

A commercial rhubarb (Gaoli, produced in Sichuan province in China) obtained in
Osaka market was extracted with 50% aqueous acetone, and the extract was partitioned
between ethyl acetate and water. The water-soluble portion containing a mixture of

4 Fig. 1. High-Performance Liquid Chromato-
gram of Rheinosides

Conditions: column, Nucleosil 5C,, (4 i.d.x250
mm); solvent, . CH;CN:H,0: HCOOH=12:88:1;
’ '\:--‘q flow rate, 1.2 ml/min; detection, 350 nm.

1, rheinoside A; 2, rheinoside B; 3, rheinoside C;
4, rheinoside D.

Absorbance at 350 nm

0 5 10 15 (min)
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polyphenolics, sennosides and C-glucosides, was applied to a Sephadex LH-20 column. The
column was eluted with water, and then 509, aqueous acetone. The polyphenolic compounds
were efficiently adsorbed on the Sephadex column, and a mixture of C-glycosides was obtained
from the water eluate. High-performance liquid chromatographic (HPLC) analysis of the
mixture of C-glycosides showed four major peaks in the chromatogram (Fig. 1). These C-
glycosides, named rheinosides A (1), B (2), C (3) and D (4), were isolated by repeated
preparative liquid chromatography on a reversed-phase column using two solvent systems
(acetonitrile-water—acetic acid and methanol-water—acetic acid), as pale yellow amorphous
powders.

All of these compounds showed blue colorations with the FeCl, reagent and were soluble
in dilute aqueous NaOH, giving yellow solutions which showed intense yellow fluorescence
under ultraviolet (UV) light (360 nm). The infrared (IR) specira of these compounds showed
absorptions at 1640cm™! (ketone) and 1700cm™! (carboxylic acid), and the UV spectra
showed absorption maxima around 268, 295 and 330nm which closely resemble those of
barbaloin (aloe-emodin anthrone 10-C-f-p-glucoside).’®

The field desorption mass spectra (FD-MS) of 1 and 2 showed the same (M +Na)* ion
peak at m/z 633, and the elemental analyses established the molecular formulae to be

Tanre [, YC-NMR Data

1 2 3 4
Anthrone moiety
C-1 160.8 s 161.4 s 160.9 s 161.3 s
C-2 120.4 d 120.4 d 119.1d 116.6 d
C-3 1379 s 138.6 s 137.8 ¢ 1379 s
C-4 119.7d 120.5 d 121.6 d 122.9d
C-da 147.6 s 149.7 s 145.9 s 1478 s
C-5 123.3d 123.0d 126.2 d 125.8 d
-6 138.0 d 138.4 d 137.8 d 1384 d
-7 1184 d 120.2d [17.4d 119.6 d
-8 159.3 5 159.0 ¢ 159.5 ¢ 159.8 5
C-8Ba 124,5 ¢ 123.5 " 1252 5 125.4 s9
Y 1916 19208 192.7 5 193.0 s
C-Y9a 123.6 " 123,5 ¢ 125.2 5 125.1 s
C-10 77.6s 71.7s 47.0 d 46.7 d
C-10a 147.8 s [46.0 s 144.0 5 1419 5
COOH 171.5 ¢ 175.7 s 17145 171.9 s
C-Glucose moiety
C-1’ §4.7 d Ra.6 d §5.6 d 8S.4 d
C-2 75.6d 740 d 73.1d 729 d
-y 80.0 d 79.0 d R0.4 d 80.4 d
-4 71.8d 7LR GM 72.0 d 72.2 ¢
C-5 82.0d 82.1d 82.0 d 82.1 d
C-6 63.71 63.7t 63.5t 63.71
O-Glucose moiety
c-1" 103.3 d 104.5 d 103.1 d T105.0d
c2” 75.6 d 75.7 d 75.6d 75.74d
c-3" 78.3 d 77.7d 78.4d 77.9 d
C-4" 74.1 d 72.0 47 72.0 & 72.1 g
C-5" 78.8 d 79.0 & 78.9 d 79.0d
C-6" 632t 6331t 63.2t 634t

u,b) Assignments in each column may be interchanged. Multiplicities were determined by the INEPT
method, Assignments in rheinoside A (1) were made by 'H-'3C shift correlation spectroscopy (‘H-'*C
COSY).
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C,,H;,0,¢. The carbon-13 nuclear magnetic resonance (**C-NMR) spectra of 1 and 2 showed
the presence of two aromatic rings, a carbonyl carbon, a carboxyl carbon, and a quaternary
carbon bearing an oxygen function, together with two sugar moieties (see Table I). The proton
nuclear magnetic resonance (*H-NMR) spectra showed the presence of 14 protons assignable
to sugar moieties and 5 aromatic protons.

On hydrolysis with 0.5~ H,SO,, 1 afforded a sugar and a pale yellow compound (1a), mp
230°C, [o]5 +34° (¢=0.50, methanol). EI-MS m/z: 448 (M *). The sugar was identified as D-
glucose by HPLC on Nucleosil 5SNH, and from its optical rotation. On the other hand,
oxidative degradation of 1 with 2N H,SO, in the presence of FeCl, afforded rhein, D-glucose
and D-arabinose. Hay and Haynes'?’ have already reported that treatment of barbaloin with
FeCl, in 509, H,SO, gave aloe-emodin and D-arabinose, and that D-arabinose was artificially
formed from the C-glucosyl moiety by the retro-Prince reaction.!® Our results, combined with
these findings, suggested that 1 was a compound analogous to barbaloin, having a rhein
anthrone skeleton with both O- and C-glucosyl moieties.

All signals in the '"H-NMR spectrum of 1 were assigned by measurement of two-
dimensional shift correlation (COSY, Fig. 2) and two-dimensional J-resolved (2D-J) spectra.
The anomeric protons of O-glucosyl and C-glucosyl moieties were observed at §5.19 (J=
7.9 Hz) and & 3.34 (J= 9.8 Hz), respectively, and there was no signal due to the C-10 proton. In
the 13C-NMR spectrum of 1, a quaternary carbon bearing a hydroxy group was observed at
8 77.6 which was assigned to the C-10 carbon of the rhein anthrone moiety. These

(A)

J—irradiation C.-H
— A

T v

jf:'C ~H

(C)
AJk .__Uﬂ | J\_ UJL._. —
l'i n) il‘rudiation Ca~H

(E) W(’l—_ﬁil‘l‘adiiltion r“‘«wdl'_H

(B)
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-

f (
@ Csi-H
i N .
Al (F) |1
. okl
RN (i S \ﬁ,,-Jx.r..‘J.r._._
é 11 3 (ppm) Br '} é fl) 4 E'Ii(ppm)

Fig. 2. Two-Dimensional Shift Correlation
(COSY) Spectrum of Rheinoside A (Sugar
Proton Region)

1, C,.~H; 2, C,-H; 3, C,.-H"; 4, C,.-H3 5, CsmHy
6, CymH; 7, Cyo-Hi &, CoeHi 9, Cy-H'3 10, Cp-Hg
11, Cy-H; 12, Co-H; 13, CoH; 14, Cy-H

Fig. 3. Nuclear Overhaunser Effect (NOE) Dif-
ferential Spectra of ta and 2

(A) NOE differential spectrum of la irradiated at
Cs-H (7.35ppm).

(B) NOE differential spectrum of 1a irradiated at
C,-H (7.75 ppm).

(C) Normal spectrum of la.

(D) NOE differential spectrum of 2 irradiated at
C,-H'(7.82 ppm).

(E) NOE differential spectrum of 2 irradiated at
Cs-H (7.65ppm).

(F) Normal spectrum of 2,
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(B) irradiation
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Fig. 5. CD Spectra of 1 (=), 2 (==}, 3 (==~ =) and 4 (== =)

obscrvations suggested that the C-glucosyl linkage was located at the C-10 position of the
rhein anthrone moiety. This was further confirmed by nuclear Overhauser effect (NOE)
experiments on ¥ and 1a. In the NOE differential spectra of 1a, irradiation of the C-4 and (-5
protons of the rhein anthrone moiety showed NOE effects ut the C-17 and C-27 protons,
respectively (Fig. 3). The NOE effect was also observed at the C-7 proton of the rhein
anthrone moiety in 1 when the C-17' proton was irradiated (Fig. 4). Moreover, the fact that
the signal (86.95, d, J=8.4Hz) of the C-7 proton in la appeared at (.39 ppm higher field
compared with that of 1 indicated that the O-glucosyl group was attached to the C-8 hydroxy
group of the rhein anthrone moiety. Therefore, 1 was characterized as 8-0-f-p-ghicosyl-10-('-
fi-p-glucosyl-10-hydroxy rhein-9-anthrone.

The spectral and chemical properties of rheinoside B (2) resembled those of 1T except for
the results of NOE cxperiments and circular dichroism (CD) data. The CD spectrum of 1
showed a negative Cotton effect at 374nm ([(}] =3.60 x 10%) and positive one at 321 nm ([)] =
3.96 x 10%), whereas that of 2 showed a positive Cotton effect at 355nm ([0]= 11.0 x 10*) and
negative one at 321 nm ([0]=17.2 x 10*) as shown in Fig. 5. In the NOE ditferential spectra of
2 obtained by irradiation of the C-5 and C-4 protons, the NOE cffects were observed at the C-
1” and C-2° protons, respectively (Fig. 3), which was opposite to those in 1. These
observations indicated that 1 and 2 were configurational isomers with respect to the C-10
position of the rhein anthrone framework.

Rheinosides C (3) and D (4) showed the same (M +Na)™* ion peak at m/z 617 in their FD-
MS, which was 16 mass units less than that of 1 and 2. Combined with this data, the molecular
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formulae of 3 and 4 were determined to be C,,H;,0,5 by elemental analyses. The 'H-NMR
spectra of 3 and 4 resembled those of 1 and 2 except for the presence of doublets at §4.24 (J=
1.8 Hz for 3) and §4.12 (J=0.5Hz for 4). The *C-NMR spectra of 3 and 4 also resembled
those of 1 and 2, although methine carbon signals were observed at $47.0 (3) and 646.7 (4)
instead of the quaternary carbons (6 77.6 for 1 and 6 77.7 for 2). These results implied the
absence of the hydroxy group at C-10 of the rhein anthrone framework.

On oxidative degradation in the presence of FeCl;, 3 gave rhein, D-glucose and D-
arabinose. In the NOE differential spectra of 3, irradiation of the C-1’" proton showed an
NOE effect at the C-7 proton of rhein anthrone moiety. Irradiation of the C-1’ proton showed
NOE effects at the C-4 and C-10 protons, and irradiation of the C-2’ proton showed NOE
effects at the C-5 and C-10 protons. These results indicated that the O- and C-glucosyl
moieties were located at the C-8 and C-10 positions of rhein anthrone, respectively.

The NOE experiment on 4 also showed the presence of the O-glucosyl moiety at the C-8
position. In the NOE differential spectra of 4, irradiation of C-1’ proton showed NOE effects
at the C-5 and C-10 protons, and irradiation of the C-2’ proton showed NOE effects at the C-
4 and C-10 protons. In the CD spectra, 3 and 4 showed almost opposite Cotton effects around
365 and 320 nm (Fig. 5), indicating that 3 and 4 differ only in the configuration at the C-10
position. Therefore, 3 and 4 were characterized as a pair of stereoisomers at the C-10 position
of 8-O-f-p-glucosyl-10-C-B-D-glucosyl rhein-9-anthrone.

H CH20H

rheinosides A (1) and B (2) rheinosides C (3) and D (4)
Chart 1

The laxative effect of rheinoside A was tested in Wistar rats, and EDg, was determined to
be 15.6 mg/kg. In some commercial rhubarbs, the total rheinosides content exceeded 10 mg/g,
being comparable to that of sennosides. Therefore, rheinosides may also play an important
role in the laxative activity of rhubarb. Elucidation of the absolute structures of the

rheinosides is in progress.

Experimental

Melting points were determined on a Yanagimolo micro-melting point apparatus (model MS-S3) and are
uncorrected. UV and IR spectra were obtained with Hitachi model 200-10 and model 260-10 spectrometers,
respectively. El and FD-MS were measured with a Shimadzu 2000-DF spectrometer. 'H- and "*C-NMR spectra were
taken with JEOL GX-500 and FX-200 spectrometers using sodium 3-trimethylsilylpropane sulfonic acid (DSS) as an
internal standard, and chemical shifts are given in § (ppm). Optical rotations were determined with a JASCO DIP-4
digital polarimeter and CD spectra with a JASCO CD J-500 spectropolarimeter in methanol solution (1.0 mg/20 ml).
HPLC was performed on a Hitachi model 655 liquid chromatograph equipped with a Nucleosil 5C,¢ (Macherey-
Nagel) column (4 mm i.d.x 250 mm) and a variable-wavelength spectrophotometric detector operated at 280 and
350nm. The mobile phase was prepared by mixing | ml of formic acid with 100 ml of water containing acetonitrile
(10—20%). Column chromatographies were carried out on Sephadex LH-20 (20—100 g, Pharmacia Fine Chemical
Co., Ltd.) with a water-acetone system, and Fuji gel ODS-Q3 (3050 g, Fuji gel Hanbai Co., Ltd.) with a solvent
system similar to that employed for HPLC,

Isolation of Rheinosides——The powdered Rhei Rhizoma (710 g, Gaoh [t 3] produced in Sichuan province of
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China) was extracted twice with 2 1 each of 509, aqueous acetone at room temperature. The extracts were
concentrated under reduced pressure below 40 °C, and then extracted with 11 of ethyl acetate. The aqueous layer was
concentrated to 500 ml. Acidification with 10 ml of acetic acid afforded dark brown precipitates, which were removed
by decantation after standing at room temperature for 12h. The supernatant was, after concentration, passed
through a column of Sephadex LH-20 (24 i.d. x 200 mm) with water and then 50%, aqueous acetone. The water eluate
was repeatedly chromatographed on Sephadex LH-20 with the same solvent system, vielding a fraction (38.4g)
containing a mixture of rheinosides, which was treated with methanol. The methanol-soluble portion was dissolved in
water and applied to a column of ODS-Q3 with a solvent system of 5~~15% acetonitrile in water containing ucetic
acid (10ml/l), to give rheinosides A (14.18 g), B (3.64 g), C (2.64 g) and D (4.56 g).

Rheinoside A (1——A palie yellow amorphous powder, [¢]}’ — 53" (¢=0.5, MeOH), IR vRultem ~*: 3600--3100
(OH), 1700 (COOH), 1640 (C=0). UV AMOlpm (1) 267 (6300), 296 (8800), 346 (7000). FD-MS m/z: 633
(M+Na)*. CD (¢=0.005, MeOH) [0]** (nm): —3.6 x 10% (374), 4.0 x 10° (321), 9.6 x 10* (292). 'H-NMR (D,0) §:
7.88 (s, C4-H), 7.75(dd, /=17.2, 7.6, C,-H), 7.67 (d, J=17.6, Cs-H), 7.38 (5, C,-H), 7.34 (d, J=7.3, C,-H), 5.19(d, /=
1.9, C,.-H), 3.98 (d, J=12.5, C¢.-H), 3.82 (dd, J=35.5, 12.5, C,.-H"), 3.79 (dd, 7=7.9, 9.1, C,.-H), 3.71 (m, Cs.-H),
3.65(dd, J=8.9,9.1, C;.-H), 3.60 (dd, /=8.9, 9.1, C,..-H), 3.60 (brd, J=12.2, C,~H), 3.43 (dd, J=5.5, 12.2, C;-H"),
3.34 (d, J=9.8, C,.-H), 3.33 (t, /=9.2, C;~-H), 3.03 (m, Cy.-H), 2.95 (t, J=9.2, C,~H), 2.94 (dd, J=9.2, 9.8, C,-H).
Anal. Caled for Cy;H,,0,,-2H,0: C, 50.15; H, 4.99, Found: C, 50.19; H, 4.96.

Hydrolysis of Rheinoside A——A solution of rheinoside A (300 mg) in 5ml of 0.5N H,S0, was refluxed for 2 h.
After cooling, the reaction mixture was extracted with 50 ml each of ethyl acetaie three times. The combined ethyl
acetate layers were washed with water, dried over Na,S0,, and then concentrated to dryness. The product was
purified on a column of ODS-Q2 using acetonitrile {15-20%,)--water—acetic acid (1%, as an eluent to yield the C-
glucoside 1a (114 mg, 52%). After neutralization with Ba(QOH),, the aqueous layer was passed through a Sep-pak
ODS (Waters Associates Co., Ltd.). p-Glucose ([x]5° +33.5", ¢=0.8 water) was separated from the water eluate by
preparative HPLC on a Nucleosil 10 NH, column.

1a: Pale yellow crystals, mp 230°C, [¢]3} +34° (¢=0.5, MeOH), EI-MS m/z: 448 (M *). 'H-NMR (D,0) é: 7.75
(d, J=1.2, C;-H), 7.63 (dd, J=8.1, 8.4, C;-H), 7.39 (d, /= 1.2, C;-H), 7.35 (d, J=8.1, C,;-H), 6.95 (d, /=84, C,-H),
3.66 (dd, J=1.8, 12.1, C,~-H). 3.46 (dd, J=6.2, 12.1, Cy-H"). 3.52 (d, J=9.5, C,~-H), 3.22 (dd, J=8.8, 9.2, (,-H),
3.08 (m, Cs~H), 2.88 (dd, J=8.8, 9.5, C,-H), 2.63 (dd, J=9.2, 9.5, C,~-H). *C-NMR (D,0) §: 194.7 (C,, C=0)),
171.1 (COOH), 163.2 (s}, 162.3 (s), 148.2 (s), 147.1 (s), 1395 (d), 138.8 (s), 121.2 (d, 2C), 120.6 (s), 120.6 (d), 120.1 (d),
118.2(s), 86.1 (d), 82.1 (d), 80.0 (d), 77.0 (s), 73.7 (d), 71.9 (s), 63.8 (t). Anal. Caled for Cy3H,y00y, - 1.5H,0: C, 53.05;
H, 4.88. Found: C, 52.84; H, 4.58.

Oxidative Degradation of Rheinoside A———A solution of 10 mg of rheinoside A and 50 mg of FeCl; in Smil of 2N
H,80, was refluxed for 30 min. After cooling, the reaction mixture was diluted with water (50 ml) and extracted with
ethyl acetate (30 ml x 3). The combined ethyl acetate layers were dried over Na, SO, and concentrated. HPLC showed
a peak identical with that of rhein. The aqueous fayer was neutralized with Ba(OH), and passed through a Sep-pak
ODS. The fraction eluted with water was analyzed by HPLC on a column of Nucleosil 10NH, (mobile phuse:
CH,CN:H,0=70:30), and showed peaks corresponding to glucose and arabinose.

Rheinoside B (2)-- -A pale yellow amorphous powder, [afff ~43° (¢=0.5, MeOH). IR vN&o! (cm~1): 3600 -
3100 (OH), 1700 (C=0), 1640 (COOH). UV AMOtHum (£): 269 (6200), 298 (9100), 345 (6600). FD-MS m/z: 633
(M+Na)*. CD (c=0.005, MeOH) [0FF (nm): 4+11.0x [0 (355), — 17.2x 10 (321), ~ 5.6 x 10° (275). '"H-NMR
(D,0) 8:7.82(d, J=1.2, C=H), 7.71 (dd, J =7.6, 8.2, C+H), 7.65 (d, J=7.6, C;-H), 7.42 (d, J=1.2, C;-H), 7.37 (d,
J=82, Cy-H), 5.20 (d, J=7.6, Cp.-F), 3,96 (dd, J= 1.8, 12.5, C,.-H), 3.80 (dd, /=:5.5, 12.5, Cy-H"), 3.74 (dd, J=
7.6,9.2, Cp.-H), 3.68 (dd, /==9.2, 9.5, Cy.-H), 3,66 {(ddd, J==1.8, 5.5, 9.5, Cs.~H), 3.58 (1, /==9.2, Cy.-H), 3.56 thrd,
J=12.2, Co-H), 3.44 (dd, J=5.5,12.2, C.-H’), 3.38 (d, /=98, C,.-H), 3.34 (1, J=:9.2, C3.~H), 3.03 (ddd, J=1.9, 7.9,
9.8, Cs-H), 2.93 (¢, J:=9.5, Cy-H), 2.89°(dd, J=9.2, 9.8, C,-H), dnal. Caled for CyyHyy Oy HL0: C, 51.59; H, 5,27,
Found: C, 51.27; H, 5.13.

Rheinoside C (3)—- - A pale yellow amorphous powder, [o]f ~40 (¢ =0.5, McOH). IR yNubtem =1 3600---3100
(OH), 1700 (C=0), 1640 (COOH). UV AMOUam (;): 268 (7500), 292 (10500), 335 (7500). FD-MS m/z: 617
(M +Na)*. CD (¢ =0.005, MeOH) [0]*° (nm): ~5.6 x 10° (378)., 4-6.3 x 10° (325), ~ 14.0x 10 (298). 'H-NMR (I3,0)
§:7.60(dd, /=7.6,8.2, C-H), 7.24 (d, J=8.2, Cs-H), 7.23 (d, /= 1.5, C;~H), 7.08 (d, J=7.6, C;-H), 7.03 (d, J= 1,5,
C,-H), 5.21 (d, J=17.9, C,.-H), 4.24 (d, J=[ 8, C\o-H), 3.99 (dd, J=2.2, 12.5, C;--H), 3.833 (dd, /=5.5, 12.5, €.
H’), 3.827(d, J=1.9,9.5, C,.-H), 3.731 (m, C;.-H), 3.727 (1, /=9.5, Cy.-H), 3.63 (t, J=9.5, C3..-H), 3.49 (dd, /== 1.8,
12.2, Cy-H), 3.38 (dd, J=35.2, 12.2, Ce-H"), 3.31 (1, J=8.9, Cy.-H), 3.26 (dd, J= 1§, 9.8, C,.-H), 2.88—2.98 (m, C;.-
H, C,-H, Cs~-H). Anal. Caled for C;,H,,0,,4-2H,0: C, 51.43; H, 5.44, Found: C, 51.71; H, 5.31.

Oxidative Degradation of Rheinoside C-——A solution of 10 mg of rheinoside C and 50 mg of FeCly in 5ml of 2N
H,S0, was refluxed for 30 min, and treated as mentioned above. The HPLC analyses showed peaks corresponding to
rhein, glucose and arabinose.

Rheinoside D (4)—--A pale yellow amorphous powder, [o]5 — 56" (¢ =0.5, MeOH). IR vy ¥ cm =12 3600-~3100
(OH), 1700 (C=0), 1640 (COOH). UV AMOHnm () 270 (7100), 295 (9800), 327 (7600). FD-MS m/z: 617
(M+Na)*. CD (c=0.005, MeOH) [(]*° (nm): +9.6x 10* (361), —19.4x 10* (319), —4.5x 10° (275). *H-NMR
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(D,0) 8:7.65(t, J=8.5,C4-H), 7.34 (d, /=8.5, Cs-H), 7.25(d, J=1.6, C,-H), 7.17 (d, J=1.6, C;-H), 7.16 (d, J=8.5,
C,-H), 5.09 (d, J=1.6, C,.-H), 4.12 (d, J=0.5, C,(-H), 4.02 (brd, J=12.0, C;.-H), 3.88 (dd, /=5.2, 12.0, Cy.-H"),
3.73 (dd, J=17.6, 8.9, C,.-H), 3.61—3.68 (m, Cy..-H, C,.-H, Cq.-H), 3.46 (brd, J=12.2, C4~H), 3.32 (brd, /=9.5,
C,~H), 3.31 (dd, J=5.5, 12.2, Cs-H"), 2.85—2.93 (m, C;~H, C,-H, C,.-H), 2.81 (t, J=9.5, C,-H). Anal. Calcd for
C;,H;300,5-2.5H,0: C, 50.70; H, 5.52. Found: C, 50.70; H, 5.23.

Bioassey Laxative activity of rheinoside A was determined according to Ishii et a/.'* Doses of 21.0, 14.2, 10.2
and 7.1 mg/kg of rheinoside A were administered to groups of five Wistar rats with an average body weight of 120 g,
and the activities were measured after 20 h. The ED;, value was calculated by the Litchfield-Wilcoxon method.
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Ketene-S, N-acetals as Synthetic Intermediates for Heterocycles.
New Synthesis of Multisubstituted Pyridine-2-thiones
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Ketene-S, N-acetals reacted with isothiocyanates to give f-aminothiocarbonyl-a-methylthioen-
amines, which were transformed into enaminonitriles by carbon-carbon bond formation with
malononitriles. Treatment of the enaminonitriles with base afforded pyridine-2-thiones. In
addition, bis-lithio-ketene-S, N-acetals, generaled from the enaminonitriles and n-BuLi, reacted
with alkyl halides to give 3-alkylpyridine-2-thiones.

acetal; thioamide; pyridine-2-thione; -methylthioenamine; en-
aminonitrile; bis-lithioenamine

Ketene-S, N-acetals are attractive a-alkylthioenamines!’ as synthetic intermediates for
nitrogen-2"% and oxygen-containing heterocycles” and undergo to the addition of nucleo-
philes at the a-position followed by selective elimination of altkylthiol (addition—-€limination
reaction) (Chart 1). Recently we described a novel synthesis of multisubstituted pyridine-2-
thiones via carbon-carbon bond formation between f-aminothiocarbonyl-o-methylthio-
enamines readily available from ketene-S, N-acetals and malononitrile as a carbon nucleo-
phile.® Here we present the full details of that work, together with some extension of its scope.

E-s

+
r'—‘ /]ﬂ E~ A LT Eﬁ*\ —-RZSH I’” \
- — N /
~ 2 - -’ S I‘ . ’
N7 o SR Nu- N Nu- N Nu
1 1 1
R r\/ R'gg2 R

Chart 1

-

Resolts and Discussion

Addition of ketene-S, N-acctals 1-- 3 to aryl isothiocyanates 4a--¢ has been reported®®
to provide the 1 : | adducts Sa--~¢, 6a—c¢, and 7a-—¢, which are attractive synthetic cquwdlmts
of 1,3 dicar bonyls bl Although auychu /)’ ar ylammothlomrbonyl—oz-mcthyltluoenammu. Sa--

modex atc yxelds. (Ch.lrt 2). First, we examined the addltlon (..llllllndUOﬂ reaction of 5a, 6a, and
7a with malonic acid derivative [malononitrile (8), ethyl cyanoacetate (9), ethyl malonate (10),
and Meldrum’s acid (11)] as carbon nucleophiles (Chart 3). Although the treatment of Sa or
6a with 8 in acetonitrile at room temperature gave the enaminonitrile 12a (829%) or 13a (80%/),
the reaction of 7a with 8 afforded the amide 14 in 67% yield.”! While the reaction of 9 with 6a
gave 151in 659 yield, its reaction with 5a or 7a afforded no product. Under similar conditions,
the reaction of 10 or 11 with 5a, 6a, and 7a failed to give the desired compounds. It was found
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My ~CSNHR
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1 5a—d
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N~ \ SMe : 874 SMe
Me ¢: R=1-naphthy] Me
) d: R=CH5Ph 6a—c: n=1
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Chart 2
CSNHPhHh
5a—d MezN/l;—CN
6a—c + CHaoXY —_——
Ta 2 MeCN gN d
2 8: Xe=YmCN 12—
9: X=CN, Y=COOEt CSNHPh
10 : X=Y=COOEt
1m: x,-co N X
Y -Co Me ¥
13a—c . X=Y=CN
15: X=CN, Y=COOEt
Me 0
H CONHPh 14
N;Hi . g CONHPh
Me o SMe
16 Me2l” ~o
17
Chart 3

that 8 was more reactive than the other nucleophiles 911 toward the thioenamines Sa, 6a,
and 7a at the a-position. When S-aminocarbonyl-a-methylthioenamine 16 was treated with 8,
the amide 17 was obtained homogeneously in 73% vield.”” Based on these results, 8 was
chosen as the carbon nucleophile. Compounds 5b, ¢ or 6b, ¢ underwent addition—-elimination
with 8 as expected to give the corresponding enaminonitriles 12b, ¢ or 13b, ¢, respectively
(Chart 3 and Table I). The addition of 4d to 1 provided the 5d, which was then converted to
12d without isolation.

Annulation of the enaminonitriles 12a—d or 13a—¢ thus prepared was then examined.
Compounds 12a—d or 13a—c smoothly underwent cyclization with NaOEt to give the
pyridine-2-thiones 8a—d or 19a-—¢, respectively, in good yields (Table II). In addition,
compounds 18a—¢ were directly obtained by the reaction of Sa—c with 8 in the presence of
NaQOEt (Chart 4 and Table II).

Bis-lithio-ketene-S, N-acetals derived from secondary thioamides are regarded as in-
teresting metallo enamines!®!? and have been used as synthetic intermediates for hetero-
cycles.!?) Carbon-carbon bond-forming reaction of the bis-lithio-ketene-S, N-acetals 20a—d
(generated from 12a—d with 2 eq of »-BuLi) with alkyl halides 21—23 as electrophiles
followed by cyclization yielded 3-alkylpyridine-2-thiones 24a—d, 25a—d, and 26a—d,
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TABLE 1. The Enaminonitriles 12a-—d and 13a—c
Analysis (%)
Compd. \Zf;f)d (’;’é’l‘feft)) IR vNilem=t  NMR (CDCly) 8 Formula Calcd (Found)
C H N
12a 824 119—121 3200, 2220, 3.37 (6H, s, NMe,)”  C, H,N,S 62.19 522 20.73
(CH,Cl,-iso-Pr,0) 2180, 1580  4.10 (2H, s, CH,) (61.99 5.38 20.46)
12b 83 138—140 3260, 2220,  3.40 (6H, s, NMe,)?  C, H,,CIN,S 5517 4.30 17.73
(CH,Cl,-iso-Pr,0) 2180, 1580  4.07 (2H, s, CH,) (55.06 4.46 17.98)
12c 89 146—148 3230, 2210, 3.27 (6H,s, NMe,)  CyuH, NS 67.48 5.04 17.49
(CH,Cl,~iso-Pr,0) 2180, 1595  4.07 (2H, s, CH,) (67.18 5.06 17.04)
124 719 148—150 3200, 2200, 3.27 (6H, s, NMe,)  CysH, N,S 63.35 5.67 19.70
(CHCl,~-MeOH) 2180, 1570 393 (2H, s, CH,) (63.24 5.60 19.92)
4.77 (2H, s, CH,Ph)
13a 80 153—155 3320, 2200, 3.37 (3H, s, NMe) CisH 4N,S 63.80 5.00 19,84
(AcOEt-pet.ether) 2180, 1620  4.57 (1H, dd, J=9, (63.61 5.01 19,66)
2.5Hz, C;-H)
13b 79 168—170 3300, 2200, 3.40 (3H, s, NMe) C.:H,,CIN,S 56.88 4.14 17.69
(CH,Cl,-is0-Pr,O0) 2180, 1610  4.57 (1H, dd, /=9, (57.16 4.18 17.93)
2.5Hz, C;-H)
13¢ 88 192—194 3260, 2200, 3.33 (3H, s, NMe) CoH, NS 68.66 4.85 16.86
(AcOEt-iso-Pr,0) 2180, 1620  4.70 (1H, dd, J=9, (68.56 4.82 16.93)
2.5Hz, C;-H)
a) Overall yield from 1. #) Taken in CDCl; + DMSO-d,.
TaBLE II, The Pyridine-2-thiones 18a-—d and 19a—c
Analysis (%)
Compd., ‘((';?)d mp (“C)? IR vNePlem =t e, flglll\iso-dﬁ) S Formula Caled (Found)
C H N
18a 98 230232 3320, 2220,  3.20 (6H, s, NMe,) CyaH 4 NS 61.00 530 20.33
82" 1610, 1575 5.13 (2H, brs, NH,) 3/10H,0 (61.29 529  19.98)
6.61 (1H, s, C4-H)
18b 85 220222 3330, 2200, 3.23 (6H, s, NMe,) C.HCINS 5516 430 IK.38
80» 1620, 1580  4.83 (2H, brs, NH,) (55.03 4,25 14.61)
6.63 (JH, s, C;-H)
18¢ 84 328--330 3320, 2200, 3.28 (61, s, NMe,) CiH NS 64.24 529  16.65
86" 1620, 1580 5,02 (2H, brs, NH;) 910 H,0 (64.55  5.02  16.27)
6.88 (1H, 5, C3-H)
18d 85  237.-2389 3240, 2200, 3.18 (6H, s, NMe,) CusH, NS 61.40  5.84  19.09
1620, 1570 6.13 (2H, s, CH,Ph) 1/2H,0 (61.45 549 18.43)
6.60 (1H, s, C;-H)
6.80 (2H, brs, NH,)
19a 80 296--298 3440, 2200,  3.20 (3H, s, NMe) CsH,aN,S 63.82 500 19.85
2180, 1610,  6.47 (2H, brs, NH,) (63.66 5.03 20.14)
1570
19b 75 252254 3440, 2240, 3,30 (3H, 5, NMe) C,;H,;CIN,S 56.86 4.14 17.68
2210, 1650, 6,50 (2H, brs, NH,) (57.10 415 17.39)
1580
19¢ 77 318—320 3480, 2220, 3.25 (3H, s, NMe) CoH,NoS 68.66 4.85 16.86
2200, 1630, 6.62 (2H, brs, NH,) (68.78 491 16.62)

1580

u) Recrystallized from CH,Cl~iso-Pr,O. b) One-pot yield from 5,

¢) Recrystallized from MeOH-~CHCl;.
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S
12a~d NaOEL AR
13a—c MeoN NHo
CN
18a—d
S
R
NH2
Me CN
19a—c
ba—c + 8 m 18a—c
Chart 4
SL1| . s
‘. R
E“" R~X NR
122-d + 2 Xn=-BuL| —> -
Mey CN | 21: RX=Mel Me2N NH2
CN 22 RX=Etl CN o,
23 : RX=PhCHpBr 24a—d . R, =Me
20a—d 2a—d: R,=Et
26a—d : R =CHyPh
Chart 5

respectively (Chart 5 and Table III). The reaction of 20a with benzoyl chloride as an
electrophile quantitatively provided bis-benzoyl-ketene-S, N-acetal 27. Its proton nuclear
magnetic resonance (!H-NMR) spectrum showed a vinyl proton signal at §6.73 as a singlet.
The presence of the vinyl proton was also confirmed by carbon-13 nuclear magnetic resonance
(3C-NMR), i.e., C-4 signal appeared at 116 as a doublet. Due to the “*hard’ character of
benzoyl chloride compared with alkyl halides, harder N and S anion centers instead of the
carbanion might be attacked.!® Next, benzoyl cyanide as (a less hard electrophile) was used,

SCOPh
NCOPh
20a + PhCOCI _— Ph
or PhCOCN MazN CN
CN
27
Chart 6
L1
1S 89
R > R2 /S ML
20a + C=0 Ph
R MBzN CN
% . 2
28a . R'=Ph R<%=H eN
. 1~ ZHM
28b . R'=R e 298 —c

28¢ : R1,R2=NPh
Chart 7
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TaBLE III. The 3-Alkylpyridine-2-thiones 24a—d, 25a—d, and 26a—d

Analysis (")

Compd. ‘E:}z])d (‘;é)leegz) , Eﬁﬁ"l'lzm" . NMR (CDCl,) 6 Formula Caled (Found)
C H N
24a 84 184—186 3400, 2190, 2.32 (3H, s, Me) C,sH, NS 63.35 5.67 19.70
(CH,Cl,~iso-Pr,0) 1590 3.30 (6H. s, NMe,) (63.01 570 19.58)
4,60 (2H, brs, NH,)
24b 89 223—225 3370, 2220, 2.33 (3H, s, Me) CsH,;CIN,S 56.51 4.74 17.57
(CH,Cl,-is0-Pr,0) 1600 3.30 (6H, s, NMe,) (56.16 4.69 17.40)
447 (2H, brs, NH,)
24c 89 194196 3370, 2200, 2.20 (3H, s, Me) CiH, N,S-  67.51 548 16,58
(CH,Cly-is0-Pr,0) 1605 3.33 (6H, 5, NMe,) 1/5H,0 (6771 540 1621)
427 (H, brs, NH,)
244 29 166—168 3350, 2150, 2.47 (3H, s, Me) CieHyyNS  64.40 6.08 18.78
(AcOEt-CHCL) 1560 3.30 (6H, s, NMe,) (64.37 5.99 18.56)
5.51 (2H, s, CH,Ph)
5.72 (2H, brs, NH,)
25a 85 172—174 3400, 2180, 1.26 (3H, , J=7.5Hz, Me) C, ) H,N,S- 62.51 623 18.22
(CH,Cly-iso-Pr,0) 1590 276 ?H, q, J=7.5Hz, CH,) 12H,0 (6253 582 17.91)
3.27 (6H, 5. NMe,)
5.10 2H, brs, NH,)
25b 94 167—169 3400, 2180, [.30 (3H, {, /=8 Hz, Me) C,,H,CIN,S 57.73 5.15 16.83
(CH,Cl-is0-Pr,0) 1590 2.78 (2H, q, J=8 Hz, CH,) (5801 5.09 16.47)
328 (GH, s, NMe;)
4.58 (2H, brs, NH,)
25¢ 99 213215 3400, 2180, 118 (3H, t, J=7Hz, Me) CooH NS 67.20 592 15.69
(CH,Cl,-iso-Pr;0) 1590 278 @H. q. J=7Hz, CH;)  1/2H,0 (6745 570 15.61)
3.33 (GH. s, NMe;,)
4.00 (2H, brs, NH,)
25d 76 190---191 3350, 2155, 1.33 (3H, t, /=8 Hz, Me) CoHy0N,S 65.35 645 17,93
(AcOEL-CHCly) 2155 287 (2H, ¢, J=8 Hz, CH.) (65.19 6.48 17.67)
3.25 (6H, s, NMe,)
5.52 (2H, 5, CH,Ph)
26a 88 119121 3430, 2200, 3.18 (61, s. NMe.) Cy Ha NgS 69.97 559 15.54
(CH,Cly~is0-Pr,Q) 1580 4,07 (21, s, CH,Ph) (69.83 554 1571
5.50 (2H, brs, NH;)
26b 920 118120 3400, 2190, 3.17 (6H, s, NMe,) Cy HL,CINGS  63.87 485 1419
(CH,Cly~iso-Pry0) 1590 4.02 (2¢, s, CH,Ph) (64.00 4.83 14.07)
5.65 (2H, brs, NH,)
26¢ 91 133---135 3400, 2180, 3.13 (6H, s, NMe,) CysHau NS 70,06 5.64  13.07
(CH, (1, ~iso-Pr,0) 1580 3.90 (2H, s, CH,Ph) H,O (70,02 536 12.73)
4.83 (2H, brs, NH,)
26d 45 167- 168 3300, 2220, 3.1% (6H, s, NMe,) CoHayNgS 7056 592 14.96
{AcOEL-CHCI,) 1565 4.00 (2H, brs, NH,) (70.55 5.87 14.76)

4.18 (2H, 5, CH,Ph)
5.72 (2H, 8, NCH;Ph)

but unfortunately gave 27 (169;) together with 18a (22%) (Chart 6). We tried the reaction of
some electrophiles containing no leaving groups, such as benzaldehyde (28a), acetone (28b),
and phenyl isocyanate (28¢) with 20a, but the desired compounds were not obtained and the
starting material 12a was recovered, presumably due to the thermodynamically favored
dissociation of the carbon-carbon bond-formed products 29a-—¢ into 28a—< and 20a (Chart

7).

In summary, this method provides a new access to multisubstituted pyridine-2-thiones
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N)L 1 El~~Nul (RNCS) ED(E1\Nu1
2 ~g2 [ (CHo (CN) 5] |
Meo SMe 2 Nuf E J2 2 Meo \ 252
1 3 g3 (R'X) | Nu
11 >
MezN/l *
30

Chart 8

bearing an o-aminonitrile moiety, convertible into a variety of condensed heterocycles.!® In
these sequences, as shown in Chart 8, 1 is synthetically equivalent to 30.

Experimental

NMR spectra were measured with a JEOL PMX-60 or a Varian XL-200 in CDCl, form (with tetramethylsilane
as an internal reference), mass spectra with a JEOL JMS-D200 machine, and infrared (IR) spectra in Nujol (unless
otherwise noted) on a JASCO A-102 spectrophotometer. All melting points were determined on a Yanaco micro
melting point apparatus and are uncorrected. Column chromatography was performed on alumina with CH,Cl,~
MeOH (A) or on Silica gel 60 (230—400 mesh) under medium pressure with n-hexane—ethyl acetate (B).

General Preparation of N-Alkyl-4,4-dicyano-3-dimethylamino-3-butenethioamides (12a—d) or 3-(N-Arylthio-
carbamoyl)-2-dicyanomethylene-1-methylpyrrolidine (13a—c¢)——A mixture of a p-aminothiocarbonyl-e¢-methyl-
thioenamine (Sa—d or 6a—c¢) (1 mmol), prepared according to the reported method,? ~* and malononitrile (1 mmol)
in acetonitrile (5 ml) was stirred at room temperature for 3h. After evaporation of the solvent, the residue was
crystallized with ether to give the corresponding product (12a—d, 13a—c) (Table ).

1-Methyi-3-(N-phenylthiocarbamoyl)piperidin-2-one (14)——By using the same procedure as described above, a
mixture of 7a (1 mmol) and malononitrile (1 mmol) in acetonitrile (5 ml) afforded 14 (166 mg, 67%). mp 181—183“C
(diisopropy! ether-CH,CL,). IR: 3180, 3130, 1610, 1590cm™!. *H-NMR §: 3.03 (3H, 5, N-Me), Anal. Caled for
C3H (N,OS: C, 62.87; H, 6.49; N, 11.28. Found: C, 62.63; H, 6.54; N, 11.50.

2-(Cyanoethoxycarbonylmethylene)-1-methyl-3-(N-phenylcarbamoyl)pyrrolidin-2-one (15)-——A mixture of 9a
(I mmol) and ethyl cyanoacetate (1 mmol) in acetonitrile (5ml) was stirred at room temperature for 10h. After
evaporation of the solvent, the residue was chromatographed (A) to give 15a (167 mg, 49%). mp 196198 °C
(diisopropyl ether~CH,CL,). IR: 3240, 3200, 3130, 2200, 1690, 1590cm™*. '"H-NMR &: 1.31 (3H, t, J=THz,
COOCH,Me), 3.52 (3H, s, N-Me), 4.22 (2H, q, J=7Hz, COOCH,Me). dnal. Caled for: C;,H;,N,0,8: C, 61.98; H,
5.81; N, 12.76. Found: C, 62.26; H, 5.77; N, 12.40.

N-Phenyl-(V, N-dimethylamino)malonamide (17)——A mixture of 16 (1 mmol) and malonoenitrile (1 mmol) in
acetonitrile (5ml) was stirred at room temperature for 10h. After evaporation of the solvent, the residue was
crystallized with ether to give 17 (151 mg, 73%). mp | 14—116C (diisopropyl ether~-CH,Cl,). IR: 3250, 3200, 3130,
1650, 1625, 1590cm ™, 'H-NMR é: 3.03 (3H, s, N-Me), 3.12 (3H, s, N-Me), 3.46 (2H, s, CH,), Anal..Culed for
C, H ,N,O,: C, 64.06; H, 6.84; N, 13.58. Found: C, 64.01; H, 6.79; N, 13.63.

General Procedure for 1-Alkyl-6-amino-5-cyano-3-(V, N-dimethylamino)pyridine-2-thiones (18a---d) or 3-Amino-2-
aryl-4-cyano-5-methyl-1-thioxo-1,2,6,7-tetrahydropyrrolo[ 3,2-c]pyridines (19a-—<¢)-——Procedure A: One of 12a-—d
and 13a—<¢ (0.5 mmol) was added to a solution of sodium ethoxide [prepared by dissolving sodium (11.5 mg), 0.5 mg-
atom] in ethanol (Sml)] and the mixture was stirred at room temperature for 1 h. Alter evaporation of the solvent,
CH,Cl, was added to the residue. Insoluble material was filtered off and the filtrate was evaporated to give a solid,
which was recrystallized from diisopropy! ether~CH,Cl, to afford the corresponding product (18a—d or 19a-—c)
(Table II).

Procedure B: Malononitrile (0.5 mmol) was added to a solution of sodium ethoxide (0.5 mmol) in ethanol (5 ml).
Subsequently one of 5a—d (0.5 mmol) was added to the mixture, which was stirred at room temperature for 1 h.
According to the procedure described under procedure A, the corresponding product (18a—d) was obtained (Table
ID).

General Procedure for I-Aryl-3-alkyl-6-amino-5-cyano-4-(N, N-dimethylamino)pyridine-2-thiones (24a-—d, 25a-—
d, and 26a—d)——A 159 solution of n-BuLi in hexane (0.7 ml, 1.1 mmol) was added to a stirred solution of one of
12a—d (0.5 mmol) in tetrahydrofuran (4 ml) under argon at —70 °C. After stirring at the same temperature for 0.5 h,
an alkyl halide (21-—23) (0.55 mmol) was added to the reaction mixture. The resulting mixture was gradually warmed
to 0°C, stirred for an additional hour, quenched with saturated ammonium chloride aqueous solution, and extracted
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with ethyl acetate. The organic layers were combined, dried, and evaporated. The residue was chromatographed (A)
to yield the corresponding product (24a—d, 25a—d, and 26a—d) (Tabie I1I).

5-Benzoyloxy-5-(V, N-benzoylphenylamino)-2-cyano-3-(/V, N-dimethylamino)-penta-2,4-dienenitrile (27)——In the
same manner as described above, 12a (0.5 mmol) was treated with n-BuLi (1.1 mmol) and benzoyl chloride (0.5 mmol)
was injected into the resulting mixture. Work-up (B) yielded 27 (120 mg, 100%;). mp 218—220 °C (AcOEt). IR: 2200,
1660cm™'. 'H-NMR é: 3.26 (6H, s, N-Me,), 6.73 (1H, s, C,-H). 3C-NMR §: 116 (d, C,). 4nal. Caled for
C,3H,,NL0,8: C, 70.27; H, 4.63; N, 11.70. Found: C, 70.01; H, 4.73; N, 11.52. Analogous treatment of 20a
(1.5mmol) with benzoyl cyanide (1.5 mmol) gave 27 (57 mg, 16%) and 18a (59mg, 22%;), which were found to be
identical with authentic samples by comparison of their spectral data.
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A simple four-step synthetic method for 7-iodo-, 7-bromo- and 7-chloroindole was established
with high overall yield starting from 2,3-dihydroindole. Several 7-substituted indoles carrying a
carbon side chain and 7-methoxyindole were also synthesized.

Keywords———thallation; 7-substituted indole; regioselective metalation; 7-iodoindole; 7-

bromoindole; 7-chloroindole; 7-methoxyindole; methyl 3-(indol-7-yl)acrylate; 4-(indol-7-yl)-
2-methyl-3-buten-2-ol; Heck reaction

For one possible approach to the construction of various types of structurally and.
biologically interesting indole alkaloids having a substituent at the 7-position,® 7-
halogenoindoles are required as common building blocks. However, little work has been done
on their syntheses and consequently they are available only through a laborious multistep
route® with poor overall yield. In our continuing studies on regioselective functionalization of
indoles,*¥ we have elaborated a facile and regioselective synthetic method for 7-halogenoin-
doles, as reported in the preliminary communication.®’ In this report, we describe in detail
these results and the syntheses of various 7-substituted indoles.

Regioselective Syntheses of 7-Halogenoindoles

In the previous paper, we reported that the thallation—palladation method* was a useful
synthetic reaction for 4-substituted indoles with high regioselectivity. It was also shown that
the regioselectivity was dramatically influenced by introduction of an extra substituent into
the 2 or 3 position of the indole nucleus.> Based on these results, we designed the strategy
shown in Chart 1. If a suitable ligand (S) is introduced at the indole (or 2,3-dihydroindole)
nitrogen, the S group can coordinate to a metal reagent (metal (M)-leaving group (L)) putting
the metal close to the 7-position. Consequently, metallation would occur regioselectively at
the carbon-7 making the carbon susceptible to various functionalizations.

During examination of the feasibility of the strategy as planned, we soon recognized that
thallation of 1-acyl-3-unsubstituted indoles with thallium tris-trifluoroacetate (TTFA) was
unsuccessful because the compounds were quite sensitive to acids, and formed polymers.

Nl
] LM |
L-M S =S -5 3

S, ligand; M, metal; L, leaving group; R, suitable functional group.
Chart 1. Strategy for the Synthesis of 7-Substituted Indoles
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However, in the 2,3-dihydroindole series, we could actunalize our strategy by using TTFA and
the acetyl group as M-L and S, respectively, though a methoxycarbonyl group could not
function as the S group.

1-Acetyl-2,3-dihydroindole™ (2) was produced in quantitative yield by the reaction of
2,3-dihydroindole (1) with refluxing acetic anhydride (Chart 2). Thallation of 2 was carried
out with 1.6 mol eq of TTFA in trifluoroacetic acid® (TFA) at room temperature to give crude
(1-acetyl-2,3-dihydroindol-7-yl)thallium bis(trifluoroacetate) (3) as a crystalline residue,
which was exposed to a vacuum to remove a trace amount of TFA. Although 3 could be
isolated as a colorless crystalline powder, the crude residue (3) was subjected to the following
reactions without further purification since we hoped to establish a simple one-pot procedure.
When the residue was reacted with aqueous potassium iodide (KI), 1-acetyl-2,3-dihydro-7-
iodoindole®’ (4a) was produced in 74% yield together with 1-acetyl-2,3-dihydro-5-
iodoindole!® (5) in 5% vield. It should be noted that when iodination was carried out in the
mixed solvent of TFA and water (1:3, v/v) with KI, the yield of 5 significantly increased to
21%, whereas the yield of 4a decreased to 429%.

KI
/ T
o oA,
CuXa I< Itj
N N N N
H Ac Ac Ac
X 4 ,.. '
1 T 5
< N
CFsCO0  OCOCF; a:X=I \
b: X=Br
¢ . X=ClI

cl I HO 1 1
AT O — O
@—J N N N
I H H H
OJ\Q 12 1 10
cl

Chart 2

Although the reaction mechanism is unknown, these results of acidic iodination suggest
that iodination should be carried out after removal of contaminating TFA from the thallated
crystalline residue (3) as completely as possible.

Reaction of the thallated crystalline residue (3) with either cupric bromide or cupric
chloride in N, N-dimethylformamide (DMF) afforded 1-acetyl-2,3-dihydro-7-bromo-*’ (4b) or
-7T-chloroindole (4¢) in 629 and 429% yields, respectively, without the formation of the
corresponding S-halogenated compounds. Hydrolysis of l-acetyl-2,3-dihydro-7-halo-
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genoindoles (4a, 4b, and 4c¢) with aqueous sodium hydroxide afforded the corresponding
2,3-dihydro-7-halogenoindoles (6a, 6b,'*’ and 6c) in 98%,, 96%, and 93%; yields, respectively.

Next, oxidation of the 2,3-dihydroindole (6a) to indole was examined by using active
manganese dioxide (MnO,),'® N-chlorosuccinimide (NCS),'® and rerz-butylhypochlorite.'*
The reaction of 6a with active MnO, in methylene chloride afforded the desired 7-iodoindole
(7a) in only 13% yield, with the predominant formation of an unknown dimeric product
(66%,), whose mass spectrum (MS) showed the molecular ion peak at m/z 486. Oxidation of
6a with NCS or zerr-butylhypochlorite in the presence of triethylamine (NEt;) afforded 3-
chloro-7-iodoindole (8) together with recovery of 6a; their ratios varied depending on the
amount of the chlorinating reagent, but the formation of 7a was not detected in the reaction
mixtures. To our surprise, compound 8 was stable and its sodium salt, prepared by the ac-
tion of sodium hydride in absolute DMF, was demonstrated to react with 4-chloro-
benzoyl chloride, affording 3-chloro-1-(4-chlorobenzoyl)-7-iodoindole (9) in 629 yield.
Further functionalization of 8 is in progress.

Finally, treatment of 6a with oxygen in the presence of a catalytic amount of salcomine'®’
in methanol at room temperature was found to afford 7a cleanly in 77%; yield. Under similar
reaction conditions, 6b and 6¢ were successfully converted to the desired 7-bromo-*® (7b) and
7-chloroindole®® (7¢) in 72% and 70% yields, respectively. Thus, 7-halogenoindoles are now
readily available with high overall yield in four steps starting from 1.

The structure of § was established as follows. Hydrolysis of 5 gave an 869 yield of 2,3-
dihydro-5-iodoindole (10), which was converted to 5-iodoindole!® (11) in 71% yield by
salcomine-catalyzed oxidation with oxygen. Vilsmeier reaction of 11 with phosphorus
oxychloride and DMF gave S-iodo-3-indolecarbaldehyde (12) in 899 yield. In the proton
nuclear magnetic resonance (!H-NMR) spectrum of 5, the C-7 proton signal appeared as a
broad doublet (J=8.4 Hz) at a lower magnetic field than usual at 4 7.85 due to the anisotropic
effect of the l-acetyl group. In the compound 12, the C-4 proton was deshielded by the 3-
formyl group and resonated at a lower magnetic field (6 8.88) as a doublet (J=1.6 Hz). These
results clearly established the 5-substituted indole structure.

Syntheses of Various 7-Substituted Indoles

Since selective thallation of 2 was established as discussed above, we next examined direct
introduction of a carbon side chain into the 7-position according to our thallation-
palladation method.* Thus, 2 was thallated and the resulting crude residue (3) was treated
with methyl acrylate in the presence of a catalytic amount of palladium acetate (Pd(OAc),) in
DMF to afford methyl 3-(1-acetyl-2,3-dihydroindol-5-yl)acrylate (13) and methyl 3-(1-acetyl-
2,3-dihydroindol-7-yl)acrylate (14) in 2% and 49/ yields, respectively (Chart 3).

The structure of 13 was readily proved by the fact that the palladium-catalyzed Heck
reaction'”’ of 5 with methyl acrylate gave 13 in 96%; yield. On the other hand, the structure of
14 was proved as follows. First, 6a was led to methy! 3-(2,3-dihydroindol-7-yl)acrylate (15) in
909 yield by means of the Heck reaction with methyl acrylate. Treatment of 15 with acetic
anhydride and pyridine afforded 14 in 949 yield. Subsequent catalytic hydrogenation of 15
over 10% palladium on carbon at ordinary atmospheric pressure gave an 84% yield of 4H-
1,2,5,6-tetrahydropyrrolo[3,2,1-/lquinoline-4-one (16), which was identical with an authentic
sample prepared by the cyclization of 1-(3-chloropropionyl)-2,3-dihydroindole.!® For further
structural confirmation, 15 was subjected to salcomine-catalyzed oxidation with oxygen to
afford in 719 yield the known methyl 3-(indol-7-yl)acrylate (17), which had been alter-
natively prepared starting from methyl 3-methyl-2-nitrobenzoate (18) via 7-indolecarbalde-
hyde (19).

Itis notable that the thallation—palladation reaction of 2 afforded a poor result, while the
Heck reaction of 6a gave a satisfactory result. The formation of 3 was unambiguously proved
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by its high-yield conversion to the corresponding 7-iodo compound (4a), as discussed above.
Therefore, the above results suggest that the thallium-palladium exchange can not occur
effectively at the 7-position of 3, probably because palladium requires a strictly square-planar
ligand field. The acetyl group on the sp* nitrogen can neither satisfy this requirement nor
function as a ligand, but acts only as a sterically congesting group making the formation of
the corresponding palladium complex unfavorable. Support for these assumptions has been
furnished by the result of the Heck reaction of 4a with methyl acrylate, providing 14 and 2,
and recovery of 4a in 59, 14%;, and 60 yields, respectively, while 6a successfully afforded 15
under similar reaction conditions.

The versatility of 7-halogenoindoles was shown by the following reactions using 7a as a
representative substrate. Thus, the treatment of 7a with sodium methoxide in DMF in the
presence of cuprous iodide!® afforded 7-methoxyindole®” (20) in 76% yield. The structure of
20 was unequivocally established by an alternative synthesis starting from 3-methoxy-2-
nitrotoluene by the use of the improved Leimgruber-Batcho method.?"’ The synthesis of &-
methoxy-1-0x0-1,2,3,4-tetrahydro-f-carboline starting from 20 has already been reported.*?
On the other hand, the Heck reaction of 7a with methyl acrylate successfully afforded 17 in
90%;, yield, When 2-methyl-3-buten-2-ol was used as an olefin component, 7a produced 4-
(indol-7-yl)-2-methyl-3-buten-2-ol (21) in 48Y/ yield, together with recovery of 7a in 339
yield. Similarly, the Heck reaction of 6éa with 2-methyl-3-buten-2-ol proceeded smoothly to
give 4-(2,3-dihydroindol-7-yl)-2-methyl-3-buten-2-ol (22) in 749 yield.

In conclusion, simple 7-substituted indoles are now readily accessible from 2,3-dihy-
droindole (1). With these compounds in hand, we are currently investigating the syntheses of
7-substituted natural indole alkaloids.
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Experimental

Melting points were determined on a Yanagimoto micro melting point apparatus and are uncorrected. Infrared
(IR) spectra were determined with a Shimadzu IR-420 spectrophotometer, and 'H-NMR spectra with a JEOL JNM-
PMX60 or FX 100S spectrometer with tetramethylsilane as an internal standard. Mass spectra (MS) were recorded on
a Hitachi M-80 spectrometer. Preparative thin-layer chromatography (p-TLC) was performed on Merck Kieselgel
GF;s, (Type 60) (8i0,). Column chromatography was performed on silica gel (SiO,, 100—200 mesh, from Kanto
Chemical Co., Inc.) throughout the present study.

1-Acetyl-2,3-dihydro-7-iodeindole (4a) and 1-Acetyl-2,3-dihydro-5-iodoindole (5) from 1-Acetyl-2,3-dihydroindole
(2)——A 0.88 M solution of TTFA (32.8 ml, 1.6 mol eq) in TFA® was added to a solution of 2 (2.908g) in TFA
(29.0ml) and stirring was continped at room temperature for 3h. After evaporation of the solvent under reduced
pressure, the residue was dried iz vacue at room temperature. By this work-up, the oily residue was transformed into a
crystalline residue (3). [By the addition of a small amount of TFA to the residue, followed by filtration and washing
with [,2-dichloromethane, (1-acetyl-2,3-dihydroindol-7-yl)thallium bis(trifluoroacetate) (3) could be isolated as a
colorless crystalline powder. 3: mp 135—140°C. IR (KBr): 1670 (br), 1613, 1211, 1137, 837, 805, 723¢cm™*, 'H-NMR
(DMSO0-4,) 6: 2.25 (3H, d, J=12Hz), 3.09 (2H, dt, /=76, 8 Hz), 4.12 (2H, brs), 7.09 (1H, dt, J=268, 7Hz), 7.27
(1H, dd, J=1050, 7Hz), 7.29 (1H, dd, /=112, 7 Hz).] A solution of KI (23.912 g) in H,O (160 m!l) was added to the
crystalline residue (3) and stirring was continued at room temperature for 2h. After addition of CH,Cl,~-MeOH
(95:5, v/v) to the reaction mixture, the whole was filtered through SiO, to remove solid precipitates. The organic layer
was separated and the water layer was extracted with CH,Cl,. The combined organic layer was washed successively
with 5% aqueous sodium thiosulfate and brine, and dried over Na,SO,. After evaporation of the solvent, the residue
was subjected to column chromatography on SiO, with AcOEt-a-hexane (1:1, v/v) as an cluent. From the early
fractions, 42 (3.843 g, 74%) was obtained. From the later fractions, 5 (254.5mg, 5%) was obtained.

4a: mp 128.0—128.5°C (lit.” mp 119—120°C, colorless prisms, recrystallized from AcOEt). IR (KBr): 1654,
1589, 1570cm ™. '"H-NMR (CDCl,) 6: 2.23 (3H, 5), 2.98 (2H, t, J=7.4 Hz), 405 (2H, t, J=7.4Hz), 6.62 (1H, t, J=
7.2Hz), 7.06 (1H, brd, J=7.2Hz), 7.51 (1H, brd, J=7.2Hz). MS m/z: 287 (M™). Anal. Calcd for C, H,,INO: C,
41.84; H, 3.51; N, 4.88. Found: C, 41.74; H, 3.50; N, 4.73.

S: mp 142.5—143.5°C (lit."® mp 139.5—140.5 °C, colorless prisms, recrystallized from AcOEL). IR (K Br): 1650,
1581em ™! '"H-NMR (CDCly) §: 2.17 (3H, brs), 3.09 (2H. t, J=7.8Hz), 3.98 (2H, brt, J=7.8 Hz), 7.26--7.48 (2H,
m), 7.85 (1H, brd, /=8.4Hz). MS mj/z: 287 (M *). Anal. Caled for C,oH,(INO: C, 41.84; H, 3.51; N, 4.88. Found: C,
42.00; H, 3.52; N, 4.69.

1-Acetyl-2,3~dihydro-7-bromoindole (4b) from 2——A 0.88 M solution of TTFA (17.1ml, l.6 mol eq) in TFA was
added to a solution of 2 (1.504g) in TFA (15.0ml) and stirring was continued at room temperature for 3h. After
evaporation of the solvent under reduced pressure, the residue was dissolved in DMF {20.0 ml), A solulion of cupric
bromide (8.358 g) in DMF (55.0 mi) was added to the above solution and the whole was stirred at room temperature
for 3 h. After evaporation of the solvent under reduced pressure, CH,Cl,-MeOH (95: 5, v/v) and brine were added to
the residue and the whole was filtered to remove precipitates. The organic layer was separated, washed with brine, and
dried over NasSQ,, After evaporation of the solvent, the residuc was dissolved in benzene. The resulting benzene
solution was washed with brine, dried over Na,SO,, and concentrated under reduced pressure to leave u crystalline
solid, which was purified by column chromatography on SiQ, with CH,Cl,~AcOEt (95: 5, v/v) as an eluent to give 4b
(1.381 g 62%). mp 115.0—115.5C (lit.”) mp 116—117“C, colorless prisms, recrystallized (rom AcOFEt-n-hexane). IR
(KBr): 1666, 1451, 1383 cm ™", "TH-NMR (CDCl,) §: 2.24 (3H, 5), 2.99 (2H, t, J=T7.2 Hz), 4.13 (2H, t, J=7.2 Hz), 6.79
(lH, t, J=7.2Hz2), 7.06 (1H, brd, J=7.2Hz), 7.26 (1H, brd, /=72 Hz). MS m/z: 241, 239 (M ™). dnal. Caled tor
CyoH,,BrNO: C, 50,02; H, 4.20; N, 5.83. Found: C, 50.30; H, 4.18; N, 5.93.

1-Acetyl-2,3-dihydro-7-chloroindole (4¢) from 2-——A 0.88 M solution of TTFA (45.0ml, 2.1 mol eq) in TFA was
added to a solution of 2 (3.000 g) in TFA (30.0 ml) and stirring was continued at 45---55 °C for 4 h. After evaporation
of the solvent under reduced pressure, the residue was dissolved in DMF (20.0 ml). A solution of cupric chloride
(10.178 g) in DMF (100 ml) was added to the above solution and the whole was stirred at 45--355"C for 4.5 h, After
evaporation of the solvent under reduced pressure, CH,Cl,-MeOH (95: 5, v/v) and brine were added to the residue
and the whole was filtered to remove precipitates. The organic layer was scparat